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Abstract

The Cryogenian Period included at least two long-lived global Snowball glaciations, the Sturtian and Marinoan,
which were separated by a non-Snowball interval that lacks evidence for persistent ice cover. Non-Snowball
Cryogenian sediments record the earliest possible rise of chlorophyte algae, high magnitude perturbations to the
carbon cycle, and possible evidence for a substantial increase in atmospheric oxygen. The shallow marine Datangpo
Formation and the correlative, deep-marine Xiangmeng Formation document continuous, shale-dominated sequences
that were deposited in the Nanhua Basin on the Yangtze Craton (South China) during the non-Snowball interval.
Previous studies have extrapolated estimates of seawater molybdenum isotope (8°*Mo) compositions for the non-
Snowball using data from the lower Datangpo Fomation and the Arena Formation of east Greenland, which either
constitute only a small portion of the total thickness of non-Snowball deposits, or are difficult to assess based on the
likelihood of isotopic fractionation during non-quantitative Mo drawdown. To address these limitations, we report
bulk rock Fe speciation data in combination with published redox sensitive trace element (Mo and U) concentration
data from euxinic marine sedimentary rocks that were deposited throughout the non-Snowball interval. Local syn-

depositional and diagenetic effects during Mn-carbonate precipitation are considered during interpretations of regional
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redox datasets, and these insights provide a base framework for the robust interpretation of new Mo data from
euxinic sediments. The result is a better constrained and continuous record of global ocean palacoredox change
throughout the non-Snowball interval. The global Mo dataset shows an increase in §°*Mo from +0.67 + 0.06%o to
+1.12 £ 0.09%o, and a contemporaneous decrease in maximum Mo concentrations in euxinic sediments. Using these
data, we employ a single reservoir model to evaluate the evolving spatial extent of different oceanic redox states.
When assuming a post-Sturtian decrease in weathering input, the model results suggest that substantial anoxic seafloor
was maintained throughout the non-Snowball, while euxinic seafloor area decreased, mirroring trends in regional
redox proxy data. Our geochemical data and modelling further support the proposal that both temperature and redox
conditions in marine environments may have been more hospitable in the latter part of the non-Snowball interlude,

broadly contemporaneous with the earliest possible evidence for the emergence of animal life.

Keywords: Cryogenian; Mo isotopes; Nanhua Basin; palaeoredox; non-Snowball
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1. Introduction

The Cryogenian Period encapsulates at least two ‘Snowball Earth’ glaciations (Hoffman et al., 1998, 2017): the
Sturtian (ca. 717-661 Ma) and Marinoan (ca. <651-635Ma), when ice sheets extended to sea level at low latitudes for
millions of years (Wang et al, 2019; Zhou et al., 2020; Condon et al., 2005; Lan et al., 2014, Bao et al. 2018; Rooney
et al., 2020; Ma et al., 2023; Tasistro-Hart et al., 2025). The intervening mid-Cryogenian ‘non-Snowball’ interval (ca.
661 Ma to >640 Ma) is represented by globally widespread marine deposition, but intermittent glacial deposition may
have persisted in some successions (e.g., Oman, Allen et al., 2011), and so the term ‘non-glacial’ is avoided. The
Sturtian and Marinoan separate the generally single-celled and morphologically simple eukaryotes of the preceding
Proterozoic fossil record, from the morphologically complex multi-celled eukaryotes and metazoans of the succeeding
Ediacaran Period (e.g., Xiao and Tang, 2018), although multicellular red algae in particular had already evolved by
the earlier Proterozoic (e.g., Zhu et al., 2016). Cryogenian non-Snowball sedimentary rocks may also preserve
molecular biomarker evidence for a significant increase in the contribution of chlorophyte (green) algae to the biomass
produced through marine primary production, alongside the earliest putative biomarker evidence for sponge-grade
animals (Love et al., 2009; Brocks et al., 2017, but see Brocks et al., 2023). The possible proliferation of green algae
at this time has been linked to a combination of nutrient delivery to the oceans and gradual global cooling following
the inhospitable super-greenhouse conditions that immediately followed Sturtian deglaciation (Brocks et al., 2017;
Bowyer et al., 2023).

Reconstructing marine redox chemistry during the Cryogenian is crucial for understanding the potential
relationships between environmental conditions, the rise of green algae and the possible emergence of early animals.
To this end, numerous studies have explored marine paleoredox conditions by analyzing mid-Cryogenian marine
shale-dominated successions. These include the Datangpo Formation in South China (e.g., Li et al., 2012; Zhang et
al., 2015; Bowyer et al., 2023), the MacDonaldryggen Member of the Elbobreen Formation in Svalbard (Canfield et
al., 2008; Kunzmann et al., 2015), the Tapley Hill Formation and the Aralka Formation in Australia (Canfield et al.,
2008; Bowyer et al., 2023), the Twitya Formation in NW Canada (Sperling et al., 2015), and the Arena Formation in
East Greenland (Canfield et al., 2008; Scheller et al., 2018). The available data suggest that, while individual
depositional environments were characterized by continued water column redox stratification throughout the non-
Snowball interval, many regions experienced approximately isochronous shifts in the Sturtian aftermath, from euxinic
through ferruginous to possible oxic shallow marine conditions (e.g., compilation of Bowyer et al., 2023 and
references therein). In order to better understand how regional palaeoredox conditions from sedimentary rocks

deposited in shelf-to-slope environments relate to global-scale changes in the spatial extent of oxygenated bottom
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waters, it is necessary to investigate the isotopic composition of redox sensitive elements that have long mean oceanic
residence times, such as §°*Mo and 6**%U (e.g., Dahl et al., 2011; Lau et al., 2017).

Despite more than two decades of extensive research, the evolution of global marine redox conditions during the
non-Snowball interval remains a subject of ongoing debate. Lau et al. (2017) reported relatively high 8**U values
from limestones of the lower Taishir Group in Mongolia, and interpreted these data as evidence for a short-lived post-
Sturtian global oxygenation event. Similarly, Zhang et al. (2015) documented positive 6°°Fe values in basal black
shales of the Datangpo Formation, followed by a shift toward values typical of riverine inputs in the middle part of
the succession. This trend was also interpreted to reflect a transient oxygenation episode followed by a return to anoxic
conditions in the Nanhua Basin. By contrast, previous studies that analysed 6°®Mo of organic-rich black shales from
the lower Datangpo Formation deposited in open slope settings (e.g., Chen et al., 2015; Cheng et al., 2018) suggested
that widespread anoxia prevailed during the non-Snowball interval. However, these latter studies extrapolated
seawater 8**Mo for the entire non-Snowball interval using data from only the lower Datangpo Formation, where proxy
records may be at least partially confounded by extensive Mn-carbonate deposition and associated local Mo isotope
fractionation. The lower Datangpo Formation also constitutes only a small portion of the total thickness of the regional
non-Snowball succession. At present, the potentially-conflicting interpretations from these isotopic datasets preclude
a comprehensive understanding of global environmental change and possible evolutionary responses during this
critical interval.

Here, we investigate local and global paleoredox dynamics using an integrated analysis of §°®Mo, Fe speciation,
and redox sensitive trace element (RSE) concentration data. We target two drill cores (Daotuo and Xiangtan sections)
that constitute continuous sequences of black shale, Mn-carbonate, grey shale and grey siltstone spanning the entire
Cryogenian non-Snowball interval in South China. We then combine our best estimates of seawater §°*Mo and Mo
concentrations ([Mo]), incorporating existing 8°*Mo datasets from other Cryogenian non-Snowball sequences, to
calibrate a single reservoir model and to better constrain long-term trends in global ocean paleoredox conditions

throughout the mid-Cryogenian.

2. Geological setting and sampling strategy

The Cryogenian Yangtze Platform can be sub-divided into three broad depositional environments based on
distinct lithofacies groupings. From northwest to southeast, these include: (1) upper slope facies; (2) lower slope facies;
and (3) basin facies (Bao et al., 2018; Fig 1). As a fault-bounded rift basin, the Nanhua Basin was probably semi-

restricted, with some smaller scale bathymetric complexity resulting in occasional separation of local depositional
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environments from the open ocean by marginal sills (Wang and Li, 2003; Li et al., 2012). Regional reconstructions
reveal a series of NE-SW-trending horsts and grabens across the study area that are likely to have produced multiple,
internal sub-basins with varying degrees of water mass restriction (Du et al., 2015). Cheng et al. (2018) suggested that
the Datangpo Formation was deposited in a silled basin that gradually evolved into a semi-restricted basin, and salinity
reconstructions (Cheng et al., 2021; Wei et al., 2024) support repeated seawater influx into a semi-closed basin.
Ultimately, the extent to which waters from the basin mixed with the open ocean is not well constrained and was likely
temporally variable, but most paleogeographic and regional tectonic reconstructions, alongside reconstructed
variability in palaeosalinity data, suggest that the basin may have been at least intermittently connected to the open
ocean to the northeast and southwest (Wang and Li, 2003).

The Datangpo and Xiangmeng formations are continuous, time-equivalent, siliciclastic-dominated successions
that were deposited in the Nanhua Basin during the Cryogenian non-Snowball interval (Zhang et al., 2015; Bao et al.,
2018; Peng et al., 2019) (Fig. 1). These two formations are sandwiched between two prominent and spatially extensive
glacial diamictites; the older Tiesi’ao Formation (also named the Gucheng Formation in western Hunan Province) and
the younger Nantuo Formation (Zhang et al., 2008; Peng et al., 2019). The thickness of the Datangpo Formation varies
from <130 m in shelf areas to >500 m in lower slope settings (Wang and Li, 2003). Here, we present data from two
drill cores comprising the Daotuo (core ZK105, documenting the Datangpo Formation) and the Xiangtan (core
7ZK3603, documenting the Xiangmeng Formation) sections. The detailed lithostratigraphy of these sections has been
described by Zhang et al. (2015) and Peng et al. (2019).

The Daotuo section represents continuous open-slope deposition in the Nanhua Basin, and comprises (from
bottom to top): ca. 1 m of black shale, ca. 3.45 m of thin-bedded black Mn-carbonate, ca. 19.35 m of organic-rich
black shale with rare Mn-carbonate interbeds, ca. 38 m of black shale, ca. 139 m of grey shale, and ca. 9 m of grey
siltstone. In the Daotuo section, the Datangpo Formation is overlain without notable depositional hiatus by the
Marinoan-equivalent Nantuo glacial diamictite (Zhang et al., 2015; Peng et al., 2019). The studied part of the Daotuo
section can be sub-divided into 3 members that broadly shallow-up and exhibit distinct bulk lithofacies (Figs. 1 and
2). Member I is a 51.3 m-thick interval composed of black shales and organic-rich Mn-carbonate layers, Member II
is a 145 m-thick grey shale, and Member Il is a 52.5-m-thick grey siltstone.

The Xiangtan section records continuous deposition in a deeper marine setting and comprises 0.04 m of Mn-
carbonate overlain by ca. 87.5 m of organic-rich black shale. This transitions without notable depositional hiatus into
the Marinoan-age diamictite of the Nantuo Formation (Peng et al., 2019). The Tie’siao/Gucheng and Nantuo diamictite

deposits were deposited during the Sturtian and Marinoan Snowball Earth events, respectively (Condon et al., 2005;
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Zhu et al., 2007; Zhang et al., 2008; Wang et al., 2019). Thus, the Datangpo and Xiangmeng formations each span the
entire non-Snowball interval (Peng et al., 2019). Based on lithostratigraphy, grain size analysis and inferred rates of
sedimentation, the Datuo section is interpreted to have been deposited in a shallower shelf setting than the Xiangtan
section (Bao et al., 2018; Peng et al., 2019).

Zircon U-Pb ages from ash beds in the Datangpo Formation suggest that deposition commenced at ca. 661 Ma
(e.g., Rooney et al., 2020) and continued until later than 651.2 + 3.3 Ma (Ma et al., 2023). The available ages are
consistent with both short (ca. 11 Myr) and long (ca. 20 Myr) duration models for the non-Snowball interlude (e.g.,

Bowyer et al., 2023; Tasistro-Hart et al., 2025).
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Fig. 1. Simplified palacogeographic map of the study area (Peng et al., 2019). (A) Generalized Cryogenian
paleogeographic reconstruction of South China. (B) Simplified bathymetric reconstruction showing the relative

paleodepths of the studied sections.
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3. Analytical methods

3.1 Major and trace elements

The major and trace element data reported here are from bulk rock analyses of Zhang et al. (2015) for the Daotuo
section (Table S1), and Shi et al. (2016) for the Xiangtan section (Table S2). To assess and compare the authigenic
fractions of RSEs, enrichment factors (EFs) for siliciclastic samples were calculated as Xgr = [(X/Al)sampte/(X/Al)ucc]
(Tribovillard et al., 2006; Algeo and Tribovillard, 2009), while those for carbonate samples were calculate as Xgr* =
[(Xsample — (Alsampte * (X/Al)ucc)) + Xucel/Xuce (Krewer et al., 2024), where X and Al represent the concentrations of
RSEs and Al, respectively. Data are normalized to average upper continental crust (UCC) concentrations (McLennan,
2001). For comparison, Table S3 also presents enrichment factor data that were calculated using UCC compositions

after Rudnick and Gao (2003).

3.2. Iron speciation

Iron speciation analyses were performed in the Cohen Laboratories, University of Leeds, following the sequential
extraction methods of Poulton and Canfield (2005). Total Fe (Fer) was determined on ashed samples via digestion
with HF-HNO3-HClO4. Carbonate-associated iron (Fecarn), ferric (oxyhydr)oxides (Feox), and magnetite (Femag) were
sequentially leached with Na-acetate, Na-dithionite and ammonium oxalate, respectively (Poulton and Canfield, 2005).
Iron concentrations from the total digests and the sequential extractions were measured by atomic absorption
spectroscopy. Pyrite (Feyy) was determined separately by chromous chloride distillation (Canfield et al., 1986). The
combination of Feca, Feox, Femse and Fepy defines an Fe pool that is considered highly reactive (Feur) towards
abiological reduction under anoxic conditions. The Fe speciation reference material, WHIT (Alcott et al., 2020), was
run alongside the samples to ensure quantitative extractions. Our results are in close agreement with certified values,
with relative standard deviations of <5% for all stages. Data for the Daotuo section are listed in Table S1, while data

for the Xiangtan section are from Bowyer et al. (2023) and are reported in Table S2.

3.3. Mo isotopes

Mo isotopes (5°*Mo) were analyzed following the methods described by Li et al. (2016). Approximately 0.5-1.0
g of powdered sample (giving 0.2—0.5 pg of Mo) was accurately weighed into 50 ml quartz crucibles and ashed at
600°C for 6 h in a muffle furnace to decompose the organic materials. After cooling, the samples were transferred to

15 ml Savillex beakers, where a '%Mo-""Mo double spike solution was added to produce a **Mospixe/!**Mosample ratio
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of ca. 3. Samples were then digested using 8 ml of concentrated HCl on a hot plate at 130°C for approximately 1 day.
The sample solutions were then centrifuged for 5 min at 4000 rpm to separate the leachates from residual solids (Li et
al., 2022). The leachates were evaporated to dryness and then dissolved in 7 ml of 1 M HF/0.5 M HCI and centrifuged
for 5 min at 4000 rpm to remove residual solids. The chromatographic procedure used 2 ml of Bio-Rad AG® 1-X8
anion exchange resin in a 10-ml Poly-Prep® column. All Mo isotopic measurements were carried out in the Laboratory
of Isotopic Geology, Institute of Geology, Chinese Academy of Geological Sciences (Beijing), using a Nu Plasma HR
type MC-ICP-MS equipped with a Nu Instruments DSN-100 desolvating nebulizer (in dry mode; see Supplementary
Table S4 for details of the operating parameters). The Mo isotope data were normalized following Négler et al. (2014)
in per mil notation, where the §*®Mo composition of NIST SRM 3134 (Lot No. 891307) was set to 0.25%o, defined
as:

8% Mo (%o0) = ((**M0/*> MO )sampie/(** Mo/ Mo)nist 3134 - 1) x 1000 + 0.25

To assess accuracy, we measured the §°*Mo composition of the USGS reference material SGR-1b, with replicate
analyses giving a value of 0.69 + 0.08%. (relative to the certified value of 0.69 + 0.06%o; Gaspers et al., 2020), while
our CAGS-BS laboratory reference material yielded a value of 0.10 + 0.02%o (relative to the long-term laboratory

value of 0.15 £ 0.07%o).

4. Results

The Fe speciation and Mo isotope data obtained in this study, as well as accompanying geochemical data
published previously for the Daotuo and Xiangtan sections (Zhang et al., 2015; Shi et al., 2016; Bowyer et al. 2023),
are summarized in Figs. 2 and 3. The data reveal distinct stratigraphic patterns in Mo and U distributions through the
studied sections. In the Daotuo section, Member I shales are commonly (but not always) enriched in Mo (0.22-36.2
ng/g; mean = 7.4 pg/g, Fig. 2D), giving Mogr values of 0.13 to 24.1 (Fig. 2F). This contrasts with the relatively
uniform U concentrations (2.06—4.41 pg/g; mean = 2.83 ng/g, Fig. 2E) and moderate Ugr values (0.57-1.18) (Fig.
2G). Mn-carbonate samples in Member 1 tend to have low to intermediate Mo (0.08—7.69 ng/g; mean = 1.49 pg/g,
Fig. 2D) and low U concentrations (0.29-2.94 ng/g; mean = 1.38 pg/g, Fig. 2E). These result in Mogr* values that are
of generally lower magnitude than those of interbedded shales, in the range 0.72-5.50 (mean = 1.61, Fig. 2F). By
contrast, Ugr* values in the range 1.03—1.11 are similar to the surrounding black shale samples (Fig. 2G). Siliciclastic
samples throughout Members 2 and 3 show far lower Mo concentrations (0.17-0.94 pg/g, mean = 0.34 pg/g, Fig. 2D)
and U concentrations (2.06-2.81 ng/g, mean = 2.35 pg/g), resulting in enrichment factor values for Mo and U that are

ubiquitously less than 1. The Xiangtan shales generally have relatively low Mo (0.83-3.79 pg/g; Mogr= 0.68-3.21)
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and U contents (1.62—4.22 pg/g; Ugr=0.73-1.49), but samples with both Mo and U enrichment factors >1 are found
towards the top of the Xiangmeng Formation between ca. 490 m and 480 m depth (Fig. 3).

Iron speciation is widely used to investigate the local to regional redox state of ocean basins (Poulton and Canfield,
2005; 2011). Calibration of the iron speciation proxy in modern and ancient sediments demonstrates that Feur/Fer
<0.22 is commonly indicative of deposition under oxic conditions (Poulton and Canfield, 2011). By contrast,
Feur/Fer >0.38 commonly occurs due to accumulation of Fepr minerals under anoxic water column conditions
(Raiswell and Canfield, 1998). Where anoxic depositional conditions are inferred from Fenr/Fer >0.38, Fe,y/Fenr may
be used to differentiate ferruginous (<0.6) from possibly euxinic (>0.6) conditions (Poulton and Canfield, 2011;
Benkovitz et al., 2020; Poulton, 2021).

In the Daotuo section, Fer ranges from 0.73—7.88 wt% (mean = 5.18 wt%), and Fenr/Fer and Fe,y/Fenr ratios
show some stratigraphic variability (Figs. 2A and 2B). In Member I, Feur/Fer ratios range from 0.09-0.91 (mean =
0.55), but the majority of samples have ratios >0.38, with the exception of three samples in the upper part of Member
I (Fig. 2A). Fepy/Fenr ratios range from 0.11-0.78 (mean = 0.54), with most samples falling between 0.6-0.8 (Fig.
2B). Importantly, the observed decrease in Feur/Fer does not correlate with a notable transition in dominant lithology
from interbedded black shales and organic-rich Mn-carbonate layers to black shales through Member I, supporting a
primary water column signature rather than a trend that purely reflects changing lithology or depositional rate. Samples
from members II and III of the Daotuo section have Fenr/Fer ratios <0.38, in the range of 0.04-0.32 (mean = 0.19)
(Fig. 2A). In the Xiangtan section, Fer ranges from 2.23—4.09 wt% (mean = 2.93 wt%) and samples show persistent
enrichments in Fenr, demonstrated by Fenr/Fer >0.60 (range = 0.64-0.82, mean = 0.74), with Fe,,/Feur ratios that
are commonly elevated (range = 0.48—0.88, mean = 0.68; Figs. 3A and 3B).

The 8®Mo compositions of samples from the Daotuo section range from —2.23 to +1.31%o (-0.08 =+ 1.57%o).
Values for 8*Mo in Mn-carbonate samples range from +0.32 to +1.03%o (+0.56 = 0.49%o), whereas black and grey
shale samples range from —1.21 to +1.31%o (+0.24 £ 1.15%0) and —2.23 to —0.02%o (—0.99 £ 1.13%0), respectively.
Siltstone samples range from +0.08 to +0.22%o0 (+0.13 £ 0.13%o0) (Fig. 2I). However, up-core changes in §°*Mo
compositions through Member I do not correlate with notable changes in dominant lithology. The §°*Mo compositions
of black shales from the Xiangtan section range from —1.07 to +1.28%o (+0.66%0 + 0.90). In the Xiangtan section,
samples with Fepr/Fer >0.38 and Fepy/Fenr >0.60 can be divided into a lower interval (570-510.5 m) where §°*Mo
values remain relatively constant (in the range +0.75 to +0.81%o), and an upper interval (508.5-482 m) where 5°*Mo

has greater variability (in the range —0.65 to +1.28%o; Fig. 3H).
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Fig. 2. Geochemical data for the Daotuo section. (A) Feur/Fer, (B) Fepy/Fenr, (C) MnO, concentrations (wt%), (D) Mo concentrations (ug/g), (E) U concentrations (pg/g), (F)
Mok, (G) Ugr, (H) Mogr/Ugr ratios, and (I) §*®Mo (%o). Circles represent shale samples and diamonds represent carbonate samples. Vertical dashed lines in Fig. 2A correspond
to calibrated thresholds for anoxic (Fenr/Fer >0.38) and oxic (Feur/Fer <0.22) deposition (Poulton and Canfield, 2011). Vertical dashed lines in Fig. 2B correspond to calibrated
thresholds for possibly euxinic (Fepy/Fenr >0.6) and euxinic (Fepy/Fenr >0.8) deposition (Poulton, 2021). Figs. 2A1-11 show the full core data, and Figs. 2A2-12 show an
expanded view of the lower part of Member I (from the bottom of Datangpo Formation to 1222 m). In panel 12, data are distinguished based on lithology (Mn carbonate-rich
samples vs siliciclastic samples) and euxinic black shales are also distinguished from oxic/anoxic, non-sulfidic siliciclastic samples based on a combination of Fe speciation

(Feur/Fer >0.38, Fepy/Fenr >0.6) and RSE enrichment factors (>1). Enrichment factors were calculated using UCC compositions of McLennan (2001).
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Fig. 3. Geochemical data for the Xiangtan section. (A) Feur/Fer, (B) Fepy/Fenr, (C) Mo concentrations (pg/g), (D) U concentrations (ug/g), (E) Mokr, (F) Ugr, (G) Mogr/Ugr
ratios, (H) 8°*Mo (%o) for all samples, and (I) §°*Mo (%o) for euxinic shales only (note that error bars for isotopic analyses are within the size of the symbols). Vertical dashed
lines in Fig. 3A correspond to calibrated threshold ratios for anoxic (Feur/Fer >0.38) and oxic (Feur/Fer <0.22) deposition (Poulton and Canfield, 2011). Vertical dashed lines
in Fig. 3B correspond to calibrated threshold ratios for possibly euxinic (Fepy/Fenr >0.6) and euxinic (Fe,y/Fenr >0.8) deposition (Poulton, 2021). Data filtering in panel H
reflects lithology (Mn-carbonate vs. black shale) and paleoredox interpretations based on a combination of Fe speciation (Feur/Fer >0.38, Fe,y/Fenr >0.6) and RSE enrichment

factors (>1). Enrichment factors were calculated using UCC composition of McLennan (2001).
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5. Discussion

5.1. Controls on Mo isotopic composition during the Cryogenian

The residence time of Mo in the Cryogenian ocean (estimated to be ca. 100-200 kyr) was likely
shorter than it is today (ca. 440 kyr) because of the relatively small global oceanic Mo reservoir arising
from drawdown of Mo to sediments under widespread anoxic water column conditions, alongside a low
influx from relatively subdued oxidative weathering (e.g., Siebert et al., 2003; Asael et al., 2018; Scheller
etal., 2018). Nevertheless, the residence time of Mo likely still greatly exceeded the oceanic mixing time
(ca. 1.5 kyr) (Sarmiento and Gruber, 2006; Dahl et al., 2011; Miller et al., 2011). Indeed, mass balance
models suggest that the Neoproterozoic ocean was well-mixed with respect to Mo, and thus estimates
for the 6°*Mo composition of seawater based on euxinic sediments, if deposited in settings that were at
least temporarily unrestricted from the global ocean and unaffected by other local fractionation effects
(see below), should approximate the global seawater value (Dahl et al., 2011; Scheller et al., 2018).

The upper continental crust has an average §°*Mo composition of +0.3 to +0.4%o (Voegelin et al.,
2014). Adsorption of Mo onto Mn (oxyhydr)oxides (MnOy) results in significant isotopic fractionation
(A" MOMnOx-seawater = 0°MOMnOx - 8**MOseawater = -3%o0; Barling et al., 2004), while Mo adsorption onto Fe
(oxyhydr)oxides (Feox) results in variable fractionation factors depending on the precise Fe mineralogy
(A MoOre OX-seawater = 0°°*MOFe 0x - 0”*MOseawater = -0.83 to -2.19 %o; Goldberg et al., 2009). Non-
quantitative Mo drawdown under anoxic, non-euxinic to weakly euxinic conditions may also result in
significant isotopic fractionation (Poulson et al., 2006; Poulson Brucker et al., 2009). When dissolved
Mo is not quantitatively removed, the sediments exhibit lower §°*Mo values compared to global seawater,
while the overlying bottom waters become enriched in isotopically heavy Mo (Négler et al., 2011;
Noordmann et al., 2015). When bottom waters are intermittently euxinic or contain low [H2S]aq (<11
uM), a wide range of 6°*Mo compositions (—0.6 to +1.8%0) may be observed in the underlying sediments,
likely reflecting the slow and incomplete conversion of molybdate to thiomolybdate (Arnold et al., 2004;
Négler et al., 2005; Neubert et al., 2008; Dahl et al., 2010, Noordmann et al., 2015).

Overall, the isotopic composition of Mo in anoxic sediments deposited from mildly oxygenated to
anoxic (but non-euxinic) bottom waters depends on a number of factors, including the concentrations of
Fe and Mn (oxyhydr)oxides and their precise mineralogy, as well as the availability of dissolved HaS in
sediment pore waters (Poulson Brucker et al., 2009; Goldberg et al., 2009; 2012). Goldberg et al. (2012)

identify three fractionation groups: 1) Mn-rich sediments with low dissolved porewater H>S (5°*Mo = —
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1.0 to + 0.4%o); 2) Fe-rich sediments with low dissolved porewater H»S (§°*Mo = —0.5 to + 2.0%o); and
3) sediments with high dissolved porewater H»S concentrations (5*Mo = 1.6 £ 0.2%o). These variable
isotopic fractionations arise, at least in part, due to a fractionation of ca. 0.9%o. during Mo-sulfide
precipitation (Poulson Brucker et al., 2012). However, under strongly euxinic conditions (H>S
concentrations above 11 umol L), molybdate may be quantitatively transformed into thiomolybdate
(MoS4*) with negligible isotopic fractionation (Helz et al., 1996; Nigler et al., 2011). Mo isotope
systematics thus provide a powerful tool for tracing the spatial extent of different redox conditions on a
global scale, assuming that regional depositional paleoredox conditions are accurately distinguished

(Kendall et al., 2017).

5.2. Bottom water redox conditions in the Nanhua Basin

In the Daotuo section, black shales from lower Member I have Feur/Fer >0.38, with the majority of
samples yielding Fe,y/Feur >0.6 (Fig. 2B). By contrast, black shales from upper Member I, grey shales
from Member II, and grey siltstones from Member III all yield Fenr/Fer <0.38, with Fe,,/Fenr ratios that
fluctuate considerably, but with most values being <0.6 (note that the Fe,y/Feur proxy for identifying
water column euxinia is only valid for samples that show independent evidence for deposition under
anoxic conditions; Poulton and Canfield, 2011; Poulton, 2021). Elevated Fenr/Fer and Feyy/Fenr ratios,
alongside moderate to high Mo enrichments, in the lower part of Member I suggest short-lived intervals
of euxinia in the Daotuo section, in agreement with previous studies of the Datangpo Formation in other
sections (e.g., Li et al., 2012; Zhang et al., 2015; Cheng et al., 2018; Peng et al. 2019; Bowyer et al.,
2023). Of the twelve samples from the Daotuo section with Fe speciation data that suggest deposition
under euxinic conditions (Fepr/Fer >0.38 and Feyy/Fenr >0.60), only six yield Mogr >1 and none yield
both Mogr and Ugr >1 (Fig. 2I). The upper part of Member I, and Members II and III, were likely
deposited under oxic bottom water conditions, as evidenced by persistently low Feur/Fer ratios, along
with no indication of anoxic or suboxic conditions from enrichments in Mo or U (Fig. 2, Tribovillard et
al., 2012). As such, these intervals are unlikely to record the Mo isotopic composition of seawater.

Elevated Fepr/Fer ratios (>0.38) occur throughout the Xiangtan section (Fig. 3), while Feyy/Fenr
ratios fluctuate considerably (0.49-0.88). In total, 12 samples have Fe,,/Feur ratios >0.6, indicating
possible euxinic depositional conditions. However, the extent of Mo and U enrichment varies (Fig. 3),

with only three samples exhibiting Mogr >1 and only one sample with both Mogr and Ugr >1, which
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independently support euxinic water column conditions (Fig. 3H). This suggests that the majority of

elevated Feyy/Fenr values may instead result primarily from the development of sulfidic porewaters.

5.3 Formation of Mn-carbonate and its influence on Mo concentrations and isotopes in adjacent black
shales

The widespread Mn-carbonate unit in the basal Datangpo Formation is interpreted to have formed
through a two-stage process: (1) primary deposition of Mn oxides in an oxic water column, followed by
(2) diagenetic transformation to Mn-carbonate (Wang et al., 2025). During the second stage, reductive
dissolution of the Mn oxides, coupled with organic matter oxidation during early diagenesis, released
Mn?** and COs* that ultimately precipitated as Mn-carbonate (MnCOs). Laboratory adsorption
experiments have established that manganese (oxyhydr)oxides (MnOx) exhibit a strong affinity for Mo
(Barling et al., 2004). The deposition of Mn oxides (MnOy) would have preferentially sequestered lighter
Mo isotopes, resulting in isotopically heavy Mo-enriched residual seawater, with a characteristic
fractionation factor (A®®Moocean-Mnox = 3%o, Barling et al., 2004). Subsequent diagenetic reduction would
have released this fractionated Mo into porewaters, and there may have been multiple cycles of
adsorption and release. Therefore, unlike pristine, non-skeletal carbonates, manganese carbonates are
highly unlikely to record the Mo isotopic composition of Cryogenian seawater.

The patterns of Mo distribution provide additional evidence for this transformation process. In the
Daotuo section, Mn-carbonate layers have much lower Mo concentrations (commonly <1 pg/g)
compared to adjacent euxinic black shales (commonly >10 pg/g). The majority of shale samples from
the lower part of the Daotuo section also contain significantly greater Mo relative to samples from the
lower Xiangtan section (max. 3.79 pg/g). We propose that the observed geochemical patterns result from
diagenetic Mo remobilization during Mn-carbonate formation: (1) initially, reductive dissolution of Mn-
oxide precursors released adsorbed Mo into porewaters; (2) subsequently, the liberated Mo was captured
by organic matter and pyrite in the sulfidic porewaters of adjacent black shales (Scholz et al., 2018). This
process explains both the exceptionally low Mo concentrations (<1 pg/g) in Mn-carbonates and the
elevated Mo levels (>10 pg/g) in neighboring euxinic shales, and is also consistent with the
transformation of Mn-oxides to carbonates following the Sturtian deglaciation. By contrast, the low
average Mo concentrations in the Xiangtan section shales reflect the absence of such Mn-carbonate layers

and associated diagenetic Mo release.
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In the Daotuo section, most samples from the upper part of Member I, and Members II and 111, yield
Feur/Fer <0.38, and hence would not capture the §°*Mo composition of seawater, with 6°*Mo values that
are lower than or equal to that of the bulk silicate Earth. The §°*Mo compositions of samples from
Member I vary dramatically. Twelve samples have Fe,y/Feyr ratios >0.60 and yield 3°*Mo values in the
range -0.08 to 1.31%o. However, as noted above, not all of these samples are interpreted to have been
deposited under euxinic water column conditions, based on the absence of Mo or U enrichment. Six
anoxic samples filtered for Feyy/Fenr >0.60 and Mogr >1 yield 8**Mo in the range -0.08 to 0.80%o (Fig.
21). The heaviest value obtained from these potentially euxinic samples (0.80 £ 0.11%o) is considered to
represent the best approximation of the §°*Mo composition of early non-Snowball seawater (e.g., Neubert
et al. 2008; Dahl et al. 2010; Nagler et al. 2011).

The §°*Mo values in euxinic black shales adjacent to Mn-carbonate layers in the lower Datangpo
Formation (documented in the Minle, Xixibao, Changxingpo and Daotuo sections) likely reflect local
diagenetic processes rather than contemporaneous seawater composition. This is because: (1) Mn oxides
preferentially adsorb lighter Mo during deposition, (2) subsequent diagenetic reduction releases this
fractionated Mo into porewaters, and (3) re-precipitation in sulfidic environments further alters the Mo
isotopic signature of contemporaneous seawater. Consequently, while these values provide important
insight into local redox dynamics, they cannot be reliably used as proxies for global seawater 6°*Mo
during this interval. The observed signatures instead represent the integrated product of depositional and
post-depositional processes characteristic of Mn-rich sedimentary systems, and as such we do not use
these values to model the spatial extent of different redox conditions in the global ocean (see below).
This multiphase history necessitates careful recalibration of published Mo isotope data (e.g., Chen et al.,
2015; Pan et al., 2021; Tan et al., 2021) from the lower part of Member I in the Datangpo Formation.

The stratigraphic alternation between Mn-rich layers and organic-rich black shales in lower Member
I from the Daotuo section records dynamic redox fluctuations during Cryogenian deposition. Mn oxide
precipitation occurred in oxic water masses, while black shale deposition likely occurred under euxinic
conditions (Section 5.2). This rhythmic sedimentary sequence indicates that the chemocline between
oxic/anoxic and euxinic water masses was mobile, with the Daotuo section positioned near this
fluctuating redox boundary (Li et al., 2012). These observations demonstrate that while elevated Mn?*
concentrations in Cryogenian seawater were a prerequisite for Mn mineralization, the ultimate deposition

of Mn (oxyhydr)oxides was fundamentally controlled by redox conditions at the depositional site. Thus,
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the Mn-rich layers mark specific time intervals when oxygenated waters expanded sufficiently to allow

precipitation of Mn oxides before the return of euxinic conditions.

5.4 Changing [Mo] reservoir size in the Cryogenian non-Snowball ocean

As noted above, calculated enrichment factors for redox sensitive trace elements represent
enrichment (Xgr>1) or depletion (Xgr<l) relative to the average upper continental crust (UCC
compositions after McLennan, 2001). The fact that non-Snowball sedimentary rocks from the Nanhua
Basin yield enrichment factors <1 illustrates that the background supply of detrital U and Mo to the
Nanhua Basin was unusually low relative to the UCC (Fig. 4A). It is also clear that modern open marine
environments, which are used to define specific drawdown mechanisms for Mo and U enrichment, are
not appropriate for the definition of post-Sturtian depositional redox conditions. In particular, the
concentrations of Mo and U in the Nanhua Basin water column immediately following the Sturtian
deglaciation were likely lower than they are today, particularly due to the long-term (60 Myr) drawdown
of trace metals that occurred under predominately anoxic Snowball ocean conditions and the low rate of
resupply from relatively low oxidative weathering (Siebert et al., 2003; Asael et al., 2018; Scheller et al.,
2018; Bowyer et al., 2023).

Molybdenum enrichment factors are commonly elevated in samples where Fe speciation data
indicate anoxic deposition (Fig. 4B, see also Bowyer et al., 2023). This is consistent with the idea that
Mo drawdown was controlled by sulfide availability rather than by an Fe-Mn (oxyhydr)oxide particulate

shuttle (Fe-Mn shuttle).
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Fig. 4. Mogr vs. Ugr (A) and Mogr vs. Fepy/Fenr (B) for analyzed Cryogenian shales of ZK105 (Zhang
et al., 2015) and ZK3603 (Bowyer et al., 2023). Solid lines and dashed lines in (A) represent multiples

of the Mo/U molar ratio of modern seawater (x0.3, x1, and x3). Different redox and particulate shuttle
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fields are modified from Algeo and Tribovillard (2009). The “particulate shuttle” is linked to Fe-Mn
redox cycling within the water column. Note that Mogr scales with the degree of sulfidization of the Feur
pool (B), which suggests that the primary control on Mo drawdown was sulfide availability, rather than

an Fe-Mn shuttle.

Globally distributed Cryogenian non-Snowball strata yield uniformly low Mo concentrations (<50
ng/g), as documented in the Datangpo Formation (South China), the MacDonaldryggen Member of the
Elbobreen Formation (Svalbard), the Arena Formation (east Greenland), and the Twitya Formation
(northwest Canada) (Li et al., 2012, Ye et al., 2018; Ma et al., 2019; Kunzmann et al., 2015; Sperling et
al., 2015; Scheller et al., 2018; Pan et al., 2021; Tan et al., 2021). Several of the interpreted depositional
environments are thought to have been at least intermittently connected to the global ocean, especially
in the immediate post-Sturtian aftermath, supporting the notion that the Cryogenian non-Snowball
interval was characterized by a depleted oceanic Mo reservoir (Scheller et al., 2018; Pan et al., 2021).

To constrain seawater Mo concentrations during the Cryogenian, we collate the Mo concentrations
of globally distributed euxinic shales at this time (Bowyer et al., 2023; Zhang et al., 2015; Shi et al.,
2016) following established methodologies (Scott et al., 2008; Luo et al., 2021). We use a recent time-
calibrated compilation of published global data (Fig. SA, Bowyer et al., 2023) and screen each individual
dataset using the same criteria as our newly published data to distinguish the samples most likely to have
been deposited under euxinic conditions (Table S3). Given the issues outlined above regarding the
likelihood of Mo redistribution during Mn-carbonate formation, we avoid shale samples that are

interbedded  with, or in close proximity to, extensive Mn-carbonate  deposits.
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Fig. 5. Global compilation of data from the Cryogenian non-Snowball interval, including (A) 8"3Ccarb,
(B) [Mo] (screening criteria — likely euxinic: Feur/Fer >0.38, Feyy/Feur >0.60, Mogr >1; definitively
euxinic: Feur/Fer >0.38, Fepy/Feur >0.60, Mogr >1, Ugr >1), (C-E) 8°*Mo data from Scheller et al. (2018),
Pan et al. (2021) and this study. Authigenic 5*®Mo data in panels (D) and (E) were calculated using UCC
compositions of Rudnick and Gao (2003) and McLennan (2001), respectively. (F) temporally calibrated
biotic summary. (G) radioisotopic ages that constrain the maximum age of Sturtian deglaciation (Rooney
et al., 2020) and the minimum age of Marinoan onset (Prave et al., 2016; Tasistro-Hart et al., 2025).
Arrowed datapoints in (C-E) correspond to two §°®Mo samples that are used in the modelling, which can
be confidently interpreted as having been deposited under euxinic bottom water conditions. These define
an increase in seawater 8°*Mo from the earlier part of the non-Snowball interval to the later part of the
non-Snowball interval. Compilation and age calibration of carbon, molybdenum and fossil data after
Model D of Bowyer et al. (2023), assuming a short-duration Marinoan Snowball consistent with the

interpretations of Tasistro-Hart et al. (2025).
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Assuming near-quantitative Mo drawdown under sulfidic conditions (H2Saq >11 pmol/L), our
approach yields an early non-Snowball interval where maximum sediment Mo concentrations reached
23.36 pg/g in the Nanhua Basin (Fig. 5B, Cheng et al., 2018), which is greater than the Mo concentrations
of definitively euxinic sediments from Australia (max. = 14.39 ug/g, Bowyer et al., 2023) and likely
euxinic sediments of the Arena Formation of east Greenland (max. = 7.8 ug/g, Scheller et al., 2018). This
early stage of elevated [Mo] broadly coincides with a globally-recognized cuxinic episode in the
immediate Sturtian aftermath (e.g., Bowyer et al., 2023 and references therein). A decrease in the [Mo]
of euxinic sedimentary rocks following this interval is consistent with depletion of the seawater Mo
reservoir as a consequence of globally expanded anoxia (Scheller et al., 2018; Bowyer et al., 2023). It
may also reflect a gradual decrease in the weathering input of Mo following the early post-Sturtian super-
greenhouse weathering pulse (e.g., Brocks et al., 2017; Bowyer et al., 2023). Samples deposited under
euxinic conditions become extremely rare thereafter, and are only recovered in the Arena Formation of
Greenland and the Xiangmeng Formation of the Nanhua Basin (Fig. 5B). A possibly euxinic sample from
the Arena Formation yields [Mo] as high as 7.80 ug/g (Scheller et al., 2018), which may attest to an
intermediate sized Mo reservoir in the latter half of the non-Snowball interval, but [Mo] is as low as 3.79
ug/g in a definitively euxinic sample from the upper Xiangmeng Formation at Xiangtan section (Fig. 5B).
Together, these data support a long-term decrease in the size of the seawater Mo reservoir throughout the

non-Snowball interval.

5.5. Constraining global marine redox evolution of the mid-Cryogenian non-Snowball ocean

The maximum §%®Mo value from euxinic, organic-rich mudrocks for any time interval provides the
most conservative estimate of the seawater 5°*Mo composition (Kendall et al., 2017), assuming that Mo
isotope fractionation during Mo—sulfide precipitation is ca. 0.9%o relative to contemporaneous seawater
(Poulson Brucker et al., 2012). In addition to the Nanhua Basin, §*®Mo data from the Arena Formation
(ranging from -0.86 to 1.47%0) have also been interpreted to represent widespread marine anoxia
(Scheller et al., 2018). However, some data from the Arena Formation, especially those near the top of
the studied section, are difficult to interpret due to complications in extrapolating global seawater §°*Mo
using values that may have fractionated during non-quantitative Mo drawdown under non-euxinic water
column conditions (Scheller et al., 2018). Potential problems related to depositional duration and non-

quantitative Mo drawdown may be resolvable when considering the data presented here from euxinic
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samples of the continuous Xiangtan section, relative to the Arena Formation record (Fig. 5).

As noted above, three samples from the upper part of the Xiangtan section that yield Fenr/Fer >0.38,
Fepy/Fenr >0.6 and Mogr >1 are the most likely to capture euxinic depositional conditions at Xiangtan
(Fig. 3). The stratigraphically highest of these samples also yields Ugr >1 and a 8°®Mo value of +1.12 +
0.09%o, which we consider to represent the most conservative estimate of seawater §°Mo.

After careful consideration of regional depositional redox conditions, alongside previously
published data, samples that robustly capture seawater 5°*Mo show a long-term shift in bulk §**Mo from
+0.67 + 0.06%o in the earlier part of the Cryogenian non-Snowball interval (data from the Xixibao core
of the Nanhua Basin, reported by Pan et al., 2021) to +1.12 £ 0.09%o toward the end of the interval (data
from Xiangtan core, reported herein, Fig 5C). We note, however, that these data are temporally patchy
and do not preclude the possibility for intervening intervals of global redox variability that remain
obscured by a paucity of samples that were deposited under definitively euxinic conditions.

Pan et al. (2021) also emphasized the need to correct for the influence of the detrital Mo fraction on
3%Mo data, especially since many bulk §°*Mo values are only slightly higher than the UCC value of
+0.3%0 (Voegelin et al., 2014). As such, we follow the criteria of Pan et al. (2021) by discounting data
with Mogr <2 from further discussion, based on recognition that these samples still contain a large
proportion of detrital Mo. Authigenic §°*Mo values were then calculated after Tribovillard et al. (2006)
and Kendall et al. (2015), as follows:

3 MOauth = 8 Mopuik — (AL/MO)puik * {(87*Moget - 37 Mobuik)/[(Al/MO)get — (A1/MO)buik] }
where “auth” = authigenic, “bulk” = bulk or total sample, and “det” = detrital. The composition of detrital
fractions were assumed to approximate UCC compositions, and 3°*Moaun values were calculated using
UCC compositions from both McLennan (2001) and Rudnick and Gao (2003), for comparison (Fig. 5D,
E). The most elevated §*®Moaun values arose when using the UCC compositions of McLennan (2001)
(Fig. SE, Table S3).

To constrain the global redox state of the ocean during deposition of Cryogenian non-Snowball
sediments, we use a single reservoir Mo cycling model with a fixed riverine input composition and three
sinks for oxic, reducing non-euxinic (i.e., ferruginous) and euxinic conditions, based on the model of
Luo et al. (2021). The initial model conditions, flux, and reservoir calculations are the same as those in
Luo et al. (2021) (Table S5). The model was run multiple times for randomly chosen areas of oxic,

euxinic and ferruginous seafloor, and outputs were retained when they satisfy shifts in the oceanic Mo
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concentration from 23.4 ug/g (early non-Snowball) to 3.8 ug/g (late non-Snowball), and seawater °*Mo
values based on measured §**Mopuk compositions of +0.67 to +0.91%o (maximum bulk and authigenic
values for the early non-Snowball) and +1.12 to +1.49%o (maximum bulk and authigenic values for the
late non-Snowball). We also impose a 10x reduction in weathering input from the early to late non-
Snowball, which replicates the expected order of magnitude decrease in weathering driven by the shift
from a post-Sturtian super-greenhouse climate with abundant deglacial input to a milder climate lacking
additional input. The results of 200,000 model runs are plotted in Fig. 6, with overlaps in the red shaded
areas defining where both the Mo concentrations and Mo isotopic values are satisfied.

Our quantitative modeling allows us to estimate the most probable seafloor redox architecture
during the Cryogenian non-Snowball interval. Both solutions indicate the presence of a large area of
anoxic seafloor (potentially around 20%) throughout the mid-Cryogenian interval. The model results also
support the possibility of a higher euxinic seafloor area in the early non-Snowball, which is observable
in the regional redox record and is required to drive the smaller fractionation in Mo in the model
through a greater proportion of non-fractionating Mo sinks. The reduced Mo concentration in the later
period requires larger sinks overall in the model, but these roughly balance the assumed reduction in the
input flux from weathering.

The predicted reduction in euxinic areas from the early to late non-Snowball interval, in addition to
evidence for a brief global-scale oxygenation event during the Sturtian deglaciation (which is also
permissible in the model in panel A), may have a causal relationship with biotic evolution. A temporal
calibration of biotic information for the non-Snowball interval is presented alongside our updated Mo
record in Fig. 5F (chemostratigraphic age model after Bowyer et al., 2023). This shows that the maximum
possible age of biomarker data that track both the rise to dominance of green algal primary production
and the earliest putative evidence for animal life post-dates the decrease in the areal extent of euxinic

conditions.
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Fig. 6. Model output results of the isotope mass balance satisfying (A) early non-Snowball [Mo] = 23.4
pg/g and 8®Mopuk = +0.67 £ 0.06%o and (B) late non-Snowball [Mo] = 3.8 ug/g and §**Mo = +1.12 +
0.09%o. For each panel, the two red zones show the models that satisfy either the isotope value or
concentration constraints, and the intersection shown with a black outline indicates the regions that

satisfy both constraints.

6. Conclusions

1. Basin-wide deposition of Mn-rich carbonates immediately following the Sturtian deglaciation
was associated with significant §° Mo fractionation, which obscures primary seawater §°*Mo
compositions in the basal Datangpo Formation. This multiphase history necessitates careful
reconsideration of the utility of Mo isotope data from lower Member I of the Datangpo Formation to
inform seawater composition.

2. The lower part of Member I of the Daotuo section (Datangpo Formation) records deposition under
oscillatory redox conditions. Mn oxide precipitation occurred under oxic water column conditions, while
black shale deposition likely occurred under dominantly euxinic conditions. This indicates that the
chemocline separating oxic/anoxic and euxinic water masses was mobile, and the Daotuo section was
positioned near this fluctuating redox boundary.

3. Based on careful consideration of global multi-proxy data, this study establishes a shift from a
larger early non-Snowball seawater Mo reservoir that resulted in maximum values of 23.4 pug/g Mo in
euxinic sediments, followed by a decrease in the size of the seawater Mo reservoir that resulted in late
non-Snowball euxinic sediments with Mo concentrations of 3.8 ug/g. This shift may result from global

changes in both weathering input and oceanic redox during the mid-Cryogenian.
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4. The Xiangtan section serves as a valuable, possibly unique, archive to reconstruct seawater §°*Mo
throughout the Cryogenian non-Snowball interval, as it represents one of the only sections known that
records continuous deposition within the anoxic deeper part of the water column. Available data from
samples that were deposited under definitively euxinic depositional conditions in Xixibao and Xiangtan
sections constrain a shift in bulk 8°*Mo from +0.67 + 0.06%o in the early non-Snowball interval to +1.12
+ 0.09%o in the late non-Snowball interval.

5. Our single reservoir Mo cycling model suggests that the global seafloor was characterized by
substantial anoxia throughout the non-Snowball interlude. It also suggests that euxinic conditions were
more globally widespread in the aftermath of Sturtian Snowball deglaciation, and may have declined in
advance of the Marinoan Snowball, broadly coincident with the maximum age of biomarker evidence
for the emergence of animals and the rise of green algae. However, this record remains sparse due to the
paucity of definitively euxinic deposits, and the possibility therefore remains for higher-order global

redox variability throughout the non-Snowball interval.
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