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Abstract Preglacial and synglacial low�latitude carbonate sediments of the Elbobreen Formation, NE
Svalbard, preserve facies changes associated with low�latitude glacial advance in Cryogenian•Snowball
EarthŽepisodes (717…635 Ma). We present the� rst application of carbonate clumped (� 47) isotope
thermometry on synglacial Snowball Earth carbonates and combine results with sedimentologic and
petrographic observations and stable isotope (� 13C and � 18O) geochemistry to assess Neoproterozoic
environmental change. We� nd elevated calcite� 47 temperatures, which likely re� ect solid�state reordering
during burial. Dolomites, however, record lower temperatures that vary with facies and stratigraphy.
Preglacial dolomite� 47 temperatures range from 48…77°C, with a reconstructed� uid � 18OVSMOW value of
+0.6‹ in the coldest sample. Glacial diamictites and dolomicrites comprise (1) reworked detrital clasts
similar to preglacial strata in stable isotope composition and petrographic textures and (2) autochthonous
dolomicrite with more positive � 18O values than those of preglacial dolomites or cooccurring detrital clasts.
Mean glacial autochthonous dolomicrite� 47 temperatures are 26 ± 10°C (95% CL) cooler than preglacial
strata, with four samples <25°C. All dolomite� 47 temperatures re� ect diagenesis associated with
lithi � cation, yet observed stratigraphic and textural� 47 temperature differences indicate that this occurred
early and only contributes to part of the preserved temperature signal. Alteration trends within populations
are consistent with low water/rock ratio diagenesis or partial solid�state reordering; either possibility
supports the likelihood of preserved� 18O trends. We postulate that the preserved temperature and� 18O
differences between low�latitude preglacial Tonian and synglacial Cryogenian dolomites are an imperfect
re� ection of primary temperature change and ice sheet expansion.

Plain Language Summary Glaciations, termed•Snowball EarthŽ episodes, with evidence for
low�latitude ice took place in the Cryogenian (717…635 Ma), and these extreme glaciations were likely a
critical part of the transition between the Precambrian and the Phanerozoic (541 Ma to present). In this
study, we analyzed strata from Svalbard that were originally deposited near the equator before and during
one of these Snowball Earth events and present the� rst application of carbonate clumped isotope (� 47)
thermometry to Cryogenian synglacial deposits. We combine� 47 results with both 18O/16O stable isotope
composition of the carbonates and their microscopic character to assess evidence for environmental changes
associated with this glaciation. Carbonates maintain a record of signi� cantly (20…30°C) lower� 47

temperatures in glacial versus preglacial deposits. Carbonate18O/16O enrichment in synglacial deposits is
consistent with ice sheet expansion in the Cryogenian. If the observed drop in temperature from preglacial to
glacial strata re� ects a difference in primary or shallow pore� uid temperatures, it far exceeds that of
more recent Phanerozoic glaciations like the Pleistocene.

1. Introduction

Earth's Phanerozoic climate was dominated by•greenhouseŽconditions without polar ice, with brief forays
into • icehouseŽ states similar to today (Brenchley et al., 1994; Montañez & Poulsen, 2013). Prior to the
Phanerozoic Eon, low�latitude, Neoproterozoic glacial deposits provide evidence of a third, panglacial cli-
mate state colloquially referred to as a•Snowball EarthŽ (Hoffman, 2009; Hoffman et al., 1998;
Kirschvink, 1992). Snowball Earth episodes are thought to represent a positive feedback between ice cover
and albedo with expansion of sea ice to low latitudes, until volcanic outgassing and greenhouse warming
overcomes albedo (Hoffman et al., 1998). Accordingly, the Snowball Earth hypothesis predicts that the onset
and termination of low�latitude glaciation was globally synchronous (Kirschvink, 1992). Recent radiometric
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constraints have con� rmed the synchronous initiation and termination of Neoproterozoic glaciations within
the uncertainty of analyses (Macdonald et al., 2010; Rooney et al., 2015). This revised chronology indicates
the earlier of the two Neoproterozoic Snowball glaciations lasted at least 57 Ma (Hoffman et al., 2017;
Macdonald et al., 2010; Rooney et al., 2015), requiring climate dynamics distinct from subsequent
Phanerozoic glaciations (e.g., Abbot et al., 2013; Ewing et al., 2014; Hyde et al., 2000; Yang et al., 2017).

Carbonate rocks provide an archive of Earth's past climate states. Carbonate� 18O values are a product of
source � uid � 18O values and a temperature�dependent fractionation factor (S.�T. Kim & O'Neil, 1997;
Urey, 1948), thus providing a measure of seawater� 18O values where temperature is known and vice versa.
Recent Phanerozoic climate reconstructions are informed by combining the� 18O values of sedimentary car-
bonates with independent temperature estimates (e.g.,� 47, Mg/Ca ratios, and TEX86; Eggins et al., 2003;
Ghosh et al., 2006; J. H. Kim et al., 2008; Finnegan et al., 2011; Evans et al., 2018). These combined records
provide a powerful tool to assess changes in temperature, glacial hydrology, and ice sheet expansion.
Evaporative export of marine water to continental ice sheets increased marine water� 18O values during
Phanerozoic glacial�interglacial cycles (Shackleton, 1967), with marine water� 18OVSMOW values approxi-
mately 2…3‹ higher in Pleistocene glaciations over estimated ice�free marine values of� 1.2‹ (Cramer
et al., 2011; Lea et al., 2000; Lear et al., 2000). This trend holds for estimates of seawater enrichment for
the most recent glacial�interglacial transitions (Raymo et al., 2018), as well as earlier glacial episodes of
the Late Paleozoic Ice Age (Grossman et al., 2008) and the end�Ordovician glaciation (Finnegan et al., 2011).

Climate signals preserved in carbonate� 18O can be altered by� uids throughout diagenesis (e.g., Knauth &
Kennedy, 2009; Swart & Kennedy, 2012); primary� 18O values are diluted by incorporation of cements
during lithi � cation or erased by dissolution and reprecipitation (Dickson & Coleman, 1980; Huntington
et al., 2011; Lohmann, 1988; Winkelstern & Lohmann, 2016). Application of carbonate� 18O as a
thermometer within Paleozoic and older carbonates is further complicated by uncertainty in seawater
� 18O values (e.g., Jaffrés et al., 2007). This uncertainty yields a wide range in temperature estimates through
the Paleozoic and Neoproterozoic (Henkes et al., 2017; Jean�Baptiste et al., 1997; Kasting et al., 2006; Veizer
et al., 1999).

Recent reconstructions of Paleozoic and Ediacaran seawater� 18O values have leveraged the carbonate
clumped isotope thermometer (section 1.1) to independently calculate the temperature of carbonate precipi-
tation. The clumped isotope system of carbonate rocks is always affected by lithi� cation and is highly sensi-
tive to further effects of postdepositional alteration; preservation of climatically relevant information in deep
time accordingly requires early lithi� cation and low maximum burial temperatures (Henkes et al., 2018;
Passey & Henkes, 2012; Stolper & Eiler, 2015). In exceptionally preserved strata, this approach has informed
interpretation of the traditional carbonate� 18O thermometer, with broadly consistent seawater� 18O values
through the early Paleozoic and Ediacaran (Bergmann, al Balushi, et al., 2018; Bergmann, Finnegan,
et al., 2018; Henkes et al., 2018). Extending the clumped isotope thermometer to assess the carbonate record
of climate in Neoproterozoic Snowball Earth episodes requires the coincidence of a well�de� ned strati-
graphic record of carbonates across climate states and subsequent shallow burial history. The Elbobreen
Formation of NE Svalbard (section 1.2) likely records one instance of strata suitable for clumped isotope
interrogation of carbonates across climate states.

In this study, we present a novel application of carbonate clumped isotope thermometry to pre�Snowball and
syn�Snowball Earth glacial carbonates and assess the preservation of environmental signatures through the
� rst of the Neoproterozoic glaciations. If early lithi� cation signatures of carbonate� 18O can be identi� ed
through the Neoproterozoic, the carbonate record may be able re� ne Snowball Earth climate models with
constraints on preglacial, synglacial, and postglacial changes in temperature and ice volume (e.g., Benn
et al., 2015; Creveling & Mitrovica, 2014).

1.1. Carbonate Clumped Isotope Analysis

Carbonate clumped isotope thermometry provides a potential means to explore the carbonate� 18O record by
independently measuring the temperature of carbonate precipitation. This thermometer is based on the
temperature�dependent clumping of13C and 18O into multiply substituted carbonate isotopologues (� 47;
Eiler, 2007), and multiple carbonate mineralogies generally have similar temperature dependencies
(Bonifacie et al., 2017; Bergmann, Finnegan, et al., 2018; see Bonifacie et al., 2017; Petersen et al., 2019;
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Müller et al., 2019, for discussion of dolomite calibrations). Re� nement of the technique has led to consistent
interlaboratory calibrations across a range of instrumental con� gurations (Bernasconi et al., 2018;
Fernandez et al., 2017; Kelson et al., 2017; Petersen et al., 2019).� 47 temperatures can be combined with
the mineral � 18O values to calculate the� 18O carbonate source� uid values, given the water�carbonate
18O/16O fractionation factors for a given carbonate mineralogy (e.g., calcite, S.�T. Kim & O'Neil, 1997; dolo-
mite, Horita, 2008).

Application of the carbonate clumped isotope thermometer to the sedimentary record is complicated by the
susceptibility of � 47 values to alteration during diagenesis and burial. Processes including dissolution and
reprecipitation or changes in mineralogy like dolomitization will move� 47 temperatures toward the local
geothermal gradient (Bergmann, al Balushi, et al., 2018; Ryb & Eiler, 2018; Staudigel & Swart, 2019;
Winkelstern & Lohmann, 2016). Similarly, postdepositional cementation of primary grains dilutes clumped
isotope signatures with carbonate material that is equilibrated to burial temperatures (Mangenot et al., 2018).
Thus, both the extent of alteration (itself a function of primary grain size, porosity and mineralogy; e.g.,
Bergmann, al Balushi, et al., 2018; Staudigel & Swart, 2019) and the burial depth at which alteration takes
place (Stolper et al., 2018) determine the magnitude of diagenetic change in� 47temperature. Such processes
can be variably� uid or rock buffered and affect carbonate� 18O values differently (e.g., Eiler, 2011), leading
to populations of� 18O values and� 47 temperatures that covary with the diagenetic history (Bergmann, al
Balushi, et al., 2018). If strata experience� uid�buffered diagenesis, carbonates will approach mineral� 18O
values in equilibrium with the diagenetic� uids for that burial temperature (e.g., Huntington et al., 2011;
Mangenot et al., 2018). In contrast, carbonates experiencing rock�buffered diagenesis can have increased
� 47 temperatures without concomitant changes in mineral� 18O values (Bergmann, al Balushi, et al., 2018;
Cummins et al., 2014; Lacroix & Niemi, 2019; Staudigel & Swart, 2019). It is possible to assess the timing and
extent of such alteration processes through comparison of� 47 temperatures with carbonate petrographic
indications of cementation, dissolution, and reprecipitation and independent estimates of thermal history
(Bergmann, al Balushi, et al., 2018; Gilbert et al., 2017; Mangenot et al., 2018).

Carbonate clumped isotope records can be further altered by solid�state reordering. Solid�state reordering is
the reequilibration of individual multiply substituted isotopologues within a carbonate mineral at elevated
temperature (Henkes et al., 2014; Passey & Henkes, 2012; Stolper & Eiler, 2015); this process leads to
resetting of clumped isotope temperatures associated with carbonate precipitation to fully or partially re� ect
elevated burial temperatures. Models for this reordering explain experimental observations of reordering
kinetics by either (1) the diffusive propagation of defects (Henkes et al., 2014; Passey & Henkes, 2012) or
(2) a two�step reaction between adjacent carbonate molecules and then successive diffusion through the
carbonate crystal lattice (Stolper & Eiler, 2015). The kinetics of reordering over geologic time scales is tem-
perature dependent, and this relationship has been shown to vary by carbonate mineralogy. Reordering
experiments and supporting� eld studies of carbonate strata indicate that calcite reorders at temperatures
above ~100°C over 106 to 108 years (Henkes et al., 2014), whereas dolomite begins to partially reorder above
~150°C over >107 years (Lloyd et al., 2018). Experimental and empirical observations are limited for
carbonates experiencing moderate temperatures (50…150°C) over long time periods relevant to the
Neoproterozoic, but some strata with burial temperatures below the threshold for solid�state reordering
maintain low temperatures consistent with early lithi� cation or diagenesis over >108 years (Bergmann, al
Balushi, et al., 2018; Cummins et al., 2014; Finnegan et al., 2011; Henkes et al., 2018).

The Cryogenian glacial carbonates investigated in this study provide a test case for the preservation of
clumped isotope signatures in micritic carbonates over longer time scales. Given the sensitivity of the carbo-
nate clumped isotope system to modi� cation via lithi � cation and alteration during shallow burial and
solid�state reordering during deeper burial, any attempt to assess changes in climate using this thermometer
must � rst characterize evidence for solid�state reordering as well as both diagenetic alteration and timing of
lithi � cation and subsequent crystallization events. Our samples include both calcites and early
fabric�retentive dolomites, and because of the different susceptibility of these minerals to solid�state reorder-
ing (Henkes et al., 2014; Lloyd et al., 2018; Stolper & Eiler, 2015), their respective clumped isotope tempera-
tures can be used to estimate maximum burial temperature and to constrain the extent of solid�state
reordering. In addition, the combined use of petrography and the style of clumped isotope alteration within
a coherent population of genetically linked carbonates offers a means of identifying� uid versus
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rock�buffered diagenesis and provides insights on how to interpret carbonate� 18O values (Bergmann, al
Balushi, et al., 2018).

1.2. Geologic Setting

Strata from NE Svalbard investigated in this study consist of mixed siliciclastic and carbonate rocks origin-
ally deposited in a long�lived basin at low paleolatitudes (Fairchild et al., 1989; Hoffman et al., 2012; Maloof
et al., 2006). Neoproterozoic�Ordovician strata have been divided into the Veteranan, Akademikerbreen,
Polarisbreen, and Oslobreen groups, and key sections are presently exposed along a 180 km belt across
northeast Olav V Land, Ny Friesland, and west Nordaustlandet (Fairchild et al., 1989; Halverson et al., 2004;
Harland et al., 1966) (Figure 1).

While absolute age constraints are lacking, based on a variety of observations, the onset of Cryogenian gla-
ciation is thought to be preserved in the transition between the Russøya and Petrovbreen members of the
Elbobreen Formation in the Polarisbreen Group (Fairchild et al., 1989; Halverson et al., 2018). These mem-
bers contain abundant carbonate and are the focus of this study. Regionally, the Russøya Member begins
with a transgression over peritidal facies of the Kinnvika Member (Dartboard Dolomite) in the
Backlundtoppen Formation of the Akademikerbreen Group (Halverson et al., 2018). This transgression
re� ects the start of two marine transgressive�regressive sequences in the Russøya Member (T�R7 and 8 of
Halverson et al., 2004, 2018). Lower transgressive Russøya Member strata are composed of calcite but transi-
tion to dolomite up section (Halverson et al., 2004, 2018). The overlying Petrovbreen Member varies in thick-
ness across NE Svalbard, with the thickest sections exceeding 50 m in Ny Friesland. These strata include
dolomitic rhythmite, wackestone, and siltstone containing outsized clasts interpreted as glacial dropstones,
and diamictite with siliciclastic or dolomicrite matrix (Fairchild & Hambrey, 1984; Fairchild et al., 1989;
Halverson et al., 2004). Facies are interpreted as marine or glaciolacustrine depositional environments
and vary from subglacial and grounding line facies to more distal facies with ice rafting (Fairchild et al., 1989;
Hambrey, 1982; Hoffman et al., 2012).

The Petrovbreen Member lacks direct geochronological constraints but has been correlated to the� rst gla-
cial episode of the Cryogenian (Halverson et al., 2018; Hoffman et al., 2012), termed the Sturtian glaciation,
based on a few lines of evidence. Chemical evidence to support the Sturtian age assignment comes from the
similarity of the upper Russøya Member87Sr/86Sr values to Tonian values (Hoffman et al., 2012) and corre-
sponding stratigraphic association with a negative carbon isotope excursion identi� ed as the Islay anomaly
(Halverson et al., 2018; Hoffman et al., 2012). If the Sturtian correlation is valid, the upper Russøya Member
was deposited between ~740 and 735 Ma (Halverson et al., 2018; MacLennan et al., 2018; but see Fairchild
et al., 2017, for discussion of ambiguity in pre�Sturtian carbon isotope stratigraphy). Biostratigraphy further
supports a pre�Sturtian correlation for the Russøya Member. Vase�shaped microfossils (VSM) are present in
the Russøya Member in NE Svalbard (Knoll & Calder, 1983), similar to other pre�Sturtian strata where geo-
chronology is well constrained (Cohen & Riedman, 2018; Strauss et al., 2014). Together, chemostratigraphy
and biostratigraphy highlight the potential for these carbonates to record meaningful information about the
onset of glacial conditions in the Cryogenian.

The burial history of Ny Friesland is poorly constrained, and the region was affected by the Caledonian
Orogeny (Gasser, 2014, and references therein). Both Neoproterozoic and overlying Cambro�Ordovician
strata are steeply dipping and faulted (Fairchild & Hambrey, 1984; Hoffman et al., 2012), but local organic
preservation provides evidence for limited thermal alteration in the Cambro�Ordovician Oslobreen Group.
Conodont color alteration indices are 1 (Bergström, 1980; Lehnert et al., 2013), where the Oslobreen
Group disconformably overlies Neoproterozoic strata in NE Ny Friesland. Though empirical, such
alteration indices are thought to indicate lower burial temperatures (Epstein et al., 1977). Limited thermal
alteration is also evident from intact biomarkers of the Oslobreen Group strata, consistent with midoil win-
dow thermal maturity (RockEval PyrolysisTmax values of 441…446°C; Lee et al., 2019). Midoil window
constraints on burial temperatures (<150°C; e.g., Peters et al., 2005) would require burial depths less than
or comparable to the 4…6 km of modeled exhumation of regional Caledonian granites since 80…180 Ma
(Dörr et al., 2012; Dörr et al., 2019) from apatite� ssion track analysis. Heterogeneity in timing and rates
of exhumation indicates that there is strong local fault control on tectonic histories across Ny Friesland
(Dörr et al., 2012; Dörr et al., 2019). Local control on burial and exhumation histories indicates that preser-
vation of temperature�sensitive records like biomarkers or carbonate clumped isotopes may be locally
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heterogeneous in pre�Caledonian strata but that more recent exhumation was not preceded by much deeper
burial for at least some fault blocks. In order to avoid potential regional variability in clumped isotope
preservation, we have restricted this study to one section spanning the Tonian�Cryogenian boundary on
the Ny Friesland Dracoisen nunatak where Petrovbreen Member carbonates have the best textural
preservation (Fairchild, 1983; Fairchild et al., 1989; Halverson et al., 2004, 2018).

2. Materials and Methods
2.1. Field Localities and Sampling

Carbonates from the Kinnvika Member of the Backlundtoppen Formation, Akademikerbreen Group, and
overlying Russøya and Petrovbreen members of the Elbobreen Formation, Polarisbreen Group, were
collected in stratigraphic context on the Dracoisen nunatak, NE Ny Friesland, Svalbard, on a� eld campaign
in 2014 (GPS 79.204931, 18.345240) at a section previously studied, measured, and mapped by Fairchild
et al. (1989) and Halverson et al. (2004). A stratigraphic section was measured, and, where present in the
stratigraphy, carbonate samples were collected at approximately 1 m intervals where present (Table S1 in
the supporting information). The collected sample suite was supplemented with four Petrovbreen
Member samples from the Dracoisen nunatak previously collected by Ian Fairchild (University of
Birmingham). Due to lateral lithofacies heterogeneity in Petrovbreen Member stratigraphy, these four
samples were integrated into the stratigraphic section detailed in this study (Figure 1) based upon their
stratigraphic height relative to marker beds.

Figure 1. Stratigraphy of the latest Tonian (Kinnvika Member of the Backlundtoppen Formation and Russøya Member of the Elbobreen Formation) and earliest
Cryogenian (Petrovbreen Member of the Elbobreen Formation) at the Dracoisen Nunatak, NE Svalbard. (a) Stratigraphic column highlighting transitions
among the dominant carbonate mineralogies. The scale of the Petrovbreen Member is extended to display diamictite distribution. (b) Composite of� 13C values
and (c) mineral � 18O value through stratigraphic section. (d) Clumped isotope temperatures and 95% CL error for a subset of these samples.
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2.2. Petrography and Mineral Identi � cation

Carbonate samples were cut to remove weathered surfaces prior to petrographic and geochemical analysis.
All samples used for clumped isotope analysis (n ¼24) were slabbed, polished and scanned (Figure S1) to aid
in the identi� cation of target carbonate textures to drill for subsequent subsampling and analysis (n ¼41). Of
the 24 slabbed samples, 20 were thin sectioned for petrographic characterization of target textures. We
further analyzed drill sites from 17 of 20 thin sections for mean crystal size using 25 representative crystals
from each sampled carbonate texture. Measurements were made using ImageJ software from thin section
photomicrographs following the method of Bergmann, al Balushi, et al., 2018 (Table S1). We describe
carbonate microfacies after Fairchild et al. (1989) and adopt the terms [dolo]micrite in reference to
carbonate crystals less than 10� m in diameter, [dolo]microspar for crystals between 10 and 50� m in
diameter, and spar for mean crystal diameter >50� m (cf. Flügel, 2004).

Sample mineralogy was determined based on X�ray diffraction (XRD) or dilute acid reaction (Table S1). For
XRD, splits of powdered samples were analyzed on a PANalytical X'Pert PRO X�ray powder diffractometer
(XRPD) housed in the Massachusetts Institute of Technology Center for Materials Science and Engineering
(MIT�CMSE) to quantify the abundance of calcite, dolomite, and other minerals. For each sample, approxi-
mately 500� g of powder was analyzed for 2 hr from 5° to 90° on a spinning stage at a� xed irradiated length.

2.3. Isotopic Analysis

Carbonate� 13C, � 18O, and clumped isotopic (� 47) analyses were performed at MIT on a Nu Perspective
isotope ratio mass spectrometer coupled to a Nu Carb automated carbonate sampler. Samples of speci� c
carbonate textures were drilled using carbide bits to produce homogeneous powders for isotopic analyses.
Clumped isotope analysis had different methods from samples solely analyzed for bulk� 13C and� 18O; these
methods are presented separately below.
2.3.1. Carbonate Clumped Isotope ( � 47) Analysis
For � 47measurements, we analyzed ~450� g per sample replicate of carbonate powder drilled from polished
sample slabs; weights for samples with lower weight percent carbonate as determined by CO2 yield were
increased to match the carbonate mass of the pure standards and ranged from ~450 to 900� g. Carbonates
were digested in sample vials with 150� L H3PO4 (1.94…1.95 g/cm3); see supporting information for detailed
description of clumped isotope analytical methods (Text S1). Clumped isotope data were processed using
Easotope software (John & Bowen, 2016), and17O corrections were made after Schauer et al. (2016) and
Daëron et al. (2016). Raw� 13C, � 18O, and clumped isotopic (� 47) measurements were transferred to
Vienna Peedee belemnite (VPDB) and Carbon Dioxide Equilibrium Scale (CDES) (Dennis et al., 2011),
respectively, using carbonate standards ETH�1, ETH�2, ETH�3, and ETH�4 with an 11 standard moving win-
dow. The� 13C, � 18O, and� 47 values of the ETH standards were cross referenced to international standards
IAEA�C1, IAEA�C2, NBS�18, and NBS�19 and heated and equilibrated gases (Bernasconi et al., 2018). Calcite
and dolomite � 47 values were further corrected with a 70°C acid fractionation factor of 0.062 (De� iese
et al., 2015; Müller et al., 2017). All samples passed screening for contamination using� 48values; all samples
had � 48 values with a lower absolute value than the cutoff of <0.5‹ . Samples were only incorporated into
this study where� 3 replicates passed all screening tests (Text S2).

Analyses were carried out over the course of 1.5 years (June 2017 to November 2018), during which time
instrument upgrades and repairs led to changes in precision of analyses. In the course of this study,
long�term standard deviation of reference materials (1 SD) varied from 0.02‹ to 0.04‹ , 0.02‹ to 0.07‹ ,
and 0.06‹ to 0.20‹ for � 47, � 13C, and� 18O values, respectively. Raw data for all standards and sample repli-
cates are available in supporting information and are posted at EarthChem (DOI: 10.26022/IEDA/111534).

We calculated precipitation temperature following the� 47�temperature relationship of Bernasconi
et al. (2018). Additional discussion of dolomite temperature calibrations is presented in the supporting
information (Text S3). Precipitating� uid � 18O values were calculated from mineral� 18O values and� 47

temperatures, assuming equilibrium fractionation between� uid and mineral � 18O following the
temperature�fractionation relationship of S.�T. Kim and O'Neil (1997) for calcite and Horita (2014) for
dolomite. Reconstructed� uid � 18O values are reported relative to Vienna Standard Mean Ocean Water
(VSMOW). Error for clumped isotope temperatures are presented as 95% con� dence levels from sample
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replicates (Fernandez et al., 2017) for conservative estimates of error in reconstruction, whereas the mean of
populations of genetically related samples are listed with errors of one standard deviation.
2.3.2. Carbonate � 13C and � 18O Microvolume Analysis
Samples of ~100� g carbonate were analyzed for� 13C and� 18O. Samples spanned the Dracoisen stratigraphy
at the m�scale resolution of sampling, and select carbonate textures analyzed for� 47 were drilled at the mm
scale to assess compositional heterogeneity (Figure S2. Microvolume analysis of drilled samples consisted of
digestion in H3PO4 (1.91…1.92 g/cm3) at 70°C, followed by cryogenic puri� cation. Sample beam analysis con-
sisted of six cycles of 20 s integration. Results were processed using Easotope software (John & Bowen, 2016)
translated to the VPDB reference frame using ETH standard materials. ETH standards were cross referenced
to international standards IAEA�C1, IAEA�C2, NBS�18, and NBS�19 (Bernasconi et al., 2018). Long�term
standard deviation of reference materials (1 SD) throughout the course of analysis (January 2018 to
September 2018) varied from 0.04…0.09‹ and 0.07…0.17‹ for � 13C and � 18O, respectively, in individual
correction intervals.

3. Results
3.1. Carbonate Petrography

The stratigraphic distribution of facies documented in our study of the Dracoisen nunatak complements and
expands upon those of previous authors (Fairchild et al., 1989; Halverson et al., 2004, 2018); we utilize both
facies associations and our petrographic observations to assign carbonates, and the associated isotope
analyses, to preglacial and synglacial paleoenvironmental classes (Figure 2).

Preglacial carbonates comprise the lowest stratigraphic section examined in this study. The upper Kinnvika
Member is here composed of stylotized dolomicrospar (mean crystal sizes 14…23 � m), with local sheet
crack�� lling dolospar. The Kinnvika Member transitions upward to limestones of the lower Russøya
Member, which are composed of microspar and intraclastic grainstone. Rare mud cracks and molar tooth
textures are also present. Up section, Russøya Member carbonates change to dolostone composed of stroma-
tolites with a clotted microtexture, intraclastic grainstone and evaporite pseudomorphs. The crystal size of
Russøya Member dolomites varies with texture. The� nest dolomicrites (<5� m) are present in stromatolite
clots, whereas laminated dolomites are typically micritic to microsparitic (mean crystal sizes 17 ± 8� m,
1 SD), including laminae intercalated on the mm scale with the� nest dolomitic clots.

The overlying Petrovbreen Member carbonates analyzed here are dolomitic, with varying contribution of
chert clasts, siliciclastic mudstone, and subsidiary siliciclastic grains. Siliciclastic grains include rare grain
aggregates, which we have interpreted as till pellets (Figure S3), consistent with the prevailing interpretation
of a glaciomarine or glaciolacustrine depositional environment (Fairchild et al., 1989; Halverson et al., 2018;
Hambrey, 1982). Dolomites consist of three components de� ned by their crystal/grain size, texture, and rela-
tionship to surrounding sediments: (1) dolomicrite, (2) large angular to well�rounded clasts, and (3) small
clasts making up the matrix around large clasts.

1. Dolomicrite (mean crystal size <5� m) is present in the Petrovbreen Member as homogeneous beds,
interlaminated with coarser carbonate grains in thinly laminated couplets, within ductily deformed soft
sediment clasts, or as a matrix between larger clasts. Dolomicrite matrix is present in both strati� ed
diamictites and matrix�supported diamictite samples without lamination or clast sorting. Dolomicrite
purity varies in samples analyzed by XRD, with compositions ranging from >70% dolomite to a
subsidiary component mixed with more abundant quartz as well as other silicate minerals (Table S2).
Dolomicrite is most abundant in the lowermost 2 m of the Petrovbreen Member below a brecciated
surface (I. J. Fairchild, personal communication, March 2017) containing abundant pseudomorphs
consistent with sulfate minerals. Additional dolomicrite is present above this surface as homogeneous
dolomicrite, diamictite matrix, and � ne rhythmite laminae.

2. Greater than 1 mm angular to well�rounded clasts with constituent carbonate fabrics that are stromato-
litic, clotted, fenestral, laminated, intraclastic, and dolomicritic. These larger angular to well�rounded
clasts are hereafter referred to as detrital clasts. Detrital clasts have a range of mean crystal sizes, with
stromatolitic, clotted, fenestral, laminated, and intraclastic carbonate fabrics having mean crystal sizes
� 10 � m in contrast to the � ner dolomicrites. Rare detrital clasts from the strati� ed diamictite have
circumgranular sparry crusts up to 100� m thick (Figure S3).
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3. Carbonate grains <1 mm, which form the matrix between the larger detrital clasts. Dolomite components
vary stratigraphically. The majority of Petrovbreen Member carbonates consist of detrital clasts from
Groups 2 and 3 in diamictite beds or dropstones in siliciclastic mudstone (Figure 1a).

Together, the Dracoisen stratigraphy comprises three broad facies associations. The Kinnvika and Russøya
members make up: (1) preglacial facies association, which are possible source strata for subsequent glacial
erosion and redeposition. The Petrovbreen Member carbonates make up two facies associations based on
petrographic texture: (2) the glacial dolomicrite facies association includes homogeneous dolomicrite, dolo-
micrite matrix, soft sediment clasts, and thinly laminated couplets; (3) the glacial detrital facies association

Figure 2. Petrographic textures of the Dracoisen section dolomites; where images are paired, left is a scanned polished sample and right is thin section
photomicrograph. (a…c) Glacial carbonates of the Petrovbreen Member consisting of (a) homogeneous dolomicrite matrix, (b) discrete dolomicritic soft
sediment clasts in diamictite, and (c) detrital clasts and matrix consisting of <1 mm detrital grains. (d and e) Preglacial carbonates of the (d) peritidal Kinnvika
Member of the Akademikerbreen Formation and (e) overlying Elbobreen Formation Russøya Member. Russøya Member dolomite facies pictured here include
stromatolites with a clotted microtexture, evaporite pseudomorphs partially replaced by dolomite and silica (here cross polarized to highlight twinning after
gypsum) and homogeneous dolomicrospar rhombs in wedged thin section. Mean crystal sizes indicate range in mean sizes for analyzed samples, and isotope data
present the mean mineral� 18O values and clumped isotope temperatures ±1 standard deviation to describe the population analyzed and the range of mean
clumped isotope temperatures.
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includes both the larger detrital dolomite clasts and matrix material
composed of recognizable� ner <1 mm dolomite clasts. The geo-
chemistry of these three facies associations are detailed in the
following sections.

3.2. Isotope Analyses of Preglacial Sediments

Carbonate� 13C and � 18O isotopic composition vary stratigraphically
(Figures 1b and 1c), and results presented here are in agreement with
previously published studies of these strata (Figures 1 and 4;
Halverson, 2003; Halverson et al., 2005, 2007).� 13CVPDB values
greater than +2‹ characterize the Kinnvika and lowermost
Russøya members.� 13C values peak at +5.1‹ in the calcite strata
of the lower Russøya Member and decrease to +0.5‹ over 20 m of
section through the transition to dolomite.� 13C values in the subse-
quent dolomite beds remain between +0.1‹ and +2.4‹ through
the transition to shale in the upper Russøya Member. Mean mineral
� 18OVPDB values increase through the Kinnvika and Russøya mem-
bers, from � 7 ± 2‹ (1 SD) in the Kinnvika Member, to� 5 ± 2‹
(1 SD) in the lower Russøya Member calcites and� 2 ± 1‹ (1 SD)
in the overlying Russøya Member dolomites (Figures 1 and 3 and
Table S1).

Reconstructed clumped isotope temperatures through the preglacial
facies also show distinct trends across lithology and depositional
environment (Figure 1d). Where calcite beds and veins cooccur in
the Russøya Member, these samples record warmer temperatures
than Russøya Member dolomites.

Calcite samples from bedded strata and crosscutting veins record
mean temperatures of 92 ± 5°C (n ¼ 2, 1 SD) and 122 ± 6°C (95%
CL), respectively (Figure 3a). Dolomites in preglacial strata preserve
a range of clumped isotope temperatures from 48°C to 77°C
(Figure 1d and Table S1). Peritidal facies of the Kinnvika member
record higher temperatures (75 ± 3°C,n ¼ 2, 1 SD) compared to
the immediately overlying Russøya Member dolomites (56 ± 8°C,
n ¼ 9, 1 SD) (Figure 1d and Table S1).

Reconstructed� uid compositions calculated from mineral� 18O and
clumped isotope temperatures also vary by facies and mineralogy
across the preglacial stratigraphy (Figure 3a). Samples of the
Kinnvika member have reconstructed� uid � 18OVSMOWcompositions
of +1.9 ± 0.9‹ (1 SD,n ¼ 2, Table S1). Reconstructed� uid composi-
tion of the Russøya Member varies with mineralogy (Figure 3a): cal-
cite reconstructed� uid � 18OVSMOW values are +8.3 ± 0.1‹ (1 SD,
n ¼ 2), whereas Russøya Member dolomites have reconstructed� uid
� 18OVSMOW values from +0.7‹ to +3.0‹ (+1.9 ± 0.8‹ , 1 SDn ¼ 9,
Table S1).

3.3. Isotope Analyses of Glacial Dolomicrites

Relative to the underlying preglacial stratigraphy, dolomicrite of the
Petrovbreen Member has negative� 13CVPDB (� 4.4 ± 0.6‹ , 1 SD
n ¼ 45) and positive� 18OVPDBvalues (+5 ± 2‹ 1 SDn ¼ 45), consis-
tent with observations of Fairchild et al. (1989). The� ne�scale isoto-
pic variability of this dolomicrite differs between matrix�supported
and strati� ed diamictite samples. The dolomicrite of matrix sup-
ported diamictite is isotopically homogeneous where subsampled

Figure 3. Summary of standard and clumped isotope values with petrographic
observation. (a) Measured clumped�isotope temperature for carbonate samples
versus the reconstructed� uid � 18O values. Ninety�� ve percent CL error bars are
diagonal due dependence of reconstructed� uid � 18O values on measurement
temperature. RB/SSR line denotes reconstructed� uid composition for dolomites
(Horita, 2014) under purely rock�buffered alteration or solid�state reordering,
given a starting� uid composition of � 1.2‹ . (b) Measured clumped isotope
temperature versus mineral� 13C. (c) Mean crystal size varies with clumped
isotope temperatures. Mean crystal size of diamictite clasts is consistent with the
source stratigraphy inferred from reconstructed� 18O � uid values and
clumped�isotope temperatures. Calcite versus dolomite mineralogy does not
appear to correspond to a signi� cant difference in mean crystal size, despite
elevated calcite temperatures interpreted as evidence of solid�state reordering.
Crystal sizes <5� m are approximate due to thickness of petrographic thin
sections.
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for microvolume analyses, with � 13CVPDB and � 18OVPDB values
within analytical uncertainty (� 3.75 ± 0.02‹ and +6.98 ± 0.08‹ ,
respectively, 1 SDn ¼ 8). Where dolomicrite forms the matrix of stra-
ti � ed diamictites 1 m above the matrix supported diamictite,
� 18OVPDB values vary at the mm scale through strati� ed layers, from
+1.4‹ to +7.7‹ (mean +4.1 ± 1.2‹ , 1 SDn ¼ 29).� 13CVPDBvalues
are more consistent, with a mean of� 4.7 ± 0.1‹ (1 SD n ¼ 29).
Within the same sample, soft sediment clasts have similar� 13CVPDB

values as the mean matrix dolomicrite (� 3.9 ± 0.2‹ 1 SD n ¼ 6)
but with higher � 18OVPDBvalues (+9.4 ± 1.8‹ 1 SDn ¼6; Figure S2).

Matrix dolomicrite clumped isotope temperatures range from 19°C to
49°C, with mean temperatures 35 ± 10°C (n ¼ 10, 1 SD; Figures 1d
and 3a). Within a hand sample, dolomicrite with coarser crystal sizes
associated with local alteration (Fairchild, 1983) has warmer
clumped isotope temperatures than in adjacent� ner dolomicrite
(49 + 11/� 10°C vs. 38 ± 9°C, 95% CL; Table S1). Clasts featuring soft
sediment deformation also have clumped isotope temperatures simi-
lar to the dolomicrite matrix, ranging from 21°C to 40°C (31 ± 10°C,
n ¼ 3, 1 SD, Figure 1d and Table S1). The reconstructed� uid
� 18OVSMOWvalues for the lowest temperature (<25°C,n ¼4) dolomi-
crite samples and soft sediment clasts range from +4.8‹ to +7.7‹
(Figure 3a).

3.4. Glacial Detrital Facies Association Isotope Analyses

Clumped isotope temperatures and� 13C and � 18O values of detrital
clasts span much of the range of both the preglacial and glacial dolo-
micrite facies associations (� 47 35…62°C,n ¼ 12; � 13CVPDB � 5.2‹ to
+6.8‹ , and � 18OVPDB � 3.2‹ to +8.4‹ , n ¼ 68; Figures 1, 3, and 4).
Comparable clumped isotope temperatures and� 18O values between
detrital clasts and surrounding stratigraphy correspond to a similar
range of reconstructed� uid � 18OVSMOW values (+1.3‹ to +5.9‹ ;
Figure 3a). Where the diamictite matrix is composed of� ne detrital

clasts, the� 13C and� 18O values are comparable to the surrounding detrital clasts (Figure 4). These samples
also have clumped isotope temperatures similar to the warmest clasts (59 ± 7°C,n ¼ 2, 1 SD; Figures 3a
and 3b).

Clumped isotope temperatures and mineral� 18O values also correlate with carbonate texture. As previously
documented by Fairchild et al. (1989), detrital clasts that resemble preglacial strata with stromatolitic,
clotted, or fenestral textures share similar isotopic compositions with them:� 18OVPDB values span� 3.2‹
to +0.8‹ for seven such clasts, and their clumped isotope temperatures range from 39°C to 62°C (Table S1).

4. Discussion

Our samples of Tonian and Cryogenian carbonates from the Dracoisen nunatak preserve information about
the timing and style of their diagenesis through petrographic textures and isotopic compositions, consistent
with previous work in these strata (e.g., Fairchild et al., 1989). In the following discussion, we explore (1) the
utility of clumped isotope record to identify diagenetic processes that have affected these carbonates and (2)
the potential for carbonate isotopic compositions to inform on Earth system changes through the
Cryogenian.

4.1. Evidence for Solid �State Reordering

Carbonate clumped isotope composition varies systematically across carbonate facies, petrographic relation-
ships, and mineralogies. Within the preglacial Russøya Member, clumped isotope temperatures and recon-
structed � uid compositions are higher in calcite than dolomite (Figure 3). This mineral�dependent
relationship is consistent with the preferential solid�state reordering of calcite at lower temperatures than

Figure 4. Cross plot of carbonate� 13C and � 18O values from the
Tonian�Cryogenian in NE Svalbard. Preglacial carbonates from Halverson et al.
(2005, 2007) sample the Russøya Member. Regionally, the Russøya Member
displays a broader� 13C and � 18O range than the Dracosien nunatak section.
� 13C and � 18O values for the underlying Akademikerbreen Formation are
presented in Figure S4. Glacial Petrovbreen Member carbonates sampled here
are exclusively dolomitic. Diamictite clasts span the full range of� 13C values in
the underlying stratigraphy but are generally more enriched in18O.
Heterogeneous Petrovbreen Member carbonate isotopic values are consistent
with multiple carbonate sources, here interpreted as a detrital carbonate source
with comparable� 18O values to underlying nonglacial stratigraphy and a glacial
source with higher� 18O values.
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dolomite (Lloyd et al., 2018; Passey & Henkes, 2012; Stolper & Eiler, 2015). Calcite vein cement (122 ± 6°C;
95% CL) provides a minimum burial temperature estimate, and the maintenance of lower temperatures
(92 ± 5°C; n ¼ 2, 1 SD) in adjacent calcite strata indicates that peak burial temperatures did not reach
temperatures necessary to fully reorder calcite. Based on laboratory reordering experiments and� eld
observations, over 100 Ma calcite begins to be impacted at ~100°C, and calcites are 99% reordered at
144°C (values for brachipod calcite, Passey & Henkes, 2012; Henkes et al., 2014).

We explored the effect of solid�state reordering over the longer potential burial history of Svalbard strata
with Passey and Henkes' (2012) linear approximation model for reordering using the ClumpyCool
time�temperature model for Python (Lloyd et al., 2018; https://github.com/maxmansaxman/Clumpy_reor-
dering_model_distribution). Arrhenius parameters for calcite come from Passey and Henkes (2012). For a
simple 730 Ma burial history to 122°C with 5 Ma burial and exhumation, initial 10°C calcite clumped isotope
temperatures gradually increase to 90°C (Figure 5). With a comparable burial history to higher temperatures
of 160°C, calcite temperatures exceed observations (92 ± 5°C) within 8 Ma and approach equilibrium with
burial temperatures of 160°C by 20 Ma (Figure 5). Although these models have unrealistic uniform burial
conditions, they do constrain the rates at which carbonates would equilibrate to burial conditions.
Differences in calcite temperatures between veins and adjacent strata indicate that Dracoisen carbonates
are unlikely to have exceeded temperatures of 160°C for a signi� cant part of their burial history. The kinetics
of reordering would lead to rapid equilibration of calcite to higher temperatures than observed, even with
relatively short excursions (<10 Ma) to burial temperatures of 160°C.

Burial temperatures re� ected by partial calcite reordering are within the upper bounds predicted for preser-
vation of dolomite clumped isotope temperatures based on experimental reordering kinetics (Lloyd
et al., 2018). Within the 122°C 730 Ma burial model described above, dolomite clumped isotope temperatures
remain unchanged; burial at 160°C leads to minor increase in temperature from the initial 10°C to 21°C
(Figure 5). In contrast to limited dolomite alteration in these models, observed preglacial dolomite tempera-
tures exceed expectations for reasonable surface conditions (48…77°C). Such high temperatures could result
from (1) timing of dolomite precipitation under deeper burial conditions, (2) diagenetic alteration with
partial dissolution and reprecipitation with burial, or (3) uncertainties in reordering kinetics over the long
burial histories relevant to Neoproterozoic strata. Regarding this last point, uncertainties in existing models
are large, and the 1 SD envelope for the models listed above exceed the variability in clumped isotope data
observed in this study (Figure 5). More complex models that account for initial annealing of defects (Henkes
et al., 2014) behave similarly to the linear approximation model of Passey and Henkes (2012) at burial
temperatures below 150°C. However, the two�step reaction diffusion model of Stolper and Eiler (2015) for
calcites predicts limited reordering at lower burial temperatures (0…25°C) prior to higher temperature

Figure 5. Modeled clumped isotope temperature change for calcite and dolomite with hypothetical burial for 730 Ma to
122°C (a) and 160°C (b) with the Passey and Henkes (2012) solid�state reordering linear approximation model in
ClumpyCool for Python (after Lloyd et al., 2018). Calcite kinetic parameters follow Passey and Henkes (2012), and
dolomite parameters follow Lloyd et al. (2018). Following modeled parameters, calcite partially (a) or fully (b) reorders to
burial conditions whereas dolomite alteration is limited.
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alteration. This model also predicts lower�temperature dolomite reordering, which may be more consistent
with our observed dolomite temperature ranges. Additional work is necessary to re� ne models comparing
calcite and dolomite solid�state reordering over deep time, particularly with� eld studies where clumped
isotopes can be compared to other proxies of thermal maturation (Bergmann, al Balushi, et al., 2018;
Lacroix & Niemi, 2019; Naylor et al., 2019). In the following discussion, we assess the relationships among
petrographic textures, bulk isotope compositions, and clumped isotope temperatures in both glacial and
preglacial facies to further constrain diagenetic contributions to the clumped isotope record.

4.2. Timing of Dolomite Precipitation

Preglacial and glacial carbonates have distinct petrographic textures,� 18O, and � 13C values. Carbonates
from the preglacial and glacial dolomicrite facies associations cluster separately by these metrics, but the
detrital glacial facies association contains clasts that display similar petrographic texture, crystal size
distribution, and isotopic composition with both glacial dolomicrites and preglacial dolomites (Figures 3
and 4, consistent with Fairchild et al., 1989). The wide range of� 13C values found in Russøya Member
carbonates regionally <� 4.5 to > +7‹ ; Hoffman et al., 2012; Halverson et al., 2018) is consistent with
the composition of carbonate clasts found in the Petrovbreen Member. Indeed, clasts with distinctive
petrographic textures, such as stromatolite morphologies like those found regionally in the nadir of the
pre�Sturtian •IslayŽnegative carbon isotope excursion (Hoffman et al., 2012; Table S1), have low� 13C values
(< � 4.5‹ ) and low mineral � 18O values consistent with the underlying interpreted source stratigraphy.
Some strati� ed diamictite samples also contain clasts compositionally and texturally similar to the glacial
matrix dolomicrite (Figure S2). These relationships are consistent with clasts sourced from both underlying
strata and local reworking of dolomicrite material in the depositional environment.

The high � 18O values of the Petrovbreen Member dolomicrite are distinct from other dolomites in this strati-
graphic section. The� ne size of dolomicrite crystals has previously been interpreted as evidence for
deposition as detrital carbonate rock� our (Fairchild, 1983); however, the coincidence of high� 18O and
low � 13C mineral values in the diamictite matrix differs from the regional composition of dolomitic strata
that could serve as the rock� our protolith (Halverson et al., 2018; Figure S4 ). Instead, we interpret the
Petrovbreen Member dolomicrite as an end�member carbonate facies that re� ects formation during glacial
conditions. This interpretation is also consistent with the petrographic evidence for extremely� ne crystal
sizes and soft sediment deformation and is more consistent with the unique isotopic compositions. The iso-
topic composition of� ne�grained glacial strata clasts then would fall on a mixing line between the preglacial
strata and this glacial dolomicrite facies (Figures 4 and S2). The glacial dolomicrite end�member isotopic
composition is also geochemically distinct from the overlying postglacial Petrovbreen cap dolostone and
dolomitic silt shale of the MacDonaldryggen Member, which have lower� 18O values than the glacial
dolomicrite (� 8.6‹ to +0.6‹ with a mean of � 3.7‹ ; Fairchild, Bonnand, et al., 2016; Figure S4).
Petrography of postglacial dolomite indicates that MacDonaldryggen Member dolomite precipitation
predated compaction; pore�� lling calcite, interpreted as later burial cements, are also associated with more
negative� 18O values around� 9‹ (Fairchild, Bonnand, et al., 2016).

� 47 temperature heterogeneity is maintained on the scale of clasts versus matrix material in a clumped iso-
tope conglomerate test (Figure S1), with temperatures of� 25°C (n ¼ 4) restricted to Petrovbreen Member
samples of matrix dolomicrite and clasts featuring soft sediment deformation (mean� 47 temperature of
34 ± 9°C, 1 SDn ¼ 14; Figures 1d and 4) relative to a mean temperature of 50 ± 9°C (1 SDn ¼ 11) in detrital
clasts. Such heterogeneity indicates that dolomites represent distinct populations with different depositional
or early diagenetic histories. Temperature differences between the clasts and matrix of Petrovbreen Member
diamictite require that dolomitization of clasts predated redeposition in the diamictite; dolomitization would
affect clumped isotope composition of carbonates, even under low water�rock conditions that could have
preserved carbonate� 18O values from early lithi� cation (e.g., Ferry et al., 2011). The distinct petrographic
characteristics and stable isotope composition of glacial dolomicrites indicate that they do not share a com-
mon diagenetic source with overlying and underlying dolomites, despite their close stratigraphic association
(Figure 1).

� 47 temperatures of Petrovbreen Member dolomicrite further constrain the source and timing of dolomite
formation. Temperatures as low as 19 + 12/� 11°C (95% CL) are inconsistent with precipitation or
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recrystallization in deep burial conditions during nonglacial periods (e.g., Kupecz et al., 1993), particularly
given low reconstructed paleolatitudes (Maloof et al., 2006). Thus, the composition of the glacial dolomicrite
facies association is consistent with a distinct carbonate precipitating at low temperatures from a� uid with a
higher 18O/16O ratio than associated detrital dolomite clasts. Evidence for early dolomitization in both the
Russøya and Petrovbreen members is consistent with studies of Tonian carbonates in Svalbard (Knoll &
Swett, 1990) and other Neoproterozoic strata (Hood et al., 2011; Shuster et al., 2018; Tucker, 1982). The scat-
tered yet enriched reconstructed� uid compositions of� 18OVSMOW values between +4‹ and 12‹ will be
discussed in section 4.4.

4.3. Clumped Isotope Evidence for Style of Dolomite Diagenetic Alteration

Despite evidence for early dolomite precipitation (section 4.2) and limited alteration expected from
solid�state reordering (section 4.1), preglacial dolomite clumped isotope temperatures vary from 48…77°C.
The Kinnvika Member dolomites have higher mean� 47 temperatures (75 ± 3°C, 1 SDn ¼ 2) and more uni-
formly coarse dolomite textures than the Russøya Member dolomites (56 ± 8°C, 1 SDn ¼ 9), suggesting that
they may have experienced differences in their diagenesis. Despite these apparent differences and higher
Kinnvika Member mineral � 18O values, mean reconstructed� uid � 18OVSMOW values are similar in both
the Kinnvika and Russøya members at 2 ± 1‹ . This relationship of temperature variability with consistent
� uid composition is consistent with� uid�buffered diagenetic alteration wherein carbonates equilibrate to
� uid � 18O under elevated burial temperatures (Bergmann, al Balushi, et al., 2018; Ryb & Eiler, 2018;
Staudigel & Swart, 2019; Winkelstern & Lohmann, 2016).

The lowest� 47 temperature samples of the Russøya Member (48…52°C,n ¼ 4) are signi� cantly above tem-
peratures expected for early diagenetic environments, indicating either rock�buffered diagenesis or partial
solid�state reordering. If diagenetic� uids have rock�buffered � 18O values, then differentiation of
rock�buffered diagenesis would be dif� cult to distinguish from possible partial solid�state reordering based
on isotopic composition alone (section 4.1) due to comparable results of increased� 47 temperature without
an associated change in mineral� 18O values (e.g., Cummins et al., 2014; Lacroix & Niemi, 2019; Staudigel &
Swart, 2019; Winkelstern & Lohmann, 2016). Stratigraphically, however, partial solid�state reordering and
rock�buffered diagenesis could leave different patterns of alteration. The extent of rock�buffered diagenesis
varies signi� cantly with carbonate permeability (Bergmann, al Balushi, et al., 2018; Budd, 1989), which is
itself a product of carbonate facies and petrographic texture (e.g., Jennings et al., 2000; Moore, 1989).
Solid�state reordering, however, is a product of the time�temperature path through burial and exhumation
(e.g., Henkes et al., 2014; Lloyd et al., 2018; Stolper & Eiler, 2015), which varies regionally (e.g., Lacroix &
Niemi, 2019; Naylor et al., 2019), rather than on the m�scale stratigraphically or with petrographic texture.
Kinetics of solid�state reordering do not appear to differ signi� cantly with carbonate composition, as demon-
strated by similar heating experiment results among carbonates with different impurities such as brachiopod
calcite versus optical calcite (Henkes et al., 2014; however, see Passey & Henkes, 2012, and Stolper &
Eiler, 2015, for discussion of trace element effects). Thus, although it is possible that partial solid�state reor-
dering has affected clumped isotope temperatures given uncertainties in burial history and dolomite
solid�state reordering kinetics (e.g., Lloyd et al., 2018; Stolper & Eiler, 2015), the� ner�scale stratigraphic dif-
ferences in� 47 temperature associated with clear textural changes are more consistent with rock�buffered
alteration.

Rock�buffered alteration through burial could include dissolution and reprecipitation or occlusion of micro-
porosity (e.g., Moshier, 1989; Staudigel & Swart, 2019), even with the interpreted early lithi� cation and shal-
low diagenesis for these dolomites. Criteria for recognizing diagenetic alteration in micritic carbonates are
more ambiguous than fossil material (e.g., Gilbert et al., 2017; Myers et al., 2018; Wenzel et al., 2000).
Comparison of preglacial and glacial dolomite isotopic compositions provides insight to the extent of altera-
tion experienced by glacial strata and their potential to preserve� 18O values from their early lithi� cation and
diagenesis. Glacial dolomites formed in a signi� cantly different depositional environment from preglacial
facies and experienced a similar deep burial history, but reconstructed� uid � 18O values vary more in the gla-
cial dolomicrites than in the preglacial dolomites (Figure 3). Part of the >7‹ variation in glacial dolomicrite
reconstructed� uid � 18O values is likely a result of varying proportions of detrital versus autochthonous car-
bonate, given the difference between detrital clast composition and glacial dolomicrites (Figure 3). In this
case, detrital in� uence is predicted to coincide with lower mineral� 18O values, as is apparent in the
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covariation of� 18O values with depositional layering in strati� ed dia-
mictites (Figure S2), and higher clumped isotope temperatures. Other
glacial dolomicrite samples that have higher reconstructed� uid � 18O
values at higher temperatures (Figure 3) follow expected patterns for
low water/rock ratio alteration buffered by the isotopic composition
of the glacial dolomicrites.

Changes to the extent or style of dissolution and reprecipitation are
not suf� cient to explain the lower temperatures and more enriched
� 18O values of glacial dolomicrite facies compared to the underlying
preglacial dolomites. Reconstructed� uid � 18O values for glacial
facies are higher than inferred for diagenetic� uids from the pregla-
cial facies (Figure 3), and rock�buffered alteration with burial or dolo-
mitization by basinal brines would lead to higher reconstructed� uid
� 18O values at greater temperatures (e.g., Mangenot et al., 2018).
Instead, the Petrovbreen Member dolomicrite reconstructed� uid
� 18O values are higher at lower temperatures, consistent with precipi-
tation from different early lithifying or diagenetic � uids prior to deep
burial. In the following discussion of isotopic composition with
facies, we only consider carbonates that display both petrographic
and isotopic evidence for rock�buffered diagenesis. Excluded samples
have isotopic evidence for high temperature� uid�buffered alteration
(� 73°C, n ¼ 3) and coarse dissolution and reprecipitation textures
inconsistent with the textural preservation of surrounding strata
(n ¼ 2, one glacial, one preglacial; Table S1).

4.4. Coincidence of Facies Changes, � 18O Composition, and
� 47 Temperature

As evident in the elevated temperatures from preglacial strata (sec-
tion 4.3), dolomite clumped isotope temperatures have been
impacted through burial. Despite this alteration, temperatures do

covary with independent sedimentary records of climate; the coldest reconstructed clumped isotope tem-
peratures of Russøya Member preglacial dolomite are 29°C warmer than the coldest temperatures recorded
in the diamictite dolomicrite matrix. Comparing the Russøya and Petrovbreen Member temperatures, mean
preglacial temperatures are signi� cantly warmer than glacial dolomicrites. The mean temperature of the
preglacial facies is between 16°C and 36°C warmer than glacial dolomicrite by the Welch Two Samplet test
(n ¼ 19, 95% con� dence level), excluding the altered dolomites. This relationship is similar when all detrital
clasts are binned with the preglacial facies, giving a mean temperature between 12°C and 29°C warmer than
glacial dolomicrite (n ¼ 31, 95% con� dence level; Figure 6a).

The traditional carbonate� 18O thermometer for dolomites (fractionation factor from Horita, 2014) in preg-
lacial samples gives consistent temperatures (37 ± 4°C, 1 SDn ¼ 7) assuming modern seawater� 18O values
and no polar ice (� 1.2‹ VSMOW, Lear et al., 2000; Cramer et al., 2011; see Bergmann, al Balushi, et al., 2018;
Bergmann, Finnegan, et al., 2018; and Henkes et al., 2018, for discussion of paleoseawater� 18O values).
Preglacial samples <50°C have� uid � 18OVSMOW values of +0.7‹ to +1.8‹ VSMOW (Figure 4); these
higher � uid � 18O values at elevated clumped isotope temperatures are consistent with rock�buffered cemen-
tation or dissolution and reprecipitation (e.g., Staudigel & Swart, 2019; Stolper et al., 2018). If preglacial dolo-
mites precipitated from seawater with a� 18OVSMOW of � 1.2‹ , they would require a 16% contribution of
dolomite precipitated during burial to account for observed clumped isotope temperatures assuming rock
buffered alteration at a 122°C burial temperature; at 160°C, this contribution would be 12%. Source waters
consistent with lower marine� 18O values (e.g., Galili et al., 2019) or higher water/rock ratios for diagenesis
would require proportionately greater degrees of burial alteration to explain the composition of the pregla-
cial dolomites (Table 1). Alternatively, given the association of evaporite pseudomorphs and stromatolites in
the preglacial facies association, it is also possible that� uid � 18O values were higher from primary restriction
and evaporative concentration in the depositional environment (e.g., McKenzie, 1981). If both glacial and

Figure 6. Histograms of clumped isotope data and reconstructions of initial
conditions assuming partial rock�buffered alteration with burial. (a)
Histograms of glacial dolomicrite and aggregated preglacial dolomite and
diamictite clast facies; vertical lines mark mean� 47 temperatures. (b) Glacial
dolomicrite clumped isotope temperatures transformed with a modeled 15%
contribution of dolomite equilibrated to burial temperatures, consistent with the
interpreted alteration in preglacial carbonates (Table 1).
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preglacial facies experienced similar rock�buffered dissolution and reprecipitation, then the early
temperature and source� uid � 18O values for glacial dolomicrite may have also been lower than measured
in this clumped isotope analysis.

For the lowest�temperature dolomicrite and soft sediment samples (19°C and 21°C, respectively), a hypothe-
tical 15% contribution of dolomite that precipitated at 122°C burial temperatures (e.g., Table 1) would yield
initial temperatures of +8°C and +10°C with reconstructed� uid � 18OVSMOW values of +1.8‹ and +4.5‹ ,
respectively (Figure 6b). The reconstructed� uid � 18OVSMOW values are more positive than modern sea-
water, albeit with less extreme values than initially calculated from the clumped isotope thermometer
(+4.8‹ and +7.7‹ ). Higher levels of rock�buffered alteration would correspond to lower initial tempera-
tures and lower source� uid � 18O estimates (Table 1).

High � 18O values for early lithifying or diagenetic glacial� uids indicate either sequestration of precipitation
in continental ice sheets (e.g., Raymo et al., 2018; Shackleton, 1967) or more local restriction and evaporation
(e.g., Gat, 1995; Horita, 2008). The association of glacial dolomites with diamictite suggests the former likely
dominates the signal. Evaporative enrichment of18O/16O to the extent inferred from these dolomites relative
to preglacial dolomites (approximately 3…5‹ , Table 1) is at the upper end of enrichment observed in modern
arid glacial environments (e.g., Gooseff et al., 2003; Matsubaya et al., 1979). Other mechanisms for concen-
trating solutes in glacial environments like freeze concentration (Staudigel et al., 2018) cannot explain the
observed trends here, as freeze concentration is associated with lower� uid � 18O values (Horita, 2008).
Thus, transformed clumped isotope results assuming some component of carbonate precipitated during bur-
ial are broadly consistent with glacial conditions interpreted from carbonate facies.

4.5. Implications for Cryogenian Climate Reconstructions

The � 18O composition and� 47 temperature of Petrovbreen Member cold water carbonate beds constrains
depositional and early diagenetic conditions at points within this Cryogenian glacial episode. An offset in
minimum temperatures (29°C) between preglacial and glacial low�latitude carbonates is signi� cantly more
severe than reconstructed for Phanerozoic glaciations (Finnegan et al., 2011; Grossman et al., 2008; Raymo
et al., 2018) and is more consistent with models for entering a Snowball Earth climate state with equatorial
temperatures <0°C (Abbot et al., 2013; Pierrehumbert et al., 2011). The associated relative enrichment of
water � 18OVSMOW values from preglacial to glacial carbonates is ~3…5‹ , the lower end of which overlaps
with the highest Phanerozoic estimates for glacial sequestration of water in ice sheets (e.g., Finnegan
et al., 2011; Lea et al., 2000).

The dolomicrites analyzed in this study are uncommon in the Petrovbreen Member (Figure 1;
Fairchild, 1983) and are not a common facies in other Cryogenian glacial sections (e.g., Spence et al., 2016;
Spencer, 1971). Dolomicrites may re� ect conditions particular to this glaciated carbonate platform with local

Table 1
Summary of Mineral� 18O, Temperature, and Initial Source Fluid� 18O for Preglacial and Synglacial Dolomites

Data treatment Strata � 18Omineral (‹ VPDB) Temp (°C) Initial � uid � 18O (‹ VSMOW) % equilibrated to burial estimate (122°)

Raw data Preglacial � 1.5 (� 2.2) 48 (53) +1.8 (+1.9) 0%
Raw data Glacial +7.9 (+6.8) 19 (33) +4.8 (+6.9) 0%
Preglacial� uid � 18O � 1.2‹ Preglacial � 1.5 (� 2.2) 34 (37) � 1.2 22% (23%)
Preglacial� uid � 18O � 1.2‹ Glacial +7.9 (+6.8) 2 (16) � 0.1 (+2.8) 22% (23%)
Preglacial� uid � 18O � 5‹ Preglacial � 1.5 (� 2.2) 18 (21) � 5 39% (41%)
Preglacial� uid � 18O � 5‹ Glacial +7.9 (+6.8) � 16 (� 2) � 6.3 (� 2.8) 39% (41%)
15% equilibrated Preglacial � 1.5 (� 2.2) 39 (44) � 0.1 (0.2) 15%
15% equilibrated Glacial +7.9 (+6.8) 8 (23) +1.8 (+4.5) 15%
30% equilibrated Preglacial � 1.5 (� 2.2) 27 (33) � 2.7 (� 2.3) 30.0%
30% equilibrated Glacial +7.9 (+6.8) � 6 (10) � 2.6 (+0.9) 30.0%

Note. Data are presented for the lowest sample temperatures associated in each climate state with mean values in parentheses. Raw data are transformed via
possible rock�buffered alteration trajectories based on hypothetical initial source� uid � 18O values or the percent of dolomite equilibrated to peak burial estimate.
For each data treatment, the preglacial percent equilibrated is used to estimate the initial� uid � 18O values for glacial conditions. In each row of the transformed
data,� 18O mineral is held constant, and the treatment is used to calculate either the percent equilibrated (with initial� uid assumed) or initial� uid composition
(with percent equilibrated assumed). Calculated values are in bold, and rows containing the preferred interpretation are italicized. In all treatments, the differ-
ence in minimum temperatures between preglacial and glacial states is similar to that of the raw data.
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increases in alkalinity from glacial processing of detrital carbonate (cf. Fairchild et al., 2004). Stratigraphic
relationships suggest that Petrovbreen Member dolomicrites do not represent deposition within the� nal
deglaciation, as the diamictite successions in Svalbard are crosscut by sediment�� lled wedges interpreted
as periglacial exposure surfaces (Fairchild et al., 1989). Such exposure surfaces require progressive fall in
base level or sublimation, possibly indicating ice sheet expansion following dolomicrite deposition. It is thus
possible that these carbonates do not capture the coldest Snowball Earth conditions. Carbonates from the
overlying Marinoan glaciation in Svalbard are similarly interpreted to have formed outside of the coldest
part of the glacial episode; in that case carbonates are consistent with precipitation late in the glaciation
(Bao et al., 2009; Benn et al., 2015; Fairchild, Fleming, et al., 2016).

The partial preservation of clumped isotope signatures through stratigraphic changes in climate bolsters
con� dence in a depositional or early diagenetic source for� 18O and� 13C isotopic records preserved in these
carbonates (e.g., Halverson et al., 2018; Hoffman et al., 2012), rather than being exclusively a product of deep
burial. Judicious application of carbonate clumped isotope thermometry in other well�preserved
Neoproterozoic strata may continue to inform climate and seawater evolution through the environmental
perturbations of the era.

5. Conclusions

The Neoproterozoic Elbobreen Formation of NE Svalbard contains carbonate�rich facies preceding and
coincident with the � rst Cryogenian Snowball Earth episode. These carbonates preserve shifts in� 18O and
� 47 temperature alongside sedimentological evidence of environmental change;� 47 temperatures presented
here are the � rst documented from Snowball Earth synglacial carbonates. Calcite clumped isotope
temperatures have likely experienced partial solid�state reordering during burial. Dolomite clumped isotope
temperatures are warmer than expected for analogous modern depositional environments, likely resulting
from dolomite lithi � cation, dissolution and reprecipitation during burial or partial solid�state reordering.
Despite warm preglacial temperatures, minimum and mean temperatures for fabric retentive glacial
dolomite facies are 29°C and 26 ± 10°C (95% CL) colder than preglacial facies, respectively. Detrital dolomi-
tic clasts from within the glacial diamictites also yield clumped isotope temperatures and mineral� 18O
values distinct from their matrix, passing an isotope conglomerate test. When combined with stratigraphic
and petrographic context, geochemical records indicate that many carbonates followed a rock�buffered
diagenetic pathway, indicating that� 18O compositions are retained. Reconstructed precipitating� uid
� 18OVSMOW values for the glacial facies are enriched by 3…5‹ compared to preglacial facies. Temperature
changes and higher� uid � 18O values are consistent with a dramatic cooling associated with glaciation,
the growth of ice sheets, and concurrent enrichment of the marine reservoir. The 20…30°C shift in � 47

temperatures observed between glacial and preglacial carbonates far exceeds cooling documented in more
recent Phanerozoic glaciations (e.g., Brenchley et al., 1994; Montañez & Poulsen, 2013) and attests to
distinctive climate dynamics in this Neoproterozoic Snowball Earth episode.
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