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Neoproterozoic cap dolostones, which ubiquitously overlie Marinoan glacial diamictites, may record
marine and climatic paleo-environmental conditions at the termination of the largest glacial epoch
in Earth’s history. Many geochemical indices have been used to interpret cap dolostone formation in
the context of extreme climate change in the aftermath of the Marinoan glaciation. However, there
are significant debates about whether these geochemical data represent global signals or regional
sedimentary and/or diagenetic processes. Here we analyzed cap dolostones from three different
continental cratons for their Ca-isotope, Sr-isotope and trace element compositions in order to obtain new
insights into formation of the Marinoan cap dolostone and post-Marinoan paleo-environmental conditions
(<~635 Ma). In three globally separated sections from South China (Yangtze Gorges area), North China
(Northwest Tarim) and northwest Namibia, a similarly large negative §*4Ca excursion (~0.6%o), coupled
to a positive 87Sr/86Sr excursion, is recorded in the lower part of these cap dolostone successions. In
the context of a relatively short duration for Marinoan cap dolostone (~10% year timescale), we propose
that the preservation of both the large negative §**Ca excursion and the positive 37Sr/%6Sr excursion
in three widely-separated stratigraphic sections was not caused by globally uniform changes in isotopic
compositions of the whole marine Ca and Sr reservoir. Instead, these excursions may have been caused
by the addition of terrestrial meltwater and later deglacial runoff, carrying large amounts of Ca and
Sr sourced from continental weathering into shallow seawater. A combined diagenetic-mixing model is
used to track the coupled §**Ca and 87Sr/86Sr variations in the cap dolostones. Large inputs of terrestrial
meltwater and deglacial runoff under high CO, atmospheric conditions in the aftermath of Marinoan
glaciation is likely to have supplied abundant Ca, Mg and bicarbonate to shallow shelf seawater, helping
facilitate cap dolostone deposition and contributing to the recorded negative Ca isotope excursion.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The onset of the Ediacaran Period is characterized by wide-
spread, thin cap dolostone successions which abruptly overlay the
glacial diamictite and have been suggested to have formed under
the warming of Earth’s climate in the aftermath of the Marinoan
‘Snowball Earth’ glaciation (Hoffman et al., 1998, 2017). These
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Marinoan cap dolostone units are characterized by buff-colored,
micro-peloidal or microcrystalline dolomite, and show characteris-
tic sedimentary structures including grading, ripples, teepee struc-
tures and sheet cracks (e.g., Jiang et al., 2003; Hoffman, 2011).
Moreover, the cap dolostones generally preserve microbialite or
stromatolite bioherms and/or ‘tubestone’ structures, barite and car-
bonate seafloor crystal fans (see Hoffman et al., 2017 for a review),
and are overlain by dolomitic shale or carbonate (limestone or
dolostone). Despite the variable stratigraphic thicknesses of cap
carbonates in different sections (Hoffman et al., 2007), there is a
consensus that cap dolostone deposition occurred during a ma-
jor transgression in response to ice melting following the end of
the Marinoan glaciation. However, the formation mechanism of
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the mysterious cap dolostone, which is ubiquitously distributed all
over the world, is stilled debated. Based on stratigraphic, sedimen-
tological and geochemical analyses of the cap dolostones, various
hypotheses have been proposed for the formation of the cap dolo-
stones, including: rapid deglaciation from a ‘Snowball Earth’ state
(Hoffman et al.,, 1998; Higgins and Schrag, 2003), destabilization
of methane hydrates (Jiang et al., 2003), a meltwater ‘plumeworld’
(Shields, 2005) or a condensed sequence from a multiphase trans-
gression (Kennedy and Christie-Blick, 2011).

In addition to the debates on genesis of the Marinoan cap dolo-
stone, there are also some doubts as to its timescale and temporal
evolution. A short timeframe of several thousand years for cap
dolostone formation was initially proposed based on the ‘Snow-
ball Earth’ model (Hoffman et al., 1998; Higgins and Schrag, 2003).
Conversely, much longer timescales of 0.1 Myr to 1 Myr have been
suggested based on the preservation of multiple magnetic rever-
sals (Font et al, 2010). Recent modeling or geochemical studies
derived an intermediate timescale (~10* years) for cap dolostone
deposition based on carbon cycle and energy models or the chem-
ical composition of post-glacial barite fans (Ridgewell et al., 2003;
Crockford et al., 2016; Yang et al., 2017). Moreover, there have
been suggestions that the cap dolostone successions in marine
basins are diachronous across different paleo-depths or within the
sedimentary cross-section, with deep marine settings likely be-
coming ice-free and forming carbonate earlier than shelf settings
(Hoffman et al., 2007; Rose and Maloof, 2010). Meanwhile, semi-
diachronous conditions (i.e. diachronous basal cap dolostone and
isochronous upper cap dolostone deposition) have been proposed
by the plumeworld model, where a meltwater lens precipitated cap
dolostones (Shields, 2005). Independent of these models, there is
a correlation between the maximum thickness of a cap carbonate
succession (sometimes including carbonate units stratigraphically
above the cap dolostone) and its paleo-latitude, which could sug-
gest longer durations of carbonate precipitation with earlier onset
of ice melting in equatorial regions (Hoffman and Li, 2009) and a
potential diachroneity for the basal cap dolostone.

Many stratigraphic and geochemical indices (e.g., C, Sr, Ca, S,
A70 isotope systems) have been used to track the global environ-
mental change in the aftermath of the Marinoan glaciation (e.g.,
Jiang et al., 2003; Yoshioka et al., 2003; Kasemann et al., 2014;
Crockford et al., 2016). However, geochemical signatures of carbon-
ates were likely susceptible to regional differences in sedimentary
and diagenetic conditions across the global marine environment.
The lack of systematic research on the behavior of various isotope
systems during regional precipitation and diagenetic processes of
the cap dolostone compromises the use of these indices to recon-
struct the global deglacial atmospheric-oceanic environment. In
order to better constrain the genesis of the Marinoan cap dolostone
and associated environmental conditions, we studied the evolu-
tion of multiple geochemical indices (Ca and radiogenic Sr isotopes,
trace element concentrations and ratios) for three widely separated
sections, by considering the effects of sedimentary environment
and early diagenesis on these proxies in the cap dolostone suc-
cessions. Ca and radiogenic Sr isotopes of Marinoan cap dolostones
from sections in South China, Northwest Namibia and Northwest
Tarim consistently exhibit a co-varying trend in the lower cap
dolostone successions, which can be well explained with a new
diagenetic-mixing model. Based on this model, a novel scenario
is proposed for cap dolostone formation, and the marine environ-
ment in the aftermath of the Marinoan glaciation.

2. Calcium isotopes as a paleo-environmental proxy
Calcium has a long residence time (~0.5-1 million years (Myr))

and high concentration (10.3 mM) in the modern ocean (e.g.,
Fantle and Tipper, 2014). Over geological timescales (much longer

than 1 Myr), marine Ca isotopic variations (defined as §%*4Ca for
44Ca/40Ca ratios, relative to NIST SRM 915a in this study) are
driven by variations in the Ca isotope compositions of its sources
and sinks, specifically the oceanic carbonate sink (i.e. globally
dominant precipitation of aragonite or calcite) (Fantle and Tip-
per, 2014). Riverine and hydrothermal inputs with relatively low
5% Ca values (~0.9%0) are the most important sources for the ma-
rine Ca reservoir. Marine carbonates are the most substantial sink
for Ca, but different carbonate minerals have distinct fractionation
factors for Ca isotopes relative to seawater. The fractionation for
abiotic aragonite relative to seawater (Aarag-sw = —1.6%o at 25°C)
is much larger than that for abiotic calcite (Ac;sw = —0.7 to
—1.1%0, where variation is controlled by precipitation rates) (see
Gussone et al., 2016 for a review). Due to the preference for light
Ca in the precipitated phase, the Ca isotopic composition of sea-
water is distinctively heavier than that of marine carbonate under
steady-state conditions (a mean §%*4Ca value of 1.89% for the mod-
ern ocean, Gussone et al., 2016). However, large increases in the
Ca riverine input flux (with relatively low §*4Ca values) can per-
turb the marine Ca isotopic mass balance and result in negative
marine Ca isotope excursions at ~1 Myr timescales (e.g., Bldttler
et al,, 2011). Numerical models (such as time-dependent Ca iso-
tope mass balance model and reactive-transport model) predict
changes in carbonate §%*Ca caused by: mineralogical transition
(due to different Ca isotope fractionation between seawater and
calcite or aragonite, Gussone et al., 2016); kinetics of precipitation
(e.g., precipitation rate, Tang et al., 2008; Holmden et al., 2012a;
Lau et al., 2017); early diagenesis (influence of pore fluids and/or
meteoric fluids, e.g., Fantle and DePaolo, 2007; Ahm et al., 2018)
or perturbations to the global Ca cycle over geological time frames
(e.g., Payne et al., 2010; Blattler et al., 2011).

Based on research on modern and ancient carbonate sediments,
the systematic relationship between Ca isotope and other prox-
ies such as radiogenic Sr isotope, Sr concentration, Mg/Ca ratio in
the carbonate, has been studied extensively to track the process
of carbonate deposition and to reconstruct paleo-environmental
conditions (e.g., Fantle and DePaolo, 2007; Bldttler et al., 2011;
Lau et al, 2017; Higgins et al., 2018). The Ca isotope system is
particularly useful for studying Precambrian carbonate sequences
because Ca is a major component of the carbonate crystal lat-
tice and is therefore not easily affected by detrital contamination.
Moreover, the combination of radiogenic Sr isotope analysis with
Ca isotope data can provide additional insights into the climate
and weathering evolution as well as dolostone formation mecha-
nisms.

3. Geological setting

Marinoan cap dolostone samples (< ~635 Ma) were collected
from basal Ediacaran sequences from three geographically sepa-
rated cratons. These localities include: 1) the Maieberg Forma-
tion (Keilberg Member (Mb.), in the Etoto section, 17°3610.80”S,
14°3/57.60"E) from the Congo Craton, NW Namibia; 2) the
Doushantuo Formation (Member [, the Jiulongwan section,
30°48’14.40”N, 110°3/18.00”E) from the Yangtze Craton, South
China; 3) the Sugetbrak Formation (the Wushi section,
40°50'27.60”N, 79°17'49.20"E) from the Tarim Craton, North China
(Fig. 1).

In the Etoto section of Namibia, the Keilberg Mb. cap dolostone
is ~10 m thick and composed of pinkish dolomite, gradationally
overlain by silty, finely laminated limestone (Fig. 1). In this lo-
cality, the Keilberg Mb. was likely to have been deposited on the
upper slope of the Otavi carbonate platform, below or near wave
base (Hoffman et al., 2007). The Doushantuo Formation of the Ji-
ulongwan section in the Yangtze Three Gorges area represents a
shallow marine environment, in an inner shelf lagoon (Jiang et
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Fig. 1. Global paleogeography in the aftermath of the Marinoan glaciation at ~635 Ma (modified from Li et al., 2008). The sections studied for cap carbonates are (Et)
Etoto section, Northwest Namibia (Hoffman, 2011); (Jiu) Jiulongwan section, South China (Jiang et al., 2003); and (Wu) Wushi section, Northwest Tarim (Wen et al., 2015).
Lithological patterns: 1 - diamictite, 2 - disrupted dolostone with sheet-crack cements, 3 - laminated dolostone with tepee-like structures, 4 - dolostone with low-angle
cross-bedding/incipient tepee development, 5 — laminated dolomite, 6 - laminated limestone, 7 — dolostone interbedded with black shale, 8 - siltstone. (For interpretation

of the colors in the figure(s), the reader is referred to the web version of this article.)

al., 2003). At the base of the Doushantuo Formation, the 5-m-
thick cap dolostone unit overlies the Nantuo glacial diamictites
(Fig. 1). The upper cap dolostone unit contains a volcanic ash layer
which has been dated at 635.2 £+ 0.6 Ma with zircon U-Pb meth-
ods (Condon et al, 2005). The cap dolostone consists of finely-
crystalline dolostone and laminated silty subordinate limestone or
dolostone, which were probably deposited during the later stages
of deglacial transgression, and likely deposited below or near wave
base (Ling et al., 2013). In the Wushi section of the northwestern
Tarim craton, the cap dolostone is ~1.0-1.7 m thick and com-
posed of pink, thin-laminated, finely-crystalline dolostone, similar
to many other Marinoan cap dolostones (Wen et al., 2015).

4. Materials and methods

Carbonate samples were carefully selected to avoid non-
carbonate detritus and late-stage veining and/or alteration, and
powders were drilled from well-preserved rock pieces. For ma-
jor/trace element and Ca isotope analyses of bulk carbonate sam-
ples, approximately 50 mg of each sample was weighed and then
leached with 0.1 M hydrochloric acid (HCl) to dissolve and ex-
tract the carbonate fraction. Major and trace elements in the
leachates were measured with a Thermo Element-II inductively-
coupled plasma mass spectrometer (ICP-MS) at Nanjing University
and Thermo Element-XR ICP-MS at Yale University, and relative
standard deviations were better than 5%.

For Ca-isotope analyses, a two-step resin column method was
used for Ca separation, and Ca isotope was analyzed with Thermo
Neptune Plus multi collector (MC)-ICP-MS with a ESI Apex-IR de-
solvating system at Yale Metal Geochemistry Center (YMGC). All
samples were bracketed by NIST-SRM-915a standard (processed
through columns to remove Sr) to calibrate the fractionation dur-
ing analysis. Measured 44Ca/*2Ca values are presented in delta no-
tation, §44/42Ca:

844/42C3

=[(*ca/*®ca) “ca/*ca) 1] %1000

sample/ ( NIST-SRM-915a

Measurement uncertainty for each sample is 4+0.03%0 (2SE) and
the long-term external reproducibility of Ca isotope analyses is
better than 0.075%¢ (2SD) for §*4/42Ca (OISL seawater standard:
§%4/42Ca = 0.94%0 & 0.075%0 (n = 40, 2SD). All the Ca isotope data
have been converted to §44Ca (*4Ca/#°Ca) notation for comparison
with other published data, using a kinetic fractionation law: §44Ca

= §*/42C3 % 2.09 (Holmden et al, 2012b). More detailed meth-
ods and standard measurements of Ca isotopes are given in the
supplementary materials.

For Sr-isotope analyses, carbonate leaching and Sr separation
procedures followed those of Li et al. (2011). Sr isotope values
were determined using a Triton MC-TIMS at Nanjing University
and a Neptune Plus MC-ICP-MS at YMGC, Yale University. Repeated
measurement of the Sr standard NIST SRM 987 yielded 87Sr/86sr
= 0.710252 (40.000016).

C and O isotopes of the carbonate samples were analyzed with
a Thermo Kiel IV online carbonate preparation device + MAT 253
mass spectrometer at the Yale Analytical and Stable Isotope Center
(YASIC) and a Finnigan Gasbench II online analysis system + Delta
Plus XP at the State Key Laboratory for Mineral Deposits Research,
Nanjing University. The results of C-O isotope are reported relative
to V-PDB, and external analytical precision for C and O isotopes is
0.06%o (2SD) and 0.07%o (2SD), respectively, based on the replicate
analyses of in-house (PX, TS) and international (NBS19) standards
at YASIC, and the Chinese GBW00405 carbonate standard at Nan-
jing University.

5. Results

Significant systematic variability in §4*¢Ca, §13C, 8180, 87Sr/86sr
ratios and some trace metal concentrations was recorded in each
of the three cap dolostone sections (Table S1; Figs. 2 and 3). Trends
in each of Ca, C, O and Sr isotopes up-section are broadly similar
among the three sections. Aluminum, thorium concentrations and
Rb/Sr ratios of all samples in the three sections are lower than
0.2%, 0.6 ppm and 0.01, respectively.

In the Etoto section, the lower three meters of the 10 m-thick
cap dolostone show co-varying negative excursions in C and O iso-
topes (83C from —1.2%0 to —3.6%0; 880 from —5.0%0 to —8.8%)
(Fig. 2). Ca isotopes also show a significant negative excursion over
the lower three meters (from 1.38%0 to 0.7%0). Upward in the sec-
tion, §*4Ca values return to 1.42%c while §'3C and 880 values
remain relatively constant (~ —3.3%c and —8.5%., respectively).
875r/36Sr ratios show a positive excursion (from 0.7087 to 0.7122)
in the lower part of the cap dolostone, roughly correlated with
the negative excursion in §*4Ca. There is no significant variation in
Mg/Ca ratios or Sr concentrations up-section (Fig. 3). Limestones
(from 10 m to 15 m in this section) overlying the cap dolostones
show less negative §13C and 880 values (~ —2.2%0 and —6.0%q,
respectively); relatively low Mg/Ca ratios (~0.04); low 87Sr/86sr
(from 0.7074 to 0.7082); and high §%*4Ca (from 1.35%0 to 1.49%o).
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Fig. 2. Carbon, oxygen, calcium and strontium isotopic compositions of the carbonates in Etoto section (upper), NW Namibia, Jiulongwan section (middle), South China and
Waushi section (lower), NW Tarim. Error bar for Ca isotopes is £0.15 (2SD), which is the long-term reproducibility of Ca isotope analyses.

In the Jiulongwan section, a significant negative Ca isotopic ex-
cursion (from 1.44%c to 0.92%¢) is observed with negative §'3C
values (from —3.0%0 to —4.7%0) and 880 values (from —6.1% to
—13.8%0) in the lower part of cap dolostone (0-3 m) (Fig. 2). From
3 to 8 m, §'3C and 8180 values are relatively high (from —2.9%o to
3.1%0 and from —0.2%0 to —3.3%o, respectively) and §44Ca values
return to relatively high values (from 1.13%o to 1.56%o). 87Sr/86Sr
ratios vary throughout the section (from 0.7084 to 0.7123) with a
peak value of 0.7123 in the lowest meter of the cap dolostone, but
with some scatter. There is no significant variation in Mg/Ca ratios
or Sr concentrations of the studied samples (Fig. 3).

Similar §*4Ca and 87Sr/86Sr variations to the Jiulongwan sec-
tion are observed in the Wushi section, with a large negative
Ca isotopic excursion (from 1.17%o to 0.58%o) and relatively high
875r/86Sr ratios (up to 0.7105) in the lower several meters of the
cap dolostone (Fig. 2). 813C values of the Wushi section samples
are around —2.5%, with little variation, while the §'80 values vary
significantly (beginning with extremely low values —17.3%, rising
to —8.5%0 in the middle, and ending with —16.1%. at the top).
Similarly, there is no systematic variation in Mg/Ca ratios or Sr
concentrations (Fig. 3).

6. Discussion

6.1. Possible effects of detrital contamination and late stage diagenesis
on the cap dolostones

To constrain the processes that give rise to the consistent Ca-Sr
isotope excursions across multiple, geographically-separated, sec-

tions of the Marinoan cap dolostones, it is important to consider
the effects of depositional and diagenetic processes on their Ca and
Sr isotope compositions, as well as to assess potential contamina-
tion from non-carbonate inclusions.

The incorporation of terrigenous silicate detritus in geochemical
sampling may impact the measured geochemical signals in marine
carbonates. Due to their extremely low concentrations in seawa-
ter and pure marine carbonates, Al and Th are generally used to
investigate the influence of a detrital silicate component on ma-
rine carbonate geochemistry. Rb/Sr ratios can also be used to test
the preservation of primary 8/Sr/®6Sr signals in marine carbon-
ates as terrigenous detritus (e.g., clay) has high Rb relative to Sr
(cf. Sawaki et al., 2010; Ling et al., 2013; Zhao and Zheng, 2017;
Wei et al.,, 2018). Samples in this study show relatively low Al and
Th concentrations ([Al] < 0.6%, [Th] < 0.6 ppm) and Rb/Sr ratios
(<0.01) and no systematic correlation of §**Ca or 87Sr/86sr vs. Al
or Th concentrations or Rb/Sr ratios (Fig. S6), which suggests no
significant detrital or Rb-decay impacts on isotopic signals in the
studied carbonate samples.

Previous studies have considered the high Mn/Sr and 87Sr/%6Sr
ratios of the cap dolostones in South China as a result of late stage
diagenetic alteration (e.g., Sawaki et al., 2010; Bristow et al., 2011).
However, the Precambrian ocean may have had high Mn concen-
trations owing to the dominantly anoxic or hypoxic seawater. In
this sense, high Mn/Sr ratios in cap dolostones may not necessarily
indicate the influence of late stage alteration, but may have sim-
ply reflected dominantly low O; concentrations in the seawater
or pore water. Further, the extreme 13C-depleted signatures (§13C
as low as —48%¢) with high Mn/Sr and 37Sr/%6Sr ratios reported
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Fig. 3. Mg/Ca ratios, Sr concentrations, Y/Ho ratios and Mn/Sr ratios for carbonates in the Etoto section, NW Namibia, the Jiulongwan section, South China and the Wushi

section, NW Tarim.

in the previous study, are measured from late-stage calcite veins
in South China (Bristow et al., 2011). Neither calcite filled veins
nor diagenetic barites were found in the cap dolostone succes-
sions from Namibia or North China discussed here (Hoffman, 2011;
Wen et al, 2015). And relatively high 87Sr/%6Sr ratios as well
as high Mn/Sr ratios are also observed in other cap dolostones
from Namibia, Australia and Mongolia (Yoshioka et al., 2003;
Liu et al,, 2014), which are not considered to be a result of late-
stage alteration. Hence, it cannot be simply concluded that high
Mn/Sr ratios in the dolomicrite matrix, without evident late-stage
structures, are caused by late-stage alteration. Carbonate deposi-
tion and early diagenesis in anoxic or hypoxic seawater could also
result in high Mn/Sr or 87Sr/8Sr ratios in Precambrian dolostones
(e.g., Banner, 1995; Hood and Wallace, 2015).

6.2. A ‘global’ Ca isotope record in the Marinoan cap dolostones?

In previous studies, Ca isotopes have been used to track changes
in global continental weathering fluxes over geological time frames
owing to the long oceanic residence time of calcium. Based on
global time-dependent mass balance models, some negative Ca iso-
topic excursions in the Phanerozoic record (e.g., Permian-Triassic
boundary; Cretaceous Ocean Anoxic Events) have been suggested
to be driven by high continental weathering fluxes and/or ocean
acidification in response to high atmospheric CO, or large igneous
provinces (LIPs) (e.g., Payne et al., 2010; Bldttler et al., 2011).
Previous studies on Neoproterozoic carbonates showed large neg-
ative Ca isotopic excursions in the laminated limestones overly-
ing the cap dolostones in Brazil, Namibia and Canada (Fig. 4),

which have been interpreted as a result of extremely intense global
chemical weathering in the aftermath of the Marinoan glaciation
(Silva-Tamayo et al., 2010; Kasemann et al., 2014). However, these
Ca isotope excursions are not the same as those observed in the
cap dolostone successions in this study, and would not reflect the
sedimentary environment at the onset of deglaciation. Moreover,
crystal fans interpreted as formerly aragonite (from their pseu-
dohexagonal prismatic habit) are interbedded in these limestone
successions overlying the cap dolostones (e.g., Hoffman, 2011), and
Sr concentrations of these limestones are significantly higher than
expected in either calcite or dolostone (e.g., Yoshioka et al., 2003;
Sial et al., 2010). Thus, besides the potential effect of continental
weathering flux variations on marine Ca isotopes, there may have
been mineralogical controls (cf. Jost et al., 2017), which variably
exaggerated the negative Ca isotopic excursions preserved in the
limestones in various sections (even up to 1.5%o), depending on
the amount of aragonite precipitation (Fig. 4). Therefore, although
extremely high weathering input of Ca into the ocean might in
principle have induced a negative Ca isotope excursion in the cap
dolostones, the effects of other factors such as regional diagenetic
alteration and mineralogical transitions on Ca isotope during an-
cient carbonate deposition need to be examined (cf. Holmden et
al,, 2012a; Jost et al., 2017; Higgins et al., 2018) (discussed in sec-
tion 6.3).

The tightly co-varying Ca and Sr isotopes from the three sepa-
rated sections in this study are inconsistent with the global marine
Ca and Sr geochemical cycles as the positive Sr isotope excursion
would take a longer time for recovery than the negative Ca iso-
tope excursion, due to the significantly longer residence time of Sr
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Fig. 4. Ca isotopic variations in the lower Ediacaran carbonate successions from
Namibia, Brazil and Canada (data from Silva-Tamayo et al., 2010; Kasemann et al.,
2014).

in the ocean, relative to Ca (cf. Holmden et al., 2012a). Considering
the diachroneity in cap dolostone deposition (Hoffman et al., 2007)
and a significantly longer time scale (~10% years) for deglacial
ocean mixing (Yang et al., 2017), it is unlikely that the co-varying
Ca and Sr isotope excursions observed in sections from different
regions solely reflect a contemporaneous response to global fluctu-
ation in the oceanic Ca and Sr isotope systems due to a very short
period of intense deglacial continental weathering. Further, it is
noteworthy that the three cap dolostone successions in this study
do not show the same absolute §*4Ca and 87Sr/86Sr values, despite
a similar magnitude of §4Ca excursion (~0.6%o). Taken together,
these observations suggest that while a common process caused
the Ca and Sr isotope anomalies, this process would be dominantly
controlled by regional sedimentary environment and early diagen-
esis, rather than a fluctuation in the global oceanic reservoirs of Ca
and Sr.

6.3. The impacts of regional sedimentary environment and early
diagenesis on Ca and Sr isotopes in the cap dolostones

Studies of modern marine sediments indicate that early diage-
nesis affect the geochemical compositions of marine carbonates.
Thus variations in different isotopes in the sediments can be driven
by changes in diagenetic conditions (e.g., Fantle and DePaolo, 2007;
Higgins et al., 2018). Based on research on modern Bahamian car-

bonates, the transition in early diagenetic conditions (i.e. from a
fluid-buffered condition to a sediment-buffered condition) could
induce significant Ca isotope variations in the sedimentary column
(Higgins et al., 2018; Ahm et al., 2018). Shallow carbonate sedi-
ments and pore water near the sediment-water interface are prox-
imal to the diagenetic fluid source and buffered by the geochemical
signal of the fluid (fluid-buffer condition), whereas progressive in-
teraction between pore fluid and carbonate sediments at depth
within a sedimentary column potentially drives the pore fluid to-
wards a geochemical signal approaching the sediment (sediment-
buffered condition) (Ahm et al, 2018). As the Neoproterozoic
oceans were dominated by aragonite precipitation (Hood and Wal-
lace, 2018; Pruss et al.,, 2018), it is likely that cap dolostones were
formed by early diagenetic dolomitization of aragonitic precipi-
tates. In recent and modern carbonates, aragonite generally shows
lower §%**Ca values (~0.3%) and higher Sr (~>7000 ppm) con-
centrations compared to calcite (about 0.8%0-1.0%0 of §**Ca, less
than 900 ppm of Sr) (e.g., Banner, 1995; Higgins et al., 2018). Sr
concentrations in dolomites may vary with the type of dolomi-
tizing fluid (marine pore water or mixing meteoric-marine fluids)
(Banner, 1995), whereas §*4Ca values of modern dolomites are dis-
tinctly higher than those of their precursors, aragonite and calcite
(Higgins et al., 2018). In addition, §*Ca values and Sr concen-
trations in bulk carbonates can also be affected by precipitation
rates (Tang et al., 2008). Thus, examination of the relationship
among multiple geochemical indices from the finely-crystalline
dolomite matrix of cap dolostones (e.g. correlation or co-variation
in Mg/Ca, §%*Ca, Sr concentration and 87Sr/®6Sr) may help de-
termine the sedimentary and early diagenetic processes for the
Marinoan cap dolostone (cf. Lau et al.,, 2017; Higgins et al., 2018;
Ahm et al., 2018).

With these considerations, we apply a recently developed early
marine diagenetic model (modified after Ahm et al., 2018) to
describe the variation in Mg/Ca ratios, §4Ca values, Sr concen-
trations, and 87Sr/%6Sr ratios during the formation of cap dolo-
stones. This model can be used to test deglacial shelf seawater
as the dolomitizing fluid and to determine if changes in diage-
netic conditions could have caused the coupled Ca-Sr isotope ex-
cursions in the Marinoan cap dolostones. Modeling processes are
presented as changes in geochemical tracers with the increasing
cumulative mass of fluid, interacting with the initial carbonate
mineral under the fluid-buffered condition (box 1 in Fig. S3) and
sediment-buffered condition (box N in Fig. S3) (model parameters
are in the supplementary materials, see Table S3). The correla-
tion of different geochemical indices derived from this diagenetic
model (Fig. S3) are compared with the measured data from the
cap dolostones in Fig. 5, and discussed below in relation to re-
cent marine carbonate records. For Phanerozoic carbonates, one
way of tracking the diagenetic conditions during dolomitization
is to compare §*Ca values and Sr concentrations (Ahm et al.,
2018). Dolostones formed through sediment-buffered dolomitiza-
tion of initial high-Mg calcite or aragonite might produce relatively
low §%4Ca values, but show inherited high Sr concentrations. In
contrast, dolostones formed through fluid-buffered dolomitization
would yield high §*Ca and low Sr concentrations (Ahm et al.,
2018). Modern carbonate platforms can show excursions in §*Ca
due to the change between the two diagenetic conditions over sev-
eral hundred meters depth within sediments (Higgins et al., 2018;
Ahm et al., 2018). However, compared with the several hundred-
meter deep scale of fluid interaction in modern carbonate plat-
forms, the relatively thin cap dolostone succession could have been
dolomitized more extensively in shelf seawater simply due to their
lesser volume. The complete extent of dolomite cementation of
micro-peloidal lithologies in early diagenesis (as evidenced by the
synsedimentary formation of sheet cavities and teepee structures)
also suggests high permeability in the original lithology and in-
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teraction with a large volume of fluid. Moreover, all of the cap
dolostone samples in this study (except for the interval of the neg-
ative excursion) show high §44Ca values with distinctly high Mg/Ca
ratios and low Sr concentrations (Figs. 2 and 3). All of these obser-
vations suggest that the dolostones were formed through inten-
sive fluid-buffered dolomitization of aragonite. Modeling results,
combined with geochemical data in this study, indicate that the
variations of §*4Ca, Mg/Ca, Sr concentration and 87Sr/®6Sr in the
cap dolostones do not replicate the modeled trajectories expected
from the transitions between the two different marine diagenetic
conditions (Figs. 5 and Fig. 6A). Therefore, §**Ca and 87Sr/36Sr ex-
cursions over several meters of stratigraphy in the cap dolostones
are very unlikely to have been caused by variations between fluid-
buffered and sediment-buffered diagenetic conditions. Additionally,
the lack of clear correlations between §%4Ca and Sr concentrations,
or any petrographic evidence for the presence of variable calcite or
aragonite precursor mineralogies, indicates no significant impacts
derived from mineralogical variation or kinetic effects (Fig. 5B)
(cf. Lau et al., 2017).

Although the formation mechanism for the Marinoan cap dolo-
stones continues to be debated, it is generally thought to be re-
lated to marine transgression and a warming climate accompa-
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tary dolomitization for the Marinoan cap dolostone formations under different fluid
conditions.

nying the Marinoan deglaciation. Hoffman et al. (1998) suggested
that cap dolostones were rapidly deposited during or immediately
following the abrupt termination of a ‘Snowball Earth’, character-
ized by the laminated accumulation of micro-peloidal dolomite
grains and dolomitic matrix, and teepee-like structures and/or ce-
mented sheet cracks (e.g., Hoffman, 2011). Considering that cap
dolostones are commonly overlain by (non-dolomitized) limestone,
the dolomitization of the rapidly formed cap dolostone in such a
short period is likely to have been synsedimentary or very early
diagenetic; in other words, the dolomitization occurred in conti-
nental shelf seawater immediately following the primary aragonite
precipitation, rather than after formation of the entire aragonitic
succession (e.g., Font et al., 2006; Hood and Wallace, 2012, 2018;
Pruss et al., 2018). The synsedimentary dolomitization of aragonitic
precursor for the cap dolostone in this study is supported by high
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Ba concentrations and low Cu concentrations of the dolostone sam-
ples (Fig. S7, e.g. dolomitized aragonite) which are also observed in
other Neoproterozoic synsedimentary dolostones formed in a shal-
low marine environment (Hood and Wallace, 2012, 2015). Several
mechanisms/factors may have promoted synsedimentary dolomi-
tization in Precambrian marine environments, including low oxy-
gen and high-Mg global seawater conditions favoring microbially-
mediated dolomite formation on a broad scale (e.g. Burns et al.,
2000; Gammon, 2012; Hood and Wallace, 2012). Additionally,
sulfate-reducing bacteria could directly mediate the precipitation
of primary dolomite, which generally preserve microbial fabrics,
spherulitic crystal forms and have relatively high Sr concentrations
(3000-6000 ppm) (e.g., Sanchez-Roman et al., 2011). However, the
Marinoan cap dolostones are depleted in Sr (Fig. 3), extensively ce-
mented by dolomite and lack abundant microbialites (except for
stromatolite bioherms overlying the basal cap dolostone). Thus,
we suggest that the cap dolostone was formed through immedi-
ate dolomitization of primarily precipitated aragonite (i.e. synsed-
imentary dolomitization) in shelf shallow water under anoxic ma-
rine conditions favorable to microbial activity, but not necessarily
through directly microbially-mediated dolomite precipitation (e.g.,
Burns et al, 2000; Font et al., 2006; Hood and Wallace, 2012;
Gammon, 2012; Fabre et al., 2013).

In conclusion, the Marinoan cap dolostones are suggested to
be formed by accumulation of dolomite layers that were trans-
formed from primarily precipitated aragonite through synsedimen-
tary dolomitization under a continuous fluid-buffered condition.
Although the recrystallization of primary carbonate minerals and
fluid flow rates are poorly constrained for Marinoan cap dolo-
stones, the rate of early diagenesis or dolomitization in the shal-
low carbonates can be fast (Land, 1973; Swart et al., 1987). The
rate of synsedimentary dolomitization for the Marinoan cap dolo-
stone successions may have been faster than that of Cenozoic
carbonates due to inferred high Mg/Ca throughout the Neoprotero-
zoic (Hood and Wallace, 2018) as well as thermal imbalances and
a large amount of hydraulic head pumping fluid across shelves
during deglaciation. As a result, the isotopic signals of the pri-
mary aragonite were overprinted by the dolomitizing fluid, whose
composition was evolving during the deglaciation process. Thus,
geochemical signatures of each dolomite layer of the whole cap
dolostone succession would reflect instantaneous fluid-mineral in-
teraction, which changed with evolution of the shelf seawater. In
light of this, the variations of §44Ca and 87Sr/36Sr in the lower cap
dolostone successions are likely induced by changes in chemical
compositions of the shelf seawater (see section 6.4 for details).

6.4. A meltwater-seawater mixing model

With no evidence for a transition in diagenetic conditions or
in marine carbonate mineralogies, the large negative Ca isotope
excursion preserved in three widely separated Ediacaran cap dolo-
stone sections was likely caused by a short-term but gradual
change in composition of shelf seawater in which primary arag-
onite precipitated and then immediately dolomitized. The change
in chemical compositions of the shelf seawater might have oc-
curred due to varying addition of deglacial meltwater and runoff.
Two aspects of deglaciation that are important for shelf marine
conditions in this context are introduction of ice melt water and
re-invigoration of continental weathering fluxes under warm and
high atmospheric CO, conditions (Hoffman et al., 1998), generating
large volumes of runoff saturated with cations such as Ca®* and
Mg?*. As mentioned above, we consider shelf seawater as the fluid
in which the cap dolostone formed. The composition of this fluid
is controlled by the relative proportion of freshwater influx from
terrestrial meltwater and deglacial runoff mixing with original sea-

water (possibly a brine, Hoffman et al., 2017) in the aftermath of
the Marinoan glaciation.

Negative §*4Ca excursions and generally low §*Ca values in
modern and ancient carbonates can be attributed to the influ-
ence of fresh water through a mechanism such as riverine in-
put or submarine groundwater discharge, as freshwater generally
has much lower §*'Ca values than contemporaneous seawater
(Holmden et al., 2012a, 2012b; Shao et al., 2018). Therefore, it is
possible that the negative Ca isotope excursion in the Marinoan
cap dolostones may have been caused by addition of freshwater
with relatively low §*‘Ca values derived from ice melt and re-
newed continental runoff during deglaciation. Previous work has
suggested the relatively long-term persistence of a freshwater lens
or layer above alkaline (global) seawater on shallow marine shelves
due to large influxes of (marine and meteoric derived) melt water
during deglaciation, and in the aftermath of the Marinoan glacia-
tion, which could have contributed to low §*Ca values in cap
carbonates (Shields, 2005; Yang et al., 2017). An input peak of the
abundant calcium- and magnesium-bicarbonate, dissolved in melt-
water from renewed chemical weathering under high atmospheric
CO, conditions just after ice sheet melting (Hoffman et al., 1998;
Fabre and Berger, 2012), may have been incorporated in shallow
seawater, resulting in the lowest §%*Ca signatures of the lower cap
dolostones. The variation in §44Ca values may have resulted from
varying proportions of glacial meltwater and continental deglacial
runoff rich in light Ca-isotope incorporated into shelf seawater.
This freshwater influx scenario is also supported by 87Sr/86Sr ratios
in the three cap dolostone successions (Fig. 2). All of the sections
in this study show a positive excursion in 87Sr/®0Sr ratios in the
lower part of the cap dolostone, in step with the negative §%Ca
excursion. As more radiogenic 87Sr/®0Sr values are associated with
fluids that have interacted with crustal material, especially freshly
exposed, physically weathered minerals under glacial-interglacial
cyclic conditions (Blum and Erel, 1995), the positive excursion in
875r/86Sr in cap dolostones may have also resulted from the in-
creased influence of meltwater and runoff (from freshly-exposed
continental rocks) mixing into marine shelf waters in the immedi-
ate aftermath of the Marinoan glaciation. In this scenario, the de-
position of the lowermost cap carbonate may have been influenced
by meltwater from sea ice melt, at the onset of the deglaciation,
and the peak of 87Sr/%6Sr and §%4Ca excursions would mark the
maximum continental weathering input via terrestrial ice meltwa-
ter/runoff accompanying the deglaciation.

Based on the initial modeling results suggesting a fluid-buffered
dolomitization condition for cap dolostone deposition (Fig. 5), a
combined diagenetic and fluid mixing model can highlight the
link between the Ca and Sr isotopic variations in the cap dolo-
stone successions during freshwater-seawater fluid mixing (Fig. 6).
In this model, we characterize a seawater end-member by high
§%4Ca (1.5%, slightly higher than the §*4Ca value of the most basal
dolostones in this study, but lower than that of modern seawater)
and low 87Sr/86Sr (0.7070, Halverson et al., 2010) considering lim-
ited continental input into ice covered oceans during the ‘Snowball
Earth’ period. The deglacial fresh water end-member (melt wa-
ter and runoff) is assumed to have low §**Ca (0.89%o, similar to
the modern riverine value or continental crust value (e.g., Gussone
et al., 2016) and high 87Sr/®Sr (0.7150, similar to average upper
continental crust value and higher than modern average riverine
value) (e.g., Blum and Erel, 1995). Further, the primarily precipi-
tated carbonate mineral is suggested as aragonite with low §%4Ca
(0-0.3%0, controlled by contemporaneous seawater) and 87Sr/86sr
(0.7070, Halverson et al., 2010), which is supported by ubiquitous
aragonite precipitation during the Neoproterozoic (e.g., Hood and
Wallace, 2018; Pruss et al., 2018).

Modeling results shown in Fig. 6A suggest that a mixing be-
tween freshwater and original seawater, in which approximately
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60%-80% of total Ca and Sr were derived from freshwater (terres-
trial meltwater and deglacial runoff) and 20%-40% of total Ca and
Sr were from shelf brine, could induce the peak of the Ca and
Sr isotopic excursions in the lower cap dolostones. A compilation
of Ca isotope data and the suggested freshwater-seawater mixing
scenario for the dolomitizing fluid (i.e. freshwater-seawater mix-
ture) are shown in Fig. 7. It should be noted that the §*4Ca values
of the lowermost cap dolostones are higher than those of modern
freshwater, which may have been a result of mixing between the
original shelf seawater and early-stage melting sea ice (with only
minor Ca, Sr concentrations in marine ice sheet) (Fig. 7, Stage A).
Subsequent Ca isotope excursion as well as radiogenic Sr isotope
excursion in the lower part of the cap dolostones is suggested to
have resulted from a transition to mixing between the shelf seawa-
ter and a higher proportion of terrestrial meltwater and deglacial
runoff (Fig. 7, Stage B).

The results of this simplified two end-member model can also
help explain other geochemical records from cap dolostones. Al-
though 8180 values of carbonate can be altered through interac-
tion or exchange with non-marine fluids during burial diagenesis
(e.g., possibly producing the extremely low 880 of the Wushi
section), the 8180 trends recorded in these cap dolostones, includ-
ing negative anomalies in the Etoto section and the Jiulongwan
sections (at the same time as the negative Ca excursion, Fig. 2),
were possibly also driven by the addition of 80 depleted fresh-
water. Similarly, negative §13C values of the cap dolostones have
been attributed to an influx of deglacial continental runoff that
had a much lower C isotopic composition than seawater dur-
ing fluid-buffered dolomitization (e.g., Higgins and Schrag, 2003).
In addition, negative §''B excursions in the cap dolostones were
suggested to indicate global ocean acidification (and high pCO5)
in the aftermath of Marinoan glaciation (Kasemann et al., 2014;
Ohnemueller et al., 2014). However, it is possible that these B iso-

topic excursions could also be explained by the influx of deglacial
runoff (cf. Stewart et al., 2015) since freshwater pH (~7) is gener-
ally distinctly lower than seawater (pH > 8) at the same (modern)
atmospheric CO, levels and §!!B signatures are different between
seawater and freshwater sources. Additionally, cap dolostones gen-
erally have low Y/Ho ratios (e.g., Ling et al, 2013; this study),
which could also be influenced by the addition of freshwater
(cf. Zhao and Zheng, 2017).

6.5. Implications for cap dolostone deposition in the aftermath of the
Marinoan glaciation

Large negative Ca isotopic excursions in cap dolostones from
three globally separated sections are suggested to have been
caused by paleo-environmental conditions in the aftermath of the
Marinoan glaciation. While Ca isotopic excursions could possibly
be derived from fluctuations in the global marine Ca reservoir
(over ~1 Myr timescale), coupled Ca-Sr isotope excursions in
the lower cap dolostone succession are more likely to have been
caused by the mixing of deglacial ice meltwater and/or subsequent
continental runoff into seawater (over a shorter timescale: 10%
years, e.g., Crockford et al., 2016). Although marine synsedimen-
tary dolomitization could have been widespread in Cryogenian
seawater (e.g. Hood and Wallace, 2012), possibly caused by the
high global marine Ca and Mg saturation linked to dissolution
of volcanic materials (Gernon et al., 2016), our Ca-Sr data (neg-
ative §%*Ca and positive 87Sr/36Sr excursions in the lower cap
dolostones) support the suggestion that the mixing of deglacial
meltwater/runoff and seawater in the aftermath of the Marinoan
glaciation may also have promoted dolomitization through the
increased import of Ca?t, Mg?T and bicarbonate onto marine
shelves.
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While we cannot directly constrain atmospheric CO; levels dur-
ing this time, the Ca-Sr isotope excursions found in this study
indicate a high weathering flux into shelf seawater, which is con-
sistent with relatively high atmospheric CO, concentrations (pro-
moting high silicate weathering) during and immediately following
Marinoan deglaciation. Under the ‘Snowball Earth’ hypothesis, and
supported by triple-oxygen isotope data, the termination of the
Marinoan glaciation is thought to have been characterized by dra-
matically high atmospheric CO, (10%-10°> ppmv) (e.g., Hoffman et
al., 1998; Bao et al., 2009). This extreme greenhouse climate has
been proposed to significantly accelerate silicate weathering in the
aftermath of glaciation, promoting the dissolution of mechanically
eroded bedrock and liberating abundant cations and bicarbonate
from newly exposed glacial landscapes (e.g., Fabre and Berger,
2012). The mixing of this runoff into shallow seawater is mani-
fested in the low §%4Ca and high 8Sr/86Sr values recorded in the
lower cap dolostones. Therefore, it is likely that the formation of
cap dolostones could have been promoted by a combination of an
increased saturation state in the continental shelf surface seawa-
ter driven by intense chemical weathering, large amounts of runoff
and high seawater temperatures in the immediate aftermath of the
Marinoan glaciation (Hoffman et al., 2017).

7. Summary and conclusions

New high-resolution calcium isotopic records are reported for
the cap dolostones from three widely-separated sections (South
China, North China and Namibia) deposited in the immediate after-
math of the Neoproterozoic Marinoan glaciation. All these sections
are characterized by a negative §**Ca excursion on the order of
0.6%o¢ in the lower cap dolostones. This Ca isotopic anomaly is
larger than those seen in the Phanerozoic records and cannot be
interpreted as perturbation of the global oceanic Ca cycle using a
time-dependent mass balance model given the relatively short du-
ration of the cap dolostone (~10* year timescale). Together with
low Sr concentrations and high 87Sr/%6Sr ratios in cap dolostones,
the significant Ca isotopic anomaly is considered to have been
a result of the dynamic mixing of deglacial freshwater (meltwa-
ter/runoff) and seawater, which may have also enhanced carbonate
precipitation and synsedimentary dolomitization to form the cap
dolostone. The low §**Ca and high 87Sr/36Sr characteristics of the
cap dolostones are suggested to have been derived from the com-
bined effects of intense continental weathering and large volumes
of meltwater/runoff in the aftermath of Marinoan glaciation.
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