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Mercury isotope evidence for marine photic zone
euxinia across the end-Permian mass extinction
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The driving forces, kill and recovery mechanisms for the end-Permian mass extinction
(EPME), the largest Phanerozoic biological crisis, are under debate. Sedimentary records of
mercury enrichment and mercury isotopes have suggested the impact of volcanism on the
EPME, yet the causes of mercury enrichment and isotope variations remain controversial.
Here, we model mercury isotope variations across the EPME to quantitatively assess the
effects of volcanism, terrestrial erosion and photic zone euxinia (PZE, toxic, sulfide-rich
conditions). Our numerical model shows that while large-scale volcanism remains the main
driver of widespread mercury enrichment, the negative shifts of A199Hg isotope signature
across the EPME cannot be fully explained by volcanism or terrestrial erosion as proposed
before, but require additional fractionation by marine mercury photoreduction under
enhanced PZE conditions. Thus our model provides further evidence for widespread and
prolonged PZE as a key kill mechanism for both the EPME and the impeded recovery
afterward.
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largest known Phanerozoic extinction, with a loss of ~81%

of species in the ocean and ~89% of species on land!. The
causes, controls, and chronostratigraphic framework for the biotic
extinction and recovery dynamics across the EPME have been
extensively studied (see the recent review by Dal Corso et al.2).
The main trigger of the EPME has been proposed to be the
emplacement of large-scale volcanism, particularly the Siberian
Traps large igneous province (STLIP)23. The long-term
(~0.9 Myr) and multiphase LIP emplacement (2-7 x 10° km?)
released large amounts of volcanic gases including carbon diox-
ide, sulfur dioxide, mercury (Hg) and halogens, leading to abrupt
climate and environmental changes that altered the hydrological
cycle and the fluxes of bioessential elements (e.g., carbon, sulfur,
nitrogen and phosphorous)4-°. This biogeochemical cascade
eventually led to adverse marine conditions detrimental to
organisms. However, the direct kill mechanism for marine biota
during the EPME is still under debate.

Oceanic anoxia or euxinia (H,S rich conditions) stimulated by
terrestrial nutrient influxes has been invoked as one of the key kill
mechanisms for the EPME’-10, Multiple lines of evidence point
to enhanced terrestrial weathering and soil erosion and, conse-
quently, increased inputs of organic matter (OM), sulfate, and
nutrients to oceans!!12, These processes may have increased

The end-Permian mass extinction (EPME, ~252 Ma) is the
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Fig. 1 Published geochemical data across the EPME. 5'3C of carbonates
(@), Hg/TOC (b) and A19°Hg (c) of whole rocks, and reconstructed
seawater temperature (d, based on 8'80 of conodont apatite) and seawater
87Li (e, based on &’Li of sedimentary rocks) from the Meishan section.

f 5238U of carbonate from global oceans (including South China, reflecting a
global picture given the long residence time of seawater U). All the data in
(a-f) have been chronologically calibrated. The vertical blue shading and
dashed line: the main EPME interval and PTB; the range of grey dashed
lines: approximate time range of STLIP sill intrusion phase. Note two
samples with high Hg/TOC values (1825 and 3149 ppb/%) at ~251.941 Ma
(onset of the EPME) are excluded due to low TOC values (<0.2%). The 2¢
analytic uncertainty (error bar) of A199Hg is taken from the cited references
(see data availability). Refer to Supplementary Fig. 1 for a global dataset
including the Meishan section.

primary productivity and hence enhanced OM degradation via
microbial sulfate reduction, producing widespread and prolonged
anoxic and even euxinic conditions”-?. A small number of studies
reported evidence for photic zone euxinia (PZE), the occurrence
of euxinic water in the photic zone, based on lipid biomarkers of
anoxygenic photoautotrophs that require H,S to live (such as
green and purple sulfur bacteria)! 1314, PZE typically occurs over
a nutrient-rich continental shelf?, which is the critical zone that
supports marine primary productivity and hosts the majority of
marine lifel®. Therefore, the occurrence of PZE has been con-
sidered as a potent kill mechanism during almost all “The Big
Five” Phanerozoic mass extinctions'®. However, the interpreta-
tions of biomarkers are sometimes ambiguous due to their sus-
ceptibility to contamination by anthropogenic or natural
hydrocarbons and degradation during OM maturation!”-1°.
Furthermore, the mechanism that drove PZE as well as its rela-
tionship to volcanism, terrestrial erosion, and the EPME is not
well understood. Therefore, the role of PZE during the EPME
warrants further investigations.

Anomalous Hg enrichment in sedimentary strata has been
widely used as key evidence linking large-scale volcanism (e.g.,
LIPs) and mass extinctions because volcanism is the dominant
natural Hg source to the Earth’s surface and Hg is dispersed
globally via the atmosphere20-21, In addition to Hg concentration,
Hg stable isotope composition, especially the mass-independent
fractionation of odd Hg isotopes (odd-MIF, represented by
A1%9Hg)2223, is emerging as a useful tracer of Hg sources (vol-
canic vs. non-volcanic) and pathways (atmospheric deposition vs.
terrestrial erosion) in paleoenvironments?*->°. Many marine
sedimentary strata across the Permo-Triassic boundary (PTB)
retrieved from different depositional settings show a short-lived
(~several kyr) but pronounced spike (enrichment factor >10 in
some strata) of Hg concentrations and Hg/TOC (Hg concentra-
tion normalized to a common host phase, total organic carbon)
immediately before or at the onset of the main EPME interval,
and a long-term (~400 kyr) but lower extent of Hg enrichment
(enrichment factors = 2-8) afterward (see compilations in Sup-
plementary Fig. 1, and by Shen et al.24, Grasby et al.20, and Dal
Corso et al.12). The short-lived spike of Hg and Hg/TOC was
coincident with a sharp §!3C minimum?728. Many sections also
show a negative shift of A®°Hg by ~0.1%o at or post-EPME
relative to the Late Permian background levels before the
extinction24-26:29-33 (Supplementary Figs. 1-4; Supplementary
Table 1). Notably, the most well-studied shallow marine (<100 m)
Meishan section shows a short-lived, negative A1°°Hg spike
(~0.2%0 lower than the background values) within the main
EPME interval, and this negative shift of A1°’Hg postdated the
Hg/TOC maximum and §'3C minimum by ~40 kyr (Fig. 1a—c).
Other sections (e.g., Daxiakou, Shangsi, Chaohu and Guryul
River) with limited Hg isotope data also appear to show Hg
enrichment prior to the negative shift of A1’Hg (Supplementary
Fig. 4).

Previous studies often assumed the enhanced Hg enrichment
and the negative shift of A19’Hg were synchronous across the
EPME and interpreted them as the result of increased atmo-
spheric Hg deposition from volcanic emission, and/or of massive
terrestrial Hg input to oceans from biomass burning and soil
erosion, which are often also linked to volcanism?4-262%-33_ Such
interpretations follow because mantle-sourced volcanic Hg typi-
cally has circum-zero A19°Hg values®43°, and modern terrestrial
vegetation and soil typically have negative A1°°Hg values?3, both
of which are lower than background values of pre-EPME marine
sediments (0.1-0.2%o) (Supplementary Table 1). However, these
interpretations lack a full consideration on the impact of ocean
redox conditions on Hg enrichment and Hg isotope variations,
and they cannot account for the timing lag between the peaks of
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A'°Hg negative shift and Hg enrichment observed in the
Meishan section. Thus, the mechanism of Hg enrichment and Hg
isotopic variations across the EPME requires further studies.

To further elucidate the relationships between volcanic activity,
enhanced weathering, and ocean anoxia during the EPME, here
we develop a global box model of Hg isotopes (GBM-Hg-ISO-
EPME) to investigate the mechanism of Hg enrichment and Hg
isotopic variations across the EPME. This numerical model is
adapted from previous models and comprises 13 fully-coupled
Hg reservoirs (Supplementary Fig. 5, see Methods). It adopts a
similar framework for the timing of Hg enrichment across the
EPME as the Hg-C cycling model of Dal Corso et al.!2. It includes
an elevated Hg enrichment phase of ~400 kyr (251.96-251.56 Ma)
during the STLIP sill intrusion stage®?8, and a peak Hg enrich-
ment phase of ~1 kyr (251.950-251.949 Ma) immediately before
the marine EPME starting at ~251.941 Ma. We mainly evaluate
the model output against the published data of the Meishan
section?4-26:31.32 where the EPME is best studied and chron-
ologically calibrated?® (Supplementary Fig. 2). Other P-T sections
deposited in global diverse marine settings were also evaluated by
grouping their Hg isotope data in different time bins: pre-EPME,
EPME, and post-EPME (Supplementary Figs. 3 and 4). We only
focus on the Al°°Hg signature, because §292Hg (representing
mass-dependent fractionation) can be overprinted by multiple
complex processes?3, and A200Hg (representing MIF of even Hg
isotopes) variability is unresolvable relative to its analytical
uncertainty in most EPME strata (Supplementary Fig. 2).

Our modeling results show that while large-scale volcanism
remains a plausible driver of widespread Hg anomalies in sedi-
mentary rocks across the EPME, perturbations due to volcanic
(Run #1) or terrestrial Hg inputs (Run #2) alone cannot fully
account for the extent of the negative shift of A19Hg. Instead,
MIF in response to the development of marine PZE across the
EPME can best explain both the extent of A1°Hg negative shift
(Run #3) and the timing difference between the peaks of Hg
enrichment and A19%Hg shift. Therefore, Hg isotopes provide new
evidence for PZE as a kill mechanism for the EPME.

Results and discussion

Effect of subaerial volcanism on Hg enrichment and A1%?Hg.
Model Run #1 simulates how changes in Hg fluxes from subaerial
volcanism affect Hg enrichment and A®Hg of various Earth
reservoirs. To reproduce the long-term (~400 kyr) Hg enrichment
(enrichment factors = 2-8) and the short-lived (~1 kyr) Hg
spikes (enrichment factor >10) in global marine sediments across
the EPME, the model requires an increase in subaerial volcanic
Hg flux of 2-21 times and >21-27 (coastal-deep oceans) times its
background value (~300 Mg a~!), respectively (Supplementary
Fig. 6a). The estimated increases of subaerial volcanic Hg flux are
well within the previously estimated range (ie., ~1,000-14,000
Mg a~!, which is translated from the estimated total Hg emis-
sions of 0.4 x 10° to 5.6 x 10° Mg for the ~400 kyr duration of
STLIP sill intrusion stage, and is 2-45 times higher than back-
ground values)®26:36. As shown in Fig. 2a, a long-term increase in
subaerial Hg fluxes of 2-15 times with a short, intensive increase
of ~50 times could explain the Hg enrichment pattern around the
PTB in the Meishan section. However, Run #1 shows that the
increase of subaerial volcanic Hg fluxes would increase A1%°Hg in
sediments relative to the background values (Supplementary
Fig. 6b), which is contrary to the negative shift of A1%°Hg
observed across the EPME (Supplementary Fig. 3; Supplementary
Table 1). This is because Hg emitted from subaerial volcanism
would undergo photochemical transformations during atmo-
spheric transport, which typically result in net positive A1”?Hg for
Hg species that deposit to the ocean?223 (see more discussion in

Supplementary Note 1). The model shows that an increase of
submarine Hg fluxes could reproduce the observed marine Hg
enrichment as well. However, because submarine Hg is poorly
constrained during the EPME and its influence is thought to be
limited to the vicinity of its source3’, we only focus on subaerial
volcanic Hg in the model runs.

We additionally assess the potential contribution of Hg
liberated from sediment degassing during sill intrusion to the
long-term negative shift of A1Hg. As suggested by previous
studies, the STLIP sill intrusion stage likely released massive
amounts of Hg, CH,, and CO, by heating organic-rich sediments
in the Siberian Tunguska Basin®383°. The terrestrial organic-rich
sediments (and sedimentary rocks like coals) in the Paleozoic*?
generally have more negative A1°’Hg values than mantle-sourced
Hg (~0%0)3°. Thus, Hg emitted from sediment degassing rather
than direct magmatic degassing could be a potential cause of the
negative shift of A1”Hg. However, assuming a negative A1%°Hg
(—0.10%0 to —0.30%0)*'42 for Hg from sediment degassing
(Supplementary Fig. 7), our simulations show that the amount of
degassing-sourced Hg required to reproduce the observed Hg
enrichment with a —0.1%o shift of A1’Hg is at least on the order
of 108 Mg, whereas the estimated sediment Hg release from
STLIP sill intrusion is only ~2 x 10> Mg®. Thus, Hg liberated from
sediment degassing during sill intrusion cannot account for the
long-term negative shift of A®°Hg.

We further explore the potential effect of coal intrusion
coal deposits typically have negative Al!%°Hg values
(—0.11 + 0.18%o, 15)40. The initial emplacement pulse of intrusive
sills which are hypothesized to drive the largest §!3C excursion
and the onset of the EPME (Fig. 1) has been proposed to intrude
into the West Siberian Coal Basin3®. It is likely that the coal
deposits were rapidly metamorphosed and/or combusted, and
massive amounts of Hg with negative A19Hg and isotopically
light C were emitted into the atmosphere. Even assuming a lower-
end A%Hg value of —0.2%o for the Siberian coal deposits*’, the
model shows that > 6-7 x 106 Mg of coal-derived Hg must be
emitted in a duration of ~1 kyr to reproduce the short-lived Hg
enrichment (enrichment factor >10) and Al!%°Hg shift (ca.
—0.2%o relative to the background value). However, a rough
estimation assuming a mean coal Hg concentration of
100 ng g~ 147 shows that > 6-7 x 1013 Mg of coal would have to
have been combusted during the 1 kyr interval. This is more than
one order of magnitude larger than the previously estimated
values for coal reserves during that time (~0.3 x 1013 Mg)>3, and
several times higher than the world’s total coal reserve at present
(~1x 10'3 Mg). Thus, it seems unlikely that coal combustion
caused the spikes of Hg enrichment and A1*°Hg.

43—46’ as

Effect of soil erosion on Hg enrichment and A19°Hg. In model
Run #2, we test a second scenario: the input of terrestrial (soil) Hg
to the oceans, which is generally characterized by negative
A'®Hg (—0.3%0 to —0.1%o) in modern environments2223,
Across the EPME and the subsequent biotic recovery, soil erosion
has been suggested to have increased greatly due to terrestrial
ecosystem destruction resulting from the volcanism#349, We test
if a long-term increase in soil erosion rates could drive obvious
Hg enrichment and A'%°Hg shift. Sensitivity analysis shows that
an increase in soil erosion rates by up to 40 times could increase
the marine Hg enrichment by 1-3 times and shift marine A1*°Hg
values down to —0.13%o (Fig. 3). An increase in subaerial volcanic
Hg flux is still needed to reproduce the observed marine Hg
enrichment (enrichment factors = 2-8) around the PTB. To
reproduce the long-term marine A!®°Hg shift, the model needs an
increase of soil erosion rates by 3-5 times for the sedimentary
sections (Meishan and Guryul Ravine) at the continental shelf in
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Fig. 2 Simulated Hg enrichment and A'9°Hg shift in model runs #1 and #3. Simulated Hg enrichment factor (EF) and A19%Hg shift in the coastal
sediments in response to an increase in volcanism only (a), combined volcanism and soil erosion (b), and volcanism and coastal PZE (c). The amounts of
soil erosion are expressed as times background soil erosion rate coefficients (kse_pg); the intensities of PZE are expressed as increasing isotope enrichment
factors of odd-MIF associated with photoreduction of Hg(ll) in the coastal ocean (Eqccqi-0y,pho)- The thick and thin solid lines represent simulations under
high and low volcanic Hg emissions, respectively; the thick and thin solid lines of A19Hg shift are largely overlapped due to insensitive response of A19Hg
to volcanic Hg emissions. The vertical shading and dashed lines are the same as Fig. 1. The simulated EF and A19%Hg shifts (lines) are calculated relative to
their background steady-state values of the model. The measured EF and A'99Hg shifts (data symbols) are calculated relative to their background Hg/TOC
(40 ppb/%) and A19%Hg values (0.09%o) of the Late Permian. Note two samples with high EF values (45 and 78) at ~251.941 Ma (onset of the EPME) are
excluded due to low TOC values (<0.2%). Fsupaerial Hg_bg: background subaerial volcanic Hg flux.

coastal oceans but an increase by >10 times for most sedimentary
sections in open oceans (Fig. 3). Although soil erosion was
enhanced at the PTB, long-term enhanced soil erosion rates that
are >10 times higher than natural background rates seem
unlikely.

Furthermore, the terrestrial crisis has been suggested to start
earlier than the marine extinction?, and the terrestrial ecosystem
collapse has been proposed to result in the short-lived spikes of
Hg enrichment just before the EPME in the Meishan section!2.
Thus, we further explore if a fast increase of soil erosion rates
within a short duration (~1 kyr) could drive these changes.
Assuming a fast increase of soil erosion rates by 100 times, we
find that soil erosion alone can only cause a transient and small
increase of the marine Hg enrichment, followed by a large drop,
and the negative shift of A®”Hg can at most reach —0.15%o
(Supplementary Fig. 8). These disproportionate changes in Hg
enrichment and A!°°Hg relative to the increase of soil erosion
rate are because the soil Hg pool would be rapidly mobilized at
high soil erosion rates, preventing continued terrestrial

contribution to marine Hg enrichment and A!®°Hg shift. It is
also important to note that the above simulation is actually
unrealistic because it only considers the Hg input via soil erosion
under background volcanic emission, but additional atmospheric
Hg input via enhanced volcanism was also present, which should
drive A1%°Hg to more positive values. As shown in Fig. 2b, while
an increase of soil erosion accompanied by less prominent
volcanic Hg fluxes can explain the Hg enrichment pattern and the
long-term Al9°Hg shift around the PTB in the Meishan section,
neither soil erosion alone nor soil erosion superimposed on
enhanced volcanic Hg emission can reproduce the short-lived
strong negative A®°Hg shift (~ —0.20%o).

Our conclusion based on the fully-coupled Hg isotope model is
different from the previous Hg-C isotope model developed by Dal
Corso et al.!2 who suggested that a millennial-scale increase of
soil erosion by 100 times (ca. 4 x 10* Mg Hg a~! river flux,
cumulative 4 x 107 Mg Hg) could generate the short-lived spikes
of Hg enrichment and nadirs of §202Hg values in the Meishan
section. This was possible because Dal Corso et al.’s modell2
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Fig. 3 Simulated long-term Hg enrichment and A19°Hg shift in model run #2. Simulated enrichment factor (EF) and A'9%Hg shift in coastal (a), surface
(b), intermediate (c), and deep (d) marine sediments in response to increased soil erosion. The amounts of soil erosion are expressed as 1 (black line), 2
(orange line), 5 (sky blue line), 10 (bluish green line), 20 (yellow line) and 40 (blue line) times background soil erosion rate coefficients (kse_pg) under
varying intensities of additional subaerial Hg fluxes. The simulated EF and A'99Hg shifts are calculated relative to their background steady-state values of
the model. The measured A'99Hg shifts (data symbols) are calculated for the combined EPME and post-EPME relative to their pre-EPME A'9Hg values
(Supplementary Table 1). For visual display, the A1°%Hg shifts of marine sections (mean + 1SD) are anchored to arbitrary x-axis values given the insensitive
responses of A199Hg shifts to changes in volcanic Hg emission flux. Fsupaerial Hg_bg: background subaerial volcanic Hg flux.

assumed invariant soil erosion fluxes that do not scale with the
changes of soil Hg reservoir size through time.

PZE drove the negative shift of marine A1°Hg. As shown in
model Runs #1 and #2, neither volcanic emission nor soil erosion
can fully account for the large negative shifts of A1°Hg across the
EPME. Thus, in model Run #3, we add a third scenario: Hg
isotope fractionation in the ocean caused by PZE. A pilot study
on Mesoproterozoic black shale showed that sediments deposited
under PZE tend to develop significantly more negative A1%°Hg
values (down to —0.20%o) than those deposited under oxic water
columns®®. Two mechanisms have been proposed to explain the
effect of PZE on sedimentary A®°Hg values: (1) photoreduction
of Hg(II) in a sulfide-rich photic zone, and (2) enhanced oxida-
tion of atmospheric Hg(0) in sulfidic surface water. Although the
exact mechanism is still under investigation, experimental
evidence®1=> suggests that both mechanisms would shift sedi-
mentary A19’Hg to more negative values. Multiple experiments
have demonstrated that the sign of A”’Hg during aqueous
photoreduction of Hg(II) depends on the type of ligands bonding
with Hg. Photoreduction of oxygen-bound Hg(II) produces
positive A19°Hg in the residual Hg(II), whereas photoreduction of
sulfur-bound Hg(I) tends to produce negative A1%’Hg in the
residual Hg(IT)°1->3 (Supplementary Fig. 9). Furthermore, sulfidic
water is found to promote aqueous Hg(0) oxidation®#%>. Thus,
PZE may promote the uptake of atmospheric Hg(0), which
typically has negative A®Hg based on modern samples?3, via
enhanced Hg(0) oxidation in the surface ocean and its seques-
tration to sediments. This oxidation process via a non-
photochemical abiotic pathway has been shown to produce
negative A1%Hg in the oxidized Hg(I) pool®®, which is also
consistent with the negative shift of A1Hg across the EPME.
However, since the rate coefficients of dark Hg(0) oxidation are
orders of magnitude smaller than those of Hg(II) photoreduction
(Supplementary Table 2), the contribution of photoreduction to
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global Hg flux is estimated to be much higher than that of dark
oxidation (Supplementary Fig. 5). Thus we focus on the odd-MIF
associated with photoreduction in the following model runs.
The extents of PZE and its impact on marine sediment Hg
isotopic variations are likely different in different depositional
settings. For example, coastal oceans (e.g., the Meishan section)
typically develop stronger or more persistent PZE than the open
ocean (e.g., the Shangsi and Chaohu sections) because of the
abundant nutrient influx to coastal environments’>!!. Thus, in
Run #3, we consider two scenarios: (1) PZE only occurred in
coastal oceans (Supplementary Fig. 10); (2) PZE occurred in both
coastal and open surface oceans (Fig. 4). In scenario 1, the extent
of the A1%°Hg shift in coastal oceans is highly sensitive to the
isotope enrichment factor of odd-MIF associated with photo-
reduction of Hg(Il) in the coastal ocean (E'2Hg,ccr.0)pho)-
When E199HgOCC(H_0),phO changes from -1.0%o (representing
photoreduction of oxygen-bound Hg(II)) to 1.5%o (representing
photoreduction of sulfur-bound Hg(II)), the coastal ocean
A%9Hg values could shift significantly by —0.20%o0 (Supplemen-
tary Fig. 10). Values of 0.25%o and 1.50%o for EY?Hg,c(11.0) pho
could well reproduce the long-term and short-lived Al%°Hg
negative shifts, respectively, observed in the Meishan section
(Fig. 2c). These fitted E199Hgocc(n_0),ph0 values are compatible
with experimental values determined during photoreduction of
Hg(II) binding with reduced sulfur ligands (around 1.02%0)! and
photomicrobial reduction of Hg(II) in marine microalga
(0.08-1.03%0) which are thought to contain abundant thiols>>.
Furthermore, preliminary results from our new experiments
investigating photoreduction of Hg(II) bound to inorganic S*~
also show similarly negative MIF in the remaining Hg(II)
(Supplementary Note 2 and Fig. 9). It is reasonable to assume
different E'YHgoccroypho for the long-term and short-lived
A"’Hg negative shifts, because the model-fitted enrichment
factors represent the combined (net) effect of MIF generated by
photoreduction of Hg(II) bound to different ligands, which is a
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Fig. 4 Simulated marine A19%Hg shift in response to isotope fractionation during open surface ocean Hg(ll) photoreduction. A19°Hg shifts
(representing the relative change of PZE intensity) in coastal (@) and open marine sediments of different depths (b surface; ¢ intermediate; d deep) are
calculated relative to their background steady-state values of the model. The isotope enrichment factors of odd-MIF associated with photoreduction of
Hg(ll) in the open surface ocean (Eqcsqi-0y,pho) are assumed to vary from —0.10%o (black line) to 0.30%o (yellow line), while the isotope enrichment factor
of odd-MIF associated with photoreduction of Hg(ll) in the costal ocean (Eqccqii-0),pho) S Set at 0.50%o. The A199Hg shifts (black squares) of marine
sections deposited in different environmental settings are calculated as the changes of A199Hg values for the EPME and post-EPME relative the pre-EPME
(Supplementary Table 1). For visual display, the A199Hg shifts of marine sections (mean + 1SD) are anchored to arbitrary x-axis values given the insensitive
responses of A19%Hg shifts to changes in volcanic Hg emission flux. Feubaerial g _bg: background subaerial volcanic Hg flux.

more realistic scenario in both modern natural aqueous
environments®27->8 and under PZE conditions across the EPME.
PZE was likely most expansive or persistent during the main
extinction interval of the Meishan section!® when the short-lived
A%"Hg negative shift occurred. More expansive and persistent
PZE would likely favor the photoreduction of sulfur-bound
Hg(1T) and hence the manifestation of more negative A1*’Hg in
the residual marine Hg(I1)*°. In contrast to the coastal ocean, all
open ocean settings exhibit little A1®°Hg changes (<0.01%o) with
varying E'?Hg,ccr.0)pho according to our model (Supplemen-
tary Fig. 10), which is inconsistent with the observed negative
shifts of A!”Hg in open marine sediment sections. This is
because the Hg exchange between coastal and open oceans are
rather limited and the simulated different Hg species in coastal
seawater (i.e., Hg(0), Hg(Il), and Hg(P)) have opposite A1%°Hg
values, which cancel each other out when these Hg species are
transported to open oceans. Therefore, while this scenario (PZE
only in coastal ocean) can explain the negative shifts of A1°°Hg in
continental shelf settings (e.g., Meishan), it cannot satisfactorily
explain the shifts of A19Hg in distal slope and abyssal plain
settings (Supplementary Fig. 10).

The second scenario that assumes PZE in both coastal and open
oceans can satisfactorily explain the negative shifts of AI®°Hg in
almost all sections (Fig. 4). This assumption is reasonable as
biomarker evidence for PZE has been reported for both
continental shelf (e.g, Meishan)!®13 and slope settings (e.g.,
Shangshi and Chaohu)!!l. PZE in the surface open ocean could
develop via an oceanward expansion of euxinic water from the
coastal ocean (e.g., continental shelf)!! or via shoaling of euxinic
water from the deep ocean®. Thus, it is plausible that

photoreduction of Hg(II) in the open ocean could exhibit similar
PZE-driven MIF as the coastal ocean. A slight increase in
E1%Hgocy(11.0),pho from —0.1%o to 0.2%o in the open ocean could
well explain the observed negative A1°°Hg shifts in sections from
intermediate and deep open ocean settings (Fig. 4). If we assume
the E'°Hg,cy1.0)pho is proportional to the extent of PZE as
explained in scenario 1, then the above modeling results suggest
that even a relatively small increase in the extent of PZE could
explain the MIF data of the open ocean. Note that the modeled
A%°Hg shifts in the coastal ocean in scenario 2 are different from
those in scenario 1 with the increase of E!¥*Hgocy1.0),pho Values.
The reason is that PZE in the open ocean would emit Hg(0) with
positive A1’Hg to the atmosphere due to photoreduction of
sulfur-bound Hg(II). Some of this Hg(0) would deposit to the
coastal ocean and thus drives an increase in coastal A1%°Hg.
However, even with the additional deposition of Hg(0) with
positive A1*?Hg, PZE (with a E,ccr.0),pho Of 0.50%0) in the coastal
ocean is still able to reproduce the observed Al1°’Hg shifts in
coastal sections (Fig. 4). Some Hg(0) emitted by photoreduction of
sulfur-bound Hg(II) could also deposit to soils and thus in theory
cause a positive A1%’Hg shift in soil reservoirs. This is indeed
observed in two terrestrial sections in the Southern Hemisphere
that exhibit positive excursions of A1°’Hg during EPME intervals
relative to pre-EPME strata®®. However, there are much less
terrestrial Hg isotope data across the EPME as compared to
oceanic records, and the terrestrial Hg reservoirs are more likely
affected by local sources and processes (e.g., local volcanism and
weathering rates), and thus may not always record the positive
A9°Hg shift (Supplementary Note 3). More terrestrial records are
needed in the future to verify this hypothesis.
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Since PZE is also proposed to enhance oceanic uptake of
atmospheric Hg(0) by providing an additional pathway of Hg(0)
oxidation and retention via bonding to sulfide or thiols in the
surface ocean®*°>, we evaluate the effect of such uptake on
marine Hg enrichment and A!°Hg shift across the EPME. As
shown in Supplementary Fig. 11, Hg(0) uptake into coastal
oceans only results in very minor changes of marine Hg
enrichment and A!°°Hg values, while Hg(0) uptake into open
oceans could significantly elevate Hg concentrations and
decreases A19°Hg values. This is because the atmospheric Hg(0)
uptake flux to the coastal ocean (~60 Mg a—!) is more than 50
times smaller than Hg(0) uptake to the open ocean (~3150 Mg
a~1) (Supplementary Fig. 5). Increasing atmospheric Hg(0) to
~90% of total atmospheric Hg deposition flux to open oceans can
negatively shift A®"Hg by >0.1%0 and double marine Hg
enrichment factor in open oceans. Thus, the enhanced uptake
of atmospheric Hg(0) due to PZE may also contribute to the
negative shifts of A1?Hg across the EPME.

In summary, our modeling suggests that the MIF changes due
to the development of PZE in coastal and open oceans can
satisfactorily explain the extent of the negative shift of A”Hg in
sedimentary strata across the EPME in different marine
depositional settings, but increased Hg emissions from volcanism
are still needed to reach the observed Hg enrichment. This result
does not exclude the contribution of soil erosion to the Hg
enrichment and negative shift of A!%°Hg, especially for the
shallow marine Meishan section. Instead, it suggests that soil
erosion alone (as proposed by most previous studies?4-26:29-33)
cannot account for the full extent of the A®°Hg negative shift
during the main EPME interval as shown in the model Run #2,
and additional Hg MIF in seawater caused by PZE is required for
this shift.

PZE is compatible with the timing delay between Hg enrich-
ment and A19°Hg shift. The PZE scenario is also compatible with
the observed 40 kyr time lag between the largest negative A1°°Hg
shift and the spike of Hg enrichment in the Meishan section
(Fig. 2c), because in this scenario the factors driving Hg enrich-
ment (volcanism) and the negative A1%Hg shift (PZE) are dif-
ferent. In contrast, the peak timings of modeled Hg enrichment
and A!99Hg shift are nearly coincident in Runs #1 and #2, further
supporting our argument that neither volcanism nor soil erosion
can fully account for the changes in Hg enrichment and A!1%°Hg
during the EPME. The trigger for PZE across the EPME has been
proposed to be environmental perturbations associated with
volcanism (e.g., global warming and increased nutrient input due
to enhanced continental weathering, Fig. 5 and Supplementary
Fig. 1)7-%11.15, For example, terrestrial-derived nutrients such as
phosphorous are well known to enhance marine primary pro-
ductivity, which has been proposed as the key mechanism of
oceanic anoxia during the EPME”8. Widespread anoxia caused
by phosphorous influx has been found to lag behind the onset of
enhanced terrestrial weathering by as much as ~0.3 Myr in some
locations across the EPME because phosphorous can be seques-
tered from the water column under non-sulfidic conditions but
remobilized from the sediments under euxinic conditions’. A
previous modeling study found that PZE started to develop if
riverine phosphate fluxes during the EPME reached ~10 times the
modern value?, suggesting that PZE may lag behind the onset of
the enhanced terrestrial nutrient influx. Furthermore, rapid global
warming during the EPME (Supplementary Fig. 1)°! can also lead
to expansion of PZE due to decreased solubility of oxygen in
warmer surface waters®2, increased microbial metabolic rates®?,
and enhanced hydrologic cycle and terrestrial weathering
rates!>#8, Previous studies on Meishan section suggest that

seawater temperature®! (Fig. 1d) and terrestrial weathering
(Fig. le) (based on lithium isotopes etc.)®* due to volcanism
started to increase from beds 22-23 (~252.10-252.03 Ma), well
before the main extinction interval. In contrast, organic bio-
marker data at the Meishan section shows that PZE reached its
first peak between bed 24 and 28 (~251.98-251.88 Ma)l0:13,
consistent with the timing of the main extinction interval as well
as the peak of the negative A1°°Hg shift (Fig. 1c). It is noted that
A"Hg values of the Meishan section started to decline again
after 251.75 Ma, which likely reflects the second expansion of PZE
at beds 30-37 as shown by biomarkers!®13, although the reso-
lution of Hg MIF data is relatively low at these beds and thus
more data is needed to verify this hypothesis (Supplementary
Note 4). Additionally, §*38U in carbonates from global oceans
(including South China)®? indicate that the extent of global sea-
floor anoxia was the largest within the EPME. Taken together,
this suggests that PZE may lag behind the onset of volcanic
eruptions and terrestrial erosion, further supporting PZE as the
main cause of the strong negative shift of A1Hg within the main
extinction interval that lagged behind the peak of Hg enrichment.

Implications for past mass extinctions and future climate
changes. Our model suggests that volcanism (e.g., STLIP) was the
main cause of the marine Hg enrichment, especially the strong
Hg concentration spike immediately before the EPME, whereas
soil erosion and PZE were the main drivers of the negative shift of
marine A!®°Hg across the EPME. In particular, the strong short-
lived negative A'®°Hg shift within the main EPME interval is best
explained by PZE. These three factors are inherently related, as
PZE was likely stimulated by global warming and enhanced
inputs of terrestrial nutrients triggered by volcanism (Fig. 5). In
Supplementary Fig. 12, a new scenario that combines volcanism,
soil erosion, and PZE is modeled for the Meishan section. This
scenario illustrates an interplay between volcanism, soil erosion,
and PZE across the EPME, and suggests that the A1°°Hg shift due
to PZE could be better quantified once we have better constraints
on volcanism and soil erosion.

Our modeling results have important implications for the use
of Hg concentration anomalies and Hg isotopes in sedimentary
rocks for understanding ancient volcanic eruptions, soil erosion,
and ocean redox conditions, and for evaluating their impacts on
biotic extinction or climate change events. First, our model not
only confirms the previous finding that large-scale volcanism can
cause Hg concentration anomalies, but also represents an
important step towards quantitatively constraining the relation-
ship between the volcanic Hg emission fluxes and Hg enrichment
as well as Al%Hg variation in marine sediments. This
quantitative framework can be applied to assess the volcanic
perturbation to Hg cycling during other mass extinction events.
Second, our model suggests that the marine A9?Hg shift is highly
sensitive to PZE, which has been widely reported across the
EPME and other mass extinction events but rarely recognized as a
driver of A1%°Hg shift in previous studies. Our model reinforces
the previous argument based on experimental and observational
data that Hg isotopes can be a novel proxy of oceanic redox
conditions®?, but as a step forward, our model also sets the stage
for a new way of quantifying the extent and persistency of PZE
based on the degree and duration of A!®°Hg shift, although
further experiments are still needed to refine the quantitative
relationship between Hg MIF and PZE.

Our model is inevitably associated with limitations and
uncertainties. The Hg isotope model adopts a mechanistically
simple box structure and algorithm, and is not spatially resolved.
Thus, our analysis only focuses on the global scenario of each
simulated reservoir. However, the compiled P-T sections used for
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model evaluation were deposited in diverse marine environments,
which show a high heterogeneity in Hg isotope compositions
between sites. The numerous site-specific Hg isotope data needs
to be reconciled under the global scenario for a better
understanding of the factors driving Hg cycling. Second, the
isotope enrichment factors and rate coefficients associated Hg
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transfer between reservoirs are either based on laboratory-
controlled experiments or empirically optimized against observa-
tions. These parameters may not be representative of natural
ecosystems, and could vary considerably during mass extinction
events. Therefore, more work is still needed to provide more
robust constraints on the environmental changes across the
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Fig. 5 A conceptual model for PZE and Hg MIF across the EPME. Shown is the development of PZE and its relationship with volcanism and soil erosion,
and its impact on mass extinction, as well as how sediment Hg MIF and Hg/TOC change under different redox conditions. a Pre-extinction: the photic zone
was oxic and the continental shelf (coastal ocean) harbored a thriving ecosystem. The Hg in sediments was dominated by background atmospheric
deposition with a small positive A199Hg (~0.1%0). b During the EPME: emplacement of large-scale volcanism (e.g., STLIP) increased Hg emission and soil
erosion, leading to Hg enrichment (represented by the peak of Hg/TOC). Volcanism also led to the development of strong PZE by enhancing terrestrial
nutrient influx (see the chain of environmental deteriorations), which killed marine life by shrinking the habitats on the shelf. PZE caused a strong negative
shift of A199Hg (by ~0.2%o relative to the pre-extinction value) due to photoreduction of Hg(I1)-S compounds and enhanced uptake of atmospheric Hg(0)
by sulfidic seawater. ¢ Post-extinction: with a decrease in volcanic activity, sediment Hg enrichment decreased but was still higher than the pre-extinction
level. PZE was weakened due to the decline of terrestrial nutrient inputs, but likely sustained via recycling of nutrients (e.g., P) deposited previously”. The
weaker PZE alongside less soil erosion led to a smaller negative shift of A19°Hg (~0.1%o relative to the pre-extinction value).

EPME. Overall, our model provides the basis for further
understanding of the interplay among environmental triggers
(volcanism, climate change), soil erosion, oceanic redox, and
biotic evolution in the geological past (Fig. 5). Understanding this
interplay is increasingly critical to understanding Earth’s habit-
ability in the future, as marine oxygen minimum zones have been
expanding over many continental shelves due to climate and
anthropogenically induced eutrophication®?.

Methods
Definition of Hg enrichment factor and isotope ratio. Hg enrichment factor in
sedimentary strata (EFgyat,) is defined as

EF _ (Hg/TOC)gpur; (1)
st (Hg/ TOC)pre—EPME

Where Hg/TOC is the concentration ratio between Hg and total organic carbon
(TOC) in samples across the EPME and before the EPME (i.e., the Late Permian
background). Hg concentrations are commonly normalized to TOC to preclude Hg
enrichment due to changes in organic burial rate?’. The enrichment factor in
modeled reservoirs (EF,oqe) is defined as the Hg mass ratio between individual
reservoirs across the EPME and before the EPME. Theoretically, EF,, and
EFn0del Tepresent the same quantity.

Hg isotope composition is expressed as §**Hg (%o, xxx =199, 200, 201, 202,
204) by normalizing to a common NIST 3133 Hg standard:

8 Hg(%) = [(xxng/lgng)sample/(mHg/lgng)NIST3133 —1]x1000  (2)

MIF value is denoted as A**Hg (%o, xxx = 199, 200, 201, 204), representing the
difference between the measured §**Hg value and that predicted from §202Hg
using a kinetic MDF law®0:

Axxng(%u) — 8xxng_xxxﬁX 6202Hg (3)

The mass-dependent scaling factor **B is 0.2520 for 1°°Hg, 0.5024 for 20°Hg,
0.7520 for 2°"Hg and 1.4930 for 204Hg,

Model structure and algorithm, and time-emission framework. The GBM-Hg-
ISO-EPME model adopts the basic structure of the GBM-Hg-ISO-14box-v1 model
of Sun et al.22 that was developed based on global Hg cycling box models of
Harvard University®”. The reservoir sizes and fluxes used to derive the mass
transfer coefficients are based on the well-known modern Hg cycle and taken from
the recent GEOS-Chem Hg model (www.geos-chem.org) and the global 3-D
simulation for Hg in the Massachusetts Institute of Technology ocean general
circulation model (MITgcm)®8 (Supplementary Fig. 5). GBM-Hg-ISO-14box-v1
comprises 14 fully-coupled speciated Hg reservoirs (atmospheric Hg(0),m/
Hg(II),m, fast/slow/armored terrestrial (soil) Hg/Hgs/Hg., open surface

(0-100 m) oceanic Hg(0) e/ HE(II) ocs/HE(P)ocs» Open intermediate (100-1000 m)
oceanic Hg(0)oi/Hg(I)oci/ HE(P)oci» Open deep (>1000 m) oceanic Hg(0)oca/
Hg(II)oca/Hg(P)oca) With Hg inputs via volcanism and Hg removal via terrestrial
and oceanic Hg burial. For GBM-Hg-ISO-EPME, we collapse the three terrestrial
reservoirs into one terrestrial reservoir (Hgs.), and the three deep oceanic reser-
voirs into one deep oceanic reservoir (Hg,.q), because there is no process-related
MIF among three terrestrial reservoirs and among three deep oceanic reservoirs.
This also decreases the model’s complexity and uncertainty. To evaluate the direct
effect of terrestrial Hg inputs on coastal oceans (an average water depth ~90 m,
including mainly continental shelf), we additionally add coastal Hg reservoir
(Hg(0)oce/ Hg(ID) e/ Hg(P)occ) according to the box model of Liu et al.®”. Depending
on the sedimentary settings and depths of the compiled P-T sections with reported
Hg isotope compositions (Supplementary Table 1), we evaluate modeled oceanic
reservoirs against different sections. In detail, we evaluate the modeled coastal
ocean against the Meishan and Guryul Ravine sections which were located at
shallow water depths (<100 m) of the continental shelf. The deeper (200-500 m)
sections of Shangsi, Xiakou/Daxiakou, and Chaohu are evaluated against the
simulated open intermediate ocean, and the bathyal to near-abyssal sections of
Buchanan Lake and Gujo-Hachiman against the simulated open deep ocean.

Mass transfer of Hg between boxes (reservoirs) of the GBM-Hg-ISO-EPME
model are controlled by first-order rate coefficients (k, a=1), and are represented by
a group of 13 coupled ordinary differential equations:

dm,
dr

= Z(kjai x Mj) - Z(kiajx M) +S (4)
j#i i#

Where M; (Mg) is the Hg mass in box 7, and M; (Mg) is the Hg mass in box .
ki = F;_.i/M; and k; ;= F;_;j/M; are the first-order rate coefficients (calculated
using reservoir sizes and fluxes, Supplementary Fig. 5 and Table 2), in which F;_,;
(Mg a~1) is Hg flux from box /" to box 7" and F;_; (Mg a~!) is Hg flux from box 7’
to box 7. S (Mg a~!) is external Hg input from the deep mineral reservoir by
volcanic processes (0 for all reservoirs except for the atmosphere and deep ocean).

Odd-MIF between boxes of the GBM-Hg-ISO-EPME model is controlled by
isotope enrichment factors of A!°Hg (E!®?Hg, which relates to fractionation factor
of odd-MIF (a'®Hgygp) by E1?Hg (%0) = 1000 x (a!*Hgyp-1)), and are also
represented by a group of 13 coupled ordinary differential equations:

d(M;x A" Hg,)
Tg - jtz[[kjﬂ. x M;x (A"’ Hg; + E"Hg,; ;)] o

- Z[k[ajx M;x (AlggHgi + ElggHg(Hj))] + Sx AlggHgs
i#j

The background subaerial volcanic Hg emission flux in the Late Permian is
assumed to be 300 Mg a~! according to Dal Corso et al.!2, which takes into account
the active tectonic degassing at that time (e.g., pyroclastic eruptions and lava
effusion of STLIP), and is also similar to modern fluxes’%’!, The same value is
applied to background submarine volcanic Hg flux, which is the median of the
ranges estimated in the recent UNEP report’!. The A19Hg values of subaerial
volcanism are assumed to zero according to recent measurements of Siberian
continental flood basalts and other igneous rocks’273. Before running the model,
we first optimize the parameters at the natural steady-state (i.e., dM;/dt = 0;
d(A1%°Hg;)/dt = 0) with background A!%°Hg values of Earth’s reservoirs in the
latest Permian as constraints. We use A19Hg values of Permian coals (fossilized
plants)4? and oceanic sediments (0.10-0.20%0)?4262% as the background
constraints to represent A!®?Hg values of coeval terrestrial and oceanic reservoirs,
respectively (Supplementary Table 3; Supplementary Note 3). They broadly exhibit
complementary A1%9Hg signatures: open oceans receive important atmospheric
Hg(IT) deposition characterized by positive A1”Hg, and terrestrial soils mainly
sequester atmospheric Hg(0) via the plant pump, and are characterized by negative
A%Hg. According to the optimization strategies of the GBM-Hg-1SO-14box-v1
model?? and the least squares method, the isotope enrichment factors of A®°Hg
(E1%°Hg) used in the model are either based on laboratory-controlled experiments
or optimized against the observational background A!®Hg constraints for
terrestrial and oceanic reservoirs (Supplementary Table 3).

It is still uncertain how to build a precise temporal connection between
volcanism and the EPME biotic crisis. According to high-precision radioisotope
data, the EPME broadly coincides with the contemporaneous STLIP volcanism
which is segmented into three distinct magmatic stages (S1:>252.24 +0.1 to
251.907 £ 0.067 Ma, characterized by initial pyroclastic eruptions followed by lava
effusion; S2: 251.907 + 0.067 to 251.483 + 0.088 Ma, characterized by cessation of
extrusion and onset of widespread sill intrusion; S3: 251.483 + 0.088 to
<251.354 + 0.088 Ma, characterized by resumed lava extrusion after a ~ 420 kyr
hiatus and continued sill intrusion)*28. As proposed by Burgess et al.33, the initial
emplacement pulse of the sill intrusion stage mostly likely triggered the EPME
where the main extinction interval occurred within 60 +48 kyr (251.941 + 0.037
to 251.880 + 0.031 Ma), followed by protracted biotic recovery2®. In the coupled
Hg-C cycling model of Dal Corso et al.12, they suggested that elevated Hg emission
mainly occurred during the STLIP sill intrusion S2 stage with a 420 kyr duration
(251.98-251.56 Ma), within which the peak Hg emission lasted for ~1 kyr
(251.950-251.949 Ma) immediately before the marine EPME starting at
~251.941 Ma. Our model adopts the similar time-emission framework as Dal Corso
et al.!12, but delays the starting time of elevated Hg emission by ~20 kyr to
251.96 Ma (now well within the geochronological uncertainty of the STLIP
S2 starting time) after examining the time-series of A1?Hg values in the Meishan
section, which declined since ~251.96 Ma (Fig. 2).

Starting from the reservoir Hg budgets and A”°Hg values at the natural steady-
state, different model scenarios are tested under the above time-emission
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framework to examine how volcanic emissions and associated geochemical
perturbations (increased soil erosion, change of marine redox states) affect Hg
budgets and A1%°Hg values in various Earth surface reservoirs across the EPME.
Our aim is to converge plausible source and process parameters that could best
reproduce the long-term (~400 kyr) and short-lived (~1 kyr) variations in Hg
enrichment and A199Hg values across the EPME. We mainly test the model output
of coastal ocean particulate-bound Hg (Hg(P),.) against the published Hg/TOC
and A!19Hg values of the Meishan section.

Data availability

The authors declare that the main data supporting the findings of this study are available
within the article and its Supplementary Information file, and they are available at
https://doi.org/10.5281/zenodo.7800694.
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