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A B S T R A C T

The end-Permian marine extinction (EPME) eliminated> 80% of species globally, making it the most severe
extinction of the Phanerozoic. Anoxia and euxinia are potential kill mechanisms that may have contributed to
this biotic crisis. However, redox changes in the atmosphere-ocean system are likely to have been complex, with
both the vertical location of the oxic-anoxic boundary (in the water column or sediments), and the total area or
volume of anoxic and euxinic water in the global ocean changing over time. In this study, we generated iron
speciation and major and trace element data from 141 samples of the Meishan-1 core, which was drilled at a site
550m to the west of the Meishan D section. Iron speciation results, in combination with authigenic con-
centrations and enrichment factors of redox-sensitive metals (Mo, V, and U), and previously published macro-
fossil, trace fossil, and bioturbation evidence, suggest that: 1) Beds 21-24d were deposited beneath a pre-
dominantly oxic water column, 2) Beds 24e-28 were deposited under a persistently anoxic watermass with
intermittently euxinic bottom water, and 3) Beds 29–34 were deposited under primarily ferruginous conditions.
Excess fractions and enrichment factors of U, V and Mo in the anoxic and euxinic intervals of the Meishan-1 core
suggest that authigenic precipitation of redox-sensitive trace metals mainly occurred before and during the
EPME, with nearly no detectable authigenic U, V, or Mo accumulating after the EPME. Our results, along with
published U, V and Mo concentrations from across the Neotethys, Paleotethys, and Panthalassic Ocean basins,
indicate that oceanic trace metal reservoirs were depleted before and during the main extinction interval. This
depletion of oceanic trace elements suggests a spatial expansion of both anoxic and euxinic watermasses prior to
and during the EPME. The apparent coincidence in timing between the mass extinction and the areal expansion
of anoxic and euxinic watermasses suggests that these factors played important roles in the loss of marine biota
around the Permian-Triassic boundary (PTB), through oxygen deprivation and H2S toxicity.

1. Introduction

The end-Permian mass extinction (EPME) was the most severe
biodiversity crisis of the last 541Myr, and is estimated to have elimi-
nated> 80% of marine species (Sepkoski, 1984; Stanley, 2016). Many
potential triggers and kill mechanisms have been proposed over the
past few decades, such as an extraterrestrial impact (Basu et al., 2003;
Becker et al., 2001), Siberian Traps volcanism (Courtillot and Renne,
2003; Sobolev et al., 2011; Burgess and Bowring, 2015); rapid global
warming (Joachimski et al., 2012; Sun et al., 2012; Chen et al., 2016; H.
J. Song et al., 2014), metal poisoning (Grasby et al., 2011, 2017; Wang
et al., 2018), oceanic acidification and acid rain (Black et al., 2014,

2018; Payne et al., 2010; Hinojosa et al., 2012; Clarkson et al., 2015;
Garbelli et al., 2017), rapid enhancement of continental weathering
(Algeo and Twitchett, 2010; Song et al., 2015; Sun et al., 2018; Tian
et al., 2019), and oceanic anoxia/euxinia (Wignall and Twitchett, 1996;
Isozaki, 1997; Cao et al., 2009; Grice et al., 2005; Penn et al., 2018; Y.A.
Shen et al., 2011; H. J. Song et al., 2014; H. Y. Song et al., 2014a).

A marine ‘superanoxic’ event around the Permian-Triassic transition
was first proposed over two decades ago (Wignall and Twitchett, 1996;
Isozaki, 1997). While the atmospheric partial pressure of O2 (pO2) may
have declined around the PTB, its absolute value probably re-
mained> 17% (Huey and Ward, 2005; W.J. Shen et al., 2011). As a
result, those parts of the shallow ocean in regular contact with the
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atmosphere are likely to have remained oxygenated. The spatial and
temporal extent of anoxia in the deeper ocean has remained con-
troversial. The location of the oxic-anoxic boundary (chemocline),
whether in the oceanic water column or sediment porewater system, is
likely to have been dynamic throughout the PTB interval (Clarkson
et al., 2016; Grasby and Beauchamp, 2009; Grasby et al., 2013, 2016).
Rapid variation in the sulfur isotope composition of carbonate-asso-
ciated sulfate suggests a drawdown of the oceanic sulfate reservoir
around the PTB, which was likely driven by accelerated microbial
sulfate reduction (MSR) under widespread anoxic conditions (Newton
et al., 2004; Cao et al., 2009; Luo et al., 2010; H. Y. Song et al., 2014b).
The production of H2S via MSR (and the exsolution of that H2S into the
atmosphere) has been proposed as a potential kill mechanism for the
EPME (Kump et al., 2005). However, whether stoichiometric relation-
ships between H2S production via MSR and its removal in the form of
insoluble metal sulfides was sufficient to quantitatively sequester dis-
solved transition metal ions, such as dissolved ferrous Fe (Fe2+), and
thus drive the ocean into a pervasively euxinic rather than ferruginous
state, remains the subject of debate (Grice et al., 2005; Kump et al.,
2005; Mettam et al., 2017).

The speciation of iron in sedimentary rocks is a widely-used proxy
for O2 and H2S availability in the depositional watermass (Raiswell
et al., 2018). Since the Meishan section, the Global Stratotype Section
and Point (GSSP) of the PTB, is one of the most thoroughly investigated
EPME sections worldwide (Jin et al., 2000; Yin et al., 1996, 2001, 2012;
Wang et al., 2014; S.Z. Shen et al., 2011; Burgess et al., 2014), it is an
ideal location to employ iron speciation and redox sensitive trace metal
proxies, in order to explore the evolution of redox conditions and their
temporal relationship with the EPME. However, the extinction interval
at Meishan is highly condensed (36 cm), meaning that the temporal
resolution of geochemical studies is limited by the difficulties of out-
crop sampling (Shen et al., 2019). In this study, we conducted high-
resolution sampling of the Meishan-1 core, drilled less than 1 km from
the GSSP section. After sampling the extinction interval in detail, we
analyzed iron speciation and major and trace element content in order
to reconstruct the evolution of redox conditions and their implications
for the EPME.

2. Geological setting

The Meishan section is located in the town of Meishan, Changxing
County, Zhejiang Province (119°41′52.80″E, 31°4′36.74″N, Fig. 1). The
section represents a shallow upper slope environment, on the margin of
the intracratonic carbonate platform that made up the majority of the
South China microcontinent during the Permian-Triassic transition
(Wang and Jin, 2000; Yin et al., 2014; Luo et al., 2014, Fig. 1). The
Meishan section has been the focus of investigations into the pa-
laeontology and geochemistry of the end-Permian mass extinction for
over thirty years (Jin et al., 2000; Yin et al., 1996, 2001; Cao et al., 2009;
Xie et al., 2005, 2007; S.Z. Shen et al., 2011; Y.A. Shen et al., 2011; H.J.
Song et al., 2013; H.Y. Song et al., 2013; Burgess et al., 2014).

Based on paleontological data, Jin et al. (2000) proposed a sudden
mass extinction in the Meishan environment. Subsequent quantitative
analyses of fossil occurrences further supported a sudden mass extinc-
tion scenario, with the major extinction event occurring during the
deposition of the uppermost part of Bed 24e and Bed 25, with some
relict Permian taxa surviving until Bed 28 (S.Z. Shen et al., 2011, 2019;
Wang et al., 2014). Based on this pattern, Beds 25–28 were identified as
a single, continuous extinction interval.

In order to obtain a complete succession of rock samples, and avoid
the potential for weathering and surface contamination, two cores were
drilled at the Meishan-1 site, 550m to the west of Meishan Section D.
The Meishan-1 core, drilled to a total depth of 214m, consists of the
Lungtan, Changhsing, Yinkeng and Helongshan formations, in as-
cending order (Cao et al., 2009). Focusing on the interval of the
Changhsing Formation immediately preceding the EPME, Beds 21–24

are composed of dark gray, thin- to medium-bedded bioclastic to mi-
critic limestone interbedded with thin-bedded muddy limestone and
siliceous mudstone. There is a distinct pyrite lamina at the top of Bed
24e. The contact between the Changhsing and Yinkeng formations is
placed at this surface, which represents a transition from limestone to
predominantly siliciclastic deposits. Bed 25 is 4-cm-thick, and is com-
posed of illite-montmorillonite ash claystone. Zircons in this ash layer
from the outcrop sections at the Meishan quarries have yielded a U-Pb
age of 251.941 ± 0.037Ma (Burgess et al., 2014).

Bed 26 is a 6-cm-thick, black carbonaceous mudstone. Bed 27 can be
divided into four layers, labelled as a, b, c and d in ascending order.
These are bioclast-bearing packstone and wackestone deposits with an
irregular firmground in the middle. The GSSP of the PTB in the Meishan
D section has been defined at the base of 27c, marked by the first ap-
pearance of Hindeodus parvus (Yin et al., 2001). Bed 28 is composed of
grayish-green clay, and yields a zircon U-Pb age of
251.880 ± 0.031Ma (Burgess et al., 2014). Beds 29 and 30 are com-
posed of dark marlstone and calcareous mudstone, respectively. Beds
31 through 34 show an alternation between grayish-green mudstones
and marlstones (Beds 32 and 34) and gray claystones of volcanic origin
(Beds 31 and 33; Yin et al., 2001; Zheng et al., 2013). Zircons from Bed
33 yield a mean age of 251.583 ± 0.086Ma (Burgess et al., 2014).

3. Sampling and methods

In this study, we systematically sampled the Meishan-1 core from
114m (i.e., the upper part of Bed 21, Upper Permian Changhsing
Formation) to 100m (the middle of Bed 34, Lower Triassic Yinkeng
Formation) at an average spacing of 2 to 5 cm within Beds 24d-28 and
10 to 30 cm within Beds 21-24c and Beds 29–34. A total of 141 samples
were collected. These were broken into pieces (diameter ~2mm) by
hammer, and pieces of the crushed samples were selected to avoid veins
and cavities, then further pulverized using a SPEX 8515 Shatterbox
with a ceramic puck.

Samples from Beds 21-24d were carbonate rich, and most (49 out of
72) had FeT content< 0.5%. Published total organic carbon (TOC)
values within these intervals of the core were relatively high, averaging
0.81% (Cao et al., 2009). This combination of low FeT content and high
TOC values means we cannot safely infer redox conditions based on
iron speciation and organic carbon concentrations alone. Additional
forms of evidence, such as concentrations of redox-sensitive trace ele-
ments like U, V and Mo, benthic macro- and trace fossils, and bio-
turbation also need to be considered in order to accurately assess redox
conditions in the depositional water body (Clarkson et al., 2014; Scholz
et al., 2014a, 2014b; Scholz, 2018).

Since carbonate samples where total iron content are< 0.5%
usually show spurious iron speciation results, they cannot be inter-
preted within the established framework of thresholds for recognizing
anoxia and euxinia. To address this issue, we selected the 92 samples
with FeT content> 0.5% for iron speciation analysis. The concentra-
tions of carbonate-associated iron phases (Fecarb), iron oxide-associated
phases (Feox), and magnetite-associated phases (Femag) were analyzed
following the procedure of Poulton and Canfield (2005). Fecarb, Feox,
and Femag were measured using a quadrupole Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES) at the State Key La-
boratory of Paleobiology and Stratigraphy, Nanjing Institute of Geology
and Palaeontology. Analytical precision was monitored using the GSR-
1, GSR-2, and GSR-3 standards, and is better than 5%. Pyrite iron (Fepy)
was extracted using the chromium reduction method (Canfield et al.,
1986). The Ag2S-precipitate was weighed to determine the content of
pyrite sulfur. Highly reactive iron (FeHR) was calculated as the sum of
Fecarb, Feox, Femag, and Fepy.

To determine bulk elemental composition, samples were subjected
to by multi-acid digestion (HNO3–HF–HCl) techniques (Kendall et al.,
2010; Xiang et al., 2016). After complete dissolution, these solutions
were analyzed for the target elements on a quadrupole inductively
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coupled plasma mass spectrometer (ICP-MS) and ICP-OES at the Beijing
Research Institute of Uranium Geology, China National Nuclear Cor-
poration. The analytical precision, as determined by repeat analysis of
the GSR-1, GSR-2, and GSR-3 standards, is better than 5%.

Enrichment factors (XEF; Tribovillard et al., 2006) were calculated
as:

=X (X /Al )/(X /Al )EF sample sample PAAS PAAS (1)

Excess concentrations of trace elements (Xxs; Tribovillard et al.,
2006) were calculated as:

= ×X X Al (X /Al )xs sample sample PAAS PAAS (2)

where X and Al represent the weight percent concentration of element X
and aluminum (Al), respectively. Concentrations are normalized to the
value of Post-Archean average Australian shale (PAAS; Taylor and
McLennan, 1985). Due to the small differences in trace element
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composition between the potential provenance for the Meishan section
and PAAS, some samples yielded negative Xxs values. As these indicate
no substantial authigenic enrichment of element X, we set these negative
Xxs values to 0.01 for calculating the value of log10Xxs and plots of versus
depth.

4. Results

Total aluminum and total iron (FeT) content in the Changhsing
Formation were generally lower than in the Yinkeng Formation. FeT values
in the Changhsing Formation vary widely, between 0.05% and 13.85%,
with an average value of 0.75%. The maximum value of 13.85% comes
from the pyrite laminae in Bed 24e; when this bed is excluded, FeT values
within the Changhsing Formation are consistently lower than those in the
Yinkeng Formation, which range between 1.30% and 4.17%, with an
average of 3.10%. Al concentrations in the Changhsing Formation range
from 0.07% to 11.15%, with an average of 1.19%, while concentrations in
the Yinkeng Formation range between 1.46% and 10.30%, with an average
value of 6.69%. Like the Dongpan and Xinmin sections (Shen et al., 2012a),
all of the ash beds (Beds 25, 28 and 31) within the Yinkeng Formation at the
Meishan section show relatively high Al content, substantially higher than
the PAAS value (8.4%, Taylor and McLennan, 1985; Fig. 2, Table S1).

Ratios of FeHR/FeT are generally high in those in samples from Beds
21-24e with FeT> 0.5% (n=23), ranging between 0.57 and 0.88
(mean=0.72). FeHR/FeT ratios in Beds 25–28, which range between
0.53 and 0.83 (mean=0.67), are higher than those seen in the rest of
the Yinkeng Formation. Above these beds, FeHR/FeT ratios in Beds
29–34 range between 0.31 and 0.78 (mean= 0.49) and generally show
a decreasing trend up-section (Fig. 2, Table S1). Ratios of Fepy/FeHR in
the 23 measured samples (FeT> 0.5%) from Beds 21 to 24e range be-
tween 0.37 and 0.87, with an average of 0.65. Ratios of Fepy/FeHR in
Beds 25–28 range between 0.58 and 0.91, with an average of 0.70.
Ratios of Fepy/FeHR in Beds 25–28 are higher than those seen from Bed
29 to Bed 34, which have an average value of 0.49 and decrease sys-
tematically upsection (Fig. 2, Table S1).

Maximum concentrations of U, V, and Mo are observed below or
during the EPME interval. Maximum U content (19.5 ppm) occurs in the
Changhsing Formation (Bed 22, 112m), while maximum Mo (40 ppm)
and V (189 ppm) content appear at 106.46m and 106.62m (Bed 24e),
respectively. Both U and Mo content below and within the EPME interval
are generally higher than PAAS values; above the EPME interval, U and
Mo contents are generally lower than PAAS values. The average U con-
tent in Beds 21–24, Beds 25–28, and Beds 29–34 is 3.9 ppm, 1.7 ppm,
and 1.0 ppm, respectively. Similarly, average Mo content in Beds 21–24,
Beds 25–28, and Beds 29–34 is 3.2 ppm, 3.2 ppm, and 0.6 ppm, respec-
tively. Vanadium shows a different stratigraphic pattern than U and Mo
content; the average V concentration within Beds 21–24, Beds 25–28,
and Beds 29–34 is 25.2 ppm, 50.7 ppm, and 73.4 ppm, respectively. This
difference is likely due to the detrital contribution to total V content
(Fig. 2, Table S1). Enrichment factors of U, V, and Mo show a gradual
decreasing trend from Beds 21–24d, through Beds 24e–28, and into Beds
29–34. Within Beds 21–24d, uranium shows the highest enrichment
factors, with an average EF of 144. Vanadium shows only a slight en-
richment above PAAS values, with an average EF of 3.5. Enrichment
factors of molybdenum are between those of uranium and vanadium,
with an average EF of 58.2. Enrichment factors of U, V, and Mo within
Beds 24e-28 represent a transitional interval, from enrichment above
PAAS values in Beds 21–24 to depletion within Beds 29–34.

5. Discussion

5.1. Evolution of redox conditions around the end-Permian mass extinction
event

The ratio of highly reactive iron (FeHR) to total iron (FeT) has been
developed as a proxy to differentiate shales deposited under oxygenated

bottom waters from those formed under an anoxic water column, with a
threshold value of FeHR/FeT>0.38 used as the criterion for anoxic
conditions (Raiswell and Canfield, 1998; Canfield et al., 2008). Where
FeHR/FeT>0.38, two different types of anoxic conditions can be dis-
tinguished using the Fepy/FeHR ratio. When this ratio shows values>
0.7, it is evidence for deposition in a euxinic water column, with free
H2S, while ratios< 0.7 are consistent with deposition in ferruginous
waters, with free dissolved ferrous iron (Poulton and Canfield, 2011;
Raiswell et al., 2018). While originally developed for basinal shales,
recent studies have found that when total iron content (FeT) is> 0.5%,
the iron speciation proxy can be applied safely in carbonate-rich sedi-
ments (Clarkson et al., 2014). Carbonate-rich samples with low FeT
content (< 0.5%) and low TOC values (< 0.5%) most likely represent
deposition beneath an oxic water column, although additional evi-
dence, such as bioturbation, is required to support this interpretation
(Clarkson et al., 2014).

Most samples from Beds 21–24d (49 out of 59) have FeT con-
tent< 0.5%, which calls into question the value of redox interpreta-
tions based on iron speciation (Clarkson et al., 2014). While the high
carbonate content and low Al content in Beds 21–24d make enrichment
factors unreliable (i.e., often spuriously high regardless of redox con-
ditions), the enrichment factors of Mo are generally lower than those of
U in this interval (Figs. 2, 3), indicating that benthic redox conditions
did not reach the euxinic threshold, where Mo begins to accumulate
more rapidly than U in sediments (Algeo and Tribovillard, 2009). The
authigenic U content (Uxs) in Beds 21–24d at the Meishan section was
between 1.1 ppm and 19.4 ppm, with an average of 4.1 ppm. This is
similar to the uranium content of modern carbonate rocks deposited
under oxic conditions in the Bahamas, which reaches values as high as
4.7 ppm as a result of U precipitation in sulfidic pore waters
(Romaniello et al., 2013). While the average and maximum values of U,
V and Mo within Beds 21-24d are consistent with modern oxic settings,
they are much lower than the values seen in modern and Holocene
hypoxic sediments from the in Baltic Sea (Van Helmond et al., 2018).

These results are consistent with the bottom water during deposi-
tion of Beds 21–24d having been generally oxic, without free H2S (Jin
et al., 2000; Yin et al., 2012). Abundant macro- and trace fossils, as well
as large and complex burrows (maximum diameter= 9.2mm), have
been found in Beds 21–24d of the Meishan outcrop sections (Fig. 4).
The bedding plane bioturbation index reaching values of 4 to 5 in Beds
23–24d, indicating that there was enough dissolved oxygen in the
bottom waters to support macrofauna with complex behaviors (Fig. 4,
Zhao and Tong, 2010; Chen et al., 2015).

Out of the 59 samples from Beds 21–24d, 10 show FeT concentra-
tions> 0.5%, allowing them to be interpreted within the established
framework for iron speciation proxies, combined with high FeHR/FeT
ratios> 0.38. These samples may indicate deposition under an anoxic
water column (Fig. 2). In light of the other evidence for predominantly
oxic conditions, we interpret these as short-lived and sporadic anoxic
episodes. Multiple-S isotopic evidence also suggests that anoxic wa-
termasses only episodically impinged on the Meishan environment
during the deposition of Beds 22–24 (Y.A. Shen et al., 2011).

All samples from Beds 24e–28 show FeT content> 0.5%, and FeHR/
FeT ratios all exceed the 0.38 threshold, indicating consistently anoxic
conditions immediately prior to and during the EPME interval (Figs. 2
and 3). Published elemental geochemistry of conodonts indicates that
the volcanic ash beds were deposited under anoxic conditions (Song
et al., 2012; Zhao et al., 2013); this is consistent with results from iron
speciation, supporting the application of this proxy in volcanic ash
deposits despite their distinct mineral and chemical composition and
sedimentation rate (Shen et al., 2012b). Moreover, the Fepy/FeHR ratios
of the shale interbeds and pyrite lamina in Bed 24e, the black shale in
Bed 26 (106.4m), and the majority of the carbonates in Bed 27
were>0.7. This indicates intermittently euxinic conditions during
deposition of the EPME horizons (Figs. 2 and 3), with free H2S ex-
panding out of the porewater system into the lower water column and
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even into the photic zone (Grice et al., 2005; Cao et al., 2009). These
euxinic conditions would be favorable for the flourishing of green sulfur
bacteria (Grice et al., 2005; Cao et al., 2009), and the formation of
syngenetic pyrite framboids (Chen et al., 2015).

The existence of trace fossils within Beds 24e–28, especially the
deep burrow within Bed 24e, would seem to contradict our iron spe-
ciation results; however, there are two possible explanations for this
discrepancy: 1) our samples, typically ~1–2 cm thick, record average
conditions over several hundreds or thousands of years (Bond and
Wignall, 2010; Burgess et al., 2014). Oscillations in redox potential may
have occurred during the interval represented by a single sample. Trace
fossils may record much shorter time scales, representing periods of
oxia within broader intervals of fluctuating redox conditions, 2), the
sampled locality of Zhao and Tong (2010) is hundreds to thousands of
meters away from the site of our studied core. The spatial heterogeneity
of redox conditions may explain the difference between these two
proxies.

Of the 58 samples from Beds 29 to 34, 55 have FeHR/FeT ratios>
0.38, generally showing a decreasing trend up section (Fig. 2). The
sedimentation rate may have gradually increased from Bed 29 to Bed
34, due to the increasing flux of terrigenous material (Algeo and
Twitchett, 2010). This would have the effect of diluting the authigenic
flux of highly reactive iron, resulting in lower FeHR/FeT ratios without
bringing them below the threshold indicative of anoxic conditions. Only
three samples from Beds 32 and 34 have FeHR/FeT ratios< 0.38, sug-
gesting that transient oxic episodes occurred in the earliest Triassic at
Meishan. Seven samples out of 58 in Beds 29 to 34 yielded a combi-
nation of FeT content> 0.5%, FeHR/FeT ratios> 0.38, and Fepy/FeHR
ratios> 0.70, indicating that they were deposited under euxinic con-
ditions (Fig. 2, Table S1). The remainder of the samples from Beds
29–34 have a combination of FeT> 0.5%, FeHR/FeT>0.38, and Fepy/
FeHR<0.7, implying ferruginous conditions (Fig. 2).

A ferruginous watermass in the earliest Triassic (Beds 29–34) would
favor the loss of fixed nitrogen species (such as NO3

−) via denitrifica-
tion and anaerobic ammonium oxidation (anammox), as well as the
flourishing of N-fixing cyanobacteria due to the decreasing N:P ratio
and higher availability of P and Fe2+ (Cao et al., 2009; Luo et al., 2011;
Stüeken et al., 2016; Scholz, 2018). These cyanobacteria may have
contributed to the development of algal mats that are recorded as la-
minated sediments in the Early Triassic (Chen et al., 2015).

5.2. Depletion of the oceanic transition metal reservoir

Both the excess fractions and enrichment factors of U, V and Mo
indicate that most authigenic precipitation of these three redox sensi-
tive metals occurred prior to the EPME, with minimal authigenic en-
richment after the onset of the extinction (Fig. 2). Enrichment factors of
U and Mo decline by at least an order of magnitude, with a decrease in
the average UEF value from 120 before the EPME to 4 during the EPME.
The average MoEF value declines from 49 before the EPME to 3 during
the EPME. Vanadium shows much lower enrichment factors, with an
average value of 3.5 in Beds 21–24d, and no apparent authigenic V
enrichment after the euxinic interval of Bed 24e (106.62m to 106.68m,
Figs. 2, 3). This may be a result of the shorter residence time of V in
seawater (Tribovillard et al., 2006), meaning that it would have been
depleted earlier and more completely than other redox sensitive ele-
ments. The decrease in UEF, VEF, and MoEF may be partially an artifact
of increased Al content, corresponding to the lithologic transition from
carbonate-dominated to siliciclastic strata at the contact between the
Changhsing and Yinkeng formations. However, the excess fractions of
these three elements also show a decline between Beds 21–24e and the
EPME interval.

Several factors can contribute to the degree of authigenic trace
metal enrichment, including oceanic redox conditions, availability of
organic host phases, sedimentation rate, and oceanic reservoir size
(Tribovillard et al., 2006; Algeo and Lyons, 2006; Algeo and

Tribovillard, 2009). Iron speciation data suggest that Beds 29–34 were
generally deposited under more reducing conditions than Beds 21–24d,
making it unlikely that the absence of authigenic trace metal pre-
cipitation in Beds 29–34 was caused by a more oxygenated environ-
ment. The flux of carrier phases, such as organic matter, can also affect
authigenic enrichment of redox sensitive elements (Algeo and Lyons,
2006; Algeo and Tribovillard, 2009). Studies of primary productivity
around the PTB find that marine productivity decreased sharply across
South China (J. Shen et al., 2013), while increasing in many settings
across the Panthalassic basin (Algeo et al., 2013). While productivity
remains difficult to constrain, the low concentrations of authigenic
redox-sensitive trace elements above the EPME is also observed in Ja-
panese pelagic sections (Takahashi et al., 2014), where productivity is
likely to have been elevated (Algeo and Twitchett, 2010). This con-
sistent pattern across a range of environments suggests that a decreased
flux of organic carrier phases was not the primary driver of decreased
trace element enrichment.

Based on U-Pb ages from the Meishan section, the average sediment
accumulation rate in Beds 22–24e is ~7 times faster than that in Beds
25–28, and ~4 times faster than that in Beds 29–33 (Burgess et al.,
2014). Slow sedimentation rates would reduce the dilution effect of
terrestrial siliciclastics and carbonate on the flux of redox-sensitive
elements (RSEs). However, the highest excess concentrations and en-
richment factors of U, V and Mo do not appear in Beds 25–28, where the
slowest sedimentation rates and lowest redox potential would both
favor RSE enrichment. Moreover, the stratigraphic pattern of Uxs differs
from that of Vxs and Moxs; if all were controlled by changes in sedi-
mentation rate, we would expect them to show a similar stratigraphic
distribution.

Instead, the principal factors driving the marked difference in au-
thigenic RSE enrichment between pre-EPME, EPME, and post-EPME
intervals are likely to be related to the evolution of oceanic U, V and Mo
reservoir size (Tribovillard et al., 2006; Piper and Calvert, 2009;
Takahashi et al., 2014). Authigenic U precipitation commences within
the suboxic zone. The anoxic conditions below the EPME interval would
have been favorable for authigenic U precipitation. V (V) is reduced to
V (IV) under mildly reducing conditions, and the presence of free H2S in
the watermass causes V(IV) to be further reduced to V(III). Mo is sca-
venged from solutions under strongly reducing conditions with free
H2S, in the form of organic-thiomolybdate complexes (Zheng et al.,
2000). As bottom water redox conditions at Meishan evolved from
predominantly oxic with sporadic anoxic conditions in Beds 21–24d, to
predominantly ferruginous conditions with intermittently euxinia in
Beds 24e–28, seawater U, V, and Mo were successively depleted. The
dissolved U reservoir was exhausted first, before the advent of euxinia
in Bed 24e. The oceanic V and Mo reservoirs were subsequently ex-
hausted during the periods of more reducing conditions, coinciding
with the deposition of Beds 24e–27, and prior to the recurrence of
euxinia in Beds 29–34. Our observations of bulk sedimentary U content
agree well with conodont Th/U data, which show a rapid increase in
Th/U ratios from<1 to>78 near Bed 25 (Song et al., 2012). The
depletion of Uxs under ferruginous conditions during the earliest
Triassic is observed across South China, including at the Shangsi section
(Xiang et al., 2016).

A depletion of the oceanic V and Mo reservoirs is corroborated by
the observation that Vxs and Moxs contents in the euxinic interval of
Beds 29–34 are not as high as those in the sulfidic intervals of Beds
24e–28. While lithologic and biomarker evidence suggest that en-
hanced terrigenous sediment input began at Bed 24 and persisted into
Bed 34, Uxs, Vxs, and Moxs values at Meishan do not increase in this
interval (Xie et al., 2007; Algeo and Twitchett, 2010). While the riv-
erine flux of terrigenous U, V and Mo may have increased, it was not
able to keep pace with the enhanced oceanic trace element sink before
the deposition of Bed 34.

The use of U concentrations to reconstruct the extent of local or
regional seafloor anoxia is complicated in situations where the U
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reservoir is depleted to such a degree, However, a nearly synchronous
negative shift in δ238U is observed in sections around the world, in-
cluding in South China (Brennecka et al., 2011; Lau et al., 2016; Elrick
et al., 2017), Turkey (Lau et al., 2016), Japan (Zhang et al., 2018a), and
Iran (Zhang et al., 2018b). This isotopic excursion is seen even in oxic
environments, suggesting that the expansion of oceanic anoxia was
global, affecting both the Paleotethys and Neotethys ocean basins as
well as the Panthalassic Ocean. Furthermore, the abrupt increase in Th/
U ratios seen prior to the EPME in the Meishan section also appears to
be a widespread phenomenon, and is observed in the Dajiang section
(Brennecka et al., 2011), in central Saudi Arabia (Clarkson et al., 2013;
Eltom et al., 2017), in the Daxiakou section (Elrick et al., 2017), and in
the Persian Gulf (Tavakoli and Rahimpour-Bonab, 2012). Our data
support the conclusion that the depletion of oceanic U reservoirs
around the EPME was a global event, likely related to the enhanced
precipitation of U prior to and during the EPME (Ehrenberg et al., 2008;
Song et al., 2012; Takahashi et al., 2014; Zhang et al., 2018b).

Although published Mo and V concentrations from EPME sections
are not as widely available, authigenic Mo and V data from the
Dongpan section in South China (Shen et al., 2012a), the Nhi Tao
section in Vietnam (Algeo et al., 2007), the Idrijca Valley section in
Western Slovenia (Dolenec et al., 2001), the Rizvanuša section in
Croatia (Fio et al., 2010), and the Sverdrup Basin of Arctic Canada
(Grasby and Beauchamp, 2009; Grasby et al., 2013, 2016; Proemse
et al., 2013), displayed a consistent decreasing trend across the EPME
interval. These sections, representing a wide range of lithologies, ex-
perienced different sedimentation rates and were deposited over a
geographic range of thousands of kilometers. The most probable ex-
planation for the decrease in authigenic Mo and V is the global ex-
pansion of anoxic/euxinic watermasses, and the resultant depletion of
the oceanic Mo and V reservoir.

There are several potential factors that could have contributed to
the expansion of anoxia and euxinia, including a decrease in atmo-
spheric oxygen partial pressure, oceanic stagnation associated with
global warming, changes in sea level, or enhanced primary pro-
ductivity. The relative importance of these factors may have varied
between different sections in different regions.

Detailed study on>20 sections demonstrate that wide-spread End-
Permian regression had taken placed in the whole South China (Yin
et al., 2014). Some other sections in Pakistan and Italy had also been
found the evidences for End-Permian regression (Gall et al., 1998). The
End-Permian regression at least is regional, even global. The onset of
this global regression coincides with the base of Bed 24e, and a trans-
gressive surface is located at the base of Bed 27 (Yin et al., 2014, Fig. 4).
Considering the synchronous negative δ13Ccarb shift observed in sec-
tions from across both the Paleotethys and Neotethys basins around the
PTB (S.Z. Shen et al., 2013), it is possible that the drop in sea level may
have caused the formation of a semi-restricted basin at Meishan. This
semi-restricted environment would have developed the deposition of
Bed 24e and continued until the transgression at the base of Bed 27. As
this regression was likely to be a global event (Haq and Schutter, 2008),
it would have generated numerous other semi-restricted anoxic/euxinic
basins, which could have contributed to the depletion of the oceanic
transition metal reservoir.

A slight rise in oceanic temperature within Beds 24–26 relative to
underlying Beds 22–23, and the marked warming in sea surface tem-
perature observed at Bed 27 at the Meishan section (Joachimski et al.,
2012; Fig. 4). Since anoxia is likely to lag the temperature increase,
ocean stagnation as a result of climatic warming may have also con-
tributed to the occurrence of anoxia within Beds 27–34 (Hotinski et al.,
2001; Kiehl and Shields, 2005; Song et al., 2019).

Changes in primary productivity may also have played a role in
driving anoxia, but interpretation is complicated by conflicting lines of
evidence. Back-calculation of organic carbon fluxes based on TOC,
phosphorus, and biogenic barium demonstrate that the primary pro-
ductivity collapsed across South China simultaneous with the EPME

(Algeo et al., 2013; Shen et al., 2013). In contrast, Zn isotope results
suggest that primary productivity may have increased within Beds
26–32 (Liu et al., 2017, Fig. 4), which could have stimulated anoxia
within the mass extinction interval and earliest Triassic.

5.3. Implications of anoxia and euxinia for the EPME

Anoxia has long been viewed as a potential kill mechanism for the
EPME (Isozaki, 1997). The temporal relationship between anoxia and
the EPME, and the duration of anoxic conditions, are two key factors
governing the potential effect of anoxia on marine fauna (Wignall and
Twitchett, 2002; Knoll et al., 2007). Our iron speciation results, in
combination with published macro- and trace fossils and bioturbation
data from the Meishan outcrop section, indicate that anoxia was only
intermittent during deposition of Beds 21–24d, and occurred relatively
infrequently. As a result of the primarily oxic conditions, extinction
rates did not exceed 33% in any beds of the Changhsing Formation
below Bed 24 (Jin et al., 2000). The onset of persistent anoxia occurred
at the top of Bed 24d, slightly earlier than the major mass extinction
horizon at the base of Bed 25, with an extinction rate of 94% (Jin et al.,
2000).

Estimates of anoxic seafloor area around the EPME, based on mass-
balance models of δ238U, have suggested that, while the seafloor was
never pervasively anoxic, drawdown of aqueous U did occur on a
globally significant scale (Elrick et al., 2017; Zhang et al., 2018a,
2018b). The lack of authigenic U and V precipitation under ferruginous
conditions at Meishan just prior to and during the EPME supports this
interpretation, indicating depletion of the oceanic U and V reservoirs.
For this to have occurred, the total volume of anoxic watermasses must
have expanded to some extent. This expansion of anoxia, combined
with other kill mechanisms such as high surface temperatures
(Joachimski et al., 2012; Shen et al., 2019), oceanic acidification
(Clarkson et al., 2015; Garbelli et al., 2017), and metal poisoning
(Grasby et al., 2011, 2017; Wang et al., 2018) may have contributed to
the main pulse of the EPME.

The incursion of euxinic watermasses into the photic zone requires
the quantitatively sequestration of oceanic ferrous Fe by H2S (Raiswell
and Canfield, 2012). The intermittently sulfidic conditions at Meishan,
and widespread ferruginous conditions in the Neotethys Ocean
(Clarkson et al., 2016), suggest that persistent, globally-pervasive eu-
xinia did not occur around the EPME, and was not required to drive the
extinction. If this is the case, it is unlikely that the release of H2S to the
atmosphere was sufficient to kill terrestrial vertebrates, or significantly
affect the ozone shield (Kump et al., 2005; Harfoot et al., 2008). Euxinia
in the Meishan section is mainly confined to Beds 24e–27, corre-
sponding with the complete EPME interval including the principal ex-
tinction at the base of Bed 25 (Jin et al., 2000; S.Z. Shen et al., 2011;
Yin et al., 2012). Previous models have suggested that if> 6% of global
seafloor area became euxinic, oceanic dissolved molybdate would be
quantitatively sequestered in sediments (Takahashi et al., 2014). The
depletion of the oceanic Mo reservoir during the EPME suggests that
euxinic seafloor area exceeded this threshold globally, and may have
played an importantly auxiliary role in the marine EPME.

6. Conclusions

At the Meishan GSSP section, the carbonate sediments of Beds
21–24d were deposited under predominantly oxic conditions, punc-
tuated by occasional anoxic events. These conditions were favorable for
the flourishing of a diverse marine fauna. As the bottom water evolved
toward more persistently anoxic conditions in Beds 24e–28, and the
redox potential of the depositional watermass reached the threshold of
substantial authigenic trace metal precipitation, U and V concentrations
reflect the large-scale regional or global depletion of the dissolved U
and V reservoir. Persistent anoxia during the EMPE interval would have
killed a substantial proportion of aerobic macrofauna. As the redox
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potential decreased further, episodic sulfidic conditions developed,
exhausting the oceanic molybdate reservoir, and possibly contributing
to decreased primary productivity. Free H2S in the water-column would
have acted as an accomplice of anoxia during the EPME, serving as a
proximal macrofauna kill mechanism in some environments.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2020.109626.
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