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ARTICLE INFO ABSTRACT

Keywords: Saturn’s magnetosphere contains trapped plasma and energetic charged particles which constantly irradiate the
Enceladus surface of Enceladus. In this study, we exposed Enceladean surface ice analogues containing HoO, CO2, CHg4, and
Satellites NHj3 to water-group ions (e.g., 0", 03", OH", and H,0™) having energies between 10 and 45 keV with the aim of
IScuerSfaces exploring the chemical evolution of these ices and characterising the extent to which the surface material on
Infrared spectroscopy Enceladus is weathered by Saturn’s radiation environment. Each irradiation process was monitored in situ using
Astrochemistry Fourier-transform mid-infrared transmission absorption spectroscopy, and post-irradiative warming of the ices

Planetary science
Saturn
Magnetosphere

was performed to better characterise complex organic molecules formed as a result of the mobilisation of
radiolytically generated radicals. Irradiation resulted in the formation of CO, OCN ", and NHJ in all experiments,
and the radiolytic formation of formamide, acetylene, acetaldehyde, and hydroxymethyl radicals was also
tentatively suggested in most experiments. Post-irradiative warming of the ices resulted in the formation of
carbamic acid, ammonium carbamate, and an alcohol species. Although many of these products have not been
previously observed on Enceladus’ surface, some have been detected in Enceladus’ plumes. Since our results
demonstrate that the radiolytic formation of these molecules can occur over timescales similar to the exposure
times of plume and surface material to magnetospheric radiation, questions must be raised as to whether such
material originates directly from the subsurface ocean or is instead formed within the radiation-rich space

environment.

1. Introduction

Enceladus is a prime candidate for future missions to investigate
habitability in the outer Solar System (MacKenzie et al. 2021; Mousis
et al. 2022; Martins et al. 2024), owing to its global liquid water sub-
surface ocean which may potentially host hydrothermal activity
conducive to the emergence of life (Brown et al. 2006; Spencer et al.
2006; Hsu et al. 2015). Subsurface ocean material is ejected by plumes in
the south polar region, and the majority of this material is deposited
back onto the Enceladean icy surface (Brown et al. 2006; Kempf et al.
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2010). The rapid resurfacing around the plume vents means that ma-
terial of subsurface origin may not have been heavily processed by space
weathering, and therefore could be used as a reliable indicator of the
oceanic composition without needing to directly access the subsurface
ocean (Jaumann et al. 2008; Kempf et al. 2010; Southworth et al. 2018;
Franchi et al. 2025). However, if the surface composition of Enceladus
around the plume vents is to be used as a proxy for better understanding
the subsurface ocean environment, or even its potential habitability,
then it is imperative for space weathering processes occurring on the icy
surface of Enceladus and within its plumes to be fully understood so that
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they can be accommodated when interpreting observational data ac-
quired from satellites.

The surface of Enceladus is known to host a complex radiation
environment mediated by a number of sources, including galactic cos-
mic rays, high-energy protons sourced from the f-decay of neutrons
themselves produced by cosmic ray interactions with the main Saturnian
rings (Cooper, 1983), ions and electrons accelerated to keV-MeV en-
ergies by the Saturnian magnetosphere (Young et al. 2005), thermal ions
and electrons (Barbosa, 1993, Ip, 2000), and solar ultraviolet photons.
Prior experimental work seeking to constrain the physico-chemical ef-
fects of space weathering on the icy Enceladean surface have primarily
made use of electrons (Hand and Carlson, 2011; Bergantini et al. 2014;
Bramble and Hand, 2024) and ions (Strazzulla and Palumbo, 1998;
Rachid et al. 2020); however, no prior study has yet considered the ef-
fects of so-called water-group ions (e.g., H,O" or OH™). This gap in the
literature is somewhat striking, particularly since water-group ions are
thought to comprise the bulk of the Saturnian magnetospheric ion
population at the orbit of Enceladus, with keV HoO" ions thought to
account for upwards of 60 % of the ion population (Johnson et al. 2008;
Paranicas et al. 2008; Tokar et al. 2008, 2009; Howett et al. 2018; Smith
et al. 2018).

The importance of these water-group ions over other components of
the magnetosphere, such as electrons, is further emphasised when
considering the magnetic gyroradii of these charged particles. Ions with
energies of a few tens of keV will have gyroradii of a few hundred kil-
ometres, whereas electrons of the same energy will have significantly
lower gyroradii of just a few tens of metres (Thomsen and Van Allen,
1980). This means that, while keV electrons will likely only impact the
trailing hemisphere of Enceladus at lower latitudes, keV ions (especially
water-group ions) are more likely to reach southern polar regions from
upstream magnetospheric flows where they will act as the primary
drivers of space weathering. Such space weathering may result in stark
changes to the surface properties of Enceladus, and may have important
implications for the surface chemistry occurring there. Observations by
the Composite Infrared Spectrometer (CIRS) and the Imaging Science
Subsystem (ISS) instruments aboard the Cassini mission revealed that on
Saturn’s inner satellites, such as Mimas and Tethys, irradiation by cold
magnetospheric plasma results in a darkening of the ultraviolet-infrared
reflectance spectra and produces ‘bullseye’-shaped features on the
moons’ surfaces (Howett et al. 2018). However, on Enceladus, the
physico-chemical effects of magnetospheric ion irradiation are signifi-
cantly more difficult to determine because of the competing processes of
E-ring grain bombardment and plume deposition (Paranicas et al. 2014).

Therefore, in an effort to better constrain the chemical trans-
formations resulting from the magnetosphere-mediated space weath-
ering of the surface environment of Enceladus in the south polar region
where plume deposition rates are highest, we have performed experi-
ments in which surface ice analogues composed of Hy0:CO4:CH4:NHg
(approximate stoichiometry of 6:1:1:1) were exposed in an ultrahigh-
vacuum set-up to water-group ion beams supplied by an electron
cyclotron resonance ion source (ECRIS). This ice composition was
selected based on the knowledge that the surface ice on Enceladus is
primarily composed of H20, but also contains lower abundances (typi-
cally a few percent by weight) of volatile species such as CO5, CHy, and
NHj3 (Emery et al. 2005; Brown et al. 2006; Hendrix et al. 2010; Villa-
nueva et al. 2023). Irradiation experiments were carried out at 70 K, and
radiation-induced chemical changes were analysed in situ using
Fourier-transform mid-infrared (FTIR) absorption spectroscopy. Further
details on our experimental methodology and apparatus are provided in
Section 2, while our results and their applications to Enceladus are
discussed in Sections 3 and 4, respectively. Finally, concluding remarks
are given in Section 5.

2. Methods

Experiments were performed using the Atomki-Queen’s University
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Ice Laboratory for Astrochemistry (AQUILA); an ultrahigh-vacuum
laboratory set-up designed to study the effects of keV ion irradiation
on astrophysical ice analogues at the HUN-REN Institute for Nuclear
Research (Atomki) in Debrecen, Hungary. A detailed description of the
AQUILA (Fig. 1) may be found in the work of Racz et al. (2024), and so
only the most salient details will be described here. Briefly, the AQUILA
is an ultrahigh-vacuum chamber with base pressures of circa 5 x 10~°
mbar achieved through the combined use of three turbomolecular
pumps backed by a scroll pump. Within the centre of the chamber is an
oxygen-free high-conductivity copper sample holder into which a ZnSe
deposition substrate is mounted. The sample holder and deposition
substrate can be cooled down to 20 K by means of a closed-cycle helium
cryostat; however, their temperature can be accurately regulated within
the 20-300 K range by setting an equilibrium between the cooling effect
of the cryostat and the warming induced by an internal cartridge heater.

Ices are prepared on the cooled deposition substrate by the back-
ground condensation of dosed gases and vapours. In the present exper-
iments, CO2, CHy, and NH3 gas samples were pre-mixed in a 1:1:1 ratio
in a dosing line nominally held under vacuum. A separate dosing line
contained water vapour that was sourced from a liquid sample that had
been de-gassed through several freeze-pump-thaw cycles. Enceladus
surface ice analogues were prepared at 20 K by co-depositing the gas and
water vapour samples via their simultaneous introduction from the
dosing lines into the main chamber. FTIR absorption spectra were ac-
quired in situ during deposition to monitor the molecular compositions
of the ices, which may differ from their compositions in the gas phase
due to each molecular species being characterised by a different sticking
coefficient to the cold substrate. The abundance of a particular species in
an ice analogue was determined through its column density N (mole-
cules cm %) by measuring the integrated absorbance S (em™ ) of a
characteristic mid-infrared absorption band. These two quantities are
related as follows (Racz et al. 2024):

S

A @

N = In(10)

where A, (cm molecule™ 1) is the strength constant of the band. A list of
absorbance bands and their associated strength constants used to
quantify the composition of our Enceladean ice analogues is provided in
Table 1. The average composition of the Enceladean ice analogues
considered in this study was Hy0:CO2:CH4:NH3 = 6:1:1:1. It is to be
noted that such ices are somewhat enriched in volatiles compared to
what is actually expected on Enceladus; where CO;, CH4, and NHg
respectively have <15, <7, and <3 percent by weight abundances on the
surface (Emery et al. 2005; Brown et al. 2006; Hendrix et al. 2010;
Combe et al. 2019). However, similar surface ice analogue compositions
have been considered in previous studies (e.g., Bergantini et al. 2014;
Rachid et al. 2020) so as to facilitate accurate spectroscopic analysis of
the radiation-induced destruction of these volatiles and the synthesis of
product molecules.

Once deposited to a desired thickness (i.e., >300 nm), ice deposition
was ceased and the pressure levels within the AQUILA chamber were
allowed to return to base level. The ices were subsequently warmed to
70 K, which is more representative of the mean Enceladean surface
temperature (Spencer and Nimmo, 2013, and references therein). We
note that our previous work has suggested that the structure and
morphology of an ice is impacted by the temperature at which it is
deposited, and that an ice prepared at a given cryogenic temperature
will be more structurally ordered than one prepared by deposition at a
lower temperature and then warmed to the given temperature (e.g.,
Mifsud et al. 2023a; Mifsud et al. 2024). Nevertheless, our present ice
preparation methodology is advantageous in at least two ways. Firstly, it
allows for highly volatile components of our Enceladean surface ice
analogues, which may not condense as solids at 70 K, to be trapped
within the growing ice structure by less volatile components during
deposition at 20 K and thus be preserved within the ice as it is warmed to
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Fig. 1. Schematic diagram of the AQUILA chamber. See Racz et al. (2024) for a more detailed description.

Table 1

List of mid-infrared bands and their associated strength constants used to
quantify the composition of the Enceladean ice analogues considered in this
study.

Molecule Band Position A, (cm References

(em™) molecule 1)
H,0 ~3250 2.00 x 1071¢ Gerakines et al. (1995)
CO, 2338 7.60 x 1077 Gerakines et al. (1995)
CHy4 1301 7.76 x 10718 Pearl et al. (1991)
NH3 1110 1.70 x 10717 d’Hendecourt and

Allamandola (1986)

higher temperatures. This is particularly true for the CH4 component of
the ices, which undergoes sublimation at temperatures well below 70 K
under ultrahigh-vacuum conditions (Collings et al. 2004). Secondly, a
less structurally ordered ice analogue mimics well the amorphous ice
known to exist on Enceladus between the Tiger Stripe regions (Robidel
et al. 2020), which is most likely formed either as a result of icy plume
grains deposited around the stripes undergoing intense bombardment by
high-energy particles deflected from Saturn’s magnetosphere towards
the south pole, or as a result of water vapour from the plumes rapidly
condensing upon contact with the cold surface of the satellite (Newman
et al. 2008).

At 70 K, the surface ice analogues were exposed to ion beams sup-
plied by the Atomki ECRIS (Biri et al. 2012, 2021). In five separate ex-
periments (summarised in Table 2), ices were irradiated by 10 keV O,
45 keV 03*, 10 and 15 keV OH™, and 15 keV H,O" ions impacting the
ice at an angle of 45° to the surface normal. Preliminary calculations
performed using the Stopping and Range of Ions in Matter software
package (Ziegler et al. 2010) showed that the maximum penetration
range of each of these ions was significantly less than the >300 nm

Table 2
Summary of ice irradiation experiments performed as part of this study.
Ice Composition Ice Projectile Total Total
(H,0:CO,:CHy4: Thickness Ton Irradiation Irradiation
NH3) (nm) Time (mins) Fluence (10'®
cm™?)
4.5:1.9:1.5:2.1 329 10 keV O™ 68 1.70
5.4:1.8:1.4:1.4 373 45 keV 68 0.77
03+
5.4:1.9:1.1:1.7 397 10 keV 148 1.46
OH*
5.7:1.9:0.7:1.6 388 15 keV 93 2.15
OH*
7.7:0.7:1.6:0.5 350 15 keV 48 2.11
H,0™"

thickness of the ices, thus ensuring that each ion would implant within
the ice as would be expected on the surface of Enceladus.
Radiation-induced chemical changes in the ices were studied in situ
using FTIR transmission absorption spectroscopy across the 4000-650
cm ™! wavenumber range at a nominal resolution of 2 cm 1. Ices were
irradiated until the main HyO absorption peak was significantly depleted
and did not seem to decrease further upon supplying greater ion flu-
ences, with FTIR spectra being acquired at pre-selected fluence intervals.
At the end of each irradiation experiment, the irradiated ices were
warmed at a rate of 2 K min™!, with FTIR spectra acquired at 10 K in-
tervals. This post-irradiative warming was carried out with the intention
of simulating the environment of (and, by extension, the thermally
mediated chemistry within) the hot spots of the south polar regions of
Enceladus from where the plumes emanate and where temperatures may
be as high as 165 K (Brown et al. 2006; Spencer et al. 2006, 2009).
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3. Results

Figs. 2-4 comprehensively summarise the results of our experiments.
Fig. 2 depicts the FTIR spectra of the Enceladean surface ice analogues
acquired before and after irradiation with each water-group ion, with all
parent ice components labelled. More detailed band assignments for
these parent ice species are also provided in Table 3. Fig. 3 exhibits the
so-called ‘difference spectra’ obtained as a result of subtracting the
spectrum of the ice prior to irradiation from that acquired after irradi-
ation, which allow for radiolytic products to be more easily identified
against the background continuum. Fig. 4 also shows difference spectra,
only this time acquired as a result of subtracting the FTIR spectrum of an
ice at the end of irradiation at 70 K from that acquired during post-
irradiative warming at a temperature of 160 K. As such, these differ-
ence spectra allow for products formed thermally to be more easily
identified. Assignments of the bands attributable to all products detected
in our experiments are provided in Table 4.

3.1. Irradiation with 10 keV O™ ions

Irradiation of the Enceladean surface ice analogue with 10 keV O

Planetary and Space Science 266 (2025) 106179

ions resulted in the rapid formation of CO, which was detected after a
delivered fluence of just 4.13 x 10'2 cm~2 through the observation of its
characteristic stretching mode at 2137 em ! (Gerakines et al. 2023) in
acquired FTIR spectra (Fig. 3). Additionally, a band located at 2167
cm ! attributable to OCN~ (Hudson et al. 2001; van Broekhuizen et al.
2004) was also apparent in the spectra starting at fluences of about 2.88
x 10'* cm™2, Lastly, a new band at 1490 cm ™! was observed starting at a
fluence of 1.7 x 10'® em™2, which is most likely attributable to the
formation of NHZ (Frasco, 1964).

During post-irradiative warming of the ice, two new bands were
observed in the spectra at 1538 and 1407 cm ™! beginning at a temper-
ature of 130 K (Fig. 4). These bands are tentatively assigned to either
carbamic acid (H,NCOOH) or ammonium carbamate (NHf HoNCOO™),
whose formation has been reported by previous studies concerned with
the low-temperature thermal and irradiative processing of ices con-
taining CO2 and NHj3 (Khanna and Moore, 1999; Bossa et al. 2008;
Jheeta et al. 2012; Potapov et al. 2020; James et al. 2020, 2021).
Complimentary evidence of the formation of these species was found in
the observation of the NHJ band at 1490 cm ™!, which appeared during
irradiation and became more intense during warming.

Once the ice had been warmed further to 150 K, a new peak at 1042

10 kev O+
0.3
H20 1CO; —— 70K Initial ice

0.2 1 o, : 13c0, — lIrradiated

) 1 CH4
0.1 ~ ! H20 H NH3 H,0

i H 1 i H i

[ ] 1 1 1
004 1} H H H

45 keV O3+

10 keV OH*
3 . e
© 021 F O S
> 1 : : |13C02
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€004 ii P ; P — M
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Fig. 2. FTIR spectra of the Enceladean surface ice analogues acquired prior to (black trace) and after (red trace) irradiation with different water-group ions at 70 K.
Bands attributable to parent ice species (i.e., HoO, CO5, CHy4, and NH3) are labelled, with further details on their main band positions given in Table 3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. FTIR difference spectra obtained by subtracting the spectrum of the Enceladean ice analogues acquired prior to irradiation from that acquired after irradiation
using each water-group ion. These spectra better highlight the products formed as a result of irradiation. Note that FA refers to formamide.

cm ™! became apparent (Fig. 4). This band is coincident with the most
intense absorption feature of O3 (Chaabouni et al. 2000); however, we
exclude Os as a likely carrier of this band in our experiments due to the
known volatility of this species at 150 K under ultrahigh-vacuum con-
ditions together with its known propensity to be efficiently destroyed by
OH radicals, which should be efficiently produced in the irradiated ice.
Instead, we propose that this absorption band is related to the C-O bond
in one or more alcohol species (Zeiss and Tsutui, 1953). Although we
cannot determine with any certainty which homologues are present, it is
likely that simpler alcohols such as methanol (CH3OH) and ethanol
(CH3CH20H) would be more abundant (Bergantini et al. 2014; Rachid
et al. 2020). Finally, we note the emergence of an absorption feature at
1264 cm™! at 150 K which we are unable to assign.

3.2. Irradiation with 45 keV O°* ions

Similar to the irradiation experiment conducted with 10 keV O™ ions,
the irradiation using 45 keV O>" ions resulted in the rapid synthesis of
CO and OCN™ (Fig. 3), whose absorption features were visible in ac-
quired FTIR spectra at 2137 and 2167 em?, respectively (Hudson et al.
2001; van Broekhuizen et al. 2004; Gerakines et al. 2023). Other new
bands were also observed during irradiation; most prominently those

bands at 1380 and 1352 cm ! (Fig. 3). The former of these bands is most
likely associated with either acetylene (CoHy) (Hudson et al. 2014,
Abplanalp and Kaiser, 2020) or formamide (HCONH;) (Brucato et al.
2006; Sivaraman et al. 2013). In the case of the band at 1352 cm ™%, the
most likely carriers are either hydroxymethyl radicals (CHoOH) (Jacox
and Milligan, 1973) or acetaldehyde (CH3CHO) (Terwisscha van
Scheltinga et al. 2018; Hudson and Ferrante, 2020). It is to be
acknowledged that the stability of CH,OH radicals at 70 K is question-
able, and that it is likely that this band can be mostly attributed to
CH3CHO. However, we are unable to definitively exclude the presence
of CH,OH radicals in the irradiated ice. Indeed, given the difficulty in
providing an unambiguous assignment for the FTIR absorption features
at 1380 and 1352 cm ™, the identifications of CoHy, HCONH,, CH,OH,
and CH3CHO in this experiment must be regarded as tentative.

During post-irradiative warming of the ice, a trio of bands at 1548,
1490, and 1407 cm™! became increasingly apparent in the acquired
spectra and were tentatively ascribed to the formation of carbamic acid
or ammonium carbamate (Khanna and Moore, 1999; Bossa et al. 2008;
Jheeta et al. 2012; Potapov et al. 2020; James et al. 2020, 2021), as was
the case in the irradiation using 10 keV O" ions (Fig. 4). The band at
1490 cm™! was visible even during irradiation (i.e., before warming
began), starting at a fluence of 1.54 x 10'* cm~2. This may be indicative
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Fig. 4. FTIR difference spectra obtained by subtracting the spectrum of the
Enceladean ice analogues acquired at the end of irradiation at 70 K from the
spectrum of the ice during post-irradiative warming at 160 K. These spectra
better highlight products that formed thermally in our experiments. Note that
AC/CA refers to ammonium carbamate or carbamic acid.

of the formation of NH} ions within the ice as a result of the
radiolysis-induced protonation of NHj. Such a reaction has been
observed in previous studies concerned with the irradiation of
NH;s-containing ices (Moore et al. 2007; Moon et al. 2010). The
post-irradiative warming of the ice also resulted in the formation of an
absorption feature at 1042 cm ™! which, once again, was attributed to an
alcohol species (Zeiss and Tsutui, 1953). Similar to the previous irra-
diation experiment, an unidentified band at 1264 cm™' was formed
during post-irradiative warming at a temperature of 150 K.

3.3. Irradiation with 10 keV OH" ions

The irradiation of the Enceladean surface ice analogue with 10 keV
OH" ions resulted in the rapid formation of CO and OCN™ (Fig. 3), as
observed through the appearance of bands at 2137 and 2167 cm™!
(Hudson et al. 2001; van Broekhuizen et al. 2004; Gerakines et al. 2023).
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Table 3

Assignment of the absorption bands attributable to the parent ice species in the
FTIR spectrum of the Enceladean surface ice analogues. Assignments were made
with reference to previous studies by Hagen et al. (1981), Gerakines and Hudson
(2015a), Gerakines and Hudson (2015b), and Hudson et al. (2022).

Molecule  Vibrational Band Position in FTIR Spectrum (em™
Mode 10keV 45keV 10keV 15keV  15keV
o* 0% OH*t OoH*t H,0"
CO, Combination 3698 3702 3702 3702 3701
H,0 Dangling 3656 3656 3656 3656 3656
bonds
NH; N-H bend 3380 3380 3380 3380 3380
H,0 O-H stretch 3181 3198 3231 3251 3275
CH,4 C-H streth 3003 3003 3008 3008 3012
CO, C=0 stretch 2337 2338 2338 2338 2338
13¢0o, C=0 stretch 2276 2276 2276 2276 2276
H,0 O-H bend 1627 1631 1631 1631 1631
CH,4 C-H 1302 1301 1301 1301 1301
deformation
NH; NH umbrella 1114 1110 1110 1110 1119
H,0 Libration 813 813 813 825 813

Small absorption bands at 1380 and 1352 cm™! associated with the
tentative identifications of C;Hy, HCONH,, CH20H, and CH3CHO also
became visible during irradiation (Brucato et al. 2006; Sivaraman et al.
2013; Hudson et al. 2014, Abplanalp and Kaiser, 2020). Another band
that appeared during irradiation was that at 1490 cm ™}, which could be
detected starting from a fluence of 1.16 x 10'® ecm™2 and which
increased in intensity during post-irradiative warming (Fig. 4). This
band has been attributed to NHj, and its maximum intensity was
recorded during warming at a temperature of 150 K. At this tempera-
ture, adjacent bands at 1542 and 1409 cm™?, which were tentatively
attributed to either ammonium carbamate or carbamic acid (Khanna
and Moore, 1999; Bossa et al. 2008; Jheeta et al. 2012; Potapov et al.
2020; James et al. 2020, 2021), also reached their maximum intensity.
During post-irradiative warming, a band at 1042 cm™! was observed
starting at a temperature of 140 K (Fig. 4), which we propose is asso-
ciated with the formation of an alcohol species (Zeiss and Tsutui, 1953).
Finally, an unidentified band at 1264 em~! was observed to appear at
150 K.

3.4. Irradiation with 15 keV OH" ions

As with the 10 keV OH" ion irradiation experiment, irradiation using
15 keV OH" ions resulted in the formation of CO and OCN~ (Fi g.3), as
determined by the bands observed at 2137 and 2167 cm ™! (Hudson et al.
2001; van Broekhuizen et al. 2004; Gerakines et al. 2023). Additionally,
a band at 1490 cm ™! became apparent starting at a fluence of 3.09 x
10'* ecm~2 and increased in intensity during post-irradiative warming,
reaching a maximum intensity at 140 K. Two more bands also appeared
during warming at 1542 and 1409 ecm ™! (Fig. 4); collectively, these
three bands have been tentatively ascribed to NHf and ammonium
carbamate or carbamic acid (Khanna and Moore, 1999; Bossa et al.
2008; Jheeta et al. 2012; Potapov et al. 2020; James et al. 2020, 2021).
Furthermore, a band that could be tentatively assigned to either
HCONHS, or CoH, at 1380 cm ™! and another that could be tentatively
assigned to CH,OH or CH3CHO at 1352 cm ™!, were observed during
both ion irradiation and warming (Brucato et al. 2006; Sivaraman et al.
2013; Hudson et al. 2014; Abplanalp and Kaiser, 2020). Post-irradiative
warming also resulted in the development of an absorption feature at
1042 cm ™!, which has been tentatively assigned to an alcohol molecule
(Zeiss and Tsutui, 1953). Finally, we note the emergence of an absorp-
tion band at 1264 cm ™! during warming at a temperature of 150 K which
we were not able to assign.
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Table 4

Formation of products as a result of the irradiation of Enceladean surface ice analogues with water-group ions and subsequent warming.
Molecule Band Position in FTIR Spectrum (cm ') References

10 keV O™ 45 keV 0%+ 10 keV OH™ 15 keV OH" 15 keV H,0™

OCN™ 2167 2167 2167 2167 2167 Refs. [1,2]
Cco 2137 2137 2137 2137 2137 Ref. [3]
H,NCOOH or NHj H,NCOO ™ 1538 1548 1542 1542 1542 Refs. [4-6]
NI—LJ;r 1490 1490 1490 1490 1480 Ref. [7]
H,NCOOH or NH4 H,NCOO™ 1407 1407¢ 1409" 1409" 1409" Refs. [4-6]
HCONH, or CoHy - 1380 1380 1380 - Refs. [8-11]
CH,0H or CH3CHO - 1352 1352 1352 - Refs. [12-14]
? 1264 1264" 1264" 1264" 1264" -
Alcohol 1042° 1042% 1042° 1042° - Refs. [15-17]

Refs. [1-2]: Hudson et al. (2001); van Broekhuizen et al. (2004).
Ref. [3]: Gerakines et al. (2023).

Refs. [4-6]: Khanna and Moore (1999); Bossa et al. (2008); Jheeta et al. (2012).

Ref. [7]: Moore et al. (2007).

Refs. [8-11]: Brucato et al. (2006); Sivaraman et al. (2013); Hudson et al. (2014); Abplanalp and Kaiser (2020).
Refs. [12-14]: Jacox and Milligan (1973); Terwisscha van Scheltinga et al. (2018); Hudson and Ferrante (2020).

Refs. [15-17]: Zeiss and Tsutui (1953); Hudson (2017); Hudson et al. (2024).
@ Band was only detected during post-irradiative warming of the ice.

3.5. Irradiation with 15 keV H,0" ions

Similar to the experiment using 10 keV OH" ions, the irradiation of
the Enceladean surface ice analogue with 15 keV H,O™ ions resulted in
the appearance of fewer new peaks. Aside from CO and OCN™, which
were respectively observed through characteristic absorption bands at
2137 and 2167 cm™ ! (Fig. 3), the only new band that was observed
during irradiation was that at 1480 cm ™! attributed to NHZ, which could
be observed only after a fluence of 2.11 x 10'® cm~2 had been delivered
to the ice. During post-irradiative warming, new bands at 1542 and
1409 em ™! were observed and were most prominent at 150 K (Fig. 4).
These bands were associated with the formation of ammonium carba-
mate or carbamic acid. Moreover, an unidentified absorption band at
1264 cm ™! was observed during post-irradiative warming.

4. Discussion
4.1. Water-group ion irradiation of Enceladean surface ice analogues

The aim of this study was to better constrain the chemical trans-
formations induced within the surface ices at the south polar region of
Enceladus by magnetospheric water-group ions. To this end, we irradi-
ated Enceladean surface ice analogues at 70 K using 10 keV O™, 45 keV
0°%%, 10 keV OH™, 15 keV OH™, and 15 keV H,O" ions. Overall, the
results obtained when using different projectile ions were qualitatively
similar, with common products forming across different experiments.
For instance, CO, OCN~, and NH4 were identified in all experiments
(Table 4), while tentative detections of HCONH,, CoH,, CH,OH, and
CH3CHO were made in three of five experiments (Table 4). Moreover,
post-irradiative warming of the ices also produced uniform results across
projectile ion types, with ammonium carbamate or carbamic acid being
detected in each experiment, along with an unidentified product
exhibiting an absorption band at 1264 cm™!. The observed formation of
ammonium carbamate or carbamic acid in every experiment is consis-
tent with the facile synthesis of these species in astrophysical environ-
ments containing CO, and NHj ices, as discussed in detail by Marks et al.
(2023). An alcohol (likely CH3OH or CH3CH,OH) was also produced
during warming in all experiments except that making use of H,O™ ions
(Table 4).

It is worth noting that no complex organic molecules were syn-
thesised as a result of the irradiation of the Enceladean surface ice
analogue by 15 keV H,O"' ions (Table 4). Such an observation is
particularly interesting in light of the anticipated ubiquity of these ions
in the south polar region of Enceladus, as discussed earlier. Although the

exact reason for the non-detection of any radiolytic products other than
CO, OCN™, and NHj is not known, it is possible that this irradiation
experiment was accompanied by more extensive sputtering due to the
larger size of the projectile ion (Muntean et al. 2015), thus preventing
the accumulation of complex product molecules. However, more
detailed quantitative analyses are required in order to confirm this hy-
pothesis. Such a rigorous quantitative analysis of our results would go
beyond the scope of the present study; however, it is nonetheless
worthwhile briefly comparing, in a qualitative manner, our results with
those of previous laboratory studies on the irradiation of Enceladean
surface ice analogues.

The key studies in this regard are those of Bergantini et al. (2014),
which considered the 1 keV electron irradiation of a mixed ice composed
of Hy0:CO,:CH4:NH3:CH3OH (in a compositional ratio of 100:13:4:3:2)
at 20 K; and of Rachid et al. (2020), which considered the irradiation of a
H30:CO2:CH4:NH;3 (10:1:1:1) mixed ice by both 108 keV 0% and 15.7
MeV O°* ions at 72 K. Comparing our results to those of these previous
studies (Table 5), we find that there is a great overlap in the radiolytic
species that could be spectroscopically identified. For example, all ex-
periments detected CO and OCN™ among their radiolysis products; while
NH{, HCONH,, CH,OH, and CH3CHO were identified in our present
study as well as that of Bergantini et al. (2014). Indeed, unassigned
bands at 1357, 1374, and 1385 cm ™! in the spectra of Rachid et al.
(2020) may possibly be assigned to these products (Table 5). Although
both our study and that of Bergantini et al. (2014) identify CH,OH
radicals as a radiolytic product, the identification is more questionable
in our study due to the significantly greater temperature at which it was
carried out compared to that of Bergantini et al. (2014), which should
render these radicals highly unstable. That being said, Rachid et al.
(2020) detected HCO radicals in their irradiated Enceladean ice
analogue at 72 K, and so we cannot definitively exclude the presence of
CH,OH in our study. We also note that a band observed at 1484 cm™! by
Rachid et al. (2020) during the irradiation of their Enceladean surface
ice analogue with 15.7 MeV O°" ions was likely incorrectly assigned to
H,CO. We propose that the correct assignment is to NHZ.

Rachid et al. (2020) also observed the emergence of a band at 1015
cm ™! during the irradiation of their ice with 15.7 MeV O°* ions, which
they assigned to CH3OH. This is broadly consistent with our assignment
of a band at 1042 cm ™! that emerged during post-irradiative warming to
an alcohol species, although we cannot propose which homologue is
present with any certainty. Although it is likely that a simple alcohol
(such as CH30H) is indeed the dominant contributor to this band, we
note that the wavenumber position of this band in our experiment is
somewhat intermediate the expected C-O stretching modes in the
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Table 5
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Qualitative comparison of the products obtained as a result of the irradiation of Enceladean surface ice analogues by this and previous studies. Note that the irra-
diations performed by Bergantini et al. (2014), Rachid et al. (2020), and this study were respectively carried out at 20, 72, and 70 K.

Bergantini et al. (2014) (1 keV e) Rachid et al. (2020) (108 keV 0°7)

Rachid et al. (2020) (15.7 MeV 0°%) This Study (45 keV 0%h)

Band Position Assignment Band Position Assignment
(em™) (em™)

1250 HMT” - -

1352 CH,OH or - -
CH3CHO

1383 HCONH, 1374 ?

1480 NHj or alkane - -

1500 NHj or H,CO - -

1580 Carboxylate - -

2140 co 2137 Cco
OCN™ OCN™

2170 2171

Band Position Assignment  Band Position Assignment

(em™) (em™)

1015 CH30H 1042° Alcohol

- - 1264° ?

1357 ? 1352 CH,OH" or
CH3CHO"

1385 ? 1380 HCONHS," or C,H,"

- - 1407° AC or CA

1484 H,CO" 1490 NH;

- - 1548° AC or CA

1855 HCO - -

2045 COs - -

2089 CN- - -

2097 HCN - -

2137 co 2137 co

2171 OCN~ 2167 OCN~

2263 HNCO” - -

@ Band was only detected in this study during post-irradiative warming of the ice.
b These products were only tentatively identified in their respective experiments.

spectra of neat CH3OH and neat CH3CH,OH (Hudson, 2017; Hudson
et al. 2024), suggesting at least some contribution from the latter spe-
cies. Therefore, it is not possible to specify which alcohol species is
present in our experiment as a radiolytic product.

In examining Table 5, it is possible to note that certain radiolytic
products observed by Bergantini et al. (2014) or Rachid et al. (2020)
were not observed in our study. In the case of Bergantini et al. (2014),
these are mainly organic species (e.g., HoCO, carboxylates, and hexa-
methylenetetramine) whose presence can be rationalised by the fact that
this particular experiment initially included CH3OH in the parent ice
which could have served as a feedstock from which other organic species
could be synthesised. In the case of Rachid et al. (2020), however,
several simple molecular species could be identified as a result of the
processing of their Enceladean surface ice analogue by 15.7 MeV 0>+
ions, including COs, CN~, HCN, and isocyanic acid (HNCO). These
species were not identified as products in the present study. We specu-
late that the reason for this is related to the higher energy of the pro-
jectile ion used by Rachid et al. (2020), since previous experimental
evidence has suggested that more energetic projectiles may indeed yield
a greater diversity and abundance of products in an irradiated astro-
physical ice analogue (e.g., Loeffler et al. 2005; Ding et al. 2013; Islam
et al. 2014; Munoz Caro et al. 2014; Mifsud et al. 2023b). It is therefore
possible that these species were also produced in our experiment, but at
concentrations that were too low to be detectable in acquired spectra.

Finally, it is necessary to address the relevance of the composition of
our Enceladean surface ice analogues to the actual surface composition
of Enceladus. As noted previously, the surface of Enceladus is composed
overwhelmingly of H,O ice with lower quantities of CO,, CHy4, and NH3
having been detected at abundances of <15, <7, and <3 percent by
weight, respectively (Emery et al. 2005; Brown et al. 2006; Hendrix et al.
2010; Combe et al. 2019). As such, our surface ice analogues are
somewhat enriched in these volatile species compared to the surface
composition of Enceladus. However, it is important to note that the
experiment of Bergantini et al. (2014) considered an Enceladean surface
ice analogue whose composition closely mirrored that of the actual
surface of Enceladus, and that the radiation chemistry and radiolytic
product formation observed by Bergantini et al. (2014) are very similar
to those observed in the present study (Table 5). The high degree of
similarity between our present results and those obtained by experi-
ments closely mimicking the surface composition of Enceladus
(Bergantini et al. 2014) therefore validates our experiments and dem-
onstrates that the radiation chemistry described herein and, by

extension, the inferences drawn from this chemistry are applicable to the
surface conditions of Enceladus. The remainder of this discussion is
therefore dedicated to detailing the reaction network initiated by the
irradiation of the Enceladean ice analogues considered in this study, and
the implications of this radiation chemistry for the surface evolution of
Enceladus, particularly in the south polar region.

4.2. Radiation chemistry

The three most commonly observed species in the ion irradiation
experiments performed in this study were CO, OCN~, and NH4. The
most likely synthesis route for CO is the radiation-induced homolytic
dissociation of a C=0 bond in CO, (Raut and Baragiola, 2013; Mar-
tin-Doménech et al. 2015; Mifsud et al. 2022). The synthesis of OCN™ is
somewhat more complex, and most likely relies on the primary synthesis
of HNCO, which then undergoes an acid-base reaction with either HyO
or NHj3 to yield the OCN™ product (Hudson et al. 2001; van Broekhuizen
et al. 2004). Interestingly, this latter reaction also yields NHZ, and could
account for a fraction of the NHJ observed in our experiments:

NH;24NH, + H )
NH, + CO—HNCO + H 3)
HNCO + H,0 (or NH3)—»OCN~ + H30" (or NH,") (@)

We note that no FTIR evidence for the formation of HNCO was found
in our experiments, although this species was identified as a product by
Rachid et al. (2020) during their irradiation of an Enceladean surface ice
analogue by 15.7 MeV O°* jons. It is therefore possible that this species
was rapidly consumed upon production to yield the OCN™ product
observed in our experiments and, indeed, previous work by van Broe-
khuizen et al. (2004) determined that the conversion of HNCO to OCN™
in the presence of NH3 within an energetic environment is extremely
efficient. Radiation-induced ionisation within the ice could also set the
stage for ion-molecule reactions that could contribute to the abundance
of NHJ, as discussed by Moore et al. (2007):

H,O (or NH3) 2% H,0 * (or NH*) + e ©)
H,0 * (or NH;¥) + NH;—-OH (or NH,) + NH,* (6)
H;0 * + NH;—H,0 + NH,* 7)
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Beyond these three product molecules, all other detections in our
experiments must be considered tentative. Among these tentative de-
tections was the formation of an alcohol species, which was detected in
all experiments except that making use of 15 keV H,O" ions. Although
we cannot unambiguously determine which alcohol homologues were
present as products, it is likely that simpler alcohols such as CH3OH and
CH3CH;0H were more abundant than larger homologues. The most
likely synthesis route towards the formation of CH3OH is that discussed
by Hodyss et al. (2009) for irradiated ices containing both CH4 and H,0:

H,0 2%H + OH ®
CH, + H (or OH)— CHj + H, (or H,0) )
CHs + OH— CH5OH 10)

Since CH3CH20H is a more complex molecule, multiple reaction
pathways could have contributed to its synthesis in our irradiated
Enceladean ice analogues. For instance, one pathway is analogous to
that described by Egs. (8)-(10), but starting from ethane (CoHg) rather
than CH4 (Moore and Hudson, 1998; de Barros et al. 2016; Mejia et al.
2020):

C2H5 +H (Or OH) —>CH3CH2 + H2 (OI' HZO) (1 1)

CH;CH, + OH—CH3CH,OH (12)

Ethane itself is readily produced as a result of the radiolysis of CH4
(Bennett et al. 2006; de Barros et al. 2011; Vasconcelos et al. 2017), and
thus could have been present within our ices at levels below spectro-
scopic detection limits. Another product of CH,4 radiolysis is CoHy
(Bennett et al. 2006; de Barros et al. 2011; Vasconcelos et al. 2017),
which was also tentatively detected in a number of our experiments
(Fig. 3, Table 4). This species may take part in radical addition reactions
with OH and H to progressively saturate the carbon skeleton and finally
yield CH3CH2OH (Chuang et al. 2020, 2021):
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H,CCO + 2 H-CH3CHO (18)

Another tentative product observed in our irradiated ices was
HCONHj, (Fig. 3, Table 4). This product was observed in all experiments,
apart from those using 10 keV O% ions and 15 keV H,O™ ions. The most
probable synthetic route for this species is that suggested by Jones et al.
(2011):

H+ CO—-HCO 19

HCO + NH,—~HCONH, (20)

Finally, we detected carbamic acid and ammonium carbamate dur-
ing post-irradiative warming of all our Enceladean surface ice analogues
(Fig. 4, Table 4). The synthesis of these species as a result of the irra-
diative or thermal processing of ices initially containing CO, and NH3
has been described in detail by several previous studies (Bossa et al.
2008; Potapov et al. 2020; James et al. 2020, 2021; Marks et al. 2023).
The mechanism leading to the formation of these products begins with
Eq. (2), which yields NH; and H; the latter species reacting with CO5 to
yield COOH. The reaction between COOH and NH, then goes on to yield
carbamic acid:

H + CO,—COOH @n

COOH + NH;—NH,COOH (22)

The acid-base reaction between carbamic acid and NH3 then yields
ammonium carbamate:

NH,COOH + NH;—NH,*NH,COO"~ (23)

4.3. Surface evolution of Enceladus

As explained previously, the water-group ions used in this study are
of particular relevance to Enceladus’ south polar region, since their
sheer abundance (Tokar et al. 2009) and comparatively high magnetic

C,H, + H (or OH)—CH,CH (or CHCHOH) 13) . .
gyroradii (Thomsen and Van Allen, 1980) mean they are likely the
primary drivers of radiolytic processing (i.e., space weathering) at the

CH,CH + OH (or CHCHOH + H)—>CH2CHOH+—}>ICH3CHOH or CHZCHZOHﬁ»ICHgCHon a4

Another possible route towards the formation of CH3CH,OH begins
with the CH3OH product itself, which may be dehydrogenated to CHoOH
radicals as a result of the impinging ionising radiation (Bergantini et al.
2017, 2018). This radical product was tentatively detected in three of
our experiments (Fig. 3, Table 4). Subsequent methylation of the CH,OH
radical would yield CH3CH,OH:

CH,OH%.CH,0H + H @s)

The synthesis of vinyl alcohol (CH,CHOH) as per Eq. (14) could also
lead to the eventual formation of CH3CHO, which was tentatively
detected in the experiment making use of 45 keV 0% ions, as well as
those making use of 10 and 15 keV OH" ions. An input of energy in the
form of ionising radiation could result in the removal of two hydrogen
atoms from vinyl alcohol to yield ketene (HoCCO) which can then be re-
hydrogenated to produce CH3CHO (Hudson and Loeffler, 2013; Chuang
et al. 2021):

CH,CHOH-%H,CCO + 2 H (or Hy) )

south polar region where subsurface ocean material is ejected via plumes
and deposited onto the surface. Of these ions, HyO™" is probably the most
important as it constitutes over 60 % of the total magnetospheric ion
population (Tokar et al. 2009). However, if the influence of space
weathering on the surface evolution of Enceladus is to be truly con-
strained, then it is necessary to first understand the production time-
scales of various radiolytic products in both the surface ices and the
plumes (both of which are exposed to magnetospheric radiation) and the
implications of such timescales for distinguishing material of subsurface
oceanic origin from material produced by radiolytic processes at the
surface and near-surface environments. The results of our present ex-
periments suggest that CO, OCN~, and NHj, possibly together with
carbamic acid and ammonium carbamate, are the most plausible species
that are present on Enceladus as undetected surface constituents and the
remainder of our discussion will therefore largely focus on these species.

4.3.1. Production timescales on the surface

The ion density around Enceladus has been reported to be approxi-
mately 60 cm’3, with mean ion velocities of 32.7 km s~! (Tokar et al.
2008; Persoon et al. 2013; Howett et al. 2018). The ion flux at the sur-
face of Enceladus may be approximated as the product of these
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quantities, and may thus be taken to be about 2 x 102 m~2s7. As such,
the fluences used in the experiments presented here correspond to flu-
ences of magnetospheric ions delivered to the surface of Enceladus over
timescales of approximately 1-4 years.

The exposure time of surface material in areas with the highest rates
of plume material deposition in the south polar region where burial of
surface material occurs at a rate of 1 mm year ' (Southworth et al.
2018) is estimated to be about 1 year (Hendrix and House, 2023). The
Enceladean timescales simulated by our experiments are therefore
approximately equal to the exposure time of material around the south
polar plumes, meaning that it would be very challenging to discriminate
between a potentially oceanic or space weathering source for CO, OCN™,
and NHj detected in these regions. Moreover, our experiments
demonstrate that these three products could be formed at relatively low
ion fluences of about 10** cm ™2, which correspond to timescales of just 6
days on the surface of Enceladus. This further complicates the search for
an unambiguous source of CO, OCN™, or NHJ should they eventually be
detected in surface material around the south polar plume. However, in
regions characterised by significantly lower rates of plume material
deposition, such as the northern hemisphere of Enceladus where surface
burial rates are on the order of 10~* mm year™!, surface exposure
timescales are well in excess of 1000 years. Consequently, in these re-
gions, the chemical evolution of surface material is more likely to be
driven by space weathering processes than by the deposition of plume
material.

It should be noted that the calculated Enceladean surface timescales
corresponding to the fluences used in our experiments are likely some-
what of an underestimate, since the ion density used in those calcula-
tions included the entire population around Enceladus rather than the
individual ion species used in each of our experiments. Taking H,O™ as
an example, which makes up about 60 % of the ion population around
Enceladus (Tokar et al. 2009) and scaling the ion density accordingly, it
is possible to calculate an Enceladean timescale of 6 years for a total
experimental fluence of 2.11 x 10'® cm™2. Although this is slightly
longer than our initial estimate of 1-4 years, it is still on the same order
of magnitude as surface exposure ages in regions where plume material
deposition rates are high.

4.3.2. Production timescales in the plumes

Although none of the radiolytic product species observed in our ex-
periments have been directly detected on the surface of Enceladus, many
have actually been tentatively detected within its plumes. These species
include CO, CyH,, and alcohols such as CH3OH and CH3CH;OH
(Postberg et al. 2018; Peter et al. 2024). The plumes, which are sourced
from the subsurface ocean (Brown et al. 2006), also contain the mole-
cules used to form our Enceladean surface ice analogues; i.e., HyO, CO,
CHy4, and NH3 (Waite et al. 2017). The Saturnian magnetospheric plasma
also interacts with (and, indeed, is partially composed of) this plume
material. As such, and similarly to the surface ice material, the plume
itself is also subject to radiation-driven chemistry (Tokar et al. 2009).
Ion densities in the plume are actually thought to be higher than those at
the surface of Enceladus: the Radio and Plasma Wave Science (RPWS)
Langmuir probe aboard the Cassini mission measured maximum ion
densities of 10° cm ™3, with ions having velocities ranging between 5 and
10 km s~! (Morooka et al. 2011). However, lower mean ion densities of
400-900 cm > have been suggested on the basis of numerical models
(Sakai et al. 2016).

Therefore, if our experiments were used to simulate the radiation-
driven chemistry occurring within plume material rather than in the
surface ices, then the fluences delivered in the present experiments
would be delivered to the material within the plume in just 21-60 h if
using the maximum measured ion densities (Morooka et al. 2011), or in
0.6-1.7 years if using the more conservative values suggested by models
(Sakai et al. 2016). Assuming a typical launch velocity of 148 m s~* and
an average plume height of 400-700 km (Sharma et al. 2023), it is
possible to estimate that a particle resides in the plume for 45-80 h.
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Therefore, our experiments are appropriate for simulating
radiation-driven chemistry within the plume if the maximum magne-
tospheric ion fluxes are assumed to be correct. As such, it is not possible
to discount radiation-driven chemistry as a source of molecules either in
the plume or on the surface.

4.3.3. Implications for the origins of Enceladean surface ice constituents

Our experiments have therefore demonstrated that radiation in the
form of Saturn’s magnetospheric plasma may be a driver of chemistry
leading to the formation of a number of new molecules over short
timescales both on the surface of Enceladus as well as within its plumes.
As such, it is likely that the composition of the subsurface ocean may not
be accurately reflected by the composition of the emergent plume, or by
material deposited on the surface immediately adjacent to the plume.
This result may be of crucial importance when interpreting data from
future missions to Enceladus (e.g., the proposed Orbilander and Moon-
raker missions; MacKenzie et al. 2021; Mousis et al. 2022) or when
feeding data into models simulating the composition and chemistry of
Enceladus’ subsurface ocean. Moreover, a number of molecules detected
(or tentatively detected) in our study may be candidates to constrain the
habitability of Enceladus due to their known roles in prebiotic chemis-
try: for instance, HCONH, is a known chemical precursor to amino acids
and nucleobases (Saladino et al. 2012; Ferus et al. 2015; Lopez-Sepulcre
et al. 2019), while phosphate derivatives of carbamic acid and ammo-
nium carbamate are known participants in the biological urea cycle
(Morris, 1992). Given that the downward transport of molecular mate-
rial at the surface to the subsurface ocean is thought to occur over a
timescale of at least a few millions or even a few tens of millions of years
(Porco et al. 2006; Barr, 2008; Cooper et al. 2009), our results suggest
that abiotic, radiation-driven processes may conceivably lead to the
formation of prebiotic molecules under conditions relevant to the sur-
face and plumes of Enceladus. Indeed, if such molecules are themselves
radio-resistant or are preserved via burial beneath deposited plume
ejecta, then it may be possible for them to accumulate on the surface and
reach abundances that would be detectable by scientific instruments
aboard future missions. Therefore, it may be necessary for caution to be
adopted should future detections of these prebiotic species be inter-
preted as possible indicators of extant metabolic processes in Enceladus’
subsurface ocean.

5. Conclusions

Experiments were performed in which Enceladean surface ice ana-
logues were exposed to keV water-group ions (i.e., 0F, 03", OH™, and
H,0™") at 70 K so as to simulate the magnetosphere-driven radiation
chemistry occurring at Enceladus’ south polar region, where plumes
eject subsurface ocean material which is then deposited on the icy sur-
face. Our results demonstrated that the irradiation of these ices yielded a
number of products, including CO, OCN~, and NHj, while post-
irradiative warming resulted in the synthesis of carbamic acid and
ammonium carbamate. Moreover, other organic molecules (e.g., CoHa,
CH3CHO, HCONH,, CH20H, and an alcohol species) were tentatively
detected. Although none of these products has yet been detected on the
icy surface of Enceladus, some have actually been detected within its
plumes. Importantly, our results have demonstrated that the timescales
required to synthesise these products (some of which are considered
prebiotic molecules) are similar to both the surface exposure times in
regions of highest plume material deposition, as well as the residence
time of material within the plume itself. Consequently, in such regions, it
may be very challenging to discriminate material sourced from the
subsurface ocean from that which is produced as a result of the exposure
of material to radiation in the form of Saturn’s magnetospheric plasma.
Therefore, caution is advised if interpreting future detections of prebi-
otic molecules on Enceladus’ south polar surface or within its plumes as
evidence of life-driven processes occurring within the subsurface ocean.
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