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A B S T R A C T

Methane-rich emissions to the seafloor along the Arctic mid-oceanic ridge hold strong astrobiological signifi
cance, as they may represent analogues of putative hydrothermal vent environments on Enceladus. Although 
such environments on Enceladus would be ideal to sample in future astrobiological missions, this may not be 
possible due to technological and logistical limitations. As such, searching for biosignatures in the more readily 
sampled cryovolcanic plumes or Enceladus’ icy shell is preferable. In this regard, the Arctic Ocean, where the 
geologically active seafloor is covered by thousands of metres of salty water and sealed by an ice cap, is a unique 
terrestrial analogue of Enceladus. In the present study, we have sought to determine whether any geochemical 
biosignatures associated with methane cycling (e.g., elevated methane concentrations, carbon isotopic frac
tionation) can be detected in Arctic ice and seawater samples using mass spectrometric techniques similar to 
those likely to be included in the payloads of planned missions to Enceladus. Our results have shown that, 
although no unequivocal evidence of methane could be detected in our Arctic samples, the carbon isotopic 
composition of carbon dioxide gas and the oxygen isotopic composition of water vapour emitted from the Arctic 
samples could indeed be measured. Furthermore, an excess of molecular hydrogen with abundances comparable 
to the composition of Enceladus’ southern pole plume was possibly observed in one of the Arctic ice samples. 
These results have implications for detectable indirect geochemical evidence of putative ecosystems of hydro
genotrophic methanogenic life on the seafloor of Enceladus and justify future efforts at method development and 
refinement using apparatus similar to that likely to be included in the payloads of future missions.

1. Introduction

Over the past five decades, the idea that Earth is unique in the Solar 
System as the only body on which liquid water exists has been over
turned by the discovery of several so-called ‘ocean worlds’ which host 
vast quantities of liquid water in their sub-surfaces. One such ocean 
world is the Saturnian moon Enceladus, where compelling evidence for 
the presence of liquid water was found by the Cassini-Huygens probe and 
subsequent investigations (Postberg et al. 2009, 2011; Iess et al. 2014). 
Specifically, sampling of the cryovolcanic plume ejected from 

Enceladus’ southern pole by the Ion and Neutral Mass Spectrometer 
(INMS; Waite et al., 2004) and the Cosmic Dust Analyser (CDA; Srama 
et al., 2004) aboard Cassini-Huygens revealed the presence of water ice, 
methane and other carbon-bearing molecules, molecular hydrogen, and 
molecular nitrogen (Porco et al. 2006; Waite et al. 2006; McKay et al. 
2012; Postberg et al. 2018; Khawaja et al. 2019). Sodium and potassium 
salts (Postberg et al. 2009) and, more recently, phosphate salts (Postberg 
et al. 2023) have also been detected in the ice grains by the CDA, sug
gesting that Enceladus’ plumes are frozen seawater originating from a 
sub-surface ocean.
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Moreover, Enceladus is the only Saturnian moon with proven 
endogenic activity (Hsu et al. 2015; Waite et al. 2017; Mitri et al. 2021), 
and is characterised by an ice cover whose thickness varies from 35 to 
40 km down to just a few kilometres at the south pole (Hemingway et al. 
2018), an internal ocean (Postberg et al. 2009, 2011) with hydrothermal 
vents acting as sources of energy and nutrients at its depths (Bouquet 
et al. 2015; Hsu et al. 2015), and possibly the formation of clathrates 
(Bouquet et al. 2015). As such, Enceladus in principle contains all the 
key ingredients to sustain chemoautotrophic pathways for the emer
gence of life (Mitri et al. 2018, 2021; Carrizo et al. 2022) and is a fav
oured target for future astrobiological exploration (Taubner et al. 2018; 
Cable et al. 2021; Carrizo et al. 2022). Indeed, several fly-by missions of 
Enceladus have been proposed with the aim of using mass spectrometers 
to indirectly identify biosignatures within the sub-surface ocean by 
sampling the gases and ice grains within the plume (e.g., Reh et al. 2016; 
Klenner et al. 2024).

In this present communication, we focus on the technical feasibility 
of detecting and characterising evidence of methane cycling on Ence
ladus as an indicator for the present and past habitability of this ocean 
world (McKay et al. 2012; Carrizo et al. 2022). On Earth, methane 
generation is the result of both biological and abiotic processes, but 
often (if not always) carries implications for microbial communities. For 
instance, biogenic methane formation is mediated by consortia of 
methanogenic archaea or by the thermogenic breakdown of buried 
organic matter. On the other hand, the abiotic formation of methane 
results from Fischer-Tropsch-type reactions fuelled by molecular 
hydrogen generated through serpentinization processes (Oze and 
Sharma, 2005; Oehler and Etiope, 2017). Serpentinization-derived 
hydrogen can sustain hydrogenotrophic methanogenic ecosystems in 
hydrothermal vents at the seafloor (e.g., Mayhew et al., 2013). 
Furthermore, gas vented at the seafloor may sustain communities of 
chemoautotrophs and the bio-induced or bio-controlled precipitation of 
authigenic materials such as calcite and aragonite (Riding and Virgone, 
2020).

If conditions on Enceladus were ever favourable for life to exist, then 
it is possible to argue that fossil (or extant) evidence for it could be found 
in geological materials associated with vents, seeps, and gas hydrates 
(Carrizo et al. 2022). Since these vents and seeps are at the bottom of a 
ca. 20–30 km-deep ocean (Hemingway et al. 2018; Park et al. 2024) 
covered by up to ca. 35–40 km of ice, it is plausible that molecular 
signatures of life can be trapped in the icy outer shell as a result of 
convective motion that would transfer molecules emitted by seafloor 
venting to the ice-ocean interface before becoming entrained within 
plumes due to ice convective motion (Bouquet et al. 2015). The char
acterisation of the isotopic composition of methane seeping at the sea
floor will also prove crucial in discriminating abiotic sources of 
hydrocarbons on Enceladus from potentially biological ones. Although 
such a characterisation could, in principle, be achieved by measuring 
stable isotopes associated with the depletion of 13C by biological activ
ity, it is to be noted that stable isotope compositional analysis alone 
cannot unambiguously indicate the source of methane (McCollom and 
Seewald, 2006; Milkov and Etiope, 2018), particularly if the isotopic 
composition of the CO2 undergoing reduction is not known. Instead, it 
may be preferable to combine standard isotopic analysis with the 
quantification of the ratio of methane to other more complex hydro
carbons (Milkov and Etiope, 2018), or with clumped isotopic analysis of 
13CH3D molecules (Wang et al. 2015; Douglas et al. 2017).

Enceladus is a high priority target for both ESA and NASA, as 
demonstrated by the proposed ESA L4 mission and the NASA Planetary 
Science and Astrobiology Decadal Survey 2023–2032. This unparalleled 
interest has urgently spurred the development of methodologies by 
which the unambiguous detection of potential biosignatures can be 
confirmed. Recent work has shown that direct evidence for microbial life 
could be found by proposed fly-by missions, such as the Enceladus Life 
Finder (Reh et al. 2016), at altitudes >1 km by analysing ice grains 
within plume material using mass spectrometry (Dannenmann et al. 

2023; Klenner et al. 2024). Nonetheless, novel methodologies should be 
developed that also focus on searching for indirect geochemical evi
dence within Enceladus’ icy shell that is indicative of hydrothermal 
activity and methane cycling within the sub-surface ocean. These novel 
methodologies should be tested to assess whether the sought-after 
geochemical evidence is likely to be detectable by methods compara
ble to those in the payloads of future missions (Mitri et al. 2018, 2021; 
MacKenzie et al. 2021).

One way of assessing the practicability of detecting geochemical 
evidence of life on Enceladus is to study a terrestrial analogue of this icy 
moon where a geologically active seafloor is covered by thousands of 
metres of salty water and sealed by an ice sheet. One such analogue is 
the Arctic Ocean, where vents and seeps are found along active margins 
in an ocean covered by ice for most of the year (Panieri et al. 2017, 
2022). In this present communication, we have analysed the natural ice 
and seawater from the Arctic Ocean off the coastline of Svalbard (Fig. 1) 
with mass spectrometric and isotope geochemical techniques with the 
aim of identifying direct and indirect evidence of methane seepage 
(possibly from gas hydrate dissociation) and, also, to qualitatively assess 
the biogenicity of the gas. This work therefore aims to address, with an 
astrobiological perspective, the following questions: (i) is it possible to 
detect evidence of methane venting and seepage in the ice capping the 
ocean, and (ii) is it possible to demonstrate clear isotopic fractionations 
using spectrometric methods comparable with those likely to be 
included in the payloads of future missions?

2. Study area, materials, and methods

2.1. Study area

The West Svalbard continental slope represents one of the north
ernmost gas hydrate provinces in the world, and is situated on hot 
(>115 mW m− 2) and relatively young oceanic crust (Engen et al. 2008). 
The site investigated during the oceanic expedition lies at the south
ernmost extent of the Vestnesa Ridge, on the Svalbard continental slope 
(Fig. 1). The Vestnesa Ridge is a 100 km-long submarine sediment drift 
that extends from the continental slope and elongates in a SE-NW 
(eastern segment) to E-W (western segment) bending direction, where 

Fig. 1. Map of the study area, with sampling sites highlighted (IC = ice sam
ples; CTD = water samples collected using a conductivity, temperature, and 
depth probe; GC = gas hydrate sample collected using a gravity corer).
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the crest of the ridge lies at 1200–1300 m water depth (Bünz et al. 2012; 
Plaza-Faverola et al. 2015). Gas hydrates are very common in the area as 
revealed by several seismic studies (Eiken and Hinz, 1993; Posewang 
and Mienert, 1999; Vanneste et al. 2005) and direct sampling (Panieri 
et al. 2017), with fluid leakage structures including those along faults 
having first been detected in 2001 (Vanneste et al. 2005). Faults control 
the ascent of fluids and the distribution of seeps on the Vestnesa Ridge 
(Vanneste et al. 2005; Plaza-Faverola et al. 2015) and chronology ob
tained from uranium-thorium dating of seep carbonates suggests glacial 
tectonics induced by ice sheet fluctuations on Svalbard mainly 
controlled the release of methane from the Vestnesa Ridge (Himmler 
et al. 2019). Being situated within a few kilometres of the mid-oceanic 
ridge, the Vestnesa Ridge gas hydrate and vents system likely interacts 
with warm fluids whose circulation is driven by hydrothermal activity, 
making this gas hydrate system unique on Earth (Bünz et al. 2012).

2.2. Sampling

Samples were collected during the AKMA2-OceanSenses Research 
Expedition (11–23 May 2022) to the Barents Sea and Arctic Ocean, 
aboard the research vessel Kronprins Haakon (Panieri et al. 2022). Ice 
and surface water were sampled from the ice pack at coordinates 79◦

56.92′ N - 8◦ 05.96′ E (Fig. 1). Four cores were drilled into the pack at the 
corners of a 20 × 20 m square using a corer and a hand-drill and 
collected for analysis. The maximum ice thickness was found to be 1.38 
m. Water was also collected from the drill holes for compositional 
analysis and comparison with the ice cores. On board, the ice cores were 
sliced and stored in vacuum bags at − 20 ◦C. Ice samples 2.2 and 3.1B 
were collected near the ice-water interface at depths of 1.12–1.25 m and 
1.21–1.27 m, respectively (Table 1). Ice sample 3.9B represents the top 

of the ice pack, at an average depth of 5 cm from the snow-ice interface. 
Samples of deep water (CTD 01 and CTD 04) were collected along the 
Vestnesa Ridge (78◦ 41′ N - 7◦ 00’ E) at a depth of 1392 m using a 
conductivity, temperature, and depth (CTD) probe. Shallow (<1 m from 
the sediment-water interface) gas hydrates were sampled in the same 
area using a gravity corer; the gas hydrates from the core catcher were 
placed in a sampling bottle, and the bottle was submerged upside-down 
into a bucket with seawater. The strong degassing drove the water 
outside the bottle that was then closed trapping only gas inside. The gas 
bottle was then transferred to the laboratory and gas was sampled with a 
syringe and transferred into vials for transport (GS 1B).

2.3. Geochemical analysis

The hydrogen and oxygen stable isotopic compositions of the melted 
ice samples were determined at the HUN-REN Institute for Nuclear 
Research in Debrecen, Hungary using off-axis integrated-cavity output 
spectroscopy (OA-ICOS; LGR LWIA-24i, ABB-Los Gatos Research) in line 
with the IAEA Laboratory Information Management System Protocol 
(Coplen, 2004). Samples and laboratory standards were pipetted into 
1.5 mL vials from which a 1 μL volume of water was injected into the 
vaporiser of the laser analyser, where it underwent evaporation at 80 ◦C 
under a low vacuum of about 1 mbar. A high-finesse optical cavity with 
two high-reflectivity (99.99%) mirrors acts as the spectroscopic ab
sorption cell, which has an effective path length of 2500 m allowing for 
significant enhancement of light absorption as it traverses the optical 
cavity. Measured absorption spectra could then be used to determine the 
stable isotopic composition of the melted ice sample.

Although nine injections from each vial were used to generate 
spectra, only the latter five measurements were used to determine the 
final isotopic composition of the samples so as to minimise any memory 
effects. Additionally, all samples were measured in triplicate. The iso
topic compositions of the laboratory standards used during this analysis 
are provided in the supplementary information document. Measured 
isotopic compositions were expressed in the usual δ2H and δ18O notation 
relative to Vienna Standard Mean Ocean Water (V-SMOW; Coplen, 
1994), and the uncertainty (1-σ) based on control samples over a 
two-year period is better than 0.6‰ and 0.08‰ for δ2H and δ18O, 
respectively. In addition to the hydrogen and oxygen stable isotopic 
composition analysis, pH measurements of the melted ice and seawater 
samples were also performed using an Orion Star A216 pH meter with a 
glass electrode.

2.4. Mass spectrometric analysis

The relative composition of gases emitted during the melting of the 
Arctic ice samples was ascertained via 70 eV electron impact quadrupole 
mass spectrometry (QMS; HIDEN, HAL IV, Model 201) across a mass 
range of 1–50 amu in experiments that were also performed at the HUN- 
REN Institute for Nuclear Research. Ice samples were placed in a 
transparent plastic container which was then rapidly evacuated to 
pressure levels of ca. 10− 2 mbar by means of an attached scroll pump 
and subsequently sealed (Fig. 2). Over time, the ice proceeded to melt 
and previously trapped gases and vapours accumulated in the upper 
portion of the plastic container. Once the ice samples had fully melted, 
gases were directed via a needle valve into an ultrahigh-vacuum 
chamber fitted with the QMS (Rácz et al. 2024), causing a near two 
order-of-magnitude increase in the pressure of the chamber from back
ground levels of (6–9) × 10− 9 mbar to (1–2) × 10− 7 mbar. In the case of 
the Arctic seawater and gas samples, the entire sampling bottle was 
placed into the plastic container which was then evacuated and sealed. 
The lid of the sampling bottle was then broken by means of a 
vacuum-tight ‘punch’ (Fig. 2), thus mimicking the scenario in which 
sub-surface ocean water ‘punches’ through the icy shell of Enceladus 
and escapes as a plume during cryovolcanism. Gases and vapours were 
subsequently introduced into the ultrahigh-vacuum chamber for QMS 

Table 1 
Summary of the samples collected and analysed.

Sample Description Coordinates Station ID

Longitude Latitude

CORE1 Seawater sample from the 
hole of core 1 
Depth: surface water 
Fig. 1 Label: IC-01

08◦

11.045′
79◦

56.929′
CAGE22-2-KH- 
03-IC-01

ICE 2.2 Ice sample from the 
bottom of core 2 
Depth: 1.15-1.25 m below 
surface level 
Fig. 1 Label: IC-02

08◦

11.045′
79◦

56.929
CAGE22-2-KH- 
03-IC-02

ICE 
3.1B

Ice sample from the 
bottom of core 3 
Depth: 1.21-1.27 m below 
surface level 
Fig. 1 Label: IC-03

08◦

11.045′
79◦

56.929′
CAGE22-2-KH- 
03-IC-03

ICE 
3.9B

Ice sample from the 
surface of core 3 
Depth: 5 cm from the 
snow-ice interface 
Fig. 1 Label: IC-03

08◦

11.045′
79◦

56.929′
CAGE22-2-KH- 
03-IC-03

GS 1B Gas collected from 
dissociation of clathrate 
Depth: 1249 m below sea 
level 
Fig. 1 Label: GC-01

07◦

00.826′
78◦

42.061′
CAGE22-2-KH- 
03-GC-01

CTD 01 Seawater sample 
collected 10 m above 
seafloor 
Depth: 1392 m below sea 
level 
Fig. 1 Label: CTD77

07◦

00.855′
78◦

42.085′
CAGE22-2-KH- 
03-CTD-77

CTD 04 Seawater sample 
collected 10 m above 
seafloor 
Depth: 1392 m below sea 
level 
Fig. 1 Label: CTD77

07◦

00.855′
78◦

42.085′
CAGE22-2-KH- 
03-CTD-77
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analysis in the same way as for the ice samples.
QMS analysis was performed by measuring integer masses sequen

tially using an ion counting secondary electron multiplier (SEM), which 
counts the number of ions striking it per second, with the full mass range 
being scanned in <2 s. Of course, scanning could be performed at higher 
mass resolutions; however, this would drastically increase the scan time 
of the full mass range which is not ideal from the perspective of future 
missions to Enceladus, which may only have very limited times to 
sample the near-surface environment during fly-bys. Fast scan times (on 
the order of seconds) are desirable so as to obtain spatial information on 
the materials ejected by plumes during fly-bys which, for spacecraft 
entering at high speed, would typically last several minutes in the upper 
atmospheres of outer Solar System moons (Reh et al., 2016; Mousis 
et al., 2022). Naturally, this sets some limitations on the resolution of the 
scan and the selected mass range and so investigations should instead 
focus on the mass range most likely to provide useful information on the 
presence or absence of potential biosignatures. QMS measurements were 
also repeated using a Faraday cup detection method, which requires a 
significantly longer scan time compared to SEM detection. The results 
obtained were essentially identical to those obtained using SEM detec
tion but with somewhat lower statistics, and so they have been excluded 
from the present analysis. The description of the treatment of the QMS 
data is lengthy and elaborate, and thus the interested reader is directed 
to the supplementary information document for more details.

3. Results

3.1. Geochemical analysis

Measured pH values for the ice and water samples are given in 
Table 2. Note that all samples, with the exception of CTD 04, had pH 
values lower than that of standard seawater (8.1–8.3; Marion et al. 
2011), indicating their relative acidity, and samples roughly increased 
in acidity with decreasing depth. A number of geochemical processes 
could contribute to this increased acidity at shallower depths, such as 
ocean acidification as a result of increased carbon dioxide emissions 
from anthropogenic activity (Orr et al. 2005), or salt expulsion and 
mineral precipitation as the brine within the ice becomes more 
concentrated (Veselý et al., 2024). Indeed, the measured conductivity of 
the melted ice sample ICE 2.2 is lower than that of standard seawater, 
thus indicating that it underwent salt expulsion during its formation 
(Table 3). However, it is to be noted that the results are at least 
consistent with the idea of methane being released at the seafloor and 
being oxidised via biological or abiotic processes to carbon dioxide 
during its ascent (James et al. 2016 and references therein).

The measured isotopic compositions of the ice and seawater samples 
revealed that the surface water sample CORE1 exhibited δ2H and δ18O 
values comparable to the standard, within 1-σ (Table 3). The ice sample 
ICE 2.2 exhibited significant enrichments of 2H and moderate-to-large 
enrichments of 18O, with δ2H and δ18O values of 17.43‰ and 1.959‰, 
respectively; while the deep ocean water CTD 01 exhibited noticeably 
negative δ2H and δ18O values. These results are likely indicative of the 

Fig. 2. Schematic representation of the method and apparatus used to measure the mass spectra of gases emitted by melted ice samples (top-right) and seawater and 
gas samples (bottom-right) using an ultrahigh-vacuum chamber fitted with a QMS (left). Vacuum levels in that chamber were measured using an ionisation vacuum 
gauge (IVG).

Table 2 
Measured pH values for the acquired Arctic ice and water samples.

Sample Depth (m) Measured pH

CORE1 Surface water 7.93
ICE 2.2 1.15 7.25
ICE 3.1B 1.21 8.03
ICE 3.9B 0.05 6.70
CTD 04 1392 8.25
Ultra-Pure Water (control) – 5.35

Table 3 
Isotopic composition of Arctic water and ice samples. Note that δ2H and δ18O 
values are expressed in ‰ relative to V-SMOW.

Sample Depth 
(m)

δ2H ± 1-σ 
(‰)

δ18O ± 1-σ 
(‰)

Conductivity (mS 
cm− 1)

CORE1 Surface 1.76 ± 0.12 0.083 ± 0.081 37.3
ICE 2.2 1.15 17.43 ± 0.13 1.959 ± 0.055 4.0
CTD 01 1392 − 9.05 ±

0.02
− 1.324 ±
0.041

45.6

Standard - 0.91 ± 0.75 − 0.065 ±
0.098

12.5
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isotopic fractionation effect that occurs during the freezing of water in 
which heavy isotopes are preferentially incorporated into the ice phase 
(Souchez and Tison, 1987; Lehmann and Siegenthaler, 1991; Toyota 
et al. 2013). However, if this abiotic source of fractionation were the 
only control on the isotopic composition of the seawater samples, then 
we would expect an isotopic gradient to be established at the 
ice-seawater interface which would result in the surface water samples 
being enriched in lighter isotopes compared to deep ocean water sam
ples, which is not the case here (Table 3). As such, other factors (possibly 
including metabolic processes) must be contributing to the observed δ2H 
and δ18O values.

3.2. Mass spectrometric analysis

The abundances of several gas species of interest (CH4, C2H6, H2, N2, 
O2, CO2, Ar, and Ne) trapped or dissolved within the Arctic water and ice 
samples was assessed by QMS (Fig. 3, Table 4). We note that the H2O 
content measured in the mass spectra does not yield any useful infor
mation, as this is controlled simply by the volume ratio of the melted ice 
sample and its container. The composition of the gases emitted from the 
ice sample ICE 2.2, which was collected from the ice-seawater interface, 
is the most similar to that of air, with the notable exception of a rela
tively high molecular hydrogen abundance, for which the associated 
uncertainty of measurement is small. Further confirmatory evidence of 
the identification of molecular hydrogen in this sample came in the form 
of control experiments in which the emitted gas composition of a sample 
of frozen and rethawed ultra-pure water exhibited only trace quantities 
of molecular hydrogen.

Although molecular hydrogen may have been sourced from the 
melted ice itself (Herr et al. 1981; Herr, 1984), it is also possible that it 
was generated within the experimental apparatus as a result of the 
dissociation of water molecules in contact with metallic surfaces (Raza 
et al. 2022). Indeed, the reduced abundance of carbon dioxide in this 
sample compared to others is in line with this latter scenario since the 
hydrides formed as a result of reactions between the metallic surfaces 
and water may absorb a large amount of carbon dioxide. Furthermore, 

the lack of such elevated molecular hydrogen concentrations emitted 
from the other samples means that the generic presence of elevated 
molecular hydrogen concentrations in Arctic ice samples cannot be 
confirmed. As such, this detection in ice sample ICE 2.2 must be 
considered tentative at best. Furthermore, small quantities of methane 
and ethane were detected in the ice sample ICE 2.2; however, the 
amount of methane was found to be less than the uncertainty measured 
in control experiments and thus is not significant. Similarly, the ethane 
detected in this ice sample is most likely sourced from outgassing of the 
plastic vessel used in the experiment (see supplementary information 
document for more details), and so its presence is also insignificant.

The carbon dioxide content of the deep seawater sample CDT 04 was 
measured at approximately 6.8%. However, a similar concentration 
(approximately 6.9%) was measured for the control sample of ultra-pure 
water that was frozen and then allowed to thaw (Table 4). Yet higher 
concentrations of carbon dioxide were detected in ice samples ICE 3.1B 
and ICE 3.9B, which is consistent with their relatively low pH values 
(Table 2). These ice samples were acquired from the ice-seawater 
interface and at the air-ice interface, respectively; this observation is 
consistent with either: (i) these ice samples containing atmospheric 
carbon dioxide dissolved in the ocean water from which they were 
formed; or (ii) the oxidation of methane released at the seafloor to 
carbon dioxide during its ascent, which is then trapped in the surface ice.

To discriminate between these two possible sources, the isotopic 
composition of carbon dioxide expressed as δ13C values relative to the 
Vienna Pee Dee Belemnite (V-PDB) was studied using the signal in
tensities at the 44 and 45 amu mass channels in the acquired mass 
spectra. The former is attributed to 12C16O2, while the latter is attributed 
to 13C16O2 (with a negligible contribution from 12C16O17O). For sample 
ICE 3.1B, the 13CO2/12CO2 ratio was found to be 0.013206 ± 0.001, 
which equates to a δ13C value of 1.2 ± 1.4‰. All Arctic samples 
exhibited δ13C values that fell into the range of − 2.4-2.3‰ (Table 4). 
The source of these isotopic signatures is not well understood, but it is 
possible that contributions from various biological processes including 
methanogenesis (Valentine et al. 2004; Penning et al. 2005; Okumura 
et al. 2016; Shima et al. 2020) and photosynthesis (Farquhar et al. 1989; 
Descolas-Gros and Fontungne, 1990; Henderson et al. 2024), as well as 
various abiotic processes (Kroopnick, 1985; Tagliabue and Bopp, 2008, 
de la Vega et al., 2019), are at play. The quantification of isotope frac
tionation effects in other elements (e.g., 18O in H2O) has also been 
attempted (Table 4), and our QMS results are in reasonably good 
agreement with the more accurate data produced through OA-ICOS, 
albeit with significantly larger uncertainties.

Notably, methane and molecular hydrogen were not detectable in ice 
samples ICE 3.1B and ICE 3.9B; indeed, the small negative values pre
sent in Table 4 may result from background subtraction and indicate 
that the real uncertainties associated with these measurements may be 
slightly more significant than those estimated by our analysis. However, 
the non-detection of reduced molecules in these ice samples is com
plemented by their apparent enrichment (compared to atmospheric 
quantities) in molecular oxygen. Lastly, high methane concentrations of 
about 40% were measured in the gas sample GS 1B, as expected. A small 
amount (ca. 0.3%) of ethane was also detected in this sample. Although 
ethane emission from the plastic container used in this experiment is 
anticipated to be non-negligible (see supplementary information docu
ment), the amount of ethane measured in this gas sample is expected to 
be unaffected by this, since the relatively higher quantities of gas present 
in this sample compared to gases extracted from the melted ice and 
seawater samples should dominate over any impurities emitted by the 
plastic container.

4. Discussion

Methane detected on Enceladus could be produced via the hydro
thermal alteration of olivine-rich rocks (i.e., serpentinization; McKay 
et al. 2012), the thermal alteration of refractory organics (Parnell et al. 

Fig. 3. Mass spectra of ice samples ICE 2.2 (1.15 m depth), ICE 3.1B (1.21 m 
depth), ICE 3.9B (0.05 m depth), of gas from clathrates GS 1B (collected at the 
seafloor at a depth of 1249 m below sea level), and of deep water CTD 04 
(collected at the seafloor at a depth of 1392 m below sea level). The values 
shown here (black triangles) are averaged over several tens to hundreds of 
scans. The spectra depicted here are the result of subtracting the mass spectra of 
any background gases (empty circles). The baseline fitted to ‘uninvolved 
channels’ (solid curve) was subtracted for the composition analysis. See the 
supplementary information document for more details on how mass spectro
metric data was analysed.
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2005; Oehler and Etiope, 2017), or possibly by microbial metabolism; 
particularly methanogenesis led by hydrogenotrophic methanogenic 
archaea-like organisms (McKay et al. 2012; Mitri et al. 2018; Taubner 
et al. 2018; Kotlarz et al. 2020; Affholder et al. 2022). Once produced by 
any of the above-listed biological or abiotic pathways, methane could 
then conceivably undergo anaerobic oxidation by methanotrophic or 
sulphate-reducing microbial metabolisms (Boetius et al. 2000; Teichert 
et al. 2005). The by-products of this hypothesised microbial activity on 
Enceladus would be authigenic carbonates and sulphides that precipi
tate within shallow sediments or at the sediment-water interface. Such 
methane-derived carbonate deposits may show microbially-mediated 
mineral phases and cements having strongly negative δ13C values 
arising from the anaerobic oxidation of methane (Boetius et al. 2000; 
Aloisi et al. 2002; Knittel and Boetius, 2009). Therefore, if chemosyn
thetic life based on methane cycling ever existed on Enceladus, the most 
direct evidence for it should be found in its vent and seep systems and 
the carbonates associated with the dissociation of gas hydrates (Carrizo 
et al. 2022). This poses a serious technical problem for assessing the past 
and present habitability of Enceladus, since such evidence would exist at 
the seafloor below a typical ice covering of ca. 35–40 km in thickness. 
Therefore, another strategy for future astrobiology missions to Encela
dus might be to directly sample the emergent plume or the surface ice 
shell.

Molecular hydrogen may also be regarded as indirect geochemical 
evidence of biologically mediated methane cycling occurring beneath 
Enceladus’ icy shell, and is in fact consistent with the high abundance of 
molecular hydrogen already measured in its southern pole plume (Waite 
et al. 2017; Ray et al. 2021): molecular hydrogen could be produced by 
the hydrolysis of olivine and become the substrate for chemo
lithoautotrophic consortia living in vent and seep environments (Waite 
et al. 2017; Taubner et al. 2018; Ray et al. 2021; Affholder et al. 2022). 
Our experiments have tentatively demonstrated that the concentration 
of molecular hydrogen in one ice sample (ICE 2.2) acquired from the 
Arctic Ocean (a suitable terrestrial analogue for Enceladus) is ca. 3.6%, 
which is about 175 times higher than its concentration in laboratory air 
control samples that were analysed (0.02%), and is ca. 2.5–10 times 
higher than molecular hydrogen concentrations observed in the 

southern pole plume of Enceladus (0.4–1.4% volume mixing ratio; Waite 
et al. 2017). This high concentration of molecular hydrogen in this 
Arctic Ocean ice sample could possibly be sourced from hydrothermal 
activity linked to serpentinization along the Arctic mid-oceanic ridge 
(Waite et al. 2017; Kotlarz et al. 2020). Although only one of our Arctic 
Ocean ice samples exhibited this enrichment in molecular hydrogen, this 
preliminary result nevertheless suggests that hydrothermal activity 
within the global ocean of Enceladus might be inferred from excesses of 
molecular hydrogen within its ice shell.

Offshore western Svalbard is a unique environment for performing 
experiments and collecting samples that are relevant to Enceladus: in 
this environment, there are several sources of microbial and thermo
genic methane, including gas hydrate settings such as the Vestnesa 
Ridge considered here (Panieri et al. 2017, Pape et al., 2020) as well as 
hydrothermally active regions such as the Jøtul vent field from which 
previous headspace gas analyses has provided evidence for thermogenic 
methane generated at higher temperatures (Bohrmann et al. 2024). 
However, as shown by the present study, the identification of even in
direct evidence of methane seepage and biological activity in Arctic 
Ocean ice analogues may be very challenging using QMS methods 
similar to those likely to be included in the payloads of future missions. 
Indeed, we were not able to detect any methane in our Arctic Ocean ice 
analogues despite their unequivocal association with hydrocarbons (i.e., 
natural gas), and thus were unable to measure any isotopic fraction
ations in reduced carbon that would indicate a biological or abiotic 
origin. The reason for this non-detection of methane is not well under
stood, but it might be related to the Earth’s oceans having a strong 
oxidative potential that rapidly induces the dissociation of methane 
(Reeburgh, 2007; Morris et al. 2022). This might be one of the intrinsic 
limitations of running these experiments using ice analogues from Earth; 
however, the Cassini-Huygens mission indicated through its detection of 
methane in cryovolcanic plumes (Waite et al. 2006) that such a scenario 
does not exist on Enceladus, and so it is possible, at least in principle, 
that mass spectrometric equipment aboard future missions could mea
sure methane abundances and isotopic compositions directly on the 
Enceladus ice shell. To support these ambitions, we have been able to 
use QMS methods to determine the carbon isotopic composition of 

Table 4 
Abundances and isotopic compositions of trapped or dissolved gases in Arctic ice and seawater samples as measured through QMS analysis.

Sample: ICE 2.2
Gas CH4 C2H6 H2 N2 O2 CO2 Ar Ne δ13CO2 (‰) δH2

18O (‰) δH2
17O (‰)

% Content 0.0678 0.0664 3.5995 72.8516 21.6946 0.7395 1.0642 − 0.0837 2.3 1.7 − 1.1
Syst. Error (0.0071) (0.0032) (0.0363) (0.0991) (0.0108) (0.0021) (0.0021) (0.1109) (2.1) (1.2) (0.6)
Stat. Error (0.0267) (0.0478) (0.0096) (0.6756) (0.6756) (0.6756) (0.6756) (0.6756) (21.1) (7.5) (1.9)
Sample: ICE 3.1B
Gas CH4 C2H6 H2 N2 O2 CO2 Ar Ne δ13CO2 (‰) δH2

18O (‰) δH2
17O (‰)

% Content 0.0501 0.4527 0.0291 39.5741 26.1840 32.5119 1.0721 0.1260 1.2 1.9 0.5
Syst. Error (0.1065) (0.0496) (0.0187) (0.0544) (0.0130) (0.0335) (0.0022) (0.4222) (0.02) (0.2) (0.1)
Stat. Error (0.0894) (0.242) (0.0336) (0.0924) (0.1095) (0.1483) (0.0890) (3.3375) (1.4) (2.8) (0.3)
Sample: ICE 3.9B
Gas CH4 C2H6 H2 N2 O2 CO2 Ar Ne δ13CO2 (‰) δH2

18O (‰) δH2
17O (‰)

% Content − 0.3093 0.1138 − 0.3498 48.3328 26.7371 25.3824 1.0859 − 0.9929 − 1.6 0.7 0.21
Syst. Error (0.0309) (0.019) (0.0073) (0.0663) (0.0133) (0.0264) (0.0022) (0.2439) (0.2) (0.2) (0.05)
Stat. Error (0.0511) (0.1249) (0.0198) (0.0649) (0.0670) (0.0818) (1.7327) (1.7327) (1.6) (1.2) (0.30)
Sample: GS 1B
Gas CH4 C2H6 H2 N2 O2 CO2 Ar Ne δ13CO2 (‰) δH2

18O (‰) δH2
17O (‰)

% Content 40.0964 0.3342 − 0.4047 44.8096 13.4310 2.2123 0.6751 − 1.1538 2.1 1.7 1.6
Syst. Error (0.1239) (0.0347) (0.0026) (0.0616) (0.0067) (0.0031) (0.0014) (0.1262) (1.0) (0.6) (0.1)
Stat. Error (0.2211) (0.3594) (0.0516) (0.1494) (0.1559) (0.2157) (0.1435) (4.9224) (70.1) (6.7) (1.7)
Sample: CTD 04
Gas CH4 C2H6 H2 N2 O2 CO2 Ar Ne δ13CO2 (‰) δH2

18O (‰) δH2
17O (‰)

% Content − 0.2945 − 0.1431 − 0.3834 69.7990 25.6588 4.9880 1.2689 − 0.8937 − 2.4 0.4 0.4
Syst. Error (0.1432) (0.0239) (0.0123) (0.0957) (0.0127) (0.0084) (0.0025) (0.3603) (4.4) (0.2) (0.1)
Stat. Error (0.1342) (0.1999) (0.0293) (0.1032) (0.0999) (0.1133) (0.0719) (2.7343) (23.0) (1.3) (0.3)
Sample: Ultra-pure water that was frozen and allowed to rethaw (control)
Gas CH4 C2H6 H2 N2 O2 CO2 Ar Ne δ13CO2 (‰) δH2

18O (‰) δH2
17O (‰)

% Content − 0.7189 22.9873 − 0.1080 43.7050 24.7512 7.1731 1.2837 0.9266 10.2 0.6 0.4
Syst. Error (0.3109) (0.3491) (0.0450) (0.0601) (0.0124) (0.0247) (0.0026) (1.0115) (3.1) (0.2) (0.1)
Stat. Error (0.5157) (0.6966) (0.1180) (0.2586) (0.2833) (0.2684) (0.2088) (9.8937) (25.8) (1.6) (0.4)
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methane in the gas sample GS 1B to be δ13C = [1.8 ± 2.0 (syst.) ± 4.1 
(stat.)].

Moreover, we have been able to successfully measure the carbon 
isotopic content of carbon dioxide and the oxygen isotopic content of 
water vapour emitted by the melted ice and seawater samples through 
QMS measurements since, in the case of carbon dioxide, the mass 
channels for the relevant isotopologues are relatively free from overlap 
with those of other molecules of immediate interest to Enceladus; while 
in the case of water, an advanced methodology may be applied (see 
supplementary information document for more information). These 
measurements were admittedly characterised by relatively high statis
tical uncertainties (Table 4) which may preclude the identification of 
specific processes contributing to the fractionation of a particular 
isotope system; however, the comparatively smaller systematic un
certainties nonetheless go some way towards demonstrating that the 
isotopic compositional analysis of the molecular constituents of Ence
ladus’ icy shell by mass spectrometric instrumentation likely to be 
aboard future missions may indeed be possible with sufficiently long 
measurements and further method refinement.

Our findings are particularly relevant when considering the growing 
number of potential future fly-by missions to Enceladus, such as the 
Enceladus Life Finder (Reh et al. 2016), Moonraker (Mousis et al. 2022), 
and instruments specifically designed for working on ice samples, such 
as the Exobiology Extant Life Surveyor (EELS, Vaquero et al., 2024). 
Both Enceladus Life Finder and Moonraker plan to include payloads 
containing mass spectrometers (EELS is unlikely to have a mass spec
trometer in its payload) that will be able to investigate the composition 
of cryovolcanic plume material in the hopes of detecting organic mol
ecules or biosignatures within ice crystals (Reh et al. 2016; Mitri et al. 
2018, 2021). For instance, the Enceladus Life Finder mission is planned to 
include mass spectrometers for the analysis of both gases (the Mass 
Spectrometer for Planetary Exploration – MASPEX) as well as ice and 
dust grains (the Enceladus Icy Jet Analyser – ENIJA) from the southern 
pole plume (Reh et al. 2016). Similarly, the proposed Moonraker mission 
plans to include an Ion and Neutral Mass Spectrometer (M-INMS) for 
measuring the gas-phase and thermal ion population around Enceladus 
as well as a High Ice Flux Instrument (HIFI) for measuring plume ice 
grain compositions via impact-ionisation time-of-flight mass spectrom
etry (Mousis et al. 2022). Of course, our results may also have impli
cations for the analysis of data collected during fly-bys of other outer 
Solar System ocean worlds, such as the Jovian moons Europa and 
Ganymede which will be studied in detail by the Europa Clipper and 
Jupiter Icy Moons Explorer (JUICE) missions (Grasset et al. 2013; Pap
palardo et al. 2024).

5. Conclusions

For the first time, ice from the Arctic pack has been considered as a 
terrestrial analogue of part of an outer Solar System icy moon for 
astrobiological research. We have conducted experiments on the 
composition of trapped gases that are emitted from Arctic ice and 
seawater samples analogous to those that may be found on Enceladus 
using mass spectrometric techniques that are comparable with the 
planned payloads of future robotic missions to this ice-capped ocean 
world. These experiments were motivated by the desire to search for 
biosignatures associated with possible microbially mediated methane 
cycling in sub-surface seep and vent environments in the ice shell and 
plume materials. Our results found no unequivocal traces of methane in 
the Arctic analogues (despite their known association with 
hydrocarbon-rich terrestrial environments), possibly due to inherent 
limitations of our terrestrial analogue and laboratory analysis. However, 
we were able to successfully measure emitted carbon dioxide concen
trations and associated carbon isotopic abundances, as well as oxygen 
isotopic compositions in water, indicating that such measurements may 
be possible by mass spectrometric equipment aboard the payloads of 
future missions to Enceladus. We also tentatively identified an excess of 

molecular hydrogen in an Arctic ice sample with abundances compa
rable to previous compositional analyses of Enceladus’ southern pole 
plume, which could be used as possible indirect evidence of putative 
hydrogenotrophic methanogenic ecosystems at the seafloor. Our results 
therefore justify future studies and attempts at method development and 
refinement.
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