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Climate change driven release of methane (CH4) from polar and sub-polar sediments
could accelerate global warming, and tracking CH4 in cold sediments over geological
time helps predict future releases. Isotopic signatures of ikaite (CaCO3·6H2O) and its
pseudomorph, glendonite, may be used to identify past CH4 in cold environments, as
alkalinity (AT) from anaerobic oxidation of methane (AOM) can induce precipitation
of this mineral at low temperatures. However, the suitability of ikaite as a proxy for
CH4 near the sediment surface remains uncertain, as ikaite linked to modern seeps
has only been retrieved from sediment depths of several metres. We report ikaite
crystals in surface sediments (0–40 cm depth) in Reyðarfjörður, Iceland. High AT

fluxes from deeper sediment layers and low stable carbon isotope (δ13C) values of
the ikaite (−49.8 to –53.8‰) suggest formation fromAOM,while sub-bottomprofiling indicates shallow gas below the sampling
site. As such, the recovered ikaite provides indirect evidence that CH4 locally reaches shallow sediment layers in the studied fjord,
considerably expanding the environmental range of CH4-derived ikaite and substantiating ikaite and glendonite as proxies for
cold environment CH4 seeps.
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Introduction

The large reservoirs of methane (CH4) in Arctic and sub-Arctic
marine sediments are of considerable interest due to their poten-
tial destabilisation from global warming (James et al., 2016).
Identifying CH4 reservoirs is crucial for understanding their

stability, as is tracking their occurrences and responses to climate
change over geological time. Since the anaerobic oxidation of
methane (AOM) produces alkalinity (AT) and can induce authi-
genic carbonate precipitation in sediments, carbonates can be
used to trace CH4 reservoirs by their stable carbon isotope
(δ13C) composition (Campbell, 2006; Vickers et al., 2022).
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Isotopically heavy carbonates (>−5‰) indicate incorporation of
residual dissolved inorganic carbon (DIC) frommethanogenesis,
while isotopically light carbonates (< −30 ‰) precipitate from
DIC formed through AOM. By contrast, carbonates formed from
DIC released during organic matter mineralisation have δ13C
values around −25 ‰.

The mineral ikaite (CaCO3·6H2O) (Pauly, 1963) is of par-
ticular interest as an indicator of CH4 and AOM. It forms at low
temperatures (<6 °C) under highly alkaline conditions, where
inhibitors such as phosphate and organic compounds suppress
the precipitation of less soluble calcium carbonate phases, such
as calcite and aragonite (Lu et al., 2012; Zhou et al., 2015;
Tollefsen et al., 2018). Because of this temperature dependence,
ikaite and its pseudomorph glendonite are used as proxies for
cold conditions in palaeoenvironmental reconstructions
(Rogov et al., 2021; Schultz et al., 2022; Vickers et al., 2022),
and their δ13C signatures and presence have been applied to
identify modern and past CH4 seeps in cold systems
(Schubert et al., 1997; Greinert and Derkachev, 2004; Teichert
and Luppold, 2013; Morales et al., 2017).

Although ikaite suggested to have formed due to intense
organic matter degradation has been found near the sediment
surface (Kennedy, 2022), ikaite linked with CH4 and AOM

has only been retrieved from 1–4 m sediment depth (Schubert
et al., 1997; Lu et al., 2012; Hiruta and Matsumoto, 2022;
Kolesnik et al., 2025; also see references in Schultz et al.,
2022). How well ikaite and glendonite trace CH4 occurrences
at the sediment-water interface thus remains unclear. Here,
we report the occurrence of ikaite crystals in the surface sediment
(top 40 cm) of Reyðarfjörður, Iceland. Sediment geochemistry
and low ikaite δ13C values indicate that the mineral formed as
a result of AOM. This observation substantially extends the
known depth range of CH4 derived ikaite (Teichert and
Luppold, 2013;Morales et al., 2017), supporting its use for tracing
past occurrences of CH4 at the sediment surface, and demon-
strates, for the first time, the presence of ikaite in Icelandic waters
(Rogov et al., 2021).

Site Description and Sampling

Samples were collected in Reyðarfjörður (Fig. 1a), eastern
Iceland, aboard the R/V Belgica on July 8, 2023. Sampling and
analytical methods are detailed in the Supplementary
Information. The fjord is not influenced by active volcanic sys-
tems (Thordarson and Höskuldsson, 2008). The sampling site
RF2 (65° 0.9021’ N; 13° 53.5279’ W; 150 m depth) is located

Figure 1 (a)Mapof the sampling site (RF2) in Reyðarfjörður, eastern Iceland. The areawithin theblack line shows thebottomtopography as
mapped bymultibeam echo sounder. The orange line shows the location of the sub-bottom transect in panel B. Themapwas producedwith
the datasets LMIDigital ElevationModel, IS 50V Strandlína and IS 50VVatnafar fromNáttúrufræðistofnun, licensed under CC BY4.0, and the
EMODnet Bathymetry Consortium (2024). (b) Sub-bottom transect showing acoustic blanking below station RF2, suggesting the presence of
gas. TWT= two way travel time.
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above an area of acoustic blanking identified by a hull mounted
TOPAS profiler (Fig. 1b), indicating sub-seafloor gas (Judd and
Hovland, 1992). Prior to sediment sampling, CTD measure-
ments 5 m above the seafloor recorded a salinity of 34.4, a tem-
perature of 4.2 °C, and a dissolved oxygen (O2) concentration of
287 μmol kg−1.

Sediment for geochemical profiling was collected using a
GEMAX corer (Ø 9 cm). One set of cores was used for microsen-
sor profiling for O2, hydrogen sulphide (H2S), and pH. Replicate
cores were sliced and centrifuged to separate solids from pore-
water. The solid phase was analysed for particulate organic and
inorganic carbon (POC, PIC), their stable isotope compositions
(δ13CPOC, δ13CPIC), mineralogy, and the contents of iron oxides,
acid volatile sulphide (AVS), and chromium reducible sulphide
(CRS). Porewater was analysed for DIC, total alkalinity (AT), dis-
solved phosphorus, sulphur, calcium, and magnesium.
Porewater concentrations of DIC and AT were used to calculate
pH and the saturation states of calcite and aragonite. An addi-
tional sediment core was collected for 210Pb and 137Cs dating.

A box corer (Ø 50 cm) was used to collect the upper 40 cm
of sediment for flux incubations. Three replicate cores, collected
5 m apart, were sub-cored into incubation chambers (Ø 14.4 cm;
Fig. S-1) for measuring sediment-water fluxes of DIC (including
δ13C composition; δ13CDIC), AT, and O2. The top 5 cm of all cores
were brown and bioturbated, but deeper layers varied: two were
grey to dark grey, and one was black. Owing to these visual
differences, the black core was designated RF2I. Repeated
attempts to relocate RF2I-type sediment were unsuccessful,
indicating strong local heterogeneity.

Multiple crystals resembling ikaite (Fig. 2a) were found at
20–40 cm sediment depth at RF2I. One crystal was analysed by
single crystal XRDunder a nitrogen gas cryostream, and the stable
isotope composition (δ13Cikaite and δ18Oikaite) was measured at
two points on another (Fig. 2b). Following the flux incubation,
the RF2I sediment was sub-cored (Ø 5.9 cm) to<20 cm sediment
depth for solid phase carbon and mineralogy analyses, micropro-
files of O2, pH and H2S, and measurement of porewater DIC and
AT. No ikaite crystals were found in the incubated sediment.

Sediment Geochemistry

The sediment geochemistry reflected the visual differences
between RF2 and RF2I (Fig. S-1). At RF2, porewater AT and
DIC increased from 2.6 mmol kg−1 at the surface to 7.0 mmol
kg−1 at depth, with O2 penetrating 0.4 cm (Fig. 3). In contrast,
the RF2I sedimentwas heterogeneous and showed signs ofmore
intense diagenesis. In one replicate core, the porewater AT and
DIC increased from 3.0mmol kg−1 at the surface to 15mmol kg−1

at depth, while in a second core, they reached 20–25 mmol kg−1,
with AT clearly exceeding DIC. The O2 penetration depths clus-
tered into two groups at 0.1 and 0.3 cm, and a strong H2S odour
was present. At both sites, measured and calculated porewater
pH profiles were in agreement. The calculated pH is sensitive
to small DIC and AT losses during sampling, so profiles should
be seen as general trends. At both sites, pH decreased in the
upper centimetres, stabilising near 7.5 at RF2 but increasing with
depth to∼9 at RF2I, particularly in the corewith highAt andDIC.

The geochemical differences between RF2 and RF2I were
not due to variations in organic matter degradation, as POC con-
tents were similar (Fig. 3). No differences inmineralogy as deter-
mined by powder XRD were observed between sites (Fig. S-2).
Instead, linear increases in the DIC and AT at the bottom of the
porewater profiles suggest upward diffusion from deeper sedi-
ment layers at both locations, with considerably steeper concen-
tration gradients indicating stronger upward fluxes at RF2I.

Elevated pH, and DIC and AT concentrations are consistent with
AOM (Campbell, 2006) and suggest a deep CH4 source, plau-
sibly connected to the area of acoustic blanking seen in the
TOPAS profile (Fig. 1b). Although AOM typically produces
H2S via sulphate reduction (Egger et al., 2018) and a strong
H2S odour was noted during coring, no H2S was detected in
the top 4 cm of sediment. This absence of H2S is consistent with
high ferric iron contents (200–300 μmol g−1) at 2–15 cm depth at
station RF2, which could scavenge H2S as iron sulphides (AVS
and CRS; Fig. S-3; Berner, 1970).

Despite contrasting porewater profiles at RF2 and RF2I, the
measured sediment-water fluxes of AT, DIC, and O2 were similar
across both sites (Fig. 4a). Interestingly, diffusive O2 uptake rates
calculated frommicroprofiles at RF2I clustered into two groups at
16–20mmolm−2 d−1 and 5–6mmolm−2 d−1, whereas the total O2

Figure 2 (a) Photograph of three of the ikaite crystals found at
RF2I. (b) Photograph of a dried, recrystallised ikaite crystal marked
with ‘b’ in panel (a). (c)Global compilation of isotopic compositions
of glendonite and ikaite (Rogov et al., 2021), including the ikaite
from this study.
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uptake (TOU)measured in the chamber was 15mmolm−2 d−1. At
RF2, the diffusive O2 uptakewas 6–9mmolm−2 d−1, and the TOU
was 11–12 mmol m−2 d−1. Small scale differences in sediment-
water solute exchange, as indicated by microprofiles, suggest
heterogeneous chemical conditions within the sediment at
RF2I, whereas the TOU over the larger surface area of the incu-
bation chamber approached that at RF2.

Carbonate Dynamics and Ikaite
Formation

Analysis by XRD confirmed the mineral as ikaite (a= 8.760 Å,
b= 8.305 Å, c= 11.000 Å, β= 110.477, space group C2/c). The

ikaite δ13C values (−49.8 to −53.8 ‰), the lowest reported for
ikaite and glendonite (Fig. 2c; Rogov et al., 2020, 2021), indicate
carbon derived from DIC formed during AOM (Greinert and
Derkachev, 2004; Hiruta and Matsumoto, 2022). At site RF2I,
very high porewater saturation states for aragonite (>80) and
calcite (>100; Fig. 3) suggest that the precipitation of these
phases was suppressed, allowing AT to accumulate to levels con-
ducive for ikaite formation. Porewater concentrations of phos-
phorus, Mg and sulfur, known inhibitors of calcite and
aragonite growth (Bischoff et al., 1993; Tollefsen et al., 2018),
were within expected ranges for coastal sediments at RF2
(Schulz, 2006; Ruttenberg, 2014; Fig. S-3). Assuming the main
difference between sites was the upward migration of CH4-rich
porewater at RF2I, these results indicate that aragonite and

Figure 3 Porewater and solid phase profiles from stations RF2 and RF2I. Filled and empty markers represent replicate sediment cores, grey
lines representmicroprofiling data. The light grey area in the pHgraphmarks the scale of theO2 graph. Note the differences in scales onboth
x and y axes between plots.

Figure 4 (a) Sediment-water fluxes of alkalinity (AT), dissolved inorganic carbon (DIC), and total oxygen uptake (TOU) from RF2 (grey) and
RF2I (orange). Large circles mark fluxes measured in the incubation chambers; small circles mark diffusive O2 uptake rates frommicroprofil-
ing data. (b)Keeling plot showing theDIC concentration and δ13C composition (δ13CDIC) in the incubations. The calculated intercepts indicate
the δ13C signal of the combined DIC sources in each incubation.
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calcite precipitation can be suppressed under typical coastal con-
ditions, enabling ikaite formation at cold temperatures and a
high AT supply.

The δ13CPIC at RF2 andRF2I (Fig. 3), alongwith decreasing
porewater Ca and Mg with depth at RF2 (Fig. S-3), indicate
authigenic carbonate precipitation within the top 20 cm of sedi-
ment. Increasingly negative δ13CPIC values with depth suggest in
situ PIC formation incorporating isotopically light DIC from
organic matter mineralisation or AOM (Campbell, 2006).
More negative δ13CPIC values at RF2I (−3.35 to 0.00 ‰) com-
pared to RF2 (−1.2 to 0.05‰) implymore intense carbonate for-
mation or a greater contribution of AOM derived DIC.
Contrasting carbonate dynamics are also reflected in the δ13C
composition of the sediment-water DIC flux, with lighter DIC
released at RF2I (Fig. 4b). Assuming organic matter degradation
and carbonate dissolution are the only DIC sources, their relative
contributions were estimated from a Keeling plot (Pataki et al.,
2003). Carbonate dissolution contributed 36–66 % of the DIC
efflux at RF2 (SI), consistent with aragonite and calcite undersa-
turation in the top 5–10 cm of sediment (Fig. 3). At RF2I, the
Keeling plot indicated no dissolution, although isotopically light
DIC from CH4 oxidation was not considered and may have
obscured any dissolution signal.

Ikaite as an Indicator of Methane

This study reports the discovery of ikaite near the sediment sur-
face (<40 cm) in an Icelandic fjord. While our data suggest for-
mation driven by AOM, alternative mechanisms should be
considered. Volcanic ash diagenesis can enhance carbonate sat-
uration and promote ikaite precipitation (Vickers et al., 2024), but
this is unlikely here given the absence of nearby volcanic activity
(Thordarson and Höskuldsson, 2008) and the mineralogical
similarities between RF2 and RF2I (Fig. S-2). Ikaite formation
can also occur via seepage of highly alkaline groundwater, as
observed in the Ikka fjord (Buchardt et al., 1997). The proximity
to the Helgustaðir mine, where Icelandic spar was historically
extracted, and faults in the region (Karson et al., 2018), indicate
that such inputs are possible. However, the exceptionally low
δ13Cikaite values strongly suggest mineral formation driven by
intense AOM fuelled by a deep CH4 source; a hypothesis sup-
ported by porewater geochemistry and sub-bottom profiling
indicating the presence of gas below the site.

Accordingly, ikaite provides indirect evidence that CH4

reaches the surface sediment at some locations in the investi-
gated fjord. Although reports of CH4 in coastal Icelandic sedi-
ments are rare, both biogenic and thermogenic sources have
been identified at CH4 seeps in northern Iceland (Þorsteinsdóttir
et al., 2020). The CH4 origin here cannot be resolved from the
δ13Cikaite as multiple DIC sources influenced the porewater
δ13CDIC (Teichert and Luppold, 2013), but the light isotopic sig-
nal may indicate a biogenic source (Whiticar, 1999). This inter-
pretation is further supported by the lack of volcanic activity in
the area and δ13Cikaite values lower than those associated with
thermogenically formed CH4 in hydrothermal fluids in Iceland
(Stefánsson et al., 2024).

The sediment accumulation ratemeasured by 210Pb at RF2
was 0.43 cm yr−1 (SI). Assuming the same accumulation rate at
RF2I, the ikaite would be no more than 93 years old if it were the
same age as the surrounding sediment. It is plausible that the
crystals were considerably younger, since the ikaite likely was
not formed at the sediment-water interface but deeper in the
sediment where carbonate supersaturation was reached (Lu
et al., 2012;Whiticar et al., 2022). There is no evidence of substan-
tial CH4 emissions from the sediment, such as pockmarks,

suggesting that the occurrence of ikaite was very localised.
Yet, the presence of CH4 derived ikaite so close to the sediment
surface substantially expands the environmental range within
which the mineral is known to form, and confirms the usability
of ikaite and glendonite δ13C to track CH4 seeps in cold water
environments.
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Supplementary Information 
 
The Supplementary Information includes:  
 
 Methods 
 Table S-1 
 Figures S-1 to S-3 
 Supplementary Information References 

 
The data described in this publication is available in an accompanying dataset (Hylén et al., 2026). 
 
 
Bottom water conditions and seafloor mapping  

Prior to sediment sampling, a CTD (SBE9plus, Sea-Bird Scientific) equipped with an oxygen (O2) sensor 

(SBE43, Sea-Bird Scientific) was deployed to record the bottom-water conditions. The bottom water had a 

salinity of 34.4, a temperature of 4.2 °C, and the O2 concentration was 287 µmol kg-1. 

 

The hull-mounted Kongsberg EM2040 Dual RX multibeam echosounder onboard RV Belgica was used to 

acquire bathymetric data. The data were processed using QPS Qimera v2.5.3. This involved time–depth 

conversion using sound velocity profiles derived from the CTD measurements gathered during the survey, 

manual noise removal, and gridding the bathymetry at a 5 m resolution. 

 

Sub-bottom data were acquired using a hull-mounted TOPAS PS18 Parametric Sub-Bottom Profiler system 

operating with a Ricker pulse at 6 kHz. The data were processed in RadExPro v2022.4 using deconvolution, 

a Butterworth bandpass filter, and amplitude correction. The processed profile has a vertical resolution of 

about 0.2 m and a maximum penetration depth of about 50 ms two-way travel time. Sub-bottom depths were 

calculated using a constant sound velocity of 1470 m s-1, which is based on temperature and salinity 

measurements of the bottom waters at station RF2. 

 

Sediment-water flux incubations 

Sediment for sediment-water flux incubations was collected with a NIOZ-type box corer (Ø 50 cm).  Three 

replicate cores were collected approximately 5 m apart and the depth of the collected sediment was 

approximately 40 cm. The top ~20 cm of sediment in each box core was subsequently sub-cored with a 

cylindrical incubation chamber (Ø 14.4 cm), which was closed with a gas-tight lid. The cores were then 

incubated for 19 hours. Concentrations of O2 were measured continuously using probes (Firesting), and the 

O2 fluxes were calculated from the best-fitting slope of concentration versus time over the whole incubation 

(R2 > 0.99 on average for the incubations). At five time points, discrete water samples of 12 mL and 6 mL 
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were collected in Exetainers (Labco) for analysis of DIC concentrations and isotopic composition (δ13CDIC), 

respectively. The DIC samples were analysed within 24 hours, while the δ13CDIC samples were preserved with 

20 µL saturated HgCl2 for later analysis (see below). At the first and last time points, water samples of 50 mL 

were filtered (0.45 µm, PES) into centrifuge tubes (Falcon) for analysis of alkalinity (AT) onboard within a 

few days (see below). The concentrations of AT and DIC were corrected for dilution during sampling before 

calculation of the sediment-water fluxes using FLUXER (Hylén and van de Velde, 2025). 

 

Sediment and porewater sampling 

Two replicate sediment cores for geochemical profiling were collected with a GEMAX corer (Ø 9 cm) at RF2, 

or were subcored (Ø 5.9 cm) from the ikaite-site incubation chamber at RF2I. Prior to sediment slicing, the 

cores were used for microsensor profiling (see below). The cores were sliced at a 0.5-2 cm resolution for 

determination of solid phase carbon and porewater DIC and AT. Samples were transferred to centrifuge tubes 

and were centrifuged at 2800 g for 10 minutes, after which the supernatant was filtered (0.45 µm, PES) into 3 

mL Exetainers, which were capped without headspace before storage at 6 °C until analysis within 24 h. The 

remaining solid phase was freeze-dried and ground in an agate mortar for analysis of carbon and mineralogy.  

 

At station RF2, three more GEMAX cores were collected. Two of the cores were subcored (Ø 5.9 cm) and 

were sliced under an N2 atmosphere (Captair Field pyramid, Erlab) at the same resolution as above. The 

sediment was transferred to centrifuge tubes and Rhizons samplers (MOM; Rhizosphere) were inserted into 

the sediment to extract porewater for elemental analysis. The porewater was acidified with 15 µL concentrated 

HNO3 per mL sample. The remaining solid phase was freeze-dried and stored in aluminum bags under N2 

atmosphere for iron (Fe) and sulfur (S) speciation. The third core was sliced at the same resolution above and 

was freeze-dried for the determination of porosity and sediment accumulation rates. 

 

Ikaite crystals found at RF2I were immediately frozen. Before further processing, the crystals were rinsed 

with cold (<2 °C) deionized water. 

 

Microsensor profiling 

At station RF2, two replicate sediment cores collected with a GEMAX corer (Ø 9 cm) were subcored (Ø 5.9 

cm, 20 cm sediment, ca. 5 cm overlaying water). At station RF2I, two replicate subcores (Ø 4.0 cm, 10 cm 

sediment) were collected from the sediment used for flux incubations. The latter cores were submerged in 

bottom water from RF2I in an aquarium. The overlying water of both core types was continuously aerated 

using an aquarium pump. Microsensor profiling of O2 (50 µm tip), hydrogen sulfide (H2S; 100 µm tip) and 
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pH (200 µm tip) was performed using commercially available microsensors, a multimeter amplifier and a 

motorized micromanipulator (Unisense A.S., Denmark). Microsensors were calibrated as described previously 

(Malkin et al., 2014).  

Diffusive O2 fluxes (JO2) were calculated according to Fick's first law from the O2 porewater profiles: 

𝐽𝐽𝑂𝑂2 =  −φD0
𝜃𝜃2

∙ 𝜕𝜕𝐶𝐶𝑂𝑂2
𝜕𝜕𝜕𝜕

           Eq. S-1 

where φ is the porosity, D0 is the molecular diffusion coefficient for O2 in water, θ is the tortuosity and ∂CO2/∂z 

is the linear part of the slope of the O2 concentration profile over depth. The value of D0 was calculated as a 

function of the temperature and salinity using the R package marelac (Soetaert et al., 2020), and θ was 

calculated through the modified Weissberg relation (Boudreau, 1996): 

𝜃𝜃2 = 1 − 2ln (φ)          Eq. S-2 

 

Analysis of porewater and incubation water 

Concentrations of DIC were determined on board the ship by non-dispersive infrared determination of CO2 

gas (LI-6262/LI-850, LI-COR) after acidification with phosphoric acid. Incubation water samples were 

analyzed on an Apollo C5L (Apollo SciTech, USA), and porewater was measured using a custom-built DIC 

analyzer (Nilsson et al., 2019). Repeated measurements of certified reference material (CRM; batch 189 from 

Dickson Laboratory, Scripps Inst. of Oceanography) were conducted to calibrate the instruments and correct 

for potential drift in the systems. Repeated measurements of certified reference material (CRM; batch 189 

from Dickson Laboratory, Scripps Inst. of Oceanography) were conducted to calibrate the instruments and 

correct for potential drift in the systems. The analytical precision was 0.2 % relative standard deviation (RSD) 

for the flux samples and better than 0.6 % RSD for the porewater samples. 

 

The δ13CDIC values of the samples from the flux incubations were measured on a GasBench II coupled to an 

isotope ratio mass spectrometer (IRMS; Thermo Delta Plus XP, Thermo Fisher Scientific), and were corrected 

for isotope fractionation between dissolved and gaseous CO2. Data were calibrated using the CRMs LSVEC 

and NBS19 and in-house standards Merck (δ13C = -9.65 ‰) and Fluka (δ13C = 2.36 ‰). The precision was 

<0.08 ‰ (standard deviation; SD) and results are expressed relative to VPDB.  

 

Samples for AT were analyzed by open-cell potentiometric titration using an automated titrator setup (888 

Titrando, Metrohm) according to Dickson et al. (2007). The titrator was calibrated using the same CRM as 

for the DIC concentration analysis and an internal standard (ultrafiltered seawater, 2404 ± 8 µM AT) was run 

alongside the samples. The analytical precision was 0.3 % RSD. Due to low volumes (~2 mL), porewater AT 

samples were diluted with ultrafiltered seawater to a final volume of 50 mL before analysis. Major and minor 
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elements in the porewater were measured on an inductive coupled plasma – optical emission spectrometer 

(ICP-OES; iCAP PRO X Duo, Thermo Fisher). Beryllium and Yttrium were used as internal standards 

(informative). CRMs CASS-6 and SLEW-4 were spiked and used for quality control. The precision was 

generally <1 % RSD for most elements and < 3 % for P and Li. 

 

Solid phase carbon analysis 

The sedimentary total carbon (TC) concentration and stable isotope carbon composition (δ13CTC) were 

measured on an elemental analyzer (EA; EA 1110, CE Instruments) connected via a Conflo IV interface 

(Thermo Fisher Scientific) to an IRMS (Thermo Delta V Advantage, Thermo Fisher Scientific). Data were 

calibrated using the CRM IAEA-600 and in-house standards leucine (δ13C = -13.73 ‰, carbon content = 

54.72 %) and tuna (δ13C = -17.96 ‰, carbon content = 45.24 %), calibrated against different CRMs. The 

precision was <2 % RSD for the carbon content and <0.08 ‰ SD for δ13C, and the δ13C results are expressed 

relative to VPDB. The particulate organic carbon (POC) concentration and isotopic composition (δ13CPOC) 

were measured as described above after removal of inorganic carbon from the freeze-dried sediment after 

treatment with 0.5 M HCl. The sedimentary content of particulate inorganic carbon (PIC) was calculated by 

subtracting POC from TC. The isotopic compositions of PIC (δ13CPIC) and parts of a freeze-dried ikaite crystal 

(δ13Cikaite) were measured with the same method as the δ13CDIC samples.  

 

Mineralogical determination by powder X-ray diffraction 

Sediment samples were placed on low-background silicon plates, and mineralogy was identified using X-ray 

diffraction with an X’Pert Pro diffractometer (PANalytical) fitted with a cobalt tube (λ = 1.79 Å), operating 

at 40 kV and 40 mA. Samples were analysed from 5º (2θ) to 70º (2θ) with a step size of 0.026º, over a total 

duration of 2 hours and 7 minutes. The samples were spun at 15 rpm to improve statistics. Phase identification 

was performed using the software X’Pert HighScore Plus (PANalytical) together with the PDF-2 (Powder 

Diffraction File 2) database from the ICDD (International Center for Diffraction Data). 

 

Solid phase iron and sulfur speciation 

Particulate reactive Fe was extracted by treatment of freeze-dried sediment with 0.5 M HCl under agitation 

for 1 hour (Laufer et al., 2020). The samples were centrifuged, and the concentrations of Fe(II) and Fe(III) in 

the supernatant were subsequently determined spectrophotometrically with the ferrozine method (Viollier et 

al., 2000).  
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The sedimentary contents of acid reducible sulfides (AVS, e.g. FeS) and chromium reducible sulfides (CRS, 

e.g., FeS2 and S0) were determined through a two-step sequential extraction (Kallmeyer et al., 2004). First, 

the AVS fraction was obtained by adding a 6 M HCl solution to freeze-dried sediment in a reaction flask. Over 

40 minutes, the H2S was stripped from the solution to a 5 % zinc acetate solution trap using N2 as a carrier 

gas. The zinc acetate trap was subsequently replaced before addition of N,N di-methyl formamide (DMF) and 

a reduced chromium solution to the reaction flask for a further 40 minutes of extraction. The S in the traps 

was measured spectrophotometrically with the Cline method (Cline, 1969). 

 

Porosity and sediment accumulation rates 

The porosity of the sediment was determined from the weight loss after freeze drying, corrected for the salt 

content of the porewater. Radiometric analyses were performed by gamma spectrometry. Each sample was 

counted for 1-3 days on high-purity germanium detectors with carbon fiber windows for the detection of low-

energy gamma rays. At a 60Co gamma emission energy of 1.33 MeV, the detector efficiency was 60% with a 

resolution of 2.2 keV. Calibrations for 210Pb and 226Ra, 228Th and 228Ra were performed using an internal 

standard derived from the CANMET (Canadian Centre for Mineral and Energy Technology) reference 

standard DL1a and IAEA (International Atomic Energy Agency) reference standard RGTH1. The calibration 

for 137Cs was performed using the multi-elemental reference standard QCYA48 from Eckert & Ziegler 

Analytics. Quality controls were routinely performed by analyzing the standard reference material IAEA-385.  

To evaluate the sediment accumulation rate (SAR), a numerical model that calculates radionuclide profiles in 

a sediment core affected by diffusion in a surficial layer was applied to the data (Buffoni et al., 2020). The 

vertical profiles of 210Pb excess, 137Cs and 228Th excess were simultaneously fitted to determine the best 

estimate of SAR. 

 

Single-crystal X-ray diffraction 

Frozen ikaite crystals were broken apart at 4 °C and attached to SPINE mounts and stored on ice. Samples 

were cryo-cooled under a N2 cryostream (CryoJet XL, Oxford Instruments) set to 110 K. Manual alignment 

was performed along clearly discernible crystal edges to minimize overlapping lattices. Data collection was 

carried out on a XtaLAB Synergy-R diffractometer with a high-flux rotating anode (Rigaku). Data reduction 

was done in CrystalisPro and data was indexed and integrated into a = 8.760 Å, b = 8.305 Å, c = 11.000 Å, β 

= 110.477, space group C2/c, Rint = 0.099. The space group and unit cell contents were confirmed in ShelXT. 
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Calculation of contributions from different sources to the DIC flux 

The contribution of carbonate dissolution to the DIC flux was calculated using the Keeling plot method 

(Keeling, 1958; Pataki et al., 2003). The isotopic composition of the DIC being released from the sediment 

(δ13CSed) can be obtained by calculating the intercept of a regression of 1/DIC versus its δ13C values (δ13CDIC). 

We assume that DIC released from the sediment stems from either degradation of organic matter or dissolution 

of carbonates, so that: 

1 =  𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃 + 𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃          Eq. S-3 

where fPOC and fPIC are the fractions of DIC produced through organic matter degradation and carbonate 

dissolution, respectively. Conservation of mass gives that: 

𝛿𝛿13𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝛿𝛿13𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 +  𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝛿𝛿13𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃        Eq. S-4 

where δ13CPOC and δ13CPIC are the average carbon isotope ratios of the solid phase organic and inorganic 

carbon, respectively, in the top 5 cm of sediment. The contribution from carbonate dissolution to the total DIC 

flux (fPIC) can thereby be calculated by combining Eq. S-3 and Eq. S-4: 

𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃 = 𝛿𝛿13𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆−𝛿𝛿13𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃
𝛿𝛿13𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃−𝛿𝛿13𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃

          Eq. S-5 

Data used for the calculations and the resulting fPIC values are presented in Table S-1. 

 
 
 
 
Supplementary Tables 
 
Table S-1 Data used for calculating the contribution from carbonate dissolution to the sedimentary DIC flux (fPIC) and 
the resulting fPIC for each incubation chamber. The numbers for δ13CPOC and δ13CPIC are average values for the top 5 
cm of sediment at stations RF2 (chambers 1 and 3) and RF2I (chamber 2), and the uncertainty is the standard deviation 
of the measurements. The uncertainty for δ13CSed is the standard error of the intercept on the Keeling plot. 
 

Incubation chamber (station) δ13CSed (‰) δ13CPOC (‰) δ13CPIC (‰) fPIC 

1 (RF2) -7.85 ± 2.32 -22.35 ± 0.08 -0.50 ± 0.26 0.66 

3 (RF2) -14.55 ± 2.91 -22.35 ± 0.08 -0.50 ± 0.26 0.36 

2 (RF2I) -22.72 ± 0.72  -22.22 ± 0.08 -0.71 ± 0.26 -0.02 
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Supplementary Figures 

 
 
Figure S-1 Sediment after the end of the incubation. A and B show cores from RF2, C shows the core from RF2I. 
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Figure S-2 XRD spectra from 0-0.5, 6-8, and 16-18 cm sediment depths at stations RF2 (grey) and RF2I (orange). The 
major phases identified were consistent across all samples and included andesine, diopside, chabazite, quartz, calcite, 
and halite (precipitated during sample drying). Note that the samples were handled and stored under oxic conditions, 
meaning oxygen-sensitive minerals may have been reoxidised.   
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Figure S-3 Porewater profiles (top) and solid phase composition (bottom) at station RF2. Ca, Mg, S, P and Fe were 
measured by ICP-OES and are assumed to represent Ca2+, Mg2+, SO4

2-, PO4
3- and Fe2+. Fe(III) = oxidized iron, Fe(II) = 

reduced iron, AVS = acid volatile sulphides, CRS = chromium reducible sulphides. 
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