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Abstract Several negative C isotope excursions (CIEs) occurred at the end of the Neoproterozoic era which
have been generally attributed to the oxidation of organic carbon using sulfate as the terminal electron acceptor
and the subsequent release of '>C-depleted dissolved inorganic C (DIC). Based on new analyses from the
Doushantuo Formation in South China, we observe a negative C isotope excursion right after the well-known
Shuram excursion. This excursion is equivalent to the ~550 Ma negative CIE which is globally expressed within
several continental margins. However, the origins of this CIE in the termination of Ediacaran remain
unresolved. Here, we hypothesize that this post-Shuram negative CIE was caused by a localized manganese
cycling that began with the oxidation of hydrothermal Mn(II) in a water column to insoluble Mn(IV)-oxide,
followed by accumulation of Mn(I'V)-oxide to the seafloor and its subsequent dissolution via Mn(I'V) reduction
leading to the release of dissolved Mn(IT) and '*C-depleted DIC into ambient seawaters. This ultimately led to
the precipitation of particulate Mn(II)-carbonate characterized by low 8'*C_,;, values ranging from —11.1%o to
—2.8%o. The presence of microbial fabrics in association with the Mn(II)-carbonate further suggests that Mn
(II)-carbonate precipitation took place at the seafloor in shallow sun-lit waters rather than in the deeper sediment
pile, which archived ambient seawater C isotopic signal. Although most Ediacaran negative CIEs were
generally attributed to sulfate reduction, our findings suggest that at a local level, Mn cycling can also lead to
negative CIE in the Neoproterozoic, and potentially at other times in Earth's history.

Plain Language Summary The late Neoproterozoic era witnessed several carbon isotopic
excursions (CIEs), among them the Shuram excursion, considered the largest negative CIE in Earth's history. In
this study, we identify a new negative CIE, comparable to the 550-Ma negative CIE observed in multiple
continental margins immediately following the well-documented Shuram excursion. This occurrence exists
within Member IV of the Doushantuo Formation, located at northern margin of the Yangtze Platform in South
China. Our findings reveal that this post-Shuram negative CIE primarily resulted from localized manganese
(Mn) cycling. This process originated with the oxidation of hydrothermal Mn(II) in oxic water column, leading
to the formation of insoluble Mn(IV)-oxide which then served as the primary electron acceptor for the
mineralization of organic carbon in O,-depleted zones. This reduction released dissolved Mn(II) and '*C-
depleted dissolved inorganic carbon into the surrounding waters. Our data suggest that, at a local scale, Mn
cycling can contribute to negative CIEs during the Neoproterozoic, and potentially during other times in Earth's
history. This challenges the prevailing notion that most Ediacaran negative CIEs were attributed to sulfate
reduction.

1. Introduction

The Ediacaran (ca. 635-541 Ma) was a key transition period for the evolution of life on Earth (Canfield
etal., 2007; Lyons et al., 2014), during which strata were deposited with anomalous C isotopic compositions (Fike
et al., 2006). In particular, the Shuram excursion records the largest negative '>C isotope excursion (CIE) in
marine carbonate through Earth's geological history (up to —12%o; Grotzinger et al., 2011). Complete Ediacaran
sequences that contain multiple negative CIEs (e.g., EN1-EN3; McFadden et al., 2008) are well preserved in
South China. Previous studies proposed that the Shuram excursion was correlated to the EN3 or DOUNCE units
that stratigraphically cover the upper Member III and Member IV of Doushantuo Formation in South China (Jiang
etal., 2007; McFadden et al., 2008). However, recent astrochronology and Re-Os chronology results have instead
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demonstrated that the termination of Shuram excursion is older than previously thought (Gong & Li, 2020; Li
etal., 2022; Rooney et al., 2020). Therefore, the negative CIE at the top of the Doushantuo Formation represents a
new post-Shuram negative CIE in China, which interestingly, has also been documented in other continents at the
same time (e.g., in Brazil, Namibia, and USA; Yang et al., 2021; Li et al., 2022).

The cause(s) of Ediacaran negative CIEs remain uncertain. In terms of the well-studied Shuram excursion, there
are currently two hypotheses pertaining to the origins of the negative CIE in Ediacaran. One posits that the
carbonate minerals with the CIE formed directly in the water column from the intermittent oxidation of
isotopically-depleted dissolved organic '*C (DOC) by a terminal electron acceptor (e.g., sulfate) which released
13C-depleted dissolved inorganic C (DIC) in the form of bicarbonate (HCO;™) to mix with ambient seawater
(Bjerrum & Canfield, 2011; Fike et al., 2006). This hypothesis argues for the negative CIE representing an
abnormal mixed seawater signal at the margin of the Neoproterozoic oceans globally. The second suggests that
the CIE was due to the diagenetic overprint on primary carbonate or authigenic carbonate formed within the
sediment piles during diagenesis, where '*C-depleted DIC was generated from anaerobic respiration of sedi-
mentary organic carbon, for example, dead biomass (Derry, 2010; Hoffman & Lamothe, 2019; Schrag
et al., 2013; Wang et al., 2022) or methane (Cui et al., 2022). However, the nearly consistent onsets, terminations,
durations, as well as variation patterns of Shuram excursion with different lithological expressions and sediment
accumulation rates globally are difficult to reconcile with late diagenetic alteration. Instead, previous work has
shown that DOC oxidation linked to sulfate reduction in water column were responsible for several CIE intervals
in Doushantuo Formation (Chen, et al., 2022; Jiang et al., 2007; McFadden et al., 2008). This is despite the fact
that dissolved sulfate pool was likely smaller than the modern ocean (28 mM; Halverson & Hurtgen, 2007; Loyd
et al., 2012; Crockford et al., 2016; Cai et al., 2023), sulfate concentrations during the Shuram excursion were
estimated at around 10 mM but sharply declined to 1—4 mM after Shuram excursion (Shi et al., 2018). If sulfate
concentrations were indeed lower right after Shuram excursion, this opens the possibility that other terminal
electron acceptors may have contributed to organic carbon respiration and the generation of isotopically light C
isotopes for the post-Shuram CIE.

In this study, we investigated '*C-depleted Mn(II)-carbonate at the top of the Doushantuo Formation from the
northern Yangtze Platform (Figure 1) for the first time to reveal the potential origin of this negative CIE in
Member IV of Doushantuo Formation. Based on the mineralogy and geochemistry, we hypothesize a potential
model whereby Mn(I'V)-oxide served as the terminal electron acceptor for the oxidation of organic C in the water
column and sediment pile. We posit that this biochemical reaction led to the negative CIE after the Shuram
excursion instead of sulfate reduction.

2. Geological Setting

The Yangtze and Cathaysia platforms merged into the South China Block at ~870 Ma (Figure 1a; Li et al., 2008),
and separated again at ~820 Ma with the breakup of the supercontinent Rodinia (Hoffman & Li, 2009). Under this
extensional tectonic background, several rift basins were formed at the periphery of the Yangtze Platform (e.g.,
Nanhua rift basin in the southeast margin of Yangtze Platform). Paleomagnetic results showed that South China
Block was located at paleolatitudes near 30°N in Neoproterozoic and drifted progressively southward (Jiang
et al., 2003). During the middle Ediacaran, the South China Block was near 24°N, and it finally approached the
equator by the early Cambrian (Li et al., 2013, 2022). Multiple glacial-interglacial sequences in the Neo-
proterozoic were recorded in Yangtze Platform, including an Ediacaran sequence after the Marinoan glaciation
(Jiang et al., 2011).

The Ediacaran strata deposited in Yangtze Platform comprise the Doushantuo Formation (ca. 635-551 Ma) and
Dengying Formation (ca. 551-541 Ma; Jiang et al., 2011). There were several transgressive-regressive cycles
moving upwards from the basal Doushantuo Formation to the overlying Dengying Formation. The distribution of
the Doushantuo Formation was controlled by NE-SW-trending (in present-day coordinates) extension-related
sedimentary facies. These include four facies from NW to SE: inner shelf, intra-shelf basin, shelf margin, and
slope—basin facies (Figure 1a; Jiang et al., 2011). The Doushantuo Formation mainly comprises carbonate with
alternating organic-rich black shale and is divided into four members (from bottom to top, I-IV; Figure 1b) based
on lithological associations. Member I is cap carbonate (3—7 m thick, dated to 635.2 + 0.6 Ma; Condon et al., 2005)
reflecting a shallow water sedimentary facies that is characterized by negative carbon isotopic compositions (EN1;
McFadden et al., 2008). It lies unconformably above glacial diamictites of the Nantuo Formation. Member II (80 m
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Figure 1. Geological and paleogeographic maps of the Yangtze Platform during the Ediacaran. (a) Paleogeographic map of
the Yangtze Platform during the Ediacaran Period (modified after Jiang et al., 2011). The blue rectangle indicates the area
shown in (d). (b) Simplified stratigraphy of the Doushantuo Formation (modified after Jiang et al., 2011). (c) Slope-to-basin
transect (A-A’) from southeast to northwest along the northern margin of the Yangtze Platform. (d) Paleogeographic map of
the northern margin of the Yangtze Platform (modified after Jiang et al., 2011).

thick) lies above Member I and is characterized by alternating organic-rich, black shale and micritic dolostone
beds, with abundant pea-sized chert nodules (Xiao et al., 2010). Member III (60 m thick) consists mainly of
massive and medium to thin laminated, cherty dolostone interbedded with organic-rich, thin-bedded black shale.
Stratigraphic correlations have revealed that there is a >1 million years (Myr) hiatus or unconformity between the
top of Member III and the basal of Member IV (Li et al., 2022). Member IV (10 m thick) consists of organic-rich
black shale with phosphatic and Mn-rich layers (Xiao et al., 1998). It is overlain by thick light-gray dolostone of
the Dengying Formation. Previous research on Ediacaran stratigraphy in the Yangtze Platform has established a
good correlation between the strata in the Nanhua basin and other basins (Jiang et al., 2011; Xiao et al., 2021).
Specifically, the black shale in Member IV and the overlying thick light-gray dolostone in the Dengying Formation
serve as a reliable lithostratigraphic tool for regional correlation in South China.

Our study area is located in Chengkou county to the north of Chongqing, China. The Doushantuo Formation was
deposited in a passive continental margin setting along the northern margin of the Yangtze Platform (Figures la
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and 1d). In the complete Mingyue section, which is located approximately 20 km to the northwest of our section,
the cap carbonate in Member I is absent (Xiao et al., 2021). Member II consists of laminated black shale
interlayered with thin-bedded light-gray argillaceous dolomite, and the overlying Member III is composed of
thin-bedded light-gray dolomite interbedded with limestone and silty mudstones (Xiao et al., 2021). The focused
interval in this study is Member IV of the Doushantuo Formation (Figure 1b). Similar to the counterpart from
Nanhua basin in the southeast margin of Yangtze Platform in South China (e.g., the Three Gorges), Member IV is
characterized by organic-rich black shale in conformable contact with thick light-gray dolostone of the overlying
Dengying Formation. It can be correlated with the typical Yangtze Platform stratigraphy, implying that Member
IV described here is time-equivalent to that in the southeast margin of Yangtze Platform.

What is unique in our study area is that multiple layers of Mn(II)-carbonate (0.35-2.8 m thick) alternate with the
organic-rich black shale; and the Mn-rich layers are absent in Member IV in other parts of South China. Previous
geochemical evidence showed that the deposition of Mn(II)-carbonate likely began with the ascent of Mn-rich
hydrothermal fluids along syngenetic normal faults, which channeled the migration of Mn-rich fluids and ulti-
mately contributed to Mn enrichment in the water column (Gao et al., 2021; Zhang, Cao, et al., 2021). Mn-
enrichment is in the form of an early phase of granular rhodochrosite (MnCOj3) and a later kutnohorite ([Mn,
Ca][COs;],) cement (Zhang, Cao, et al., 2021, 2022). From bottom to top, the thicknesses of the black shale layers
decrease gradually and those of the carbonate layers increase gradually. Oolites, oncolites, and stromatolites also
suggest that the Mn(II)-carbonate in Member IV was deposited in a relatively shallow-water environment (below
wave base) on the continental shelf (Figures 1b and 1c; Zhang, Li, et al., 2021).

3. Materials and Methods

The samples were collected from fresh drill cores, with late diagenetic structures such as lithification, recrys-
tallization and veins being avoided. A total of 45 samples were collected, including 23 Mn-rich carbonates, 8
dolostones, and 14 black shales. Before analysis, the samples were thoroughly cleaned with deionized water and
dried, and then crushed to 200 mesh (74 pm) with an agate mortar and pestle. Thin-sections were prepared for
petrological and mineralogical study.

Petrological and mineralogical analyses involved optical microscopy and field-emission scanning electron mi-
croscopy (FE-SEM). The systematic geochemical analyses include whole-rock major elements, whole-rock C-O
isotopic, pyrite S isotopic, and organic C isotopic analyses. See the supplements for details of methods.

4. Results

Petrographic results show that the carbonate in Member IV of Doushantuo Formation is mainly composed of
micritic (Figure 2a) and microcrystalline grains (Figure 2b) less than 5 pm without any obvious recrystallization,
metasomatism, and the secondary enlargement. Coccoidal rhodochrosite with high Mn contents is cemented by
Mn-poor dolomite (Figure 2¢). And coccoidal and ellipsoidal carbonate grains are similar to mineralized cells
(Figure 2c). Macroscopically, microbial textures (e.g., oncolites and stromatolites) within the Mn(II)-carbonate
are characterized by the alternation of dark organic laminae and light microcrystalline Mn(II)-carbonate minerals,
possibly indicative of episodic accumulation and participation of microbial biomass, or potentially even
microbialites (Figures 2d and 2f). Mn-rich layers alternate with Mn-depleted layers in oolites (Figure 2e). In
addition, framboidal pyrite with a diameter of less than 10 pm occurs in both the black shale and carbonate, but
with a significantly higher content in the former (Figures 2g and 2h).

The average Mn contents of the Mn(II)-carbonate, dolostone, and black shale are 21.15, 1.00, and 0.80 wt.%,
respectively (Table S1 in Supporting Information S1; Figure 3). The TOC contents of the black shale are much
higher than those of the dolostone and Mn(Il)-carbonate (average TOC contents of 5.05, 1.45, and 0.74 wt.%,
respectively). The Rb concentrations of all the samples are lower than that of the UCC (112 ppm; Taylor &
Mclennan, 1985), and the Rb concentrations of the black shale are higher than those of the dolostone and Mn(II)-
carbonate (average Rb concentrations of 55.65, 23.98, and 26.72 ppm, respectively). In contrast, the Sr con-
centrations of the dolostone are much higher than those of the Mn(II)-carbonate and black shale (average Sr
concentrations of 408.09, 188.21, and 240.64 ppm, respectively). However, only the Sr concentrations of the
dolostone are higher than that of the UCC (350 ppm; Taylor & Mclennan, 1985).

ZHANG ET AL.

4 of 19

85UB01T SUOWLLIOD dANERID) 3|aedl|dde ayy Aq pausenob a1e a1 YO 8SN J0 i 10y Areiqi auluO A3]1/W U (SUORIPUOD-pUe-SWiBYwWod A8 ImArelq 1 puTuo//sdiL) SUOBIPUOD pue swid L 8u} 39S *[202/c0/80] uo ARigiaunuo Aeim ‘Aiseaun BuilueN Aq 20£8208r€202/620T 0T/10p/wod A3 1M Aselq 1 putjuosgndnBey/sdny wo.y papeoiumoq ‘€ ‘vZ0z ‘95866912



. Y d N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20231B028307

-,

" Micritic dolomite ¥

SignalA=AsB  WD= 89mm Supra 55

Framboidalpyrite

EHT=15.00kV  Mag= 5.73KX SignalA=SE2 WD = 86mm Supra 55

Figure 2. Petrography of the Doushantuo Formation samples under optical microscopy and scanning electron microscopy
(SEM). (a) Micrite carbonate (3—24; plane-polarized light); (b) Microcrystalline carbonate (3—8; plane-polarized light);

(c) Coccoidal carbonate grains - likely rhodochrosite - with high Mn contents (blue arrows) are cemented by Mn(II)-bearing
dolomite with low Mn contents (3—24; SEM image in back-scattered electron mode); (d) Oncolite consists of Mn(II)-
carbonate minerals. Brown-colored Mn-enriched core is encrusted by light-colored Mn-depleted crust (3—17; plane-
polarized light); (e) Oolites consist of Mn(II) carbonate minerals. Mn-enriched layer and Mn-depleted layer alternate
rhythmically (3—17; cross-polarized light); (f) Microbiolites - likely stromatolites - containing Mn(II)-carbonate
characterized by the alternation of dark organic laminae and light microcrystalline Mn(II)-carbonate (specimen; reproduce
from Zhang, Li, et al., 2021). (g) Pyrite framboids with diameters <10 pm found in the black shale (3-21; reflected light);
(h) Framboidal pyrite grains within Mn(II)-carbonate under SEM (3—4; secondary electron mode).
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Figure 3. Chemostratigraphic profiles for the Member IV of the Doushantuo Formation at the northern margin of the Yangtze
Platform. Blue, gray, and red solid circles represent dolostone, black shale, and Mn(II)-carbonate, respectively. Vertical red
dashed lines represent the 5'3C value of Neoproterozoic marine DIC (+4%o; Cui et al., 2022); 5'%0 threshold for diagenesis
(—10%0; Banner & Hanson, 1990); and 8°*S value of Neoproterozoic marine sulfate (+20%o; Strauss, 1993).

DST = Doushantuo Formation; DY = Dengying Formation.

The carbon isotope profile shows that carbon isotope values of carbonate (8'°C,,,,) in all samples are significantly
lighter than seawater (Table S2 in Supporting Information S1; Figure 3). In detail, §'*C,,,,, values become heavier
from the Mn(II)-carbonate to the dolostone and finally the black shale (average values of —6.7%o, —3.9%o, and
—2.2%o, respectively). In contrast, O isotopic compositions (8'%0,,,) are lightest in the black shale
(average = —9.3%o), with some 5'%0,,,,, values lower than —10%o. 5'0,,,,, values are much higher for the Mn

(I)-carbonate and dolostone (averages of —6.4%o and —6.5%o, respectively). Unlike 8'*C,,,, values, organic C

carb
isotopic compositions (613C0rg) of all the samples are uniform (average value of —31.6%o for the black shale,
—31.6%o for the dolostone, and —31.4%¢ for the Mn(II)-carbonate, respectively). The values of A13Cmb,mg
(8"Ceppy — 613C0rg) are lowest for Mn(I)-carbonate (average = 24.6%o), intermediate for the dolostone
(average = 27.8%o), and highest for the black shale (average = 29. 2%o). The pyrite contents are highest for the
black shale (average = 7.36 wt.%), intermediate for the Mn(II)-carbonate (average = 2.81 wt.%), and lowest for
the dolostone (average = 2.29 wt.%). Sulfur isotopic compositions of the pyrite (634Spy) are variable (range from
—20.9%0 to +18.1%o0) with an averages of +5.7%o in black shale, —0.1%o in dolostone, and —1.4%o in Mn(II)-

carbonate.

5. Discussion
5.1. Evaluation of Post-Depositional Alteration

The formation stage (primary vs. secondary) of Mn(II)-carbonate minerals is crucial for determining the cycling
patterns of Mn and C. The observation of normal graded bedding in the oolites, as well as biological textures, such
as spherical and ellipsoidal microparticles, oncolites, and stromatolites (Figures 2c-2f; Zhang, Cao, et al., 2021,
2022), suggests that Mn(Il)-carbonate was likely deposited directly in high-energy water column near the
sediment-water interface. Specially, the Mn contents of coccoidal particles (rhodochrosite; Zhang et al., 2022) are
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Figure 4. Geochemical proxies for distinguishing the formation stages of carbonate minerals. (a) Cross plots of 5'*C
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carb

significantly higher than that of cements (kutnohorite; Figure 2c; Zhang et al., 2022), indicating that the pre-
cipitation of Mn(II)-carbonate dominantly occurred in water rather than within the sediment piles. Otherwise, the
Mn contents of cements are expected to be high enough during diagenetic precipitation of Mn(II)-carbonate.

Despite the primary precipitation, Mn(II)-carbonate in Member IV experienced burial and diagenetic alteration
for more than 550 Myr (Condon et al., 2005), and thus the primary C isotopic compositions of the carbonate
might have undergone some isotopic re-equilibration with diagenetic fluids (Banner & Hanson, 1990; Hohl
et al., 2015). Accordingly, it is necessary to evaluate whether their C isotopes were modified by later diagenetic
alteration (Schrag et al., 2013). Theoretically, diagenetic alteration will cause recrystallization, metasomatism,
and the secondary enlargement of the carbonate grains. Moreover, carbonates that have experienced secondary
alteration or fluid-rock interaction are characterized by low 618OC3rb values (generally less than —10%o) and a
clear positive correlation between 8'°C.,,, and 8'%0,,,, values is expected (Banner & Hanson, 1990). In
addition, diagenetic alteration typically causes Sr loss in carbonate minerals, resulting in high Mn/Sr and Rb/Sr
ratios (Kaufman et al., 1992). Here, however, the Mn/Sr proxy is not applicable due to the supernormal
enrichment of Mn.

In this study, petrographic characteristics show that the carbonate of the Doushantuo Formation consist of
microcrystalline dolostone (Figures 2a and 2b) and Mn(Il)-carbonate, which are characterized by fine high-Mn
coccoidal particles (thodochrosite; Zhang et al., 2022) and low-Mn carbonate cements (kutnohorite; Figure 2c;
Zhang et al., 2022). These finding suggest that the coccoidal particles were formed prior to the cements in Mn(II)-
carbonate (i.e., syngenetic stage for coccoidal particles and early diagenetic stage for cements). There are no
significant post-depositional alterations, such as recrystallization, metasomatism, and secondary enlargement,
associated with the dolostone (Figures 2a and 2b), oncolites-, oolites-, and microbialites-bearing Mn(II)-car-
bonate (Figures 2d-2f). In addition, our geochemical data also show that there is no obvious positive correlation
between 8'°C_,,, and 8'%0,,, values, and that the 5'%0,,,, values are generally greater than —10%o (Figure 4a).
These indicate that the effects of diagenetic alteration on the C isotopic compositions of the carbonate (including
the Mn-depleted dolostone and Mn-rich carbonate) were limited. By contrast, the SISOcarb values are significantly
low, and 8"°C,,;, and 5'®0,,,;, values display an obvious positive correlation (R = 40.60, p < 0.05; Figure 4a;
Table S2 in Supporting Information S1) for the black shale. These suggest that the C isotopic compositions of
carbonate fraction in the black shale were largely derived from diagenesis. Moreover, the Rb/Sr ratios of the black
shale are higher than those of the carbonate (Figure 4b), which also indicates the black shales have been more
affected by diagenetic alteration. We thus conclude that the C isotopic compositions of the carbonate are more
likely to represent those of ambient paleo-seawater, whereas the 8'°C,,,, values of the black shale recorded the
composition of sediment porewater during diagenetic alteration rather than C isotopic signal of ancient marine.
The 8'°C,.,,,, values of diagenetic carbonate mineral in black shale are also higher than that of primary Mn(II)-
carbonate (with averages of —2.2%0 and —6.8%o, respectively; Table S2 in Supporting Information S1), sug-
gesting that diagenetic alteration may not be responsible for this CIE (Husson et al., 2020). In sum, it is concluded
that the carbonate minerals precipitated in the water column directly, and therefore can be used to interrogate the
mechanisms that caused the negative CIE and C cycling during deposition of Member IV of the Doushantuo
Formation.
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5.2. Post-Shuram Negative CIE in Member IV

Several remarkable negative CIEs have been reported in the Ediacaran successions in South China (Chen
etal., 2022; McFadden et al., 2008). The EN3/DOUNCE in the middle-upper Doushantuo Formation corresponds
to the global Shuram excursion (Li et al., 2017). Previous studies suggested that the record of Shuram excursion
(i.e., EN3/DOUNCE) in South China persisted until the termination of Doushantuo Formation (i.e., EN3c in
Member IV represents the end of Shuram excursion) with a 20 Myr duration (Sui et al., 2019). However, high-
precision magnetic chronostratigraphy, astrochronology, and radioisotopic data indicated that the duration of
Shuram excursion in different paleo-continents are nearly identical. For example,; 8.0 = 0.5 Myr duration in the
Wonoka Formation in South Australia (Minguez & Kodama, 2017), 8.2 £ 1.2 Myr duration in the Johnnie
Formation in the United States (Minguez et al., 2015), 7.7 = 0.2 Myr duration (Gong & Li, 2020) or 6.7 £+ 5.6 Myr
duration (Rooney et al., 2020) in Oman, and 6.7 = 5.6 Myr duration Northwest Canada (Rooney et al., 2020).
Obviously, the previously thought on duration of EN3/DOUNCE in South China were incompatible with that of
Shuram excursion in other continents. These prompt a necessity for a renewed comprehension of Shuram
excursion within the context of South China's geological scenario. Nevertheless, recent astrochronological dates
showed that the record Shuram excursion in the Doushantuo Formation is constrained between ca. 573.4 and
567.3 Ma with a duration about 6.1 + 0.2 Myr in South China (Li et al., 2022), which is consistent with the
duration mentioned above worldwide. Astrochronological results also suggested that the onset of Member IV was
at 557.8 £ 0.8 Ma (Sui et al., 2019), indicating that the termination of Shuram excursion was prior to the onset of
the deposition of Member IV in South China. This is consistent with the termination of the Shuram excursion
being within Member III of the Doushantuo Formation (see the Miaohe section in Figure 5).

The negative CIEs in the Member IV in Doushantuo Formation are found in several sections in South China.
Regionally, these negative CIEs in Member IV are comparable between different sections in variable sedimentary
facies (from platform to basin; Jiang et al., 2007), indicating that there may be a widespread C cycling pertur-
bation during sedimentation of Member IV of the Doushantuo Formation in South China (Figure 5). The strat-
igraphic correlations show that there is a widespread hiatus between Member I1I and IV of Doushantuo Formation
(e.g., Jiulongwan section in Figure 5; Li et al., 2022), leading to the direct contact between Shuram excursion and
the negative CIE in Member IV with the absence of the positive CIE between them. This was the reason why the
Shuram excursion was originally thought to have had a longer interval in South China than that in other paleo-
continents.

Yang et al. (2021) also reported that there is a significant negative CIE ended at ca. 550 Ma in Brazil and Namibia,
named 550-Ma CIE. Furthermore, the post-Shuram negative CIEs are found in Oman, Northwestern Canada,
Tarim in Northwestern China, South Australia, and Death Valley in Western USA (Figure 5). All of these are
time-equivalent with that in Member IV in South China, suggesting that these post-Shuram negative CIEs near the
termination of Doushantuo Formation are correlative globally. However, the thickness of the positive CIEs be-
tween Shuram excursion and 550-Ma CIE are variable in different sections, which is the consequence of the
combined influence of deposition rate and stratigraphic hiatus.

The lithostratigraphic correlation reveals that our samples are located in Member IV of Doushantuo Formation.

The carbonates in our section are characterized by more negative 8'>C_,, values, which exhibit a minimum value

carl
of —11.1%o. Vertically, the 8'°C,,;, values increase up-section and are close to 0%o near the contact with the
Dengying Formation (Figure 5). Although the negative CIE we identified here is temporally close to the Shuram
excursion, and the magnitude and trend of this negative excursion are similar to those of the well-known Shuram
excursion worldwide (Figure 5), we suggest that this negative CIE in our section in the north margin of Yangtze

Platform is correlative to the global post-Shuram 550-Ma CIE.

5.3. Cause of the Negative Carbon Isotope Excursion

The origins of the several negative CIEs in Ediacaran in South China remain equivocal. The global Shuram
excursion has been generally attributed to anaerobic oxidation of DOC triggered by the reduction of weathered
sulfate (Bjerrum & Canfield, 2011; Fike et al., 2006; Li et al., 2017; McFadden et al., 2008). Chen et al. (2022)
reported a short negative CIE (WANCE; ca. 610 Ma) in the Doushantuo Formation in South China, which they
suggested was caused by enhanced sulfate reduction in a short-lived oxidation event. However, the marine sulfate
concentrations were supposed to be lower right after Shuram excursion (Shi et al., 2018), in which case the sulfate
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Figure 5. Carbon isotope stratigraphy obtained in this study and for the Shuram excursion on different paleo-continents.
(a) Global paleogeography at ca. 560 Ma (redrawn from Wang et al., 2022). (b) Carbon isotope stratigraphic correlations
between representative sections from different paleo-continents. Data sources: Chengkou in South China (red filled circles
are from this study; yellow filled circles are from Gao et al., 2021); Miaohe and Jiulongwan in South China (Jiang

et al., 2007; Zhou et al., 2017; age data are from Condon et al., 2005); Oman (filled circles are from Burns & Matter, 1993;
open circles are from Fike et al., 2006; age data are from Bowring et al., 2007; Canfield et al., 2020; Gong & Li, 2020);
northwestern Canada (Moynihan et al., 2019; Rooney et al., 2020); Tarim in northwestern China (Wang et al., 2022); South
Australia (Calver, 2000; Minguez & Kodama, 2017); Death Valley in the western USA (Minguez et al., 2015; Verdel

et al.,, 2011). DY = Dengying Formation.

reduction scenario may not work for 550-Ma CIE. This provided us with motivation to explore other potential
origins of the post-Shuram CIEs.

As mentioned above, the carbonate minerals in carbonate rocks were formed during a syngenetic stage in seawater
while those in the black shales were formed during diagenesis. Therefore, the low 8'°C,,, values (—11.1%o to
—2.5%o) of carbonate rocks were most likely reflective of the C isotopic compositions of DIC in the contem-
poraneous mixed ambient seawater during the deposition of Doushantuo Formation. However, previous research
suggested that the expected value of the C isotopic compositions of DIC in the open ocean near Shuram period is
about +4%o (Cui et al., 2022) or close to modern seawater DIC (613C = 0.8 + 1.5%0; Hoffman & Lamothe, 2019),
which are both significantly higher than our results. This implies that '*C-depleted DIC, sourced from either
mantle degassing (Paulsen et al., 2017), methane oxidation (Cai et al., 2023; Cui et al., 2022), or mineralization of
organic carbon (Fike et al., 2006; Jiang et al., 2007), might have been introduced into the late Ediacaran ocean. We
rule out mantle degassing because the 8'°C values of CO, released by this process is —5%o to —6%o (Cui
et al., 2022; Fike et al., 2006), which is higher than the lowest value of 8'*C,,,, in the Mn(II)-carbonate in this
study. We also exclude methane oxidation because the §'C values of DIC released in the methanotrophic zone
are extremely negative (generally lighter than —30%o; Cui et al., 2022; Cai et al., 2023) and the oxidation of
methane is also not ubiquitous. The mineralization of organic matter synthesized as biomass (in particulate or
dissolved form) in seawater or sediments would release alkalinity with 8'*C values rarely less than —25% (Irwin
et al., 1977), which thus was the most likely source of '*C-depleted DIC. This can be supported by the
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Figure 6. Pyrite S isotope chemostratigraphic profiles during the Shuram excursion and post-Shuram in different sections in South China. (a) Jiulongwan, intrashelf
facies (McFadden et al., 2008). (b) Yangjiaping, shelf margin facies (Cui et al., 2022). (c) Zhongling, shelf margin facies (Cui et al., 2022). (d) Chengkou, slope facies
(this study). (e) Siduping, slope facies (Shi et al., 2018). Vertical red shades refer to the 8%*S of Ediacaran seawater (+22 to +23%o; Shields et al., 2007). Locations of

sections are shown in Figure la.

significantly low ABCCM,nrg
organic matter was the most probable source of the '*C-depleted DIC observed in our samples.

values in Mn(II)-carbonate. The mixing of seawater with respired DIC derived from

Reactive oxidants are prerequisite for the oxidation of organic matter (such as acetate and lactate; Kon-
hauser, 2007). Sulfate is the oxidant that is typically the terminal electron acceptor linked to organic C oxidation
with the Gibbs free energy increment (AG) of —48 kJ/mol (Konhauser, 2007) and intermittent negative CIEs (Cai
et al., 2023; Cui et al., 2022; Fike et al., 2006). However, the bacteria driving this mechanism (known as sulfate
reducing bacteria), might have been limited during the Ediacaran Period because it has been suggested that
seawater at that time was characterized by non-steady-state (Shields et al., 2019) and lower dissolved sulfate
concentrations right after Shuram excursion (<4 mM; Shi et al., 2018) than modern ocean (28 mM). Under S-
limited conditions with invariable deposition rates, the degree of S isotopic fractionation was minimal due to
quantitative reduction, that is, the higher the sulfate reduction intensity, the faster the S pool diminishes. The
sulfate-driven organic C oxidation will lead to a small fractionation of S isotopes between marine sulfate and
pyrite, and result in the formation of **S-rich pyrite (Bradley et al., 2016; Cai et al., 2023), which is expected to
approach that of the coeval seawater (ca. +22%o to +23%o; Shields et al., 2007). Therefore, the 634Spy values in
Shuram excursion are generally heavy even in high sulfate concentration seawater (10 mM; Shi et al., 2018).

If continental weathering was the main input source of dissolved sulfate (Fike et al., 2006; McFadden et al., 2008),
then we would expect a concentration gradient between proximal and distal facies (Shi et al., 2018). In the
proximal shore facies (Jiulongwan section in intrashelf basin; Figure 1a), the 634Spy values are significantly lower
both in Shuram and post-Shuram CIEs due to the relatively high sulfate concentrations sourced from continental
weathering (Figure 6a; Shi et al., 2018). In sulfate-depleted distal facies (Figures 1a and 6b—6¢), however, 634Spy
associated with this negative CIE in Chengkou area are significantly lighter than those within the Shuram
excursion (Figures 6b—6e). The sulfate pool during Shuram excursion was obviously larger than that during post-
Shuram CIE (Shi et al., 2018), suggesting that the heavy 634Spy in Shuram excursion results from anaerobic
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(d) Mn content versus 613COrg for samples from the top of the Doushantuo Formation.

oxidation of organic C triggered by intense sulfate reduction (Fike et al., 2006; McFadden et al., 2008). Instead,
the light 6348py values from sulfate-limited pool indicate very low intensity of sulfate reduction during the
deposition of our samples. We assume that the sulfate concentrations in seawater during post-Shuram CIE are
identical in slope facies around Yangtze Platform due to longer residence time of sulfate in seawater (ca. 20 Myr;
Claypool et al., 1980) than the mixing time of the oceans (ca. 1.5 Kyr; Krabbenhoft et al., 2010).

The sediment accumulation rate for the Doushantuo Formation has been estimated to have been stable and low
(1.0 cm/kyr; Gong et al., 2017), suggesting that the effect of deposition rate on 6348py value is negligible. The
634Spy values of Mn(II)-carbonate are lower than that in Siduping section (both sections are in slope; Figures 6d
and 6e), further indicating that weak sulfate reduction occurred during the deposition of Mn(II)-carbonate.
Similarly, the 634Spy values and pyrite contents of Mn(II)-carbonate are lower than that in black shale (Figure 6d),
implying more intense sulfate reduction during the deposition of black shale. Along those lines, the relatively low
and wide ranges of S isotopic compositions (—20.9%o to +18.1%o) in this study may simply be due to variations in
intensities of sulfate reduction in a relatively limed S-pool during post-Shuram CIE.

Theoretically, a positive correlation is expected between isotopic compositions of residual organic C after intense
sulfate reduction and 534Spy at limited sulfate concentrations. This is due to the limited sulfate replenishment
which favors the consumption of light organic C (‘>C) and sulfate (**S) during sulfate reduction. Collectively, our
results show no positive correlation between 634Spy and organic C isotopic compositions (8" Core) (R = +0.05,
p > 0.5; Figure 7a), which suggests that sulfate reduction was limited and might not cause the intense oxidation of
organic C. Collectively, our results imply that oxidants aside from sulfate must have been responsible for the
oxidation of organic C.

Generally, high valence metal oxides (e.g., MnO,) are potential electron acceptors for the bacterial oxidation of
organic C with the AG of —558 kJ/mol (Konhauser, 2007). The difference in the AG between these two reduction
reactions involved sulfate and Mn(IV)-oxide indicates that the energy released by the reduction of Mn(IV)-oxide
is about 10 times higher than that of the sulfate reduction, suggesting that even if the amounts of Mn are much
smaller than that of sulfate, the Mn(IV)-oxide will nonetheless be reduced first because it is a much more
energetically favored terminal electron acceptor than sulfate, with the organic C acting as electron donors. In turn,
the organic C is transformed into '*C-depleted DIC by Mn(IV) reduction (Burdige, 1993; Hu et al., 2018). Low-
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valence Mn(Il) cations generated by Mn(IV) reduction and '*C-depleted DIC released by organic C minerali-
zation can then be incorporated into authigenic minerals, such as rhodochrosite and kutnohorite (Kon-
hauser, 2007). Even so, few small framboidal pyrites (<10 pm), which presumably formed in euxinic water
column (Rickard, 2019; Wilkin et al., 1996) by weak sulfate reduction after Mn(IV)-oxide reduction, were
preserved in Mn(Il)-carbonate (Figure 2h), suggesting that the deposition of Mn(II)-carbonate at the top of the
Doushantuo Formation involved the reduction of Mn(IV)-oxide in water column near seafloor (Zhang
et al., 2022). Furthermore, there is also a clear negative correlation between Mn and pyrite contents in Mn(II)-
carbonate (R = —0.71, p < 0.01; Figure 7b), suggesting that the presence of Mn(IV)-oxide suppressed the for-
mation of framboidal pyrite by Mn(IV)-oxide reduction. Finally, the carbonate Mn contents and 8'°C_,,, values
exhibit a weak negative correlation (R = —0.54, p < 0.01; Figure 7c), which indicates that the reduction of Mn
(IV)-oxide caused the mineralization of organic C and precipitation of Mn(II)-carbonate with light 8'°C_,,,
values.

The §"°C
Figure 7d), indicating that, to some extent, the reduction of Mn(IV)-oxide also caused organic C isotopic frac-
tionation slightly despite the buffering by a large DOC pool (Jiang et al., 2007). This is because the relatively light
'2C in the organic matter was preferentially oxidized, and the residual was relatively rich in '>C (Irwin
et al., 1977). This provides further evidence that the Mn(IV)-oxide caused organic C mineralization and release
13C-depleted DIC.

ore Values and Mn contents of all carbonates display a weak positive correlation (R = +0.43, p < 0.05;

Interestingly, our 613Ccarb values (—11.1%o to —2.5%o) are heavier than the 613C01.gvalues (average value is ca.
—31%o), implying that there must be another heavy DIC source. Here, we adopted +4%o as the 8'C value of DIC
in an open marine environment in the Ediacaran ocean (Cui et al., 2022). According to the conservative two-
component mixing model proposed by Johnston et al. (2012), the relevant equations linking the formation of

DIC from DOC and seawater are as follows:

513Ccarb = (513Csea X fsea X Xsea + 513Corg X forg X Xorg)/XM

XM = fsea X Xsea + forg X Xorg’

where f,

sea = 1), respectively, X,, is the mass

and f,, are the mass ratios of seawater and organic C (fy, + for,
fraction of the mixture, and X, and X, are the mass fractions of carbonate derived from seawater and organic C,
respectively (Johnston et al., 2012). To form carbonate with 8'°C_,,, values between —11.1%o and —2.5%., about
20%-40% of the DIC derived from organic C mineralization was mixed with DIC from seawater, and then
incorporated into the carbonate (Figure 8). Because higher Mn contents in the carbonate require a greater pro-

portion of DIC from the organic C, this leads to more negative 8"3C,,p, values (Figure 8).

carb

5.4. Manganese Redox Cycling and Negative Carbon Isotope Excursion

The late Neoproterozoic is thought to have had a stratified ocean characterized by frequent fluctuations in the
redox interface between oxygenated surface waters and anoxic deep waters along the continental margin (Dodd
etal., 2023; Sahoo et al., 2016; Shields et al., 2019). The intermittent oxidation of the deep Ediacaran ocean was a
response to the Neoproterozoic oxidation event (NOE; 0.8—0.5 Ga; Sahoo et al., 2012; Lyons et al., 2014; Alcott
et al., 2019) and a prelude to the explosion of life in the Cambrian (Sperling et al., 2013; Wang et al., 2018).
Biolimiting nutrients (e.g., P) derived from terrigenous weathering elevated the primary productivity at the
continental shelf margins (Planavsky et al., 2010; Wang et al., 2018). Organic matter generated by primary
producers was the main reducing agent that consumed dissolved oxygen (DO) in the water to delay the oxidation
of the deep ocean. Terrestrially-sourced sulfate provided an external S source, which was a prerequisite for the
formation of local deep sulfidic environments at the continental margins that led to small framboidal pyrite
formation (Li et al., 2020; Wei et al., 2020). The oscillation of redox interface between oxygenated and anoxic
seawater was the most important factor that regulated the biogeochemical cycling of redox sensitive elements.

Geochemical and mineralogical evidence (e.g., positive Ce anomaly and remains of Mn oxides) reveals that the
deposition of Mn(Il)-carbonate in Member IV requires two processes, namely, the oxidation of dissolved Mn(II)
to form insoluble Mn(IV)-oxide, followed by biological reduction of Mn(IV)-oxide to dissolved Mn(Il) to
subsequently precipitate as Mn(II)-carbonate (Zhang, Cao, et al., 2021, 2022). Previous work has proposed that
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sea

the obligatory oxic conditions ([DO] > 2 mL/L) are required for the oxidation of Mn(II) to Mn(IV)-oxide, and the
reduction of Mn(IV)-oxide occurs under suboxic conditions (Polgari et al., 2012). In this paper, the significance of
microbial structures induced by photosynthetic microorganisms (e.g., cyanobacteria) would be that the water
immediately above the stromatolites would have been oxygenated, if not the entire water column because it is
possible for cyanobacteria to live on the bottom sediment surface in anoxic waters with the O, that they produce
being rapidly consumed by ambient reductants (Lalonde & Konhauser, 2015). Given the presence of oxygenated
shallow waters, it stands to reason that the Mn(IV)-oxide that formed in the oxygenated water column would have
been stable until they sank into the suboxic Mn(IV) reduction zone which would have prevailed in the bottommost
water column and underlying loose sediments. In this regard, we developed a plausible model to explain
biogeochemical cycling of Mn and the associated C isotopic perturbation during the deposition of Member IV of
the Doushantuo Formation (Figure 9).

First, the oxygenated surface seawater provided ideal condition for Mn(II) oxidation. As previously reported, high
87Sr/%Sr ratios and positive Eu anomaly in Mn(II)-carbonate indicate that some Mn was introduced into anoxic
seawater along faults in the form of Mn(II) sourced from deep hydrothermal fluids during extensional tectonism
(Figure 9; Gao et al., 2021; Zhang, Cao, et al., 2021). In addition, episodic upwelling promoted the migration of
Mn(II) from anoxic deep waters onto the shelf of the northern margin of the Yangtze Platform where dissolved
Mn(II) was oxidized by O, to insoluble Mn(IV)-oxide above chemocline. Those particulate Mn(IV)-oxide
exhibited greater ease than dissolved O in traversing the redox chemocline and then sank into the O,-depleted Mn
(IV) reduction zone which was well-connected to overlying seawater (Figure 9).

Second, the reduction of Mn(IV)-oxide in O,-depleted water or loose sediments. Although the Mn(IV) reduction
is generally considered to occur in the sediment pile (e.g., Aller, 1990; Froelich et al., 1979; Middelburg
et al., 1987), it is also feasible in a suboxic water column (Jones et al., 2011). In this regard, dispersed seawater
DOC, or localized organic C generated in association with the sedimented biomass or the stromatolites growing at
the shallow seafloor served as electron donors in Mn(IV) reduction zone and rapidly reduced the Mn(IV)-oxide
to dissolved Mn(II). Mn(I) derived from the bacterially-driven dissimilatory Mn(IV)-oxide reduction
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Figure 9. Model for the formation of the Mn(II)-carbonate in Member IV of the Doushantuo Formation. The Mn(II) was
sourced from hydrothermal fluids along syngenetic normal faults, which channeled the migration of Mn-rich fluids and
ultimately contributed to Mn enrichment in water column. Hydrothermal Mn(II) was also transferred upward onto the
continental shelf by upwelling. The oxidation of Mn(II) took place in the water column where Mn(II) reacted with O, from
the overlying waters. The Mn(IV)-oxide formed then sank and accumulated onto the shallow seafloor. Mn(IV) reduction
took place in water and loose sediments through anaerobic respiration of organic C in suboxic zone. The Mn(II) combined
with the alkalinity generated from organic C mineralization as well as open ocean DIC to form Mn(II)-enriched
microbialites. Sulfate reduction also took place directly in the Mn-depleted water column, which lead to framboidal pyrite
formation. MSR: microbial sulfate reduction.

(Burdige, 1993), both in water and in loose sediments by upward diffusion, resulted in an abrupt increase in Mn
(II) concentrations in ambient seawater and contributed to the direct deposition of Mn(II)-carbonate in water
column (Figure 9). Furthermore, anaerobic respiration of organic matter associated with Mn(IV)-oxide reduction
elevated the pH of the ambient seawater near the seafloor and created localized alkaline conditions (Polgari
etal., 2012). The '*C-depleted DIC derived from organic C and open ocean DIC, as well as reductive Mn(II), were
then incorporated into carbonate minerals under alkaline conditions in the form of biological structures, such as
stromatolites, coccoidal grains, and oncolites (Figures 2c—2f). Sulfate reduction was more favorable in Mn-
depleted water when Mn(II) supply was diminished (e.g., during the deposition of the Mn-poor black shale;
Figure 9). Not surprisingly, the pyrite content varied in the different lithologies, being high in the shale and low in
the presence of Mn(IV) reduction, suggesting that Mn cycling was primarily responsible for this negative CIE
after Shuram excursion at the north margin of Yangtze Platform.

5.5. Implications of Post-Shuram CIE

Absolute age is the most reliable tool for global stratigraphic correlation. To date, however, the chronostrati-
graphic framework in Ediacaran is of insufficient resolution for robust global correlation schemes. Chemo-
stratigraphy is considered as an effective alternate for Ediacaran stratigraphic correlation due to global
perturbation of paleo-environment and biogeochemical cycling. The Shuram excursion indeed provided
reasonable evidence for Ediacaran subdivision and global correlation (Grotzinger et al., 2011). However, the
correlation based on chemostratigraphy bears great uncertainty due to the influence of regional stratigraphic
hiatus or unconformity. Recent studies have demonstrated that there is also a global, negative CIE shortly after the
Shuram excursion (Figures 10a and 10b; Zhou et al., 2017; Yang et al., 2021; Li et al., 2022). This is a new
development because this post-Shuram negative CIE was typically included as part of the Shuram excursion due
to the absence of positive CIE between the two negative CIEs. This, in turn, led to the previous belief that the
Shuram excursion lasted much longer in South China than that in other continents. To some extent, the identi-
fication of the post-Shuram CIE refines the Ediacaran subdivision and correlation globally.

The Ediacaran witnessed the radiation of complex biota and rise of animals in Earth's history (Figure 10c), which
may be tied to the episodic oxygenation of seawater due to their higher oxygen requirements (Shields et al., 2019;
Wang et al., 2023). Redox proxies suggested that the redox configuration of ocean during Shuram excursion was
nearly comparable to modern ocean in a short time (Figure 10d), thereby suggesting that an ocean oxygenation
event was associated with the Shuram excursion (Rooney et al., 2020). Similarly, the post-Shuram CIE is also
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Figure 10. Summary compilations of carbon isotopic profile, fossil ranges, and ocean oxygenation patterns of the Ediacaran
Period. (a) Carbon isotope record (reproduced from Yang et al., 2021; red filled circles are from this study). (b) Several
negative CIEs in the Ediacaran in association with different continents. Data sources: South China (Chen et al., 2022; Yang
et al., 2021); NW Canada, NW India, Mexico-SW USA, Siberia, Brazil, and Namibia (Yang et al., 2021); NW China Tarim
(Wang et al., 2022); Oman (Bowring et al., 2007; Burns & Matter, 1993); South Australia (Husson et al., 2012). (c) Range of
biota in the Ediacaran Period (reproduced from Rooney et al., 2020; Yang et al., 2021). (d) Oxygenation pattern for the
Ediacaran oceans indicated by uranium isotope of carbonate (data sourced from Chen et al., 2022 and references therein).
The red dash line represents the lowest threshold of 6238UC au the modern oxygenated ocean.
time-equivalent to oxygenation of deep ocean (Figure 10d), implying that the post-Shuram CIE is a response to
global oxidation event at the termination of Doushantuo Formation. This oxygenation event likely stimulated the
emergence of metazoans (e.g., Cloudinids, Sekwitubulus, Shaanxilithes, etc.) and biotic innovations (Figure 10c).
Mn(IV)-oxide and sulfate are both significant oxidants, which are proxies of oxygenated seawater. In the process
of Mn(IV)-oxide and sulfate reduction with organic matter as electron donor, the consumption of organic C
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accumulated in the anoxic Ediacaran ocean would offset the effect of organic C on inhibiting ocean oxidation. The
Mn(II) and sulfide derived from reduction of Mn(IV)-oxide and sulfate by microbial respiration were then buried
as Mn(II)-carbonate and pyrite, respectively, driving the unidirectional oxygenation of the deep ocean in Edia-
caran. And Mn(IV)-oxide are preferable oxidants to promote organic C mineralization and have greater potential
to cause C cycling anomalies. Although the negative CIE found in this study may be a local phenomenon induced
by the reduction of Mn(IV)-oxide, our results nonetheless show that Mn cycling can cause organic C minerali-
zation and trigger potentially the large-magnitude C cycling perturbations with the presence of Mn. Irrespective of
whether Mn(IV)-oxide or sulfate served as the terminal electron acceptors, this post-Shuram negative CIE is a
robust record of oxygenation interval in the termination of Ediacaran (Wang et al., 2023).

6. Conclusions

We identified a post-Shuram negative CIE at the top of the Doushantuo Formation (Member 1V) at the northern
margin of the Yangtze Platform which was mainly caused by organic matter mineralization linked to the localized
reduction of Mn(IV)-oxide instead of sulfate reduction. This represents a new mechanism of anomalous C
cycling. The post-Shuram negative CIEs are correlative in different paleocontinents, such as Brazil, Namibia, and
South China. These suggest that there was an anomalous C cycling event during sedimentation of Member IV of
Doushantuo Formation globally, which may be a response to the oxygenation event at the termination of
Doushantuo Formation, accelerating the Ediacaran biotic innovations. At present, there are few reports of car-
bonate with low 8'°C_,,,, values and high multi-valence metal concentrations in Ediacaran strata. Our study
provides new insights into how metal oxides reduction can persistently lead the origins of anomalous C cycling,
which may be applicable to different periods of Earth's history when Mn is present widely.
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