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Abstract: FEuropa, Jupiter’s second Galilean moon, is believed to host a subsurface ocean in
contact with a rocky mantle, where hydrothermal activity may drive the synthesis of organic
molecules. Of these molecules, abiotic synthesis of aromatic amino acids is unlikely, and their
detection on Europa could be considered a biosignature. Fluorescence from aromatic amino
acids, with characteristic emissions in the 200-400 nanometer wavelength range, can be induced
by a laser and may be detectable where ocean material has been relatively recently emplaced
on Furopa’s surface, as indicated by geologically young terrain and surface features. However,
surface bombardment by charged particles from the Jovian magnetosphere and solar ultraviolet
(UV) radiation degrades organic molecules, limiting their longevity. We model radiolysis and
photolysis of aromatic amino acids embedded in ice, showing dependencies on hemispheric and
latitudinal patterns of charged particle bombardment and ice phase. We demonstrate that
biosignatures contained within freshly deposited ice in high-latitude regions on the surface of
FEuropa are detectable using laser-induced UV fluorescence, even from an orbiting spacecraft.
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1. Introduction

UROPA is a prime candidate in the search for ex-
traterrestrial life due to its subsurface ocean,
believed to be in contact with a rocky mantle (Carr
et al., 1998). Hydrothermal activity on the ocean
floor, driven by tidal heating, could support serpen-
tinization, generating hydrogen and synthesizing
organic molecules from inorganic precursors (Zolo-
tov and Shock, 2001). The generation of hydro-
gen through serpentinization is particularly signifi-
cant because it provides a crucial ingredient for the
synthesis of organic molecules (Wang et al., 2014),
potentially fueling a subsurface biosphere. These
processes mirror early Earth conditions where hy-
drothermal systems may have been a potential set-
ting for the origin of life by providing energy and
essential building blocks for complex organic chem-
istry (Martin et al., 2008).

Aromatic amino acids, namely phenylalanine,
tyrosine, and tryptophan, are particularly intrigu-
ing in the search for extraterrestrial life. These
molecules are essential for life as they play critical
roles in cellular processes, including protein synthe-
sis and enzyme function (Pittard and Yang, 2008).
Their unique structures, featuring benzene or in-

dole rings, enable them to absorb UV light and flu-
oresce distinctly in the 200-400 nm range (Beaven
and Holiday, 1952). This fluorescence makes them
valuable as unique tracers in fields like medicine
and biochemistry (Yamashita and Tanoue, 2003),
as well as within the context of the origin of- and
the search for- life (Ehrenfreund et al., 2006). The
fluorescence of aromatic amino acids is utilized for
their detection in aquatic and icy settings on Earth
(Eshelman et al., 2019), as well in planetary con-
texts, where, for example, the SHERLOC instru-
ment (Beegle et al., 2015) aboard the Perseverance
rover on Mars utilizes deep ultraviolet (DUV) laser-
induced fluorescence to detect and analyze organic
compounds and minerals on the Martian surface
(Bhartia et al., 2021). Similar conceptual frame-
works have been proposed for more extreme set-
tings of solar system exploration, such as in-situ or
remote laser-induced spectroscopic analysis of me-
teorites (Lymer et al., 2021).

Simple amino acids such as glycine and ala-
nine have been detected in various abiotic settings,
including carbonaceous chondritic meteorites (Piz-
zarello et al., 1991) and hydrothermal environments
(Zhang et al., 2017), where the Strecker synthesis
is a well-established generation pathway (Koga and
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Naraoka, 2022). In contrast, the synthesis of aro-
matic amino acids, with their more complex molec-
ular structures, typically relies on multi-enzymatic
metabolic pathways, such as the Shikimate path-
way, which converts simple carbohydrates into aro-
matic compounds (Maeda and Dudareva, 2012).
The rarity of non-biological pathways for produc-
ing aromatic amino acids makes them compelling
biosignatures (Georgiou, 2018).

The recent detection of 14 out of the 20 pro-
teinogenic amino acids, including tentative evidence
for aromatic amino acids, in samples returned from
asteroid Bennu expands the possibilities of prebi-
otic chemistry that occurred in the protosolar disk
(Glavin and et al., 2025). The presence of these
compounds, formed through a combination of pho-
tochemical, radiolytic, and aqueous processes in
ammonia-rich conditions, suggests that complex or-
ganic synthesis can take place in the early Solar Sys-
tem, broadening our understanding of the chemical
precursors available for the emergence of life. No-
tably, polycyclic aromatic hydrocarbons (PAHs),
which are structurally complex organic molecules
composed of multiple aromatic rings, can also form
abiotically through photochemical processing on
surfaces such as water ice or silicate grains in stel-
lar systems and protoplanetary disks (Kahan and
Donaldson, 2007; Henning and Semenov, 2013; No-
ble et al., 2020). PAHs exhibit fluorescence similar
to aromatic amino acids and produce distinct near-
and mid-infrared (NIR and MIR) emission features
(Aihara, 1992; Peeters et al., 2021), making them
valuable tracers of organic chemistry in extrater-
restrial environments (e.g., Giese et al., 2022; Xu
et al., 2024). Their presence, alongside amino acids
in Bennu’s pristine material, underscores the diver-
sity of prebiotic organic molecules that could have
been available during planetary formation and the
early evolution of life.

On Earth, a marginal detection of tryptophan
in the Lost City hydrothermal field represents the
only known case where the synthesis of aromatic
amino acids has been suggested to occur through an
abiotic process (Ménez et al., 2018). Barring con-
tamination from biological sources, this discovery
is significant, as similar hydrothermal vent systems
may exist on Europa. These environments could
offer conditions conducive to the synthesis of com-
plex organic molecules via both biotic and previ-
ously unexplored abiotic mechanisms in the extant
Solar System (Lang and Brazelton, 2020).

Recently, a novel probabilistic approach intro-
duced the molecular assembly index (MA), a mea-
sure that quantifies the assembly complexity of
molecules (Marshall et al., 2021). According to this
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measure, molecules with an MA score greater than
15 are extremely unlikely to form abiotically. Ty-
rosine and tryptophan have MA scores of 10 and
12, respectively, as opposed to glycine, for exam-
ple, which has an MA score of 4. Thus, while the
abiotic synthesis of the aromatic species is possi-
ble — it is not likely, which further elucidates the
dearth of discovery of these species in abiotic set-
tings. On Earth, the concentration of tryptophan
has been measured to be about 0.1 parts-per-billion
(ppb) in the barren regions of the well-mixed ocean,
where its synthesis is least likely, (Yamashita and
Tanoue, 2004). The average abundances of tyro-
sine and phenylalanine are about 36 and 66 times
higher, respectively (Moura et al., 2013). While the
observed concentrations cannot be directly tied to
specific synthesis mechanisms, we consider them a
conservative estimate for the initial concentration
of aromatic amino acids in a well-mixed Europan
ocean that contains putative life.

The detection of salts and ocean-derived com-
pounds on Europa’s surface suggests that subsur-
face material may be reaching the surface (Zolo-
tov and Shock, 2001). Recent JWST observations
of carbon dioxide, its spatial distribution pattern,
and isotope ratios also indicate an internal source of
carbon (Trumbo and Brown, 2023; Villanueva et al.,
2023), further supporting this hypothesis.

Several mechanisms could transport material
from Europa’s subsurface ocean to its surface. Cry-
ovolcanism can deposit ocean material on the sur-
face (Sparks et al., 2017), while tectonic activity can
create pathways for subsurface material to ascend
(Cashion et al., 2024). Diapirism may also trans-
port ocean material upward with buoyant ice (Pap-
palardo and Barr, 2004). Of these mechanisms,
plumes are especially intriguing. Observations from
the Hubble Space Telescope and Galileo spacecraft
suggest water vapor plumes erupting from Europa’s
surface, potentially depositing oceanic materials
onto the ice (Roth et al., 2014)— a process that
is more frequent and better understood on Ence-
ladus (Postberg et al., 2011). This mechanism of
emplacing ocean material onto the surface bypasses
many complexities associated with other mecha-
nisms, whose efficiency and timescales are not well
constrained, and may involve significant alteration
or mixing of the transported material during its as-
cent (Travis et al., 2012).

Lastly, the detectability of these molecules is in-
fluenced not only by the rates of their delivery to
the surface but, importantly, by their longevity in
the harsh surface environment. Intense radiation
due to electrons and ions from Jupiter’s magneto-
sphere (Nordheim et al., 2018, 2022), whose pen-



etration depth depends primarily on the particles’
kinetic energy and can range between nanometers
up to nearly a meter deep, and solar UV radiation,
whose penetration depth varies similarly by many
orders of magnitude — from millimeters to meters —
depending on the optical properties of the ice (Orze-
chowska et al., 2007; Johnson et al., 2012). These,
in turn, depend on the ice’s thermal state and his-
tory (He et al., 2022), irradiation intensity (Straz-
zulla et al., 1992), and additional processes that are
stochastic on short time-scales (<10? years), such
as impact gardening (Costello et al., 2021). We
modeled the radiolytic and photolytic degradation
mechanisms independently and subsequently com-
bined them to estimate the integrated longevity of
aromatic amino acids embedded in Europan near-
surface ice.

2. Modeling Degradation Mechanisms

2.1. Radiolysis

Studies of the Jovian magnetosphere, specifically
at Europa’s orbital distance (Mauk et al., 2004;
Nordheim et al., 2022), highlighted key aspects of
the charged particles impacting FEuropa, specifically
that: (1) Charged particles span kinetic energies
from approximately 10 KeV to 100 MeV (Nord-
heim et al., 2018), where high kinetic-energy parti-
cles are much sparser than low kinetic-energy par-
ticles. (2) Major ions bombard Europa’s surface
relatively uniformly (Nordheim et al., 2022). (3)
Energetic electrons exhibit a strong latitude- and
hemisphere-dependent pattern. Electrons with ki-
netic energies below ~20 MeV drift faster than Eu-
ropa’s orbital velocity, impacting the trailing hemi-
sphere. More energetic electrons, which are scarcer,
impact the leading hemisphere because they have
net retrograde drifts relative to Europa’s orbital
motion (Nordheim et al., 2018). As a result, elec-
tron bombardment patterns form radiation “lenses”
focused on the equatorial regions, extending to the
mid-latitudes (Nordheim et al., 2018).

We implemented a simplified approach to simu-
late the interaction of charged particles with near-
surface ice, utilizing methods similar to those used
in previous studies (Nordheim et al., 2018) (see
Appendix A). Our model accounts for electrons
and the three most abundant magnetospheric ions
near Europa’s orbit: H*, O?%, and S** (Nord-
heim et al., 2022). Although there is some uncer-
tainty regarding the charge states and their distri-
bution among magnetospheric ions, our selection
of these ions is primarily based on observational
data (Mauk et al., 2004). To simplify the simula-
tion process, we assumed a uniform bombardment

pattern for the ions. While additional factors, such
as an ocean-induced magnetic field (Kivelson et al.,
2004), could be included, it has been shown that
their impact on the bombardment pattern is rela-
tively minor (Nordheim et al., 2022), while adding
significant complexity to the simulation. Moreover,
deviations from uniform ion bombardment are most
pronounced in low-latitude regions where electron
energy deposition peaks, and thus the effect of this
non-uniformity is small when considering the total
surface dose from all charged particles (Nordheim
et al., 2022). The surface was modeled as pure wa-
ter ice with a density of 0.5 g cm™2, incorporating
the effects of porosity. This density is consistent
with an expected porosity of approximately 0.3-0.5
for vapor-deposited water ice under Europan con-
ditions (Mitchell et al., 2017).

To compute the longevity of amino acids un-
der charged particle bombardment on Europa, we
use a radiolytic constant of 0.034 MGy~! for a
mixture of tryptophan, phenylalanine, and tyro-
sine, based on experimental values and scaled radi-
olytic reaction rates (Cataldo et al., 2011; Gerakines
et al., 2012) (see Appendix A). The radiolytic con-
stant can exhibit considerable variability that de-
pends both on surface conditions and the distribu-
tion of the organic material (Gerakines et al., 2012;
Pavlov et al., 2024). For example, hydrated salts
on Europa’s surface, such as magnesium sulfate
(MgSO4xnH30), can absorb radiation, reducing
the formation of radiolytic products and stabiliz-
ing amino acids against degradation over geological
timescales (Carlson et al., 1999; Brown and Hand,
2013). Additionally, recent experiments demon-
strated that amino acids within organic matter de-
grade much slower than free amino acids in ice,
suggesting their longevity may be significantly ex-
tended under realistic Europan conditions (Pavlov
et al., 2024).

Electrons bombarding the trailing hemisphere
are considerably more numerous but less energetic
(z 20 MeV), resulting in the deposition rate of
more than an order of magnitude more energy into
the ice. Furthermore, these less energetic elec-
trons exhibit smaller penetration depths, leading
to increased radiolytic degradation of amino acids
within the upper layers. Although energetic ions
are sparser, they are also effective at degrading
amino acids in the near-surface ice, because the two
heavier ions deposit most of their energy within the
top layer of the near-surface ice, in contrast to elec-
trons, which tend to penetrate deeper (a detailed
discussion can be found in Appendix A).



2.2. Photolysis

The photolytic degradation of amino acids can be
approximated as a first-order exponential decay
process influenced by wavelength-dependent pho-
tolytic reaction rates (Johnson et al., 2012) (see
Appendix B). We considered the spectral range for
photolysis to be between 147 and 342 nm, where
the lower limit of 147 nm was chosen based on ex-
perimental evidence indicating significant attenua-
tion of photons by water ice below this wavelength
(Warren, 2019; He et al., 2022), while the upper
limit corresponds to the dissociation energy of the
Ca-Cp bond in glycine (about 3.62 eV (Luo, 2002))
(see Appendix B). Reaction rates for phenylala-
nine were extrapolated from measured values under
equatorial surface conditions on Europa (Johnson
et al., 2012), and the rates for tyrosine and tryp-
tophan were adjusted to reflect differences caused
by molecular structure, as observed in v-ray radiol-
ysis experiments (Cataldo et al., 2011) (a detailed
discussion about the photolytic spectral range and
reaction rates can be found in Appendix B). The
annual mean solar flux incident on Europa’s sur-
face was calculated by accounting for the latitudi-
nal dependence, Europa’s time in Jupiter’s shadow
and its disk-averaged albedo, and the attenuation
of this radiation with depth in the ice was modeled
using a Beer-Lambert decay law, governed by ice
extinction (see Appendix B).

Amorphous solid water (ASW) is considered a
characteristic phase of near-surface ice on Europa,
especially in high-latitude regions (Hansen and Mc-
Cord, 2004), maintained by mechanisms such as im-
pact gardening (Mastrapa et al., 2013) and slow
crystallization time scales (Mitchell et al., 2017).
Recently, wavelength-dependent extinction coeffi-
cient profiles of vapor-deposited ice, in both amor-
phous and crystalline forms, were measured un-
der different deposition temperatures and shown
to exhibit significant backscattering in the UV-
visible range (He et al., 2022). Additionally, it
was shown that post-deposition heating changes the
optical properties of amorphous vapor-deposited
ice, often increasing the extinction coefficient by
more than an order of magnitude (He et al., 2022).
This is significant because photolytic degradation
of amino acids by solar UV photons is potent when
they are embedded in polycrystalline ice, which is
nearly transparent at UV-visible wavelengths (War-
ren, 2019), and results in very short half-lives of
amino acids under surface conditions found on Eu-
ropa (Johnson et al., 2012). The phase of the ice
on Europa is predominantly determined by crystal-
lization and amorphization effects, which depend
in turn on temperature and the deposited dose by
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charged particles (Strazzulla et al., 1992; Mitchell
et al., 2017). At the higher latitudes (> 60°),
where surface temperatures are < 110 K (Ashke-
nazy, 2019), the crystallization rate is slow (> 10°
years) (Mitchell et al., 2017), causing ASW to re-
main amorphous over longer time scales (Berdis
et al., 2020). In contrast, at mid-latitudes, where
surface temperatures are higher, free radicals that
form by irradiation are more mobile and likely to
recombine with the crystalline structure, thus re-
ducing the effectivity of amorphization through ir-
radiation (Strazzulla et al., 1992).

We leveraged these measured wavelength-
dependent extinction coefficients of vapor-deposited
ice (He et al., 2022) to compute the attenuation of
solar UV radiation that penetrates near-surface ice
of similar characteristics. For each location on Eu-
ropa’s surface, the initial extinction coefficient pro-
file for the near-surface ice column was determined
by the mean surface temperature at that location
(Ashkenazy, 2019). Then, we accounted for the
change in the extinction coefficient profile caused by
diurnal-scale post-depositional heating by interpo-
lating the measured change between the extinction
coefficient profile at the deposition temperature
(i.e., average diurnal temperature) and the maximal
diurnal temperature (He et al., 2022) (see Appendix
C). Finally, we evolved the extinction coefficient
profiles through time, as a function of depth, by
considering the temperature- and deposited dose-
driven crystallization and amorphization processes
(Strazzulla et al., 1992; Mitchell et al., 2017) (see
Appendix D), and derived photolytic half-lives of
aromatic amino acids embedded therein.

Fig. 1 shows the derived photolytic half-lives of
aromatic amino acids as a function of latitude and
depth for the trailing and leading hemispheres. The
longest considered half-life time indicates the slow-
est estimate for the mean turnover rate of Europa’s
surface (~10% years — Doggett et al. (2009)). The
apparent difference between the two hemispheres,
particularly around latitude 50°, can be explained
by a considerably faster amorphization of ice in
those regions at the trailing hemisphere, a pro-
cess that increases ice opacity (see Appendix D).
The difference in amorphization rates is driven, in
turn, by lens-like bombardment patterns of ener-
getic electrons that differ between the hemispheres,
resulting in higher dose deposition in the trail-
ing hemisphere, particularly in the mid-latitudes
(Nordheim et al., 2018) (see Appendix D).

Fig. 2 demonstrates the impact of different
degradation mechanisms on the relative abundances
of amino acids at various locations on Europa.
Given the radiolytic constant of 0.034 MGy~!,



degradation is most pronounced within the elec-
tron bombardment lenses, up to 30° and 60° for the
leading and trailing hemispheres, respectively. In
regions where electron bombardment is less preva-
lent, vapor-deposited ice significantly attenuates
the penetration of UV photons, reducing photolytic
degradation. As a result, in these areas, the degra-
dation of amino acids is predominantly driven by ra-
diolysis by ions (a detailed discussion can be found
in Appendix A).

3. Estimating Fluorescence Signal

We couple two degradation mechanisms to esti-
mate the net longevity of aromatic amino acids as
a function of their geographic location and depth
on Europa. In approaches utilizing laser-induced
UV spectroscopy, it is often assumed that ice is
transparent (Eshelman et al., 2019), allowing the
laser to penetrate deeply and the fluorescence to
propagate to the surface without severe attenua-
tion. This assumption is inadequate for the case
of Europa because, in the absence of an atmo-
sphere to filter harmful UV photons (Plainaki et al.,
2018), transparent ice would result in the rapid
photolytic degradation of amino acids to greater
depths, severely limiting the effectiveness of this de-
tection methodology.

Extinction of photon fluxes in vapor-deposited
ice protects amino acids from photolytic degrada-
tion but also attenuates both the laser beam and
the induced fluorescence traveling back to the sur-
face (see Appendix E). Our findings indicate that
such a laser can effectively penetrate the uppermost
millimeter of vapor-deposited ice under Europan
conditions, establishing this depth as the critical
longevity depth scale of amino acids for significant
fluorescence signal detection (see Appendix E). In
comparison with reported detection thresholds of
organic compounds buried in at least 2.4 cm of
glacial ice in Earth-like conditions (Eshelman et al.,
2019), Europa and Enceladus, to a lesser degree,
present more challenging environments for apply-
ing such methodology, as the relevant layer prone
for detection is also the one exposed to the harshest
degradation.

To assess the detectability of aromatic amino
acids through laser-induced spectroscopy, we as-
sumed an initial concentration of tryptophan to be
0.1 ppb and a a mixing ratio of 1:36:66 for tryp-
tophan, tyrosine, respectively. The three amino
acids were modeled as uniformly-distributed across
the vertical ice column. These concentrations rep-
resent conservative estimates derived from Earth’s
oceans (Yamashita and Tanoue, 2004; Moura et al.,

2013). Fig. 3 illustrates the net number of gener-
ated fluorescence photons, as a function of a 248.6
nm laser (Johnson and Hunter, 1980) energy and
amino acid concentration, at three nominal terrain
ages, demonstrating the rapid deterioration of the
potential signal due to degradation, assuming a ra-
diolytic constant of 0.034 MGy ! (see Appendix E).
The structure of fluorescence yield, which serves as
a proxy for the degradation rate, is primarily con-
trolled by the effectiveness of hemispheric radioly-
sis lenses, particularly in the trailing hemisphere.
Secondary contributions arise from uniformly bom-
barding ions, with a lesser influence from photoly-
sis, which is further modulated by the ice phase.

It is evident that given a prohibitive radiolytic
constant, even very low concentrations of aromatic
amino acids are sufficient to generate a statistically
significant fluorescence signal, given young enough
terrain and potentially even for detection from or-
bit. Polar regions, which are least exposed to solar
irradiance and are situated farthest from the elec-
tron radiation lenses, present the optimal locations
for the detection of aromatic amino acids. Inter-
estingly, the limited evidence of Europa’s plume
activity points to the south polar region (Roth
et al., 2014). If plume activity indeed occurs, and
is more likely in this region, similar to Enceladus
(Yeoh et al., 2015), the convergence of circum-
stances may create favorable conditions for probing
plume ejecta, enhancing the prospects for detecting
aromatic amino acids.

We compute the permissible degradation of the
effective upper layer of ice required to produce a
statistically significant detection of aromatic amino
acid fluorescence across Europa for two plausible
detection strategies: A detection by an instrument
at the surface or during a close flyby at a 10-
kilometer altitude, for the three considered radi-
olytic constants (a detailed discussion can be found
in Appendix E). We show that it is feasible to de-
tect a significant fluorescence signal within terrain
exposed to Europa’s surface conditions for up to
several thousand years in the case of a lander mis-
sion framework and up to several hundred years in
the case of a flyby mission framework, where the po-
lar regions offer the only feasible detection margin
for the latter.

4. Conclusion

Our study significantly advances the understand-
ing of Europa’s potential to preserve fluorescent
biomolecules embedded in near-surface ice despite
the harsh conditions on its surface, as well as the
ability to detect these molecules. By modeling the
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effects of radiolysis and photolysis, we have shown
that aromatic amino acids, specifically tryptophan,
phenylalanine, and tyrosine, can persist within the
upper millimeter of ice at high-latitude regions for
hundreds of years. This finding is crucial for future
astrobiological missions aiming to detect biosigna-
tures on Europa.

The degradation rates of these biomolecules
were found to vary significantly with latitude and
depth, influenced by the intensity of charged parti-
cle bombardment and the phase of the ice. Our
results indicate that the leading hemisphere of
Europa, sparsely impacted by high-energy elec-
trons, presents a more favorable environment for
the preservation of these amino acids compared to
the trailing hemisphere, which is exposed to lower-
energy particles that are more numerous with shal-
lower penetration depths. This said, the radiolytic
constant of aromatic amino acids in the near-surface
ice of Europa, which plays a critical role in de-
termining their longevity therein, is poorly con-
strained. Factors such as ice impurities and the
manner in which organics are clumped in the ice in-
troduce variability that necessitates further study.

We show that laser-induced fluorescence spec-
troscopy can effectively detect these biomolecules
even from orbit. This technique can penetrate the
uppermost millimeter of vapor-deposited ice, mak-
ing it attractive for potential future missions target-
ing geologically young terrain, such as plume ejecta.

Specifically, our findings underscore the importance
of the polar regions on Europa as prime targets
for biosignature detection, where preservation of
aromatic amino acids may lead to detectable con-
centrations of these compounds. Future missions
equipped with spectroscopic instruments will be
well-positioned to explore these regions and poten-
tially uncover evidence of biotic or abiotic synthesis
of complex biomolecules. The ability to predict the
presence of fluorescent organic molecules other than
aromatic amino acids on Europa’s surface is criti-
cal for evaluating the feasibility of the UV-induced
fluorescence detection approach for aromatic amino
acids. Detecting these coexisting molecules can, on
the one hand, attenuate the unique fluorescence sig-
natures of the aromatic amino acids and, on the
other hand, provide additional context, revealing
interactions between various organics and Europa’s
radiation-altered ice. Such insights could help elu-
cidate the history and origin of the extant organic
material on Europa’s surface.
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A. Radiolysis

A.1. Rationale

The radiolytic degradation of amino acids follows a first-order process similar to photolytic degradation:

C(t) = Coe Fradio DL, (A1)

where C(t) is the concentration of amino acids at time ¢, Cy is the initial concentration, kyaqio is the radi-
olytic dose coefficient, and D is the deposited dose rate. To estimate the longevity of amino acids under
charged particle bombardment on Europa, we utilize experimentally measured radiolytic dose coefficients
determined under various regimes of ionizing radiation. For uniformly distributed phenylalanine, the radi-
olytic dose coefficient was found to be approximately 0.05 MGy ~! under Europan thermal conditions. This
value was derived from experimental studies involving two distinct radiolysis mechanisms: bombardment
by 0.8 MeV protons (Gerakines et al., 2012) and «-ray irradiation (Pavlov et al., 2024). These results
indirectly relate to the findings of Strazzulla et al. (1992), who studied the amorphization of water ice and
observed that phase transitions and corresponding reaction rates depend predominantly on the energy of the
incoming radiation (within the tested range) rather than its specific type. The radiolytic dose coefficients
of tyrosine and tryptophan were scaled to be 4.3 times smaller than that of phenylalanine. This scaling is
based on «-ray radiolysis experiments, which revealed differences in degradation timescales attributable to
molecular structural variations (Chrysochoos, 1968; Armstrong and Swallow, 1969; Cataldo et al., 2011).
Given a mixing ratio of 1:36:66 for tryptophan, tyrosine, and phenylalanine, respectively (Moura et al.,
2013), an average radiolytic dose coefficient of 0.034 MGy ~! was computed using the following formula:

0.05 1 36 66  0.05
kra io — — — — —_— .034. A2
d 13 103 T4 103 P00 3 Ty X003 (A-2)

We conducted particle transport simulations using G4beamline (Roberts and Kaplan, 2007), a GEANT4-
based toolkit (Agostinelli et al., 2003), to model the depth-dependent energy deposition by energetic
particles in water ice. The energy spectra for electrons and ions were derived from published fits (Mauk
et al., 2004; Nordheim et al., 2018, 2022), based on Voyager and Galileo measurements (Paranicas et al.,
2001). Depth profiles of deposited dose rates were computed for electrons, protons, and heavier ions (O?*,
S3%) (see Figure A.1).

The radiolytic degradation rate at each depth and latitude was calculated using the energy deposition
results from our simulations. Further details of the radiolysis simulation setup and results are provided
below.

A.2. Radiolysis Simulations
A.2.1. Electrons

For each pixel, we compute the net energy flux from all incoming electrons using the following integral:

E(6,0) = / / Fret?) (E)EdEdS, (A.3)

Erin(4,0)

where B, and Epax are determined by their location (Nordheim et al., 2018). Following previous work
(Paranicas et al., 2009), the integral over the solid angle, accounting for downward facing flux perpendicular
to the normal, equals 7.

A.2.2. G4beamline Setup

The G4beamline simulation setup consists of two parts:

(1) We generate a block of 2000 detectors, each made of water ice with a density of 0.5 and 1 g
cm ™ and dimensions x,y = 1km and z = 0.1 mm, effectively probing down to a depth of a meter. Each
detector interacts with incoming electrons and records the net deposited energy. The size of the detectors is
configured to ensure that the net downward energy of electrons is recorded, even if they scatter laterally over
considerable distances. Additionally, we place two virtual detectors before and after the water ice detector

block. These virtual detectors only count the net energy that flows through them without interacting.
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Figure A.1: Integrated deposited dose rate from the bombardment of magnetospheric electrons and ions
(H*, 02T, and S*1) for the leading (a) and trailing (b) hemispheres. The bombardment of ions is assumed
to be uniform, and electron bombardment patterns follow a lens-like pattern centered on the equatorial
region of each hemisphere.

They account for electrons exiting the detector block on one side and backscattered electrons and ~y-rays
emitted by e~ — et annihilation events, thus ensuring the conservation of energy, which should sum to the
initial kinetic energy of all simulated electrons.

(2) The simulation of the electrons themselves: To sample correctly from the electron spectrum (Nord-
heim et al., 2018), we ensure that the region before the FWHM of the bulk of the flux (located in the lower
kinetic energy limit) is sampled at least ten times. We find that the flux spectrum should be sampled loga-
rithmically at ~200 locations to achieve a < 1% discrepancy between numerical and analytic integration of
Eq. (A.2.1). At each sampled location of the spectrum, we perform a simulation involving 103 electrons at
that energy interacting with the water ice detectors and correct the resulting deposited/scattered energy
to the number of electrons at that energy in the flux spectrum, multiplied by AE (the difference in energy
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Figure A.2: Depth-wise profiles of deposited dose rate at three nominal latitudes at the leading and trailing

hemispheres. Upper Panel: p;.. = 0.5 g cm~3. Bottom Panel: p;.c = 1 g cm™3.

between that and the next sample). The number of electrons was chosen based on output variance analysis.
Following the rationale of previous work (Paranicas et al., 2001, 2009), the initial momentum direction of
each electron is modeled as a random variable drawn from the following distribution:

P, = Psin(0) cos(¢)
P= P, = Psin(f) sin(¢)
P, = Pcos(),

where ¢ ~ U(0,27) and 0 ~ Cosine(0,7/2).

Finally, the simulation output for each pixel consists of three elements: (1) Depth-dependent absorbed
energy within the ice detectors, (2) Net energy of scattered electrons that did not penetrate the ice, and
(8) Net energy of emitted gamma photouns.

To convert the deposited energy in each detector from MeV to the deposited dose rate (in MGy), we
divide it by p - dz, where p is the ice density and dz is the thickness of each ice element. In Fig. A.2,
we plot depth-wise profiles of deposited energy flux at three nominal locations in the trailing and leading
hemispheres.

A.3. lons

Recent work demonstrated that within the relevant range of energies (i.e., 0.01-100 MeV), the bombardment
patterns of heavy ions follow a uniform trend as the kinetic energy of the ion increases (Nordheim et al.,
2022), providing also flux spectra for the three energetic ions, which we adopt for this work.

In Fig. A.3, we plot depth profiles of the deposited dose rates by the three ions, as well as the fractional
concentration of amino acids as a function of depth after having been exposed to heavy ion bombardment
for 10® years.
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Figure A.3: Top Panel: Energy deposition flux of the three major magnetospheric ions as a function of
ice depth at different ice densities. Bottom Panel: relative amino acids concentration as a function of
depth after 10® years of being subjected to heavy ion bombardment.

B. Photolysis

The photolytic degradation of amino acids follows a first-order decay law (Ehrenfreund et al., 2001; Johnson
et al., 2012):

C(t) _ Coe_kphotot’ (B.l)

where C'(¢) is the amino acid concentration at time ¢, Cy is the initial concentration, and kphoto is the pho-
tolytic reaction rate, which is both flux- and wavelength-dependent (Johnson et al., 2012). To parameterize
kphoto across the spectral range, we define it as:

k(N = n(\)Aa()), (B.2)

where A is the wavelength, n(\) is the solar photon flux at wavelength A\, and a(\) is a coefficient relating
photon energy and flux to the photolytic reaction rate. We derive a(\) by inverting the half-life times
reported in Johnson et al. (2012) in their Table 2, according to:

~ In(2) 1
M= nOn (B-3)

where 7, /5 is the measured photolytic half-life time. These values, measured at specific wavelengths, are
extrapolated using known absorption curves for aromatic amino acids (Beaven and Holiday, 1952), from
which wavelength-dependent reaction rates are derived. The extrapolation of a(\) across the spectral range
is detailed in Appendix B.1.

The incident solar flux at different latitudes is given by:



B.1 Extrapolating the Wavelength-Dependent Reaction Coefficients

17

...
s T w - ( ]
1 0—25 Al °
7 hXS
7] Y
— N\
| \\\
7 S
g S
] —26 AN
% 10 N
= A
= AN
=, R
% —-=-—' Gly interp \\\
® Gly \\\
10727 Phe interp \\
[ Phe &N
150 175 200 225 250 275 300 325 350

Wavelength [nm]

Figure B.1: Wavelength-dependent reaction coefficient a(\), measured and extrapolated. Dots: «())
inverted from half-life times measured by Johnson et al. (2012). Dashed lines: Linear interpolation of
the inverted a(A) for the 147-342 nm range.

F(o,A) = So(N)f(¢)(1 = P)(1 - a), (B.4)

where ¢ is the latitude, f(¢) is the fraction of solar flux projected onto the surface at latitude ¢, P = 0.033
represents the fraction of Europa’s time in Jupiter’s shadow, and « = 0.68 is Europa’s disk-averaged Bond
albedo (Grundy et al., 2007). The function f(¢) is derived in Ashkenazy (2019).

The depth-dependent attenuation of radiation in the ice is modeled using the Beer-Lambert law:

F(¢, )\, z) = F(¢,\)e M7, (B.5)

where F(¢, ) is the latitudinal and wavelength-dependent flux at the surface, F(¢, A, z) is the flux at
depth z, and u()) is the wavelength-dependent extinction coefficient of ice.

The depth-dependent photolytic reaction rate at each latitude is calculated as a weighted average across
the spectral range:

(B.6)

. n;
k'photo,i(¢7 Z) = Z kphoto,i(¢7 s Z) ﬁj’

je P\min 7>\max]

where N is the integrated fluence across the spectral range and n; is the fluence at the jth wavelength.

B.1. Extrapolating the Wavelength-Dependent Reaction Coefficients

We interpolate a(\) across the 147-342 nm range using linear interpolation of In(a())), ensuring a gradual
transition of a(\) as the wavelength increases. This approach is conservative, given the substantial decrease
in absorption for wavelengths A >~ 300 nm (Fodor et al., 1989; Wen and Thomas, 1998; Orzechowska et al.,
2007). The extrapolated a()) values are shown in Fig. B.1. Lastly, the photolytic degradation rates of
tryptophan and tyrosine were scaled by 4.3, based on the rationale presented in Appendix A.1.
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B.2. Spectral Range

Decarboxylation, the process involving the removal of a carboxyl group (-COOH) from a molecule, was
demonstrated to be a notably favored chemical transformation of amino acids under UV irradiation (Lion
et al., 1981; Ehrenfreund et al., 2001). The preeminence of decarboxylation as the primary photolytic
pathway for aromatic amino acids can be attributed to the structural configuration of the carboxyl group
within these molecules. The proximity of the carboxyl group to the aromatic ring facilitates facile Co,, — Cs
(where C, is the carbon adjacent to the carboxyl group and Cpy is the carbon within the side chain)
bond cleavage upon photon absorption, yielding a carboxyl radical intermediate (Tseng et al., 2010). This
intermediate species undergoes subsequent rearrangement and fragmentation processes, culminating in the
release of carbon dioxide (CO2) and the generation of a stable radical or carbonation (Ehrenfreund et al.,
2001; Rahman et al., 2019).

Photolytic degradation of amino acids on Europa’s surface was experimentally explored in previous
work (Orzechowska et al., 2007; Johnson et al., 2012), which investigated the half-life times of glycine and
phenylalanine under the influence of solar irradiation at wavelengths of 147, 206, and 254 nm. Since these
wavelengths don’t fully encapsulate the effective photolytic degradation range, we opted for a broader
spectral range for analysis, specifically from 147 to 342 nm.

The choice of 342 nm as the lower limit is justified by its equivalence to the C, — Cs bond dissociation
energy in glycine (=~ 3.62 eV (Luo, 2002)). In aromatic amino acids, resonance stabilization due to the
presence of an aromatic ring enhances the strength of adjacent bonds (Aihara, 1992). This stabilization,
facilitated by the delocalization of 7 electrons, notably reinforces the C', — Cg bond. Conversely, glycine
lacks aromatic rings, resulting in a lower dissociation energy for its C, — C'z bond. Hence, adopting 342
nm as the lower limit sets a conservative range for considering wavelengths in the photolytic process.

While previous studies have documented the photolytic degradation of amino acids at wavelengths
as short as 121.6 nm, corresponding to the Lyman-a peak in the solar spectrum (Ehrenfreund et al.,
2001), water ice, regardless of whether it’s crystalline or amorphous, effectively attenuates photons below
approximately 150 nm (He et al., 2022). Considering that (1) our investigation primarily focuses on
amino acids within the ice matrix, and (2) half-life times of amino acids found on the surface are very
short regardless of whether shorter wavelengths are considered, we set 147 nm — the shortest wavelength
analyzed in previous experimental work (Johnson et al., 2012) — as the upper energetic threshold for our
analysis.

C. Thermal History of Vapor-Deposited Ice

At different deposition temperatures, we fit the extinction spectra using a function composed of two skewed
Lorentzians and a left tail, defined as the average of the right tail for A > 600 nm (see C.1). The resulting
fit functions are concatenated and interpolated over the temperature range of 30-160 K.

Experimental work has shown that vapor-deposited amorphous ice, when deposited below 110 K and
heated, exhibits significant changes in optical properties (He et al., 2022). In contrast, the optical properties
of crystalline ice, which doesn’t undergo additional significant thermal annealing, remain stable (Jenniskens
and Blake, 1996; Mitchell et al., 2017; He et al., 2022). To account for this, we compute the diurnal surface
temperature cycle at each latitude and calculate the average change in optical properties due to post-
depositional heating. The thermal evolution is modeled within the top ~5 cm of the surface, assuming a
uniform ice density as supported by gravitational compaction studies on Europa (Mergny and Schmidt,
2024).

The adjustment of the extinction coefficient profile due to thermal evolution is performed as follows:

e The diurnal surface temperature cycle is computed for each latitude by integrating a partial differ-
ential equation of the diurnal temperature cycle as a function of depth, derived and specified with
appropriate boundary conditions and parameter values in previous work (Ashkenazy, 2019). We
integrated the equation for about fifty days to capture the diurnal heating effects within the top few
centimeters.

e We interpolate the thermal evolution of the extinction coefficient at 500 nm based on experimental
results (He et al., 2022), using the curves of the slower heating rates (0.6 K/min) that best reflect
diurnal rates on Europa’s surface (Ashkenazy, 2019). At each latitude, we assume that the extinction
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coefficient is heated from the average- to the maximal- diurnal temperature (i.e., averaging over all
possible deposition phases of the diurnal cycle).

e The average thermally-evolved extinction coefficient is computed at each latitude by scaling the
extinction coefficient spectrum by the ratio of thermally-evolved and thermally unchanged values at
500 nm, assuming that the spectral absorption curve (e.g., Fig. C.1) remains constant.

The derived extinction coefficient profile accounts for the varying thermal conditions across latitudes,
incorporating both amorphous and crystalline ice properties.

C.1. Extinction Coefficients of Vapor-Deposited Ice

Vapor-deposited ice is of particular interest due to three factors:

Prevalent in Higher Latitudes: Previous work suggested that the surface ice on Europa’s leading hemi-
sphere follows a bi-modal regime, with amorphous ice prevalent in high latitudes (¢ > 60°) (Berdis et al.,
2020). This is due to slower crystallization driven by diurnal temperature cycles (Jenniskens and Blake,
1996). Beyond latitude 75°, this process is even slower than the estimated upper limit of the mean turnover
rate of Europa’s surface (Ip et al., 2000; Bierhaus et al., 2005; Doggett et al., 2009). In contrast, lower
latitudes are characterized by predominantly crystalline ice. Simulations indicate that most charged parti-
cle energy is deposited at lower latitudes, potentially degrading embedded amino acids to greater depths.
Additionally, average solar irradiance decreases with increasing latitude, reducing photolytic degradation
potential (Ashkenazy, 2019).

Indicative of Geologically-active Terrain: Plume ejecta is suggested to be primarily deposited as
vapor-deposited ice (Goodman et al., 2004; Quick and Hedman, 2020). Although the evidence is sparse,
plume activity on Europa (and Enceladus) has been traced to the south pole region (Roth et al., 2014).

Strong Scattering Properties: The refractive indices and extinction coefficients of vapor-deposited
water ice were recently measured at different temperatures (He et al., 2022), distinguishing two steady-
state regimes: amorphous ice at T' < 130 K and crystalline ice at T' 2 160 K. The significant difference
between the mean path length for UV-vis absorption (hundreds of meters) (Warren and Brandt, 2008) and
scattering (tens of microns) (He et al., 2022) indicates that vapor-deposited ice can effectively attenuate
incoming solar radiation, prolonging the lifetime of embedded molecules.

Previous works demonstrated how optical properties of water ice change with different composition,
deposition, and thermal evolution mechanisms (Warren and Brandt, 2008; Warren, 2019). For example,
measured photolytic lifetimes of amino acids in crystalline ice indicated that the mean longevity of the
considered species under Europan conditions is on the order of a decade (Orzechowska et al., 2007). In con-
trast, the optical properties of vapor-deposited ice, particularly its scattering coefficient, differ significantly
from crystalline ice (He et al., 2022). Therefore, lifetime estimates for amino acids in Europan near-surface
ice can vary considerably depending on the ice’s properties.

D. Amorphization and Crystallization

The amorphization of ice is dependent on both temperature and absorbed radiation dose, measured in
previous experimental work (Strazzulla et al., 1992). We estimate the mean temperature of near-surface
ice over multi-annual timescales by solving the partial differential equation of the diurnal cycle temperature
cycle as a function of depth (Ashkenazy, 2019), until the diurnal cycle reaches steady-state. The deposited
dose is calculated using radiolysis simulations, converting the absorbed dose from MGy to eV /H5O.

For crystallization, we solve the Avrami equation (with n = 2 and AH = 60kJ/mol based on prior
measurements (Jenniskens and Blake, 1996; Mitchell et al., 2017)), which describes the bulk of the crystal-
lization process of porous ice. The net crystallinity at any given location and time is derived by balancing
the amorphization and crystallization rates.

The final extinction coefficient for vapor-deposited ice is then computed as a combination of thermally
evolved amorphous ice and crystalline ice:

/«Lﬁnal()\) = (1 - ftotal) N Nthermal(A) + ftotal : ﬂcrystalline()\)7 (Dl)
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Figure C.1: Extinction coefficient profile fitting procedure demonstration. Solid black line: measured
extinction coefficient spectrum for vapor-deposited ice at 100 K. Dashed blue line: Best fit curve.
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Figure C.2: Thermal history of vapor-deposited amorphous ice as a function of deposited and heated
temperatures, as reported in He et al. (2022) (their Fig. 13). The heating gradients are 0.6 K/min, except
for ice deposited at 30 K, for which the gradient was 3 K/min.

where fiotal is the net crystalline fraction, and fithermal @0d Uerystalline Tepresent the extinction coefficients
of thermally evolved and crystalline ice (i.e., that deposited at 160 K (He et al., 2022)), respectively. It is
important to remark that crystalline ice that was impacted by radiat§ion (i.e., amorphized) and ice that
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Figure D.1: Average diurnal temperature of near-surface Europan ice as a function of latitude and depth.

was deposited as amorphous ice do not necessarily share the same optical properties (Berdis et al., 2020).
This simplifying assumption is made here because these two cases have hitherto not been disambiguated
in terms of their resulting optical (and other) properties.

The net crystallization fraction at each location, depth, and time, is computed as follows:

ftotal (Ta Da t) = max [0, fcrystalline(Tv t) - fatmorphous (T’ D, t)]v (D2)

where T is the depth-dependent temperature, D is the depth-dependent deposited dose rate, ¢ is time, fiotal
is the net crystalline fraction, ferystalline is the crystalline fraction computed with the Avrami equation,
and famorphous 18 the amorphous fraction derived from experimental measurements by irradiation of ice by
~-rays (Strazzulla et al., 1992). There, it was also discussed that the amorphization of ice due to irradiation
is rather dependent on the kinetic energy of the radiation than on its type.

In Fig. D.1, we plot the average diurnal temperature of near-surface ice on Europa as a function of
latitude and depth, computed by integrating a partial differential equation of the diurnal temperature cycle
as a function of depth, derived and specified with appropriate boundary conditions and parameter values
in previous work (Ashkenazy, 2019).

In Figs. D.2 and D.3, we plot the computed timescales of crystallization and amorphization of near-
surface ice as a function of latitude for the leading and trailing hemispheres, respectively.

E. Fluorescence

The total concentration of amino acids as a function of depth and time, accounting for both photolytic
and radiolytic degradation, is given by:
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Figure D.2: Amorphization and Crystallization timescales for the leading hemisphere at the prime meridian.
Upper Panel: Amorphization and Crystallization timescales, respectively. The amorphization timescale
is set for either a relative fraction of 0.5, where the temperature is sufficiently low, or for the maximum
fraction otherwise. Bottom Left Panel: Maximum achievable amorphization fraction as a function of
latitude. Bottom Right Panel: Net crystallization timescale, accounting for both amorphization and
crystallization.

M(¢,0,2,t)= > Mi(¢,0, 2zt =0)e Frrowoil@2) Fhraio D(@.0,2)t (E.1)

i€ [phe,tyr,trp]

where M; is the molarity of the ith amino acid species, ¢ is the latitude, 8 is the longitude, kpnoto is the
photolytic reaction rate, and k;aqi, is the radiolytic constant. We compute the initial molarity as follows:

Pamino Pice
M, = 28me . e E.2
" pmo  Mu,o (E2)

where Pamino 18 parts amino acids of the ith species, p,o is parts water (where e.g., for 1 ppb, % = ﬁ),
2
pice 18 the ice density, and My,0 ~ 18.016 g mol~! is the molar mass of HyO. The attenuation of the laser

beam as it penetrates the ice is modeled using;:

I(2) = Ipae™ (W Zim M)z, (E.3)

where I(z) is the intensity of the laser beam at depth z, I is the initial beam intensity, « is the albedo, i
is the extinction coefficient of the ice, €; is the molar absorptivity of the ith amino acid species, and M;(z)
is the concentration of the ith amino acid species at depth z.

At each depth, the total energy converted into fluorescence for each amino acid species within an
infinitesimal depth interval dz is given by:
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Figure D.3: Amorphization and Crystallization timescales for the trailing hemisphere at the antimeridian,
similar to D.2.

Species Quantum Yield (&) | Molar Absorptivity (¢) [cm~! mol~! L]
tryptophan 0.12 5579
tyrosine 0.13 1140
phenylalanine 0.022 88

Table E.1: Fluorescence properties of aromatic amino acid species. Quantum yield and molar absorptivity
values were adopted from published experimental work (Chen, 1972; Fasman and Company, 1975).

oo
/ I i( A, 2)dN = I(2)®,e,M;(2)dz, (E4)
— 00
where Iquo,i(A, 2) is the characteristic fluorescence spectrum for the ith amino acid species, and ®; is the
fluorescence quantum yield of that species. The fluorescence-related properties of the aromatic amino acids
are listed in Table E.1.

Fluorescence emitted from depth z propagates back to the surface, attenuated by the extinction coeffi-
cient of the ice. The intensity at the surface is given by:

Isurface,i(A) = Iﬁuo,i(>\7 z)eﬁu(}\)z. (E5)
In Appendix E.1, we describe how the emergent fluorescence signal is converted into a signal-to-noise ratio
for potential detection by an orbital or surface-based instrument.
E.1. Fluorescence Emission Attenuation and Potential Detection Strategies

To account for the amount of photons subtended by the telescope, assuming it is a Lambertian point-source
emitter, we compute the fraction of the solid angle of the telescope, given by:
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Parameter Surface | Orbit
Laser beam energy [J] 10 100
Collecting area diameter [m)] 0.011 0.5
Distance from the surface [m] | 0.048 10*

Table E.2: Instrumental setups considered for calculation of fluorescence signal significance for the surface
and orbital scenarios, respectively. For the surface setup, the collecting area diameter and distance from
the surface are taken from the SHERLOC instrument manual (Beegle et al., 2015).
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Figure E.1: Degradation timescales of aromatic amino acids within vapor-deposited ice, allowing for an
SNR of 3 detection of laser-induced fluorescence, for three radiolytic constants kradio: (a, b) 0.034 MGy !
(c, d) 0.0034 MGy~ (e, f) 0.00034 MGy~!. Top: Detection from the surface. Bottom: Detection from
orbit.

nD? 1 D2

telescope

Qtotal 4 47T(d + 2)2 ~ 16d2’

where Diclescope 18 the diameter of the collecting area and d is its distance from the surface.

Several studies have explored the optimal approach to UV spectroscopy of amino acids, particularly
for Martian Rover missions (Beaven and Holiday, 1952; Eshelman et al., 2018, 2019; Lymer et al., 2021).
The 266 nm Nd:YAG, or the 248.6 nm krypton fluoride (KrF) excimer laser systems (Geusic et al., 1964;
Johnson and Hunter, 1980) are usually considered as the prime candidates for space-based laser-induced
UV-vis spectroscopy (Beegle et al., 2015). However, this wavelength coincides with high extinction in
vapor-deposited ice, leading to significant beam attenuation. A shorter wavelength around 225 nm is
preferable, as it operates in a more transparent spectral region of ice, reducing attenuation and enhancing
detection (He et al., 2022). That said, it has not been examined whether such small-wavelength laser can
effectively induce fluorescence of aromatic amino acids, rather than destroying them. In Fig. E.1, we show
the extent of permissible degradation to produce a detectable fluorescence signal (SNR) of three, given the
two hypothesized probing scenarios and three considered radiolytic constant values.

Qtelescope
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