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Abstract

The isotopic analyses (8'°C, 8'%0, and A4;) of carbonate phases recovered from a core in McMurdo Sound by ANtarctic
geologic DRILLing (ANDRILL-2A) indicate that the majority of secondary carbonate mineral formation occurred at cooler
temperatures than the modern burial temperature, and in the presence of fluids with 880, values ranging between —11 and
—6%0 VSMOW. These fluids are interpreted as being derived from a cryogenic brine formed during the freezing of seawater.
The A4; values were converted to temperature using an in-house calibration presented in this paper. Measurements of the A47
values in the cements indicate increasingly warmer crystallization temperatures with depth and, while roughly parallel to the
observed geothermal gradient, consistently translate to temperatures that are cooler than the current burial temperature. The
difference in temperature suggests that cements formed when they were ~260 £+ 100 m shallower than at the present day. This
depth range corresponds to a period of minimal sediment accumulation from 3 to 11 Myr; it is therefore interpreted that the
majority of cements formed during this time. This behavior is also predicted by time-integrated modeling of cementation at
this site. If this cementation had occurred in the presence of these fluids, then the cryogenic brines have been a longstanding
feature in the Victoria Land Basin. Brines such as those found at this site have been described in numerous modern high-
latitude settings, and analogous fluids could have played a role in the diagenetic history of other ice-proximal sediments
and basins during glacial intervals throughout geologic history. The agreement between the calculated §'Oyqe, value and
the measured values in the pore fluids shows how the A4; proxy can be used to identify the origin of negative 8'%0 values
in carbonate rocks and that extremely negative values do not necessarily need to be a result of the influence of meteoric fluids
or reaction at high temperature.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The ANDRILL-2A (AND-2A) core, recovered from the
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Fig. 1. Location map showing the AND-2A, relevant geologic
features, mirabilite beds (Brady and Batts, 1981), Trans Antarctic
Mountains Front Fault Zone (TAM Front FZ) and East Terror
Fault Zone delineating the Victoria Land Basin (Paulsen and
Wilson, 2009). Sea ice extent from LANDSAT image taken
December 30, 2007.

siliciclastic sediment including diamictites, sandstones, and
mudstones (Fielding et al., 2008a), recording the repeated
advance and retreat of ice centers on the Antarctic conti-
nental margin (Fielding et al., 2011). These sediments are
cemented by up to 25 wt.% carbonate consisting of calcite
and dolomite. In addition, there are traces of detrital car-
bonate (Fig. 2a), biogenic carbonates (Fig. 2b), and carbon-
ate fracture infills (Fig. 2d) (Paulsen et al., 2009). The
uppermost sediments of the preserved succession are Plio-
cene to Modern in age. Between 75 and 200 m below sea-
floor (mbsf) there are several poorly constrained non-
depositional surfaces which together account for a period
of minimal sediment accumulation between 3 and 11 Ma.
Sediments below 175 mbsf were deposited between 11 and
20 Ma with several pauses in sediment accumulation lasting
up to 1.5 Myr, with a typical sediment accumulation rate of
10-20 cm/kyr (Acton et al., 2008; Levy et al., 2016).

During drilling, temperatures were recorded using a
GyroSmart™ core orientation tool; after each phase of dril-
ling, the geothermal gradient was determined using a down-
core logging tool (Wonik et al., 2008). While both methods
give approximately the same geothermal gradient over the
entire core, the measurements made during drilling are
skewed towards the temperature of the drilling mud (~20
°C) and thus tend to yield warmer shallow temperatures
and cooler temperatures deeper in the core than the mea-
surements obtained during logging (Schroder et al., 2011).
Downcore temperatures were logged during several phases
of drilling with subsequent measurements differing by less
than 5°C from those acquired previously. Temperatures
measured during the final drilling phase (Phase 3) were uti-
lized for this study since they had the longest time to equi-
librate to ambient burial temperatures.

During core recovery, pore-waters were extracted from
the sediments shortly after drilling (Panter et al., 2008).
At depth, pore fluids had salinity values exceeding five
times that of seawater, the 5'%0 values for these brines were
as low as —11%o relative to Vienna Standard Mean Ocean
Water (VSMOW) (Fig. 3) (Frank et al., 2010). Elemental
analyses of these fluids show a depletion in the concentra-
tion of sodium and sulfate relative to chloride, suggesting
precipitation of the hydrated sodium sulfate mineral mir-
abilite (Na,SO4-10H,0) (Frank et al., 2010); this can be
facilitated via batch freezing of seawater as the brine-
forming mechanism (Nelson and Thompson, 1954; Herut
et al., 1990; Butler et al., 2016). Measurements of residual
fluids from batch-freezing seawater laboratory and natural
settings, have demonstrated that this freezing process
results in a residual fluid with a more negative 8'%0 value
than the original seawater, differentiating them isotopically
from evaporative brines (Horita, 2008; Toyota et al., 2013).
This fractionation appears to follow an open-system Ray-
leigh relationship (R = Rof*"') where the fractionation fac-
tor, o has been measured between 1.001 and 1.0025 (Toyota
et al., 2013). As a result of their higher density, brines can
be retained for thousands to millions of years (Lambert
and Carter, 1984; Louvat et al., 1999; Bottomley et al.,
2002, 2005).

Mirabilite deposits surrounding the Ross Sea (Fig. 1)
suggest that these processes are common in the coastal
areas adjacent to the Victoria Land Basin (Black and
Bowser, 1967; Brady and Batts, 1981). Oxygen isotopic
analyses of mirabilite deposits near Hobbs Glacier (location
shown in Fig. 1) yielded 5'%0 values for Mirabilite-bound
H,0 of —6.8 to —37.9%o relative to SMOW for different
samples, while sulfate 3**S values showed no significant dif-
ference to marine values and sulfate-bound oxygen yielded
similar 8'%0gps values to sulfate in modern seawater
(Bowser et al., 1970). Not all sulfate in mirabilite deposits
in the area is derived from seawater however. Sun et al.
(2015) describe mirabilite deposits further south, along
the Lewis Cliff Ice Tongue, with more positive §°*S values
of +49%o and §'80g04 values around —22%o relative to V-
SMOW, the source of the sulfate was interpreted as having
been derived from continental runoff. Although mirabilite
is abundant in certain modern settings such as those
described here, it is unlikely to be preserved beyond a few
million years in the geologic record due to its high solubility
and reactivity (Garrett, 2001), although there exist diage-
netic pathways which can convert mirabilite to the unhy-
drated mineral theradonite (Na,SOy) (Herrero et al., 2015).

Two settings have been described in the literature
wherein freezing water masses are isolated, allowing cryo-
genic brines to form and infiltrate into underlying sediment
(Fig. 4). As continental-scale ice sheets advance into coastal
settings, flexural troughs can form at their margins extend-
ing up to hundreds of kms (Walcott, 1970). Starinsky and
Katz (2003) proposed that these isolated water masses froze
over during the long timescales involved in the advance and
retreat of ice sheets (Fig. 4a). Frank et al. (2010) hypothe-
size that this is the likely mechanism for producing the bri-
nes observed in the AND-2A core. Thermokarst lakes, a
common feature at high latitudes, provide another mecha-



156 P.T. Staudigel et al./ Geochimica et Cosmochimica Acta 224 (2018) 154170

Fig. 2. (A) Lithic wacke with some marble clasts and minimal cement (223.20 mbsf), Plain Polarized Light (PPL). (B) Fossiliferous litharenite
containing fragmented bryozoans, serpulid tubes, and echinoids, along with cement-filled molds after mollusk shells, inter-particle dolomite
cement, PPL (616.36 mbsf). (C) Poikilotopic calcite cement in litharenite (808.67 mbsf), Crossed Polarized Lenses (XPL). (D) Calcite-filled

fracture in siltstone, (958.7 mbsf) XPL.
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Fig. 3. Salinity and 8'80,,,; of brines recovered from the AND-
2A Core by Frank et al. (2010). The 8"80 a1 values are plotted by
depth in d.

nism for isolating seawater masses allowing brine and mir-
abilite to form as sea ice forms annually (Grasby et al.,
2013) (Fig. 4b). It is likely in both settings that the resulting
brine will infiltrate the pore space of underlying and adja-
cent sediments. Cryogenic brines have been described form-
ing in the Ross Sea and McMurdo Sound area during sea

ice formation, often associated with brinicles or ice stalag-
mites (Paige, 1970; Dayton and Martin, 1971; Cartwright
et al., 2013). The conditions necessary for brine formation
could have existed in the region as early as the Oligocene,
when Antarctica was periodically glaciated; although the
extensively glaciated modern conditions have only been
present since after the Miocene Climatic Optimum
(MCO) (Kennett, 1977; Coxall et al., 2005; Barker et al.,
2007; Galeotti et al., 2016).

Previous studies using biogenic carbonate phases in the
AND-2A Core found evidence of extensive chemical alter-
ation, including dissolution (Beu et al., 2014) and chemical
exchange with pore fluid (Marcano et al., 2015). Cementa-
tion has been found to be highly variable in the AND-2A
core, where vertically adjacent sedimentary units can dis-
play different degrees of cementation and cement types
(Dunham et al., 2017). At depth, these cements, which
can occlude virtually all porosity (Fig. 2c), show evidence
of extensive recrystallization in the form of large crystals
of cement enclosing sediment grains, termed poikilotopic
cement, which indicate that recrystallization and cementa-
tion occur throughout their depositional history. Carbonate
cements and other authigenic carbonate materials record
increasingly more negative 3'*0 values with greater depth,
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Fig. 4. Two geologic settings wherein cryogenic brine formation and mirabilite precipitation can occur. (A) Brine formation as seawater is
isolated in a flexural trough caused by adjacent ice sheet depressing lithosphere, subsequent brines infiltrate underlying and adjacent sediment.
Figure modified from Starinsky and Katz (2003). Approximately 10-20x vertical exaggeration. (B) Cryogenic brine formation as seawater is
isolated and frozen in thermokarst lakes, figure modified from Grasby et al. (2013). Approximately 10x vertical exaggeration.

suggesting the involvement of these brines in the cementa-
tion history of the VLB (Fielding et al., 2012). Carbonate
veins and fracture infills show negative &'%0 wvalues
although with no significant trends downcore (Millan,
2013).

Traditionally, negative 5'0 values in cements have been
interpreted as being the result of meteoric diagenesis (Land
and Epstein, 1970; Allan and Matthews, 1982; Burns and
Matter, 1995) or later-stage cementation at higher burial
temperatures (Engel et al., 1958; Salem et al., 2000). Cryo-
genic brines provide an alternative source of diagenetic flu-
ids with negative 8'0 values within high-latitude settings.
The AND-2A core provides an excellent opportunity to
study such processes as cementation at this site could have
occurred over a considerable range of temperatures (—2 to
+60 °C) due to the significant geothermal gradient (Wonik
et al., 2008). Depending on the timing of carbonate precip-
itation, this would have resulted in considerable variation in
the 8'%0 values of carbonates, independent of the water
3130 values.

In order to constrain this problem, an independent mea-
sure of temperature is needed. In this case we have used the
A47 proxy (Ghosh et al., 2006; Schauble et al., 2006; Eiler,
2011) which is insensitive to fluid composition and records
the temperature of mineral formation provided that the

sample has not be subsequently reheated to >150 °C, at
which point solid-state bond reordering may compromise
the A47 distribution (Passey and Henkes, 2012). Using this
method, the average temperature of cementation (TAy4;)
can be calculated, making it potentially a means of deter-
mining the burial depths at which authigenic minerals
formed. The temperature determined with this method
can then be combined with the conventional 3'30 measure-
ment of the carbonate minerals in order to determine the
3'%0 values of the fluid. The TA4; and fluid §'°0 values
can then be compared with knowledge of the existing
geothermal gradient and the actual 8'30 values of the pore
fluids in order to determine the timing of cementation.

While there have been a number of equations which
have related A4; values to crystallization temperature
(Ghosh et al., 2006; Dennis and Schrag, 2010; Tripati
et al., 2010; Zaarur et al., 2013), recent equations (Tang
et al., 2014; Kluge et al., 2015; Kelson et al., 2017) appear
to be converging on a common calibration, even when
using different acid digestion techniques and temperatures
(Fernandez et al., 2017), similar to the calibration initially
published by Dennis and Schrag (2010).

In this paper we present an additional calibration which
supports these recently published equations. The calcium
carbonate used in this calibration was synthesized in the
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laboratory at temperatures between 5 °C and 73 °C. These
materials were analyzed for their 8'°C, §'%0 and A4; values
to create an in-house temperature calibration. The natural
calcite and dolomite material from AND-2A was analyzed
using the same analytical technique as the inorganic calibra-
tion carbonates, to calculate the temperature and 3"80yater
values from which the minerals formed. These values have
then been compared to measured burial temperatures and
8'"80guia values that were measured during and after core
recovery. Numerical simulations have been constructed to
evaluate the burial and diagenetic history of these sedi-
ments, in particular the different rates of cementation and
timing of brine infiltration are investigated for their effects
on the final isotopic composition.

2. MATERIALS AND METHODS
2.1. Synthetic carbonate precipitation

Carbonates were synthesized at known temperatures
(between 5 and 73 °C) via the reaction of calcium chloride
(CaCl,) and sodium bicarbonate (NaHCO3) in de-ionized
water as described in the following simplified reaction.

CaCl, + 2NaHCO;=CaCO; + H,0 + CO, + 2NaCl (1)

Two methods were used to precipitate the carbonate,
addition of NaHCOj; and CaCl, simultaneously to DIW,
or the addition of CaCl, to a DIW-NaHCO; solution.
The second method was preferred at lower temperatures,
as it enabled longer equilibration times for the dissolved
carbonate species. Equilibration times can exceed several
days at temperatures less than 15 °C (Beck et al., 2005). A
0.5 M solution of one or both reagents was titrated into a
liter of DIW cooled to the experimental temperature at a
rate of 20 pl per minute. The CO, was allowed to passively
degas during the precipitation. In experiments where only
CaCl, was titrated, the starting carbonate solution was a
0.01 mol/L solution of NaHCO3, equilibrated for several
days prior to the addition of CaCl,. After precipitation is
complete, the CaCOj-water mixture was centrifuged and
the supernatant was decanted. Carbonate samples were
dried overnight at 40 °C before being stored in glass scintil-
lation vials prior to isotopic analysis. The water used was
analyzed for its 8'30 value using a Picarro™ L2140-i cavity
ring-down spectrometer.

2.2. Selection and preparation of AND-2A carbonates

The AND-2A core consists predominantly of siliciclastic
sediments derived from either glacial or pelagic sources
(Fielding et al., 2008a). Petrographic analysis by Dunham
et al. (2017), determined that cements were principally cal-
cite or dolomite. Other secondary minerals, such as zeolites,
sulfides and silicates, have also been found as cements and
fracture infills along with the carbonates (Paulsen et al.,
2009). The carbonate samples described in this study were
determined by Fielding et al. (2011, 2012) to have formed
either as primary (biogenic) material or secondary cements
and fracture infills. The biogenic materials selected for anal-

ysis showed petrographic evidence for nearly complete
recrystallization (Fig. 2b). Mineralogy was determined
using petrographic techniques and confirmed using X-ray
Diffractometry.

Bulk sediment samples (n = 18), biogenic carbonates (n
=35), and vein carbonates (n = 2), collected between 150
and 1083 mbsf were selected for analysis. Bulk sediment
samples were broken apart and powdered using a ball grin-
der. Biogenic and vein carbonates were drilled with a
UP201C rotary tool using an Axis Dental Part: HI-
008HP drill bit, using the minimum possible drill RPM to
reduce heating and alteration (Staudigel and Swart, 2016).
The sediment matrix from 616.36 mbsf, where biogenic
materials were abundant, was sampled using the same dril-
ling technique, avoiding shells and worm casings. The bar-
nacle at 158.80 mbsf was in a poorly-lithified diamictite,
and was extracted using a metal probe before being ground
in a mortar and pestle. Samples not analyzed immediately
were stored in Eppendorf tubes.

2.3. Isotopic analysis

While under normal circumstance each measurement of
the A4; value requires ~8 mg of carbonate in order to pro-
duce sufficient CO, for analysis, because the sediments in
the VLB are predominantly siliciclastic and therefore have
low carbonate fractions (Fcarponate), Up to 150 mg of sedi-
ment was necessary for each analysis (required mass = 8
mMg/Fcarbonate)- Samples were weighed into copper reaction
boats and reacted using the common acid bath at 90 °C,
using concentrated phosphoric acid (density = 1.95 g/cc)
on the University of Miami Stable Isotope Laboratory’s
vacuum line. It is assumed that the detrital material, which
was predominantly sand and clays, did not react to form
CO, or other isobarically interfering gases, and did not
affect the reaction of cements with phosphoric acid. Liber-
ated gas was continuously frozen with liquid nitrogen in a
U-trap throughout the duration of reaction in order to min-
imize the potential of exchange between CO, and water
released from reaction with acid or adhered to clay. Calcite
samples reacted to completion within 30 min, dolomite
samples required longer reaction times, typically reacting
for 45 min to 1 h before bubbles were no longer produced.
Reaction times were apparently unaffected by carbonate
content. The H,O was separated from CO, using a —90 °
C methanol slush. Volatile organic compounds and other
contaminants were removed by passing the gas through a
Porapak™ Q adsorbent trap (passively, no He carrier gas)
chilled in methanol between —20 and —30 °C, gas was fro-
zen in a trap cooled with LN, after passing through to facil-
itate 100% extraction of gas. Gas samples are frozen into a
glass vessel and transferred to a Thermo-253 mass spec-
trometer. Samples were measured at a mass-44 beam inten-
sity of 12V, relative to an in-house working gas, calibrated
relative to NBS-19 (National Bureau of Standards) stan-
dard. In order to facilitate a pressure baseline correction
(He et al., 2012), all samples were analyzed 14x “on peak”
bracketed by four analyses “off peak”, the “off peak™ base-
line value a was subtracted from the “on peak” value in
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order to adjust for this non-zero baseline on the mass-47
cup. Each block of measurements taking 30 min; these
blocks of measurements were repeated six times.

2.4. Data processing

Carbon and oxygen isotope values for solids are
reported relative to the Vienna Pee Dee Belemnite Standard
(VPDB) using the conventional delta notation. The §'%0
values were corrected for acid fractionation at 90 °C in a
common acid bath following the equation published by
Swart et al. (1991).

Clumped isotope values for all samples and reference
materials are calculated using the methods outlined by
(Huntington et al., 2011) using a value for A of 0.528
(Barkan and Luz, 2005) and revised abundances for PDB
BC/2C (Chang and Li, 1990), '70/'0 (Assonov and
Brenninkmeijer, 2003) and '*0/'®°0 (modified from
Baertschi, 1976), following the Brand et al. (2010) parame-
ters as recommended for use in the calculation of A4; values
by Daéron et al. (2016).

Data were adjusted into the absolute reference frame
outlined by Dennis et al. (2011) by analyzing equilibrated
CO, relative to a working gas. Carbon dioxide equilibrated
with water at 25°C (A47 = 0.925%0) and 50 °C (A47; =
0.805%o), as well as CO, heated in a quartz tube at 1000 °
C (A47 = 0.027%0) were used as standard gases with known
clumped isotope distributions whose values are calculated
from Wang et al. (2004) as shown in Dennis et al. (2011).
Three gases of variable composition were used in order to
correct for any mass-dependent effects between measured
5% and A4 values, CO, liberated from a Carrara marble
via phosphoric acid digestion was used heated to 1000 °C
and used as a fourth gas. Linear interpolation of the slopes
and intercepts of measured A4 (raw) and &*'(relative to
working gas) values of suites for heated and equilibrated
gases analyzed on different days allowed for any instrumen-
tal drift to be corrected for. Daily analyses of a Carrara
marble yielded a Ay; value of 0.392%0 + 0.027 (n=443)
in the absolute reference frame (Murray and Swart, 2017).
All relevant data are included in the supplemental material.

Both calcite and dolomite samples have been analyzed
for their A47 values in this study. Whilst the determination
of temperatures in calcite using Ay; values is reasonably
mature, there has been uncertainty regarding the appropri-
ate equations to use for dolomite (Defliese et al., 2015;
Murray, 2016; Bonifacie et al., 2017). For example, the
recent equation for dolomite proposed by Bonifacie et al.
(2017), although similar to the group of equations recently
proposed for calcite within the calibration range of this
study, is diverges at higher temperatures, suggesting that
there may be a difference between calcite and dolomite.
Alternatively, the difference may be part of an evolving
understanding of temperature-Ay; relationships. Similarly,
there has been some controversy about the application of
mineral-specific acid fractionation factors. It has been sug-
gested by some workers that the commonly used value for
reaction at 90 °C of +0.092%o for calcite (Passey et al.,
2010) is also applicable to dolomite, while in other studies
values as high as +0.153%0 have been proposed (Murray

et al., 2016). In this study, we have used an acid fractiona-
tion factor of +0.092%o for calcite and 0.153%o for dolomite
as these values were determined under identical conditions
and methods to the samples measured in this study. We also
note that this difference between calcite and dolomite has
been observed in samples prepared using a Kiel autocarb
device at ETH (Miiller et al., 2017). The precise cause of
this discrepancy is not determined, however because this
study uses identical sample preparation to Murray et al.
(2016), their method for determining paleotemperature is
used, although the approach of Bonifacie et al. (2017) is dis-
cussed further in Section 4.2.

The 8'80 values of the waters from which carbonates
were formed (5'0ye;) Were calculated using the tempera-
tures derived from A4, values (TA47) and the 5180 values of
the carbonates (6180C3rb0m) for each replicate analysis.
Temperature-8'%0 relationships were used for calcite
(Kim and O’Neil, 1997) and dolomite (Matthews and
Katz, 1977), following the recommendations of Murray
and Swart (2017). The relationship for Kim and O’Neil
(1997) was revised using the acid fractionation factor for
sealed vessel reaction at 25°C (o= 1.01025) calculated
from Swart et al. (1991), rather than the value of 1.01050
obtained by Sharma and Clayton (1965). Samples which
were mixtures of calcite and dolomite were processed using
intermediate acid fractionation factors and temperature-
3'%0 relationships.

2.5. Statistical methods

Covariance is calculated using least-squares linear fits,
where significance is determined using a p-from-r calcula-
tion assuming a normal distribution. A #-value for linear
fit is calculated using the Fisher method.

r

— 2
S/ Sy )y @

When comparing the difference between two linear
regressions, significance is calculated from the residual of
the two regressions. Significance is defined as having less
than 1% chance (p < 0.01) of being the result of a random
distribution. In figures where linear regressions are plotted,
95% certainty for linear fit is displayed (o« = 0.05).

2.6. Time-integrated modeling

A time-integrated model was used to evaluate the effects
of different cementation histories on the eventual A4; and
5'%0 values of cements. This approach, previously demon-
strated to have utility in describing the diagenetic behavior
of 380 (Schrag et al., 1995) and 8**Scas (Rennie and
Turchyn, 2014) in carbonates, was applied in this study to
describe the behavior of A4; values during cementation.
This model simulates the sedimentation history by breaking
it into intervals of 100 kyr. Over each time step, a package
of sediment was added to the top of the sediment column,
the thickness of which was calculated using an age-depth
model modified from Levy et al. (2016). Down core temper-
atures were calculated based on the published geothermal
gradient from Wonik et al. (2008). Downcore 880 uer val-
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ues were calculated using a brine 5'*0 value of —10%o
(SMOW) derived from the median brine value from
Frank et al. (2010), and a non-brine value of —1%o from
the surface 8'0y . value given in the same reference.
The brine value was used below 50 mbsf after the time of
brine emplacement, which varied between models. Carbon-
ate cement was added downcore at equilibrium with the
burial temperature and porewater 8'%0 values. The models
simulated rates of cementation using a conventional expo-
nential decay function

R=A+Bxe e/ (3)

in which A corresponds to a constant rate of diagenesis
(myr~!), B corresponds to the rate of an initial pulse in
cementation (myr~'), C is the decay rate of the initial pulse
(myr). Three simulations were run, modeling possible
behaviors of cementation rate. The first simulation
(““Pulse”) models an initial cementation pulse which decays
over time to zero (4 =0, B=1, C = 2000 kyr), the second
(“Pulse + Constant™) models an initial pulse of cementa-
tion (B = 0.8, C =2000 kyr) which decays to a slower rate
over time (4 = 0.2). The third simulation (‘“2x Brine Rate”)
models a constant cementation rate (B = 0), however the
cementation rate is doubled in the presence of brines.

Each of these rate models were run six times with brine
emplacement ranging between modern and 20 Ma in incre-
ments of 4 myr. Cements form at equilibrium with respect
to ambient temperature and the water 5'0 value, and are
modeled using the temperature-diwaer-carcite relationship
modified from Kim and O’Neil (1997). The displayed sim-
ulation outputs are the final TA,;, and 880 aer values
for bulk cement.

Because adjacent sediment packages can experience dif-
ferent rates and degrees of cementation (Dunham et al.,
2017), it is necessary to implement several rate models in
order to describe the range of potential diagenetic histories
for this site.

3. RESULTS
3.1. Synthetic carbonate composition

The 8'3C, 8'®0 and A4, values of all synthetic carbon-
ates are displayed in Table 1. A weighted regression

Table 1

Precipitation temperature
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=== Tang et al., (2014)
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= 0.0400 (+ 0.0013) x 10 +0.245 (+£0.014)
. TZ
0.55 u t t t
8 9 10 1 12 13

100/ T?

Fig. 5. A47 values (%1 st. error) of synthetic carbonates plotted
relative to temperature of precipitation. Dotted lines show 95% CI
for linear regression. Linear regressions for Temperature —Ay;
calibrations from previous studies are plotted as solid colored lines.
An Acid Fractionation Factor (AFF) of +0.092 is applied to
Kelson et al. (2017)’s slope.

through the A4; values for synthetic carbonates relative to
the known temperatures (Fig. 5) of precipitation yields
the significant (+* = 0.96, n = 44) linear relationship shown
in Eq. (4).
0.0400(40.0013) x 10°

Ay = 2 +0.245(+0.014) 4)

The fractionation of oxygen isotopes and water is
described using the following relationship, displayed in
Fig. 6.

10°
1000010 ater—catcire. = 18.73(i0.39)T —34.17(x1.29)  (5)

Most of the precipitation experiments conducted herein
were precipitated between 10 and 15 mM DIC, except for
one 5 °C experiment, which was run at ~35mM and sits
well above the linear regression for the other samples,
although it’s A4; values are not significantly different than

Precipitation temperatures, mineralogy and isotopic composition of the 11 synthetic carbonates used in this study as well as the isotopic
composition of water from in which each precipitation experiment was conducted.

Precipitation temperature (°C)  Mineralogy ~ 8'3C (% VPDB)  §'%0 (% VPDB)  A47 (%0 ARF) N 880 yuer (%0 VSMOW)
5 Calcite —11.72 £ 0.09 3.06 +0.03 0.759 £0.011 3  —0.65
5 Calcite —14.23+0.13 2.34 +0.06 0.764 £0.016 3  —0.59
10 Calcite —12.89 £ 0.06 0.76 £ 0.13 0.737+£0.010 3  —045
15 Calcite —13.09 £ 0.04 0.27 £ 0.08 0.729 £0.015 7  —0.40
25 Calcite —13.14 £ 0.04 —231+0.12 0.690 +0.004 3 —0.47
30 Calcite —12.14 £ 0.01 —3.08 £0.08 0.681£0.020 3  —0.27
35 Calcite —8.33+£0.34 ~3.94+0.10 0.676£0.015 6  —0.25
50 Calcite 1.43 £0.06 —6.78 £0.05 0.620 +£0.006 4  —0.40
65 Calcite —13.49 £0.03 —9.38 +£0.11 0.590+0.021 5  —0.10
72 Aragonite —13.21 £0.11 —9.91 +0.06 0.585+0.012 3 046
73 Aragonite —12.85+0.28 —9.774+0.12 0.581+0.011 4  —042
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Fig. 6. 1000Incyater-caicite fOr all inorganic precipitates relative to
temperature of precipitation. Linear regression calculated using
calcites precipitated at 10 mM DIC concentration (filled squares).
Stippled lines dilineate uncertainty for linear regression (£95% CI).
Two linear relationships modified from Kim and O’Neil are
displayed for experiments conducted at 5 mM and 25 mM DIC
concentration between 15 and 40 °C.

a sample precipitated from a lower DIC concentration
(Fig. 5). This sample was omitted from linear regression
for Eq. (5). The two highest temperature experiments, were
omitted from Eq. (5) because they consisted predominantly
of aragonite, which fractionates oxygen isotopes differently
than calcite during precipitation (Grossman and Ku, 1986;
Kim et al., 2007). These three samples were, however, still
used in the linear regression for Ay.

3.2. Isotopic composition of AND-2A carbonates

The compositions of all carbonate materials described
herein are displayed in Table 2.

3.2.1. Bulk sediments/cements

The majority of carbonates analyzed in this study were
composed of either calcite or dolomite, two samples
(616.36 and 730.45 mbsf) contained roughly equal mixtures
of calcite and dolomite (Fig. 2b). The 8'*C values of the
carbonate cements range between —30%o0 and 0%o, with all
but three samples falling between —10%0 and 0%o
(Fig. 7a). Dolomite cements’ §'°C values averaged —4.1
+ 2.2%o0, while calcite was more negative and variable, aver-
aging —12.3 £ 8.7%0. With increasing depth, the cements
record progressively more negative 8'%0 values, reaching
a broad minimum below 700 mbsf at approximately —9%o
=+ 2%o (Fig. 7b). This trend is also recorded in TA4; values,
which range between 1.0 °C and 43.1 °C (Fig. 7c). The 8'8-
Oyater values calculated using 8'%0¢, bonate values and tem-
peratures from Ay; values ranged between —+2.6 and
—11.5%0, with the majority of samples between —5%o and
—10%o.

3.2.2. Biogenic materials

All biogenic materials were comprised of calcite, even in
instances where cement mineralogy was dolomite. Biogenic
carbonates’ isotopic compositions varied less than those of

cements, with 8'°C values ranging between —1.7%0 and
—9.3%0 VPDB. Carbonate 3'%0 values ranged between
—2.22%0 and —8.12%0 VPDB. Temperatures estimated from
A4 values varied between —5.0 °C and 33.1 °C, yielding
8"80ater values of between —5.2%0 and —8.9%0 VSMOW.
Reconstructed fluid 8'®0 values and carbonate §'*C values
covary significantly in all biogenic materials (Fig. §), rang-
ing between the “pristine” material described by Levy et al.
(2016) and the average 5'%0 and 8'>C values of the pore
fluid.

There is no significant relationship between the §'C val-
ues of the biogenic materials and the corresponding
cements (Fig. 9a, p =0.286). The 8"80arboante values of
the measured biogenic materials co-vary significantly (p =
0.006, Fig. 9b) with the 8"80 arbonate values of correspond-
ing matrix cements, but are more negative by 0.5%o0 + 0.3%o.
A similar co-variance is observed in the A4; values (Fig. 9¢),
although it is not highly significant (p = 0.055), tempera-
tures also do not display a significant offset. There is no sig-
nificant covariance between 8%0yaer values of biogenic
materials and their respective cements (Fig. 9d). A bivalve
sample collected at 616.36 mbsf, which was in a dolomite
cemented matrix (Fig. 2b), was the most compositionally
offset from its matrix, recording cooler temperatures, and
more positive 8'°C and §'30 values.

3.2.3. Vein carbonates

The two vein carbonates sampled in this study were
compositionally distinct from one another, they were sam-
pled from a similar burial depth approximately 10 m apart
(958.70 and 968.96 mbsf). The vein sampled at 958.70 was
comprised of calcite spar (Fig. 2d) with an extremely nega-
tive 3'*C value (~—15%0), while the other was dolomite and
had a more positive 5'°C value (+1%0) than any overlying
dolomite cements (Table 2, Figs. 7, 8). The 8'80 values
for both samples were relatively negative: —12.7%o for cal-
cite and —10.2%oc for dolomite. The temperature calculated
using A4; values were 30 °C and 48 °C for the calcite and
dolomite veins, respectively. These temperatures, when used
in conjunction with 8'®0 . ponate Values, calculate 8'¥0quiq
values of —9.2%0 and —5.8%o relative to VSMOW.

3.3. Model output

All iterations for a given rate model produced identical
TA4; values. The TA4; output for the “Pulse”, “Pulse +
Constant”, and “2x brine rate” models are plotted in
Fig. 10a, along with measured burial temperatures
(Wonik et al., 2008) and TAy4; for carbonates measured in
this study. The “Pulse” model invariably produced the
coolest TA47 estimates and the “2x brine rate” model pro-
duced the warmest TA4; values, which were approximately
parallel, but offset from the measured burial temperatures.
The “Pulse + Constant” model is intermediate to the other
two models. All models showed a significant shift in TAy;
and 8'30y,r values between 100 and 200 mbsf which cor-
responded to a slowing of sediment accumulation in the
age-depth model. Earlier times of brine emplacement
invariably record more significant incorporation of negative
3"80,ater values into cements (Fig. 10b—d).



Table 2

Isotopic composition of carbonate materials analyzed in this study. A47 values are adjusted for reaction at 90 °C using an acid fractionation factor of +0.092%o for Calcite (Passey et al., 2010) and
+0.153%o for dolomite (Murray et al., 2016).

ANDRILL 2A isotope analyses

Depth (mbsf)  Sample type Number of  3'3C VPDB (%) std. dev 880 VPDB (%0) std. dev A7 (%) std. dev  TA4 (°C)  std. dev  8"8Oyuer std. dev
replicate (% VSMOW)
analyses

Biogenic materials (all calcite)

158.8 Barnacle shell 2 —2.898 0.048 -2.217 0.203 0.802 0.005 =50 1.3 -59 0.5

377.54 Bivalve shell 2 —8.604 0.511 —6.783 0.285 0.772 0.000 2.5 0.1 -89 0.3

377.54 Worm tube 3 —9.290 1.008 —6.806 0.397 0.757 0.006 6.4 1.7 -8.0 0.6

616.36 Bivalve shell 2 —1.705 0.088 —8.115 0.283 0.694 0.001 25.5 0.4 -52 0.2

968.53 Bivalve shell 2 —7.345 0.126 —11.627 0.391 0.673 0.030 33.1 10.9 =175 2.5

Fracture infills

958.7 Calcite 2 —15.362 0.083 —12.786 0.095 0.679 0.020 30.5 6.9 -9.2 1.5

968.96 Dolomite 2 0.943 0.649 —10.160 0.146 0.632 0.004 48.2 1.6 -5.8 0.5

Carbonate cements

215.49 Calcite 3 —4.986 0.117 —5.711 0.511 0.778 0.020 1.0 5.2 —8.1 1.1

223.2 Calcite + marble (?) 3 —28.489 0.074 —2.882 0.142 0.660 0.012 37.4 44 2.6 0.7

350.07 Calcite 2 —6.066 0.242 —6.346 0.293 0.750 0.008 8.4 2.3 -7.0 0.2

377.54 Calcite 2 —5.769 0.014 —6.426 0.636 0.753 0.001 7.6 0.2 -7.3 0.6

409.64 Dolomite 4 —2.823 0.126 —6.112 0.294 0.728 0.008 14.7 2.3 —8.9 0.7

458.3 Dolomite 2 —6.663 0.383 —5.489 0.203 0.756 0.030 6.8 8.1 —-10.4 2.5

462.33 Dolomite 2 —4.898 0.126 —5.729 0.745 0.733 0.029 134 8.6 -8.8 3.0

465.53 Dolomite 2 —5.154 0.157 -5.277 0.183 0.737 0.003 12.0 0.9 -8.7 0.4

482.77 Calcite 3 —21.554 0.424 —9.117 0.295 0.756 0.012 6.8 3.4 —104 1.0

625.07 Dolomite 2 —3.696 0.011 —6.605 0.488 0.695 0.031 25.2 10.2 —6.9 2.9

616.36 Calcite + dolomite 3 —3.466 1.898 —7.268 1.193 0.717 0.022 18.3 7.0 =75 1.3

633.11 Dolomite 3 0.512 0.097 —7.915 0.222 0.737 0.006 12.0 1.6 —11.5 0.7

718.22 Calcite 3 —15.552 0.037 —11.850 0.093 0.677 0.023 31.5 8.4 -8.0 1.6

728.99 Dolomite 2 —5.067 0.152 —8.745 0.316 0.645 0.012 43.1 4.7 -53 0.6

730.45 Calcite + dolomite 2 —3.469 0.126 —6.915 0.453 0.708 0.026 21.1 8.2 —6.5 2.3

791.13 Calcite 2 —6.324 0.379 —9.763 0.062 0.670 0.010 33.7 3.6 -53 0.6

968.53 Calcite 2 —7.684 0.038 —11.337 0.300 0.672 0.001 329 0.4 -7.2 0.2

1093.61 Calcite 2 —6.706 0.045 —10.178 0.205 0.682 0.010 29.4 33 —6.6 0.9
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Fig. 7. Plots for ANDRILL 2A calcite (filled symbols), dolomite (white symbols) and mixed calcite/dolomite (half white) carbonate isotopic
compositions of cements (squares), biogenic calcite (circles) and carbonate veins (diamonds) relative to downcore depth. Unaltered biogenic
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Fig. 8. 8"Cpic and 8" O0yqr of pore fluids described by Frank
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structed with clumped isotopes of the carbonate materials mea-
sured in this study and by Levy et al. (2016). Half-filled squares are
mixtures of dolomite and calcite cement. Dashed lines illustrate
495% CI of linear regression through all biogenic material.

The recorded 880y, value calculated from A4, values
varied with different times of brine emplacement and are
plotted in Fig. 10b—d. In models incorporating early brine
emplacement (e.g. 20 Ma), the brine 8'%0 value has a
greater impact on the resulting cements than models where
brine is emplaced later in the depositional history. In the
“Pulse” model, cement composition is biased towards earli-

est burial conditions, directing it towards cooler tempera-
tures (Fig. 10a), and more positive reconstructed fluid
5'%0 values, necessitating earlier times of brine emplace-
ment in order to record the negative oxygen isotope compo-
sition. In the “Pulse + Constant” model (Fig. 10c), the
output cement 8"80 ater values are more positive than those
of the “Pulse” model, with greater linear downcore trends.
The “2x brine rate” model (Fig. 10d) yields cements with
5'%0 values which are biased towards brine composition,
the temperatures given by this model varied depending on
brine emplacement and are displayed separately in Fig. 10a.

4. DISCUSSION
4.1. Synthetic carbonate calibration for clumped isotopes

The relationship between temperature and A47 values in
the precipitated carbonates produces a statistically similar
regression to those derived by previous workers (Dennis
and Schrag, 2010; Passey and Henkes, 2012; Tang et al.,
2014; Kluge et al., 2015; Kelson et al., 2017), as is shown
in Fig. 5. Of these, only Kelson et al. (2017) was calculated
using the Brand parameters for PDB and A (Daéron et al.,
2016). The Pearson’s coefficient for the temperature-Ay;
relationship of the residuals of all synthetic carbonate val-
ues from this study and Kelson et al.’s calibration is
—0.19 (p =0.25). When an acid fractionation factor of
+0.092 (Passey et al., 2010) is applied to Kelson’s calibra-
tion, the two calibrations are comparable (Fig. 5). Because
the measurements of A4; values on the synthetic carbonate
samples in this study were measured using an identical pro-
cedure to that employed for the natural materials, all pale-
otemperature estimates in this study will use Eq. (4). This
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eliminates any potential for inter-laboratory differences in
preparation technique and data processing.

The calculated oyater-carbonate Values for each tempera-
ture are slightly more positive than those commonly
obtained from the Kim and O’Neil (1997) relationship
(Fig. 6), which was precipitated at 5 mM DIC concentra-
tion. In the same study, another calibration was produced
at 25 mM DIC, which is more positive than ours. Subse-
quent determination of fluid 3'®0 values using clumped iso-
topes in this study will nevertheless use the commonly used
relationship from Kim and O’Neil (1997).

4.2. Cement carbonate composition for AND-2A

The §'C values of the calcite and dolomite cements var-
ied, suggesting that they may have formed by different
mechanisms. This variability in 8'*C values is consistent
with the observed differences in the composition of dis-
solved inorganic carbonate (DIC) in the pore fluids
(Fig. 7a). The highly variable 8'C values in calcite suggest
multiple sources of carbon, with extremely negative values
possibly derived from the oxidation of methane and more
positive values derived from a mixture of respired organic
material and seawater carbonate (Fig. 8). The narrower
range and more positive 8'>C values found in the dolomites
suggests that carbon sources with more negative 5'C val-
ues did not contribute to their formation. Subsequent
recrystallization of these cements potentially in the brine,
could preserve their 3'3C values if the fraction of carbon
in the cements exceeds the available DIC reservoir. The
3130 values would not be expected to display this buffering,
as there is considerably more oxygen in the porewater than
in the carbonate cement.

One calcitic sample (223.20 mbsf) possessed an extre-
mely negative 3'>C value of —28%o and yielded an anoma-
lously warm temperature estimate of 37.4 +4.4°C and a
resultant §'0 value of + 2.6 & 0.7%o. The A4g value of this
sample is within 1 standard deviation of the mean value
obtained from other samples, suggesting that this high tem-
perature was not due to sample contamination. This sample
contained less than 5% carbonate cement and thus would
be extremely susceptible to contamination from minor car-
bonate sources. Petrographic analysis of the anomalous
sample also shows trace amounts of detrital marble
(Fig. 2a), which may have contaminated this sample with
high-temperature metamorphic carbonate from a metamor-
phic province on the continent (Huntington and Lechler,
2015). Analyses of clasts in the AND-2A core suggest that
detrital grains at this depth are likely sourced from ice
sheets that did not extend far from the coastal margin,
and thus represent a fairly local population (Cornamusini
and Talarico, 2016). Isotopic analysis of 21 local metamor-
phic carbonates in the Victoria Land region yielded far
more positive 8'3C values ranging between 3.6 and
—2.5%0 (Worley et al., 1995), this possibly necessitates some
other source for these isotopically negative carbonate §'*C
values. It is possible that the anomalous temperature could
be a result of non-linear A4; mixing of sediments of different
isotopic composition (Defliese and Lohmann, 2015), a neg-
ative mixing for A4; values requires mixing of two end-

members with negatively correlated 8'3C and §'*0 values.
Producing an offset in A4; value of —0.15%o, necessary to
produce this discrepant temperature, would require an off-
set of 40%0 between these end members. This would require
a source of carbon with negative 8'°C values, —70%o.
Methane oxidation by bacterial sulfate reduction (BSR) is
another possible candidate as it has the potential to pro-
duce carbonate materials with negative 8'>C values that
are out of equilibrium with respect to temperatures calcu-
lated using A4; values due to kinetic effects by as much as
—0.2%o, resulting in significantly warmer calculated temper-
atures (Loyd et al., 2016). We consider BSR to be the most
likely cause of the disequilibrated A4; value for this sample.
The outlying TA4; value is omitted from statistics, but is
nonetheless plotted in Fig. 7, labeled BSR Calcite.

The A47 values of the diagenetic and biogenic carbonates
decrease with increasing depth, indicating formation of car-
bonate minerals and recrystallization at increasingly higher
temperatures (Fig. 7c). Linear interpolation of tempera-
tures derived from A7 values indicate a downcore temper-
ature gradient of 42.8 + 7.9 °C/km (> = 0.66, n = 17). This
slope is parallel to the present geothermal gradient as
described by Wonik et al. (2008) (43.9 °C/km between 200
and 1200 mbsf) (p = 0.88, where r* = 0.017 for residual).
Temperatures calculated from A4, values are offset towards
cooler temperatures than current burial values, offset by
11.5+ 7.0 °C (Fig. 7c). Because each individual analysis
potentially integrates a range of cementation temperatures
during burial; it is expected that cooler temperatures from
earlier burial would be recorded in the cements’ isotopic
compositions. Translating the modern burial depths
upward such that the geothermal gradient predicted using
Ay47 values equals the modern geothermal gradient indicates
an average depth of cementation 260 4+ 100 m shallower
than current burial depth. This depth includes a series of
depositional hiatuses during the Miocene described by
Acton et al. (2008) and Levy et al. (2016). A substantial
fraction of the cementation could have taken place during
these prolonged periods of minimal sediment accumulation
(3-11 Ma) when the geothermal gradient would have
remained relatively constant. This offset in temperature
could also be partially the result of cooler initial tempera-
tures, although the relatively consistent downcore recon-
structed TAy4; of bivalves measured by Levy et al. (2016)
seem to preclude this interpretation.

Although the 8"80ater values derived from A47 and 5'%-
Ocarbonate Values exhibit some variability, they occupy a
similar range to observed brine 8"80yater values. These
observations are consistent with cements forming predomi-
nantly in the presence of the cryogenic brine, with the Ay
values recording the temperatures of cements forming over
the burial history. The 8'%0 values in DIC equilibrate more
slowly at cooler temperatures (Beck et al., 2005), extrapola-
tion of equilibration rates measured between 15-40 °C and
0°C estimates an equilibration rate with a half-life of
approximately 40 h. Our interpretations rely on the
assumption that the diagenetic processes occurred at a suf-
ficiently slow rate that DIC had sufficient time to equili-
brate during the precipitation of carbonate cements. It
has been observed in some settings that rapid precipitation
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of carbonate minerals, such as those described earlier in the
presence of BSR, can occur sufficiently rapidly to be out of
equilibrium (Loyd et al., 2016). We argue that the condi-
tions of deeper burial are closer to chemical and isotopic
equilibrium with residence times of DIC far exceeding the
requisite time for complete equilibration.

Isotopic analyses of the nearby AND-1B core showed
similarly negative 5'®0 values in carbonates, as low as
—13%o0 (Pompilio et al., 2007). These values did not show
a downcore trend from more positive to more negative val-
ues as is shown in Fig. 7b. It is therefore likely that these
two sites’ 8'%0 values are influenced by very different
processes.

If a significant fraction of cement formed at a depth cor-
responding to the hiatuses between 3 and 11 Ma, with some
cement having formed before and after this interval, then a
diagenetic fluid isotopically similar to the cryogenic brine
must have been present in the subsurface of the VLB since
at least the Late Miocene. A mixture of primary and diage-
netic carbonate minerals could also account for this trend
in crystallization temperatures, but would necessitate a
covariance between temperature and the calculated 5'%-
Oyater Values, trending from the isotopic composition of
seawater to that of the brines described by Frank et al.
(2010); this has not been observed in cements. Even the
most deeply buried carbonates, with A4; temperatures that
deviate the most from the temperatures measured during
logging, still record brine 5"80yater values within the range
and uncertainty of overlying cement values.

Using the methods described herein, calcite and dolo-
mite yield essentially the same TAy; and 8'80,,., values
and display no significant downcore trends in calculated
fluid 8'80 values with depth (Fig. 7c¢ and d). If the
dolomite-specific temperature calibration with no difference
in acid fractionation factor, proposed by Bonifacie et al.
(2017) is applied to dolomite at this site, a consistently
higher temperature, and thus more enriched reconstructed
fluid 8'%0 values are determined. These reconstructed dolo-
mite temperatures are on average 10 °C warmer than pre-
sent burial temperatures, which is implausible considering
the burial history of the site. A revised version of Fig. 7
using the Bonifacie et al. (2017) paleotemperature equation
is available in the supplemental material. The use of the
Murray et al. (2016) methodology results in dolomite and
calcite cements yielding similar cementation temperatures
and fluid compositions.

4.3. Biogenic carbonate

In this study, five biogenic materials were analyzed, four
of which were accompanied by an analysis of the adjacent
matrix. Biogenic carbonate records cooler temperatures at
377.54 mbsf, warmer at 616.36 mbsf, and virtually identical
(968.53 mbsf) values than the corresponding sediment
matrix. Biogenic carbonates reconstruct fluid 8'%0 values
ranging between —5.2 and —8.9%o relative to VSMOW. It
is not impossible that the initial fluids forming the biogenic
materials may have been isotopically negative due to mixing
with glacial meltwater. However, the temperatures recon-
structed using A4; values suggests that apart from the bar-

nacle shell, all have recrystallized deeper in the geothermal
gradient and in the presence fluid with brine-like 5'%0 val-
ues. The bivalves described here were likely initially arago-
nite, which was subsequently neomorphosed to calcite.
Serpulid worm tubes may vary in mineralogy (Vinn et al.,
2008) and thus the initial mineralogy of the tube at
337.54 mbsf is unknown, the current mineralogy however,
is 100% calcite. The difference in isotopic composition
between cements and secondary calcite in the shell molds
suggest that cementation and neomorphism occurred at
separate times and the temperatures from A4; values indi-
cate that there is no consistent time or depth where the sec-
ondary calcite forms.

The barnacle, sampled at 158.80 mbsf, had a 8'30,pon-
ate Value of —2.9%o and an interpreted formation tempera-
ture of —5.0 + 1.3 °C, although this value is extrapolated
from the inorganic calibration range presented in this study.
Together, these two values result in a calculated fluid §'%0
value of —5.9 + 0.5%0 VSMOW. Modern barnacles tend to
form carbonates with slightly more positive 3'%0 values
with respect to equilibrium calcite (Killingley and
Newman, 1982), isotope analyses of barnacles in the Ross
Sea have a typical range from +4 to +5%0 VPDB, forming
at —2°C (Burgess et al., 2010).

Analyses of unaltered biogenic carbonates by Levy et al.
(2016) yielded isotopic compositions significantly offset
from those presented in this study (Figs. 7 + 8, solid black
dots), giving nearly vertical downcore trends for all mea-
sured values, with values similar to modern carbonates in
the Ross Sea area. The TA4; values for the more deeply bur-
ied biogenic materials described in this study are higher
than the unaltered material described in Levy et al. (2016)
below 600 mbsf, although these recrystallized bivalves are
not at equilibrium with modern burial temperatures
(Fig. 7c).

Reconstructed water 8'80 and carbonate 8'*C values
fall along a linear continuum trending from the unaltered
carbonates described by Levy et al. (2016) to a point within
the range of modern pore fluid compositions (Fig. 8). This
linear trend is not observed in TA,; temperatures, likely
indicating that this trend is due to recrystallization in a fluid
of distinct isotopic composition (e.g. the brine), however,
this recrystallization did not occur at a single depth or
temperature.

4.4. Vein carbonate

The two vein carbonates sampled in this study are min-
eralogically and isotopically distinct from one another. The
dolomite vein at 968.96 mbsf records warmer burial temper-
atures, consistent with those observed in cements in the
overlying sediments, suggesting it formed during the same
period. By contrast, the calcite vein fill at 958.70 mbsf
records cooler burial temperatures and more negative car-
bon isotope values, suggesting it may have formed at a shal-
lower depth, and thus at an earlier time. If it is assumed that
the fracture infills formed as single events, it is possible to
calculate the depth, and thus time, at which cementation
occurred using the TA4; values and assuming a constant
geothermal gradient. The shallower fracture formed at 30
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4+ 7 °C, and is buried where the ambient temperature is 46 °
C (Wonik et al., 2008). Using the local geothermal gradient
of 43 °C/km, disequilibrium suggests infill occurred approx-
imately 370 + 160 m shallower than its modern burial
depth, indicating that this vein formed between 11 and
16 Ma. Clumped isotope analyses of the more deeply buried
dolomite infill indicate a formation temperature of 48 + 2 °©
C, this vein is presently buried at 47 °C, suggesting a far
more recent time of formation, as the sample is within
uncertainty of its present burial temperature. Migrating
hydrothermal fluids may also have played a role at this site,
in which case these interpretations would overestimate bur-
ial depth. Calculating fluid composition using the TA4; val-
ues and the measured carbonate §'%0 values indicates that
both veins formed in the presence of a fluid with 8'30 value
between —6 and —9%o relative to SMOW, consistent with
the present-day measurements at the site.

4.5. Comparison between measured and modeled results

Analyses of cements, veins, and neomorphosed biogenic
carbonates indicate that a significant amount of carbonate
formed at cooler temperatures than modern burial depths
and in the presence of a fluid with brine-like 8'30 values.
Models show that this can be accomplished in two ways:
increased duration of exposure to brines, or through
increased rates of cementation in the presence of the brine.
Using 3"80 arbonate values alone, it is impossible to differen-
tiate these two scenarios. Clumped isotopes are sensitive
only to temperature, and therefore burial depth, and thus
can determine the average depth of cementation (Fig. 10a).

The “pulse” model yields the lowest TA4; values for
cements, because it is the most offset towards early diage-
netic temperatures and the warmest temperatures are out-
put by the “2x Brine Rate” model. Together, these two
models provide upper and lower brackets for the measured
TA4; values in cements. These differences clearly show the
effect cementation rates and depths can have on the result-
ing composition, suggesting that adjacent sediment units
can have dramatically different compositions even if they
are subjected to identical burial rates and brine emplace-
ment times.

Measured 8'80yr values from A4, values in cements
range between —6%o and —11%0 (SMOW), which is ostensi-
bly the range predicted from all models. Different rates of
recrystallization, however, suggest different times of brine
emplacement. Because of uncertainties within the measured
data, it is difficult to determine a definitive time of brine
infiltration. It is, however, possible to conclude that the
brine has been present for significant periods of time. The
“Pulse + Constant” and ‘““2x Brine rate” models both pre-
dict temperatures that reasonably describe more deeply
buried cements, and are biased towards earlier times of
brine emplacement. Based on these two models, brines are
not likely to have infiltrated later than 8 Ma, and were
likely to have been present even earlier.

Because each measured sample value is a result of the
integrated chemistry over its entire depositional history,
which can vary greatly between different sedimentary units
(Dunham et al., 2017), no single diagenetic rate model can

completely describe the entire sediment column. Neverthe-
less, these models predict that a fluid with brine-like 5'%0
values has been present for a substantial period of time,
the most conservative estimate being at least 8 Ma. The nat-
ure of these models and analyses preclude a definitive max-
imum estimate. Nevertheless, the most deeply buried
sediments, whose calculated temperatures are the most
skewed towards cooler, earlier diagenetic temperatures,
appear to be best described by the ‘“Pulse + Constant”
model, suggesting fluids with brine §'0 values have been
present in the Victoria Land Basin as early as 12-16 Ma,
coincident with the onset of permanent glaciation in the
region and are consistent with the cryogenic interpretation
of their origin by Frank et al. (2010).

4.6. Implications for the interpretation of glaciomarine
deposits

Cryogenic brines, such as those described at AND-2A,
are presently formed at high latitudes and can be produced
in numerous coastal environments (e.g. flexural troughs in
Fig. 4a and semi-isolated coastal lakes in Fig. 4b). It seems
therefore likely that during other periods of Earth’s history,
for instance during the late Paleozoic ice ages (Fielding
et al., 2008b) when polar temperatures were periodically
cold enough to freeze seawater, similar brines could have
been produced. The apparently long-lived brines discussed
in this manuscript suggest that this has been the case in
the Victoria Land Basin since as early as the mid Miocene.
This is likewise true for sediments during Neoproterozoic
“snowball earth” events (Hoffman and Schrag, 2002),
where ice-proximal coastal basins could have experienced
a similar early diagenetic history to the sediments in the
VLB. Calcite and dolomite cements as well as other sec-
ondary carbonates are likely to record the negative 5'0
values of these brines, as has been demonstrated in this
study. The 3'3C values and reconstructed 8'30y; values
from carbonates are within the range between porewater
and unaltered biogenic carbonates (Fig. 8), incorporating
the lighter isotopic compositions imparted by the modern
cryogenic brine. Interpretation of analogous authigenic car-
bonates with these isotopic compositions may implicate a
meteoric source of water, however cryogenic brines provide
an additional mechanism for producing cements and sec-
ondary minerals with these compositions. It is possible that
these cements could provide clues of seawater freezing and
brine formation which otherwise may leave little sedimen-
tary evidence behind.

5. CONCLUSIONS

The TAy4; values derived from the cements and recrystal-
lized biogenic carbonates indicate that the bulk of diage-
netic chemistry occurred at slightly cooler temperatures
than those in the present geothermal gradient, indicative
of cementation during earlier stages of burial. This bias
towards cooler temperatures indicates an average depth of
cementation 260 mbsf above the present burial depth,
which coincides with a slowing in sediment accumulation
rate. Recrystallized biogenic carbonates and vein carbon-
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ates incorporate this negative 3"80ater value, and record
warmer TA4; values and more negative fluid 8'30 values
than the unaltered biogenic carbonates described by Levy
et al. (2016). Using variable cementation rates, time inte-
grated models output the range in measured TA4; values
of cements, and suggest that a fluid with the isotopic com-
position of the brines was likely present after the Miocene
Climatic Optimum (16 Ma), during which the region transi-
tioned to its present cold, polar state. These brines provide
a mechanism for producing isotopically depleted carbonate
materials without the need for invoking high-temperature
or meteoric alteration. The capacity for brine formation
exists in many coastal high-latitude settings; therefore, it
is likely that fluids such as these have played a role not only
in the VLB, but other ice-proximal sediments and basins
throughout the geologic record.
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APPENDIX A. SUPPLEMENTARY MATERIAL

Individual isotopic measurements for synthetic carbon-
ates and natural materials described in this study are avail-
able as supplementary tables. Supplementary data
associated with this article can be found, in the online ver-
sion, at https://doi.org/10.1016/j.gca.2018.01.002.
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