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ABSTRACT

The Ordovician-Silurian transition (OST) hosted profound and frequent changes in the atmospheric-terres
trial-oceanic-climatic system (ATOCS). Previous studies have found contrasting stages for such changes,
primarily based on hiatus-interrupted sections. However, the dominant driving factors and mechanisms
reconciling such frequent changes remain controversial. Mercury isotopes, which undergo both mass-
dependent and mass-independent fractionation, can provide critical insights into the deep-time
ATOCSs, especially for those impacted by large igneous provinces (LIPs) events. Here, we build a high-
resolution multi-proxy record of Hg (concentrations and isotopic compositions) combined with organic
carbon isotopes (6'3Corg) and whole-rock geochemical data (including trace elements and phosphorus)
from continuous cores in the Yangtze Platform, South China. Our data, combined with reported ones,
indicate the occurrence of LIP eruptions against localized volcanism, and four successive, yet contrasting
stages of ATOCSs during the OST. Moreover, we identified the coupling between two-pulse LIP magma-
tism and extreme ATOCSs, each with special pCO,, weathering rate, primary productivity, redox condi-
tion, climatic mode, and biotic evolution. For stage I, the first pulse of LIP magmatism triggered global
warming, enhanced terrestrial weathering, oceanic acidification, eutrophication, anoxia, P recycling,
and thereby widespread deposition of black shales. During stage II, the Hirnantian glaciation and oxy-
genation arose from the intense chemical weathering and black shale deposition of stage I; slashed ter-
restrial weathering and oceanic oxygenation facilitated CO, accumulation. In stage III, another pulse of
LIP magmatism triggered the de-glaciation, and the ATOCS was largely similar to that of stage I. This
led to another round of oxygenation and positive (SBCorg excursion in stage IV. Compared with the envi-
ronmental pressure by the peculiar ATOCS of each stage, their transitions might have been more devas-
tating in triggering the prolonged Late Ordovician Mass Extinction (LOME). Moreover, limited biotic
recovery was possible in the later portion of stages I and IIl. The multi-proxy study of continuous strata
of the OST provides an excellent framework for better illuminating LIPs’ essential role in driving the

“roller-coaster” behavior of the ATOCS and thus biotic crisis during the pivotal period of the OST.
© 2023 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

of atmospheric CO, levels (Lenton et al., 2018), low but rising
atmospheric O, levels (Brand et al., 2021), origination and expan-

Frequent and profound changes occurred in the atmospheric-t sion of the earliest land plants (Lenton et al., 2012), sea-level fluc-

errestrial-oceanic-climatic

(ATOCS)  during the tuations (Li et al., 2021), oceanic anoxic events (OAEs) (Melchin

Ordovician-Silurian transition (from 449.13 Ma to 439.43 Ma) et al, 2013; Stockey et al, 2020), the Hirnantian glaciation
(Gradstein et al., 2020) (Fig. 1). Such changes include fluctuations (Finnegan et al., 2011), and, most noticeably, Late Ordovician mass
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extinction (LOME) (Sheehan, 2001) (Fig. 1).
As the first of the “Big Five” mass extinctions, the LOME has
long been the focus of research on the ATOCS during the
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Fig. 1. Biological and lithological divisions of sedimentary strata during the Ordovician-Silurian transition in the Yangtze Platform, South China. Graptolite zonation and
corresponding abbreviations after Chen et al. (2015) and their starting ages after Gradstein et al. (2020), ocean chemistry and climate changes after Wang et al. (2019),

extinction models after Fan et al. (2020).

Ordovician-Silurian transition (Sheehan, 2001; Harper et al., 2014;
Fan et al., 2020). Various hypotheses of the ATOCS have been pro-
posed based on the swift, two- or single-pulse models of extinc-
tion, centering on the Hirnantian glaciation and OAEs (Wang
et al.,, 2019; Bond and Grasby, 2020; Gradstein et al., 2020). How-
ever, recent high-resolution analyses of paleontological data have
challenged such swift models of extinction (Rasmussen et al.,
2019; Fan et al., 2020). Thus, the causal mechanism in the ATOCS
for the LOME remains enigmatic.

Geochemical studies on strata of the Ordovician-Silurian transi-
tion used to be relatively rare (Melchin et al., 2013), especially on
continuously deposited outcrops or cores (Calner et al., 2021; Li
et al., 2021). China’s shale gas exploitation has inspired intense
investigations on the continuous strata of the Ordovician-Silurian
transition in the Yangtze Platform, South China (Ma et al., 2018)
(Figs. 1 and 2). Previous studies have proposed that localized fac-
tors prevailed in the deposition of the black organic-rich graptolitic
shales (“black shales” for short), including semi-enclosed paleo-
geography (Chen et al, 2004) and localized volcanism (Zhao
et al., 2020; Du et al,, 2021). However, these black shales belong
to the first in time and second in scale of the six Phanerozoic
global-scale petroleum source rock black shales (Klemme and
Ulmishek, 1991; Arthur and Sageman, 1994), indicating ubiquitous
OAEs along the northern margin of Gondwana at that time
(Melchin et al., 2013). The Ordovician-Silurian OAEs are remark-

ably more protracted than the Mesozoic OAEs (Bartlett et al.,
2018; Stockey et al., 2020; Dahl et al., 2021). Moreover, the positive
feedback between the OAEs and the recycling of phosphorus (P)
(Schobben et al., 2020) during the Ordovician-Silurian transition
has been barely touched.

Global changes in the ATOCS can be recorded by isotopic carbon
excursions (ICEs), which indicate major perturbations in the global
carbon cycle (Jenkyns, 2010; Black and Gibson, 2019). Remarkably
positive ICEs have been documented accompanying the roller-
coaster ATOCS (Bergstrom and Goldman, 2019). Over geological
time, volcanism-related carbon is the principal input for CO, in
the atmospheric-terrestrial-oceanic system (McKenzie and Jiang,
2019), and large igneous provinces (LIPs) can release voluminous
CO, in geologically short duration (often < 2 Myr) or multiple dis-
crete shorter pulses through a longer period (Kasbohm et al., 2021).
Flood basalts and (ultra)mafic intrusions are among the most
remarkable records of LIPs, upon which intensified chemical
weathering and enhanced oceanic productivity effectively enhance
CO, sequestration as negative feedback on the sharp CO, inputs
(Kasbohm et al., 2021; Torsvik et al.,, 2021). Therefore, LIPs have
long been linked with geologically rapid ATOCS changes
(Kasbohm, 2022). However, such volcanic inputs cannot be
detected or identified solely by the carbon isotope records (Black
and Gibson, 2019; Schobben et al., 2019). Moreover, the poor
radiogenic isotope geochronology of the late Katian-Hirnantian
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Fig. 2. Paleogeography of the globe (a, after Scotese et al. (2021)) and South China (b, after Chen et al. (2004)) during the Hirnantian stage, Ordovician. Abbreviations: CZ,
Chuanzhong Uplift; Kp, Kangdian Palaeo-high; LMSR, Longmenshan Rift; QZ, Qianzhong Uplift; HHSH, Hunan-Hubei Subwater High. “TUZU” and “JASON” are two large low

shear-wave velocity provinces in the deepest mantle (Torsvik et al., 2021).

sequences poses great difficulties in matching LIPs with the pro-
found ATOCS and biological changes (Torsvik et al., 2021) and fur-
ther challenges the LIPs as the trigger for such changes.

Therefore, albeit the close temporal coincidence and possible
interconnections among the changes in the ATOCS, the dominant
driving factors and mechanisms reconciling such changes are still
controversial. Sedimentary mercury enrichment and isotopic char-
acteristics are “smoking guns” for LIPs, and allow for direct corre-
lation with concomitant geological records (Grasby et al., 2019;
Yager et al., 2021; Nauter-Alves, 2022), thereby providing a unique
opportunity for exploring the ATOCS during the Ordovician-
Silurian transition.

Recent studies have observed high Hg anomalies near the
Ordovician-Silurian boundary, and proposed the immediate envi-
ronmental deterioration by LIP eruption as the primary trigger
for the swift, two- or single-pulse models of LOME (Gong et al.,
2017; Smolarek-Lach et al., 2019; Hu et al., 2021) (Fig. 2). The con-
tributions of Hg enrichment by pyrites were also explored (Shen
et al, 2019; Shen et al., 2022a). However, to illuminate the

cause-and-effect relationships between LIPs and successive stages
of the ATOCSs and their transitions in the Ordovician-Silurian tran-
sition, as well as the interactions among the ATOCS, an integration
of data of multiple proxies that are well-constrained by graptolite
biostratigraphy remains lacking.

Successive strata spanning the Ordovician-Silurian transition
are well-developed and preserved in the Yangtze Platform, South
China, and serve as commercial shale gas reservoirs (Ma et al.,
2018). Generalized graptolite zonation of these strata enables a
remarkably higher-resolution division than U-Pb geochronology
can do (Chen et al., 2015; Gradstein et al., 2020) (Fig. 1). Thanks
to the plausibility of the global correlation of both the graptolite
zonation (Chen et al., 2015; Gradstein et al., 2020) and the strata
themselves (Arthur and Sageman, 1994; Chen et al., 2015), a
unique opportunity exists for exploring the changes in the ATOCS
and their driving mechanisms from a global perspective.

Here, we present the first high-resolution multi-proxy record of
Hg (concentrations and isotopic compositions), organic carbon iso-
topes (513C0rg), and whole-rock geochemical data (including trace
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elements and P) from a continuous shale gas well core (Y#) that is
calibrated by graptolite biostratigraphy from the Yangtze Platform
(Fig. 2). We integrate our data with previously published ones to
investigate the possible coupling relationships between the pulses
of LIP magmatism and the fluctuations in oceanic redox, productiv-
ity, P recycling, and C cycling. Besides the temporal correlation of
pulsed LIP magmatism and the ATOCS, we further analyze the feed-
back loops among them to test the causal connections. Our study
explores the driving role of LIP magmatism on the roller-coaster
ATOCS during the Ordovician-Silurian transition from a global view
and attempts to raise attention to similar variations in other geo-
logical periods.

2. Geological background

During the Ordovician-Silurian transition, Gondwana occupied
the southern hemisphere and the Panthalassa Ocean covered most
of the northern hemisphere. South China, along with Laurentia,
Baltica, Avalonia, and Siberia, was located to the north of Gond-
wana and transected by the equator (Scotese, 2021) (Fig. 2a). The
Yangtze Platform of South China was half-surrounded by several
paleo-uplifts, with an opening to the South Qinling Ocean in the
north (Chen et al., 2004) (Fig. 2b). In many parts of the Yangtze
Platform, continuous strata were deposited spanning the
Ordovician-Silurian transition (Chen et al., 2015).

Four successive, but lithologically distinct, stages at the
Ordovician-Silurian transition have been identified in the Yangtze
Platform (Figs. 1 and 3): (1) black shales of the Ordovician Wufeng
Formation, coinciding with graptolite zones of Dicellograptus com-
plexus (WF2), Paraothograptus pacificus (WF3) and the lowermost
Metabogograptus extraordinarius (WF4); (2) argillaceous limestones
and calcareous mudstones of the Ordovician Kuanyinchiao Bed,
characteristic of Hirnatia fauna and corresponding to graptolite
zones of middle and upper WF4 and lower Metabolograptus per-
sculptus (LM1); (3) black shales of the Lungmachi Formation, corre-
lating with graptolite zones of upper LM1 and upwards to
Cystograptus vesiculosus (LM4); and (4) silty shales of the Silurian
Lungmachi Formation, corresponding to graptolite zones of
Coronograptus cyphus (LM5) and upwards (Chen et al., 2015).

Such a four-stage division is common in many contemporane-
ous sections and cores from the Yangtze platform (Chen et al.,

Geoscience Frontiers 14 (2023) 101537

2015; Ma et al., 2018), including Well Y# (Fig. 3) in this study. This
division is also applicable in many other parts of the world
(Melchin et al., 2013; Storch et al., 2018). These black shales belong
to the first in time and second in spatial distribution of the six sets
of Phanerozoic petroleum source rocks at the global scale (Arthur
and Sageman, 1994), and are indicators of OAEs that are more pro-
longed than the Mesozoic OAEs (Jenkyns, 2010; Melchin et al.,
2013; Dahl et al., 2021). The interbedded Kuanyinchiao bed corre-
lates with the glacial deposits on the Gondwanan continent, indi-
cating the Hirnantian glaciation (Melchin et al., 2013).

Well Y# is a new shale gas well from China’s main shale gas
productivity zones in the Yangtze Platform, with continuously
drilled cores spanning the Ordovician-Silurian transition. Its depo-
sitional environment was the inner shelf near the depositional cen-
ter of the Yangtze Platform (Chen et al., 2004) (Fig. 2b).

3. Samples and methods

Twenty-two samples were collected from Well Y# (Fig. 3). The
samples were cleaned with 18.2 MQ-cm water, air-dried, pow-
dered using an agate mortar and pestle, passed through a 200 mesh
sieve, and homogenized for chemical analyses.

Measurements of the TOC concentration (wt.%) followed the
Walkley-Black procedure (Gelman et al., 2012) at the Institute of
Geochemistry, Chinese Academy of Sciences, which yielded a rela-
tive standard deviation of < 5% for duplicate samples. Organic car-
bon isotopes (513C0,g) were analyzed at the Ministry Key
Laboratory of Metallogeny and Mineral Assessment, China, using
a MAT 253 isotope-ratio mass spectrometer. The results were cal-
ibrated by USGS40 (5'3C = —26.39%.) and UREA (5'3C = —37.32%o)
and presented in per-mil (%) relative to the V-PDB standard (Qi
et al., 2003; Schimmelmann et al., 2016). The analytical precision
of 5'3C,rg was better than + 0.1%o.

Major- and trace-element concentrations were acquired at the
National Engineering Research Center for Comprehensive Utiliza-
tion of Non-metallic Mineral Resources, China, using X-ray fluores-
cence and inductively coupled plasma-mass spectrometry, with
analytical uncertainty of < 5% and < +10%, respectively. Redox-
sensitive and organic matter-related trace element concentrations
were normalized and translated as enrichment factors (EF) (EF-Mo
and EF-Cu) to better illuminate the paleo-redox conditions and
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paleo-productivity (Tribovillard et al., 2006; Algeo and Rowe,
2012; Algeo and Liu, 2020; Tribovillard, 2021). EF is calculated
using the following equation:

EF-X= (X/Al)sample/(X/Al)pMS .

where X is either Cu or Mo; (X/Al)sample and (X/Al)paas are Al-
normalized X concentrations in the sample and the post-Archean
Australian shale, respectively (Taylor and McLennan, 1985).

Mercury concentrations were determined by a DMA-80 direct
Hg analyzer at the Institute of Geochemistry, Chinese Academy of
Sciences. Measurement of standard reference material (GSS-4, soil)
yielded Hg recoveries of 90% - 110%, and the relative standard
deviations of sample duplicates were all within 10%. Mercury iso-
topes were analyzed by Neptune Plus multi-collector inductively
coupled plasma mass spectrometry at the same institute (Yin
et al., 2016). Mass-dependent fractionation of Hg isotopes (Hg-
MDF) is expressed in 6°°?Hg notation in units of per-mil (%) refer-
enced to the NIST-3133 Hg standard (analyzed before and after
each sample):

5202Hg(%0) = [(ZOZHgllgngsample)/(zozHg/lgngstandard) - ]] x 1000
@)

Mass-independent fractionation of Hg isotopes (Hg-MIF) is
reported in A notation (A*¥*Hg), which describes the difference
between the measured §*Hg. It is calculated using the following
formula:

A™Hg ~5**Hg — §*2?Hg x f (3)

where § is equal to 0.2520, 0.5024, and 0.7520 for '%*Hg, 2°°Hg, and
201Hg respectively (Blum and Bergquist, 2007). Analytical uncer-
tainty was estimated based on the replicates of the NIST 3177 sec-
ondary standard solution and full procedural analyses of GSS-4. The
overall average and uncertainty of NIST-3177 (5%°?Hg: —0.52%0 *
0.08%0; A'°Hg: 0 + 0.05%0; A%°'Hg: 0 + 0.06%; 2SD, n = 11) and
GSS-4 (6%?Hg: —1.63% * 0.11%0; A'"Hg: —0.41%c * 0.05%0;
A?°'Hg: —0.43%0 + 0.06%0; 2SD, n = 5) agree well with previous
results (Blum and Bergquist, 2007; Deng et al., 2021a). Uncertain-
ties reported in this study correspond to the larger value of either
(1) the uncertainty of replicate analysis of GSS-4, or (2) the uncer-
tainty of repeated measurements of NIST-3177.

4. Results

According to the analytical results of this study (Supplementary
Data Tables S1-S3), four stages can be identified in Well Y#
throughout the Ordovician-Silurian transition, as illustrated in
Fig. 3. Samples from stage I show elevated values of EF-Cu (2.52
to 5.14), EF-Mo (1.94 to 84.73), TOC (5.88-9.31 wt.%), THg (93.5-
501.2 ppb), and Hg/TOC (10.0-72.9 ppb/wt.%). 8'3Corg possesses
consistently negative values of —31.0%0 to —29.9%.. In stage I,
5%%2Hg values (—1.21%o to 0.50%.) increase from the bottom to
the top, whereas A'®Hg values (—0.09%. to 0.07%.) exhibit an
opposite pattern. In stage I, the Py,/Al values are very small
(0.003 to 0.011).

In stage II, dramatic decreases in EF-Cu (1.69), EF-Mo (23.10),
TOC (4.78 wt.%), THg (72.2), and Hg/TOC(15.1 ppb/wt.%) are pre-
sent. While 6'3C,,; and A'Hg display large positive excursions
(—30.0%0 and 0.06%., respectively), 52°’Hg shows a negative excur-
sion (—0.92%o). In stage II, the P, /Al values yield a spike of 0.077.

Near the bottom of stage III, high values of EF-Cu (1.51 to 2.02),
EF-Mo (27.21 to 60.91), TOC (7.93-8.72 wt.%), THg (203.9-1727.3
ppb), and Hg/TOC (25.7-198.1 ppb/wt.%) can be observed, associ-
ated with decreases in §'3Co (—30.9%0) and A'"°Hg (—0.12%0)
but increases in 6?°°Hg (0.45%.). The middle and upper parts of
stage IIl display small variations in EF-Cu (0.85 to 1.43), EF-Mo
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(13.60 to 21.63), TOC (4.18-7.05 wt.%), THg (85.0-152.9 ppb),
Hg/TOC (18.1-34.3 ppb/wt.%), 63Coyg (—30.4% to —30.0%0),
5?22Hg (—1.13%0 to —0.35%.) and A'®°Hg (0.01%0 — 0.12%0). The
P¢oi/Al ratios resume small values (0.006 to 0.012).

Samples in stage IV possess similar values to the upper parts of
state III, including EF-Cu (0.84 to 1.21), EF-Mo (9.71 to 12.41),
Hg/TOC (32.9-53.5 ppb/wt.%), 6*°?Hg (—1.17%0 to —0.75%0), and
A'Hg (—0.02%0 - 0.05%). In the meantime, they yield slightly
positive 6'3Corg (—29.9%0 to —29.3%c) values, and lower THg
(55.2-140.0 ppb) and TOC (1.51-4.21 wt.%) levels. The Py,/Al
values display a small increase (0.008 to 0.015).

5. Discussion

5.1. Successive yet distinctive stages of the ATOCS during the
Ordovician-Silurian transition

5.1.1. Stage I: Anoxic and warm

Stage 1 is represented by the black shales of stage I. It spans the
graptolite zones of WF2 to the lowermost WF4, roughly from
449.13 Ma to 445.21 Ma of the middle and late Katian (Chen
et al,, 2015; Gradstein et al., 2020) (Figs. 1 and 3). The black shales
of stage I in Well Y# correlate well with many contemporaneous
sections and cores from the Yangtze Platform, China (Chen et al,,
2015; Ma et al, 2018), and many other parts of the world
(Melchin et al., 2013; Storch et al., 2018) (Fig. 4a).

Some trace elements (e.g., Cu) are mainly transferred to the sed-
iments by organic matter fluxes and can be retained within pyrites
after the partial decomposition of organic matter (Raiswell et al.,
2018; Algeo and Liu, 2020; Tribovillard, 2021). Their enrichments
in marine sediments (e.g., EF-Cu) are robust proxies of oceanic pri-
mary productivity (Algeo and Li, 2020; Algeo and Liu, 2020;
Tribovillard, 2021). Therefore, the elevated EF-Cu and TOC values
in the black shales of stage I (Fig. 3) indicate high oceanic primary
productivity. Our data of small P,,/Al values approaching the aver-
age shale reference value of 0.008 (Schobben et al., 2020) also sug-
gest a minimal burial of P against the high primary productivity
(Figs. 3 and 4b).

Some other trace elements (e.g., Mo) are redox-sensitive and
tend to enrich in deposits from anoxic water columns (Algeo and
Li, 2020; Algeo and Liu, 2020; Tribovillard, 2021). Therefore, the
elevated EF-Mo values in the black shales of stage I (Fig. 3) indicate
the anoxia of bottom waters. Moreover, global marine anoxia trac-
ers (6°Mo, 6238U) from both shales and carbonate rocks across
South China, Laurentia, and Baltica point to widespread anoxia
(Chen et al., 2021; Dahl et al., 2021; Liu et al., 2022) (Fig. 4b). Nota-
bly, the high-resolution constraint on the duration of such anoxia
(Figs. 1 and 4b) demonstrates that it is much longer than the Meso-
zoic oceanic anoxic events (Jenkyns, 2010).

Besides the aforementioned proxies, although we did not
acquire suitable samples for oxygen isotope analysis, estimates of
sea surface temperatures by oxygen isotope paleothermometry
(Finnegan et al., 2011; Mdnnik et al., 2021; Marcilly et al., 2022)
indicate a warm state. Additionally, chemical index of alteration
(CIA) data in South China (Yan et al.,, 2010) and Tarim (Zhang
et al., 2021), and lithium isotopes (6’Li) in Laurentia (Pogge von
Strandmann et al., 2017) also signify intensified terrestrial weath-
ering during stage I.

Therefore, our data, combined with previously reported ones,
demonstrate that, the ocean, especially the epicontinental portion,
was characteristic of widespread high primary productivity and
bottom water anoxia during stage 1. The climate was warm then.
Also, terrestrial chemical weathering was relatively intense. These
different aspects of the ATOCS exhibit coordination as discussed
below.
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Terrestrial weathering under a warm state can effectively trans-
fer the bio-essential trace elements and P to the ocean, facilitating
oceanic primary productivity (Hartmann et al., 2014; Horton,
2015). With much lower than the present-day atmospheric O, con-
tent (16.2% + 1.2% (Brand et al., 2021)), the marine dissolved O,
would be correspondingly lower in the Katian Age. High oceanic
primary productivity would increase organic matter shuttle to
the seafloor and thus O, demand; subsequently, this leads to O,
depletion of bottom water and the ultimate global anoxia or eux-
inia, or at least in the vast platforms or epicontinental seas
(Meyer and Kump, 2008; Piper and Calvert, 2009). Minimal burial
of P against high primary productivity might be the result of P
recycling. This is because P tends to be released from the
organic-carbon-rich sediments and shuttled upwards under anox-
ic/euxinic bottom water columns (Schobben et al, 2020;
Papadomanolaki et al., 2022). However, additional terrestrial input
of nutrients is still necessary for sustaining high primary produc-
tivity and oceanic anoxic events (OAEs) over geologically long peri-
ods. Notably, such an OAE did not reach the photic zones since the
graptolites were still abundant and evolved quickly during stage I
(Chen et al., 2015).

5.1.2. Stage II: Glacial and oxic

Stage Il is represented by the argillaceous limestones and cal-
careous mudstones of stage II, and covers the graptolite zones of
middle and upper WF4 to lowermost LM1, approximately from
44521 Ma to 443.95 Ma of the early Hirnantian (Chen et al.,
2015; Gradstein et al., 2020) (Figs. 1 and 3).

The argillaceous limestones and calcareous mudstones of stage
II of Well Y# belong to the relatively thin Kuanyinchiao Bed across
the Yangtze Platform (Zhang et al., 2016) and coincide with many
cool-water Hirnantia Fauna containing sections across different
continents in the paleo-tropics (Melchin et al., 2013; Rong et al.,
2020). Their contemporaneous strata also include the subtropical

diamictites of Baltica (Porebski et al., 2019), widespread peri-
Gondwanan glacial-related deposits of high latitudes (Delabroye
and Vecoli, 2010), and carbonates overlain by unconformities
(Brenchley et al., 2006; Ghienne et al., 2014; Calner et al., 2021).

The paleotropical cool-water Hirnantia Fauna and paleosubtrop-
ical and high-latitude glacial-related deposits indicate the climax
of early Paleozoic cooling, and a global sea surface temperature
plunge of about 5 to 7 °C during the Hirnantian glaciation
(Trotter et al., 2008; Finnegan et al., 2011; Goldberg et al., 2021).
Varying estimates of paleoatmospheric pCO, proposed a sharp
decrease in pCO, to > 8 times preindustrial atmospheric levels
(Gibbs et al., 1997; Herrmann et al., 2003), lower values of > 3
times (Pohl et al., 2016), or just a small drop in pCO, (Pohl et al.,
2021). A recent study (Brand et al., 2021) inferred a rise in pO, that
is coupled with the decline in pCO,.

The low TOC values, alongside the reduced EF-Cu values, indi-
cate low oceanic primary productivity (Fig. 3). In conjunction with
their low-TOC correlatives in the Yangtze Platform and other con-
tinents, this suggests a widespread low primary productivity in the
vast epicontinental seas during stage Il (Melchin et al., 2013). Con-
trary to the low primary productivity, our data of elevated P con-
tents (Figs. 3 and 4b), and phosphatic carbonates in Laurentia
(Pope and Steffen, 2003) demonstrate widespread enrichment of
P in sediments.

The low EF-Mo values reflect bottom water oxygenation (Fig. 3)
and are consistent with the low TOC content in the strata. More-
over, such oxygenation is compatible with the coeval 6°*Mo and
52380 excursions, indicative of widespread oxygenation spanning
Laurentia and South China (Chen et al., 2021; Dahl et al., 2021;
Liu et al., 2022) (Fig. 4b), and widespread distribution of aerobic
benthic fauna (Rong et al., 2020; Zhang et al., 2022). Notably,
stratigraphic iron speciation rarely reflects the redox of ancient
water columns due to diagenetic and/or depositional influences
(Pasquier et al., 2022) and sulfur isotopes of pyrites suffer from
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strong local controls (Pasquier et al., 2021). Therefore, stratigraphic
iron speciation and S isotopes of pyrites could mislead the inter-
pretations of anoxia/euxinia (Hammarlund et al., 2012; Zou et al,,
2018).

Evidence for weak terrestrial weathering comes from CIA data
in South China (Yan et al, 2010) and ¢’Li data in Laurentia
(Pogge von Strandmann et al, 2017). However, the terrestrial
weathering of carbonates might be prominent, as evidenced by
many unconformities underlain by the late Katian carbonates in
South China, Laurentia, Baltica, and Avalonia (Kump et al., 1999;
Kump and Arthur, 1999; Brenchley et al.,, 2006; Ghienne et al.,
2014; Calner et al., 2021).

Stage Il is also characterized by positive organic isotopic carbon
excursion (6'3Cg), the Hirnantian ICE (HICE), which is the largest
one in the Ordovician and has a good global correlation
(Underwood et al.,, 1997; Melchin and Holmden, 2006a, 2006b;
Edwards and Saltzman, 2016; Storch et al., 2018; Hammarlund
et al., 2019; Braun et al., 2021) (Fig. 5).

In brief, our data, and published ones together demonstrate that
stage Il is typical of low marine primary productivity, bottom
water oxygenation, intense glaciation, and weak terrestrial weath-
ering, while the burial of P was abnormally effective. These differ-
ent aspects of the ATOCS can be explained as below.

Under the intense glaciation, terrestrial weathering was weak,
and thus nutrient elements influx to the ocean was limited, result-
ing in low oceanic primary productivity. The low oceanic produc-
tivity would lead to low rates of organic matter shuttle to the
seafloor, and correspondingly weak O, consumption in bottom
water. P recycling would have been very low in such oxic condi-
tions via the negative feedback of low primary productivity. The
selective uptake and burial of 2CO, over '3CO, through the depo-
sition of organic-carbon-rich shales during stage I (Saltzman and
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Young, 2005; Fan et al., 2009) might have contributed to the HICE.
At the same time, the increased weathering of carbonates due to
sea level fall would also supply isotopically heavier carbon ('3C)
and thus favor the HICE (Kump and Arthur, 1999; Fan et al., 2009).

5.1.3. Stage III: Anoxic and warm

Stage IIl is represented by the black shales of stage III, and cov-
ers the graptolite zones of middle and upper LM1 to LM4, roughly
from 443.95 Ma to 440.82 Ma of the late Hirnantian and early and
middle Rhuddanian (Chen et al., 2015; Gradstein et al., 2020)
(Figs. 1 and 3).

For this stage, the lithology and geochemical data of Y#, along
with their coeval global correlatives, are broadly similar to those
of stage I (Figs. 3-5). Therefore, the ATOCS and the feedback loops
for both stages are similar to a large extent.

5.1.4. Stage 1V: Cool and oxic

Stage 1V is represented by the silty shales of stage IV. It corre-
sponds to the graptolite zones of LM5, approximately from
443.82 Ma to 440.49 Ma of the latest Rhuddanian (Chen et al.,
2015; Gradstein et al., 2020) (Figs. 1 and 3).

The characteristic silty shales for stage IV have transitional con-
tact with the underlying black shales of stage III (Fig. 3), which is
common not only in the Yangtze Platform of South China but also
in many parts of the world (Melchin et al., 2013; Chen et al., 2015;
Trela et al., 2016).

To some extent, the geochemical data of Y# for stage IV, as well
as their coeval correlatives, are similar to those of stage II (Figs. 3—-
5). Correspondingly, the ATOCS and the feedback loops for both
stages might also bear some similarities. Nonetheless, differences
exist. For instance, during this stage, estimates based on oxygen
isotope paleothermometry suggest a small-amplitude cooling. Ice
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sheets have also been reported (Finnegan et al.,, 2011; Melchin
et al.,, 2013), although there has been no reported evidence for con-
tinental glaciation that is comparable to the Hirnantian glaciation.

Our 513Corg data and previously published results demonstrate
the gradual occurrence of a low-amplitude, positive 613Corg excur-
sion, in contrast to the sharp HICE (Fig. 5).

5.2. Issues and hints from sedimentary Hg records

5.2.1. Mechanism for swift starting and ending of the Hirnantian
glaciation and prolonged LOME

As abovementioned, four successive yet distinct stages of the
ATOCS alternated in a “roller-coaster” style during the
Ordovician-Silurian transition (Fig. 6). The triggers for each stage
of the ATOCS, and more intriguingly, the transition from one stage
to the next, remain enigmatic. Notably, among these puzzles, the
Hirnantian glaciation and the LOME are highly debated.

The cause for the Hirnantian glaciation remains poorly under-
stood. Previous studies have proposed varying mechanisms in iso-
lation for reducing atmospheric CO, (Pohl et al., 2021; Marcilly
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et al., 2022). These competing mechanisms include enhanced con-
tinental weathering by plants (Lenton et al., 2012; Porada et al,,
2016) or by tectonic drifting/collision (Kump et al., 1999; Nardin
et al., 2011; Swanson-Hysell and Macdonald, 2017), and organic
carbon burial by eukaryotic bloom (Shen et al., 2018). However,
such mechanisms are either inconsistent with geological records
(Landing, 2018) or short of an explanation for the pCO, rise after
the glaciation (Lenton et al., 2012).

As the first of the “Big Five” mass extinctions, the LOME has
long been the focus of research on the ATOCS during the
Ordovician-Silurian transition (Sheehan, 2001; Harper et al,,
2014; Fan et al.,, 2020). The long-held models for LOME are the
swift, two- or single-pulse models of extinction (Wang et al,
2019; Bond and Grasby, 2020; Gradstein et al., 2020) (Fig. 1).
According to these swift models of extinction, stage Il hosts the
first and more severe strike of the LOME.

However, recent high-resolution analyses of paleontological
data have demonstrated that the LOME might have been a pro-
longed biotic crisis, and stage I also hosts mass extinction
(Rasmussen et al., 2019; Fan et al., 2020; Deng et al., 2021b) (Fig. 6).
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Contrary to stage I, much longer radiation succeeded the shorter
extinction in stage III (Fig. 6). Widespread OAEs had long been
attributed as a kill mechanism for the Phanerozoic mass extinc-
tions, including the second, weaker pulse for LOME according to
the swift, two-pulse model (Harper et al, 2014; Bond and
Grasby, 2020; Liu et al., 2022). Notably, although the OAE spans
the entire stage IIl, mass extinction occurred only in the very early
portion of stage Ill (ending at 444.3 Ma, near the beginning of
LM1), according to both the new prolonged extinction model
(Rasmussen et al., 2019; Fan et al., 2020; Deng et al., 2021b) and
the long-held swift, two-pulse model (Sheehan, 2001; Harper
et al., 2014; Gradstein et al., 2020) (Figs. 1 and 6). Moreover, con-
trary to the extinction in stage II, only a minor break of post-LOME
radiation in stage IV has been identified based on high-resolution
analyses of paleontological data (Deng et al., 2021b) (Fig. 6). There-
fore, the exact mechanism causing LOME remains unclear
(Lindstrom et al., 2019; Fox et al., 2022).

Large igneous provinces (LIPs) have long been linked with geo-
logically rapid changes in the ATOCS (Ernst et al., 2021; Torsvik
et al., 2021; Kasbohm, 2022). They had also been hypothesized as
the trigger for the Hirnantian glaciation by numerical modeling,
yet no geological or geochemical evidence was provided
(Lefebvre et al., 2010). Additionally, LIPs have also been accepted
as a leading trigger for major Phanerozoic mass extinctions
(Racki, 2020).

Furthermore, although precise isotopic dating ages are lacking,
previous studies have proposed possible relics of LIPs at the
Ordovician-Silurian transition (Kasbohm et al, 2021; Torsvik
et al., 2021), for instance, the mafic igneous rocks in Korea of
Sino-Korean Craton (445.0 + 3.7 Ma and 452.5 + 3.2 Ma) (Cho
et al., 2014), Suordakh of Eastern Siberia Craton (458 + 13 Ma)
(Khudoley et al., 2020), and the Alborz LIP in northern Iran
(443.7 £ 2.1 Ma) (Derakhshi et al., 2022) (Fig. 2a, sites of a-c). They
were located nearly vertically above the margins of the large low
shear-wave velocity provinces (namely, “TUZO” and “JASON”),
which have been suggested to conform with the distribution of
the past LIPs if their positions and shapes are largely unchanged
(Torsvik et al., 2021) (Fig. 2a). Their dates might be highly valuable
for tectonics, but higher-resolution dates are desired beforehand for
scrutinizing the potential causal relationships between LIP magma-
tism and the ATOCS during the Ordovician-Silurian transition.

5.2.2. Sedimentary Hg with coeval correlatives spanning multiple
continents and sedimentary environments within a biostratigraphic
framework

Unlike the younger LIPs around the end-Permian and end-
Triassic mass extinctions (Kasbohm et al., 2021), the lack of acces-
sible rock records and methodological limitations prevent a com-
prehensive sample coverage and sufficiently high-precision
radiometric dating of the candidate LIPs during the Ordovician-
Silurian transition (Khudoley et al., 2020; Kasbohm et al., 2021).
Furthermore, the relationships between LIPs and their downstream
effects on ATOCS are not always uniform and straightforward
(Ernst et al., 2021; Torsvik et al., 2021; Kasbohm, 2022). Therefore,
higher-precision geochronology of the candidate LIPs (Khudoley
et al., 2020; Ernst et al.,, 2021) in conjunction with the ATOCS
records is still needed. Alternatively, comprehensive research by
stratigraphic proxy records from the same successive stratigraphic
sections is a key to exploring the overall timeline of LIPs’ emplace-
ment and the drastically fluctuating ATOCS and their causal
connections.

LIPs can emit massive amounts of Hg into the environment,
which is 10 to 10% times higher than normal levels (Grasby et al.,
2020; Nauter-Alves, 2022). Mercury cycles in the atmospheric-
terrestrial-oceanic ecosystem, and eventually enters the ocean
via atmospheric Hg(ll) deposition and terrestrial runoff (Blum
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et al., 2014). It is then delivered to the seabed via organic matter
shuttle, and ultimately retained in organic matters (Grasby et al.,
2019; Algeo and Liu, 2020; Yager et al., 2021) and authigenic sul-
fides after partial decay of the organic matters (Shen et al., 2019;
Yager et al.,, 2021). Extensive studies on the end-Permian and
end-Triassic mass extinctions have illustrated that the anoma-
lously high Hg contents and Hg to total organic carbon (Hg/TOC)
ratios are “smoking guns” for LIPs (Grasby et al., 2019; Percival
et al., 2021; Yager et al., 2021; Nauter-Alves, 2022; Shen et al,,
2022b).

Our sedimentary Hg data spanning the Ordovician-Silurian
transition demonstrate anomalously high Hg concentrations and
Hg/TOC ratios in the middle-upper stage I and the lowermost stage
III (Figs. 3 and 7). Coeval enrichments of Hg (THg and/or Hg/TOC)
have also been reported in Laurentia (Jones et al., 2017; Hu et al,,
2021), Baltica (Smolarek-Lach et al., 2019; Bond and Grasby,
2020), and South China (Gong et al., 2017; Jones et al., 2017; Hu
et al., 2021) (Fig. 2a and 7). Such enrichments of Hg can be well
correlated with the biostratigraphy of graptolite zones (Fig. 7).
The sedimentary environments of the Hg-hosting strata include
the inner and middle epicontinental sea in South China (Hu
et al., 2021), deep shelf facing the open sea in South China and Bal-
tica (Gong et al., 2017; Jones et al., 2017; Smolarek-Lach et al.,
2019), embayed carbonate platform margin in Laurentia (Jones
et al., 2017), off-platform, and the deep sea around Laurentia and
Baltica (Gong et al., 2017; Jones et al., 2017; Smolarek-Lach et al.,
2019; Bond and Grasby, 2020; Hu et al., 2021). Indicators of
remarkable sulfur-MIF anomalies for intense volcanism during
the Ordovician-Silurian transition were also reported from South
China (Hu et al., 2020) (Fig. 7). Therefore, two episodes of enrich-
ments of Hg occurred not only in various sedimentary environ-
ments locally, but also at a global scale, or at least across
multiple continents. The two pulses of enrichments of Hg spanning
multiple continents are likely a marker of the pulsed LIP magma-
tism during the Ordovician-Silurian transition.

Additionally, for the enrichments of Hg in the Yangtze Platform,
local influencing factors are also possible, including inputs of Hg by
adjacent local-scale volcanism (Su et al., 2009; Yang et al., 2019;
Du et al.,, 2021; Lu et al., 2022) and facilitation of burial by pyrites
(Sanei et al., 2012; Shen et al., 2019). From a local perspective, the
effects of local factors on the accumulation of Hg are still unclear
and disputed (Percival et al, 2021). However, through the
transcontinental correlation of Hg enrichments from different sed-
imentary environments, such local perturbations can be elimi-
nated, since global driving mechanisms with overarching global
impact are needed for the extensive Hg enrichment in both depo-
sitional environments and multi-continents during the Ordovician-
Silurian transition. Moreover, the Ordovician-Silurian transition is
one of the few periods with extensive records of Hg enrichment
spanning different sedimentary environments across multiple con-
tinents (Percival et al., 2021). Therefore, it is highly likely that
pulsed LIP magmatism is the predominant driver for the two
pulses of Hg enrichments of stages I and III (Fig. 7).

Moreover, our data present negative mass-independent frac-
tionation events of Hg (Hg-MIF, reported as A'®Hg) during both
middle-upper stage I and lowermost stage Il (Figs. 3 and 7). Hg-
MIF occurs during photochemical processes with little contribu-
tions from other reactions (Blum et al., 2014; Deng et al., 2022).
Photochemical processes can alter the isotope signature of volcanic
Hg during its global cycling, resulting in positive A'®°Hg in the
atmospheric Hg(Il) pool and negative A'®°Hg in the gaseous Hg
(0) pool (Bergquist and Blum, 2007). As terrestrial materials (soils
and vegetation) receive Hg primarily through atmospheric Hg(0)
deposition, they mainly show negative A'®*Hg (Blum et al., 2014;
Yin et al., 2022). Enrichments of Hg with near-zero A'°Hg were
ascribed to an overwhelming influx of Hg by LIPs around the
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end-Triassic mass extinction (Thibodeau et al., 2016) and the LOME
(Hu et al., 2021). However, further studies on the mercury records
of LIPs during the end-Triassic, end-Permian, and end-Cretaceous
reported negative A!®°Hg from nearshore strata and/or positive
A'°Hg from more distal and deepwater environments, demon-
strating the durability of Hg-MIF pathways against the enormous
Hg influx by LIPs (Grasby et al., 2019; Yager et al., 2021; Gu
et al,, 2022; Shen et al.,, 2022b). Therefore, our negative Hg-MIF
data likely suggest the influences of Hg input associated with ter-
restrial soil erosion due to its location in the inner and middle epi-
continental depositional environments (Grasby et al., 2019). Our
data, along with the positive Hg-MIF in the deep shelf facing the
open sea (Gong et al., 2017), provide a more detailed constraint
on Hg cycling in the Yangtze Platform during the Ordovician-
Silurian transition.

Therefore, we infer that two pulses of LIP magmatism occurred
during the Ordovician-Silurian transition, based upon our data and
their transcontinental correlatives within the high-resolution grap-
tolite zonation (Fig. 7). We acknowledge that neither an unambigu-
ous candidate LIP nor a stage-division of the ATOCS, with
sufficiently high-resolution radiometric age constraints, is avail-
able so far.

5.3. Roller-coaster ATOCS driven by pulsed LIP magmatism during the
Ordovician-Silurian transition

Although temporal coincidence has been proposed based on
stratigraphic proxy records from the same successive stratigraphic
section, LIP’s driving role in the ATOCS requires further analyses on
the feasibility of feedback loops among the ATOCS and pulsed LIP
magmatism. This is because the scales and tempo of volatiles
(Hg, SO,, CO,) and igneous rocks and their feedback in the ATOCS
are always different (Ernst et al., 2021; Kasbohm et al., 2021;
Torsvik et al., 2021; Kasbohm, 2022). Below we discuss the feed-
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back loops from stage I to IV, with the main focus on the role of
LIP magmatism in initiating and sustaining each stage.

5.3.1. Stage I with the first pulse of LIP magmatism

Besides Hg, LIPs can also release voluminous greenhouse gases
(especially CO,) and prodigious volumes of volcanic rocks and
plume rocks (Black and Gibson, 2019; Black et al., 2021b; Ernst
et al., 2021). Such an outburst of CO, is substantial enough to bring
the Earth into a warm climate (Hull et al., 2020). Correspondingly,
the terrestrial weathering would be intensified (Penman et al.,
2020).

Moreover, recent high-resolution dating of the relatively young
LIPs of the Columbia River Basalt Group, the Deccan Traps, and the
Karoo-Ferrar LIP demonstrates that such global warming by CO,
predated the basalt volcanism (Kasbohm et al., 2021; Gaynor
et al., 2022; Tian and Buck, 2022). The nutrient-rich (especially
P) pristine extrusive and plume rocks weather much faster than
granitic rocks (Kump et al., 2000; Black et al., 2021a; Ernst et al.,
2021). When they are exposed to the already warm climate, terres-
trial chemical weathering is enhanced to even higher levels (Black
et al., 2021a; Ernst et al., 2021; Kasbohm et al., 2021; Torsvik et al.,
2021).

Such intensified terrestrial weathering tends to cause oceanic
eutrophication and resultant anoxia/euxinia (Fig. 8), as evidenced
by the Karoo-Ferrar LIP and Toarcian-OAE couplet (Heimdal
et al., 2021; Gaynor et al., 2022). When such hostile conditions fur-
ther deteriorated, mass extinction events occurred, as evidenced
by the LIP-mass extinction couplets of the Deccan Traps with the
end-Cretaceous extinction (Nava et al., 2021; Gu et al., 2022), the
Central Atlantic Magmatic Province with the end-Triassic mass
extinction (Yager et al., 2021), and the Siberian Traps with the
end-Permian mass extinction (Schobben et al., 2020).

Therefore, in stage I, as inferred from our data and the transcon-
tinental correlatives, the onset of high primary productivity and
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ocean anoxia preceding the first pulse of LIP magmatism (Figs. 4, 6
and 7) are feasible and consistent with the environmental effects of
LIP magmatism (Fig. 8).

Moreover, no positive excursion of 513C0rg is found in our data
and their correlatives in stage I (Fig. 5). The #'3C of CO, exhaled
by LIPs is commonly lower than that from arc volcanism (Mason
et al.,, 2017; Tumiati et al., 2022) (Fig. 8). When a LIP is emplaced
in the organic-carbon-rich sedimentary basin, it would expel
bursts of CO, with even lower 6'3C, as exemplified by the Karoo-
Ferrar LIP in the Karoo Basin (Heimdal et al., 2021; Gaynor et al.,
2022). Therefore, the absence of positive §'3C,g against high pro-
ductivity and thus light carbon sequestration might be additional
evidence for CO, exhaled by LIP magmatism, rather than arc volca-
noes like the Tacon Arc (Landing, 2018).

To sum up, the comprehensive stratigraphic proxy records in
this study indicate that the first pulse of LIP magmatism might
have initiated and sustained stage I (Figs. 6-8). The high primary
productivity and thus anoxia (Shen et al., 2018) might could also
benefit from enhanced continental weathering by plants (Lenton
et al.,, 2012; Porada et al., 2016) or by tectonic drifting/collision
(Kump et al, 1999; Nardin et al., 2011; Swanson-Hysell and
Macdonald, 2017). However, their role should be secondary, to
comply with the stratigraphic proxy records and favor the follow-
ing stages of the ATOCS during the Ordovician-Silurian period.

5.3.2. Stage II without evident LIP magmatism

The high primary productivity and consequential organic car-
bon burial, together with the intense terrestrial weathering by
LIP magmatism of stage I, could have effectively sequestered atmo-
spheric CO, and drawn down pCO, below a critical threshold for
the onset of Hirnantian glaciation. Moreover, a previous study
has uncovered a temporal coincidence between LIPs and the start
of global glaciations over the past 720 million years (Youbi et al,,
2021). Besides CO, drawdown, organic carbon burial, accompanied
by pyrites burial, could increase O, contents in the atmosphere and
ocean, since they consist of the source of free oxygen (O;) in the
Earth system (Huang et al., 2021).
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Notably, stage II is not a single stable period with enormous
continental glaciation; instead, it consists of multiple geologically
short pulses of glaciation (Page et al., 2007; Melchin et al., 2013;
Li et al., 2021). It might be possible that minor pulses of LIP mag-
matism have the potential to cause such swift fluctuations under
the background of extreme state of stage Il. Further research is
desired because stratigraphic proxies are currently not enough in
this study due to strata condensation and permission of sampling
density.

Therefore, stage I contrasts sharply with stage I on the whole
(Figs. 6 and 9), and has further turbulence under the already
extreme background, which would have been a period of real tor-
ture over and over again for marine life therein during the
Ordovician-Silurian transition.

5.3.3. Stage IIl with the second pulse of LIP magmatism

Different from the high consistency of Hg and S proxies indicat-
ing the first pulse of LIP magmatism, not all reported sites have
such distinct “smoking guns” in the lowermost Stage III (Fig. 7),
which suggests a possible difference in the eruptive scales and/or
styles. Furthermore, in contrast to the first pulse of LIP magmatism
during stage I, the second pulse covers just the earliest portion of
stage III (Figs. 6 and 7), which is typical of sudden deglaciation,
continued eutrophication, anoxia, and the last period of LOME
(Figs. 6 and 8).

The resurgence of LIP magmatism in stage III, that is, the second
pulse of LIP magmatism, has the potential to cause the abrupt
deglaciation of the Hirnantian glaciation due to its global warming
effect (Figs. 6 and 8). Similarly, the Deccan Traps have been pro-
posed to end the late Cretaceous global cooling (Youbi et al.,
2021). Additionally, the coupled weak chemical weathering and
organic carbon burial effectively slashed CO, sequestration during
stage Il (Fig. 9), favoring the accumulation of atmospheric CO,.
Nevertheless, whether such CO, accumulation is sufficient to cause
deglaciation has yet to be explored to our knowledge.

According to all models for the LOME, mass extinction occurred
only in the early portion of stage Il and was succeeded with pro-
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longed radiation against LIP magmatism and ocean anoxia
(Rasmussen et al.,, 2019; Wang et al., 2019; Bond and Grasby,
2020; Fan et al., 2020; Gradstein et al., 2020; Deng et al., 2021b)
(Figs. 1 and 6). Therefore, we propose that severe environmental
pressure for marine life arose from the extreme ATOCS of stages
I-111, and the shifts of the contrasting stages posed an even more
devastating threat to marine life. After suffering the loss to a great
extent during stage Il and its transition to stage III, a way of coping
might later be available for marine life as evidenced by the radia-
tion in the middle and late stage III (Fig. 6).

5.3.4. Stage IV without LIP magmatism

The negative feedback of the high primary productivity and
consequential organic carbon burial of stage Il might be similar
to those of stage I, causing global cooling and oxygenation. The
widespread deposition of black shales, which preferably sequester
the light carbon of the atmospheric-oceanic system (Fig. 8), might
have generated the low-amplitude yet globally correlative positive
613C0rg excursions of Stage IV (Fig. 5). However, intense glaciation
and mass extinction comparable to those of stage Il did not occur
(Fig. 6).

Compared with the ATOCS of stage II, the less extreme condi-
tions of stage IV might have arisen from the variation in scales
and/or styles of different pulses of LIP magmatism, the lack of LIP
magmatism in the latter portion of stage IIl, as well as lack of cor-
responding intense terrestrial weathering. Therefore, the contrast-
ing ATOCSs of stages Il and IV illuminated the prevailing role of LIP
magmatism in driving abrupt global environmental and biological
changes, and triggering and sustaining the persistent global anox-
ia/euxinia similar to those of stages I and III (Fig. 8).

6. Conclusions and implications

This study reports the first high-resolution, integrated geo-
chemical record of Hg (concentrations and isotopic compositions),
organic carbon isotopes (513Corg). and whole-rock geochemical
data spanning the Ordovician-Silurian transition, from late Katian
through Hirnantian to Rhuddannian Age. Based on the comprehen-
sive analysis of stratigraphic proxy records with high-resolution
graptolite zonation, we identified four successive, yet contrasting
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stages of the ATOCSs during the Ordovician-Silurian transition.
Moreover, we propose that the two-pulse LIP magmatism are cou-
pled with the extreme ATOCSs, each with special pCO,, weathering
rate, primary productivity, redox condition, climatic mode, and
biotic evolution.

For stage I, the first pulse of LIP magmatism triggered global
warming, enhanced terrestrial weathering, eutrophication, anoxia,
and P recycling, leading to widespread black shales’ deposition.
During stage II, the Hirnantian glaciation and oxygenation arose
from the intense chemical weathering and black shales’ deposition
of stage 1. Then, in early stage III, the second pulse of LIP magma-
tism triggered the deglaciation and the ATOCS similar to those of
stage I. Furthermore for stage IV, the black shales’ deposition of
stage Il caused another oxygenation and positive 513C0rg
excursion.

Besides the environmental pressure caused by the peculiar
states of the ATOCS in each stage, their transitions might have been
more devastating in triggering the prolonged Late Ordovician mass
extinction (LOME). Limited biotic recovery was possible in the later
portion of stages I and III, respectively.

The multi-proxy study of continuous strata of the Silurian-
Ordovician transition provides an excellent opportunity for better
illuminating LIPS’ essential role in driving the “roller-coaster”
behavior of the ATOCS and thus profound biotic crisis during the
pivotal period of the Ordovician-Silurian transition. We appeal
for more future works on the ATOCS during the Ordovician-
Silurian transition and other similar periods due to the various pat-
terns of LIPs themselves and their complex interactions with the
ATOCS.
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