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The Carnian Pluvial Episode (CPE, ~233 Ma) was characterized by multiple negative carbon-isotope
excursions, turnovers in marine and terrestrial biota, and a Tethys-wide humid climate accompanied
by abundant terrigenous sediment and freshwater input into sedimentary basins. A general temporal
coincidence between the CPE and the emplacement of the Wrangellia Large Igneous Province (Wrangellia
LIP) has been well documented, however, it remains unclear whether fluctuations in the intensity of the
LIP’s activity could be linked to the biotic and climate changes at the CPE. We here present mercury (Hg)
concentration and isotope ratio records from a pelagic deep-water succession (Section N-O, Inuyama,
Japan) that encompasses the CPE interval. Data reveal concurrent peaks in the Hg concentrations and
ratios of Hg to TOC and enrichment factors Thgg, Algr, Zngg, and Nigg implying that excess Hg loading in
the sediments occurred, likely due to volcanic activity, prior to the CPE siliciclastic input. Furthermore,
A19Hg values show a negative shift across the boundary between the Julian 1 and Julian 2, followed by
a positive shift up to near-zero values at the Julian/Tuvalian transition. The near-zero A'9Hg values at
the Julian/Tuvalian boundary are associated with an increase in Hg and Cu loading, suggesting a peak of
volcanogenic Hg and Cu input that may indicate a climax in the Wrangellia LIP activity. Most notably,
the Julian/Tuvalian transition is where evidence of the most pronounced changes in carbonate platform
evolution, biological turnover and climate change associated with the event has been highlighted. Our
results therefore suggest that variations in the intensity of LIP volcanism may have played a major
role in driving biotic and climate changes during the CPE. Our results provide a model for other mass
extinction events associated with LIPs (e.g., the end-Permian) where low-intensity background volcanism
was punctuated by high-intensity pulses, these latter being the real killers.
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evidence of modifications in carbonate platform environments and
increased terrigenous input into sedimentary basins, which started
at the boundary between the Julian 1 and 2, and spanned the Ju-
lian 2 and Tuvalian 1, substages of the Carnian period (Simms and
Ruffell, 1989; Breda et al., 2009; Dal Corso et al., 2018). It has
been shown that the CPE is associated with multiple, globally rec-
ognized negative carbon-isotope excursions (NICEs) in terrestrial

1. Introduction

The Carnian Pluvial Episode (CPE, ~233 Ma) is a phase of cli-
mate and biotic changes that occurred in the Late Triassic (Simms
and Ruffell, 1989). The CPE was first recognized from the global
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and marine 8'3C records. At least four NCIEs (NCIE 1 to NCIE 4;
Fig. 1A) have been recognized and are thought to be evidence of
multi-phase perturbation of the carbon cycle linked to multiple
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Fig. 1. A) Geochemical and biotic changes at the CPE in Tethys (marine), Panthalassa (marine) and Pangaea (continental). The duration of Wrangellia Large Igneous Province
volcanism follows Greene et al. (2010) and Parrish and McNicoll (1992). The changes in marine and terrestrial biota, as well as the carbonate factory, follow Dal Corso et
al. (2020). The sea-surface temperature curves are from Lagonegro Basin (LB, Rigo and Joachimski, 2010; Rigo et al., 2012; Trotter et al., 2015), Northern Calcareous Alps
(NCA, Hornung et al., 2007) and Nanpanjiang Basin (NB, Sun et al., 2016). Temperature trends redrawn from Dal Corso et al. (2020). Note: Ferns refer to Matoniaceae and
Dipteridaceae; Conifers refer to modern families, i.e., Podocarpaceae, Araucariaceae, Pinaceae (Dal Corso et al., 2020; Roghi et al., 2022). Microbial CF = Microbial carbonate
factory; Metazoan CF = Metazoan carbonate factory. Carnian time scale follows Bernardi et al. (2018). B) Paleogeographic map of Carnian (Late Triassic) (Scotese, 2014) with
the relative positions of Wrangellia LIP (e.g. Dal Corso et al., 2020), Alpine region (1 in A), Section N-O (2 in A) and Jiyuan Basin (3 in A). C) Positions of Mino and Sambosan
belts in Japan. D) Geological map of the Inuyama area with the position of Section N-O (red marker). C-D are from Tomimatsu et al. (2021). CS = Cenozoic sediments; TLJC =
Triassic to Lower Jurassic cherts; MJCR = Middle Jurassic clastic rocks; LTSC = Lower Triassic siliceous claystones.

pulses of volcanic activity of the Wrangellia Large Igneous Province
(Wrangellia LIP; Fig. 1A; e.g., Dal Corso et al., 2018; Lu et al., 2021).
Evidence from palynological assemblages, chemical weathering in-
dices, 8180 records from conodont apatite, and redox-sensitive el-
ements suggest that the CPE was characterized by an extremely
humid climate (e.g., Roghi, 2004; Baranyi et al., 2019), warm tem-
peratures (Rigo and Joachimski, 2010; Rigo et al., 2012; Trotter
et al, 2015; Sun et al, 2016) and marine anoxia (Soua, 2014;
Sun et al., 2016; Tomimatsu et al., 2021). Shallow water carbonate
production experienced synchronous modifications, in response to
the climate changes and eustatic sea-level fall associated with this
event (Jin et al., 2020, 2022a). The important climate and environ-
mental changes at the CPE also impacted the biosphere, as testified
by high extinction rates in ammonoids and conodonts (e.g., Rigo
et al.,, 2007; Dal Corso et al., 2020), and significant radiation and
diversification during or after the CPE in some important groups
such as dinosaurs (Bernardi et al., 2018), scleractinian corals (Stan-
ley, 2003), calcareous nannofossils and plants (e.g., Dal Corso et al.,
2020; Fig. 1A).

A documented temporal coincidence between the Wrangellia
LIP and the CPE (e.g., Furin et al., 2006; Dal Corso et al., 2020)
has made volcanism one of the main candidates as the driver of
the CPE. Although the cause-effect relationships between the ob-

served changes in the Earth ecosystem and volcanism are subject
of ongoing debate. The volcanism hypothesis is supported by the
identification of multiple mercury (Hg) enrichments and increased
input of unradiogenic osmium (Os) in sedimentary successions en-
compassing the CPE (Fig. 1A; Lu et al.,, 2021; Mazaheri-Johari et al.,
2021; Tomimatsu et al., 2021; Zhao et al., 2022).

Mercury is widely used as a proxy for volcanic activity in the
geological record, as the primary natural source of Hg in the envi-
ronment is volcanism (e.g., Grasby et al., 2019). Volcanic Hg under-
goes global transport due to its residence time of ca. 0.5-1 years
in the atmosphere, prior to its deposition into terrestrial and ma-
rine sediments via wet and dry pathways (Selin, 2009; Gworek et
al.,, 2016). Mercury has a strong bond to organic matter, often re-
sulting in a fairly stable Hg/TOC ratio in sediments (e.g., Grasby
et al., 2013, 2019). During intense volcanic activity, such as LIP
eruptions, Hg flux to the environment is expected to be largely
enhanced and result in anomalous Hg enrichment in sediments
globally (e.g., Grasby et al., 2020). Evidence of such enrichments
has been highlighted in multiple instances in the geological record,
e.g., the end-Permian and end-Triassic mass extinctions (Grasby et
al,, 2019; Yager et al., 2021).

Besides the amount of Hg in sedimentary rocks, Hg isotopes
can be used to understand the geochemical fate of Hg in the en-
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vironment (Grasby et al., 2017). Mercury has seven natural stable
isotopes (1%Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg, and 2%4Hg) that
undergo unique mass-dependent Fractionation (MDF, i.e., §292Hg)
and mass-independent Fractionation (odd-MIF, i.e., A199Hg) (e.g.,
Blum et al., 2014). Volcanogenic Hg normally has A'%°Hg ~ 0
(Yin et al.,, 2016) and therefore the input of large amounts of vol-
canogenic Hg can lead to shifts in A'Hg in sediments. Shifts
in A'99Hg have been highlighted at some of the largest mass
extinctions, strengthening the link between extinctions and mas-
sive volcanic eruptions (e.g., Bergquist, 2017; Grasby et al., 2017,
2019; Shen et al., 2019; Yager et al., 2021). The Hg isotope record
from the marine Upper Triassic of the South China Block of east-
ern Tethys displays overall negative A1%°Hg values associated with
some positive A199Hg values around the CPE time, further indi-
cating enhanced volcanogenic Hg input into the ocean via atmo-
spheric Hg deposition and terrestrial erosion (Zhao et al., 2022).

LIP eruptions are a stochastic process with pulses of variable
eruption intensity, as shown by high-resolution radioisotope age
dates of the Deccan Traps (Schoene et al., 2019), and which can be
described as a binomial multiplicative cascade (e.g., Gusev, 2014).
Given this Grasby et al. (2020) modeled volatile release from a LIP
event as a multifractal time series, with peak emission rates be-
ing able to induce conditions toxic to marine and terrestrial life.
Consistent with this, carbon-isotope and Hg records suggest that
volcanic activity at the CPE occurred in multiple pulses (Dal Corso
et al,, 2018; Lu et al., 2021). Understanding whether some of these
eruptive pulses at the CPE may have been particularly intense may
help illuminate the links between Wrangellia volcanism, the asso-
ciated emission of greenhouse gases and other potential environ-
mental pollutants, and the climate and biotic changes coincident
with the CPE.

We here present a Hg concentration and isotope ratio record
from a pelagic deep-water section (Section N-O, Inuyama, Japan).
The section, located in the Panthalassic Ocean during the Carnian
(Fig. 1B), is well constrained by conodont and radiolarian bios-
tratigraphy (Yamashita et al., 2018; Tomimatsu et al., 2021, 2022).
This particular paleogeographic position makes the Japanese record
less sensitive to terrestrial input and therefore more suitable for
retrieving reliable information on volcanic activity associated with
the CPE.

2. Geological setting and studied section

Section N-O, located in the Inuyama area, Mino Belt, central
Japan (Fig. 1B, C), is a composite stratigraphic section that is com-
prised of Sections N and O (Sugiyama, 1977; Tomimatsu et al.,
2021). The Mino Belt consists of a Jurassic subduction-generated
accretionary complex striking in an approximately ENE-WSW ori-
entation. Based on lithology, age, and structure, the Mino Belt has
been divided into six tectonostratigraphic units: Sakamoto-toge,
Samondake, Funabuseyama, Nabi, Kanayama, and Kamiaso (Wakita,
1988). The examined sections are located in the Kamiaso unit
(Wakita, 1988), which is composed of thrust sheets of sedimen-
tary successions including Triassic to Lower Jurassic bedded cherts
and overlying Middle Jurassic sandstones and mudstones (Fig. 1D;
Matsuoka, 1994). Paleomagnetic and biostratigraphic investigations
of bedded cherts in the Inuyama area revealed that deposition oc-
curred in the central Panthalassa during the Triassic and it shifted
from low to mid-latitudes during the Middle Triassic to Early Juras-
sic (Ando et al., 2001; Uno et al., 2012). The chert-clastic sequence
in the Inuyama area has been subdivided into four chert thrust
sheets: CH-1, CH-2, CH-3, and CH-4, with no carbonate or terrige-
nous rocks (e.g., Matsuda and Isozaki, 1991).

Section N-O is within the CH-2 thrust sheet and is a ~18 m
thick succession composed of red cherts and greenish gray cherts
with interbedded white cherts (Fig. 2). The bedded cherts are in-
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tercalated with thin siliceous claystone. The section was dated as
Late Ladinian to Late Carnian based on radiolarians and conodonts
biostratigraphy (Yamashita et al, 2018; Tomimatsu et al., 2021,
2022). The boundary between Julian 1 and 2 (the onset of the
CPE, e.g., Dal Corso et al., 2018) was defined by the first occur-
rence of Paragondolella praelindae conodont Zone (Rigo et al., 2007,
2018) and TR4B radiolarian Zone (Fig. 2; Tomimatsu et al., 2021).
Thermal maturity studies indicate that the bedded chert in the In-
uyama area has not been buried below the depth of the prehnite-
pumpellyite facies (Matsuda and Isozaki, 1991), suggesting that
the Carnian rocks in the Section N-O have not been affected by
hydrothermal-metasomatic alteration.

High-resolution Os isotope data were obtained from the bed-
ded cherts, showing a decrease in '870s/1880s ratios in the Ju-
lian 1, which remains constantly low throughout the Julian 2.
This was attributed to the increased input of unradiogenic Os
into the ocean caused by the emplacement of the Wrangellia LIP
(Fig. 2; Tomimatsu et al.,, 2021). Two negative carbon-isotope ex-
cursions (NCIE-« and -8) of organic matter were documented in
the siliceous claystone and can be correlated globally (Fig. 2; Tomi-
matsu et al., 2021). Furthermore, the NCIE-8 interval was also
characterized by dysoxic to anoxic conditions based on the enrich-
ments of V and U, suggesting worldwide ocean anoxia during the
CPE (Fig. 2; Tomimatsu et al., 2021).

3. Material and methods

In this study, we selected 23 siliceous claystone beds for the
analyses of major and trace elements, Hg concentrations, and 20
samples for Hg isotopes. Major elements analysis was performed
at the ALS Chemex, Guangzhou, China by using X-ray fluorescence
spectroscopy (PANalytical XRF) in accordance with the ME-XRF26
analytical package. Each sample was well mixed with the flux
made of lithium tetraborate and lithium nitrate, and then was
heated to 1050°C. The slurry was moved into a platinum mold,
which was then cooled to form a sheet. The analytical uncertainty
was <5%.

Trace element concentrations were measured using an Agilent
8900 inductively-coupled plasma-mass spectrometry (ICP-MS) at
the Institute of Geochemistry, Chinese Academy of Sciences (IG-
CAS), following a previous method (Liang and Grégoire, 2000).
The analytical uncertainty was <5% for the elements reported. Hg
concentrations were measured using a Lumex R915+ mercury ana-
lyzer at the Institute of Geochemistry, Chinese Academy of Sciences
(IGCAS), Guiyang, China. Approximately 150 mg of powder was
weighed for each sample. Sample duplicates (1 replication sample
for every 10 samples) and soil standard reference material (SRM,
GSS-5, 290 ppb Hg) were included in the analysis, which yielded
Hg recoveries of 90-110% for GSS-5 and uncertainty of <10% for
sample duplicates.

The samples were processed for Hg preconcentration using a
double-stage tube furnace (Zerkle et al., 2020). GSS-4 soil SRM
(n=3) was prepared in the same way as the samples. The pre-
concentrated solutions, in 5 mL 40% anti aqua regia (HNO3/HCl =
2/1, v/v), were diluted to 1.0 ng/mL, with an acid concentration
of 10-20% by using 18.2 MQ cm water, and then analyzed us-
ing Neptune Plus Multicollector-Inductively Coupled Plasma Mass
Spectrometer (Thermo Electron Corp, Bremen, Germany) at IGCAS
(Yin et al,, 2016). MDF of Hg isotopes is expressed in §2°2Hg no-
tation in units of per mil (%o) referenced to the NIST-3133 Hg
standard before and after each sample, as follows:

8202Hg = [(*®*Hg/"*®Hgsample) / **Hg/ " *®Hestandara) — 11 x 1000
(1)
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Fig. 2. Lithostratigraphic log, Os isotopes, organic carbon isotopes (8'3Croc), total organic carbon (TOC), Hg concentrations, A'9Hg, §202Hg, ratios of Hg to TOC, Algr, Thg,
Zngr and Nigr (EF = enrichment factor) of siliceous claystones in Section N-O (Inuyama, Japan). Lithostratigraphy, biostratigraphy, Os isotopes, 8'3Croc, TOC and inferred
interval of dysoxia to anoxia (pastel blue belt) are from Tomimatsu et al. (2021). Interval in A'9Hg values that are indicative of volcanogenic Hg input according to Shen et
al. (2022a) is marked by vertical pink rectangle. Background values are the median values and marked as steel blue dashed lines (concentrations) and crimson dashed lines
(ratios). NCIE = negative carbon-isotope excursion; CPE = Carnian Pluvial Episode; C.Z = Conodont zone; R.Z = Radiolarian zone. Ma. carnica = Mazzaella carnica; P. praelindae =
Paragondolella praelindae; Ni.? budaensis = Nicoraella budaensis; Me. praecommunisti = Metapolygnathus praecommunisti; C. orchardi = Carnepigondolella orchardi.

MIF of Hg isotopes is reported in A notation (A***Hg), which de-
scribes the difference between the measured §***Hg and the theo-
retically predicted § ***Hg values, in units of per mille (%o), using
the following Equation:

A¥*Hg ~ §**Hg — §20?Hg x B (2)

where B value is 0.252 for '9°Hg, 0.5024 for 20°Hg, and 0.752
for 201Hg, respectively (Blum and Bergquist, 2007). NIST-8610 sec-
ondary Hg standard solution, diluted to 1.0 ng/mL Hg in 10% HCI,
was measured in the same way as the samples. The overall av-
erage and uncertainty of GSS-4 (§'99Hg: —0.8340.07%0; §2°°Hg:
—0.86+0.10%0; §2°'Hg: —1.65+0.13%0; §29?Hg: —1.7120.15%;

A'Hg:  —0.40+0.04%0; A2%°Hg: 0.004+0.03%:; AZC'Hg:
—0.3640.05%0, 2SD, n=3) and NIST-8610 (51°?Hg: —0.1440.05%o;
820Hg:  —0.2540.03%; §%%THg: —0.3940.04%; §2%2Hg:

—0.5040.02%0; A'99Hg: —0.0240.04%0; A2%Hg: 0.0040.03%o;
A%0THg: —0.014:0.04%, 2SD, n=3) agree well with previous re-
sults (e.g., Blum and Bergquist, 2007; Deng et al., 2021). Analytical
uncertainty reported in this study corresponds to the larger value
of replicate analyses of GSS-4 and NIST-8610.

4. Results

To eliminate the considerable dilution effect of biogenic sil-
ica (e.g., Tomimatsu et al., 2021; Cho et al, 2022), elements
(e.g., Al, Th, Zn, Cu, Ni, V, U) were normalized to Ti con-
centrations to obtain enrichment factors which are defined as:
XgF = (Xsample/Tisampte )/(Xucc/Tiucc), where X and Ti represent the
weight concentrations of elements X and Ti, respectively. Samples
were normalized using upper continental crust (UCC) compositions
of Rudnick and Gao (2014).

The Hg concentrations of the pelagic siliceous claystone in Sec-
tion N-O range from 3 to 58 ppb, with a mean value of 13 ppb
(N=23). Four peaks in Hg concentrations above the background
value are observed. The first Hg peak (Max. = 31 ppb; Peak 1
in Fig. 2) at ~2.8 m, prior to the NCIE-o of Tomimatsu et al.

(2021) and the CPE interval, is approximately four-fold higher
than the background value (median value of Hg concentrations, 8
ppb; Fig. 2) and coincides with the first peak of Hg/TOC (2056
ppb/wt.%), Hg/Algr (33), Hg/Ther (26), Hg/Zngr (10), Hg/Nigr (8)
ratios (Fig. 2). The second Hg peak (Max. = 34) at ~5.0 m and
within the lower part of Julian 2, still precedes the NCIE-«, and
is coincident with the second peak in the ratios of Hg/TOC (1208
ppb/wt.%), Hg/Algr (38), Hg/Thgr (30), Hg/Zngr (11), Hg/Nigr (13)
(Fig. 2). The third peak of Hg concentrations (up to 58 ppb in
Fig. 2) at ~8.4 m of the section almost overlaps with NCIE-o.
The ratios of Hg/TOC (3647 ppb/wt.%), Hg/Algr (62), Hg/Thgr (47),
Hg/Zngr (15), and Hg/Nigg (13), also culminated at the same level
in Section N-O. Up section (~9 to 11 m), overlapping with the
NCIE-8 interval, Hg concentrations are broadly stable and are close
to the background value. The fourth peak (Peak 4) of Hg concentra-
tions (26 ppb) at ~12 m, after the CPE NCIEs but may still within
the CPE interval, is also coincident with a peak in Hg/TOC (1731
ppb/wt.%), Hg/Algr (32), Hg/Ther (23), Hg/Zngr (11), and Hg/Nige
(7) ratios (Fig. 2).

A'%9Hg values have a wide range and vary between —0.28%0
and 0.08%, with an average of —0.07+0.04% (2SD, n=20). A'%Hg
values are near-zero during the first peak in ratios of Hg/TOC (2056
ppb/wt.%), Hg/Algr (33), Hg/Thgr (26), Hg/Zngr (10), and Hg/Nigr
(8); and A%¥Hg then shows a negative shift to —0.22%o prior to
the most negative values of NCIE-«. A positive shift in A19°Hg is
observed within NCIE-c;, and then A9?Hg values are consistently
close to zero from 7.4 to 12.1 m (the upper part of the CPE in-
terval in the Fig. 2), except for two negative values (—0.20%0 and
—0.28%0) at 9.8 m and 11.1 m respectively. This interval (7.4 to
12.1 m) also brackets the most negative values of the NCIE-« and
the whole of NCIE-pB, as well as the dysoxic to anoxic interval and
the maximum values in Hg concentrations and Cugg/Vgr ratios of
the claystones and cherts (Figs. 2 and 3).

After the CPE interval, A1%?Hg values decrease to —0.21+0.04%
at 13.8 m (Fig. 2). §202Hg values are negative, with an average of
—1.10£0.15%0 (2SD, N=20), throughout Section N-O (Fig. 2).
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Fig. 3. Litho-biostratigraphy, Os isotopes, organic carbon isotopes (8'3Croc), total organic carbon (TOC), Hg concentrations, Hg/TOC ratios, A1%°Hg, §202Hg, Cugr and Cugr/Vgr
ratios from claystone and chert in Section N-O. Litho-biostratigraphy, §'3Croc, TOC, Os isotopes, inferred interval of dysoxia to anoxia (pastel blue belt), Cugr and Cugr/Vgr
ratios (normalized to Ti concentrations) of chert are from Tomimatsu et al. (2021). Interval in A'®°Hg values that are indicative of volcanogenic Hg input according to Shen
et al. (2022a) are marked by a vertical pink rectangle. Background values are the median values and marked as steel blue dashed lines (concentrations) and crimson dashed
lines (ratios) in this study. The abbreviations of conodont and radiolarian zones are shown in Fig. 2.

5. Discussion
5.1. Primary control on Hg accumulation in Section N-O

Organic matter is usually the host phase of Hg in sediments,
which is reflected by a strong positive correlation between Hg and
TOC (e.g., Grasby et al.,, 2013, 2019; Shen et al., 2019 and reference
therein). Consequently, high Hg concentrations and high Hg/TOC
ratios found in sediments may indicate an increase in Hg influx
from an external source, such as volcanism (e.g., Grasby et al,
2019; Shen et al., 2019 and reference therein). However, normal-
ization with TOC values < 0.2 wt.% may produce artificial Hg/TOC
spikes (Grasby et al., 2019).

In Section N-O, Hg and TOC show no correlation (r=-0.35,
p=0.11; Fig. 4), and the TOC values are constantly low, with an av-
erage TOC value of ~0.03 wt.% (reported in Tomimatsu et al., 2021;
also seen in Fig. 2). This suggests that the organic matter deposi-
tion did not exert a major control on Hg accumulation, and the
peaks (1 to 4) in Hg/TOC ratios indicate that Hg enrichment can
not be linked to increased abundance in organic matter (Fig. 4).
Clay minerals can also host Hg owing to their high surface area re-
activity (e.g., Kongchum et al., 2011; Jin et al., 2022b). Al and Th
are elements that are used to assess the clay fraction abundance
in the sediments, as well as pelagic rocks (e.g., Grasby et al., 2019;
Shen et al., 2019, 2022a and references therein). At Section N-O,
they both exhibit no covariation with Hg concentrations (r=0.14,
p=0.52; r=0.35, p=0.10; Fig. 4), indicating clay minerals are not the
main host phase of Hg.

Also S or sulfides (e.g., Zn- and Ni- sulfides; Jin et al., 2022b;
Shen et al, 2022a,b) can host Hg. The S concentrations in ana-
lyzed samples, however, are below the 0.1 wt.% detection limit,
and therefore S was not considered in this study. Furthermore,
Ni and Zn (Jin et al., 2022b), have no or moderate correlation

(r=0.17, p=0.44; r=0.47, p=0.02, respectively) with Hg concentra-
tions (Fig. 4), indicating that Hg accumulation may be only limit-
edly linked to sulfides abundance.

Redox condition and pyrite formation may have influenced the
Hg record (e.g., Shen et al., 2019, 2022b). V and U are easily formed
to insoluble chemical precipitate in anoxic and/or euxinic bottom
water (e.g., Algeo and Maynard, 2004). Therefore, the enrichment
factors of V and U (e.g., Vgr and Ugf) are used as proxy for re-
dox conditions (e.g., Tomimatsu et al., 2021). In Section N-O, Vg
and Ugr abruptly increase in the late Julian 2 in the studied sec-
tion (see figure 3 in Tomimatsu et al., 2021), suggesting dysoxic to
anoxic conditions (Fig. 2). Peaks in Hg concentrations highlighted
by our study, however, do not coincide with that reducing interval
(Fig. 2), and the Vg, Ugr and sulfide-enriched elements (Ni) have
no correlation (except for Zn) with Hg values (Fig. 4). This suggests
that redox conditions did not exert strong control on Hg enrich-
ment at Section N-O.

Changes in lithological composition, grain size, sedimentation
rates, and depositional conditions could influence Hg accumula-
tion too (Moore et al., 2019; Them et al.,, 2019; Yager et al., 2021).
In Section N-O, Hg concentrations were obtained exclusively from
claystones, thus minimizing the possible effect due to sampling
of rocks with different grain size. There is no evidence of large
changes in sedimentation rates at Section N-O. This is in line with
the fact that the section is pelagic and therefore significant vari-
ations in sediment supply are not expected. Therefore, Hg peaks
observed at Section N-O are likely independent of sedimentation
rate.

Post-depositional alteration of Hg deposition in the marine sed-
iments is an on-going debate. Gobeil et al. (1999) provided ev-
idence of redox-driven Hg redistribution, however this scenario
seems unlikely in Section N-O because there is no coincidence be-
tween Hg peaks and the interval characterized by anoxic/dysoxic
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Fig. 4. A) plot of Hg vs TOC; B) plot of Hg vs Algr; C) plot of Hg vs Thgr; D) plot of Hg vs Nigr; E) plot of Hg vs Zngg; F) plot of Hg vs Vgg; G) plot of Hg vs Ugg; H) plot of
Cugr vs Vgr. Orange symbols indicate samples are characterized by highest Hg concentrations within the four peak intervals (see in Fig. 2). EF=Enrichment Factor.

conditions (Fig. 2), In addition, no clear correlation has been found
between concentrations of Hg and redox-sensitive elements (Fig. 4;
see discussion above). A recent study on Hg accumulation from the
Western Mediterranean abyssal plain, revealed that mercury had a
strong association with sulfur but a poor relationship with the Fe
cycle, suggesting that diagenetic remobilization had minimal im-
pact on Hg's vertical distribution (Cossa et al., 2021).

In summary, Hg concentrations in Section N-O exhibit non-
significant covariation with TOC, Algg, Thgg, Nigg, Vgr and Ugg, and
a moderate correlation with Zngg (Fig. 4), and seem to not be influ-
enced by changes in sedimentation rates, depositional conditions,
or by post-depositional alterations. The co-occurring peaks (1-4 in
Fig. 2) in Hg concentrations, Hg/TOC, Hg/Algr, Hg/Thgr, Hg/Zng,
Hg/Nigg ratios throughout Carnian successions of Section N-O im-
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ply enhanced Hg loading from an external source, and it is reason-
able to identify this source as volcanism.

5.2. Comparison of Hg and Hg/TOC records at the CPE

All published Hg data across the CPE, from continental and ma-
rine basinal successions, are summarized in Fig. 5 (data from Lu
et al,, 2021; Mazaheri-Johari et al., 2021; Zhao et al,, 2022; this
study). In the figure we define “proximal” and “distal” successions
of the Tethyan domain with respect to their relative distance from
shoreline, closer (proximal) and farther (distal).

Overall, the majority of published data from Carnian succes-
sions have Hg concentrations that are lower than ~50 ppb, the av-
erage value of the upper continental crust (Fig. 5; Rudnick and Gao,
2014), and ~65 ppb, the average Hg concentrations in sedimen-
tary rocks (Grasby et al., 2019). Lacustrine records (Jiyuan Basin)
have both high Hg concentrations (avg. = 71 ppb) and Hg/TOC ra-
tios (avg. = 85 ppb/wt.%). Distal successions generally display lower
Hg concentrations than the proximal ones, as may be expected
and in line with findings of Grasby et al. (2017) and Them et al.
(2019), because proximal settings would receive more Hg inputs
from rivers. However, among the areas considered in this study,
the Dolomites succession, which is the most proximal to land, has
the lowest average Hg concentrations and Hg/TOC. This apparent
contradiction could be due to local variability or to the difference
in sedimentation rates among the various locations. Another coun-
terintuitive aspect of the Hg and Hg/TOC records in Fig. 5 is that
marine distal sections (e.g., NCA and the Transdanubian Range)
show a significant increase in Hg/TOC at the onset of NCIE 1 that is
not observed in proximal locations (e.g., Dolomites and Laishike).

Mazaheri-Johari et al. (2021) pointed out that variations in Hg con-
centrations and position and magnitude of the Hg/TOC spikes in
the Tethyan successions may be related to low sampling resolution
that did not fully capture the Hg enrichment horizons.

Since deeper water settings are far from continental influences
and sedimentation, and although slow, tend to be steadier, it is
reasonable to consider that they record variations in atmospheric
Hg loading more faithfully (e.g., Grasby et al., 2017; Wang et al,,
2018). It is therefore interesting to compare deep water Hg records
from the Transdanubian Range and NCA with data from Section N-
O (Panthalassa). In these three deep water successions, evidence
of enhanced Hg flux starts in the Julian 1 (Fig. 5). Hg/TOC en-
richments from the Transdanubian Range and NCA are up to 113
ppb/wt.% and 261 ppb/wt.%, respectively and the Julian 1 portion
of Section N-O shows relatively high Hg and Hg/TOC and yields
near-zero A1%9Hg (Figs. 2 and 5). Such evidence is consistent with
onset of Wrangellia volcanism in Julian 1, prior to the Julian 1/Ju-
lian 2 boundary and therefore preceding the increase in siliciclastic
input and carbonate crisis that marks the onset of the CPE (Fig. 5;
e.g., Breda et al.,, 2009; Dal Corso et al., 2018). This observation is
further consistent with a mantle-derived influx of unradiogenic Os
indicated by a decrease in '870s/1860s ratios in Julian 1 (Fig. 2;
Tomimatsu et al., 2021).

5.3. Hg isotope signatures in Section N-O record climax in Wrangellia
LIP volcanism

Hg-MIF (ie., A'9Hg) is predominantly produced by photore-
duction of Hg?t to gaseous Hg® during atmospheric transport,
resulting in positive A'99Hg in the atmospheric Hg (II) species
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and negative A'%Hg in the gaseous Hg® (Bergquist and Blum,
2007; Blum et al.,, 2014). Wet deposition of atmospheric Hg (II)
(e.g., through rainfall) causes positive A!99Hg in the seawater
(Thibodeau and Bergquist, 2017). In contrast, soil and vegetation
have negative A1%9Hg values because they preferentially capture
gaseous Hg? (Bergquist and Blum, 2007; Blum et al., 2014). When
plants uptake Hg, this results in negative A1%9Hg vegetation signa-
tures (Bergquist and Blum, 2007). Photoreduction of mercury (e.g.,
Hg?t and MeHg) in aqueous environment leads to A1°9Hg/A201Hg
exhibiting a linear relationship of 1 to 1.3 (Bergquist and Blum,
2007; Yin et al,, 2016), as observed in Section N-O (slope=1.2; Fig.
S1 in supplemental information). Mercury also undergoes photo-
chemical reduction during long periods of atmospheric transport.
This phenomenon imparts a positive A'9°Hg signature. Distal set-
tings, far from continental influence, tend to be mainly supplied
by atmospheric Hg and therefore sediments display more posi-
tive A99Hg values than proximal areas (e.g., Bergquist and Blum,
2007; Grasby et al., 2017). In contrast, Hg-MDF (§202Hg) can result
from numerous biological, abiotic chemical and physical processes
(Blum et al., 2014; Grasby et al., 2017), making it difficult to dis-
tinguish Hg source by using §202Hg alone. During major volcanic
events, volcanogenic Hg is emitted in large quantities and therefore
can dominate total Hg in sediment (Grasby et al., 2020), resulting
in near-zero A1%9Hg values (e.g., Grasby et al,, 2019; Shen et al,,
2019).

Given the above, we interpret the A1%?Hg record of Section
N-O as follows. In the Ladinian portion of Section N-O A'9°Hg
values are negative (—0.1440.04%0; Figs. 2 and 3), suggesting a
dominantly terrestrially sourced background Hg flux. However, the
A199Hg shifts to a more positive value (0.00£0.04%o) in the Julian
1, coincident with Peak 1 in Hg concentrations, Hg/TOC, Hg/Alg,
Hg/Thgg, Hg/Zngg, and Hg/Nigg ratios (Fig. 2). These more positive
A'9Hg values suggest increased volcanogenic Hg flux, in agree-
ment with the evidence of unradiogenic Os input reported by
Tomimatsu et al. (2021), as shown in Fig. 2, and interpreted as be-
ing connected to Wrangellia LIP activity. The timing of the positive
A'9Hg shift precedes the onset of the CPE which is marked by
siliciclastic input dated to the Julian 1/Julian 2 boundary (Fig. 5;
e.g., Breda et al, 2009; Dal Corso et al, 2018). These observa-
tions further support the hypothesis that Wrangellia volcanism had
started before the CPE (see discussion in 5.2).

Within Julian 2, A'%9Hg values then display a negative trend,
shifting from 0 to —0.224-0.04%. Such a negative shift is sugges-
tive of a strong increase in terrestrial Hg flux in agreement with
evidence for a global increase in runoff and terrigenous supply,
which is one of the main sedimentological features of the CPE
in many marine settings from proximal to pelagic (e.g., Breda et
al.,, 2009; Cho et al., 2022). Negative A199Hg shifts in the shallow
marine successions of Laishike and Wayao sections are consistent
with such evidence (Fig. 5; Zhao et al, 2022). These localities
belong to the shallow water Tethyan domain and occupied a pa-
leogeographic location that was thousands of kilometers from the
Section N-O in the Late Triassic (Fig. 1B), implying that the A19°Hg
negative trend is not a local feature.

The A'99Hg at Section N-O then rises, reaching near-zero val-
ues in the upper Julian 2 portion of the section, and then oscil-
lates around zero across the Julian/Tuvalian boundary. A similar
trend is again observed at Wayao and Laishike. Such a prolonged
stratigraphic interval with near-zero A'%Hg suggests that this
was a phase of particularly intense and continuous activity of the
Wrangellia LIP. The above evidence is consistent with the fractal
nature of LIP events suggested by models (Grasby et al., 2020)
where periods of particularly intense eruptive activity would be
expected during the emplacement volcanic products.

Further interesting insights come from the observation of the
record of Cu Enrichment Factor (Cugr) in cherts and claystones
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across the Julian/Tuvalian transition at Section N-O (Fig. 3). Cu is
a volatile metal that is released from the magma and can exert
detrimental effects to both the marine and terrestrial systems (e.g.,
Grasby et al,, 2020; Chu et al,, 2021; Zhang et al., 2021). Volcanic
aerosols with Cu particles can be transported for long distances,
analogous to Hg (e.g., Zhang et al., 2021), and also Cu usually ac-
cumulates as sulphides in reducing environments and/or is easily
adsorbed onto organic matter (e.g., Dolenec et al., 2001; Shen et
al,, 2022b).

There is no relationship between Cugr and TOC, Zngg, Nigg, or
Ugr (Fig. S2 in supplemental information), but there is a strong
moderate correlation between Cugr and Vgr (r=0.56, p=0.006;
Fig. 4), indicating that the Cu is not hosted by organic matter, but
it may be partly controlled by reducing conditions in the ocean.
However, after normalization to Vgg, peaks in Cugp/Vgr are still
present and coincide with those in Cugr at or close to the Ju-
lian/Tuvalian boundary (Fig. 3). Such maxima in Cugr/Vgr and Cugp
may therefore be indicative of enhanced volcanism and are con-
sistent with evidence from Hg concentrations. Furthermore they
coincide with the interval with near-zero A'9°Hg values.

Notably, within the overall interval of near-zero A'9°Hg values
that characterizes the upper Julian/lower Tuvalian, two minimums
in A199Hg values can be observed in Section N-O (~9.8 m and 11.1
m). Such minima follow Peak 3 in Hg concentrations and coincide
with NCIE-8 in the section’s §'3Croc record (Figs. 2 and 3) which
occur at the Julian/Tuvalian transition and have been correlated to
the third negative shift in §13C of the CPE §'3C in the Western
Tethys (Fig. 1; Tomimatsu et al., 2021). A potential concurrent fac-
tor driving the negative A'9Hg values could be photoreduction of
Hg?t complexed by reduced sulfur ligands in euxinic conditions
(e.g., Shen et al., 2022a). This would agree with the evidence of
disoxic/anoxic conditions that has been highlighted in Section N-O
by Tomimatsu et al. (2021) (Figs. 2 and 3). Alternatively, the nega-
tive values in the A1%9Hg could be due to changes in the relative
proportion of atmospheric vs terrigenous Hg. Understanding the
significance of such features of the A'¥Hg record of Section N-O
will, however, require further investigation.

After the CPE (from ~12.5 m to the top of Section N-0O), a
A'99Hg decrease coincides with low values of Hg concentrations,
Hg/TOC, Hg/Algr, Hg/Thgg, Hg/Zngg, Hg/Nigg, Cugp/Ver ratios (Figs. 2
and 3). This may suggest that the primary source of Hg was again
dominantly terrestrial which may be consistent with the fading of
the Wrangellia volcanism whose latest products are roughly dated
to the early Tuvalian (e.g., Dal Corso et al., 2020). The explanation
of the A1%9Hg record after the CPE requires further study.

In summary, the data presented above show that multiple lines
of evidence point to a period of intense activity of the Wrangel-
lia LIP during the late Julian/early Tuvalian. Most notably, the Ju-
lian/Tuvalian transition is a particularly relevant time during the
CPE. Approximately 33% of marine genera went extinct or severely
declined in number and diversity at the Julian/Tuvalian bound-
ary interval (e.g., Dal Corso et al., 2020). High-resolution biodiver-
sity data show that ammonoids and conodonts underwent major
turnover, and oxygen isotopes data from conodont apatite suggest
that highest temperatures were reached (Fig. 1A; e.g., Hornung et
al,, 2007; Rigo et al., 2007; Dal Corso et al., 2020). In terrestrial
settings, the Julian/Tuvalian transition is when the radiation and
diversification of several plant groups occurred (Fig. 1A; Dal Corso
et al., 2020). Increased amber content in sediments, interpreted as
evidence for stressed conditions of terrestrial ecosystems, possi-
bly due to increased occurrence of storms and wildfires, begins
in the late Julian (Fig. 1A; e.g., Seyfullah et al., 2018). Recently,
a Tethys-wide sea-level drop has been documented after the on-
set of NCIE 1, but prior to the NCIE 3 of the CPE (late Julian; Jin
et al,, 2022a). This sea-level fall was followed by the deposition
of oolitic bodies interpreted as potential evidence of a chemical
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calcification overshoot in marine environments possibly connected
to ocean acidification (Jin et al.,, 2022a). Modeling carried out at
the latest Permian extinction (Grasby et al., 2020) has shown that
most intense pulses in volcanic activity of the Siberian Traps LIP
would have emitted huge volumes of Hg able to induce heavy toxic
shocks into marine and terrestrial environments. The fact that ma-
jor transformation and evidence of biotic crises at the CPE coincide
with what our data point to be a phase of particularly intense vol-
canic activity of the Wrangellia LIP are in agreement with this sce-
nario and provide direct evidence of what have been suggested by
models, potentially indicating that high intensity volcanism could
be the main “killer” during mass extinction events.

6. Conclusions

In this work, Hg abundance and isotope data, along with other
associated elements, are presented from a Carnian pelagic succes-
sion from the central Panthalassic Ocean encompassing the Car-
nian Pluvial Episode. Four synchronous peaks in Hg concentrations,
Hg/TOC, Hg/Algr, Hg/Thgr, Hg/Zngr, and Hg/Nigr ratios associated
with near-zero A'%9Hg values and increased Cu loading are ob-
served, and provide evidence of multiple phases of Wrangellia LIP
activity, along with Hg and Cu input, during the CPE.

The onset of Hg loading precedes the CPE onset in agreement
with other evidence indicating that volcanic activity initiated prior
to the CPE siliciclastic input. A1?Hg values at the Julian/Tuvalian
boundary are suggestive of a particularly intense and prolonged
phase in the volcanic activity of the Wrangellia LIP and are asso-
ciated with excess Hg and Cu loading into the rocks. This suggests
that this climax in Wrangellia volcanism produced an enhanced
flux of Hg and other potentially toxic elements into the environ-
ment at the Julian/Tuvalian transition. Most notably this is when
major climate changes and biological turnovers during the CPE oc-
curred.

Our findings provide direct evidence in support of models that
show LIPs are characterized by an irregular activity pattern with
phases of particularly intense eruptions when huge amounts of
toxic elements could be released into the atmosphere/ocean sys-
tem, potentially becoming the major cause of biotic and environ-
mental crises.
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