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A B S T R A C T

Mercury (Hg/TOC) spikes from eight Permian–Triassic boundary (PTB) sections in this study display patterns
similar to each other across the so-called extinction interval as well as strong variation in sedimentation rates
from section to section. Mercury may have been originated from the synchronous magmatism of the Siberian
Traps Large Igneous Province (STLIP).

At the GSSP in Meishan, China, Hg/TOC peaks were observed in the latest Permian mass extinction interval
(LPME) and Early Triassic mass extinctions (ETME). The successions at Hovea-3 (Australia), Ursula Creek
(Canada), Idrijca (Slovenia), Rizvanuša (Croatia) exhibit Hg/TOC peaks at the LPME and PTB. The Rizvanuša
section displays one peak at the ETME horizon, Zal and Abadeh (Iran) successions at the LPME and ETME
horizons, while Misci/Seres (Tyrol/Italy) section shows an enrichment at the LPME. The largest Hg/TOC peaks
at the LPME, PTB and ETME are, perhaps, linked to the beginning of stage 2 (extrusive hiatus) of the Siberian
Traps LIP. The meaning of the Hg/TOC spike between the LPME event and the PTB in seven of these sections is
fuzzy.

In the δ202Hg (MDF) vs Δ201Hg (MIF) cross plot, the majority of samples from the extinction interval appear
within the volcanic-emission box and a few samples plot in the sediment/soil/peat box. Hg-isotope signatures
resulted from mixing processes of volcanic and normal marine sediment Hg, generating four horizontal trends
whose Δ201Hg shows negligible to no variation. Less terrigenous-Hg influx was noticed in the sections closer to
the STLIP (Rizvanuša, Idrijca and Seres/Misci, all in Europe) in which Δ201Hg (MIF) is close to zero. Marked
influence occurs in sections far distant from the STLIP (Meishan, Ursula Creek and Hovea-3) that exhibit ne-
gative Δ201Hg (MIF). The two sections from Iran, at intermediate distance from the STLIP, exhibit the highest,
positive Δ201Hg values (Abadeh section) and the lowest, negative Δ201Hg values (Zal section). A Δ199Hg (MIF) vs
Hg (n·ng−1) cross plot suggests that volcanic Hg has been contaminated by normal marine source-Hg influx in
these sections helping to shape two major curved trends.

The negative C-isotope excursions and Hg/TOC enrichments in the studied sections are nearly coeval and this
supports the hypothesis of synchronism between the Permian–Triassic transition biotic crises (LPME and ETME)
and the start of the stage 2 of the Siberian Traps (sill-intrusion style of magmatism).

1. Introduction

Volcanic activity of large igneous provinces (LIPs) with millions of

cubic kilometers emplaced in relatively short time intervals have been
proposed as coeval with major mass extinctions during the Phanerozoic
(Courtillot, 1994). A correlation between LIPs and mass extinction for
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the whole Phanerozoic Eon has been further suggested by several au-
thors (e.g., Wignall, 2001; Courtillot et al., 1999; Courtillot and Renne,
2003; Kravchinsky, 2012; Bond and Wignall, 2014; Bond and Grasby,
2017).

There is a growing agreement that mercury (Hg) enrichment in
sedimentary successions represents a potential indicator of massive
volcanism effects allowing for a new insight into the relationship be-
tween LIP activity and periods of extreme environmental turnover (e.g.,
Sial et al., 2010, 2013, 2014, 2016, 2019; Nascimento-Silva et al., 2011,
2013; Sanei et al., 2012; Grasby et al., 2015a, 2017, 2019; Percival
et al., 2015; Adatte et al., 2015; Font et al., 2016; Jones et al., 2017;
Gong et al., 2017; Thibodeau et al., 2016; Thibodeau and Bergquist,
2017; Charbonnier et al., 2017; Sabatino et al., 2018; Burger et al.,
2019; Meyer et al., 2019; Shen et al., 2019a,b,c; Them et al., 2019). As a
result it has been raised the possibility that Hg enrichments across some
chronological boundaries may represent true volcanogenic Hg loading
to the environment, recorded by an increase in the ratio of Hg to total
organic carbon (Hg/TOC) (e.g., Sanei et al., 2012; Grasby et al., 2013,
Percival et al., 2015; references therein). Following this line of rea-
soning, search for Hg/TOC spikes across major chronostratigraphic
boundaries has been expanded to cover the whole Phanerozic (e. g.,
Grasby et al., 2013, 2015b; Bond and Grasby, 2017; Gong et al., 2017;
Jones et al., 2017; Percival et al., 2015, 2017, 2018; Burger et al., 2019;
Korte et al., 2019; Shen et al., 2019a,b,c; Sial et al., 2016, 2019;
Faggetter et al., 2019; Kwon et al., 2019; and references therein).

The demonstration of a link between the five major Phanerozoic
mass extinctions known (Raup and Sepkoski, 1982) and LIP eruptions
has defied researchers for decades. The most important challenges have
been (a) the accurate dating of volcanic rocks produced by LIPs, and (b)
of the sedimentary rocks which recorded abrupt biological and en-
vironmental changes leading to mass extinctions. In the current decade,
contributions towards the refinement of LIPs radiometric dating (e.g.,
Burgess et al., 2014; Burgess and Bowring, 2015; Renne et al., 2015;
Schoene et al., 2015, 2019; Sprain et al., 2019) and to Hg chemos-
tratigraphy as a proxy for LIP activity in sedimentary successions rocks
have received growing attention. However, less importance has been
given to Hg isotopes as an additional key to demonstrate the volcano-
genic origin of Hg enrichments across major chronological boundaries,
except for a limited number of contributions (e.g., Sial et al., 2014,
2016, 2017, 2019; Thibodeau et al., 2016; Thibodeau and Bergquist,
2017; Grasby et al., 2017, 2019; Gong et al., 2017; Wang et al., 2018;
Them et al., 2019; Shen et al., 2019a,b,c).

The variability in peak Hg values may be a consequence of different
processes, as outlined for example by Percival et al. (2018): (a) range of
atmospheric transport of Hg from the LIP source, (b) areas of higher
primary productivity that may have greater Hg drawdown, (c) dis-
turbance of local Hg reservoirs as a side effect of the LIP event, (d)
subareal versus submarine eruptions, or (d) lithologic changes across an
extinction boundary. Over 3500 Hg (Hg/TOC) analyses are available
focusing on LIP eruptions versus major chronological boundaries, ex-
tinction events or OAEs, according to Grasby et al. (2019). However,
some of the claimed Hg/TOC anomalies according to these authors are
questionable, being unclear whether they represent truly a fingerprint
of massive volcanism, or are just product of local/regional processes
that generated an artifact.

In normalizing Hg, one should bear in mind that this metal is not
only hosted by organic carbon, but can also be adsorbed onto clays
(e.g., Sial et al., 2013) or hosted by sulfides under euxinic conditions
(e.g., pyrite; Them et al., 2019; Shen et al., 2019d), increasing the
complexity for the use of TOC to normalize Hg under reducing condi-
tions.

2. Cause for massive extinction in the Permian–Triassic transition

The Permian–Triassic extinction event is known as the P–Tr ex-
tinction, the P–T extinction, End-Permian Mass Extinction (EPME),

latest Permian Mass extinction (LPME) and, colloquially, as the Great
Dying. It was the most severe mass extinction in the Earth history with
devastating impact on both terrestrial and marine ecosystems (e.g.,
Benton, 2003; Erwin, 2006; Erwin et al., 2002; Algeo et al., 2007; Chen
and Benton, 2012). There is evidence for one (Jin et al., 2000; Rampino
et al., 2000; Shen et al., 2011; Wang et al., 2014; Burgess et al., 2014) to
three distinct pulses (or phases) of extinction in the Permian–Triassic
transition (e.g., Yin et al., 1992, 2001; Sahney and Benton, 2008; Song
et al., 2009, 2013). Two phases of ecosystem perturbations were also
evidenced by biomarkers (Xie et al., 2005) and reducing conditions
(Shen et al., 2016). The latest Permian mass extinction (LPME) was
associated with major environmental perturbations over a short time
interval and there are still questions about the exact patterns and timing
of the extinction (e.g., Shen and Bowring, 2014). Potential causes for
those extinction pulses include massive volcanic eruptions such as the
Siberian Traps, known as one of the two most voluminous continental
volcanic eruptions on Earth (Coffin and Gahagan, 1995) and related
greenhouse gas emissions (e.g., Ogdena and Sleep, 2011; Brand et al.,
2012, 2016; Burgess et al., 2017, and several others), climate change
brought on by large releases of underwater methane or methane-pro-
ducing microbes (Chandler, 2014) and one or more large meteor impact
events (see Erwin, 2003, for a critical evaluation). The connection be-
tween the Siberian Traps LIP (STLIP) magmatism and the Permian–-
Triassic extinction is supported by a striking temporal coincidence be-
tween the two phenomena (Burgess and Bowring, 2015; Burgess et al.,
2014). According to Burgess and Bowring (2015), STLIP magmatism
started at about 300,000 years prior to the LPME and lasted
800,000 years. Calcium and boron isotopes have suggested ocean
acidification triggered by STLIP across the LPME (Payne et al., 2010;
Clarkson et al., 2015). Although it seems clear that this flood basalt
volcanism has influenced marine ecosystems (Chen and Benton, 2012),
and induced denudation of terrestrial plants and wildfires (Benton and
Newell, 2014), the exact cause of the LPME extinction is still unknown.
Possibly, Hg had a widespread toxic impact as Hg emission rates from
the STLIP reached levels of about 32%–399% above modern geogenic
sources (Grasby et al., 2017) which are estimated to be 0.8–10 Gg/yr.
The biotic crisis was accompanied by a widespread episode of oceanic
photic zone euxinia, perhaps lasting for about 10 M.y., as a ‘superanoxic
event’ (e.g. Isozaki, 1997; Grice et al., 2005), also regarded as a po-
tential kill mechanism (e.g., Wignall and Twitchett, 1996, 2002).When
the Permian–Triassic extinction event is compared with the end-Triassic
and end-Cretaceous mass extinctions, one sees in common; (a) a short-
lived perturbation of the carbon cycle followed by rise of atmospheric
pCO2 and temperature, (b) evidence for ocean acidification, (c) anoxia,
and (d) rapid extinction rates (e.g., Burgess et al., 2014).

An asteroid impact could be potentially a further kill mechanism for
the latest Permian massive extinction scenario, as the abrupt isotopic
and faunal boundary (~104 yr; Shen et al., 2011) is evocative of a major
bolide impact (Erwin, 2003; Tohver et al., 2017). A possible bolide
impact at the Permian–Triassic boundary has been so far preferentially
sought on the Tethyan realm (e.g., Retallack et al., 1998; Basu et al.,
2003; Koeberl et al., 2004). Retallack et al. (1998) have investigated
this hypothesis by examining chemical and mineralogical behaviors of
shocked quartz and iridium in PTB sections at Graphite Peak and Mount
Cream, Antarctica, and Wybung Head in Australia. Results of their in-
vestigation failed to support bolide impact as one of the main causes of
the huge extinction in the Permian–Triassic transition at least in the
examined localities. Becker et al. (2004) has examined the P–T
boundary breccia cored at a depth of 3044 m at the Bedout-1 well,
western Australia, as possible end-Permian impact crater. An age of
250.7 ± 4.3 Ma (40Ar/39Ar dating in plagioclase) has been obtained,
within the experimental error from the age of the Permian–Triassic
extinction event (251.4 ± 0.4 Ma) and Siberian Norilsk volcanism
(251.7 ± 0.4 to 251.1 ± 0.3 Ma. However, this stimulating finding
lacks further support to confirm Bedout as an asteroid impact crater as
no impact effects have been so far identified (Glikson, 2004). The
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40 km-wide Araguainha impact event (Lana et al., 2008) in the in-
tracratonic Parana Basin of Brazil may represent another record of as-
teroid impact at about the Permian–Triassic transition. Tohver et al.
(2017) demonstrated that this catastrophic event created one of the
world's most extensive seismite-tsunamite couplets in the latest Per-
mian (254.7 ± 2.5 Ma) and that the geographic radius affected by this
impact event approached continental scale.

3. Study aims and selected Permian–Triassic sections

The present study aims at: (a) searching for Hg spikes (Hg/TOC) in
eight marine sediments in sections straddling the Permian–Triassic
transition to investigate the global extent of Hg loading to the en-
vironment, related to STLIP magmatic activities, (b) examining Hg
isotopes to assess if the Hg and the Hg/TOC spikes within the mass
extinction interval are volcanogenic and may serve as fingerprints of
the STLIP magmatic activities and (c) contrasting Hg isotope signatures
in Permian–Triassic sections to K/Pg boundary ones elsewhere, re-
garded as fingerprints of Deccan eruptions, and (d) from Hg/TOC
stratigraphic patterns, we hope to broaden the knowledge of worldwide
fingerprints of the stages of the STLIP magmatic activities.

In selecting sections in this study, eight well-known
Permian–Triassic marine sections, widely separated, from different
paleolatitudinal zones, most of them regarded as near-complete ones,
have been chosen (Fig. 1): (a) Ursula Creek in Canada (55° 59′ 43″ N;
123° 9′ 54″W, (b) Meishan (GSSP) in China (31° 5′ 39″N; 119° 41′
24″E), (c) Misci in Italy (46° 38′ 23″N; 11° 50′ 35″E), (d) Rizvanuša in
Croatia (44° 29′ 56″N; 15° 18′ 8″E) (Fig. 2), (e) Zal and Abadeh in Iran
(38°39′ 1″N; 45° 51′ 59″E), (f) Idrijca in Slovenia (46° 5′ 19″N; 13° 53′
26″E) and (g) Hovea-3 in Australia (29° 19′ 9.17″S; 115° 2′ 23.29″ E)
(Fig. 3). For most of these sections, previous studies had applied high-
resolution biostratigraphy and environmental multi-proxies such as: (1)
organic and inorganic carbon isotope stratigraphy, (2) sedimentology
and micro-facies analysis, (3) major and trace element geochemistry.
Examining marine sections, thousands of kilometers apart, from dif-
ferent margins of paleo-oceans―Panthalassa (Ursula Creek), western
margin of Paleotethys (Seres/Misci, Idrijca, Rizvanuša, Zal and
Abadeh), eastern margin of Paleotethys (Meishan) and Neotethys
margins (Hovea-3)―increase the possibility of telling apart local from
global fingerprints in these sections.

3.1. Ursula Creek succession, Canada

A few kilometers west of the mouth of the Ursula Creek, on the
shores of the Lake Williston, British Columbia, Canada, there is a near-
vertically dipping, continuous Middle Permian to Middle Triassic sec-
tion whose stratigraphic record has been studied by Wignall and
Newton (2003). In this section, chert beds of the Fantasque Formation
and the overlying shales of the Grayling and Toad formations record the
Permian–Triassic transition according to these authors. The location of
this transition in this section was based on a negative spike of δ13Corg

(Wang et al., 1994), and later confirmed by conodont evidence by
Wignall and Newton (2003) who regarded this section as an Upper
Permian to Lower Triassic deep-water record at the Pangea margin.
They compared this to another PTB section at Selong, South Tibet, lo-
cated at high paleolatitude of the southern margin of the Neotethyan
Ocean and concluded that the LPME was diachronous by half a million
years or more, with late Changxingian extinction recognized in Pan-
thalassa.

3.2. Seres/Misci (Tyrol), Rizvanuša (Croatia), Idrijca (Slovenia)
successions

The samples from the Misci succession analyzed in this report were
collected by Kraus et al. (2013) from a Permian–Triassic section at
Misci described by Bosellini (1964), a locality also named “Val Badia”
in Sephton et al. (2002) or “Val Seres” (Cirilli et al., 1998), at the Do-
lomites in the Southern Alps, South Tyrol. This section is exposed about
600 m west-northwest of the Misci settlement, north of the Rio Seres
(Cirilli et al., 1998) and the studied profile (46°38″ 23′N; 11°50″35′ E)
comprises the upper part of the Bellerophon Formation and the lower
part of the Werfen Formation, the latter consisting of the Tesero Oolite
Horizon (oolitic grainstones) and the lower Mazzin Member.

The Bellerophon Formation, base of this section, is composed of
thick-bedded wackestone and mudstone, alternating with beds of thin
platy marls. The Bulla Member consists of dolomitic mudstone, inter-
bedded with packstone and marl while the Mazzin Member consists of
mudstone interbedded with thin-bedded marl. Sedimentological ob-
servations and palaeogeographical reconstruction indicate shallower-
water depths towards the west of this basin (Brandner et al., 2009;
Kraus et al., 2013).

Fig. 1. Global palaeogeographical reconstruction during the Permian–Triassic transition (modified from Wignall and Twitchett, 2002; Thomas et al., 2004) and
global geographical distribution of the Permian–Triassic sections in this study.
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In Croatia, Fio et al. (2010) have used stable isotopes, rare-earth
elements and trace element geochemistry of marine carbonate rocks
from two continuous sections in the Velebit Mountain, to investigate
the position of the Permian–Triassic boundary. These two sections,
Rizvanuša and Brezimenjača, comprise two lithostratigraphic units: (a)
Upper Permian Transitional Dolomite and (b) overlying Sandy Dolo-
mite. The chronostratigraphic Permian–Triassic boundary was for
sometime regarded to be located at the contact between these two units
that is characterized by occurrence of ooids, siliciclastic grains and
erosional features (Fio et al., 2010).

An assemblage of Permian fossils was found in the Rizvanuša sec-
tion, in the Sandy Dolomite unit about 5 m above this contact, com-
prising Geinitzina, Globivalvulina, Hemigordius, bioclasts of gastropods,
ostracods and brachiopods (Fio et al., 2010, 2013). A negative δ13C
excursion was observed within the lower part of the sandy dolomite
unit in both sections, Rizvanuša and Brezimenjača, and this level has
been proposed by these authors as the chemostratigraphic Permian–-
Triassic boundary.

At the Idrijca Valley, about 20 km West of Ljubljana in the Carnic
Alps of western Slovenia, Permian–Triassic marine carbonate rocks
were deposited in a forearc basin setting in the northeastern Paleotethys
(Baud et al., 1989; Stampfli et al., 2001). Preliminary sedimentological
and paleontological studies of these nonmetamorphosed carbonate
rocks were carried out by Ramovs (1986) and Dolenec et al. (2001).

The uppermost portion of the 250 m thick Zazar Formation has

recorded the Upper Permian at the Idrijca Valley and is composed of
black, abundantly fossiliferous, shallow-marine carbonate rocks. Dark-
gray and black limestone layers interbedded with rare black shale
constitute the 5–40 cm upper part of this formation (Ramovs, 1986).
Towards the Permian–Triassic boundary, a gradual impoverishment is
experienced by the faunal composition, with abrupt disappearance at
the boundary (Dolenec et al., 2001). The Permian–Triassic boundary is
marked by a 0.8 cm thick clayey marl layer whose deposition likely
took place during a period of maximum eustatic sea-level fall. Ac-
cording to Dolenec et al. (1999) it is overlain by a light-gray well-
bedded Lower Scythian Formation comprising sparitic, dedolomitized
limestone. The faunal disappearance at the Permian–Triassic boundary
is accompanied by negative δ13Ccarb and δ13Corg excursions and a strong
pulse of magnetic susceptibility (Dolenec et al., 2001).

3.3. Zal and Abadeh successions, Iran

Two Permian–Triassic sections in Iran were targeted of attention in
this study, Zal and Abadeh, located at the same margin of the Neotethys
Ocean. High-resolution chemostratigraphy, available for both sections,
has been tested for isochrony on the basis of an updated high-resolution
conodont and ammonoid biostratigraphy (Kozur, 2007; Richoz et al.,
2010; Ghaderi et al., 2014).

Carbonate rocks for the Permian–Triassic boundary section at Zal,
NW-Iran, were deposited in an open-marine, pelagic environment.

Fig. 2. Geographical sketch maps showing localities of four sections in this study: (a) Ursula Creek, Canada (after Wignall and Newton, 2003); (b) Meishan, China
(based on Li and Jones, 2017); (c) Seres/Misci, southern Alps, modified from Kraus et al. (2013); (d) Rizvanuša, Croatia, modified from Fio et al. (2010).
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Because of a greater water depth compared to other Iranian
Permian–Triassic sections, the C. meishanensis-H. praeparvus Zone and
the H. parvus Zone are also rich in conodonts and the stratigraphy is
thus well constrained (Korte et al., 2004a). The completeness of the Zal
PTB-succession is attested by the presence of all Dzhulfian, Dora-
shamian and the lowermost Triassic (H. parvus) conodont Zones (Korte
et al., 2004b, 2010). Lithologic succession, detailed C-isotope strati-
graphy and biostratigraphy have been summarized in Korte et al.
(2010).

Pelagic deposits at Abadeh whose sedimentation presumably hap-
pened at water depth between 60 and 90 m, represent a complete
biostratigraphic record across the Permian–Triassic boundary. Detailed
chemostratigraphic (C, O, S, Sr isotopes) and biostratigraphic studies
were carried out by Korte et al. (2004c, 2010). The Abadeh succession
was deposited on the northern shelf of the Neotethyan Ocean (Stampfli
and Borel, 2002), or, more precisely, at the southern margin of the
Sanandaj-Sirjan block, a part of the Cimmerian microcontinent. The
stratigraphy at the Abadeh section is based mostly on conodonts and
summarized in Kozur et al. (1975, 1978), Kozur and Weems, (2010) and
Taraz et al. (1981).

Although abundant palaeontological, biostratigraphical, and geo-
chemical data, from the Upper Permian to Lower Triassic, at the
Abadeh section are available, the precise positions of the
Permian–Triassic (PTB), Guadalupian–Lopingian (LGB) and
Wuchiapingian–Changihsingian (WCB) boundaries are still debated in
view of different fossil groups and different taxonomic approaches (Liu
et al., 2013).

3.4. Meishan succession (GSSP), China

One of the most used data sets in the search for unravelling the

extinction at the latest Permian is from the Global Stratotype Section
and Point (GSSP) of the Permian-Triassic boundary at the Meishan
section, South China (Fig. 8). The extinction interval corresponding to
Beds 25–28 at Meishan, shown in this figure, is of only 0.36 m and may
contain several depositional hiatuses at or below the Permian–Triassic
boundary (Cao and Zheng, 2007, 2009; Zheng et al., 2013; Shen et al.,
2018). This extinction interval corresponds to a maximum of 61 ± 48
kyr, according to Burgess and Bowring (2015). The UePb dates on Si-
berian Traps LIP lava flows, sills, and explosively erupted rocks carried
out by these authors demonstrate that (a) about two-thirds of the total
lava/pyroclastic volume was erupted over around 300 kyr, before and
concurrent with the LPME; (b) eruption of the balance of lavas con-
tinued for at least 500 ky after the cessation of the extinction; and (c)
massive emplacement of sills into shallow crust began concomitant
with the mass extinction and continued for at least 500 ky into the early
Triassic. This age calibration from Burgess and Bowring (2015) coupled
with statistical analyses of fossil evidence point to a single, brief cata-
strophic latest Permian extinction supporting previous assumptions by
Jin et al. (2000), Rampino et al. (2000), Shen et al. (2011) and Wang
et al. (2014). It further demonstrated a robust synchronism between
LPME and Siberian Traps magmatism with lava and pyroclastic erup-
tions predating the onset of extinction by 300 ± 126 ky.

3.5. Hovea-3 (petroleum borehole), Perth Basin, Australia

The Permian–Triassic Hovea-3 is the first marine Permian–Triassic
boundary documented in Australia. Located at the Perth Basin of
Western Australia (29° 19′ 9.17″S, 115° 2′ 23.29″E) this petroleum
borehole was continuously cored from 1968.5 m to 2049.85 m, and it
has been studied in detail by Thomas et al. (2004). The Hovea Member,
a distinctive zone, is 27.7 m thick in Hovea 3 and it is enriched in

Fig. 3. Geographical localities of the other four sections: (a) Zal and Abadeh (central Iran, Middle East) sections, modified from Richoz et al. (2010); (b) Idrijca,
western Slovenia, based on Schwab and Spangenberg (2004) and (c) Hovea-3, western Australia (based on Thomas et al., 2004).
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organic matter at the base of the marine Kockatea Shale (Thomas and
Barber, 2004).This shale forms the impermeable cap rock for the
Dongara Sandstone, which was deposited in a foreshore–shoreface en-
vironment.

The age control for the Hovea 3 core was based on palynology and
macrofossils (brachiopods and bivalves).According to Thomas et al.
(2004), conodonts have not been recovered from this succession yet,
likely because of the limited amount of rock material available, and
scarcity of this fossil group in Gondwanan sections that was ascribed to
high palaeolatitude (Archbold, 2000). The lower inertinitic interval
(presence of oxidized organic material or fossilized charcoal) of the
Hovea Member is composed of fossiliferous black mudstone, sandy
siltstone and shelly storm beds, deposited in shallow-marine environ-
ment during the earliest stage of a marine transgression (Thomas et al.,
2004). These environments were likely well-oxygenated ones judging
from their variably bioturbated nature.

Biomarkers diagnostic of anoxygenic photosynthesis by
Chlorobiaceae are particularly abundant at the Permian–Triassic
boundary and into the Early Triassic (Grice et al., 2005). This demon-
strates that waters of the Tethys Ocean were periodically euxinic in the
photic zone during and right after the latest Permian extinction event.

4. Analytical methods

4.1. Analysis of C isotopes and total organic carbon (TOC)

Stable carbon isotope analyses (δ13Ccarb) of carbonate rock samples
from Idrijca and Rizvanuša sections were performed using a Thermo
Fisher Scientific (Bremen, Germany) Gas Bench II carbonate prepara-
tion device connected to a Delta Plus XL isotope ratio mass spectro-
meter at the University of Lausane, Switzerland. The CO2 extraction
was done by reaction with anhydrous phosphoric acid at 70 °C for
calcite and at 90 °C for dolomite. The stable carbon isotope ratios are
reported in the delta (δ) notation as the permil (‰) deviation relative to
the Vienna Pee Dee belemnite standard (VPDB). The standardization of
the δ13Ccarb values relative to the international VPDB scale was done by
calibration of the reference gases and working standards with interna-
tional reference materials NBS 18 (carbonatite, δ13C = −5.04‰) and
NBS 19 (limestone, δ13C =+1.95‰). Analytical uncertainty (1 sigma),
monitored by replicate analyses of the international calcite standard
NBS19 and the laboratory standards Carrara Marble (δ13C = +2.05‰)
was not greater than±0.05‰ for δ13Ccarb..

The carbon isotope composition of organic matter (δ13Corg) in the
decarbonated fraction (HCl treatment) was determined by flash com-
bustion on a Carlo Erba 1108 elemental analyzer connected to a
Thermo Fisher Scientific Delta V Plus isotope ratio mass spectrometer
that was operated in the continuous helium flow mode via a Conflo III
split interface. The repeatability and intermediate precision of the
δ13Corg analyses, determined by the standard deviation of replicated
analyses of laboratory organic standards and unknown samples, were
better than 0.1‰ (1 SD). The accuracy of the analyses was checked
periodically by analyses of the international reference materials (USGS-
24 graphite, IAEA-PEF1 polyethylene foil, and NBS-22 oil). The total
organic carbon (TOC in wt%) content was determined from total peak
area obtained from the EA/IRMS measurements—and corrected for the
weight by acidification—, and/or by Rock-Eval 6 pyrolisis of the whole-
rock sample. Samples from Abadeh, Seres/Misci, Meishan and Zal
sections were decarbonated using 6 M HCl prior to TOC analyses at the
IGN, University of Copenhagen. Acid remains were subsequently re-
moved by a repeated procedure of rinsing, centrifugation, and decan-
tation of supernatant liquids. Remaining fractions were weighed out
again after 24 h freeze drying at temperatures of −54 °C. CaCO3 con-
centration was calculated by the weight difference of the aliquots be-
fore and after the acid treatment. The total organic carbon was mea-
sured on 160 mg of decarbonated aliquot using a Carbon-Sulphur-
Determinator (Eltra CS 500). The sample was combusted for 90 s in a

ceramic boat at a temperature of ~1350 °C with a catalytic oxidation
process. Resulted CO2 signal was electronically linearized and in-
tegrated, and subsequently used to calculate the TOC. The reproduci-
bility, obtained from multiple analyses of the in-house reference ma-
terial SKK-9 (TOC = 6.88%), is generally better than 0.1% (1 sd).
Samples from Meishan were measured for δ13Corg at the University of
Copenhagen by using an EA Elemental Analyzer coupled with the
Isoprime isotope ratio mass spectrometer. Weight dependent isotope
fraction was corrected by a polynomial fit (r = 0.95) of at least 15 in
house reference samples covering the entire weight range of the sam-
ples. The reproducibility of the data was better than 0.2‰ (2 sd).

Aliquots (400 to 1000 μg) of Meishan bulk rock carbonate powders
were reacted at 70 °C in sealed glass vials (~50 μL) with manually
added anhydrous phosphoric acid after removing atmospheric gases.
Generated carbon dioxide was analyzed for δ13C and δ18O with an
IsoPrime triple collector Isotope Ratio Mass Spectrometer at the
Department of Geosciences and Natural Resource Management,
University of Copenhagen. Weight-dependent isotope fractionation was
corrected by using calibration curves constructed from analyses of the
in-house standard LEO (Carrara Marble; δ13C = +1.96‰ V-PDB;
δ18O = −1.93‰ V-PDB). The analytical precision (2sd) of the analyses
calculated from repeated measurements of LEO was better than 0.1‰
for δ13C and better than 0.2‰ for δ18O.

Organic carbon isotope measurements for the Zal section were op-
erated at the GeoZentrum Nordbayern, University of Erlangen-
Nürnberg, using the Flash EA 2000 elemental analyzer connected to a
ThermoFinnigan Delta V Plus mass spectrometer. The results are re-
ported in the δ-notation in permil relative to the V-PDB standard. The
accuracy and reproducibility of the data were controlled by replicate
analyses of the Erlangen laboratory standard (−27.32‰) calibrated to
international standards USGS 40 and 41. The reproducibility was±
0.1‰ (1σ). For the Seres/Misci and Abadeh sections, δ13Corg mea-
surements from Kraus et al. (2013) and Korte et al. (2004c), respec-
tively, have been used.

The δ13Corg measurements for Ursula Creek section used in this
study are from Wang et al. (1994) and for the Hovea-3 section are from
Thomas et al. (2004). TOC analyses of samples from the Hovea-3 and
Ursula Creek sections, analyzed by Rock-Eval 6 pyrolisis of whole-rock
samples, are also found in those two studies.

4.2. Analysis of mercury

Mercury concentrations of all samples in this study were determined
in homogenized powdered samples. Glass and plastic wares were de-
contaminated by immersion for 1 day in (10% v/v) Extran solution
(MERCK), followed by immersion for 1 day in diluted HCl (5% v/v) and
final rinsing with Milli-Q water. All chemical reagents used were at
least of analytical grade. Cold Vapor Atomic Fluorescence
Spectrophotometry, equipped with a Millenium Merlin PSA spectro-
photometer, was used for Hg determination, after Hg2+ reduction with
SnCl2 All samples were analyzed in duplicates, showing reproducibility
within 9.5%. A certified reference material (NIST 1646a, Sigma
Aldrich) was simultaneously analyzed to evaluate Hg determination
accuracy. Such analysis showed a precision of 4%, as indicated by the
relative standard deviation of three replicates, and presented Hg re-
covery varying from 79% to 96% (average 89%). Sample duplicates
differ in< 5%. The Hg detection limit estimated as 3 times the standard
deviation of reagent blanks, was 0.02 ng·g−1. In all cases, blank signals
were lower than 0.5% of sample analysis. Concentration values were
not corrected for the recoveries found in the certified material.

4.3. Analysis of mercury isotopes

Mercury isotope ratios of all samples in this study were determined
on the new MC-ICP-MS (Nu-Plasma, Nu Instruments) at the Institute of
Surface-Earth System Science of Tianjin University, China, following a
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method similar to Huang et al. (2015). A homemade continuous flow
cold-vapor generation system (CV) was coupled with an Aridus II des-
olvation unit (CETAC Technologies, U.S.) for Hg and Tl introduction,
respectively. The instrumental baseline was measured by defocusing
before each sample and standard. Both the internal standard method
and the standard-sample bracketing technique were used to correct for
instrumental mass bias (Chen et al., 2010; Jiskra et al., 2012).

Mass-dependent fractionation (MDF) of Hg isotopes is reported in
delta notation, δ, which is the permil (‰) deviation relative to the SRM
3133 standard. Mass-independent fractionation (MIF) of Hg isotopes is
reported using upper-case delta notation, Δ, which is the deviation of
the measured isotope ratio from the theoretical ratio predicted by MDF.
The analytical quality was controlled by repeated measurement of
standard materials. Long-term analysis gave average values of
−0.54 ± 0.10‰,−0.02 ± 0.04‰ and−0.04 ± 0.04‰ for δ202Hg,
Δ199Hg and Δ201Hg of UM-Almaden Hg (2SD, n = 21), and of
−1.22 ± 0.16‰, 0.06 ± 0.09‰ and 0.03 ± 0.10‰ for those of
Fluka Hg (2SD, n = 13), respectively, in accordance with the published
results (Bergquist and Blum, 2007; Blum and Bergquist, 2007; Chen
et al., 2010; Chen et al., 2012; Jiskra et al., 2012). The 2SD of the
isotopic compositions of the UM-Almaden were considered as the
analytical uncertainty for the isotopic compositions of samples. When
the uncertainty of the replicate isotopic measurements of one sample
was larger than the 2SD of the UM-Almaden, the uncertainty was ap-
plied to the sample.

5. Results and discussion

5.1. Hg and Hg/TOC chemostratigraphy

The behavior of δ13Ccarb and δ13Corg pathways of bulk sedimentary
rocks across the Permian–Triassic transition was discussed in detail by
Korte and Kozur (2010). This transition is marked by distinct pertur-
bations in the global carbon cycle resulting in a marked negative δ13C
excursion at the Permian–Triassic boundary, well known from many
marine and continental sedimentary successions. Because of the well-
calibrated conodont biostratigraphy (e.g., Wang and Wang, 1981; Mei
et al., 1998; Kozur, 2004, 2005, 2007), it is possible to have a good
control on the long-term C-isotope trend across the Permian–Triassic
boundary in sections like Meishan in China (e.g., Cao et al., 2002) or
Shahreza in Central Iran (Korte et al., 2004b).

The burial and re-oxidation of 13C-depleted organic matter in the
oceans or on continents seem to control the carbon-isotope ratio of the
ocean/atmosphere (Scholle and Arthur, 1980; Kump and Arthur, 1999).
However, some additional causes have led to negative δ13Cexcursions
around the P–T boundary. Among them, Korte and Kozur (2010) have
listed the influence of the STLIP and contemporaneous volcanism by (a)
exhalation of 13C-depleted CO2, (b) destabilization of methane from
permafrost soils and/or pre-Trap coals, or (c) thermal metamorphism of
pre-Trap organic-rich sediments. If these are potential causes, Hg that is
an important fingerprint for volcanism would be expected to exhibit a
positive Hg/TOC spike whenever an import δ13C drop is recorded, if
volcanism has played a direct or indirect role in shaping the δ13C
pathway.

In the present study, Hg and TOC were analyzed in samples from all
eight sections under consideration and results are shown in Table 1 and
their chemostratigraphic curves have been plotted in Figs. 4 through 7
and 9 through 11, alongside δ13Ccarb and/or δ13Corg curves. Before
examining the Hg and Hg/TOC results obtained in this study, it is
convenient to consider a few points brought up by Grasby et al. (2019)
on the use of TOC data in normalization of Hg values. As pointed out by
these authors, extremely low TOC values (< 0.2 wt%) are likely un-
reliable for even the most accurate methods of TOC determination and,
therefore, they cautioned the use of TOC values that are<~0.5 wt%.
By examining TOC values reported in the literature (around 2500) they
observed that only 75% of them were larger than 0.2 wt% implying that

about 25% of reported Hg/TOC values are spurious.
Among the sections examined in this study, only the Hovea-3 sec-

tion exhibits all samples with TOC values> 0.20 wt%. About 70% of
the samples from the Ursula Creek section yielded TOC values> 0.20
wt% and only 30% of the Meishan samples. In the other sections

(Seres/Misci, Idrijca, Rizvanuša, Zal, Abadeh) TOC values are< 0.20
wt% with few exceptions. This picture discourages the use of TOC to
normalize the Hg values in this study as it would potentially lead to
generate questionable Hg/TOC anomalies.

Despite that, all sections except for Abadeh, display a short-lived
Hg/TOC spike in the latest Permian mass extinction (LPME) horizon,
labeled here as spike I (at Meishan, in the top of the bed # 24 (24E) and
bed # 25). With the exceptions of Seres/Misci and Zal, the other six
sections display a less pronounced Hg/TOC spike at the
Permian–Triassic boundary (PTB), labeled here as spike II. Five of these
sections exhibit a discrete (Zal, Abadeh, Ursula Creek and Meishan) to
large (Rizvanuša) Hg/TOC spike at the Early Triassic mass extinction
(ETME) horizon, labeled as spike III. In addition, with the exception of
Idrijca, seven of these sections display a Hg/TOC spike between the
LPME and the PTB (at Meishan is in bed # 26) and corresponds to a
discrete positive δ13Ccarb excursion (in the δ13Ccarb negative trend).
Similar anomaly has already been reported elsewhere from a shallow-
marine section at Xiakou, China, and a deeper-marine section at
Akkamori, Japan (Shen et al., 2019a).Only the Misci and Zal sections
show a Hg/TOC spike at about 10 cm below the LPME (Figs. 4 and 7).

The normalization of Hg against TOC in these sections has con-
sistently led to Hg/TOC anomalies at the LPME and PTB, suggesting
that these are true Hg loading to the environment, although some of
them probably represent exaggerated Hg/TOC ratios due to very low
TOC values. The Hg/TOC spike between the LPME and the PTB in all
but at Idrijca is, perhaps, also a primary feature. The spike III, less
prominent than spikes I and II except in the Rizvanuša section, is absent
from three among the eight studied sections, perhaps due to deposi-
tional hiatus, erosion or local secondary processes.

The Hg and Hg/TOC pathways in the Idrijca section increase stea-
dily immediately above the PTB in a way that departs from the rest of
the examined sections. A potential explanation is that Hg has been
contaminated in at least part of the Idrijca rocks due to Permo-
Carboniferous to Middle Triassic hydrothermal Hg mineralizing activity
in the region (Lavric and Spangenberg, 2003; Foucher et al., 2009).

A NW–SE Hg/TOC transect disposed diagonally to the Pangaea su-
percontinent, passing through seven of the studied sections (from
Ursula Creek in Canada to Hovea-3 in Australia, leaving the Meishan
section aside as it lies in the opposite side of the Palaeo Tethys as shown
in Fig. 1) is found in Fig. 12. In building this transect, the position of the
LPME and ETME horizons have been kept as shown in their original
figures (Figs. 4 through 7 and from 9 through 11) and the PTB has been
used as the datum. From this attempt to attain a global picture of the
Permian–Triassic transition, it becomes clear that Hg/TOC patterns
throughout the studied sections are similar to each other and a strong
variation of sedimentation rates becomes evident.

Apparently, clay was another Hg host besides organic carbon in
these sections. Extensive continental weathering followed the LPME
(Zhang et al., 2018) leading to generation of clays that were subse-
quently deposited along carbonates forming marls, marly limestones,
shales or mudstones between the LPME layer and the P−T boundary
(Algeo and Twitchett, 2010). Mercury peaks observed in this interval,
in almost all of the studied PTB sections, perhaps denounce the pre-
sence of clays on which Hg has been partially adsorbed onto.

5.2. Mercury isotopes

It is known that Hg isotopes undergo large mass-dependent (MDF)
and mass-independent (MIF) fractionations in nature and these sig-
natures can potentially shed some light in tracing Hg sources (e.g.,
Blum et al., 2014) and pathways of Hg and Hg/TOC excursions (e.g.
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Table 1
TOC (%). Hg(ng·g−1)and Hg/TOC compositions of representative samples from Permian–Triassic sections at Ursula Creek (Canada), Misci (Seres, Alps), Idrijca
(Slovenia), Rizvanuša (Croatia), Zal and Abadeh (Iran), Meishan (China) and Hovea-3 well, onshore Perth Basin, Western Australia.

Sample Height (m) δ13Ccarb(‰) vs. V-PDB δ13Corg(‰) vs. V-PDB TOC (%) Hg (ng·g−1) Hg/TOC

(a) Ursula Creek. Canada
UC-1 0.5 0.08 31.68 396.0
UC-3 3.7 0.10 27.99 279.9
UC-6 8 0.07 14.27 203.9
UC-9 10 0.06 22.34 372.3
UC-12 12.9 0.05 26.56 531.2
UC-13 12.5 0.12 29.76 248.0
UC-14 14.2 0.15 54.27 361.8
UC-17 15.6 0.12 67.53 562.8
UC-18 15.9 0.32 24.48 76.5
UC-19 16 −29.70 0.31 55.65 179.5
UC-20 16.1 0.50 68.97 137.9
UC-22 16.4 −27.40 0.45 23.34 51.9
UC-25 17.3 −28.46 0.80 308.35 385.4
UC-28 18.25 −32.57 0.50 43.21 86.4
UC-31 19.9 −32.15 0.80 249.38 311.7
UC-33 22 −29.90 0.90 460.35 511.5
UC-34 24 0.54 167.51 310.2
UC-35 26 0.67 154.42 230.5
UC-36 29 0.76 138.78 182.6
UC-37 32 1.10 132.39 120.4
UC-38 36 1.30 123.17 94.7
UC-40 39 1.60 31.66 19.8
UC-41 42 0.89 42.02 47.2
UC-41.5 44 1.10 80.57 73.2
UC-42 46 0.80 65.93 82.4
UC-43 48 0.30 48.68 162.3
UC-44 50 0.32 30.23 94.5

(b) Misci (Seres, Southern Alps)
Ser-1 0.15 2.42 −25.07 0.07
Ser-2 1.15 2.89 −26.39 0.02
Ser-3 3.65 2.48 −26.3 0.07
Ser-4 4.35 3.17 −26.3 0.04 13.3 333
Ser-5 5.55 3.21 −24.93 0.04
Ser-6 6.75 3.53 −24.67 0.05 10.5 210
Ser-7 7.55 3.57 −25.67 0.04
Ser-8 7.95 3.86 −25.96 0.02 11.2 560
Ser-9 8.45 2.64 −28.31 0.08 9.5 119
Ser-10 8.95 3.13 −29.91 0.2 15 75
Ser-101 (event layer) 9.05 2.98 −24.9 0.12 29 242
Ser-11 9.22 2.73 −29.75 0.06 12.8 213
Ser-12 9.3 1.42 −28.47 0.02 24.8 1240
Ser-13 9.48 0.74 −29.07 0.02
Ser-14 9.57 1.16 −27.3 0.02
Ser-15 9.75 1.02 −27.68 0.02
Ser-16 9.91 1.02 −26.23 0.01 11.4 1140
Ser-17 10 0.79 −28.07 0.12 7.8 65
Ser-18 10.29 1.01 −26.51 0
Ser-19 10.38 1.03 −28.8 0.01
Ser-20 10.565 −26.34 0.03
Ser-21 10.813 1.19 −28.91 0.02 11.3 565
Ser-22 10.975 0.88 −28.66 0.02
Ser-23 11.095 0.94 −28.57 0.02
Ser-24 11.335 0.37 −30.05 0.02
Ser-25 11.435 0.47 −29.27 0.01
Ser-26 11.8 0.2 −29.6 0.01 10.9 1090
Ser-27 12.055 0.46 −30.03 0.02
Ser-28 12.6 0.39 −27.67 0.01
Ser-29 13.195 −0.09 −29.58 0.01
Ser-30 13.57 0.09 −29.33 0.01
Ser-31 13.8 −0.25 −28.93 0.02 8.7 435
Ser-32 14.32 −0.3 −28.89 0.02
Ser-33 14.51 −0.54 −29.12 0.02 3.3 165
Ser-34 14.88 −0.32 −29.48 0.01
Ser-35 19.15 −2.33 −29.76 0.04
Ser-36 19.65 −2.22 −30.85 0.05
Ser-37 21.69 −3.74 −32.56 0.11
Ser-38 21.99 −1.87 −30.79 0.04
Ser-39 23.39 −1.61 −30.84 0.03

(c) Idrijca section (Idrjca Valley). Slovenia
J-4b (VS-12) −1.2 3 −28.4 0.28 930.18 3322
J-3a (VS-11) −0.9 2.4 −27.9 0.24 907.26 3780

(continued on next page)
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Table 1 (continued)

Sample Height (m) δ13Ccarb(‰) vs. V-PDB δ13Corg(‰) vs. V-PDB TOC (%) Hg (ng·g−1) Hg/TOC

J-3b (VS-10) −0.7 2.2 −27.6 0.2 831.89 4159
J-2b (VS-9) −0.6 2.2 −26.7 0.17 937.44 5514
Job/a (VS-8a) −0.2 1.2 −27.4 0.13 910.14 7001
Job/b(VS-8b) −0.15 1 −26.7 0.11 490.79 4462
Jo (VS-8) −0.1 1.2 −26 0.14 458.4 3274
IA-1/2 (VS-7) 0 1.1 −26.1 0.17 598.9 3523
IA-3 (VS-6) 0.1 1.3 −25.9 0.16 479.45 2997
IA-4/5(VS-5) 0.3 0.8 −25.4 0.1 544.16 5442
IA-7 (VS-4) 0.7 0.7 −25.7 0.11 784.46 7131
IA-9 (VS-3) 1.2 0.5 −27.1 0.1 1092.39 10,924

(d) Rizvanuša, Velebit Mountain, Croatia
PTR-35 −2.70 1.33 −26.3 0.006 30.89 5370
PTR-44 −0.90 1.40 −28.6 0.014 10.18 713
PTR-45 −0.70 1.70 −28.6 0.008 180.09 21,893
PTR-46 −0.50 1.89 −28.6 0.028 7.21 254
PTR-47 −0.30 1.02 −28.6 0.008 181.58 23,670
PTR-48 −0.10 1.48 −28.4 0.013 33.64 2509
PTR-49 0.10 −0.03 −29.2 0.030 284.80 9606
PTR-50 0.30 0.71 −28.8 0.010 42.90 4469
PTR-50/51 0.40 0.45 −29.1 0.011 70.51 6235
PTR-51 0.50 0.01 −29.6 0.024 299.29 12,722
PTR-52 0.70 0.04 −29.3 0.022 189.52 8682
PTR-53 0.90 0.03 −29.1 0.020 42.47 2131
PTR-59 2.10 0.48 −32 0.034 21.79 644

(e) Zal, Iran
Zal-19 0 3 – 0.03 19.6 653
Zal-18 0.70 2.8 −26.67 0.01 19.9 1990
Zal-17 2.30 2.6 −26.67 0.02 21.6 1080
Zal-16 2.40 2.4 −26.50 0.03 38.1 1270
Zal-15 2.43 2.4 −27.71 0.01 19.9 1990
Zal-14 2.46 2.2 −27.73 0.02 58.6 2930
Zal-13 2.48 2.1 −25.59 0.04 62.7 1567
Zal-11 2.61 1.8 −26.10 0.01 27 2700
Zal-10 2.64 1.5 −27.27 0.02 51.6 2580
Zal 9/10 (event layer) 2.66 1.3 −26.45 0.03 88.96 2953
Zal-9 2.67 1.3 −27.75 0.02 60.9 3045
Zal-8 2.77 1.1 −27.08 0.02 45.6 2280
Zal-7 3.07 0.8 −26.29 0.01 32.4 3240
Zal-6 3.19 1.2 −28.34 0.02 49.5 2475
Zal-5 3.31 0.6 −27.09 0.02 86 4330
Zal-4 3.86 0.4 −29.10 0.01 10.95 1095
Zal-3 4.11 −0.5 −31.11 0.01 17.84 1784
Zal-2 4.91 0 −29.22 0.02 12.48 624
Zal-1 5.28 −0.1 −30.77 0.03 23.12 770

(f) Abadeh section, Iran
Aba-47 47.80 3.26 −27.82 0.005 2.0 400
Aba-56 50.38 2.02 −25.80 0.007 2.0 285
Aba-61 50.93 0.62 −24.60 0.008 2.4 300
Aba-66 51.38 0.99 – 0.008 9.6 1200
Aba-66-2 9.52
Aba-68a 51.81 1.12 −27.22 0.012 2.1 175
Aba-68d 52.31 −0.12 −28.57 0.012 4.6 383
Aba-70 52.70 −0.08 −26.71 0.015 3.0 200
Aba-72 53.40 −0.32 −25.68 0.009 10.8 1200
Aba-73 53.60 −0.30 −25.68 0.009 2.6 289
Aba-76 55.00 – −25.94 0.005 19.9 3980

(g) Meishan section, China
Meishan-1 −273 4.7 −26.95 0.10 6.1 61
Meishan-2 −238 4.0
Meishan-3 −198 3.6 −26.66 0.15 5.0 33.33
Meishan-4 −179 4.0
Meishan-5 −168 4.2
Meishan-6 −113 4.1 −28.84 0.53 14.7 27.73
Meishan-7 −106.5 3.7
Meishan-8 −88 2.7 −30.05 1.87 26.6 12.24
Meishan-9 −73 2.5
Meishan-10 −68 2.6
Meishan-11 −68 2.6 −27.26 0.06 1.5 25
Meishan-12 −57 2.3
Meishan-13 −56.5 2.5
Meishan-14 −54.5 2.6
Meishan-15 −22.5 2.1 −29.59 0.20 8.8 44
Meishan-16 −15 2.0

(continued on next page)
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Thibodeau et al., 2016; Grasby et al., 2017; Gong et al., 2017; Wang
et al., 2018). Mass-dependent fractionation can be triggered and mod-
ified by physical, chemical or biological reactions, this should be con-
sidered when tracing the source for Hg in environment. However, as
Hg-MIF signatures are unlikely altered by post-depositional processes
according to Smith et al. (2008), MIF would be more useful for source
identification Shen et al., 2019a,b).

Hg isotopes have been analyzed in a total of twenty-five samples
from the studied Permian–Triassic sections (Table 2). Most of the se-
lected samples are from the mass extinction interval indicated in these
sections, with high Hg/TOC values. Mass dependent fractionation
(MDF) reported as δ202Hg values are all negative in this study, sixteen
of them within the −2.00 to −0.85% range, eight from −2.20 to
−3.00% and one sample yielded a much lower value of −3.79%
(Table 2).

In a δ202Hg vs Δ201Hg (MIF) diagram, almost 70% of the analyzed

samples plot within the volcanic-emission box (Fig. 13a). Four hor-
izontal trends are evident in this figure. Three samples from the Abadeh
section together with the sample ZAL 9/10 (event layer at Zal section)
define the trend I in this diagram with positive Δ201Hg (MIF) values.
Samples from the three sections in Europe (Rizvanuša, Seres/Misci and
Idrijca) together with one from Hovea-3 define the trend II, exhibiting
Δ201Hg values around zero. Five samples from Meishan (beds # 24, 26,
40, 50, 51A) show very consistent values that cluster within the trend
III in the volcanic-emission box together with two samples from Ursula
Creek and one from Hovea-3, showing slightly negative Δ201Hg values.
Likely Hg in the samples from Meishan originated from one same
source, with negligible or none Δ201Hg (MIF) fractionation during at-
mospheric transport and the same happened with Rizvanuša samples in
trend II. Besides, the total range of measured Δ199Hg values
(−0.10–0.00) within the Permian–Triassic mass extinction interval in
Rizvanuša, Meishan, Seres/Misci, Idrijca and Zal sections fall within

Table 1 (continued)

Sample Height (m) δ13Ccarb(‰) vs. V-PDB δ13Corg(‰) vs. V-PDB TOC (%) Hg (ng·g−1) Hg/TOC

Meishan-17 −15 2.1
Meishan-18 −9 1.9
Meishan-19 −7.5 2.2
Meishan-20 −7.5 2.2 −27.82 0.20 15.1 75.5
Meishan-21 −5.0 2.0
Meishan-22 −3.5 1.8
Meishan-23 −3.5 1.9 −28.03 0.09 3.6 40
Meishan-50 (24E top) −0.1 0.11 346.4 3149.09
Meishan-51A +0.8 −28.52 0.49 32.9 67.14
Meishan-51B +1.9 −26.26 0.05 21.0 420
Meishan-24 +6.5 −1.0 −30.49 0.57 122.3 214.56
Meishan-25 +6.5 −1.1
Meishan-26 +10.5 0.0 −26.23 0.07 46.9 670
Meishan-27 +10.5 0.0
Meishan-28 +12.5 0.2
Meishan-29 +15.0 0.1 −26.64 0.04 13.0 325
Meishan-30 +15.0 0.0
Meishan-31 +18.0 0.3
Meishan-32 +18.0 0.2
Meishan-33 +20.5 0.7 −26.22 0.05 9.3 186
Meishan-34 +22.5 0.8
Meishan-35 +22.5 0.5
Meishan-36 +25.5 0.1 −25.68 0.05 9.3 186
Meishan-37 32.5 1.2
Meishan-38 +36.5 1.2 −26.50 0.05 6.5 130
Meishan-39 +45.0 0.9
Meishan-40 +56.5 0.88 −27.64 0.12 32.3 269.16
Meishan-41 +68.7 −24.97 0.05 26.8 536

(h) Hovea-3 well, onshore Perth Basin, Western Australia

Black shale samples

Sample name Core depth (m) δ13Corg(‰) vs. V-PDB TOC Hg (ng·g−1) Hg/TOC

Hov-1 1969.1 −33.8 2.3 39.25 17.1
Hov-2 1973.29 −35.1 1.5 55.11 36.7
Hov-3 1977.19 −35.9 1.2 111.67 93.1
Hov-4 1979.13 −35.7 2.5 207.33 82.9
Hov-5 1980 −35.7 1.9 77.98 41.0
Hov-6 1980.94 −36.3 1.5 158.74 105.8
Hov-7 1980.95 −36.2 1.6 108.1 67.6
Hov-8 1980.96 −36.3 1.7 273.36 160.8
Hov-9 1980.98 −35.9 1.7 123.77 72.8
Hov-10 1980.99 −35.6 1.8 96.73 53.7
Hov-11 1981.1 −34.1 3.9 77.21 19.8
Hov-12 1981.23 −34.9 2.3 97.43 42.4
Hov-13 1982.1 −34.8 2.2 78.58 35.7
Hov-14 1982.4 −31.9 0.8 92.01 115.0
Hov-15 1982.73 −31.3 1.2 77.3 64.4
Hov-16 1982.94 −31.1 1.5 75.86 50.6
Hov-17 1983.48 −30.4 0.8 437.05 546.3
Hov-18 1984.7 −27.3 0.9 62.28 69.2
Hov-19 1984.95 −27.6 116.07
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experimental error of zero, a possible evidence for a significant influx of
volcanic Hg in this time interval. Small positive Δ201Hg favors long-
term atmospheric transport and support Hg loading to the environment
by the STLIP magmatism. There is a possibility that the negative values
displayed by δ202Hg MDF (−1.07 to −1.79) and Δ199Hg (0.00 to
−008) in samples from Meishan in trend III can be explained by
presence of a significant proportion of Hg from terrestrial sources as
suggested elsewhere by Grasby et al. (2017), Wang et al. (2018) and
Shen et al. (2019a,b). The trend IV is composed of three samples from
the Zal section which exhibit the lowest negative Δ201Hg (MIF) values,
in contrast with the Zal 9/10 event layer which exhibits the highest
positive Δ201Hg (MIF) value among the studied samples. In summary,
the two sections from Iran exhibit the highest (trend I) and the lowest
(trend IV) Δ201Hg (MIF) values in this study.

A total of seven samples (Zal, Ursula Creek, Idrijca and Abadeh) plot
in the sediment, soil and peat box in the δ202Hg vs Δ201Hg diagram
(Fig. 13a). In these samples, Hg (MDF) isotopes seem to have suffered

further fractionation that has pushed δ202Hg values towards more ne-
gative values due to terrestrial Hg influx. One cannot discard, however,
that this feature could be also a consequence of a coal-source triggered
by the contemporary intrusive stage 2 of the STLIP sill complex of
Burgess et al. (2017).

In an attempt to compare Hg isotope behavior during mass extinc-
tion events in the Permian–Triassic and Cretaceous–Paleogene (K/Pg)
boundaries, a δ202Hg vs Δ201Hg diagram for four Cretaceous–Paleogene
boundary sections (Fig. 13b) is shown (modified from Sial et al., 2019).
For this boundary, two trends roughly parallel can be depicted from this
figure: (a) spike II trend generated by Hg/TOC analyses from a thin K/
Pg boundary clay layer from K/Pg sections at Højerup (Stevns Klint,
Denmark), Bottaccione (Gubbio, Italy), Sohryngkew (Meghalaya, India)
and Bidart (Basque Basin, France); and (b) spike III trend formed by
samples from the P1a planktic foraminiferal subzone from the Bidart
France and the Poty Quarry (Brazil) sections. Samples in the spike II
trend display Δ201Hg around zero and Hg has been regarded as loaded

Fig. 4. Stratigraphy, lithology, carbon isotope ratios (Kraus et al., 2013), Hg, TOC concentrations and Hg/TOC (this study) of the Seres/Misci section, Southern Alps.
LPME stands for latest Permian mass extinction and TOC, for total organic carbon in this and subsequent figures.
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by the Deccan volcanism or it is extraterrestrial in nature from the as-
teroid impact at Chicxulub (Sial et al., 2019). Just one sample in this
trend (from Højerup) plotted inside the sediment, soil and peat box,
suggesting that samples in this trend have not undergone significative
Hg-MIF fractionation during atmospheric transport, except for one
sample that may have faced Hg-MDF change by some terrestrial influx.
As it is unlikely that post-depositional processes change Hg-MIF sig-
natures, the spike II trend is probably a primary one, generated by Hg
from the Deccan volcanism.

Two main differences between the behavior of Hg isotopes in the
Permian–Triassic and Cretaceous–Paleogene transitions can be drawn
from this study: (a) some K/Pg boundary clay layer samples plot within
the chondrite/volcanic emission box, something which not observed
among PTB samples; (b) Hg in K/Pg clay layer samples defines a well-
delineated spike II trend, without much Hg-MIF fractionation during
transport from the Deccan volcanic site or further change in the local of
deposition. Samples in the PTB trend II are likely Hg from the STLIP

volcanism but with small degree of terrigenous Hg influx in the site of
deposition.

In summary, from the δ202Hg vs Δ201Hg crossplot it can be con-
cluded that volcanic Hg isotopes in the K/Pg boundary have received
little terrigenous-Hg influx influence. In contrast, at the PTB, volcanic
Hg has received variable influence from terrigenous-source influx, more
intense in samples in trends III and IV (Meishan, Ursula Creek, Zal and
Hovea-3 sections, which are far distant from the STLIP), but less intense
in trend II samples (Seres/Misci, Rizvanuša and Idrijca sections, in
Europe, which are relatively closer to the STLIP).

In a recent study on two continental Permian–Triassic sections of
the South China Craton, Shen et al. (2019b) have shown that pre- and
post-event beds are characterized by low Hg concentrations and more
positive values of MIF odd Hg isotopes, whereas the mass extinction
interval is characterized by higher Hg concentrations and lower MIF
odd Hg isotope values (usually negative values). From the crossplot of
Δ199Hg versus Hg concentrations, can be concluded that samples tend
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to fall along a mixing trend defined by a background endmember with
low Hg and high MIF and a volcanic endmember with high Hg and low
MIF.

A crossplot between Δ199Hg ‰ (MIF) and Hg (ng·g−1) for the eight
sections investigated in this study display two curved trends (Fig. 14a),
likely determined by two-component mixing between marine sediment
and volcanic-source Hg. The trend I (three samples from Abadeh) ex-
hibit positive Δ199Hg values while two samples from Meishan and one
from Ursula Creek display negative values. In trend II, three samples
from Zal and one from Misci display positive values, while three

samples from Meishan and two from Hovea-3 and two from Ursula
Creek and three from Rizvanuša sections display Δ199Hg (MIF) around
zero or with negative values. The sample Zal 9/10 (event layer) departs
from this trend more than any other sample in the trend. Perhaps, this is
a consequence of input from rapid erosion of Hg from soils as invoked
to explain a similar situation in China (Shen et al., 2019b).

Three samples from the Idrijca section (trend III) show positive
Δ199Hg (MIF) values and the highest Hg contents among the studied
sections. These samples may have been strongly affected by hydro-
thermal Hg contamination from the Idrijca mining region (Permo-

Fig. 8. Photograph of the Meishan section in this study, China (Permian–Triassic boundary GSSP; photo taken by Christoph Korte).
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Carboniferous to Middle Triassic hydrothermal Hg mineralizing activity
in the region) (Lavric and Spangenberg, 2003; Foucher et al., 2009).
This has led to much higher Hg concentrations than seen in any other
section (e.g., Ursula Creek and Idrijca exhibit similar TOC values but Hg
is much higher at Idrijca). Two samples from the Ursula Creek section
plot in the vicinity of the trend III, a behavior for which we found no

clear explanation.
A Δ199Hg ‰ (MIF) versus Hg (ng·g−1) cross plot for the K/Pg

transition using the data available in Sial et al. (2019) is shown in
Fig. 14b. The number of analyses in this case is more limited than for
the PTB. Except for two samples (spike III trend) from the Poty Quarry
(Brazil), collected about one meter above the K/Pg boundary, and one
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from Um Sohryngkew (India) all samples from the K/Pg layer (spike II
trend) consistently display Δ199Hg ‰ (MIF) values around zero.
Fig. 14b confirms what has been stated above about Fig. 13b, that odd
Hg-MIF isotopes in spike II have undergone negligible to none frac-
tionation from the Deccan volcanic center to the local of deposition.
Two-component mixing between volcanic and terrigenous Hg influx at
the spike II seems to have been more limited than in the PTB layers.

6. Conclusions

In most of the marine PTB sections in this study, TOC exhibits rather
low values (usually< 0.20 wt%). Even so, Hg/TOC yielded consistently
three to four spikes in almost all sections whose assessment leads to the
following conclusions: (a) pronounced increase in Hg/TOC values at the
LPME event reveals a coincident, robust synchronism between LPME
and STLIP magmatism; (b) a NW-SE diagonal transect across the
Pangaea supercontinent (252 Ma ago), reveals that Hg/TOC patterns of
the studied sections are similar to each other and that there was a
strong variation in sedimentation rates across the extinction interval.
This demonstrates that Hg/TOC maybe has some potential to be used in

stratigraphic correlation; (c) The PTB and K/Pg were associated to LIP
volcanism but the variation trends of Δ199Hg with Hg concentrations for
these two major chronological boundaries are very distinct. The Δ199Hg
values for the Hg peaks near the K/Pg are close to zero, but the Δ199Hg
for Hg peaks near PTB are the record of both terrigenous and volcanic
sources, lower terrigenous Hg influx in settings closer to the STLIP, but
higher in settings far distant to that. The possibility that these differ-
ences resulted from the depositional environment for each setting (e.g.,
various water-depth), not the distance from STLIP, cannot be totally
discarded; (d) likely, the Deccan LIP volcanism has not affected the
increase of land weathering as much as the STLIP. Alternatively, the
STLIP magma went through organic matter-enriched beds (e.g., coal
and black shale) and the Hg isotope data could represent different de-
gree of mixture of volcanic Hg release (Δ199Hg near 0) and Hg from
organic matter-enriched sediments (negative Δ199Hg). In this case, the
Hg peaks in sediments could be negative. In the K/Pg, the near zero
Δ199Hg of Hg enrichment perhaps came only from the volcanic Hg re-
lease; (e) the negative C-isotope excursions and Hg/TOC enrichments
are nearly coeval and this supports the hypothesis of synchronism be-
tween the Permian–Triassic transition biotic crises and the start of the
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stage 2 of the Siberian Traps (late sill-intrusion style of magmatism,
forming a sub-volcanic network of intrusions).
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a are based on Shen et al. (2019c). Same in panel b where Volc = volcanic source, Mar. = marine sediments, Cont. = continental sediments. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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