Manuscript File Clean

[ERN

10

Deep-water osmium-isotope record of the Permian—Triassic interval from

Niushan, China reveals potential delayed volcanic signal post the mass extinction

Zeyang Liu%?3, David Selby3*

State Key Laboratory of Organic Geochemistry, Guangzhou Institute of Geochemistry,

Chinese Academy of Sciences, Guangzhou 510640, China
2CAS Center for Excellence in Deep Earth Science, Guangzhou, 510640, China
3Department of Earth Sciences, Durham University, Durham DH1 3LE, UK

“State Key Laboratory of Geological Processes and Mineral Resources, School of Earth

Resources, China University of Geosciences, Wuhan, 430074, Hubei, China

Corresponding author: Zeyang Liu (geozy.liu@outlook.com)



mailto:geozy.liu@outlook.com

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Abstract

The end Permian mass extinction event is one of the most severe biotic crisis of the Phanerozoic.
The trigger of this event has been widely linked to massive volcanic activity associated with
the Siberian Traps Large Igneous Province through the application of multiple
geochronological (e.g., U-Pb and Ar-Ar dating) and geochemical proxies (e.g., C, Hg, Zn, Os,
etc.). Of these proxies, a few osmium (*8’0Os/*®0s) records are available for near-shore /
shallow water depositional settings (e.g., Meishan, China; Opal Creek, Canada), which suggest
multiple episodes of volcanism before, during and after the mass extinction event. Here, we
present a new initial 70s/*®0s (Os;) stratigraphy across the deep-water Niushan Permian—
Triassic boundary interval section of South China that reveals a single unradiogenic Os-isotope
shift (from ~0.6 to 0.3) after the end Permian mass extinction event interval, which is
interpreted to be related to volcanic activity. Above the unradiogenic excursion, a radiogenic
shift to ~1.1 is detected across the Permian—Triassic boundary at Niushan that is correlative to
the radiogenic Os; shift observed in the Meishan section. This increase in Os-isotope values is
taken to reflect enhanced continental weathering. Both the unradiogenic and radiogenic
excursions in the deep-water Niushan section are smaller in magnitude compared with the Os
isotope profiles from more shallow-water sections of Meishan and Opal Creek. Our data
suggest investigations of multiple sections across a variety of depositional environments may
yield a more comprehensive understanding of the scale of the global perturbations related to

volcanism and continental weathering intensity of the Permian—Triassic boundary interval.

Keywords: Osmium isotope, end Permian mass extinction, volcanism, weathering, South

China
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1 Introduction

The end Permian mass extinction (EPME) event represents the most severe biotic loss
of both marine and terrestrial species of the Phanerozoic (Erwin, 2006). This biotic crisis is
associated with an intense disturbance in the global carbon cycle that is characterized
worldwide by sedimentary sections exhibiting large negative carbon isotope excursions (see a
review by Korte and Kozur, 2010). Further, during the EPME the Earth’s environment
witnessed global warming (Joachimski et al., 2012; Sun et al., 2012; Chen et al., 2016), oceanic
acidification (Hinojosa et al., 2012; Clarkson et al., 2015; Garbelli et al., 2017; Song et al.,
2021), and oceanic anoxia and/or euxinia (Wignal and Twitchett, 1996; Grice et al., 2005; Cao
et al., 2009). These environmental perturbations and the mass extinction have been ultimately
linked to intensive volcanism associated with the Siberian Traps Large Igneous Province (LIP)
(e.g. Payne and Kump, 2007; Saunders and Reichow, 2009; Shen et al., 2013; Hu et al., 2019;

Shen et al., 2019Db).

Being the largest mass extinction event, the end Permian mass extinction event and the
Permian—Triassic boundary (PTB) interval have been extensively studied by high-resolution
biostratigraphy, high-precision dating and isotope stratigraphy (e.g. mercury and zinc isotopes;
Liuetal., 2017; Wang et al., 2018, Shen et al., 2019a; Chu et al., 2020; Dal Corso et al., 2020).
To date, osmium-isotope (*870s/*80s) stratigraphy for the Permian—Triassic interval are
limited to the Meishan (South China) and Opal Creek (Canada) sections (Schoepfer et al., 2013;
Georgiev et al., 2015; Zhao et al., 2015; Liu et al., 2020b). Osmium isotope data of the
Permian—Triassic interval are also reported for the Hovea-3 section (Western Australia),
however, absolute interpretation of the data suffers from potential disconformity and

uncertainty in the position of the Permian—Triassic boundary (Georgiev et al., 2020).
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The Meishan section hosts the Global Stratotype Section and Points (GSSPs) for the
Permian—Triassic boundary and the Wuchiapingian—Changhsingian boundary (Yin etal., 2001,
Jin et al., 2006). This section was deposited in a middle—upper slope setting, with an estimated
water depth between 30-60 m (Yin et al., 2001). The Opal Creek section represents an outer-
shelf or upper slope setting on the eastern of the Panthalassa Ocean at a paleolatitude of ~ 30°N
(Henderson, 1989). A major regional unconformity is placed ~ 1.5 m below the Permian—
Triassic boundary that separates the lower Middle Permian strata from the upper Upper

Permian—Lower Triassic deposits.

Previous paleoclimate studies using Os isotopes suggest that, in response to geological
events, Os isotope stratigraphy from different paleogeographic depositional settings may
express discrete Os isotope composition and different magnitudes of isotope excursion (e.g.
Paquay and Ravizza, 2012; Rooney et al., 2016; Liu et al., 2019b; Jones et al., 2020). In this
study, we report osmium isotope stratigraphy for the Permian—Triassic boundary interval from
the deep-water section Niushan section (South China), to provide further insights into the

temporal relationship and magnitude of the volcanism and subsequent climate perturbation.

2 Geological background
The Niushan section outcrops in an active quarry located in Xuancheng City, Anhui

Province (N31°08'57.6", E118°49'44.9""; Fig. 1 and 2). The section comprises the Longtan,

Dalong, and Yinkeng formations, and is constrained biostratigraphically by the occurrence of
early Triassic ammonoids (Ophiceratidae) that occur immediately above a volcanic ash layer
(Ash-6 in Fig. 2), and geochronologically by LA-ICP-MS U-Pb zircon ages (Fig. 2; Liao et al.,
2016a). The correlation of the section with the Meishan section is further supported by a high-
resolution organic carbon isotope stratigraphy (Liao et al., 2016a). Sample NS-107 records the

lowest 8*3Corg in the Niushan section, and correlates to the extremely negative carbon isotope



80 excursions in bed 26 of the Meishan section. Moreover, abundant calcareous and siliceous
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section

]

5 continental

shelf

B

[ ]
section
investigated

Nanjing

X
asin

83

84  Figure 1. Late Permian paleogeographic maps showing the studied areas. (A) Changhsingian
85  Stage global paleogeographic reconstruction map showing the location of the Niushan,
86  Meishan, Greenland, Norway, Buchanan Lake, Hovea-3 and Opal Creek sections; base map

87  after Ziegler et al. (1997); (B) South China showing the paleogeographic locations of the
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Niushan (black circle) and Meishan, Shangsi, Lianyuan (red circle) sections; base map

modified from Wang and Jin (2000). Figure modified from Liu et al. (2019b).

The lower part of the section is recorded by the Longtan Formation which is composed
of silty sandstone that is interbedded with thin coal beds in its lower part. Conformably
overlying the Longtan Formation is the Dalong Formation that is dominated by organic-rich
thin to medium bedded calcareous and siliceous shale, with thin interbeds of carbonate and
chert. The Dalong Formation is conformably overlain by the Yinkeng Formation, which
comprises mainly dark grey mudstone in its lower part and carbonate rocks in its upper part.
Several volcanic ash layers occur in the upper Dalong and lower Yinkeng formations (Fig. 2).
Four of these have been dated by U-Pb zircon LA-ICP-MS to be 251.74 + 0.77 Ma, 251.70 +
0.97 Ma, 252.20 = 1.80 Ma and 252.49 + 0.76 Ma (Fig. 2; Liao et al., 2016a; 2016b). The
Permian—Triassic boundary is assigned to the lower part of the Yinkeng Formation. The end
Permian mass extinction interval is characterized by a large negative carbon isotope excursion
of ~ 3 %o (8%Corg) that is correlative to 3*3Cecarn and 53Corg profiles from other EPME sections
globally. The Longtan, Dalong and Yinkeng formations of the Niushan section reflect a
regional rise in sea level, with the paleoceanographic reconstruction of the WCB interval
representing a fluvial/deltaic deposition and the PTB interval interpreted to record a deep-water
setting with water depths >200 m (Fig. 1; Wang and Jin, 2000), which is in contrast to the
Meishan section that represents a shallow/middle-upper slope depositional setting (<200 m;
Wang and Jin, 2000). Present day the distance between the Niushan and Meishan sections is
90 Km. Given that no tectonism has occurred since deposition to bring the sites geographically
closer, it is considered that the depositional environments/settings of the Meishan (shallow-
water section) and Niushan (deep-water section) were of similar distance apart as they are

present day.



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

3 Methods

Samples (n = 23) from the Niushan section were obtained from archived samples that
were collected as part of a previous study from a freshly exposed quarry face at Niushan (Liao
etal., 2016a). According to the zircon U-Pb age chronology and the carbon isotope stratigraphy
of the section, sampling was aimed to encapsulate the pre, syn and post EPME interval.
Samples were not collected adjacent to the stratigraphically distinct ash horizons to avoid any
potential contamination of hydrogenous Re and Os with volcanic Re and Os in the sedimentary
units. Each sample represents a stratigraphic interval of 1 cm. Approximately 30 g of each
sample were polished using silicon carbide grit and milli-Q water to eliminate any
contamination potentially introduced from cutting using a diamond-tipped blade. The samples
were rinsed with ethanol prior to drying in an oven at 60°C for ~12 hours (overnight). The
dried sample was then broken into chips and crushed to a fine powder (~30 um) with no metal

contact using a zirconia ceramic dish and puck.

The rhenium-osmium (Re-Os) isotope analysis was carried out at the Durham
Geochemistry Centre (Laboratory for Sulfide and Source Rock Geochronology and
Geochemistry, and Arthur Holmes Laboratory) at Durham University. The analytical protocol
utilises the CrV'-H,SO4 digestion methodology to preferentially liberate hydrogenous Re and
Os, and to limit incorporation of any detrital Re and Os (Selby and Creaser, 2003).
Approximately 1 g of sample powder with a known amount of mixed **°Os and ®°Re tracer
(spike) solution and 8 ml of 0.25 g/g CrV'-H,S0O4 solution were placed and sealed in to a carius
tube and heated at 220°C for 48 h. Osmium was purified by solvent extraction (CHCIs) and
micro-distillation methods (Cohen and Waters, 1996; Birck et al., 1997). Rhenium was
separated and purified from the Os-extracted CrV'-H,SO4 solution using NaOH-C3HsO solvent
extraction and anion chromatography. The purified Re and Os fractions were loaded onto Ni

and Pt filaments, respectively (Selby et al., 2007). Isotopic measurements were determined
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using a ThermoScientific TRITON mass spectrometer using static Faraday collection for Re
and secondary electron multiplier in peak-hopping mode for Os. Total procedural blanks during
this study were 15.6 £ 0.45 pg and 0.035 £ 0.007 pg (16 S.D., n = 3) for Re and Os, respectively,
with an average 870s/*®0s value of 0.18 + 0.01. Blank contributes less than 1 % of the Re and
Os budget, except for 7 samples, of which 6 are of Early Triassic age that have blank

corrections of up to ~ 20 %.

The initial 8’0s/*®80s composition (Osi) were calculated using the ®’Re decay constant
1.666x10 yrt (Smoliar et al., 1996). Due to the relatively large uncertainties of the LA-ICP-
MS ages of the volcanic ashes (Liao et al., 2016a; 2016b), each sample’s age was estimated
using the geochronology of the Wuchiapingian—Changhsingian (254.14 Ma; Shen et al., 2019c)
and Permian—Triassic boundaries (251.9 Ma; Shen et al., 2019c), assuming a constant
deposition rate throughout the section. The age difference between a sample’s real age and the
assigned age has negligible effect on the calculated Os isotope initial (Os;). For example, a 0.5
Myr age difference results in < 0.02 variation in the calculated Os; with the exception for a few
samples in the lower part of the section that have higher Re/Os ratios. For these samples the
difference in the calculated Os; can be up to 0.05. Repeat analyses of reference material SDO-

1 suggest < 0.04 variation in calculated Os;j (Du Vivier et al., 2014; 2015).

4 Results

The Re and Os concentrations for the Niushan section range from ~ 0.1 to 1192 ppb
and 6.2 to 4975 ppt (**20s = ~ 2.3 — 738 ppt), respectively (Table S1; Fig. 2). Stratigraphically,
except for the lowest sample in the Longtan Formation, samples within the Dalong Formation
(~7 — 22 m) are enriched in Re and Os (5.1 — 1191.6 ppb and 155 — 4975 ppt, respectively),

with samples in the Yinkeng Formation (above ~ 20 m) exhibiting a decline in Re and Os
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abundance to less than 1 ppb and 21 ppt, respectively. The trend in Re and Os abundance, in
general follows the trend with total organic carbon (TOC) (Table S1; Fig. 2).

In the late Wuchiapingian (upper Longtan and basal Dalong Formations), the two
analysed samples (LT-17, NS-13) yield radiogenic Os;values (~1.0 and 1.9, respectively) (Fig.
2). The Osivalue is less radiogenic across the middle Changhsingian (middle Dalong Formation,
14-16m) (average of samples NS-01, 03, 34, 46, 0.68 £ 0.23, n = 4). Between the latter and
samples at and above 20 m there is a single sample (NS-80) with a Os; of 1.72. Approximately
2 m below to the EPME the Os; are ~0.52 to 0.71 (average 0.62 = 0.06). Immediately above
the negative carbon-isotope anomaly at the EPME interval two samples with distinctly different
Re (16.9 and 0.7 ppb) and Os (265.5 and 21.0 ppt) have very similar Os; values (0.30 and 0.34).
The Os;i then rises to 1.14 across the Permian—Triassic boundary, and then returns to 0.53 in

the early Triassic.
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Figure 2. Carbon isotope (8*3Carg, black), Osi (red), Re (green) and *%20Os abundance (blue)
stratigraphy of the Niushan section, China. The &3Corq data, TOC data, lithology and sea level

curve are from Liao et al. (2016a). Ash layer chronology are LA-ICP-MS U—Pb Zircon ages
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from Liao et al. (2016a, 2016b). Ages in the column are that used to calculate each sample’s
Osi, estimated with the Permian—Triassic boundary age and Wuchiapingian—Changhsingian
boundary age, assuming a constant deposition rate throughout the section. EPME = end

Permian Mass Extinction; PTB = Permian—Triassic Boundary.

5 Discussion

5.1 Data evaluation
The Re-Os system has been shown to be disturbed by post-depositional processes (such

as weathering and hydrothermal activity), and some of the samples close to the P-T interval
have Re and Os values close to the upper continental crust (0.198 ppb Re and 31 ppt Os;
Peucker-Ehrenbrink and Jahn, 2001). However, we suggest that the Os isotope values in the
Niushan section represent seawater Os isotope values during the Late Permian and Early
Triassic based on the following points: 1) the samples were recovered from an active quarry
and therefore collected samples were from a freshly exposed surface; 2) utilized samples
showed no visible evidence of veining or weathering; 3) analytical protocol employs a CrOs-
H>SO4 digestion medium that has been shown to preferentially liberate the hydrogenous Re
and Os (Selby and Creaser, 2003; Kendall et al., 2004; Rooney et al., 2011; Xu et al., 2012;
Sperling et al., 2014), and 4) the Re-Os systematics of stratigraphically adjacent samples (NS-
109, NS-111) possessing significantly different Re and Os budgets yield very similar Os; values.
In addition, the calculated Os; are geologically plausible and similar to previously reported Os;
values from the Late Permian and Early Triassic sections (Yang et al., 2004; Georgiev et al.,

2011, 2015; Schoepfer et al., 2013; Zhao et al., 2015; Liu et al., 2020D).

5.2 Paleogeographic control of Os; values

The Niushan section records a near-shore delta plain depositional setting during the

Wuchiapingian and transition to a marine setting across the Wuchiapingian—Changhsingian
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boundary interval (Liao et al., 2016a). Both samples in the late Wuchiapingian yield highly
radiogenic Os; values (~ 1 and 1.9). These values are comparable to those reported from the
Lianyuan section in South China (~ 1.2), which also records a fluvial-deltaic paleogeographic
setting expressed by similar siltstone interbedded with thin coalbeds during this time interval
(Liu et al., 2019b). These radiogenic Os; mainly reflect the proximal continental setting of the
sites, with the bulk of its Os being derived from continental runoff, with limited contribution
of Os from open-marine seawater. The Os; increase from 1 to 1.9 may reflect increased
restriction in response to a fall in sea level and/or tectonic uplift. In contrast to the radiogenic
Os isotope signature of the near-shore Lianyuan and Niushan (South China) sections,
Wuchiapingian—Changhsingian sections that were deposited in more marine setting (i.e. the
Meishan and Shangsi sections in South China, the Buchanan Lake in Canada, Greenland and
Norway sections) generally have a less radiogenic Os isotope composition (~ 0.55 — 0.60;
Georgiev et al., 2011; Liu et al., 2019b). Within the marine incursion in the Niushan section,
the Os; values drop to ~ 0.6 in the upper Changhsingian, and these values are equivalent to that
of late Permian seawater Os isotope values which are reconstructed from the continental shelf
marine sections of Opal Creek (Canada), Hovea-3 (Australia), and Meishan (China) (Schoepfer
et al., 2013; Georgiev et al., 2015, 2020; Zhao et al., 2015; Liu et al., 2020b). Another Os;
increase to ~1.7 is detected in the upper Changhsingian, which likely reflect another pulse of

sea level shallowing, as evidenced by the lithology change from shale to carbonates.

5.3 Osmium isotope evidence for volcanism and weathering

Available Os isotope data from the Meishan (South China) and Opal Creek (Canada)
sections exhibit multiple unradiogenic Os isotope excursions that are interpreted to reflect
episodes of volcanic activities before, during and after the EPME (Schoepfer et al., 2013;
Georgiev et al., 2015; Liu et al., 2020b). In contrast, the more deep-water PTB Niushan (water

depth of >200 m) section is more distal to that of the shallow-water sections (0-50 m; Meishan
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/ Opal Creek) (Fig. 1) and therefore should reflect a more open marine signature (e.g., Rooney
et al., 2016; Jones et al., 2020). Thus, the Os isotope profile from the deep-water PTB Niushan
section, coupled with published data from shallow-water PTB sections, provides a more
comprehensive understanding of the global marine Os isotope record across the EPME event

(Schoepfer et al., 2013; Zhao et al., 2015; Georgiev et al., 2015; Liu et al., 2020b).

An unradiogenic shift in the Os; composition from ~0.6 to 0.3 is found immediately
above the mass extinction interval (EPME, Fig. 2). In theory, the unradiogenic Os isotope shift
could be driven by increased input of unradiogenic Os from weathering of magmatic rocks
and/or a meteorite impact (Peucker-Ehrenbrink and Ravizza, 2000). However, there is a lack
of any convincing evidence for a meteorite impact (Shen et al., 2019b). Considering the
volcanic ash layers found in the Niushan section and the studies that have demonstrated the
intensive volcanic activity through the Late Permian and Early Triassic (e.g. Payne and Kump,
2007; Saunders and Reichow, 2009; Burgess et al., 2014; Burgess and Bowring, 2015; Burgess
et al., 2017; Liu et al., 2017; Wang et al., 2018; Shen et al., 2019a; Shen et al., 2019b),
magmatic activity is a more reasonable interpretation for the unradiogenic Os isotope excursion,
possibly linked with intensive volcanism in South China (e.g. Korte and Kozur, 2010; Yin and
Song, 2013; Liu et al., 2020b). The Os isotope data here provide further insights into the pattern
of the volcanism, and the temporal relationship between volcanism and the mass extinction
event. In the Niushan section, an unradiogenic osmium isotope shift is only detected after the
EPME, which is in contrast to the Meishan section that exhibits abrupt and intense
unradiogenic shifts in Os; both pre- and post- the mass extinction event (Liu et al., 2020b). We
cannot rule out the possibility that the lack of unradiogenic Os; shift before the mass extinction
interval at the Niushan section could have been missed in our sampling approach, however, the
interval around the PTB was sampled at a high resolution of ~10 cm, which is comparable to

that of the Meishan section. High precision Zircon U-Pb geochronology (CA-ID-TIMS)
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suggests the Siberian Traps shift from extrusive eruption before the mass extinction to intrusive
magmatism during the mass extinction interval, and then back to extrusive eruption (Burgess
et al., 2017). The unradiogenic Os isotope excursions thus might correlate with the extrusive

phases of the Siberian Traps and the subsequent weathering of the mafic extrusive units.

Unfortunately, sample material for the exact sample that exhibits the largest negative
carbon isotope value (NS-107) of the Niushan section is no longer available. However, samples
immediately below sample NS-107 show no unradiogenic shift in Os;, whereas the carbon
isotope values have already started to decline (Fig. 2). Nevertheless, the unradiogenic shift in
Osi post the mass extinction interval is detected in both the Niushan and Meishan sections (Fig.
3). A previous study has attributed the difference in the Os isotope profiles between different
sections to different magnitude in the volcanic events that are responsible for the Os isotope
excursion(s) (Liu et al., 2019b). Those pulses of volcanism that preceded the mass extinction
event may be smaller in scale than that post the mass extinction event, and thus the later pulse
of volcanism is more widely recorded in the Os isotope oceanic record than that of the earlier
volcanic events. It is also possible that the volcanic activity occurred in a more terrestrial
location and thus not recorded in the deep-water column, and/or the unradiogenic Os isotope
shift identified post EPME in the Niushan section reflects the weathering of the basalt that
happened several tens of thousands of years after the volcanism. The latter is also supported
by Hg records from both the Meishan and Opal Creek sections that exhibit Hg/TOC anomalies
that are generally shown in the intervals below or within the EPME interval, which resulted
from synchronous Hg emission during volcanism (Fig. 3; Grasby et al., 2017; Wang et al.,
2018; Shen et al., 2019a). The fact that the Niushan section shows a smaller unradiogenic Os;
shift than those recorded in sections representative of a slope depositional environment
(Meishan and Opal Creek) suggests that more open ocean deep-water settings were less

affected by volcanic activities, and corroborates the deep-water migration of foraminifers
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around the PTB (Liu et al., 2020c). The latter is driven by toxic compounds released from the
Siberian Traps and other volcanic activities in the shallow waters around the Tethys Ocean

(Liu et al., 2020c).
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Figure 3. Correlation of Os;i from the Niushan section, the Meishan section and the Opal Creek
(Canada) section. The Niushan 8'*Corg data are from Liao et al. (2016a). The Opal Creek
section Os; data are from Schoepfer et al. (2013) and Georgiev et al. (2015); §*Corg data from
Gerogiev et al. (2015); Hg/TOC data from Shen et al. (2019a); and the uppermost §**Corg and
Os; data points represent the average value of all five Triassic samples. The Meishan section
5'3Cearp data from Shen et al. (2011), Os; data from Liu et al. (2020b), Hg/TOC data from Wang
et al. (2018) and Grashy et al. (2017). Age in the Meishan section is from CA-TIMS U-Pb
zircon dated volcanic ash bed (Burgess et al., 2014). Ages in the Niushan section are LA-1CP-

MS U-Pb zircon dated volcanic ash beds (Liao et al., 2016a; 2016b).

Above the unradiogenic shift, the Os; values show an increase to more radiogenic
values, peaking at 1.14, in the Niushan section (Fig. 2). In theory, the increase in Os; can be
caused by either reduced unradiogenic Os flux or increased radiogenic Os input from
continental weathering to the water column. Given the active volcanism at this time, invoking

an enhanced weathering scenario may be more appropriate to interpret the Os; trend observed
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at Niushan. A trend to more radiogenic Os; following volcanism has also been reported for the
shallow-water Meishan section (Fig. 3). In the Meishan section, the Os; shift to ~1.25 from
~0.6, which is slightly larger than the Os isotope value of 1.14 from the Niushan section (Liu
et al., 2020b). A previous study has suggested that in the near-shore regions, the marine
residence time of Os, that is, the amount of Os in seawater reservoir divided by the sum of
input or output fluxes, will be considerably shorter than the accepted value of c. 10* yr (e.g.
Paquay and Ravizza, 2012; Rooney et al., 2016). The more radiogenic Os; at Meishan thus may
reflect its more proximal setting relative to Niushan, and as a result the increased radiogenic
Os flux might be slightly lower than previously estimated (Liu et al., 2020b). At steady state,
the seawater osmium isotope composition is determined by the mixing of radiogenic Os input

(1.4) and unradiogenic Os input (0.12) given by:
st = (Mu*Ru + Mr*Rr) (1)

Where Rsw, Ry and R denote the Os isotope compositions of seawater, unradiogenic input and
radiogenic input; My and M; represent the mass of unradiogenic Os input and radiogenic Os
input respectively. Assuming a constant weathering input of radiogenic Os, the volcanic Os
flux is estimated to have increased ~8 times, based on the Os isotope data from the Meishan
section (from 0.6 to 0.2; Liu et al., 2020b). However, using the data of this study (0.6 to 0.3),
the volcanic Os input increase is only ~2.7 times. Similarly, for the estimation of radiogenic
Os input from weathering, with the assumption of a stable unradiogenic Os input, Os isotope
data from the Meishan section suggest a ~ 9 times increase (Liu et al., 2020b). In contrast, Os
data from the Niushan section yield an increase of radiogenic Os flux by ~ 5 times (compared

with ~9 times by using a Osi value of 1.2 from the Meishan section).

The Osi values then fall from 1.14 to 0.5 above the PTB (Fig. 2). This unradiogenic

Os; shift likely reflects decreasing weathering intensity, as excessive greenhouse volatiles were
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mitigated by silicate weathering. This is earlier than that inferred from the Sr isotope data,
which indicates enhanced weathering until the late Early Triassic (Song et al., 2015). However,
Os has a considerably shorter oceanic residence time than Sr (10 kyr vs. 2 Ma). Thus, the Os
isotope data would be expected to show a decrease in the Os; prior to Sr in response to the

decreased weathering above the PTB.

5.4 Implications for using 8’0s/*®80s for paleoclimate research

The 1870s/*#0s composition of sedimentary units has been widely applied to infer the
Os-isotope composition of the water column at the time of deposition, and moreover to infer
the paleogeography / paleoceanography (e.g. Cohen, 2004; Turgeon and Creaser, 2008; Tejada
et al., 2009; Georgiev et al., 2011; Peucker-Ehrenbrink and Ravizza, 2012; Dickson et al.,
2015). Typically, the more proximal shallow-water sections generally have more radiogenic
Os isotope values compared to that of deep-water sections, due to elevated terrestrial Os input
with radiogenic Os isotope compositions and/or limited seawater exchange (e.g., Porter et al.,
2014; Rooney et al., 2016; Jones et al., 2020). Further, the Os isotope record from near-shore
and shelf/slope sections tend to exhibit larger signal excursions relative to those recovered from
deep-water sections (e.g., Jones et al., 2020). A similar scenario is also shown with the
Paleocene—Eocene thermal maximum initial Os isotope records. For example, the Millville
section, which is a near-shore expanded section, has a larger unradiogenic Os isotope
composition shift (~0.08) compared with most shelf sections that show unradiogenic Os
isotope composition shift of ~0.05 (Dickson et al., 2015; Liu et al., 2019a). Whereas, the
pelagic section at Blake Nose (ODP Hole 1051 B) only shows a nominal Os isotope
composition shift (~0.01), which is within analytical uncertainty of the Os isotope
measurement (Liu et al., 2019a). Another example is the Jurassic Toarcian Oceanic Anoxic
Event (T-OAE) that describes a radiogenic osmium isotope shift in response to enhanced

weathering. In the near-shore section of Yorkshire (UK), Os isotope increase by ~0.7 (Cohen
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et al., 2004). Whereas for the more open marine sections of Mochras (UK), East Tributary
(North America), and Sakuraguchi-dani (Japan) excursions only increase by ~0.3-0.4 (Percival

etal., 2016; Them et al., 2017; Kemp et al., 2020).

In addition to tracking volcanism and/or extraterrestrial impact events, as well as
weathering signals, osmium isotopes have also been used to quantify the scale of the event,
and even the size of the impactor (if the type of the impactor is known) (Dickson et al., 2015;
Liu etal., 2019a; Paquay et al., 2008). Consequently, using Os isotope data from shallow-water
sections may yield an overestimation of the degree of the magmatism and/or weathering of
radiogenic Os, as well as the size of the impactor. As such, the Os isotope data from deep-water
sections might be a more reliable source of data for any numerical models. Thus, wherever
possible, such evaluations should be made with data from multiple sections to get a more
comprehensive understanding. A similar conclusion can also be drawn by using the T-OAE Os
isotope excursion data from near-shore section of Yorkshire (UK) (~0.7 Os; change) and open
marine sections of Mochras (UK), Dotternhausen/Dormettingen (Germany), East Tributary
(North America), and Sakuraguchi-dani (Japan) (~0.3-0.4 Os; change) to estimate the
weathering intensity change over the T-OAE (Cohen et al., 2004; Them et al., 2017; van Acken

etal., 2019; Kemp et al., 2020).

Also noteworthy, massive volcanism associated with the EPME is also considered to
be associated with an increase in greenhouse gas emissions, which resulted in an increase in
silicate weathering and organic carbon burial (the negative feedback mechanism; Walker et al.,
1981; Jenkyns, 2010). As a result, the unradiogenic Os isotope shift signal driven by volcanism

might be dampened by the radiogenic Os input from increased weathering to some extent.
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6 Conclusions

The Os isotope stratigraphy across the Permian—Triassic boundary interval of the
Niushan section suggests that volcanism and enhanced weathering are associated with the late
Permian mass extinction event. Unlike the Os isotope records from Meishan and Opal Creek,
the Os isotope data from the Niushan section show no unradiogenic Os isotope excursion
immediately before the mass extinction interval. The Niushan section does however exhibit an
unradiogenic Os isotope shift following the mass extinction interval. There is also a radiogenic
Os isotope shift signal detected above the unradiogenic Os isotope shift, which is interpreted
to be caused by enhanced weathering. Both the volcanism and weathering signals are smaller
relative to those reported from the Meishan and Opal Creek sections. As such, different
paleogeographic settings may record different magnitudes in the Os isotope excursions, and
thus any numerical evaluation using Os isotope stratigraphy to model geological events should
be treated carefully unless based on multiple sites and/or more open ocean records where

possible.
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