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Widespread deposition of iron-rich sedimentary rocks (ironstones) occurred
during the Sturtian ice age, the earlier of two Cryogenian ‘Snowball Earth” gla-
ciations. However, the reasons for the termination of Cryogenian Iron Formation
(CIF) deposition remain poorly understood. Here we report a multi-isotope
(Fe-C-S) study of the Xinyu CIF in South China that can directly address this
= &, Fothe question. The isotopic compositions of these multivalent elements exhibit
C’]’Oge". &II:&,‘ remarkable covariance at the top of the Xinyu CIF that reflects progressive redox
lan stratification during iron oxide deposition. Iron oxide deposition ended abruptly

due to the titration of ferrous iron as pyrite following a large influx of riverine
sulfate. Although termination of CIF deposition is commonly attributed to

oxygenation, our data show that at least in some Cryogenian ocean basins, CIF deposition ended with the spread of euxinic

rather than oxygenated waters.
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! Introduction

The Cryogenian Period (ca. 720-635 Ma) marks a turning point
in the history of Earth’s surficial environment, when seawater
changed from a generally anoxic, ferruginous and sulfate-poor
state (Canfield ef al., 2008; Guilbaud et al., 2015) to a more oxy-
genated, Fe-poor and sulfate-rich state (Sahoo et al., 2012;
Shields et al., 2019) that progressively came to dominate
through the ensuing Phanerozoic Eon (Och and Shields-
Zhou, 2012). Iron formations were deposited globally during
the Cryogenian Period, following an interval of over 1 billion
years, during which iron formations were rare (Cox et al.,
2013; Hoffman et al., 2017), but not entirely absent (Canfield
etal., 2018). Iron formation deposition requires a reduced ocean
to allow effective transport of iron in its soluble form, Fe?t, as
well as a mechanism for oxidation of the Fe?* and accumulation
of large masses of Fe oxides/hydroxides. Reappearance of wide-
spread iron deposits during the Cryogenian Period has been
taken, therefore, as supporting evidence for the “Snowball
Earth” hypothesis, as global ice sheet cover could have led to
widespread ocean anoxia (Hoffman and Schrag, 2002;
Kirschvink, 1992). The appearance of Cryogenian iron forma-
tions (CIFs) provides robust evidence for the return of Fe(Il)-
rich, anoxic oceans, and by the same token, termination of
CIF deposition was likely linked to some fundamental change
in ocean chemistry.

Was disappearance of the CIFs caused by a decrease in
Fe?* concentration due to ocean oxygenation as seen in
modern oceans? Or was it caused by the depletion of free oxy-
gen and development of euxinic (H,S-rich) environments as

has been proposed for the Mesoproterozoic (Canfield, 1998)
and Ediacaran oceans (Li ef al., 2010)? The details of CIF termi-
nation bear on our understanding of the chemistry of
Cryogenian oceans, and are critical for a better understanding
of the biological radiations and diversification that followed.
However, the termination of CIF deposition, its cause and
related environmental implications, have been little discussed
to date (Coxetal., 2013). Iron, carbon and sulfur are major play-
ers in natural redox processes and show significant isotopic
differences between their reduced and oxidised forms. In this
study, we present an integrated study of C-S-Fe isotope data
from a new drill core record for a large Sturtian-aged CIF from
South China that was deposited in a deep marine setting. The
completeness of the drill core record is unprecedented for
Cryogenian iron formations and the isotopic signatures hold
clues about the onset, development, and particularly, termina-
tion of CIF deposition.

Clues from a Deep Water Cryogenian
Iron Formation

The CIF from Xinyu, Jiangxi Province, China presents a remark-
able opportunity to study ocean chemistry during the
Cryogenian glaciation (Tang et al., 1987; Zhu et al., 2019). The
southern margin of the Yangtze Craton of South China hosts
a number of stratigraphically correlative CIFs that are associated
with successions assigned to the ~55 Myr, early Cryogenian
‘Sturtian’ ice age (Figs. 1, S-1). The Xinyu CIF, which is the larg-
est among the South China deposits, was deposited offshore
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Figure 1 (a) Distribution of Cryogenian Iron Formations in South China and their tectonic setting during the Neoproterozoic. (b) Tectonic
background and palaeo-depth of the Cryogenian iron formations, after Wang and Li (2003). (c) Stratigraphic correlations of different
CIFs from South China, after Tang et al. (1987). The thickness of iron formations, manganese formations, and carbonate in between are

magnified for illustration, and do not represent true thickness.

within the Nanhua rift basin that separated the Yangtze Craton
and the Cathaysia Block during the Neoproterozoic Era. It was
deposited in deep water (Wang and Li, 2003), and contains
magnetite as the major Fe oxide mineral. The Xinyu CIF is uni-
form in its stratigraphic sequence and can be traced continuously
for over 60 km (Fig. S-2), despite local deformation and greens-
chist facies metamorphism. The Xinyu CIF in the ore district is
underlain by a magnetite-bearing, chlorite-sericite phyllite and
overlain by a pyrite-bearing sericite phyllite (Figs. 2, S-3). The
pyrite-bearing phyllite horizon is used as a faithful marker for
the termination of Xinyu CIF by the local iron ore exploration
geologists. Magnetite and pyrite in the sericite phyllite are
generally disseminated and euhedral to subhedral in shape
(Figs. S-4 to S-6). These rocks also contain platy hematite and
irregular interstitial carbonates (mostly ankerite) as minor con-
stituents (Figs. S-7, S-8). The lack of overgrowth texture in mag-
netite and occurrence of minute Fe oxide inclusions in ankerite
suggest that the two minerals were products of early diagenesis,
rather than late metamorphic events (Figs. S-9, S-10).

We characterised the Fe isotope data of magnetite and
pyrite, S isotope data of pyrite, and C isotope data of interstitial
carbonates from a representative drill core that intersects the
strata bearing the Xinyu CIF (Fig. 2). Details of analytical meth-
ods are provided in the Supplementary Information. The
§°Fe values cluster around a crustal baseline value of +0.1 %o
for disseminated magnetite grains in the chlorite-sericite phyllite
(Fig. 2) underlying the Xinyu CIF, but values increase monoton-
ically up-section within the Xinyu CIF, reaching a maximum
value of +2 %o at the top of the CIF. This trend is mirrored by
the C isotope values of interstitial carbonates (§*C.,y,), which
decrease from —7 %o in the lower magnetite-bearing, chlorite-
sericite phyllite to =12 %o at the top of the Xinyu CIF. These
81BC . values abruptly increase to around —8 %o across the
boundary between CIF and the overlying sericite phyllite. This
is echoed by a fundamental change in the mineralogy of the dis-
seminated Fe-bearing minerals in the sericite phyllite, whereby
magnetite changes to pyrite. The §°°Fe values of the pyrite grains
scatter about +0.5 %o, whereas 84S values increase from a very
low value of —40 %o to a high point of +7 %o, before returning to
around 0 %o up-section (Fig. 2).
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Figure 2 Stratigraphic column and Fe-C-S isotope data along a drill core of the Xinyu CIF.

I Discussion

The upward trend towards higher §°°Fe values within the Xinyu
CIF is similar to previously reported Fe isotope patterns from
Xinyu and other ‘Sturtian’ CIFs worldwide (Zhu et al., 2019).
The source of iron in the iron formations is believed to have been
hydrothermal fluids that have §°°Fe values close to 0 %o or
slightly lower (Johnson et al., 2008). The low &°Fe values in
the lower Xinyu CIF likely record periods of efficient oxidation
and quantitative removal of hydrothermal Fe(Il) that occurred
during the early stages of CIF deposition (Fig. 3a). Given that
the primary precipitates of Fe(Il) oxidation (i.e. Fe(Ill) oxides/
hydroxides) enrich heavy Fe isotopes over aqueous Fe(Il) by
~3-4 %o at equilibrium (Johnson et al, 2008), the positive
8%°Fe values in iron formations are most parsimoniously
explained by partial oxidation of hydrothermal Fe(Il) (Johnson
et al., 2008; Li et al., 2013). Increasing §°°Fe up-section in the
CIFs, therefore, reflects a decreasing availability of free O, to
oxidise Fe(ll),q in the Cryogenian oceans (Fig. 3b). Decreased
O, production seems unlikely in deglacial oceans, as removal
of ice sheets would have allowed photosynthetic organisms to
thrive, and moreover, newly resumed global hydrological cycles
would have delivered abundant nutrient elements (e.g., P) into
the oceans to boost biological productivity (Shields et al., 1997;
Och and Shields-Zhou, 2012). Therefore, development of a
redoxcline and decrease in oxidation efficiency (i.e. increase in
partial oxidation) of deep water Fe(Il) seems a more plausible
explanation for the Fe isotope trend recorded in the Xinyu CIF
(Fig. 3b).

Concomitant with the up-section increase in magnetite
8°Fe, there is a decrease in 8°C.,p from mantle-like values
of around —8 %o in the sericite phyllite to values as low as
—12 %eo at the top of the Xinyu CIF. Low §'°C,,y, values in car-
bonates frequently reflect contributions from organic C that has
significantly lower §'C values than dissolved inorganic carbon.
Dissimilatory iron reduction (DIR) by microbes in soft sediments
has been identified as an effective mechanism that transforms

Fe(Ill) hydroxides into magnetite and remineralises organic
carbon to form low &°C diagenetic carbonates (Heimann et al.,
2010; Craddock and Dauphas, 2011). The decreasing §Ceopp
values within the Xinyu CIF could therefore reflect increasing
delivery to the seafloor of organic matter and efficient reminer-
alisation by DIR microbes. The activity of O,-respiring hetero-
trophic microbes in the water column in the presence of
abundant organic matter supply would consume dissolved O,
producing mid-column anoxia, which lowered the intensity of
aqueous Fe(ll) oxidation, producing high §°°Fe Fe(Ill) precipi-
tates (Fig. 3b). Therefore, the C isotope record corroborates
the Fe isotope evidence for a strengthening of redox stratification
during precipitation of the upper part of the Xinyu CIF.

The termination of CIF deposition at Xinyu was immedi-
ately followed by deposition of rocks containing pyrite with very
low (—40 %o) 8%S values (Fig. 2). Deposition of pyrite requires
S2-, which could be provided by microbial reduction of SO}~
in the presence of organic matter. It is widely accepted that sul-
fate was depleted in oceans during the Snowball Earth Events
(Kump and Seyfried, 2005). Deglaciation, however, could have
provided a source of sulfate via renewed riverine input from con-
tinents. The dissolved sulfate was delivered to oceans by rivers,
but due to density differences, the sulfate likely spread initially
within plumes of freshwater at the surface mixing zone, sepa-
rated from the organic-rich water body and seafloor below the
redoxcline (Fig. 3b). As soon as sulfate could reach beneath
the redoxcline, microbes would have been capable of metabolis-
ing organic matter via the bacterial sulfate reduction pathway,
releasing H,S that reacted with hydrothermal Fe?* to form
low solubility Fe sulfide precipitates (Fig. 3c). Predominance of
bacterial sulfate reduction therefore terminated the deposition
of Fe(Ill) hydroxides in CIF.

The pyrite grains that precipitated immediately after the
CIF have very low (=40 %o) 8%*S values. Experiments have
shown that the magnitude of S isotope fractionation associated
with bacterial sulfate reduction is controlled by the amount of
sulfate, whereby the maximum A**S e suride fractionation
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Figure 3 A conceptual model for initiation, development, and
termination of Cryogenian iron formations.

factor of ~45 %o occurs in the presence of >1 mM sulfate in water
(Habicht and Canfield, 1997). Therefore, the very low §%S sig-
natures of pyrite require that bacterial sulfate reduction started
with abundant (>1 mM) dissolved sulfate. The onset of pyrite
precipitation after CIF termination implies a rapid delivery
of abundant sulfate to deeper oceans. The increase in pyrite
§34S values implies that the consumption of dissolved sulfate by
bacterial sulfate reduction outpaced replenishment of sulfate
from rivers, leading to a decrease in the global ocean sulfate res-
ervoir, and progressively higher §*S in residual sulfate.

The Fe-C-S isotope record presents a compelling case for
termination of CIF deposition by sulfur cycling and extensive
development of euxinia in the water column of deglacial
Cryogenian oceans. It has been proposed that the termination
of major banded iron formations around 1.8 Ga was caused
by the development of euxinic oceans (Poulton et al., 2004).
Deposition of pyrite-bearing sediments following ironstone
deposition has not been reported from CIF sequences in other

parts of the world, so it is possible that the Xinyu CIF is a special
case that is different from other CIFs in terms of the pathway of
IF termination. This can be explained by the differences in the
depth of IF deposition. Xinyu CIF was deposited in a deep marine
setting based on sedimentary facies analysis (Tang et al., 1987)
and palaeogeographic reconstruction (Wang and Li, 2003),
therefore the spread of ocean euxinia is recorded by the deep
Xinyu CIF, but not in other shallow CIFs as Fe(Il) delivery was
cutin deeper seawater. A recent study reported widespread euxi-
nia at the end of Marinoan glaciation, whereby the abundance of
pyrite nodules was significantly greater in deep settings than in
shallow settings (Lang et al., 2018). We therefore argue that the
spread of euxinia into deep oceans and titration of hydrothermal
Fe?* by sulfides is a viable mechanism to explain the disappear-
ance of IFs after the Cryogenian Period. If so, the mineralogical
and isotopic records of the Xinyu CIF pinpoint the onset of
euxinia, which was to be become widespread along productive
margins until the Cambrian (Liet al., 2010). Isotopic records from
the Xinyu CIF also testify to the diversity and prosperity of the
ocean microbial community. A microbial ecosystem of diverse
metabolisms, including oxygenic photosynthesis, O,-respiring
heterotrophism, DIR, and BSR thrived through cycling of redox
elements (O-C-S-Fe) in Cryogenian oceans upon deglaciation.
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1. Geological Setting, Regional Geology and Stratigraphy

The South China Block consists of the Yangtze Block and the Cathaysia Block (Zhao and Cawood, 2012). These two blocks collided
between the Late Mesoproterozoic to the earliest Neoproterozoic (Wang and Li, 2003; Wang et al., 2014), leading to the formation of
the ~1500km Jiangnan orogen (Wang et al., 2014). Meso-Neoproterozoic sedimentary sequences widely developed around the
Yangtze Block and along the northwestern Cathaysia Block, and consist of two main parts that are separated by a regional
unconformity (Fig. S-1; Wang and Li., 2003; Wang et al., 2012).
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Figure S-1 Correlation of representative Neoproterozoic strata in South China (modified from Wang and Li, 2003; Yang et al., 2012). NCC-North China Craton;
WQX Fm.-Wugiangxi formation; SMJ Fm.-Sanmengjie formation; CSP Fm.-Cangshuipu formation; GD Fm.-Gongdong formation; XM Fm.-Xiangmeng formation;
DTP Fm.- Datangpo formation. KL Gr.-Kongling Group; NT Fm.-Nantuo formation; DST Fm.-Doushantuo formation; DY Fm.-Denying formation; LKD Fm.-
Luokedong formation; DM Fm.-Dongmen formation; LGW Fm.-Leigongwu formation; PYC&LT Fm.-Piyuancun&Lantian formation; DY&DST Fm.-
Dengying&Doushantuo formation; HCC Fm.- Hongchicun formation; Ages of the first column are from Rooney et al. (2015) and references therein, while ages of
the column of Central Jiangxi are from this study. a-Condon et al., 2005; b-Zhou et al., 2019; c-Lan et al., 2015a; e-Zhou et al., 2004; c-Ma et al., 1984; d-Lan et al.,
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2009; m-Zhou et al., 2007; m-Lan et al., 2015a; o-Li et al., 2003.
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The lower sedimentary sequence below the unconformity is named as the Sibao Group in northern Guangxi province, the
Lengjiaxi Group in Hunan province, the Fanjingshan Group in Guizhou province, the Shuangxiwu Group in Zhejiang province,
and the Shuangqiaoshan Group in Jiangxi province (Wang and Li., 2003), representing the collision between the Yangtze Block and
the Cathaysia Block (Wang et al., 2014). The upper sedimentary sequence above the unconformity consists of sedimentary rocks
produced by the Nanhua rifting system that developed at the suture zone between the Yangtze Block and the Cathaysia Block
(Fig.S-1).

The Nanhua rifting Basin, from bottom to top, consists of the lower pre-Cryogenian siliciclastic units, the middle Cryogenian
glacial and non-glacial deposits and the upper Ediacaran carbonate .siliciclastic rocks (Jiang et al., 2003). The Cryogenian strata in
Nanhua rifting basin can be divided into the lower glacial diamictite (the Chang'an/Jliangkou formations and their correlative
equivalents), the middle non-glacial shale and siltstone units (the Datangpo Formation and its equivalents), and the upper glacial
diamictite (the Nantuo Formation) (Jiang et al., 2003; Zhou et al., 2004; Jiang et al., 2011; Bao et al., 2018). The Chang'an/Jiangkou
formations and their correlative equivalents are commonly correlated with the Sturtian glaciation, whereas the Nantuo Formation
is correlated with the Marinoan glaciation (e.g., Hoffman and Li, 2009). A number of Neoproterozoic iron formations (IFs) develop
in the Nanhua rifting basin (e.g., Fulu and Xinyu IF) (Fig. 1a,c) (Tang, 1987). The Fulu IF was deposited in the shallow-water
conditions, whereas the Xinyu BIF was deposited in deep-water settings (Fig. 1a,b) according to its sentimentology characters
(Wang and L4, 2003).
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Figure S-2 Geological map of the Xinyu iron formation (Modified from Meng et al., 2017).

Neoproterozoic iron formations from South China exhibit features that are similar to those from eastern Australia and
western Laurentia (Eisbacher, 1985; Jiang et al., 2006; Busigny et al., 2018). Major rifting during the late mid-Proterozoic to early
Neoproterozoic set the tectonic background for deposition of many of the Neoproterozoic IFs (Fig. 1). The Xinyu Iron Formation
was deposited in the central zone of the Nanhua Rift Basin (Fig. 1), underlain by Gujia Formation with pebble-bearing sandy slate
and diamictite, with the overlying Dashajiang Formation and Bali Formation (Fig.S-1, Tang et al. 1987; Yang et al., 2012).
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Figure S-3 Variation in lithology and iron content of Xinyu CIF along the drill core ZK11605.

The Sinian system, which contains the Xinyu IF (Fig. 5-2), is made up of four unconformity-bounded sequences, that is, the
Shengshan formation, the Shangshi formation, the Gujia formation, the Xiafang formation, the Dashajiang formation, the Bali
formation, the Laohutang formation and the Likeng formation (Tang et al., 1987, Fig. S-3). The Shengshan formation is mainly
sericite phyllite interbedded by several layers of volcanic rocks, while the Shangshi formation is mainly quartz mica schist with
some phyllitic sandstone. Both the shengshan and Shangshi formation composed the Banxi group in Central Jiangxi and West
Hunan, which is equivalent to the Danzhou Group in North Guanxi and the Xiajiang Group in South Guizhou (Fig. S-1, Song et al.,
2017 and references therein). The Yangjiaqiao Group is composed by the lower conglomeratic formation (Gujia Foramtion), the
middle ironstone .bearing Xiafang Formation, and the upper manganese-containing Dashajiang Formation (Fig. S3, Yao et al., 1993).
The Gujia Formation from the Xinyu area is only several meters thick, and contains magnetite-bearing chlorite sericite phyllite and
carbonaceous pseudo-conglomerate. Tang (1987) interpreted the Gujia Formation as an interglacial to glacial deposits Sturtian in

age, which is equivalent to the ‘S—e S—1¢">-Se'"—1"—1 ">e¢'1l 7S —e¢i’1S—ele‘Z1e" Z51 'S—FIEHUY >S5S’

correlative with the widespread late Precambrian diamictite strata in South China (Fig. 1c). Contained the Xinyu iron formation,
the Xiafang formation is mainly phyllite, which is correlative with the Fulu formation in North Guanxi and the upper Jiangkou
formation in West Hunan (Fig. S-1). The Dashajiang Formation contains gravel-containing sericite phyllite with carbon-bearing
sericite phyllite, chlorite phyllite, meta-sandstone and manganese carbonate, correlative with the widespread manganese strata of
the Datangpo formation in North Guangxi, the Xiangmeng formation in West Hunan (Fig. S-1), which is identified as the
interglacial interval between the Sturtian and the Marinoan glaciation (Fig. S-1, Tang et al. 1987; Yang et al., 2012).
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