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ARTICLE INFO ABSTRACT

The majority of the deep ocean was likely under ferruginous conditions during the first four billion years of
Earth's history. As the atmosphere was gradually oxygenated, the sources, sinks, redox cycling, and reservoir size
of dissolved iron in the deep ocean are likely to have changed dramatically. Whether deep water was thoroughly
oxygenated by the time of the Ediacaran-Cambrian transition, and the relationship of this oxygenation to the
Cambrian explosion, remains debated. To explore the degree of oceanic oxygenation and its effect on Cambrian
explosion, we measured the iron isotopic composition (8°6Fe) of bulk rock (i.e., cherts and mudstones/shales)
through the Piyuancun and Hetang formations, using samples collected from the Chunye-1 core, on the Lower
Yangtze Block in western Zhejiang. The limited variation in 8°Fe values (< 0.7%o) and low Fer/Al ratios
(< 0.77) in euxinic samples show that the deep-water Fe>* reservoir was quite limited, and likely similar to that
of the modern ocean, during the latest Ediacaran and Cambrian Stages 1-3. Iron isotope results, combined with
published data from sections on the Middle and Upper Yangtze Block, record a general decline in seawater §°°Fe
values from > 0.55%o during the end-Ediacaran and Cambrian Stages 1-3 to < 0%o during Cambrian Stage 4.
Seawater 8°°Fe values in the lower and middle Hetang Formation range between 0 and 0.2%o, suggesting that
the riverine dissolved and suspended flux and/or aeolian dust was the predominant source of highly reactive iron
to the deep basin. Positive deep-water 8°°Fe values, above 0.55%o during the terminal Ediacaran and Cambrian
Stages 1-3, likely reflect a basin where pyritization, rather than oxidation, was the predominant sink for deep-
water ferrous Fe. Thus, we infer that only the shallow water was sufficiently oxygenated to support complex
metazoans and the evolutions of skeletons, and that atmospheric oxygen levels were not high enough to directly
oxygenate deep water environments during the Cambrian explosion.
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1. Introduction

The process of oxygenating Earth's atmosphere, starting from <
107 % of the present partial pressure of atmospheric oxygen (pO,) in the
Hadean, to levels approximating its present concentration in the early
Paleozoic, lasted for > 4 billion years (Lyons et al., 2014). Two great
oxidation events (first in the Paleoproterozoic about 2.4 billion years
ago, and second in the later Neoproterozoic Era) elevated pO, to > 5%
of the present atmospheric level (PAL, Canfield and Teske, 1996). After
the Neoproterozoic Oxygenation Event (NOE), the surface ocean would
have become oxygenated as a result of exchange and equilibration with
the atmosphere. Oxygenation of the deep ocean, below the surface
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mixed layer, would have presented the greatest obstacle to the estab-
lishment of a modern marine redox structure with relatively modern
biogeochemical cycles (Lyons et al., 2014). Oxygenic photosynthesis,
coupled with burial of organic matter, is the most important source of
free oxygen on Earth's surface, and was well established by the Paleo-
proterozoic (Mills et al., 2014). However, the release of gases and
metals in reduced forms from hydrothermal fluids and volcanism would
have served as a strong buffer against the accumulation of free oxygen
in the deep ocean. Oceanic dissolved ferrous iron (Fe2), which may
have reached concentrations as high as 40 to 120 uM before the advent
of oxygenic photosynthesis (Canfield, 2005), may have been the most
important reduced metal ion buffering deep water O, accumulation.
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Although iron speciation data suggest that the deep water was perva-
sively ferruginous from the Archaean through Cambrian Stage 4
(Canfield et al., 2008; Planavsky et al., 2011; Poulton and Canfield,
2011; Sperling et al., 2015; Xiang et al., 2017), the reservoir size and
cycling behavior of oceanic Fe?* may have evolved dramatically over
this period, as the oxygenation of the atmosphere altered the sources
and sinks of dissolved iron.

While the astonishing expansion of animal diversity known as the
Cambrian explosion was rooted in the Ediacaran, it did not reach its
peak until Stage 3 of Cambrian Series 2 (Erwin et al., 2011; Zhu et al.,
2017). Whether there was a major deep water oxygenation event prior
to or during this metazoan diversification, and whether the diversifi-
cation can be partially attributed to increasing oxygenation, remains
controversial, even among studies employing the same iron speciation
geochemical proxies (Li et al., 2017; Sperling et al., 2015). Fe isotope
studies, combined with iron elemental geochemical analysis, may offer
more comprehensive and mechanistic insight into the deep basin iron
cycle, and its implications for the Cambrian explosion.

In this study, we examined the iron isotope composition of bulk rock
(8°°Fer) in the basinal sediments of the Lower Yangtze Block, using
samples collected from the Chunye-1 core. This core is characterized by
a continuous sedimentary succession punctuated by recurring euxinic
intervals from the Late Ediacaran through Cambrian Stage 4 (Xiang
et al., 2017). Previous studies have suggested that the western Zhejiang
area was a gulf (termed the Qiantang Gulf, Fig. 1), which was bounded
by the Jiangnan Oldland along its western margin and the Cathaysian
Oldland along its southeastern margin (Xiang et al., 2017). We used
iron isotopes, in combination with iron speciation, to explore the
temporal evolution of deep-ocean dissolved iron reservoir size, sea-
water iron isotopic composition, and the marine iron cycle around the
Ediacaran-Cambrian transition, with the aim of better understanding
the relationship between atmospheric and oceanic oxygenation and the
Cambrian explosion.

2. Geologic setting

The Chunye-1 core is located near the village of Hengyan, in
Chun'an County, Zhejiang Province, China (118°3529.72"E,
29°2519.44”N, Fig. 1). The recovered core consists of the Lantian,
Piyuancun, Hetang, Dachenling and Yangliugang formations, in as-
cending order. Lithostratigraphic and chemostratigraphic correlations
suggests that the Piyuancun Formation. in the Chunye-1 core represents
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a relatively long interval of time, ranging from the Late Ediacaran
through Cambrian Stages 1-3. The basal Hetang Formation. in the
Chunye-1 core dates to the late Qiongzhusian (late Cambrian Stage 3) at
the earliest, and the upper Hetang Formation. very likely represents the
Canglangpuian stage (Cambrian Stage 4). Detailed descriptions of the
stratigraphy, sedimentology, and biostratigraphic and chemostrati-
graphic correlations can be found in Xiang et al. (2017).

3. Sampling and methods

A total of 40 samples were broken into small pieces (diameter
~2 mm) by hammer. After being carefully rinsed five times with
deionized water (18.2 MQ) to remove any potential contamination
from ferrous field tools, individual pieces were selected for pulveriza-
tion, avoiding carbonate and pyrite fracture fills, veins, and nodules.
The pieces (> 50 g) were then powdered using a SPEX 8515 Shatterbox
with a ceramic insert.

Bulk rock Fe isotopic ratios were measured at the University of
Science and Technology of China (USTC). Sample dissolution and
purification followed previously published procedures (Huang et al.,
2011). Briefly, powder samples containing ~100 pg Fe were digested
with a mixture of double-distilled, concentrated HCl, HF, and HNOs. Fe
was purified using anion exchange resins (Bio-Rad AG1-X8), with Fe
recovery > 99.9%. Total procedural Fe blanks were consistently < 16

ng. Purified Fe was analyzed using a MC-ICP-MS (Thermo Neptune

Plus) in high-resolution mode, with the instrumental mass bias cor-
rected using standard-sample-standard bracketing. Iron isotope data are
reported in standard delta notation in per mil (%o) relative to reference
material IRMM-014 (IRMM-institute for Reference Material and
Methods). This is defined as:

8%Fe = [(8°°Fe/ *Fe)smple/ (8°°Fe/ *Fe)irmm—oa — 1] X 1000 (%) (1)

To assess the accuracy and long-term external precision of our
analyses, three references materials BIR-1, BCR-2, and AGV-2 were
processed with unknown samples for each batch of column chemistry.
The long-term external precision (20) of 8°°Fe is better than 0.05%o
(Xia et al., 2017). The measured BIR-1, BCR-2, and AGV-2 standards
yield 8°°Fe values of 0.050 =+ 0.025%o, 0.078 =+ 0.008%o, and
0.116 = 0.060%o, respectively. All of these values are consistent with
published values within uncertainty (Craddock and Dauphas, 2011),
suggesting that inter-laboratory biases for Fe isotopes are negligible.

The isotopic value of the highly reactive iron pool (Feyr) can be
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Fig. 1. a) Reconstructed paleogeography of the Yangtze Block during the Late Ediacaran and CaFigure 1mbrian Stage 1; published stratigraphic sections include:
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the Qiantang Gulf during the Late Ediacaran to Cambrian Stage 4.
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calculated based on the amount of iron in highly reactive forms, and the
relatively consistent value of unreactive crustal iron. The speciation of
iron in the Chunye-1 samples is reported in Xiang et al. (2017), and
those values are used in this study. The isotopic composition of highly
reactive iron (8°°Feyg) was then calculated from §°¢Fey following the
formula (Kunzmann et al., 2017):

8%Feyr = (5%Fer — 8°Feygr X (1 — Feyg/Fer))/(Fepr/Fer) 2

where 8%°Feyy is the isotope composition of unreactive crustal iron
(~0.09%o, Beard et al., 2003).

4. Results

Values of 8°°Fer in the Piyuancun Formation were much higher
than those of the Hetang Formation, and also show a greater degree of
variability, ranging between 0.08%o and 0.48%o, with an average value
of 0.24 * 0.10%o (Fig. 2, Table S1). Measured §°¢Fer values in the
lower and middle Hetang Formation (~599.31 m to 450.1 m) fluctuate
between 0.37%o0 and ~0%o, with an average value of 0.14 + 0.11%o
(Fig. 2, Table S1). The uppermost Hetang Formation (~445.91 m to
409.81 m) is characterized by negative 8°°Fer values, which range from
—0.14%o to 0.11%o, with an average value of —0.02 + 0.08%o (Fig. 2,
Table S1).

5. Discussion
5.1. Effects of detrital sheet Fe-silicates

Due to differences in their reaction rates with hydrogen sulfide, iron
phases in sediments can be divided into highly reactive iron and unreactive
iron pools (Canfield et al., 1992). The iron isotope composition of bulk rock
can be viewed as the weighted average of these different mineral phases,
i.e.,8%Fer = §°°Feox X fox + 8% Fecary X feary + 8 Femag X fimag + 8 °Fepy
X f,, + 8Feyr X fur. Where §°°Feoy, 8°°Fecary 8 Femag, 8  Feyy and
8°°Feyp represent the iron isotope composition of various iron-containing
mineral phases, and f represents their proportional contributions to the
total iron pool (Fan et al., 2014; Kunzmann et al., 2017). Substantial part of
detrital iron inputs via aeolian dust or riverine water are expected to ex-
perience reductive dissolution in anoxic oceanic watermasses like that in
the Chunye-1 core depositional environment. This soluble iron can then be
reprecipitated as highly reactive iron, when dissolved Fe** within the
oceanic water column and sedimentary pore waters interacts with free
oxygen, hydrogen sulfide, or bicarbonate. This dissolution-reprecipitation
process would impart additional iron isotope fractionation effects, with
different directions and magnitudes. The rest of insoluble detrital iron in
sediments is usually unreactive in the form of sheet silicates (Canfield et al.,
1992; Anderson and Raiswell, 2004). The correlation coefficient between
Al and Fer, and between Al and 8%Fey is very low (R? = 0.38 and 0.02,
Fig. 3a, b), indicating Fe in detrital sheet silicates is not a significant con-
tributor to total iron and 8°°Fer. This is consistent with the fact that Feyg
content in our studied samples was generally lower than 15%, and the
difference in 8°°Fe between bulk rock and highly reactive iron is small
(Fig. 2, Table S1). Thus, the effect of unreactive sheet silicates iron on
8°°Fer is small, and we can use Formula (1) to effectively correct for it.

5.2. Size of the deep basin Fe** reservoir

Values of 8°°Feyy in the Chunye-1 core range from —0.14%o to
0.55%o, with an average of 0.16%o (Fig. 2, Table S1). Variation in
8%Feyr values (< 0.7%o) is the primary driver of §°°Fer values. The
range of observed §°®Feyy values is much narrower than that observed
in banded iron formations (BIFs, Dauphas et al., 2017; Halverson et al.,
2011; Rouxel et al., 2005), or in other Neoproterozoic sediments after
BIF deposition terminated (Kunzmann et al., 2017; Zhang et al., 2015).
We take this to indicate that, although the deep water was generally
ferruginous from the Archean through the early Cambrian (Canfield
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et al,, 2008; Planavsky et al., 2011; Poulton and Canfield, 2011;
Sperling et al., 2015), the oceanic dissolved Fe reservoir around the
Ediacaran-Cambrian transition may have shrunk dramatically to well
below that before ca. 570 Ma (Canfield, 2005; Kunzmann et al., 2017).

While a Fepy/Feyg threshold of > 0.80 is often used to distinguish
euxinia from ferruginous conditions, this value is based on modern
sediments for which Fep,,g and Fec,1, were not determined (Poulton and
Canfield, 2005), and the 0.70 threshold of Poulton and Canfield (2011)
may be more appropriate in this setting (Raiswell et al., 2018).
Adopting this new criteria, the Piyuancun and Hetang formations in the
Chunye-1 core can be subdivided into two continuous euxinic intervals
(~594.46 m to 528.81 m, and ~466.21 m to 407.76 m) and another
two intervals dominated by ferruginous bottom water with intermittent
euxinic conditions (~707.21 m to 596.26 m, and ~521.61 m to
468.91 m, Fig. 2, Table S2). Under iron-limited euxinic conditions, we
would expect nearly all Fe?* to precipitate as sulfides. Thus, when the
speciation of highly reactive iron indicates pervasive euxinia, we can
use the aluminum-normalized total iron content (Fer/Al) to constrain
the size the of marine Fe?" reservoir (Anderson and Raiswell, 2004).

Average Fer/Al ratios for euxinic samples were 0.58 (n = 32) in the
Piyuancun Formation, 0.60 (n = 26) in the lower Hetang Formation,
and 0.59 (n = 9) in the Middle Hetang Formation (Fig. 2, Table S2).
These values are only slightly elevated above the average crustal ratio
(0.48), and few values exceed the threshold indicating some degree of
authigenic iron enrichment (> 0.77; Cole et al., 2017, Fig. 2, Table S2),
indicating that there was no major addition of highly reactive iron
above ordinary crustal levels (Raiswell et al., 2018) in the Chunye-1
core depositional environment. This combination of limited variation in
8°°Feyy values and rather low Fer/Al ratios, even in euxinic samples,
indicates that the deep-water Fe?™ reservoir was quite limited during
the latest Ediacaran and Cambrian Stages 1-3 (Rouxel et al., 2005).
This limited authigenic Fe deposition, as reflected in an relatively low
Fer/Al ratios, also observed in many euxinic deposits from shallower
environments around the Yangtze Block during Cambrian Stages 1-3;
these include the Haikou core and Maotianshan core from the Upper
Yangtze platform (Hammarlund et al., 2017), the Yangjiaping section
on the Middle Yangtze platform (Feng et al., 2014), and the Lantian
section on the Lower Yangtze platform (Cheng et al., 2017).

5.3. Seawater §°°Fe values

The oxidation of dissolved Fe?" into particulate ferric (oxyhydr)
oxides or magnetite is associated with Fe isotope fractionation, with the
heavier isotope being incorporated into minerals. The largest fractio-
nation factors are ~—2.76 to —2.87%o for (oxyhydr)oxide formation
and —1.6%o for magnetite formation (Bullen et al., 2001; Welch et al.,
2003; Frierdich et al., 2014; Kunzmann et al., 2017). Iron speciation
analyses (Xiang et al., 2017) indicate that iron oxides and magnetite
combined make up < 10% of highly reactive iron in the Piyuancun
Formation (Fig. 2, Table S1). Thus, the fractionation associated with the
formation of these minerals should not exert a major control on §>°Feyr
values. The remainder of the highly reactive iron pool (> 90%) is as-
sociated with carbonate and pyrite (Fig. 2, Table S1). The maximum
fractionation factor associated with the precipitation of carbonate-as-
sociated iron (A®®Fep2tcos = 0.48 * 0.22%o, Wiesli et al., 2004) is
significantly smaller than that associated with pyrite formation
(A®Fepeiprite = ~2.2%o, Guilbaud et al., 2011; Rolison et al., 2018),
though the direction of 8°°Fe fractionation is the same for both reac-
tions.

The chert units of the Piyuancun Formation were mainly deposited
under ferruginous conditions, interrupted by intermittent euxinia
(Fig. 2). Unlike the more persistently euxinic intervals seen in the lower
and upper Hetang Formation (Fig. 2, Table S2), these discontinuous
Piyuancun euxinic intervals did not allow total dissolved sulfide
(ZH,S = $2~ + HS™ + H,S) to accumulate to high concentrations
before encountering Fe** -rich water masses. Sulfide concentrations are
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likely to have been relatively low (< 50 uM), similar to those seen in
the upper euxinic water mass of the modern Black Sea (Rolison et al.,
2018, see Fig. 2). The precipitation of dissolved ferrous iron during
deposition of the Piyuancun Formation, including during the inter-
mittent euxinic intervals, may not have been quantitative. Thus, this
incomplete precipitation of Fe?™ would impart an iron isotope frac-
tionation between pyrite and the oceanic dissolved ferrous iron pool;
8°Fe values of pyrite in the weakly euxinic interval of the Piyuancun
Formation may be lighter than contemporaneous seawater 8°°Fe va-
lues. Measured 8°°Feyy values in the Piyuancun Formation range be-
tween 0.08%o and 0.55%o, with an average of 0.25 = 0.11%o. We infer
that oceanic 8°°Fe values would not have been < 0.25%o, and were
most likely > 0.55%o, during the terminal Ediacaran and Cambrian
Stages 1-3.

This inference is corroborated by the high 8°Fe values observed in
other marginal belt and, slope-basin sediments from the Middle and
Upper Yangtze Block during the Ediacaran-Cambrian transition. The
Silikou section shows values as high as to 0.86%o, while the Three
Gorges region yields values > 1%o (Fig. 4, Fan et al., 2018; Sawaki
et al., 2018). While we unfortunately lack 856Fe records from outside of
South China, these sections on the Yangtze Block are distributed over a
distance of several thousands of kilometers (Fig. 1), and we can rea-
sonably infer that the positive oceanic 8°°Fe values are regional or
possibly global signals. Mo/TOC ratios in the Chunye-1 core also show a
temporal pattern that agrees well with platform, margin, and slope/
basin sections from across the South China Block, suggesting the region
was in communication with the open ocean (Xiang et al., 2017).

As reactive iron would be quantitatively sequestered in sulfides
under strongly euxinic conditions, sedimentary §°°Feyy values may be a
faithful recorder of seawater §°°Fe values during deposition of the
Hetang Formation (Planavsky et al., 2012; Rolison et al., 2018; Rouxel
et al., 2005). The average Fe,,/Feyg ratios of the lower and upper
Hetang Formation were 0.92 and 0.86 respectively, suggesting that
these strata were deposited under strongly euxinic conditions (Fig. 2,
Table S2). If so, seawater 8°°Fe values during deposition of the lower-
most Hetang Formation were similar to those during deposition of the
Piyuancun Formation, generally > 0.55%o. During deposition of the
Lower Hetang Formation, seawater 8°°Fe values apparently dropped to
approximately 0.1%o, while during deposition of the uppermost Hetang
interval (Cambrian Stage 4), seawater 8°°Fe values were < 0%o. This
pattern reflects a general decline in the 8°°Fe of dissolved seawater
Fe®>* from the end-Ediacaran through Cambrian Stage 4 (Fig. 2).

5.4. The oceanic Fe>* cycle: sources and sinks

The isotopic composition of the deep water iron pool is controlled
by the relative fluxes of various sources of iron into the ocean, the
oceanic iron redox cycle, and diverse fluid-mineral fractionation path-
ways (Conway and John, 2014; Dauphas et al., 2017; Kunzmann et al.,
2017). Aeolian dust, hydrothermal fluids, and reductive dissolution of
sedimentary minerals are commonly viewed as the dominant sources of
Fe to deep basin environments (Dauphas et al., 2017; Horner et al.,
2015). Paleogeographic reconstructions of the Yangtze Block show an
uplift, called Jiangnan Oldland, located several tens of kilometers west
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Fig. 3. Crossplots of Al versus Fer and §°°Fer in the Chunye-1 core.

of the Chunye-1 core depositional environment (Fig. la). Riverine
water draining from this exposed land may have carried fine nano-
particles, colloidal, and aqueous iron into the basin (Raiswell and
Canfield, 2012; Scholz et al., 2019). Other sources, such as ice-rafted
sediments containing Fe>" account for only a small proportion of deep
basinal iron input (Raiswell and Canfield, 2012). Due to the pervasively
anoxic conditions in deep water environments during the Ediacaran-
Cambrian transition (Canfield et al., 2008; Yuan et al., 2014; Cheng
et al., 2017; Chang et al., 2018; Fan et al., 2018), the non-reductive
dissolution of terrigenous sediments (which can yield dissolved Fe with
a 8°°Fe values as high 0.37 = 0.15%o) is not likely to have been a
major source of dissolved iron (Radic et al., 2011). The §°°Fe values of
most natural aeolian dust within a small range of variation, around
0.13 + 0.18%o (Waeles et al., 2007). The 8§°°Fe values of hydrothermal
fluids are typically much more depleted than those of aeolian dust,
ranging from —1%o to O (Bennett et al., 2009; Eroglu et al., 2018).
River has a dissolved and suspended 8°°Fe composition of —1.0%o to
+0.3%0, but most samples plot in the range of —0.1%o0 to + 0.3%o
(Kiczka et al., 2011; Dauphas et al., 2017; Kunzmann et al., 2017). Of
the major dissolved iron inputs, dissimilatory iron reduction (DIR) in
organic-rich sediments produces the most depleted §°°Fe values (as low
as —0.5%o to —3.4%o0, Duan et al., 2010; Severmann et al., 2008).

The seawater 8°°Fe values recorded in the Piyuancun Formation and
basal Hetang Formation are higher than any of these four major end-
member Fe sources. The total sedimentary iron pool in the Piyuancun
and lower-middle Hetang formations is dominated by highly reactive
iron, despite showing no evidence for authigenic iron enrichment in the
form of elevated Fer/Al ratios. This observation suggests that the highly
reactive iron in the oceanic water column is derived from microbially
mediated conversion of originally unreactive detrital iron phases
(Raiswell et al., 2018), and/or from the preferentially transport of
terrestrial nanoparticles and colloids with a high reactive Fe content by
riverine water (Scholz et al., 2019).

One possible explanation is that the reduction of ferric oxides in
marine sediments released dissolved Fe?™ with a relatively low 8°°Fe
values, resulting in both low Fet/Al ratios and enriched 8%Fe values in
the residual sediment. While the Fer/Al ratios of ferruginous intervals
in the middle Hetang Formation are typical lower than those seen in
Cambrian sediments from oxic platform environments (0.43 to 0.51,
Wen et al., 2015; Hammarlund et al., 2017; Qi et al., 2018), their §°®Fer
and calculated 8%°Feyy values fall within the range of crustal values,
suggesting they have not been strongly affected by dissimilatory re-
duction. The weakly positive correlation (R? = 0.15) between 8°°Feyg
values and Fey/Al ratios within the Piyuancun Formation also negates
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Fig. 5. Crossplot of 8°°Fer versus Fer/Al of Piyuancun Formation in the
Chunye-1 core.

this possibility (Fig. 5). No apparent net gain in authigenic iron with
low §°°Fe values occurred during the euxinic intervals of Piyuancun
deposition, and the net loss of highly reactive iron in the ferruginous
intervals did not simultaneously drive an increase in the §°°Fe com-
position of residual iron. Thus, in situ dissimilatory iron reduction
cannot explain the positive 8°°Fe values observed in the Piyuancun
Formation.

Sulfide and oxygen are the two anions most likely responsible for
the removal of Fe?* in deep basinal waters (Canfield, 1998). The in-
corporation of Fe*>* into sulfides and carbonates preferentially selects
for the lighter isotope, enriching the residual dissolved Fe** pool in
S®Fe. In contrast, oxidation of Fe?>* to form ferric oxides and magnetite
results in incorporation of heavy Fe isotopes into the mineral phases,
such that the 8°°Fe of residual dissolved Fe?* becomes increasingly
depleted (Bullen et al., 2001; Frierdich et al., 2014). The isotope frac-
tionation factor between ferrous iron and syngenetic pyrite is ~2.2%o
(Rolison et al., 2018), and the isotope fractionation factor between
ferrous iron and syngenetic ferric species ranges between ~2.76%o and
~2.87%o0 (Welch et al., 2003). Thus, the precipitation of pyrite or iron
oxides would alter the §°°Fe value of the residual dissolved ferrous iron
in opposite direction, albeit with similar magnitude. Positive deep-
ocean §°°Fe values, above 0.55%o, or even > 1%y in the Piyuancun and
basal Hetang formations, likely reflects the predominance of sulfide
precipitation relative to oxide precipitation in a redox stratified ocean
during the terminal Ediacaran and Cambrian Stages 1-3 (Dauphas
et al., 2017; Horner et al., 2015; Klar et al., 2017; Rouxel et al., 2005).
This process would enrich the residual oceanic dissolved Fe?* pool,
such that during episodes of euxinia on the South China Block, the near
quantitative precipitation of sulfides reflects this overall §°°Fe enrich-
ment. This interval of globally intense sulfide precipitation may also be
responsible for the coeval decrease in the size of the oceanic Mo and U
reservoir (Xiang et al., 2017).

Measured 8§°°Feyy values in the lower and middle Hetang Formation
range between 0 and 0.2%o, similar to the values seen in bulk con-
tinental crust (~0.09%o, Beard et al., 2003). It is likely that the pre-
dominant Fe?* source during this interval was terrigenous, Fe-con-
taining minerals, whether carried by wind or riverine water, from
exposed continental landmasses (Raiswell and Canfield, 2012). The
combination of low Fer/Al ratios (<0.6) with high Feyr/Fer ratios
(> 0.8) implies that a terrigenous iron flux, from aeolian dust or riv-
erine water, may also have been the dominant iron source during de-
position of the Piyuancun and lower-middle Hetang formations. Hy-
drothermal fluids are generally regarded as the predominant Fe source
to the early Precambrian ocean (Planavsky et al., 2012), and preserved
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hydrothermal vents have been described from the marginal zone in
South China (Chen et al., 2009). However, our iron elemental and
isotopic results suggest that the contribution of hydrothermal vent-de-
rived Fe did not increase the oceanic dissolved Fe** reservoir to higher
than modern levels (Raiswell et al., 2018).

Measured Fer/Al ratios of the Piyuancun and lower-middle Hetang
formations in the Chunye-1 core can be compared with published Fer/
Al ratios from contemporaneous environments on the Yangtze Block.
These include platform sections such as the Meishucun section (Wen
et al., 2015), the Weng'an section (Jin et al., 2016), Jinsha section (Jin
et al., 2016) and the Maotianshan area sections containing the famous
Chengjiang biota (Hammarlund et al., 2017; Qi et al., 2018), as well as
anoxic transitional zone sections, such as the Yinjiang section (Fan
et al., 2018), and the Wangjiaping section (Jin et al., 2017). Other deep
basinal sections, such as the Lantian section (Cheng et al., 2017) can
also be included in the synopsis. When compiling data from these
sections, we found that the average Fer/Al ratios in platform environ-
ments range from 0.43 and 0.51, within the range of Upper Continental
Crust values; average ratios in the transitional zone were approximately
equal, between 0.4 and 0.55, and average ratios in the basinal Lantian
section (~0.6) were only slightly enriched above those seen in oxic
platforms or the anoxic transitional zone.

The spatial distribution of Fer/Al ratios across South China in
Cambrian Stages 1-3 is inconsistent with an ‘iron-shuttling’ model
based on the modern Black Sea (Lyons and Severmann, 2006), in which
iron dissolved in the anoxic pore water or shelf areas is shuttled into the
deeper basin and reprecipitated in reactive forms. The absolute values
of Fer/Al ratios within the basinal Lantian section and Chunye-1 core
are much lower than those seen in the euxinic Black Sea basin (~1,
Lyons and Severmann, 2006). Thus, the low Fer/Al ratios and absence
of extremely depleted 8°°Fe values seen in the Piyuancun and lower-
middle Hetang formations of Chunye-1 core indicate that the shelf-to-
basin ‘iron shuttle’ was not operating in this time interval (Severmann
et al., 2008); basin sediments do not seem to have received any addi-
tional iron liberated from shelf sediments by dissimilatory iron reduc-
tion. The existence of a ‘euxinic wedge’ at chemocline water depths
during the terminal Ediacaran and Cambrian Stages 1-3 may have cut
off the lateral transport of mobile ferrous iron from shallow shelf en-
vironments to the mainly-ferruginous deep basin (Fig. 6a, Feng et al.,
2014).

There is a marked rise in average Fer/Al ratios, from ~0.60 in the
Piyuancun and lower-middle Hetang formations, to 1.97 (n = 27, Table
S2) in the upper Hetang Formation. This strongly indicates that addi-
tion of a new, exogenous source of highly reactive iron in addition to
the unreactive lithogenous component of Fer. Enhanced input of hy-
drothermal Fe®* could simultaneously drive the enrichment of highly
reactive Fe and the observed decrease in 8°°Fe values, but cannot ex-
plain the simultaneous enrichment of Mo, U, and Fe in this interval,
since the former two metals are generally depleted in hydrothermal
fluids (Kendall et al., 2017; Partin et al., 2013). Inferred seawater §°°Fe
values in the uppermost Hetang Formation are negative. When com-
bined with the modern-like oceanic Mo and U reservoir during de-
position of the uppermost Hetang Formation (Xiang et al., 2017), one
possible interpretation is that the oxic surface water-mass had ex-
panded downward from shallow shelf environments and into deeper
water. The contraction of the ‘euxinic wedge’ would have allowed for
the onset of lateral iron shuttling, promoting both increased Fer/Al
ratios and decreased 8°°Fe values in basinal sediments (Fig. 6b,
Severmann et al., 2008).

6. Implications

While South China contains an abundant fossil record from the end-
Ediacaran through Cambrian Stage 3, nearly all of the reported fossil
assemblages represent shallow shelf or mixed-layer water depths, rather
than deeper slope-basin facies. Our 8°°Fe results from the Piyuancun



=

Xiang, et al.

Sea level

Yangtze Block

Chemical Geology 541 (2020) 119575

4 L 2 * 4 4

* * * * *
Acolian dust with §*Fe = =0.13+0.18 %o

3 Fe > 0.55%0

'sea water

Three Gorges region

Partial Fe removal in Ferruginous basin
@ ferric oxide with A*Fe(re” - Fe.0,) = -1.3-2.2%0

pyrite with A*Fere” - pyrite) = ~2.2%o

(656]:e,,\,)m,mgc =0.26+0.69%o
Yinjiang
) (FeT/Al)Mage =0.46
(SB“FeHR)Wm =0.4540.28%o

Ferruginous
Euxinic wedge

(@) I

Silikou

(556}:‘6,,,1)“mgc =0.47%0.25%0 Chunye-1 well
(Fe,/Al), . = 0.6
8" Fe e = 0.25+0.11%o

average

Sea level

Yangtze Block

A

Three Gorges region

9
N

Py ;

Yinjiang &

S
With 6"’FDIR < £
CAN 0.5 Silikou 000 O IONY
. 70 Chunye-1 well
o (Fe/Al), .= 1.97
Ferruginous 87 Fe, e = -0.020.08%o
(b) Euxinic

L 4 L 4 L 4 L 4 L 4 L 4 L 4 L 4

*

* * * * *
Aeolian dust with § Fe ==0.130.18 %o

Fig. 6. Schematic model of the marine iron cycle during the terminal Ediacaran and Cambrian Stages 1-4 in South China. Panel A shows the scenario during the end-
Ediacaran and Cambrian Stages 1-3. The values of §°°Fe in the Three Gorges region, the Yinjiang section, and the Silikou section are from Sawaki et al. (2018) and

Fan et al. (2018). Panel B shows the scenario during Cambrian Stage 4. DIR—Dissimilatory iron reduction. Feg(;r —Fe

(8°°F€)average Tepresent the average values of Fer/Al and §°°Fe.

Formation show no evidence for deep basin Fe?™ oxidation throughout
the terminal Ediacaran and Cambrian Stages 1-3; instead, dissolved
Fe?* precipitated out of solution primarily through pyritization. The
low pO, values on the Early Cambrian may have influenced the
weathering behavior of redox sensitive elements exposed on land, but
they were not sufficient to create an aerobic deep basin environment.

The production of biogenic sulfide in the modern oceans is rapid
enough to quantitatively pyritize the incoming flux of iron several times
over (Canfield, 1998). Sulfidic water masses only began to appear at
mid depths, and in local basins, around the Ediacaran-Cambrian tran-
sition (Cheng et al., 2017; Feng et al., 2014; Guo et al., 2014; Li et al.,
2017; Xiang et al., 2017). As the size of the oceanic Fe** reservoir
during this interval was likely comparable to that of the modern ocean,
this likely reflects a relatively weak flux of sulfur to marine

2+ in aqueous phase. (Fer/Al)average and

environments. We infer that pO, was not only insufficient to create an
aerobic deep-ocean, but was also low enough to suppress the rate of
subaerial oxidative weathering of sulfides below modern levels.
Previous studies have suggested that Cambrian metazoans required
oxygen levels above 10% of the present atmospheric level, but not
much more than that (Sperling et al., 2015). Thus, while the shallow
marine realm may have first reached the critical O, threshold to support
complex metazoans after the NOE (Wood and Erwin, 2018), the stra-
tified redox structure of the ocean and the relatively low atmospheric
pOs (< 15-50% PAL, Stolper and Keller, 2018) resulted in delayed
oxygenation of the deep basin, lagging behind the Cambrian explosion.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo0.2020.119575.
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