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Ikaite and pseudomorphs thereafter (“glendonites”) are a potentially powerful tool for palaeo- 
climatic studies, as a low-temperature proxy. However, much uncertainty still surrounds the drivers of ikaite  
formation, in particular prerequisite thermal and chemical conditions. Furthermore, the ikaite to  
glendonite transformation is not fully understood, and it was unclear which calcite phases in glendonites 
were ikaite-derived and which were later diagenetic calcites. This leads to difficulties in choosing which 
phase to analyse in order to reconstruct the original ikaite growth environmental conditions. Petrographic 
examination of air-transformed ikaite from the Isatkoak Lagoon in Utqiaġvik, Alaska, confirms that both 
’Type I’ and ’Type II’ calcite phases seen in glendonites are directly derived from ikaite breakdown and 
not from secondary sources. Clumped isotope temperature reconstructions for transformed ikaites from  
Utqiaġvik, and comparison to Recent glendonites from the White Sea, Russia, confirm that clumped  
isotope thermometry may be used to reconstruct ikaite growth temperatures, whilst stable isotopes and 
minor elemental analysis reveal that a range of geochemical conditions characterise ikaite growth sites.
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Introduction
Ikaite, metastable calcium carbonate hexahydrate (CaCO3·6H2O), and pseudomorphs thereafter  
(known as ’glendonites’), have been of interest to the palaeoclimate community as a potential cold  
climate indicator since the 1980s (e.g., Kemper, 1987; Rogov et al., 2021 and references therein).  
Yet much debate surrounds the use of glendonites for this purpose, due to recent laboratory  
experiments synthesising ikaite at warm temperatures (>12°C; Purgstaller et al., 2017; Stockmann et 
al., 2018; Tollefsen et al., 2020), and uncertainties surrounding the nature of the ikaite to glendonite 
transformation process (e.g., Tollefsen et al., 2020; Vickers et al., 2022). Ikaite is found in a range of 
natural settings, ranging from marine, to brackish and lacustrine, but is most commonly found in marine 
sediments forming below the sediment-water interface (e.g., Pauly, 1963; Steacy & Grant, 1974; Suess et 
al., 1982; Shearman & Smith, 1985; Jansen et al., 1987; Lu et al., 2012; Oehlerich et al., 2013; Scheller et 
al., 2021; Kennedy, 2022; Schultz et al., 2022). To date, the pre-requisites for natural ikaite precipitation 
over the more stable polymorphs are not fully understood. 

This study examines ikaite to glendonite transformation, through geochemical and petrographic  
examination of transformed ikaite from the Isatkoak Lagoon, Utqiaġvik (formerly called ’Barrow’),  
northern Alaska, and Holocene glendonites from the White Sea coast of the Kola Peninsula in Russia 
(Fig. 1). Through comparison with published data for other ikaites and glendonites, this study elucidates 
which palaeothermometric techniques may be used and how to reconstruct ikaite growth temperatures 
(key to paleoclimate studies that use glendonite as a paleotemperature proxy), and demonstrates the 
complexity of the chemical pre-requisites for ikaite growth in natural settings.

Regional geological setting
Utqiaġvik lies some 15 km southwest of Point Barrow, the northernmost tip of Alaska (Fig. 1).  
Ice-wedge polygons cover almost the entire land surface with the landscape being underlain by  
continuous permafrost to depths in excess of 300 m (Ferrians, 1994). The average depth of seasonal 
thaw in the fine-grained surficial sediments is 0.4 m; with average yearly maximum (i.e., midsummer) 
air temperatures not exceeding 3°C. At Utqiaġvik, the (modern) soil cover overlies the Pleistocene,  
trangressive Gubik Formation, which in turn overlies Cretaceous sandstone (Detterman et al., 1958; 
Brigham, 1983, 1985). The Walakpa gas field (containing methane gas and gas hydrates) is situated south 
of Utqiaġvik, and the South Barrow gas fields underlie some of the coastal lagoons (Colett et al. 2011). 

The Isatkoak Lagoon (c. 3 km long and 3 m deep) is situated within Utqiaġvik (Fig. 1B; Pollen, 1987), 
and the lagoonal sediments comprise predominantly silt and fine gravelly sand (Brown, 1965; Hume, 
1965; Green & Wharry, 2019). In 1000 AD, a flooding event built up a natural beach ridge that  
closed the connection between the original Isatkoak estuarine system and the sea. However, it is likely 
that this coastal bar has been breached multiple times since then. In 1978, a dam was constructed 
across Isatkoak Lagoon to create a new ponded water reservoir in the upper lagoon (Lynch et al., 2008), 
using material dredged from the lagoon itself, with some possibly coming from beach ridge sediments.  
The inland part of the lagoon has been progressively desalinated since the construction of the dam in 
order to provide a freshwater source for the Utqiaġvik community (Pollen, 1987). Above the high-water 
mark, Ikaite crystals were discovered in an organic-rich clay bed along the east side of the causeway, and 
subsequently eroded and concentrated in the upper swash zone near the water’s edge and less than  
1 m above permafrost (Fig. 2) (Kennedy et al., 1987; Kennedy, 2022). 



2 of 17 3 of 17

B. P. Schultz et. al                                  Petrography and geochemical analysis of Arctic ikaite pseudomorphs from Utqiaġvik 

Figure 1. Map of the Arctic with localities discussed in the text indicated. (A) Map showing the northern tip of Alaska, 
with the city of Utqiaġvik outlined in grey, and the Utqiaġvik town centre marked by a red dot. (B) Detailed map of the 
Isatkoak Lagoon in Utqiaġvik; the red pointer indicates where ikaite crystals were discovered in 1981 and recollected in 
1983. (C) Detailed map of the White Sea region, red circle indicates where glendonites were collected (as analysed in 
this study and those of Vasileva et al., 2022 and Vickers et al., 2020).

Figure 2. (A) Aerial view of Isatkoak Lagoon and causeway showing location (at pointer) of ikaite collection site.  
(B) White windrow of partially dehydrated ikaite crystals along the side of the causeway crossing the lagoon. Unaltered 
specimens were derived (eroded) from a black, organic-rich clay bed and subsequently concentrated in the wet pea 
gravel within the swash zone. Photos by G. L. Kennedy



4 of 17

B. P. Schultz et. al                                   Petrography and geochemical analysis of Arctic ikaite pseudomorphs from Utqiaġvik 

White Sea

On the opposite side of the Arctic from Alaska, glendonites (calcite pseudomorphs after ikaite) are found 
in the Holocene tidal flats of Kandalaksha Bay, on the White Sea, between the Kola and Kanin peninsulas 
(Fig. 1). These marine–glaciomarine deposits comprise very fine-grained sands, silts and muds, with 
sporadic pebbles and boulders (e.g., Vasileva et al., 2022 and references therein). The glendonites are 
believed to be a maximum of c. 4000 years old, based on 230Th/U dating of total dissolved glendonite 
(Vasileva et al., 2022).

Methods
A collection of hundreds of ikaite crystals (confirmed using XRD by Kennedy et al., 1987) from  
Isatkoak Lagoon was obtained in August of 1983, and subsequently kept frozen (currently at about -18°C)  
in home freezers (Kennedy, 2022). These were then transformed under ambient (room temperature) 
conditions (c. 210C) and dried., prior to analysis. Glendonite samples from the White Sea were collected 
by digging 0.5–1 m into the tidal mud flats near the town of Olenitsa, in Kandalaksha Bay, and analysed 
for comparative purposes for this study, supplementing data from the recent publications of Vickers et 
al. (2020) and Vasileva et al. (2022).

Scanning Electron Microscopy with Energy Dispersive Spctro-
scopy (EDS) and Electron Backscatter Diffraction (EBSD)

Polished thin-sections of transformed Utqiaġvik ikaite were carbon coated and analysed at Århus  
University with an Electron microprobe JEOLJXA-8600 at 15–20 kV, and a1 nA beam. Elements analysed 
were Ca, Mg, Mn, Fe and Sr- bearing carbonates plus accessory minerals. A White Sea glendonite sample 
was prepared as a polished thin-section and analysed using a Hitachi SU5000 FE-SEM, equipped with 
Delmic Sparc CL system and Bruker EDS and HR EBSD system at the University of Oslo.

14C Accelerator mass spectrometry (AMS)

Dating of the carbonates was undertaken on bulk pseudomorph by 14C AMS at the Institut for  
Fysik og Astronomi, Århus Universitet using an HVE 1MV accelerator. The measured dates for marine  
carbonate samples are reported corrected for the ocean reservoir effect in order to be comparable to  
contemporaneous terrestrial material, by subtracting the ocean reservoir age (c. 400 years) from 
the conventional (measured) 14C age. Calibrated ages in calendar years have been obtained from the  
marine model calibration curve (Marine13), using the Oxcal v4.1 programme with the probability  
method of Reimer et al. (2013). The marine model takes into account the smoothing in the world ocean 
of the sharper variations found in the atmospheric calibration curve. If not specifically stated otherwise, 
the local deviation (Delta-R) from the average world ocean model is assumed to be zero, corresponding 
to a standard reservoir age of 400 years.

The 14C ages are reported in conventional radiocarbon years BP (before present = calendar year 1950)  
in accordance with international convention (Stuiver & Polach, 1977).
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Inductively Coupled Plasma Optical Emission Spectrometry 
(ICP-OES)

Minor element analyses were undertaken on powdered, bulk-dried, transformed ikaite,  
now calcite, from Utqiaġvik, Alaska, and the coast at Olenitsa, White Sea, Russia, 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. Precision and accuracy of the analyses were measured and controlled by inter- 
spersing multiple measurements of international reference materials, JLs-1 and AK, and quality control 
solution (BCQ2).

Clumped and stable isotope analysis

The isotopic analysis was carried out on powdered bulk calcite from dried, transformed ikaite  
collected from Utqiaġvik, Alaska, and on glendonites from Olenitsa, White Sea, Russia (Fig. 1). Clumped 
and stable isotope analysis was carried out at ETH Zürich using a ThermoFisher Scientific MAT253 mass  
spectrometer coupled to a Kiel IV carbonate preparation device, following the methods described in  
Müller et al. (2017). The Kiel IV device included a PoraPakQ trap kept at -40°C to eliminate potential  
organic contaminants. A maximum three replicates of each sample per session were measured, which 
consists generally of 24 samples of 100–120 µg interspersed with 5 replicates each of the carbonate 
standards ETH-1, ETH-2 and 10 replicates of ETH-3 (Bernasconi et al., 2018, 2021). The samples were 
analysed in LIDI mode with 400 seconds of integration of sample and reference gas. All calculations 
and corrections were done with the software Easotope (John & Bowen, 2016). The clumped isotope 
data are reported on the InterCarb carbon dioxide equilibration scale I-CDES (Bernasconi et al. 2021),  
and temperatures were calculated using the Anderson et al. (2021) calibration. Carbon and oxygen  
isotope compositions are reported in the conventional delta notation with respect to VPDB.

Results 

Morphology of the ikaite and its pseudomorphs from Isatkoak 
Lagoon

The ikaite crystals and their pseudomorphs from Isatkoak Lagoon appear as single blades that have 
pseudo-mirror plane symmetry, with weakly imprinted prismatic faces in a pinacoid form (Fig. 3).  
The shape varies in the length to width ratio between the axis, with some showing more elongate 
forms (Fig. 3C). When allowed to dehydrate subaerially, the crystal form is typically retained, although 
there is significant internal volume loss as water is released from the structure. Thus, the resulting  
pseudomorphs are extremely fragile and susceptible to crumbling if handled after dehydration (Fig. 3B). 
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SEM

The porous pseudomorphs have distinct structural components: a clear rim keeping the crystals from 
total collapse, and a highly porous centre made up of scattered larger and smaller calcite granules  
(Fig. 4A & B). The larger calcite granules are 1 to 3 mm in size with a rounded botryoidal morphology to 
the terminations of prismatic bodies and are zoned by colour (Fig. 4C) and porosity (Fig. 5C). The smaller 
granular crystals are 0.1 to 1 mm in size, ’dogtooth’ scalenohedral type in shape, and elongated with 
sharp edges. The small crystals do not display any distinct zonation (Fig. 4). 

Figure 3. (A) Three specimens, 2–3 cm in length, of unaltered ikaite (left) recovered from the east side of the  
causeway crossing Isatkoak Lagoon (at pointer in Figs. 1B & 2A), and the same specimens (right) allowed to dehydrate to  
anhydrous CaCO3 overnight. The specimen at the upper right crumbled to pieces when probed by the tip of a pencil 
the morning after it dehydrated. Photos by John DeLeon, Los Angeles. (B) Part of a series of photographs documenting 
the (untimed) dehydration process of ikaite to anhydrous CaCO3 taken in 1987. Ikaite crystals were exposed to bright 
sunlight on a hot summer day. Left: Unaltered, at beginning of sequence. Centre: The same crystals partially dehydrated 
as indicated by surface colour change (white coating). Right: The same partially transformed ikaites after being broken 
apart to show the mixture of fragmented white and red-brown decay products. It is unknown if the hard brown parts 
of the middle crystal are ikaite or another product of the dehydration process. (C) Further examples of euhedral ikaite 
crystals transformed in air, at ambient temperatures (c. 20°C), clearly showing the outer ’crust’ and porous centre.  
Left: a euhedral crystal pseudomorph viewed from one side and rotated 90°. Right: detail of the outer smooth “crust” of 
calcite, with the porous centre visible in the gaps in the crust.
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SEM microprobe analysis shows the SrCO3, FeCO3 and MnCO3 contents to be low compared to 
CaCO3 and MgCO3, with MgCO3 negatively co-varying with CaCO3 (Fig. 5). EDS maps show lowest Mg  
concentrations in the Type I calcite (Figs. 4C & 6B), with Mg-zoning only in Type II calcite. The zoning is 
therefore defined by chemical impurities (i.e., Mg) and porosity (Figs. 4–6).

AMS, clumped and stable isotopes, ICP-OES

Measured 14C age, element ratios, clumped and stable isotope temperatures for the pseudomorphs 
analysed for this study are given in Table 1.

Figure 4. Microscopy images of Utqiaġvik pseudomorphs and White Sea glendonites. (A) Utqiaġvik pseudomorph 
showing outer calcite crust and porous centre and as it appears in thin- section. (B) White Sea glendonite under  
transmitted light showing the outer crust and porous centre; inset: detail of the ’guttalatic texture’ at the centre of the 
sample. (C) & (E) Thin-section of Utiagvik pseudomorph under transmitted and reflected light, respectively. the larger 
granules showing dark cores and colour-defined zoning. Type I and II calcite (as discussed in Vickers et al., 2018; 2020) 
labelled “I” and “II”. (D) & (F) Detail of a zoned calcite bleb in White Sea glendonite thin-section. (D) shows the zoned 
calcite under secondary electrons; and (E) shows EDS maps for Ca and Mg overlain on D. Calcite Types I, II (ikaite-derived 
calcite) and III (late-stage sparry calcite) of Vickers et al. (2018) labelled.
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Figure 5. Microprobe elemental point data for Lines A, B and C and SEM images of the microprobe tracks. (A) SEM 
image of thin-section of Utqiaġvik pseudomorph under BSE. Dark and light zoning more distinct. Type I and II calcite  
(as discussed in Vickers et al., 2018; 2020) labelled “I” and “II”. Microprobe tracks (line A) burnt into the specimen.  
(B) Detail of microprobe tracks B and C under BSE. Calcite types I and II labelled. (C) Detail of Line C microprobe track.  
The zones can be seen to be defined by variation in porosity (light zones = more porous). Plotted microprobe  
measurements for elements Ca, Mg, Fe, Mn, Sr on thin-section of Utqiaġvik pseudomorph after ikaite for lines A, B and 
C as indicated in Fig. 4C, E & F.

Figure 6. EBSD mapping zoned calcite in  
White Sea glendonite. (A) Secondary Electron 
(SE) image and phase map, showing the indexed 
pixels. (B) EDS element map showing high-
Mg zones in otherwise low Mg ikaite-derived  
calcite (types I and II), compared to the  
homogenous, high-Mg sparry cement (type III).  
(C) Grain reference orientation deviation 
(misorientation, MO) map, which shows the 
misorientation between the orientation of  
every pixel in its respective position and the  
reference or mean orientation of the grain. 
Type I calcite is largely undistorted (blue),  
whereas Type II shows mild distortion  
(green-yellow), indicating it grew/formed  
differently from Type I; this may partially 
be due to the higher Mg-content of type II  
calcite. No strongly distorted grains (red)  
observed. (D) EBSD orientation map with  
inverse pole figure (IPF) colour-coding  
combined with image quality map.
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Discussion
Morphology and petrography

The porous centres observed in the transformed ikaite crystals closely resemble the textures  
observed in certain Holocene glendonites from the White Sea in Russia (Vasileva et al., 2022). Because the  
transformation was in air, the pseudomorphs of the Utqiaġvik ikaites have not formed diagenetic  
calcite cements from the surrounding pore waters (unlike for more ancient glendonites e.g., Huggett 
et al., 2005; Frank et al., 2008; Qu et al., 2017; Morales et al., 2017; Vickers et al., 2018, 2020). Thus,  
the textures observed are features solely of the ikaite breakdown, and do not show secondary  
overgrowths from CaCO3 derived from sources other than ikaite. The Utqiaġvik ikaite pseudo-
morphs show, for the larger grains, dark (organic-rich?) cores, with paler, zoned outer layers (Fig. 4).  
These morphologies have been described as “Type I” and “Type II” calcite phases, respectively,  
by Vickers et al. (2018) (e.g., as labelled in Fig. 4), and as a “guttalatic microtexture” by Scheller et al. 
(2021). Such dark cores are also observed in larger grains from the HoloceneWhite Sea glendonites  
(Fig. 4B), 2 and also in the glendonites of the Palaeogene Fur Formation (Huggett et al., 2005;  
Vickers et al., 2020), although for other more thermally altered/poorly preserved glendonites the  
darkest-zoned part of the microfabric may be in the secondary calcite in zones around a lighter core  
(e.g., Frank et al., 2008; Morales et al., 2017; Qu et al., 2017). In transformed ikaite tufas from Mono Lake  
(California, USA), a similar zoned texture has been observed around pseudo-hexagonal or spherical  
calcite cores, although the cores are light rather than dark (Scheller et al., 2021). The Utqiaġvik  
pseudomorphs confirm that both phases (Types I and II) represent ikaite-derived calcite, and the 
EBSD data from the White Sea glendonites indicate that Type II (Mg-zoned) calcite grew on the Type I  
calcite, roughly following the same crystal alignment (Fig. 6). The alternation of high and low Mg zones  
(Figs. 4–6) is likely due to the fact that Mg is not as easily incorporated into the calcite structure (Vickers 
et al., 2022). During transformation, the Type I calcite therefore is believed to have formed rapidly,  
rejecting Mg, which went into the ikaite structural waters until it reached critical concentrations  
(e.g., at the transforming edge of the ikaite crystal) and was incorporated into the precipitating  
calcite (now Type II), forming a zone of high-Mg calcite (e.g., Figs. 4–6). This observation is in agreement 
with the coupled dissolution – reprecipitation mechanism for ikaite transformation as described by 
Tollefsen et al. (2020), and varies from that of Hiruta & Matsumoto (2022). These authors examined 
ikaite from Echigo Bank (Sea of Japan) and suggested that Mg was supplied from external pore waters  
surrounding Mg-free ikaite, and that it was the gradual contamination by Mg-rich water and the diluting 
effect of periodic ikaite breakdown that caused the observed Mg zoning. This cannot have occurred for 
the Utqiaġvik ikaites as they transformed in air (i.e., there were no external waters; the only water and 
elements came from the ikaite itself).

AMS, U. Aarhus Kiel Device, ETH Zürich ICP-OES, U. Exeter

locality sample type Corrected

14C age

pMC δ13C

AMS

Replica

tes

δ13C

VPDB

δ18O

VPDB

δ18O

VSMO

W

Δ47

CDES

Δ47 T

(°C)

-ve 

CI

(°C)

+ve CI

(°C)

δ18Ofluid

(‰

SMOW)

Mg/Ca

(mmol

 /mol)

Sr/Ca

(mmol 

/mol)

Mn/Ca

(mmol

 /mol)

Fe/Ca

(mmol 

 /mol)

S/Ca

(mmol

 /mol)

P/Ca

(mmol

 /mol)

Utqiaġvik psudomorph

after ikaite

1939 ± 28 78.56 

± 0.27

-18 11 -19.40

± 0.15

-7.22  

± 0.16

23.48 0.661 3.9 4.7 4.9 -9.3 1.64 0.872 0.013 1.239 3.21 0.26

White Sea psudomorph

after ikaite

8559 ± 52 34.46 

± 0.22

-19 12 -14.74

± 1.13

-1.23

±0.18

29.65 0.664 2.3 -5.4 5.7 -3.7 50.63 1.599 0.129 0.54 1.2 11.5

White Sea Shell 8835 ± 49 33.29 

± 0.2

1

Table 1. Summary of the geochemical results for the calcite pseudomorphs after ikaite from the Isatkoak Lagoon, Utqiaġvik, Alaska and the coast of Olenitsa in the 
White Sea, Russia. AMS – Accelerator Mass Spectrometry; pMC – percent modern carbon (modern defined as 1950). CI – Confidence Interval.
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Environment of formation of the Utqiaġvik ikaite

The minor element ratios for the transformed Utqiaġvik ikaite are very close to that observed for  
transformed fully marine sedimentary ikaite (Fig. 7), despite the conditions in the Isatkoak Lagoon being 
chemically different (e.g., a brackish then subsequently desalinated environment). The Mg/Ca and S/Ca 
are much lower than those reported for both the glendonites and the concretions of the Fur Formation 
and White Sea carbonates, which may be partially due to the fact that these contain some diagenetic 
calcite phases as well as ikaite-derived calcite. The biotic carbonates measured from the White Sea 
have similar P/Ca, S/Ca, Mg/Ca, Mn/Ca and Fe/Ca ratios to the measured Utqiaġvik transformed ikaite,  
although they contain higher Sr/Ca. The very low Mg/Ca ratios for the lagoonal Utqiaġvik transformed 
ikaite and the fully marine transformed ikaites (Vickers et al., 2022) suggests that Mg did not play a  
significant role in stabilising ikaite in these settings; yet it may also simply be an artefact of Mg being less  
able to fit into the ikaite crystal structure than into calcite (e.g., as suggested by Vasileva et al., 2022 and 
Vickers et al., 2022).

The 14C ages for this study (Table 1) are somewhat problematic to interpret, as the carbon  
sources for the ikaite are not fully known or quantified. It is important to note that they must reflect the  
(mixed) ages at which the carbon source(s) left the atmospheric system, and not the age of the  
crystallisation of the ikaite. This study returned a 14C age for the White Sea glendonite sample of >8000 
BP, in agreement with previous 14C dates from Geptner et al. (1994), yet more than twice as old as that 
estimated by Vasileva et al. (2022) using U/Th dating (4100 ± 400 BP). The disparity between 14C and  
U/Th dates indicates that much of the carbon in the White Sea glendonites had been out of the  
atmosphere for a long time before it was incorporated into the glendonites, either when the ikaite 
formed or when secondary cements formed after transformation. Without independent dating of the 
Utqiaġvik ikaites, we cannot interpret the 14C age.

Figure 7. Element/Ca molar ratios for a Utqiaġvik pseudomorph (this study) compared to published data for glendonites 
and coeval carbonates from Vickers et al. (2020).
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The depleted δ13C values for both measured carbonates (both Utqiaġvik transformed ikaites and the 
White Sea pseudomorphs; Table 1 and Fig. 8) indicate that ocean-dissolved inorganic carbon (DIC) was 
not the sole source of carbon for these carbonates; either a large part of the carbon was derived from 
decaying organic matter (with average δ13C values of c. -15 to -35‰; Campbell, 2006), or from methane 
(δ13C < -40‰; Campbell, 2006) (Fig. 8). There is an ongoing debate as to whether ikaite/glendonite  
requires anaerobic oxidation of methane to form (e.g., Greinert & Derkachev, 2004; Morales et al., 
2017; Qu et al., 2017; Hiruta & Matsumoto et al., 2022), with other studies arguing that the breakdown 
of organic matter by sulphate-reducing bacteria generates the chemical conditions required to stabilise 
ikaite (e.g., high alkalinity and other chemical inhibitors of calcite) (Suess et al., 1982; Zabel & Schulz, 
2001; Muramiya et al., 2022). The measured δ13C values for both the Utqiaġvik and the White Sea 
pseudomorphs are not within the range expected for methane seep carbonates (Fig. 8), and the dark 
brown colour observed in these and other marine sedimentary ikaites is believed to come from organic 
matter (e.g., Vickers et al., 2022 and references therein), supporting a strong contribution from organic 
matter to the δ13C of the ikaites, and the hypothesis of organic matter breakdown by bacterial sulphate 
reduction creating the chemical conditions that stabilised ikaite over the other CaCO3 polymorphs.

The ikaite clumped isotope temperatures from both the White Sea and the Utqiaġvik pseudomorphs 
are within the range for known natural ikaite growth sites today (-2 to +7°C; Suess et al., 1982;  
Buchardt et al., 2001; Huggett et al., 2005; Hu et al., 2014; Zhou et al., 2015), and this is also within the 
range for the reconstructed clumped isotope temperatures of other transformed ikaites (e.g., Vickers 
et al., 2022) and for ancient glendonites (e.g., early Eocene Fur Formation ikaite-derived calcite, Vickers 
et al., 2020) (Fig 8). For the Utqiaġvik pseudomorph this may initially appear surprising, since they  
transformed from ikaite to calcite at ambient room temperatures (c. 20°C), yet this reflects ikaite growth 
temperature rather than transformation temperature, supporting the hypothesised ikaite to calcite 
transformation being either quasi- solid state (i.e., as proposed in Vickers et al., 2022), or instantaneous  
dissolution-precipitation in the ikaite structural waters at the reaction interface (Tollefsen et al., 2020), 
such that equilibration with ambient conditions did not have time to occur (Guo, 2020).

Figure 8. Stable isotope data for a Utqiaġvik pseudomorph (this study) compared to published data for modern  
transformed ikaites, and selected glendonite data including glendonites from the Fur Formation and the White Sea, 
and other carbonates associated with those glendonites (references given in figure key). Hatched region indicates the  
expected field for methane seep carbonates (Campbell, 2006), with the range for sedimentary organic diagenesis  
indicated by the brown field (Campbell, 2006).
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The measured δ18Ocarbonate of <-7‰ (this study and Kennedy et al., 1987) is much lighter than  
marine authigenic ikaite and glendonites; much closer to that of the Ikka Fjord tufa (c. -10‰ VPDB; 
Buchardt et al., 2001) (Fig. 9). Using the average clumped isotopic temperature for the Utqiaġvik  
pseudomorphs to reconstruct the δ18O of the fluid from which the carbonate precipitated, we get a 
value of around -9‰ SMOW (Fig. 9). Surface δ18Osw for the coast at Utqiaġvik is expected to be around 
-2 to -3‰ (LeGrande & Schmidt, 2006), but the meteoric water is more depleted (e.g., Campbell, 2006). 
The reconstructed δ18Ofluid of c. -9‰ for the Utqiaġvik pseudomorphs (Fig. 9) is therefore consistent with 
a meteoric water source, suggesting that the ikaite grew authigenically in bottom sediments within a 
heavily meteorically-influenced system in keeping with the environment of the pre-dammed Isatkoak 
Lagoon, which may have been flooded sporadically by oceanic storm surges (cf., Lynch et al., 2008).

The environment of ikaite growth in the Isatkoak Lagoon thus differs from the more saline  
environments of the fully marine ikaites from the White Sea, Laptev Sea, Nankai Trough, Congo Fan 
and Antarctic shelf, reflected by heavier reconstructed δ18Ofluid from the carbonates measured for 
clumped and stable isotopes (Table 1; Fig. 9). The relatively broad range in reconstructed δ18Ofluid 
between the biotic and abiotic carbonates from the same sites likely arises due to the different ages 
of the carbonates (Vasileva et al., 2022). We note that the Fur Formation glendonites are from two  
different horizons (i.e., different ages) and several different phases of diagenetic growth were  
measured (ikaite-derived calcite, concretionary calcite and late-stage spar), likely accounting for the  
observed range in reconstructed δ18Ofluid (Fig. 9).

Figure 9. Clumped isotope temperatures for the Utqiaġvik pseudomorph (i.e., ikaite transformed in air post-collection) 
compared to the White Sea and Fur Formation carbonates, plotted against reconstructed δ18Ofluid (using the equation of 
Kim & O’Neil, 1997).
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Conclusions
The Utqiaġvik pseudomorphs after ikaite provide an example of transformed euhedral ikaite  
without subsequent diagenetic phases, indicating that the ’Type II’ zoned calcite discussed in previous  
glendonite studies formed directly from ikaite CaCO3 and does not represent a later diagenetic phase. 
Moreover, the zoning is observed both geochemically (by Mg/Ca variations), physically (by changes 
in porosity between various zones), and by colour (light/dark alternations). The results of combined 
clumped isotope and stable isotopic measurements suggest that the ikaite grew authigenically in  
bottom sediments within a fluvial/estuarine system, and used a predominantly organic carbon source, 
in accord with the proposed model for ikaite stabilisation by the bacterial breakdown of organic matter. 
The clumped isotope temperatures reconstructed for the ikaite pseudomorphs represent ikaite growth 
temperatures, indicating that the ikaite grew at a temperature of c. 4 ± 5°C.
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