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Abstract

Marine sedimentary ikaite is the parent mineral to glendonite, stellate pseudomorphs found throughout the geological
record which are most usually composed of calcite. Ikaite is known to be metastable at earth surface temperatures and pres-
sures, readily breaking down to more stable carbonate polymorphs when exposed to warm (ambient) conditions. Yet the pro-
cess of transformation of ikaite to calcite is not well understood, and there is an ongoing debate as to the palaeoclimatic
significance of glendonites in the geological record. This study uses a combination of techniques to examine the breakdown
of ikaite to calcite, outside of the ikaite growth medium, and to assess the palaeoclimatic and palacoenvironmental signifi-
cance of stable and clumped isotope compositions of ikaite-derived calcite. Powder X-ray diffraction shows that ikaite under-
goes a quasi- solid-state transformation to calcite during heating of samples in air, yet when ikaite transforms under a high
temperature differential, minor dissolution-recrystallisation may also occur with the ikaite structural waters. No significant
isotopic equilibration to transformation temperature is observed in the resulting calcite. Therefore, in cases of transformation
of ikaite in air, clumped and stable isotope thermometry can be used to reconstruct ikaite growth temperatures. In the case of
ancient glendonites, where transformation of the ikaite occurred in contact with the interstitial waters of the host sediments
over unknown timescales, it is uncertain whether the reconstructed clumped isotope temperatures reflect ikaite crystallisation
or its transformation temperatures. Yet clumped and stable isotope thermometry may still be used conservatively to estimate
an upper limit for bottom water temperatures.

Furthermore, stable isotope along with element/Ca ratios shed light on the chemical environment of ikaite growth. Our
data indicate that a range of (bio)geochemical processes may act to promote ikaite formation at different marine sedimentary
sites, including bacterial sulphate reduction and anaerobic oxidation of methane. The colours of the ikaites, from light brown
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to dark brown, indicate a high organic matter content, favouring high rates of bacterial sulphate reduction as the main driver
of ikaite precipitation. Highest Mg/Ca ratios are found in the most unstable ikaites, indicating that Mg acts to destabilise

ikaite structure.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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1. INTRODUCTION

Ikaite is a rare, metastable form of hydrated calcium
carbonate (CaCO3-6H,0) that may be synthesised under
certain physical and chemical conditions, and is found nat-
urally occurring in a range of different environments (e.g.
Council and Bennett, 1993; Pauly, 1963; Suess et al.,
1982; Zhou et al., 2015). As recently shown in the review
by Schultz et al. (2022), natural ikaite growth sites vary
widely in their chemical conditions, including saline lakes
and fjords (where it forms tufa towers; Pauly, 1963;
Shearman et al., 1989; Bischoff et al., 1993; Council and
Bennett, 1993; Buchardt et al., 2001; Omelon et al., 2001;
Seaman et al., 2022); cold saline spring waters (Ito, 1996);
Antarctic sea-ice (Dieckmann et al., 2008, 2010; Hu et al.,
2014); the carapaces of frozen shrimp (Mikkelsen et al.,
1999); brine washed-rind cheese (Tansman et al., 2017)
and marine sediments (up to 10 m below the sediment-wa-
ter interface; e.g. Boggs, 1972; Greinert and Derkachev,
2004; Jansen et al., 1987; Lu et al., 2012; Stein and Smith,
1985; Suess et al., 1982; Zhou et al., 2015). These sites are
all characterised by having low temperatures (<7 °C) and
unusual chemical conditions (e.g. Abid et al., 2015; Bell
et al., 2016; Buchardt et al., 2001; Huggett et al., 2005;
Omelon et al.,, 2001; Suess et al.,, 1982; Whiticar and
Suess, 1998; Zhou et al., 2015). The aqueous chemical con-
ditions vary, but all are believed to feature high alkalinity in
combination with chemical inhibitors of the thermodynam-
ically more stable anhydrous carbonate polymorphs, cal-
cite, aragonite, and/or vaterite. No single chemical
inhibitor has been found to be critical, as shown by labora-
tory experiments that attempted to replicate environmental
conditions for natural ikaite growth (e.g. Hu et al., 2014;
Stockmann et al., 2018; Tollefsen et al., 2018). Such studies
have suggested various factors, alone or in combination,
govern ikaite stabilisation, including aqueous Mg/Ca
ratios, phosphate or sulphate concentrations, salinity, or
pH of the growth solution (Bischoff et al., 1993; Buchardt
et al.,, 2001; Hu et al., 2014; Larsen, 1994; Purgstaller
et al., 2017; Rickaby et al., 2006; Stockmann et al., 2018;
Swainson and Hammond, 2001; Tollefsen et al., 2018;
Tollefsen et al., 2020; Whiticar and Suess, 1998). Further-
more, although in nature, ikaite has only been found in
environments with temperatures ranging from -2
to + 7 °C (e.g. Buchardt et al., 2001; Hu et al., 2014;
Huggett et al., 2005; Suess et al., 1982; Zhou et al., 2015),
inorganic laboratory experiments have successfully synthe-
sised and stabilised ikaite at temperatures as high as 15 °C
(Stockmann et al., 2018), and have even nucleated ikaite at
temperatures of up to 35 °C (Tollefsen et al., 2020).

Ikaite (both natural and synthetic) is observed to decom-
pose to a mixture of calcite and water, possibly via other
carbonate phases, when left at ambient (c. 10 — 30 °C) tem-
perature for several hours (Marland, 1975; Stein and Smith,
1985; Jansen et al., 1987; Shaikh, 1990; Schubert et al.,
1997; Whiticar and Suess, 1998; Buchardt et al., 2001;
Dahl and Buchardt, 2006; Rickaby et al., 2006; Tang
et al., 2009; Tollefsen et al., 2020). Different studies suggest
different upper temperature limits for ikaite stability (e.g.
Bischoff et al., 1993; Buchardt et al., 2001; Marland,
1975; Purgstaller et al., 2017; Stockmann et al., 2018;
Tollefsen et al., 2020). Such studies imply that the chemistry
of the medium in which the ikaite is stored, and/or the
length of time it is kept, may be controlling factors on its
breakdown temperature (e.g. Bischoff et al., 1993; Lennie
et al., 2004; Purgstaller et al., 2017; Tollefsen et al., 2020).
However, to date there are no studies that attempt to sepa-
rate and quantify these parameters, and this may be impor-
tant for understanding whether calcitic glendonites act as
reliable temperature indicators in the geological record
(e.g. Vickers et al., 2020).

In nature, ikaite is most commonly found growing
below the sediment-water interface in continental shelf set-
tings (e.g. Greinert and Derkachev, 2004; Jansen et al.,
1987; Lu et al., 2012; Stein and Smith, 1985; Suess et al.,
1982; Zabel and Schulz, 2001; Zhou et al., 2015). In such
marine sedimentary settings, ikaite precipitation appears
to be facilitated by high levels of bacterial sulphate reduc-
tion fuelled by high amounts of sedimentary organic matter
or by anaerobic oxidation of methane (AOM). Evidence for
this comes from the location of the Ikaite Formation Zone
(IFZ) in seafloor sediments (Zhou et al., 2015); proximity to
methane cold seeps (Greinert and Derkachev, 2004; Qu
et al., 2017; Hiruta and Matsumoto, 2021); measured
313C signiatures of both modern ikaites and ancient glen-
donites (summarised by Vickers et al., 2018; Rogov et al.,
2021), gas inclusions in glendonites (Morales et al., 2017);
and glendonite biomarker signatures (Qu et al., 2017;
Vickers et al., 2020).

The thermal and chemical conditions at which marine
sedimentary ikaite is stable is of interest for palacoclimate
and palaeoenvironmental studies, since pseudomorphs after
such ikaite (known as ““glendonites”) are found in the sed-
imentary record throughout geological time. Glendonites
have traditionally been used as indicators of cold climates,
both due to their frequent association with glacial sedi-
ments, and because ikaite was believed to only form at
low temperatures (e.g. De Lurio and Frakes, 1999;
Kemper, 1987; Kemper and Schmitz, 1981; Rogov et al.,
2017; Spielhagen and Tripati, 2009). In modern marine
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Table 1

Collection site locality details for the ikaites analysed in this study. /n sifu temperatures as reported by Zhou et al. (2015). Bottom water
temperatures modelled using CMEMS global model (GLORYS12; https://doi.org/10.48670/moi-00021).

Water depth below s-w  in situ bottom water
Ikaite location Lat/long depth (m) interface (m) temperature temperature collection
(IFZ) (°C) (modelled)

Bransfield  Antarctic 62°23'S, 57° 1950 20.5to 71.4 -1.5 —2to —0.4 Nathaniel B
Strait Peninsula 53'W Palmer (NBP07)
Congo Offshore 05°59.6' S, 3040— 6.7 to 16.42 2.5t0 3.5 1.6t0 2.3 GeoB 4914-3
Fan Africa 09°56.6' E 4000
South Annenkov 54°23.2' S, 359 5.7 —0.5t0 2.5 Cruise M134 S
Georgia Trough W 37°30.8 W Georgia
Nankai Japan 31°50'N, 6900 4.3 1.1.to 1.2 core GeoB16423-1
Trough Trench 133°51'E
Laptev Siberia 78°04.5'N, 204 2.32t0 2.38 —1.6to —0.4 ARCTIC93
Sea 133°35.9'E exped, Core

PS2460-4

sedimentary settings where ikaite growth has been docu-
mented, in situ temperatures at the seafloor are below 4 °C
(e.g. Greinert and Derkachev, 2004; Whiticar and Suess,
1998; Zhou et al., 2015; cf. Table 1). However, the use of
glendonite as a cold-climate indicator is a matter of debate,
essentially for the following four reasons: (1) the successful
synthesis of laboratory ikaite at higher temperatures, sug-
gesting that natural ikaite could have formed under warm
climate conditions (Purgstaller et al., 2017; Stockmann
et al., 2018; Tollefsen et al., 2020). (2) Despite a clear
high-latitude/bipolar distribution of ikaite and glendonite
throughout the Phanerozoic, the recent compilation of
Rogov et al. (2021) still points to the rare occurrence of
ancient glendonites at mid- to low- latitudes that remains
to be explained. (3) Glendonites commonly occur through-
out Greenhouse intervals (Rogov et al., 2021). (4) No glen-
donite has ever been found in sediments of the end-
Ordovician glaciation nor that of the end-Devonian
(Rogov et al., 2021).

It is the intention of this study to address point (1), by
assessing the thermal stability and geochemistry of natural
marine ikaites using the same or similar laboratory methods
as those used for examining the growth and transformation
of synthetic ikaite (i.e. out of their growth environment and
under earth surface pressures). We apply palacothermome-
try techniques on laboratory-transformed ikaites in order
to assess which temperatures pseudomorphs after ikaite
may preserve — ikaite growth temperatures, or transforma-
tion temperatures. We use the elemental and stable isotope
signatures of the ikaites to speculate on the chemical condi-
tions under which they grew.

2. MATERIALS AND METHODS
2.1. Ikaite collection sites

The ikaites used in this study were collected from five
marine sedimentary sites across the globe (Fig. 1 and
Table 1). These sites span polar to equatorial latitudes
and water depths from hundreds to thousands of metres.
All the sites are observed to have in situ bottom water tem-
peratures in the range of —2 to + 3 °C, and temperatures in
the zone of ikaite formation (IFZ) of < 4 °C, at those sites

where this data was recorded (Fig. 1 and Table 1). The
ikaite samples, upon collection, were removed from the sed-
iment and fluids in which they grew, and immediately fro-
zen (<—15 °C) to avoid breakdown following
equilibration to ambient temperature.

2.2. Sample preparation

Samples of ikaite (removed from their growth sediments
and fluids) were prepared for PXRD, DSC and TGA by
grinding them in a pestle and mortar partly immersed in lig-
uid N, in an insulated cold-box.

2.3. Powder X-ray Diffraction

Powder X-ray Diffraction (PXRD) was used to interro-
gate breakdown temperatures and determine the nature of
the transformation from ikaite to calcite. The instrument
used was a Stoe StadiP transmission diffractometer with a
copper anode at 30 mA, 40 kV and a germanium 111
monochromator to produce Kal X-rays. The diffracted
beam was collected by an 18° 20 Dectris Mythen1K silicon
strip detector. Machine alignment was monitored using an
NBS silicon standard.

For in situ variable temperature scans, samples were
mounted in the cold-box in 0.7 mm diameter borosilicate
glass capillaries and transferred to the pre-cooled diffrac-
tometer stage with an Oxford Instruments Cryojet provid-
ing a continuous controlled flow of nitrogen gas. Each
series of scans was done in 1 °C steps from a start temper-
ature between — 6 °C to 0 °C to an end temperature of
between 25 °C and 30 °C, depending on machine time avail-
able. The total duration of each temperature step (including
the scan) was approximately 20 min. Each data set was
scanned from 10 to 60° 20 stepping at 0.5° and 10 s/step.
The resultant raw data has a step of 0.015° 26. To improve
counting statistics and reduce possible large crystallite
effects, the sample was continuously rotated in the X-ray
beam.

Subsamples of freeze-box powdered Congo Fan and
Laptev Sea ikaites were stored in a refrigerator and main-
tained at a temperature range of 2 — 4 °C. After several
weeks, these were re-powdered in the cold-box and analysed
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Fig. 1. Map and photographs of the ikaites used or discussed in this study. (A) Map showing the collection sites for the ikaites used in this study.
In situ average annual bottom water temperatures (BWT) indicated. (B) Photographs of the ikaites taken from each site.

at ambient temperature. Data for these were collected
quickly at 5 s/step, relying on ikaite’s hysteresis to maintain
phase proportions. Rather than mounting in a capillary,
they were sandwiched between acetate foils to speed up
the sample preparation and save alignment time.

Quantitative analysis was done using the Rietveld pro-
gram “Profil” (Cockcroft, 2019). It was largely modelled
on a two-phase system of ikaite and calcite, though the
Nankai Trough samples had detectable quantities of an
analogous calcite with a slight but significantly smaller
unit-cell, so this was included as a third phase using the cal-
cite model. The respective peaks of each of these phases
were sufficiently separate to avoid correlation during refine-
ment. Nankai Trough sample 1 additionally had a small
amount of vaterite, the peaks of which were omitted from
the refinements, as were occasional small peaks from the
presence of ice. Throughout the refinements, atomic posi-
tions and thermal parameters of atoms in all phases
remained fixed and only the scale, unit-cell, peak shape
and zero offset allowed to vary. The background of each
diffraction pattern was fitted graphically by eye. Input, out-
put, fit, background, data files and graphical plots are pro-
vided in the SI.

2.4. Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) is a technique
that allows the detection of phase changes by measuring the
amount of heat absorbed or released during such changes,
although it cannot determine the mineralogy of the phases.
DSC measures the difference in the amount of heat required
to increase the temperature of a powdered sample and ref-
erence as a function of temperature. When the sample
undergoes a physical transformation such as a phase transi-
tion, more or less heat is required to flow into it than the
reference to maintain both at the same temperature. In this
study, DSC analysis was carried out with a double furnace
DSC8000 (Perkin Elmer) at Centre for Nature Inspired
Engineering, CNIE Facility, UCL, in order to assess the
temperature of the ikaite phase changes during breakdown
under a rapid rate of heating. The DSC8000 is equipped
with a dual-stage, closed-loop circulating heat exchanger
IntraCooler II for sub-ambient temperature control. It also
has a unique double-furnace setup, whereby the sample and
the reference materials are placed in two identical furnaces.
When an exothermic or endothermic event occurs in the
sample, power is applied or removed from the sample
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calorimeter to compensate for the change in energy. The
amount of power to maintain system equilibrium is directly
proportional to the energy changes occurring in the sample.
This means that this DSC is very sensitive to detect thermal
changes. The method was applied in order to examine the
temperature at which the ikaite phase change occurred,
and to compare to that observed using PXRD. The heating
rates are very different between the two methods, and the
temperature is more accurately constrained in the DSC
compared to the PXRD with Cryojet.

Samples were transferred rapidly to the DSC pans and
weighed on Sartorius Cubis-II MCA125S-2S00-1 semi-
micro balance before loading to the DSC instrument to avoid
ikaite breakdown. The DSC was taken from —6 °C to 100 °C
with a heating rate of 20 °C/min under the flow of N, gas.

2.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) measures the mass
of a sample over time as the temperature changes from
ambient to a set temperature, and was used to determine
the % weight loss by water evaporation following ikaite
breakdown, and to compare to hypothetical values as
expected by molar ratios of water to CaCOs; in the ikaite
molecule (CaCOj3;-6H,0). TGA was carried out using a Per-
kin Elmer Pyrisl TGA at CNIE Facility, UCL, with a stan-
dard furnace (25-1000 °C) and heated at a rate of 20 °C/
min.

2.6. Scanning Electron Microscopy

A Tescan Mira3 High Resolution Schottky Field Emis-
sion (FEG-SEM) fitted with both standard and in-lens sec-
ondary electron, as well as back-scattered electron detectors
at Lund University was used to observe ikaite transforma-
tion in order to further constrain the nature of the transfor-
mation. Uncoated samples of ikaite, taken from the freezer,
were mounted on stubs at ambient temperature (c. 21 °C)
and were run in the SEM under low vacuum mode at a
pressure of 60 Pa, with no additional temperature regula-
tion. The acceleration voltage was set to 15 kV and the
working distance varied between 5 and 15 mm.

2.7. Inductively Coupled Plasma-Mass Spectrometry

Analyses of the chemical elements Fe, Mg, Mn, Cu, Al,
Ca, Sr, Ba, Zn, Cd, Li and U, were undertaken on the dried
ikaite-derived calcite powders in ordered to assess which, if
any, showed correlation with ikaite breakdown tempera-
tures. ICP-MS analysis was carried out using a PerkinElmer
NexION 350D Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS), at the University of Oxford. This used
a PerkinElmer Micromist nebuliser, with a Quartz cyclonic
spray chamber at ambient temperature (ca 20 °C). The
plasma gas flow rate was 18 L/min and the nebulizer gas
flow rate was 0.9-1.0 L/min. With the exception of Cd, Li
and U all of the measurements were conducted using either
helium or ammonia cell gases, to reduce polyatomic inter-
ferences by either kinetic energy discrimination (KED) or
dynamic reaction cell (DRC) processes, respectively.

The instrument was coupled with an Elemental Scientific
prepFAST M5 autosampler, which provided automated
external calibrations, where the concentrations for the mea-
sured sample set were interpolated from linear regressions
generated from the raw counts per second data from the
series of standards. All blanks, standards and samples were
diluted using 2 % HNO; and doped with Rh, In, Ir and Re
internal standards to normalise for any instrument drift.

For quality control purposes the certified reference
material (CRM): SLRS-6- river water standard from
NRC Canada, was measured in conjunction with the sam-
ples and their concentrations evaluated against their certi-
fied values.

2.8. Inductively Coupled Plasma Optical Emission
Spectrometry

Minor element analyses were carried out in order to
directly compare the ikaites to glendonites and other diage-
netic carbonates (analysed on the same instrument), and to
assess if there was any correlation between S/Ca and P/Ca
ratios and ikaite stability. The minor element analyses were
performed using an Agilent 5110 VDV ICP-OES at the
Camborne School of Mines, University of Exeter, following
the method detailed in Ullmann et al. (2020). The minor
element data are expressed as ratios to Ca, and calibrated
using certified single element standards mixed to match
the chemical composition of the analysed samples. Preci-
sion and accuracy of the analyses were measured and con-
trolled by interspersing multiple measurements of
international reference materials, JLs-1 and AK, and qual-
ity control solution (BCQ2).

2.9. Clumped Isotope Thermometry

Subsamples of Congo Fan, Bransfield Strait and Laptev
Sea ikaites were powdered in the cold-box and immediately
placed in a refrigerator maintained at 2 — 4 °C. These were
allowed to fully transform in the refrigerator (the Laptev
Sea sample took several months; the Congo Fan sample
weeks, and the Bransfield Strait sample days). Once fully
transformed to calcite (as determined by PXRD), the pow-
ders were dried at ambient temperature (21 °C). Subsam-
ples of Nankai Trough, Congo Fan, South Georgia and
Bransfield Strait ikaites were left to both transform and
dry at ambient temperature after powdering in the cold-
box. The dried transformed ikaite powders (now calcite)
were analysed at ETH Zurich using a ThermoFisher Scien-
tific MAT253 mass spectrometer coupled to a Kiel IV car-
bonate preparation device, following the methods described
in Miiller et al. (2017). The Kiel IV device included a Por-
aPakQ trap kept at —40 °C to eliminate potential organic
contaminants. Samples were measured between 26th Octo-
ber and 11th of November 2020 by measuring maximum
three replicates of each sample per measuring session which
consists generally of 24 samples of 100-120 pg interspersed
with 5 replicates each the carbonate standards ETH-1,
ETH-2 and 10 replicates of ETH-3 (Bernasconi et al.,
2018; Bernasconi et al., 2021). The samples were analysed
in LIDI mode with 400 s of integration of sample and ref-
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erence gas. All calculations and corrections were done with
the software Easotope (John and Bowen, 2016). The
clumped isotope data are reported on the InterCarb carbon
dioxide equilibration scale I-CDES (Bernasconi et al.,
2021). Temperatures were calculated using the Anderson
et al. (2021) calibration. Carbon and oxygen isotope com-
positions are reported in the conventional delta notation
with respect to VPDB.

3. RESULTS
3.1. Powder X-ray Diffraction

The ikaite samples showed a broad variability in their
breakdown temperatures, both between samples and
depending on the rate at which they were brought up to
higher temperatures from below freezing.

All measured ikaite samples transformed to calcite, with
no other crystalline carbonate polymorphs observed, even
as interim phases, that were not already present before
breakdown began (Fig. 2 and Supplementary Material).
There is no evidence of vaterite forming as either a final
product or an intermediate phase, although some vaterite
was present with the Nankai Trough ikaite before
breakdown.

Ikaites from the Laptev Sea (Siberia) and South Georgia
showed highest (17 °C) and lowest (—2 °C) temperatures,
respectively, at which the phase change began, with the
other ikaites falling in between this range (Fig. 3). The

breakdown was not instantaneous and took place over
timescales of minutes to hours for the different ikaites, cor-
responding to a temperature range of 8 to 22 °C (Fig. 3).
The ikaite unit cell volumes showed a normal linear growth
trend with heating, whereas the calcite showed sigmoidal
unit cell volume increases as the ikaite transformation pro-
gressed (Figs. 4 and 5).

The ikaites that showed the highest breakdown temper-
atures were subsampled after powdering in the cold-box
and stored in a refrigerator. These were then powdered
again in the cold-box and analysed by PXRD at 0 °C.
The Congo Fan ikaite was analysed after 18 days of storage
in the fridge, and was found to have transformed entirely to
calcite + water (Fig. 2B). The Laptev Sea ikaite was anal-
ysed after 23 days of storage in the fridge and had only par-
tially transformed to calcite + water (Fig. 2D). As they
were scanned at ambient temperature the rapid temperature
change may have skewed the quantitative results. However,
for the Laptev Sea ikaite, the binary phase example, shows
relative peak intensities that clearly fit the structure models.
Skewing would manifest as a poor Rietveld fit with increas-
ingly lower intensity ikaite peaks going toward high angle,
correspondingly reversed for calcite.

3.2. Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA)

Several phase changes were observed in the DSC data,
which appeared as peaks in the heat flow vs temperature
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Fig. 2. Examples of diffraction patterns for ikaite/calcite. (A) Typical diffraction pattern for ikaite part way through transformation (Bransfield
Strait ikaite, run 2, scan 6, 1 °C). (B) Congo fan ikaite after 18 days of refrigeration, complete transformation to calcite. (C) Laptev sea ikaite
before breakdown (at —6 °C). (D) Laptev Sea ikaite after 23 days of refrigeration, showing partial breakdown to calcite (at 0 °C).
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plots (Fig. 6). These were associated with a) the phase trans-
formation of (minor amounts of) solid water ice to liquid
water, b) ikaite breakdown to water and calcite, and c) lig-
uid water to water vapour at different temperatures (Fig. 6).
Due to the (larger heat flow) concurrent melting of ice
already present within the ikaite sample (first peak in
Fig. 6), it was difficult to ascertain where the transforma-
tion of ikaite started. All five ikaites appeared to finish their
second phase change at ~ 60 °C, but again, the presence of
water (this time vaporising) led to difficulties in quantifying
the thermal event (final peak in Fig. 6). There appears to be
a rate-dependent hysteresis effect, such that the observed
phase change at higher temperatures in the DSC than the
PXRD is likely due to the much more rapid and controlled
heating in the DSC than PXRD (DSC heating rate of 20 °
C/min). There was a steady decrease in weight as the ikaite
transformed to calcite and water was driven off as a vapour.
The observed weight loss in the samples measured by TGA
was between 39 and 47 %, and occurred as the ikaite dehy-
drated (Fig. 6). This is smaller than the theoretical value of
52 % for pure ikaite (as water makes up 52 wt% of pure
ikaite), and this discrepancy wass likely caused by 1) unsta-
ble samples losing weight during the sample handling and
loading steps before the measurement, total time < 1 min,
2) samples not being stable at the start of measurement, evi-
denced the observation of continuous loss of weight before
heating started (Fig. 6). This was not shown by the TGA
result as we bypassed the 1 min holding at 25 °C (common
practice in TGA tests to achieve equilibrium) to avoid more
sample loss during the holding step.

3.3. Scanning Electron Microscopy

SEM photomicrographs of transforming South Georgia
ikaite show that the ikaite underwent very little change in
the first 30 min, although the outer layer appears to bulge
and flake off, sometimes revealing a pitted surface visible
beneath (Fig. 7A). After nearly 2 h significant breakdown
and collapse of the structure was occurring, with smaller
crystals forming with space either around the outside or
in the middle of the collapsed area (Fig. 7B — D).

3.4. Minor and trace element ratios

All ikaites show low element/Ca ratios compared to
other diagenetic carbonates, similar to or lower than biotic
carbonates (Fig. 8). The highest Mn/Ca, Fe/Ca, and Al/Ca

ratios, and lowest Mg/Ca ratios are found in the most
stable ikaites (Fig. 9).

3.5. Clumped and stable isotopes

The three ikaites that transformed in the fridge (c. 2—4 °C)
returned clumped isotopic temperatures in the range of ¢. 0 to
4 (£3) °C(Fig. 10). The ikaites left to transform at room tem-
perature (21 °C) gave clumped isotope temperatures ranging
from c. 2 to 5 (£3) °C (Fig. 10). We note for those ikaites
where one subsample transformed in the fridge and one at

room temperature, the clumped temperatures are within
error of each other (Fig. 10).
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The stable isotope measurements for the transformed
ikaites (now calcite) range from —0.8 to + 2.6 %0 (VPDB)
for 8'30 and —27.2 to + 3.7 % (VPDB) for 5'3C (Fig. 11).

4. DISCUSSION

4.1. Temperature of ikaite breakdown
The five different ikaites (analysed outside of their
growth media) showed a great variability in breakdown

temperatures, both between different ikaite samples and,
within a given ikaite, at different temperatures depending

on the rate of heating from sub-zero temperatures (Figs. 3
and 6). The faster the heating rate, the higher the tempera-
ture at which the ikaites began to break down, as clearly
seen between the rapid heating of the DSC and the slow
heating rate using the Cryojet (Figs. 3 and 6). When the
sub-zero ikaite powders were placed immediately in a
refrigerator after removal from the cold-box, even the most
stable ikaites were observed to eventually transform to cal-
cite (Fig. 2). The more stable ikaites took longer to break
down in the refrigerator. After 23 days, the Laptev Sea
sample still contained some ikaite, whilst the Congo Fan
ikaite had fully transformed (Fig. 2).
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Fig. 7. Photomicrographs showing South Georgia ikaite undergoing transformation in the SEM under secondary electrons. (A) South Georgia
ikaite in the first 0, 5, 11 and 20 min, showing development of flaking of the outermost layer, in some places with a pitted surface visible
beneath. (B) Calcite formed from ikaite after 1 h 45 min, space around the new crystal due to volume difference between ikaite and calcite. (C)
Rounded patches of decomposing ikaite. (D) Rounded cavities forming, texturally different from (C), possibly dissolution features.

4.2. The ikaite to calcite transformation process

The natural ikaites analysed in this study all trans-
formed directly to calcite + water, with no intermediate
polymorph CaCOj; phases observed (e.g. aragonite or
vaterite; Fig. 2). In the experiments of Purgstaller et al.
(2017), ikaites stored in their growth solution were observed
to break down to aragonite or Mg-calcite, likely due to the
high Mg contents of the ikaite growth solution inhibiting
calcite formation. However, when the precipitated ikaite
was taken out of solution, dried at 25 ‘C and analysed by
PXRD, the breakdown products were observed to be a mix-
ture of vaterite and calcite for ikaite precipitated at 6 ‘C and
just calcite for ikaite precipitated at 12°C (Purgstaller et al.,
2017). The PXRD studies of Shaikh (1990) and Tang et al.
(2009) were undertaken on ikaite synthesized without using
Mg ions in the growth solution. Shaikh (1990) allowed the
ikaite to breakdown out of its growth solution, and vaterite
was observed as an intermediate phase in ikaite breakdown.
Tang et al. (2009) found that synthetic ikaite transformed in

its growth solution at a temperature of 37 °C, and also
transformed under hot 2-propoanol (out of its growth solu-
tion), formed vaterite as an intermediate phase of ikaite
breakdown. The explanation for vaterite as a breakdown
product was speculated to be due to the structural arrange-
ment of the cations and anions in ikaite being closer to that
in vaterite than in calcite, so vaterite was believed to be
more likely to form after dehydration (Tang et al., 2009).
This implies that a solid-state transformation, rather than
a dissolution-precipitation reaction, may occur, with water
being evicted from the structure, leaving a hollow mesh of
CaCOs; that undergoes a reordering to the vaterite struc-
ture. This may then undergo transformation to calcite via
either solid-state or dissolution-precipitation. Yet, other
experiments on laboratory-synthesised ikaites suggest that
it is the temperature at which the ikaite grew compared to
that at which it transformed that determined the anhydrous
carbonate phase to which it breaks down. When the tem-
perature differential between formation and breakdown is
large (e.g. > 15 'C), vaterite was observed to form as an
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intermediate stage, whereas when this differential was
< 10 C, only calcite formed (Sanchez-Pastor et al., 2016;
Purgstaller et al., 2017). In our stepped heating experi-
ments, the temperature differential was low, and therefore
the observation of calcite as the only breakdown product

is in accord with the experiments of Sanchez-Pastor et al.
(2016) and Purgstaller et al. (2017). Purgstaller et al.
(2017) argue that almost instantaneous dissolution-
reprecipitation was occurring with the adsorption of H,O
onto the ikaite crystal surface, from humidity in the
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(Lu et al., 2012). Error bars indicate the 2c confidence interval.

atmosphere. Tollefsen et al. (2020) further argue that the
structural waters coming from the ikaite (as it breaks down)
sit at the reaction interface, both when ikaite transforms in
its parent solution and in air. Further examination of the
textures of the subsequent breakdown products led them
to agree that ikaite was undergoing a ‘‘pseudomorphic”
transformation when a slight temperature/chemical differ-
ential existed, i.e. “a coupled dissolution and nucleation
process within the fluid boundary layer at the parent solid
surface” (Tollefsen et al., 2020 p. 7); whereas the abrupt,
large change in temperature (and hypothetically other con-
ditions e.g. chemical, Tollefsen et al., 2020) provokes (par-
tial) dissolution and recrystallization.

In this study, the observed changing unit cell size of the
calcite may suggest a quasi- solid-state transformation from
ikaite to calcite, whereby the resulting and increasing
charge-imbalance drives the polymerisation of (undis-
solved) CaCOs3 units. As the water exits the structure of
the ikaite, the oxygens that were bound to water need to
reform bonds with the calcium ions to form the calcite
structure. If the water removal is progressive (as evidenced
by our PXRD and SEM data and the observations of
Tollefsen et al., 2020) it takes time for the structure to sta-
bilise to the calcite configuration. Our PXRD observations
show that as the ikaite transformed, the growing calcite unit
cell volume was initially marginally smaller than that for
commercial calcite, but increased rapidly and settled at vol-
umes closer to commercial calcite (Fig. 4B). This was con-
sistent with the bond lengths settling as new bonds formed,
and was dominant over a true thermal effect (which would
show a more linear changing unit cell size i.e. like that
observed in the ikaite, Fig. 4A). We stress that the unit cell
volume changes measured were very small (Fig. 4B). Initial
calcite formed before and during storage was present in all
samples measured; the unit cell volume of which may have
been restricted by the cold storage temperatures. During
PXRD heating runs, new calcite formed from ikaite, and,
together with the pre-existing (storage-formed) -calcite

quickly equilibrated to more stable dimensions as the ikaite
finished breaking down (i.e. approaching commercial cal-
cite; Fig. 4B). Ikaite-derived calcite left for several days to
dry at room temperature showed even higher unit cell vol-
umes (Fig. 4B).

All the ikaites measured here were collected from sites
with bottom water temperatures of —2 — +2.5 °C, with
in situ pore water temperatures, where these were measured,
of < 3.5 °C (Table 1). The reconstructed clumped isotope
temperatures for the ikaites broken down at room temper-
ature or under refrigerated conditions are all within the
expected temperature for ikaite crystallization in the IFZ
(=2 to 4 °C; Zhou et al., 2015). However, although within
the analytical uncertainty of each other, those ikaites trans-
formed in the refrigerator did consistently return tempera-
ture slightly colder than those broken down at room
temperature (Fig. 10). In order to alter the clumped (and
oxygen) isotopic composition of the original carbonate
group, the ikaite would have to fully dissolve, and the dis-
solved CO? ™ ions undergo exchange of oxygen isotopes with
the ikaite structural waters, which would require the break-
ing of a C—O bond and thus conversion to CO,. Our obser-
vations of clumped isotope temperatures not reflecting the
high breakdown temperatures indicate that equilibration
to ambient conditions did not occur, and are consistent
with both our hypothesis of quasi- solid-state transforma-
tion (i.e. whereby CaCO; units did not break), and with
the “instantaneous” dissolution — precipitation model for
ikaite transformation of Tollefsen et al. (2020), whereby
the timescales of the transformation are too short (<min-
utes) for isotopic equilibration to occur (Guo, 2020). Our
clumped isotopic findings agree with those of Rickaby
et al. (2006), who precipitated synthetic ikaite in a highly
alkaline solution and decomposed (cleaned) crystals out
of this solution. Here, they found that the 5'%0 for the
ikaite carbonate was the same as that for the K,CO;5 used
to prepare the ikaite growth solution. The high pH (>13)
of the growth solution prevented equilibration of the pre-
cipitating ikaite to the growth temperature (2 °C) (e.g.
Uchikawa and Zeebe, 2012). During breakdown, there
was only the ikaite structural waters present, so the lack
of equilibration to ambient temperature indicates that this
transformation must have been either quasi- solid-state,
or below equilibration timescales for dissolution-
precipitation (Uchikawa and Zeebe, 2012).

The ikaite observed to break down in the SEM did so at
ambient temperature (c. 21 °C) rather than by gradual heat-
ing from frozen as in the PXRD experiments. Our SEM
observations show ikaite collapsing to smaller crystals,
forming a porous structure with space either around the
edge or at the centre of the collapsing area (Fig. 7B & C),
which fits both our hypothesis of a quasi- solid-state trans-
formation (as evidenced by the PXRD results) and that of
“pseudomorphic” transformation proposed by Tollefsen
at al. (2020). However, in some areas, rounded pits formed
in the surface (Fig. 7D) are possibly a dissolution-
recrystallisation feature, as similar features observed by
Tollefsen et al. (2020) were interpreted as such. The
clumped isotope temperatures for ikaite transformed at
21 °C being marginally warmer than those transformed in
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the fridge may indicate that limited isotope exchange
occurred due to some small areas being fully recrystallised
(Fig. 10).

4.3. Ikaite environment of formation and stability

In the marine sedimentary realm, there is evidence that
bacterial sulphate reduction or the anaerobic oxidation of
methane stabilises ikaite over other CaCO; polymorphs
(e.g. Bischoff et al., 1993; Greinert and Derkachev, 2004;
Jansen et al., 1987; Larsen, 1994; Morales et al., 2017; Qu
et al.,, 2017; Rickaby et al., 2006; Selleck et al., 2007,
Stein and Smith, 1985; Suess et al., 1982; Whiticar and
Suess, 1998). It is believed that the high alkalinities, in com-
bination with release of other calcite/aragonite inhibitors
(e.g. phosphate, amino acids), as generated by these pro-
cesses, promote ikaite stabilisation (e.g. Bischoff et al.,
1993; Suess et al., 1982; Swainson and Hammond, 2001;

Whiticar and Suess, 1998; Zhou et al., 2015). For ikaites
from a single site, there is a broad range in measured
3'3C (Fig. 11); and in some cases the §'°C data from differ-
ent studies do not appear to agree at all. Our measured 3'>C
for the Bransfield Strait ikaite are similar to that of other
ikaites from the Antarctic (e.g. from the Firth of Tay and
South Georgia; this study and Lu et al., 2012) (Fig. 11);
yet is apparently at odds with 3'*C values measured by
Suess et al. (1982) for other ikaite crystals from the Brans-
field Basin, and two ikaite crystals from the Firth of Tay
(Lu et al., 2012) (<—14 %o; Fig. 11). Very positive sedimen-
tary carbonate 8'°C values represent the residual DIC
enriched in '*C by methanogenesis (—5 to + 20 %o) (see
Campbell, 2006 for a review). Some of the Antarctic ikaites
show more positive 5'°C values than seawater DIC (=2
to + 2 %o), suggesting that these ikaites could have
incorporated carbon from the '*C-enriched DIC left after
methanogenesis. Those with much more negative 8°C
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(e.g. < —12 %o) could conceivably use carbon from both
AOM and DIC, with the majority coming from DIC in
order explain the ikaite 8'*C being considerably heavier
than that of methane (Fig. 11), or else the majority of their
carbon was derived from the decomposition of sedimentary
organic matter (Campbell, 2006).

The ikaites from the other sites measured in this and pre-
vious studies (i.e. Congo Fan, Nankai Trough, Laptev Sea)
all have 8'°C values within the range of sedimentary
organic diagenesis, with none exhibiting the very positive
813C values seen in the Antarctic samples (Fig. 11). This
is consistent with recent findings that ikaites from the Sea
of Japan have a much heavier 8'>C than nearby methane-
derived authigenic carbonates, indicating that the ikaites
are not deriving most or all of their carbon from AOM
(Hiruta and Matsumoto, 2021).

Since no significant oxygen isotope exchange with water
is believed to have occurred during ikaite transformation
(e.g. this study and Rickaby et al., 2006), the clumped iso-
tope temperatures can be used in conjunction with the mea-
sured calcite 8'%0 to reconstruct the 8'%0 of the water from
which the ikaite precipitated (818OW), using the equation of
Kim and O’Neil (1997). This equation is used because Lu
et al. (2012) showed that the ikaite-water oxygen isotope
fractionation for (presumably slow growing) natural marine
sedimentary ikaite is comparable to that determined for
synthetic calcite by Kim and O’Neil (1997). The uncertainty
on the reconstructed 5'%0,, is large due to the relatively
large confidence intervals for the clumped temperatures,
yet it is in agreement with the estimated 5'%0 of the bottom
waters at these localities (Fig. 10LeGrande and Schmidt,
2006). Although the ikaites precipitated from pore waters,
not bottom waters, the expected down-core variation in
3180 of the pore waters is below the uncertainty range in
the reconstructed 8'30,, (e.g. < 1 %o for depths in the sedi-
ment of < 100 m; Schrag et al., 2002; Adkins et al., 2002;
Lu et al., 2012).

We expect that higher concentrations of an element in
the ikaite reflects higher concentrations in the IFZ, yet it
is notable that the transformed ikaites measured in this
study all show very low element/Ca ratios compared to sed-
imentary carbonates and even aragonitic shells (Fig. 8).
This indicates that the ikaite structure cannot easily accom-
modate other cations. Several recent studies have argued
that Mg/Ca ratios in the pore waters from which the ikaite
precipitates are the dominant controlling factor on ikaite
stabilisation (by suppressing calcite nucleation, Purgstaller
et al., 2017; Stockmann et al., 2018). We observe that the
lowest Mg/Ca ratios in ikaite-derived calcite correspond
to the highest breakdown temperature (Fig. 9), suggesting
that Mg also acts to destabilise ikaite. This is expected,
since the Mg ion is much smaller than Ca, and has a much
tighter hydration sphere. Mg therefore has a destabilising
effect on both ikaite and calcite, yet the effect must be stron-
ger on calcite than ikaite, meaning that under very high Mg
concentrations, ikaite may be formed preferentially com-
pared to calcite if Ca>" and CO3™ are supersaturated. This
may suggest that laboratory studies that use high Mg con-
centrations to force precipitation of ikaite at high tempera-

tures (e.g., Purgstaller et al., 2017; Stockmann et al., 2018;
Tollefsen et al., 2018) may not accurately replicate the
diversity of chemical conditions in natural marine sedimen-
tary ikaite growth sites (as already suggested by Lu et al.,
2012; Vickers et al., 2019; Zhou et al., 2015).

The observation of variable colour, coupled with
unclear inorganic geochemical trends, may suggest that
the stability of the ikaites analysed is governed by a/multi-
ple biological component(s) or process(es). The ikaites anal-
ysed in this study show a range of colours, which may
indicate variable organic matter contents, and indeed, the
darkest coloured ikaites are the most stable (Congo Fan
and Laptev Sea, Fig. 1B). Whiticar and Suess (1998) sug-
gest that the presence of amino acids in the interstitial fluid
may act to stabilise ikaite in the Bransfield Strait sediments.
The ikaite tufa towers which are found growing in the Ikka
Fjord in Greenland (Fig. 1) appear to be strongly influ-
enced by microbial activity, in particular through envelop-
ment and stabilisation of the ikaite by microbial biofilms
(Trampe et al., 2016). Ancient glendonites show distinct
zoning defined by light and dark brown areas in thin sec-
tions, believed to be defined by organic matter inclusions
(e.g. Huggett et al., 2005; Stein and Smith, 1985; Vickers
et al., 2018; Vickers et al., 2020). Whilst biological analysis
is beyond the scope of this study, we emphasise the need for
further study to understand the role biological processes
may play in marine sedimentary ikaite growth and
stabilisation.

4.4. Implications for palaeoclimate studies

The few published data on ancient glendonites show that
primary ikaite-derived calcites record low clumped isotope
temperatures within or at the upper limit of the range for
the IFZ (Zhou et al., 2015; Vickers et al., 2020). In these
examples, the ikaite transformed in an aqueous setting,
and it is not known whether that happened through
dissolution-reprecipitation, rather than quasi- solid-state
as our study suggests for conversion out of an aqueous set-
ting. Thus, it is unclear if the clumped isotope temperatures
for glendonites reflect ikaite crystallisation temperatures,
preserved because either the transformation was by
dissolution-precipitation but was too rapid for isotope re-
equilibration, or because it was a quasi- solid-state; or if
they reflect slow ikaite to calcite conversion by
dissolution-precipitation in equilibrium with the pore
waters at low temperatures. For glendonites, we know that
the parent ikaite crystallised and transformed below the
seafloor (at depths of metres to 10 s of metres; Zhou
et al., 2015); and as the temperature increases with depth
according to the local geothermal gradient (e.g. Zhou
et al., 2015), the clumped temperatures derived from well-
preserved ancient glendonites (whether preserving the ikaite
growth or ikaite transformation temperature) must be war-
mer than bottom water temperatures. Therefore, the low
temperatures derived for glendonites may be regarded as
an upper limit for bottom water temperatures (e.g.,
Vickers et al., 2020).
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5. CONCLUSIONS

This study shows that ikaite, removed from its parent
medium, may undergo a quasi- solid-state transformation
to calcite when temperatures are gradually raised, whereby
CaCOs; units previously complexed with H>,O molecules
undergo polymerisation when the water gets evicted from
the structure. Limited dissolution-recrystallisation within
the released structural waters may also occur when the
transformation process happens at ambient temperatures
(21 °C). We demonstrate that the variability in the temper-
ature of ikaite stability is a function of the rate of heating
and, at least partially, linked with impurities in the ikaite
crystal structure, which is in itself linked to the conditions
at the site of formation (although the pressure and ambi-
ent chemical environment may play a role too). We find
that magnesium incorporation into ikaite reduces ikaite
stability. The carbon isotopes for four of the ikaites mea-
sured are within the range for sedimentary organic diage-
nesis, suggesting that the carbon was largely derived from
organic matter. Yet, very positive 8'>C values for Antarc-
tic ikaites imply that residual, fractionated carbon after
methanogenesis was a significant carbon source for those
ikaites. These findings suggest that in different settings
bacterial sulphate reduction and methanogenesis/ AOM
may create the chemical conditions which favour ikaite
precipitation.

We demonstrate that clumped isotope thermometry can
be used on ikaite-derived calcites that were transformed in
air to reconstruct ikaite growth temperatures. This study
examined natural ikaites at surface (rather than sub-
ocean) pressures, and not within the aqueous chemical envi-
ronment in which they nucleated, therefore we cannot
determine if ikaite transformation in marine sedimentary
settings behaves differently. Nonetheless, whether the
clumped isotopic signatures of ancient glendonites reflects
either ikaite crystallisation or ikaite transformation temper-
atures, we show that this method may be used to estimate
an upper limit for bottom water temperatures.
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