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ABSTRACT

The beginning of the Ediacaran Period (~635 Ma) is marked by conspicuous dolostone units that cap
Marinoan glacial deposits worldwide. The extent and sedimentary characteristics of the cap dolostones
indicate that anomalous carbonate over-saturation coincided with deglacial sea-level rise and ocean
warming. However, the geochemical variability within cap dolostones, both between continents, across
single continental margins, and within individual stratigraphic sections has been difficult to reconcile
with depositional models. Using a compilation of new calcium and magnesium isotope measurements
in Marinoan cap dolostone successions worldwide, we show that the geochemical variability can be
explained by early diagenetic dolomitization of aragonite along a spectrum of fluid- and sediment-
buffered conditions. Dolostones from the outer platform formed under fluid-buffered conditions, whereas
dolostones on the inner platform and foreslope environment formed under sediment-buffered conditions.
This spatial pattern of dolomitizing conditions is consistent with buoyant recirculation of glacial seawater
within carbonate platforms driven by the deglacial sea-level rise and development of a meltwater surface
ocean. Using a numerical diagenetic model to evaluate the geochemical differences between sediment-
and fluid-buffered cap dolostone units, we constrain the chemical and isotopic composition of both
the dolomitizing fluid (glacial seawater [§13C ~ 0-2%.]), the meltwater lens (813C ~ —11%.), and the
primary aragonite sediment (§'3C ~ —6 to —3%.). These model end-members do not imply that primary
geochemical variability did not exist but demonstrates that it is not necessary to change the chemistry
of seawater to explain the global stratigraphic variability in the geochemistry of basal Ediacaran cap
dolostones. Our results provide a novel framework for understanding the geochemical variability of cap
dolostone units, including large excursions in carbon isotopes, and how this variability is the product
of local diagenetic processes expressed globally in continental margin environments following the last
Snowball Earth.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In the Cryogenian Period (~720-635 Ma), ice sheets extended
to sea level in the tropics during two prolonged episodes of
global glaciation (Kirschvink, 1992; Hoffman et al., 1998). The
younger of these Snowball Earth events (the Marinoan) ended

* Corresponding author.
E-mail address: aahm@princeton.edu (A.-S.C. Ahm).

https://doi.org/10.1016/j.epsl.2018.10.046
0012-821X/© 2018 Elsevier B.V. All rights reserved.

at ~635 Ma and is capped by dolostone deposits that define
the beginning of the Ediacaran Period (Knoll et al., 2006). These
basal Ediacaran “cap dolostones” are strikingly similar across con-
tinents: they are white to buff in color with varying thickness
(~2-200 m) and contain unusual sedimentological features such
as sheet-crack cements, tubestone stromatolites, and giant wave
ripples (Kennedy, 1996; Hoffman and Schrag, 2002; Hoffman et al.,,
2007, 2011). Estimates from sedimentological studies, and some
interpretations of the paleomagnetic data, suggest that the dolo-
stones were deposited on timescales of ~103-10° yr directly on
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Marinoan glaciogenic deposits during the post-glacial sea-level rise
(Hoffman et al., 1998; Kennedy et al., 2001; Trindade et al., 2003;
Raub, 2008). In several localities, the dolostone is conformably
overlain by a limestone unit that contains the post-glacial maxi-
mum flooding surface and neomorphosed aragonite and barite fans
at or above the dolostone-limestone contact (Hoffman et al., 2007,
2011). Together, the cap dolostone and overlying limestone unit
constitute the Marinoan “cap-carbonate sequence” (Hoffman and
Schrag, 2002; Hoffman et al., 1998).

In spite of its global extent and distinct physical appearance,
the cap dolostone contains a carbon isotope excursion (CIE) that is
heterogeneous both in magnitude and structure on different conti-
nents. For example, in Namibia, Death Valley, and Australia, carbon
isotope values (8'3C) have little stratigraphic variability within in-
dividual sections, but show a large range in §!3C across each basin
(~ —6 to +2%o, Hoffman, 2011; Hoffman and Macdonald, 2010;
Macdonald et al., 2013b; Rose and Maloof, 2010). In contrast, in-
dividual cap dolostone sections in Mongolia, Northwest Canada,
and Arctic Alaska have large stratigraphic variation in §13C values
(>3%o., Bold et al., 2016; Macdonald et al., 2009). Various hypothe-
ses have been proposed for the origin of the cap carbonate CIE,
such as turnover of a previously stratified ocean (Grotzinger and
Knoll, 1995), a shutdown in biological productivity (Hoffman et
al., 1998; Hoffman and Schrag, 2002), destabilization of methane
hydrates following rapid warming (Kennedy et al.,, 2001; Jiang et
al., 2003), or the combined effects of rapidly rising temperatures
and CO,-drawdown by silicate weathering (Higgins and Schrag,
2003). However, none of these hypotheses can explain the range
and variability in §'3C values recorded across individual continen-
tal margins and across continents.

Two models have been proposed for the origin of the Marinoan
cap dolomite. Precipitation of primary dolomite is consistent with
the ubiquitous dolomitic mineralogy, retention of primary fabrics
(Kennedy, 1996), and the presence of coarse-grained dolomitic
peloids that were reworked prior to cementation (Hoffman et al.,
2011). A primary origin could imply that the cap dolostone geo-
chemistry reflects the chemistry of the water where these sedi-
ments originally precipitated. In this model, the spatial variability
in cap dolostone geochemistry would suggest either mixing of wa-
ter masses across the platform (Liu et al.,, 2014, 2018; Yang et al,,
2017) or diachronous deposition (Hoffman et al., 2007; Rose and
Maloof, 2010). In the alternative model, the cap dolomite may re-
flect secondary dolomitization of an aragonite or calcite precursor.
Due to high temperatures and pCO, levels, seawater chemistry in
the glacial aftermath was more prone to primary precipitation of
aragonite than dolomite (Fabre et al., 2013), and petrographic in-
dicators (growth faults, sheet veins, and multiple generations of
cements) are consistent with expansive growth of cements during
early diagenetic dolomitization (Gammon et al., 2012; Gammon,
2012). Early diagenetic dolomitization occurs in pore-water flu-
ids whose chemistry reflects both the chemical composition of
the original fluid (seawater, meltwater, or mixing of the two) as
well as reactions that occur within the pore-fluid space (neomor-
phism, recrystallization, dolomitization, organic matter remineral-
ization). According to this model, spatial and temporal variability
in the geochemistry of the cap dolostone will reflect variations
in the style of early diagenetic dolomitization (fluid- or sediment-
buffered, Higgins et al., 2018; Ahm et al., 2018).

Calcium (8*4/40Ca) and magnesium (826Mg) isotopes and ma-
jor/minor element ratios (Mg/Ca and Sr/Ca) in carbonate sediments
can be used to determine whether or not the Marinoan cap dolo-
stone formed during early diagenetic alteration of aragonite or cal-
cite. In contrast to primary dolomite precipitation, dolomites that
form during early diagenesis are expected to record systematic co-
variation between §%/40Ca values and §26Mg values that reflect
formation over a range of fluid- to sediment-buffered conditions

(Higgins et al., 2018; Ahm et al., 2018; Bldttler et al., 2015; Fantle
and Higgins, 2014). When combined with other geochemical prox-
ies, such as §13C values, it is possible to use Ca and Mg isotopes as
a geochemical fingerprint to identify fluid- and sediment-buffered
dolomitization, and thereby constrain the composition of the pri-
mary sediment and the dolomitizing fluid. Here we apply this
approach to the basal Ediacaran cap dolostone with new measure-
ments of §44/40Ca values, §26Mg values, and trace element ratios
from 23 sections spanning four continents to determine the origin
of the basal Ediacaran cap dolostone and how its chemistry reflects
conditions in the aftermath of the Marinoan glaciation.

2. Behavior of Ca and Mg isotopes during early diagenesis

Calcium in carbonate sediments and magnesium in dolomites
are major components of the sedimentary mass and are inherently
resistant to diagenetic alteration. However, carbonate §%4/40Ca and
526Mg values have been shown to be sensitive to diagenetic al-
teration under conditions where there is sufficient cation supply
to overwhelm the calcium and magnesium in the sediment (by
fluid advection or diffusion over short length-scales, Higgins et al.,
2018; Fantle and Higgins, 2014; Fantle and DePaolo, 2007). For ex-
ample, circulation of seawater through the Bahama Banks produces
distinct covariation between §44/40Ca and §26Mg values in early di-
agenetic dolomites (Higgins et al., 2018; Ahm et al., 2018; Fantle
and Higgins, 2014). Dolomite with low §44/40Ca values and high
5%6Mg values reflects formation under sediment-buffered condi-
tions and retains many of the chemical signatures of the primary
sediment. Dolomite with high §44/40Ca values and low §26Mg val-
ues reflects formation under fluid-buffered conditions and has a
chemical composition that is set by the dolomitizing fluid (seawa-
ter, Fig. 1).

Based on these observations, we interpret variability of sedi-
mentary §%*¥/40Ca values, that are associated with covariation in
526Mg values in dolomites and Sr/Ca ratios in limestones, to be a
product of change in mineralogy and early marine carbonate dia-
genesis (fluid- and sediment-buffered). We do not interpret these
geochemical relationships in terms of changes in primary precipi-
tation rates in the surface ocean or changes in global fluxes based
on three reasons: First, early marine diagenesis is widespread in
shallow-water carbonate sediments and a plausible mechanism for
the formation of large volumes of sedimentary dolomite in the
geological record (e.g., Vahrenkamp and Swart, 1994). Second, al-
though laboratory experiments have shown covariation between
Sr/Ca ratios and §%4/40Ca values as a function of different carbon-
ate precipitation rates (Tang et al., 2008), it is unclear if these
experiments translate to natural settings. Third, given that a sim-
ilar relationship between Sr/Ca ratios and §44/40Ca values exists
for early marine diagenesis of primary aragonite - and that this
relationship has been observed and quantified during early diage-
nesis in modern platform settings - our model strongly suggests
that covariation between the two is not a unique indicator of
rate-dependence in the water column (Ahm et al., 2018). As inde-
pendent geochemical and petrographic evidence exist for primary
aragonite in both the cap carbonate sequence and elsewhere in the
geological record (Bldttler and Higgins, 2017), we regard early di-
agenetic alteration of aragonite as a better null hypothesis for the
observed covariation between Sr/Ca ratios and §%**/4%Ca values in
ancient marine carbonate sediments.

Although we do not interpret §*4/40Ca values as reflecting dif-
ferences in primary precipitation rates in the surface ocean, the
behavior of §*%/40Ca values in carbonate sediments during early
marine diagenesis is a consequence of the rate dependence of
Ca isotope fractionation in carbonate minerals (Higgins et al.,
2018; Bldttler et al.,, 2015; Fantle and Higgins, 2014). The slow
precipitation rates associated with early marine diagenesis do
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Fig. 1. Schematic figure showing the combined use of §44/40Ca and §2°Mg values to distinguish if sedimentary 8'3C values have been altered or preserved during early
marine dolomitization. A synthetic dataset is used to illustrate the expected §%¥/40Ca and §26Mg isotope variability of samples that have been dolomitized during early
marine fluid-buffered diagenesis (blue), and samples that have been dolomitized during sediment-buffered diagenesis (red). (A) Covariation between §44/4°Ca and §26Mg

values, and their relationship to the §'3C values, indicate that the stratigraphic trend

in (B) is a product of changes in the diagenetic regime, from sediment-buffered

dolomitization (~0-5 m) towards increasingly more fluid-buffered dolomitizing. (C) In contrast, low §%4/40Ca values and high §26Mg values indicate sediment-buffered
dolomitization where the primary §'3C values and stratigraphic trend (D) have been preserved. Using the modeled covariation between §44/40Ca and §26Mg values, it is
possible to distinguish stratigraphic trends that are primary from those that reflect changes in the diagenetic regime. Note that the specific shape of the Ca and Mg isotope
phase-space is a function of the geochemistry of the primary mineral, the secondary mineral, and the diagenetic fluid (e.g., there would be a different phase-space for
aragonite neomorphism or meteoric diagenesis). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

not appreciably fractionate Ca isotopes (Fantle and DePaolo, 2007;
Jacobson and Holmden, 2008). In contrast, the precipitation rates
associated with biotic and abiotic precipitation of primary carbon-
ate minerals in the surface ocean are orders of magnitude higher
and can lead to significant fractionation of Ca isotope; ~ —1.6%.
for aragonite and ~ —1.1%. for calcite (Gussone et al., 2005). Crit-
ically, the range in §**/40Ca values that results from variations in
carbonate mineralogy and rate-dependent Ca isotope fractionation
during diagenesis are significantly larger than plausible changes in
seawater §%4/40Ca values associated with transient perturbations
to the global calcium cycle (Komar and Zeebe, 2016; Husson et
al., 2015; Bldttler and Higgins, 2017). Therefore, in contrast to pre-
vious studies we do not interpret Ca isotope variation in the cap
carbonate sequence to reflect changes in global weathering rates
(cf. Kasemann et al., 2005, 2014; Silva-Tamayo et al., 2010).

The behavior of Mg isotopes during early diagenetic dolomitiza-
tion is characterized by Rayleigh-type distillation of the pore-fluid
due to the large fractionation factor associated with dolomite pre-
cipitation in a wide range of diagenetic environments (~ —2%o,
Higgins and Schrag, 2010). As magnesium is removed from the
pore-fluid, the §26Mg values of the residual fluid increases, pro-
ducing dolomites with yet higher §26Mg values farther along the
path of fluid transport (Fig. 1). In contrast, fluid-buffered dolomites
formed in pore-waters close to the origin of fluid flow will have
relatively lower §26Mg values.

The systematic covariation between §26Mg and §*4/40Ca values
in early diagenetic dolomites also provides additional insights into
the origins and preservation of §'3C values in carbonates rocks. As
the ratio of calcium and carbon are similarly abundant in seawater
and carbonates, their behavior during fluid-buffered and sediment-
buffered early marine diagenesis is expected to be similar (Ahm
et al,, 2018). Samples where §'3C values have been reset during
dolomitization are expected to have high §*4/4°Ca and low §26Mg
values whereas samples where the primary §!3C values of the car-
bonate sediment (e.g., aragonite) are preserved are expected to
have low §44/40Ca values and high §26Mg values (Fig. 1).

3. Background and methods
3.1. Sample suite

Our sample suite consists of 23 stratigraphic sections from
southern Africa, North America, South Australia, and Mongolia. The
geological context for each section comes from previously pub-
lished work that includes §'3C and §'80 values (Bold et al., 2016;
Hoffman et al., 2007; Hoffman and Macdonald, 2010; Hoffman,
2011; Macdonald et al, 2009, 2013a, 2013b; Rose and Maloof,
2010) and is supplemented by new measurements from sections
from northwest Canada (Strauss, unpublished). A brief summary of
the settings for individual sections is outlined in Appendix A.
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3.2. Methods

Ca isotope measurements from the cap carbonate sequence are
reported as the relative abundance of *4Ca relative to 4°Ca using
standard delta notation, normalized to the isotopic composition
of modern seawater. For Ca isotopes, the external reproducibil-
ity for SRM915b and SRM915a relative to modern seawater is
—1.19 £ 0.14%. (20, N =120) and —1.86 £ 0.16% (20, N = 24),
respectively. Similarly, Mg isotope ratios are expressed as the rela-
tive abundance of 26Mg versus Mg, normalized to DSM3. For Mg,
the long-term external reproducibility for Cambridge-1 and sea-
water are —2.61 +0.10% (20, N =81) and —0.83 + 0.10%. (20,
N = 47), respectively. We refer to Appendix B and previous pub-
lications for a detailed outline of the Ca and Mg isotope analyses
and major and trace element analyses performed at Princeton Uni-
versity (Higgins et al., 2018; Bldttler et al., 2015; Husson et al.,
2015).

3.3. Description of diagenetic model

To constrain the origin of geochemical signatures in the cap
carbonates, we model carbonate diagenesis/dolomitization using a
numerical model (Ahm et al., 2018). The model simulates early
marine carbonate diagenesis through the dissolution of primary
calcium carbonate and re-precipitation of dolomite or low-Mg cal-
cite along a flow path (please refer to Ahm et al. (2018) for full
details on the model setup). The term neomorphism is used to
describe the conversion of aragonite to low-Mg calcite, while the
term dolomitization is used to describe the conversion of calcium
carbonate to dolomite. Observations from modern carbonate plat-
forms indicate that fluid flow is dominated by advection (Hen-
derson et al., 1999; Higgins et al., 2018). We assume that the
basal Ediacaran cap dolostones were dolomitized within 10° kyr.
This assumption implies that fluid flow and dolomitization rates
were approximately an order of magnitude higher than rates es-
timated from modern platform environments (~0.1% kyr—! and
~10 cmyr~!, Higgins et al., 2018; Ahm et al., 2018; Henderson
et al, 1999). As a result, we set reaction rates to 1% kyr—! and
flow rates to 1.2 myr~!, but since we evaluate our model output
in cross-plots space, our model results are not sensitive to changes
in either reaction rates or flow rates (Ahm et al., 2018). The model
output is a ternary phase-space between pairs of geochemical
proxies that is defined by the geochemistry of the primary sedi-
ment, the fluid-buffered, and the sediment-buffered end-members.
By identifying the fluid- and sediment-buffered end-members, we
can use the model to predict the composition of the primary sedi-
ment and the diagenetic fluid.

The model is fit to the distribution of geochemical data by
estimating the composition of the diagenetic fluid and primary
sediment. Model results are optimized by minimizing the orthog-
onal difference between samples and the model phase-space (the
residual). In addition, to ensure consistent predictions across dif-
ferent proxies, the position and shape of the model phase space
is constrained by the percentage of alteration. For example, sam-
ples that are modeled as 100% dolomitized in the phase-space of
544/40C3 versus §26Mg values, should also be 100% dolomitized
in the phase-space of §%4/40Ca versus §3C values. Samples that
are less than 100% recrystallized in this model phases space are
interpreted to be only partially altered during early marine diage-
nesis (Ahm et al., 2018). These samples are subsequently stabilized
during later burial diagenesis in conditions that are sediment-
buffered, thus preserving the geochemical signals associated with
early marine diagenesis. In other words, our model does not as-
sume that samples do not undergo subsequent diagenetic recrys-
tallization (neomorphism) during burial, simply that this recrystal-
lization must have been sediment-buffered to preserve the geo-

chemical signature of early marine diagenesis. We refer to Ap-
pendix C for sensitivity tests and optimization of model results
(Figs. C.11-C.12).

4. Results
4.1. Congo craton (Namibia)

The Keilberg cap dolostone (Hoffman et al., 2007; Hoffman,
2011) exhibits little stratigraphic variability in §*4/4°Ca and §2°Mg
values within individual sections, but there are systematic trends
across the Otavi platform in northern Namibia (Fig. 2). The plat-
form interior (sections P4017 and P7500) is characterized by rel-
atively low §44/40Ca values between ~ —1 and —1.3% and high
526Mg values between ~ —1.5 and —1.0%. On the outer platform
(P7016), §44/40Ca are consistently higher ~ —0.7%. and §26Mg val-
ues are consistently lower ~ —1.9%,, in agreement with findings
from previous studies (Kasemann et al., 2005, 2014). In contrast, a
section (P7017) on the distal foreslope of the platform has §44/40Ca
values ~ —1% and §26Mg values ~ —1.7%, a range similar to
sections from the platform interior. Across all cap dolostone sec-
tions, there is clear positive covariation between §13C and §44/40Ca
values and a negative covariation between §'3C and §2°Mg val-
ues.

The overlying transgressive limestone unit of the Maieberg For-
mation (Fm.) is characterized by lower §2Mg and §%*/40Ca val-
ues than the dolostone (upper part of section P4017). A ~1%.
decline in §2°Mg values down to ~ —2%. is mirrored by strati-
graphic variability in §44/40Ca values. §44/40Ca values increase to
—0.8%. followed by a decrease down to —1.4%.. The most negative
5%4/40C3 values in the Maieberg limestone correlate with higher
Sr/Ca ratios (Fig. 2). In contrast to the underlying dolostone, in the
Maieberg limestone samples with lower §'3C values correlate with
higher §44/40Ca values and lower §26Mg values. In addition, lower
§%4/40C3 values in the limestone covary with higher Sr/Ca ratios.

4.2. Kalahari craton (Namibia)

The Dreigratberg cap dolostone in southwest Namibia (section
F817) consists of limestone overlain by dolostone (Hoffman and
Macdonald, 2010). The limestone hosts rare ice-rafted debris that
marks the retreat of the ice-line and records a fall in relative sea-
level prior to the surface of maximum flooding at the top of the
overlying dolostone (Hoffman and Macdonald, 2010). There is no
isotopic offset in §%4/40Ca values between the limestone and dolo-
stone but there is a steady stratigraphic increase from —1.5 toward
—1%. towards the top of the section. In contrast, §26Mg values in
the lower limestone unit record a negative excursion from —1.5 to
—2.5%.. The limestone unit also has higher Sr/Ca ratios than the
overlying dolostone (Fig. 2).

4.3. South Australia

The Nuccaleena cap dolostone in the Flinders Ranges, South
Australia, was deposited across a large central anticline and a se-
ries of half-grabens to the north, which together span platform
to basinal settings (Rose and Maloof, 2010). The Nuccaleena cap
dolostone units have a large range in §13C values (between —8
and +2Y%o, Rose and Maloof, 2010), but a relatively small range in
544/40C3 values (between ~ —1.2 and —0.7%.). Platform dolostone
sections in the South and Central Flinders (N250, N255) and upper
slope facies south of the Mt Fitton anticline (N288) have relatively
invariant §44/40Ca values (~ —1%.) and §26Mg values (~ —2%o.) and
there is broad covariation between higher Sr/Ca ratios and lower
544/40C3 values (Fig. 3).
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Fig. 2. Chemostratigraphy from the Dreigratberg and Keilberg cap carbonate, Namibia. (A-E) Lithostratigraphy with §44/40Ca, §26Mg, and §'3C values from Congo craton,
Namibia (P4017, P7500, P7016, P7017, Hoffman et al.,, 2011) and Kalahari craton, Namibia (F817, Hoffman and Macdonald, 2010). The deep water Maieberg limestones that
are deposited on the Keilberg cap carbonate are included in section P4017. Sections are broadly aligned from shallow platform settings on the left towards platform margin
and deeper foreslope settings on the right. (F-I) Crossplots comparing data from all five sections. Notice that circles represent dolomite and diamonds represent limestone.

In contrast, the geochemistry of dolostone sections north of the
Mt Fitton anticline are more variable with §44/49Ca values between
~ —1.2 and —0.7%. and §26Mg values ~ —3 and —1.6%. (Fig. 3).
Limestones deposited in upper slope facies in the shallowest part
of the Mt Fitton anticline (C213) are both more enriched in #*Ca
(~ —0.58%.) and more depleted in 26Mg (~ —4.4%.) relative to
the basinal dolostones (€212, C215). In addition, these limestones

have low 813C values correlating with high §44/40Ca values and low
526Mg values, whereas the dolostones have low §'3C values corre-
lating with low §%4/4%Ca values and high §26Mg values.

4.4. Laurentia (Death Valley)

The Noonday cap carbonate (the Sentinel Peak Member) is
dolomitized on the platform but is preserved as limestone in
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Fig. 3. Chemostratigraphy from the Nuccaleena cap carbonate, South Australia. (A-F) Lithostratigraphy with §44/40Ca, §26Mg, and §'3C values from south Australia (N250,
N255, N288, €212, C213, C215, Rose and Maloof, 2010). For legend see Fig. 2. Sections are broadly aligned from shallow platform settings on the left towards platform margin
and deeper foreslope settings on the right. (G-]) Crossplots comparing data from the six sections. Notice that circles represent dolomite and diamonds represent limestone.

deeper foreslope settings (Silurian Hills, Macdonald et al., 2013a).
In general, the platform dolostone (F1344) has higher §44/40Ca
values and lower §2°Mg values than the deeper water lime-
stones (F1340) and associated dolostone olistoliths (F1341). In
contrast to the low 8%°Mg values and high §44/4°Ca values in
the Nuccaleena limestones, the deepwater Noonday limestones
have the highest §26Mg values (up to ~ —0.6%) and the low-
est §%/40Ca values (down to ~ —1.9%.). In addition, the low

§44/40C3 values in the limestone correlate with high Sr/Ca ratios
(Fig. 4).

4.5. Laurentia (Arctic Alaska)
The Nularvik cap dolostone (F601) has §'3C values between

0 and —2% (Macdonald et al, 2009). The §'3C values are in-
versely correlated with §44/40Ca values between —1.3 and —0.8%.
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Fig. 4. Chemostratigraphy from the Noonday cap carbonate, Death Valley, California. (A-C) Lithostratigraphy with §44/40Ca, §26Mg, and §'3C values from Death Valley (F1344,
F1341, F1340, Macdonald et al., 2013a). For legend see Fig. 2. Sections are broadly aligned from shallow platform settings on the left towards platform margin and deeper
foreslope settings on the right. (D-G) Crossplots comparing data from the three sections. Notice that circles represent dolomite and diamonds represent limestone.

(Fig. 5E), while 526Mg values are relatively invariable between —2
and —1.7%..

4.6. Laurentia (Northwest Canada)

The §'3C values in the Ravensthroat cap dolostone in the
Mackenzie Mountains (J1132, P7D, Macdonald et al., 2013b),
Ogilvie Mountains (J1713), and Tatonduk region (J1402, Strauss,
unpublished) span a range from ~ —7 to 0%.. The values in the
overlying Hayhook limestone unit are less variable (~ —5%.). In
contrast to the 8!3C values, §44/40Ca values are more variable in
the limestone unit (between —2 and —0.6%.) than in the underly-
ing dolostone (between ~ —1.2 and —0.6). Similarly, the §26Mg
values in the limestone span a larger range (between —3 and
—1%0) than in the dolostone (between —2 and —1.3%.). As a re-
sult, there is a more pronounced covariation between §13C, §26Mg,
and §%4/40Ca values in the dolostone compared to the limestone
(Fig. 5).

Hayhook Aragonite fans In the Mackenzie Mountains, the lowest
§44/40C3 values (~ —2%.) are found in calcite pseudomorphs after
aragonite fans in the limestones of the Hayhook Fm. (AF; Fig. 5).
544/40C3 values down to —2%. and elevated Sr/Ca ratios rarely are
found in carbonate rocks between ~3 and 0.5 Ga (Bldttler and Hig-
gins, 2017), matched only during the recovery of the Ediacaran
Shuram-Wonoka CIE (Husson et al., 2015). Targeted sampling of
the fans and the infilling matrix reveal a consistent offset in the
geochemical signature of these two texturally distinct phases. The
gray fans have lower §*4/40Ca values, higher §'3C, and lower §26Mg
values than the pink mud matrix (Fig. A.10). The trace element
ratios also are offset between fans and matrix, with higher Sr/Ca
ratios and lower Mg/Ca ratios in the fans compared to the ma-
trix.

4.7. Mongolia
In Mongolia, §13C values of the Ol cap dolostone span ~10%.

across the Zavhkhan Terrane (Fig. 6, Bold et al., 2016). The highest
values are found in sections from the inner platform (F875, U1113)
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Fig. 5. Chemostratigraphy from the Ravensthroat cap carbonate, Northwest Canada and Alaska. (A-B) Lithostratigraphy with §%4/49Ca, §26Mg, and §'3C values from North-
west Canada, where the Ravensthroat cap dolomites are overlain by limestones from the Hayhook Formation (J1713, J1132, P7D, J1402, Macdonald et al., 2013b), and (C-D)
from Arctic Alaska (F601 Macdonald et al., 2009). For legend see Fig. 2. (E-H) Cross-plots comparing data from the four sections. Notice that circles represent dolomite,

diamonds represent limestone, and stars represent aragonite fans.

that are more pervasively dolomitized than the basinal sections
(Bold et al., 2016). In general, these platform sections have higher
§44/40C3 values (up to —0.8%.) and lower §26Mg values (down to
—2%.). In contrast, in the basinal sections (F708, F860), §44/40Ca
values are variable between —1 and —1.5%., whereas §26Mg val-
ues are relatively invariant between —1.5 and —1.7%.. Combined,
813C values covary with §26Mg values across all sections with a
less clear relationship between §'3C and §*/40Ca values. In ad-
dition, §*4/40Ca values do not seem to show any distinctive cor-
relation to Sr/Ca ratio, in contrast to trends from other locali-
ties.

The geochemical signature of cap dolostone samples from Mon-
golia are consistently offset from sections in Australia, Namibia,
and North America. Specifically, the §13C values of the Mongolian
samples are higher than in other sections (up to +8%., Fig. 6). The
range in values observed in Mongolia has been linked to a region-
ally expansive dolomitization front that penetrates the basal Edi-
acaran dolostone and underlying glacial and pre-glacial sediments
(Bold et al.,, 2016). We therefore attribute the enriched §'3C values
in the Mongolia cap dolostone to the local history of dolomitiza-
tion and fluid flow (Bold et al., 2016). Discussion of the origin of
the Ol cap carbonate is limited to the supplementary material and
is not discussed further below.
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Fig. 6. Chemostratigraphy from the Ol cap carbonate, Mongolia. (A-D) Lithostratigraphy with §44/40Ca, §26Mg, and §'3C values from Mongolia (F875, U1113, F708, F860,
Bold et al., 2016). For legend see Fig. 2. Sections are broadly aligned from shallow platform settings on the left towards platform margin and deeper foreslope settings on the

right. (E-H) Crossplots comparing data from the four sections.

5. Discussion

Despite the geochemical heterogeneity between and within in-
dividual margins, §*4/40Ca and §26Mg values in the cap dolostone
covary across all localities - dolostones with low §%4/40Ca val-
ues have high §26Mg values and dolostones with high §44/40Ca
values have low §26Mg values (Figs. 8-9). This covariation is sim-
ilar to observations from Neogene dolomites (Higgins et al., 2018;
Blattler et al., 2015) and is consistent with formation of early di-

agenetic dolomite formed under a range of diagenetic conditions
(fluid- to sediment-buffered, see section 2). The appearance of
similar covariation in cap dolostone units from across the globe
provides evidence that cap dolostones formed by the early dia-
genetic conversion of a precursor carbonate mineral and not by
primary precipitation from the surface ocean (Fig. 1). In subse-
quent sections, we explore the implications of this result using
the bulk geochemistry of carbonate sediments (§44/40Ca, §26Mg,
813C values, and Sr/Ca ratios) together with a numerical model of
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early marine diagenesis to characterize the chemistry and isotopic
composition of the primary carbonate minerals and the diagenetic
fluids. These model results then are used to reconstruct the en-
vironmental conditions associated with cap carbonate deposition
and dolomitization in the aftermath of the Marinoan glaciation.

5.1. Primary cap carbonate mineralogy

Three lines of evidence indicate that aragonite was the precur-
sor carbonate mineral for the entire cap carbonate sequence. First,
many dolostone units are characterized by §*4/40Ca values that are
significantly lower (~< —1%.) than expected for dolomitized cal-
cite or primary dolomite (~> —1%., Gussone and Dietzel, 2016;
Higgins et al., 2018; Ahm et al., 2018). Second, petrographic ob-
servations and sub-sampling of relict aragonite fans (now calcite)
from the Hayhook Fm. in Northwest Canada are characterized by
low §44/40Ca values (—2%.) and high Sr/Ca ratios (3-4 mmol/mol,
Fig. A.10). Although the micritic matrix has slightly higher §44/40Ca
values (—1.6%.) and lower Sr/Ca ratios (1-2 mmol/mol), the val-
ues are still within the range of those expected for neomorphosed
aragonite (e.g., Ahm et al., 2018). Relict aragonite fans also are pre-
served as dolomite in Arctic Alaska and Mongolia (Macdonald et
al., 2009; Bold et al., 2016). Third, both limestone and dolomite cap
carbonates with elevated Sr/Ca ratios tend to have low §44/40Ca
values (Figs. 8-9), a relationship that is similar to that observed
for diagenesis of primary aragonite in the Bahamas (Higgins et
al.,, 2018), and indistinguishable from the co-variation between
544/40C3 values and Sr/Ca ratios observed in the aragonite fans and
micrite of the Hayhook Fm. (Fig. 5).

5.2. Predictions for diagenesis and fluid flow in the glacial aftermath

Field observations can constrain the timing and relationship
between aragonite precipitation, early dolomitization, and Snow-
ball Earth deglaciation. First, the cap dolostone contains wave-
generated sedimentary structures indicating that deposition oc-
curred above storm wave-base during the initial kiloyears of sea-
level rise (Hoffman et al., 2011; Rose and Maloof, 2010; Macdon-
ald et al.,, 2013a, 2013b; Hoffman and Macdonald, 2010; Bold et
al,, 2016). As a result, the chemical composition of the primary
sediment likely reflected precipitation from the growing meltwa-
ter surface ocean (Shields, 2005; Liu et al, 2014; Yang et al,
2017). Second, the widespread occurrence of temporally coincident
early diagenetic cap dolostone units (with consistent covariance
between Ca and Mg isotopes) indicate that the primary sediment
was dolomitized shortly after deposition during the initial stages
of deglaciation. Third, the stratigraphic transition from dolostone
to deeper-water limestone suggests a decrease in dolomitization
near the time of maximum flooding.

5.2.1. The chemistry of the meltwater lens

The stratigraphic constraints outlined above suggest that the
chemistry of the precursor aragonite reflects the chemistry of the
meltwater surface ocean. Previous studies have suggested that
the meltwater surface ocean was dominated by inputs from the
rapid weathering of carbonates in the high pCO, glacial aftermath
(Hoffman and Schrag, 2002; Higgins and Schrag, 2003). Chemical
weathering of carbonate-dominated terrains produce waters with
low §4/40Ca and §25Mg values due to the low values of conti-
nental carbonates (§%4/40Ca = —1%., §26Mg = —2%.). For exam-
ple, freshwater discharge through carbonate sediments in Florida
Bay produce Ca-rich groundwater (Ca®>T ~ 13.5 mmol/kg) with low
544/40C3 values between —0.4 and —0.9%.. As a result, bulk car-
bonate sediments in the bay are characterized by §44/40Ca values
down to ~ —2%. (Holmden et al., 2012). In contrast, the concen-
trations of Mg in groundwater aquifers are orders of magnitudes

lower than in seawater (e.g., ~0.6-2 mmol/kg in the Madison
aquifer; Jacobson et al., 2010). Mg isotopes in carbonate-dominated
groundwater systems are low (~ —1.6 and —1.0%.) with traver-
tine deposits recording §26Mg values down to —4%. (Tipper et al.,
2006; Jacobson et al., 2010). Relict aragonite fans in limestones
from the cap carbonate sequence have both §44/40Ca values and
§26Mg values that approach ~ —2%., consistent with formation in a
meltwater surface ocean. Accounting for the fractionation between
aragonite and fluid (Gussone et al., 2005; Wang et al., 2013), these
measured values predict a meltwater lens with §*4/40Ca values of
~ —0.4%. and §*6Mg values of ~ —1%., similar to the range of ob-
servations in the modern settings outlined above (Table 1).

5.2.2. The chemistry of glacial seawater

Widespread dolomitization of aragonite precipitated from a
meltwater surface ocean requires a large supply of Mg. Considering
the low Mg concentrations of freshwater (see above), we hypothe-
size that the dolomitizing fluid was glacial seawater. Previous stud-
ies have suggested that the chemical composition of glacial seawa-
ter was controlled by hydrothermal alteration of oceanic crust due
to a reduction in continental inputs during the global glaciation
(Hoffman and Schrag, 2002). As Mg is removed from seawater in
both low and high-temperature hydrothermal systems, prolonged
global glaciation will tend to lower seawater Mg concentrations
relative to ice-free conditions. This mechanism is similar to models
for the near continent free Archean (Jones et al., 2015). As a result,
Mg/Ca ratios in glacial seawater are expected to be lower in com-
parison with Cenozoic seawater ratios, although still substantially
higher than ratios expected for freshwaters (see above), and lower
than the general conditions thought to characterize the Protero-
zoic (Jones et al.,, 2015). Similarly, a reduction in carbonate burial,
increase in seafloor dissolution (Hoffman and Schrag, 2002), and
continued high-temperature hydrothermal alteration are expected
to have raised Ca concentrations and lowered §%4/40Ca values rel-
ative to pre-glacial seawater. Given these assumptions, we expect
that glacial seawater was characterized by relatively low Mg/Ca ra-
tios, low §44/40Ca values, and high §26Mg values (Table 1).

5.2.3. Fluid circulation in platform sediments during the glacial
aftermath

Deglaciation and meltwater discharge in coastal zones pro-
vides a physical mechanism to circulate seawater through carbon-
ate platforms worldwide (Fig. 7). During the development of an
expansive meltwater wedge in coastal areas, density gradients be-
tween meltwater and glacial seawater promote buoyant convection
of fluids within platform sediments (Wilson, 2005; Cooper et al.,
1964; Reilly and Goodman, 1985). The less dense meltwater forms
a wedge and flows seawards to displace more dense seawater
(Fig. 7A). In the transition zone between meltwater and seawater,
seawater is diluted and entrained in the upward flow of freshwater
through turbulent mixing (Cooper et al., 1964). To compensate the
seaward flow of diluted waters, seawater flows landward from the

Table 1
Summary of expectations and model results (see Appendix C for sensitivity tests of
model optimization results).

Variable Meltwater Seawater Primary aragonite
Expectations:

§44/40Ca —0.4 to —0.9% <0% < —1.6%

526Mg < —1% > —0.8% < —1%

Mg/Ca <0.15 mol/mol <5 mol/mol ~10 mmol/mol
Model fit:

544/40Cq —0.4%, —0.6%o —2.1%

526 Mg —1.8%0 —0.2% —2to —1%
Mg/Ca (mmol/mol) 0.025 0.9 20

s13¢ —11% 0 to +2% —6to —3%
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Fig. 7. Fluid flow during deglaciation. Schematic representation of fluid circulation in platform sediments during deglaciation. (A) High rates of meltwater discharge from land
based ice sheets in the initial stages of deglaciation drives seawater recirculation and dolomitization of primary aragonite in platform environments worldwide. (B) As the
meltwater lens reaches its maximum extent, barite precipitates at the interface between meltwater and seawater (dashed line illustrates boundary between meltwater and
seawater). (C) While aragonite is continuously precipitating in the surface ocean, dolomitization ceases and is replaced by aragonite neomorphism to calcite as the meltwater
lens covers the platform and infiltrates the pore space. (D) Keilberg cap dolostone units from the Congo Craton shown in their relative position across the margin from the
inner-most platform environment (P4017) to the foreslope (P7017). §'3C values are colored by diagenetic model results of the degree of fluid- versus sediment-buffered
dolomitization (on a scale from 0-10 with 10 being the most sediment-buffered), corresponding to the flow path of seawater recirculation through the platform.

edge of the platform, establishing convective circulation (Fig. 7).
This type of seawater recirculation has been recognized in mod-
ern coastal systems (Wilson, 2005), and hypothesized to play an
important role in the dolomitization of modern shallow-water car-
bonate sediments (Vahrenkamp and Swart, 1994).

Seawater recirculation depends on the rate of meltwater dis-
charge at the surface (Cooper et al., 1964; Reilly and Goodman,
1985) and will be most vigorous during ice sheet melting. In ad-
dition, seawater recirculation is expected to result in longer fluid-
flow paths for sites on the inner-most platform and shorter fluid-
flow paths on the platform edge (Fig. 7). In the context of the
cap dolostone, this type of circulation would result in seawater-
buffered dolomites on the platform edge and sediment-buffered
dolomites on the inner platform - exactly the spatial pattern ob-
served in the cap dolostone units in Namibia (Fig. 7D). Deeper dis-
tal environments will be exposed to less fluid flow because rates of
seawater recirculation decline with distance from the freshwater-
seawater interface (Cooper et al., 1964; Reilly and Goodman, 1985).
As a result, more sediment-buffered carbonates are expected in
deeper foreslope settings, consistent with observations from basi-
nal sections in Death Valley (F1340) and Namibia (P7017).

In sections more proximal to land-based ice-sheets, continued
meltwater discharge through sediments would result in meteoric-
style diagenesis (Fig. 7). This type of diagenesis is consistent with
observations from limestones in South Australia (C213) and Kala-
hari (F817) deposited prior to maximum deglacial flooding. In ad-
dition to the lack of dolomite, the observations of very low §26Mg
values (down to —4%.) and relatively high §44/40Ca values (up to
~ —0.6%0) in these cap carbonates are consistent with alteration
in meltwater-dominated diagenetic fluids. During deglaciation, the
growth of the meltwater surface ocean may lead to stratigraphic
changes in the style of diagenetic alteration. Sites where diagen-
esis initially is dominated by circulation of glacial seawater may
transition to meltwater-dominated as the thickness of the melt-
water surface ocean increases (Fig. 7C). A reduction in seawater

recirculation and a shift to a more meltwater-dominated fluid with
time provides an explanation for the stratigraphic transition from
a transgressive cap dolostone to a deep-water limestone in multi-
ple sections (e.g., the Maieberg Fm. in Namibia and Hayhook Fm. in
Northwest Canada, Fig. 7C). In these limestone units, relatively high
5%4/40C3 values (up to ~ —0.8%.) and low §26Mg values (down to
~ —3%.) are consistent with alteration in the meltwater lens (e.g.,
J1132, P4017, Fig. 8).

5.2.4. Barite precipitation

One of the most enigmatic characteristics of the Marinoan
cap carbonate sequence is the widespread observation of seafloor
barite (BaSO4) at the transition between the cap dolostone and
the deep-water limestone (e.g., Crockford et al., 2017). This barite
hosts unique A'70 anomalies that indicate high CO,/O; ratios in
the aftermath of the global glaciation and require that SO?{ in-
corporated into barite was in communication with the atmosphere
prior to its incorporation (Bao et al., 2008). We propose that dis-
charge of meltwater provided SOﬁ_ from continental weathering of
sulfides (Hoffman et al., 2011; Crockford et al., 2016) while the cir-
culation of anoxic glacial seawater through sediments in the glacial
aftermath provided a source of Ba** (Hoffman et al, 2011). This
mechanism links the mineralogical transition from dolostone to
limestone and the formation of barite to the existence of an in-
terface between the meltwater lens and glacial seawater (Fig. 7B).

5.3. Modeling cap carbonate dolomitization and aragonite
neomorphism

To test whether the assumptions used to construct our model
for cap carbonate deposition and dolomitization are consistent
with the observed geochemical variability, we evaluate each
dataset using a numerical model of carbonate diagenesis (Ahm
et al,, 2018). First, the model is used to constrain the composi-
tion of the meltwater lens by simulating neomorphism of primary
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Fig. 8. Meltwater diagenesis. Modeling results for neomorphism of primary aragonite (white star) in the meltwater lens (thin black grid lines). The initial composition of
aragonite likely varied across the platform (small gray arrow). The two black arrows indicate the two end-member diagenetic pathways for neomorphism in either fully fluid-
or sediment-buffered conditions. The gray lines of the model phase-space indicate the degree of neomorphism in the meltwater lens (from 0 to 100%). Model results are
compared to measurements from cap limestones from Namibia (blue), Kalahari (cyan), Australia (green), Death Valley (purple/pink), and Northwest Canada (yellow). These
measurements span the range between the fluid- and sediment-buffered model trajectories and the primary mineral. (A) §'3C versus §4/4%Ca values, (B) 5'3C versus §26Mg
values, (C) §26Mg versus §*/4%Ca values, and (D) Sr/Ca ratios versus §*4/40Ca values. Sample color code and legend correspond to Figs. 1-6.

aragonite in meltwater (based on the concept in Fig. 7). Model re-
sults for the meltwater lens are estimated from measurements of
§44/40C3 values, §26Mg values, and Sr/Ca ratios from cap limestone
units. Second, the model is used to constrain the composition of
glacial seawater by simulating early marine dolomitization. Model
results for glacial seawater are estimated from measurements of
544/40C3 values, §26Mg values, and Sr/Ca ratios from the cap dolo-
stone units. Using model results for both dolomitization and neo-
morphism, we estimate the composition of the primary aragonite
and use these constrains to evaluate the origin and variability in
513C values recorded in cap carbonates worldwide (Table 1).

5.3.1. Aragonite neomorphism in the meltwater lens

A subset of cap carbonate samples from South Australia, Death
Valley, Congo, Kalahari, and Northwest Canada are limestone. On
the Namibian margin of the Congo craton and in northwestern
Canada, deep-water limestones overlie a transgressive cap dolo-
stone unit, but in South Australia, Death Valley, and Kalahari the
limestones locally are deposited below the surface of maximum
flooding. These limestone units are geochemically distinct from the
cap dolostones with low §'3C values, high §44/49Ca values, and low
5%6Mg values (Fig. 8). The most fluid-buffered samples are from
South Australia (C213) and record low §25Mg values (~ —4%),
relatively high §44/40Ca values (~ —0.7%.), and low §'3C values
(~ —7%., Fig. 3). In contrast, the most sediment-buffered samples
are from limestones from a foreslope succession in Death Valley
(F1340) that record high §26Mg values (~ —1%.), low §44/40Ca val-
ues (~ —1.9%.), and intermediate §'3C values (~ —3%., Fig. 4).

The model fit to the geochemical data from these limestone
sections yields a diagenetic fluid with a relatively low §44/40Ca

value (~ —0.4%.), a very low §%6Mg value (~ —1.8%), a very
low 8'3C value (~ —11%., Fig. 8), and a very low Mg/Ca ratio
(~0.025 mol/mol, Table 1). The range in the geochemical data sug-
gests that the chemistry of the meltwater lens was somewhat vari-
able across different continental margins (Fig. 8), consistent with
expectations of the chemistry of a meltwater surface ocean in the
aftermath of a global glaciation (section 5.2.1).

5.3.2. Early marine dolomitization

Cap dolostone samples from South Australia, Congo, Kalahari,
Death Valley, Northwest Canada, and Arctic Alaska have geochem-
ical signatures consistent with early marine dolomitization by a
seawater-like fluid (Fig. 9). The most fluid-buffered samples come
from platform margin to upper slope settings on the Congo Cra-
ton and in South Australia (C215, P7016, Figs. 2-3) with high
§44/40C3 values (~ —0.6%), low §26Mg values (~ —2.2%.), and
high 813C values (~ +2%.). The most sediment-buffered samples
come from the innermost platform and deeper foreslope settings
of the Congo Craton, and foreslope settings in Death Valley (P4017,
P7500, F1340, Figs. 2-4) with low §44/40Ca values (~ —1.5%.), high
526Mg values (~ —1%.), and relatively low §13C values (~ —5%o).

The model fit to the geochemical data from these cap dolostone
units (Fig. 9) indicate that the dolomitizing fluid had a §44/40Ca
value of ~ —0.4%, a §*6Mg value ~ —0.2%., a Mg/Ca ratio of
~0.9 mol/mol, and a §'3C value of ~2%. (Table 1). However, when
excluding a particular section in Australia (C215) with higher §13C
values than observed elsewhere, the model fit to the geochemi-
cal data yields a 8'3C value of ~0%. for the dolomitizing fluid.
In general, these model estimates are consistent with our expec-
tations for the chemistry of seawater in the wake of a prolonged
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Fig. 9. Seawater dolomitization. Modeling results for dolomitization of primary aragonite (white star) in glacial seawater (thin black grid lines). The two black arrows indicate
the two end-member diagenetic pathways for dolomitization in either fully fluid- or sediment-buffered conditions. The gray lines on the model phase-space indicate the
degree of dolomitization (from 0 to 100%). Grey arrows and text indicate samples that are interpreted to also be influenced by diagenesis in the meltwater surface ocean
(see also Fig. 8). Model results are compared to measurements of cap dolostones from Namibia (blue), Australia (green), Death Valley (pink), Northwest Canada (yellow), and
Arctic Alaska (orange). These measurements span the range between the fluid- and sediment-buffered model trajectories. (A) 8'3C versus §44/40Ca values, (B) §!3C versus
526Mg values, (C) §26Mg versus §44/40Ca values, and (D) Sr/Ca ratios versus §*4/40Ca values. Sample color code and legend correspond to Figs. 1-6.

global glaciation where the composition of seawater is set by hy-
drothermal circulation (section 5.2.2, Hoffman and Schrag, 2002;
Jones et al., 2015). The model estimate of relatively high §44/40Ca
values of the dolomitizing fluid provide further evidence that the
dolomitizing occurred during early marine diagenesis in relatively
unaltered seawater as crustal fluids would be expected to have
lower §44/40Ca value due to reactions with the wall rock. These
model results suggest that the system can be well-represented
by a single fluid-buffered end-member for seawater rather than
multiple end-members. These results do not imply that smaller
scale geochemical variability did not exist during and immedi-
ately after deposition of the cap carbonate, but does not support
the existence of end-members that are far outside the range of
the model phase-space. It is therefore not necessary to change
the chemistry of seawater over time to explain the global strati-
graphic variability in the geochemistry of basal Ediacaran cap dolo-
stones.

5.3.3. The chemistry of primary aragonite

Model results also can be used to estimate the chemical and
isotopic composition of the primary carbonate sediment. The
model results outlined above are consistent with primary arag-
onite with a low §44/40Ca value (~ —2.1%.) and relatively high
§26Mg values (between ~ —1 and —2%., Table 1, Figs. 8-9). The
large range in §26Mg values in the primary sediment may reflect
either a small degree of mixing between Mg-poor meltwater and
Mg-rich seawater across the continental margin or small contribu-
tions from dolomite in the bulk sample.

The best model fit to the global dataset indicates that the pri-
mary aragonite was characterized by §'3C values ~ —5% with
some variability across continents (between ~ —6 and —3%.,

Figs. 8-9). This aragonite subsequently was dolomitized in glacial
seawater with a §13C value between ~0-2%.. Samples that were
dolomitized in fluid-buffered settings were reset toward the com-
position of glacial seawater (e.g., P7016, C215), whereas samples
that were dolomitized in more sediment-buffered settings retained
some of the chemical signatures of the primary aragonite (e.g.,
P7500, P4017). Samples that avoided early dolomitization entirely
were neomorphosed to low-Mg calcite during diagenesis in the
expansive meltwater surface ocean and reflect its low §'3C value
(e.g., Maieberg Fm. limestones).

5.4. Carbon isotope excursions in cap carbonates

According to our model, the large range in §'3C values recorded
in cap carbonate deposits worldwide is the consequence of differ-
ent styles of early diagenesis and fluid flow in platform environ-
ments during the glacial aftermath. Model results and measure-
ments of relict aragonite fans suggest that the precursor sediment
had low but somewhat variable §3C values (between —3 and
—6%., Fig. 8) - a result that is further corroborated by model
results of diagenesis in the meltwater surface ocean (down to
—11%.).

Two mechanisms may explain these low §'3Cp;¢ values in the
meltwater surface ocean. First, low §13Cpjc values are observed in
modern coastal systems associated with large fluxes of respired or-
ganic matter (Patterson and Walter, 1994). For example, in Florida
Bay high rates of submarine groundwater discharge contribute to
coastal waters with §'3Cpc values down to ~ —7%., likely due to
the addition of respired organic matter from the Florida Everglades
(Patterson and Walter, 1994). To invoke this mechanism and ex-
plain the low 8'3Cp)c values in the meltwater lens requires a large
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terrestrial biosphere (e.g., Knauth and Kennedy, 2009) or elevated
rates of organic carbon oxidation in the underlying sediments.

Alternatively, low 813Cp;c values in shallow-water aragonite
producing environments may result from kinetic isotope effects
due to CO, invasion in a poorly-buffered meltwater surface ocean
(Baertschi, 1952; Lazar and Erez, 1992). Hydration and/or hydrox-
ylation of CO, is associated with a large kinetic isotope effect (es-
timates between ~ —11 to —39%., Zeebe and Wolf-Gladrow, 2001)
and continued invasion of CO, into surface waters can result in
local §'3Cp)c values below —10%. (Lazar and Erez, 1992). Disequi-
librium effects are expressed in modern settings where extremely
low 813Cpj¢ values are observed during rapid precipitation of car-
bonates in high alkalinity waters (e.g., Falk et al., 2016) and/or
during high sustained rates of biological productivity in both fresh-
water (Herczeg and Fairbanks, 1987) and marine environments
(Lazar and Erez, 1992). Enhanced nutrient inputs during the in-
tense weathering associated with the post-glacial hothouse (Kun-
zmann et al,, 2013) together with the relatively low buffering ca-
pacity of a meltwater surface ocean provide a plausible mechanism
to explain the increase in local biological productivity required to
produce significant disequilibrium between the meltwater surface
ocean and the atmosphere.

Given the important role of photosynthetic microbial mat com-
munities in driving carbon isotopic disequilibrium in modern
evaporation pans and sedimentological observations of anomalous
‘tubestone’ stromatolitic units in the cap carbonate sequence (e.g.,
Figs. 2, 4, 5; Hoffman et al.,, 2011), we hypothesize that microbial
mats played an important role in driving isotopic disequilibrium
in the meltwater surface ocean. The rates of primary production
required to drive disequilibrium in both saline microbial mat sys-
tems and freshwater lakes are ~30 mmolm—2d~! (Herczeg and
Fairbanks, 1987; Lazar and Erez, 1992), well within the range
of estimates for productivity in the modern surface ocean. This
hypothesis is not inconsistent with the low organic carbon con-
tent in the cap carbonate sequences. While it is generally agreed
that microbial mats were likely organic-rich at the sediment-water
interface, these same deposits are rarely associated with high con-
centrations of organic matter in the rock record. In addition, high
carbonate precipitation rates may have locally masked organic car-
bon burial in these sediments. Finally, in addition to providing
an explanation for low §13Cp;¢, productivity-driven disequilibrium
may provide insights into the anomalous sedimentary fabrics as-
sociated with cap carbonates as disequilibrium in the carbonate
system is expected to lead to high degrees of carbonate supersat-
uration.

According to this hypothesis, the persistence of low §'3Cpc
values through the cap carbonate sequence above the dolostone
units reflect extended periods of disequilibrium between the at-
mosphere and meltwater surface ocean through the time interval
of maximum flooding (Fig. 7C). Periods of disequilibrium were
likely driven by algal blooms, resulting in precipitation of aragonite
in the less buffered meltwater ocean during times of CO, inva-
sion. Isotopically depleted crystal fans in deeper-water facies also
suggest that these conditions extended to over-deepened shelves
and slopes, consistent with the development of a thick meltwa-
ter surface ocean (~1 km, Yang et al., 2017) with a duration of
10%-10° yr. Due to the decrease in fluid-flow in sediments in
deeper-waters, the accumulation of carbonate sediments in deep
underfilled basins limited the extent of fluid-buffered alteration
and preserved platform top §'3Cpjc values. These results suggest
that the stratigraphic variability of 8'3C values in the cap carbon-
ate sequence is a product of different styles of diagenesis/dolomi-
tization of primary aragonite. This model explains the regional
and stratigraphic variability in terms of mixing between sediment-
buffered neomorphosed aragonite and both sediment- and fluid-

buffered dolomite formed from the dolomitization of aragonite
with glacial seawater.

Measurements and diagenetic model results of cap dolostone
dolomitization suggest that the 8'3Cp;c values of glacial seawa-
ter sourced from intermediate water depths was ~0-2%. (Fig. 9A).
As the 813Cpjc value of glacial seawater would depend on the
initial 813C of the ocean-atmosphere system, the partitioning of
CO, between ocean and atmosphere, and temperature-dependent
fractionation between the inorganic carbon species, 813Cpjc val-
ues near 0%, are consistent with expectations for glacial seawater
(Higgins and Schrag, 2003).

6. Conclusion

e Systematic covariation between Ca and Mg isotope values
in more than 20 cap dolostone sections indicate that the
dolomite is not a primary precipitate, and instead is the prod-
uct of secondary early dolomitization of calcium carbonate.

e The low Ca isotope values (below —1.1%.) of cap dolomites and
the covariation between Ca isotope values and Sr/Ca ratios in
the cap limestones indicate that the precursor mineralogy was
aragonite.

e Results from diagenetic modeling suggest that primary arago-
nite was deposited in the meltwater surface ocean with low
813Cpjc values (down to ~ —11%.).

e 813C values of the meltwater surface ocean were low due to
either high rates of organic matter remineralization in glacial
groundwater or kinetic isotope effects caused by CO; invasion
from the atmosphere into the surface ocean. Importantly, these
values do not directly reflect secular variations in the DIC.

e Dolomitization of platform sediments is consistent with fluid
flow and seawater recirculation during global deglaciation.

e Platform sediments were dolomitized during sea-level rise in
glacial seawater with low Mg/Ca ratios (~0.9), low Ca iso-
tope values (~ —0.6%.), high Mg isotope values (—0.2%.), and
813Cpjc values of ~0-2%o.
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