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ARTICLE INFO ABSTRACT

Conflicting published interpretations of marine redox conditions during the Ordovician-Silurian transition (OST)
may have been linked to spatial redox heterogeneity during this interval. However, details of the pattern of redox
heterogeneity and its underlying causes remain unclear. Here, we present a high-resolution geochemical study of
a drillcore section (Pengye #1) from Pengshui County (Chongqing municipality, southwestern China) that was
located in the semi-restricted inner Yangtze Sea during the OST. We analyzed Fe-speciation, redox-sensitive trace
elements, major elements, and pyrite §**S compositions (8**S,,) and then compared these data with published
results from coeval sections at Datianba and Shuanghe in the same basin. The integrated dataset demonstrates
pronounced spatiotemporal heterogeneity of redox conditions—especially the local development of euxinic
conditions in the inner Yangtze Sea during the OST. Integrated data further suggest that high primary pro-
ductivity and ample Fe fluxes in the inner Yangtze Sea may have depleted dissolved sulfate through microbial
sulfate reduction (MSR) and subsequent pyrite formation, except in areas with enhanced sulfate supply from
continental weathering or open-ocean exchange, which varied as a function of both tectonic (i.e., the regional
Kwangsian Orogeny) and eustatic changes (i.e., the global Hirnantian glaciation). Limited sulfate availability
thus likely prevented the development of euxinic conditions in some regions of the inner Yangtze Sea, as re-
flected in spatial variation of 83*S,,. Our study highlights the potential role of sulfate availability on the de-
velopment of watermass euxinia in semi-restricted marginal-marine basins during the OST.
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Zone) (Chen et al., 2004; Wang et al., 2019). The first stage was
characterized by deep losses of shallow-marine invertebrates, including

1. Introduction

The Ordovician-Silurian transition (OST) was characterized by sig-
nificant climatic cooling (Saltzman and Young, 2005), culminating in a
~1.0-Myr-long glacial event during the Hirnantian Stage
(445.2-443.8 Ma) (Brenchley, 1988; Kump et al., 1999; Chen et al.,
2005; Dronov, 2013). This glaciation coincided with the second se-
verest mass extinction of the Phanerozoic, marked by the loss of ~85%
of marine species (Brenchley, 1988; Jablonski, 1991; Rong et al., 2007).
The mass extinction occurred in two stages, the first coincident with the
onset of glaciation at the beginning of the Hirnantian (base of Meta-
bolograptus extraordinarius Zone), and the second coincident with the
termination of glaciation in the late Hirnantian (base of M. persculptus
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plankton and benthos, as well as some deep-water organisms such as
the Foliomena Fauna (Rong et al., 1999; Ries et al., 2009; Rasmussen
and Harper, 2011). The Hirnantia Fauna, a distinctive shallow-marine,
cold-adapted, brachiopod-dominated community with a global dis-
tribution, flourished between the two extinction events but was deci-
mated during the second extinction pulse (Rong et al., 2002; Zhan et al.,
2010).

The mechanism of the mass extinction was likely complex. The
Hirnantian glaciation coincided with a drop of ~5°C in tropical sea-
surface temperatures linked to the formation of Gondwanan icesheets
(Finnegan et al., 2011), applying severe temperature stress to many
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tropical marine organisms (Yan et al., 2010). In addition, the severity of
the biocrisis may have been enhanced by environmental perturbations
(Algeo et al., 2016). The glaciation caused a global sea-level fall of >
70 m (Sheehan, 2001; Loi et al., 2010) with a consequent widespread
loss of shallow-marine habitats (Stanley, 2010). Volcanism, which is
evidenced by abundant K-bentonites and Hg enrichments in eastern
North America, southeastern South China and Europe, may have played
a role in regional extinctions (Huff, 2008; Su et al., 2009; Jones et al.,
2017; Yang et al., 2019). However, a recent study demonstrated that Hg
in Upper Ordovician strata is hosted mainly by sulfides, and that key
sections show no Hg enrichment on a S-normalized basis, casting doubt
on the utility of Hg as a proxy for volcanic activity during this interval
(Shen et al., 2019).

Oceanic redox changes may have been a contributing factor to mass
extinctions during the OST. However, both an intensification of deep-
marine euxinia (Zhang et al., 2009; Hammarlund et al., 2012) and
enhanced oxygenation of shallow and deep waters (Chen et al., 2004;
Yan et al., 2012) have been inferred in response to Hirnantian climatic
cooling and glaciation, with the latter scenario favored by Mo-isotope
variations (Zhou et al., 2015; Lu et al., 2017). Recent research has
demonstrated strong spatial redox heterogeneity conditions in the
Neoproterozoic and early Cambrian oceans (e.g., Li et al., 2010, 2015;
Jin et al., 2016; Zhang et al., 2017). Similar redox heterogeneity has
been inferred for the OST in South China (Liu et al., 2016), which po-
tentially can account for the conflicting redox observations above and,
thus, is of significance for understanding marine redox controls on the
end-Ordovician mass extinction event. However, details of the pattern
of spatial heterogeneity in marine redox conditions and its underlying
causes remain largely unclear.

The Late Ordovician inner Yangtze Sea was a hydrologically semi-
restricted cratonic sea that was strongly affected by the regional
Kwangsian Orogeny and global Hirnantian glaciation (Chen, 2012;
Zhou et al., 2015; Liu et al., 2016). In order to investigate the re-
lationship of redox heterogeneity to potential controls thereon, we se-
lected three sections (Pengye #1, Shuanghe, and Datianba) from the
inner Yangtze Sea that accumulated at markedly different water depths,
providing an opportunity to trace the effects of glacio-eustatic changes
and regional orogeny on marine redox conditions. First, we carried out
a multiproxy study of the Pengye #1 drillcore using Fe-speciation,
redox-sensitive trace element (Mo, U, V), major element, and pyrite S-
isotope (834Spy) data. Then, we combined these results with published
data for the Shuanghe and Datianba sections (Liu et al., 2016), pro-
ducing an integrated dataset that allowed us to evaluate not only redox
variation but also paleoproductivity, terrigenous fluxes, and the degree
of hydrographic restriction of the inner Yangtze Sea during the OST.
Our study provides new insights into the role of sulfate availability on
the development of watermass euxinia in semi-restricted marginal-
marine basins as well as into the causes of the end-Ordovician biocrisis.

2. Geologic setting
2.1. Paleogeography, thermal evolution, stratigraphy and bathymetry

The South China Block was an isolated microcontinent located off
the northwestern margin of Gondwana in tropical to subtropical lati-
tudes during the Late Ordovician (Fig. 1A; Cocks, 2001; Cocks and
Torsvik, 2002). The Yangtze Platform, the central part of the South
China Block, was covered by a broad epicratonic sea (the Yangtze Sea)
within which several basinal depocenters were located; it was bordered
to the north by the open ocean and to the east by another strongly
restricted basin (Fig. 1B). The Yangtze Sea was divided into inner and
outer regions by the Hunan-Hubei Arch (or “Submerged High”) (Chen,
1984). During the Late Ordovician Kwangsian Orogeny, the Cathaysia
Block collided with the Yangtze Block, resulting in northwest-southeast
compression that caused a deepening of the inner Yangtze Sea and
uplift of some margins of the craton (i.e., the Diangian, Jiangnan-
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Xuefeng, and Chengdu uplifts) and the interior Hunan-Hubei Arch
(Fig. 1B-C; Wang, 1985; Faure et al., 2009; Charvet et al., 2010; Chen,
2012). As a consequence, the inner Yangtze Sea became semi-isolated
from the open ocean and developed anoxic, stagnant, low-energy bot-
tomwaters (Mu et al., 1981; Wang, 1985; Chen et al., 2004; Liu et al.,
2016). Several local depressions existed within the inner Yangtze Sea,
i.e., the Chuandong and Chuannan depocenters, both to the southwest
of the Hunan-Hubei Arch (Liang et al., 2009; Fig. 1C).

The Pengye #1 study section and two comparative sections
(Datianba and Shuanghe) were located in the inner Yangtze Sea region
(Fig. 1C). The Pengye #1 drillcore (Pengshui County, Chongqing Mu-
nicipality; 29°17’47”N, 108°09’39”E) was located near the Hunan-
Hubei Arch/High. It was the shallowest section (see below) and the one
most proximal to the open ocean according to paleogeographic re-
constructions (Fig. 1C; Liang et al., 2009; L. Zhang et al., 2014). The
Datianba section (Xiushan County, Chongqing Municipality;
28°27’58”N, 108°55’53”E) was located closer to the Dianqian Uplift and
the tectonically active belt between the Yangtze and Cathaysia blocks,
and the Shuanghe section (Changning County, Sichuan Province;
28°23’5”N, 104°53’3”E) was located in the innermost Yangtze Sea
(Fig. 1C). The Pengye #1 and Datianba sections were within the broad
Chuandong depocenter, whereas the Shuanghe section was near the
middle of the Chuannan depocenter and, thus, was more distant from
open-ocean influences.

All three sections contain the Upper Ordovician Wufeng Formation
and uppermost Ordovician-lower Silurian Longmaxi Formation, both of
which are dominantly graptolitic black shales with intercalations of
siliceous shale and mudstone, although bioturbated shales and silt-
stones are common around the basin margins (Li et al., 2017b). The
Guanyinqiao Bed, a carbonaceous limestone unit containing the cold-
water-adapted Hirnantia Fauna that is sandwiched between the Wufeng
and Longmaxi formations (Chen et al., 2017), is present at Shuanghe
and Datianba but absent at Pengye #1 (Fig. 2). Absence of the Gua-
nyinqiao Bed at Pengye #1 and other sections close to the Hunan-Hubei
Arch (Li et al., 2012) may reflect an unconformity linked to local uplift
of this area during the Late Ordovician Kwangsian Orogeny (Chen et al.,
2004, 2014; Fig. 1C). All three sections underwent similar thermal
histories with maximum burial temperatures of ~210-250 °C according
to backstripping analyses, measurement of vitrinite reflectance, and
analysis of clay minerals (Qing et al., 2009; Li et al., 2012; Nie et al.,
2012; J.K. Zhang et al., 2014).

The three study sections were deposited at different water depths,
which can be estimated tentatively based on several considerations.
Paleogeographic reconstructions show that Pengye #1, Datianba, and
other nearby sections were located on the flanks of the Hunan-Hubei
Submarine High or the structural saddle connecting it with the
Diangian Uplift, hence in areas of shallow seas (Fig. 1C; L. Zhang et al.,
2014). Although the Pengye #1 drillcore is too broken up at the Wu-
feng-Longmaxi formation contact to permit identification of un-
conformity-related features, such features (e.g., weathering crusts) have
been recognized in other sections in this area (e.g., Sinan, Rong et al.,
2011; Gaoluo, Wufeng, and Zhangjiajie, Fan et al., 2012), indicating the
existence of local subaerially exposed islands within the inner Yangtze
Sea (Zhang et al., 2016). In contrast to Pengye #1 and Datianba,
Shuanghe was located in the middle of the Chuannan depocenter and,
thus, at relatively greater water depths (Fig. 1C).

Regional variations in the Hirnantia Fauna are also related to water
depth. Sections in the Chuannan depocenter (e.g., Shuanghe) contain a
high-diversity Hirnantia Fauna, equivalent to BA3 (Benthic Assemblage
3) (Rong et al., 2002; Zhan et al., 2010), representing water depths of
30-60 m (Rong, 1986). On the other hand, sections from the Chuan-
dong depocenter (e.g., Datianba and Songtao) contain a low-diversity
Hirnantia Fauna that includes Hirnantia aff. sagittifera and H. crassa in-
cipiens, equivalent to BA2 (Benthic Assemblage 2), representing water
depths of just 10-30 m during the Hirnantian glaciation (Rong et al.,
2002). Given that non-glacial eustatic elevations were 70-100 m higher
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Fig. 1. Geologic setting. (A) Late Ordovician global paleogeography with location of South China (adapted from Ron Blakey, http://jan.ucc.nau.edu/~rcb7/; Zhou
et al., 2015). (B) Paleogeography of Yangtze Sea during Ordovician-Silurian transition (after Chen et al., 2004; Yan et al., 2010). (C) Locations of study section
(Pengye #1) and three published sections discussed in the text (Shuanghe and Datianba, Liu et al., 2016; Wangjiawan, Fan et al., 2009). This map also shows (i)
estimated water depths during mid-Hirnantian glacio-eustatic lowstand (color scale, values in meters; from L. Zhang et al., 2014), and (ii) isopachs for Wufeng and
Longmaxi formation black shales, showing locations of the Chuannan and Chuandong depocenters in the inner Yangtze Sea (dotted lines, values in meters; from Liang
et al., 2009). Lines a-a’ and b-b’ represent cross-sections in Fig. 8. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

than during the glacial peak (Sheehan, 2001; Finnegan et al., 2011),
water depths must have been ~100-160 m in the Chuannan depocenter
(Shuanghe) and ~80-130 m in the Chuandong depocenter (Datianba)
during the pre- and post-Hirnantian intervals. Subaerial exposure of
Pengye #1 during the Hirnantian glaciation indicates that water depths
at that site were < 70-100 m during the non-glacial intervals.

2.2. Graptolite biostratigraphy and age model

Biostratigraphic studies of the Pengye #1 drillcore have identified
the Dicellograptus complexus (0-1.45m), Paraorthograptus pacificus-
Metabolograptus extraordinarius-Metabolograptus persculptus-Akidograptus
ascensus (1.45-5.47m), and Parakidograptus acuminatus zones
(5.47-18.20 m), but only the interval from O to 8.77 m was analyzed in

this study. The boundaries between the P. pacificus and M. extra-
ordinarius zones and between the M. persculptus and A. ascensus zones
cannot be exactly identified by fossil analyses, but they can be tenta-
tively placed at 3.40 m and 5.0 m based on an organic carbon isotope
(8"3Corg) profile that shows a prominent positive excursion beginning at
~3.40m and ending at ~5.0 m, corresponding to these boundaries as
observed in other South China sections (Fig. 2; cf. Fan et al., 2009 and
Section 5.1). The absence of the Guanyingiao Bed leads to uncertainty
in the position of the M. extraordinarius and M. persculptus zonal
boundary, although it can be tentatively placed at ~4.5m, which cor-
responds to the beginning of a decline in 813Corg as observed in other
South China sections (Fig. 2; Fan et al., 2009). Integration of the ex-
isting graptolite biostratigraphic and carbon-isotope data suggests the
presence of the D. complexus (0-1.45m), P. pacificus (1.45-3.4 m), M.
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Fig. 2. Biostratigraphic and 8'>C,y, chemostratigraphic correlations for Pengye #1 (study section), Datianba and Shuanghe (Liu et al., 2016), and Wangjiawan (Fan
et al., 2009). Abbreviations: Ser. = Series, St. = Stage, Fm. = Formation, G. z. = Graptolite Zone, Litho. = Lithology, L.X.F. = Linxiang Formation, D. cpla. = D.
complanatus, M. extra. = M. extraordinarius, M. persc. = M. persculptus, A. asc. = A. ascensus, Gy. = Guanyinqiao bed, HF = Hirnantia Fauna. The blue field indicates
the peak interval of Hirnantian glaciation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

extraordinarius (3.4-4.50m), M. persculptus (4.5-5m), A. ascensus
(5-5.47m), and P. acuminatus zones (5.47-8.77 m). This detailed
graptolite zonation of the Pengye #1 core provides a basis for regional
and global stratigraphic correlations (Fig. 2; cf. Fan et al., 2013).

Key age tie-points are the Katian-Hirnantian boundary (445.16 Ma)
and the Hirnantian-Rhuddanian boundary (443.83 Ma), yielding esti-
mated durations for individual graptolite zones based on international
graptolite biozonation schemes for the Ordovician and Silurian (Cooper
et al., 2012; Melchin et al., 2012): D. complexus ~0.6 Myr, P. pacificus
~1.86 Myr, M. extraordinarius ~0.73 Myr, M. persculptus ~0.60 Myr, A.
ascensus ~0.43 Myr, and P. acuminatus ~0.93 Myr. These data were
used to calculate a linear sedimentation rate (LSR) for each graptolite
zone (see Section 4.2 and Table 1).

3. Background: redox proxies and controlling factors on §3'S of
pyrite

In order to investigate marine redox conditions in the Pengye #1
core, we used a combination of paleoredox proxies. Fe speciation has
been widely used for evaluating local paleoredox conditions (e.g., Li
et al., 2010, 2015; Poulton and Canfield, 2011; Jin et al., 2016; J. Shen
et al., 2016). Fe associated with carbonate (Fe ,,), oxide (Fe,y), mag-
netite (Fen,g), pyrite (Fey,,) are reactive to H,S during early diagenesis
and are collectively termed “highly reactive iron” (Feygr). The ratio of
highly reactive iron to total Fe (Feyr/Fer) is indicative of depositional
redox conditions: values < 0.38 and > 0.38 indicate oxic-suboxic and
anoxic conditions, respectively (Raiswell and Canfield, 1998; Poulton
and Raiswell, 2002; Poulton and Canfield, 2011). In anoxic facies, the
presence of H,S generated by microbial sulfate reduction (MSR) rapidly

Table 1
Thickness and linear sedimentation rates (LSRs) of three study sections by graptolite zones.
Stage Graptolite zone Lower boundary age (Ma) Duration Pengshui Datianba Shuanghe
Thickness LSR Thickness LSR Thickness LSR
(Myr) (m) (m/Myr) (m) (m/Myr) (m) (m/Myr)
early Rhuddanian C. vesi 442.47 - - - - - - -
P. acu. 443.40 0.93 - 0.94" - 1.48% - 1.75%
A. asc. 443.83 0.43 0.97 0.94 1.53 1.48 1.80 1.75
Hirnantian M. pers. 444.43 0.6 0.94 1.48 1.75
Hirnantia Fauna - - - - 1.63 3.91 0.18 2.86
M. extra. 445.16 0.73 1.10 1.51 1.23 3.91 1.91 2.86
late Katian P. pacificus 447.02 1.86 1.95 1.05 4.70 2.57 5.26 2.83
D. complexus 447.62 0.6 1.45 2.42 1.77 2.95 2.76 4.60

2 Values were approximately estimated by their neighbors.
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converts most Feyp into pyrite, yielding Fep,/Feyr > 0.7-0.8 (= euxinic
conditions), whereas an absence of H5S results in a smaller fraction of
pyrite Fe and Fep,/Feyr < 0.7-0.8 (=ferruginous conditions) (Poulton
et al., 2004; Poulton and Canfield, 2011). A minimum Fet of 0.5% is
required in order to obtain robust Fe speciation results (Clarkson et al.,
2014).

The concentrations and ratios of RSTEs (e.g., Mo, U, V) are also
useful as paleoredox proxies (Algeo and Maynard, 2004; Tribovillard
et al., 2006; Li et al., 2015). Molybdenum (Mo) is present as the soluble,
unreactive molybdate anion (M00,427) in oxic facies, whereas in eu-
xinic facies it converts to the particle-reactive thiomolybdate anion
(MoOy4_,S,27; x = 1-4) (Erickson and Helz, 2000; Zheng et al., 2000;
Helz et al., 2011), which can be taken up by S-bearing organic mole-
cules or Fe-Mo-S minerals and ultimately concentrated in the sediment
(Helz et al., 1996; Tribovillard et al., 2004). Therefore, strong Mo en-
richments are a salient characteristic of euxinic depositional facies.
Based on a compilation of data from modern marine systems, it was
shown that Mo enrichments of < 25ppm are associated with oxic-
suboxic bottomwaters, 25-100 ppm with sulfidic porewaters or inter-
mittently euxinic bottomwaters, and > 100 ppm with permanently eu-
xinic bottomwaters (Scott and Lyons, 2012). U enrichment in sediments
is limited under oxic-suboxic conditions, when seawater U exists mainly
as soluble and unreactive U-carbonate complexes, but it is strongly
enriched under anoxic conditions. Its reduction from U(VI) to U(IV) and
subsequent uptake by the sediment commences approximately at the Fe
(IID)-Fe(1I) redox boundary rather than under sulfidic conditions
(Tribovillard et al., 2006). Several processes accelerate the removal of
reduced U from the water column to the sediment, especially adsorp-
tion by organic matter and generation of organometallic ligands, so U
enrichment commonly correlates with organic carbon abundance
(Algeo and Maynard, 2004; McManus et al., 2005). V(V) is reduced to V
(IV) under suboxic conditions and to V(III) under euxinic conditions,
with an increase in particle reactivity and scavenging rate accom-
panying each step (Emerson and Huested, 1991; Wanty and Goldhaber,
1992). In addition to local redox conditions and organic substrate
availability, the sedimentary accumulation of RSTEs is related to the
concentrations of dissolved metals in the water column (Algeo and
Lyons, 2006; Algeo and Rowe, 2012; Little et al., 2015).

Another proxy for benthic redox conditions is the molar Cg,/
Preactive ratio, which can be effectively proxied by Corg/Pro in organic-
rich facies where detrital P and carbonate fluorapatite P is negligible
(Algeo and Ingall, 2007; Mort et al., 2010). Oxic conditions enhance the
sequestration of remineralized P in sediments through adsorption onto
Fe-oxyhydroxides, resulting in sedimentary Cery/Pioc ratios below the
Redfield ratio of 106:1 (Ingall and Jahnke, 1997; Marz et al., 2008). In
contrast, anoxic conditions reductively destroy Fe-oxyhydroxides in the
sediment, limiting retention of remineralized P and leading to sedi-
mentary Corg/Pioc ratios larger than 106:1 as a result of preferential
decay of P-bearing compounds and facilitated preservation of organic
carbon (Algeo and Ingall, 2007).

The §°*S value of sedimentary pyrite (i.e., 8**S,;) can provide in-
formation on seawater sulfate availability during MSR if they formed
within the water column (i.e., syngenetic pyrites; e.g., Canfield et al.,
2010; Jones and Fike, 2013). The 834Spy originates from parent sulfate
(8%*Ss04) Which is altered subsequently by the isotopic fractionation
during MSR (eysr = 83%Sg0q — 834Spy). Therefore, 834Spy is determined
mainly by 83%Sg04 and eygr. Because both sulfate and organic matter
are limiting reactants during MSR, the availabilities of sulfate and or-
ganic matter are the first-order controls on eysr although many other
factors can influence eysg in natural systems (e.g., Goldhaber and
Kaplan, 1975; Habicht et al., 2002; Jones and Fike, 2013; Leavitt et al.,
2013; Algeo et al., 2015; Gomes and Hurtgen, 2015). Given ample
sulfate supply, increasing organic availability can increase MSR rate,
nonlinearly lowering eysg to a minimum value (e.g., 10.9%o according
to Leavitt et al., 2013). Given ample organic supply, small to zero
fractionations occur if sulfate concentrations are < 5mM (Algeo et al.,
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2015; Gomes and Hurtgen, 2015).

4. Materials and methods

4.1. Samples, geochemical and pyrite-framboid analyses and enrichment
factor calculation

Forty-one fresh samples were collected from the Pengye #1 drillcore
spanning the entire Wufeng Formation and the lower part of the
Longmaxi Formation. Each sample was trimmed to remove surfaces and
visible diagenetic features (e.g., pyrite nodules) and then crushed to
finer than 200-mesh powder for geochemical analyses. All analyses
were carried out in the State Key Laboratory of Biogeology and
Environmental Geology, China University of Geosciences (Wuhan).

Total organic carbon (TOC) values were determined by acidification
of a sample aliquot to remove carbonate, filtering and washing in dis-
tilled water, and analysis using a Jena Eltra 4000 carbon-sulfur ana-
lyzer. Accuracy of results was monitored via repeated analysis of Alpha
Resources standard AR 4007 (total C = 7.27%) with an analytical error
of < 0.2%. Major element concentrations (Fer, Al, and Si, etc.) were
measured using a Panalytical Epsilon 3*'F X-ray fluorescence spectro-
meter after powdered samples were fused to glass disks. Analytical
errors were under 0.2%.

Fe,, was extracted by using the chromium reduction method
(Canfield et al., 1986). A powdered sample aliquot was placed in a
sealed vessel to react with an acidified CrCl, solution. The pyrite sulfur
was reacted to H,S and subsequently trapped by silver-nitrate solution
through precipitation as Ag,S. The pyrite Fe concentration was then
gravimetrically calculated. The whole experiment was conducted under
a purified nitrogen atmosphere to prevent re-oxidation of reduced
sulfur. Fe,p, Feox and Fep,, were determined using the sequential
extraction procedure of Poulton and Canfield (2005). About 100 mg of
sample powder was extracted sequentially with solutions of sodium
acetate, sodium dithionite, and an oxalic acid-sodium oxalate mixture.
All concentrations of extracted iron speciation were diluted 100-fold
with 2% HNO;3; and analyzed using atomic absorption spectrometry
(AAS), yielding an RSD of < 4%. Unreactive iron (Fey), which is mainly
in clay minerals and other silicates and is not reactive to H,S during
early diagenesis, was calculated by subtracting Feyr from Fer.

Pyrite sulfur extracted via the chromium reduction method was
precipitated as Ag,S in preparation for measurement of its S-isotopic
composition (834Spy). Isotope measurements were made using a Thermo
Fisher Scientific Delta V Plus isotope ratio mass spectrometer coupled
with a Flash elemental analyzer. Analytical errors were < 0.2%o as
determined by repeated analyses of standards IAEA S1
(8%'S = —0.3%0), IAEA S2 (8%'S = +22.65%0), and IAEA S3
(8%%S = —32.5%o). The carbon isotopic compositions of organic carbon
(8"3Corg) Were determined by the acidified and rinsed samples using a
Finnigan MAT-253 mass spectrometer with analytical errors < 0.1%o.

For trace-element concentrations (including Mo, U, and V), an ali-
quot of powdered sample was ashed at 600 °C for 12h in a muffle
furnace before dissolution in a Teflon bomb using a standard HF-HCI-
HNO; digestion protocol. The solution was subsequently analyzed with
an Agilent 7700x inductively coupled plasma mass spectrometer (ICP-
MS). The analytical precision was better than = 5% (10). Trace-metal
enrichment factors (EF) were calculated as:

Xgr = (X/Al)sample/(X/Al)UCC (€8]

where the average concentrations of Al and element X in upper con-
tinental crust (UCC) were taken from Rudnick and Gao (2003) (1.1 ppm
for Mo, 2.7 ppm for U, 97 ppm for V and 8.15% for Al).

Pyrite framboids were measured using a scanning electron micro-
scope (HITACHI-SU8010) in backscattered electron mode. For each
sample, > 100 pyrite framboids were selected to measure diameters.
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4.2. Calculation of marine productivity fluxes

Marine primary productivity was evaluated using the mass accu-
mulation rates of organic carbon (OCAR) and biogenic silica (SiAR).
These fluxes were calculated as:

OCAR = TOCXLSRXxp (@3]
SiAR=SiO, (exc) X LSR X p 3)

where SiOeexc) is excess (i.e., non-clay) silica, LSR is linear sedi-
mentation rate (Table 1; calculated as the ratio of thickness to duration
for each stratigraphic subdivision, e.g., graptolite zones, in units of m
Myr~1), and p is bulk rock density (using an assumed mean value of
2.5gcm ™2 for black shales, e.g., Shen et al., 2015; Schoepfer et al.,
2015). Owing to uncertainties in placement of some graptolite zonal
boundaries (see Section 2.2), we adjusted the thicknesses of biozones
(within permissible limits of existing biostratigraphic control) to
minimize zone-to-zone variations in LSR.

Use of excess silica (SiOxexc)) as a proxy for biogenic silica requires
demonstration that the non-clay silica fraction in a sample is of prob-
able biogenic origin, rather than being detrital quartz. Although detrital
quartz can potentially covary negatively with clay content, these sedi-
ment fractions are more likely to have been co-deposited, so the strong
negative correlation between SiO, and Al,O3 (r = —0.89; p < 0.001;
n = 36) at Pengye #1 (Fig. 3B; Table S1) is consistent with non-detrital
forms of silica being dominant in the study samples. Examination of the
silica fraction of the study samples by scanning electron microscopy
(SEM) revealed that silicon is present mostly in amorphous, weakly
internally zoned masses (Fig. 4A), which represent an authigenic pre-
cipitate (e.g., chert) rather than granular detrital material. The ob-
served features are consistent with a biogenic origin, e.g., as sponge or
radiolarian silica that underwent dissolution and secondary re-
precipitation (cf. Calvert, 1974; Michalopoulos and Aller, 2004). Fur-
thermore, a recent petrographic study of the Wufeng-Longmaxi shales
documented the presence of both sponge and radiolarian fossils (Khan
et al., 2019). Therefore, the use of excess silica (SiO5 (exc)) @s a proxy for
biogenic silica is justified in the present study, which we calculated as:

SlO2 (exc) = [Sioz]sample - [A1203]sample X (SiOZ/AlZOS)detr (4)

where (SiO2/Al,03) gewr = 50/23.5 is based on major-element re-
lationships. Specifically, CaO contents show a moderate negative cor-
relation to Al,O3 with an x-axis intercept of ~23.5% (Fig. 3A), which
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represents the Al,O3 content of the pure shale fraction of the study
units. Based on this value, a SiO,-vs-Al,O3 crossplot then yields an es-
timated SiO, content for the pure shale fraction of ~50% (Fig. 3B).

5. Results

Key geochemical data for reconstructions of marine redox condi-
tions and marine productivity fluxes in the three study sections and
pyrite-framboidal data are shown in Figs. 4-6 and summarized in Ta-
bles S1-S3.

5.1. Redox data

Redox data at Datingba and Shuanghe sections can be found in Liu
et al. (2016) and the results for the Pengye #1 drillcore are described
here. Corg/Pyo; ratios are 56-252 (mean 140) in the lower D. complexus
Zone and increase with large fluctuations to 118-1357 (mean 458) in
the upper D. complexus to M. extraordinarius zones, before declining to
135-296 (mean 193) in the M. persculptus to P. acuminatus zones.

All samples yield Fer values > 1% which are higher than the
threshold value of 0.5% for robust iron speciation results (Clarkson
et al., 2014). The Fey in detrital silicates was the highest at Pengye #1
(mean 1.1%) and lowest at Shuanghe (mean 0.2%) with the Datianba in
the middle (mean 0.7%), consistent with the relative water depths in-
ferred for the study sections (i.e., Shuanghe > Datianba > Pengye #1;
see Section 2). Feyr/Fer and Fe,,,/Feyg ratios show similar stratigraphic
patterns, with increases upsection within the Wufeng Formation and
relatively stable values in the Longmaxi Formation (Fig. 5). Feyr/Fer
ratios are 0.19-0.46 (mean 0.28) in the D. complexus Zone, 0.38-0.96
(mean 0.60) in the P. pacificus and M. extraordinarius zones, and
0.42-0.83 (mean 0.63) in the upper three zones. Fe,,/Feyg ratios are
0.30-0.72 (mean 0.54) in the D. complexus Zone, 0.36-0.93 (mean 0.74;
except for one low value of 0.29) in the P. pacificus to M. extraordinarius
zones, and 0.64-0.85 (mean 0.72) in the upper three zones.

RSTE profiles exhibit broadly similar trends (Fig. 5). The D. com-
plexus Zone exhibits generally low values: Mo = 2.0-15.7 ppm (mean
5.2ppm), U = 5.5-10.6 ppm (mean 7.3 ppm), and V = 144-419 ppm
(mean 217 ppm). The P. pacificus to A. ascensus zones have a wider
range of RSTE concentrations: Mo = 9-123ppm (mean 58 ppm),
U =8-108ppm (mean 30ppm), and V = 156-1077 ppm (mean
717 ppm). The P. acuminatus Zone yields relatively high RSTE con-
centrations: Mo = 36-80 ppm (mean 65 ppm), U = 13-33 ppm (mean
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Fig. 3. Crossplots of CaO vs Al,O3 (A), and SiO, vs Al,O3 (B) for Pengye #1 section. These crossplots permit estimations of the Al,O3 and SiO, contents of the pure
shale endmember in the study section, which consists mainly of siliceous shales. The dashed line in A represents the regression used to estimate a ~23.5% Al,O3
content for pure (non-siliceous) shale, and the dashed line in B represents a regression showing that this Al,O3 value is associated with a SiO, content of ~50% (see
the dashed arrow lines). Higher silica contents are due to the presence of biosilica (of sponge or radiolarian origin; Khan et al., 2019), which generates a negative
relationship because of dilution effects in a two-component mixing system (i.e., clays and biosilica).
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Fig. 4. Petrological characteristics of the Pengye #1 section. (A) Scanning electron microscope (SEM) image of amorphous silica (chert) in a typical sample PL-148
from 1.42 m in Pengye #1 section. Examination of SEM images (n = 17) revealed little detrital quartz; most silica is of the amorphous variety shown here, which is of
biogenic origin. (B) SEM image of framboidal pyrites in sample PL-131 from 3.52m in Pengye #1 section. (C) Pyrite-framboidal size distribution and ‘box-and-
whisker’ plots for Pengye #1 section. Lithological legend and abbreviations as in Fig. 2.

21 ppm), and V = 376-752 ppm (mean 565 ppm).

8%%S,y values in the D. complexus and P. pacificus zones fluctuated
between —26%o0 and —12%o (Fig. 6). The 834Spy profile exhibits a ca.
+20%o excursion from the M. extraordinarius to the lower M. persculptus
zones, stabilizing around —10%o to —5%o in the upper M. persculptus to
P. acuminatus zones. 813COrg values decline gradually from —29.8%o to
—30.6%o0 upsection through the D. complexus and P. pacificus zones,
then exhibit a sharp positive excursion to —29.6%o within the M. ex-
traordinarius-M. persculptus zones (i.e., Hirnantian glacial interval), be-
fore shifting negatively and stabilizing around —30.6%o in the A. as-
census to P. acuminatus zones (Fig. 2).

5.2. Productivity data

At Pengye #1, TOC contents are 1.3-3.8% (mean 2.9%) in the D.
complexus Zone, 2.0-8.7% (mean 4.4%) in the P. pacificus Zone, and
2.7-4.6% (mean 3.7%) in the M. extraordinarius to P. acuminatus zones.
We further calculated OCAR values for all study sections in order to
infer spatiotemporal variation of primary productivity (Fig. 6). At
Pengye #1, OCAR (in units of mg cm ~ 2 kyr ') shows fluctuating values
from 5.2 to 22.9 (mean 13.2) in the D. complexus to M. extraordinarius
zones, and then remain relatively stable (7.4-10.9; mean 8.5) in the M.
persculptus-P. acuminatus zones (Fig. 6). At Datianba, OCAR values are
15.9-37.9 (average 22.9) in the D. complexus to P. pacificus zones, and
then increase sharply from the top of the P. pacificus Zone with a peak in
the M. extraordinarius Zone (28.3-81.3, mean 47.0). The Guanyinqgiao
Bed and P. acuminatus Zone show low OCAR values (3.7-23.5, mean
10.1). At Shuanghe, OCAR averages 38.0 in the D. complexus Zone,
decreases to 22.8 in the lower-mid P. pacificus Zone, rises to 31.8 in the
upper P. pacificus-M. extraordinarius zones, falls to a minimum of 14.2 in
the Guanyingiao Bed, and then recovers to 27.9 in the M. persculptus-P.
acuminatus zones (Fig. 6).

5.3. Petrographic data

At Pengye #1, although both framboidal and euhedral pyrite crys-
tals were observed, they were too few to be measured for statistics of
their size distribution in the samples from the D. complexus Zone. For
the overlying strata, pyrite crystals are mostly small framboids that
occur randomly distributed within samples. These samples yield fram-
boids with a mean diameter ranging from 4.3 to 5.4 um and a standard
deviation of 1.1 to 1.9 um (Fig. 4B-C).

6. Discussion
6.1. Evaluation of diagenetic effects for used proxies

Thermal maturation results in substantial loss of organic carbon as
hydrocarbons are generated (Raiswell and Berner, 1987), and elemental
redistribution or loss can occur in shales as a result (see Section 2.1; cf.
Abanda and Hannigan, 2006; Ross and Bustin, 2009). All three sections
we studied experienced thermal histories with maximum burial tem-
peratures of ~210-250 °C according to backstripping analyses, mea-
surement of vitrinite reflectance (~2.0%), and analysis of clay minerals
(cf. Qing et al., 2009; Li et al., 2012; Nie et al., 2012; J.K. Zhang et al.,
2014). However, thermal maturation is unlikely to alter secular trends
of TOC in a single section, nor between the three study sections given
their similar thermal histories within a single basin (Qing et al., 2009;
Nie et al., 2012). Although minor diagenetic changes are possible, trace
elements such as Mo, U, V continue to show strong enrichment in most
samples of Pengye #1, implying only limited loss due to thermal ma-
turation. Studies of TM (trace metal) -TOC relationships spanning
multiple basins of varying thermal characteristics (e.g., Algeo et al.,
2007) have documented patterns consistent with primary marine re-
lationships and not found any obvious large-scale thermal effects. This
may be due, in part, to the low permeability of fine-grained siliciclastic
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Fig. 5. Chemostratigraphic profiles of TOC, Corg/Piot, Fer, Feur/Fer, Fe,y/Feyr, Mo-U-V concentrations, Mogr, Ugr, and Vg for Pengye #1. The Corg/Pyo Values of 75
and 150 represent oxic-suboxic and suboxic-anoxic redox thresholds, respectively (Algeo and Ingall, 2007). The values of 0.38 (for Feyr/Fer) and 0.7-0.8 (for Fe,,/
Feyr) are used to distinguish oxic-suboxic from anoxic conditions and anoxic-ferruginous from anoxic-euxinic conditions, respectively (Raiswell and Canfield, 1998;
Poulton and Raiswell, 2002). Fe speciation analysis was limited to siliciclastic samples with Fer > 0.5% (cf. Clarkson et al., 2014). Lithological legend and ab-
breviations as in Fig. 2.
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sediments, which limits migration and loss of trace elements released
from decaying organic matter (Abanda and Hannigan, 2006). Thermal
maturation also probably had some effects on Fe speciation, with al-
teration converting some oxide iron into silicate minerals (Raiswell
et al., 2008). However, pronounced coupling between redox-sensitive
trace-element and Fe-speciation data (see Section 6.2) imply that effects
on Fe speciation were minimal. Pyrite sulfur remains largely intact
during burial even to low-grade metamorphic conditions (Raiswell and
Berner, 1987), resulting in little influence on 834Spy signals. Taken to-
gether, the geochemical indices that we measured are inferred not to
have been significantly modified by diagenesis and, therefore, to pro-
vide a robust record of primary environmental conditions and pro-
cesses.

6.2. Reconstruction of redox conditions at Pengye #1 during the OST

At Pengye #1, the lower part of the D. complexus Zone (0-1.40 m)
was characterized by slightly variable, oxic to suboxic conditions. Low
Feyr/Fer ratios (< 0.38) are consistent with oxic conditions (Poulton
and Raiswell, 2002), and intermediate C,.g/Po ratios (82-252; mean
140) with mainly suboxic conditions. RSTEs yield EFs close to or
slightly higher than upper continental crustal (UCC) values: Mogy of
1.3-3.3, Ugg of 1.7-2.5, and Vgg of 1.3-1.8, which are consistent with
redox conditions in the oxic to suboxic range (Tribovillard et al., 2006).

The upper D. complexus to P. acuminatus zones were deposited under
dominantly anoxic conditions, as indicated by Feyr/Fer ratios that are
mostly > 0.38 and elevated Cog/Pyoc ratios (118-678; mean 246).
These conditions fluctuated between ferruginous and euxinic, as in-
dicated by variable Fep,/Feyg ratios (from 0.29 to 0.93, with a mean of
0.71). These redox inferences are confirmed by trace-metal data: U, V,
and Mo are significantly enriched relative to UCC, with Mogr of
11.9-170.2, Ugg of 4.7-61.0, and Vgr of 2.5-15.2. Mo concentrations
mostly vary between 25 and 100 ppm, which is also indicative of in-
termittently euxinic conditions (Scott and Lyons, 2012). Mo and V
concentrations exhibit good positive relationships with Fe,/Fepr
(r= +0.61; p < 0.01 and +0.67; p < 0.001, respectively; n = 23;
not shown), but U exhibits only a weak and statistically non-significant
positive correlation with this proxy (r = +0.36, p > 0.05; n = 23; not
shown). Higher Mo and V concentrations are found in euxinic samples
relative to ferruginous samples, indicating the importance of H,S for
uptake of these RSTEs, whereas U concentrations are nearly the same in
euxinic and ferruginous samples, indicating a lack of influence by H,S
(Algeo and Maynard, 2004).

In summary, the Pengye #1 section accumulated under oxic con-
ditions during much of the period of D. complexus Zone but shifted to
anoxia from the late Katian (P. pacificus Zone) to the early Rhuddanian,
with fluctuations between euxinic and ferruginous conditions (Fig. 6).

6.3. Redox heterogeneity in inner Yangtze Sea during the OST

In order to evaluate spatiotemporal variation of marine redox con-
ditions in the inner Yangtze Sea during the OST, our results for Pengye
#1 were compared with redox proxy data for two other sections located
in the same basin, Datianba and Shuanghe (Fig. 6; Liu et al., 2016). The
depositional redox conditions of these two sections were evaluated
using the same combination of Fe speciation and trace-metal enrich-
ment data as for Pengye #1. Datianba and Shuanghe were deposited
under anoxic ferruginous conditions during the period of D. complexus
Zone, contrasting with the coeval oxic conditions that prevailed at
Pengye #1. This redox discrepancy further supports the shallowest
water depth for the Pengye #1 among study section (see Section 2) and
also consistent with the highest Fey at the Pengye #1 (mean 2.4% at
Pengye #1 versus 0.4-0.6% at Datianba and Shuanghe; Tables S2-S3).
Subsequently, from the latest Katian to early Rhuddanian, persistent-to-
intermittent euxinia was dominant at Datianba except for a ferruginous
interval during the late stage of Hirnantian glaciation (i.e., Guanyingiao
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Bed), whereas Shuanghe was mainly characterized by ferruginous
conditions but shifted to euxinic conditions during the M. extra-
ordinarius Zone.

A close comparison of redox states among these three sections fur-
ther demonstrates a heterogeneous redox evolution in the inner Yangtze
Sea during the OST. During the early late Katian (D. complexus Zone;
Fig. 6), the inner Yangtze Sea was mainly characterized by ferruginous
anoxic conditions with local oxic-suboxic bottom-water conditions.
During the late Katian (P. pacificus Zone; Fig. 6), H,S gradually began to
expand in the Chuandong depocenter while ferruginous waters still
occupied the Chuannan depocenter. During the early Hirnantian (M.
extraordinarius Zone), both depocenters were characterized by euxinic
conditions. With the glacio-eustatic fall of the early to middle Hirnan-
tian, many marine sections shifted toward more oxygenated conditions
(cf. Brenchley et al., 1995; Chen et al., 2004; Yan et al., 2012). How-
ever, the early Hirnantian in the Datianba and Shuanghe sections was
characterized by enhanced euxinia, which runs counter to interpreta-
tions by Yan et al. (2012) but corresponds to redox inferences from
pyrite-S isotope data by Zhang et al. (2009) and Hammarlund et al.
(2012). During the middle Hirnantian (Guanyingiao Bed; Fig. 6), eu-
xinia seemingly disappeared in the inner Yangtze Sea, which experi-
enced a modest shift toward better oxygenated conditions (cf. Zhou
et al., 2015; Chen et al., 2016). From the late Hirnantian to early
Rhuddanian (Fig. 6), reducing conditions were re-established in the
inner Yangtze Sea, with re-appearance of euxinia in the Chuandong
depocenter.

6.4. Watermass restriction of inner Yangtze Sea during the OST

The inner Yangtze Sea was a semi-isolated basin during the OST
(Chen et al., 2004), although the degree of watermass restriction may
have varied owing to its complex bathymetry. Mo/TOC ratios can be
used to provide insights regarding hydrographic restriction under re-
ducing conditions (Algeo and Lyons, 2006). For the Upper Ordovician
Wufeng Formation, black shales in the Chuannan depocenter yield Mo/
TOC ratios (mean 3.8 ppm/wt%; red line in Fig. 7) indicative of severe
watermass restriction (similar to the modern Black Sea, 4.5 ppm/wt%),
whereas those in the Chuandong depocenter yield a wider range of
moderately higher ratios (mean 15.7 ppm/wt%; yellow line in Fig. 7),
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Fig. 7. Crossplot of Mo versus TOC for three OST sections. Dashed lines reflect
degrees of restriction based on modern marine systems (Algeo and Lyons,
2006). Abbreviations: PY = Pengye #1, SZ = Shizhu, QQ = Qiangian,
CN = Changning, and XW = Xingwen sections; Wf = Wufeng, Lmx = Long-
maxi. Data for Shizhu, Qiangian, Changning and Xingwen sections are from Li
et al. (2017a). Data for Dob's Linn in Scotland, the GSSP of the Ordovician-
Silurian boundary, are shown as representative of a coeval open-marine system
(after Hammarlund et al., 2012).
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reflecting an intermediate degree of restriction. For the lower Silurian
Longmaxi Formation, black shales in the Chuannan depocenter yield
Mo/TOC ratios (mean 11.3 ppm/wt%,; green line in Fig. 7) indicative of
moderately severe restriction (similar to the modern Framvaren Fjord,
9 ppm/wt%), whereas those in the Chuandong depocenter yield ratios
(mean 18.9 ppm/wt%; purple line in Fig. 7) indicative of moderately
open conditions (similar to the modern Cariaco Basin, 25 ppm/wt%).
The spatial differences in Mo/TOC ratios show that Chuandong depo-
center was less restricted than the Chuannan depocenter, probably
because its location was in the outer part of the inner Yangtze Sea and,
thus, closer to the open ocean.

Because there is some uncertainty whether the trace-metal in-
ventories of OST seawater were similar to those of modern seawater, a
comparison of the Mo/TOC ratios of the present study units with those
at Dob's Linn, Scotland, is warranted (Fig. 7). Dob's Linn, the GSSP for
the Ordovician-Silurian system boundary, accumulated on a continental
slope of the Iapetus Ocean (Cocks and Torsvik, 2002) and, thus, almost
certainly under unrestricted marine conditions. Dob's Linn exhibits
considerable scatter in Mo/TOC ratios, in part because of its generally
low Mo and TOC concentrations, but a cluster of samples with ratios at
25-45 is similar to those values of < 550 Ma (average 27; Scott et al.,
2008), consistent with near-modern Mo concentrations in Ordovician
seawater. For this reason, we infer that the modern reference basins
(i.e., Black Sea, Framvaren Fjord, and Cariaco Basin) provide a rea-
sonable benchmark for interpreting watermass restriction in the study
units. In summary, the Chuannan and Chuandong depocenters in the
inner Yangtze Sea experienced substantial but variable watermass re-
striction during the OST.

Restriction of the inner Yangtze Sea may have been due to a com-
bination of tectonic (Kwangsian Orogeny) and eustatic factors
(Hirnantian glaciation). The Kwangsian Orogeny was a compressional
event related to stepwise convergence of the Yangtze and Cathaysia
blocks during the Late Ordovician to Early Silurian (Chen et al., 2014).
It was initiated in the area of modern southeastern coastal China and
progressed in a northwestward direction, generating the semi-isolated
Yangtze Basin along the compressional margin. In addition, glacial
eustatic changes may have resulted in large water-depth changes over
the relatively short (~1-million-year) Hirnantian glacial interval (Rong
et al.,, 2011; Liu et al., 2016; Liu et al., 2017). All of these may have
reinforced the restriction of the inner Yangtze Sea observed here.

6.5. Marine productivity in inner Yangtze Sea during the OST

TOC concentrations in rocks are affected by the quantity and type of
sinking organic matter through carbon fixation processes in the surface
ocean, organic preservation conditions, and sedimentation rates
(Canfield, 1994; Schoepfer et al., 2015). Most organic matter decom-
poses within the oxic water column or at the sediment-water interface
or is lost during geological burial, and the preserved TOC content of
sedimentary rocks usually represents only a small fraction of original
primary productivity. The study sections exhibit similar ranges (ca.
—27 to —31%o) and stratigraphic patterns of §'3C,, variation (Fig. 2),
implying similar assemblages of primary producers (Zhang et al., 2013;
B. Shen et al., 2016). Given equivalence among the three study sections
with regard to primary producers, redox conditions (see Sections 6.2
and 6.3), and burial histories (see Section 2.1), it should be possible to
evaluate relative variations in primary productivity rates on the basis of
organic carbon accumulation rate (OCAR), which removes the effect of
varying sedimentation rates on TOC content. Biogenic silica fluxes from
siliceous plankton such as diatoms and radiolarians can also reflect
marine primary productivity (Ragueneau et al., 2000; de Wever et al.,
2001). At Pengye #1, the accumulation rates of biogenic silica (SiAR)
and OCAR show a significant correlation (r= +0.72, p < 0.01,
n = 36; not shown). Since all accumulation rates depend on sedi-
mentation rates, such covariation might be forced by the LSR term in
both equations, but this possibility is largely disproven by a similar
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correlation between SiOy (exy and TOC concentrations (r = +0.60,
p < 0.01, n = 36; not shown). Thus, we infer that OCAR is an effective
proxy for evaluation of relative primary productivity rates in the inner
Yangtze Sea.

A comparison of primary productivity levels among the three study
sections shows large differences across the Yangtze Basin (Fig. 6). At
Pengye #1, OCAR values are low to moderate (5.2-22.9, mean 11.3;
note: all fluxes are in units of mg cm™2 kyr~!) with significant fluc-
tuations during deposition of the Wufeng Formation. At Datianba,
OCAR values range from 3.7 to 37.9 (mean 13.2) in the D. complexus-
middle P. pacificus zones and Guanyinqiao Bed—P. acuminatus Zone,
followed by higher values (28.3-81.3, mean 40.7) in the upper P. pa-
cificus to M. extraordinarius zones. At Shuanghe, OCAR values range
from 8.3 to 42.6 (mean 25.5) in the D. complexus-middle P. pacificus
zones and Guanyinqgiao Bed—P. acuminatus Zone but increase in the
upper P. pacificus-M. extraordinarius zones (19.3-45.0; mean 31.8). To
generalize, primary productivity during the OST was low to moderate
at Pengye #1 and higher at Datianba and Shuanghe, and these differ-
ences were most pronounced in the M. extraordinarius Zone. OCAR
values at study all sections fell during the interval of deposition of the
Guanyinqgiao Bed, corresponding to the disappearance of black shales
and to full development of Hirnantian glaciation.

6.6. Mechanisms controlling marine euxinia in inner Yangtze Sea during the
OST

Our integrated redox dataset demonstrates pronounced spatio-
temporal heterogeneity of redox conditions—especially the develop-
ment of euxinic conditions in the inner Yangtze Sea during the OST (see
Sections 6.2 and 6.3). Liu et al. (2016) proposed that this redox het-
erogeneity was linked to Hirnantian glacio-eustasy and tectonic
movements of the regional Kwangsian Orogeny, although watermass
restriction served as a first-order control on water-column anoxia. Here,
we explore further the controlling mechanisms on development of
marine euxinia in the inner Yangtze Sea during the OST.

Under euxinic conditions, dissolved sulfate is the main oxidant used
in microbial breakdown of organic matter. The generated H,S is con-
verted to pyrite through reaction with reactive Fe (Feyg) in a 2:1 molar
ratio. If Feygr supply is inadequate, H,S will accumulate in the water
column, and euxinic conditions develop. Therefore, the development of
euxinia depends on the relative fluxes of Feyr and H,S in the marine
system, with production of the latter controlled by marine sulfate
availability and primary productivity levels (Raiswell and Canfield,
2012; Feng et al., 2014).

6.6.1. Pre-glacial and post-glacial intervals

During the latest Katian (pre-glacial interval) and the latest
Hirnantian-early Rhuddanian (post-glacial interval), euxinic conditions
existed at Pengye #1 and Datianba in the Chuandong depocenter, but
persistently ferruginous conditions existed at Shuanghe in the
Chuannan depocenter (Fig. 6). The development of ferruginous condi-
tions requires that the H,S flux generated by MSR was insufficient to
react fully with available Feyy (cf. Feng et al., 2014). The ferruginous
samples in the Chuannan depocenter (Shuanghe) are characterized by
low Fey (< 0.4%; Table S3), which represents Fe in clay minerals and
other silicates from terrestrial sources, indicating a limited detrital Fe
flux. In contrast, the euxinic samples in the Chuandong depocenter
exhibit higher Fey concentrations (mean 1.3% at Pengye #1 and 0.7%
at Datianba; Tables S2 and S3), indicating greater detrital Fe fluxes.
Differences in Fey are mirrored by differences in Fer, with lower Fer
values at Shuanghe (1.1-1.8%, mean 1.2%; Liu et al., 2016; Table S3)
versus higher Fer values at Datianba (1.7-3.4%, mean 2.5%; Liu et al.,
2016; Table S3) and Pengye #1 (1.8-3.5%, mean 2.5%; Table S2),
providing further evidence of low Fe availability in the Chuannan de-
pocenter.

Limited quantities of organic matter to drive MSR have been
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proposed to explain the absence of euxinia in some Precambrian marine
systems (e.g., Johnston et al., 2010; Poulton et al., 2010). However,
differences in productivity levels among the present study sections (see
Section 6.5) are inconsistent with an organic matter control on devel-
opment of euxinia. In the P. pacificus Zone, productivity levels at
Shuanghe (OCAR mean 28.4 mg cm ™2 myr ™~ ') are similar to or higher
than levels at Datianba (OCAR mean 29.8) and Pengye #1 (OCAR mean
12.9) (Fig. 6). Furthermore, in the M. persculptus-P. acuminatus zones,
productivity levels at Shuanghe (OCAR mean 27.9) are also higher than
at Datianba (OCAR mean 11.4) and Pengye #1 (OCAR mean 8.5)
(Fig. 6). Therefore, regional differences in primary productivity levels
cannot account for ferruginous conditions at Shuanghe versus euxinic
conditions at Datianba and Pengye #1.

The existence of ferruginous conditions in the Chuannan depocenter
despite limited Fe availability and high organic carbon fluxes must
therefore have been due to low sulfate availability during the OST.
Since sulfate availability was sufficient for development of euxinia in
the Chuandong depocenter at that time, these considerations suggest
strong spatial variation in seawater sulfate availability across the inner
Yangtze Sea. Global seawater sulfate concentrations are considered to
have been relatively low but variable during the Cambrian and
Ordovician periods (< 2-12 mM; Gill et al., 2007; Halevy et al., 2012;
Thompson and Kah, 2012; Algeo et al., 2015), consistent with evidence
of strong local variability in aqueous sulfate concentrations in North
American basins (Kah et al., 2016; Young et al., 2016). Low sulfate
availability in the inner Yangtze Sea during the OST may have been due
in part to hydrological restriction (see Section 6.4), with spatial varia-
tions in the degree of restriction and primary productivity levels con-
tributing to local variability in sulfate concentrations under such con-
ditions. At low sulfate concentrations, spatial variations in point source
fluxes may have also contributed to local variability, leading to locally
higher sulfate concentrations around river mouths (i.e., riverine sulfate
source) or deep sills connecting the inner Yangtze Sea to the outer
Yangtze Sea and global ocean (i.e., seawater sulfate source). During the
studied intervals, the Chuandong depocenter was proximal to tectonic
uplifts (e.g., Diangian Uplift) associated with the Kwangsian Orogeny
on the southeastern margin of the Yangtze Sea (Chen et al., 2014) and
to the open ocean (Fig. 1), potentially resulting in higher sulfate supply
from both riverine and seawater sources (Fig. 8A; Liu et al., 2016).
Glacio-eustatic fluctuations would have had a particularly pronounced
effect on open-ocean resupply of sulfate, as higher sea-level elevations
during non-glacial intervals would have led to enhanced watermass
exchange across the bounding sills of the inner Yangtze Sea (Fig. 8A).
On the other hand, the Chuannan depocenter was located further from
both tectonic uplifts and the open ocean, thus limiting sulfate resupply
from both riverine and open-ocean sources (Fig. 8A).

The development of spatial variability in seawater sulfate con-
centrations within the inner Yangtze Sea may be evidenced by the
834Spy records of the present study sections. Although diagenetic pyrite
formed within the sediment is prone to large variations in §%*S as a
result of Rayleigh distillation of porewater sulfate (Lyons et al., 2009),
syngenetic pyrite crystals formed in the water column commonly ex-
hibit nearly uniform 8*S compositions (e.g., Nielsen and Shen, 2004).
The syngenetic origin of the pyrite framboids in the present study
sections is confirmed by their small size and limited size variation (cf.
Wilkin et al.,, 1996; Wilkin and Barnes, 1997; Wignall and Newton,
1998): the mean framboid diameters are 4.84 + 1.36 um at Pengye #1
(Fig. 4C; this study) and 5.19 * 2.00 um at Shuanghe (Zou et al.,
2017). Therefore, the 834Spy of the study units can be used to evaluate
contemporaneous seawater sulfate concentrations and isotopic com-
positions (cf. Algeo et al., 2015).

The 8%, values differ markedly between the two depocenters of
the inner Yangtze Sea. In the P. pacificus Zone (pre-glacial interval), the
Chuandong depocenter yields substantially lower 834Spy values (mean
—22.1%0 at Pengye #1, —18.4%o at Datianba) than the Chuannan
depocenter (mean + 3.8%o at Shuanghe). The same pattern is observed
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in the M. persculptus-P. acuminatus zones (post-glacial interval): the
Chuandong depocenter yields much lower §3*S,,; values (mean —5.2%o0
at Pengye #1, —3.7%o at Datianba) than the Chuannan depocenter
(mean + 8.7%o at Shuanghe). These differences in mean 834Spy values
imply a spatial gradient in either aqueous sulfate concentrations, sulfate
834S, or both across the inner Yangtze Sea during the OST. If the degree
of MSR fractionation was more-or-less uniform across the inner Yangtze
Sea, then this variation reflects a gradient in aqueous sulfate §34S, with
higher values (by 10-25%o) in the Chuannan depocenter relative to the
Chuandong depocenter. On the other hand, if MSR fractionation varied
owing to differential sulfate concentrations, then differences of
10-25%o in §%*S,, imply fairly large differences in seawater sulfate
concentrations between the two depocenters (cf. Algeo et al., 2015). In
either case, such differences can be attributed to generally high sea-
water sulfate concentrations with higher 32S-rich sulfate fluxes from
weathering and open-ocean sources into the Chuandong depocenter
than those into the Chuannan depocenter given that Chuandong de-
pocenter was closer both to the tectonically active Dianqian Uplift and
open ocean (Fig. 1C). We note that similar spatial gradients in 8>*S,,
have been documented for the Ediacaran Doushantuo and lower Cam-
brian Niutitang formations in South China, also linked to small marine
sulfate reservoir size and locally elevated sulfate weathering fluxes (Li
et al., 2010; Feng et al., 2014; Jin et al., 2016).

6.6.2. Hirnantian glacial interval

During the M. extraordinarius Zone (i.e., early stage of Hirnantian
glaciation), euxinic waters developed at all three study sections, which
can be attributed to higher sulfate availability (Fig. 8B). Although de-
clining temperatures may have reduced chemical weathering intensity
during the glacial interval (Gibbs and Kump, 1994), the glacio-eustatic
fall exposed pyrite-rich shelf sediments to weathering, resulting in a
local increase in sulfate weathering flux (Fig. 8B). Such an increase in
sulfate supply may have been a key factor causing the watermass of the
Chuannan depocenter (Shuanghe) to shift from ferruginous to euxinic
conditions. At the maximum glacial lowstand, however, a shift away
from euxinic conditions was induced by a combination of: (1) reduced
primary productivity (possibly as a result of cooler sea-surface tem-
peratures or more limited nutrient supply), and (2) reduced sulfate
supply owing to dwindling erosion of exposed shelves and increasing
hydrological restriction from the open ocean as basin-margin sills
shallowed or became subaerially exposed (Fig. 8C). This interpretation
is supported by a decline in OCAR from the M. extraordinarius Zone to
the Guanyingiao Bed, which is particularly pronounced at Datianba and
Shuanghe (Fig. 6).

The Hirnantian inner Yangtze Sea was characterized by a large
spatial gradient in §°*S,;: mean values were —4.1%o at Pengye 1#,
+6.7%o at Datianba, and + 13.2%o at Shuanghe during the early glacial
interval (M. extraordinarius Zone), and +4.2%o at Datianba and
+12.6%0 at Shuanghe during deposition of the Guanyinqiao Bed
(Fig. 6; Tables S1, S3), which is similar to the gradients observed for the
pre- and post-glacial periods (see Section 6.6.1). These gradients can be
similarly attributed to larger *2S-rich sulfate fluxes from weathering
and open-ocean sources to the Chuandong depocenter (relative to the
Chuannan depocenter) owing to its proximity to the tectonically active
Diangian Uplift and the open ocean (cf. Section 6.6.1). These patterns
suggest a persistence of similar local controls on sulfate fluxes from the
pre-glacial interval through the post-glacial interval.

Although local factors may have influenced sulfate fluxes to the
inner Yangtze Sea, secular variation in 834Spy profiles suggests that the
Hirnantian inner Yangtze Sea also responded to global sulfur-cycle
changes. This inference is based on a common positive §3*S,,, excursion
in all three study sections during the Hirnantian glacial interval (Fig. 6),
which is also observed in OST sections worldwide (Yan et al., 2009;
Zhang et al., 2009; Gorjan et al., 2012; Hammarlund et al., 2012; Jones
and Fike, 2013). The global nature of this shift requires a mechanism
related to the global sulfur cycle. Earlier studies inferred a shift of the
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Fig. 8. Depositional model for OST sections in inner Yangtze Sea. (A) P. pacificus and M. persculptus-P. acuminatus zones (i.e., pre-glacial and post-glacial intervals):
locally elevated sulfate fluxes related to tectonic uplifts and open-ocean exchange caused development of euxinia at Pengye #1 and Datianba in the Chuandong
depocenter; in contrast, lower sulfate inputs to Chuannan depocenter yielded ferruginous conditions at Shuanghe. (B) M. extraordinarius Zone (i.e., early stage of the
Hirnantian glaciation): increasing sulfate fluxes resulted in euxinia at all sections because glacio-eustatic fall exposed pyrite-rich shelf sediments to weathering. (C)
Guanyinqiao Bed (i.e., the maximum interval of the Hirnantian glaciation): low sulfate fluxes and marine productivity cause the disappearance of euxinia at all
sections, possibly as a result of cooler sea-surface temperatures, more limited nutrient supply, and increasing hydrological restriction from the open ocean linked to

basin-margin sill shallowing. See text for more details. Directions a-a’ and b-b’

chemocline downward into the sediment as a consequence of glaciation
and enhanced oceanic oxygenation, attributing formation of 3*S-en-
riched pyrite to limited sulfate diffusion into sediment porewaters (Yan
et al., 2009; Pasquier et al., 2017). However, this mechanism is not fully
consistent with our findings of expanded oceanic euxinia in the inner
Yangtze Sea during the early Hirnantian. Thus, we infer that this po-
sitive 534Spy shifts observed in study sections represent a consequence
of elevated 83*S of seawater sulfate through increased precipitation of
325.rich pyrite in the restricted inner Yangtze Sea as a result of the
Hirnantian glacio-eustatic fall although decreasing S-isotopic fractio-
nation during MSR due to global cooling suggested by Jones and Fike
(2013) cannot be excluded. These processes operated concurrently
with, and partially counteracted, local additions of 32S-rich sulfate to
the inner Yangtze Sea from weathering fluxes, as described above for

represent the a-a’ and b-b’ transects plotted in Fig. 1C, respectively.
the M. extraordinarius Zone.

7. Conclusions

Our high-resolution chemostratigraphic study of the Pengye #1
section, combined with previously reported data from two other sec-
tions representing deeper-water conditions (Shuanghe and Datianba),
provides new insights concerning the evolution of euxinic conditions in
the inner Yangtze Sea and controls thereon during the Ordovician-
Silurian transition (OST). At that time, the inner Yangtze Sea was
characterized by a stratified seawater with spatiotemporal redox het-
erogeneity, substantial but variable hydrological restriction and gen-
erally high but spatially variable productivity. Mechanism analyses
based on Fe-S-C fluxes show that the development of euxinia in the
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inner Yangtze Sea, was most likely controlled by local sulfate avail-
ability, which varied as a function of both tectonic (Kwangsian
Orogeny) and eustatic changes (Hirnantian glaciation). Coexisting S-
isotopic record of syngenetic pyrites (834Spy) demonstrates large dif-
ferences among study sections, providing evidence for the tectonic and
eustatic control on the local sulfate fluxes and in turn euxinic devel-
opment in the inner Yangtze Sea. Our study highlights potential sulfate
control on the development of toxic euxinic waters in those semi-re-
stricted marginal basins and their mechanism links with regional and
global events during the OST when the second severest mass extinction
of the Phanerozoic occurred.
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