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Abstract

Life on Earth sufferedts greatest bio-crisis since multicellular organisms rose 600
million years ago during the end-Permian mass extinction. Coincidence of the mass
extinction with flood basalt eruptions in Siberia is well established, but the exact

causal connection between the eruptions and extinction processes in South China is
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uncertain due to their wide spatial separation and the absence of direct geochemical
evidence linking the twol'he concentration and stable isotope analysis of mercury
provides a way to test these links as its concentration is thought to be tied to igneous
activity. Mercury/total organic carbon ratios from three Permian-Triassic boundary
sections with a well-resolved extinction record in South China show elevated values
(up to 900 ppb/wt. % relative to a background of <100 ppb/wt. %) that exactly
coincides with the end-Permian mass extinction horizon. This enrichment does not
show any correlation with redox and sedimentation rate variations during that time.
Hg isotope mass-independent fractionatiat’{Hg), with sustained positive values,
indicate a predominant atmospheric-derived signature of volcanic Hg in deep-shelf
settings of the Daxiakou and Shangsi sections. In contrast, the nearshore environment
of the Meishan section displays a negafivéHg signature, interpreted to be related

to terrestrial Hg sources. Such temporal differences iHg values shed new light

on Hg geochemical behavior in marine settings, and also on kill mechanisms
associated with volcanism that were responsible for biotic mortality at the end of the

Permian.

1. Introduction

The end-Permian mass extincti&PME; 252 million years agaovas the most
severe biotic crisis of the Phanerozoic. Most workers agree that intense volcanic

activity of the Siberian Traps Large Igneous Province (STLIP) was a driver of
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environmental change (Wignall, 2001; Svensen et al., 2009; Sun et al., 2012; Black et
al., 2014 Clarkson et al., 2015; Burgess et al., 2017). The STLIP has an estimated
volume of up to 3—4 x 1P km®, which is larger than any other continental basalt
province, including the Emeishan traps (~ 1 & 4®°), Central Atlantic Magmatic
Province (~2 x 10km?®), Karoo and Ferrar traps (~2.5 xX*in*) and Deccan traps

(2-4 x 10 km®) (Courtillot and Renne, 2003, references therein). Its original volume

is likely considerably larger as most is buried and inaccessible beneath the younger
sediments of the West Siberian Basin (Reichow et al., 2009; Saunders, 2016). Recent
high-precision U-Pb dating of STLIP basalts have shown that the onset of eruptions
began shortly before the start of the mass extinction crisis (Burgess and Bowring,
2015). More recently, Burgess et al. (2017) further categorized the dated volcanic
rocks from STLIP into lava- and sill-originated rocks, and found that major transfer
from lava to sill eruptions coincided with the main episode of biotic extinction.
Although there is a clear temporal correlation between the extinction event and
volcanic activity, the precise mechanism that drove the environmental change is
unresolved. In recent years, stable isotope systems have been shown to provide
important insights into the response of environmental systems to key climatic changes
associated with extinction events (Payne et al., 2010; Clarkson et al., 2015; Song et al.,
2017; Liu et al., 2017). For example, calcium and boron isotopes were successfully
applied to demonstrate ocean acidification triggered by STLIP across the EPME
(Payne et al., 2010; Clarkson et al., 2015). But for any isotopic system there are often

multiple inputs and outputs that can control the isotopic fractionation process in the
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environment. In this paper we attempt to evaluate environmental controls on Hg
associated with the EPME. Hg is a key gas associated with volcanic activity and has
been linked to the end-Permian environmental crisis (Sanei et al., 2012; Grasby et al,
2013, 201Aa link we aim to assess here using mercury concentrations and isotopes
measured in Permian-Triassic boundary (PTB) sections in South China.

The ratio of mercury concentrations over total organic carbon (Hg/TOC) in
sedimentary sections has been shown to provide a proxy for voluminous volcanism
(Sanei et al., 2012; Grasby et al., 2013, 2017). Mercury is a highly toxic heavy metal
and has a sufficiently long atmospheric residence time (>1.5 yr) for global distribution
(Blum et al., 2014). Explosive volcanic events inject abundarihtéghe atmosphere
ensuring its global reach (Pyle and Mather, 2003). Most volcanic mercury is released
as gaseous Hgnd removed from the atmosphere mainly through oxidation to form
Hg?*, which then accumulates in oceans and on land through rainfall or adsorption
onto organic matter ensuring a strong association between Hg and TOC in sediments
(Gehrke et al., 2009; Ruiz and Tomiyasu, 2015). Hg isotopes can undergo both large
mass-dependent fractionations (MDF) and mass-independent fractionations (MIF) in
nature (Blum et al., 2014), and thus are capable of tracing Hg sources and cycling
(Grasby et al., 2017Hg-MDF (52°Hg) can result from many pathways, including
physical, chemical and biological reactions, whetégdIF (A***Hg) is controlled
by more limied pathways (mostly photochemigaind is unlikely to be altered in the
post-depositional processes (Blum et al., 20bodeau et al., 2016; Thibodeau and

Bergquist, 2017). Hencelg-MIF (A**Hg) is generally a more conservative tracer of
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volcanic signature (Thibodeau and Bergquist, 2017).

In recent years, Hg concentrations and isotopes have been used to explore the
relationship between large igneous provinces and contemporary mass extinctions
(Sanei et al., 2012; Grasby et al; 2013, 2017; Percival et al., 2015,3all&t al.,

2016; Thibodeau et al., 2016; Gong et al., 2017). Anomalous Hg deposition was
observed at the EPME crisis in the Sverdrup Basin, Canadian High Arctic that
occupied a paleogeographic position near the STLIP (Fig. 1A) (Sanei et al., 2012;
Grasby et al., 2013). More recently, Grasby et al. (2017) documented the difi@rence
Hg isotopes near the EPME between Sverdrup Basin at a deep water setting and the
shallower water Meishan section in South China. They attribuestettiver'**Hg

values at the EPME in Meishan to terrestrial sources, and sedtest deeper water
sections that are isolated from terrestrial input provide better records of the volcanic
signature. Therefore, whether or not the signature of Hg enrichments associated with
STLIPis recorded in the South China sections is unresolved. We further this work by
examining a series of sections in South China covering a range of water depths. W
provide new data for two deepwater sections (26800m), at Daxiakou and

Shangsi in South China, and integrate this with the data from the shallow water
Meishan section (Grasby et al., 2017). We measured Hg concentrations and Hg
isotopic compositions through the Clarkina changxingensis (C. changxingensis) to
Isarcicella isarcica (I. isarcica) conodont zones, to clarify the timing and intensity of
the eruption across the PTB and link its relationship with EPME in South China. The

varied sedimentary environments in the three sections enable an assessment of the
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geochemical behaviors of Hg in different water depths and indicated that the effects of

the STLIP extended to the Chinese sections.

2. Geological background

The Meishan, Daxiakou, and Shangsi sections are separated by over 1000 km and lie
along the northern part of South China Craton. During late Permian time, the craton
was situated at low latitud@s the eastern Paleo-Tethys (Fig. 1A).The craton was
characterized by marine facies in its interior, and bounded by lands to the east and
west (Fig. 1B). In the central part of the craton, the roughly east-west trending
Yangtze carbonate platforisiflanked to the north and south by deeper water basins
(Feng et al., 1996; Fig. 1B). The three studied sections lie on the flanks of the
northern basin and the EPME has been calibrated at the bottom of the C. meishanensis
conodont zone, with the PTB was placed at the bottom of the Hindeodus (4.rvu
parvus) conodont zone (Jiang et al., 2011; Zhao et al., 2013; Chen et al., 2015).

The Meishan section, which is located at Meishan Town, Changxing County,
Zhejiang Province, lay on the northeastern margin of the Yangtze Platform at a
shallow water depth of between-8D m based on sedimentary structures indicative
of fair-weather wave base and storm wave base (Yin et al., 2001; Chen et al., 2015;
Fig. 1B). This section is the Global Stratotype of Point and Section (GSSP) for the
PTB (Yin et al., 2001)Biostratigraphy, lithofacies, geochronology, and geochemistry

of the Meishan section have been extensively investigated since ths,1®880Dhave
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been updated by Chen et al. (2015). Herein, the uppermost Permian succession (Beds
20-24) consists of bioclastic limestone of the Changxing Formation, whereas the
lowest Triassic strata consist of calcareous mudstone and marlstone of the Yinkeng
Formation (Beds 2%1) (Chen et al., 2015).

The Daxiakou section is situated near the town of Xiakou, Xingshan County,
Hubei province. This section was deposited on the northern margin of the South
China craton in a relatively despwvater (~200500 m) basin setting, as determined
by conodont biofacies and despvater foraminifea (Zhao et al., 201;3Zhang and
Gu, 2015; Fig. 1B). The uppermost Permian succession is dominated by black shale
with scattered interbeds of limestone and volcanic tuff of the Dalong Formation,
whereas the lowest Triassic sequence is composed of thin-bedded limestone and
calcareous mudstone interbeds of volcanic tuff of the Daye Formation. Zhao et al.
(2013) established the detailed conodont zonati@axiakou, which correlates well
with the Meishan section. Li et al. (201@ve also established high-resolution
astronomical cycles for the PTB beds in the same section.

The Shangsi section, one of the candidate sections for the GSSP of the PTB, is
located near Changjianggou village of Shangsi Town, Guangyuan City, Sichuan
Province. The Shangsi aregybon the northwestern margin of the South China craton
(Fig. 1B). The PTB succession is continuously exposed at this section and has been
well studied (Li et al., 1986; Wignall et al., 1995; Riccardi et al., 2007; Jiang et al.,
2011; Shen et al., 2011; Xiang et al., 20Tthe latest Permian succession is mainly

composed of siliceous limestone interbedded with black shale of the Dalong
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Formation, indicating that it represents a relatively deeper-water setting which is
supported by deep-water radiolarian assemblages {5200n) (Jiang et al., 2011

Xiao et al., 2017; Fig. 1B). However, the water-depth gradually started to shallow

from the latest Permian (Li et al., 1986). At the EPME, the lithology changed from
siliceous limestone to mudstone. The lowest Triassic strata mainly consist of interbeds

of marlstone and mudstone of the Feixianguan Formation.

3. Methods

3.1 Mercury concentrations

Mercury content was measured using a LECO AMA254 mercury analyzer at the
State Key Laboratory of Geological Processes and Mineral Resources (SKLGPMR),
China University of Geosciences (CUG-Wuhan). Prior to analysis, all samples were
freeze-dried to prevent decomposition of Hg. About 100 mg of mudstone or shale and
150-200 mg of limestone were analyzed. Data reliability was ensured by use of
international standard 502-685 (0.04 + 0.008 ppm), which wagzaabhfter every
12 unknowns then followed by a repeat. The analytic precision is witiiaixd

reproducibility of sample concentrations was within 10 %.

3.2 Total organic carbon (TOC) measurement
TOC content measurement was conducted in the SKLGPMR (CUG, Wuhan) by

a vario macro cube elemental analyzer. Aboug d0powdered sample was put into
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the 50 mL tube, then 50 % HCI was injected to dissolve carbonate minerals until there
was no further bubbling. After multiple centrifugal and lyophilization, the residue was
analyzed for total organic carbon (TOC). Data quality was assessed through multiple
analyses of standard sample DP-1 (65.44+0.33 %). A standard sample and a repeat
were analyzed after every 12 unknowns, yielding an analytical accuracy of 2.5 % of

the reported values.

3.3Hg isotopes

Hg isotopic compositions of samples from the three sections were analyzed at the
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China. Detailed
analytical methods and processing procedure follow those described by Grasby et al.
(2017) and Gong et al. (2017). Approximately 0.5 g of ground sample and ~0.1 g of
standard reference materials (GSS-4, soil) were digested (95 °C for 90 min) using 5
mL of aqua regia (HCI/HNOS = 3, v/v). After digestion, the solution was centrifuged
(3000 rpm for 10 min) at room temperature and then decanted to obtain the
supernatant. Before conducting Hg isotope analysis, the digested sample solutions
were diluted to 2 and 1 ng ritlusing Milli-Q water based on total Hg values. All the
acid concentrations of the diluted solutions were < 20 %. Similarly, NIST SRM 3133
and 3177 Hg standard solutions with Hg concentrations of 2 and 1ngverk also
prepared.

Isotopic values were measured usaideptune MC-ICP-MS with high

sensitivity X skimmer cone. NIST SRM 997 Tl was the internal standard used for



195  simultaneous instrumental mass bias correction of Hg.,$4®g mL*) was used to

196  generate elemental (f4before being introduced into the plasma. The stability of the
197 instrument and measurement precision were monitored using NIST SRM 3133 and
198 3177 Hg standard solutions, respectively. Sample-standard bracketing was based on
199  NIST 3133. Digest recovery of the samples was monitored by MC-ICP-MS using
200 %°Hg signals. The sensitivity féP*Hg during Hg isotope analysis was ~1.2 V per ng
200 mL™tHg.

202 Hg isotopic variations are reported in 8°°Hg notation in units of panil (%)

203 referenced to the NIST-3133 Hg standard (once every 3 samples):

204

205 8*%Hg (%0)= [(**°H/ *Hgsampid/(C*H*®*Hgstandar -1]x1000 (1)

206

207  Mass independent fractionation (MIF) of Hg isotopes is expressed in A notation

208  (A™Hg), which describes the difference between the measured §*Hg and the

209 theoretically predicted 8**Hg value, using the following equations

210

211 A™Hg =~ §"%°Hg — (5°°Hg x 0.2520)  (2)

212 A*®Hg =~ §°®Hg — (5°°Hg x 0.5024)  (3)

213 A*%Hg =~ §?%'Hg — (5°°Hg x 0.7520)  (4)

214

215  Replicate analysis of the NIST 3177 Hg intra lab isotope reference standard (n = 4
216  analytical sessions) were as follows: 8%%Hg = -0.42 + 0.06%o (2 sd); A™*Hg = -0.04 +

10
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0.02%o (2 sd); A>°Hg = 0.01 = 0.04%o (2 sd); A>“Hg = 0.01 + 0.04% (2 sd).
The complete data set of Hg, TOC, Hg/TOC and Hg isotopes values can be

obtained in Online Supplementary Tables S1, S2, S3.

4. Reaults

4.1 TOC contents

In the Meishan section, TOC concentrations vary from 0.06 tovitt.5%, and
have relatively higher values (~1 Wt) atthe bottom of Bed 22 and Be#4-26,
44-49 (Fig. 2). Through the Daxiakou section, TOC concentrations range from 0.04 to
3.99wt. %. The latest Permian rocks of Dalong Formation show very high TOC
concentrations (~4.0 wt. %; Fig. 3). While the earliest Triassic Daye Formation
display low TOC concentrations, almost all less thart. 26. In the Shangsi section,
the TOC concentrations vary from 0.03 to 2.82 wt. %. The higher TOC values (~1
wt. %) occurs the bottom of Bed 22 of the Dalong Formation and Beeé&330 Daye
Formation (Fig. 4). In other horizons, TOC has lower values (mostly less than 0.4

wt. %0).

4.2 Hg and Hg/TOC variations
The Meishan, Daxiakou and Shangsi sections all record high Hg concentrations
and a short-lived positive excursion in Hg/TOC values coincident with the EPME. Hg

concentrations are directly tied to TOC contents (Grasby et al., 2013), and this is

11
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demonstrated by the covariant relationship between TOC and Hg concentrations of
the studied sections where Daxiakou and Shangsi have the highest Hg values in the
late Permian along with anomalously high TOC contents (Figs. 2, 3, 4).

In the Meishan section, the highest Hg values (up to 176 ppb) occur at the top of
Bed 24 and in Beds 226. High values also occur at the bottom of Bed 22 and Beds
44-49. TOC values are high in these layers, indicating the Hg concentrations are
probable driven by lithologically controlled changes in organic matter content.
Compared to Hg concentrations, positive excursions in Hg/TOC are only observed in
the uppermost parts of Bed 24 and Bed 25, corresponding to the EPME (Fig. 2). In the
Daxiakou section, the uppermost Dalong Formation (Bed 9), in the C. meishanensis
conodont zone, corresponds to Bed 25 in the Meishan section and records high values
in Hg concentrations (~300 ppb) aadositive excursion in Hg/TOC ratios (Fig. 3).

High Hg concentrations are also present through the upper Permian of the Dalong
Formation, although in these layers there is no Hg/TOC excursion (Fithi8nay

imply that the high Hg contents are due to high levels of TOC in the shale. Similar to
TOC, high Hg concentrations also ocatithe bottom of Bed 22 and Beds 30-33 in

the Shangsi section (Fig. 4), except near the EPME where high Hg values (~100 ppb)
were recorded, whereas TOC contents are relativelyddwg/TOC excursion was

only recorded near the EPME.

4.3Hg isotope compositions of the study sections
The Hg isotope values of the Meishan, Daxiakou and Shangsi sections are

12



260 shown in fgures 2, 3, and 4, respectively, and analytical results are also provided in
261  Online Supplementary Tables S1, S2, and S3.

262 MDF (8?°*Hg) at Meishan ranges from -2 to -0.58%., andMIF (A***Hg)

263 varies from -0.12%0 to 2.0%.. They both show negative shifts at the EPME (to -%«4
264 in 8**Hg and -0.12%. in A'™Hg; Fig. 2. MDF (6°°Hg) also shows similar negative
265 values above and below the EPMMIDF (5°°Hg) valuesat Daxiakou are negative

266  and vary from -1.78 to -0.49%.. The values rise below the EPME (to -0%9 and

267 decline above it (Fig.)3MIF (A'**Hg) values vary through the section, from -02@2

268 t0 0.27%o. For uppermost Permian sampla$’®Hg values are relatively high and

269 have an average of 0.38. The high values continue through the EPME and drop
270 below 1.0%o in the earliest Triassic. Overall’*Hg values at Daxiakou display

271  positive values with no significant change across the EPME (Figt 8)e Shangsi

272 section MDF (8*°Hg) andMIF (A***Hg) values range from -2.26 to -0.58%., and

273 -0.01%o to 0.21%o, respectively. Tha'**Hg values are similar to those at Daxiakou,
274  with high values in uppermost Permian samples and lower values in the earliest
275  Triassic, and also show sustained positive values across the EPME (Fig. 4). The main
276  difference between tsetwo sections is that greater MDE{Hg) and MIF A**Hg)

277 levels are reached at the EPME in Daxiakou. The maxigftfidg andA'**Hg at the

278  EPME in the Shangsi section are -0%5and 0.11%., respectively, whereas the

279  maximum values at Daxiakou are -0%8and 0.1%%o.

280

13



281 5. Discussion

282 5.1 Cause of the Hg and Hg/TOC anomalies

283 High Hg concentrations and elevated Hg/TOC values are all recorded across the
284 EPME in the studies of the Meishan, Daxiakou and Shangsi sections. Background Hg
285  concentrations are directly tied to marine organic matter (OM) deposition rates. For
286 example, high Hg values are obsera¢the bottom of Bed 22, and Beds-449 in

287  Meishan, through the upper Permian Dalong Formatidaxiakou, anctthe

288  bottom of Bed 22 and Beds-&B at Shangsi, and all are associated with high TOC

289  contents in shale or siliceous limestone. A constant and low Hg/TOC ratio is a

290 common feature of background marine conditions (Grasby et al., 2013, 2017). Our
291  results also showpronounced increase in Hg/TOC values coincident with the

292 extinction interval (Figs.-5).

293 The role of lithology, sedimentation rate, and marine anoxia on Hg/TOC values
294  must all be considered to explain these shifts, because all are known to vary in the
295  studied sections. Lithologic variations are pronounced near the EPME and include
296 bioclastic limestone, mudstone, shale and volcanic ash beds, but there is no

297  relationship to the Hg/TOC changes. Within the C. meishanensis conodont zone at
298  Daxiakou for example, constant high Hg/TOC values were recorded in different

299 lithologic samples, including volcanic ash, shale, mudstone and limestone. In addition
300 to lithology, if the atmosphar mercury level is constant, a reduced sedimentation rate
301 may result in elevated Hg concentrations (Percival et al, 2015). This affect can be

302 accounted for by comparison with TOC concentrations, as these would also covary
14



303  with sedimentation rates (e.g. dilution effects). Using a recently-devised

304 cyclostratigraphic scheme (Li et al., 2016), sedimentation rates in the Meishan and
305 Daxiakou sections do indeed vary substantially (Fig. .Z[18s reveals though that

306 there is no clear correlation between Hg/TOC values and sedimentation rate. Marine
307 anoxia was also widespread during the PTB transition, and its intensity varied

308 considerably. The PTB transition saw the temporary establishment of oxic/weakly
309 dysoxic conditions in Meishan (Chen et al., 2015) whereas the deeper-water Shangsi
310 and Daxiakou sections saw more oxygen-restricted conditions (Xiang et al., 2016;
311  Shen et al., 2016). The Hg/TOC fluctuations are not influenced by these oxygenation
312  trends, the highest values only ocatithe EPME (Beds 27) in Shangsi (Fig. 4),

313 indicating that redox conditions have no significant control.

314 The Hg isotopic compositions can help to trace the origin and the pathways of
315 the observed Hg and Hg/TOC excursions (Thibodeau et al., 2016; Grasby et al., 2017,
316 Gong et al.,2017). Volcanic Hg h&¥°Hg values between -2%, and 0%., and has

317  insignificant MIF A'**Hg~ 0 %o) (Zambardi et al., 2009; Yin et al., 2016; Grasby et

318 al., 2017; Thibodeau and Bergquist, 2017). Once emitted to the environment, MDF
319 (8°°Hg) can result in indistinguishable signatures from many pathways, including

320 hydrothermal reactions, sorption/deposition, organic matter burial and diagenesis

321 (Blum et al., 2014; Thibodeau et al., 2016; Grasby et al., 2017). In contrast, MIF

322 (A™%Hg) mostly occurs through photochemical reduction, such as in aqueous droplets
323  and surface waters, resulting in positiveé*Hg values (Bergquist and Blum, 2007

324  Blum et al., 2014). Aquatic environments can receive Hg through atmosplagtic

15



325 deposition and direct uptake of ?-(ggby terrestrial sources (Thibodeau and Bergquist,
326 2017). Thus, marine sediments dominated by atmosphgit deposition tend to

327  have positive\***Hg because of the photo reduction in the surface environments

328 (Grashy et al., 2017; Thibodeau and Bergquist, 2017). However, sediments that
329 received H&g) through terrestrial runoff tend to have greater negafi¥elg and

330 A'™Hg than atmospheric g, and terrestrial resources acquire negaifVeg and

331 A'Hg values when plants and soils sequestraf’eg)l-@hibodeau and Bergquist,

332 2017). In our study, the two relatively deepvater sections, Daxiakou and Shangsi,
333 both recorded higher Hg/TOC values and sustained poaitig values at the

334 EPME (Fig. 3, 4). This finding is consistent with the data of coeval Buchanan lake
335  sediments (deep water facies) that show positiVeHg values with no significant

336 change across the EPME despite a large Hg spike (Grasby et al., 2017). The

337  excursions in HG/TOC indicate that increased Hg flux was imported to the oceans at
338 that time. Meanwhile, the positive**Hg values indicate sediments in these deep

339  water sections received Hg primarily through atmospheric Hg deposition, instead of
340 terrestrial runoff. Thus, the observed Hg peaks are due to enhanced flux of Hg from
341  atmosphere consistent with enhanced atmospheric content. The best way to explain
342 this is that enhanced volcanic activity injected massive quantities of Hg into the

343 atmosphere and increased the global atmospheric Hg level.

344

345 5.2 Variatiors of Hg/TOC values and Hg isotopic compositions in different water

346  depths

16
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The Meishan, Daxiakou and Shangsi sections all showed short-duration, albeit
variable, positive excursions, in Hg/TOC across the EPME (Figg. Zhe maximum
Hg/TOC at Meishan, Shangsi and Daxiakou are 926 ppb/wt. %, 553 ppb/wt. %, and
254 ppb/wt. %, respectively. The prominent negative shifs§’éflg andA***Hg
values at the EPME horizon in the Meishan section (Fig. 5), which is a clastic
sediment-starved carbonate platform setting, indicate that enhanced Hg influx from
terrestrial sources could be imported to oceans and overwhelmed the volcanic
signature from the Siberian Traps (Grasbhy et al., 2017). It is possible that most of Hg
coming from the terrestrial source might have also been derived from the STLIP and
this is indicated by the similar Hg/TOC baselines of the studied sections. The larger
spike at Meishan suggests a focusing of the volcanic Hg via the terrestrial ecosystems
to marine deposition above that of direct atmospheric inputs. Similarly, highest
Hg/TOC excursions were also noted in terrestrial and coastal sections by Percival et al.
(2015, 2017) who have reported Hg anomalies in several different sedimentary
records that span Pliensbachian-Toarcian transition and end-Triassic mass extinction.
For example, the Pliensbachian-Toarcian transaidornholm, Danish Basin, which
preserves a fluvial to marginal marine setting, shgreatestts Hg/TOC excursion
during the Toarcian Oceanic anoxic events. The end-Triassic recor@ from
fluvial-deltaic section of Astarteklgft, Greenland, also shitsvgreatest Hg/TOC
excursion during the end-Triassic mass extinction interval. These suggest that the
different values in Hg/TOC at the EPME recorded in our studied sections are not due
to slightly different sampling resolution at the sites (e.g., lower resolution at
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390

Daxiakou), rather they show that coastal/terrestrial sediments include additional
terrestrial Hg relative to deeper sections.

The Daxiakou and Shangsi sections both represenedeefer depositional
environments (~206&600 m) (Jiang et al., 2011; Zhao et al., 2@¥ang and Gu,
2015; Xiao et al., 2017At the EPME, the Daxiakou section is inferred to have been
atagreater water depth than the Shangsi section, based on its overall finer grain-size
of the sediment. Tha'**Hg values of Daxiakou at the EPME have greater positive
values than those from Shangsi (Fig. 5), consistent with the Daxiakou section being
least affected by terrestribllg. The positiveA*®*Hg values at the EPMiB the
Daxiakou and Shangsi sections are consistent with those observed in modern
sediments that receive insignificant terrestrial runoff (Thibodeau and Bergquist, 2017,
references therein), as well as those obtained from deeper water section across the
Cretaceous-Paleogene transition (Bajada del Jaguel section, Sial et al., 2016).
Conversely, no significant Hg-MIR{**Hg =~ 0 %.) signature with Hg enrichments
that was associated with an overloading of volcanic Hg from the Central Atlantic
Magmatic Province, asobserved during end-Triassic mass extinction in a shallow
shelf sedimentat Muller Canyon, Nevada (USAindicating that the sediments
received volcanic Hg through both atmosphetg?* deposition and terrestrial runoff,
and theHg-MIF signatures were overwhelmed (Thibodeau et al., 2016; Thibodeau
and Bergquist, 2017).

In summary, sediments receive variable proportions of their Hg from direct
atmospheric and terrestrial inputs. It is likely that Hg, including Hg/TOC and Hg
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isotopes in shallow water sections are more sensitive to terrestrial signals, such as the
portion of Hg entering from the atmosphere to land systems and ancient Hg
originating from eroding rocks. In contrast, deep water sections better record the
timing and strength of eruptioms the geological record because of their more precise
sensitivity to Hg atmospheric perturbations unmediated by the terrestrial realm

(Grasby et al., 2017; Thibodeau and Bergquist, 017

5.3Causal links between biotic extinction and STLIP

The STLIP is recognized as the largest continental basalt province (Dobretsov et
al., 2008). The preserved area of the province is of the order of 2.5 millfoarkha
working estimate for the total volume of eruptives and shallow-level intrusions is 3-4
million km® (Fedorenko et al., 2000). The coincidence of the STLIP with the EPME
(Wignall, 2001; Courtillot and Renne, 2003; Burgess and Bowing, 2015), suggests
link between the two events. Release of volcanig &t thermogenic methane
through magma emplacement into the West Siberian Tunguska basin, which is
composed of a thick succession of evaporite, clastic, carbonate, and
hydrocarbon-bearing rocks, is thought to have triggered strong climatic warming and
ocean acidification (Svensen et al., 2009; Sun et al., 2012; Black et al., 2014,
Clarkson et al., 2015), as evidenced 3 #& 4egative shift in C-isotopic records
coincident with the EPME horizon (Fig. 5).

Siberian Traps magmatic activity is divided into three stages based on
high-precision U-Pb dates: early extrusion (252254.907 Ma; ~C.
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434

changxingenssC. yini conodont zones), characterized by initial pyroclastic eruptions
followed by lava effusion, then medium-term sill intrusion (251-2%21..483 Ma; ~ C.
meishanensidower |. isarcica conodont zones), and terminal stage (lasting until at
least 251.354 Ma; above the lowersarcica conodont zone), marked by initial lava
extrusion after a ~420 ka hiatus and then sill intrusion (Burgess and Bowring, 2015;
Burgess et al., 2017). This implies that STLIP involved three or more original magma
pulses. Burgess et al. (2017) showed that the initial pulse of Siberian Traps sills
following the initial extrusive pyroclastics and lava, coincided with the onset of

EPME and an abrupt negative C isotope shift. Hg enrichment also atthas

horizon (this study; Sanei et al., 2012; Grasby et al., 2013; 2017). This suggests that
large volume of Hg was releasido the atmosphere at the time of initial sill

intrusion. Most of the sills are exposed at the periphery of exposures of lavas and
volcaniclastic rocks, and are up to 1208@hick (Svensen et al., 2009; Burgess and
Bowring, 2015). Compared to the pyroclastic lava, the sills take up a much larger area
and volume (Vasiliev et al., 2000; Burgess and Bowring, 2015). Total sill volume in
the STLIP is difficult to constrain but has been conservatively estimated in excess of 2
x 10° km®(Vasiliev et al., 2000), which maybe exceed 50 % of the SElitRal

volume. Such massive sills provided extensive horizontal and vertical magmatic
channels and diatremes, by which volatiles are delivered to the atmosphere (Svensen
et al., 2009; Burgess et al., 2017). As a heat sensitive element, the major proportion of
Hg in sedimentary rocks is released if the temperature exceed€ 33l et al.,

2013). Therefore, during the eaihtrusion stage, massive gasgpuld be
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produced by interaction between the magma and country rocks and easily released to
the atmosphere through magmatic vents (Burgess et al., 2017). The Hg content of
mantle material is 0.01 pg/g (McDonough, 2003). Usidgnsity of basic rock of

2.8x10 kg/m®, total Hg released from 2 x 4Rm? sills would be 5.6x10Mg. A

similar estimated value of 3.8xA0lg was given by Sanei et al. (2012). In addition,
heating of sediments over the large area encompassed by the sill complex could
provide additional Hg release, the estimated quantity of whiahout 1.75 x 10Mg

(Sanei et al., 2012). If most of the 2 > 1@n° sills intruded during 251.96251.483

Ma, then 13000 Mg Vt volcanic Hg would be released to the atmosphere during that
time, which is ~5.6 times current anthropogenic emissions of ~2320 Mang is

~144.4 times modern volcanic emissions of ~90 My(firrone et al., 2010; Sial et

al., 2013). The general elevation of Hg/TOC values in the C. meishadenssl.

isarcica conodont zones, marked by green on figure 5, corresponds with the high rate
of Hg emission during the Siberian sill emplacement. Furthermore, the highest values
at the EPME correspond to the strongest release. Depending on the high rate of
emission, the enhanced Hg releasthe EPME horizon may have temporarily

exceeded the capacity of organic matter to fix Hg resulting in its buildup in ocean
water to toxic levels (Sanei et al., 2015).

Other than a direct link by poisoning, most extinction scenarios invoke a
volcanism-extinction nexus caused by the subsequent effects,ot(@@se and rapid
global warming (Sun et al., 2012), which include ocean anoxia, acidification, and the
direct consequences of warming. Such effects are longer term than direct Hg
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457  poisoning which, if significant, is likely to have occurred on a timescale of decades to
458  centuries because of the short residence time of this element in the ocean-atmosphere
459  system. Carbon dioxide-driven global warming is a longer term effect (centuries,

460  millennia) because of the longer residence time in the Earth surface system (Wignall,
461  2001). Nonetheless, our data show a tight coincidence between the onset of extinction
462  in South China and Hg enrichment. Any lead in time between the onset of STLIP

463  volcanism and the environmental consequences was below the temporal resolution of
464  our study. Phrased another way, the devastation caused by the onset of Siberian Trap

465  sill emplacement was geologically instantaneous.

466 6. Conclusions

467 Three sections across the end-Permian mass extinction at Meishan, Daxiakou,
468 and Shang in South China all record high Hg concentrations and a short-lived

469  positive excursion in Hg/TOC values. Hg isotopes with positive va\M@3Hg) and

470 limited variability in the Daxiakou and Shangsi sections indiagieedominant

471 atmospheric-derived Hg signature from STLIP, whereas in the Meishan section,

472 8°°Hg and A™*Hg both display negative shifts, indicating a significant proportion of
473  terrestrial sources (Grasby et al., 2017). Our data indicate that Hg, including Hg/TOC
474  and Hg isotopes, show different geochemical behavior at different water depths. For
475  Meishan, a clastic sediment-starved carbonate platform setting, enhanced Hg influx
476  from terrestrial sources could be imported to the marine setting and overwhelmed the

477  volcanic signature from Siberian Traps. At the dg&ygater marine sections, at
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Daxiakou and Shangsi, a lower terrestrial signature was recorded. Although more
studies are undoubtedly needed on the geochemical behavior of Hg in different
sedimentary facies, our finding suggests that deep water marine facies can more
directly record the atmospheric-derived Hg signature from volcanism than near shore
shallow marine environments where signals are mediated to a greater extent by
terrestrial ecosystems via continental run off. Furthermore, our study demonstrates
that the effects of the STLIP extended to the Chinese sections, and clarifies the

relationship between Siberian eruptions and the EPME in South China.
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Figure captions.

Fig. 1 Global (A) and South China (SC) (B) paleogeogr aphic configurations over
the Permian-Triassic transition showing the locations of the Meishan (M S),
Daxiakou (DXK) and Shangsi (SS) sections, and the Siberia Traps largeigneous

province (STLIP). Global paleographic map is available online

http://jan.ucc.nau.edu/~rchy@nd maB follows Feng et al. (1996

Fig. 2 TOC, Hg, Hg/TOC and Hg isotopic compositions over the
Permian-Triassic transition at the Meishan section, South China. Hg, Hg/TOC
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ratios and Hg isotopes through bed 24 to bed 29 are from Grasby et al. (2017), and
shown by red circles. Sedimentation rates (SR) are calcudgtedkt al. (2016)’s age

model. Conodont zones follow Chen et al. (2015).

Fig. 3TOC, Hg, Hg/TOC and Hg isotopic compositions over the
Permian-Triassic transition at the Daxiakou section, South China. Sedimentation
rates (SR) are calculatég Li et al. (2016)’s age model. Conodont zones follow Zhao

et al. (2013

Fig. 4 TOC, Hg, Hg/TOC and Hg isotopic compositions over the
Permian-Triassic transition at the Shangs section, South China. Conodont zones

follow Jiang et al. (2011).

Fig. 5 Integrated excursions of Hg/TOC ratios, Hg isotopes, °C values (Burgess
et al., 2014), speciesrichness variations (Song et al., 2013) and STLIP stages
(Burgesset al., 2017) over the Permian-Triassic transition. Ages are from
Meishan section reported by Burgess et al. (2024 Clarkina, H= Hindeodus, E

Isarcicella
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