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Abstract

The Ediacaran Period (ca. 635-539 Ma) witnessed the earliest paleontological evidence for

macroscopic life (i.e., Ediacara biota) and geochemical observations of the largest carbon cycle
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anomaly in Earth history (i.e., Shuram Excursion, SE). Numerous hypotheses have been
proposed for the origins of the SE, ranging from primary seawater anomaly to syn- or post-
depositional diagenesis. Despite intensive geochemical and theoretical work published in the past
decade, empirical evidence that is strictly based on fundamental petrographic results at the
micrometer scale is still limited. To evaluate depositional compositions and diagenetic effects on
samples from the SE, we investigated the EN3 interval in the Doushantuo Formation of South
China via integrated cathodoluminescence (CL), secondary ion mass spectrometry (SIMS), and
scanning electron microscope (SEM). Detailed petrographic observations reveal that the EN3
limestone is dominated by calcite microspar, with minor but variable amounts of disseminated
zoned dolomite crystals. The former likely formed via neomorphism of depositional micrite,
while the latter was the result of progressive post-depositional dolomitization. The mean values
of paired SIMS 8"Ceacite and 8™*Cyolomite COMPpOsitions are indistinguishable in each sample and
consistent with published microdrilled bulk-powder '*C values, which we interpret to represent
depositional “background” signals of seawater dissolved inorganic carbon (DIC). We also
observed pm-scale variability of SIMS §'*C data that may reflect a variable diagenetic overprint
after deposition. Our integrated petrographic and geochemical results are consistent with a
depositional origin of the SE and provide little evidence for the hypothesized isotope alteration
by meteoric and mixing-zone diagenesis or late burial diagenesis. In light of this study, we
propose that the SE indeed represents a marine carbon cycle anomaly that bears a close temporal

link to the Ediacaran surface environment.

Keywords: Shuram excursion, Doushantuo Formation, methane, diagenesis, carbonates,

Ediacaran

1. INTRODUCTION

The globally recorded middle Ediacaran Shuram Excursion (SE) is widely regarded as
one of the largest carbonate carbon isotope (8*°Cean) Negative anomalies preserved in bedded
marine carbonates in Earth’s history (Grotzinger et al., 2011). Typically, the SE is characterized by
8"Ccarp values that plunge from background values of ca. +5%o to a nadir of ca. —12%o over a

short stratigraphic interval and then rise steadily in the overlying tens to hundreds of meters



before recovering back to positive values (Burns and Matter, 1993; Fike et al., 2006; McFadden et al.,
2008; Grotzinger et al., 2011; Husson et al., 2015b). Various hypotheses have been proposed for the
SE, ranging from primary biogeochemical perturbations (Fike et al., 2006; Kaufman et al., 2007; Lu
et al.,, 2013; Husson et al., 2015a; Shields et al., 2019; Zhang et al., 2019; Li et al., 2020) to a wide
spectrum of diagenetic processes, including early syndepositional diagenesis (Schrag et al., 2013;
Cui et al., 2017; Jiang et al., 2019), meteoric and mixing-zone diagenesis (Knauth and Kennedy, 2009;
Zhao et al., 2020), and late burial diagenesis (Derry, 2010). More recently, hypotheses that link
mantle-derived deep carbon to the SE have also been proposed (Paulsen et al., 2017; Cui, 2021; Liu
et al., 2021). Given the close relationship between the SE and the earliest fossil evidence of
macroscopic organisms (Xiao et al., 2016; Darroch et al., 2018; Rooney et al., 2020; Xiao and
Narbonne, 2020), a better understanding of the effect of diagenesis on the SE is thus critical to

unraveling the causal link between the deep-time carbon cycle and early animal evolution.

Although post-depositional diagenesis has been repeatedly invoked to explain the SE
(Knauth and Kennedy, 2009; Derry, 2010; Zhao et al., 2020), whether it has played a pivotal role in
the preservation of anomalously negative §*3C compositions of carbonates remains ambiguous.
Why, for example, is the middle Ediacaran Period the only time in Earth history that diagenesis
imparted such a strong and lasting signal on 8*3C composition of sedimentary carbonates when
similar alteration processes must have been active in the succeeding Paleozoic and younger
intervals? Fortunately, diagenesis can leave distinct petrographic and geochemical fingerprints
(Scholle and Ulmer-Scholle, 2003; Tucker et al., 2009), so that high spatial resolution investigations
of SE carbonates hold the potential to better constrain its origins. In recent years, in situ analysis
of sedimentary carbonates by scanning electron microscope (SEM) and secondary ion mass
spectrometer (SIMS) has emerged to be a powerful tool in uncovering their complex diagenetic
histories (Sliwinski et al., 2016b; Andrieu et al., 2017; Denny et al., 2017; Sliwifiski et al., 2017; Cui et al.,
2019a; Xiao et al., 2019; Denny et al., 2020; Husson et al., 2020; Xiao et al., 2020b). Detailed SEM-
SIMS analysis can reveal information with much higher spatial resolution than the traditional
sampling approach of micro-drilling. Notably, a recent SIMS study of the SE-equivalent Wonoka
Formation in South Australia reveals large §"*Cean, Variability at a um scale (Husson et al., 2020),

suggesting complex depositional and diagenetic processes.



Despite intensive studies on the SE, no samples from the SE interval in South China have
been investigated by SIMS in high spatial resolution. Here, we conduct a um-scale study on
samples from the SE-equivalent EN3 interval of the Doushantuo Formation in South China via
integrated cathodoluminescence (CL), SEM and SIMS analysis. The main goals of this study are
(1) to further constrain the diagenetic histories of SE samples in South China through detailed
petrographic observations; (2) to evaluate the variability of §**Cearp at @ micrometer scale; (3) to
compare the SIMS data with previous published §"*Car, data measured on microdrilled powders
of the Doushantuo samples (McFadden et al., 2008); (4) to compare the SIMS data from EN3 with
the recently published SIMS data from the Wonoka Formation, South Australia (Husson et al.,
2020); and finally (5) to evaluate some of the published hypotheses for the SE (Knauth and

Kennedy, 2009; Derry, 2010; Zhao et al., 2020) based on our new results.

2. BACKGROUND

2.1. Geological background

Ediacaran successions in the Yangtze block of South China (Fig. 1A, B) include the
richly fossiliferous Doushantuo and Dengying formations (zhou and Xiao, 2007; Zhu et al., 2007b;
Zhou et al., 2018; Xiao et al, 2020a). Abundant three-dimensionally preserved eukaryotes,
including multicellular algae, acritarchs, and putative animals, have been discovered from
phosphorites and chert nodules of the Doushantuo Formation (Xiao et al., 1998; Liu et al., 2014;
Xiao et al., 2014; Yin et al., 2015; Cunningham et al., 2017; Ouyang et al., 2017, Liu and Moczydtowska,
2019; Ouyang et al., 2019; Ouyang et al., 2021), while the Dengying Formation contains
macroscopic Ediacaran body and trace fossils, including the earliest biomineralizing animals
(Xiao et al., 2005; Hua et al., 2007; Cai et al., 2010; Chen et al., 2013; Chen et al., 2014; Meyer et al.,

2014; Cui et al., 2016a; Cui et al., 2019b; Liang et al., 2020; Xiao et al., 2020a).

Deposition of the Doushantuo Formation in the Yangtze Craton of South China can be
divided into two stages, beginning with an open ramp shelf that gradually transitioned into a
rimmed shelf with an intrashelf basin (Jiang et al., 2011). Stratigraphic data and paleogeographic
reconstructions indicate an increase in water depth from proximal intertidal environments in the
northwest to distal deep basinal settings in the southeast of the Yangtze Craton. Three platform

facies belts are apparent, including a proximal inner shelf dominated by peritidal carbonates, an



intrashelf basin containing mixed carbonates and shales, and an outer shelf shoal complex
consisting primarily of carbonates and phosphorites (Fig. 1B).

The basal Doushantuo Formation overlies the Nantuo diamictite and begins with a ca.
635 Ma cap carbonate (Fig. 1C) (Condon et al., 2005). It has been suggested that the uppermost
Doushantuo Formation corresponds to a ca. 551 Ma ash bed (Condon et al., 2005), but based on a
more recent litho- and chemo-stratigraphic study, this ash bed has been attributed to the
Shibantan Member of the Dengying Formation, thereby pushing the Doushantuo-Dengying
boundary (and the EN3/Shuram excursion preserved there) back in time (An et al., 2015; see also

Zhou et al., 2017 for a different view).

The Doushantuo Formation in the Yangtze Gorges area has been informally divided into
four distinct members (zhou and Xiao, 2007; McFadden et al., 2008) and is typically capped by
black shale below the massive dolostones of the Dengying Formation (zhu et al., 2007b; Jiang et
al., 2011; Zhu et al., 2013). The mixed intrashelf shale and carbonate succession of the Doushantuo
Formation at Jiulongwan, which is well exposed along a road cut made during the construction
of the Yangtze Gorges Dam, has a thickness of ~160 meters (Jiang et al., 2007; McFadden et al.,
2008). The ENS3 interval of the Jiulongwan section represents the upper ca. 55 meters of the
Doushantuo Formation, which is mainly composed of bedded dolostone in the lower 20 meters,
bedded limestone in the middle ca. 25 meters, and black shale with large (meter-sized) carbonate
nodules in the upper ca. 10 meters of the formation (Figs. 2, 3).

2.2. Chemostratigraphic background

8"Ceap  chemostratigraphy. — Bulk-sample chemostratigraphy of the Doushantuo
Formation in South China has been intensively studied (zhou and Xiao, 2007; Zhu et al., 2007b;
Zhou et al., 2012; Ling et al., 2013; Lu et al., 2013; Zhu et al., 2013; Cui et al., 2015; Li et al., 2017). The
8"Ccan profile of the Doushantuo Formation at Jiulongwan shows three discrete Ediacaran
Negative (EN) excursions: EN1 in the basal cap carbonate, EN2 in the middle section, and EN3
at the top (Fig. 3A) (Jiang et al., 2007; McFadden et al., 2008; Ling et al., 2013; Tahata et al., 2013).
Extremely negative 8Ceart signals down to —40%o0 have been reported from the EN1 interval
(Jiang et al., 2003, Jiang et al., 2006; Wang et al., 2008; Zhou et al., 2010; Lin et al., 2011; Zhou et al.,

2016), although the origin of these signatures, likely to be related to methane oxidation, is still



highly controversial — both syndepositional (Jiang et al., 2003; Jiang et al., 2006) and post-
depositional (zhou et al., 2010; Bristow et al., 2011; Lin et al., 2011; Cui et al., 2019a) origins have
been proposed. EN2 has been proposed to be correlated with the middle Ediacaran Gaskiers
glaciation (Tahata et al., 2013), although this age assignment remains a matter of debate

(Narbonne et al., 2012; Xiao et al., 2016).

The SE is widely reported from the upper Doushantuo Formation, which is also referred
to as N3 (Negative 3) (Jiang et al., 2007; Wang et al., 2016), EN3 (Ediacaran Negative 3) (zhou and
Xiao, 2007; McFadden et al., 2008), or DOUNCE (DOUshantuo Negative Carbon isotope
Excursion) (zhu et al., 2007a; Lu et al., 2013; Zhu et al.,, 2013).The EN3 interval at Jiulongwan
shows a notable §**Cear negative excursion from 0%, down to —9%o over a five meter interval,
remains invariant for another ~40 meters, and then recovers back to around 0% over the next 15
meters (Fig. 3A) (Jiang et al., 2007; McFadden et al., 2008; Zhou et al., 2012; Lu et al., 2013; Tahata et
al., 2013; Zhu et al., 2013), and it has been proposed to be correlative with the SE on a global scale
(Jiang et al., 2007; Grotzinger et al., 2011). These 8"Ccap excursions have been interpreted as
resulting from pulsed oxidation of marine DOC (dissolved organic carbon) reservoirs during
deposition (Jiang et al., 2007; McFadden et al., 2008; Ader et al., 2009).

80 chemostratigraphy. — Bulk-sample §'®Oca profile of the EN3 interval at
Jiulongwan shows an overall negative excursion down to —10%0 (VPDB), which broadly co-
varies with the 8*3Carp profile (Fig. 3A—B). Within the EN3 interval, dolomite-dominated layers
show overall higher 8*®Ocar, than limestone-dominated layers (Fig. 3B), which is likely due to the
effect of dolomitization. Covariations of §"*Ccap and 8Os have also been reported from the
SE at many other sections worldwide (Grotzinger et al., 2011). Multiple mechanisms have been
proposed to account for this correlation, including meteoric water diagenesis (Knauth and Kennedy,
2009; Zhao et al., 2020), burial diagenesis (Derry, 2010), primary paleoclimatic change that
involves global warming and glacial melt during deposition (Bjerrum and Canfield, 2011), early
authigenesis in shallow marine sediments (Cui et al., 2017), and different degrees of mixing by
carbonatite volcanic ash (Liu et al., 2021). Therefore, the origin of this §"*Ca—8"*Ocarp COVariation

still remains a matter of debate.



8'°Corg chemostratigraphy. — Bulk-sample 5"°Cor profile of the EN3 interval shows
overall consistent values of ca. —26%o in the lower half of the EN3 interval before decreasing to
ca. —38%o in the Member IV shale interval (Fig. 3C) (McFadden et al., 2008). The decoupled
"3 Cearv—0"Corg Chemostratigraphic patterns in EN3 do not follow expectations of carbon isotope
variations driven by organic carbon burial (Hayes, 1993; Kump and Arthur, 1999). Massive
oxidation of a large DOC reservoir in the ocean (Rothman et al., 2003; McFadden et al., 2008;
Shields et al., 2019) or different degrees of mixing between **C-depleted primary organic matter
and *C-enriched detrital organic matter (Johnston et al., 2012; Li et al., 2017) has been proposed to

explain the decoupled chemostratigraphic patterns of 813Ccarb and 613C0rg.

The Member IV interval is dominated by shale (Fig. 2E-F), which shows lower
carbonate content (<25%) and higher TOC (>2%, up to 8%) compared with the underlying
carbonates (Fig. 3D-E). Large carbonate nodules are abundant in this interval (Fig. 2D, 2F),
which provide opportunities for §**Cean, and 8'%Ocan analysis. Field observations show that the
shale laminae surrounding carbonate nodules typically warp around the nodule (Fig. 2D),
suggesting that the carbonate nodules were formed during early diagenesis and before sediment
compaction. Based on the smooth chemostratigraphic trend of 8"°Ccap and the consistently
decreasing 534Scas and 634Spyrite values (instead of higher 5**S as would be expected in restricted
conditions) in Member IV (McFadden et al., 2008; Shi et al., 2018), it is likely that the measured
8"Cearp and §'®0cap data from these carbonate nodules still reflect signals of bottom seawater
DIC (dissolved inorganic carbon) that was diffused into shallow pore space of the sediment pile.

3. SAMPLES AND ANALYTICAL METHODS

3.1. SIMS Samples

The focus of this study is the EN3 interval of the Doushantuo Formation at the intrashelf
Jiulongwan section, South China (Figs. 1, 2, 3). The ten samples in this study were collected by
McFadden et al. (2008) and span over the entire ca. 55 meters of the EN3 interval (Figs. 3, 4;
Table 1). These ten samples cover three different lithologies: bedded dolostones (samples S1-3),
bedded dolomitic limestones (S4-8), and dolomite nodules (S9-10) (Fig. 4; Table 1). Bulk-
sample 8" Cearb, 8"°Ocarb, and 8"*Cory data measured on microdrilled powders by conventional

Gas-Source Isotope Ratio Mass Spectrometer (GS-IRMS) have previously been published (Jiang



et al., 2007; McFadden et al., 2008; Zhou et al., 2012; Ling et al., 2013) (Table 1). In this study, all ten
samples were thoroughly investigated by optical microscopy, as well as CL and SEM imaging
(Tables 2, 3). Six samples were analyzed at a pm scale by SIMS for §*Cca, cOmpositions (Table
3).

3.2. Cathodoluminescence

Cathodoluminescence excitation was achieved with a cold-cathode CITL CL system
(Cambridge Image Technology — model Mk5, UK) in the Department of Geology, University of
Mons, Belgium. The instrument was operated at 15 kV acceleration voltage, 500 pA beam
current, and a current density of about 8 pA/mm?. CL images were captured with a Peltier-cooled
digital color camera (Lumenera model Infinity 3, Canada) set from 0.1 s to a few seconds
exposure time depending on the CL intensity and microscope magnification. Multiple-frame
averaging was used to reduce noise. Color calibration of the camera (white balance) was
performed using the blue-filtered, tungsten-halogen light source of the microscope, which may
result in CL colors that are slightly different from other equipment (especially around the yellow

band, which is narrow), but ensures more or less standardized observation conditions.

3.3. SIMS carbonate carbon isotope analysis

In situ §**Cear analysis of both calcite and dolomite was conducted on a CAMECA IMS
1280 at the Wisconsin Secondary lon Mass Spectrometer (WiscSIMS) Laboratory, Department
of Geoscience, University of Wisconsin—Madison. The analyses include two WiscSIMS sessions
(2018-01-08 & 2018-02-05). During SIMS analysis, carbon stable isotopes (**C, *C) were
measured with a 7-um-diameter beam size. These analyses were made using one Faraday cup
and two electron multiplier detectors measuring **C-, **C", and '*C'H", respectively. The
WiscSIMS reference material UWC3 calcite was used as a running standard for both analytical
sessions (Fig. Al) (Kozdon et al., 2009; Valley and Kita, 2009; Sliwiriski et al., 2016a). Measured
ratios of *C/*2C were calculated as “raw” &-values (8"°Cyay) before converting to the VPDB
scale typically based on eight analyses of UWCS3 that bracket each group of 10-15 sample
analyses. Carbon isotope ratios are reported in standard per mil (%o) notation relative to VPDB,
calculated as 8"Cgmpie = [(°C/**C)sampte | (P*C/*C)vpps — 1] x1000. The spot-to-spot
reproducibility (2SD, 7-um beam size) of 8Ccamonate Values, calculated from all bracketing



analyses on UWC3 in each individual session, is £0.8%o for WiscSIMS session 2018-01-08 and
+1.0%o for WiscSIMS session 2018-02-05. All raw and corrected SIMS data are reported in the

online supplementary materials.

Measurements of *C/*2C were made using a ***Cs* primary ion beam with an intensity of
~600 pA. The secondary ion intensity of ?C was ~7x10° cps and was used as a monitor of
quality control during analysis. SIMS spots with aberrant count rates (ratio between yield of
sample and average yield of bracketing standards: <0.85 or >1.05) were not included in the
figures or considered in data interpretation but are listed in the online supplementary materials.
In total, 15 data points show abnormal relative yields and are filtered in this study. The
remaining 142 SIMS spots (n=36 on calcite, n=106 on dolomite) are further discussed in this
study. *CH was analyzed simultaneously with **C and **C also as a quality control to evaluate
the effect of hydrogen on SIMS analysis, which might be related to the presence of organic
matter or water as discussed in previous carbonate SIMS studies (Denny et al., 2017; Wycech et al.,
2018). An electron flood gun in combination with a gold coating (~40 nm) was used for charge
compensation. The total analytical time per spot was about 4 minutes including pre-sputtering
(20 s), automatic centering of the secondary ion beam in the field aperture (60 s), and analysis

(160 s). The baseline noise level of the Faraday cups was monitored during pre-sputtering.

After SIMS analysis, Fe concentration (Fe# = molar ratio of Fe/[Fe+Mg]) adjacent to
each SIMS pit was measured by EPMA to correct the composition-specific instrumental mass
fractionation (IMF or bias) of each SIMS §**Ccar» analysis. Typically, for the correction of each
raw SIMS 8%Cep value, an averaged Fe# value was calculated based on the elemental
concentration data of two or three EPMA spots that are close to the corresponding SIMS pit.
Although constraining the underlying controls on IMF is challenging, it has been found that raw
8"*Ceanr data obtained by SIMS could be biased by IMFs that vary in magnitude depending on
instrumental conditions, mineralogy, and sample composition (Valley and Kita, 2009; SliwiAski et al.,
2016a). To address the effect of Fe/Mg on IMF, a suite of standards along the dolomite—ankerite
series were analyzed at the beginning of each session and used to generate a calibration curve
relative to the dolomite standard UW6220 (Fig. A2) (Sliwinski et al., 2016a). The calibration curve
was used to determine the composition-specific IMF and to correct 8*3C value for each SIMS pit

(see online Excel File: SIMS data spreadsheet). As discussed in detail by Sliwinski et al. (2016a),



the empirical calibration of IMF for Ca—Mg-Fe carbonates varies with session-specific
instrument tuning and running conditions. Therefore, as applied elsewhere (Denny et al., 2020),
different IMF vs. Fe# curves were calibrated in each session to correct 8"*Ceap data (Fig. A2).
EPMA data show that the EN3 calcite is very low in Fe, Mn, and Mg concentration, with average
values of FeCO3; mol% = 0.17, MnCO3; mol% = 0.01, MgCO3z mol % = 1.18 (n=36, Table 4).
Therefore, the SIMS 8"*Ceacire data analyzed from EN3 were corrected for IMF using data from
UWC3 and only SIMS " *Cgolomite data were corrected for matrix effects due to Mg-Fe solid
solution. All raw and corrected SIMS data, EPMA data, and quality control methods are reported

in the online supplementary materials.

3.4. Scanning electron microscope

After SIMS analysis, the gold coating was removed and replaced with an iridium coat for
Scanning Electron Microscope (SEM) imaging in the Ray and Mary Wilcox SEM Laboratory,
Department of Geoscience, University of Wisconsin—Madison. BSE images of samples were
acquired with a Hitachi S3400 VP SEM with EDS using a Thermo Fisher thin window detector.
Each pit was investigated by SEM for possible irregularities. SEM images were acquired using
an accelerating voltage of 15 keV or 20 keV at a working distance of 10 mm. All the SIMS pits
were imaged by SEM and are shown with corresponding 5%Cery Vvalues in the online

supplementary materials.

3.5. Electron probe microanalysis

EPMA was performed on the CAMECA SX-51 at the Cameron Electron Microprobe
Laboratory at the University of Wisconsin—Madison. Data were collected with a ~120 second
analysis time and a 15 keV, 20 nA beam, which was defocused to a 5 um diameter in an attempt
to minimize sample damage. Data were processed using EPMA software (Donovan et al., 2018),
and background correction was performed with the Mean Atomic Number procedure (Donovan
and Tingle, 1996). As changes over time in measured intensities are common for EPMA
measurements in carbonates, particularly for the element Ca, a self-fitted time-dependent
intensity correction was applied for all elements (Donovan et al., 2018). CO, was added for the
matrix correction, based upon the appropriate C:O ratio, with oxygen determined by

stoichiometry to the cations. The matrix correction used was PAP, with Henke mass absorption



coefficients. Standards used were Delight Dolomite (Mg), Callender Calcite (Ca), siderite (Fe),
rhodochrosite (Mn) and strontianite (Sr). Samples and standards were coated with ~200 A carbon.
WDS X-ray intensities were acquired with EPMA software, with mean atomic number

backgrounds and with the PAP matrix correction, iterated within the matrix correction.

4. RESULTS

4.1. Petrographic observations

The ten investigated samples from the EN3 interval show three different lithologies:
bedded dolostones (samples S1-3), bedded dolomitic limestones (S4-8), and dolomite nodules
(S9-10) (Fig. 4; Table 1). A detailed compilation of petrographic images of all ten samples can
be found in the online supplemental materials. Here we summarize the main features in Table 2

and below.

Dolomite (samples S1-3; Figs. 6, A5-7). — Bedded dolostone samples show pervasive
subhedral to euhedral dolomite crystals of ca. 100 um in size. Dolomite in the EN3 dolostone

samples typically have a dull CL color (Figs. 6C, F, A4A).

Dolomitic limestones (samples S4-8; Figs. 7-12, A8-13). — Bedded dolomitic
limestones show distinct interlocking calcite microspar (ca. 5-10 um in size) as the matrix under
SEM (e.g., Fig. A13J-L). Large dolomite crystals (up to 200 um) are disseminated in the calcite
matrix or occur in patches, many of which show either sharp straight boundaries (Fig. 12) or
irregular boundaries (Fig. A10) with surrounding calcite. Euhedral dolomite crystals have also
been found concentrated along stylolites in some samples (Fig. A11). Both types of dolomite
crystals show clear zoning under BSE and CL. Zonation of dolomite crystals typically shows
complementary brightness under BSE and CL: darker BSE zones (lower Fe) correspond to
brighter CL zones, and vice versa (Fig. A4B—F).

Dolomite nodules (samples S9-10; Figs. A14-15). — Dolomite nodules largely consist
of euhedral to subhedral dolomite crystals of ca. 30 um in size, and typically show weak zoning
under BSE and CL (Fig. A15I).



4.2. SIMS 5*°Car and EPMA data

The calcite standard UWC3 was analyzed repeatedly, before and after the measurement
of every 10 to 15 unknown spots on EN3 carbonates in order to closely monitor run conditions.
A total of 244 measurements were conducted by SIMS in the course of two sessions, including
102 spots on UWC3 (Fig. Al), 36 spots on EN3 calcite (Fig. Al; Table 4), and 106 spots on EN3
dolomite (Fig. Al; Table 5). The "*Cyay values of UWC3 are highly consistent throughout the
two WiscSIMS sessions, suggesting stable instrumental conditions (Fig. Al).

Data with anomalous primary beam intensities and ion yields were filtered before raw
data correction (see online supplementary materials). The corrected SIMS data show that
8"3Catcite ranges from —9.5 to —6.2%o VPDB (mean value —8.3%o, n = 36) and 8"*Cyolomite from —
11.2 to —3.8%o (mean value —7.8%o, n = 95) (Table 6). A comparison between microdrilled bulk-
sample data (McFadden et al., 2008) and the new data in this study shows a much wider range of
SIMS §*3C values than of microdrilled §*3C values (Fig. 5A). Dolomite '*C data generally show
a wider range and larger variability than calcite 8*3C values (Fig. 5; Table 6). The mean values of
the SIMS 8"*Cyolomite and 5 *Ceaiite data are statistically indistinguishable within uncertainty for
each sample and are consistent with the previously published B3 Cmicroaritied data (Table 1)
acquired from microdrilled powders of the same samples (Fig. 5; Table 6). Thus, it appears that
the GS-IRMS analysis of powders has homogenized fine-scale variability that can only be
revealed by SIMS.

Cross plots of §*C compositions vs. FeCO3, MnCOs, MgCOs abundances show no clear
correlation (Fig. A3). The values of SIMS &"C bias, however, reveal an overall negative
correlation with Fe# or FeCOj3 (Fig. A3C, F), which is consistent with the calibration curve

established at the beginning of each SIMS session (Fig. A2).

5. DISCUSSIONS

5.1. Paragenesis

Because the dolomitic limestone samples in the EN3 interval at the Jiulongwan section
contain discrete phases of both calcite and dolomite under SEM, an independent assessment on

the paragenesis of these two phases is critical before interpreting the SIMS §°C data. The



interlocking mosaics of calcite microspar are characteristic of neomorphosed micrite (e.g., Fig.
A13J-L). Zoned dolomite crystals with grain sizes up to ca. 100 um are disseminated in the
calcite matrix. The otherwise euhedral dolomite crystals often show irregular boundaries with
surrounding calcite microspar (Fig. A10). After the deposition of micrite, two potential
paragenetic scenarios seem possible to explain the textural relationships between the calcite
microspar and zoned dolomite, which are presented below.

First, the irregular boundaries between calcite and dolomite could be interpreted as zoned
dolomite crystals being partially replaced by calcite microspar. In this scenario, dolomite crystals
predate calcite microspar. If this scenario is correct, it means that, prior to the replacement of
dolomite, the whole dolomitic limestone rock was originally full of large, euhedral, and zoned
dolomite crystals. However, considering that the calcite microspar is uniformly fine grained (5—
10 um), the dolomite rhombs are relatively rare, and there is no obvious evidence for massive
diagenetic alteration (e.g., late veins, significant dissolution, replacement, or recrystallization),
we regard that the sample did not experience significant dolomitization before the formation of
calcite microspar. Therefore, this scenario (i.e., wholesale dolomitization before the formation of

calcite microspar) is not favored in this study.

The second possible scenario is that dolomitization occurred along irregular substrates of
preexisting calcite microspar. In this scenario, disseminated dolomite crystals in the EN3
limestone samples postdate calcite microspar. In other words, the SEM images of those
dolomitic limestone samples represent snapshots of ongoing dolomitization of the calcite-
dominated limestone rock. Based on the indistinguishable mean values of the SIMS 8Cearcite and
8"Cuotomite data in each individual sample (Fig. 5; Table 6), dolomitization should have occurred
in an overall sediment-buffered diagenetic system with respect to *3C (i.e., diagenesis without

significantly changing the overall §*3C of carbonate sediments).

The timing of dolomitization of the EN3 limestone samples is still not well constrained,
either early or late. Notably, a recent clumped isotope study on the Doushantuo Formation at the
inner shelf Zhangcunping location demonstrates that early dolomitization could occur near the
sediment-water interface of the Ediacaran ocean (Chang et al., 2020). In that case, the Doushantuo
dolomite crystals in Chang et al. (2020)’s samples are uniformly fine-grained dolomicrite (mostly

ca. 10-20 um) with spherical or ellipsoidal shapes. In contrast, the dolomite crystals in our EN3



limestone samples are mostly much larger in size (up to ca. 100 pm) and often show irregular
margins and clear compositional zonation under CL and SEM (Fig. A4), which likely formed via
post-depositional dolomitization, rather than near the sediment-water interface during early

diagenesis.

In summary, SEM observation shows that the EN3 samples at Jiulongwan have been
subjected to different degrees of dolomitization. The dolostones in the EN3a interval (Figs. A5-7)
and dolomite nodules in the EN3c interval (Figs. A14-15) show pervasive dolomite crystals with
weak zoning, whereas the limestone samples in the EN3b interval contain zoned dolomite
crystals that are either disseminated in the calcite matrix or occur in patches (Figs. A8-13). Some
dolomite crystals were also found along stylolites (Figs. Al1). Although the precise timing of
dolomitization is still not well constrained, a post-depositional dolomitization in a sediment-

buffered diagenetic system with respect to *3C is preferred in this study.

5.2. Evaluating post-depositional origins for the Shuram excursion

Our detailed petrographic investigation of the EN3 samples allows for a direct test of
previously published hypotheses that advocate depositional or diagenetic origins for the SE. It
has been suggested that the SE may result from massive fluid-buffered alterations during
meteoric and mixing-zone diagenesis (Knauth and Kennedy, 2009; Zhao et al., 2020) or late burial
diagenesis (Derry, 2010). Those hypotheses were proposed purely based on geochemical
modelling, without any petrographic evidence. If these hypothesized post-depositional processes

indeed played a role, there should be a textural signature imparted on the samples.

Different types of post-depositional diagenesis can leave distinct petrographic traces
(Tucker and Bathurst, 1990; Scholle and Ulmer-Scholle, 2003; Tucker et al., 2009). For example,
meteoric and mixing-zone diagenesis typically leads to extensive dissolution of preexisting
carbonates and the precipitation of pendant/gravitational cement, needle-fiber cement,
isopachous rims, and/or pore fillings of equant calcite (Allan and Matthews, 1982; Tucker and
Bathurst, 1990; Kim and Lee, 2003; Scholle and Ulmer-Scholle, 2003; Tucker et al., 2009; Bishop et al.,
2014). Late burial diagenesis is typically evidenced by widespread recrystallization and
replacement, crosscutting veins, overgrowth of earlier cement crusts, equant calcite mosaics,

blocky calcite spar, and/or saddle dolomite (Tucker and Bathurst, 1990; Scholle and Ulmer-Scholle,



2003; Davies and Smith Jr, 2006; Tucker et al., 2009; Barale et al., 2016; Biehl et al., 2016; Jiang et al.,
2016; Feng et al., 2017; Hu et al., 2020; Koeshidayatullah et al., 2020). The above-mentioned features
can be used as criteria to test whether these different types of diagenesis occurred or not; and if

indeed they occurred, the effect of these diagenetic processes on the SE could also be evaluated.

Here, detailed petrographic observations in this study (Figs. 6-12; see more detailed
results in the online supplementary materials) reveal no textural supporting evidence for the
previously hypothesized meteoric and mixing-zone diagenesis (Knauth and Kennedy, 2009; Zhao et
al., 2020) and wholesale late burial diagenesis (Derry, 2010). There is no clear evidence for
massive dissolution and replacement — which are typical characteristics of meteoric or deep
burial diagenesis — in the EN3 interval. Rather, the EN3 limestone samples contain only minor
dolomite rhombs and few stylolites (Figs. All), and thus appear to be overall well preserved.
Dolostones in the lower EN3 suggest that the samples that define the trend to more negative
values at the onset of the SE were dolomitized, but this process appears not to have reset
depositional carbon isotope values. Therefore, we regard that post-depositional processes played
a limited role in altering the 5'*C signals of the EN3 samples; hence, we focus our discussion on

a depositional origin for the SE (see discussion in the next section).

5.3. Comparing the SIMS 6*3C data with microdrilled bulk-rock data

The new SEM-SIMS data in this study allow us to compare the §*3C results obtained via
two different approaches — conventional micro-drilling (ca. 800-um diameter drill hole)
technique vs. in situ SIMS (7-um beam size) analysis. Compared with the previously published
microdrilled bulk-rock data (McFadden et al., 2008), the SIMS §*3C results in this study reveal

two main features.

First, notable 8*3C variability was found at a single crystal scale (see details in online
supplementary materials). Except for Sample S7 that shows similar 2SDs of the measured SIMS
83C data on both calcite and dolomite, the other samples show greater SIMS 5*°C variability in
dolomite than in calcite (i.e., 2SDgolomite > 2SDcarcite) (Fig. 5B—C, Table 6). The origin of this
phenomenon is not precisely known. We suspect that dolomitization of preexisting calcite may
have caused compositional zonation and 813C variation at a um scale. Notably, recent SIMS

studies on the lower Doushantuo Formation (Xiao et al., 2019; Xiao et al., 2020b) and elsewhere



(§Iiwir’15ki et al., 2016b; Denny et al., 2017; Sliwiriski et al., 2017; Denny et al., 2020; Husson et al., 2020)
also reveal strong 8'°C variations in diagenetic carbonates at a pm scale, demonstrating the

causal link between diagenesis and pm-scale variations in Fe# and §"°C.

It is important to evaluate the uncertainty of SIMS instrumental mass fractionation (IMF)
during the analysis of these heavily zoned dolomite grains and to assess whether IMF contributed
to the overall larger 8"°C variability of dolomite. The average value of Fe# (= molar ratio of
Fe/[Fe+Mg]) of EPMA pits on dolomite is 0.04 + 0.04 (1SD), which corresponds to the steepest
part of the 5*C IMF calibration curve (Fig. A2). Thus, it is challenging to accurately correct the
raw SIMS 8*3C data of dolomite grains than calcite due to their intrinsic compositional zonation
and the relatively small magnitude of IMF when the Fe# numbers are low. That being said,
EPMA for each SIMS spot has been carefully conducted in order to make these corrections, and
we find that the effect of IMF on the SIMS §°C uncertainty should be limited to ca. 2%o (i.e.,
IMF varies from ca. —59%o to ca. —61%o; Fig. A3C, F). Furthermore, if the uncertainty in IMF
was the reason for the >8%o variability seen in this study, there should be consistent correlations
of 8*3C values with Fe# (or Mg, Mn) that are not observed (Fig. A3). Therefore, we interpret the
differences in 8**Cgolomie t0 represent variability inherited during the growth of crystals.

Second, it is notable that the mean SIMS §*3C values of calcite and dolomite in each
sample are statistically indistinguishable, and are also consistent with the published microdrilled
data (Fig. 1E; Table 6). This likely results from an “averaging effect” of micro-drilling on the
measured 5'*C compositions. Basically, microdrilled powders (with micro-drill bit of ca. 800 pm
in diameter) could have averaged the 5'*C heterogeneity revealed by SIMS (7-um pit size). The
overall consistency between SIMS mean value and microdrilled value also suggest the
occurrence of sediment-buffered diagenesis with respect to 8*3C. In this regard, the mean SIMS

8'3C values likely reflect §'*C signals of micrite with a depositional origin.

In summary, the SIMS data in this study reveal notable spatial heterogeneity of BCata
um scale, with more variation in dolomite than in calcite (i.e., SIMS sample data show
2SDgolomite > 2SDcarcite) IN Most of the samples (Fig. 5; Table 6). The mean value of the SIMS
8'3C data is consistent with the previously published microdrilled data, which likely reflects the
averaging effect where micro-drilling excavates and homogenizes powder from multiple pm-

scale growth zones. We regard that the mean SIMS §*3C values in EN3 reflect depositional



“background” signals, whereas the pm-scale variation of SIMS §'*C data among individual spots
likely reflects diagenetic variability that was overprinted after deposition.

5.4. Comparing with the SEM-SIMS data of the Wonoka Formation

Typical “Shuram” §*Cean, values of ca. —10%o based on microdrilled bulk powders have
been reported from both the EN3 interval in South China (Jiang et al., 2007; McFadden et al., 2008;
Zhou et al., 2012; Ling et al., 2013; Lu et al., 2013; Zhu et al., 2013) and the Wonoka Formation in
South Australia (Calver, 2000; Husson et al., 2012; Husson et al., 2015b). Notably, a recent SIMS
study of the Wonoka Formation at an outer shelf “canyon-shoulder” section reveals large 8**Cearp
variability at a pm-scale, especially in Sample 44.4 (Husson et al., 2020). The new SEM-SIMS
data in this study allows for a um-scale comparison between these correlative stratigraphic units.

Below, we will summarize the main features (Table 7) of these two SEM-SIMS data sets.

First, the calcite matrices of the EN3 interval and the Wonoka Formation show very
different petrographic features. The calcite matrix of the EN3 limestone is typically composed of
pervasive and homogeneous calcite microspar (5—-10 um grain size) interlocking with each other
(e.g., Figs. A12, A13J-L). There is no clear compositional zoning within the EN3 calcite
microspar under SEM. In contrast, the calcite matrix of the Wonoka limestone samples show a
heterogeneous texture, which is dominated by rounded detrital calcite grains (darker under SEM)
and calcite cement overgrowth (brighter under SEM) (Husson et al., 2020). It is evident that the
Wonoka calcite grains were transported and rounded before final deposition, and were further

cemented during early diagenesis.

The causes of these different petrographic features between Doushantuo EN3 and the
Wonoka Formation may lie in their different depositional environments. The depositional
environment of the Wonoka carbonates studied by Husson et al. (2020) appears to be shallower
and more energetic than the Doushantuo Formation at Jiulongwan. The former likely
accumulated in a shallow canyon-shoulder environment with dynamic transport and redeposition
of detrital grains (Husson et al., 2015b), while the latter was deposited in a protected intrashelf
basin based on sedimentological (Jiang et al., 2011) and chemostratigraphic evidence (Cui et al.,
2015). Therefore, the neomorphosed EN3 calcite microspar appears to be autochthonous in

comparison with the allochthonous Wonoka carbonate sediments.



Second, the dolomite crystals in the EN3 interval and the Wonoka Formation show
contrasting '°C values. In the EN3 interval, both calcite and dolomite crystals show consistently
negative 8"3C values that average around —9%. (Fig. 5). The dolomite crystals in the EN3
limestone samples likely result from post-depositional dolomitization of preexisting calcite in a
sediment-buffered diagenetic system (see section 5.1), therefore, inheriting the 5'*C signals of

calcite matrix to a large extent.

In contrast, dolomite crystals within the Wonoka Formation (in particular, the sample at
44.4 m) show heterogeneous SIMS *3C values, ranging from ca. +5%o in the dolomite core
down to ca. —10%o in the dolomite rim (Husson et al., 2020). The origin (early authigenic vs. late
diagenetic) of these zoned dolomite crystals in the Wonoka Formation remains enigmatic.
Petrographic features appear to be insufficient to reliably reconstruct the paragenesis between
dolomite and calcite. Notably, Husson et al. (2020) interpreted these isotopically heterogeneous
dolomite crystals as “early authigenic” in origin, which captured positive 8*3C signals in shallow
seawater (as dolomite cores), and negative 8°C signals of deeper shelf or porewater after

deposition (as dolomite rims).

In summary, although the EN3 interval in this study and the Wonoka Formation (Husson
et al., 2020) both show typical Shuram-like 5"°C values of ca. —10%o in calcite, they have
different petrographic features in calcite and contrasting isotopic values in dolomite (Table 7).
The inconsistency between these two sites indicates a complex origin or diagenetic history of the
SE. It is likely that both the depositional facies (shallower in the case of Wonoka; deeper in the
case of Jiulongwan) and the diagenetic history (early dolomitization in the case of Wonoka; late

dolomitization in the case of Jiulongwan) may have played a role (Table 7).

5.5. Implications for the Shuram excursion

Several contrasting models have been proposed to advocate the existence of a marine
DIC (dissolved inorganic carbon) reservoir with a depth-gradient in 8*3C during the SE. Based
on a basin-scale chemostratigraphic investigation, Jiang et al. (2007) proposed a large 5"°C
gradient in the marine DIC of the Nanhua Basin, with positive values in shallow shelf and
negative values in basinal environment (see a different view in Schrag et al., 2013). Later, Ader et al.

(2009) proposed a more complex model with positive §'°C signals in shallow seawater, negative



8*3C signals in an intermediate layer due to the oxidation of organic matter, and positive *C
signals at greater depth due to methanogenesis. More recently, Husson et al. (2020) suggested the
presence of a large 8*3C gradient with Shuram-like values of —12%o in shallow waters and
positive 8*3C values up to +5%o in deeper shelf and/or porewaters. Although these models are not
exactly the same, a common feature is the existence of a heterogeneous marine DIC reservoir in
order to reconcile the coexistence of both positive and negative §°Ccap signals at either a pm

scale (Husson et al., 2020) or a basinal scale (Jiang et al., 2007; Ader et al., 2009).

Here, in the case of the EN3 interval at Jiulongwan, no positive '*C signals have been
found after a thorough investigation by SIMS. Instead, all the SIMS §"*C data measured in this
study show negative values with pm-scale variability (Fig. 5). On the one hand, our SIMS data
do not offer support to the isotopically heterogeneous DIC models mentioned above (Jiang et al.,
2007; Ader et al., 2009; Husson et al., 2020). On the other hand, the lack of positive 5'*C signals in
this study does not necessarily rule out the possibility of an isotopically heterogeneous ocean
during the SE. Nevertheless, our data indicate that the Shuram-like values of ca. —10%o are likely
of depositional origin, rather than post-depositional signals (Knauth and Kennedy, 2009; Derry,

2010; Zhao et al., 2020).

It should also be emphasized that, although we favor a depositional origin for EN3, our
results do not preclude the influence of authigenesis on EN3 8*3C signals during syndeposition
(e.g., 8'°C resetting by sulfate-driven anaerobic oxidation of organic matters during early
diagenesis) (Grotzinger et al., 2011; Schrag et al., 2013; Cui et al., 2017), which are expected to retain
depositional textures to a large extent. A depositional origin for the EN3 also does not
necessarily mean that the Shuram-like values (i.e., 8**C = ca. —10%o) must be open-ocean signals.
The possibility of a locally maintained Shuram-like DIC reservoir in a restricted basin (Cui et al.,
2013; Cui et al.,, 2017; Li et al.,, 2017) still remains viable. In other words, our study provides
constraints for the “timing” of the EN3 anomaly (i.e., depositional, instead of post-depositional),
but more studies are needed to further determine the sources of alkalinity (seawater vs.
porewater), the sources of light carbon (methane, DOC, or others), and the geographic extent

(open ocean vs. local basin) of the SE.



6. CONCLUSIONS

In this study, we provide the first integrated SEM-CL-SIMS data set for the SE-
equivalent EN3 interval of the Doushantuo Formation at Jiulongwan, South China. SEM
observation shows that the EN3 samples at Jiulongwan were subjected to different degrees of
dolomitization. Dolostones in the EN3a interval (Figs. 6, A5-7) and dolomite nodules in the
EN3c interval (Figs. A14-15) show pervasive dolomite crystals with weak zoning, whereas
dolomitic limestone samples in the EN3b interval contain zoned dolomite crystals that are either
disseminated in the calcite matrix or occur in patches (Figs. 7-12). Some dolomite crystals in
EN3b also occur along stylolites (Fig. A11). Although the precise timing of dolomitization is still
not well constrained, post-depositional dolomitization in a sediment-buffered diagenetic system
with respect to 8*3C is preferred in this study.

Detailed petrographic observations in this study (Figs. 6-12; see more detailed results in
the supplementary materials) reveal no supporting evidence for the previously hypothesized
meteoric and mixing-zone diagenesis (Knauth and Kennedy, 2009; Zhao et al., 2020) and wholesale
late burial diagenesis (Derry, 2010). Instead, the limestone samples in EN3b appear overall to be

well preserved, although post-depositional dolomitization altered the samples to various degrees.

Six samples from the EN3 interval were analyzed by SIMS in this study. The SIMS (7-
um pit diameters) data reveal notable spatial variability of °C at a pum scale, with more
variation in dolomite than in calcite (i.e., SIMS data 2SDgojomite > 2SDcarcite) in most of the
samples (Fig. 5; Table 6). The mean value of the SIMS &“C data is consistent with the
previously published microdrilled bulk-rock data, which likely reflects the averaging effect of
micro-drilling. We regard that the mean SIMS §'*C values in EN3 reflect depositional signals,
whereas the pm-scale variations of SIMS §C data among individual spots likely reflect
different degrees of diagenetic alteration.

Compared with the supposedly correlative Wonoka Formation in South Australia (Husson
et al., 2020), the EN3 interval shows different petrographic features in calcite and contrasting
isotopic values in dolomite (Table 7). The inconsistency between these two sites highlights the
complexity of depositional and diagenetic histories of the two basins during deposition of the SE.

It is likely that local facies (shallower in the case of Wonoka; deeper in the case of Jiulongwan)



and diagenetic history (early dolomitization in the case of Wonoka; late dolomitization in the
case of Jiulongwan) may have played a role (Table 7).

Our study provides petrographic and geochemical constraints for the timing (i.e.,
deposition) of the EN3 event, and demonstrates that coupled petrographic and in situ analysis is
an effective tool to assess the origins of deep-time 8*3C anomalies. It should be emphasized that
a depositional origin for EN3 is not mutually exclusive with the previously published hypotheses
that purport an early authigenic origin of the SE, which can retain primary depositional texture to
a large degree (Schrag et al., 2013; Cui et al., 2017; Jiang et al., 2019) and/or a locally maintained
Shuram-like DIC reservoir in a restricted basin (Cui et al., 2013; Cui et al., 2017; Li et al., 2017).
More studies are needed to further constrain the sources of alkalinity (seawater vs. porewater),
the sources of light carbon (methane, DOC, or others), and the geographic extent (open ocean vs.
local basin) of the SE.
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Abbreviations

BSE backscattered electron




Cal calcite

CL cathodoluminescence

Dol dolomite

EN Ediacaran negative excursion
EPMA electron probe microanalysis
GS-IRMS gas source—isotope ratio mass

spectrometry

SE in main text

Shuram excursion

SE in SEM images

secondary electron

SEM

scanning electron microscope

SIMS

secondary ion mass spectrometry

Table 1. Geological context and published GS-IRMS data of the SIMS samples. Samples S1 to

S10 are from the EN3 interval of the Doushantuo Formation at the Jiulongwan section (intrashelf

basin), South China. Source of microdrilled bulk sample data: McFadden et al. (2008).

Abbreviations used: GS-IRMS = gas-source isotope ratio mass spectrometry; TOC = total

organic carbon; EN = Ediacaran negative excursion.

Original Carbonate 35Ceart 50carb 35Corq
sample # . Stratigraphic Stratigraphic (VPDB, %o, | (VPDB, %o, | (VPDB, %o, | TOC
Samples Lithology content
(McFadden et height (m) position (Wi%) microdrilled, microdrilled, bulk, GS- | (wt%)
al., 2008) GS-IRMS) GS-IRMS) IRMS)
st SSFT-34.7 Dolostone | 105.7 EN3a, Mb. Il | 84.9% ~8.2% ~6.5% 226.6% 0.12%
: : » VD- : —8.6%o ~6.9%o : :
S27 SSFT-38.8 Dolostone 109.8 EN3a, Mb. 11l —9.1%o —9.9%0
537 SSFT-39.0 Dolostone | 110.0 EN3a, Mb. 111 9.0% ~10.0%
sS4 SSFT-39.6 :?r‘r’]'e‘l’tno':: 110.6 EN3b, Mb. Il | 86.3% ~8.9%0 210.1%o ~27.1%o 0.07%
S5 HND-9.1 :?r‘r’]'e‘l’tno':: 121.9 EN3b, Mb. Il | 85.3% 29.1%0 ~10.0%o ~27.1%o 0.09%
S6 HND-10.2 E;L"smf 123.0 EN3b, Mb. Ill | 82.5% ~8.8%o ~9.6%o ~27.9%o 0.06%
s7 HND-18.05 :?r(:lleosrtnol;lec 130.9 EN3b, Mb. Il | 85.2% ~8.6%0 ~8.9%0 ~33.1%0 0.15%
ne .
S8 HND-27.75 :?r(:lleosrtnol;lec 140.55 EN3b, Mb. Il | 92.8% * —8.4%, * ~8.5%0 * ~33.0%0 * 0.16%
s9* HND-37.4 nD(;’(:S[L“te 150.2 EN3c, Mb. IV | 68.2% ~5.6%0 ~2.3%0 ~37.7%0 1.25%
# . Dolomite o o o o 4.0%
S10 HND-39.25 | 900 152.05 EN3c, Mb. IV | 82.5% —4.9%o ~2.3%o ~37.9%, (ehale)




*There are no microdrilled data for sample S8. The value presented in the table was measured
from sample HND 27.1, which is stratigraphically 0.6 meter below sample S8.
# Not analyzed by SIMS in this study; Detailed SEM-CL images can be found in the online

supplementary materials.

Table 2. Summary of mineralogical, petrographic, and geochemical results of the EN3 samples
in this study. More SEM-SIMS-CL and optical microscopic results can be found in the online
supplementary materials. Abbreviations: SIMS = secondary ion mass spectrometry; SEM =
scanning electron microscopy; CL = EPMA =

cathodoluminescence; electron probe

microanalysis.

Samples Lithology Matrix (average grain size) Trace mineral (average grain size) Analyses in this study feEsmt;SIM57CL
S1 Dolostone Dolomite (ca. 100 pm) SIMS/SEM/CL/EPMA | Figs. 6; A5
S2 Dolostone Dolomite (ca. 100 um) SEM/CL Fig. A6
S3 Dolostone Dolomite (ca. 100 pm) SEM/CL Fig. A7
s4 P°'°m'“° Calcite microspar (ca. 5-10° | 70104 dolomite (up to 100 pm) SIMS/SEM/CL/EPMA | Fig. 7; A8
imestone um)
S5 :?O'Om'“c Calcite microspar (ca. 5-10 | 70104 dolomite (up to 100 um) SIMS/SEM/CL/EPMA | Figs. 8; A9
imestone pm)
. . . Zoned dolomite (up to 100 pm);
s6 Dolomitic Calcite microspar (ca. 5-10 | g edral dolomite along stylolite | SIMS/SEM/CL/EPMA | Figs. 9-10; A10-11
imestone pum)
(50-100 pum)
7 :?O'Om'“c Calcite microspar (ca. 5-10° | 70104 dolomite (up to 100 pm) SIMS/SEMICL/EPMA | Figs. 11; A12
imestone um)
Dolomitic Zoned dolomite (up to 100 pm);
S8 i Calcite microspar (ca.5-10 um) | Euhedral dolomite along stylolite | SIMS/SEM/CL/EPMA | Figs. 12; A13
imestone
(up to 200 pm)
S9 Dolomite nodule Dolomite (ca. 30 pm) SEM/CL Fig. Al14
S10 Dolomite nodule Dolomite (ca.30 um) SEM/CL Fig. A15

Table 3. A summary of the analyzed SIMS spots. All data can be found in the online
supplementary materials (Excel spreadsheets). Original sample numbers of the SIMS samples
can be found in McFadden et al. (2008). Abbreviations used: EN = Ediacaran Negative excursion;
N.A. = Not analyzed by SIMS; CL =
microscope; SIMS = secondary ion mass spectrometry.

cathodoluminescence; SEM = scanning electron

EN3 samples SJE:)Z?IS sample Lithology SIMS domains WiscSIMS session SIMS spot ID
Domain 1 2018/02/05 @769-@781
S1 SSFT34.7 Dolostone
Domain 2 2018/02/05 @786-@791
S2 SSFT38.8 Dolostone N.A. N.A. N.A.
S3 SSFT39 Dolostone N.A. N.A. N.A.
S4 SSFT39.6 Dolomitic limestone Domain 1 2018/02/05 @145-@168




S5 HND9.1 Dolomitic limestone Domain 1 2018/01/08 @206-@215
Domain 1 2018/02/05 @676—@687
Domain 2 2018/02/05 @692-@703
S6 HND10.2 Dolomitic limestone
Domain 3 2018/02/05 @708-@714
Domain 4 2018/02/05 @715-@722
Domain 1 2018/02/05 @735-@746
S7 HND18.05 Dolomitic limestone
Domain 2 2018/02/05 @751-@760
Domain 1 2018/02/05 @415-@424
Domain 1 2018/02/05 @444-@447
Domain 2 2018/02/05 @429-@439
S8 HND27.75 Dolomitic limestone
Domain 3 2018/02/05 @448-@467
Domain 4 2018/02/05 @468-@482
Domain 5 2018/02/05 @483-@489
S9 HND37.4 Dolostone nodule N.A. N.A. N.A.
S10 HND39.25 Dolostone nodule N.A. N.A. N.A.

Table 4. SIMS and EPMA data of calcite from the EN3 interval, Doushantuo Formation,
Jiulongwan, Hubei Province, South China. Each analyzed SIMS pit has a unique spot ID that can
be retrieved in the online supplementary materials. Elemental concentration data of each SIMS
pit were obtained based on the EPMA analyses of two or three spots that are close to the SIMS
pit. An averaged Fe# value = [molar ratio of Fe/(Fe+Mg)] of two or three EMPA spots closely
associated with each SIMS pit was used for the §"3C.arp correction of each SIMS pit. Value 0.00

represents concentration under detect limit.

Sample | Mineralogy | Comment | SIMS spot code \b;;%g/i"’ f‘yi,t]) Fe# m2|%23 ;eoclcojj m3|%23 32%23
S4 Calcite Domain 1 | 20180205@152 | -7.8 11 0.03 | 0.00 0.04 1.30 98.65
S4 Calcite Domain 1 | 20180205@153 | -7.9 11

S4 Calcite Domain 1 | 20180205@161 | —8.4 13 0.05 | 0.00 0.06 1.27 98.67
S4 Calcite Domain 1 | 20180205@164 | —8.7 13 0.02 | 0.00 0.03 1.10 98.87
S4 Calcite Domain 1 | 20180205@168 | —7.8 1.3 0.03 | 0.00 0.04 1.23 98.73
S5 Calcite Domain 1 | 20180108@212 | -8.6 0.8 0.12 | 0.00 0.26 1.38 98.36
S5 Calcite Domain 1 | 20180108@213 | -8.8 0.8 0.12 | 0.01 0.16 1.20 98.63
S5 Calcite Domain1 | 20180108@214 | -8.7 0.8 0.14 | 0.00 0.20 1.19 98.61
S5 Calcite Domain 1 | 20180108@215 | —9.3 0.8 0.05 | 0.00 0.07 1.20 98.73
S6 Calcite Domain 1 | 20180205@679 | —9.0 0.6

S6 Calcite Domain1 | 20180205@682 | —9.1 0.6 0.03 | 0.00 0.03 0.89 99.08
S6 Calcite Domain 1 | 20180205@686 | —8.4 0.6 0.14 | 0.02 0.23 1.45 98.30
S6 Calcite Domain 1 | 20180205@687 | —8.2 0.6

S6 Calcite Domain 2 | 20180205@696 | —6.9 0.7 0.03 | 0.01 0.09 2.06 97.85
S6 Calcite Domain 2 | 20180205@701 | -8.3 0.7 0.09 | 0.00 0.12 1.33 98.54
S6 Calcite Domain 2 | 20180205@703 | -7.7 0.7 0.20 | 0.00 0.59 2.31 97.11




S6 Calcite Domain 3 | 20180205@710 | -7.0 11

S6 Calcite Domain 3 | 20180205@711 | -7.8 11

S6 Calcite Domain 3 | 20180205@713 | -8.6 1.1 0.04 | 0.01 0.04 1.03 98.92
S6 Calcite Domain 3 | 20180205@714 | -84 1.1 0.02 | 0.01 0.02 0.85 99.13
S6 Calcite Domain 4 | 20180205@722 | -8.6 1.1 0.03 | 0.11 0.04 1.17 98.67
S7 Calcite Domain 1 | 20180205@737 | -84 1.0 0.26 | 0.00 0.45 1.24 98.30
S7 Calcite Domain 1 | 20180205@741 | -9.5 1.0 0.34 | 0.01 0.92 1.72 97.36
S7 Calcite Domain 1 | 20180205@744 | -7.0 1.0 0.27 | 0.00 0.33 0.94 98.73
S7 Calcite Domain 1 | 20180205@745 | -8.6 1.0 0.36 | 0.00 0.70 0.99 98.31
S7 Calcite Domain 2 | 20180205@758 | —8.2 0.9 0.17 | 0.03 0.25 1.24 98.48
S7 Calcite Domain 2 | 20180205@759 | -8.7 0.9 0.07 | 0.00 0.10 1.39 98.51
S8 Calcite Domain 2 | 20180205@437 | -7.6 1.0 0.03 | 0.00 0.03 0.75 99.22
S8 Calcite Domain 1 | 20180205@445 | -7.7 0.9 0.01 | 0.00 0.01 0.75 99.24
S8 Calcite Domain 1 | 20180205@446 | —8.6 0.9 0.02 | 0.01 0.03 1.22 98.74
S8 Calcite Domain 1 | 20180205@447 | —9.0 0.9 0.01 | 0.02 0.00 0.80 99.18
S8 Calcite Domain 4 | 20180205@478 | -8.8 1.0 0.00 | 0.01 0.00 0.71 99.28
S8 Calcite Domain 4 | 20180205@479 | -8.7 1.0 0.04 | 0.00 0.03 0.79 99.18
S8 Calcite Domain 4 | 20180205@480 | -84 1.0 0.04 | 0.00 0.03 0.66 99.31
S8 Calcite Domain 5 | 20180205@483 | —6.9 1.0

S8 Calcite Domain5 | 20180205@484 | —6.2 1.0

Table 5. SIMS and EPMA data of dolomite from the EN3 interval, Doushantuo Formation,
Jiulongwan, Hubei Province, South China. Each analyzed SIMS pit has a unique spot ID that can
be retrieved in the online supplementary materials. Elemental concentration data of each SIMS
pit were obtained based on the EPMA analyses of two or three spots that are close to the SIMS
pit. An averaged Fe# value = [molar ratio of Fe/(Fe+Mg)] of two or three EMPA spots closely
associated with each SIMS pit was used for the 8**Cearp correction of each SIMS pit. Value 0.00

represents concentration under detect limit.

Sample | Mineralogy | Domain SIMS spot code f;:,%g/i'“’ ﬁyig E%"i]s Fe# mgﬁ% ;‘i}?gg r'\:gﬁ% (rT:%(I:O/?S
S1 Dolomite Domain 1 | 20180205@769 | -7.3 1.0 -59.2 0.02 | 0.01 0.91 47.15 51.93
S1 Dolomite Domain 1 | 20180205@771 | -9.4 1.0 -59.2 0.02 | 0.02 0.82 46.30 52.86
S1 Dolomite Domain 1 | 20180205@772 | -8.2 1.0 -59.2 0.02 | 0.00 0.82 46.88 52.30
S1 Dolomite Domain 1 | 20180205@774 | -9.1 1.0 —59.2 0.02 | 0.01 0.82 47.95 51.22
S1 Dolomite Domain 1 | 20180205@775 | —9.0 1.0 —59.2 0.02 | 0.04 0.83 46.79 52.35
S1 Dolomite Domain 1 | 20180205@776 | —8.8 1.0 —59.2 0.02 | 0.00 0.90 47.60 51.50
Sl Dolomite Domain 1 | 20180205@777 | 9.4 1.0 -59.2 0.02 | 0.02 0.80 46.02 53.16




S1 Dolomite Domain1 | 20180205@779 | -11.2 1.0 -59.2 0.02 | 0.01 0.80 46.44 52.76
S1 Dolomite Domain1 | 20180205@780 | -9.5 1.0 —59.2 0.02 | 0.04 0.85 46.55 52.56
S1 Dolomite Domain 2 | 20180205@786 | 9.4 0.8 —59.2 0.02 | 0.01 0.73 46.46 52.80
S1 Dolomite Domain 2 | 20180205@787 | -10.5 0.8 —59.3 0.02 | 0.03 0.88 46.59 52.50
S1 Dolomite Domain 2 | 20180205@788 | —8.9 0.8 —59.3 0.02 | 0.00 0.94 47.09 51.97
S1 Dolomite Domain 2 | 20180205@789 | —7.7 0.8 —59.2 0.02 | 0.02 0.77 46.54 52.67
S1 Dolomite Domain 2 | 20180205@790 | —9.2 0.8 —59.2 0.02 | 0.01 0.77 46.56 52.66
S1 Dolomite Domain 2 | 20180205@791 | —7.7 0.8 —59.2 0.02 | 0.02 0.80 46.84 52.34
S4 Dolomite Domain1 | 20180205@145 | 6.9 11 —60.1 0.07 | 0.00 2.77 38.35 58.89
S4 Dolomite Domain1 | 20180205@146 | 9.9 11 -59.1 0.01 | 0.01 0.26 42.04 57.70
S4 Dolomite Domain1 | 20180205@147 | 9.8 11 -59.1 0.01 | 0.04 0.38 4151 58.08
S4 Dolomite Domain1 | 20180205@148 | -7.3 11 -59.7 0.04 | 0.00 1.62 40.65 57.73
S4 Dolomite Domain1 | 20180205@149 | -5.8 11 -60.0 0.06 | 0.00 2.53 40.07 57.40
S4 Dolomite Domain1 | 20180205@151 | -8.5 11 -59.4 0.02 | 0.00 0.93 38.98 60.09
S4 Dolomite Domain1 | 20180205@154 | -8.7 1.1 —60.0 0.05 | 0.01 2.31 39.78 57.91
S4 Dolomite Domain1 | 20180205@159 | -10.4 1.3 —59.1 0.01 | 0.02 0.40 41.22 58.36
S4 Dolomite Domain1 | 20180205@160 | -8.5 1.3 —59.1 0.01 | 0.03 0.50 41.34 58.13
S4 Dolomite Domain1 | 20180205@162 | —8.8 13 —59.8 0.05 | 0.02 2.10 40.72 57.15
S4 Dolomite Domain1 | 20180205@163 | —8.9 13 —59.9 0.06 | 0.01 2.35 40.13 57.52
S4 Dolomite Domain 1 | 20180205@165 | —9.1 13 —59.9 0.06 | 0.00 2.53 39.57 57.90
S4 Dolomite Domain1 | 20180205@166 | 9.7 13 -59.5 0.03 | 0.00 1.44 40.45 58.11
S4 Dolomite Domain1 | 20180205@167 | -8.2 13 -59.7 0.05 | 0.00 191 41.03 57.05
S5 Dolomite Domain1 | 20180108@206 | -8.6 0.8 —61.2 0.05 | 0.00 1.96 40.58 57.46
S5 Dolomite Domain1 | 20180108@207 | -8.8 0.8 —61.6 0.06 | 0.01 2.65 39.91 57.43
S5 Dolomite Domain1 | 20180108@208 | -8.1 0.8 —61.2 0.05 | 0.00 2.05 40.83 57.12
S5 Dolomite Domain1 | 20180108@209 | -6.4 0.8 —61.5 0.06 | 0.00 2.47 39.36 58.17
S5 Dolomite Domain1 | 20180108@210 | -10.1 0.8 —60.7 0.03 | 0.01 1.07 40.95 57.97
S5 Dolomite Domain1 | 20180108@211 | -7.9 0.8 —61.7 0.07 | 0.03 2.81 40.04 57.13
S6 Dolomite Domain1 | 20180205@677 | 9.3 0.6 —59.4 0.03 | 0.00 1.47 40.75 57.78
S6 Dolomite Domain1 | 20180205@678 | —8.0 0.6 -59.4 0.03 | 0.00 147 40.75 57.78
S6 Dolomite Domain 1 | 20180205@680 | 5.6 0.6 —60.1 0.09 | 0.00 3.50 37.45 59.06
S6 Dolomite Domain 1 | 20180205@683 | —7.5 0.6 -59.4 0.04 | 0.00 147 40.40 58.14
S6 Dolomite Domain1 | 20180205@684 | -9.4 0.6 —60.1 0.08 | 0.00 341 37.24 59.35
S6 Dolomite Domain1 | 20180205@685 | -8.2 0.6 —-60.0 0.08 | 0.00 3.30 38.67 58.03
S6 Dolomite Domain 2 | 20180205@694 | -5.8 0.7 -59.5 0.04 | 0.04 1.38 36.05 62.53
S6 Dolomite Domain 2 | 20180205@699 | -6.4 0.7 —59.5 0.04 | 0.04 1.38 36.05 62.53
S6 Dolomite Domain 2 | 20180205@702 | -9.3 0.7 —59.7 0.05 | 0.06 2.22 38.76 58.96
S6 Dolomite Domain 3 | 20180205@708 | -6.5 11 —59.9 0.06 | 0.00 2.52 41.10 56.38
S6 Dolomite Domain 3 | 20180205@712 | -9.4 1.1 —60.0 0.06 | 0.01 2.76 40.90 56.33
S6 Dolomite Domain4 | 20180205@715 | -6.3 1.1 —59.3 0.02 | 0.01 0.72 42.24 57.04
S6 Dolomite Domain 4 | 20180205@716 | —4.1 1.1 —60.3 0.09 | 0.01 3.70 39.33 56.95
S6 Dolomite Domain 4 | 20180205@717 | —7.3 11 —59.2 0.01 | 0.00 0.63 42.54 56.82
S6 Dolomite Domain 4 | 20180205@718 | —6.0 11 -59.7 0.04 | 0.01 1.85 41.22 56.91




S6 Dolomite Domain 4 | 20180205@719 | 6.8 11 -59.7 0.04 | 0.04 2.05 44.42 53.49
S6 Dolomite Domain 4 | 20180205@720 | -6.7 11 —59.2 0.01 | 0.00 0.62 43.14 56.24
S6 Dolomite Domain 4 | 20180205@721 | -5.8 11 —60.1 0.07 | 0.04 3.09 40.37 56.50
S7 Dolomite Domain1 | 20180205@735 | -8.6 1.0 —60.8 0.13 | 0.01 5.59 37.10 57.30
S7 Dolomite Domain 1 | 20180205@736 | —7.5 1.0 —60.9 0.14 | 0.01 5.88 36.29 57.82
S7 Dolomite Domain1 | 20180205@738 | —8.3 1.0 —60.9 0.13 | 0.00 5.64 36.27 58.09
S7 Dolomite Domain 1 | 20180205@739 | —9.4 1.0 —60.7 0.11 | 0.00 4.96 38.37 56.67
S7 Dolomite Domain 1 | 20180205@740 | —6.9 1.0 —60.0 0.06 | 0.00 2.57 41.25 56.18
S7 Dolomite Domain1 | 20180205@742 | -8.0 1.0 —-60.9 0.14 | 0.03 5.99 36.64 57.34
S7 Dolomite Domain1 | 20180205@743 | -8.6 1.0 —60.8 0.13 | 0.01 5.28 36.64 58.08
S7 Dolomite Domain1 | 20180205@746 | -8.1 1.0 —60.9 0.14 | 0.03 6.07 36.69 57.21
S7 Dolomite Domain 2 | 20180205@751 | -6.8 0.9 -59.7 0.05 | 0.00 1.94 40.34 57.72
S7 Dolomite Domain 2 | 20180205@752 | -7.4 0.9 -59.7 0.04 | 0.00 1.89 40.66 57.44
S7 Dolomite Domain 2 | 20180205@753 | -9.5 0.9 -60.7 0.12 | 0.00 5.49 38.81 55.69
S7 Dolomite Domain 2 | 20180205@754 | -8.1 0.9 —60.6 0.12 | 0.00 5.12 37.05 57.83
S7 Dolomite Domain 2 | 20180205@755 | -7.1 0.9 —59.7 0.04 | 0.02 1.84 40.88 57.26
S7 Dolomite Domain 2 | 20180205@756 | -8.3 0.9 —60.5 0.11 | 0.00 4.46 37.26 58.28
S8 Dolomite Domain1 | 20180205@415 | —8.5 1.0 —59.0 0.01 | 0.00 0.42 42.32 57.26
S8 Dolomite Domain1 | 20180205@416 | —8.7 1.0 —58.7 0.00 | 0.00 0.00 43.03 56.97
S8 Dolomite Domain 1 | 20180205@417 | —6.3 1.0 —58.7 0.00 | 0.02 0.01 43.02 56.94
S8 Dolomite Domain1 | 20180205@418 | -5.6 1.0 —58.7 0.00 | 0.03 0.00 42.67 57.31
S8 Dolomite Domain1 | 20180205@419 | -5.8 1.0 —58.7 0.00 | 0.01 0.00 42.48 5751
S8 Dolomite Domain1 | 20180205@420 | -9.4 1.0 -58.9 0.01 | 0.01 0.34 43.31 56.34
S8 Dolomite Domain1 | 20180205@421 | -10.2 1.0 —59.0 0.01 | 0.00 0.52 42.06 57.42
S8 Dolomite Domain1 | 20180205@422 | -6.1 1.0 -58.7 0.00 | 0.01 0.01 42.65 57.32
S8 Dolomite Domain1 | 20180205@423 | -8.5 1.0 -58.9 0.01 | 0.03 0.26 42.81 56.90
S8 Dolomite Domain1 | 20180205@424 | -8.7 1.0 —58.9 0.01 | 0.06 0.34 43.63 55.96
S8 Dolomite Domain 2 | 20180205@429 | -7.9 1.0 —59.2 0.01 | 0.01 0.65 43.49 55.85
S8 Dolomite Domain 2 | 20180205@430 | -8.9 1.0 —59.3 0.02 | 0.03 0.93 43.80 55.24
S8 Dolomite Domain 2 | 20180205@431 | —6.7 1.0 -59.4 0.02 | 0.00 1.03 42.65 56.33
S8 Dolomite Domain 2 | 20180205@432 | —6.6 1.0 —58.8 0.00 | 0.01 0.00 44.41 55.58
S8 Dolomite Domain 2 | 20180205@433 | —6.8 1.0 —58.8 0.00 | 0.00 0.01 44.50 55.49
S8 Dolomite Domain 2 | 20180205@434 | -7.2 1.0 -59.0 0.00 | 0.00 0.21 44.39 55.40
S8 Dolomite Domain 2 | 20180205@435 | 6.1 1.0 -58.8 0.00 | 0.01 0.00 43.77 56.22
S8 Dolomite Domain 2 | 20180205@436 | -9.2 1.0 -59.1 0.01 | 0.00 041 43.99 55.60
S8 Dolomite Domain 3 | 20180205@448 | -5.7 0.9 —58.9 0.00 | 0.03 0.10 42.22 57.65
S8 Dolomite Domain 3 | 20180205@449 | -6.8 0.9 —59.0 0.00 | 0.02 0.16 43.95 55.87
S8 Dolomite Domain 3 | 20180205@450 | -6.9 0.9 —58.8 0.00 | 0.00 0.00 42.95 57.05
S8 Dolomite Domain 3 | 20180205@451 | 6.4 0.9 —59.0 0.01 | 0.01 0.22 41.80 57.97
S8 Dolomite Domain 3 | 20180205@452 | -5.8 0.9 —58.9 0.00 | 0.00 0.13 42.64 57.22
S8 Dolomite Domain 3 | 20180205@453 | -5.9 0.9 —58.9 0.00 | 0.01 0.08 43.17 56.74
S8 Dolomite Domain 3 | 20180205@454 | -10.5 0.9 —58.9 0.00 | 0.00 0.03 43.42 56.55
S8 Dolomite Domain 3 | 20180205@460 | 8.7 11 —58.9 0.00 | 0.01 0.00 42.30 57.69




S8 Dolomite Domain 3 | 20180205@461 | 6.5 11 -59.0 0.00 | 0.00 0.13 42.78 57.09
S8 Dolomite Domain 3 | 20180205@462 | -6.0 11 —58.9 0.00 | 0.00 0.00 42.68 57.32
S8 Dolomite Domain 3 | 20180205@463 | -8.7 11 —58.9 0.00 | 0.01 0.08 41.75 58.16
S8 Dolomite Domain 3 | 20180205@464 | -3.8 11 —59.0 0.00 | 0.00 0.09 41.11 58.80
S8 Dolomite Domain 3 | 20180205@465 | —6.2 11 —58.9 0.00 | 0.00 0.04 41.94 58.03
S8 Dolomite Domain 3 | 20180205@467 | —8.7 11 —59.0 0.00 | 0.01 0.10 42.74 57.14
S8 Dolomite Domain 4 | 20180205@468 | —7.6 11 —59.0 0.00 | 0.00 0.10 42.91 57.00
S8 Dolomite Domain 4 | 20180205@469 | —7.4 11 —59.0 0.00 | 0.01 0.12 43.04 56.83
S8 Dolomite Domain 4 | 20180205@470 | -9.4 11 -59.0 0.00 | 0.00 0.13 43.43 56.44
S8 Dolomite Domain 4 | 20180205@471 | -5.8 11 -59.0 0.00 | 0.03 0.21 43.14 56.62
S8 Dolomite Domain 4 | 20180205@477 | 6.8 1.0 -59.2 0.00 | 0.00 0.14 43.08 56.78
S8 Dolomite Domain 4 | 20180205@481 | -6.6 1.0 -59.3 0.01 | 0.00 0.32 42.45 57.22
S8 Dolomite Domain 4 | 20180205@482 | -7.7 1.0 -59.4 0.01 | 0.03 0.43 43.01 56.53

Table 6. Summary of SIMS §'*C data. Microdrilled powders were collected with ca. 800-um
drill holes (McFadden et al., 2008), whereas SIMS analyses were conducted with a ca. 7-um beam

size in this study. Data source: SIMS data (this study); microdrilled bulk-sample data (McFadden

et al., 2008).
alcite 3°C Dolomite 5°C &3,
ssa:x)lse Original code Lithology Total SII\(/I,\?)analyses [%n,C VISDTS,SSIMS] [%o,OV(l)’DBe, é;IMS] Bu;l%j’a (]ns]l;};)’ ¢
Mean 2SD n Mean 2SD n microdrilled]
S1 SSFT34.7 Dolostone 15 -9.0 2.0 15 -8.2,-8.6
sS4 SSFT39.6 Dolomitic limestone 19 -8.1 0.8 5 -8.6 25 14 -8.9
S5 HND?9.1 Dolomitic limestone 10 -8.8 0.6 4 -8.3 24 6 -9.1
S6 HND10.2 Dolomitic limestone 30 -8.2 14 12 -7.1 31 18 -8.8
S7 HND18.05 Dolomitic limestone 20 -8.4 1.7 6 -8.1 1.7 14 -8.6
S8 HND27.75 Dolomitic limestone 48 -8.0 2.0 9 -7.3 3.0 39 -8.4*
SUM 127 36 91

*There are no microdrilled data for sample S8. The value presented in the table was measured

from sample HND 27.1, which is stratigraphically 0.6 meters below sample S8.

Table 7. A comparison of the calcite and dolomite phases in the SE of the Wonoka Formation,
South Australia (Husson et al., 2020) and the EN3 interval at Jiulongwan, South China (this study).
See section 5.4 for detailed discussion.

[ Mineralogy [ Investigation | Wonoka Formation, South Australia ENS3 interval, South China |




(Husson et al., 2020)

(this study)

SEM petrography

Rounded and zoned grains with overgrowth

Homogeneous microspar with interlocking

cement boundary
Calcite SIMS 8%C (VPDB) | ca. —12%o ca. —9%o
Detrital grains from shallow shelf environment; Depositional micrite in intrashelf environment;
Interpretation Cement precipitation after deposition; Neomorphism during authigenesis;
SIMS §%C signals of shallow marine DIC SIMS §%C signals of a depositional origin
Large (up to 200 um), zoned, showing straight or
SEM petrography Euhedral, zoned irregular boundaries with surrounding calcite
microspar
SIMS 8"°C (VPDB) | From ca. —10%o to +5%o ca. —9%o, with um-scale variability
Dolomite Early authigenic dolomitization;

Interpretation

Heterogeneous 8C signals in marine DIC
reservoirs, with negative 5'3C in shallow
seawater and positive 8°C in deeper depth or
porewater

Post-depositional dolomitization;
Sediment-buffered diagenesis with respect to §'°C;
um-scale variability overprinted by diagenesis

Yangtze Gorges area, South China
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Fig. 1. (A) Geological map of China, with the Yangtze block in yellow color. (B) Reconstructed
Ediacaran depositional environments on the Yangtze Craton (Jiang et al., 2011). Red dot indicates

the location of the intrashelf Jiulongwan section. (C) Simplified litho-, bio-, and chrono-



stratigraphy of the Ediacaran Doushantuo and Dengying formations in South China. The SE is
widely reported from the upper Doushantuo Formation, which is also referred to as N3 (Negative
3) (Jiang et al., 2007; Wang et al., 2016), EN3 (Ediacaran Negative 3) (zhou and Xiao, 2007;
McFadden et al., 2008), or DOUNCE (DOUshantuo Negative Carbon isotope Excursion) (zhu et
al., 2007a; Lu et al., 2013; Zhu et al, 2013). Red-shaded interval denotes the EN3/DOUNCE
interval. Modified from Chen et al. (2013) and Cui et al. (2016b). Radiometric ages from Condon et
al. (2005) and Schmitz (2012). Note that the stratigraphic assignment of the U-Pb age 551.09 +1.02
Ma was initially placed to the Doushantuo—Dengying boundary (Condon et al., 2005), but was
later re-assigned to the Shibantan Member of the Dengying Formation (An et al., 2015), although
it still remains a matter of debate (zhou et al., 2017). Thickness is not to scale. Cam = Cambrian;

Cryo = Cryogenian.



Fig. 2. Field outcrops of the upper Doushantuo Formation at the intrashelf Jiulongwan section,
South China. Stratigraphic positions of the field photos have been marked along the lithological
column in Fig. 3. (A) Dolostones with three distinct, black-colored chert layers (arrows), EP2
interval. Hammer circled as scale. (B) A closer view of dolostones with two black-colored chert
layers (arrows), EP2 interval; (C) Thinly bedded limestones in the EN3b interval. Hammer
circled as scale. (D) A large carbonate nodule within the Member 1V shale (EN3c interval). Hand
as scale. (E) Stratigraphic boundary between the EN3b interval (limestone in upper Member 111)
and the EN3c interval (black shale in Member 1V). Hammer circled as scale. (F) Stratigraphic

boundary between Member IV shale and the overlying dolostones of the terminal Ediacaran



Dengying Formation. Abbreviations used: EP = Ediacaran positive excursion; EN = Ediacaran

negative excursion.
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Fig. 3. Integrated chemostratigraphy of the Ediacaran Shuram excursion (i.e., EN3 / DOUNCE
interval) in the upper Doushantuo Formation, Jiulongwan section, South China. Cyan circles
represent samples investigated in this study, which include bedded dolostones (samples S1-3),
bedded dolomitic limestones (samples S4-8), and dolomite nodules (samples S9-10). The
chemostratigraphic data include (A) §™*Cea (VPDB, %o); (B) 8"°Ocary (VPDB, %o0); (C) 8"*Corg
(VPDB, %.); (D) carbonate content; (E) TOC content. The 5*Ceap and 8®Ocap data were
analyzed from microdrilled powders by conventional gas-source isotope ratio mass spectrometer
(GS-IRMS). Green, yellow, and red background color correspond to EN3a, EN3b, and EN3c,
respectively, defined by McFadden et al. (2008). Data source: (McFadden et al., 2008).



Abbreviations: EN = Ediacaran negative excursion; EP = Ediacaran positive excursion; DY =

Dengying; TOC = total organic carbon.
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Fig. 4. Ten EN3 samples (S1-10) investigated in this study. Samples S1-9 are glass thin sections;

sample S10 is a 5-mm-thick epoxy mount. Each sample is 25 mm in diameter, with WiscSIMS

calcite standard UWC3 and dolomite standard UW6220 mounted in the center (red circles).

Samples S1, S4-8 were analyzed by SIMS. All samples were investigated by SEM and CL.

8"Cearbonate and 8'®Ocarbonate data listed in the figure were measured from microdrilled powders by

conventional gas-source isotope ratio mass spectrometer (GS-IRMS). Carbonate content data are

also provided when available. Data source: (McFadden et al., 2008). Abbreviations: EN =

Ediacaran negative excursion; EP = Ediacaran positive excursion; DY = Dengying; n.a. = not

available.
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Fig. 5. (A) Integrated lithological and chemostratigraphic 8Ccap results of the Shuram
Excursion (i.e., EN3 interval) in the upper Doushantuo Formation at Jiulongwan, South China.
Filled black dots represent 8*3Cearp data analyzed from microdrilled powders by GS-IRMS, with
the data for samples also analyzed by SIMS highlighted as red diamonds. Green circles and
yellow boxes represent SIMS data analyzed from calcite and dolomite, respectively. Error bars
show reproducibility as 2 standard deviations of the bracketing analyses on WiscSIMS standard
UWC3. Gray curve represents three—point running average based on the GS-IRMS data. Data
source: GS-IRMS data (McFadden et al., 2008); SIMS data (this study). (B) Plot of each
individual SIMS sample, with §"*Ceacite and 8=Cgolomite data offset vertically to improve clarity.
(C) Box plots of the SIMS 813C0a|cite and 813Cd0|0mite data. Note that the mean values of 813Cca|cite
and 8™ Cyolomite for each sample are identical within uncertainty. The number of SIMS analysis (n)
is also provided. Abbreviations: EN = Ediacaran negative excursion; GS-IRMS=gas-source
isotope ratio mass spectrometer; SIMS = secondary ion mass spectrometer; SEM = scanning

electron microscope; VPDB = Vienna Pee Dee Belemnite; Cal = calcite; Dol = dolomite.



Sample S1 (SSFT34 7 dolostone), SIMS Domain 1; from EN3a interval, Member IV Doushantuo Formatlon at Jlulongwan
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Fig. 6. Integrated SEM—CL—SIMS results of sample S1 (SSFT34.7). Values of '°C are adjacent
to 7-um SIMS pits. (A-C) SIMS domain 1; (D-F) SIMS domain 2. Note the homogeneous
textures under BSE and CL. See Fig. A5B for locations of domains 1-2. Abbreviations: BSE =
backscattered electron; SE = secondary electron; SEM = scanning electron microscope; CL =

cathodoluminescence; Dol = dolomite.
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Fig. 7. Petrographic results of Sample 4 (SSFT39.6). See Fig. A8C for domain location. (A-C)
Integrated SEM—CL—SIMS results of SIMS domain 1 in sample S4 (SSFT39.6). Values of °C
are adjacent to 7-um SIMS pits. Note that the dolomite crystals show irregular boundaries with
surrounding calcite microspar. Abbreviations: BSE = backscattered electron; SE = secondary

electron; CL = cathodoluminescence; Cal = calcite; Dol = dolomite; n.a. = not available.
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Fig. 8. Integrated SEM—CL-SIMS results of sample S5 (HND9.1). (A-C) SIMS domain 1. See
Fig. A9B for domain location. Values of '°C are adjacent to 7-um SIMS pits. Abbreviations:
BSE = backscattered electron; SE = secondary electron; CL = cathodoluminescence; Cal =

calcite; Dol = dolomite.

Sample S6 (HND10.2, limestone), SIMS Domain 1; from EN3b interval, Member IV, Doushantuo Formation at Jiulongwan
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Fig. 9-1. Integrated SEM—CL-SIMS results of sample S6 (HND10.2). Values of §°C are
adjacent to 7-um SIMS pits. (A-C) SIMS domain 1; (D-F) SIMS domain 2; (G-I) SIMS
domain 3. Note that the dolomite crystals show irregular boundaries (arrows) with surrounding
calcite microspar. See Fig. A10B for domain location. Abbreviations: BSE = backscattered
electron; SE = secondary electron; CL = cathodoluminescence; Cal = calcite; Dol = dolomite; n.a.

= not available.

Sample S6 (HND10.2, limestone), SIMS Domain 3; from EN3b interval, Member IV, Doushantuo Formation at Jiulongwan
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Fig. 9-2. (continued) (G-I) SIMS domain 3. Note that the dolomite crystals show irregular
boundaries (arrows) with surrounding calcite microspar. Values of 813C are adjacent to 7-um

SIMS pits. See Fig. A10B for domain location.



Sample S6 (HND10.2, limestone), SIMS Domain 4-1; from EN3b interval, Member IV, Doushantuo Formation at Jiulongwan
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Fig. 10. Integrated SEM—CL-SIMS results of sample S6 (HND10.2). (A—C) SIMS domain 4-1;
(D-F) SIMS domain 4-2. Note that the dolomite crystals along stylolite typically show euhedral
shapes and zoned textures under BSE and CL. Values of §"3C are adjacent to 7-um SIMS pits.
See Figs. A11B-C for domain location. Abbreviations: BSE = backscattered electron; SE =

secondary electron; CL = cathodoluminescence; Cal = calcite; Dol = dolomite.
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Fig. 11. Integrated SEM-CL-SIMS results of sample S7 (HND18.05). (A—C) SIMS domain 1,
(D-F) SIMS domain 2. Values of 8°C are adjacent to 7-um SIMS pits. See Fig. A12B for
domain location. Abbreviations: BSE = backscattered electron; SE = secondary electron; CL =

cathodoluminescence; Cal = calcite; Dol = dolomite.



Sample S8 (HNDZ7 75, Ilmestone), SIMS Domaln 1; from EN3b interval, Member IV, Doushantuo Formatlon at Jlulongwan
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Fig. 12-1. Integrated SEM—-CL-SIMS results of sample S8 (HND27.75). Values of 8'°C are
adjacent to 7-um SIMS pits. (A-C) SIMS domain 1; (D-F) SIMS domain 2. (G-I) SIMS
domain 3. (J-L) SIMS domain 4. (M—O) SIMS domain 5. The corrected §'*C data of spots on
the dolomite crystal of domain 5 are not available due to the lack of corresponding EPMA data.
See Fig. A13C for domain location. Abbreviations: BSE = backscattered electron; SE =

secondary electron; CL = cathodoluminescence; Cal = calcite; Dol = dolomite.
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Fig. 12-2. (continued) (G-I) SIMS domain 3. (J-L) SIMS domain 4. (M-0O) SIMS domain 5.
Values of 8*3C are adjacent to 7-um SIMS pits. The corrected 8**C data of spots on the dolomite
crystal of domain 5 are not available due to the lack of corresponding EPMA data. See Fig.
A13C for domain location. Abbreviations: BSE = backscattered electron; SE = secondary

electron; CL = cathodoluminescence; Cal = calcite; Dol = dolomite; n.a. = not available.
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Fig. A2. SIMS 8" Cean bias (i.e., Instrumental Mass Fractionation, IMF) during WiscSIMS
session 2018-01-08 and session 2018-02—-05 plotted against Fe# [= molar ratio of Fe/(Mg+Fe)].
(A, B) SIMS bias relative to WiscSIMS dolomite standard UW6220. (C, D) SIMS bias residuals
after correction. Error bars represent propagated errors [= (ERR_RM? + ERR_STD?)%%]

calculated from the 2SE of reference materials (i.e., calibration standards) (ERR_RM) and the
2SE of bracketing standards for calibration standards (ERR_STD).
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Fig. A3. Cross-plots of the SIMS data vs. EPMA data. Green circles represent calcite, yellow

squares represent dolomite. The SIMS §"*Ceacit data analyzed from EN3 were corrected for IMF

using data from UWC3 and only SIMS §"*Cgoiomite data were corrected for matrix effects due to
Mg-Fe solid solution. (A—C) Corrected SIMS data, raw SIMS data, and instrumental bias vs. Fe#
[= molar ratio of Fe/(Mg+Fe)]. (D-F) Corrected SIMS data, raw SIMS data, and instrumental
bias vs. FeCO3 (mol%). (G-I) Corrected SIMS data, raw SIMS data, and instrumental bias vs.
MnCOj3; (mol%). (J-L) Corrected SIMS data, raw SIMS data, and instrumental bias vs. MgCOs

(mol%). Note that panels C and F show two distinct arrays, which represent instrumental bias



during two different WiscSIMS analytical sessions. These two distinct arrays demonstrate the

necessity of establishing independent calibration curve for each individual session.

Dolomite in dolostone S1-3 Dolomite in limestone S4-5 Dolomite in limestone S6
A || || B || C ||
BSE CL BSE CL BSE CL

Dolomite along S6 stylolite Dolomite in limestone S7 Dolomite in limestone S8

D E F
BSE CcL BSE CcL BSE cL

Fig. A4. Typical examples of EN3 dolomite under BSE and CL. Zonation of dolomite crystals
typically shows complementary brightness under BSE and CL: darker BSE zones (lower Fe)
correspond to brighter CL zones, and vice versa. Note that dolomite crystals in the EN3
limestone samples often show irregular boundaries with surrounding calcite microspar matrix

(e.g., Fig. A10). Abbreviations: BSE = backscattered electron; CL = cathodoluminescence.
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Fig. A5. Petrographic results of sample S1 (SSFT34.7). (A) SIMS thin section with WiscSIMS
calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B) BSE
panorama of the dash box in A based on the integration of 6x6 individual BSE images. (C-I)
BSE images of dolomite crystals showing euhedral to subhedral textures. Abbreviations: BSE =

backscattered electron; Cal = calcite; Dol = dolomite.
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Fig. A6. Petrographic results of Sample S2 (SSFT38.8) in this study. (A) SIMS thin section with
calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B) BSE
panorama based on the integration of 6x6 individual BSE images. (C-H) BSE images of
dolomite in this sample. (1) CL image of dolomite in this sample. The lower left corners in H and
I show the WiscSIMS calcite standard UWC3 that was mounted in the center of the thin section
before SIMS analysis. Note the homogeneous textures under BSE and CL. Abbreviations: BSE =
backscattered electron; SEM = scanning electron microscope; CL = cathodoluminescence; Dol =

dolomite.
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Fig. A7. Petrographic results of Sample S3 (SSFT39.0). (A) SIMS thin section with WiscSIMS
calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B) BSE
panorama based on the integration of 6x6 individual BSE images. (C-G) BSE images of
dolomite in this sample. (H-1) CL images showing dolomite with dull luminescence. The lower
right corner shows the SIMS dolomite standard UW6220 that was mounted in the center of the
thin section before SIMS analysis. Abbreviations: BSE = backscattered electron; SEM =

scanning electron microscope; CL = cathodoluminescence; Dol = dolomite.
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Fig. A8. Petrographic results of Sample 4 (SSFT39.6). (A) SIMS thin section with WiscSIMS
calcite standard UWC3 and dolomite standard UW6220 mounted in the center. The three drill
holes (yellow circles) were made for gas-source IRMS analysis. (B) BSE panorama of the dash
box in image A based on the integration of 6x6 individual BSE images. The upper part of this
image shows a dolomite-rich stylolite. (C, D) BSE images showing dolomite crystals (darker
color) floating in calcite matrix (brighter color). (E) CL image of the view in D. (F) BSE image
of calcitic microspar matrix and zoned dolomite crystals. Abbreviations: BSE = backscattered
electron; SE = secondary electron; CL = cathodoluminescence; Cal = calcite; Dol = dolomite; n.a.

= not available.
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Fig. A9. Petrographic results of Sample 5 (HND?9.1). (A) SIMS thin section with WiscSIMS
calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B) BSE
panorama based on the integration of 6x6 individual BSE images. (C) BSE images of calcite
matrix and disseminated dolomite crystals. (D) CL image of the view in C, showing zoned
dolomite crystals. (E-L) BSE images showing floating dolomite crystals and calcite matrix. Note

that the dolomite crystals show irregular boundaries (arrows) with surrounding calcite microspar.
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Fig. A10-1. Petrographic results of sample S6 (HNDZ10.2). (A) SIMS thin section with
WiscSIMS calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B)
BSE panorama of the dash box in A based on the integration of 6x6 individual BSE images. (C-
R) BSE images showing dolomite crystals in calcite matrix. Note that the dolomite crystals show

irregular boundaries (arrows) with surrounding calcite microspar.



Fig. A10-2. (continued) (J-R) BSE images showing dolomite crystals in calcite matrix. Note
that the dolomite crystals show irregular boundaries (arrows) with surrounding calcite microspar.
Abbreviations: BSE = backscattered electron; Cal = calcite; Dol = dolomite.
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Fig. A11l. Petrographic results of sample S6 (HND10.2). The dash boxes in A, B and D show the
same views. (A) Optical microscopic image showing a dolomite-rich stylolite in a limestone
sample under reflected light. (B) BSE image showing a dolomite—rich stylolite. (C) BSE image
of the central right of image B. (D-F) CL images showing zoned dolomite crystals along
stylolite.
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Fig. A12. Petrographic results of sample S7 (HND18.05). (A) SIMS thin section with WiscSIMS
calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B) BSE
panorama based on the integration of 6x6 individual BSE images. (C—I) BSE images of calcite
and dolomite. Note that the dolomite crystals show irregular boundaries (arrows) with
surrounding calcite microspar. Abbreviations: BSE = backscattered electron; Cal = calcite; Dol =

dolomite.
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Fig. A13. Petrographic results of sample S8 (HND27.75). (A) SIMS thin section with WiscSIMS
calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B) BSE
panorama based on the integration of 6x6 individual BSE images. (C) A closer view of the dash
box in B. Note the vertical calcite vein with barite rims. The thin barite rims are shown in the
brightest color in the BSE images of this sample. (D-F) Petrographic images of dolomite along
stylolite. (G-1) CL images show zoned dolomite crystals along stylolite. (J-L) Petrographic

images of dolomite crystals in calcite matrix. Note that the dolomite crystals often show irregular



boundaries (arrows) with surrounding calcite microspar. Abbreviations: BSE = backscattered

electron; CL = cathodoluminescence; Cal = calcite; Dol = dolomite.
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Fig. Al4. Petrographic results of dolomite nodule sample S9 (HND37.4). (A) SIMS thin section
with WiscSIMS calcite standard UWC3 and dolomite standard UW6220 mounted in the center.
(B) BSE panorama of the dash box in image A based on the integration of 6x6 individual BSE
images. (C-F) BSE images of dolomite crystals. Note the weakly zoned texture of each

individual dolomite crystal. Abbreviations: BSE = backscattered electron; Dol = dolomite.
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Fig. A15. Petrographic results of sample S10 (HND39.25). (A) SIMS thin section with
WiscSIMS calcite standard UWC3 and dolomite standard UW6220 mounted in the center. (B)
BSE panorama based on the integration of 6x6 individual BSE images. (C—H) BSE images
showing euhedral to subhedral dolomite crystals. (I) CL image showing weakly zoned dolomite
crystals. Abbreviations: BSE = backscattered electron; CL = cathodoluminescence; Cal = calcite;

Dol = dolomite.
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e First SIMS results of the Shuram-equivalent interval in South China

e Supporting evidence for a depositional origin of the Shuram excursion

« Diagenetic overprint of 5'°C at a micrometer scale

e Post-depositional dolomitization in the EN3 interval

e Larger 5'°C variability on dolomite than on calcite at a micrometer scale





