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Current understanding of biodiversity changes in the Permian is presented, especially the consensus and dis-
agreement on the tempo, duration, and pattern of end-Guadalupian and end-Permian mass extinctions. The
end-Guadalupianmass extinction (EGME; i.e., pre-Lopingian crisis) is not as severe as previously thought. More-
over, the turnovers ofmajor fossil groups occurred at different temporal levels, therefore the total duration of the
end-Guadalupian mass extinction is relatively extended. By comparison, fossil records constrained with high-
precision geochronology indicate that the end-Permian mass extinction (EPME) was a single-pulse event and
happened geologically instantaneous. Variation of geochemical proxies preserved in the sedimentary records is
important evidence in examining potential links between volcanisms and biodiversity changes. Some conven-
tional and non-traditional geochemical proxy records in the Permian show abrupt changes across the
Permian-Triassic boundary, reflecting climate change, ocean acidification and anoxia, carbon cycle perturbation,
gaseousmetal loading, and enhanced continental weathering. These, together with the stratigraphic coincidence
between volcanic ashes and the end-Permianmass extinction horizon, point to large-scale volcanism as a poten-
tial trigger mechanism.
To further define the nature of volcanism which was responsible for global change in biodiversity, main charac-
teristics of four Permian large igneous provinces (LIPs; i.e., Tarim, Panjal, Emeishan, and Siberian) are compared,
in terms of timing and tempo, spatial distribution and volume, and magma-wall rock interactions. The compar-
ison indicates that volcanicfluxes (i.e., eruption rates) and gas productions are the key features distinguishing the
Siberian Traps from other LIPs, which also are the primary factors in determining the LIP's potential of affecting
Earth's surface system. We find that the Siberian Traps volcanism, especially the switch from dominantly extru-
sive eruptions to widespread sill intrusions, has the strongest potential for destructive impacts, andmost likely is
the ultimate trigger for profound environmental and biological changes in the latest Permian-earliest Triassic.
The role of Palaeotethys subduction-related arc magmatism cannot be fully ruled out, given its temporal coinci-
dence with the end-Permian mass extinction. As for the Emeishan LIP, medium volcanic flux and gas emission
probably limited its killing potential, as evident fromweak changes in geochemical proxies and biodiversity. Be-
cause of its long-lasting but episodic nature, the Early Permian magmatism (e.g., Tarim, and Panjal) may have
played a positive role in affecting the contemporaneous environment, as implicated by coeval progressive climate
warming, termination of the Late Palaeozoic Ice Age (LPIA), and flourishing of ecosystems.
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1. Introduction

To better understand how life on Earth has responded to natural and
anthropogenic forcing over the geologically ancient and recent past, it is
fundamental to view Earth as a complex system of interacting compo-
nents, or as a collection of many open, interacting (and often overlap-
ping) sub-systems. Three major geosystems constitute the Earth
System: the geodynamo system involves interactions between the
inner and outer cores; the plate tectonic system involves interactions
among the lithosphere, asthenosphere, and deepmantle; and the climate
system involves interactions among the atmosphere, hydrosphere, bio-
sphere, cryosphere, and lithosphere (Grotzinger and Jordan, 2014). Vol-
canism, on the other hand, penetrates these three major geosystems, as
it constitutes the entire sequence of events from melting to eruption.
Therefore, volcanism, especially major eruptions that generate LIPs and
occur at continental margins, can be viewed as a vital link between
geodynamic processes in Earth's deep interior and surface system evolu-
tion, particularly the lithosphere, atmosphere and biosphere.

Quantitative analyses of fossil records have long revealed that five
major mass extinctions (“Big Five”; i.e., the end-Ordovician, late Devo-
nian Frasnian/Famennian, end-Permian, end-Triassic, end-Cretaceous
mass extinctions) occurred in the Phanerozoic (Sepkoski, 1981; Raup
and Sepkoski, 1982), along with many other biotic crisis with smaller
magnitude of diversity loss (Peters and Foote, 2001; Bambach, 2006;
Alroy et al., 2008; Stanley, 2016). The temporal coincidence between
LIPs and mass extinctions (Courtillot, 1999; Wignall, 2001; Courtillot
and Renne, 2003) has resulted in a plethora of multidisciplinary studies
seeking to understand biotic crisis associated with massive volcanism
through environmental changes. Progressive advances in reconstruc-
tion of the Phanerozoic biodiversity patterns, high-precision geochro-
nology, and conventional and non-traditional geochemical proxies
have provided rigorous tools for constantly scrutinizing the LIP/extinc-
tion association. Recent assessments on mass extinctions and their
causes (Rong and Huang, 2014; Bond and Grasby, 2017; Shen and
Zhang, 2017) suggested that the link between LIPs andmass extinctions
might not be straightforward as previously thought (Bond andWignall,
2014; Bond and Grasby, 2017; Ernst and Youbi, 2017). Recently, conti-
nental arc magmatism has been proposed as an alternative factor to po-
tentially trigger major climatic and environmental changes throughout
Earth's history (He et al., 2014; Lee et al., 2015; McKenzie et al., 2016).
Thus, a conservative but logical strategy of testing the volcanism/extinc-
tion relationship is highly desired.

In this review, we will introduce current understanding of the
biodiversity changes in the Permian, especially the consensus and
disagreement on the tempo, duration, and pattern of end-Guadalupian
and end-Permian mass extinctions. This is followed by a detailed evalua-
tion of various conventional and non-traditional geochemical proxy re-
cords in the Permian, with special interests on proxies that are closely
associated with major environmental changes such as climate warming
or cooling, ocean acidification and anoxia, or indicative of massive volca-
nic eruptions (e.g., carbon cycle perturbation, gaseous metal loading, and
continentalweathering). Thenwewill showevidence for the decisive role
played by massive volcanism in environmental and biological changes in
the Permian. Finally attempts are made to decipher whether plume-
generated LIP volcanism, or Palaeotethys arc magmatism, or both are re-
sponsible for the Permian biodiversity changes.

2. Permian timescale

Temporal correlation is the first-order evidence to establish the LIP/
extinction associations (Rampino and Stothers, 1988; Wignall, 2001;
Courtillot and Renne, 2003). The current Permian chronostratigraphic
scale (Fig. 1) advocated by the Subcommission on Permian Stratigraphy
consists of three series and nine stages: the Cisuralian (lower Permian)
– Asselian, Sakmarian, Artinskian, and Kungurian; the Guadalupian
(middle Permian) – Roadian, Wordian, and Capitanian; the Lopingian
(upper Permian) – Wuchiapingian and Changhsingian. High-precision
U\\Pb geochronology in the past two decades (Bowring et al., 1998;
Mundil et al., 2001, 2004; Ramezani et al., 2007; Shen et al., 2011a;
Schmitz and Davydov, 2012; Burgess et al., 2014; Zhong et al., 2014;
Wu et al., 2017; Ramezani and Bowring, 2018) has shown significant
progress in refining the Permian timescale, through integration with
biostratigraphic, magnetostratigraphic, and chemostratigraphic tools
(Lucas and Shen, 2018a). A series of ten ages currently constrain the
Permian, including 298.90 ± 0.15 Ma for the Carboniferous-Permian
boundary (i.e., base-Asselian), 293.52 ± 0.17 Ma for the base-
Sakmarian, 290.10 ± 0.26 Ma for the base-Artinskian, 283.5 ± 0.6 Ma
for the base-Kunguain, 272.95 ± 0.11 Ma for the base-Roadian
(i.e., Cisuralian-Guadalupian boundary), 268.8 ± 0.5 Ma for the base-
Wordian, 265.1 ± 0.4 Ma for the base-Capitanian, 259.1 ± 0.5 Ma for
the base-Wuchiapingian (i.e., Guadalupian-Lopingian boundary; GLB),
254.14 ± 0.07 Ma for the base-Changhsingian, and 251.902 ±
0.024 Ma for the Permian-Triassic boundary (PTB; i.e., base-Induan).

It is necessary to point out that, among the ten ages defining the
stage boundaries of the Permian, the age 259.1 ± 0.5 Ma for the GLB
is by definition different from the others, because it is a CA-TIMS (chem-
ical abrasion-thermal ionization mass spectrometry) weighted mean
U\\Pb date from a felsic ignimbrite in the uppermost part of the



Fig. 1.Current Permian chronostratigraphic framework advocated by the Subcommission on Permian Stratigraphy; details can be found in Lucas and Shen (2018b) and Shen et al. (2019b).
Boundary ages in bold and italic (base-Kungurian, base-Wordian, and base-Wuchiapingian) indicate that they are based on indirect calibrations (Henderson et al., 2012; Ramezani and
Bowring, 2018).
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Emeishan LIP lava succession (Zhong et al., 2014), not as in normal sit-
uationwhen the stage boundary ages are dated and calibrated from vol-
canic ash layers deposited in marine sedimentary sequences. Prior to
the official ratification of the GSSP (Global Stratotype Section and
Point) for the base-Wuchiapingian at the Penglaitan section in Guangxi,
South China, multiple attempts have been made on dating tuff beds
around the GLB, but no reliable ages have been acquired (Jin et al.,
2006). Zhong et al. (2013) studied the mineralogy, geochemistry, and
geochronology of six layers of claystones around the GLB at Penglaitan,
and confirmed that these claystones are clastic in origin and not suitable
for age determination. Using in situ SIMS (secondary ion mass spec-
trometry) U\\Pb dating method, Qiu et al. (2016) reported zircon
U\\Pb ages of 257.1 ± 2.2 and 257.0 ± 4.2 Ma for two bentonite layers
above the GLB, which are stratigraphically equivalent to samples PLT-4
and PLT-5 in Zhong et al. (2013), and suggested 258.6 Ma as the age of
the GLB. Given the large uncertainties of SIMS zircon U\\Pb dates (Qiu
et al., 2016), and those layers are not acidic tuff, but most likely detrital
or clastic sedimentary rocks (Zhong et al., 2013), the recommendation
of 258.6 Ma as the age of GLB (Qiu et al., 2016) is questionable, and it
is by no means an improvement for solving the GLB age in marine sed-
imentary sequences.

However, several lines of evidence from the PenglaitanGSSP section,
such as mineral components, REE pattern, Al2O3/TiO2 and Th/Sc ratios
(Zhong et al., 2013), indicated that the claystone about 60 cm below
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the GLB was derived from a mafic source that is genetically associated
with the Emeishan LIP, implying the synchroneity between the GLB
and the Emeishan LIP volcanism. Therefore, the high-precision age of
259.1 ± 0.5 Ma from a felsic ignimbrite in the uppermost part of the
Emeishan LIP lava succession in Dali, Yunnan (Zhong et al., 2014) can
be used as an indirect constraint on the GLB, on prerequisites that the
GLB claystones in SW China (e.g., Chaotian, and Penglaitan) were de-
rived from the uppermost part of the lava succession in the Emeishan
LIP, and the felsic member in the uppermost part of the Emeishan
flood basalts and the GLB claystones lie on an isochron horizon (He
et al., 2007, 2010; Shen et al., 2010; Zhong et al., 2014).

3. Permian biodiversity changes and mass extinctions

Our understanding of biodiversity changes throughout the Permian
as a whole is less than ideal. Early studies (Sepkoski, 1981; Raup and
Sepkoski, 1982) and recent progresses (Peters and Foote, 2001;
Bambach, 2006; Alroy et al., 2008; Hannisdal and Peters, 2011; Zaffos
et al., 2017) on global marine biodiversity changes in deep-timemostly
aimed at the full Phanerozoic with a temporal resolution of ~10 Myr
(million years) time bins, which is too coarse to reveal details of biodi-
versity changes andpotential connectionswith LIP eruptions and subse-
quent environmental deterioration. Nonetheless, it is generally
accepted that the Permian started with a substantial rise and ended
with a sudden drop in biodiversity, as shown in the long-term trends
(Peters and Foote, 2001; Alroy et al., 2008; Zaffos et al., 2017). Other
studies specifically dealingwith the Permianusually focused on individ-
ual fossil groups, such as brachiopods (Shen and Shi, 1996, 2002; Shen
et al., 2006), corals (Wang and Sugiyama, 2000;Wang et al., 2006), am-
monoids (Villier and Korn, 2004; Brayard et al., 2009; Leonova, 2009,
2011, 2016), and fusulinids (Groves and Wang, 2009, 2013; Zhang
and Wang, 2018). Composite biodiversity patterns based on 1450 spe-
cies of 16 fossil clades (cephalopods, brachiopods, foraminifers, fusuli-
nids, conodonts, corals, bivalves, radiolarians, bryozoans, gastropods,
ostracods, fishes, calcareous algae, spores and pollens, and plants)
from 18 sections in South China and northern peri-Gondwanan region
(Shen et al., 2011a; Wang et al., 2014) shown significant progresses in
terms of temporal resolution and comprehensiveness. However, their
dataset only covered the time span from the late Guadalupian to early
Triassic (Wang et al., 2014).

Biodiversity changes from the late Carboniferous-early Triassic
(Fig. 2) can be roughly subdivided into five intervals, interrupted by
two mass extinctions occurred at the end-Guadalupian and end-
Permian. A biodiversification event occurred in the late Carboniferous-
Early Permian (Cisuralian), followed by a moderate decline in biodiver-
sity, and fluctuation until around the GLB. After the end-Guadalupian
mass extinction (i.e., pre-Lopingian crisis), biodiversity gradually in-
creases until a sudden drop in the end-Permian, followed by aminor ra-
diation in the Early Triassic.

Determining the tempo and duration of mass extinction is funda-
mental to understanding its cause(s) (Erwin, 2006, 2014), and it is de-
cided by two factors: stratigraphy/palaeontology, and geochronology.
The end-Guadalupian mass extinction has been recognized as a major
biotic crisis separated from the end-Permian mass extinction for nearly
three decades (Erwin, 1990; Jin, 1991, 1993; Jin et al., 1994; Stanley and
Yang, 1994). However, as more and more evidence emerged in recent
years, current views on this biotic crisis to some extent have changed.
The extinction rate at the end-Guadalupian was ranked very high in
the early studies, only lower than the end-Permian and end-
Ordovician mass extinctions (Sepkoski, 1996; Bambach et al., 2004;
Isozaki and Servais, 2018). Re-evaluation of the Phanerozoic
taxonomic-severity (McGhee et al., 2013) suggested that the end-
Guadalupian mass extinction is not severe as previously thought, and
only happened at the community level and taxonomically selective
(Shen and Shi, 2002; Clapham et al., 2009; McGhee et al., 2013;
Clapham, 2015). In South China, especially in the Penglaitan-Tieqiao
area of Guangxi where the sedimentary record across the GLB is
completely preserved, fossil evidence suggests that the turnover of
major groups (e.g., rugose corals, brachiopods, fusulinids, conodonts, bi-
valves, and ammonoids) occurred at different temporal levels (Shen
and Shi, 2009). If taking all the faunal evidence into account, the end-
Guadalupian mass extinction most likely occurred in the latest
Capitanian-earliest Wuchiapingian, in the interval between conodont
Jinogondolella xuanhanensis-Clarkina dukouensis zones (Fig. 2). Direct
geochronological constraint on the timing and duration of the end-
Guadalupian mass extinction is problematic. Although the base-
Capitanian was calibrated as 265.1 ± 0.4 Ma from its GSSP section at
Nipple Hill, Guadalupian Mountains National Park, West Texas
(Bowring et al., 1998; Ramezani and Bowring, 2018), there are uncer-
tainties regarding the age of the GLB, as the temporally used age 259.1
± 0.5 Ma is indirect constraint based on a U\\Pb date from a felsic ig-
nimbrite in the uppermost part of the Emeishan LIP lava succession
(Zhong et al., 2014). Therefore, durations of the Capitanian conodont
zones (Fig. 2) cannot be confidently calculated, although a rough esti-
mation would suggest that the end-Guadalupian mass extinction most
likely lasted for N1 Myr. A different view on the timing and duration of
the end-Guadalupian mass extinction also exists. Based on the ranges
of foraminifers and calcareous algae, a major negative excursion
(N5‰) in δ13Ccarb, and their relative positions to the Emeishan flood ba-
salt units in western Guizhou, a middle-Capitanian mass extinction
around the Jinogondolella shannoni-J. altudaensis zonal boundary, associ-
ated with the Emeishan volcanism and severe disturbance of carbon
cycle was proposed (Wignall et al., 2009; Bond et al., 2010a, 2010b).

In contrast, the tempo and duration of the end-Permianmass extinc-
tion arewell constrained,mainly benefit fromhigh-resolution conodont
biostratigraphy (Yuan et al., 2014, 2019) and high-precision U\\Pb geo-
chronology (Shen et al., 2011a, 2019a; Burgess et al., 2014). Statistical
analyses of fossil records at the Meishan GSSP section using confidence
interval approach (Jin et al., 2000), and on a composition of 18 sections
across South China and the northern peri-Gondwanan region using
constrained optimization (CONOP) method (Shen et al., 2011a; Wang
et al., 2014), revealed a single pulse of mass extinction, beginning at
the top of Bed 24 and just below Bed 25 andwith some survival taxa lin-
gered on no later than Bed 28 when projecting onto the Meishan sec-
tion. The progressive development in zircon U\\Pb geochronology and
its applications at the Meishan section, especially on Beds 25 and 28
(Bowring et al., 1998; Mundil et al., 2001, 2004; Shen et al., 2011a;
Burgess et al., 2014), provide a temporal framework for the end-
Permian mass extinction, with the latest high-precision dating from
Burgess et al. (2014) suggesting the extinction occurred between
251.941 ± 0.037 and 251.880 ± 0.031 Ma, with a maximum duration
of 61 ± 48 kyr (thousand years). Integrated high-precision U\\Pb geo-
chronology, biostratigraphy, and chemostratigraphy from a highly ex-
panded PTB section at Penglaitan, Guangxi, South China (Shen et al.,
2019a) indicated a sudden end-Permian mass extinction that occurred
at 251.939± 0.031Ma, which is temporally coincident with the extinc-
tion recorded in Bed 25 of the Meishan section (Burgess et al., 2014).
More importantly, fossil data from the expanded Penglaitan section sug-
gested that the mass extinction was nearly instantaneous and no evi-
dence of a decline of biodiversity existed prior to the extinction
interval that was limited to 31 ± 31 kyr, and no Permian-type species
survived the extinction (Shen et al., 2019a). Other studies (Yin et al.,
2007; Song et al., 2013) argued for two ormore pulses of extinction dur-
ing the latest Permian-earliest Triassic. However, this does not change
the fact that the onset of the EPME happened at an equivalent level to
the top of Bed 24 and just below Bed 25 at Meishan.

4. Variation of geochemical proxies in the Permian

In general, massive volcanism potentially can affect the environ-
ments and ecosystems through many complex pathways (Self et al.,
2006, 2014; Bond and Grasby, 2017; Ernst and Youbi, 2017), depending



Fig. 2.Biodiversity changes from the late Carboniferous to early Triassic, with twomass extinctions occurred at the end-Guadalupian and end-Permian, and correlationwithmajor volcanic
events including four LIPs (Tarim, Panjal, Emeishan, and Siberian) and the long-lasting Choiyoi silicic igneous province. Long-term and short-term sea-level changes are also presented
(Haq and Schutter, 2008); timing of the apex and termination of the Late Palaeozoic Ice Age (LPIA) are according to Chen et al. (2018) and Chen et al. (2013), respectively; timing of
the Illawarra reversal is according to Hounslow and Balabanov (2018).
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on the style (explosive vs. effusive vs. intrusive), timing and duration of
each phase, volcanic products (e.g., pyroclasts, lava, CO2, SO2, halogen,
sulfate aerosol, and gaseous toxic metals), and feedback in the litho-
sphere, atmosphere and biosphere. Examining potential links between
massive volcanism and biodiversity changes, especially mass extinc-
tions, rely heavily on continuous and high-resolution geochemical re-
cords preserved in sedimentary rocks, preferably in marine settings.

The late Permian-early Triassic interval has been intensively studied
for many years, and consequently produced a plethora of geochemical
evidence suggesting the causal relationship between the Siberian
Traps eruptions and the end-Permian mass extinction. By comparison,
the Emeishan LIP and contemporaneous environmental and biological
changes are less well understood due to inadequate temporal controls
(Ramezani and Bowring, 2018).Moreover, a pivotal part of strata (cono-
dont Jinogondolella xuanhanensis-Clarkina dukouensis zones) for
deciphering the connections between the Emeishan LIP and end-
Guadalupian mass extinction (Fig. 2) are often absent in most regions
of South China (Shen et al., 2019b) due to large-scale regression during
the middle-late Guadalupian (Haq and Schutter, 2008). For the
Cisuralian, with the base-Artinskian and base-Kungurian GSSPs
remaining to be established, the chronostratigraphic framework is yet
to be completed. Therefore, palaeoenvironmental records in various
palaeogeographic realms such as southern Urals (type locality of the
Cisuralian), South China, North Americanmidcontinent, and Gondwana
often cannot be correlated with confidence, and whether a common
source such as massive volcanism was responsible for the environmen-
tal and biological changes during the late Carboniferous-early Permian
(Cisuralian) is largely uncertain.

In this section, we summarize some of the recent advances in inves-
tigating the variation of geochemical proxies preserved in sedimentary
sequences in the Cisuralian, around theGLB, and across the PTB interval.
Since studies on the Cisuralian and GLB interval are inadequate



73J. Chen, Y. Xu / Gondwana Research 75 (2019) 68–96
comparing to the extensively investigated PTB interval, geochemical
proxies covered in each period are different and uneven. Moreover,
we should explain herein that, even for the PTB interval, the geochemi-
cal proxies assessed are not meant to be comprehensive without omis-
sions. Instead, we focus on proxies that are closely associated with the
three highly suspected kill mechanisms (i.e., climate change, ocean
acidification, and anoxia), and most likely linked with massive volcanic
eruptions (e.g., carbon cycle perturbation, gaseous metal loading, and
continental weathering).

4.1. Cisuralian

The Cisuralian carbon isotopes data measured on brachiopod shells
and whole rock carbonates have been reported from the southern
Urals, South China, North American midcontinent, Southern Alps, and
Australia in a number of studies (Korte et al., 2005; Grossman et al.,
2008; Tierney, 2010; Buggisch et al., 2011, 2015; Koch and Frank,
2012; Mii et al., 2012, 2013; Zeng et al., 2012; Liu et al., 2017a, 2017b,
2018; Cheng et al., 2019). Among those studied sections, only several
of them have produced long-term and continuous profiles for the ~30
Myr interval from the latest Carboniferous to early Guadalupian
(i.e., the maximum duration of the Early Permian LIP volcanism;
Fig. 2), such as the Naqing section in Guizhou (Buggisch et al., 2011),
Gongchuan section in Guangxi (Liu et al., 2017b), and Xikou section in
Shaanxi (Cheng et al., 2019). Carbon isotope records based on bulk car-
bonates from the southern Urals (Zeng et al., 2012), Nine Mile Canyon
and Rockland Ridge in Nevada (Tierney, 2010), Orogrande Basin in
New Mexico (Koch and Frank, 2012), and brachiopods from North
American midcontinent, Russian Platform (Grossman et al., 2008), and
Western Australia (Mii et al., 2012, 2013) are also important tie-points
for global correlation, but those profiles are either low in temporal res-
olution, incomplete, or composites frommultiple sections. Comparisons
of global carbon isotope records (Buggisch et al., 2015; Liu et al., 2017b;
Cheng et al., 2019) suggest that δ13Ccarb patterns during the latest
Fig. 3. Cisuralian δ13Ccarb, δ18Oapatite, and 87Sr/86Sr profiles in South China. δ13Ccarb trend is based
lated relative seawater temperatures (black scale and red scale assume the oxygen isotopic co
(Chen et al., 2013); 87Sr/86Sr trend is the LOWESS fitted curve based on data from Naqing and
Carboniferous-early Guadalupian are highly variable. Even regionally,
the overall trends in the continuous profiles from Naqing (Buggisch
et al., 2011), Gongchuan (Liu et al., 2017b), and Xikou (Cheng et al.,
2019) in South China are different fromone another. Imprecise biostrat-
igraphic correlation, difference in depositional settings, and diagenetic
effects could be the potential causes. Nonetheless, continuous and
high-resolution data from the Naqing section (Fig. 3) demonstrated
that δ13Ccarb trend started with a high plateau (N5‰) in the Gzhelian-
early Asselian, followed by an overall two-step decrease that are most
prominent in the late Asselian and early Kungurian, and ended with a
rebound from ~2‰ in the early-middle Kungurian to ~5‰ in the early
Wordian (Buggisch et al., 2011).

A continuous, long-term oxygen isotopic record measured on cono-
dont apatite (δ18Oapatite) spanning the late Viséan to Roadian was re-
ported from the Naqing section, Guizhou, South China (Chen et al.,
2013, 2016a). The results indicated that after the maximum value oc-
curred in the middle Bashkirian, δ18Oapatite values show stepwise de-
crease during the Pennsylvanian-Cisuralian (Chen et al., 2016a).
Unlike the two obvious decreases occurred in the late Bashkirian and
Gzhelian, the overall decreasing trend in the Cisuralian (Fig. 3) is
smooth, suggesting a gradual warming of ~4 °C from the latest Carbon-
iferous to earliest Guadalupian.

Coeval seawater strontium data (87Sr/86Sr ratios) (McArthur et al.,
2012; Chen et al., 2018;Wanget al., 2018b) demonstrated a long and con-
tinuous decrease (Fig. 3), with the onset constrained in the early Viséan
(~303 Ma) (Chen et al., 2018) and the termination in the late Capitanian
(Wang et al., 2018b). According to Wang et al. (2018b), the declining
trend of 87Sr/86Sr ratios in the Cisuralian and Guadalupian probably was
caused by the suppressed riverine flux into the ocean during the conver-
gence between Gondwana and Laurussia, and the increasing input of hy-
drothermal flux into the ocean associated with the mid-ocean spreading
in association with the formation of the supercontinent Pangaea.

Whether the widespread and episodic Early Permian LIP eruptions
(e.g., Tarim, and Panjal) was associated with the δ13Ccarb, δ18Oapatite,
on data from the Naqing section in Guizhou (Buggisch et al., 2011); δ18Oapatite and calcu-
mpositions of seawater as −1‰ and +1‰, VSMOW, respectively) are also from Naqing
Tieqiao sections (Wang et al., 2018b).
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and 87Sr/86Sr trends is largely uncertain, as there are noobvious changes
precisely corresponding to each episode of massive volcanism (Fig. 3).
However, this does not rule out the possibility that the Early Permian
LIP volcanism has contributed to contemporaneous environmental
and biological changes, especially the gradual climate warming and
flourishing of ecosystems.

4.2. Late Guadalupian-early Lopingian

Carbon isotope changes during the late Guadalupian-early Lopingian
are also complicated (Bond et al., 2010b; Shen et al., 2013; Jost et al.,
2014; Cao et al., 2018), particularly in the equivalent interval of cono-
dont Jinogondolella altudaensis-Clarkina postbitteri postbitteri zones,
which most likely represents the main phase of the Emeishan LIP
(Fig. 4). A full understanding of the carbon isotope changes and possible
association with the Emeishan LIP is hindered by several key factors.
First, large scale sea-level drop (Haq and Schutter, 2008) and/or pre-
eruptive uplift (He et al., 2003) resulted in a depositional hiatus on
top of theMaokou Limestonewith subsequent deposits of the “Wangpo
Bed”, which is widespread in South China and varies in the form of ter-
rigenous clastics, coal seams, and tuff layers. Therefore, a gap usually ex-
ists in each of the carbon isotope profiles between the Maokou and
Wuchiaping formations (Cao et al., 2018), with exception of the
Penglaitan and Tieqiao sections (Fig. 4) (Wang et al., 2004; Chen et al.,
2011; Jost et al., 2014). Second, evenwith assistance from conodont bio-
stratigraphy (Sun et al., 2010; Yuan et al., 2017), there are still uncer-
tainties in constraining the extent of the gap and correlating the
carbon isotope profiles across various sections (Bond et al., 2010b;
Chen et al., 2011; Jost et al., 2014; Cao et al., 2018). Third, diagenetic ef-
fects and regional litho-facies controls (Jost et al., 2014; Cao et al., 2018)
have alsomade it difficult to identify the primary carbon cycle perturba-
tions and potential connections with the Emeishan LIP.

Nonetheless, previous studies demonstrated that several features in
the δ13Ccarb records around the Guadalupian-Lopingian transition are
worth noting. A high positive plateau in δ13Ccarb values over +5‰ was
Fig. 4. δ13Ccarb, δ18Oapatite, and 87Sr/86Sr profiles across the Guadalupian-Lopingian boundary, an
δ13Ccarb trend is based on composite dataset from Naqing, Penglaitan, and Shangsi sections, m
characterized by long-lasting high δ13Ccarb values (N +5‰), is also implicated. δ18Oapatite and c
seawater as −1‰, VSMOW) are from the Penglaitan and Tieqiao sections (Chen et al., 2011
(Wang et al., 2018b). Total duration and main phase of the Emeishan LIP likely occurred in ~
circles indicate a minor and larger Hg/TOC peaks (i.e., Hg anomalies) found near the top of Ji
zones at the Penglaitan section (Huang et al., 2019b), respectively.
initially recognized in a mid-Panthalassan palaeo-atoll limestone in
the Kamura area, Japan (Isozaki et al., 2007b). A subsequent study
with longer stratigraphic coverage (Isozaki et al., 2007a) indicated
that δ13Ccarb values started to rise over +4.5‰ and reached the maxi-
mum of +7.0‰ within the fusuline Yabeina Zone, and sustained high
values over +5‰ in the overlying Lepidolina Zone and most of a barren
interval, followed by a negative shift and a rebound in the latest
Guadalupian, and a prominent negative shift above the GLB. According
to their age assignments based on fusulines (Isozaki et al., 2007a,
2007b), this unique interval of high δ13Ccarb values, termed as the
“Kamura event”, spanned throughout almost the entire Capitanian, ex-
cept for the uppermost and possibly the lowest parts, with an estimated
duration of 3–4 Myr. Later finding of high δ13Ccarb values (+4 to +6‰)
in the Yabeina Zone in the Velebit Mtn., central Croatia of European
Palaeotethys, and previous reports from West Texas, East Greenland,
and West Spitsbergen, enabled Isozaki et al. (2011) to argue that the
“Kamura event” was global in context. High levels of marine primary
productivity, high organic carbon burial rates, combinedwith increased
terreigenous flux and accelerated oceanic circulation, were suggested as
the possible causes for the “Kamura event” on a global scale (Isozaki
et al., 2011). Another unusual feature is a major negative excursion
(N5‰) superimposed on typically high δ13Ccarb values (+4–5‰),
which was recognized at the Xiongjiachang and Gouchang sections,
western Guizhou in the outer zone of the Emeishan LIP, spanning the in-
terval of conodont Jinogondolella altudaensis-J. prexuanhanensis zones
(Wignall et al., 2009; Bond et al., 2010b; Sun et al., 2010). Moreover,
since this sharp negative excursion is largely coincide with the first
eruptive unit of the Emeishan LIP and extinction of foraminifers and cal-
careous algae in their studies, a middle-Capitanian mass extinction
associated with the Emeishan volcanism and subsequent severe distur-
bance of carbon cycle was proposed (Wignall et al., 2009; Bond et al.,
2010a, 2010b).

As shown in several comparisons (Chen et al., 2011; Jost et al., 2014;
Cao et al., 2018), the high positive plateau in δ13Ccarb values in the
Yabeina Zone (Isozaki et al., 2007a, 2007b, 2011) and sharp negative
d their temporal correlation with the Emeishan LIP and end-Guadalupianmass extinction.
odified after Shen et al. (2019b); the “Kamura event” (Isozaki et al., 2007a, 2007b, 2011),
alculated relative seawater temperatures (assuming the oxygen isotopic compositions of
). 87Sr/86Sr trend is the LOWESS fitted curve based on data from Penglaitan and Tieqiao
263.5–257.8 Ma (in grey) and ~260.9–259.1 Ma (in black), respectively. Purple and red
nogondolella granti Zone (Bed 6b) and in the Clarkina postbitteri postbitteri-C. dukouensis
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excursion in the Jinogondolella altudaensis-J. prexuanhanensis zones
(Wignall et al., 2009; Bond et al., 2010b) can rarely be confirmed in
terms of the pattern and magnitude from most of the studied sections
covering the Capitanian-Wuchiapingian strata. Therefore, local deposi-
tional environments, regional litho-facies controls and diagenetic ef-
fects (Jost et al., 2014; Cao et al., 2018) most likely have profound
impacts on the δ13Ccarb records.

Calcium isotopes (δ44/40Ca) analyzed on bulk carbonates (Penglaitan
and Chaotian in South China, and Köserelik Tepe in Turkey) and cono-
dont apatite (only at Penglaitan) were presented in Jost et al. (2014)
to constrain the cause of a negative excursion in δ13Ccarb across the
GLB (Fig. 4), as the carbon and calcium cycles are coupled via CaCO3

burial. The coupled δ44/40Ca and δ13Ccarb records (Jost et al., 2014)
showed that there is no consistent pattern among studied sections, indi-
cating that changes at each section are not related to disturbances in
global carbon and calcium cycles, and any environmental perturbations
at the end-Guadalupian were most likely small, which are compatible
with emerging palaeobiological evidence suggesting that the end-
Guadalupian mass extinction was not severe as originally thought.

Oxygen isotopic compositions of conodont apatite during the late
Guadalupian-earliest Lopingian at the Penglaitan and Tieqiao sections
were studied by Chen et al. (2011). According to their results (Fig. 4),
warming of about 4 °C occurred in the late Capitanian (Jinogondolella
postserrata to J. granti zones), followed by cooling of about 6–8 °C across
the GLB and in the earliest Wuchiapingian, and again significant
warming of ~10 °C in the Wuchiapingian (Clarkina dukouensis to
C. liangshanensis zones). An alternative explanation was also proposed
for the observed changes in δ18Oapatite values, as changes in sea-level
seem to parallel reconstructed seawater temperatures, suggesting that
changes in water depth may also contributed to the observed tempera-
ture changes, in addition to a sole climatic effect resulted from themain
phase of the Emeishan LIP volcanism (Chen et al., 2011).

Strontium isotopes (87Sr/86Sr ratios) in seawater, either measured
from bulk carbonate or brachiopod calcite and conodont apatite, essen-
tially reflect the relative change in continental-derived riverine flux and
mantle-derived hydrothermal flux into the ocean, and potentially can
be used to identify geological and climatic events. A highly distinct geo-
chemical feature in the Permian is the progressive and prominent de-
crease in 87Sr/86Sr ratios during the early-middle Permian and
reaching the Paleozoic minimum around the GLB (Fig. 4), which has
long been recognized (Burke et al., 1982). Recent high-resolution re-
cords identified the onset of this prominent decrease around the cono-
dont Idiognathodus simulator Zone of the early Gzhelian (Chen et al.,
2018), and the termination (i.e., the Paleozoic minimum) around the
Jinogondolella shannoni/J. altudaensis and J. xuanhanensis zones of the
late Capitanian (Wang et al., 2018b). The timing of the turning point,
however, is relatively more important. Since the subsequent increase
in 87Sr/86Sr ratios largely coincides with themain pulse of the Emeishan
LIP magmatism and seawater temperature changes (Fig. 4), a common
volcanic trigger is highly plausible. However, it is worth noting that
the change in seawater temperatures consists of three steps
(i.e., warming, cooling, and again warming) (Chen et al., 2011), not a
continuous decrease as expected from an enhanced continental
weathering condition, therefore the balance between CO2 emission
due to the Emeishan LIP volcanism and CO2 consumption due to en-
hanced continental weathering and subsequent increased riverine
flux, most likely have rapidly shifted during the late Capitanian-early
Wuchiapingian. Independent confirmation with other geochemical
proxies in the future hopefully can providemore details on the underly-
ing mechanism(s) governing the environmental changes around the
GLB.

Pyrite framboid sizes and sulfur isotopes have been applied to indi-
cate redox condition changes during the late Capitanian-early
Wuchiapingian (Yan et al., 2013; Zhang et al., 2015; Wei et al., 2016).
Comparative multiple sulfur isotopes data from the Penglaitan and
Tieqiao sections in South China and the EF section in the Apache
Mountains, West Texas (Zhang et al., 2015) demonstrated a pro-
nounced decrease in δ34S near the GLB, and the common occurrence
of negative Δ33S for 34S-depleted samples, suggesting a causal link be-
tween widespread shoaling of sulfidic waters and the end-
Guadalupian mass extinction.

Ever since abnormal mercury concentrations were found in the
Neoproterozoic cap carbonates in Brazil, and mercury anomalies were
suggested as proxies of enhanced volcanic activity (Sial et al., 2010),
mercury proxy has been increasingly used as a geochemical signal of
LIP volcanism recorded in the sediments, as shown in some representa-
tive studies (Sanei et al., 2012; Font et al., 2016; Sial et al., 2016;
Thibodeau et al., 2016; Charbonnier and Follmi, 2017; Percival et al.,
2017; Keller et al., 2018; Racki et al., 2018; Wang et al., 2018c; Zheng
et al., 2018; Huang et al., 2019b), or in a recent comprehensive review
(Percival et al., 2018). Mercury anomalies across the GLB have been re-
ported from the Festningen section in Spitsbergen (Grasby et al., 2016),
Danyang section in central eastern Korea (Kwon et al., 2019), and the
Penglaitan GSSP section in South China (Huang et al., 2019b). According
to the results from Penglaitan (Huang et al., 2019b), two Hg/TOC anom-
alies occurred around the GLB, with one minor peak near the top of
Jinogondolella granti Zone (Bed 6b) and a major increase across the
GLB with its peak located in the Clarkina postbitteri postbitteri-C.
dukouensis zones (Fig. 4). If the Hg/TOC values can faithfully indicate
the intensity of Emeishan LIP volcanism, this could further constrain
the onset of major volcanic pulse at ~260Ma, and the acme of Emeishan
LIP volcanism in the earliest Lopingian, which is different from previous
views (Sun et al., 2010; Zhong et al., 2014). Confirmation of the
Penglaitan Hg/TOC pattern in other sections, high-precision geochrono-
logical dating on the Emeishan LIP volcanism, and correlating the
Emeishan LIP history with chronostratigraphic framework around the
GLB, are needed to examine this new timeline (Huang et al., 2019b).
4.3. Latest Permian-Early Triassic

4.3.1. Carbon isotopes
Carbon isotope analyses (δ13Ccarb, δ13Corg, and TOC) have become

common practices in geochemical studies around the PTB, especially
after a prominent negative carbon isotope excursion (NCIE) was recog-
nized in the Gartnerkofel core (GK-1) from the Carnic Alps of Austria
(Holser et al., 1989), and later found in a plethora of marine and non-
marine sediments from many localities worldwide (Baud et al., 1989;
Korte and Kozur, 2010; Shen et al., 2013; Zhang et al., 2016; Cui et al.,
2017). For theMeishan GSSP section, since thefirst report of carbon iso-
tope data by Chen et al. (1984), several updates have been presented in
the past, most of which can be found in the compilation of Korte and
Kozur (2010) and Schobben et al. (2017). The high-resolution dataset
covering the timespan of the Siberian Traps magmatism (Fig. 5b) is a
compilation from the Meishan outcrop and core data, which have
been partially presented in Cao et al. (2002, 2009), Shen et al. (2013),
Burgess et al. (2014), and Chen et al. (2016b). To have a better under-
standing on how the carbonate carbon isotopes (δ13Ccarb) changed
with time,we convert the stratigraphic depth of each data point into ab-
solute age, using the high-precision zircon U\\Pb ages (Shen et al.,
2011a; Burgess et al., 2014) and assuming constant sediment accumula-
tion rates between two dated ash beds (Burgess et al., 2014; Chen et al.,
2016b). For the interval that are not bracketed by two ash beds, we as-
sume its sediment accumulation rate is the same as the one from inter-
val between the two stratigraphically closest ash beds.

As shown in Fig. 5b, seven intervals can be subdivided for the 1-Myr
span (252.3–251.3 Ma) of δ13Ccarb variations. Prior to the onset of
δ13Ccarb decline at 251.999 ± 0.039 Ma (Interval I), δ13Ccarb values re-
main stable and in the range of +3–4‰, indicating that the explosive
pyroclastic eruptions and early phase of the effusive lava eruptions did
not initiate dramatic feedback in the carbon cycle. The composite biodi-
versity patterns (Shen et al., 2011a; Wang et al., 2014) suggested that



Fig. 5. A compilation of selected geochemical proxies from theMeishan GSSP section, scaled to absolute ages and correlated with the timeline of the Siberian Traps magmatism. (a)History of the Siberian Trapsmagmatism defined by high-precision
geochronological dating (Burgess and Bowring, 2015; Burgess et al., 2017); uncertainties for the onset of lava eruptions at 252.24 ± 0.12Ma, the onset of sill intrusions at 251.907± 0.067Ma, and resumed lava eruptions at 251.483± 0.088Ma are
also shown. (b) Carbonate carbon isotope records (δ13Ccarb) from theMeishan outcrop and core (Cao et al., 2002, 2009; Shen et al., 2013; Burgess et al., 2014; Chen et al., 2016b) subdivided into seven intervals; themean ages and uncertainties for the
turning points are calculated using Monte Carlo simulations (Guex et al., 2012; Burgess et al., 2014). (c) Oxygen isotopic compositions of conodont apatite measured with in situ SIMS method, and calculated relative seawater temperatures (Chen
et al., 2016b). (d) Calcium isotopic compositions of conodont apatite, as evidence for ocean acidification across the mass extinction horizon (Hinojosa et al., 2012). (e) Zinc isotopes (δ66Zn) and concentrations of carbonate rocks, demonstrating an
abrupt increase of Zn concentration and a concomitant decrease of 0.5‰ in δ66Zn occurred ~35 kyr prior to themass extinction, suggest rapid andmassive input of isotopically light Zn from volcanic ashes, hydrothermal inputs, and/or extremely fast
weathering of volcanic rocks (Liu et al., 2017c). (f)Mercury anomalies (expressed in Hg/TOC, δ202Hg, and Δ199Hg) across the end-Permian mass extinction horizon (Wang et al., 2018c). The Meishan dataset from Grasby et al. (2017) showed near
identical trends but with shorter stratigraphic coverage, therefore are not included in this compilation. (g) Reconstructed lithium isotopic compositions of seawater (δ7Liseawater) based on the lithium isotopic fractionation between seawater and
marine sediments, suggest enhanced continental weathering across the end-Permian mass extinction horizon (Sun et al., 2018). (h) Chronostratigraphic framework between the upper part of Bed 19 and Bed 40, constrained by high-resolution
conodont biostratigraphy (Yuan et al., 2014) and high-precision zircon U\\Pb ages (Burgess et al., 2014) and scaled to absolute ages instead of stratigraphic depth/thickness.
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biodiversity decline was on the way during Interval I, although most
likely not catastrophic in this span of ~0.3 Myr.

The transitional Interval II, from the onset of δ13Ccarb decline at
251.999 ± 0.039 Ma to the beginning of an abrupt decrease in δ13Ccarb
at 251.950 ± 0.042 Ma, is likely most critical. The δ13Ccarb values de-
crease from +4‰ to +2.5‰ in a duration of 49 ± 57 kyr. Sustained
input and accumulation of CO2, whether from primary magma
degassing or gas venting from negligible contactmetamorphism during
magma ascending (Svensen et al., 2009), probably reached a tipping
point (Rothman, 2017) at 251.999 ± 0.039 Ma. Considering the analyt-
ical uncertainty (251.907 ± 0.067 Ma) and the position of the oldest
dated sill sample (63.5 m above the base of the Noril'sk drill core G22)
(Burgess and Bowring, 2015), the switch from dominantly extrusive
eruptions towidespread sill intrusions of the Siberian Trapsmagmatism
(Fig. 5a) likely also occurred within Interval II. As shown in a recent
study (Svensen et al., 2018), widespread sill intrusions and contact
metamorphism with evaporites, carbonates, and organic-rich sedi-
ments have much profound impact than the magma degassing alone.
Thermal modeling suggested that the production of CO2 during sill in-
trusions and contact metamorphism is typical in the 50–80 ton/m2

range, and a gas production of 1000 Gt CO2 would need an area of
only 12,000–19,000 km2, which is only some 0.7–1.2‰ of the known
coverage of sill intrusions in the Siberian Traps (Svensen et al., 2018).

Interval III starts with a rapid drop of δ13Ccarb values from +2.5‰ to
−3.3‰ in b20 kyr (Burgess et al., 2014), or 8 ± 56 kyr if we strictly
apply Monte Carlo simulations for the interval from 251.950 ±
0.042 Ma (41.66 m) near the base of Bed 24e to 251.942 ± 0.037 Ma
(41.90 m) at only 3 cm below the mass extinction horizon (Chen et al.,
2016b). This is followed by a rebound to +0.5‰ immediately below the
maximum extinction level, and oscillations between −0.7‰ and +1.5‰
until 251.572 ± 0.069 Ma, which cover almost exclusively the sill intru-
sion phase (Fig. 5a). Comparingwith the range of+2.5–4‰ during inter-
vals I and II, carbon cycle after the main mass extinction has switched to
another state that were governed by the massive CO2 and thermogenic
methane emissions. A total duration of 427 ± 79 kyr from the onset of
δ13Ccarb decline at 251.950 ± 0.042 Ma to the end of oscillations at
251.572 ± 0.069 Ma can be calculated (Burgess et al., 2014), or 378 ±
81 kyr if we choose the abrupt decrease in δ13Ccarb at 251.950 ±
0.042 Ma as a starting point.

The δ13Ccarb values remain constant around an average of−0.7‰ in
Interval IV with a duration of 104 ± 106 kyr, followed by a gradual rise
to ~+2‰ in the middle of Bed 39 (Interval V) that lasted for 93 ± 192
kyr. A sharp but short-lived decrease occurred in Interval VI, with a cal-
culated duration of 15 ± 258 kyr. Above this transient change, δ13Ccarb
values remain stable around +2‰ in Interval VII, until large perturba-
tions started around the Griesbachian-Dienerian boundary (Payne
et al., 2004; Zuo et al., 2006; Tong et al., 2007). It should be explained
herein that because the strata above the ash bed near the top of Bed
24 are not bounded by two U\\Pb ages (Fig. 5h), Monte Carlo simula-
tions (Guex et al., 2012; Burgess et al., 2014) thus generate rather
large uncertainties for the interpolated ages and durations, which
should be considered with caution.

The Meishan carbon isotope record, especially the prominent
change across the mass extinction horizon, is highly comparable with
profiles from other marine and non-marine sections (Korte and Kozur,
2010; Shen et al., 2013; Zhang et al., 2016; Cui et al., 2017).With tempo-
ral constraints from high-resolution conodont biostratigraphy (Yuan
et al., 2014) and high-precision geochronology (Burgess et al., 2014),
it is a better representative to assess the link between the Siberian
Traps magmatism and global carbon cycle changes recorded in sedi-
ments. As mentioned above, correlation with the timeline of the Sibe-
rian Traps magmatism strongly suggests that the abrupt change in the
emplacement style from dominantly lava eruptions to sill intrusions is
critical for triggering catastrophic environmental perturbations and
subsequently the end-Permian mass extinction (Burgess et al., 2017;
Svensen et al., 2018).
4.3.2. Oxygen isotopes
Gas emissions from large-scale LIP volcanism potentially can affect

climate in many timescales (Robock, 2000; Wignall, 2001), among
which SO2, H2S and sulfate aerosols would cause short-term cooling,
and greenhouse gases (CO2, CH4) would lead to long-term warming.
Therefore, high-resolution palaeotemperature profiles can help exam-
ining the potential link between LIP volcanism, environmental change,
and mass extinction. Oxygen isotope palaeothermometry has been
used to reconstruct temperatures in deep-time since the early work of
Urey et al. (1951). Despite the inherent obstacles such as unknown of
accurate oxygen isotopic compositions of ambient seawater and possi-
bility of diagenesis during burial, thismethod is still widely used on pre-
requisites of careful selection of suitable materials, rigorous sample
screening, and additional geochemical constraints (Grossman, 2012).
Conodont apatite are preferred to bulk carbonates and brachiopod
shells due to their resistance to diagenesis (Luz et al., 1984; Wenzel
et al., 2000), as well as their spatial and temporal abundance. A number
of studies have covered the Permian Period, using the conventional
IRMS (isotope ratio mass spectrometry) method (Korte et al., 2004;
Chen et al., 2011, 2013; Joachimski et al., 2012; Sun et al., 2012;
Schobben et al., 2014) or the in situ SIMS (secondary ion mass spec-
trometry) method (Chen et al., 2016b; Shen et al., 2019a). The SIMS
technique can perform multiple analyses on single conodont elements
(Chen et al., 2016b), thus generating palaeotemperature records with
higher temporal resolution that are critical for studyingmass extinction
events.

Oxygen isotopic compositions of conodont apatite from the
Meishan, Shangsi, Daijiagou, Liangfengya (Chen et al., 2016b) and
Penglaitan (Shen et al., 2019a) sections in South China, representing dif-
ferent environmental settings (e.g., carbonate platform, upper slope,
lower slope, and ramp), demonstrated a consistent pattern of seawater
temperature changes around the end-Permianmass extinction horizon.
Such pattern has also been recognized at the Abadeh, Kuh-e-Ali Bashi,
and Zal sections in central and northwestern Iran (Korte et al., 2004;
Chen et al., 2013; Schobben et al., 2014), thus suggesting a global signal.
Using the record fromMeishan as an example (Fig. 5c), which has a lon-
ger temporal coverage and more precise chronostratigraphic controls
from conodont biozones (Yuan et al., 2014) and zircon U\\Pb ages
(Burgess et al., 2014), δ18Oapatite values fluctuate around ~21‰ for
most of the Changhsingian, until a sudden decrease from 21.0‰ in
Bed 25 to 18.6‰ in Bed 27a and 17.9‰ in Bed 28, which can be trans-
lated into a rapid warming of ~10 °C in 23 kyr, or a complete rising
pulse of ~13 °C in 61 kyr (Burgess et al., 2014; Chen et al., 2016b). To
fit with the two-pulse model, Xie (2018) used parts of the SIMS dataset
from Chen et al. (2016b) and the Meishan IRMS data from Joachimski
et al. (2012) to suggest two pulses of climate warming, with one prior
to Bed 25 and another at the top of Bed 28. This treatment is rather a
misdirection, as long-term trends (Chen et al., 2016b; Shen et al.,
2019a) clearly showed that fluctuationswith a magnitude of ±1‰ in δ-
18Oapatite values are normal during the Changhsingian, and it seems un-
reasonable to regard the very last fluctuation prior to the mass
extinction as climatic event associated with biotic crisis. Combining
the calculated relative palaeotemperatures, carbonate carbon isotopes,
and end-Permian mass extinction at Meishan with the Siberian Traps
magmatism in a unified timescale (Fig. 5), it shows that the dramatic
seawater temperature rise occurred only around the time of emplace-
ment style switched from dominantly lava eruptions to widespread
sill intrusions, and postdated the onset of negative shift in δ13Ccarb by
~81 kyr, the abrupt decline in δ13Ccarb by ~32 kyr, and the peak of
mass extinction by ~23 kyr.

Palaeoclimatic reconstructions in terrestrial realm using direct
palaeotemperature proxies are scarce, mainly due to the limitation of
suitable materials and temporal resolution. Oxygen and carbon isotope
compositions of vertebrate apatite (δ18Op and δ13CC) from the Karoo
Basin in South Africa (Rey et al., 2016, 2018) suggested constant tem-
peratures around the end-Guadalupian mass extinction interval (Rey
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et al., 2018), and an intense and fast warming of ~16 °C during the latest
Permian-earliest Triassic (Rey et al., 2016). In a similar study, MacLeod
et al. (2017) reported δ18O values of phosphate in therapsid tusks and
carbonate soil nodules from the Karoo Basin, and their results showed
an increase of ~2‰ in the former and ~5‰ in the latter across the PTB,
indicating warming and increased aridity during the earliest Triassic.
However, correlating the PTB and mass extinction in the terrestrial sec-
tions of Karoo Basin with the well calibrated marine sections such as
Meishan is in debate (Gastaldo et al., 2009, 2015, 2018; Smith and
Botha-Brink, 2014; Gastaldo and Neveling, 2016; Lucas, 2018). Evan
when a consensus can be reached, limited temporal resolution of
palaeotemperatures from terrestrial sections (Rey et al., 2016, 2018;
MacLeod et al., 2017) leave large uncertainties when linking the Sibe-
rian Traps magmatism with environmental changes and mass extinc-
tion in the terrestrial realm.

Brachiopod shells are also often used for oxygen isotopic analyses
(Veizer et al., 1999; Korte et al., 2005, 2008; Grossman et al., 2008;
Prokoph et al., 2008; Brand et al., 2012; Mii et al., 2012, 2013; Veizer
and Prokoph, 2015; Garbelli et al., 2016) and clumped isotope ther-
mometry (Brand et al., 2012; Henkes et al., 2018). Although an overall
trend can be established and compared with the record from conodont
apatite, temporal resolution is a major drawback of fossil brachiopods,
especially in the case of mass extinctions potentially linked with LIP
magmatism. Oxygen isotopes measured on brachiopod low-Mg-calcite
(bLMC) from the Dolomites, northern Italy (western Tethys) (Brand
et al., 2012) and Gyanyima section, southern Tibet (Neotethys)
(Garbelli et al., 2016) indicated that seawater temperatures have al-
ready increased to N35 °C prior to the mass extinction horizon, which
contradicts the records measured on conodont apatite from other loca-
tions (Joachimski et al., 2012; Chen et al., 2013, 2016b; Schobben et al.,
2014; Shen et al., 2019a). Bymeasuring oxygen isotopic compositions of
conodont apatite and brachiopod calcite recovered from the same strat-
igraphic successions, future studies hopefully can confirm whether δ-
18Oapatite and δ18Ocalcite patterns are indeed different from one another,
and find out the exact reasons for such puzzling discrepancy.

4.3.3. Calcium isotopes
Ocean acidification is a phenomenon fundamentally associatedwith

the atmospheric CO2 (Doney et al., 2009; Kump et al., 2009). Earth sys-
tem modeling (Hönisch et al., 2012) suggested that the rate of CO2 re-
lease is essential for identifying ocean acidification events. On long
time scales (~105 years), CaCO3 saturation is ultimately regulated pri-
marily by continental weathering of carbonate and silicate rocks, not at-
mospheric pCO2.Whileweathering itself is related to atmospheric pCO2,
it is related much more weakly than ocean pH, which allows pH and
CaCO3 saturation to be almost decoupled for slowly increasing atmo-
spheric pCO2. As the rate of CO2 release increases and sources
(weathering) and sinks (CaCO3 burial) are no longer balanced, progres-
sive coupling between CaCO3 saturation and pH occurs. Strictly speak-
ing, “ocean acidification event” is only applied to (i) rapid (~104 years
and shorter) CO2 release, (ii) ocean pH decline, and (iii) CaCO3 satura-
tion decline, although the latter is not always a necessity as long as
the first two criteria are met (Kump et al., 2009; Hönisch et al., 2012).

Sedimentological features, such as the irregular truncation surface
between the uppermost Permian skeletal limestone and the overlying
microbialite in shallow-water carbonates has also been linkedwith sub-
marine dissolution driven by a pulse of ocean acidification (Payne et al.,
2007; Lehrmann et al., 2015; Bagherpour et al., 2017), although the pre-
cise timing and duration of this dissolution awaits further clarification
(Chen et al., 2009; Payne et al., 2009). The effects of the latest Permian
ocean acidification are also evident in the fossil records (Knoll et al.,
2007; Clapham and Payne, 2011; Garbelli et al., 2017), as exemplified
by the Rhynchonelliformea brachiopods, which are organisms with an
organocarbonate multilayered shell that is vulnerable to changes in
the pCO2 and CaCO3 saturation (Garbelli et al., 2017). The loss of colum-
nar tertiary layer and the reduction of fiber size, as observed in the
Rhynchonellata from the Shangsi section, suggested not only ocean
acidification, but also a successful strategy to cope with such disastrous
change, which enabled them to survive the end-Permian mass extinc-
tion. In contrast, the Strophomenata became extinct as the pH de-
creased, since after the loss of their type 1 fabric, they could not
further reduce their calcite structural units (Garbelli et al., 2017).

In comparison, geochemical proxies indicating ocean geochemistry
changes can provide direct evidence of acidification. A negative ~0.4‰
excursion in δ44/40Ca, from ~−0.3‰ to −0.7‰ across the mass extinc-
tion horizon, accompanied by the well-known latest Permian NCIE of
3‰, were first recognized in bulk rock samples at the Dajiang section
in the Great Bank of Guizhou, an isolated carbonate platform within
the Nanpanjiang Basin (Payne et al., 2010). This pattern was also
found in Turkey, Italy, and Oman in terms of the direction, magnitude,
and timing of the calcium isotope excursion (Lau et al., 2017; Silva-
Tamayo et al., 2018). Hinojosa et al. (2012) measured calcium isotopic
compositions of conodont apatite (δ44/40Caapatite) from the Meishan
GSSP section, and confirmed the same trend in bulk carbonates
(Payne et al., 2010). In a more recent study, Silva-Tamayo et al. (2018)
compiled all the available data together and argued whether the identi-
fied δ44/40Ca signature is primary and global, and most importantly, its
implication for the calcium and carbon cycles around the mass extinc-
tion horizon, as a response to the questions raised by Komar and
Zeebe (2016). Based on updated modeling experiments, Silva-Tamayo
et al. (2018) acknowledged the concerns from Komar and Zeebe
(2016), and concluded that the observed parallel negative excursions
in carbonate δ44/40Ca and δ13C is best explained by a series of conse-
quences arising from the Siberian Traps volcanic CO2 release, including
a temporary decrease in seawater δ44/40Ca due to short-lived ocean
acidification and amore protracted increase in calcium isotope fraction-
ation associatedwith a shift towardsmore primary aragonite in the sed-
iment and, potentially, subsequently elevated carbon saturation states
caused by the persistence of elevated CO2 delivery from volcanism.
More interestingly, both modeling (Komar and Zeebe, 2016; Silva-
Tamayo et al., 2018) indicated that the negative shift in δ44/40Ca mea-
sured on conodont apatite from theMeishan GSSP section with smaller
magnitude (Fig. 5d) may be the more faithful indicator of seawater cal-
cium cycle changes, as it is independent from fractionation factor be-
tween carbonate sediments and seawater. Nonetheless, calcium proxy
as an indicator for ocean acidification prior to and during the end-
Permian mass extinction still needs further clarifying.

4.3.4. Boron isotopes
The relative proportions of two aqueous boron species in seawater

[i.e., B(OH)3 and B(OH)4−1] are a function of pH (Hemming and
Hanson, 1992; Pagani et al., 2005; Hönisch et al., 2007; Pagani and
Spivack, 2007), therefore the boron isotopic compositions of marine
carbonates potentially can beused to reconstruct seawater pHand iden-
tify ocean acidification events in deep-time (Lemarchand et al., 2000;
Joachimski et al., 2005; Kasemann et al., 2005, 2010; Hönisch et al.,
2012; Clarkson et al., 2015; Martinez-Boti et al., 2015; Gutjahr et al.,
2017).

Clarkson et al. (2015) suggested that ocean acidification occurred in
the Neotethys Ocean during the earliest Triassic based on boron isotope
records from the United Arab Emirates (U.A.E.), and proposed a causal
linkwith the second pulse of the Permo-Triassic mass extinction. Corre-
lation with other sections in the Neotethys and Palaeotethys regions
were based on (i) one conodont sample contained Hindeodus parvus,
(ii) Neotethys regional stratigraphy, and (iii) carbon isotope records
(Clarkson et al., 2013, 2015). Subsequently, the PTB and two pulses of
mass extinction (EP1 and EP2) were decided in Wadi Bih, U.A.E., corre-
sponding to the bases of beds 27c, 25, and 28 at the Meishan GSSP sec-
tion, respectively (Clarkson et al., 2015). According to Clarkson et al.
(2015), the δ11B values (i.e., seawater pH) remained stable across the
first pulse of mass extinction (EP1) and the period of NCIE. Such pattern
was interpreted as a result of slow injection of carbon into the
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atmosphere (Clarkson et al., 2015). After the δ13C stabilization above the
PTB, δ11B began to decrease rapidly, with its minimum coincident with
the secondpulse ofmass extinction (EP2). The suggested cause of such a
rapid decrease in δ11B (indicative of an abrupt ocean acidification)was a
rapid and large injection of carbon, although the δ13C values sustained
stable at this time (Clarkson et al., 2015). The asynchronous behavior
of δ13C and δ11B in U.A.E. remains enigmatic (Silva-Tamayo et al.,
2018), as if the globally recognized NCIE at EP1 is interpreted as a re-
sponse to theCO2 transferred fromahigh pCO2 atmosphere into the sur-
face ocean, coherent patterns in δ13C and δ11B would be expected.

4.3.5. Redox proxies (Fe, Mo, U)
A large array of physical and geochemical proxies have been applied

to reconstruct oceanic redox conditions around the end-Permian mass
extinction, such as: sedimentary facies (Wignall and Hallam, 1992;
Isozaki, 1997), pyrite framboid sizes (Wignall et al., 2005; Shen et al.,
2007; Bond and Wignall, 2010; Liao et al., 2010; Li et al., 2016; Huang
et al., 2017, 2019a; Xiao et al., 2018), Th/U ratios (Wignall and
Twitchett, 1996), cerium anomalies (Kakuwa and Matsumoto, 2006;
Loope et al., 2013; Eltom et al., 2017), sulfur isotopes (Kajiwara et al.,
1994; Kaiho et al., 2006; Riccardi et al., 2006; Shen et al., 2011c; Zhang
et al., 2015, 2017; Saitoh et al., 2017), biomarkers (Grice et al., 2005a,
2005b; Xie et al., 2005; Cao et al., 2009), iron speciation (Grice et al.,
2005a; Clarkson et al., 2016; Shen et al., 2016; Xiang et al., 2016; Lei
et al., 2017), uranium isotopes (Brennecka et al., 2011; Lau et al.,
2016; Elrick et al., 2017; Zhang et al., 2018a, 2018b), and molybdenum
isotopes (Proemse et al., 2013; Chen et al., 2019). However, the results
of a single proxy at different sections or multiple proxies at a single lo-
cation did not always agree with one another, implying strong spatial
and temporal variability of redox patterns, and/or some proxies may
not be as effective as claimed.

Iron speciation proxies, including FeHR/FeT (the ratio of highly reac-
tive iron to total iron) and Fepy/FeHR (the proportion of the highly reac-
tive iron pool that is in the form of pyrite), have been employed at the
Shangsi (Xiang et al., 2016), Daxiakou (Shen et al., 2016), and Ganxi
(Lei et al., 2017) sections in the northern marginal basin of the Yangtze
Platform (Yin et al., 2014), and a shelf-to-basin transect in the Arabian
Margin of the Neotethys Ocean (Clarkson et al., 2016). These results
suggested that at any given location, the development of redox condi-
tions is periodic (Clarkson et al., 2016; Shen et al., 2016; Xiang et al.,
2016; Lei et al., 2017). In a regional palaeogeographic framework, the
timing of transitions between oxic, anoxic, euxinic, and ferruginous con-
ditions are different from section to section (Clarkson et al., 2016; Lei
et al., 2017). Therefore, it is difficult to assesswhether anoxia has caused
the end-Permian mass extinction from a global perspective. For in-
stance, at the Shangsi section, iron speciation proxies indicated predom-
inantly oxic, rather than euxinic conditions immediately below and
during the mass extinction (Clarkina yini-C. meishanensis-Hindeodus
changxingensis zones), thus suggesting that impinging sulfidic water
should not be regarded as the proximal trigger for the extinction
(Xiang et al., 2016).

Proemse et al. (2013) studied molybdenum isotopes (δ98/95Mo)
from the Sverdrup Basin in Canadian Arctic, which was located in
the northwestern margin of Pangaea during the Permian-Triassic.
By comparing two sections representing different water depth,
their results showed that in deep-water slope settings (Buchanan
Lake section), a large shift in δ98/95Mo values from −2.02‰ to
+2.23‰ occurred below the mass extinction level, consistent with
euxinic conditions. In sub-storm wave base shelf environments
(West Blind Fiord section), only little change were shown in the
δ98/95Mo values (−1.34‰ to +0.05‰), suggesting oxic conditions
across the EPME. This sharp contrast implicated that, widespread
oceanic anoxic to euxinic conditions from deep to shallow-water en-
vironments is probably an overstatement.

Because of the long residence time (~500 kyr) of uranium (U) in the
ocean, seawater U is well-mixed and exhibits globally uniform U
concentrations and isotopic compositions in seawater. Microbially me-
diated reduction of U(VI) to U(IV) under anoxic conditions at the
sediment-water interface results in a substantial decrease in uranium
solubility and ameasurable change in 238U/235U. Because 238U is prefer-
entially reduced and immobilized relative to 235U, the δ238U value of
seawater U(VI) decreases as the areal extent of bottomwater anoxia in-
creases. Consequently, a global increase in the extent of anoxic bottom
waters will cause simultaneous decrease in U concentrations and
δ238U of carbonate sediments (Brennecka et al., 2011; Lau et al., 2016).
In short, seawater is expected to have lower δ238U values at times of ex-
panded oceanic anoxia and higher δ238U values at times of enhanced
oceanic oxygenation. To date, there are five published studies have in-
vestigated redox condition changes during the Permian-Triassic using
the δ238U proxy (Brennecka et al., 2011; Lau et al., 2016; Elrick et al.,
2017; Zhang et al., 2018a, 2018b), including the Dawen, Dajiang,
Guandao sections in the Great Bank of Guizhou (Brennecka et al.,
2011; Lau et al., 2016), Daxiakou section in the northern marginal
basin of the Yangtze Platform (Elrick et al., 2017), Taskent section in
Turkey (Lau et al., 2016) and Zal section in Iran (Zhang et al., 2018b)
on the western margin of the Palaeotethys Ocean, and Kamura section
in Japan that was deposited in the open Panthalassan Ocean (Zhang
et al., 2018a). These seven palaeogeographically widely separated sec-
tions exhibit a similar negative shift in δ238U across the mass extinction
horizon, supporting bulk carbonate δ238U as a useful proxy for investi-
gating redox changes at a global scale, as opposed to most commonly
used proxies providing local redox information. However, until a robust
chronostratigraphic correlation is conducted using tools such as cono-
dont zones, δ13C records, and U\\Pb dating, to put the observed δ238U
signals in a refined temporal framework (Fig. 5), whether oceanic an-
oxia caused the end-Permianmass extinction from a global perspective
remains arguable.

4.3.6. Hg, Zn, and Ni anomalies
In recent years, anomalies in the concentration and isotopic compo-

sitions ofmetallic elements (e.g., Hg, Zn, andNi) recognized in sedimen-
tary records were developed as new tools in understanding the
relationship between LIP volcanism and mass extinctions (Rothman
et al., 2014; Bergquist, 2017; Liu et al., 2017c; Rampino et al., 2017;
Thibodeau and Bergquist, 2017; Percival et al., 2018) and have attracted
remarkable attentions.

To our knowledge, there are at least seven published papers regard-
ing the Hg proxy in the Permian (Sanei et al., 2012; Grasby et al., 2013,
2016, 2017; Wang et al., 2018c; Huang et al., 2019b; Kwon et al., 2019).
Across the end-Permian mass extinction level, mercury proxy data (Hg
concentration and Hg isotopes) have been reported from the Buchanan
Lake and Smith Creek sections in Canadian Arctic (Sanei et al., 2012;
Grasby et al., 2013, 2017), Festningen section in Spitsbergen (Grasby
et al., 2016), Meishan GSSP section (Grasby et al., 2017; Wang et al.,
2018c), and Daxiakou and Shangsi sections in South China (Wang
et al., 2018c).

Although an enrichment in sedimentary mercury (Hg/TOC) is ob-
served around the mass extinction horizon at each of those studied
PTB sections (Sanei et al., 2012; Grasby et al., 2013, 2016, 2017; Wang
et al., 2018c), of particular importance are the precise timing and dura-
tion of the elevated Hg concentrations, and how they correlate with the
now precisely dated Siberian Traps magmatism (Burgess and Bowring,
2015) and end-Permian mass extinction (Burgess et al., 2014; Shen
et al., 2019a), as well as with other palaeoenvironmental proxies that
are also potentially linked with the Siberian Traps magmatism (Fig. 5).

According to data from the Meishan GSSP section (Grasby et al.,
2017; Wang et al., 2018c), the mercury spike only appeared at the
very top of Bed 24 (0.8 cm below the EPME horizon) and slightly
dropped in the lower half of Bed 25 (Fig. 6a). Relative higher values
(~200 ppb/wt.‰) occurred near the onset of δ13Ccarb decline and during
the sill intrusion phase of the Siberian Traps magmatism (Fig. 5a), and
the rest are all below 100 ppb/wt.‰. Using Monte Carlo simulations,



Fig. 6. (a)Hg concentration changes at theMeishan GSSP section, based on data fromWang et al. (2018c); (b) Zn concentration changes at the Meishan GSSP section, based on data from
Liu et al. (2017c); (c) Reconstructed δ7Liseawater from the Meishan GSSP section, based on data from Sun et al. (2018). Bed numbers and distances to the end-Permian mass extinction
(EPME) horizon (0 m) are shown at the bottom; the light-yellow and ice-blue bands represent the negative carbon isotopic shift and maximum mass extinction interval, respectively.
The zinc spike occurred slightly earlier, at ~30 cm below the EMPE horizon and coeval with the abrupt shift in δ13Ccarb; the mercury spike appeared later, at the very top of Bed 24
(0.8 cm below the EPME horizon) and near contemporaneous with the δ13Ccarb minimum; the change in δ7Liseawater started prior to and persisted up to the mass extinction interval.
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themercury spike can be calculated at 251.941± 0.037Ma, which is 58
± 54 kyr younger than the onset of δ13Ccarb decline at 251.999 ±
0.039 Ma, and 9 ± 56 kyr younger than the abrupt shift in δ13Ccarb at
251.950±0.042Ma. Duringmost of the negative shift of δ13Ccarb (Inter-
val II, Fig. 5b), Hg concentrations remain close to the baseline (b100
ppb/wt.‰).

Isotopic compositions of mercury, including mass-dependent frac-
tionation (MDF, denoted by δ202Hg) andmass-independent fractionation
(MIF, denoted by Δ199Hg), can be used to determine the sources and
pathways ofHg anomalies because the twodifferent pathways, terrestrial
runoffs and atmospheric Hg2+ deposition, have very different isotopic
signatures (Bergquist and Blum, 2007, 2009; Blum et al., 2014; Yin
et al., 2015; Thibodeau and Bergquist, 2017). Essentially, marine sedi-
ments which receive Hg through terrestrial runoffs tend to have more
negative Δ199Hg and δ202Hg values compared with oceanic sediments
dominated by atmospheric Hg2+ deposition, which have positive



81J. Chen, Y. Xu / Gondwana Research 75 (2019) 68–96
Δ199Hg and less negative δ202Hg values (Thibodeau and Bergquist, 2017).
Comparisons of Δ199Hg and δ202Hg data between the Meishan section,
South China (nearshore upper slope setting) and Buchanan Lake section,
Canadian Arctic (bathyal to near-abyssal environment) (Grasby et al.,
2017), and among the Meishan, Shangsi, and Daxiakou sections in
South China (the latter two are both deposited in lower slope to deep
basin environment, and the Daxiakou section is inferred to be deeper
than the Shangsi section) (Wang et al., 2018c) confirmed such pattern.
Available data so far (Sanei et al., 2012; Grasby et al., 2013, 2016, 2017;
Wanget al., 2018c) indicated thatHg loading to themarine environments
around the PTB appears to have been global in extent. However, in differ-
ent sedimentary settings, the sources of Hg can vary fromprimarily direct
atmospheric Hg2+ deposition in deep-water environment, to additional
inputs from terrestrial runoff due to massive biomass burning and soil
erosion in nearshore shallower environment (Grasby et al., 2017; Wang
et al., 2018c).

Zinc concentrations and isotopic compositions of bulk carbonates
fromMeishan (Liu et al., 2017c) showed abrupt changes that are largely
comparable with the negative shift of δ13Ccarb prior to the mass extinc-
tion in terms of timing and duration (Fig. 5). Zinc concentrations
abruptly increase from b10 μg/g to ~120 μg/g at ~30 cm below the
EMPE horizon (Fig. 6b), which is slightly earlier than the mercury
spike. Using Monte Carlo simulations, the zinc spike can be calculated
at 251.952 ± 0.035 Ma, which is 47 ± 52 kyr younger than the onset
of δ13Ccarb decline at 251.999 ± 0.039 Ma, coeval with the abrupt shift
in δ13Ccarb at 251.950± 0.042Ma, and 11±51 kyr prior to themass ex-
tinction at 251.941 ± 0.037 Ma. The rapid negative shift in δ66Zn from
0.84‰ down to 0.34‰ occurred at ~64 cm below the EPME horizon,
which can be calculated as 251.965 ± 0.033 Ma, and is 34 ± 51 kyr
younger than the onset of δ13Ccarb decline, but 15 ± 53 kyr earlier
than the abrupt shift in δ13Ccarb, 13 ± 48 kyr earlier than the zinc
spike, and 24±49kyr prior to themass extinction. This abrupt decrease
in δ66Zn values was suggested as clear evidence for the increase of iso-
topically light Zn input from volcanic ashes, hydrothermal fluids, and/
or extremely fast weathering of fresh volcanic rocks (Liu et al., 2017c).
Correlated with the history of the Siberian Traps magmatism, the Zn
and Hg concentration changes at the precisely calibrated Meishan
GSSP section, either scaled against absolute age (Fig. 5e, f) or strati-
graphic depth (Fig. 6a, b), indicated that the switch fromdominantly ex-
trusive eruptions to widespread sill intrusions is likely the most
significant phase of the Siberian Traps eruptions and could potentially
be the last straw.

Combining published data from Meishan (Kaiho et al., 2001;
Rothman et al., 2014) and Shangsi (Xiang et al., 2016) in South China,
southern Israel (Sandler et al., 2006), western Slovenia (Dolenec et al.,
2001), Spitzbergen (Grasby et al., 2015), Gartnerkoefel GK-1 core from
the Carnic Alps (Attrep et al., 1991), with their own data from
Hungary, Japan, and Spiti, India, Rampino et al. (2017) recently sug-
gested that the nickel anomalies at the end of the Permian was also a
worldwide phenomenon, and proposed that the source of the nickel
anomalies at the PTB were Ni-rich volatiles released by the Siberian
Traps volcanism, and by coeval Ni-rich magma intrusions. At the
Meishan GSSP section, both Kaiho et al. (2001) and Rothman et al.
(2014) confirmed that the nickel enrichment occurred at b10 cm
below the mass extinction horizon, slightly earlier than the mercury
spike but highly comparable in terms of the overall patterns for both
nickel and mercury concentration changes.

Using 2D micro-X-ray fluorescence imaging and 3D micro-X-ray
computed tomography on Noril'sk nickel sulfide, combinedwith simple
thermodynamic modeling, Le Vaillant et al. (2017) proposed a mecha-
nism on how nickel, normally retained at depth in magmatic minerals,
could have been mobilized and dispersed globally. According to their
model (Le Vaillant et al., 2017), (i) Extensive contamination of the
magma by assimilation of volatile-rich evaporites allowed the produc-
tion of extremely large amounts of sulfide melt, which scavenges Ni
from the magma. (ii) A proportion of this Ni present in the sulfide
melt was then transferred into the magmatic vapor phase through
close physical interaction between sulfide melt and vapor bubbles.
This interaction, which occurred within the subvolcanic intrusions
that host the orebodies, was made possible by their shallow depth. Fi-
nally, (iii) eruption of volatile-enriched lavas released the Ni-enriched
volcanic gas, producing Ni-enriched aerosols, in a form that allows it
to be transported long distances, as observed in sedimentary records
(Rampino et al., 2017). This flotation mechanism (Mungall et al.,
2015; Le Vaillant et al., 2017) may also be effective for other metals
such as copper and platinum.

4.3.7. Terrestrial impacts and weathering proxies
In terrestrial realm, massive degassing of CO2, SO2, H2S, HCl, HF, and

sulfate aerosols from LIP magmatism could also affect the environment
in many ways. Using gas flux data (Svensen et al., 2009; Aarnes et al.,
2011; Black et al., 2012) and geochronology of the Siberian Traps
(Kamo et al., 2003), Black et al. (2014b) carried out three-dimensional
global climate modeling of atmospheric chemistry during the Siberian
Traps volcanism. Their simulations suggested that both CO2 and SO2 re-
leased from the Siberian Traps could have caused acid rain globally, al-
though pH rebounds quickly (within 1 year) after eruptions cease.
Methane (CH4) and methyl chloride (CH3Cl) emissions can produce
steady-state ozonedepletion of 60–70‰ globally, and recovery typically
takes ~10 years after the cessation of emissions. Since the Siberian Traps
magmatismwas likely episodic (Pavlov et al., 2011), pulses of acidic rain
and ozone depletion may have occurred throughout the Siberian Traps
magmatism. Mutagenesis of pollen from herbaceous lycopsids and
gymnosperm flora were suggested as fossil evidence of acid rain and
ozone layer destruction (Visscher et al., 2004; Foster and Afonin,
2005; Hochuli et al., 2017; Benca et al., 2018).

Direct geochemical proxies indicating terrestrial acidification are ar-
guable. A working hypothesis was proposed by Sephton et al. (2015),
suggesting that analysis of variations in relative proportions of vanillin
and vanillic acid extracted from soil organic matter may offer the possi-
bility to detectmajor changes in soil acidity. According to their study, ra-
tios of vanillic acid to vanillin [acid to aldehyde ratio, (Ad/Al)v] in
organic matter assemblage from marls around the PTB at the Vigo
Meano section in Southern Alps, Italy were regarded as proxy evidence
for pulses of soil acidification (pH b4) across the mass extinction inter-
val (Sephton et al., 2015).

In addition to acid rain and ozone destruction, wildfires are also
widely considered as a killer on land. An elevated abundance of black
carbon particles, including charcoal, cenosphere and soot, found in the
marine Meishan GSSP section (Xie et al., 2007; Shen et al., 2008,
2011b), along with increased PAH (polynuclear aromatic hydrocar-
bons) concentrations (Shen et al., 2011b), were regarded as direct evi-
dence of wildfires. More interestingly, the elevation in black carbon
contents and PAH concentrations (Shen et al., 2011b) occurred above
the mass extinction horizon, and was near synchronous with the rapid
warming (Chen et al., 2016b). Wildfire-derived charcoals and PAHs
were also preserved in the terrestrial and transitional sections in
Guizhou and Yunnan (Shen et al., 2011a; Zhang et al., 2016) andmarine
sections in Guangxi (Shen et al., 2011a). Correlation with the Meishan
GSSP section on the basis of carbon isotopic chemostratigraphy and
U\\Pb geochronology suggested that wildfires were frequent in the
upper part of the Kayitou Formation in terrestrial sections, above the
abrupt decline in δ13Corg and mass extinction horizon (Shen et al.,
2011a; Zhang et al., 2016). Although direct, high-resolution
palaeotemperature records from terrestrial sections are currently un-
available, at least not comparable with the marine profiles (Joachimski
et al., 2012; Schobben et al., 2014; Chen et al., 2016b; Shen et al.,
2019a), it is reasonable to suspect that rapid warming on land also oc-
curred above themass extinction horizon but still within themaximum
extinction interval, if the wildfire-derived charcoals and PAHs can be
regarded as faithful indicators of substantial rise in temperatures. This
further supports the suggestion that climate warming was most likely
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not a primary cause for the end-Permian mass extinction, but rather a
later participant or a catalyst that increased the pace of biodiversity de-
cline (Chen et al., 2016b). It is worth pointing out that, although in the
low-latitude region such as South China where the terrestrial and ma-
rine end-Permian mass extinctions were likely synchronous (Shen
et al., 2011a; Zhang et al., 2016), a recent study by Fielding et al.
(2019) showed a rather different story in the Sydney Basin, Australia
of the southern high-latitude area. Based on palynology coupled with
high-precision CA-ID-TIMS dating and geochemical analyses such as
δ13Corg and element concentrations, their results (Fielding et al., 2019)
suggested that the terrestrial extinction interval in the Sydney Basin,
represented by a collapse of the Glossopteris flora, cessation of coal-
forming conditions, and enhanced levels of phytoplankton and AOM
(amorphous organic matter), occurred ~370 kyr prior to the onset of
the marine extinction interval as represented by at the Meishan GSSP
section.

Continental weathering, on the other hand, plays a pivotal role in
closely linking the atmosphere, crust, and ocean systems, more promi-
nently during LIPs volcanism. The Siberian Traps eruptions are
suspected to have produced enormous volume of basalts and pyroclas-
tic materials onto the continent, released massive amount of CO2 and
SO2 into the atmosphere, caused acid rain and global warming, led to
wildfires, soil erosion, and ultimately led to terrestrial ecosystem de-
struction, enhanced continental weathering, increased runoff delivering
excessive nutrients to ocean system, increased marine productivity,
oceanic anoxia, and marine mass extinction. However, silicate and car-
bonate weathering consumes atmospheric CO2, therefore also works
in an opposite direction. Essentially, there is a tug ofwar between volca-
nic and metamorphic degassing and silicate and carbonate weathering,
and the outcome primarily controls climate and fate of ecosystems
(Walker et al., 1981; Berner, 1991; Kump et al., 2000; Dessert et al.,
2003; Saltzman, 2017; Johansson et al., 2018).

Weathering intensity changes, preferably constrained with high-
resolution temporal controls, can beuseful in assessing the linkbetween
LIP volcanism and mass extinction. Bulk and clay mineralogy, major el-
emental oxide abundances and CIA (chemical index of alteration)
values are the commonly used tools in terrestrial sections to evaluate
weathering and climatic changes, such as in the cases of PTB intervals
in the Karoo Basin (Gastaldo et al., 2014), SW China (Xu et al., 2017b),
North China (Cao et al., 2019), and Sydney Basin, Australia (Fielding
et al., 2019). In marine settings, in addition to mineralogical and ele-
mental indicators (Chen et al., 2015; Zhao and Zheng, 2015; Hong
et al., 2017; Xu et al., 2017a), a large number of isotopic proxies
(e.g., Sr, Nd, Os, Li) are also available. At the Meishan GSSP section, CIA
proxy (Chen et al., 2015), carbonate-based 87Sr/86Sr (Cao et al., 2009),
and conodont-based 87Sr/86Sr (Song et al., 2015; Dudas et al., 2017)
have been applied.

In a recent study, Sun et al. (2018) used lithium isotopes to track
weathering intensity changes around the PTB at the Meishan section.
Coupled with major and trace elements data, the composite profiles of
lithium concentrations and isotopic compositions from carbonates and
claystones showed prominent changes around the mass extinction ho-
rizon (Sun et al., 2018). As the residence time of Li in seawater (~1.2
Myr) is much longer than the oceanic mixing time (~1000 years), Li in
seawater is well-mixed vertically as well as laterally homogeneous in
both elemental concentrations and isotopic compositions, therefore
marine carbonates provide an archive for contemporary Li isotopic
compositions of seawater (Chan and Edmond, 1988; Tomascak, 2004;
Chan et al., 2006; Tomascak et al., 2016; Penniston-Dorland et al.,
2017). Li isotopes are excellent tracers of silicate weathering (dominant
in LIP events) with an advantage over other isotopic systems that are
also sensitive to carbonate weathering (e.g., Sr) and biological activity
(e.g., Os) (Penniston-Dorland et al., 2017). As lithium isotopic fraction-
ation between seawater and marine sediments is relatively constant
(ΔSW-biogenic carbonate ~3–5‰; ΔSW-clay ~16–19‰), after evaluating the
relative proportions of carbonates and clays in different rock types
(e.g., chert limestone, claystone, argillaceous mudstone, and carbona-
ceous mudstone) at Meishan, the contemporary isotopic compositions
of lithium in seawater (δ7Liseawater) can be calculated based on themea-
sured δ7Li from sedimentary rocks (Sun et al., 2018). The results
(Figs. 5g, 6c) showed that the δ7Liseawater values elevated at 251.948 ±
0.036 Ma (i.e., ~20 cm below the EPME), which is 9 ± 51 kyr before
the mass extinction horizon and near synchronous with the abrupt
shift in δ13Ccarb. Correlation with the history of the Siberian Traps
magmatism (Fig. 5a) indicated that, the enormous volume of fresh ba-
salts that were available after the cessation of lava eruptions, combined
with massive release of CO2 and substantial rise in global temperatures
during the sill intrusion phase, most likely have provided perfect condi-
tions for enhanced silicate weathering on land.

5. Permian LIPs as potential causes of environmental/biodiversity
changes

Large-scale volcanic eruptionswere frequent during the PermianPe-
riod, characterized by the emplacement of at least four LIPs (Fig. 7), in-
cluding the Early Permian (Cisuralian) Tarim LIP inNWChina and Panjal
Traps in the Himalaya, the late Capitanian (Guadalupian) Emeishan LIP
in SW China and northern Vietnam, and the latest Permian-Early Trias-
sic Siberian Traps in Siberia, Russia. Temporal correlation between the
Permian biodiversity changes and volcanism (Fig. 2) hinted that the Si-
berian Traps and Emeishan LIP volcanismmost likely caused (or at least
contributed) to the end-Permian and end-Guadalupian mass extinc-
tions, respectively, whereas the Early Permian (Cisuralian) volcanism
(e.g., Tarim, and Panjal) probably played a positive role, leading to the
flourishing of ecosystems. In this section, some recent advances in the
study of the four Permian LIPs (Tarim, Panjal, Emeishan, and Siberian)
are briefly reviewed, with special interests on their main characteristics
such as timing and tempo, spatial distribution and volume, andmagma-
wall rock interactions.

5.1. Tarim Large Igneous Province

Although much of the Early Permian Tarim LIP in NW China is cov-
ered by the Taklamagan desert, industrial geophysical surveys and oil
exploration in recent years provided new data suggesting the extent
of this intraplate magmatism may exceed 0.25–0.3 × 106 km2, and the
entire volume of the Tarim basalts was estimated to be ~0.15
× 106 km3 (Xu et al., 2014) or 0.3 × 106 km3 (Usui and Tian, 2017). Pre-
cise geochronological constraint on the temporal evolution of the Tarim
LIP was proven to be challenging (Li et al., 2011; Wei et al., 2014;
Shangguan et al., 2016). After re-evaluating of reliable ages available
in the literature, Xu et al. (2014) suggested that the Tarim LIP comprises
threemainmagmatic episodes. Episode I was emplaced at ~300Ma, and
spatially very restricted, such as diamondiferous kimberlites in
Wajilitag and probably some lamprophyre dykes from Keliyang in SW
Tarim. Episode II is characterized by flood basalts, low-Nb-Ta rhyolites,
and volcanic pyroclastics, and formed at 292–287 Ma with a peak ac-
tivity at ~290 Ma. The spatial distribution of this magmatic pulse is
very extensive, probably covering the entire Tarim LIP with typical
sections located at Keping and Damusi. Episode III is marked by
ultramafic-mafic-felsic intrusions, low- and high-Nb-Ta rhyolites,
and some mafic and felsic dykes. This last episode was emplaced be-
tween 284 and 272 Ma, with a peak activity at ~280 Ma, and the spa-
tial distribution appears to be confined in the Bachu Uplift, Piqiang,
and along the Tarim Craton's margin towards the contact with the
Tianshan orogenic belt.

5.2. Panjal Traps

The breakup of Pangaea along the southern Tethys margin of Gond-
wana during the Early Permian (Cisuralian) produced a N 13,000 km-
long string of lenticular-shaped terranes collectively known as



Fig. 7.APermian palaeogeographic reconstruction showing theposition of four LIPs, including the Tarim LIP (~300–280Ma), Panjal Traps (~289Ma), Emeishan LIP (~260Ma), and Siberian
Traps (~252 Ma); subduction-related arc magmatism was common along the Palaeotethys margins during the late Permian-Early Triassic; details can be found in Stampfli and Borel
(2004).
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“Cimmeria”. Magmatism associated with the Cimmerian rifting were
widespread, including the Panjal Trap in Kashmir, the single largest con-
tiguous outcropping of Early Permian flood basalts, and Arbor, Nar-
Tsum, Bhote Kosi, Selong volcanic groups and Qiangtang mafic dykes
in the Himalaya and Lhasa terrane.

The Panjal Traps cover an area of ~10,000 km2 exposed primarily
around the Kashmir Valley along the Pir Panjal and Zanskar mountain
ranges within the state of Jammu and Kashmir and are continuous
into Pakistan (Shellnutt, 2018), and the estimated original area of
Panjal-related magmatism could be around ~0.2 × 106 km2 (Ernst and
Buchan, 2003). The Panjal Traps consist mostly of basalt with minor
amounts of basaltic andesites, rhyolites, and dacites. The reported
total thickness of the volcanic rocks ranges between ~3000 m in the
Pir Panjal Range (western Kashmir) and ≤ 300 m in the Zanskar Range
(eastern Kashmir), with individual flow units within the volcanic pile
typically around 30 m thick. Therefore, if only considering the volcanic
sequences in the Kashmir region, the volume of the Panjal Traps is in
the range of 0.003–0.03 × 106 km3; if using the estimated spatial distri-
bution of Ernst and Buchan (2003) and estimating an average thickness
of ~500 m, the total volume of Panjal-related basalts in the Himalaya
and Lhasa terranes could be around ~0.1 × 106 km3. A series of U\\Pb,
Ar\\Ar, and Rb\\Sr ages have been reported from various rock types
in the western Himalaya, which makes it difficult to definitively con-
straint the duration of the Panjal-related magmatism. At the moment,
it is quite possible that the Panjal Traps erupted around ~289 Ma and
was underway in the Early Permian (Shellnutt, 2018).
5.3. Emeishan Large Igneous Province

The Emeishan LIP represents the second major magmatic event
during the Permian. Flood basalts and associated intrusions of the
Emeishan LIP are widespread in SW China and northern Vietnam,
with its main portion bounded by the Longmenshan thrust fault in
the northwest and the Ailaoshan-Red River slip fault in the south-
west. Due to complicated tectonic movements and erosions in this
region, a minimum estimate of ~0.25 × 106 km2 was suggested (Xu
et al., 2001), or in excess of 0.5 × 106 km2 when the Jinping area
(Xiao et al., 2003), and the Zongza block, Ganze-Litang belt, and
Songpan-Ganze block were also included (Xiao et al., 2004a,
2004b). Subsequent investigations in the Song Da zone in northern
Vietnam (Hanski et al., 2004; Wang et al., 2007; Hoa et al., 2008;
Tran et al., 2015; Usuki et al., 2015), western Guangxi (Fan et al.,
2004, 2008; Liu et al., 2017d), and northeastern Sichuan (Li et al.,
2017) have extended the distribution up to ~0.7 × 106 km2 (Li
et al., 2017). The thickness varies considerably from over 5000 m in
the west (the inner zone) to several hundred meters in the east
(the outer zone), thus a conservative estimate of the entire volume
of the Emeishan flood basalts is ~0.3 × 106 km3 (Xu et al., 2001), or
~0.6 × 106 km3 (Shellnutt, 2014).

Geochronological dating from the extrusive and intrusive rocks of
the Emeishan LIP and volcanic ashes in the marine sedimentary units
around the GLB using different techniques have generated a large
array of ages (Fig. 8a) (Shellnutt, 2014; Zhong et al., 2014; Huang



Fig. 8. (a) A compilation of published geochronological ages from the extrusive and intrusive rocks of the Emeishan LIP, updated from Shellnutt (2014), Zhong et al. (2014), Huang et al.
(2018), Li et al. (2018), and Yang et al. (2018); several ages of the Permian stage boundaries (Fig. 1) are shown on the right. (b)A portion of (a), only showing the high-precision TIMS ages
(Zhong and Zhu, 2006; Shellnutt et al., 2012; Zhong et al., 2014; Yang et al., 2018). (c) Concordia plot for the felsic ignimbrite sample (JW-1) from the Jiangwei section in Dali, Yunnan
suggested the termination age of the Emeishan flood basalts at ~259.1 ± 0.5 Ma (Zhong et al., 2014), which is also temporally used as the age of the GLB (Fig .1).
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et al., 2018; Li et al., 2018). High-precision CA-TIMS (chemical-abrasion
thermal ionization mass spectrometry) dating from the Panxi region
(Shellnutt et al., 2012) yielded a range of ages between N257 Ma and
~260 Ma. In contrast, relative ages based on conodont biostratigraphy
(Sun et al., 2010) suggested that the eruption began in the Jinogondolella
altudaensis Zone (~263 Ma) and greatly increased in extent and volume
in the J. xuanhanensis Zone (~262Ma), and the total duration spanned at
least the J. altudaensis-Clarkina postbitteri hongshuiensis zones
(~263–260 Ma). Based on the updated Permian timescale (Fig. 1), in
which the Capitanian is constrained between 265.1 and 259.1 Ma and
represented by the complete conodont succession at the Penglaitan-
Tieqiao sections in Guangxi (Mei et al., 1998; Jin et al., 2006; Sun et al.,
2017), the suggested earliest eruption and peak ages from Sun et al.
(2010) can be recalculated around ~263.5 and ~260.9 Ma, respectively
(Chen and Xu, 2017). In addition, recent high-precision CA-TIMS dating
on the felsic ignimbrite near the uppermost part of the Emeishan
lava succession in Dali, Yunnan (Zhong et al., 2014) yielded a
weighted mean U\\Pb age of 259.1 ± 0.5 Ma (Fig. 8b, c), which
was interpreted as the termination age of the Emeishan flood basalts.
Considering these new evidence, we hereby suggest that the main
phase of the Emeishan LIP occurred between ~260.9 and 259.1 Ma,
and the earliest eruption happened at ~263.5 Ma. As for the waning
stage of the Emeishan volcanism, it may extended to ~257.8 Ma in
the early Wuchiapingian (Bagherpour et al., 2018a, 2018b; Huang
et al., 2018).
5.4. Siberian Traps

As the largest continental flood basalts event in the Phanerozoic, the
Siberian Traps is widespread in the northwestern Siberian Craton, the
Taimyr Peninsula to the north, to the west in the West Siberian Basin
and further west reaching the Ural Mountains, and to the south in the
Kuznetsk Basin and in the Central Asian fold belt (Reichow et al.,
2009). Because a substantial portion of the Siberian Traps is covered
by thick sedimentary sequences or was removed by erosion, the accu-
rate extent and volume is difficult of estimate. A conservative “working
estimate” (Reichow et al., 2009; Saunders and Reichow, 2009) sug-
gested 5 × 106 km2 and 3 × 106 km3 for the size and volume, respec-
tively, whereas Ivanov (2007) estimated these numbers could be
higher as around 7 × 106 km2 and 4 × 106 km3. The Siberian Traps is
composed of lava, pyroclastic, and intrusive rocks, but the percentage
of each component varies in different estimations (Vasil'ev et al.,
2000; Ross et al., 2005; Burgess and Bowring, 2015).

Ivanov et al. (2013) compiled some of the published 40Ar/39Ar and
U\\Pb ages (Kamo et al., 1996, 2003; Reichow et al., 2002, 2009;
Ivanov et al., 2005; Svensen et al., 2009) and suggested two pulses for
the Siberian flood basalt magmatism, one around the PTB (~252 Ma)
and another in the Middle Triassic (~242 Ma). Using high-precision
CA-TIMS dating technique, Burgess and Bowring (2015) and Burgess
et al. (2017) identified three distinct stages of magmatic activity of the
Siberian Traps (Fig. 9).



Fig. 9. A composite geochronological framework for the Siberian Traps magmatism based on a series of high-precision U\\Pb ages from Siberia, correlated with the U\\Pb ages, carbonate
carbon isotope changes and maximum mass extinction interval at Meishan (Burgess et al., 2014; Burgess and Bowring, 2015) (above); a simplified three-stage subdivision for the
evolution of the Siberian Traps magmatism (Burgess et al., 2017), with addition of the mean and uncertainty of the transitional ages (below).

85J. Chen, Y. Xu / Gondwana Research 75 (2019) 68–96
Stage 1, began just prior to 252.24 ± 0.12 Ma, was characterized by
initial pyroclastic eruptions followed by lava effusion. During this stage,
an estimated 2/3 of the total volume of Siberian Traps lavas was
emplaced (N1 × 106 km3). Dating the onset of Siberian Traps
magmatism is important but also challenging, since no zircon-bearing
samples (except for xenocrysts) have been found within the basal Sibe-
rian Traps lava flows from the Maymecha-Kotuy or Noril'sk sections.
Using ID-TIMS (isotope dilution thermal ionization mass spectrometry)
dating method, Kamo et al. (2003) reported a weighted mean U\\Pb
age of 251.7 ± 0.4 Ma based on perovskite recovered from a mela-
nephelinite sample collected ~200 m above the base of the
Arydzhangsky Suite in the Maymecha-Kotuy area, and suggested this
age as the onset of Siberian flood volcanism. Re-sampling and analyzing
of perovskite crystals from the Arydzhangsky Suite yielded U\\Pb ages
of 252.20 ± 0.12 Ma and 252.27 ± 0.11 Ma. The mean of these two
overlapping dates at 252.24 ± 0.12 Ma was suggested as the best esti-
mate of the minimum age for the onset of Siberian Traps magmatism
(Burgess and Bowring, 2015).

Stage 2, began at 251.907 ± 0.067 Ma and ended at 251.483 ±
0.088 Ma, was characterized by cessation of extrusive magmatism and
onset of widespread sill intrusions. This timeline was based on a series
of high-precision zircon U\\Pb ages from sills throughout the Siberian
Traps (Burgess and Bowring, 2015), with majority of the dates came
from Noril'sk region, where the cross-cutting relationship between in-
trusions and lavas and/or volcaniclastic rocks are clear.

Lava eruptions resumed at 251.483±0.088Ma after a hiatus of ~420
kyr, marking the beginning of Stage 3. This age was dated from a wed-
ded, crystal-rich, felsic tuff collected at ~160 m above the base of the
Delkansky Suite in the Maymecha-Kotuy area, including the Guli
volcanic-intrusive complex (Kamo et al., 2003). Both extrusive and in-
trusive magmatism occurred during Stage 3, which lasted until at least
251.354 ± 0.088 Ma, an age dated from the Scholokhovskoie pipe in
Nepa and likely representing the youngest sill of the Siberian Traps.
The end of Stage 3 was estimated at 250.2 ± 0.3 Ma, based on
baddeleyites extracted from carbonatite in the Guli complex (Kamo
et al., 2003).

5.5. Examining the LIP-mass extinction association

Many LIP events occurred throughout the Phanerozoic, but only a
number of them can be confidently correlated with biodiversity
losses that can be ranked as major mass extinctions (Raup and
Sepkoski, 1982; Bambach, 2006; Alroy et al., 2008; McGhee et al.,
2013; Stanley, 2016). This raises an obvious question: What makes
a LIP event deadly? Assessing the characteristics of individual LIPs,
such as palaeogeographic location, age and duration, size and vol-
ume, magma source, and plume-lithosphere-crust interactions,
may shed some light on the pursuit of an answer. For this reason,
main characteristics of the four Permian LIPs (Tarim, Panjal,
Emeishan, and Siberian) are summarized in Table 1, with special in-
terests on features such as volcanic fluxes (i.e., eruption rates) and
plume-lithosphere-crust interactions, which are critical in determin-
ing their potentials of affecting Earth's surface system.

High-precision geochronology is obviously pivotal in establishing
the link between LIP volcanism and environmental and biological
changes, whichmeans that ideally the history of LIP eruptions, environ-
mental changes recorded in the marine and terrestrial realms, and bio-
diversity changes should be correlated in a unified, high-precision
temporal framework. The evolution of the Siberian Traps has been
well constrained (Burgess and Bowring, 2015), whereas temporal con-
straints on the Emeishan LIP (Shellnutt et al., 2012; Zhong et al.,
2014), as well as the Tarim LIP (Xu et al., 2014) and Panjal Traps
(Shellnutt, 2018), are less than ideal. In stratigraphic successions, al-
though significant progress has been made in the calibration of the



Table 1
Comparison of main characteristics of four Permian LIPs (Tarim, Panjal, Emeishan, and Siberian).

Tarim LIP Panjal Traps Emeishan LIP Siberian Traps

Present-day
location

Xinjiang, NW China
Kashmir, northern Nepal,
southern Tibet

SW China, northern Vietnam Siberia, central-north Russia

Palaeogeographic
location

Tarim Block; ~30°N
Northern margin of
Gondwana; ~45°S

East Palaeotethys; ~10°S Siberian Craton; ~60°N

Area (Mkm2) 0.25–0.3 0.01–0.2 0.25–0.7 5–7
Volume (Mkm3) 0.15–0.3 0.003–0.1 0.3–0.6 3–4

Age
Three episodes:
300–290–280 Ma

~289 Ma
Maximum duration: ~263.5–257.8 Ma; Main
eruption: ~260.9–259.1 Ma

Three stages: 252.24–251.907 -
251.483 - 251.354 Ma

Duration of main
pulse

N5 Myr / b1 Myr ~300 kyr
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Permian timescale in the last decade (Ramezani and Bowring, 2018),
some intervals such as the upper Cisuralian, lower Guadalupian, and
Guadalupian-Lopingian boundary are yet to be precisely confined with
high-precision U\\Pb geochronology (Lucas and Shen, 2018b;
Ramezani and Bowring, 2018; Shen et al., 2019b). Nevertheless, current
available data enforced the temporal correlations between Siberian
Traps and end-Permian mass extinction, and between Emeishan Traps
and end-Guadalupian mass extinction.

There are many variables deciding if a LIP event has the potential to
cause extreme environmental and biological changes (Bond and
Wignall, 2014; Courtillot and Fluteau, 2014; Ernst, 2014; Self et al.,
2014; Bond and Grasby, 2017; Ernst and Youbi, 2017), and LIPs should
be comprehensively examined on a case-by-case basis. By comparison
of the main characteristics of four Permian LIPs, a most striking feature
of the Siberian Traps is its enormous areal distribution and volume, and
short duration. According to the high-precision agemodel from Burgess
and Bowring (2015), inwhich they suggested two-thirds of the total py-
roclastic/lava volume of 4 × 106 km3 of the Siberian Traps was erupted
in ~300 kyr, a volcanic flux (i.e., eruption rate) of 8.9 km3/yr can be cal-
culated. The area and volume, and age and duration of other Permian
LIPs are less well constrained. A rough estimate would give a flux of
0.3–0.6 km3/yr for the Emeishan LIP and 0.03–0.06 km3/yr for the
Tarim LIP. Therefore, high volcanic flux is probably one of the key factors
distinguishing the Siberian Traps from other Permian LIPs.

In addition to the volcanic flux, another key element deciding the
killing potential of LIP eruptions is gas production. Various models on
the source of volatiles released during the Siberian Traps magmatism
have been put forward in the past years, accompaniedwith correspond-
ing estimations (Sobolev et al., 2009, 2011; Svensen et al., 2009, 2018;
Aarnes et al., 2011; Black et al., 2012, 2014a; Polozov et al., 2016;
Broadley et al., 2018). Svensen et al. (2009) and follow-up studies
(Aarnes et al., 2011; Polozov et al., 2016; Svensen et al., 2018) empha-
sized the significance of contact metamorphism when ascending
magma interacted predominantly with the Cambrian evaporites and
the Carboniferous-Permian coals. According to their estimation
(Svensen et al., 2009), total gas production for CO2, CH4, CH3Cl, and
CH3Br are in the range of 39,000-114,000, 14,300-41,900, 5200-
15,300, and 87–255 Gt (Gigatonnes), respectively. Petrological and geo-
chemical studies on olivine phenocrysts, melt and spinel inclusions
from Noril'sk (Sobolev et al., 2009, 2011) suggested that the formation
ofmagmaswas significantly affected by the contamination from ancient
recycled oceanic crust. Moreover, the initial magmas are significantly
enriched in Cl compared with typical mantle melts, and the Cl content
increases considerably during magma evolution, owing probably to in-
teractionwith evaporites (Sobolev et al., 2009). Sobolev et al. (2011) es-
timated that, with the involvement of recycled oceanic crust, the total
volume of CO2 and HCl gases released would be N170,000 and 18,000
Gt, respectively.

Similarly, by measuring concentrations of S, Cl, and F from melt in-
clusions from the Siberian Traps, Black et al. (2012) estimated that the
sum of degassing from intrusive and extrusive rocks to be approxi-
mately ~6300–7800 Gt S, ~3400–8700 Gt Cl, and ~7100–13,600 Gt F.
Subsequent sulfur isotopic evidence (Black et al., 2014a) also implied
crustal contamination, indicating the volatile sources from mantle and
crust (e.g., evaporites, shales, and coals). More recently, Broadley et al.
(2018) presented halogen (Cl, Br, and I) compositions of sub-
continental lithospheric mantle xenoliths emplaced before and after
the eruption of the Siberian flood basalts, and suggested that the Sibe-
rian lithosphere is massively enriched in halogens from the infiltration
of subducted seawater-derived volatiles. They estimated that up to
70‰ of lithospheric halogens were assimilated into the plume and re-
leased to the atmosphere, and degassed Cl, Br, and I were in the range
of 3500-10,400, 9.6–29.0, and 0.2–0.5 Gt, respectively (Broadley et al.,
2018).

Ganino and Arndt (2009) recognized the importance of sedimentary
rock types in basins beneath the flood basalts and the far greater impact
of sediment-derived gases in comparison with emission of magmatic
gases. Using the Panzhihua intrusion as a representative of an average
sill in the Emeishan LIP, assuming the total volume of the erupted basalt
in the Emeishan LIPwas ~1 × 106 km3 (Courtillot and Renne, 2003), and
following the estimation of CO2 release from Deccan volcanism (Self
et al., 2006), Ganino and Arndt (2009) estimated that 61,600–145,600
Gtmetamorphic CO2 and 16,800Gtmagmatic CO2were released during
the Emeishan LIP eruptions. If the total volume is only in the range of 0.3
× 106 km3 (Xu et al., 2001) to 0.6 × 106 km3 (Shellnutt, 2014), meta-
morphic and magmatic CO2 emission would be about half of the above
values. By measuring sulfur contents in olivine-hosted melt inclusions
from Dali picrites, Zhang et al. (2013) calculated that 1 km3 of the
Emeishan basalts can release 5 Mt of SO2 into the atmosphere. There-
fore, a total of 1500–3000 Gt SO2 would have been released if the vol-
ume of the Emeishan LIP is in the range of 0.3 × 106 km3 (Xu et al.,
2001) to 0.6 × 106 km3 (Shellnutt, 2014).

Estimations of gas emission from the Tarim LIP and Panjal Traps are
currently not available. However, stratigraphic and sedimentological
correlation across the Tarim LIP based on boreholes, outcrops, and seis-
mic profiles (Li et al., 2014) indicated that the wall rocks beneath the
Tarim flood basalts are mostly sandstone, mudstone, and siltstone
units. According to Ganino and Arndt (2009), these types of sedimen-
tary rocks are “gas-poor” and contactmetamorphism under such condi-
tions most likely has only minor environmental impact.

In summary, among the four LIPs in the Permian, the combination of
high volcanic flux (Burgess and Bowring, 2015), contactmetamorphism
with evaporites and coals (Svensen et al., 2009), and plume-
lithosphere-crust interactions (Sobolev et al., 2011; Broadley et al.,
2018) for the Siberian Traps magmatism certainly made it the most
deadly. With high-precision geochronological constraints on both the
Siberian Traps magmatism (Burgess and Bowring, 2015) and the end-
Permian mass extinction (Burgess et al., 2014; Shen et al., 2019a),
variations of geochemical proxies preserved in marine and non-
marine settings can be used to examine the links between LIP
magmatism, environmental changes and mass extinctions with confi-
dence. Using the best-calibrated Meishan GSSP section as an example
(Fig. 5), the timeline of major changes in geochemical proxies such as
δ13Ccarb, δ18Oapatite, δ44/40Caapatite, [Zn] and δ66Zn, Hg/TOC, and
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δ7Liseawater strongly suggests that, the switch fromdominantly extrusive
eruptions to widespread sill intrusions is the most significant aliquot of
the total, erupted/emplaced history of the Siberian Traps (Burgess and
Bowring, 2015; Burgess et al., 2017; Svensen et al., 2018), and is most
likely the trigger for the end-Permian mass extinction.

At the moment, among three highly suspected kill mechanisms
(i.e., climate warming, ocean acidification, and anoxia) for the end-
Permian mass extinction in the marine realm (Fig. 10), ocean acidifica-
tion, as indicated by evidence such as calcium isotopes in bulk carbon-
ates (Payne et al., 2010; Lau et al., 2017; Silva-Tamayo et al., 2018)
and conodont apatite (Hinojosa et al., 2012), and microstructures in
brachiopod fossils (Garbelli et al., 2017), is most likely the primary
cause, since those changes occurred prior to and across themass extinc-
tion horizon. Rapid rising in seawater temperatures, as suggested by
high-resolution oxygen isotopic records measured on conodont apatite
from the Meishan, Shangsi, Daijiagou, Liangfengya (Chen et al., 2016b),
Penglaitan (Shen et al., 2019a) sections in South China, and Abadeh,
Kuh-e-Ali Bashi, and Zal sections in Iran (Korte et al., 2004; Chen et al.,
2013; Schobben et al., 2014), occurred above the mass extinction hori-
zon but within the maximum extinction interval, therefore, climate
warming is probably not a primary cause, but rather a later participant
or a catalyst that increased the pace of biodiversity decline (Chen
et al., 2016b). Ocean anoxia is more complex, as a large array of redox
proxies reported from different sedimentary environments ranging
fromdeep ocean to shallow carbonate platform often contradict one an-
other (Proemse et al., 2013; Xiang et al., 2016; Lei et al., 2017).
Fig. 10. A preliminary summary of major environmental changes in the marine and terrestrial
Traps (Burgess and Bowring, 2015) and South China silicic magmatism, implicating the sill int
eruptions as the ultimate trigger for the end-Permian mass extinction. Age-constrained volc
et al., 2014) and Penglaitan (Shen et al., 2019a) are indicated (MS = Meishan; PLT = Penglait
silicic volcanism at 252.359 ± 0.038 Ma (Shen et al., 2019a), δ13Ccarb decline at 251.999 ±
0.037 Ma (Burgess et al., 2014), respectively. Timing for various environmental changes in the
depletion likely corresponded to the onset of sill intrusions as gas production (e.g., SO2, CO2) sub
with temperature change, therefore they probably occurred at the onset of rapid warming (C
2012).
Therefore, ocean anoxia acting as a cause of the end-Permian mass ex-
tinction is probably conditional on water depth.

In terrestrial realm, various kill mechanisms such as acidic rain,
ozone depletion, aridity and wildfires caused by global warming, hyp-
oxia, and toxic metal poisoning have been proposed in the past
(Fig. 10). Although mass extinction on land and in the ocean during
the latest Permian-earliest Triassic were likely contemporaneous
(Shen et al., 2011a; Zhang et al., 2016), given the updated high-
precision geochronological constraints on the Siberian Traps
magmatism (Burgess and Bowring, 2015) and end-Permian mass ex-
tinction (Burgess et al., 2014; Shen et al., 2019a), finding direct geo-
chemical evidence with comparable temporal resolution to support
these kill mechanisms in terrestrial realm remains a challenging task.

As for the Emeishan LIP, although contact metamorphism with wall
rocks (e.g., limestone, dolomite, and shale) has been suggested (Ganino
and Arndt, 2009), low volcanic flux of 0.3–0.6 km3/yr (this study) and
mediumgas emission (Ganino and Arndt, 2009; Zhang et al., 2013) prob-
ably limited its potential. Nonetheless, after collectively assessing key ev-
idence from the late Guadalupian-early Lopingian, such as the turnover of
major fossil groups, long-termand short-term sea-level changes, and var-
iation of geochemical proxies across the GLB (e.g., δ13Ccarb, δ18Oapatite,
87Sr/86Sr, δ44/40Ca, δ34S, and Hg/TOC), we suspect that the largest regres-
sion and Emeishan LIP volcanism are the combined triggers, and climate
change (Chen et al., 2011), ocean anoxia (Zhang et al., 2015), and gaseous
metal loading (Huang et al., 2019b) are primary kill mechanisms for bio-
diversity loss in the end-Guadalupian (Fig. 4).
realms during the latest Permian-earliest Triassic, correlated with the timeline of Siberian
rusion phase of the Siberian Traps combined with intensified South China silicic volcanic
anic ash layers and/or tuffaceous sandstones from Meishan (Shen et al., 2011a; Burgess
an); light grey, dark grey, and red dash lines indicate the onset of intensified South China
0.039 Ma (Burgess et al., 2014), and the end-Permian mass extinction at 251.941 ±
terrestrial realm are not well constrained, although we suspect that acid rain and ozone
stantially increased; aridity, wildfires, and enhanced continental weathering closely linked
hen et al., 2016b) and continued during the Early Triassic hothouse condition (Sun et al.,
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Corresponding parameters for the Tarim LIP and Panjal Traps are not
well constrained (Shellnutt, 2014, 2018). Given the long-lasting but ep-
isodic nature, volcanic flux and gas emission of the Early Permian
magmatism (Tarim, Panjal, and other Cimmerian rifting-related volca-
nic eruptions) are most certainly low comparing with the Emeishan
LIP and Siberian Traps. However, pulsating eruptions, instead of rapid
emplacement for a typical LIP (b1 Myr), may have played a positive
role in affecting the environment and biosphere, as evident from rising
of pCO2 and flourishing of ecosystems during the latest Carboniferous-
Early Permian (Montañez, 2016).

6. Arc magmatism and the end-Permian mass extinction

Although the LIP volcanism is preferably considered as a principle
trigger for mass extinction events, especially in the case of the end-
Permian mass extinction, some weaknesses are associated with this
model. One of the difficulties encountered is that the eruption of flood
basalts, the dominant component of LIP, likely does not release suffi-
cient toxic and greenhouse gases to trigger global changes. In addition,
fissure style of flood basalt volcanism inmany LIPs cannot ensure injec-
tion of volcanic ashes into the stratosphere, a condition required by the
LIP-mass extinction model. This has led tomodified version of LIP-mass
extinctionmodel invoking addition of crustal S and C in LIP-emitted gas
budget (Svensen et al., 2009). Alternatively, continental arcmagmatism
has been recently proposed as causes of global environmental changes
(He et al., 2014; Lee et al., 2015; McKenzie et al., 2016).

In the shadow of the enormous Siberian Traps flood basalt volca-
nism, arc magmatism during the Permian-Triassic transition and its
role in the environmental and biological changes are often
underestimated. The main phase of the Choiyoi silicic igneous province
in the southwestern margin of Gondwana has a long duration of 30 to
40Myr (Rocha-Campos et al., 2011; Sato et al., 2015), with its termina-
tion age at ~251.9 Ma (Rocha-Campos et al., 2011) that is contempora-
neous with the Siberian Traps magmatism (Burgess and Bowring,
2015). Geochronological and provenancial studies on volcanic tuffs
from the southern Gondwanan basins in South America and Africa
(e.g., Parana, Karoo) indicated that those widespread ash falls may re-
lated to the Choiyoi silicic magmatism (Rocha-Campos et al., 2011;
McKay et al., 2016; Castillo et al., 2017; Viglietti et al., 2018).

In the Tethys realm, continental arcmagmatismhas been invoked as
a trigger for the end-Permian mass extinction (Sengör and Atayman,
2009; He et al., 2014). In the extensively studied South China region,
widespread volcanic ash layers have long been recognized in the sedi-
mentary records (Yin et al., 1992). At the Meishan GSSP section
(Fig. 11), the most dramatic biodiversity decline occurred at the base
Fig. 11. Field photos showing the PTB interval at the Meishan GSSP section. (a) An overview o
except the onset of δ13Ccarb decline that happened in the middle of Bed 23, ~70 cm below
represents the maximum extinction interval (Shen et al., 2011a; Burgess et al., 2014); the a
horizon,which is located at the base of Bed 25, a distinct volcanic ash layer that can be traced at t
from Beds 25 and 28 showhigh δ18O values (6.8 to 9.1‰) and negative εHf(t) values (−12.1 to−
Traps (He et al., 2014).
of Bed 25, which is a distinct, thick volcanic ash layer that can be traced
at the same stratigraphic level wide across South China. Given this tem-
poral coincidence between the PTB volcanic ashes and mass extinction,
understanding of volcanism producing these ashes in South China is
therefore the key to identify the cause of mass extinction. Recent inves-
tigations on whole-rock petrology, mineralogy, major and trace ele-
ments, and zircon U\\Pb ages and Hf\\O isotopic compositions (Gao
et al., 2013, 2015; He et al., 2014; Liao et al., 2016; Wang et al., 2018a,
2019; Zhao et al., 2019) suggested that the PTB volcanic ash layers
were derived from arc magmatism along convergent continental mar-
gins around the South China Block, rather than from the Siberian
Traps (He et al., 2014). For instance, zircons extracted from the PTB vol-
canic ashes from theMeishan, Shangsi, Chaotian, and Dongpan sections
have negative εHf(t) (−12.9 to −2.0) and δ18O (6.8 to 10.9‰), consis-
tent with a crustal-derived acidic origin, most likely during the
Palaeotethys arc magmatism (He et al., 2014).

Indeed, more and more studies (He et al., 2014; Wang et al., 2019;
Zhao et al., 2019) started to emphasize the importance of regional arc
volcanism and their contribution to the end-Permian mass extinction.
If the number of volcanic ash layers and their thickness can be regarded
as indicators of frequency and intensity of volcanic eruptions (He et al.,
2014; Wang et al., 2019; Zhao et al., 2019), silicic magmatism is evi-
dently more frequent and intense in the latest Permian and earliest Tri-
assic, as shown in the condensed Shangsi section (Huang et al., 2018;
Yuan et al., 2019) and highly expanded Penglaitan section (Shen et al.,
2019a). However, the presence or absence of volcanic ash layers and/
or tuffaceous sandstones (e.g., Penglaitan) depends on many factors,
such as volcanic explosivity, atmospheric dispersal, hydrodynamic con-
dition, and depositional environment. Moreover, arc magmatism is
often not preferred as the primary cause of the end-Permian mass ex-
tinction because of its relatively long duration and low eruption rate
comparing to that associated with the Siberian Traps. The amount of
products from Palaeotethys arc magmatism (e.g., volcanic ash, and
gas) is also likely small comparing to the massive Siberian Traps erup-
tions. However, modern example of arc magmatism such as Pinatubo
(Hansen et al., 1992; McCormick et al., 1995) and Toba (Rampino and
Self, 1992; Rampino and Ambrose, 2000) show its devastating nature
and potential cause for global changes.

A possible model is that low-latitude, silicic magmatism around the
South China Block and high-latitude Siberian Traps flood basalt volca-
nism have both contributed (Fig. 10). From at least ~420 kyr before
the mass extinction, or around 252.359 ± 0.038 Ma for the South
China arc magmatism (Shen et al., 2019a), prior to 252.24 ± 0.12 Ma
for the pyroclastic eruptions of the Siberian Traps (Burgess and
Bowring, 2015), combined effects have put the contemporaneous
f Beds 24–29, in which dramatic environmental and biological changes occurred (Fig. 5),
the base of Bed 24 (Burgess et al., 2014). (b) A close-up view of Beds 25–28, which
brupt decrease in δ13Ccarb occurred at ~30 cm below the end-Permian mass extinction
he same stratigraphic levelwide across South China. Hf\\O isotopic compositions of zircons
2.7), indicating a crustal-derived acidic origin, rather thanmantle origin from the Siberian
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environment and ecosystem under continuous pressure; only until ~58
kyr prior to themass extinction, marked by the onset of δ13Ccarb decline
at 251.999 ± 0.039 Ma, the impact has become obvious, as shown by
variation of multiple geochemical proxies in this pre-extinction short
interval (Fig. 5). The most deadly blow likely happened around
251.939 ± 0.031 Ma (Shen et al., 2019a), when the Siberian Traps
magmatism switched from dominantly extrusive eruptions to wide-
spread sill intrusions (Burgess and Bowring, 2015), and the intensity
of South China silicic magmatism significantly increased (He et al.,
2014; Wang et al., 2019; Zhao et al., 2019), as indicated by a thick and
widespread ash layer equivalent to Bed 25 at Meishan.

7. Conclusion

In perspective, the link between Permian (as well as other periods)
LIPs and major environmental and biological changes rests on three pil-
lars: comprehensive biodiversity patterns, high-precision geochronology,
and robust geochemical proxies. The last decade or so have witnessed
rapid progress in each field. Compilation and quantitative analyses on
vast fossil data in the Paleobiology Database (PBDB; https://paleobiodb.
org/) and Geobiodiversity Database (GBDB; http://geobiodiversity.com/
) have enhanced our understanding of the evolutionary history of bio-
sphere (Alroy et al., 2008; Shen et al., 2011a; Wang et al., 2014; Zaffos
et al., 2017). The significant progress in single-zircon U\\Pb analysis by
CA-TIMS and/or ID-TIMS techniques (Ramezani et al., 2007; Shen et al.,
2011a; Schmitz and Davydov, 2012; Shellnutt et al., 2012; Burgess
et al., 2014; Zhong et al., 2014; Burgess and Bowring, 2015; Wu et al.,
2017; Ramezani and Bowring, 2018; Shen et al., 2019a) provide refined
temporal constraints on the history of Permian LIP magmatism and sed-
imentary successions. Accumulation of data on conventional geochemical
proxies (e.g., C, O, S, N) and development of non-traditional geochemical
proxies (e.g., Hg, B, Mo, U, Zn) shed light on the underlying mechanisms
linking the LIP magmatism with biotic crisis. Given the rapid increase of
information, the “standardmodel” of possible environmental and biolog-
ical consequences of LIP events, as exemplified by the couplet of Siberian
Traps/end-Permian mass extinction (Wignall, 2001, 2007; Algeo et al.,
2011), should develop towards the direction of high-resolution, time-
dependent, geo-systematic integrations. Network-basedpalaeoecological
analyses to dissect how the biotic crisis was unfolded (Erwin, 2014;
Muscente et al., 2018), and climate modeling based on comprehensive
records with high-precision temporal constraints (Black et al., 2018;
Penn et al., 2018), may prove enlightening for future research on the
links betweenmassive volcanism, environmental perturbations, and bio-
logical events.

Nonetheless, our survey on (i) the biodiversity changes in the Perm-
ian, especially the end-Guadalupian and end-Permianmass extinctions,
(ii) variation of geochemical proxies preserved in the Permian sedimen-
tary records, (iii) main characteristics of four Permian LIPs (e.g., Tarim,
Panjal, Emeishan, and Siberian), and (iv) arc magmatism in the Tethys
realm during the late Permian-Early Triassic, collectively suggests:

(1) Whether thewidespread and episodic Early Permian (Cisuralian)
LIP eruptions (e.g., Tarim, and Panjal) were associated with
global events is largely uncertain, as there are no obvious
changes precisely corresponding to each episode of massive vol-
canism. However, this does not rule out the possibility that the
Early Permian (Cisuralian) LIP volcanism has contributed to con-
temporaneous environmental and biological changes, especially
the gradual climate warming and flourishing of ecosystems.

(2) The end-Guadalupian mass extinction (i.e., pre-Lopingian crisis)
was not severe as previously thought, and it only happened at
the community level and was taxonomically selective. However,
considering key evidence from the late Guadalupian-early
Lopingian, such as the turnover of major fossil groups, long-term
and short-term sea-level changes, and variation of geochemical
proxies across the GLB (e.g., δ13Ccarb, δ18Oapatite, 87Sr/86Sr, δ44/
40Ca, δ34S, and Hg/TOC), we suspect that the largest regression
and Emeishan LIP volcanism are the combined triggers, and cli-
mate change, ocean anoxia, and gaseous metal loading are pri-
mary kill mechanisms for biodiversity loss in the end-
Guadalupian.

(3) High volcanic flux (i.e., eruption rate) and gas production ensured
the Siberian Traps eruptions most deadly, in comparison with
other LIPs.Moreover, thehigh-precision timeline ofmajor changes
in geochemical proxies such as δ13Ccarb, δ18Oapatite, δ44/40Caapatite,
[Zn] and δ66Zn, Hg/TOC, and δ7Liseawater strongly suggests that,
the switch from dominantly extrusive eruptions to widespread
sill intrusions is the most significant aliquot of the total, erupted/
emplaced history of the Siberian Traps, and is the most plausible
trigger for the end-Permian mass extinction.

(4) Arc volcanism in the Palaeotethys realm could have also played an
important role in the end-Permian mass extinction, given the fact
that volcanic ash layers around the PTB in South China are crustal-
derived acidic origin, rather than mantle origin from the Siberian
Traps, and continental arc volcanism is more frequent and intense
in the latest Permian and earliest Triassic, corresponding to the
most dramatic biodiversity decline.
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