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The Siberian Traps large igneous province (STLIP) is commonly invoked as the primary driver of global environ-
mental changes that triggered the end-Permian mass extinction (EPME). Here, we explore the contributions of
coeval felsic volcanism to end-Permian environmental changes. We report evidence of extreme Cu enrichment in
the EPME interval in South China. The enrichment is associated with an increase in the light Cu isotope, melt inclu-
sions rich in copper and sulfides, and Hg concentration spikes. The Cu and Hg elemental and isotopic signatures
can be linked to S-rich vapor produced by felsic volcanism. We use these previously unknown geochemical data
to estimate volcanic SO; injections and argue that this volcanism would have produced several degrees of rapid
cooling before or coincident with the more protracted global warming. Large-scale eruptions near the South China
block synchronous with the EPME strengthen the case that the STLIP may not have been the sole trigger.

INTRODUCTION

The end-Permian mass extinction (EPME) was the most severe ex-
tinction event in the past 500 million years (1), with estimated losses
of >81% of marine (2) and >89% of terrestrial species (3). Robust
evidence, supported by high-precision U-Pb dating, suggests that the
EPME was triggered by the >4 x 10° km’ volcanic eruption of the
Siberian Traps large igneous province (STLIP) (4, 5). It has been
proposed that the STLIP eruptions released a massive amount of
greenhouse and poisonous gases (e.g., CO, and SO,), leading to rapid
warming (6, 7), perturbing global carbon, and sulfur cycles (8), po-
tentially causing acid rain deposition, and ultimately expanded anoxic/
euxinic zones in the oceans [e.g., (9)]. In this scenario, a combina-
tion of these factors led to the loss of land plants and the widespread
extinction of tetrapods (3, 10). The links among the global carbon
cycle, climate change, and mass extinction are recorded in the global
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scale 5 to 8 per mil (%o) negative shift in both 813 Ceup and 513C0rg
through the mass-extinction interval (5, 8).

Although the STLIP scenario has been widely accepted (4), tem-
poral links between the mass extinction and volcanism were largely
based on sedimentary records from South China, specifically,
high-resolution isotope dilution thermal mass spectrometry
(ID-TIMS) U-Pb dates from two volcanic ash beds (beds 25 and 28)
at the Meishan section (5). The Permian-Triassic boundary (PTB)
interval is also associated with Hg and Hg isotope anomalies likely
linked to volcanic eruptions (11-13), and these anomalies have been
used to argue for a causal link between the EPME and STLIP [e.g.,
(13, 14)]. The Siberian region does not contain direct fossil data nor
sedimentary geochemical profiles correlative with other PTB sec-
tions. Nonetheless, the correlation in timing and the magnitude of
STLIP has led many to interpret it as the primary cause of the EPME
(8, 13, 14). Geochronological studies suggest the STLIP started ~300
thousand years (ka) before the EPME interval and persisted for
500 ka after the extinction (4), with the main extinction occurring
within an interval of 61 + 48 ka or less (5, 15). By contrast, in the
STLIP region, recent studies showed an earlier prolonged biodiver-
sity decline pattern or no distinct extinction before the STLIP (16).
In addition, more than one-third of the erupted volcanic rocks and
the entire STLIP intrusive magmatism postdated the EPME horizon
(4, 16). These constraints reduce the volume of CO, that could plausibly
have been injected into the atmosphere ocean system during the EPME
(17). These uncertainties have led to suggestions that outgassing from the
STLIP alone may have been insufficient to trigger the global climate and
environmental changes associated with the EPME event [e.g., (16)].

Here, we document evidence for extensive felsic volcanic activity
coincident with the mass extinction—foremost from anomalous cop-
per (Cu) enrichment and large negative Cu isotope (8%°Cu) shifts at
four widely dispersed terrestrial PTB sections in southwest China.
Our data include terrestrial extinction patterns, organic carbon
isotopes, Cu and mercury (Hg) concentrations and isotopes, wide-
spread distribution of coeval volcanogenic materials, and geochemical
analyses of melt inclusions in volcanogenic materials from the
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EPME interval. This evidence is best interpreted as the result of vast
explosive felsic “super-eruptions” (18) from a continental volcanic
arc associated with the opening of the Neotethys or closure of the
Paleotethys (19). Translating these data into estimates of SO, injec-
tion and temperature changes, we suggest that felsic volcanism in
South China was a key contributor to the environmental deteriora-
tion that led to the EPME.

Geological background

During the Permian-Triassic transition, the South China block was
situated in the tropical eastern Paleotethys and accumulated the most
complete PTB record. Most previous PTB studies have focused on
marine sedimentary records with relatively few studies of the terres-
trial EPME (5). The geochronologic, geochemical, and paleoclimate
proxy data presented here, along with extinction patterns and marked
changes in terrestrial depositional systems and widespread volca-
nogenic materials, establish links between volcanism and the EPME
on land. The four terrestrial PTB sections discussed here are the
Guanbachong (GBC), Lubei (LB), and Taoshujing (TS]) sections in
Yunnan and the Longmendong (LMD) section in Sichuan, South China
(fig. S1). The relevant strata in these sections are the Lopingian
Xuanwei formation, the Permian-Triassic transitional Kayitou for-
mation, and the Lower Triassic Dongchuan formation. They were
deposited in swamp and shallow lacustrine environments, and a
calm, ever-flooded aqueous environment to semiarid alluvial flood-
plains with braided river systems, respectively (fig. S2) (20, 21).

The terrestrial EPME in South China

The EPME horizon in the studied sections is defined by the disap-
pearance of the palaeotropical rainforest-type Gigantopteris flora in
the upper Kayitou formation (i.e., coincident with the Cu and Hg
enrichment intervals in the volcanogenic materials discussed below;
Figs. 1 and 2). The rainforest-type Gigantopteris flora is highly diverse

and abundant in the Lopingian (Late Permian) coal-bearing Xuanwei
formation and the lower part of the Permian-Triassic transitional
Kayitou formation (20, 21). In the middle part of the Kayitou for-
mation, tiny plant fragments (e.g., Germaropteris and Tomiostrobus
sinensis) and Permian-Triassic transitional conchostracans began to
dominate the community, but typical Permian plant species persisted.
The Cu-enrichment and Hg anomalies occur at an interval between
0.8 and 6.65 m thick in the volcanogenic sandstone immediately
above the mass disappearances of the species of Gigantopteris flora.
In the Cu-enriched interval, charcoal is abundant (20-22), and the
homogenized cell walls in charcoal fragments suggest that they were
products of the ignition of living plants (Fig. 1, D and E, and fig. S3).
Although these charcoalified remains are not identifiable to genus
or species, they indicate widespread wildfires in Permian tropical
forests. Organic carbon isotopic analyses of both bulk rocks and
charcoals show that the 813C0rg values in the Kayitou formation are
notably more negative than those in the Xuanwei formation, with a
negative excursion of 4.08%o immediately above a volcanic ash bed
at the last coal bed. Reflectance values of charcoal are high below the
ash bed but become much lower in the overlying Kayitou forma-
tion, indicating the paleo-wildfire types have changed from crown
fires to surface fires as rainforests declined during the extinction
(22). Therefore, the interval from the last horizon containing abun-
dant plant fossils to the last charcoal-rich level constrains the EPME
interval in the terrestrial ecosystem in southwest China (20, 21). In
the field, this interval can be readily identified by changes in rock
color from alternating greenish/brownish to maroon dominated and
by the presence of widespread syndepositional sandstone breccia and
pedogenic calcite nodules commonly with a fungi spike. Together,
these features signify the rapid collapse of soil systems during and
after the destruction of the vegetation (figs. S2 and S4). Upsection
mudrocks display a purely purple color without plant fragments,
which indicates a seasonally dry environment (20, 21).

Fig. 1. Photographs and photomicrographs of the Cu-rich sulfide and charcoal from the terrestrial Permian-Triassic transition. (A) Rock sample from TSJ-71a, TSJ
section; (B) rock sample LB-16 from LB section; (C) rock sample from GBC-3b-3, GBC section; (D) rock sample of bed TSJ-71a with malachite and charcoal from TSJ section;
and (E) rock sample of bed LMD-38-2 with malachite from LMD section. Photo credit: H. Zhang, Nanjing Institute of Geology and Palaeontology.
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Fig. 2. Organic carbon isotope (8'>Coyg), TOC, Hg/TOC, mercury concentration (Hg), mercury MDF (62°?Hg) and MIF (A'*’Hg), copper concentration (Cu), and isotopes
(8%5Cu) of study sections. (A) GBC section, (B) LB section, (C) LMD, and (D) TSJ section. The red dashed lines indicate the estimated PTB based on (20, 27). Gray bars are the terrestrial
EPME intervals. The horizontal bars in the isotope profiles indicate SD (2c) values, which, in many cases, are smaller than the symbol size. Source data are provided in tables S1to S4.

The 8" Coyq excursions associated with the EPME in the GBC,
LMD, and LB sections have been previously reported (20-22). Our
613C0rg data from the TSJ section confirm a 5 to 8%o 813C0,g shift
within the extinction interval (Fig. 2). Similar negative shifts in
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terrestrial sequences have also been reported from the North China
block (23), the Karoo basin (24), eastern Australia (10), and eastern
Greenland (25), suggesting that the terrestrial carbon cycle pertur-
bation was a global phenomenon. This 813C0rg negative excursion is
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commonly associated with the globally recognized §'>C 1, negative
excursion in marine PTB sections (e.g., Meishan and Greenland),
which has been widely used for correlation between the terrestrial
and the marine EPME (20, 21, 25).

RESULTS

Cu concentrations and Cu sulfide

A total of 128 samples were analyzed for a full suite of major and
trace elements from the four terrestrial PTB sections (Appendix A
in the Supplementary Materials). Notable Cu enrichments occur at
the terrestrial EPME interval at all four sections (Figs. 1 and 2, fig. S4,
and table S1). Bulk rock Cu contents increase from a background level
of <500 parts per million (ppm) to greater than 10,000 ppm in the
EPME interval at all sections and up to 40,044 ppm at the LMD
section. In the overlying sandstones of the Lower Triassic Dongchuan
formation, the Cu contents dropped below 50 ppm. The copper-rich
interval is 1.2 m thick at GBC, ~3.7 m at LMD, 0.8 m at LB, and
6.65 m at TSJ, respectively (table S1). The high Cu concentration
is associated with Cu-rich minerals such as malachite and chalcocite.
Green oxidized malachite can be seen in the stratigraphic interval
(Fig. 1). The malachite minerals are often associated with abun-
dant charcoal, but many form small concretions of droplets on bedding
planes (Fig. 1, C and E).

The copper sulfides are predominantly hosted in the volcano-
sedimentary sequence at the PTB; no sulfides have been found
stratigraphically below or above the boundary. These Cu-rich
sulfides are chalcocite group minerals in thin layers or lenses and
are coarse grained, anhedral, and homogeneous without replace-
ment by other sulfides. The secondary mineral is malachite, as over-
growths or filling in fractures within the sulfides. In addition to the
sulfides in lenses or layers, abundant sulfide inclusions occur in
anhedral quartz in the volcanogenic rocks. The quartz crystal frag-
ments containing melt inclusions are euhedral to subhedral, homo-
geneous, and have sharply angular outlines, which is consistent
with a volcanic origin (Fig. 3 and fig. S6G). Mineralogical and
chemical studies of melt inclusions in quartz crystal fragments
from the sample (TSJ-71a) within the Cu and Hg peaks at the
TS]J section (Fig. 1A and fig. S6F) indicate Cu concentration up to
186 ppm and are acidic in composition with SiO, contents of 76.5 to
77.2 weight % (wt %) (Fig. 3, C and D, and table S6). They are char-
acterized by an average Cu:S ratio of 1.8 and analyzed by energy-
dispersive x-ray spectroscopy after being exposed to the surface
(Fig. 3B).

8%°Cu excursions

A total of 64 samples from the four sections were analyzed for §°°Cu
and showed an overall variation from —1.52 to 1.11%eo (table S3). All
four studied sections show distinct §*°Cu excursions that were con-
temporaneous with the Cu enrichment across the EPME interval
(Fig. 2) (see more detailed description in the Supplementary
Materials). Before the extinction horizon, the 8°Cu values show a
relatively small variation around zero in all sections (table S3), con-
sistent with those of igneous rocks, and suggesting that volcanogenic
detrital materials from terrestrial weathering were the primary source
of sedimentary Cu (Figs. 1 and 2 and tables S3) (26, 27). However,
different patterns of 3°°Cu are observed through the extinction
horizon in different sections (Fig. 2). At the two sections associated
with higher Cu enrichment (~40,000 ppm, LB and LMD sections),
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there was a distinct negative excursion of 8°°Cu (to —1.16 and
—1.52%o, respectively) immediately below the extinction horizon,
followed by a return to the preextinction value (LMD) or a gradual
positive shift to 0.53%o (LB). In contrast, the GBC and TS] sections,
which are associated with relatively lower Cu enrichment (~10,000 ppm),
show a slight negative excursion at the extinction horizon, followed
by a rapid and strong positive shift (to 0.99 and 1.11%o, respec-
tively) above the extinction interval. The negative excursions in
8% Cu across the Cu-enriched intervals (i.e., within the EPME horizon)
are inconsistent with oxidative surface weathering and metal re-
enrichment process as a source of the Cu enrichments, which would
produce higher 8**Cu values in the Cu-enriched intervals [e.g.,
(26, 27)], implying other large allochthonous input.

Hg concentration and Hg isotopes

Hg elemental and isotopic abundances have been widely used as
chemical proxies of global volcanic events, particularly in the EPME
(12). The Cu-rich horizon also contains a distinctive Hg enrich-
ment. The peak Hg concentrations are 39 parts per billion (ppb) at
GBC, 101 ppb at LMD, 462 ppb at LB, and 300 ppb at TS], whereas
the background values above and below the extinction interval are
one to two orders of magnitude lower (Fig. 2, fig. S4, and table S1,
Appendix A in the Supplementary Materials). Since Hg is hosted
mainly by organic matter, Hg concentrations were normalized to
total organic carbon (TOC) to discern enrichments independent
of variations in TOC. Our analyses of TOC from the four sections
indicate that TOC in the Lopingian Xuanwei formation is highly
variable. The Hg enrichment cannot be interpreted as enhanced
scavenging by organic matter because the TOC-normalized Hg
(Hg/TOC) shows similar spikes to the Hg concentration. The highest
Hg/TOC spikes from the EPME interval in the four sections range
from 2 to 1199 ug/kg per wt %, whereas the Hg/TOC ratios above
and below the extinction interval are generally lower except for a
few individual samples (Fig. 2, fig. S4, and table S1).

We also observed distinct shifts in both mass-dependent frac-
tionation (MDF; represented by 8°"’Hg) and mass-independent
fractionation (MIF; represented by A'*’Hg) of Hg isotopes across
the EPME transition but with different patterns in the four sections
(Fig. 2; see detailed description in the Supplementary Materials). In
both GBC and T§J sections, A"’Hg shows a negative shift from 0.05
to —0.11 and —0.07 to 0.01%o at the extinction horizon, accompanied
by a positive shift of 8***Hg from —2.05 to —0.15%o (i.e., the magni-
tude of the shift is 1.9%o) and from —1.49 to —0.50%o, respectively
(Fig. 2 and table S4). In contrast, at the LB section, both A!Hg and
§202Hg fluctuated around 0.0%o from the Xuanwei formation to the
lowest Triassic, with relatively minor excursions present at the ex-
tinction intervals (Fig. 2B). At the LMD section, a positive shift of
A" Hg and a minor negative excursion of 5°°*Hg are slightly dis-
played (Fig. 2C and table S4).

DISCUSSION

The primary depositional signature of Cu anomalies

Copper enrichments (compared to the Earth’s crust average of
28 ppm) [e.g., (28)] are most commonly associated with secondary
mineralization. However, neither hydrothermal systems nor weath-
ered products from the parent materials at other horizons are plausible
explanations for the extreme Cu enrichments in our studied terres-
trial EPME interval. These Cu enrichments consistently occur in
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8i0,: 76.8 wt %
u: 167 ppm

Fig. 3. Photomicrographs of inclusions. (A and B) Sulfide inclusions in anhedral quartz and (C and D) melt inclusions in quartz crystal fragments. Sample TSJ-71a from
the Cu-enriched horizon of the TSJ section in Fig. 1A. Photo credit: Z. Chi and P. Ni, Nanjing University.

a consistent, narrow stratigraphic interval independent of lithology
and extend over geographic distances of >340 km (fig. S1). Although
a recent provenance study suggests that the sandstones in the Lo-
pingian Xuanwei formation are partly derived from the underlying
Emeishan eruptive materials (29), no distinctive Cu and Hg anom-
alies are found at horizons below or above the EPME interval (Fig. 2
and fig. S4). Cu concentrations are reduced in the sections affected
by seawater and usually not detected from normal marine sections,
while Hg anomalies are widely found, potentially because copper
(II) sulfide has a much higher solubility in seawater than mercury
(II) sulfide (30).

The sharp negative 8**Cu peaks correspond to much higher Cu
enrichments (LB and LMD sections), allowing us to exclude further
post-depositional transformation of weathered materials into Cu-
rich sulfides under reducing conditions (26). The redox transfor-
mation of Cu in surface environments would enrich **Cu (thus
lower §%°Cu values) in secondary sulfides (27, 31). Because of the
Cu isotope mass balance, the higher enrichment of Cu derived from
this redox mobilization process would be associated with a §*°Cu
close to that of the initial weathered materials, contrary to our ob-
servation that the Cu enrichments are associated with anomalously
negative 8%°Cu values (Fig. 2) (see more detailed discussion in the
Supplementary Materials). However, given the current understand-
ing of Cu isotope systematics, the sharp negative peak in §°°Cu and
the simultaneous strong Cu enrichment observed across the EPME
in the LB and LMD sections are best explained by the direct input of
Cu (I) sulfide emitted from nearby felsic volcanism (Supplementary
Materials). Below, we propose and develop the idea that large-scale
felsic volcanism around the South China block is the source of the
Cu and Hg anomalies, rather than the STLIP.

Zhang et al., Sci. Adv. 7, eabh1390 (2021) 17 November 2021

Cu and Hg anomalies linked to felsic volcanism near

the South China block

Several lines of evidence indicate that intensive felsic volcanism near
the South China block occurred around the EPME interval. First,
volcanic tuffs and pyroclastic sandstone in southern and southwestern
parts of South China (15, 21, 32) and intermediate-acidic volcanic
and intrusive rocks have been widely reported at the PTB interval in
southern and southwestern China and northern Vietnam (33, 34), the
Jinshajiang orogenic belt in southwest Yunnan, and eastern Kunlun
mountains in northwestern China (32, 35, 36). These suggest magmatic
arcs within the Paleotethys and Neotethys oceans were distributed
widely over 1200 km. Second, high-precision geochronologic studies of
those volcanogenic materials are consistent with the EPME in age. Five
chemical abrasion (CA)-ID-TIMS dates from the tuff/tuffaceous sand-
stone at Penglaitan, Guangxi, were dated with the EARTHTIME ***Pb-*>
Pb-?*U-?>°U tracer solution between 251.991 #+ 0.029 and
251.903 + 0.030 Ma (15). A CA-ID-TIMS date from a tuff bed at
Heshan, Guangxi, was dated 252.41 + 0.08 Ma with the MIT-mixed
23y-57-2pb tracer solution. Seven zircon grains were analyzed
from the tuffaceous sandstone sample with the highest Cu peak at
the Guangbachong section (GBC3b) and cluster around 252 to 253 Ma,
overlapping with the date of bed 25 at Meishan (21). The ages of two
ash beds in the EPME interval at the marginal marine Zhongzhai
section and one ash bed at the terrestrial Chahe section in Guizhou
near the studied sections are consistent with bed 25 at Meishan (21).
Third, we propose that the Cu concentration and isotope anomalies
were most likely derived from the direct deposition of sulfide drop-
lets from magmatic vapor or aerosols in association with large-scale
felsic eruptions. Melt inclusions are preserved in quartz crystal frag-
ments that represent the burst splinter of phenocryst in magma
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during explosive eruptions. Given the low diffusion coefficient of
Cu (<1077 m?/s) during diagenesis (37), the high Cu concentra-
tions of the melt inclusions suggest that the original magmatic en-
vironment was enriched in Cu. The Cu/S ratios and a low Fe content
(Fig. 3B) suggest that the sulfides are similar to the sulfide precipi-
tation in vapor-rich inclusions in magmatic phenocrysts and sulfide
inclusions in fumarole sublimates. These lines of evidence together
suggest that these sulfide droplets were from a magmatic vapor or
aerosol (38), and their consistent mineralogical and chemical com-
positions with the host volcanogenic materials strongly indicate an
origin from the nearby felsic volcanism.

Chalcocite group minerals can occur as supergene products
near porphyry Cu deposits (~10 km) and were formed by com-
plex processes including leaching, oxidation, and replacement of
previous sulfides. Such a supergene genesis for the EPME Cu
sulfides is contradicted by the extraordinarily widespread distri-
bution of the chalcocite enrichments (>90,000 km?), their tight
restriction to the EPME interval, and the absence of typical re-
placement textures.

The evidence presented here is also inconsistent with the nearby
massive Emeishan basalts as a candidate Cu source. Underlying or
adjacent altered basement containing basalt-dominated volcanic
rocks is often an important source of Cu for some strata-bound copper
deposits (39). Extremely thick red bed and evaporite sequences are
essential to provide the oxidized brine to leach and transport soluble
cupric compounds from the basalt. However, the geochronologic
data and the lack of nearby thick red bed sediments precludes Cu
leaching from Emeishan basalts. Moreover, if the Cu had been leached
from basement basalts, then enrichment zones should occur at var-
ious overlying horizons with reducing facies; no leaching model can
account for the restriction of the Cu to a specific time-equivalent
stratigraphic interval in a wide area. Therefore, the Cu-rich sulfides

must either be a primary deposit or were formed by in situ leaching
from the volcanogenic materials with high Cu concentration in these
strata. In addition, the 8**Cu of primary sulfides deposited from
magmatic vapor under volatilization typically have low §°*Cu values
(Fig. 4). This is because extreme degassing results in highly negative
8%Cu values of the vapor due to the ®Cu depletion from the mag-
ma during the initial stages of degassing prior to a massive eruption
(Fig. 4) (26, 40). This is consistent with the negative 8%Cu values
observed in the LB and LMD sections, suggesting that the highly
enriched Cu in these two sections most likely captured more depo-
sition of Cu(I) sulfide droplets from the volcanic plume.

In comparison with the LB and LMD sections, in the GBC and
TSJ sections, the Cu-enriched layers exhibit a negative 8°Cu excur-
sion of smaller magnitude. We interpret this pattern to reflect
the admixture of other materials with relatively low Cu contents but
higher 8%Cu in addition to the input of Cu (I) sulfide from the vol-
canic plume. This hypothesis is consistent with the much lower Cu
enrichment in these two sections compared to the LB and LMD
sections (Fig. 2, B and C). These additional materials could be soils
or organic materials derived from increased continental weathering
(20). Volcanic eruptions caused widespread wildfires (22) and wiped
out the end-Permian Gigantopteris-bearing rainforest vegetation
in South China, resulting in a rapid collapse of the soil system and
enhanced weathering (20, 21). The GBC and TSJ sections may have
captured the products of the oxidative weathering, which is en-
riched in ®*Cu (Supplementary Materials). Abundant fossil charcoal
representing terrestrial vegetation debris (see fig. $3) found in these
two sections supports this hypothesis (21, 22).

The associated Hg concentration spikes are consistent with pre-
viously published records from both marine and terrestrial sections
and confirm the existence of extensive volcanism that coincided
with the EPME event; however, all the Hg spikes and Hg isotopes in
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Fig. 4. Rayleigh fractionation model describing the 5°*Cu and 5?°*Hg compositional evolution upon increasing degrees of magmatic degassing of volatilized Cu and Hg.
(R), Cu; (B), Hg. The fraction of Cu and Hg remaining in degassing magma is denoted by f — [x]magma- The magma (inst.), vapor (inst.), and vapor (total) denote the 5%°Cu
and §2°2Hg compositional changes in the residue magma, instantaneous, and cumulative extracted fluids by Rayleigh fractionation; dotted, solid, and dashed lines, respectively.
The blue and red shaded areas along the modeled curves represent the range of observed §°°Cu and §**Hg values upon approaching the PTB, respectively. The large
range of decreasing 8*°Cu and increasing §2°2Hg values in conjunction with massive Cu and Hg enrichments at the terrestrial EPME sections in South China indicate that
the metals were sourced from volcanic emissions through substantial degrees of degassing, transport, and deposition of magmatic Cu- and Hg-sulfide minerals.
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the EPME interval, including those from South China, have been
interpreted as sourced from STLIP (11, 12). The data presented here
suggest—or are at least consistent with—a regional source rather
than the distant STLIP as the major metal source. In the LB and LMD
sections, the A"’ Hg values show little variation across the Hg spike
intervals with an average value close to zero (Fig. 2, B and C). These
circum-zero odd MIF values are consistent with direct volcanic emis-
sion, as shown by measurements of air samples from modern volcanic
fumaroles (41), and indicate a primary Hg source from local volca-
nism rather than from more distant volcanic emissions. The reason
is that Hg from remote volcanic emission typically shows positive
MIF values (13) due to photochemical redox reactions of Hg during
its atmospheric transport. Therefore, the majority of Hg emitted by
STLIP would likely mix with the background atmospheric Hg and
participate in the global cycle, which would develop positive MIF
before its deposition to land and marine surfaces. In contrast, oxi-
dized Hg [i.e., gaseous Hg(II) and particulate Hg] emitted by local
volcanism can deposit in very proximal locations due to their short
atmospheric residence time (days to weeks) (42) and are thus more
likely to retain their original circum-zero MIF. Thus, the lack of
notable positive shift of Hg MIF in the LB and LMD sections sug-
gest a dominant input of oxidized Hg species emitted by local volca-
nism rather than a more distant LIP source.

The relatively lower H§/TOC ratios (compared to LB and LMD
sections) and negative A'* Hg peaks (Fig. 2) lend further support to
a higher continental contribution of Cu in both GBC and TS] sec-
tions (Fig. 5). In these two sections, the negative excursion of A"’ Hg
observed in the Cu-enriched layers is consistent with the range of
A" Hg in terrestrial soil and vegetation (43). In general, continental
soils and vegetation have slightly negative odd MIF (43). Similar

negative excursions of odd MIF across the EPME have been observed
in several marine sections globally (13) and were interpreted as evi-
dence for enhanced terrestrial weathering and erosion due to the loss
of vegetation. As a result, the negative excursion of A'”Hg in GBC
and TSJ sections may indicate accelerated rates of terrestrial weath-
ering due to wildfires and devegetation and collapse of soil systems
as evidenced by abundant fossil charcoal (see further discussion in
the Supplementary Materials) (20-22).

Explosive super-eruptions from South China linked

to the EPME event

The Cu- and Hg-rich intervals from the four studied terrestrial sec-
tions are correlative with the EPME interval at the Meishan section
based on biostratigraphic and geochronologic data, global 8" Corg
excursions, and Hg anomalies (20, 21). Data presented here strongly
support the source of the massive Cu and Hg enrichments at the
terrestrial EPME sections in South China from magmatic vapor
erupted from nearby felsic super-eruptions (Fig. 5). We argue that
these data and interpretations are inconsistent with degassing and
other environmental triggers generated by the STLIP as the sole trigger
of the EPME event (4, 5). Rather, because metal enrichment event
derived from explosive volcanism correlates precisely with the glob-
al negative excursions of 813C0rg, which marked the EPME event on
land and in the sea (10, 20, 21, 25) and based on basic assumptions
about the effects of explosive felsic volcanism, this process likely
triggered regional or possibly global environmental changes and
the EPME. The thickness and number of ash beds and pyroclastic
material and distributions of volcanic rocks have been commonly used
to estimate source distances (44). Although detailed thickness data
and high-precision dates of many ash beds around the PTB in South

Atmosphere Volcanic plume

Tethys ocean

’ South
oloJolelelelolole)o)®

China
continental
crust

Sediments with high Cu
enrichment (~10,000-

40,000 ppm)

Continental
lithospheric
mantle

Oceanic Deep feeder
lithosphere magma
Legend e Sulfur-richgas o Cu(l)sulfide > Bri

ne ; Gas flow

Fig. 5. Schematic showing the formation process of the copper-rich deposits within the EPME interval in South China. The copper-rich deposits during the EPME
interval at GBC and TSJ sections showing relatively less input from volcanic aerosol and more from vegetation, soil, and oxidative weathering; whereas the deposits at LB
and LMD sections showing more input from volcanic aerosol and relatively less from vegetation, soil, and oxidative weathering.
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China are not available, there is a general increase in thickness and
number from northern to the southern and southwestern parts of
South China. Coarser pyroclastic materials outcrop widely in Guangxi,
Guizhou, and Yunnan provinces in South China (fig. S6) (15, 21, 32)
and intermediate-acidic volcanic and intrusive rocks are widely dis-
tributed in western Guangxi, Yunnan, and Hainan; northern Vietnam
(33, 34); and eastern Kunlun area in northwestern China (fig. S7)
(32, 35). Paleogeographic mapping of previously reported volcano-
genic felsic materials and Hg anomalies within the EPME interval
show them mainly distributed around the Tethyan ocean and the
Palaeo-Pacific margin of southern Gondwana (fig. S7), indicating
eruptive centers south or/and southwest of the South China block
rather than Siberia.

Silicic explosive volcanism as the source responsible for the
extreme metal enrichment within the EPME interval in South China
rather than STLIP is also consistent with lithological evidence from
ash beds in Meishan and other PTB sections in South China. Despite
the fact that the causal linkages between Hg spikes across the EPME
from other regions and the super-eruptions from South China are
uncertain, coeval silicic eruptions have been reported from eastern
Australia (10, 45), South America (46), southern Africa (47), and
West Antarctica (48) (fig. S7).

We can estimate a minimum total volume of Cu released, as-
suming that the Cu-rich horizon is about 1.0-m thick (as observed
in the field). A conservative estimate (using the documented range
of the enrichment) would be >1.9 billion tons of Cu from South China
Block volcanism. This is equivalent to the mass of Cu in ~9100 to
18,100 km® of magma with 100 or 50 ppm Cu, respectively. Pre-
vious studies of large-scale volcanic eruptions (49, 50) indicate the
eruption of this volume of magma could emit a few billion tons of
SO, (Fig. 6) (50). Corroborating evidence of a massive release of
volcanic SO, is provided by the significant Hg enrichment (~47,000 tons)
and the large range in negative 5°**Hg isotope values observed within
the Cu-rich horizon (Figs. 4 and 6; see the Supplementary Materials).
For example, the Hg/SO, mass ratios representative of emissions
from large-scale explosive volcanic eruptions lie between 10> and
2 x 107* (51), from which we estimate 0.24 to 4.71 billion tons of
SO, would have been emitted; this minimum eruptive flux is ~10 to
200 times than the modern annual volcanic SO, flux (49, 50). Model
estimates from the Community Earth System Model 1 suggest such
a massive SO, release would lead to immediate post-eruptive atmo-
spheric cooling of >4°C on a thousand-year time scale [e.g., a brief
“volcanic winter”; (15, 52)] before the previously reported rapid
global warming across the EPME [also supported by a recent thal-
lium isotope study (53)] (15). However, multiple factors, such as the
extent of sulfur aerosols penetrating the tropopause to the strato-
sphere, would have affected the actual extent of atmospheric cooling
[e.g., (54, 55)]. There is tentative evidence from conodont oxygen
isotopes for an estimated 4°C cooling at the EPME at the highly ex-
panded Penglaitan section in Guangxi province (6, 7, 15), which is
close to the minimum Hg- and Cu-based cooling estimates (Fig. 6;
see the Supplementary Materials). Furthermore, recent modeling re-
sults (56) indicate that a warming climate, such as induced through
the long-term input of CO; into the atmosphere from volcanism,
can effectively amplify short-term atmospheric cooling effects through
the enhanced delivery into and increased residence time of SO, in
the stratosphere from massive explosive felsic volcanism events at
scales similar to what is predicted from Cu and Hg mass balance
data presented in this study (Fig. 6).
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Fig. 6. SO, yield per eruption as a function of eruption magnitude, k. The estimated
SO, yield per eruption is determined through Hg mass balance (gray area), constrained
by Hg/SO, emission estimates for eruptive volcanic events and the mass of Hg in
the deposit (57). Independently, the estimated SO, yield per eruption, determined
through Cu mass balance (blue area), as constrained by the total mass of Cu in the
deposit, the estimated Cu concentration, and the resulting volume of magma erupted.
The eruption magnitude, k, is proportional to the SO, yield per eruption (solid line),
where it is extrapolated to higher magnitude eruptions (dashed line) (50). Both the
Hg- and Cu-derived SO, emission estimates are consistent with each other and suggest
that the eruption was massive and similar in eruption magnitude and SO, yield as
the Young Toba Tuff and Laki eruptions (red triangles) (75, 76). Notably, it is expected
that massive felsic volcanism in South China and rapid global cooling induced by
injection of SO, in the stratosphere followed by the massive injection of CO, into
the atmosphere and subsequent atmospheric warming across the EPME from the
STLIP event enhanced the severity of the mass extinction event at the PTB. Furthermore,
the SO; flux estimates from felsic volcanism in South China are considered mini-
mums, since the total mass of Hg and Cu within the EPME interval considered in
this study does not take into account the additional mass of Hg and Cu dispersed
beyond the deposit in South China. The estimated cooling of the average global
annual surface temperatures due to SO, emissions into the stratosphere is shown
for a range of past large volcanic eruptions (77-79). Although most of these past
large volcanic eruptions have not created conditions that induce mass extinction
events, this comparison highlights the potential for much larger swings in tem-
perature over the Paleocene-Eocene Thermal Maximum (PETM) than traditionally
envisioned. ka B.P., thousand years before the present.

Therefore, this work strongly suggests that there was rapid cool-
ing, likely >4°C (as a global average; and in the South China Block),
followed by an abrupt warming in the end Permian. This tempera-
ture trend is consistent with a marked sea level fall at the onset of
the EPME followed by an immediate transgression (15, 57). This raises
the intriguing possibility that the temperature swings in this time
interval were even more pronounced than previously estimated. Rapid
cooling on top of longer-term warming increases the climatic ex-
tremes experienced by terrestrial ecosystems. This bolsters the case
that environmental degradation due to rapid climate shifts was an
important kill mechanism during the end-Permian biotic crisis.

For comparison, cooling has been invoked as the kill mechanism
for the K-Pg mass extinction, with pronounced biotic effects in areas
that do not typically experience freezes [e.g., (58, 59)]. Nonetheless,
note that pronounced cooling may have limited biotic effects [e.g.,
(60)] if the temperature change occurred over tens to hundreds of
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years as has been predicted with basalt SO, injections [e.g., (61)].
However, the aerosol fallout times for explosive felsic volcanic
events can be rapid [e.g., (62)]. In this light, negative biotic effects
need not only come from cooling but also from rapid warming.
Consistent with this idea, rapid drops in aerosol concentrations can
produce warming velocities that surpass even recent and predicted
future anthropogenically induced warming—markedly increasing
habitat fragmentation and extinction risk (63). There will be uncer-
tainties in any attempt to link SO, injection rates to an exact extent
of cooling and subsequent warming. However, the potential for such
a massive release of SO,—preceding an interval of potentially
unprecedented extent of warming—provides an obvious impetus to
develop a more robust estimate of the climatic and biotic effects of
end-Permian South China explosive volcanism.

The extreme Cu enrichments, Hg concentration spikes, presence
of melt inclusions with rich Cu, and sulfides within the EPME inter-
val in South China presented here cannot be explained by late-stage
hypothermal fluids, by surface transport with organic materials, nor
through distant aerosol transport from STLIP. A massive output
of Cu, Hg, and S derived from explosive super-eruptions near the
South China Block during the closure of Paleotethys or opening of
Neotethys are the most likely explanation for these geochemical
patterns and a plausible stressor of the terrestrial EPME, at least, in
South China (Fig. 5 and fig. S7). This conclusion does not reject the
close temporal correlation between the EPME and STLIP nor the
possible involvement of STLIP in the extinction as the data presented
here does not allow us to evaluate the relative contribution of the
STLIP to the EPME. At present, there is no known causal con-
nection between subduction-related volcanism and the eruption of
STLIP. However, the apparent coincidence of these events should
be the source of future investigations.

MATERIALS AND METHODS

Materials

We sampled four terrestrial Permian-Triassic boundary sections in
South China. They are the GBC, LB, and TS]J sections in Yunnan
Province and the LMD section in Sichuan Province. For sample
numbers, their detailed stratigraphic positions of all samples, and
their results, see the Supplementary Materials, Fig. 2, and table S4.

Major and minor elements analysis

For major and minor elemental analyses, all samples were ground
to 200 mesh and digested using a multi-acid digestion (HNO;—HF—
HCI) protocol (64). After completing digestion, these solutions were
analyzed for the target elements on a quadrupole inductively coupled
plasma mass spectrometer (ICP-MS) and ICP optical emission spec-
trometer at Nanjing Institute of Geology and Palaeontology (NIGP),
Chinese Academy of Sciences. Mercury concentrations were deter-
mined using a Direct Mercury Analyzer (Lumex RA-915F) at Tianjin
University, China.

Organic carbon isotope analysis

For organic carbon isotope (SBCorg) analyses, the sample powder
was treated with a mixture of 18% HCI and 40% HF to remove
carbonates and silicates. The insoluble residues were rinsed with
18.2-ohm deionized water until neutral, after which the residues
were dried in a furnace at 70°C overnight. Analyses of 813C0rg were
carried out using a Finnigan MAT-253 MS at NIGP. The analytical
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precision is better than +0.1%eo for 513C0rg. The decarbonated sam-
ple powder (~20 mg) was capsuled and combusted at 950°C to mea-
sure the TOC content using Thermo Fisher Smart NC elemental
analyzer at NIGP. The 813C0rg data are reported as per mil relative
to Vienna Pee Dee belemnite standard.

Cuisotope analysis

Copper chemical purification was carried out in an overpressured
air-filtered cleanroom at the Institute of Surface-Earth System Science
(ISESS) of Tianjin University. Fifty milligrams of samples were dis-
solved in 3 ml HF-HNOj (1:1) mixture at 190°C for 48 hours in
precleaned Teflon beakers. The resulting solutions were evaporated
to dryness on a hot plate at 95°C, and then 1 ml HNO3 was added
to the samples and dried down to remove HF completely. One
milliliter of 8.2 M HCI + 0.03% H,O, solution was added to each
beaker and maintained at 120°C for 12 hours in an oven. The
contents were evaporated to dryness and added 0.25 ml of 8.2 M
HCI + 0.03% H,0, to dryness again. This procedure was repeated
three times to ensure achieving complete conversion of cations to
chloride form.

The protocol of Cu chromatographic separation was adapted from
the method by Maréchal et al. (65). Briefly, Cu was separated from
the matrix using anion exchange resin (0.9 ml; 200 to 400 mesh; AG
MP-1M, Bio-Rad). After the resin was cleaned with 18.2 megohms
of Milli-Q water and 2 M HNOs, the conditioning of the resin and
the loading of the sample (~1000 pg of Cu in 1 ml) were performed
using 8.2 M HCI + 0.03% H,0O,;. The matrix elements were eluted
with 4 ml of 8.2 M HCl, and Cu was collected in the following 8.2 M
HCI (10 ml). The collected Cu fraction was dried, dissolved in 14 M
HNOj; (0.1 ml) and dried again to remove HCl traces. The purified
Cu fraction was redissolved in 2% HNQj; for ICP-MS and multicol-
lector (MC)-ICP-MS measurements. Elemental concentrations were
measured on ICP-MS NexION 300X (PerkinElmer, USA), with a
precision better than 5% (2 SD). The recovery of the procedure
for Cu was assessed by BHVO-2 and JB-2, and the average value of
yield was 98 + 4% (n = 8). The total procedural blank was less than
0.1 ng (n = 6) for Cu. In most cases, it represented less than 0.1% of
Cu from samples and had no notable influence on isotope ratio
measurement.

The copper isotopic composition was measured using a Neptune
Plus (Thermo Fisher Scientific) at ISESS. Instrumental mass frac-
tionation effects were corrected using a model of standard sample
bracketing with internal normalization, and Ga (NIST SRM 3119a)
was used as an internal standard, which was added to both sample
and standard solution (65, 66). Each measurement consists of a block
of 90 cycles of 2 s each, with an outlier exclusion algorithm at 2¢
level. All data are presented in delta notation with respect to the
NIST SRM 976 international reference material (65)

65/63
sample

65/63
NIST 976

§%Cu = [ - 1] x 1000 (1)

An in-house ERM AE 647 Cu standard was calibrated against
the NIST 976 at §*Cuggy e47/:n1sT 976 = 0.20 £ 0.05%0 (2 SD, 1 = 62)
and compared with 0.21 + 0.05%o, measured by Moeller et al. (67).
8%Cu of the basalt standard reference material BHVO-2 was mea-
sured at 0.12 + 0.04%o (2 SD, n = 8), which is in good agreement
with recommended value (0.12 + 0.02%o) (26).
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Hg isotope analysis

The analysis of Hg isotopic compositions followed the procedures
described in Huang et al. (68). Milli-Q water (18.2 megohms) was
used for the preparation of all aqueous solutions in an ultraclean
room. Borosilicate glass and Teflon bottles, impingers, and sample
quartz tubes were acid cleaned, followed by rinsing three times with
Milli-Q water, and then baked for 4 hours in a muffle furnace at
460°C. Concentrated HCI (~10 M) and HNOj3 (~15 M) were double
distilled and used for preparing all solutions including the acid-
trapping solution (2:4:9 ratio of 10 M HCl, 15 M HNO3, and Milli-Q
water). BrCl solution (0.2 M) was made by mixing the concentrated
HCI with preheated KBr and KBrO; powders (>99%, American
Chemical Society reagent, Sigma-Aldrich, USA) at 250°C for 12 hours.
SnCl, solution was prepared by dissolving the solid in 1 M HCI
and used for online reduction of Hg for isotope (MC-ICP-MS)
analysis. A NH,OH.HCl solution (0.2 g ml™?) was prepared for BrCl
neutralization, and the reductants were bubbled for 6 hours, with
Hg-free N, to remove trace levels of Hg vapor.

The NIST SRM 997 thallium was used for mass bias correction,
and the international Hg standard NIST SRM 3133 was used as an
isotopic reference (68). During the analysis section, the yellow-red
soil GBW07405 (National Center for Standard Materials, Beijing,
China) with certified Hg concentrations of 0.29 + 0.03 ng mg™" was
used for method development. The use of soil is technically ap-
propriate, because soils have a complex matrix and are an important
component of aquatic sediment.

Hg was extracted and concentrated using the double-combustion
and trapping dual-stage protocol (68). The low procedural blank
(<0.13 ng, n = 8) of the whole dual-stage combustion method was
negligible compared to the amount of Hg (>20 ng) in samples. Good
recovery (98 £ 4%, 2 SD) guarantees that no Hg isotope fraction-
ation occurred during the preconcentration procedure. Hg isotopes
were measured on a Nu MC-ICP-MS at ISESS of Tianjin University.
Volatile elemental Hg generated by SnCl, reduction in the cold
vaper generation system was introduced into the plasma through
Ar flux. This reduction also served for Hg purification (69). Instrumental
mass bias was monitored and corrected using the internal correc-
tion and the standard sample bracketing method. The exponential
mass fractionation law was applied as the internal correction method
assuming the reference ***T1/** Tl value of 2.38714 for the Tl internal
standard. The TI to Hg signal ratio was adjusted to 0.80-1.00.

The result of Hg isotopic measurements was expressed as & val-
ues in units of per mil referenced to the bracketed NIST 3133 Hg
standard, as follows

602Hg =
[(202 Hg / 198 Hg) sample/(zo2 Hg / 198 Hg) standard — 1 ] x 1000%o (2)
Any isotope composition that does not follow the theoretical MDF

is considered MIF. MIF values are indicated by capital delta (A) notation
(in per mil) and predicted from 5*°*Hg using the following equations

A Hg = §"Hg-0.252 x 8*"Hg 3)

A*"Hg = §”'Hg-0.752 x 8*"*Hg (4)

The long-term measurements of GBW07405 yielded mean val-
ues of —1.79 + 0.08%o, —0.30 £ 0.04%o, —0.01 + 0.02%o, and —0.28 +
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0.03%o for 3**Hg, A'’Hg, A**Hg, and A*'Hg (2 SD, n = 11), re-
spectively, in agreement with previous studies (68, 69). Repeated mea-
surements (n = 15) of the standard UM-Almaden Hg yielded mean
8°°Hg, A"’Hg, A" Hg, and A*'Hg values of —0.54 + 0.11%o, —0.01 +
0.03%o, 0.00 + 0.05%o , and 0.00 + 0.05 %o (20), respectively, also in
agreement with previous studies (70). The obtained 26 value is con-
sidered typical of uncertainties for samples that were measured only
once due to limited mass.

Cu and Hg isotope model constraints

The Cu isotope compositional change was modeled with a Rayleigh
fractionation expression to describe open system isotope effects upon
increasing degrees of volatilization/degassing from magma upon
volcanic eruption (Fig. 4A). The §°°Cu composition of the magma
was assumed to be similar to bulk silicate Earth, 0%o, since the volcanic
system likely had undergone notable differentiation, decompression,
and oxidization, resulting in the magma becoming undersaturated
with respect to sulfide (71). A 8% Cu fractionation factor up to 0.69%o
between volatized fluid and silicate melt was experimentally determined
(72), where the Cu-bearing vapor is enriched in the heavy isotopes
relative to the melt. The partition coefficient between exsolved fluid and
silicate melt is much greater than one, indicating that Cu will be effi-
ciently removed by exsolved fluid and the 8°Cu values of the silicate melt
will become increasingly negative with continued degassing (72).

Similarly, the Hg isotope compositional change of magma and
volatilized fluid was modeled with a Rayleigh fractionation expres-
sion to simulate increasing degrees of volatilization/degassing from
magma upon eruption (Fig. 4B). The §**Hg fractionation factor
between volatized fluid and melt is estimated to be —1.00%o, where
the vapor is enriched in light isotopes of Hg relative to the degassing
magma (73). The §*"*Hg composition of the magma was assumed
to be —3%, which is intermediate in the range expected for the ***Hg
composition of mantle, approximately between —4.95 and —2.35%o
(73). Furthermore, the initial 5***Hg value of the degassing magma was
chosen to be —3%o to remain consistent with the entire range of 3***Hg
values observed within the Cu- and Hg-enriched deposits in South
China described in this study. Secondary depositional processes of H%
within the volcanic plume, such as the oxidative transformation of Hg
to particulate Hg2+ (74), are not taken into account in this model, since
the deposition of volcanically derived Hsg within the plume into nearby
South China was assumed to be nearly quantitative, as supported by the
observed elevated Hg/TOC values and their respective odd Hg isotope
values, demonstrating limited transport in the atmosphere before
deposition.

Together, the Cu and Hg isotope systems suggest a substantial
degree of volatilization/degassing from the magma upon volcanic
eruption. The highly negative 8°°Cu values, —1.5%o, and large range
of increasing 8°°°Hg values toward 0%o suggest that a massive erup-
tion resulted in a notable volatile flux. This is further corroborated by
taking into account the total mass of Hg in the deposits compared
to the Hg/SO, ratio expected for degassing during large explosive
eruptions, 107 to 10™* (51), resulting in a notable flux of degassing
SO, comparable in magnitude as past super-explosive silicic volca-
nism events, as demonstrated in Fig. 6.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh1390
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