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The enrichment of mercury (Hg) in sediments has been increasingly utilized as a proxy for large-scale
volcanism. However, a causal link between these two remains ambiguous, as Hg enrichments can be
caused by many non-volcanic factors, e.g., changes in local depositional environments or terrestrial
runoffs. In this study, we present high-resolution Hg concentration and isotope records of two drill
cores, one located in a coastal lowland (HK-1) and the other in a terrestrial upland (TK-1), spanning
the Permian-Triassic boundary (PTB). Interestingly, the coastal lowland core exhibits significant Hg
enrichments over a stratigraphic horizon of approximately 200 meters (corresponding to a duration of ~2
Myrs), with dominating negative A19?Hg values. In contrast, the terrestrial upland core primarily displays
background Hg levels with near-zero A'99Hg values. Given the spatial proximity of the two cores,
separated by only about 70 km, we interpret these discrepant Hg signatures to indicate that terrestrial
upland underwent minimal influence from terrestrial and/or atmospheric depositions rather than volcanic
input, while the coastal lowland was primarily sourced from enhanced terrestrial influxes, depositing
under oxygen-deficient conditions. This interpretation is supported by the high concentrations of organic
carbon and sulfur, substantial pyrite layers, and positive correlations between Hg and chalcophile
elements, such as Mo, Se, and Co, in the HK-1 core. Our study highlights the need to examine multiple
Hg enrichment factors in sedimentary records before comprehensively establishing a robust causal link
with volcanic activities. A thorough evaluation of multiple lines of evidence, including Hg isotopes,
local environmental proxies, and sedimentology investigations, should be conducted first, particularly
necessary for the non-marine sediments.
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1. Introduction

The end-Permian mass extinction (EPME, ~252 million years
ago) was the most severe biotic crisis in the history of life on
Earth, with estimated losses of >81% of marine and >89% of ter-
restrial species within approximately 60 ka (Sepkoski, 1984; Fan et
al., 2020). The large-scale volcanism, including the Siberian Traps
large igneous province (STLIP) and arc magmatism from around the
Paleo-, Meso- and Neo-Tethys oceans, have been invoked as the ul-
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timate trigger for a series of environmental perturbations leading
to the catastrophic event (Burgess et al., 2017; Chen and Xu, 2019;
Zhang et al.,, 2021). As mercury from volcanic degassing can be
transported rapidly through global atmospheric circulation (Pyle
and Mather, 2003; Lyman et al., 2020), Hg enrichments in ma-
rine sediments around the Permian-Triassic boundary (PTB) have
been widely regarded as direct evidence supporting a causal link
between volcanism and the EPME (Fig. 1). Recent reports on ter-
restrial sedimentary Hg records also highlighted the role of vol-
canism in driving terrestrial ecosystem disturbance (Shen et al.,
2019a; Chu et al., 2020, 2021; Wang et al., 2021). However, sed-
imentary Hg enrichments can be affected by several non-volcanic
factors, such as intensified terrestrial runoffs and/or changes in lo-
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Fig. 1. Mercury studies within the Permian-Triassic transitional period (~252 Ma)
on global paleogeography (A) and South China Block (B). Site numbers in A and
acronyms for sections in B are given in Supplementary Data S1. NCB—North China
Block; SCB—South China Block; PTO—Paleo-Tethys Ocean; NTO—Neo-Tethys Ocean.

cal depositional environments (Bergquist, 2017; Zheng et al., 2018;
Them et al,, 2019; Shen et al., 2022), leaving a precise causal link
between volcanism and the EPME ambiguous. This is particularly
the case for interpreting mercury anomalies in the terrestrial and
nearshore sediments, as the contribution by terrestrial runoffs into
non-marine sediments remains poorly evaluated. In addition, it is
worth noting that, except for a few studies based on fresh drill
core samples (Fig. 1B; Chu et al., 2020; Shen et al.,, 2022), most
Hg signatures were obtained from outcrop samples, which might
have suffered from alterations due to the effect of intensive surface
weathering and post-depositional degradation of organic matter
(Charbonnier et al., 2020; Chen et al., 2022; Park et al., 2022).

Mercury isotopes provide powerful tools for tracing sources
and pathways of sedimentary Hg anomaly (Blum et al., 2014;
Bergquist, 2017). Although the mass-dependent fractionation (MDF,
often represented by §202Hg) of Hg isotopes can be caused by var-
ious physical, chemical, and biological processes during the Hg
cycle, their mass-independent fractionations (MIF) are primarily
generated during photochemical processes (Blum et al., 2014; Blum
and Johnson, 2017). The odd-Hg MIF (represented by A'%?Hg and
A?%THg) is now used as a primary tracer to distinguish volcanic
Hg sources, where sedimentary Hg enrichment without measur-
able A199Hg values (~0%o) reflects source by volcanism (Zambardi
et al,, 2009; Sun et al., 2016; Si et al., 2020). In contrast, sedimen-
tary Hg enrichment with positive A'9Hg values likely indicates
direct atmospheric Hg deposition, and negative A19Hg reflects
either enhanced terrestrial input (Shen et al., 2019b) or shallow
water euxinia (Zheng et al., 2018).
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In this paper, we provide high-resolution Hg concentration and
isotope records of drill cores in Southwest China, which is the first
detailed comparative study on Hg anomalies, Hg isotopes, and their
mineral hosts from two distinct non-marine PTB settings. The two
cores provide a unique opportunity to examine how terrestrial sed-
imentary Hg is affected by factors such as volcanic, terrestrial, and
local depositional environments. We also explore the geochemical
behavior of Hg in terms of land-marine teleconnection and likely
shed light on a potentially diachronic terrestrial ecosystem collapse
during the EPME.

2. Materials and methods
2.1. Geological setting and studied drill cores

The upper Permian to Lower Triassic outcrops widely in South-
west China, where marine and non-marine PTB sections have been
extensively studied (Shen et al, 2011; Zhang et al., 2016; Chu
et al, 2020; Feng et al., 2020a; Zhang et al., 2021; Chen et al,,
2022). Non-marine upper Permian to Triassic sequences in this
region, overlying unconformably the Emeishan Basalt, consists of
the upper Permian Xuanwei Formation (Fm.), the Permian-Triassic
transitional Kayitou Fm., and the Lower Triassic Dongchuan Fm.
(terrestrial deposits) or Feixianguan Fm. (coastal deposits) in as-
cending order.

The Xuanwei Fm. mainly consists of alluvial deposits containing
a highly diversified Cathaysian Gigantopteris flora and several coal
beds. The uppermost coal seam in this formation is overlain di-
achronous by the Kayitou Fm., exhibiting similar lithological char-
acteristics. The Kayitou Fm. is diachronous in southwestern China,
most of which belongs to the uppermost Permian but partly to the
Lower Triassic, based on the ID-TIMS U-Pb dating and the negative
shift of organic carbon isotopes (Shen et al., 2011; Zhang et al.,
2016; Chu et al,, 2020). The Dongchuan Fm. overlying the upper-
most yellow-greenish beds of the Kayitou Fm. composes maroon
fine- to coarse-grained siliciclastic sediments. This formation has
been interpreted as braided river deposits with rare plant fossils
and abundant trough cross-bedding, parallel bedding, and scour
structures (Zhang et al., 2016; Feng et al., 2020a). The Feixianguan
Fm., composed of marine siliciclastic sandstones and mudstones
with the typical Triassic fauna and floras, is thought to be syn-
chronous with the Dongchuan Fm. of terrestrial settings (Zhang et
al,, 2016).

Two drill cores TK-1 (103°37'21” E, 27°21’55” N) and HK-1
(104°20'13” E; 27°15'46” N), were obtained from the terrestrial
and coastal areas, respectively (Fig. S1). The TK-1 core was drilled
in the Taoshujing section (E 103°37'21” E, 27°21’55” N) of the
outskirt area in Zhaotong City, Yunnan Province. Typical terrestrial
deposits with >40 individual palaeosols were recognized, although
most are characterized by minimal pedogenic alteration with weak
horizon development. The HK-1 core drill in the Lengqinggou sec-
tion (104°20'13” E; 27°15’46” N) is located in Hezhang County,
Guizhou Province. Its coastal deposits contain terrestrial-marine
transitional facies during the Permian-Triassic transition (Cai et al.,
2021).

2.2. Analytical procedures

Fine-grained core samples lacking visible veins were hand-
picked and pulverized for analysis, including organic carbon iso-
tope (8'3Corg), total organic carbon (TOC), total sulfur (TS), and
elemental geochemistry.

For 613C0rg and TOC analysis, samples were pre-treated with di-
lute hydrochloric acid to remove any carbonates. For TOC analysis,
rinsed and dried samples were combusted in an oxygen atmo-
sphere at ~1100°C, generating CO, from the conversion of carbon
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measured by an infrared (IR) cell. The mass was converted to per-
cent carbon using sample dry weight. For 813C0rg analysis, samples
were reacted offline with 100% H3PO4 for 24 hours at 25°C, fol-
lowing which the carbon isotope composition of the generated
CO, was measured on a Finnigan MAT 253 mass spectrometer.
Delta values were calibrated by the international reference stan-
dard NBS-19 (8'3C = 4+1.95%0) and the Chinese national standard
GBWO04416 (§13C = +1.61 + 0.03%0) and reported relative to Vi-
enna Pee Dee Belemnite (V-PDB) with a precision of better than
£ 0.1%o based on duplicate analyses of GBW04416. The analysis
was conducted at the State Key Laboratory of Organic Geochem-
istry, Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences.

Elemental geochemistry including major and trace elements
was conducted at the ALS-Chemex Laboratory in Guangzhou,
China. The contents of major elements were measured using X-ray
fluorescence (XRF) and Inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES), with an analytical accuracy of <2%
(XRF) and <10% (ICP). Trace elements were extracted from the
dried powders using HF/HNO3/HCIO4 digestions and then deter-
mined by inductively coupled plasma mass spectrometer (ICP-MS),
with an analytical accuracy of <10%.

2.3. Hg concentration and isotopes

Total Hg concentrations were analyzed using a Direct Mer-
cury Analyzer (DMA-80) at the Institute of Geochemistry, Chinese
Academy of Sciences, Guiyang, China. About 200-400 mg of each
sample was weighed out and analyzed. Results were calibrated to
the National Standard Material GSR-4 (quartz sandstone with Hg
concentration of 8+2 ngg~!). One replicate sample and a standard
were analyzed for every ten samples. Data quality was monitored
via multiple analyses of GSR-4, yielding an analytical precision
(20) of Hg concentration measurement is < 8%. The method re-
covery was determined to be 103.0 £+ 7.6% (mean + 2SD, n = 47,
94.3%-113.0%) for certified reference material GBW07405 (GSS-5,
yellow-red soil, Hg concentration: 290 + 30 ngg!).

The pyrolysis method was used to extract Hg (Biswas et al,,
2008; Sun et al., 2013), and then isotopes were determined us-
ing a Nu-Plasma multi-collector inductively coupled plasma mass
spectrometer at the Institute of Geochemistry, Chinese Academy
of Sciences, Guiyang (Yin et al., 2016). The international standard
NIST SRM 997 Tl was used for simultaneous instrumental mass
bias correction of Hg, and 3% SnCl, solution was used to generate
elemental Hg® before being introduced into the plasma. Interna-
tional standard NIST SRM 3133 was measured after every three
unknowns to monitor the stability of the instrument. Hg-MDF
compositions are reported in delta notation (§) as per mil (%) de-
viations from the NIST 3133, and §2%2Hg is most widely reported
(Chen et al.,, 2012; Grasby et al., 2019):

202 202
8202Hg = <£) /(ﬂ) -1 x10°
198 198 :
8/ sample 8/ NIST3133

Hg-MIF is reported with capital delta notation (A) and quanti-
fied as the deviation from the theoretically predicted by MDF laws
(Blum et al., 2014):

AXXXHg:(SXXXHg— /3 X (SZOZHg,

where xxx = 199, 200, or 201, and B-values are 0.252, 0.502, and
0.752 for isotopes '99Hg, 2%0Hg, and 2°THg, respectively, according
to the kinetic MDF law.

The NIST 8610 standard solution (UM-Almadén) was measured
every 10-15 samples as a secondary standard with results of
8202Hg = —0.52 & 0.10%0, A199Hg = —0.03 & 0.03%,, A?OHg =
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0.00 + 0.03%0, and A?%'Hg = —0.05 + 0.04%0 (£20, n = 30),
consistent with previously reported values (Chen et al,, 2012; Sun
et al,, 2013). A total of five replicated analyses of GSS-5 were also
conducted, with results of §2%2Hg = —1.48 + 0.08%, A1%Hg =
—0.31 + 0.05%0, A2%Hg = 0.01 + 0.07%0, and A2°'Hg = —0.29
+ 0.06%0 (20, n = 5), in agreement with newest published data
(Shi et al,, 2023). Uncertainties reported in this study correspond
to the larger value of either the measurement uncertainty of repli-
cate digests of GSS-5 or the uncertainty of repeated measurements
of NIST 8610.

2.4. Ternary isotope mixing model

The fraction of Hg derived from terrestrial sources (f;) was cal-
culated using a simplified three-component mixing model for all
measured samples:

A]ggHgsample = fr x A199Hgt + fv x Al99Hgv
+(1— fo— fv) x A'Hg,. (1)

Where A9Hgg,mple represents the measured A'99Hg value of the
core sample. A1%9Hg;, A'%Hg,, and A'%°Hg, are compositions
of three end-members (terrestrial, volcanogenic, and atmospheric,
respectively). f, is the fraction of volcanogenic Hg in the measure-
ments.

A199Hg, is the endmember of the dominant pathway through
vegetation absorption, and its value is adopted from the most neg-
ative value in the PTB terrestrial sediments reported previously
(A19Hg, = —0.14%0) (Zhang et al., 2021). A'9Hg, = 0%o rep-
resents modern volcanogenic Hg lacking odd-MIF (Zambardi et
al., 2009; Sun et al., 2016; Si et al., 2020), and this endmember
value is only valid for ‘direct’ volcanogenic input. Once the Hg
has undergone atmospheric transport after being outgassed during
volcanism, its A'9Hg values would be changed by photo-redox
processes in the atmosphere and mixed with the background at-
mospheric Hg signals. Therefore, the f, in the current model could
only evaluate the presence of proximal volcanism whose Hg may
be able to deposit in nearby regions, rather than the SLIP, which is
thousands of kilometers away from the study region.

According to the latest review by Zhou et al. (2021), terres-
trial deposition encompasses dry (62-74% of terrestrial deposition)
and wet (26-38%) deposition, where dry deposition is separated
into vegetation Hg uptake (gaseous elemental mercury (Hg(0)) and
divalent mercury (Hg(II))), which accounts for 76% of terrestrial up-
take, and deposition to non-vegetation surfaces (soils, snow, and
water; 24% of uptake). Therefore, there is approximately 47-56% of
Hg uptaken by vegetation, ~15-18% of Hg deposition through non-
vegetation dry deposition, and 26-38% through non-vegetation wet
deposition. Since the terrestrial material mostly represents the at-
mospheric Hg(0) deposition, it is more appropriate to assume an
atmospheric wet deposition end-member rather than the bulk at-
mosphere to avoid a double count. Therefore, A'9Hg, is the at-
mospheric wet deposition endmember (Chen et al., 2012; Zheng et
al., 2020), and its value is adopted from the median value of Hg(II)
rainfall which was summarized by a recent study (A'%Hg, =
+0.40%0 from Jiskra et al., 2021). Taking these endmember values
into Equation (1), we obtain:

A" Hggmple =0.4 — 0.54 x f; — 0.4 x f 2)
Thus, the terrestrial sources fraction (f;) can be calculated by

fe=(04-0.4x f, — A" Hgg,)/0.54 3)

When f, = 0, representing no volcanogenic Hg input, the
maximum fraction of terrestrial inputs (fi-max) Will be: fi_max =
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values of ~ 0%o. Uncertainties on Hg isotope data correspond to the larger value of either the measurement uncertainty of replicate digests of GSS-5 or the uncertainty of
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each measured A'99Hg datapoints were not shown. g: the blue dashed line is the LOWESS (locally weighted scatterplot smoothing) curve through the modeled minimum

terrestrial flux, which shows in percentage. NICE: negative carbon isotope excursion.

(0.4 — A" Hgg,0e) /0.54. Due to the linear relationship between
fr-max and A1%9Hg, the curve of fi_max would mimic that of A1%9Hg
and therefore was not plotted in Fig. 2.

When f, increases from 0 to 1, representing gradually increas-
ing portions of volcanogenic input and correspondingly decreas-
ing contributions from terrestrial and/or atmospheric deposition,
it will yield the minimum fraction of terrestrial inputs (fi.min) in
each measured sample (Fig. 2), which is valid when calculated f; <
(1 —fy). For detailed results of this model, please refer to the sup-
plementary dataset.

3. Results
3.1. Bulk organic carbon isotopes

In the HK-1 core (Lengginggou section, see Fig. S1), the aver-
age value of bulk §'3Corg from 314.33 m to 252.66 m is —24.0%,
and this value decreases dramatically to —28.3%¢ for the overly-
ing strata from 252.24 m to 250.73 m (Fig. 2). This abrupt §'3Corg
negative excursion of ~4%c has been recognized from outcrops
in the same section (Cai et al., 2021). In the terrestrial TK-1 core
(Taoshujing section, see Fig. S1), bulk §'3Corg of the Xuanwei Fm.

(from 178.63 m to 115.50 m) average around —22.6%o ranging
from —23.4 to —21.9%0; whereas the 8'3Corg of the overlying Kay-
itou Fm. from 109.70 m to 7745 m displays a mean value of
—23.4%0 ranging from —24.6 to —22.5%o. This negative shift of the
bulk §'3Corg values has also been documented in outcrops of the
Taoshujing Section and other adjacent sections, consistent with the
negative 813C0rg excursion in coastal sections (Shen et al., 2011;
Zhang et al., 2016).

3.2. Hg concentrations and its isotopes

While the Hg contents show an apparent decreasing trend up-
ward in both cores, the two coeval cores displayed completely
different Hg enrichment signatures. HK-1 core was formed in the
coastal area and had much higher Hg contents. The Hg contents in
the upper Permian Xuanwei Fm. range from 4.2 to 1571.8 ppb with
a mean of ~68.2 ppb. There was a dramatic decrease upwards,
with peak values occurring at the bottom of the Permian-Triassic
transitional Kayitou Fm., ranging from 5.3 to 257.3 ppb (mean of
~31.5 ppb). The lowest Hg contents were observed in the Lower
Triassic Feixianguan Fm., with a range from 1.1 to 45.5 ppb (mean
of ~7.3 ppb). In contrast, the TK-1 core was formed in alluvial
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environments possessing purely terrestrial deposits and showing
significantly lower Hg concentrations, with 0.9-226.2 ppb (mean
of 15.8 ppb), 0.7-129.1 ppb (mean of 7.3 ppb), 0.6-21.7 ppb (mean
of 2.5 ppb) for the Xuanwei, Kayitou, and Dongchuan formations,
respectively.

5202Hg in the HK-1 core exhibits consistently negative values
ranging from —2.2%0 to —0.1%0 with a mean of —1.23%o, while
the TK-1 core shows more positive compositions with a range of
—2.7%0 to 1.4%o with a mean of —0.46%.. A1%9Hg values in the
HK-1 core vary from —0.10 to +0.09%0 with a mean of —0.04%o,
with most values < 0%o. Samples with Hg concentrations >90 ppb
typically exhibit much more negative A1%?Hg values (Fig. 3). In
the TK-1 core, A1?Hg values fluctuate around 0%, ranging from
—0.26 to +0.30%0 with an average of +0.01%o (Figs. 2, 3).

4. Discussion
4.1. Diverse mercury host phases in non-marine sediments

Sedimentary mercury enrichment is strongly controlled by its
sequestration matrix, even though an increased atmospheric Hg
flux due to intensive volcanism can theoretically lead to enhanced
mercury loading in marine and terrestrial sediments (Grasby et
al,, 2019). Under normal conditions, the contents of Hg correlate
well with TOC since organic matter (OM) commonly represents the
dominant phase of Hg, particularly in marine sediments (Grasby et
al,, 2019); sulfides and clay minerals may override the usual sed-
imentary Hg-TOC relationship in certain conditions (Sanei et al.,
2012; Percival et al.,, 2018). In this work, however, we found that:
(1) mercury in these non-marine sediments is associated with

many different host phases, rather than a single host. (2) Alterna-
tively, Hg mainly exists as dispersed phases without any main host
minerals or materials for the OM-rich Xuanwei Fm. of the coastal
HK-1 core. None of the common hosts can account for its Hg en-
richment, given the moderate to weak correlation between Hg and
TS (r = 40.53; p < 0.0008), Al (r = —0.55; p < 0.0005) or TOC
(r = 4+0.36; p < 0.0001) (Fig. 4).

Previous research suggested that sulfides can effectively remove
Hg from an aqueous solution within a wide pH range when organic
matter burial is limited (Ehrhardt et al., 2000; Behra et al., 2001).
In the OM-poor sediments from the Kayitou and Feixianguan for-
mations of the same drill core HK-1, pyrites are the host matrix of
mercury based on the strong correlation between Hg and S (Fig. 4).
Moreover, Hg exhibits a relatively good correlation with TOC (r =
+0.48; p < 0.0001) and Al (r = +0.56; p < 0.0056) for samples
in the Kayitou Fm., indicating more influence by terrestrial sources
compared with the Feixianguan Fm., where Hg only shows a strong
correlation with sulfur. For the OM-limited TK-1 core from terres-
trial upland, clays are more critical for Hg sequestration than OM
and sulfides (Fig. 4), consistent with previous studies in the same
area (Shen et al., 2019a; Chu et al., 2020; Wang et al., 2021).

4.2. Discrepant Hg signatures across different geographic settings

One of the most interesting findings in our work is the in-
congruent sedimentary Hg signatures between terrestrial upland
and coastal lowland records. Major terrestrial Hg reservoirs are
formed by accumulation of vegetation that mostly assimilates at-
mospheric Hg(0) of odd-MIF and subsequent burial in soils (Them
et al., 2019; Zhou et al.,, 2021), which may get released due to
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Fig. 3. Cross-plots of A199Hg versus Hg concentration and §2°2Hg from the HK-1 core (A, C) and the TK-1 core (B, D).

terrestrial environment change, dominating the Hg enrichment in
nearshore sediments. Thus, intensified wildfires and the combus-
tion of sedimentary hydrocarbons during the EPME have been pro-
posed as the leading cause of the mercury spike in shallow marine
sections (Kaiho et al., 2021). Investigation of modern sediments
suggests that riverine input represents the largest source of Hg in
the coastal area due to terrestrial effects (e.g., increased input of
eroded soil or plant material) (Liu et al., 2021). Given that shallow-
marine has been significantly influenced by terrestrial Hg influx
(Grasby et al., 2017; Wang et al.,, 2018), non-marine sediments
should have more terrestrial sources resulting from the environ-
mental disruption on land (Grasby et al., 2017; Them et al., 2019).

In the HK-1 core, peak values of Hg anomalies defined by
Hg/TOC occurred from the Xuanwei Fm. to the basal Kayitou Fm.
(Fig. 2A), slightly later than the onset of the negative carbon iso-
tope excursion (NCIE) and nadirs of 613C0rg values. These decou-
pled C and Hg records were previously interpreted as evidence of
multiple possible sources for both elements, such as volcanic, ther-
mogenic or wildfire release (Chu et al., 2020). Although our new
evidence of the consistently negative §202Hg values (~ —2%o to
0%o) preserved in the ancient coastal sediments cannot distinguish
the Hg sources, their mostly negative A'9Hg signatures strongly
suggest predominant terrestrial input (Figs. 2, 3). According to our
model, the averaged minimum terrestrial influx into coastal sedi-
ments has increased upward the profile (Fig. 2), with several peak
values of the modeled fi i, occurring within the mercury en-
richment horizon, indicating the mercury anomalies were mainly
caused by terrestrial sources. Above the mercury-rich interval, the
lower Hg concentration occurs in the OM-poor sediments (TOC <

0.09 wt%, i.e., less than three times the determination limit), which
can be caused by oxidation or post-depositional weathering (Char-
bonnier et al., 2020; Liu et al., 2022; Park et al., 2022). Particularly,
the purple-red sequences above the depth of 107.40 m likely re-
sult from oxidation under warm and dry conditions during the
earliest Triassic (Zhang et al., 2016). Hg anomalies constrained by
Hg/S ratios decline also indicate a decreased Hg input with nega-
tive A199Hg values, especially for the pyrite-hosted mercury, likely
suggesting continuous but lesser terrestrial influx (Fig. 2). An alter-
native interpretation is the redox control as the negative A1°9Hg
value could be generated under euxinia (Zheng et al., 2018), which
will be discussed further in Section 4.3 followed.

Unlike coastal sediments, most of the TK-1 core from terrestrial
upland displays much lower Hg contents showing stronger covari-
ation with the content of Al (Fig. 4), and thus Hg/Al ratios are used
for Hg normalization and referred to as Hg anomalies (Fig. 2B). The
relative mercury-anomaly period at a depth of 98.54 to 115.80 m
has both §2%2Hg and A'9°Hg values fluctuating around 0%o, con-
sistent with previous work on the same depositional environment,
which was interpreted as influenced by the STLIP (Shen et al,,
2019b), or felsic volcanic eruptions related to the subduction (Shen
et al,, 2021; Zhang et al,, 2021). A small pulse of Hg enrichment
with distinct negative A'99Hg values occurs immediately after the
reduction of TOC at a depth of ~60 to 75 m, which likely suggests
a lesser extent of terrestrial influx and could be verified by our
model, showing peaks of minimum terrestrial flux (Fig. 2). How-
ever, given the average Hg compositions of the upper continental
crust and sedimentary rocks are 50 ppb (Rudnick and Gao, 2014)
and 62.4 ppb (Grasby et al, 2019), respectively, it seems more
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reasonable that our measured sediments did not have Hg enrich-
ment, but only reflected background Hg signatures. The fluctuating
A199Hg values between slightly negative to slightly positive could
result from the changes in the proportions of terrestrial and atmo-
spheric depositions, rather than volcanic input, consistent with the
low values of our modeled minimum terrestrial flux (f;_min)-

Both drill cores exhibit relatively high Hg concentrations and
Hg anomalies characterized by Hg/S, Hg/TOC or Hg/Al ratios from
the upper Xuanwei Fm. to the basal Kayitou Fm. Moreover, the un-
derlying Xuanwei Fm. displays occasional Hg spikes with positive
Hg-MIF values (Fig. 2). At present, no changes of the terrestrial en-
vironment, such as enhanced continental erosion, increased runoff,

or terrestrial influx, have been reported during the depositional
time of this formation. However, despite the stable sedimentary
environment, the Xuanwei Fm. has exhibited spikes in both Hg-MIF
values and Hg enrichment. This could be the result of additional
sources, such as pulsed deposition due to volcanic outgassing that
has undergone long-range transport. The exact timing and origin
of these pulsed volcanic sources are difficult to determine based
on the existing evidence in the current study and other previous
studies. Nevertheless, the active volcanic arcs that surrounded the
margin of the supercontinent Pangea at the end of Permian (Chap-
man et al., 2022) or even in the early eruption of STLIP (Burgess et
al., 2017) could be the possible reason.
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4.3. Local environment factors controlling sedimentary Hg

Noticeably, the mercury enrichment horizon in both drill cores
does not correspond to the NCIE in this work. Given the extremely
high-resolution sampling strategy and their stable sedimentary en-
vironments, this decoupling of Hg and C indicates that these two
elements are controlled by different sources, as discussed above,
or alternatively, local environmental factors in both different non-
marine settings. As the HK-1 and TK-1 drill cores are only ~70 km
away from each other (Fig. S1), the discrepant Hg signatures be-
tween the two cores most likely result from local factors. In the
HK-1 core, moderate positive correlation between the content of
Hg and total sulfur in the Xuanwei Fm. changed to a strong positive
correlation in the overlying strata (Fig. 4). The coastal area has sub-
stantial supplies of terrestrial-derived OM and sulfate, where the
dynamic equilibrium between the intensive generation of reduced
sulfur makes it possible for the development of photic zone eux-
inia (PZE) in the anoxic water column and underlying sediments.
A recent study indicates that sediments deposited under the PZE
tend to develop significantly more negative A1®?Hg values than
those deposited under non-PZE conditions (Zheng et al., 2018). The
negative A1%?Hg was considered to be caused by photoreduction
of Hg (II) complexed by reduced sulfur ligands in a sulfide-rich
environment or enhanced sequestration of atmospheric Hg (0) to
sediments. The coastal HK-1 core has relatively high sulfur con-
tents and substantial pyrite layers (Fig. 2A), so anoxic and sulfidic
water development could account for the negative A1%9Hg values,
which was also supported by the lack of correlation between Hg
and Al, as well as the strongest correlation between Hg and TS
in the Feixianguan Fm. (Fig. 4). Moreover, local euxinic conditions
have developed in the coastal lowland, documented by the pos-
itive relationship between Hg and chalcophile elements, like Mo,
Se, and Co (Fig. 5).

4.4. Broader implications: possibly asynchronous terrestrial ecosystem
disturbance

The relatively high TOC interval occurring at ~74-84 m in the
TK-1 core above the most negative § 13C0rg value in this study has
been previously documented in a nearby drill core ZK4703 by Chu
et al. (2020), but the amplitude in the latter core is much smaller
than our core. By contrast, a high TOC value has not been rec-
ognized in other terrestrial or coastal sediments in the studied
area (Shen et al., 2019b; Chu et al., 2020; Wang et al.,, 2021).
Therefore, a high TOC content is probably controlled by the lo-
cal depositional environment and should not be used as a tool for
stratigraphic correlation. Previous studies demonstrated that car-
bon isotopes from marine PTB sections display distinctive negative
excursions in both inorganic and organic §'3C, and therefore the
most negative 813C0rg values have been widely used to correlate
marine sequences and constrain the PTB in non-marine sequences
worldwide (de Wit et al., 2002; Cao et al., 2008; Hermann et al.,
2010; Shen et al, 2011; Zhang et al., 2016). If the period from
the onset of the negative §'3Cyyg excursion to its minimum (OTM
zone in Fig. 6) were synchronous in all depositional environments,
including marine and non-marine, our results might indicate a di-
achronic terrestrial disturbance associated with discrepant mercury
deposition across facies from the terrestrial upland to the coastal
lowland and the shallow marine in South China (Fig. 6).

The previous reports on fossil records have documented a di-
achronic pattern of vegetation turnover in different environments
across the Permian-Triassic transition in the study area (Feng et al.,
20203, 2020b). In the upland environments, the species richness of
the Cathaysian Flora declined dramatically at the bottom of the
Kayitou Fm. compared with the underlying Xuanwei Fm. (Feng et
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al., 2020a, 2020b; Liu et al., 2020). While in the coastal lowland en-
vironments, the specific diversity of the Cathaysia Flora likely per-
sisted continuously into the lowermost part of the Kayitou Fm. At
~2 meters above the Kayitou-Xuanwei formation boundary in the
coastal sections, the Cathaysian Flora disappeared eventually and
was replaced by monospecific vegetations comprising herbaceous
lycophytes, Tomiostrobus sinensis Feng 2020 (Feng et al., 2020b). As
discussed above, the coastal lowland HK-1 core exhibits Hg en-
richments by predominant terrestrial sources occurring from the
upper Xuanwei Fm. to the basal Kayitou Fm., while the upland
core TK-1 shows weaker Hg enrichments with limited terrestrial
and/or atmospheric inputs in the same horizon. Recent geochrono-
logical studies on the high-precision zircon U-Pb of the ash beds
in the study area have documented that the Kayitou Fm. in the
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(Grasby et al., 2017).

coastal settings (Early Triassic) is much younger in age than that
in the upland settings (latest Permian) (Wu, 2020), and therefore
indicate that the collapse of the Cathaysian Flora initially occurred
in the upland environments but later in the coastal region. Our
discrepant mercury records in different geological settings (Fig. 6),
likely reinforced the diachronic scenario of the terrestrial ecosys-
tem collapse associated with intensive wildfires (Cai et al., 2021).

5. Conclusions

Sedimentary Hg enrichments around the PTB have been widely
regarded as direct evidence supporting a causal link between vol-
canism and the EPME in both marine and terrestrial environments.
Our work from two different non-marine drill cores shows dis-
crepant mercury records of terrestrial upland versus coastal low-
land, which compromise the Hg anomalies as indicators of vol-
canism. In addition, Hg signals from these two settings are most
likely explained by asynchronous vegetational collapses and con-
sequent weathering across the upland to the lowland straddling
the PTB. Composite factors like Hg concentration, Hg isotope, and
local environmental indicators should be considered before any Hg
enrichments are directly linked with possible volcanic activities.
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