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GEOCHEMISTRY

Deglacial volcanism and reoxygenation in the aftermath
of the Sturtian Snowball Earth

Menghan Li'#, Yilun Xu’, Lilin Sun’, Jiubin Chen?, Ke Zhang? Dandan Li', James Farquhar?,
Xiaolin Zhang', Ruoyu Sun?, Francis A. Macdonald®, Stephen E. Grasby®, Yong Fu®, Yanan Shen’

The Cryogenian Sturtian and Marinoan Snowball Earth glaciations bracket a nonglacial interval during which
Demosponge and green-algal biomarkers first appear. To understand the relationships between environmental
perturbations and early animal evolution, we measured sulfur and mercury isotopes from the Datangpo Forma-
tion from South China. Hg enrichment with positive A"*’Hg excursion suggests enhanced volcanism, potentially
due to depressurization of terrestrial magma chambers during deglaciation. A thick stratigraphic interval of neg-
ative A**S, indicates that the nonglacial interlude was characterized by low but rising sulfate levels. Model
results reveal a mechanism to produce the A**S anomalies down to —0.284%. through Rayleigh distillation.
We propose that extreme temperatures and anoxia contributed to the apparent delay in green algal production
in the aftermath of the Sturtian glaciation and the subsequent reoxygenation of the iron-rich and sulfate-de-
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pleted ocean paved the way for evolution of animals.

INTRODUCTION

The Cryogenian Period [~720 to 635 million years (Ma) ago] in-
cludes the Sturtian and Marinoan Snowball Earth glaciations (1),
which were separated by a nonglacial interval that preserves bio-
marker evidence for the rise to dominance of green algae and the
first appearance of Demospongiae (2, 3). Ice extended to the
equator for millions of years through the 717- to 661-Ma Sturtian
glaciation (4, 5) and the >639- to 635-Ma Marinoan glaciation (I).
During the ~56-Ma-long Sturtian glaciation, iron formations pro-
liferated, requiring anoxic Fe**-rich and sulfate-depleted deep
waters (6). A low S:Fe flux to the ocean may have been accomplished
by the diminished sulfate input from the continents during the
Snowball Earth glaciation and by a lowered S:Fe flux of hydrother-
mal vent fluids due to the decrease in hydrostatic pressure resulting
from glacioeustatic sea-level fall (7). Snowball Earth may have pro-
vided a bottleneck for some preglacial life-forms but melt ponds on
the surface of ice and zones of sublimation were potential nurseries
for the diversification of life (I).

Deglaciation of the Sturtian Snowball was achieved when atmo-
spheric CO, levels and the planetary albedo reached a critical
threshold of radiative forcing (I). Multicellular animals emerged
during or soon after the Sturtian glaciation and expanded to mea-
surable levels during the Cryogenian nonglacial interlude (2). It has
been proposed that the appearance of animals was a consequence of
a surge in phosphorous to the ocean in the aftermath of the Sturtian
Snowball Earth, which fueled the dominance of green algae over red
algae and provided an increasing energy flow to higher trophic
levels (3). However, sterane abundance data have revealed a strati-
graphic gap of ~200 m in Australia between the end of the Sturtian
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glaciation and the rise to dominance of green algae (3). Post-Stur-
tian temperatures may have been well above the growth optimum of
algae, but within the range of cyanobacterial picoplankton, and thus
algae may have only been able to radiate once temperatures fell and
nutrient regimes rebounded (3). Yet, in the aftermath of the Sturtian
glaciation, without an additional increase in CO, flux to the atmo-
sphere from enhanced volcanic outgassing, the silicate weathering
feedback should have brought temperatures back to a cooler,
steady state within 100 thousand years (ka) (8). Alternatively, the
high productivity of green algae may reflect elevated dissolved
iron availability because green algae have higher iron requirements
than red algae (2, 9). Uranium isotope and iron speciation data
through the Cryogenian nonglacial interlude strata document oxy-
genation in ferruginous oceans (10, 11). Iron-rich, low-sulfate con-
ditions in the ocean also imply minimal sulfide-rich surface waters,
which are toxic to eukaryotes (2).

The iron, oxygen, sulfur, and carbon cycles are linked through
the burial of organic carbon and pyrite. Thus, multiple sulfur iso-
topes hold promise for tracking major changes in oxygenation
through time. Published §°*S values of pyrite (8 4Spy) from the Cry-
ogenian nonglacial interlude show uniformly superheavy values,
but their origins are unknown (12-17). In addition, volcanism
emits Hg to the Earth's surface via direct magmatic degassing and
by intrusive contact metamorphism with organic-rich rocks (18).
Elevated Hg contents in sedimentary rocks can thus be used as a
proxy for massive volcanisms, which may have triggered global cli-
matic and environmental perturbations (18-24). To interrogate the
relationships between Snowball Earth, volcanism, oxygenation, and
life, we analyzed multiple geochemical proxies at a high-resolution,
including the mercury (Hg) content, Hg—mass-dependent fraction-
ation (MDF), Hg-mass-independent fractionation (MIF), and mul-
tiple S-isotopes of pyrites (table S1).

The Cryogenian Sturtian and Marinoan glacial deposits, and the
nonglacial interlude, are well preserved in South China (25).
Samples of deep-water deposits were collected from drill core
7ZK102 from Guizhou Province, South China (28°7'54.30"N; 108°
53/32.80") (Fig. 1). The Tiesi'ao Formation is correlated to the
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Fig. 1. Hg content, Hg/TOC, A'®°Hg, §2°?Hg and &S, A%3S from drill core ZK102. Age from (5); ppb, parts per billion.

Sturtian glaciation, which terminated globally at 661 Ma (Fig. 1) (5,
26). The overlying 95.15-m-thick Datangpo Formation consists of a
lower rhodochrosite deposit, organic-rich black shale, and inter-
bedded siltstone and shale (Fig. 1). The rhodochrosite deposit was
formed during the post-Snowball glacioeustatic transgressive se-
quence with the maximum flooding surface in the lower half of
the black shale unit. In basinal settings, the contact between the Da-
tangpo Formation and the overlying Nantuo Formation glacial de-
posits appears transitional (27). The Nantuo Formation is
correlative to the Marinoan glaciation, which terminated globally
between 636 and 635 Ma (28). The onset of the Marinoan is
loosely constrained to be between 652 and 639 Ma (29), and the du-
ration of the nonglacial Datangpo Formation is estimated at ~10
Ma (30).

RESULTS AND DISCUSSION

Hg content, Hg-MDF, Hg-MIF, and deglacial volcanism
Mercury is emitted to the atmosphere in its reduced gaseous form as
Hg’(g). The long residence time of Hg’(g) (~1 to 2 years) relative to
atmospheric mixing allows a global transport. Deposition of volca-
nically emitted Hg"(g) from the atmosphere to the Earth’s surface
typically occurs by photo-oxidation to oxidized forms (Hg**),
which is soluble and particle reactive with a short residence time
of hours to weeks. In the oceans, reactive Hg>" is commonly
bound to organic matter (OM) as Hg-OM complexes [e.g., (31)].
As such, any potential influences of Hg anomalies due to enhanced
organic burial can be minimized by normalizing Hg against total
organic carbon (TOC) (18, 19, 32). In addition, Hg isotopes
undergo both Hg-MDF and Hg-MIF (33, 34), which can distinguish

Li et al., Sci. Adv. 9, eadh9502 (2023) 6 September 2023

Hg sources and transformations during Hg biogeochemical cycles
(20, 35-37). Hg-MDF, reported as §°°*Hg, occurs in numerous bio-
geochemical processes (34). Hg-MIF includes odd-MIF, reported as
A199Hg or AZOng, and even-MIF, reported as AZOOHg or A204Hg.
Even-MIF presumably occurs during photochemical reactions in
the upper atmosphere (38), and odd-MIF is primarily associated
with aqueous photochemical transformations (39).

Hg content and isotope data from the Datangpo Formation
reveal clear stratigraphic variations, which enable it to be approxi-
mately divided into four intervals: I, II, III, and IV (Fig. 1, A to D;
the detailed description can be found in the Supplementary Mate-
rials: Temporal changes in Hg, Hg/TOC, and Hg isotopes of the Da-
tangpo Formation), described below.

Subaerial volcanism and submarine hydrothermal fields are the
primary Hg sources in oceans (18, 40). During the Sturtian Snow-
ball Earth, there was a reduced exchange between the ocean and at-
mosphere, and Hg in the glacial ocean would have been mostly from
hydrothermal discharge [§*°*Hg = —1.70 per mil (%o0) + 1.20%o;
A199Hg = 0.00%0 *+ 0.10%o0] (41). Therefore, the A199Hg values
(0.08%0 + 0.02%0) from interval I, which are slightly higher than
hydrothermal discharge but lower than the background of marine
sediments (~0.12 to 0.25%o inferred from interval IV), are consis-
tent with Hg isotopic values inherited from the Snowball deepwater.

The elevated Hg contents and Hg/TOC in the lower portion of
interval II, enriched by up to 2.5x relative to interval I, are compa-
rable to or slightly lower than the Hg enrichment during Phanero-
zoic mass extinction events that have been linked to large-scale
volcanism (18, 19, 35-37, 42—46). Therefore, the Hg enrichments
in interval II provide evidence for the enhanced loading of Hg
from volcanism (Fig. 1, A and B). This interpretation is
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corroborated by the positive excursion of A'*’Hg (Fig. 1C). Studies
on modern Hg cycling show that atmospheric Hg*" species and
marine waters/sediments that receive atmospheric Hg2+ deposition
have exclusively positive A'*’Hg, which is attributed to aqueous or
atmospheric photochemical processes (33, 47). Massive subaerial
volcanism is expected to eject copious amounts of ash into the at-
mosphere, which could function as an atmospheric carrier of par-
ticle-reactive Hg** (36). In addition, the hydrological cycle was
likely enhanced due to rapid global warming following the Snowball
Earth, promoting increased rainfall and river discharge, and con-
tributing atmospheric Hg”" to the oceans. Remarkably increased at-
mospheric Hg”" deposition could account for the positive excursion
of A" Hg in interval IT (Fig. 1C). Therefore, both Hg contents and
isotopes provide evidence for an increased atmospheric Hg flux
linked to major volcanism in the aftermath of the Sturtian Snowball
Earth. The approximate coincidence between the peak Hg content
and Hg/TOC, and the peak A'*’Hg values in the lower part of in-
terval II, may be indicative of a peak atmospheric Hg loading from
volcanism, and by inference, a peak in enhanced magmatism (Fig. 1,
A to C).

To quantitatively estimate the loading of volcanic Hg, we use a
simplified box model to simulate the excursions of Hg enrichment
and isotope signatures in interval II, with Hg inputs via volcanism
and Hg removal via oceanic Hg burial (Fig. 2). The algorithm of the
model is based on ordinary differential equations according to Hg
mass balance and Hg isotopic mass balance constraints (33), which
are applied to three coupled reservoirs: atmospheric Hg(g), atmo-
spheric Hg*", and oceanic Hg. The Hg mass and isotope transfers
between boxes (reservoirs) are controlled by first-order rate coeffi-
cients (k, year_l), which are derived from the reservoir masses and
fluxes of the well-known modern Hg cycle (48, 49). The initial

reservoir sizes are taken from Amos et al. (48), where atmospheric
Hg is speciated as Hgo(g) (80%) and Hg2+ (20%), to investigate the
effect resulting from the relative change of atmospheric Hg” and
Hg2+ deposition fluxes (Fig. 2). On the basis of a recent study
(50), the flux ratio of atmospheric Hg” and Hg*" deposition is pre-
scribed as 50% for each (Fig. 2). Before running the model, the
ocean reservoir is assumed to be in a steady state (i.e., input =
output) in both Hg fluxes and isotopic compositions. According
to a recent United Nations Environment Programme Hg assess-
ment report (51), the background subaerial volcanic Hg emission
flux and submarine hydrothermal flux are assumed to be 150 and
100 Mg year ™, respectively (Fig. 2). The hydrothermal discharges
are assumed to be —1.7%o in §°**Hg and 0.00%o in A'*’Hg, as es-
timated for the primordial mantle (41), and values for subaerial vol-
canism are assumed to be —0.76%o in §°**Hg and 0.00%o in A'*’Hg
(Fig. 2) (52). According to the mass ratio of atmospheric Hgo(g)/
Hg”" = 80/20%, and the background atmospheric Hg"(g) isotopic
composition (§°°*Hg = 0.4%0; A'*’Hg = —0.15%0) (50), the back-
ground atmospheric Hg”" is resolved as —5.4%o in 6°°°Hg and
0.6%o in A'"’Hg (Fig. 2). This resolved atmospheric A'*’Hg*" is
consistent with modern observations on background rainfall and
aerosols, but the resolved §°°’Hg>" is notably lower than the
modern rainfall/aerosol observations (50), implying complex oc-
currence of Hg-MDF in nature. We use river discharge in exchange
with our modeled ocean to balance the Hg fluxes and isotopic com-
positions of the modeled ocean (Fig. 2). Given the globally consis-
tent Hg"(g) and Hg*" isotopic composition observed in the modern
atmosphere (50), we modify our system to be a simple mixing model
for marine Hg isotopic compositions, which greatly reduces the
model complexity and possibly uncertainties.

Subaerial volcanic
(150 Mg year™)
5°Hg = ~0.76%
A'”Hg = 0%o

(560 Mg)
5°Hg = 0.4%0

Atmospheric Hg’

A™*Hg = -0.15%o

Oxidation
(2700 Mg year) | Atmospheric Hg**
> (140 Mg)
< 5"Hg = —5.4%o
Reduction A™Hg = 0.6%,

(1800 Mg year™)

A

Ocean evasion
(530 Mg year™)

Hg° deposition
(280 Mg year™)

Hg* deposition
(280 Mg year™)

Riverine flux
(200 Mg year™)
522Hg = 1.7%o

A"*Hg = -0.29%0

Y

Ocean
(120,000 Mg)

Submarine hydrothermal
(100 Mg year™)

6202Hg =

A"*Hg = 0%o

A 4

Sediment burial
(330 Mg year™)

=1.7%o

Fig. 2. A simplified ocean-atmosphere Hg cycling box-model. This model is used to simulate the excursions of Hg enrichment and isotope signatures in interval Il. The
numbers in boxes represent Hg reservoir sizes (Mg), the numbers beside the arrows represent Hg fluxes (Mg year”), which are differentiated by processes identifiers
(volcanic Hg emission, hydrothermal Hg discharges, photochemical atmospheric Hg® oxidation, photochemical atmospheric Hg>* reduction, atmospheric Hg® deposi-
tion, atmospheric Hg** deposition, ocean Hg® evasion, riverine flux, and sediment Hg burial).
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Starting from the reservoir Hg budgets and Hg isotopic compo-
sitions at the steady state, volcanic emissions and associated geo-
chemical perturbations, including changes in atmospheric Hg’
and Hg”" deposition fluxes, provide constraints on the marine Hg
budgets and Hg isotopic changes during interval II (Fig. 3). Our
model is time dependent, and we use a nominal 50 ka for the dura-
tion of the positive A'*’Hg excursion and 50 ka for the negative
A"°Hg excursion in interval IT (Fig. 3). Our model results suggest
that a 3.5x increase in volcanic Hg emissions can account for a 2.5
increase in Hg enrichment over time, which is from Hg/TOC =170
ug kg™! weight % (wt %) in interval I, to peak Hg/TOC = 430 pg
kg™ wt % (Fig. 3, A and B). With the return of volcanic Hg emis-
sions to background conditions, Hg enrichment would decrease ac-
cordingly (Fig. 3, A and B). However, both §***Hg and A'*’Hg show
a limited variation (Fig. 3, C and D), which cannot explain the sub-
stantial changes in §°°*Hg and A'*’Hg in interval II (Fig. 1, C and
D). Therefore, we explore the change in atmospheric Hg" and Hg**
deposition rates to oceans resulting from volcanism, which could
potentially account for the temporal variations in §*°*Hg and
A"’Hg. We find that a change in rate coefficients associated with
atmospheric Hg>" deposition (Kgep_2) could change the A"’Hg
and §°°’Hg without driving the Hg enrichment. Our model
results suggest that an increase in kgep_» by 1.5%, coupled with an
increase in volcanic Hg emissions by 3.5x, could explain the positive
excursions of A'”’Hg and the Hg enrichment (Fig. 3, E, F, and H).
With a return of kg, » and volcanic Hg emissions to background
conditions, the A'"”’Hg and Hg enrichment would decrease accord-
ingly (Fig. 3, E, F, and H). However, to reproduce the strong negative
8"’ Hg seen in interval II, the model needs an increase of kg, 5 by
2x (Fig. 3G). In either case, our model suggests that an increase in
volcanic Hg emissions and atmospheric Hg** deposition rate (flux)
to the oceans is a key mechanism for explaining the Hg enrichment,
the positive excursion of A'’Hg, and the negative excursion of
8*°°Hg (Fig. 3).

In interval III, the decreasing Hg contents are accompanied by
fluctuating but high Hg/TOC (Fig. 1, A and B). The relatively high
Hg/TOC could be a signal of volcanic Hg influx; however, the TOC
content decreases sharply from uppermost intervals II to III, and
the low TOC could yield a biased Hg/TOC (18). Given similar
A"’Hg and §°”*Hg values between interval III and the end phase
of interval II, we suggest that this interval may record a diminishing
volcanic Hg loading (Fig. 1, C and D). The low Hg and Hg/TOC in
interval IV indicate little volcanic Hg influx, and the §°°*Hg (—1.43
to —2.23%o) and A199Hg (0.12 to 0.25%o) in the same interval are
consistent with the background Hg isotopic record of modern and
ancient marine sediments (Fig. 1, A to D) (34).

Enhanced terrestrial magmatism associated with the unloading
of ice sheets and decompression melting is expected in the after-
math of Snowball Earth glaciations. This process has been
invoked to explain increased volcanic activity in the Quaternary
(53) and the volcanic activity in the Pacific Ocean known as the
“Ring of Fire” during the retreat of the Cordilleran Ice Sheet (54),
which could contribute to enhanced magmatism on deglacial and
glacio-isostatic time scales (i.e., 1 to 100 ka). Although the time
scale of deposition for the lower Datangpo Formation is poorly re-
solved, the position of the peak positive excursion in A'*’Hg and Hg
contents near the maximum flooding surface suggests that these
signals are associated in time with full global deglaciation, although
some sections also show evidence for substantial condensation (5).

Li et al., Sci. Adv. 9, eadh9502 (2023) 6 September 2023

As South China was positioned at mid-latitudes in the Cryogenian
(55), enhanced volcanism associated with deglaciation could have
continued at higher latitudes after the local disappearance of ice.
In contrast, the negative excursion of A'’Hg in upper interval II,
and decreased Hg and Hg/TOC, suggest the reduced loading of vol-
canic-sourced Hg and the decreasing deposition of atmospheric
Hg”* to oceans.

Although deglaciation would cause additional loading on mid-
ocean ridge magmatism, CO, outgassing for mid-ocean ridges
versus arcs and plumes is uncertain, and many studies suggest
that arc volcanism is the largest flux (56). The high background
CO; needed to initiate deglaciation will be consumed by silicate
weathering in <100 ka (8), such that the duration of warm temper-
atures will be a function of the CO, flux. The Hg isotopes document
a persistent high volcanic flux, and by inference, a high CO, flux,
through deglaciation to the maximum flooding surface. Although
this increased terrestrial volcanic outgassing associated with degla-
ciation could have contributed to this flux, the duration of enhanced
volcanism associated with post—Last Glacial Maximum (LGM) was
only ~10 ka (53). The duration of post-LGM deglaciation was also
~10 ka, and it is unlikely that Cryogenian snowball deglaciations
were much longer because the ice-albedo feedback was stronger
due to deglaciation of the tropical ocean. Thus, the time scale for
enhanced volcanism associated with depressurization was likely
<100 ka and does not fully explain the delay in dominance of
green algae to red algae in the sterane records of Australia, more
than 200 m above Sturtian glacial deposits (3).

Sulfur isotopic anomalies, seawater chemistry changes, and
reoxygenation

Like mercury, sulfur can undergo both MDF (S-MDF) and MIF (S-
MIF) (57-60). S-MIF occurs during gaseous-phase photochemical
reactions and often produces A*S > +0.2%o0 or < —0.2%o0 (57).
Thermochemical sulfate reduction (TSR) is the only nonatmo-
spheric process that produces large S-MIF from a magnetic
isotope effect, yielding a positive A**S but without a corresponding
A’°S anomaly (61). S-MDF during microbial sulfur cycling usually
produces small but measurable A**S variations (usually —0.1 to
+0.1%0) (62). The combination of §**S and minor but measurable
A’®S provides insights into the evolution of the sulfur cycle and
changes in atmospheric and ocean chemistry during Earth's
history (63-71).

The high-resolution S-isotopic data from the rhodochrosite
deposit show superheavy &S, ranging from +45.84 to
+66.32%0, with A*’S,, from —0.015 to —0.108%o (Fig. 1, E and
F). Likewise, the overlying black shale of interval II also shows su-
perheavy §°*S,,, from +35.36 to +68.90%o, with A**S,,, from —0.056
to —0.159%o. In contrast, the §>*S,, values in intervals IIT and IV are
relatively light, ranging from —1.07 to +43.73%o, with A*S,,, from
—0.284 to 0.000%eo, except for the uppermost three samples, which
have §%S,,, from +48.08 to +57.64%o, with A*S, from —0.234 to
—0.021%o (Fig. 1, E and F).

One of the most notable findings from intervals IIT and IV is the
S-isotopic signal with A33Spy ranging from —0.284 to —0.221%o,
which is beyond the range of typical isotopic fractionations resulting
from biogeochemical sulfur cycles (62—-64) (Fig. 1F). Photolysis of
sulfur gases and TSR are the only two known mechanisms that
produce S-MIF (57, 58, 61). However, the volcanism evidenced by
the Hg content and isotopes in the aftermath of the Sturtian
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Snowball glaciation occurred before the A**S,, anomalies (Fig. 1).
Therefore, a stratospheric volcanism model cannot explain the
A33SPy anomalies. TSR is experimentally demonstrated to produce
S-MIF (61). However, A**S anomalies resulting from TSR lack cor-
responding A*°S anomalies. In contrast, the A*°S, and A™S,,, are
linearly correlated in intervals IIT and IV (Fig. 4), and therefore, TSR
cannot explain the A33Spy anomalies from the Datangpo Formation.
Present-day Dziani Dzaha Lake, with sulfate concentration, <3 mM,
may be a close modern analog, which produces superheavy §**Sy,5
(72). However, the superheavy 8**Sy;,¢ from Dziani Dzaha Lake
have positive A*®S (72), and therefore, the Dziani Dzaha Lake
model cannot directly be applied to explain the 634Spy and A338py
from the Datangpo Formation.

Although superheavy 834SPY in the rhodochrosite deposit was re-
ported more than 30 years ago (15), our study reveals systematic
“light” 8°*S values down to —1.07%o overlying the superheavy
8'S strata (Fig. 1E). The superheavy &’ 4Spy from the nonglacial in-
terlude has been interpreted to result from microbial sulfate reduc-
tion (MSR) under low-sulfate conditions, TSR, or sulfide
methylation (12-15, 73). However, previous models are based on
534Spy data only and do not address the A33SPy and overlying
light 8°*S,,.

To understand the environmental significance of the S-isotopic
data from the Datangpo Formation, we present modeling work for
MSR and a Rayleigh distillation process that are based on the MSR
model of Brunner and Bernasconi (74), Farquhar et al. (75), and
Zhang et al. (76), and the Rayleigh model of Scott et al. (77). Our
updated sulfur cycle models represent all possible isotopic fraction-
ation pathways and provide a framework for interpreting the S-iso-
topic data from the Datangpo Formation.

The total sulfur isotope fractionation (**oe; and *>aty,e() during
MSR is generally modeled as a superposition of the reversibility of
individual enzymatically catalyzed steps, with any corresponding
isotope fractionation occurring at each step (74-76). Instead of as-
signing a fixed value to each enzymatically catalyzed step in MSR, as
was previously done (74-76), the magnitude of fractionations at
each step in our updated MSR model is the function of equilibrium
fractionation, kinetic fractionation, and the reversibility of
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Fig. 4. Cross plot of A*3S and A3¢S for intervals Ill and IV in drill core ZK102.
The black line shows linear regression slope, and the dark gray and light gray areas
show 20 and 30 confidence intervals, respectively.
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individual enzymatically catalyzed steps (67). Accordingly, the
8**S and A®S of the product sulfide can be calculated using our
MSR model for a given isotopic composition of the starting
sulfate (the detailed calculation can be found in the Supplementary
Materials: MSR model; fig. S1).

In the previous Rayleigh model, a linear correlation between
*Anet and **a,e [expressed as 1000 x In(**ape)] is assumed on
the basis of the isotopic data from the open-system MSR experi-
ments, and accordingly the **a,., values are calculated using
3\ et and **a,,.; (77). However, culture experiments and theoretical
work have shown that the specific value of 3 et during MSR could
correspond to a series of 33\ values rather than to a single value
(78). In our Rayleigh model, the fractionation factor describing
isotope partitioning between the product sulfide and reactant
sulfate in the Rayleigh fractionation equations from Scott et al.
(77) are substituted by 3 0er and *2a,,.; values, which are calculated
using our revised MSR model. In this way, the assumption by the
previous Rayleigh model that >’ varies linearly with 1000 x
In(**a,e) can be avoided. Therefore, for a given f (f = unconsumed
sulfate/starting sulfate and varies from 1 to 0), the §°*S and A*S of
both sulfate and sulfide produced during distillation processes can
be modeled (the detailed calculation can be found in the Supple-
mentary Materials: A Rayleigh distillation model).

During the ~57-Ma-long Sturtian Snowball glaciation, when
oceans had few sulfur inputs from the continents, the seawater
sulfate in the glacial ocean would be largely drawn down to extreme-
ly low levels by distillation processes. Thus, the evolution of A>*S for
seawater sulfate can be modeled using our Rayleigh model. For
example, starting with seawater sulfate with §°*S = +30%o0 and
A?*S = 0%o, our model results suggest that the A**S of residual
sulfate = —0.20%o0, when more than ~90% of sulfate is reduced
(i.e.,, f £ 0.1), which may be the approximate limit of S-MDF due
to the conservation of mass in the sulfur cycle (Fig. 5). Note that
the change in 8°*S of the starting seawater sulfate does not change
the trajectory of A*S for the residual sulfate. It is unlikely that pho-
tochemical reactions known to produce S-MIF could have a sub-
stantial impact on the A*®S of seawater sulfate in an ice-covered
ocean. Therefore, we suggest that the seawater sulfate in the after-
math of the Sturtian Snowball had a notable negative A>S
(~—0.20%0). This is consistent with the previous estimate of A®S
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Fig. 5. 8>S and A®3S evolution of sulfate during a Rayleigh distillation
process. Starting sulfate A**S = 0%o and §*S = +30%so.
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for the pre-Marinoan Neoproterozoic seawater sulfate, which varies
between —0.1%0 and —0.2%o (16).

The 8**S values of anhydrite between the Sturtian and Marinoan
Snowballs, a proxy for seawater sulfate, range from +25.8 to
+27.0%o, with an average of +26.3%o0 (12). The evolution of
sulfide produced by MSR and the Rayleigh distillation processes
is modeled using a starting seawater sulfate with §**S = +30%eo
and A**S = —0.2%o (Fig. 6). Evidently, a Rayleigh distillation
process alone adequately explains the superheavy 534SPY and nega-
tive A*S,, in intervals I and II under conditions of ~70 to 90% of
sulfate being reduced (i.e., f= 0.3 to 0.1) (Fig. 6), which suggests that
sulfate consumption outpaced sulfate inputs and that sulfate con-
centrations remained extremely low. However, under such low-
sulfate conditions, there is little isotopic evidence showing that
sulfate aerosols originating from the volcanism during interval II
have affected sulfur cycling in the post-Sturtian oceans. Volcanic
eruptions are known to have played a critical role in climate
changes and oceanic anoxia, and the largest climate impacts
occur when volcanic eruptions reach the stratosphere (79). The
sulfur ejected from stratospheric volcanic eruptions will be
exposed to ultraviolet radiation at or above the ozone layer, which
induces an S-MIF as observed in polar snow, ice cores, and rock
record (60, 80-82). In contrast, volcanogenic sulfur emitted from
tropospheric eruptions is rapidly oxidized to sulfate which is
washed out of the atmosphere in the order of weeks (79, 83). There-
fore, the large deposition of stratospheric sulfate aerosols into a
sulfate-poor ocean could elevate the sulfate levels and have affected
the A™S of seawater sulfate as well as biogenic pyrite. However, the
pyrites from intervals I and II have nearly identical A*’S and §°*S
compositions, showing little isotopic consequence of stratospheric
volcanism during interval II. Therefore, we suggest that the volca-
nism evidenced by the Hg content and isotopes during interval II
may represent tropospheric eruptions that may have contributed to
oceanic anoxia. Alternatively, deposition of the sulfate aerosols
from stratospheric volcanism was too little to affect sulfur cycling
in the post-Sturtian oceans.
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Fig. 6. Cross plot of §3%S and A>3S in drill core ZK102 and correlative strata of
the MacDonaldryggen Member in Svalbard and the Arena Formation in East
Greenland. S-isotopic data from the MacDonaldryggen Member and the Arena
Formation are from (76). The model field for sulfate reduction (black outlined
field) represents the field of all possible fractionations, and the Rayleigh-colored
field indicates §>*S and A**S evolution from f= 1 to 0.
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The 634Spy and A33SPY from interval IIT and part of interval IV are
also interpreted by the Rayleigh model (Fig. 6). Accordingly, the
A¥S,, anomalies ranging from —0.221 to —0.284%o may have re-
sulted from a Rayleigh distillation process during which sulfate
was almost completely reduced (i.e., f < 0.01) (Fig. 6), rather than
photolysis of sulfur gases or TSR. We suggest that the A’ 3Spy anom-
alies from the Datangpo Formation represent a pathway for produc-
ing A33Spy anomalies in an ice-free ocean that inherited the S-
isotopic signal of the Sturtian glacial seawater. The §*!S,, and
A¥S,,, from intervals IIT and IV in the Rayleigh field suggest ~40
to 90% of sulfate being reduced (i.e., f= 0.6 to 0.1), which are statisti-
cally lower than intervals I and II (Fig. 6). However, unlike intervals
Iand II, many of the §*'S,, and A*’S,, values in interval IV may be
explained by open-system MSR, suggesting nonlimiting sulfate con-
ditions (Fig. 6).

The temporal changes in §°*S,, from superheavy to relatively
light values suggest that sulfate concentrations increased from inter-
vals I and II to intervals IIT and IV. An increase in sulfate concen-
trations, and by inference, an increase of the oxygen content of the
ocean and atmosphere, is consistent with the post-Sturtian oxygen-
ation of the deep ocean (10, 11, 55). The return to the superheavy
8**S in the uppermost Datangpo Formation is consistent with a de-
crease in sulfate levels before the onset of the Marinoan Snowball
Earth glaciation, but with only three data points and unknown
time missing at the base of the Nantuo Formation, interpretation
of these outliers remains speculative. It was estimated that sulfate
concentrations were <1 mM before the onset of the Nantuo glacia-
tion based on the §>*S data from the top Datangpo Formation (84).
Using the same diagenetic model, our §°*S data suggest sulfate con-
centrations of ~2 to 4 mM during intervals III and IV, which are
substantially lower than the modern ocean value of ~28 mM.

Our interpretation of 634SPY from the Datangpo Formation is
strengthened by the S-isotopic data from correlative strata of the
MacDonaldryggen Member in Svalbard and the Arena Formation
in East Greenland, both of which were deposited in the aftermath of
the Sturtian Snowball glaciation (16). For both units, positive 8 4Spy
with negative A*’S; can be interpreted with the Rayleigh model
(Fig. 6). Like the Datangpo Formation, the 634Spy becomes lighter
from the lower to upper MacDonaldryggen Member, suggesting an
increase in sulfate levels. In addition, three samples in the upper
MacDonaldryggen Member with negative §°*S,, and positive
A33Spy, also resulting from nonlimiting sulfate conditions, reflect
a second-order variability and can be explained by an MSR model
with starting A*>S = —0.12%o for seawater sulfate (Fig. 6). In
summary, the similar negative A>’S, and positive §*!S,, values
from the Datangpo Formation in South China, the Arena Forma-
tion in East Greenland, and the MacDonaldryggen Member in Sval-
bard suggest that the Cryogenian nonglacial interlude was
characterized by low but increasing sulfate levels.

The rise of animals in the aftermath of the Sturtian
snowball earth

Our independent Hg and S proxies provide a window into the en-
vironmental consequences of the Sturtian Snowball Earth and their
potential link to early animal evolution (Fig. 7). It was proposed that
high temperatures in the aftermath of the Sturtian glaciation
delayed the dominance of green algae (3), but an additional CO,
flux to the atmosphere is required for high temperatures to
persist. The Hg content and isotopes provide evidence for enhanced
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Fig. 7. Schematic illustration of volcanic activity, temperature, ocean redox
state, sulfate levels, iron, and early metazoan evolution during the Cryoge-
nian Period. Ocean redox state from (77); Early metazoan evolution from (2, 3);
Atmos, atmosphere; Temp, temperature.

terrestrial volcanism in the aftermath of the Sturtian Snowball Earth
(Fig. 7). We propose that deglaciation depressurized terrestrial vol-
canic centers driving enhanced eruptions and outgassing, contrib-
uting to high temperatures, anoxia, and environmental stress, but
the time scale of this enhanced flux of <100 ka is too short to
explain the stratigraphic gap of green algae and animals for >200
m after the Sturtian glaciation (3).

The subsequent dominance of green algae and appearance of
animals have been attributed to either a surge of nutrients supplied
by the Sturtian deglaciation (3) or elevated dissolved iron and low-
sulfate conditions (2). Phosphorous delivery from the continents to
the oceans is tightly linked to silicate weathering. Consequently,
after the excess CO, from the syn-Snowball buildup and deglacial
volcanism was consumed, phosphorous delivery to the oceans
should also have declined, and thus it is not clear how this bloom
was sustained. Alternatively, our data are more consistent with the
importance of Fe-S-O cycles, and the importance of persistent
anoxia as a limiting factor for the rise of animals. After the return
to iron formation deposition through the Sturtian glaciation, the
oceans remained ferruginous through the Cryogenian nonglacial
interlude (10). The negative A33SPy for 15 + 5 Ma indicates that
during the nonglacial interlude the superheavy 634SPY and A33Spy
anomalies were imprinted on the S-isotopic composition of the
Sturtian glacial seawater. The identification of relatively light
(‘534Spy coupled with negative A>*S provides evidence for low
sulfate and progressive reoxygenation in the aftermath of the Stur-
tian Snowball Earth (Fig. 7). The rise of green algae under iron-rich,
low-sulfate conditions would have provided the required trophic
web for eukaryotes without toxic sulfide-rich shallow waters
(Fig. 7) (2). We propose that extreme high temperatures and
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anoxia contributed to the apparent delay in green algal productivity
in the aftermath the Sturtian glaciation, and that the subsequent ox-
ygenation in high-Fe and low-sulfate oceans paved the way for evo-
lution of early animals.

MATERIALS AND METHODS

Hg content analysis

Hg content and isotopes were analyzed at the Tianjin University,
China following published methods (43, 85). Powdered ~5-g
samples were step-heated in a dual-stage combustion system to lib-
erate Hg from the sediment matrix. This system consists primarily
of a combustion furnace programmed to raise the temperature from
ambient to 950°C and a decomposition furnace with a constant
temperature of 1000°C. The Hg species were converted to Hg"
and transported by Hg-free oxygen gas with a flow rate of 20 ml/
min and then quantitatively trapped as Hg** by bubbling through
a solution of 50% HNO;-HCI (v/v = 2:1) mixture. Following pre-
concentration, aqueous Hg®" was reduced to Hg’ by reaction with
SnCl,. The Hg product was purged from the solution by a Hg-free
nitrogen flow onto a gold trap, and then the Hg concentrations were
determined using a cold-vapor atomic fluorescence spectropho-
tometry analyzer. Reproducibility of duplicate analyses of samples
was within 5%, and a certified reference material (GBW07405) that
was analyzed simultaneously, showing Hg recovery of 99 + 6%, con-
sistent with that of Huang et al. (85).

Hg isotopic analyses
Hg isotopic compositions were measured using a Nu-Plasma multi-
collector inductively coupled plasma mass spectrometer (MC-ICP-
MS), following methods outlined by Huang et al. (85). The instru-
mental mass bias was corrected by an internal thallium (T1) stan-
dard (NIST SRM 997) and standard-sample bracketing technique
using a NIST SRM 3133 solution with concentration and matrix
matched to sample. The Hg and TI were introduced into the mass
spectrometer by a continuous flow cold-vapor generation system
and an Aridus II desolvation unit (CETAC Technologies, USA), re-
spectively. Before each sample and standard analysis, the instru-
mental baseline was determined by defocusing.

The MDF of Hg isotopes is reported in delta notation (§) as per
mill (%o) relative to the NIST SRM 3133 Hg standard:

6202Hg = [(ZOZHg/lgng)sampIe/(zozHg/lgng)NIST SRM 3133 — 1]
x 1000

The MIF of Hg isotopes is expressed using the capital delta no-
tation (A), which represents the deviation of the measured isotopic
composition from the theoretical composition predicted by the
MDF law:

A" Hg = §'"Hg — 0.252 x §°"Hg

The quality of the Hg isotopic data was assessed by repeated
measurements of a laboratory standard (UM-Almaden), which
yielded an average Hg isotopic composition and external reproduc-
ibility of —0.58%0 + 0.07%o0, —0.01%0 * 0.06%0, and —0.01%o0 +
0.08%o for 6°°°Hg, A'*’Hg, and A**'Hg, respectively (2SD, n =
5), consistent with results reported in previous studies (38, 39,
43, 85).
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Sulfur isotopic analyses

Multiple S-isotope measurements were performed at Biogeochem-
istry Laboratory, University of Science and Technology of China
and the Stable Isotope Laboratory of the University of Maryland,
following published procedures (66) (sample 1315.3 m was analyzed
at the University of Maryland and all other samples were analyzed at
the University of Science and Technology of China). Dried ~3-mg
Ag,S was weighed and wrapped in a ~1-cm? piece of aluminum foil
and then loaded in a nickel reaction vessel where Ag,S was convert-
ed to sulfur hexafluoride (SFy) via reaction with 10x excess F, gas at
~250°C overnight. The resulting SFs was isolated in a liquid-nitro-
gen-cooled trap from the residual F, that was passivated through a
column of hot potassium bromide (KBr). The SF¢ was subsequently
distilled at ~—110°C to remove condensable contaminants and then
further purified with a gas chromatograph equipped with a compos-
ite molecular sieve 5-A lead/Haysep-Q column, operating isother-
mally at 50°C, with a 20 ml/min helium flow rate. The SF¢ peak was
monitored with a thermal conductivity detector and frozen into two
liquid-nitrogen-cooled traps and then transferred to the manifold.
S-isotopic measurements of clean SF4 were conducted using a
Thermo Finnigan MAT 253 dual-inlet gas source mass spectrome-
ter where the ion beams at mass/charge ratio = 127, 128, 129, and
131 were detected simultaneously. S-isotope data are reported in per
mill (%o) relative to the Vienna Canyon Diablo Troilite (V-CDT)
standard using the conventional delta notation

88 = [(*S/%*S) sample/ (*S/**S)v_cpr — 1] x 1000

88 = [(**S/**S) sample/ **S/**S)v_cpr — 1] x 1000

0.515

APS = §7S — [(1+87*S/1000) " — 1] x 1000

The capital delta notation is defined with exponents of 0.515 and
1.90 to approximate the deviation from single step low-temperature
equilibrium exchange reactions (86, 87). All data are reported rela-
tive to V-CDT, with an accepted IAEA S-1 composition of §*°S =
—0.06%o, §°*S = —0.30%o, and §°°S = —1.26%eo. The analytical re-
producibility for §°*S, A**S, and A*S is better than +0.1%o, +
0.01%o0, and * 0.2%o, respectively, as determined by replicate anal-
yses of IAEA S-1.

TOC analysis

Approximately 1 g of whole rock powder was weighed and then
acidified with 6 M HCIl (43). Insoluble residues were rinsed with de-
ionized H,O, centrifuged, and decanted several times to completely
remove the HCI, and then oven-dried at ~50°C. TOC content was
measured by elemental analyzer. The analytical uncertainty of TOC
is within +4% of reported values, based on reproducibility and
repeats of standard run after every six sample analyses.
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