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The first major mass extinction of trilobites occurred at the transition from Cambrian Series 2 (CS2) 
to Miaolingian (M) and coincided with a large marine transgression and volcanic eruptions of a large 
igneous province (LIP). Understanding the causal links between these events is important in deciphering 
environmental changes and life evolution at that time. This paper presents S-Hg-C isotopic and Fe 
speciation data for calcareous shales from the CS2-M Yangliugang Formation in the Dongjin section, South 
China. In the lower part of this section (Interval I), calcareous shales have limited S isotopic differences 
between carbonate-associated sulfates (δ34SCAS) and pyrites (δ34SPy) with �34S values from –4.2� to 
+8.3�; they also have high FeHR/FeT ratios from 0.5 to 0.66, that are indicative of a low SO2−

4 content in 
anoxic seawater. Calcareous shales from Interval I display at least two Hg/TOC peaks (up to 207 ppb/wt%), 
coincident with volcanic eruptions associated with the ca. 510 Ma Kalkarindji LIP in Australia. In the 
middle part of the Dongjin section (Interval II), calcareous shales display negative excursions of �199Hg 
values, δ34SPy values and FeHR/FeT ratios, which were likely led by a large terrestrial input into a marginal 
basin from where Interval II deposited. Calcareous shales in the upper part of the section (Interval 
III) contain pyrite framboids with a mean diameter of <4 μm and high ratios of FeHR/FeT (>0.82) and 
FePy/FeHR (>0.78), indicating an euxinic depositional environment. They also record negative excursions 
in δ13C and δ202Hg (with low values down to –3.05� and –1.68�, respectively), providing evidence for 
ocean upwelling. The negative shift of δ13C values in the Dongjin section was temporally comparable to 
the C isotope excursions that coincided with the Redlichiid-Olenellid Extinction Carbon Isotope Excursion 
(ROECE). We conclude that volcanic eruptions of the ca. 510 Ma Kalkarindji LIP enhanced the continental 
erosion rate, leading to a high terrestrial SO2−

4 input and an accumulation of H2S in deep marginal basins 
at the end of CS2. The subsequent ocean upwelling (>506 Ma) brought anoxic/euxinic seawaters into the 
continental shelf, contributing to the mass extinction of Redlichiid and Olenellid.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The Cambrian was an important period in Earth’s history 
marked by a sudden appearance of most major animal phyla (Dar-
roch et al., 2018; Paterson et al., 2019). Trilobites, one of the 
earliest known groups of arthropods, appeared at the beginning of 
Cambrian Series 2 (CS2; 521–506 Ma) and diversified rapidly with 
oceanic oxidation (Karlstrom et al., 2020; Paterson et al., 2019). 
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The Redlichiid and Olebellid, two of three major trilobite taxa in 
CS2 (Paradoxidids being the other taxon), suddenly disappeared 
at the CS2-Miaolingian (CS2-M) transition, roughly coeval with a 
globally recognizable negative carbon isotope excursion (ROECE) 
(Lin et al., 2019; Sundberg et al., 2020). Eruptions of flood basalts 
in the ca. 510 Ma Kalkarindji large igneous province (LIP) (Aus-
tralia) (Fig. 1a) have long been regarded as an important trigger 
for this biotic crisis, because they were coincident with the trilo-
bite extinction and might have induced ocean anoxia at the CS2-M 
transition (Faggetter et al., 2019; Hough et al., 2006; Jourdan et al., 
2014; Zhang et al., 2015). Recent chronostratigraphic studies, how-
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Fig. 1. (A) Geologic setting of the Nanhua Basin, South China (A) global paleogeography of the 550 – 510 Ma Gondwana, showing the location of South China and the 510 
Ma Kalkarindji LIP (adapted from Faggetter et al. (2019)). (B) a simplified paleogeographic map of the Nanhua Basin during the CS2-M transition, showing the three major 
facies identified by Zhang et al. (2008) and the locations of the Wuliu-Zengjiayan (yellow triangle) and the Dongjin (red triangle) sections. (For interpretation of the colors in 
the figure(s), the reader is referred to the web version of this article.)
ever, have advanced the time of extinction from ca. 509 Ma to 
ca. 506 Ma (Karlstrom et al., 2020), placing doubt on a direct link 
between the mass extinction and the ca. 510 Ma Kalkarindji LIP.

The sulfur isotopic composition of marine sediments is a sen-
sitive indicator of ocean sulfate concentration and redox state 
(Canfield and Farquhar, 2009; Fike et al., 2015; Gomes and Hurt-
gen, 2015; Loyd et al., 2012). Cambrian Series 2 and Miaolingian 
sediments generally have variable δ34Ssulfate values (0 to >+45�) 
recorded in gypsum, calcite, dolomite, and apatite (Hough et al., 
2006; Kampschulte and Strauss, 2004; Wotte et al., 2012b), and 
positive δ34SPy values (0 to >+30�) (Guo et al., 2014; Loyd et al., 
2012; Wotte et al., 2012b). The low �34S values (δ34Ssulfate – 
δ34SPy) of CS2-M sediments suggest that the coeval seawater sul-
fate concentration was low (<2.0 mM; Loyd et al., 2012). A negative 
shift in δ34SPy (about –10�) occurred before the δ13C excursion 
(ROECE) (Guo et al., 2010, 2014) and is recognized globally, e.g., in 
the Wuliu-Zengjiayan and Jianshan sections, South China, the Gen-
estosa and Cre´menes sections, Spain, and the Carro Rajon section, 
Mexico (Guo et al., 2014; Loyd et al., 2012; Wotte et al., 2012b). 
However, owing to the low abundance of pyrite in these sections, 
systematic S isotopic studies based on the mode of occurrence of 
pyrite have not been carried out, leading to a poor understanding 
of the reason for this negative shift of δ34SPy values prior to the 
mass extinction.

Mercury (Hg) concentrations, the ratios of Hg to total organic 
carbon (Hg/TOC ratios), and Hg isotopes have recently been de-
veloped as novel proxies for investigating mass extinction, large-
scale volcanism, and anoxic oceanic events in Earth’s history (e.g., 
Grasby et al., 2019). Anomalously high Hg concentrations and 
Hg/TOC ratios have been observed in marine sediments associated 
with all of the ‘big five’ Phanerozoic mass extinctions, implying 
that LIP events may contribute to mass extinctions (Grasby et al., 
2019). Extensive Hg emission during LIP events increases the in-
put of Hg to the ocean through (1) directly increasing atmospheric 
Hg deposition (Grasby et al., 2017; Thibodeau et al., 2016) and (2) 
inducing large-scale surface weathering that causes enhanced wa-
tershed runoff of soil Hg (Grasby et al., 2017; Shen et al., 2019, 
2020; Them et al., 2019). Mercury isotopes, especially their mass-
independent fractionation (MIF) signature, provide constraints on 
causes of Hg anomalies from atmospheric deposition or soil ero-
2

sion (Blum et al., 2014; Grasby et al., 2019; Them et al., 2019). 
Recently, Hg anomalies have been detected in sediments deposited 
at or before the CS2-M boundary in the Great Basin (western USA) 
(Faggetter et al., 2019). Owing to the lack of systematic Hg isotopic 
data, however, it is unclear whether these Hg anomalies resulted 
from volcanic emissions or were due to other causes.

The Nanhua Basin in South China was one of the main depo-
sitional sites of marine sediments during the Cambrian (Fig. 1b) 
(Wang and Li, 2003). The Yangliugang Formation in the eastern 
part of the Nanhua Basin is a time-equivalent of the Kaili Forma-
tion in the Wuliu-Zengjiayan section, a Global Boundary Stratotype 
Section and Point (GSSP) for the boundary between the CS2 and 
the M Series (Zhao et al., 2019). Calcareous shales from the CS2-
M Yangliugang Formation in the Dongjin section (N 29◦01′09.9′′;E 
114◦18′13.7′′), Jiangxi Province, were deposited in a slope-basin 
environment (Fig. 1) (Zhang et al., 2008). They are characterized 
by relatively high abundances of pyrite, calcite, and organic matter 
(Fig. 2). In this study, calcareous shales from the Dongjin section 
were systematically analyzed for their S-Hg-C isotopic composi-
tions and Fe speciation. Using these data and previous S-C data 
from the Wuliu-Zengjiayan section and Hg-S-C from sections in 
other parts of the world, this paper aims to shed light on the link-
ages between marine redox state, mass extinction, and the volcanic 
eruption of LIPs during the later stages of the ‘Cambrian explosion’.

2. Geological setting

The Nanhua Basin in the South China Craton was opened af-
ter the amalgamation of the Yangtze and Cathaysia Blocks at ca. 
820 Ma and closed during the Ordovician-Silurian orogeny (Wang 
and Li, 2003; Yao and Li, 2016). It is widely accepted that the 
Nanhua Basin was well-connected to the open ocean from the 
Cambrian Terreneuvian to the Miaolingian (M) Epoch, based on the 
similarity of the carbonate carbon isotopic (δ13C) signatures (Guo 
et al., 2014; Lin et al., 2019) and animal fauna (Hughes, 2016; Lin 
et al., 2019; Paterson et al., 2019) of South China to those of co-
eval marginal basins in other cratons. From the paleogeography 
and stratigraphy of the CS2-M transition, the Nanhua Basin has 
been subdivided into clastic platform, carbonate platform, carbon-
ate basin, and slope basin facies (Zhang et al., 2008). The Wuliu-
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Fig. 2. Stratigraphy and photographs of the Dongjin section, South China. (A) and (B) nodular pyrite aggregates in Interval I; (C) and (D) the boundary between Interval II and 
Interval III; (E) pyrite layers in calcareous shales from Interval III; (F) and (G) outcrops of the Dongjin section, showing Interval I, II and III.
Zengjiayan section (GSSP) was located in the shale facies of the 
slope basin in an overall oxic-suboxic depositional environment 
(Fig. 1b) (Guo et al., 2014). The boundary between the CS2 and the 
M Series is marked by the first appearance of Oryctocephalus Indi-
cus in the CS2-M Kaili Formation at ca. 506 Ma (Karlstrom et al., 
2020; Sundberg et al., 2020; Zhao et al., 2019), which was coinci-
dent with the last appearance datum of Redlichiids in South China 
(Lin et al., 2019; Sundberg et al., 2020).

A continuous Cambrian succession outcrops in Xiushui county, 
Jiangxi province, South China (see Supplementary Figure S1 for a 
regional geological map). The early Cambrian Wangyinpu Forma-
tion at the base of this succession, which consists of black shales 
with cherty interlayers and phosphoric nodules, is correlative to 
the lower Niutitang Formation in SW China (Liu et al., 2019). This 
formation is overlain by black shales of the Guanyintang Formation 
and, in turn, the CS2-M Yangliugang Formation with thickness of 
180 – 310 m. The Yangliugang Formation is dominated by argilla-
ceous limestones, calcareous shales and siliciclastic sedimentary 
3

rocks and is overlain by siltstones of the late Cambrian Huayansi 
and Xiyangshan Formations (Chang et al., 2019; Ju, 1989). Recently, 
a negative excursion of δ13C has been recognized in the lower part 
of the Yangliugang Formation in the Xuancheng section, compa-
rable to the global ROECE excursion at the CS2-M transition (ca. 
506 Ma) (Chang et al., 2019). Ptychagnoustus gibbus first appeared 
in the middle part of the Yangliugang Formation (Ju, 1989; Peng 
et al., 2012), marking the transition from the Wuliuan Stage to the 
Drumian Stage at 504.5 Ma (Zhu et al., 2019).

In the Dongjin section, Xiushui county, the lower part of the 
Yangliugang Formation (ca. 38 m) is well exposed, and the rocks 
are dominated by organic-rich (ca. 1.0 wt% TOC) argillaceous lime-
stones and calcareous shales (the term calcareous shale is used 
hereafter to refer to argillaceous limestone and calcareous shale) 
(Figs. 2 and 3a) that conformably overlie the black shales of the 
early Cambrian Guanyintang Formation. The calcareous shale suc-
cessions have been subdivided into three intervals based on the 
nature and distribution of pyrite in the rocks. Calcareous shales 
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Fig. 3. Morphology and S isotopic composition of different forms of pyrite from the calcareous shales of the Dongjin section, South China. (A) calcites from the calcareous 
shales; (B) nodular pyrite aggregates in calcareous shales from Interval I with extremely high δ34S values; (C) disseminated pyrite and corresponding δ34S values in Interval I; 
(D) pyrite from calcareous shale of Interval III; (E) pyrite framboids; and (F) occurrences of finely disseminated euhedral pyrite.
from the lower 11 m of the Dongjin section (Interval I) contain 
layers of pyrite about 2 cm apart and nodular pyrite aggregates 
(Figs. 2a, b and 3b). In the middle part of this section (Interval 
II), the abundance of nodular pyrite aggregates decreases rapidly 
(Figs. 2c and d), and the distance between adjecent pyrite layers 
increases to > 10 cm. The middle part of Interval II was covered by 
soil and plant (about 3.5 m in thickness), and was therefore not ac-
cessible for sampling. Calcareous shales from Interval III (top 8 m) 
are rich in pyrite, the content of which increases abruptly to > 5 
vol% from field observations and hand specimen estimates (Figs. 2c 
and e).
4

3. Sampling and analyses

A total of 38 calcareous shale samples were collected from the 
Dongjin section with a resolution of one sample per meter for 
Hg-S-C-Fe-trace element geochemical/isotopic analyses. Fourteen 
of the samples are from the lower part of Interval II and 5 samples 
are from the upper part of Interval II. Detailed descriptions of the 
analytical methods are available in Supplementary Note 1. A brief 
description of these methods is provided here.

Morphological data for pyrite were collected from polished thin 
sections, using a Hitachi S-3400N variable pressure scanning elec-
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tron microscope (SEM) at the Electron Microscope Unit, the Uni-
versity of Hong Kong. In-situ S isotope analyses of pyrite were per-
formed on thin sections (>100 μm in thickness) using a Nu Plasma 
HR multi-collector inductively coupled plasma mass spectrome-
ter and a Photon Machine Analyte G2 laser microprobe (MC-LA-
ICPMS), both at the Geological Survey of Finland in Espoo. Nodular 
pyrite aggregates in samples from Intervals I and II have δ34SPy val-
ues that are significantly higher than those of disseminated pyrite 
(Table S1), indicating that the nodular pyrite did not form during 
sediment deposition or early diagenesis. This pyrite was therefore 
removed before powdering for bulk rock analysis.

Approximately 500 g of the remaining rock was ground with an 
agate mortar and pestle for subsequent extraction of H2S from the 
disseminated pyrite and extraction of sulfate from the carbonates. 
Disseminated pyrite was extracted using the chromium reduction 
method, in which the powders were reacted with 50 ml of 1 M 
CrCl2 and 20 ml of 10 M HCl in a N2 atmosphere (Canfield et al., 
1986). To eliminate non-CAS compounds and conduct the final ex-
traction of CAS, we used a HCl–BaCl2 procedure similar to that 
described in Wotte et al. (2012a). Approximately 100 μg BaSO4
(for CAS) or Ag2S (for pyrite separates) was measured out for anal-
ysis of their sulfur isotopic composition using a Thermo Finnigan 
Delta Plus mass spectrometer connected to an Elemental Analyzer. 
Carbon and oxygen isotope compositions (δ13Ccarb and δ18Ocarb) 
of calcareous shales were determined using a Thermo Fisher Sci-
entific carbonate-preparation device and a Gas Bench II connected 
to a Delta Plus XL isotope ratio mass spectrometer (IRMS) that was 
operated in continuous He flow mode, at the Institute of Geochem-
istry, Chinese Academy of Sciences, Guiyang, China. The CO2 was 
extracted from carbonates with 100% phosphoric acid at 70 ◦C for 
calcite and 90 ◦C for dolomite. The stable C and O isotope ratios 
are reported in delta (δ) notation as the per mil (�) deviation 
relative to the Vienna Pee Dee belemnite (V-PDB) standard. The 
analytical reproducibility estimated from replicate analyses of the 
laboratory standards, Carrara marble, and Binn dolomite, is better 
than ±0.05� for δ13C and ±0.1� for δ18O.

We measured the concentration of Fe in four highly reactive 
iron phases (FeHR): pyrite (FePy), carbonate (Fecarb), ferric oxide 
(Feox) and magnetite (Femag), and the total iron content (FeT). The 
FePy contents were determined using the chromous chloride tech-
nique of Canfield et al. (1986), in which the sequential extraction 
procedure of Poulton and Canfield (2005) was used to analyze 
the other highly reactive iron phases, specifically Fecarb, Feox and 
Femag. All the solutions were analyzed for their respective iron 
contents using an atomic absorption spectrometer (AAS), with an 
RSD of <5% for all stages. The FeT contents were determined using 
an Olympus DP-6000 hand-held X-ray fluorescence spectroscope 
(HH-XRF) with a Rh tube, as described in Lenniger et al. (2014). 
The analytical errors for FeT are better than 2% (Jin et al., 2016; 
Lenniger et al., 2014).

The TC-TOC-TS contents were measured using a Multi EA 4000 
carbon/sulfur analyzer with a high-temperature furnace and acid-
ification module (Eltra, Germany) at the China University of Geo-
science (Wuhan). Analytical errors for TC-TOC-TS were ± 0.1 wt%, 
based on analyses of carbonate standard, AR4007 (Alpha, USA). The 
TIC (total inorganic carbon) content was calculated by subtracting 
the TOC from the TC. Concentrations of Mn and Sr were ana-
lyzed using a Perkin-Elmer ELAN 6000 inductively-coupled plasma 
source mass spectrometer (ICP-MS) at the Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences. The analytical uncer-
tainties for Mn and Sr were smaller than 3%.

Total Hg concentrations were determined in the Institute of 
Geochemistry, Chinese Academy of Sciences, using a LUMEX 
RA915F automatic mercury vapor analyzer, which has a detection 
limit of 0.5 ng g−1. Mercury isotope ratios were measured using 
the methods described in Geng et al. (2018). About 0.2–0.5 g of 
5

sample powder was digested using 5 mL of aqua regia in a water 
bath (95 ◦C for 6 hours). Certified reference materials (NIST SRM 
2711, Montana soil) were prepared for analysis after every 13 sam-
ples, and digested in the same way as the samples. The samples 
were analyzed using a Neptune Plus multiple collector inductively 
coupled plasma mass spectrometer (Thermo Electron Corp, Bre-
men, Germany) at the University Research Facility in Chemical and 
Environmental Analysis (UCEA) at the Hong Kong Polytechnic Uni-
versity. Mercury isotopic compositions were expressed as δ and �
values, in units of per mil (�) following the convention recom-
mended by Bergquist and Blum (2007).

4. Analytical results

4.1. Morphology and in-situ δ34S values of pyrite

Calcareous shales from the Dongjin section consist mainly of 
calcite with TIC from 2.1 wt% to 10.7 wt%, organic matter with 
TOC from 0.2 wt% to 3.3 wt%, pyrite with TS from 0.1 wt% to 6.0 
wt%, and silicate minerals dominated by quartz and clays (Fig. 3). 
In calcareous shales from Interval I and Interval II, pyrite occurs 
as disseminations and nodular aggregates. Pyrite grains in nodular 
aggregates are large (50–100 μm in diameter) and have extremely 
large positive δ34SPy values, ranging from +37.6� to +68.1�, with 
an average of +60� (Fig. 3b; Table S1). In Interval I, disseminated 
pyrite comprises 6–12 vol% euhedral grains with diameters rang-
ing from 3 μm to 25 μm and 88–94 vol% framboids with diameters 
ranging from 1 μm to 25.5 μm (5 μm on average) (Figs. 3c, e, f and 
4; Table S2). The δ34SPy values of the two pyrite varieties (not dis-
tinguished) range from +8.8� to +21.4� (ca. +15.9� on average) 
(Figs. 3c; Table S1). In Interval II, pyrite framboids represent 85–92 
vol% of the pyrite and their diameters range from 1 μm to 18.6 μm 
with an average of 5.3 μm (Table S2). The δ34SPy values vary from 
+3.2� to +25.7� (+10.2� on average).

Pyrite in Interval III accounts for >5 vol% of the rock (Fig. 2), and 
occurs mainly as large sub-euhedral to euhedral crystals (>50 μm 
in diameter) and small pyrite framboids (< 5 μm) (Figs. 3 and 4; 
Table S2). The δ34SPy values of these large pyrite grains range from 
+13.8� to +31.0�. Reliable in-situ δ34SPy values of pyrite fram-
boids could not be acquired by MC-LA-ICPMS due to their small 
grain-sizes.

4.2. Bulk rock elemental and isotopic compositions

Calcareous shales from Interval I have TS values from 0.4 wt% 
to 1.7 wt%, and disseminated pyrite separates have δ34SPy values 
ranging from +5.0� to +21.0� (+14.8� on average) (Fig. 5a; Ta-
ble S3). These shales are rich in organic matter with TOC contents 
from 0.6 wt% to 3.3 wt%, averaging at 1.6 wt%, and TIC contents 
from 1.1 wt% to 7.6 wt%, averaging at 4.1 wt% (Fig. 5a; Table S3). 
They have relatively constant δ13C values ranging from –0.98� to 
–0.79�, δ18O values from –11.2� to –10.1� and Mn/Sr ratios 
from 0.38 to 2.54 (Fig. 4). Samples with TS <1 wt% and TIC >3.5 
wt% have CAS contents from 66 to 155 ppm and δ34SCAS values 
from +11.9� to +24.6� (average +16.7�). The �34S (δ34SCAS – 
δ34SPy) values in these samples vary from –4.2� to +8.3� with 
an average of +0.8�. The Hg content of the bulk rock in Interval I 
ranges from 31.3 ppb to 137 ppb, which is higher than those in the 
other two intervals (Table S3). The δ202Hg values in this interval 
are relatively constant (–1.08� to –0.74�), whereas the �199Hg 
values increase upwards from –0.16� to 0.00�. The samples have 
high FeT contents ranging from 1.6 wt% to 3.0 wt%. Their FeHR/FeT
and FePy/FeHR values range from 0.5 to 0.66 and from 0.28 to 0.90, 
respectively (Figs. 4 and 5b; Table S3).

The calcareous shales from Interval II have relatively low con-
tents of disseminated pyrite with an average TS of 0.63 wt% and 
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Fig. 4. A stratigraphic column showing the intervals in the CS2-M calcareous shale succession of the Dongjin section, South China, and the variation in grain sizes of pyrite 
framboids, bulk-rock Hg-S-C isotopic compositions and several other compositional parameters in the three intervals.
display a gradual δ34SPy shift upwards from +16.1� to –2�. They 
have a TOC content of 0.2–1.6 wt%, a TIC content of 1.2–10.3 wt%, 
and δ13C and δ18O carbonate values of –0.95 to –0.53� and –11.2 
to –9.8�, respectively. The CAS contents are in the range 61 to 
184 ppm and their δ34SCAS values are +11.7� to +21� with an 
average of +16.1� (Table S3). The �34S (δ34SCAS – δ34SPy) val-
ues increase upwards from +3 to +10�, with an average of +5.7�
(Table S3). The bulk rock Mn/Sr ratio ranges from 0.2 to 1.55. The 
Hg content of these shales is relatively constant (ca. 30 ppb), the 
�199Hg values vary from slightly negative to near zero (–0.11� to 
+0.02�) and the δ202Hg values (–1.0� to –0.5�) are similar to 
those of Interval I. The FeT contents ranges from 0.6 wt% to 2.8 
wt% (the average is 1.90 wt%) and the FeHR/FeT and Fepy/FeHR ra-
tios vary from 0.25 to 0.73 (the average is 0.53) and from 0.26 to 
0.75 (the average is 0.49), respectively (Figs. 4 and 5b; Table S3).

In interval III, calcareous shales have high TS contents (3.0–6.0 
wt%), relatively low TOC contents (0.7–1.3 wt%), and variable Hg 
content (5.9–52 ppb). They have TIC contents from 2.8 wt% to 4.8 
wt%, Mn/Sr ratios from 0.3 to 1.4, and constant δ18O carbonate 
values (–11.6� to –10.1�). In the basal part of this interval, the 
δ13C values of the shales decrease sharply from –0.80� to –3.05�
(Fig. 4) and are coupled to a negative shift in δ202Hg from –1.05�
to –1.68�. The �199Hg values range from –0.07� to +0.06�, in-
dicating the absence of mass-independent fractionation (Table S3). 
The FeT contents, FeHR/FeT ratios, and Fepy/FeHR ratios are all high, 
ranging from 3.35 wt% to 4.38 wt%, from 0.82 to 0.93, and from 
0.78 to 0.85, respectively (Figs. 4 and 5b; Table S3).

5. Discussion

5.1. The redox states and sulfate content of the ocean at the CS2-M 
transition

5.1.1. The anoxic state and low sulfate content of the Dongjin section 
during Interval I

The iron speciation method, which determines the nature of 
‘highly-reactive’ iron (FeHR) in fine-grained sediments, has been 
widely used to distinguish oxic, ferruginous, and euxinic condi-
tions in siliciclastic rocks and in carbonate rocks with >0.5 wt% FeT
6

(Clarkson et al., 2014; Poulton and Canfield, 2011). Anoxic sedi-
ments have FeHR/FeT ratios of >0.38 through the incorporation/pre-
cipitation of FeHR from the anoxic water column. Under anoxic and 
sulfidic (euxinic) conditions, FeHR is converted to FePy through its 
reaction with H2S to form pyrite, resulting in FePy/FeHR ratios of 
>0.7–0.8 (Poulton and Canfield, 2011). All samples investigated in 
this study have FeT contents >0.5 wt% (Table S3). Calcareous shales 
from Interval I have an average FeHR/FeT ratio of 0.6 and the same 
average FePy/FeHR ratio (0.6), which are indicative of an overall 
anoxic depositional environment low in H2S that contains excess 
Fe (Figs. 4 and 5b; Table S3). Inadequate H2S production under 
anoxic conditions could be caused by a limited supply of organic 
matter (reducer) or sulfate (reactant), or both (Poulton and Can-
field, 2011; Wilkin and Barnes, 1996). Given that the TOC values 
represent preserved organic matter, the high TOC contents (ca. 1.6 
wt%) in these calcareous shales preclude the possibility of limited 
organic matter supply, instead, suggesting a low sulfate supply and 
anoxic condition in the water column above the Dongjin section.

The low �34S values (−4.2� to +8.3�) of calcareous shales 
from Interval I place additional constraints on the end-CS2 sul-
fur cycle (Table S3). Carbonate-associated sulfate (CAS) is the trace 
quantity of sulfate that replaces carbonate ions structurally in ma-
rine carbonate and can be used to represent the δ34S value of 
sulfate in the water column (cf., Wotte et al., 2012a). The reduc-
tion of sulfate is promoted strongly by microbes (sulfate-reducing 
bacteria), which favor the lighter, more weakly bonded isotope of 
sulfur (32S) (Kasten et al., 1998). The magnitude of �34S (δ34SCAS – 
δ34SPy) values between sulfate in seawater and pyrite preserved in 
sedimentary rocks has been widely utilized to reconstruct ancient 
marine sulfate levels (e.g., Loyd et al., 2012; Gomes and Hurtgen, 
2015). It has been estimated that a ca. 20–70� fractionation be-
tween sulfate and sulfide can be achieved in an aqueous system 
with a sulfate content of >0.2 mM (Canfield, 2001; Habicht et al., 
2002; Sim et al., 2011), and that �34S would be larger if the 
recycling of sulfur species, e.g., re-oxidation and disproportiona-
tion, in the water column were considered (Fike et al., 2015). This 
fractionation, however, is suppressed at a low sulfate content, ap-
proaching 0� at sulfate levels below 0.2 mM (Bradley et al., 2016; 
Habicht et al., 2002), because that the size of the sulfate reservoir 



Z.-R.R. Liu, M.-F. Zhou, W.T. Chen et al. Earth and Planetary Science Letters 566 (2021) 116947

Fig. 5. Plots of TS vs. TOC (A); FePy/FeHR vs. FeHR/FeT (B); Hg vs. TOC (C); Hg vs. TS (D); Mn/Sr vs. δ13C (E) and, δ13C vs. δ18O (F) in CS2-M strata of the Dongjin section, 
South China.
is sufficiently small that Rayleigh fractionation affects the S isotope 
equilibrium.

In Interval I, separates of disseminated pyrite grains from 
the calcareous shales have δ34Spy values from +5.0� to +21.0�
(+14.8� on average), consistent with in-situ analyses of individ-
ual disseminated pyrite grains, which yielded an average δ34SPy

value of +15.9� (Table S1). The proportion of CAS extracted from 
these calcareous shales is low and has δ34SCAS values varying from 
+11.9� to +24.6�. Values of δ34SCAS can be modified by the ox-
idation of pyrite during sample preparation. In the present study, 
this contamination was minimized by avoiding the usage of oxi-
dants, and rapidly dissolving the carbonate slurry without drying 
during the extraction (Wotte et al., 2012a). To further minimize 
this effect on the δ34SCAS values, only samples with >3.5 wt% TIC 
and <1 wt% TS were considered further (Li et al., 2017), and these 
returned a very low standard deviation (<1.4�) for duplicate anal-
yses (Table S3) (see Supplementary Note 2 for a more detailed 
discussion of the reliability of the δ34SCAS data). The �34S val-
ues in our samples from Interval I are in the range from –4.2�
7

to +8.4�, which is low and indicative of a sulfate-depleted end-
CS2 ocean (Fig. 4). Low �34S values are also preserved in marine 
sediments deposited in end-CS2 marginal basins elsewhere, for ex-
ample, from –22.9� to –0.2� in the Carro Rajon section, Mexico 
(Loyd et al., 2012) and from –0.7� to +15.2� in the Cre´menes 
section, Spain (Wotte et al., 2012b). The results of these studies 
support our interpretation that the SO2−

4 concentration was very 
low in the end-CS2 ocean (i.e., <2.0 mM; Loyd et al., 2012)).

5.1.2. A less anoxic depositional environment with increased seawater 
SO2−

4 in Interval II
Calcareous shales from Interval II have FeT contents varying 

from 0.6 wt% to 2.8 wt%. There is an obvious upwards decrease 
in FeHR/FeT ratios from 0.73 to 0.25 without obvious stratigraphic 
variation in the FePy/FeHR ratios of the calcareous shales from In-
terval II (Fig. 4). The Fe speciation and TS data, therefore, suggest a 
decline of FeHR availability and a less anoxic depositional environ-
ment towards the late-Interval II in the Dongjin section.
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Fig. 6. A stratigraphic column showing the δ13C and δ34SPy values in the CS2-M sedimentary successions of the Dongjin Section, South China (SC) (this study), Jianshan and 
Wuliu-Zengjiayan sections, SC (Guo et al., 2014), Genestosa and Cre´menes sections, Spain (Sp) (Wotte et al., 2012b) and Carro Rajon section, Mexico (Mx) (Loyd et al., 2012).
The disseminated pyrites in calcareous shales from Interval II 
have δ34SPy values that decrease upwards stratigraphically from 
+16.1� to –2� (Fig. 4). This negative excursion of δ34SPy values 
at the end-CS2 has been widely observed in the Wuliu-Zengjiayan 
and Jianshan sections, South China, in the Carro Rajon section, 
Mexico (Loyd et al., 2012), and the Genestosa and Cre´menes sec-
tions, Spain (Wotte et al., 2012b) (Fig. 6). In concert with the strati-
graphically upward decreasing trend of δ34SPy values, �34S values 
from Interval III of the Dongjin section increase upwards from +3 
to +10� (Table S3), indicating an increase in seawater sulfate con-
tent (Loyd et al., 2012; Gomes and Hurtgen, 2015). As mentioned 
above, the elevated sulfate content in an aqueous system would 
potentially increase the sulfur isotopic fractionation between pyrite 
and dissolved sulfate, leading to a decrease in δ34SPy (Gomes and 
Hurtgen, 2015). The covariation of δ34SPy and �34S values in cal-
careous shales from the Dongjin section, therefore, indicated that 
this globally detectable negative excursion of δ34SPy values was 
most likely due to an increase in seawater sulfate content at the 
end-CS2.

5.1.3. The sudden development of euxinic conditions during Interval III
Pyrite framboids can persist for a long time, and their size 

distributions have been widely used in determining whether the 
pyrites were deposited under euxinic or non-euxinic conditions 
(Wignall and Newton, 1998). It has been observed that fram-
boids crystallized directly from H2S-rich seawater (euxinic condi-
tions) generally have a narrow size range with an average diameter 
<5 μm (Wignall and Newton, 1998). This is due to the rapid crys-
tallization of pyrite above the sediment-water interface and limited 
access to H2S and/or Fe2+ after burial (Wignall and Newton, 1998). 
In H2S-poor seawater (oxic-anoxic), conditions favorable for the 
crystallization of pyrite framboids are restricted to those of pore 
water in sediments. Because of a variation in the time-integrated 
availability of Fe and S, pyrite framboids formed in pore water 
tend to be larger and more variable in size (Wignall and Newton, 
1998; Wilkin and Barnes, 1996). In calcareous shales from Interval 
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I and Interval II, the pyrite framboids display a large size-range, i.e., 
from 1 μm to 25.5 μm in diameter, indicating that these grains did 
not precipitate in euxinic seawater. The disseminated pyrite fram-
boids in calcareous shales from Interval III have diameters from 
0.5 to 7.1 μm and a mean-diameter of ca. 3.2 μm, i.e., they are 
similar in size to pyrite framboids forming from euxinic seawaters 
in the modern Black Sea (Wignall and Newton, 1998). The small 
grain-size and narrow size-range of pyrite framboids in shales from 
Interval III, therefore reflected a rapid change in the depositional 
environment from an anoxic to an euxinic state.

Calcareous shales from Interval III contain abundant large-size 
pyrites with TS content exceeding 3.0 wt% (Fig. 4). Large pyrite 
grains are generally thought to precipitate and crystallize slowly 
from pore waters with or without frequent S-exchange with the 
bottom water (e.g., Cui et al., 2018). In pore waters for which there 
is limited S exchange with seawater, continual removal of isotopi-
cally light 32S generated by BSR would lead to an increase in δ34S 
values during the downwards diffusion of sulfate, through Rayleigh 
fractionation distillation (Ries et al., 2009). Pyrite precipitated un-
der such conditions usually has much higher δ34SPy values than 
disseminated pyrite (Jørgensen and Kasten, 2006). This is exempli-
fied by the super-heavy (isotopically) nodular pyrite from Intervals 
I and II, which has δ34SPy values of +37.6� to +68.1� (see further 
discussion in Supplementary Note 3). In contrast to the nodular 
pyrites in Intervals I and II, the large-grained pyrites in Interval III 
have much lower δ34SPy values of +13.8� to +31.0�, and the val-
ues are only slightly higher than those of the disseminated pyrites 
(–2.0� to +21.0�) (Table S3). We therefore infer that these large 
pyrite grains may have precipitated and grown from sulfidic pore 
water that was well-connected to the bottom seawater. The abun-
dant large pyrite grains and the high TS content in calcareous 
shales from the Interval III are also suggestive of an euxinic de-
positional environment during Interval III.

In addition, the calcareous shales from the upper part of the 
Dongjin section also have a high FePy/FeHR ratio of 0.78–0.85 and 
a high FeHR/FeT ratio of 0.82–0.93 (Figs. 4 and 5), features that are 
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typical of sediments forming under euxinic conditions. To sum up, 
the high pyrite content, the small grain-size of pyrite framboids, 
and the high FePy/FeHR and FeHR/FeT ratios of the calcareous shales 
from this interval are indicative of the sudden onset of euxinic 
conditions above the Dongjin section across the CS2-M transition.

5.2. Anomalous Hg due to volcanic eruptions and a marine 
transgression

The Hg content and Hg isotopic composition of calcareous 
shales from the Dongjin section both vary stratigraphically (Fig. 4). 
These variations provide additional information about the chang-
ing conditions in the CS2-M ocean that complement the C and S 
isotope data.

5.2.1. Volcanic eruptions revealed by Hg spikes and Hg-MIF signals
Mercury entering the ocean is readily scavenged by organic 

matter and transported to marine sediments (Shen et al., 2020). 
Anomalously high Hg concentrations and Hg/TOC ratios in marine 
sediments therefore provide a promising tool for identifying peri-
ods of enhanced volcanic activities (Grasby et al., 2019). Mercury 
concentrations in calcareous shales from Interval I in the Dongjin 
section are higher (70 ppb on average) than those from the other 
intervals in this section (34 ppb in Interval II and 27 ppb in In-
terval III on average). At least two distinct Hg peaks are evident 
for the upper part of Interval I, with the highest Hg concentration 
reaching 136.9 ppb (Fig. 4). The Hg concentrations do not corre-
late with the TOC contents, and the peak Hg values are associated 
with high Hg/TOC ratios (as high as 207 ppb/wt%) (Fig. 5c). There-
fore, organic matter drawdown was not a driver of these Hg peaks, 
and the enrichments of Hg were likely a result of external Hg-
loading due to extensive volcanic activity (Grasby et al., 2019). It 
has been reported that Hg accumulation by pyrite may also lead 
to anomalously high Hg concentration in sediments, e.g., in sedi-
ments deposited at the Ordovician/Silurian boundary (Shen et al., 
2019). The Hg content, however, does not correlate with the TS 
content, and the peak Hg values are associated with high Hg/TS 
ratios (as high as 325 ppb/wt%) (Fig. 5d and Table S3), indicating 
that these enrichments of Hg were not from incorporation of Hg 
by sulfides (Shen et al., 2020).

Evidence of extensive volcanic activities in the upper part of 
Interval I is also provided by the Hg-MIF signatures. Volcanic emis-
sions are the primary source of Hg for the environment. The vol-
canic Hg has been shown minor Hg-MIF with a small range of 
�199Hg (–0.05� to +0.06�), which may be attributed to mag-
matic degassing of Hg (0) (Moynier et al., 2020). Photochemical 
processes alter the MIF signals during global transportation of Hg, 
resulting in the negative �199Hg of the atmospheric Hg (0) pool 
and the positive �199Hg of the residual atmospheric Hg (II) pool 
(Blum et al., 2014). Oceans receive Hg mainly through atmospheric 
Hg (II) deposition, whereas soil and vegetation mainly receive Hg 
from atmospheric Hg (0) deposition. For this reason, seawater and 
marine sediments are characterized by positive �199Hg, and the 
terrestrial inputs by negative �199Hg (Meng et al., 2019; Yin et al., 
2015). Prior to the evolution of plants, the terrestrial Hg reser-
voir was probably smaller and characterized by a slightly negative 
�199Hg value (Fan et al., 2020), although the actual �199Hg value 
of this reservoir is not well constrained. Previous studies have 
shown that sediments near estuaries with a high portion of conti-
nental Hg have much lower �199Hg values (–0.15� to +0.16�) 
than those in the deep ocean (+0.21� to +0.45�) (Yin et al., 
2015). In our samples, the �199Hg/�201Hg ratio is close to unity 
(see Supplementary Figure S2) and is consistent with that observed 
during aqueous Hg (II) photoreduction. The negative �199Hg val-
ues of calcareous shales from Interval I indicate that the Dongjin 
section had a terrestrial-dominant Hg source, which is consistent 
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with a paleo-geographical reconstruction showing that the Dongjin 
section was located in a continental margin basin (Fig. 1). A grad-
ual increase of �199Hg values from –0.16� at the base of Interval 
I to 0� at the top of this interval suggests an increase of volcanic 
Hg input, given that volcanic Hg generally has a near-zero �199Hg 
value (Moynier et al., 2020; Zambardi et al., 2009). A decrease 
in terrestrial Hg-input might also explain the upwards increase of 
�199Hg values in shales from Interval I, but it cannot explain the 
Hg and Hg/TOC spikes in the upper part of this interval (Fig. 4).

Spikes in the concentration of Hg before the CS2-M transition 
have been reported from the Emigrant Pass, Oak Springs Summit, 
and Ruin Wash sections, in the western Great Basin (USA) (Fagget-
ter et al., 2019). These Hg anomalies in the USA and South China 
(this study) developed synchronously with the ca. 510 Ma flood 
basalt volcanism of the Kalkarindji province in Australia (Faggetter 
et al., 2019; Hough et al., 2006; Jourdan et al., 2014), indicating 
that there were large inputs of volcanic Hg into the regions of Lau-
rentia and the South China Craton.

5.2.2. Enhanced SO2−
4 flux into the end-CS2 ocean in the aftermath of a 

LIP
Throughout Earth’s history, volcanic eruptions of LIPs have led 

to an increase in atmospheric CO2 and erosion of the conti-
nents, resulting in higher terrestrial input into the ocean that may 
have affected the ocean redox state and biogeochemical circula-
tion (Grasby et al., 2017; Them et al., 2019). In calcareous shales 
from Interval II, there is a gradual decrease of �199Hg values from 
+0.02� at the base to –0.11� at the top. Volcanic emissions, 
as noted above, are characterized by a �199Hg value of ca. 0�, 
whereas terrestrial Hg is marked by negative �199Hg values. The 
negative shift of �199Hg values, therefore, indicates that terrestrial 
Hg flux into the ocean outperformed the volcanic Hg input from 
the atmosphere. A sharp decrease in sea-level with a larger area 
of the continental crust exposed and eroded might cause an en-
hanced terrestrial Hg input into the ocean. There are, however, no 
obvious lithological differences between Intervals I and II in the 
Dongjin section and its equivalent strata in the Wuliu-Zengjiayan 
section and the Jianshan section, South China (Guo et al., 2014), 
which argue against a major ocean regression before the ROECE 
event.

As mentioned earlier, the decreased δ34SPy values reflect an in-
creased seawater SO2−

4 content during Interval II, but the driving 
force for this variation is unclear. Enhanced terrestrial SO2−

4 input 
from continental weathering and eruptions in the aftermath of the 
510 Ma Kalkarindji LIP would be a possible cause for the increased 
SO2−

4 content of the end-CS2 oceans. Moreover, the small increase 
in δ13C from –0.9� to –0.6� and a corresponding decrease of 
�199Hg values recorded in calcareous shales from Interval II are 
consistent with an increase of ocean productivity and net organic 
burial during an enhanced terrestrial nutrient input.

5.2.3. Upwelling of deep H2S-rich seawater at the CS2-M transition
The abrupt increase in pyrite abundances across the boundary 

between Interval II and Interval III was accompanied by a negative 
excursion of δ13C and δ202Hg values and a slightly positive shift in 
�199Hg values (Fig. 4). Empirical research suggests that carbonates 
with Mn/Sr< 10 generally retain a primary marine C isotopic sig-
nature (Kaufman et al., 1993). In samples from Interval III, Mn/Sr 
ratios are < 1.5, and there is no obvious correlation among δ13C, 
δ18O, and Mn/Sr values (Figs. 5e, f), indicating that the tempo-
ral variation of δ13C might have been preserved and the negative 
δ13C values in the calcareous shales were not a result of diagene-
sis (Li et al., 2013). Moreover, negative excursions of δ13C also have 
been recorded in the CS2-M shales in the Wuliu-Zengjiayan, and 
Jianshan sections, Guizhou province, South China, where they are 
interpreted to reflect marine transgression and upwelling of 13C 
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depleted seawater (Guo et al., 2010, 2014). The sharp sedimento-
logical and geochemical contact between Interval II and Interval III 
indicates that H2S enrichment occurred rapidly. Thus, it is possible 
that the H2S enrichment in Interval III also was caused by the up-
welling of deep euxinic water during the transgression. The marine 
transgression would have caused the coastline to move towards 
the continent, resulting in less Hg input from terrestrial reservoirs, 
which is consistent with a small positive shift of the �199Hg val-
ues in calcareous shales from Interval III.

Mass-dependent fractionation of Hg isotopes is ubiquitous and 
has been used as a source tracer in many studies, particularly in 
cases of regular stratigraphic changes (Grasby et al., 2017). Sam-
ples from Intervals I and II have a constant δ202Hg value of –0.76 
± 0.16�, which is similar to that of volcanic ash and silicate 
rocks, which have a mean δ202Hg value of −0.68 ± 0.45� (Blum 
et al., 2014). In Interval III, the δ202Hg values decrease abruptly 
to –1.68�. It has been proposed that the formation of the Hg-S 
bond would lead to a negative shift of –0.6� in the δ202Hg value 
(Foucher et al., 2013). The decrease of δ202Hg in calcareous shales 
from Interval III thus could be attributed to the increased abun-
dance of pyrite. However, the δ202Hg value increases upwards to 
ca. -1�, and is decoupled from the consistently high TS but, in-
stead, is coupled with δ13C values in calcareous shales from Inter-
val III (Fig. 4). This indicates that the negative excursion of δ202Hg 
might have been caused by a marine transgression rather than the 
precipitation of pyrite. Microbial methylation, forming monomethyl 
mercury (MMHg) with low δ202Hg values is one of the major pro-
cesses leading to MDF of Hg in aqueous systems (Blum et al., 
2014). Indeed, Yin et al. (2015) showed that marine sediments (in 
the deep ocean) have lower δ202Hg values than coastal sediments, 
which implies that upwelling deep waters can carry a substantial 
amount of Hg from deep ocean to coastal regions.

Large pyrite grains from calcareous shale of Interval III have 
large positive δ34S values, i.e., from +13.8� to +31� (Table S1; 
Fig. 3d), which may reflect inheritance from deeper euxinic seawa-
ter. In modern ocean basins that receive sufficient SO2−

4 input for 
pyrite formation, e.g., the modern Black Sea, the euxinic bottom 
waters generally have consistently high sulfate contents, negative 
δ34SH2S values, and stable �34S values between δ34S of sulfate 
from surface water and δ34S of pyrite in sediments (Gomes and 
Hurtgen, 2015). By contrast, �34S values in low-sulfate euxinic 
systems are positively correlated with sulfate concentration, lead-
ing to high δ34SH2S values in bottom euxinic water (Gomes and 
Hurtgen, 2015). The high δ34SPy values of large-grained pyrites 
in Interval III may, therefore, reflect intense sulfate reduction in 
basins with initially low sulfate concentrations, which would have 
allowed a nearly quantitative reduction of sulfate and promoted 
high δ34SH2S values in the euxinic bottom water (Gomes and 
Hurtgen, 2015; Magnall et al., 2016). This is consistent with our 
interpretation, presented above, that terrestrial SO2−

4 input fertil-
ized the SO2−

4 -depleted Nanhua Basin of Interval II. The reduction 
of sulfate contributed to seawater H2S accumulation in the deep 
ocean.

5.3. An integrated model and implications for the trilobite crisis

Chemo-stratigraphic variations in organic-rich calcareous shales 
from the Dongjin section are comparable to those in the Wuliu-
Zengjiayan and Jianshan sections (Guo et al., 2010, 2014). Pyrite in 
CS2-M sediments from these sections has high δ34SPy values but 
displays a negative shift in δ34SPy values before the negative δ13C 
excursion (Fig. 6) (Guo et al., 2010, 2014). In the Wuliu-Zengjiayan 
section, the negative δ13C excursion at the base of Interval III co-
incided with the extinction of trilobites (Fig. 6) and defines the 
CS2-M boundary. These geochemical similarities of the three sec-
tions, taken in conjunction with our Hg isotopic data, allow us to 
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propose a genetic model for the S-C-Hg biogeochemical cycles in 
the CS2-M Nanhua Basin.

The early Cambrian Nanhua Basin was characterized by high 
productivity and widespread deposition of organic-rich shales. 
With continuous crystallization and burial of pyrite and a limited 
terrestrial supply of sediment, the seawater in the Nanhua basin 
was depleted in SO2−

4 and had high δ34SPy values at the end of 
CS2. Without sufficient SO2−

4 for oxidation of the organic matter 
(DOC and methane), the seawater in the Dongjin section became 
anoxic (Fig. 7a). The source of Hg in the calcareous shales de-
posited in the Dongjin section was mainly from continental erosion 
as shown by �199Hg < 0�. Eruptions of flood basalts in the Kalka-
rindji LIP at ca. 510 Ma interfered with the Hg cycle of the Earth’s 
surface system and caused an increase of �199Hg to a near-zero 
value (Fig. 7a). The volcanic eruptions increased the erosion rate of 
the continental crust, resulting in higher terrestrial Hg and SO2−

4
input into the ocean. Consequently, the �199Hg and δ34SPy values 
decreased in Interval II (Fig. 7b). This higher terrestrial SO2−

4 input 
led to a H2S rich reservoir in the deeper ocean. Owing to the ini-
tially low sulfate content of the CS2 Nanhua Basin, H2S in the deep 
euxinic water had high δ34SPy values (Fig. 7b). This euxinic water 
upwelled into the shallow ocean during the earliest Miaolingian, 
leading to abundant deposition of pyrite in carbonate muds of In-
terval III and mass extinction of trilobites on the shelf (as in the 
Wuliu-Zengjianyan section) (Fig. 7c).

Geochemical changes in the Nanhua Basin were echoed glob-
ally as discussed above, in which high δ34S values of sulfate-
bearing minerals and pyrite from CS2-M sediments in Spain (Wotte 
et al., 2012b), Siberia (Kampschulte and Strauss, 2004) and Aus-
tralia (Hough et al., 2006) have been used to propose the depletion 
of sulfate in the CS2-M ocean. Moreover, the ca. 510 Ma erup-
tions of the Kalkarindji LIP have been shown to be recorded by the 
CS2-M strata in the USA (Faggetter et al., 2019). The subsequent 
negative excursion of δ34SPy values, likewise, has been widely doc-
umented (Fig. 6) and is coincident with a positive shift of seawater 
87Sr/86Sr ratios around the CS2-M transition (Zhang et al., 2020), 
which also supports an increased terrestrial input after the Kalka-
rindji LIP. Finally, the δ13C negative excursion at ca. 506 Ma (Fig. 6) 
was globally detectable (the ROECE event), and is considered to 
have been caused by a marine transgression (Guo et al., 2014; 
Karlstrom et al., 2020; Lin et al., 2019; Sundberg et al., 2020). 
Therefore, our analysis of ocean redox conditions and sulfate con-
tent suggests that changes in seawater chemistry may have been 
linked to a global bio-evolutionary change after the ca. 510 Ma 
Kalkarindji LIP. Additionally, our interpretation that upwelling of 
anoxic/euxinic deep seawater was the direct cause for the extinc-
tion of Redlichiid and Olebellid could explain the ca. 4 Mys time 
interval from the Kalkarindji LIP to the trilobite crisis.

6. Conclusions

The CS2-M ocean was characterized by low sulfate content, re-
sulting in high δ34SPy values in the sediments. Spikes in Hg content 
and Hg isotopic anomalies in calcareous shales from Interval I of 
the Dongjin section were due to volcanic Hg loading from the flood 
basalt eruptions of the ca. 510 Ma Kalkarindji LIP. These exten-
sive volcanic eruptions changed the Earth’s surface environment 
and led to higher rates of continental erosion and hence larger in-
puts of terrestrial material into the end-CS2 ocean. With greater 
Hg and SO2−

4 input, the �199Hg values of Interval II decreased, as 
did the δ34SPy values of the disseminated pyrite. Hydrogen sulfides 
with high δ34S values were accumulated in the deep water and 
upwelled into the shallow ocean during a marine transgression at 
the CS2-M boundary. This upwelling of deep euxinic water trig-
gered the accumulation of pyrite and a negative excursion of δ13C 
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Fig. 7. A proposed model showing the evolution of the CS2-M ocean in the Nanhua Basin, South China, and the locations of the Wuliu-Zengjiayan and Dongjin sections during 
this evolution. The unit for the Hg and S isotopic data in the figure is ‘�’.
values in calcareous shales from Interval III and was likely respon-
sible for the extinction of Redlichiid and Olebellid.
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