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Article history: Measurements of triple oxygen isotope ratios in barite horizons within post-Marinoan cap carbonates
Recef"ed 2 Dec‘?mber 2018 have provided some of the most compelling evidence that the Marinoan glaciation was a Snowball
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sources, and thus formation mechanisms of these horizons, we analyzed the Ba isotope composition
of post-Marinoan barite deposits from Northwest Canada, Northern Norway, Brazil and South China.
We augment these analyses with a Ba isotope survey of almost 100 modern and ancient additional

Keywords: barite measurements, including samples from pelagic (or ‘marine’), hydrothermal, terrestrial, Proterozoic
barium isotopes stratiform and cold seep environments. Unlike modern cold seep or terrestrial barites, we find that
Snowball Earth globally-distributed post-Marinoan barites exhibit a relatively narrow isotopic range, suggesting a well-
barite mixed, effectively limitless Ba source. Moreover, post-Marinoan deposits exhibit a similar mean Ba isotope
Cry‘?ge“ia“ composition to modern marine barites, which we interpret as evidence of a marine Ba source. Considered
barium cycle alongside existing geochemical, geological, and new Ba isotope survey data, we conclude that Ba in barite
Marinoan . . . .

horizons was sourced from a well-mixed, Ba-replete but SO4-poor reservoir that accumulated during

the Marinoan Snowball Earth interval. This deep Ba reservoir was then transported upward—either by

ocean circulation or dolomitization of underlying cap carbonates—and was brought into contact with

continental weathering-derived sulfate in a post-glacial meltwater surface layer. Thus, in addition to

providing a plausible mechanism for generating globally-synchronous deposition of post-Marinoan barite
horizons that reconciles all existing geochemical and geological data, our results demonstrate the utility

of Ba isotopes to interrogate the origin of enigmatic barite deposits throughout the sedimentary record.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction geochemical evidence in support of a Neoproterozoic Snowball
Earth (Bao et al., 2008). Central to the Snowball Earth hypothe-

Barite (BaSO4) cements deposited in the aftermath of the Mari- sis is the prediction of a large syn-glacial build-up of atmospheric

noan glaciation (ca. 635 Ma) bear some of the most important CO, (pCOy; >100 x preindustrial atmospheric levels) due to a
shutdown of chemical weathering but continued volcanic CO, de-

* Corresponding author. gassing on an ice-covered planet (Kirschvink, 1992). Such high con-
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effect of a high planetary albedo and trigger catastrophic termina-
tion of the Snowball climate state. Seafloor barite cements, which
are unique to Marinoan post-glacial sequences, preserve critical ev-
idence for this prediction of an extremely elevated pCO, climate
state through negative triple oxygen isotope anomalies (Bao et al.,
2008; Cao and Bao, 2013; Crockford et al., 2016, 2018a).

Negative triple oxygen isotope anomalies (A70 = In[§170 +
11— 0.53051n[8'80 + 1]) are mass-independent depletions of oxy-
gen isotopes within atmospheric O, or other oxy-anions such as
sulfate (SO37). The A'70 value of tropospheric oxygen is primar-
ily governed by atmospheric chemistry (predominantly pO, and
pCO, levels) and the biospheric flux of O, into the atmospheric
reservoir (Luz et al, 1999). In the ancient atmosphere, anoma-
lously negative A'70 values well below those of modern tropo-
spheric 0; (A'70 = —0.516%o; Pack et al., 2017), could have been
generated in two different ways that are not mutually exclusive.
First, extremely high concentrations of atmospheric CO, interact
with oxygen radicals during the photo-dissociation of stratospheric
ozone (O3) that bear a positive A170 signature. These reactions
allow for O, involved in ozone dissociation reactions to exit the
stratosphere with a large negative A!70 value that scales with
pCO, levels (Wen and Thiemens, 1993). A second mechanism to
generate large depletions in A'70 values of tropospheric 05 is to
reduce the rate of O, production via photosynthesis (Crockford et
al., 2018b, 2019). This factor arises because anomalous A'70 val-
ues generated in the stratosphere are diluted in the troposphere
by O, produced via photosynthesis, which sources oxygen from
seawater (A70 = 0%o). Therefore, reducing the photosynthetic O,
flux essentially cedes a greater proportional influence to strato-
spheric chemistry by increasing the O, residence time (modern
= 1400 yrs; Bender et al,, 1994), and, in turn, results in a neg-
ative A0 anomaly in the tropospheric reservoir (Cao and Bao,
2013). These processes then have the potential to be recorded
within local or possibly global SO4 reservoirs that capture a por-
tion of the atmospheric signal during pyrite oxidation provided
subsequent microbial sulfur cycling does not erase atmospheric
signatures through oxygen exchange with water (cf. Crockford et
al., 2016, 2018b, 2019). Such signals can then be preserved within
the sedimentary record if the SOi_ produced via O,-oxidation of
reduced sulfur reacts with a cation such as barium (Ba2*) and is
preserved as a SO4-bearing mineral such as barite within the sed-
imentary record (Bao et al., 2008).

Post-Marinoan barite horizons have now been documented in
seven regions globally, five of which preserve large negative A170
anomalies (i.e., below —0.5%0; Bao et al., 2008; Crockford et al.,
2016, 2018a). During the aftermath of the Marinoan Snowball
Earth, vigorous continental weathering likely led to high rates of
primary productivity due to a high continentally derived nutrient
flux to the oceans (Kunzmann et al., 2013). These observations,
coupled to the A70 anomalies, provide compelling evidence for
extremely elevated levels of CO, at the time of the Marinoan
deglaciation (Cao and Bao, 2013). Despite the crucial role of these
post-Marinoan barites in substantiating the Neoproterozoic Snow-
ball Earth hypothesis, the process by which these chemical sedi-
ments were deposited remains unresolved.

Two issues persist regarding the origin of post-Marinoan
barites: how are atmospheric signals imparted to marine SO4, and
how did the barites that preserve these signals form? While many
studies have focused on the former issue, with particular atten-
tion toward the origins and interpretations of oxygen (A170) and
sulfur (834S, A33S) isotope data within SO4 (Shields et al., 2007;
Bao et al., 2008; Peng et al., 2011; Killingsworth et al., 2013;
Crockford et al., 2016), the question of Ba source has remained
largely unaddressed. As a consequence, no holistic hypothesis has
been developed for why such horizons exclusively formed during
the aftermath of the second Cryogenian Snowball Earth glacia-

tion (the Marinoan; ~635 Ma; Hoffman et al., 2017 and references
therein) and not the aftermath of the older and longer-lived Stur-
tian glaciation (=659 Ma; Hoffman et al, 2017 and references
therein). Moreover, post-Marinoan barites are the only globally
isotopically correlative barite deposits known in the sedimentary
record, making their origins, global distribution and preservation
particularly enigmatic (Crockford et al., 2018a). Recent develop-
ments in Ba stable isotope mass spectrometry (e.g., Horner et
al., 2015, 2017; Hsieh and Henderson, 2017; Bridgestock et al.,
2018) have established an isotopic framework for deducing the
source of Ba in sedimentary barites. We explore the deposition of
the post-Marinoan horizons by reporting new Ba isotope data for
these barites and compare results to an extensive survey of mod-
ern barites from a variety of settings (terrestrial, hydrothermal,
cold seep and pelagic core-tops; Paytan et al., 1993, 1996; Paytan
and Griffith, 2007; Griffith et al.,, 2018) along with older Protero-
zoic stratiform barites that have been suggested as analogues for
modern cold seep environments (Torres et al., 2003). These new
Ba-isotope data are presented and interpreted alongside existing
sulfur (634S, A33S) and oxygen (8180, A170) isotopic data of coeval
S04 to discriminate between different models for barite formation.
We conclude that the source of Ba to post-Marinoan barite was
a deep homogeneous marine Ba pool in an ocean that remained
stratified for ~10* yrs following deglaciation (Liu et al, 2014;
Crockford et al., 2016; Yang et al., 2017). Using this model, we
explore why such conditions may not have existed for the older
and longer-lived Sturtian glaciation.

2. Barite formation models

Barite deposits in sedimentary environments represent the
nexus of Ba- and SOg4-bearing solutions. Typically, one fluid con-
tains Ba derived from the leaching of silicates, and the other is
enriched in SO4 (most often seawater). Provided that the mix-
ture of these solutions rises above saturation (i.e., 2parite > 1,
where 2p.ite is the saturation state of the solution with re-
spect to barite), barite precipitation is favored. Thus, the existence
of a barite deposit is evidence for intense local disequilibrium
due to either: (i) focused mixing of two separate crustal fluids
(if the deposits were formed in situ), or (ii) precipitation within
microenvironments that allow for local super saturation in un-
dersaturated waters (e.g., Horner et al, 2017; Martinez-Ruiz et
al., 2019). Several models have been proposed for the genesis of
sedimentary barite deposits; broadly, each of these models rep-
resents a variant of these two formation scenarios. In the first
class of models, barite formation occurs in situ at the intersec-
tion of distinct Ba- and SOg4-rich fluids. There are several modern
analogues for similar mixing environments, such as cold seeps,
continental runoff (rivers or subterranean groundwater discharge),
hot springs, and hydrothermal vents. These mechanisms, along
with other hydrologically-controlled scenarios, perhaps unique to
the post-Marinoan world, are potentially identifiable using Ba
isotopes, since different Ba sources possess distinct Ba isotope
compositions (e.g., Horner et al., 2017). In the second class of
models, local disequilibrium drives barite precipitation in focused
microenvironments within a larger barite-undersaturated envi-
ronment (e.g., Chow and Goldberg, 1960; Horner et al., 2017;
Martinez-Ruiz et al, 2019). Indeed, this latter style of barite
precipitation, termed ‘pelagic’ (or ‘marine’), is ubiquitous in the
modern ocean and likely drives much of the open marine Ba
cycle (e.g., Chow and Goldberg, 1960; Dickens et al., 2003;
Paytan and Griffith, 2007). Below, we outline competing scenarios
that can reconcile existing S- and O-isotope geochemical observa-
tions that constrain the source of SO4 to post-Marinoan deposits.
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Table 1

Schematic models with descriptions and geochemical predictions of barite formation. In the top row a groundwater source of Ba is
outlined. In this schematic model, Ba is released from Mn(O,0H) as salinity increases during marine transgression (blue line). In the
middle row a cold seep model of barite precipitation is outlined. In this second model, Ba concentrations increase as the SO4-CHg
transition zone rises to the sediment water interface. In the bottom row a marine source of Ba is outlined. In this third model, Ba-rich
seawater upwells or circulates through the sediment to meet SO4-rich waters in the overlying meltwater lens. (For interpretation of the
colors in the figure(s), the reader is referred to the web version of this article.)
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2.1. Cold seep

The earliest described model for post-Marinoan barite precipi-
tation suggested formation in an environment analogous to mod-
ern cold seeps (Shields et al., 2007). Cold seep barite forms atop
the sediment-water interface, typically underlying highly produc-
tive waters where CH4 (methane) production outpaces the influx
of SO4 from overlying waters. When SOy is sufficiently consumed
through microbial SO4-reduction and anaerobic CHg4-oxidation,
ambient Qpaiite Will fall; once <1, barite within the sediment
pile—built up along margins over thousands to potentially millions
of years—starts to dissolve and Ba is remobilized (Riedinger et al.,
2006). When this SO4—CHy4 transition zone (SMTZ) is located near
the sediment water interface, CH4- and Ba-rich pore-fluids en-
counter seawater that is rich in SO4, which leads to barite precipi-
tation (Torres et al., 1996; Riedinger et al., 2006). If post-Marinoan
barites formed in a similar manner (as has been suggested for
Proterozoic stratiform deposits; Torres et al., 2003), it would re-
quire significant Ba accumulation in sediments and ample organic
matter (or abundant gas-hydrate CHy; Shields et al., 2007) to con-
sume SO4 within sediments. Accordingly, precipitates formed at
cold seeps are expected to show a wide range of Ba isotope com-
positions owing to possible fractionation during diffusive transport
(e.g., van Zuilen et al, 2016), non-quantitative dissolution and
(re)precipitation of barite (Table 1), as well as potential variabil-
ity in the Ba-isotope composition of the source barites themselves
(Bridgestock et al., 2018, 2019). A possible challenge in applying

a cold seep model to post-Marinoan deposits relates to this vari-
ability in global cold seep environments, where factors such as
sediment deposition history, type, accumulation rate and microbial
activity, make it unlikely that Ba release would occur in a globally-
synchronous manner (i.e., within the age resolution for the globally
distributed post-Marinoan barite horizons).

2.2. Coastal discharge

A second model suggests terrestrially derived fluids bearing el-
evated Ba concentrations, such as rivers or groundwater, reacted
with relatively SO4-rich seawater to precipitate post-glacial barite.
Such a model for the formation of barite involves the geochemi-
cal dynamics at the redox interface between meteoric groundwater
and seawater-derived SOg4. This interface, termed the subterranean
estuary, allows for the buildup of Ba concentrations orders of mag-
nitude above ambient pore-waters due to the adsorption of Ba
onto Mn-(hydr)oxides (Charette et al., 2005). The stability of Ba
sorbed to Mn-(hydr)oxides is dictated by pore-water salinity, pE
and pH (Gonneea et al, 2013). Changes in these variables can
cause desorption of Ba and release into solution (Table 1). While
modern systems will typically precipitate barite within sediment
matrices due to a redoxcline well below the sediment water inter-
face, in the special case of the post-Marinoan ocean, the redoxcline
may have approached the sediment water interface on continental
shelves during the extreme post-glacial transgression with rapid
melting of continental ice sheets and thermal expansion of waters.
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From an isotopic standpoint, this formation mechanism is diffi-
cult to confidently constrain without comprehensive assessments
of Ba isotopes in groundwater. However, it is possible to make
some predictions (Table 1) based on existing data for rivers (e.g.,
Cao et al, 2016), coastal discharge (e.g., Bitterwolf et al.,, 2017),
and terrestrially sourced barites (von Allmen et al., 2010), all of
which show considerable spatial Ba isotope variability. Accordingly,
barites formed via this mechanism are unlikely to exhibit similar
Ba isotope compositions at multiple localities owing to differences
in the local terrestrially derived Ba source.

2.3. Marine

A third model of post-Marinoan barite formation relies upon
the formation of a deep anoxic water mass underneath an ice-
covered ocean (Zhou et al., 2010). While no directly analogous
scenario exists in the modern open ocean, high Ba concentrations
are typically observed in anoxic portions of semi-restricted basins,
such as the Cariaco Trench, Framvaren Fjord, and Black Sea (Falkner
et al., 1993). In the case of the Marinoan, exhaustion of SO4 from
seawater due to microbial and hydrothermal SO4-reduction during
the Snowball glaciation coupled with limited oxidative weathering
of sulfides on the continents, would lower marine $2parite. In turn,
this would allow a large Ba reservoir to develop in the subglacial
ocean from non-terrestrial Ba inputs (e.g., seafloor weathering and
deep-sea hydrothermal fluxes) until £2p,rite ONCe again approached
unity. Resumption of continental weathering upon deglaciation
would supply fresh SO4 to the surface ocean that would, upon
mixing with Ba-rich deep seawaters (for example in zones of up-
welling, during dolomitization with Ba-rich seawater, or at the
interface of these waters in certain locations), precipitate barite
along continental margins until post-glacial destratification occurs
(Hurtgen et al., 2006; Bao et al., 2008; Ahm et al., 2019; summa-
rized in Crockford et al., 2016). Unlike the cold seep and terrestrial
models described above, the central Ba-isotopic prediction of this
model is that all contemporaneous barite deposits should exhibit
a similar Ba-isotopic composition, since all of the Ba was sourced
from an isotopically-homogeneous and effectively infinite Ba reser-
voir (Table 1). This model also allows for the synchronous initia-
tion of this process globally or, at least, within the timescale of
deglaciation.

While all the above mechanisms for barite genesis have attrac-
tive features to explain the occurrence of post-Marinoan deposits,
they also carry distinct geochemical implications for Ba isotopes
(summarized in Table 1). We test these geochemical predictions
through a Ba isotopic survey of modern and paleo-environments
and use these insights to discriminate between different models of
post-Marinoan barite formation.

3. Materials and methods
3.1. Samples

A summary of all modern and Marinoan samples and sample-
sites is provided in Fig. 1 and in the supplementary materials
(Table S1). In Fig. 1, we plot sample locations of modern, and Pro-
terozoic stratiform samples next to a reconstructed Marinoan pale-
ogeographic map (Li et al,, 2013) with locations of Marinoan-aged
samples. To explore the isotopic expression of the modern Ba cy-
cle in different depositional environments, we utilize an extensive
collection of previously-described terrestrial, cold seep, hydrother-
mal, and core-top pelagic barites (Paytan et al., 1993, 1996; Paytan
and Griffith, 2007; Griffith et al, 2018, and references therein;
see supplementary materials Table S1). Modern core-top pelagic
barite was separated from other mineral phases via a sequential
extraction protocol outlined in Paytan et al. (1993). Proterozoic

stratiform barites-which have been interpreted as forming under
modern cold seep-like environments-are from the late Paleopro-
terozoic Cuddapah Supergroup (Mangampeta barites; Clark et al.,
2004) and the Gams Formation in the Aggeneys-Gamsberg district
of South Africa (McClung et al., 2007). The post-Marinoan (earliest
Ediacaran; 635 Ma) barites used in this study were sampled from
Minas Gerais State, Brazil (S 15°1814.60”S, W 44°21'43.46"W),
Northwest Territories, Canada (N 63°18.37/, W 127°09.76), Finn-
mark, Norway (70°83.59”N, 28°15'11.46”E), and South China
(N 31°41.74/, E 110°47.20’) (Fig. 1). Barite cements in each of these
locations occur as 10-30 c¢cm thick horizons within the post-glacial
transgressive systems tract (TST) and occur along basement highs
(for full site descriptions see Killingsworth et al., 2013; Crockford
et al,, 2016, 2018a). All samples were micro-drilled from polished
surfaces and cut perpendicular to the radiating crystals (fans) from
the cements. The drilled powders were then split for various iso-
topic analyses.

3.2. Analytical methods

All samples were prepared for Ba isotope analysis in the NIR-
VANA Laboratory clean rooms at Woods Hole Oceanographic In-
stitution (WHOI) in class 100 laminar flow hoods using high-
purity reagents (e.g., Ba-free NayCO3) and acid-cleaned labware
(e.g., PTFE, HDPE). For each sample, a ~10 mg aliquot of barite was
dissolved following a two-step process (cf. Horner et al., 2017 and
references therein). First, barite was converted to witherite (BaCO3)
by reacting powders with a 1 M NayCOs3 solution at 90°C for at
least 18 h. This step was repeated three times to ensure complete
conversion of BaSO4 to BaCOs; after the third reaction, the precipi-
tate was rinsed with 18.2 M2 H,O0 to displace any residual Na;CO3
solution. Second, the witherite precipitate was dissolved using 2 M
HCI. Aliquots of this solution were subsampled for multi-element
and Ba-isotopic analyses.

Aliquots containing ~100 ng of Ba were prepared for Ba-
isotopic analysis. First, samples were spiked with a known quantity
of a 13°Ba-136Ba double spike (Bates et al., 2017; Horner et al,,
2017) to achieve a spike- to sample-derived Ba concentration ratio
of 1-2. These aliquots were equilibrated with the spike via addi-
tion of a few drops of concentrated HCI and drying—repeating this
process at least two times—before being re-dissolved in 250 pL of
2 M HCI in preparation for ion-exchange chromatography. Barium
was purified by passing samples gravimetrically through 500 pL of
AG 50W-X8 (200-400 mesh) cation-exchange resin that was pre-
cleaned of Ba with 6 M HCI. Matrix elements were eluted using
2 M HCI and Ba was eluted using 2 M HNOs, which releases Ba
from the resin while retaining rare earth elements that might in-
terfere with Ba-isotopic analysis (Horner et al., 2015). All resin was
discarded after a single use.

Purified aliquots of Ba were analyzed for their Ba-isotopic com-
positions using a Thermo Neptune multi-collector inductively cou-
pled plasma mass spectrometer (ICP-MS) in low resolution mode
at the WHOI Plasma Facility. Ion currents corresponding to m/z
131 (Xe), 135 (Ba), 136 (Xe, Ba, Ce), 137 (Ba), 138 (Ba, La, Ce),
139 (La), 140 (Ce) were simultaneously monitored in 30 x 4.19 s
background-corrected integrations; all samples were analyzed in
this manner at least four—and as many as eight—times. Sample
isotopic compositions were calculated using a three-dimensional
geometric interpretation of the double spike problem; calcula-
tions were performed iteratively in 38Ba/'3°Ba, 137Ba/!3°Ba, and
136B4/135B3 space (the x-, y-, and z-axes, respectively) with ad-
ditional nested loops for isobaric corrections (!36Xe and 136Ce
on 136Ba; 138Ce and '38La on !38Ba). Concentration- and spike-
matched aliquots of NIST SRM 3104a were measured after every
fourth sample, and sample Ba-isotopic compositions were calcu-
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Fig. 1. Map of sample locations in modern and Marinoan aged samples. In the top panel a 635 Ma paleo-reconstruction map from Li et al. (2013) is presented with blue stars
representing sampling locations. The lower panel depicts sampling locations of modern and Proterozoic stratiform barites.

lated relative to the moving average of the nearest four mea-
surements of NIST SRM 3104a measurements (i.e., two behind,
two ahead). A secondary standard, WHOI Ba Std (AccuSPEC), was
analyzed in place of every 12th sample to monitor the accu-
racy of the time-dependent normalization to NIST SRM 3104a. All
Ba-isotopic data were reported as deviations in the 13Ba/!34Ba
ratio relative to NIST SRM 3104a. All deviations are expressed
in %o:

138/134
§138/134Bay 1

— [(138Ba/]34Ba)sample/(13883/134B8)NIST SRM 3104a 1]

Barium blanks resulting from barite dissolution and Ba purification
were determined to be negligible, constituting no more than 0.1%
of sample-derived Ba. These blanks were assessed by processing
aliquots of double spike containing between 1-5 ng of Ba through
the relevant procedures and calculating sample- (i.e., blank) de-
rived Ba concentrations from isotopic dilution using the instrument
mass-bias corrected '38Ba/!3°Ba ratio. Blanks from barite disso-
lution were determined as 50 and 125 pg Ba, and blanks from
ion-exchange chromatography were assessed at 16 and 48 pg; all
blanks were deemed insignificant and thus no blank corrections
were made to either Ba concentration or isotopic data. Uncertainty,

reported as two standard deviations about the mean (i.e., £2 SD)
for sample §138/134Baysr is estimated as +0.03%o (Horner et al.,
2015).

Lastly, five aliquots of NBS-127 (powdered barite standard from
IAEA) were processed as unknowns and analyzed for their Ba-
isotopic compositions over the course of this study. We report an
unweighted mean §'38/134Baysr for NBS-127 of —0.29 + 0.01%
(£2 SD; n = 3), in agreement with values reported previously
(e.g, —0.27 £+ 0.02%0; n = 3, reported by Horner et al., 2017;
—0.30 +0.02%0 by Bridgestock et al., pers. comm.).

3.3. Thermodynamic calculations of barite saturation

Thermodynamic simulations to calculate barite saturation under
different Ba-SO4 conditions were performed utilizing the PHREEQC
computer code (Parkhurst and Appelo, 2013). Simulations were
performed assuming a variable salinity (46-55), constant temper-
ature (—3.5°C), and constant pH (7.7) (Ashkenazy et al., 2013;
Halevy and Bachan, 2017). The abundance of major dissolved
species (Al, B, Br, C, Ca, Cl, F, K, Li, Mg, Na, Si and Sr) were scaled
up to Marinoan salinities in proportion to their modern abundance
ratios. A total of 169 simulations were performed for different
combinations of [SO4] and [Ba].
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Fig. 2. Box and Whisker plots of §'38/134Bayist (x axis) results together with indi-
vidual data points and population uncertainties. Results are separated by color and
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4. Results and discussion
4.1. Barium-isotopic survey of barites

The Ba-isotopic composition of modern barites combined with
a handful of previously published results (von Allmen et al.,
2010) shows systematic variations—in both mean §3%/134Bayisr
and magnitude of deviation about said mean—that correlate with
the genetic origin of the deposit. It thus follows that the Ba-isotope
composition (and variance) of samples of unknown genesis, such
as the post-Marinoan barites, can be used as a diagnostic indi-
cator of origin. Hydrothermal samples exhibit the lowest mean
§138/134B3 o1 value of —0.07 & 0.02%0 (n = 3; Fig. 2). In con-
trast, modern marine pelagic barites have a mean §'38/134Baysr
value of +0.04 + 0.06%c (n = 61; Fig. 2). Modern cold seep sam-
ples have a mean composition that is more negative than modern
pelagic barites and also have a significantly larger standard devia-
tion (n =9; §13%/134Bayisr = —0.05 & 0.28%0). These modern cold
seep values show some similarity, both in median and variation—
but not mean value—to suggested analogue Proterozoic stratiform
barites (n = 7) from India and South Africa, with a §138/134Baysr
value of +0.06 £ 0.12%o. Terrestrial samples are both more en-
riched in '*Ba and much more variable than modern marine sam-
ples with a mean §'38/134Bay;sr value of +0.12 +0.31%0 (n = 16;
Fig. 2). Post-Marinoan barites display a relatively confined range of
§138/134B3 o1 values (40.08 & 0.06%0; n = 21) that best overlaps
with modern marine barites (Figs. 2 and 3). This survey of modern
and ancient environments provides confidence for the use of Ba
isotopes as an identifier of Ba source and, thus, depositional en-
vironment. Future development of Ba isotopes will prove fruitful
in identifying depositional processes, particularly when combined
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Fig. 3. (from left to right) A) Marinoan barite §'38/134Ba data plotted for different sample locations along with associated uncertainties (1 SD) on these, cold seep and
terrestrial samples. The blue line represents the average (42 SD) analytical uncertainty on individual measurements. B) A'70 vs. §138/134Ba are plotted. C) §34S vs. §138/134Ba
values are plotted. D) A33S vs. §34S values from Gong et al. (2018), Crockford et al. (2018a, 2019) are plotted. E) §'80 vs. §34S values from Antler et al. (2015) and Crockford
et al. (2018a) are plotted. F) A'70 vs. §34S values are plotted with the blue line with an arrow representing a suggested isotopic evolution of post-Marinoan SO4 (Crockford

et al.,, 2016, 2018a). Please refer to referenced publications for uncertainties on analyses.
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with information from more established isotope systems (S, O, Ca,
Sr e.g., Griffith et al., 2018).

4.2. Sources of SO4 and Ba to post-Marinoan barites

4.2.1. Origin of sulfate

Barite from all Marinoan locations have yielded anomalous
A'70 values (A70 < —0.5%0) and, in the case of Brazil, North-
ern Norway, Northwest Canada and South China (Peng et al.,
2011; Killingsworth et al,, 2013), correlate with sulfur isotopes
as well (Crockford et al, 2016, 2018a; Fig. 3). These observa-
tions suggest synchronous post-Marinoan barite deposition. To
synchronously precipitate appreciable amounts of barite, the syn-
glacial Ba pool must have initially remained segregated from sur-
face waters as SO4 ingrowth occurred via continental weathering.
Additional isotopic trends in post-Marinoan barites (i.e., §'80-§34S
and A335-5§34S) significantly deviate from those of modern cold
seep barites (Antler et al., 2015; Crockford et al., 2016; Gong
et al., 2018). These observations suggest that post-Marinoan SOg4
was not isotopically imprinted by processes within a cold seep
environment as SO4 ingrowth occurred (Fig. 3), as has previ-
ously been suggested (Shields et al, 2007). These observations
support a global surface SO4 reservoir that was likely a unique
transient scenario as a consequence of the Snowball state, where
both high rates of post-glacial weathering would have made this
global SO4 reservoir highly modifiable by terrestrial runoff bear-
ing the A170 anomaly (Crockford et al., 2016), but also segregated
from Ba-rich waters due to density driven stratification. Further
supporting this stratified model is a lack of any coherent trends
between SO, isotopes and coeval §'38/134Baysr data, suggesting
that the SO4-bearing reservoir evolved separately from that bear-
ing Ba, and is consistent with the need for mixing at the inter-
face of separate solutions enriched in either Ba or SO4 (Fig. 3).
These isotopic observations lend support for models that out-
line a long-lived freshwater lid that formed via rapid deglacial
runoff and melting of sea ice (Shields, 2005; Liu et al., 2014;
Yang et al., 2017) that has been colloquially named ‘Glacial Lake
Harland’ (Hoffman et al., 2017).

4.2.2. Origin of barium

In comparing Ba isotopic values of post-Marinoan barites to
modern samples, only modern pelagic samples exhibit a similar
mean §138/134Baysr value (Fig. 2). We interpret this isotopic sim-
ilarity as implying that post-Marinoan barites likely formed un-
der a marine scenario, but due to differences in sample set sizes
between barite type and overlap in §138/134Bayisr values (Fig. 2)
we explore alternative scenarios. Barites from terrestrial settings
exhibit different mean §13%/134Bayisr and larger variations than
post-Marinoan samples. Thus, if post-Marinoan barites were de-
rived from terrestrial sources we might expect to see greater Ba
isotopic variability within individual deposits, and locality-specific
mean values (Fig. 2). Accordingly, we rule out a riverine- or
subterranean groundwater discharge-mediated Ba source to post-
Marinoan barites.

Though cold seep deposits overlap in §138/134Bayst values with
post-Marinoan barites, the wide range in §!38/134Bayisr values
(£0.28%0) is incompatible with the narrow spread exhibited by
post-Marinoan barites (£0.06%o; modern marine barites possess a
similarly narrow range of +0.06%¢). While we acknowledge that
the cold seep sample size is relatively small (n = 9)—warranting
additional studies of Ba in seep environments—we can draw on
four additional lines of evidence in considering whether post-
Marinoan barites were deposited in seep-like environments. First,
the Ba isotope variation exhibited by Proterozoic stratiform barites
(interpreted as possible analogues to modern seep samples), also
bears a large variability in §138/134Bay;st values like modern seeps,

supporting a common genetic origin (Fig. 2). Second, though
S0, isotope data imply a single SO4 reservoir (from A170-§34S
data), this reservoir did not develop through anaerobic-oxidation
of CH4 (from A335-§34S and §34S-8180 trends). Thus, these data
are also incompatible with a seep-like origin for post-Marinoan
barites (Fig. 3). Third, field observations show that post-Marinoan
barite horizons often outcrop along basement and/or topographic
highs with very thin or even no underlying cap dolostones (e.g.,
Brazil and Norway; Crockford et al., 2018a). Thus, a sedimentary
Ba origin would require the unlikely scenario whereby diverse,
geographically-disparate strata synchronously supply isotopically-
similar Ba toward the locations of barite precipitation. Fourth,
morphological characteristics of post-Marinoan barites, with fan-
ning and digitate textures that indicate prolonged growth into
solution (Hoffman et al., 2011), are not observed in modern seep
environments. Thus, we interpret the global and synchronous de-
position of isotopically and morphologically similar post-Marinoan
barites as pointing towards a single, large, homogeneous Ba source.

Based on the Ba-isotopic similarity between modern marine
and Marinoan barites, we contend that this source was seawa-
ter. Emerging datasets for seawater (e.g., Bates et al., 2017; Hsieh
and Henderson, 2017), sediments (Bridgestock et al., 2018, 2019),
and particulates (Horner et al., 2017) imply a fractionation of be-
tween —0.4 and —0.5%0 during barite precipitation from seawater.
Thus, the absolute value of post-Marinoan barite §138/134Bayst re-
quires a contemporary seawater value to have been between +0.5
and +0.6%o, similar to modern surface seawater (e.g., Horner et al.,
2015). Although the post-Marinoan ocean was likely much differ-
ent from the modern ocean, a marine reservoir characterized by
8138/134Ban st ~40.5% is perfectly plausible if barite constituted
the major sink of Ba from the ocean during the Marinoan, as it
does today.

In the modern ocean, dissolved Ba is ultimately sourced from
the weathering of silicates and delivered to the ocean via terres-
trial riverine runoff and subterranean groundwater discharge, along
with a small hydrothermal flux (Dickens et al., 2003). Though there
is considerable variability between local sources on aggregate (Cao
et al., 2016), the average input §'38/134Bayisr value is ~+0.1%o
(Nan et al.,, 2018). Dissolved Ba is then stripped from surface wa-
ters through biologically-mediated precipitation of pelagic barite
with a fractionation of ~—0.5%¢, even though modern marine
Qparite i slightly below unity. This pelagic removal flux balances
both the isotopic composition (mean pelagic barite §138/134Bayst
= +0.04 + 0.06%0) and flux of Ba to seawater, resulting in a Ba
residence time of ~10* years (e.g., Dickens et al, 2003). During
a Snowball Earth, however, the residence time of Ba was likely
far longer on account of the lower SO4 concentrations within—
and terrestrial SO4 fluxes to—the syn-glacial ocean. Accordingly,
the Ba concentration at which $2parte approached unity would
likely be far higher than today, as is the case in modern SO4
poor semi-restricted basins (e.g., Falkner et al., 1993; Fig. 4). De-
spite diminished terrestrial fluxes, low marine £2paite Would have
facilitated a significant Ba inventory to accumulate from hydrother-
mal sources or perhaps seafloor weathering until Ba concentrations
reached a level where $2parite approached unity and barite precip-
itation resumed (Fig. 4). This precipitation could have been me-
diated by organic matter degradation or hydrothermal circulation
(e.g., Tivey, 2007). Organic matter could have been supplied to sea-
water from both moulin flushes—sourced from a fledgling surface
biosphere that grew in cryoconite pans on surface ice (Hoffman,
2016)—as well as by export production from productive waters be-
tween cracks in sea ice. Regardless, so long as some form of barite
precipitation occurred, a well-mixed (Ashkenazy et al., 2013), large
Ba pool, characterized by values +0.5%c heavier than average in-
puts would have developed (Figs. 2 and 3). If this deep marine
reservoir was the sole Ba source to post-Marinoan barites, the re-
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Fig. 4. Barite saturation index as a function of log([SO4]) and log([Ba]) in the syn-
glacial Marinoan ocean plotted as moles/L (M). Results are interpolated across the
property space using Ocean Data View (Schlitzer, 2011). Dashed and dotted lines
correspond to saturation (§2parite = 1) and homogeneous nucleation (2parite = 8)
respectively. Since the Ba-isotopic composition of post-Marinoan barites implies a
marine Ba source in equilibrium with barite, the syn-glacial Marinoan ocean must
have initially approached and subsequently fallen along the dashed line marked
‘saturation’. The shallow slope of the arrow approaching the saturation line (indi-
cating greater SO4 relative to Ba removal) is a function of additional sinks for SO4
beyond BaSO4 precipitation such as hydrothermal SO4 reduction, and dissimilatory
SO4 reduction. Note that the ranges corresponding to modern seawater are purely
illustrative, as the underlying saturation field for present-day seawater is shifted on
account of the lower salinities and higher temperatures and pH compared to the
Marinoan.

sultant precipitates would exhibit a narrow compositional range
similar to that of the inputs (~+0.1%c; Nan et al., 2018). As such,
we consider both the absolute composition (4+0.08%0) and nar-
row range (£0.06%q) of post-Marinoan barites as strong evidence
of a well-mixed, effectively limitless marine source characterized
by §138/134Bay;st between +0.5 and +0.6%o (Figs. 2 and 3). While
precise Ba concentrations are difficult to infer for the subglacial
Marinoan ocean, they were likely much higher than the modern
ocean on account of the increased salinity (Ashkenazy et al., 2013)
and low ambient SO4 concentration (Fig. 4). Such geologically-
unusual conditions may have promoted unprecedented high Ba
concentrations accounting for the thus far singular occurrence of
this type of barite deposit in the geological record.

4.3. Geological significance of post-Marinoan barites

In addition to considering the fluid sources of Ba and SO4 to
post-Marinoan barites, it is worthwhile to consider the geological
mechanisms by which these deposits formed and why there are no
equivalent deposits marking the terminus of other Snowball Earth
events. We discuss both issues below.

4.3.1. Genesis of post-Marinoan barites

In a stratified ocean, a salty (salinity ~50 ppt; Ashkenazy et
al.,, 2013), high-Ba (but low-SO4) subglacial pool would have built
up during the glaciation (Fig. 4). Upon deglaciation, a resumption
of continental weathering would have supplied SO4 into meltwa-
ters that would have capped the post-glacial ocean. Elevated post-
glacial primary productivity (Kunzmann et al.,, 2013) would have
likely kept surface water Ba concentrations low due to the reestab-
lishment of a biological pump to deep waters. Warming of fresh
surface waters would have maintained a stratified ocean, segregat-
ing Ba-rich deep water from relatively SO4-rich surface waters for

an estimated 10* years after the Marinoan glaciation (Liu et al.,
2014; Crockford et al., 2016; Yang et al., 2017). In certain locations
where deposition of other sediment-types was extremely limited
(i.e., local topographic highs) the interface between the syn-glacial
Ba reservoir and SO4-rich surface layer would be primed to precip-
itate barite with distinct Ba and SO4 isotopic signals.

We consider three possibilities to account for the occurrence of
barite precipitates within the Marinoan post-glacial TST. First, Ba-
rich waters may have upwelled to meet SO4-rich surface waters
after cap dolostone deposition, which would have resulted in the
formation of seafloor barite cements where this mixing occurred
near the seabed. Second, Ba may have been initially incorporated
into primary carbonate phases and then expelled during early
dolomitization of the original calcite or aragonite in the underlying
cap carbonates. Under such a scenario, cap carbonates would have
had to precipitate out of seawater (to record marine §'38/134Bay;st
values), which contrasts with suggestions that these units precip-
itated in freshwater (Shields, 2005) as aragonite with an isotopic
composition that was significantly offset from glacial seawater. A
third possibility is that Ba was brought in with seawater through
advective transport (also sourcing Mg) during fluid buffered early
dolomitization of primary carbonate phases and incorporated into
barite that precipitated at the interface between the meltwater sur-
face layer (supplying SO4) and seawater (supplying Ba; Ahm et
al,, 2019). This third possibility, while supported by recent studies
documenting significant Ba enrichments in some carbonate phases
within cap dolostones of Brazil (Okubo et al., 2018) and South Aus-
tralia (Hood and Wallace, 2015) as well as being consistent with
a limited range in §138/134Bay;sr values of post-Marinoan barites,
is in conflict with other locations in Australia that contain A'70
anomalies in carbonate-associated SO4 within cap dolostones (Bao
et al., 2012). Moreover, in Norway and Brazil, barites occur above
highly condensed cap dolostone sections or directly on crystalline
basement (Crockford et al., 2018a), obviating the need for exten-
sive dolomitization of underlying units. Thus, the first explanation
is the only model that satisfies all geochemical and field observa-
tions from all localities, though we cannot yet rule out whether
the Ba-rich waters were sourced by advective flow of Ba sourced
from dolomitization of proximal or possibly distal cap carbonates.

Models that source Ba from a marine reservoir also explain why
barite deposition, in some locations, takes place above cap dolo-
stones and not below them, as it marks the transition between
underlying dolostones and overlying limestones. At this time, and
preceding a breakdown in stratification, A0 anomalies would
have had time to build up within the freshwater surface ocean that
would have effectively comprised the global marine SO4 reservoir
(Crockford et al., 2016). Although it is difficult to rule out transient
barite precipitation and rapid subsequent quantitative dissolution
in certain locations via a migrating freshwater-seawater interface,
it appears that environmental factors converged synchronously
across globally disparate margins to preserve these unique hori-
zons. This model further highlights that post-Marinoan barite hori-
zons represent a spatially specific and very unique convergence of
events: SO4-rich surface waters bearing anomalous A170 values
were able to interact (and precipitate barite from) Ba-rich seawa-
ter until the breakdown of post-glacial stratification. The geological
precision of this model allows us to explore why globally syn-
chronous barite precipitation appears to be unique to the Marinoan
glaciation.

4.3.2. Speculations on the temporal expression of cryogenian barite
The preceding discussion outlines an internally consistent,
holistic geochemical and geological framework for generating
barite horizons in the aftermath of a Snowball Earth glaciation.
Given this—or any other—barite formation mechanism, the unique-
ness of post-glacial barite horizons to post-Marinoan-aged strata
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remains a challenge to explain. In our suggested model of barite
precipitation, a syn-glacial Ba-rich and SO4-poor marine reservoir
builds up during the Marinoan Snowball Earth event. Once CO,
buildup triggers deglaciation, terrestrial weathering resumes and
new SO4 from pyrite oxidation spreads across global marine sur-
face waters. At the interface between these reservoirs, barite pre-
cipitation occurs until stratification breaks down and ocean waters
return to a barite-undersaturated preglacial state. Considering that
the key differences between the Sturtian and Marinoan ‘events’
is their duration (~3-15.2 Myrs versus 57-59 Myrs, respectively;
Hoffman et al., 2017 and references therein) and relative sequence
(Sturtian preceded Marinoan), why then might glacially-associated
barite horizons only be observed in post-Marinoan strata?

We put forth two possible mechanisms that may account for
the lack of post-Sturtian barite: these horizons are either ‘miss-
ing’ (i.e., lack of preservation) or are absent entirely (i.e., lack of
accumulation). In the first case, a longer Sturtian glaciation poten-
tially allowed for greater subsidence along continental margins. As-
suming that barite preservation is partially incumbent upon being
cased within or below cap carbonate sequences, greater subsidence
would have ultimately moved the locations of barite and cap car-
bonate deposition apart from one another by shifting the locus of
TST deposition further inland, making cap carbonate preservation
far less favorable (Hoffman et al., 2017). While TSTs may have been
shifted inland, greater subsidence along continental margins may
have forced the interface between SO4-rich surface waters and Ba-
rich seawater deeper for the Sturtian versus the Marinoan, there-
fore limiting preservation potential. This model is consistent with
the overall rarity of Sturtian-aged TSTs. Alternatively, a larger con-
tribution of carbonate weathering for the Marinoan deglaciation
(due to weathering post-Sturtian carbonates), may have delayed
oversaturation and subsequent cap carbonate deposition within
Sturtian waters, which, in turn, reduced the potential for barite
preservation within or below cap carbonate sequences.

Deposition and/or preservation of post-glacial barites in the
Sturtian may also relate to the dynamics of the oxygen cycle. A
longer Sturtian glacial interval may have allowed for a larger atmo-
spheric O, reservoir to build up across the Sturtian than the Mari-
noan due to prolonged O, export from primary production beneath
cracks in ice or within cryoconite pans, but, at the same time,
with limited O, sinks due to greatly diminished oxidative weath-
ering (Hoffman, 2016; Laakso and Schrag, 2017). During deglacia-
tion, this high-O, state may have translated into a Sturtian marine
oxidant reservoir that was larger than that in the Marinoan. If
this oxidative deepening outpaced the growth of the post-Sturtian
freshwater lens, the source of Ba to SO4-rich surface waters might
have been limited. Alternatively, a deeper oxic-anoxic chemocline
may have only allowed the surface ocean to adopt a modern-
like Ba-cycle dominated by barite precipitation in organic-rich mi-
croenvironments. In this case, barite may have only accumulated as
microcrystals in post-Sturtian shales sourced through export pro-
duction, rather than as the thick horizons found in Marinoan cap
carbonates. That is, if only a pelagic Ba cycle was resumed in the
immediate aftermath of the Sturtian glaciation, possibly because
of a deeper oxic-anoxic chemocline or a shorter-lived post-glacial
stratification, the conditions necessary to achieve barite supersat-
uration at the freshwater-seawater interface may never have been
met and thus no significant barite horizons formed. The discovery
of microcrystalline barite with non-zero A70 values would lend
support to this hypothesis.

Although the above scenarios are certainly plausible, we con-
cede that the absence of evidence does not constitute strong evi-
dence of absence, particularly when relying on a sparse sedimen-
tary record. It is important to note, that of the 48 documented
post-Marinoan sequences (Hoffman et al., 2017), only seven have
documented barite occurrences, and even in such cases, the foot-

print of barites is only exposed in a small minority of locations
within the broader areas housing post-Marinoan sequences. There-
fore, one cannot rule out the possibility that post-Sturtian barites
exist in a subset of the 39 locations that have exposed post-
Sturtian strata (Hoffman et al, 2017), but they have yet to be
discovered.

5. Conclusions

Barium-isotopic insights are rapidly improving our understand-
ing of the modern and ancient Ba cycle and thus illuminating the
genetic origin of ancient barites. Here, we applied this emerg-
ing tool to enigmatic post-Marinoan barite horizons to explore
their formation mechanism. Augmented by a Ba-isotopic survey
of barites from diverse modern environments, we contend that
the Ba source to the post-Marinoan deposits was an effectively
limitless, well-mixed, subglacial seawater reservoir. Barite hori-
zons were subsequently deposited at the nexus of this Ba-rich
reservoir and that of a relatively SO4-rich meltwater surface layer
during the deglaciation. This precipitation occurred globally, syn-
chronously, and from an isotopically-homogeneous Ba source until
the breakdown of post-glacial stratification, which likely shifted
the Ba cycle toward a more modern-like state. In addition to
demonstrating the utility of Ba isotopes to interrogate the genesis
of barite deposits, our study does not preclude the possibility that
analogous barite horizons or A'70-anomaly-bearing disseminated
barites were formed in the aftermath of other major Snowball
Earth-like glaciations, therefore, continued exploration for them is
strongly encouraged.
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