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ARTICLE INFO ABSTRACT

The Ediacaran-Cambrian Bambui Group in Brazil records an anomalously positive excursion in carbonate carbon
isotopes (8"3Carp) With a sustained plateau of ca. +15%o (aka the Middle Bambui Excursion-MIBE). Considering
that the 8'3Ceqyp, signals in Ediacaran-Cambrian seawaters do not typically exceed +6%o, the MIBE therefore
represents a profound carbon cycle anomaly in Earth’s history. Although intensive studies have been done on the
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Ig}elzggsts;?o:: h Bambui Group, origins of the MIBE remain enigmatic. In order to better constrain the biogeochemical carbon
Biogeochemigstrg v and sulfur cycles during the MIBE, high-resolution chemostratigraphic analysis was conducted for both the
Methanogenesis plateau (i.e., Lagoa do Jacaré Formation) and the recovery part (i.e., lower Serra da Saudade Formation) of the
Diagenesis MIBE. Chemostratigraphic profiles reveal remarkably different values in §"*Cearp, 8'*Corg, 8"®Ocarb, and 8*Spyrice
Geobiology between these two studied MIBE intervals. The new data show that the plateau of the MIBE is characterized by

coupled higher 8'3C,y, higher 813Co,g, and higher 834Spyme signals compared with the recovery part of the
MIBE. Based on multiple lines of sedimentological, geochemical, and model evidence, we propose that the
possibilities of enhanced organic carbon burial and porewater methanogenesis are insufficient to explain the
MIBE. Instead, local or regional controlling factors, including water-column methanogenesis, low-sulfate con-
ditions, and enhanced carbonate recycling in a restricted basin may have played a role, independently or in
unison, in generating this profound positive 8'3Ceqyp, excursion. Therefore, the MIBE may reflect a regional event,
instead of a global carbon cycle anomaly. We caution against the use of the MIBE in chemostratigraphic cor-
relations on a global scale or any other attempt to infer global carbon cycling at that time. The biogeochemical
landscape of the late Ediacaran-Cambrian basins and ocean margins may be more heterogeneous than previously
thought.

Ediacaran-Cambrian transition

2010b), or unusual oceanographic phenomenon related to the oxidation
of dissolved organic carbon reservoirs by oxygen or sulfate (Fike et al.,
2006; Shields et al., 2019; Zhang et al., 2019; Li et al., 2020) or the

1. Introduction

The Neoproterozoic Era (1000 to 541 Ma) witnessed multiple

carbon cycle perturbations, which are recorded as large magnitude
positive and negative excursions in carbonate carbon isotope abun-
dances (8'3Cearp) (Knoll et al., 1986; Kaufman et al., 1997; Halverson
et al., 2005; Kaufman et al., 2009; Shields-Zhou et al., 2012). Negative
anomalies, like the Shuram Excursion, have been variably ascribed to
meteoric water or burial diagenesis (Knauth and Kennedy, 2009; Derry,

production of early authigenic carbonate (Schrag et al., 2013; Cui et al.,
2017; Cui et al., 2019b; Cao et al., 2020). By contrast, less attention has
been paid to positive §'°C extremes, although they have been noted in
the Neoproterozoic successions worldwide (Kaufman et al., 1997;
Halverson et al., 2005; Kaufman et al., 2009; Cui et al., 2018; Moynihan
et al., 2019). Both primary open ocean origins (Knoll et al., 1986;
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Fig. 1. Time-series compilation of 8'3Carp for the time interval from 860 to 540 Ma. Yellow circles represent 8'>Ceqrp averages binned in mostly 10 million-year
intervals. Data of the Bambui Group, including the Middle Bambui 8'3Cear, Excursion (MIBE), are shown as red triangles. The Sturtian, Marinoan, and Gaskiers
glaciations are labelled in blue color. Note the remarkably high 8'3C,., values (up to + 16%o) from the MIBE. Source of the Bambui 8*3C,,, data: (Iyer et al., 1995;
Misi and Veizer, 1998; Uhlein et al., 2019; and this study). Source of all other §'*Cay, data: (Canfield et al., 2020). Figure modified after Canfield et al. (2020). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Halverson et al., 2005; Johnston et al., 2012) and local or regional
origins (Ader et al., 2009; Frimmel, 2010; Cui et al., 2018; Hoffman and
Lamothe, 2019; Uhlein et al., 2019; Caetano-Filho et al., 2020) have
been proposed for Neoproterozoic positive 8'3Ceay, anomalies, which
hampers our understanding of the biogeochemical carbon cycles at that
time.

Notably, a sustained positive 813C, . excursion with values as high
as +16%o has been reported from the Ediacaran-Cambrian Bambui
Group, Brazil (Iyer et al., 1995; Martins and Lemos, 2007; Misi et al.,
2007; Misi et al., 2011; Alvarenga et al., 2014; Paula-Santos et al.,
2015; Guacaneme et al., 2017; Paula-Santos et al., 2017; Caetano-Filho
et al., 2019; Hippertt et al., 2019; Uhlein et al., 2019; Caetano-Filho
et al., 2020), which has also been named as the Middle Bambui Ex-
cursion-MIBE (Uhlein et al., 2019). Considering that the 8'3Cay, sig-
nals in Ediacaran-Cambrian seawaters do not typically exceed +6%o
(Prokoph et al., 2008; Halverson et al., 2010; Maloof et al., 2010a;
Maloof et al., 2010b; Canfield et al., 2020), the MIBE therefore re-
presents a profound carbon cycle anomaly in Earth’s history (Fig. 1).

Studies of carbon isotope chemostratigraphy in the past four dec-
ades reveal increasingly complex interpretations. Carbon isotope sig-
nals of the sedimentary records can be affected by multiple controlling
factors (Hayes, 1993; Shields et al., 2002). Potential factors that can
lead to variations of §'3Ceap signals include (but are not limited to) the
rate of organic carbon burial (Knoll et al., 1986; Strauss et al., 1992),
the atmospheric partial pressure of CO, (Kaufman and Xiao, 2003),
syndepositional precipitation of early authigenic carbonate near sedi-
ment-water interface (Schrag et al., 2013; Sun and Turchyn, 2014; Cui
et al., 2017), aerobic or anaerobic oxidation of organic carbon (in-
cluding methane) (Jiang et al., 2003; Rothman et al., 2003; Kaufman
et al., 2007; Lee et al., 2015; Cui et al., 2017; Shields et al., 2019), early
marine diagenesis (Higgins et al., 2018), meteoric water diagenesis
(Knauth and Kennedy, 2009; Oehlert and Swart, 2014; Dyer et al.,
2017), burial diagenesis (Derry, 2010b), long-term tectonic events
(Shields and Mills, 2017), volcanic activities (Paulsen et al., 2017), and
preferential weathering of carbonates (Kump et al., 1999). Many of
these factors are not mutually exclusive and may have played a role
individually or in tandem in changing the §'3C.y, signals. Since it is

impossible to evaluate all the above hypotheses in a single study, below
we will focus on a few hypotheses that may reflect potential origins of
the MIBE.

Canonical models of the global carbon cycle suggests that high
8'3Cearb signals likely result from an enhanced rate of organic carbon
burial given that organic carbon is typically strongly enriched in *2C
(Broecker, 1970; Hayes et al., 1999; Kump and Arthur, 1999). Pro-
gressive burial of organic matter sequesters '2C in sediments, resulting
in the proportional enrichment of *3C in both carbonates and organic
matter in the oceans (Broecker, 1970; Derry et al., 1992; Des Marais
et al,, 1992; Summons and Hayes, 1992; Kump and Arthur, 1999;
Ripperdan, 2001). Based on this model, positive 8'3C.,;, excursions in
sedimentary records have been widely regarded as indicators of oxy-
genation events in Earth history (Broecker, 1970; Knoll et al., 1986;
Planavsky et al., 2012; Cui et al., 2018).

Alternatively, highly positive 8'*C,., signals can also be explained
by the occurrence of methanogenesis in porewaters or seawaters (Ader
et al., 2009; Caetano-Filho et al., 2020; Petrov and Pokrovsky, 2020).
This is possible considering that the residual alkalinity after fermenta-
tion (i.e., methanogenesis) is typically strongly enriched in *3C after the
13C-depleted methane gas is removed from the system (Claypool and
Kaplan, 1974; Irwin et al., 1977; Talbot and Kelts, 1986; Meister et al.,
2007; Wehrmann et al., 2011; Birgel et al., 2015; Pierre et al., 2016).
Such a process occurs locally in the modern ocean, but could be
widespread in the Precambrian ocean where the seawater was mostly
anoxic and sulfate-depleted (Lyons et al., 2014; Sperling et al., 2015)
and could therefore facilitate the occurrence of methanogenesis in
marine environments.

In addition, local or regional environmental factors may also have
played a role in generating positive 8'3Cearp anomalies. The coupled
processes of methanogenesis and evaporation/degassing have been
proposed for multiple terrestrial lakes in modern environments where
extremely positive 8" 3Gy, Signals have been found (Stiller et al., 1985;
Gomez et al., 2014; Birgel et al.,, 2015; Buongiorno et al., 2019).
However, testing the evaporation/degassing hypothesis for deep-time
8'3C.ay, anomalies still remains challenging given the dearth of direct
geochemical proxies for these unusual hydrological conditions.
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In this study, we explore the origins of the MIBE by testing multiple
biogeochemical or diagenetic hypotheses. In order to utilize the in-
herent linkages between C and S cycles (Berner and Petsch, 1998;
Berner, 1999; Planavsky et al., 2012; Cui et al., 2018; Shields et al.,
2019), we conduct an integrated sedimentological and chemostrati-
graphic study of two different intervals of the MIBE. Both the plateau
(represented by the carbonate-dominated KM7-14 section) and the re-
covery part (represented by the siliciclastic-dominated KM7-12 section)
of the MIBE were investigated in this study. Distinct geochemical sig-
nals have been found between the two studied sections. Based on the
new results, we evaluated multiple hypotheses that can potentially
account for the MIBE.

2. Geological context
2.1. Sedimentology and stratigraphy

The Bambui Group covers the Sdo Francisco Craton in the central-
eastern part of Brazil, encompassing a basal diamictite and overlying
mixed carbonate-siliciclastic deposits of the Sete Lagoas, Serra de Santa
Helena, Lagoa do Jacaré, Serra da Saudade, and Trés Marias formations
(Dardenne, 1978) (Figs. 2, 3). Originally, the Bambui Group was in-
terpreted to be entirely deposited in a foreland basin, in response to the
uplift of the southern Brasilia orogenic belt along the western margin of
the Sao Francisco Craton (Alkmim and Martins-Neto, 2012; Reis and
Suss, 2016; Reis et al., 2017; Uhlein et al., 2017). However, recent
geochronologic and paleontological data (see Section 2.2 for details)
indicate an Ediacaran age for the lower part of the Bambui Group,
which is substantially younger than the peak activity age of the Brasilia
belt, and therefore challenges the model of a foreland basin for the
Bambui Group. An alternative interpretation suggests a depositional
environment of an epeiric ramp for the Sete Lagoas Formation
(Drummond et al., 2015; Hippertt et al., 2019) with a transition to a
foreland system toward the upper part of the Bambui Group (Martins
and Lemos, 2007).

Samples in this study were collected from the Lagoa do Jacaré and
Serra da Saudade formations of the Bambui Group in the Sao Francisco
Craton, east-central Brazil (Figs. 2, 3; supplementary material). The
Lagoa do Jacaré Formation is stratigraphically located above the Serra
de Santa Helena Formation and below the Serra da Saudade Formation
(Fig. 3). This unit comprises an up to ca. 140-m-thick mixed carbonate-
siliciclastic succession of interbedded black shale, siltstone and carbo-
nate (Dardenne, 1978; Uhlein et al., 2019) (Figs. 4, 5). The Lagoa do
Jacaré Formation in the southern part of the Bambui Basin has been
poorly studied. However, in the northern part of the basin this unit can
be informally divided into two stratigraphic intervals: an carbonate-
dominated basal succession (~70 m) and a siliciclastic-dominated
upper succession (~70 m) (Uhlein et al., 2019).

The basal part of the Lagoa do Jacaré Formation consists primarily
of microbialite facies and domal or columnar stromatolites (dos Santos
et al., 2018) (Fig. 4C-E). These microbial facies are commonly inter-
bedded with massive mudstone and wave-ripple cross-laminated
grainstone (Fig. 4G-L) with locally preserved syneresis cracks
(Fig. 5A-D) (Iglesias and Uhlein, 2009). It is common to see tabular
oolitic beds with hummocky cross-stratification in the basal Lagoa do
Jacaré Formation (Uhlein et al., 2019). The presence of rip-up breccias
(Fig. 41-L), ooids (Fig. 4F), wave ripple and cross bedding (Fig. 4G-1)
suggests an overall shallow and energetic environment. The occurrence
of stromatolites and ooid deposits suggests that these shallow waters
were saturated with respect to CaCOs. The syneresis cracks in the Lagoa
do Jacaré Formation (Fig. 5A-D) indicate the occurrence of sediment
shrinkage without subaerial exposure, which typically results from
abrupt changes in seawater salinity or earthquake-induced dewatering
(Pratt, 1998).

The upper part of the Lagoa do Jacaré Formation contains a much
higher proportion of fine-grained siliciclastic deposits composed of
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siltstone, shale, carbonate mudstone and rare rhythmite (mudstone/
shale) deposits. This part of the succession is interpreted as having been
deposited above storm-wave base level during a regional sea level rise
(Uhlein et al., 2019). The intercalation between siliciclastic and car-
bonate facies has been proposed to be related to high-frequency var-
iations in sediment input controlled by climatic and tectonic factors
(Uhlein et al., 2019).

2.2. Age constraints

The precise depositional age of the Bambui Group is still uncertain.
Both Cryogenian and Ediacaran ages have been proposed for the
Bambui Group. Largely based on the overall high 8'3C o, values, low
873r/86Sr values (< 0.7080) (Misi et al., 2007; Kaufman et al., 2009),
and a controversial Pb-Pb age of 740 = 22 Ma (Babinski et al., 2007)
for the Sete Lagoas cap carbonate, the Bambui Group has been proposed
to represent a sedimentary package of the Cryogenian (pre-Marinoan)
Period (Misi et al., 2007; Kaufman et al., 2009). However, an increasing
number of more recent studies on biostratigraphy (Warren et al., 2014;
Perrella Junior et al., 2017), geochronology (Rodrigues, 2008; Paula-
Santos et al., 2015; Moreira et al., 2020; Tavares et al., 2020), and
chemostratigraphy (Caxito et al., 2012; Alvarenga et al., 2014; Paula-
Santos et al., 2015; Sial et al., 2016; Paula-Santos et al., 2017) argue
that the Bambui Group may be largely deposited in the late Ediacaran-
Cambrian periods. It is notable that terminal Ediacaran index fossil
Cloudina has been reported from the middle Sete Lagoas Formation
(Warren et al., 2014; Perrella Junior et al., 2017) (Fig. 24A, 3), though
the fossil preservation is not ideal.

Published geochronological data suggest that the Lagoa do Jacaré
and Serra da Saudade formations were largely deposited from the late
Ediacaran to Cambrian Period (Fig. 3). Two independent studies of
detrital zircon dating of the underlying Sete Lagoas Formation reveal
the youngest U-Pb age of 610 Ma (Rodrigues, 2008) and 557 Ma (Paula-
Santos et al., 2015), respectively, which are interpreted as the max-
imum depositional ages. In the overlying Serra da Saudade Formation
and Trés Marias Formation, a volcanic zircon age of 520.2 + 5.3 Ma
has been retrieved from a tuff layer (i.e., described as a “white mud-
stone” by Moreira et al., 2020) and the youngest detrital zircon age of
527 + 4 Ma from a sandstone layer (Tavares et al., 2020) has been
reported. These ages indicate a late Ediacaran, or even Cambrian age
for the Lagoa do Jacaré Formation. Notably, in addition to the con-
troversial Pb-Pb age of 740 + 22 Ma (Babinski et al., 2007), a second
Pb-Pb age of 608 = 19 Ma (Caxito et al., 2018) was recently published
from the Sete Lagoas cap carbonate, which challenges the earlier
Cryogenian age and complicates the applications of Pb-Pb dating for
carbonate samples.

An additional piece of evidence for a basal Ediacaran age of the Sete
Lagoas cap carbonate comes from triple oxygen isotopes. Large triple
oxygen isotope (A'”0) anomalies down to — 1.05%o have been reported
from the Sete Lagoas cap carbonate (Crockford et al., 2018). Such
anomalous signals — also known as the Marinoan Oxygen-17 Depletion
(MOSD) event — have thus far only been found in the Marinoan cap
carbonates on a global scale (Bao et al., 2008; Zhou et al., 2010; Cao
and Bao, 2013; Killingsworth et al., 2013; Bao, 2015; Crockford et al.,
2018).

In summary, although the precise depositional age for the Bambui
Group is still controversial, the academic community working on the
Neoproterozoic Era, in general, leans towards an Ediacaran-Cambrian
age for the Bambui Group. In this study, we assume a late
Ediacaran-Cambrian age for the Lagoa do Jacaré and Serra da Saudade
formations and hope more studies in the future can clarify this con-
troversy.

2.3. Samples in this study

Outcrops of the MIBE in the studied region are generally limited to
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Fig. 2. (A) Paleogeographic reconstructions during ca. 550 Ma highlighting the Cloudina-bearing localities with, or without, Corumbella and Namacalathus occur-
rences. Note that the Sdo Francisco craton (marked as number 5) was located in the center of the Gondwana paleo-continent. 1-Australia, 2-India, 3—Antarctica,
4-West Africa, 5-Congo-Sao Francisco, 6-Kalahari, 7-Parand, 8-Rio de la Plata, 9-Amazonia, 10-Rio Apa, 11-Laurentia, 12-Madagascar, 13-Arabia-Nubia,
14-Siberia, 15-Baltica. Fossil data: (Germs, 1972; Yochelson and Stump, 1977; Grotzinger et al., 2000; Hagadorn and Waggoner, 2000; Hofmann and Mountjoy,
2001; Amthor et al., 2003; Gaucher et al., 2003; Kontorovich et al., 2008; Warren et al., 2011). Paleogeographic data: (Trindade et al., 2006; Li et al., 2008; Tohver
et al., 2012). Image modified after (Warren et al., 2014; Warren et al., 2017). (B) Geological map of the Sdo Francisco craton (modified after Paula-Santos et al., 2015;
Reis and Suss, 2016; Paula-Santos et al., 2017). Chemostratigraphic analysis in this study was focused on the KM7-14 and KM7-12 sections. Detailed geological maps
of the KM7-14 section and the KM7-12 section are available in the online supplementary material (Figs. S1, S2).

scattered quarries and roadcuts. The sections in this study include the
KM7-14 section (Lagoa do Jacaré Formation, GMG quarry, S
19°15.089’, W 44° 23.405’, Fig. S1), the KM7-12 section (lower Serra da
Saudade Formation, Abaeté Quarry, S 19°6.810’, W 45° 43.061’, Fig.
52), the KM 7-10 section (Lagoa do Jacaré Formation, Pedra do
Chumbo quarry, S 19°46.670%, W 45° 28.698’), and the KM7-13 section
(Lagoa do Jacaré Formation, Cacau Quarry outside of Pompéu, S
19°11.152’, W 44° 57.563").

Samples for chemostratigraphy were collected from the carbonate-
dominated KM7-14 section (Lagoa do Jacaré Formation) and the sili-
ciclastic-dominated KM7-12 section (lower Serra da Saudade
Formation). In addition, one ooid grainstone/limestone (Fig. 6F,
10A-J) and two cross-bedded grainstone samples were collected from
the Lagoa do Jacaré Formation at the KM7-13 section. A mudstone
sample with planar lamination was also collected and analyzed from
the KM 7-10 section. The complete sample list can be found in the
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modified after Caetano-Filho et al. (2020).

online supplementary material.

3. Methods

Petrographic observations under both polarized light and cath-
odoluminescence were conducted at the Department of Geology,
University of Mons, Belgium. The geochemical analyses in this study
include paired carbonate carbon and oxygen isotopes (8*3Cearps
8'80carb), organic carbon isotopes (813Corg), total organic carbon con-
tent (TOC), the content of total sulfur in acidified residuals (TS), sulfur
isotopes of pyrite (83451,},rite approximated by 8**Sys) and carbonate-
associated sulfate (83*Scag), Sr isotope ratios (37Sr/%6Sr), and con-
centrations of major (e.g., Ca, Mg, Sr, K, Fe) and trace (e.g., REE, Mn,
Rb) elements. All the isotopic analyses were conducted in the
Department of Geology, University of Maryland. Elemental concentra-
tions were analyzed at the Carnegie Institution of Washington. Detailed
methods have been published in previous papers (Cui et al., 2015; Cui
et al., 2016a; Cui et al., 2016b; Liu et al., 2016), and are briefly sum-
marized below.

3.1. Cathodoluminescence

Cathodoluminescence excitation was achieved with a cold cathode
CITL CL system (Cambridge Image Technology - model Mk5, UK) at the
Department of Geology, University of Mons, Belgium. The system was
operated by using an acceleration voltage of 15 kV and a beam current
of 500 pA. With these settings, the unfocused beam had a current
density of about 8 yA/mm?. CL images were captured with a Peltier-
cooled digital color camera (Lumenera model Infinity 4, Canada), set
from 0.1 to a few seconds exposure time depending on 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.
This may result in CL colors that are slightly different from other
equipment (especially around the yellow band, which is narrow) but
can ensure more or less standardized observation conditions.

3.2. 8"3C.anp and 8"%0.qr analysis

Powders for 8"3Ce.r, and 8'®0c.y, analyses were collected on po-
lished slabs using a press micro-drill. Micro-drilling was guided by
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Breccias

Fig. 4. Field observations of the middle Bambui Group in the Bambui Basin, Brazil. Except for image B that shows the Serra da Saudade Formation, all the other
images show the Lagoa do Jacaré Formation. (A) Outcrop overview showing black limestone facies of the Lagoa do Jacaré Formation, GMG Quarry (B) Outcrop
showing the Serra da Saudade Formation, Abaeté Quarry. (C-E) Domal stromatolites. (F) Massive oolitic grainstone/limestone facies from the Lagoa do Jacaré
Formation. (G) Flame structures. (H) Bedded limestones with cross beddings. (I) Brecciated beds (yellow arrow) and cross beddings (white arrow). (J, K) Breccias and
platy clasts. (L) Brecciated beds and syneresis cracks (lateral view, red arrows). Images A-G were taken in the southern part of the Bambui Basin (see Section 2.3 for
detailed locations); Images H-L were taken from a section close to the Janudria city in the northern part of the Bambui Basin, and the corresponding geochemical
study in this area can be found in Uhlein et al. (2019). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

petrographic fabrics so that primary fabrics (e.g., ooids, marine ce-
ments, micrite) were sampled for further geochemical measurement.
We indeed found few horizons with heavily recrystallized carbonate or
veins, but those were strictly avoided during sampling. The precision
for both carbon and oxygen isotopes based on repeated measurement of
reference materials was routinely better than 0.1%o.

3.3. 8"Corg and 5**Syrice analyses

The 8'3Corg and 83*Syrite compositions of bulk powders were mea-
sured by combustion of decalcified residues to CO5 or SO, with a
Eurovector elemental analyzer in-line with an Elementar Isoprime iso-
tope ratio mass spectrometer. Approximately 15 g of fresh rock chips

lacking secondary veins or weathered surfaces were crushed and re-
peatedly (2 X or more) acidified with 3 M HCl overnight to quantita-
tively remove carbonate. These residues were then washed with ultra-
pure Milli-Q water repeatedly (3 X or more) to neutral pH, decanted,
and dried in an 80 °C oven overnight for subsequent 813CDrg and
83481,},,1te analyses. Total sulfur in the acidified residues was dominated
by pyrite (834Spyrite =~ 8%%S1g), although there may have also been trace
amounts of organic sulfur. Uncertainties for 613COrg and 834Spyrite
measurements determined by multiple analyses of standard materials
were better than 0.1%o and 0.3%o, respectively.



H. Cui, et al.

Precambrian Research 348 (2020) 105861

yneresis'crackss

Fig. 5. Syneresis cracks and ripple marks in the Lagoa do Jacaré Formation, Brazil. (A, B) Top views of the syneresis cracks; (C, D) Lateral views of the syneresis
cracks (yellow arrows). (E, F) Ripple marks, Pedra do Chumbo Quarry. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

3.4. §%*Scas analysis

The 83*Scas analysis was conducted by extracting carbonate-asso-
ciated sulfate (CAS) of the samples and then convert the dissolved
sulfate to barite before isotope analysis. To minimize the contamination
of soluble non-CAS sulfate (Marenco et al., 2008; Wotte et al., 2012;
Peng et al., 2014; Schobben et al., 2015), ~100 g of crushed bulk
powders were leached by 10% NacCl solutions for at least 10 times with
at least two hours for each time, and then washed with Milli-Q water for
at least 3 times prior to acidification of the leached powders with 3 M
HCIl. CAS precipitates were then collected as BaSO, three days after
BaCl, was added to the solution. The BaSO, precipitates were packed
into folded tin cups with V5,05 for combustion to SO, in a Eurovector
elemental analyzer in-line with a second Elementar Isoprime isotope
ratio mass spectrometer, which measured isotope abundances. The
precision for §3*Scas measurements determined by multiple analyses of
standard materials during analytical sessions is better than 0.3%o.

3.5. 87Sr/%5Sr analysis

For ®7Sr/%6Sr analysis, micro-drilled powders (ca. 5-10 mg) were
leached three times in 0.2 M ammonium acetate (pH ~8.2) to remove
exchangeable Sr from non-carbonate minerals, and then rinsed three
times with Milli-Q water. The leached powder was centrifuged, dec-
anted, and acidified with doubly distilled 0.5 M acetic acid overnight to
remove strontium from the carbonate crystal lattice. The supernatant
was centrifuged to remove insoluble residues and then decanted, dried,
and subsequently dissolved in 200 pl of 3 M HNOs3. Strontium separa-
tion by cation exchange was carried out using a small polyethylene
column containing ~1 cm thickness of Eichrom®Sr specific resin. The
prepared filaments were measured using the VG Sector 54 thermal io-
nization mass spectrometer in the TIMS facility of the University of
Maryland Geochemistry Laboratories. Final data have been corrected
for fractionation using the standard value %°Sr/%8sr = 0.1194. No
corrections for Rb decay have been carried out given the very low Rb/Sr
ratios in all the analyzed samples. Repeated analysis of the NBS
SRM987 standard yields an average value of 8Sr/%°Sr = 0.710245 +
0.000011 (20) during the analytical window.

3.6. Major and trace elemental analysis

Major and trace elemental abundances of micro-drilled carbonates
were analyzed for the carbonate-dominated KM7-14 section in order to
evaluate the degree of diagenetic alteration and reconstruct redox
conditions of the depositional environment. Aliquots of the micro-
drilled carbonate powders were dissolved in 0.4 M HNOs, centrifuged,
and only solutions were analyzed. Any clay fractions, if present, would
not have been dissolved by the dilute acid, assuring that results re-
present elemental content of the carbonate phases. The resulting solu-
tions were analyzed on a Thermo Scientific® iCAP-Q ICP-MS
(Inductively Coupled Plasma — Mass Spectrometry) at the Carnegie
Institution of Washington. Precision of these analyses as determined by
repeated measurements of a house standard carbonate was < 5% (20)
for major elements with high concentrations and < 10% (20) for trace
elements and REEs.

4. Results

Integrated sedimentological and geochemical results are shown in
Figs. 6-12. Samples from the Lagoa do Jacaré Formation show sedi-
mentological textures of undulated lamination, planar lamination, or
ooids (Fig. 6; supplementary material), suggesting an overall dynamic
depositional environment. In contrast, samples from the Serra da Sau-
dade Formation look very homogeneous (Fig. 7; supplementary mate-
rial), suggesting a relatively quiet environment. Chemostratigraphic
analysis was focused on the carbonate-dominated KM7-14 section
(Lagoa do Jacaré Formation) and the siliciclastic-dominated KM7-12
section (Serra da Saudade Formation). These two sections show distinct
values of 8"Cearb, 8"*Corgy 8'®Ocarbs and 8>*Spyrice (Figs. 11, S3, S4).
Here we briefly summarize the results as below.

4.1. 8"3C.q and 80.qp, data

The 8'3Ca, profile of the carbonate-dominated KM7-14 section
shows anomalously positive values from +11.7%o to +13.9%0 (mean:
+12.6%0). In contrast, the §'3Cear, profile of the siltstone-dominated
KM7-12 section records relatively lower values between +5.1%o to
+9.0%o0 (mean: +7.5%o) (Fig. 11B, 11L).
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Fig. 6. Rock slabs and geochemical data of the Lagoa do Jacaré Formation at the KM7-14, KM7-13, and KM7-10 sections, Brazil. (A, B) Limestone samples with
undulated laminations. (C) A calcareous siltstone sample with laminated beddings (microbial mats?). (D) A limestone sample with thinly interbedded layers. (E) A
calcareous siltstone sample with laminated beddings (microbial mats?) (F) An ooid grainstone/limestone sample. Corresponding microscopic images of this sample
can be found in Fig. 10A-J. The brightness and contrast of all the images have been enhanced in order to achieve the best view of detailed sedimentary textures. More

sample slab images are available in the online supplementary materials.

The 8'®0car, profile of the carbonate-dominated KM7-14 section
also shows higher values than that of the siltstone-dominated KM7-12
section. The 80, data reveal a range from —15.3%o to —12.8%o
(mean: —13.9%o) at the KM7-12 section and a range from —9.7%o to
—6.7%0 (mean: —8.7%o) at the KM7-14 section (Fig. 11C, 11M).

4.2. §"3Corg and A8'C data

Interestingly, the organic matter extracted from the KM7-14 section
also shows strong '*C-enrichments compared with the ones from the
KM7-12 section. The 8'°C,,, values show a range from —26.6%o up to
—15.2%o0 (mean: —20.2%o) at the KM7-14 section and a range from

—28.1%0 to —24.4%o (mean: —25.8%o) at the KM7-12 section (Fig. 11D,
11N).

Although the paired 8"3Cc,p, and 813COrg profiles have distinct va-
lues at these two sections, the calculated A8"*Cearp.org (=8"Cearp —
813Ccrg) data are similar, with mean values of 33.4%o at the KM7-12
section and 32.8%o at the KM7-14 section (Fig. 11E, 110).

4.3. Paired 634Spyme and 8%*Scas data

The 834Spyﬂte profiles at both sections show distinct values. The
8%*Spyrite data show a range from —3.9%o to +35.8%o (mean:
+13.7%o) at the KM7-12 section and a range from —1.0%o to +29.1%o
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Fig. 7. Rock slabs and corresponding geochemical data of samples collected from the lower Serra da Saudade Formation at the siliciclastic-dominated KM7-12
section. (A) A calcareous siltstone sample with homogeneous textures. (B, C) Calcareous siltstone samples with undulated lamination. (D) A calcareous siltstone
sample with undulated lamination and intraclasts. (E) A silty carbonate sample with possible flame textures. The corresponding microscopic image of this sample is
shown in Fig. 9A, 9D, 9E. (F) A calcareous siltstone sample with planar and undulated laminations. The brightness and contrast of all the images have been enhanced
in order to achieve the best view of detailed sedimentary textures. More sample slab images are available in the online supplementary materials.

(mean: +21.0%o) at the KM7-14 section (Fig. 11F, 11P).

The 83*Scag data in this study are limited due to the fact that many
samples (each processed with at least 100 g of powders) did not yield
enough barite precipitate during CAS extraction. The limited §**Scag
values show a range from +24.1%o to +30.6%o0 (mean: +26.9%o) at
the KM7-12 section and a range from +14.8%o to +25.5%o0 (mean:
+21.5%0) at the KM7-14 section (Fig. 11F, 11P).

Based on the sample-to-sample variation in stratigraphy, we noticed
two 83*Syice outliers (— 3.9%o and + 35.8%o) from the KM7-12 section
and two 834Spyrite outliers (—1.0%o and +1.0%o from the same sample)
from the KM7-14 section, all of which are plotted beyond the scale and
are shown as numbers in red color with arrows indicating their strati-
graphic positions (Fig. 11F, 11P). Despite these four outliers, it is clear
that the 8‘°’4Sl,yrite data of the KM7-12 section are overall less than 20%o
while the 63“Sl,yme data of the KM7-14 section are mostly higher than

20%o.

4.4. ¥75r/%6Sr data

Five limestone samples (three from the KM7-14 section and two
from the KM7-12 section) were analyzed for 8’Sr/36Sr compositions.
The %7Sr/%%Sr values measured from the KM7-14 section are 0.70738,
0.70730, and 0.70735 (mean: 0.70734) (Fig. 11T). In contrast, the
878r/%6Sr values measured from the KM7-12 section are much higher
(0.70853 and 0.70931) (Fig. 11J).

4.5. Elemental concentration data

In this study, only the carbonate-dominated KM7-14 section was
analyzed for elemental concentrations (Fig. 12). The main goals of this
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Fig. 8. Petrographic images of two samples from the Lagoa do Jacaré Formation at the KM7-14 section, Brazil. (A) Scanned thin section image of sample KM7-
14.15.0b. (B-G) Microscopic views under plane polarized light and cathodoluminescence. B-C and D-E are paired petrographic images of the same views. Minerals
under CL: orange = calcite, green = apatite, bright blue = K feldspar, pinkish = albite, black = quartz. Note the abundant angular-shaped quartz grains in dark
color under CL and the clean quartz grains in white color under PPL, suggesting a significant detrital input during deposition. (H) Scanned thin section image of
sample KM7-14.7.0. (I-J) Paired petrographic images of the same view. Note the patchy shape of the calcite under CL, suggesting the occurrence of carbonate
recrystallization. Abbreviations: CL = cathodoluminescence, PPL = plane polarized light, Ap = Apatite, Cal = calcite, Qtz = quartz, Kfs = K-feldspar, Ab = Albite.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

analysis were to evaluate the diagenetic history of the samples (based
on Rb/Sr, Mn/Sr, Mg/Ca ratios) and to reconstruct the redox conditions
(based on the calculated Ce anomaly) of the depositional basin. Gen-
erally, the Rb/Sr, Mn/Sr, Mn/Ca ratios (ppm/ppm) are very low, except
for a few outliers (Fig. 12F, 12G, 12H). The Ce anomaly (Ce/Ce*) data
were calculated based on the equation Ce/Ce* = Cepans/([Prl2ans/
[Ndlpaas), which show a range from 0.62 to 0.93 (mean: 0.83) at the
KM7-14 section (Fig. 12D). We also calculated the Sr/Ca ratios (ppm/
ppm) of the limestone samples collected from the KM7-14 section
(Fig. 12E). The Sr/Ca ratios show a range from 0.013 to 0.043 (mean:
0.022).

5. Discussion
5.1. Diagenesis evaluation
Before discussing the detailed biogeochemical or diagenetic origins

of the MIBE, an independent evaluation of the reliability of our geo-
chemical data is necessary. Below we will evaluate the data and discuss
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the potential influence of diagenesis on each individual data set.

5.1.1. Constraints from petrographic and trace element results

Petrographic observations under polarized light and CL were carried
out based on seven thin sections. The thin sections were made from two
samples at the carbonate-dominated KM7-14 section (Fig. 8), three
samples at the siliciclastic-dominated KM7-12 section (Fig. 9), and two
samples at the KM7-13 section (Fig. 10). Petrographic observations of
these thin sections provide contextual information about the deposi-
tional environment and post-depositional diagenesis.

KM7-14 Section. A carbonate-dominated sample shows abundant
detrital components comprised mostly of angular-shaped quartz grains,
with a less amount of angular apatite, K-feldspar, and albite
(Fig. 8A-G). These siliciclastic components suggest the involvement of
detrital input during deposition. We also note that one carbonate
sample shows a patchy texture with large calcite grains in the size of a
few hundred um under CL (Fig. 8H-J), which suggests the occurrence of
recrystallization after deposition. No petrographic evidence for sig-
nificant diagenetic alteration (e.g., late veins, replacement) has been
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Fig. 9. Petrographic images of three samples from the lower Serra da Saudade Formation at the KM7-12 section, Brazil. (A-C) Scanned thin section images of sample
KM7-12.4.0, sample KM7-12.5.0, and sample KM7-12.8.0, respectively. (D) Microscopic view of sample KM7-12.4.0 under plane polarized light. See Fig. 7E for the
corresponding rock slab image. (E) Microscopic view of sample KM7-12.4.0 under cathodoluminescence. The dash line shows the boundary between an upper
silicate-rich layer (dominated by quartz grains in black color) and a lower carbonate-rich layer (dominated by calcite grains in orange color). (F) Microscopic view of
sample KM7-12.5.0 under cathodoluminescence. The dash line shows the boundary between an upper carbonate-rich layer (dominated by calcite grains in orange
color) and a lower silicate-rich layer (dominated by quartz grains in black color). (G) Microscopic view of sample KM7-12.12.8.0 under cathodoluminescence. The
abundant dark-colored angular-shaped grains under CL are mostly quartz. Abbreviations: CL = cathodoluminescence, PPL = plane polarized light, Cal = calcite,
Qtz = quartz. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

found from the KM7-14 section. The elemental ratios of Rb/Sr, Mn/Sr,
Mg/Ca are very low (mostly < 1) (Fig. 12), suggesting a limited influ-
ence of diagenetic alteration based on the empirical constraints in
earlier studies (e.g., Kaufman and Knoll, 1995).

KM7-12 section. Three samples from the siltstone-dominated KM7-
12 section have been investigated for thin section petrography. The
samples show fine laminations in hand samples (Fig. 9A-C). Detailed
microscopic observation reveals laminated quartz-dominated (in dark
color under CL) and calcite-dominated layers (in orange color under CL)
(Fig. 9D-G). No petrographic evidence for significant diagenetic al-
teration was found in the samples from this section.

KM7-13 section. The samples collected from the KM7-13 section
are limited in this study. An ooid grainstone sample from the KM7-13
section has been investigated under the microscope. The ooids can be
up to 2 mm in diameter and show concentric cortical fabrics with
carbonate or quartz nuclei (Fig. 10A-D). CL images reveal an overall
dark color in ooid cortices and a bright orange luminescence in cements
and recrystallized calcite grains (Fig. 10E-J). It is notable that massive
ooid fragments have been found in the CL images (Fig. 10E-J), which
was possibly caused by early re-deposition or late burial diagenesis. The
heterogeneous CL colors in the inner (Fig. 10G) or outer cortices
(Fig. 10H) of some ooids suggest that they may have been partially
altered by diagenesis. In addition, the other limestone sample from the
KM7-13 section reveals a few dark-colored veins (Fig. 10K-M). CL
images show a dark color in rhombohedral calcite grains and a bright
orange color in calcite matrix, suggesting different Fe and Mn compo-
sitions between the grains and the matrix.

In summary, petrographic investigation of samples from the KM7-13
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section reveals a certain degree of diagenetic alteration. However, no
clear evidence for pervasive diagenetic alteration has been found in
samples from the KM7-12 and KM7-14 sections, which are the main
targets for chemostratigraphy in this study.

5.1.2. Assessing the §"°C.qp, and 5304y data

The covariation of 8"3C,p, and §'%0., data have been widely used
as a tool for the evaluation of diagenesis. Typically, the 8'3C.,y, and
8'80.a, values can be altered toward more negative values by pro-
gressive meteoric water diagenesis or burial diagenesis that is coupled
with organic matter oxidation (Talbot and Kelts, 1986; Gischler et al.,
2007; Knauth and Kennedy, 2009; Derry, 2010b; Bishop et al., 2014).
These secondary processes could alter the primary 8" 3Cear, and 8'%0car
compositions toward more negative values. However, compared with
the typical Ediacaran seawater values (Fig. 1), the 8'3Cay, of the MIBE
evolves toward much more positive values. Such an evolving trend
cannot be well explained by the secondary processes mentioned above.
Therefore, we regard that meteoric water diagenesis and burial diag-
enesis have not played a tangible role in the 8'3Cearp, and 80
compositions during the MIBE.

5.1.3. Assessing the §"°C,,, data

Compared with published Ediacaran 813C0rg data that typically
range from —25%o0 to —30%o or even lower (Fike et al., 2006;
McFadden et al., 2008; Cui et al., 2015; Cui et al., 2019c¢; Canfield et al.,
2020), the organic matter in the MIBE appears to be much more en-
riched in "°C, with 8'C,,, values up to —15.2%0) (Fig. 11N). One
potential reason can be that the anomalously high §'°C,,, data are
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Petrographic images of two samples from the KM7-13 section, Lagoa do Jacaré Formation, Brazil. (A) Scanned thin section image of an ooid grainstone

(KM7-130o0lite). (B-D) Petrographic images under plane polarized light. Dash line boxes in B, C and E represent the close-up view of C, D and C, respectively. Note the
concentric laminar texture in each individual ooid. (E-J) CL images of the ooid grainstone sample. Note the ooids in dark color and the calcite matrix in bright orange
color under CL. These CL images also show massive ooid fragments possibly caused by early re-deposition or late burial diagenesis. See Fig. 6F for the corresponding
rock slab image. (K) Scanned thin section image of sample KM7-13storm. (L, M) Paired views under plane polarized light and cathodoluminescence. Abbreviations:
CL = cathodoluminescence; PPL = plane polarized light. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

caused by mixed carbonates, resulting from incomplete acidification of
the carbonate component. However, during the sample preparation, all
the samples were acidified by using 3 M HCI until no more bubbles
were produced. Additional precaution was taken by adding an extra
amount of concentrated HCl acid after acidification in order to make
sure complete acidification was achieved. Moreover, our 813C0rg data
from the KM7-14 section are in good agreement with the recently
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published 8'3C,,, values of the lower MIBE intervals in three different
drill cores (Caetano-Filho et al., 2020). Therefore, we rule out the
possibility of incomplete acidification as the cause of high 8'*C, va-
lues in this study, and the measured ?SI?’Corg data should reflect de-
positional conditions.

Published studies have shown that high §'3C,,, signals can also be
generated by progressive thermogenic breakdown of organic matter. In
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Recovery part of the middle Bambui 5"*C...» excursion (MIBE): Lower Serra da Saudade Formation at the siliciclastic-dominated KM7-12 section, Bambui Group, Brazil

50 100 0 10 15-20 15 —10 -5-30 25 -20 1525 30 35 405 10 15 20 25 30 0 10203040 00 05 1000 02 0470 75 80 85 90 95
H L LJ
A, 1 [B { 1le ] 1 [e 1 Fe™ 1le 1ET wl B0 1l omes Je
7 o o L ]
F e 4 F 1t 4 1F 1t o 1t 1 e 1 Fe 1t q10
> @ o -] ®
= 4 F 4 F g 4 F 4k 1 F 1 F = 4 ¢ 1F -8
. B ] 07093 ®
- ./ 4 F 1 F g 4 F 1t ] o o 1 F m 1. 1 F -6
‘\ L] L ]
F ? E o ’ 1 F — 4 F 4 F¢-39 B F o+ B 4 e 4 F -4
358> L] ]
- 4 F 4 F g 4 F 4 4 1 F m 4 F 4 F 42
| — e
T T T - 0
50 100 5 10 15-20 15 —10 -5-30 25 —20 —1525 30 35 405 10 15 20 25 30 0 10 20 30 40 0.0 05 1000 02 0470 75 80 85 90 95
KM7-12 carbonate 5"Ceans 5"*Ocans 5"Corg AS"Cearborg 5%Spyrte or cAS AZ*Scas-pyrite TS TOC 1Sr/sSr
(siltstones)  (wt%) (%0, VPDB) (%o, VPDB) (%0, VPDB) (%o, VPDB) (%o, VCDT) (%0, VCDT) (Wt%) (wt%) (0.70xx)
Plateau of the middle Bambui "*C..., excursion (MIBE): Lagoa do Jacaré Formation at the carbonate-dominated KM7-14 section, Bambui Group, Brazil
50 100 0 10 15-20 15 10 -5-30 25 -20 1525 30 35 405 10 15 20 25 30 0 102030 40 00 05 1000 02 0470 75 80 85 90 95
: 16
K L M N Oe P Q | R e S T
- F F 41 F 4 F » 1 F - Ll El 4 | ®0.7074 414
{ I .
+ F F 4 F 4 F 14+ - 1R 1 te 1 F 412
LR} [ =)
F - F F 41 F 4 F 1 F 0 1o 4 F = 1A F @ =1 F =10
<410 C o - °
- 4 F F 4 F 1 F 4k - 4 F = 4 F e 4 F 48
? o » ©0.7073
- - F F - o 1 F 4 F o 4 F = 41 re 4 F -6
L] L
>. { m °
3 F F {1t :/- 1k 4 F = 1 F 1= 1 1 reo7ora; 42
y 3 .,/‘ \= \-\_ = e d o

< T T T

0 50 100 0 5 10 15-20 -15 -10 -5-30 -25 -20 -1525 30 3 405 10 15 20 25 30 0 10 20 30 40 0.0 0.5 1.0 0.0 02 0470 75 80 85 90 95
KM7-14  carbonate 5"Cean 5"*0cars 8"Corg AZ"Cearborg 5%Spyrte or cAS AZ*Scas.pyrite s TOC 7Sr/*Sr
(carbonates) (wt%) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VPDB) (%o, VCDT) (%o, VCDT) (wt%) (wt%) (0.70xx)

Fig. 11. Integrated chemostratigraphic profiles of two sections within the middle Bambui 83C.arp, excursion (MIBE). The siliciclastic-dominated KM7-12 section
represents the lower Serra da Saudade Formation (i.e., recovery part of the MIBE), while the carbonate-dominated KM7-14 section represents the Lagoa do Jacaré
Formation (i.e., plateau of the MIBE). Geochemical profiles include (A, K) carbonate content (wt. %). (B, L) carbonate carbon isotopes (8*3Ccarp, %0 VPDB). (C, M)
carbonate oxygen isotopes (8*%0¢arb, %0 VPDB). (D, N) organic carbon isotopes (813Cmg, %o VPDB). (E, O) carbon isotope fractionations (A813Ccarb_org). (F, P) sulfur
isotopes of total sulfur in acidified residuals (834815 = 834Spyrite, %o VCDT) and carbonate-associated sulfate (§%*Scas, %0 VCDT). The 83*Scas data are limited due to
the fact that most of the samples (each processed with at least 100 g of powders) did not yield enough barite precipitate during CAS extraction. Note that the Eis“spyrite
values of the KM7-12 section are mostly lower than + 20%o, while the §>*Syi. values of the KM7-14 section are mostly higher than + 20%o. The four §**Syyrice
outliers with values beyond the plotted range are shown as numbers in red color with arrows pointing to their stratigraphic positions. (G, Q) sulfur isotope
fractionations (AS“SCAS_Wme) between sulfate and sulfide. (H, R) total sulfur content (TS%, dominated by pyrite with trace amount of organic S) of decalcified
residues. (I, S) total organic carbon content (TOC, wt%) of decalcified residues. (J, T) carbonate strontium isotope ratios (®7Sr/%5Sr). See detailed discussion in the
main text. All the data can be found in the online supplementary material. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 12. Chemostratigraphic profiles of the Lagoa do Jacaré Formation at the carbonate-dominated KM7-14 section. Geochemical profiles include (A) carbonate
content (wt. %). (B) carbonate carbon isotopes (83Cearb, %0 VPDB). (C) carbonate oxygen isotopes (8*80carb, %0 VPDB). (D) Ce anomaly (Ce/Ce*) calculated using the
formula Ce/Ce* = Cepaas /([Prl3aas/[Ndlpaas) (Lawrence et al., 2006; Ling et al., 2013). (E) Sr/Ca ratios. For a comparison, the peak Sr/Ca value of the Ediacaran
Gaojiashan Member of the Dengying Formation (Cui et al., 2016b; Cui et al., 2019c¢) is indicated as the orange line in E. (F) Rb/Sr ratios. (G) Mn/Sr ratios. (H) Mg/Ca
ratios. The overall low elemental ratios (mostly < 1) of Rb/Sr, Mn/Sr, and Mg/Ca suggest a limited influence of diagenetic alteration. All the data can be found in
the online supplementary material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Reconstructing the Middle Bambui 8'3Cearp, Excursion (MIBE) based on
the conventional carbon cycle model. Yellow zone represents the MIBE. The
canonical carbon cycle model includes two major sinks: carbonate carbon and
organic carbon. The carbon source (83C;,) from the mantle via volcanic de-
gassing has widely been assumed to be ca. -5%o (Hayes, 1993; Kump and
Arthur, 1999). In modern marine environment, to maintain a 8'3Cc,y, value of
ca. 0%o, assuming the fractionation factor e, of ca. + 30%o, the invoked pro-
portion of organic carbon burial should be around 20% (shown in gray dash
line). In this model, to achieve the MIBE (i.e., 8'3Ceap, = ca. + 15%o), almost
70% of organic matter needs to be buried (yellow bar). See the main text for
detailed discussion. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

this scenario, isotopically light carbon is preferentially released during
thermogenic breakdown of organic matter (Sackett et al., 1968; Sackett,
1978), leading to progressively higher §'*C,,, values of the residual
organic matter in the host rock (McKirdy and Powell, 1974; Hoefs and
Frey, 1976; Simonet et al., 1981; Schwab et al., 2005). However, the
cross plot of 8'Cyg vs TOC (Fig. S3) shows no correlation in this study.
No clear evidence for hydrothermal diagenesis was found in this study.
Therefore, the possibility that hydrothermal diagenesis caused the
overall high 8'3C,,, signals in the KM7-14 section is not likely.

5.1.4. Assessing the 57Sr/%Sr data

The 7Sr/%Sr data show higher values at the siliciclastic-dominated
KM7-12 section and much lower values at the carbonate-dominated
KM7-14 section (Fig. 11J, 11T). Assuming that the MIBE occurred
during the late Ediacaran to Cambrian Period (see Section 2.2 for de-
tailed reasoning), the anomalously low 8”Sr/%°Sr values around 0.7073
from the KM7-14 section (Fig. 11T) are uncommon given that the
Ediacaran-Cambrian seawater 8”Sr/%6Sr values typically range from ca.
0.7080 to 0.7090 (Halverson et al., 2007; Sawaki et al., 2010; Cui et al.,
2016a; Xiao et al., 2016; Cui et al., 2020). Since sedimentary diagenesis
typically alter the primary 37Sr/®6Sr signals towards higher values
(Banner, 1995), such low values (down to 0.7073) cannot be easily
explained by post-depositional diagenesis. Therefore, we regard that
the anomalously low 87Sr/%6Sr values around 0.7073 from the carbo-
nate-dominated KM7-14 section reflect primary water-column signals
in the restricted Bambui Basin. However, we indeed found radiogenic
87Sr/86Sr values as high as 0.7093 from the siliciclastic-dominated
KM7-12 section (Fig. 11J), which may be caused by the overprint of
post-depositional Rb-rich fluids and are therefore largely porewater
signals.
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5.1.5. Assessing the §°*S data

Most of the §*Scag data are within the range between 20%o and
30%o (Fig. 11F, 11P). There is one 834Scas outlier of 14.8%o, which also
corresponds to a 834Spyme outlier of -1.0%o0 in the KM7-14 section
(Fig. 11P). Published studies have shown that CAS in marine carbonates
can be affected by secondary processes related to pyrite oxidation
(Marenco et al., 2008; Edwards et al., 2019) or the contamination of
secondary atmospheric sulfate (Peng et al., 2014). Therefore, we regard
that it is possible that the §*Scas outlier of 14.8%o was caused by late
alteration.

Four 834Spyrite outliers (shown as numbers and arrows in Fig. 11F,
11P) show large sample-to-sample variation. The detailed reason for
this variation is unclear. It is possible that local environmental factors
may have played a role (Fike et al., 2015; Lang et al., 2020). Regardless,
the 834Spyrite profiles of these two sections show a clear pattern that
834Spyrite data of the KM7-14 section (mostly > 20%o) are overall higher
than the §°*S,yiee values of the KM7-12 section (mostly < 20%o), in-
dicating different sulfur cycles in these two depositional stages.

5.2. Models of marine carbon cycles

5.2.1. Conventional carbon cycle model

Before discussing the origins of the MIBE, a brief introduction of the
conventional carbon cycle model is needed. Conventional steady-state
carbon cycle model includes one carbon source from the mantle via
volcanic outgassing and two major carbon sinks (i.e., carbonate carbon
and organic carbon) (Schidlowski, 1987; Des Marais et al., 1992; Kump
and Arthur, 1999). The isotopic value of the source (8'3C;y) has widely
been assumed to be ca. -5%o0 (Hayes, 1993; Kump and Arthur, 1999).
Based on a simple mass balance view, the relationship between the
source and sinks can be expressed as the following:

813Cin = 813Ccarb * fcarb + 813Corg * forg (1)

where f,; and f .1, represent the proportion of burial as carbonate
carbon and organic carbon, respectively, and the sum of these two
equals to one (i.e., fearp + forg = 1).

The offset (i.e., C isotope fractionation, ;) between carbonate
carbon and organic carbon is mainly controlled by the carbon isotope
fractionation during photosynthesis (Hayes, 1993), which can be ex-
pressed as e, = 8"*Cearp — 8'>Corg. Thus, Eq. (1) can be rearranged with
8'3Cearp, and 813COrg as the subject, respectively:

(2
3)

A few implications can be drawn from this model (Fig. 13). First,
8'3C,arp data co-vary with 813C°rg data with a fixed fractionation. This
co-varying nature has been widely used as an approach to evaluate the
fidelity of chemostratigraphic 8'3C,arp, record (e.g., Knoll et al., 1986;
Shields et al., 1997; Derry, 2010a; Kump et al., 2011; Jiang et al., 2012;
Johnston et al., 2012; see also Oehlert and Swart, 2014 for a different
view). Second, as the proportion of organic carbon burial (forg) in-
creases, both 8'3C.., and 8'3C,, data evolve to higher values si-
multaneously. Considering that organic carbon is typically enriched in
12C due to preferential incorporation of the light isotope during pho-
tosynthesis, different proportions of organic carbon burial (f) would
have a coupled effect on both §'*C.,;, and 813C0rg signals. Therefore,
based on this steady-state model, higher burial rates of organic carbon
could lead to more sequestration of light carbon in sediments, leaving
the ocean reservoir more enriched in '*C. In this scenario, the deposi-
tional carbonates should record a positive 8'3Ceart anomaly.

Based on the conventional model, to achieve the MIBE (i.e.,
positive 8"3Cear, anomaly up to + 15%o), it is expected that almost 70%
of organic carbon must be buried in the sediments (yellow bar in
Fig. 13), which is over 3 times the current amount (i.e., ca. 20% of
organic carbon burial in the modern oceans; gray line in Fig. 13).

813Cca\rb = 813Cin + €p * forg

13 _ 13
) Corg =3 Ccarb — &
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However, such an extremely high organic carbon burial event has not
been evidenced by the sedimentary record of the Bambui Group or any
equivalent Ediacaran-Cambrian strata on a global scale. No high-TOC
intervals have been found directly associated with the MIBE in the
studied basin. Moreover, organic matter burial is self-limiting through
the production of O, (and derived electron acceptors), creating a ne-
gative feedback through enhanced respiration. Therefore, we regard
that the conventional model lacks sufficient geological evidence for the
MIBE.

It is notable that a giant graphite deposit has been found in the
Jequitinhonha Complex of the Aracuai Belt (SE Brazil), which re-
presents a depositional event with a large amount of organic matter
burial (Pacheco et al., 2020). The recent age constraints based on the
youngest grains of detrital zircons suggest that the maximum deposi-
tional age of this organic carbon burial event is ca. 630-609 Ma
(Pacheco et al., 2020), and the maximum age of the regional meta-
morphic event is ca. 570-550 Ma (Pedrosa-Soares et al., 2011). Al-
though it remains possible that the organic carbon burial event asso-
ciated with this Jequitinhonha graphite deposit coincided with the
MIBE, more geological and geochronological evidence is still needed to
fully test the causal link between these two events.

5.2.2. Revised carbon cycle model with authigenic carbonate as a third sink

Largely based on the conventional dual-sink carbon cycle model
(see Section 5.2.1), a revised triple-sink model with authigenic carbo-
nate as a third sink in global carbon cycle has been proposed (Schrag
et al., 2013). In this model, the carbon sinks include carbonate carbon,
organic carbon, and early authigenic carbonate that precipitated near
the sediment-water interface. Based on a mass balance view, the re-
lationship between source and sinks can be expressed as the following:

Slgcin = (SISCDIC - Sp)forg + (1 forg)[(SlBCDIC Sac)fac +
(813CDIC - 8mc)(]- - fac)] (4)
or solving for 8'3Cpyc as:
813CDIC = 813cin + forg[ep = eme — facltac — &mdd] + facleac — &me)
)

where 8'3C;, and 8'*Cpc represent the carbon isotope composition
of the carbon source and dissolved inorganic carbon (DIC), respectively;
€p, €ac and em represent different 8'3C fractionation factors between
seawater DIC and organic carbon (g,), authigenic carbonate (e,c) and
normal marine carbonate (ex), respectively; f,.; and f,. represent the
burial proportion of carbon as organic carbon and authigenic carbo-
nates, respectively.

Since this revised triple-sink model was published, multiple case
studies have demonstrated that authigenic carbonate that formed
during early diagenesis may have indeed played a role — at least on a
local scale — in some ancient §'3C.,y, excursions (Wohlwend et al.,
2016; Zhou et al., 2016; Cui et al., 2017; Xiao et al., 2019; Cao et al.,
2020; Xiao et al., 2020). However, whether authigenic carbonate re-
presents a major sink in the carbon cycle remains uncertain (Canfield
and Kump, 2013). Notably, a recent study argues that clastic sedi-
mentary rocks were not a major sink for *C-depleted carbonate during
the Neoproterozoic Era (Canfield et al., 2020), which challenges the
significance of authigenic carbonate in deep-time marine carbon cycles.
Although authigenic carbonate appears to be a hypothesized sink that is
not well demonstrated in the global sedimentary record, we will explore
how this potential sink could have affected the genesis of the MIBE in
this study (see Section 5.5 for details).

5.3. Testing the methanogenic origin for the MIBE

5.3.1. Porewater methanogenesis?
In modern marine environments, 8'3C,.;, signals as high as +15%o
are typically limited to authigenic carbonates within methanogenic
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zones, where light carbon is removed from the porewater system by
methane production (Meister et al., 2007; Pierre et al., 2016). There-
fore, anomalously high 8'3C..y, signals in the deep-time sedimentary
records have commonly been interpreted as authigenic carbonate
formed in ancient methanogenic zones (Irwin et al., 1977; Ader et al.,
2009; Birgel et al., 2015).

However, multiple lines of sedimentological and geochemical evi-
dence argue against the scenario of porewater methanogenesis for the
MIBE. First, the MIBE has been recorded in well-preserved oolitic
limestone in this study (Fig. 4F, 6F, 10A-J) and published literature
(Misi and Veizer, 1998; Uhlein et al., 2019). Considering that ooids
typically form under shallow and agitated water conditions (Siewers,
2003; Trower et al., 2017), this independent piece of sedimentological
evidence suggests a water-column origin, instead of a porewater origin,
for the MIBE.

Second, a comparison between the carbonate (i.e., KM7-14 section)
and siltstone (i.e., KM7-12 section) facies of the MIBE suggests that the
positive 8'°Cearp, anomaly seems to be most obvious in carbonate facies
(Fig. 11). It is worth mentioning that the underlying Serra de Santa
Helena Formation and Sete Lagoas Formation at some sections also
record similarly high 8'3Cearp and low 37Sr/%6Sr ratios in carbonate
facies (Alvarenga et al., 2014; Caetano-Filho et al., 2019; Uhlein et al.,
2019), which is consistent with what we found in this study. This ob-
servation suggests that the MIBE may be limited to the shallow marine
environment of the Bambui Basin.

Third, the new data in this study, together with recently published
work (Caetano-Filho et al., 2020), show a covariation in paired 83Cearp
and 813C0rg values toward more positive values during the plateau of
the MIBE (Fig. 11D, 11N). Considering that no known diagenetic me-
chanisms in the Precambrian can alter paired carbon isotopes in the
same direction (Knoll et al., 1986), the covariation of §'3Cay, and
813Corg suggests a seawater origin, instead of a porewater origin, for the
MIBE (Caetano-Filho et al., 2020).

Fourth, authigenic carbonate formed within porewaters of the me-
thanogenesis zone are essentially local and diagenetic (Meister et al.,
2007; Petrov and Pokrovsky, 2020). In contrast, the MIBE has been
continuously and consistently recorded for tens to hundreds of meters
in strata with little sample-to-sample variation at multiple localities
across the basin (Misi et al., 2007; Paula-Santos et al., 2015; Uhlein
et al., 2019). The steady and continuous stratigraphic expression on a
basinal scale is inconsistent with any post-depositional diagenetic
event. Therefore, we regard that the porewater methanogenesis hy-
pothesis cannot fully explain all the sedimentological and stratigraphic
observations of the MIBE; instead, the MIBE may reflect water-column
signals in the Bambui Basin.

5.3.2. Water-column methanogenesis?

Although the porewater methanogenesis hypothesis has been re-
garded to be inconsistent with the sedimentological and geochemical
observations from the MIBE, methanogenesis in water columns may still
be possible for the MIBE. Notably, the hypothesis of a large epeiric
methanogenic Bambui sea in the center of Gondwana supercontinent
has recently been proposed for the MIBE based on the covariation of
paired carbon isotopes from the Bambui Group (Caetano-Filho et al.,
2020). In this hypothesis, methanogenesis occurs in water columns of a
restricted Bambui Basin, generating anomalous 8'3Cearb signals on a
basinal scale.

Supporting evidence for water-column methanogenesis during the
MIBE also comes from the S isotope data in this study (Fig. 11F, 11P).
Chemostratigraphic profiles of the two sections show that higher
813Ceary, signals during the plateau of the MIBE (Fig. 11L) are also
coupled with higher 834Spyrite signals (Fig. 11P). The 8%%Scas and S
isotope fractionation (A8>*Scas pyrite) data are limited in this study
(Fig. 11F-G, 11P-Q) due to the fact that most of the samples did not
yield enough barite precipitates during CAS extraction, even though
each sample was processed with at least 100 g of powders. Regardless,
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assuming that the sulfate S isotope composition remains similar during
MIBE, higher §3*Spyie signals during the plateau of the MIBE suggest
smaller A834SCAS_Pyrite. Considering that sulfate concentration can
strongly dictate the magnitude of S isotope fractionation between sul-
fate and sulfide (Habicht et al., 2002; Fike et al., 2015), one possible
interpretation for the coupled high 813C . and high 834Spyrite signals is
the occurrence of enhanced methanogenesis in sulfate-depleted water
columns (Fig. 16A). In this scenario, 13C-depleted methane flux formed
via methanogenesis in water columns and was released from the system
without being oxidized (Fig. 16B). The overall low concentration of
seawater sulfate in the Bambui Basin not only facilitated methane
production, but also inhibited microbial sulfate reduction, anaerobic
oxidation of methane, and S isotope fractionation between sulfate and
sulfide during the MIBE. Our interpretation for the C and S isotope data
is also consistent with the observation that methanogens are typically
outcompeted for substrates (e.g. lactate and acetate) by sulfate reducers
in modern environments (Jorgensen and Kasten, 2006), and therefore
methanogenesis typically only occurs in sulfate-depleted conditions.

Could the redox conditions allow for water-column methanogenesis
during the MIBE? Although direct redox results (e.g., U isotopes, Fe
speciation) are not available, the Ce anomaly data measured from the
KM7-14 section (Fig. 12D) indicate that the redox conditions may have
fluctuated during the MIBE. Regardless, methanogenesis has been re-
ported from both oxic and anoxic water columns (Bogard et al., 2014;
Birgel et al., 2015). Therefore, we regard that water-column metha-
nogenesis remains a possible process for the MIBE.

5.4. Testing the global vs. regional origins for the MIBE

5.4.1. Sedimentological and geochemical evidence for a regional MIBE

It is notable that anomalously high 8*3C..;, signals (up to + 18%o)
have been reported from microbialites or tufa in modern and ancient
evaporative and hypersaline lakes (Valero-Garcés et al., 2000; Gomez
et al., 2014; Guo and Chafetz, 2014; Birgel et al., 2015; Buongiorno
et al., 2019; Beeler et al., 2020). Interestingly, a recent case study
suggests that abiotic processes like evaporation and fast CO, degassing
alone (without invoking any biotic process) can account for posi-
tive 8'3C_,p anomalies as high as +15%o (Buongiorno et al., 2019;
Beeler et al., 2020). These studies on positive 8'3C.,y, anomalies in
local or regional environments offer new insights to the origin of the
MIBE.

Multiple lines of evidence suggest that the MIBE may reflect a
carbon cycle anomaly in a regionally restricted basin, instead of an
open ocean. First, abundant oolites and stromatolites (Figs. 4, 6, 10)
have been found in the MIBE (Misi and Veizer, 1998; Reis and Suss,
2016; Paula-Santos et al., 2017; dos Santos et al., 2018; Caetano-Filho
et al., 2019; this study). Published studies suggest that ooid formation
typically occurs in local environments with carbonate saturated, normal
to elevated salinity, warm and agitated aqueous conditions (> 20 °C)
(Lees, 1975; Paul and Peryt, 2000; Siewers, 2003; Lehrmann et al.,
2012; Trower et al., 2017). Additionally, the occurrence of syneresis
cracks and ripple marks (Fig. 5) indicates a shallow (not necessarily
with subaerial exposure) condition with changing salinity in a restricted
basin. These sedimentological observations (i.e., oolite, stromatolite,
syneresis cracks) suggest a restricted basin with a CaCOs-saturated
condition in upper water columns.

Second, the anomalously low 87Sr/5°Sr values during the MIBE echo
the scenario of a restricted basin. Published studies of the late
Ediacaran strata suggest that the open ocean %Sr/%°Sr composition at
that time was ca. 0.7085 to 0.7090 (Halverson et al., 2007; Jiang et al.,
2007; Sawaki et al., 2010; Xiao et al., 2016; Cui et al., 2019¢; Cui et al.,
2020). Assuming a late Ediacaran age for the Lagoa do Jacaré Forma-
tion (see Section 2.2 for details), the anomalously low 87Sr/%6Sr values
(down to 0.7073) measured from the well-preserved limestone samples
in this study (Fig. 11T), together with many other published %7Sr/%6Sr
values from the Bambui Group (Kawashita, 1998; Misi and Veizer,
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1998; Lima, 2011; Caxito et al., 2012; Alvarenga et al., 2014; Paula-
Santos et al., 2015; Paula-Santos et al., 2017), indicate a restricted
Bambui Basin that was decoupled from the Ediacaran open ocean.

Third, paleogeographic studies suggest that the Bambui Basin was
located in the center of the Gondwana supercontinent, therefore re-
presenting a highly restricted basin (Fig. 2A) (Paula-Santos et al., 2017;
Uhlein et al., 2019). The reconstructed orogenic belts surrounding the
Sdo Francisco Craton include the Brasilia Belt in the west, the Aracuai
Belt in the east, and the Sergipana, Riacho do Pontal and Rio Preto belts
in the north, all developed during the southwest Gondwana collage
during the Ediacaran-Cambrian period. Such a geotectonic framework
may have facilitated the formation of a restricted basin. In light of this,
the low %7Sr/®6Sr signals have been proposed to result from the
weathering and recycling of older carbonate units surrounding the
Bambui Basin (Uhlein et al., 2019).

Fourth, the Sr/Ca ratios measured from the carbonate facies
(Fig. 12E) also offer valuable information about the environmental
conditions of the MIBE. Considering that different concentrations of
acid used during sample dissolution can yield different Sr concentra-
tions or Sr/Ca ratios for the same sample, it is not always feasible to
compare the published Sr concentration data or Sr/Ca ratios from dif-
ferent studies. Regardless, multiple chemostratigraphic positive
anomalies in Sr concentrations or Sr/Ca ratios have been reported from
the terminal Ediacaran strata (Ries et al., 2009; Sawaki et al., 2010;
Paula-Santos et al., 2015; Cui et al., 2016b; Paula-Santos et al., 2017;
Caetano-Filho et al., 2019; Cui et al., 2019a; Cui et al., 2019c), sug-
gesting a period with enhanced alkalinity and/or aragonite production
(Cui et al., 2016b; Cui et al., 2019¢). In this study, we compared the
new Sr/Ca ratios with the published data from the Dengying Formation
at the Gaojiashan section (analyzed by using the same concentration of
acid in the same lab) (Cui et al., 2016b). It is notable that most of the
Sr/Ca data from the Lagoa do Jacaré carbonates are higher than the Sr/
Ca ratios analyzed from the carbonates in the Gaojiashan Member
(Fig. 12E). The latter has been proposed to represent a period with
enhanced chemical weathering, seawater alkalinity, and aragonite
production that may have triggered the onset of animal biominer-
alization (Cui et al., 2016b; Cui et al., 2019a; Cui et al., 2019¢). Com-
pared with the data in the Gaojiashan Member, the even higher Sr/Ca
data from the Lagoa do Jacaré Formation may reflect a similarly high-
alkalinity condition, which is consistent with the scenario of a restricted
Bambui Basin at that time.

In summary, based on multiple lines of sedimentological, paleo-
geographic, and geochemical evidence, we regard that the MIBE may
reflect anomalous carbon cycles in a restricted basin, and therefore was
decoupled from the late Ediacaran-Cambrian open ocean.

5.4.2. Enhanced carbonate weathering in a restricted basin?

It was recently proposed that enhanced carbonate weathering may
have contributed to the MIBE (Uhlein et al., 2019). This hypothesis is
supported by the reconstructed paleogeography of the Bambui Basin
(Fig. 2A). Based on paleomagnetic studies, the Sdo Francisco craton was
located in the center of the Gondwana supercontinent at ca. 550 Ma
(Trindade et al., 2006; Li et al., 2008; Tohver et al., 2012), where re-
stricted basins with enhanced alkalinity via carbonate weathering and
recycling was possible. It is notable that petrographic results in this
study (Fig. 8) show abundant detrital components, including angular-
shaped quartz grains and a few apatite, K-feldspar, and albite grains
(Fig. 8A-G). The occurrence of these low-maturity detrital components
in carbonate samples indicates that the depositional basin was close to
its sediment sources, which echoes the reconstructed paleogeography of
the Bambui Basin (Fig. 2A) (Paula-Santos et al., 2017; Uhlein et al.,
2019).

In this study, we utilized both the canonical dual-sink model and the
revised triple-sink model (Fig. 14) to test the role of a carbon source
with a higher isotopic value (8'C;, > —5%o) in generating the MIBE in
a restricted basin. Although the 8'3C;, value has been widely assumed
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to be —5%o (Hayes, 1993; Kump and Arthur, 1999), an enhanced §'3Cy,
— typically results from enhanced carbonate weathering — could lead
to a considerable perturbation on the §'3C ., and 8'3Cypg (Kump et al.,
1999). To reconstruct the MIBE, we explored the possibility of 83¢,, =
+5%o0, which is the typical backdrop value of the Neoproterozoic
8'3C,ayp, record (Fig. 1) (Prokoph et al., 2008).

Several implications could be drawn from the models (Fig. 14).
First, the variation of 8'3Cpyc is coupled with both f,;; and f,.; and a
larger fractionation induced by authigenesis could achieve the MIBE
with smaller f,, and f,. values. Second, with a higher 8'3C;, value,
positive anomaly of 8'3Cpjc can be more easily achieved with certain
proportions of burial in organic carbon and authigenic carbonate. Based
on the dual-sink carbon model, to achieve the MIBE, around 30% to
40% of organic carbon must be buried (yellow band in Fig. 14A). Based
on the triple-sink carbon model, assuming an organic carbon burial rate
of 20% (i.e., current level in modern oceans), then to maintain the MIBE
(yellow zone in Fig. 14B), at least 15% of '>C-depleted authigenic
carbonate burial is required. These calculations provide the first-order
constraints of organic carbon burial during the MIBE, although more
geological evidence for enhanced carbonate weathering is still needed.

5.5. Assessing the authigenic carbonate hypothesis for the MIBE

5.5.1. Carbon cycle with *>C-depleted authigenic carbonate as the third sink

It has been proposed that the prolonged periods of high 8'3C.., in
the Neoproterozoic can be caused by persistent burial of a larger
amount of 13C-depleted authigenic carbonate, without invoking sus-
tained high organic carbon burial (Schrag et al., 2013). This hypothesis
has the potential to explain the MIBE. In the framework of the revised
triple-sink carbon cycle model (see Section 5.2.2 for details), by as-
signing some basic assumptions (8'°C;, = -5%o, &, = +30%o and
eme = 0%0) with varying 8'°Cpic (=0%o, +5%o0, +10%o, +15%o0) and
€ac (= +15%0, +20%o0, +25%o0, +30%o0), one could obtain the modeled
results in Fig. 15A.

Several implications can be drawn from this model. First, the
change of marine §"3Cpyc is a function of both organic carbon burial
(forg) and authigenic carbonate burial (f,). An elevated §'3Cpyc could
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be maintained with an increase in authigenic carbonates burial even
without any change in organic carbon burial. Second, to maintain a
fixed 8'3Cpyc value, fors and f,. can be small if the §'3C fractionation
caused by authigenesis (e,c) is large enough. This is particularly
meaningful if methane-derived authigenic carbonate — which is typi-
cally highly depleted in 3C — is a considerable sink in carbon burial
(see also a different view in Canfield et al., 2020), because the oxidation
of methane typically leads to extremely large e,.. Given the above
constraints, if we assume a burial rate of organic carbon that was si-
milar to the modern value (i.e., 20%) at that time, then to achieve the
MIBE, over 60% of authigenic carbonates (e, = 30%o) must be buried
simultaneously. Alternatively, with a much higher proportion of or-
ganic carbon burial, a smaller proportion of authigenic carbonate burial
is needed to achieve the MIBE based on this model. These calculations
provide the first-order constraints about how the hypothesized sink of
13C.depleted authigenic carbonate could potentially contribute to the
MIBE, although detailed geological evidence for the existence of au-
thigenic carbonate is still lacking.

5.5.2. Carbon cycle with *>C-enriched authigenic carbonates as the third
sink

It should be noted that all the discussion above is focused on *3C-
depleted authigenic carbonates with positive €, (=8"3Cpec — 8'3C,0)
values. It is also possible that the sink of authigenic carbonates formed
in the geological record are enriched in *3C like what has been found in
the methanogenesis zone of modern marine sediments (Meister et al.,
2007; Birgel et al., 2015). This scenario may be particularly meaningful
for the vast time of the Precambrian when the oxidant budget (e.g., O,
sulfate, or iron oxide) in the Earth's surface environment was depleted,
and the methane flux may be directly released into the atmosphere
without being oxidized (Catling et al., 2007; Ader et al., 2009; Bristow
and Grotzinger, 2013; Li et al., 2015; Shen et al., 2016). It has been
proposed that the overall high backdrop 8'3Cearp values (ca. + 6%o) of
the Ediacaran chemostratigraphy may reflect this scenario (Ader et al.,
2009). Therefore, we also tested this scenario for the MIBE with ne-
gative e,. values in this study (Fig. 15B).

Modeled results in Fig. 15B suggest that, to maintain the MIBE with
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a sink of C-enriched authigenic carbonates, an organic carbon burial
rate of at least 66% is required. This scenario appears to be rather
unlikely due to the lack of supporting evidence in the geological record
(e.g., strata with extremely high TOC in the Bambui Basin; see Uhlein
et al., 2019 for the TOC data). However, it should also be noted that this
model is based on the assumption that MIBE (represented by §'*Cp;c =
+15%o in Fig. 15B) reflects primary seawater DIC signals in a steady
state, which is not always necessarily true. Therefore, this model cannot
rule out the possibility that local or regional environmental factors
(e.g., water column methanogenesis and/or evaporation) may have
contributed to the highly positive §'3C..,, signals during the MIBE.

5.6. Biogeochemical context of the MIBE

Based on the integrated sedimentological, geochemical, and model
results in this study, it is proposed that the MIBE may represent a
carbon cycle anomaly in the water columns of a restricted Bambui Basin
(Fig. 16A). Several important observations and implications can be
made for the MIBE in this study.

(1) Based on the published work and the two new sections in this study,
it appears that the MIBE is most obvious in carbonate facies (in-
cluding oolitic limestones and cross-bedded limestones). These se-
dimentological results, together with the covariation of paired C
isotope data (Caetano-Filho et al., 2020; this study) (Fig. 11D, 11N),
suggest that the MIBE reflects water-column signals, instead of
porewater signals (see Section 5.3 for details).

(2) Based on the sulfur isotope data in this study (Fig. 11F, 11P), we

speculate that the seawater in the Bambui Basin may be depleted in

sulfate, therefore facilitating methanogenesis in seawaters during
the MIBE. Enhanced methanogenesis in the water columns of the

Bambui Basin may have generated a large amount of **C-depleted

methane. If the methane flux was released from sediments and

water columns without being oxidized, seawater DIC should record
anomalously positive 8'3C.., signals (Fig. 16A, 16B) (Caetano-

Filho et al., 2020).

Enhanced carbonate weathering and recycling may have also con-

tributed to the genesis of the MIBE (Uhlein et al., 2019). Our models

3

—
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demonstrate that elevated isotopic values of the carbon input

(8'3C;,) to the Bambui basin can facilitate the genesis of higher

813C b in seawaters (Fig. 14).
(4) Whether authigenic carbonate — an overlooked major sink hy-
pothesized by Schrag et al. (2013) — has played a role in the MIBE
remains uncertain. We provide the first-order constraints for the
MIBE in the framework of the triple-sink carbon cycle model
(Fig. 15). However, direct geological evidence for the occurrence of
authigenic carbonate mineralization during the MIBE is still
lacking.
Based on the biogeochemical model proposed in this study
(Fig. 16), the anomalously high §'>C_,.;, signals (up to +16%o0) and
anomalously low ®7Sr/%%Sr signals (down to 0.7073) in the MIBE
may be largely limited to the restricted Bambui Basin, and therefore
was decoupled from the Ediacaran-Cambrian open ocean. In the
open ocean, Ediacaran-Cambrian seawaters with higher sulfate
concentration, lower 8'Ceup signals of ca. +5%o, and higher
87Sr/86Sr signals of ca. 0.7084 (Fig. 16C) may coexist with the MIBE
(Fig. 16A, 16B) at that time.

G))

5.7. Implications on the §°C..,;, chemostratigraphy

Largely based on carbon and strontium isotopic chemostratigraphy
(including the positive 8'3C.up, excursions and the lowest 87Sr/%0Sr
values of ca. 0.7073), the MIBE in Brazil and a similar positive §'*Cear
anomaly (aka the Hiittenberg anomaly) in the Hiittenberg Formation of
northern Namibia have been considered as equivalent Cryogenian
strata right before the Marinoan glaciation (Kaufman and Knoll, 1995;
Kaufman et al., 1997; Misi et al., 2007; Kaufman et al., 2009). This
stratigraphic scheme is tempting given that many other remarkably
positive 8'3C,ayp, anomalies have also been found preceding the Mar-
inoan glaciation on a global scale, including the Keele Formation
(8*3Cearb up to ca. +10%o) in Canada (Narbonne et al., 1994; Kaufman
et al., 1997), the Etina Formation (8'3Cearp, up to ca. +10%o) in Aus-
tralia (Walter et al., 2000; McKirdy et al., 2001; Swanson-Hysell et al.,
2010; Rose et al., 2012), and the Tayshir Formation (8*°Cearp up to ca.
+12%o) in Mongolia (Brasier et al., 1996a; Brasier et al., 1996b; Shields
et al., 1997; Shields et al., 2002; Macdonald et al., 2009; Bold et al.,
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main text for a further discussion.

2016). By correlating the MIBE and the Hiittenberg anomaly with the
many other pre-Marinoan positive §'°C.,, anomalies, one has to also
place the associated diamictite intervals to the Sturtian, instead of the
Marinoan, realm (Misi et al., 2007; Kaufman et al., 2009).

However, the above correlation scheme appears to be in conflict
with multiple lines of published geochronological and paleontological
evidence, including the ca. 635 Ma age for the Ghaub diamictite in
Namibia (Hoffmann et al., 2004; Prave et al., 2016), the preservation of
Cloudina fossil in the lower Sete Lagoas Formation (Warren et al., 2014;
Perrella Jtnior et al., 2017), and the detrital zircon ages throughout the
Bambui Group (see Section 2.2 for details). Without the solid evidence
to falsify these published results at the moment, correlating the MIBE
and the Hiittenberg anomaly to other Cryogenian strata is still proble-
matic.

Alternatively, our study suggests that the MIBE may represent a
regional, instead of a global, carbon cycle anomaly during the
Ediacaran-Cambrian transition. The global open ocean origin for many
positive 8'°C,, anomalies has been widely assumed but increasingly
challenged in the stratigraphic correlation of the Precambrian strata
(Frimmel, 2010; Hoffman and Lamothe, 2019). Although this study
cannot fully test all the potential hypotheses for the MIBE, constraints
from the sedimentological and geochemical results indicate that neither
the conventional carbon cycle model nor the porewater methanogenesis
hypothesis is valid. Instead, local or regional factors like water-column
methanogenesis and carbonate recycling may have played a role in-
dependently or in tandem during the MIBE.

The recognition of local controlling factors in large positive §3Cearp
excursions may fundamentally undermine their applications in global
correlations. Our study suggests that some of the Neoproterozoic carbon
cycle anomalies may not be a reliable record of global carbon cycles. In
light of this, we caution against the use of the MIBE in chemostrati-
graphic correlations on a global scale or any attempt to infer global
carbon cycling at that time. Many other similarly positive §'*Ceay
anomalies in the Neoproterozoic Era (Halverson et al., 2005; Kaufman
et al., 2009; Halverson et al., 2010; Cui et al., 2018) and beyond should
also be carefully evaluated before being used for chemostratigraphic
correlations.

19

6. Conclusions

In order to constrain the origins of the middle Bambui 813C . €X-
cursion (MIBE) in Brazil, we conducted a detailed sedimentological and
chemostratigraphic investigation for the plateau (i.e., Lagoa do Jacaré
Formation at the KM7-14 section) and the recovery part (i.e., lower
Serra da Saudade Formation at the KM7-12 section) of the MIBE. The
carbonate-dominated KM7-14 section shows 8°C..p values up to
+13.9%0, while the siliciclastic-dominated KM7-12 section shows
lower 8'3Ce . values (mean +7.5%o). It is notable that these two dif-
ferent sections show distinct 8'3Ceapp, 813C0rg, 8'80.arb, and 834Spyme
signals (Fig. 11; Fig. S4). The plateau of the MIBE is characterized by
higher 83Carbs higher 813C0rg, and higher 834Spyrite signals in this study
(Fig. 11L, 11N, 11P).

Based on integrated results, we propose that neither the conven-
tional carbon cycle model nor the porewater methanogenesis hypoth-
esis can sufficiently explain the MIBE. Instead, regional controlling
factors like water-column methanogenesis and carbonate recycling may
have played a role in the MIBE. The anomalously high §'3C,.;, signals
(up to +16%o) and anomalously low 875 /805 signals (down to 0.7073)
during the MIBE may be largely limited to the restricted Bambui Basin,
and therefore was decoupled from the Ediacaran-Cambrian open ocean
(Fig. 16).

In light of this study, we caution against the use of the MIBE in
chemostratigraphic correlations on a global scale, or any other attempt
to infer global carbon cycling at that time. The biogeochemical land-
scape of the late Ediacaran-Cambrian basins and ocean margins may be
more heterogeneous than previously thought.
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