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Low effective ultraviolet exposure ages for organics
at the surface of Enceladus
Amanda R. Hendrix 1✉ & Christopher H. House2

The saturnian moon Enceladus presents a remarkable opportunity in our solar system for

searching for evidence of life, given its habitable ocean and plume that deposits organic-

bearing ocean material onto the surface. Organic ocean material could be sampled by a

lander mission at Enceladus. It is of interest to understand the amount of relatively pristine,

unaltered organics present on the surface, given the ultraviolet (UV) and plasma environ-

ment. Here, we investigate UV penetration into Enceladus’s surface and the resultant

effective exposure ages for various regions, using the UV reflectance spectrum of Enceladus

as measured by the Hubble Space Telescope and considering the rate of resurfacing by plume

fallout. In high plume fallout regions near the south pole, plume grains are buried by fresher

grains within years, resulting in low levels of exposure to solar UV, which penetrates only

~100 micrometers. Regions at latitudes south of ~40°S can have exposure ages <100 years,

translating to relatively high abundances of pristine organic material preserved in the regolith.
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The Enceladus south polar vapor plume, as observed by the
Cassini Ion and Neutral Mass Spectrometer (INMS), is
composed of H2O ( ~ 90%) with <1% CO2, CH4, NH3, H2

and trace organics1, and has been linked to a salty subsurface
ocean2. The plume H2 may be the result of water-rock reactions
occurring below Enceladus’ seafloor1 that could indicate hydro-
thermal systems linked to a habitable ocean3,4.

Enceladus’ plume presents a remarkable opportunity to study
material sourced from this habitable environment, because the
plume brings material, including organics, salts and silicates2,5,
directly from the subsurface ocean into the Saturnian system,
with 7-10% of the mass of plume material ejected into the E ring6.
The majority of plume grains are on ballistic trajectories and fall
back to the surface of the moon. Rates of fallout of plume material
onto the Enceladus surface have been estimated6,7 at
10−6−1 mm/yr, depending on surface location relative to south
polar source locations and size of deposited plume grains.

Mission concepts investigating the utility of probing Enceladus
plume organics via plume fly-through missions8 and landed
capabilities9,10 have been studied. Here we provide estimates of
exposure ages of plume deposits - and the organic material therein -
using the UV spectral signature of Enceladus that provides insights
into the penetration depth of solar UV photons into the icy regolith.

Results and discussion
Timescales for destruction of simple organic molecules. Based
on the observation of organic material in the Enceladus plume11

and the abundance of organic material in diverse primitive bodies,
it is expected that simple organic molecules have been deposited on
the Enceladus surface, and it is hypothesized that such molecules
could include biomolecules derived from a subsurface ocean eco-
system. The organic transformations and the destruction and
survivability of amino acids against UV, temperature, desiccation,
oxidants and charged particles have been studied, particularly with
applications to Mars, Europa and Enceladus12–16.

Organic transformations due to space weathering in planetary
environments have been best studied in amino acids, and glycine
in particular has been studied more than any other individual
compound. During some types of space weathering, the rate of
glycine transformation is an underestimate compared to that of
other amino acids due to its simple structure, which has a low
molecular mass17 and could be reformed as a product of a back
reaction18; glycine also lacks a structure that can stabilize the
radical formed by irradiation12. Overall, experiments using
gamma18,19, electron beam19,20, and UV21 irradiation have
shown many amino acids transform at approximately comparable
rates, but also in the laboratory, UV photolysis of bare alanine
was almost an order of magnitude faster than observed with bare
glycine12. Perhaps most relevant for this study, the aromatic
amino acid phenylalanine was found to undergo UV photolysis at
a rate about three times faster than glycine15,22 (Table 1). While
all amino acids will likely transform at a rate slightly faster rate
than glycine (Table 1), some carboxylic acids will undergo
photolysis faster than glycine and some slower. In a laboratory
setting, oxalic acid (a dicarboxylic acid) was found to transform
two times slower than the aromatic benzoic acid23. In similar
experiments, trimesic acid (with three carboxylic acid groups)
undergoes photolysis two times faster than phthalic acid, an
aromatic dicarboxylic acid24. Under these conditions, the amino
acid 2-aminoisobutyric acid was found to undergo photolysis
about four times faster than phthalic acid24. Based on these past
results, we can predict that aromatic species likely transform in
UV more quickly than glycine, but that non-aromatic, non-amino
carboxylic acids transform more slowly, as they lack both an
aromatic absorption and any UV-driven deamination25.

Decarboxylation and deamination are dominant paths for
destroying amino acids15,26 as, for example, aspartic and glutamic
acids transform in UV approximately twice as fast as glycine
(Table 1); photons <342 nm are of sufficient energy to break the
C-C bond in glycine15. Past work also indicates that decarbox-
ylation of amino acids in UV-irradiated ice proceeds more
quickly in thinner than in thicker ice films due to the
transmission of very short wavelength ( < 0.2 μm) photons22,27,
and that some photochemical transformations proceed >3 times
more slowly under ocean world surface temperatures compared
to experiments performed at 20 °C28. To best approximate
Europan conditions, Johnson et al. (2012)15 focused on separate
single wavelength experiments using cryogenic Ar ice. Extra-
polating the results to the Enceladus equator, for example, gives
half-lives of ~10 years for glycine and <4 years for phenylalanine,
which UV transforms quickly to the similar amino acid
tyrosine29. While most relevant research has focused on glycine,
many important prebiotic and biological molecules are signifi-
cantly more stable than amino acids (Table 1) with, for example,
purines and urea being much more UV stable than amino acids30.

Depth of UV penetration at Enceladus. At Mars18,31 and
Ceres32, given the low-albedo, absorbing nature of the surface,
UV penetration depths are shallow and thus concerns for pre-
servation of organics, and perhaps amino acids, at depths below
the shallow penetration depths of UV focus on charged particles.
At Mars, although the total energy flux from UV is many orders
of magnitude higher than the total energy of the cosmic rays at
the martian surface, UV penetration into the subsurface is
blocked by the upper ~1 mm of regolith31. Ertem et al. (2017)31

show that cosmic radiation at Mars could degrade amino acids in
~20Myr in the top 10 cm, and even faster if amino acids are
mixed with hydrated silicate minerals or perchlorates.

At the higher-albedo icy moons of Jupiter and Saturn, UV
penetration has been discussed in the literature as being
significantly deeper than at Mars and Ceres, perhaps even up to
1 m for simulations of ice blocks22. At Europa, the limiting effect
on survival of organics is the charged particle radiation
environment33. However, in the saturnian system, the opposite
is true: solar UV fluxes are significantly higher than magneto-
spheric particle fluxes34,35 because neutral particles dominate
over charged particles in the Saturn system, a result of plume
activity at Enceladus36. In previous studies, Carlson et al. (1999)37

estimated the penetration depths into a nonporous medium of 60
micrometer H2O grains at 250 micrometers (for 210 nm photons)
and 500 micrometers (for 300 nm photons). Orzechowska et al.
(2007)22 used pure H2O optical constants38 to estimate that solar
photons of wavelengths in the 163 to 300 nm range can propagate
to meter depths and decompose amino acids over a decade of
exposure on Europa. Updated pure H2O optical constants39 were
used by to estimate timescales of survival of amino acids at
Enceladus9.

The Enceladus spectrum has been shown40,41 to exhibit
evidence that non-H2O ice contaminants result in a more
absorbing nature than pure H2O ice. We can estimate the UV
penetration depth at the Enceladus surface by utilizing a
composite UV spectral measurement of Enceladus as measured
by the Hubble Space Telescope Space Telescope Imaging
Spectrograph (HST/STIS) and Cassini instruments (see Meth-
ods). As shown in Fig. 1, the estimated penetration depth of UV
solar photons (over which the incoming light is attenuated by
a factor of 1/e), at wavelengths of interest (namely <342 nm) is
<10-4 m (0.1 mm) for 0.5-1 micrometer diameter grains; any
plume material in the top ~0.1 mm is fully solar UV irradiated.
Penetration depths are somewhat greater for larger grains (depths
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Table 1 UV irradiation experiments of organics at the most relevant wavelengths.

Ref. Organic Photons (nm) Location Temp. Half life at
1 AU

Half life at
9.5 AU (yrs)a

Notes

59 Glycine Solar >115 nm Earth Orbit 232 to 289 K 3.7-7.0 0.9–1.7 No ice and with warm
temps (and some loss
observed in dark controls)

Aspartic 1.0-2.2 0.3–0.6
Glutamic 1.1-1.4 0.3
Tyrosine 3.0-7.0 0.7–1.7

22 Glycine 130-300/330 Laboratory 100 K 181-235 45−60 Europa thick ice sim.
Aspartic 77-84 19–21
Glutamic 84-92 21–23
Phenylalanine 61-29b 15-8b Converts to tyrosinec

30 Glycine Solar >115 nm Earth Orbit 251 to 303 K 8 2 No ice and with warm
tempsAdenine >41 >10

Guanine >41 >10
Xanthine 16 4.0
Hypoxanthine >41 >10
Urea >41 >10
PolyC3O2 6 1.5
PolyHCN 10.0 2.5

15 Glycine 147, 206, 254 Laboratory 18 K 38 9.4 Europa sim. using Ar-ice
Phenylalanine 13.8 3.4 Converts to tyrosinec

21 Glycine 200-450 Laboratory Up to 313 K 115−129 28-32 No ice and with warm
tempsAlanine 92-115 23-28

2-Aminoisobutyric 112-330 28-82
2-Aminobutyric 70-78 17-19
Valine 70-74 17-18
Aspartic 29-68 7.2-17
Dileucine <15 <3.7
Glycine Solar >115 nm Earth Orbit Up to 313 K 178-390 44-96
Alanine 97-261 24-64
2-Aminoisobutyric 115-285 28-71
2-Aminobutyric 97-285 24-71
Valine 97-390 24-96
Aspartic 27-97 7-24
Dileucine <15 <3.7

aFor studies not at 1 AU, results were extrapolated to 1 AU and then to 9.5 AU. Half-lives for 9.5 AU taken to be 90.25 times 1 AU half-lives. For59, low and high half-lives calculated assuming first order
kinetics from concentrations remaining ± one standard error of each light and dark experiment added in quadrature. For22, lower half-lives were calculated using the thinnest ice experiments reported in
their Table 2 and the higher half-lives use timescales for 50% decomposition penetrating to 1 m depth at Europa (reported in their Table 3), converted to 1 AU. In ref. 15, the half-lives reported for each
wavelength were combined into one decay.
bIn ref. 22, the phenylalanine half lives using the thinnest ices shows a longer timescale than the modeled result reported in their Table 3.
cSee Ref. 29.

Fig. 1 Derived depths of penetration of solar radiation into the Enceladus surface for various regolith grain sizes. Larger grain sizes result in greater
penetration depths; the Enceladus surface is likely to be dominated by grains <1-5 micrometers in diameter2. Also shown are the estimated penetration
depths into pure ice (red & black lines/asterisks), using two different sets of optical constants. Pure ice penetration depths are much deeper than for
Enceladus because of the granular nature of the Enceladus regolith (compared with the layers of ice used in the lab to derive the optical constants for pure
water ice) in addition to the non-ice component of the Enceladus regolith. We note that measurements by Picard et al. (2016)60 resulted in values
intermediate between the datasets represented by the black and red lines.
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of 0.2-0.8 mm for grains 3-10 micrometers in diameter), and as
such, the small (1-5 micrometer diameter) plume grains help to
bury previously-deposited plume grains and shield them from
UV. The derived penetration depths for the Enceladus surface are
much shallower, for wavelengths longer than ~170 nm, than for
pure H2O ice (Fig. 1).

Penetration depths decrease significantly for λ<~170 nm, where
water ice becomes very absorbing. Combined with the fact that the
solar flux at ~147 nm is ~0.01% of the flux at 350 nm, we find that
the shorter wavelengths, despite beingmore energetic, are not likely
to have a significant effect on the Enceladus surface organics.
(Thus, in Table 1 we do not consider the results of studies27,42 that
focused on wavelengths shortward of 185 nm.)

Depth of penetration of electrons of various energies & other
particles. Aside from solar UV, we consider effects of electrons
and ions of varying energies within the Saturnian magnetosphere;
other particle sources such as galactic cosmic radiation (GCR)
and solar protons are of lower importance on the timescales of
importance here43,44. At Enceladus, energetic electron fluxes are
much lower than at Europa and the spectrum effectively only
extends up to energies of ~10 MeV45,46. For instance, at Europa,
1000 keV electrons are present in fluxes of ~104 (cm2-sec-str-
keV)-134 while the flux of 1000 keV electrons at Enceladus is ~20
(cm2-sec-str-keV)-135.

Data from Cassini Magnetosphere Imaging Instrument
(MIMI) Low Energy Magnetospheric Measurements System
(LEMMS) (MIMI LEMMS)35 show that the fluxes of >1.6 MeV
electrons and >25MeV protons decrease overall with distance
from Saturn such that the flux of >~1MeV electrons at
Enceladus’ orbit (4 RS) is only ~15% of the flux at Mimas’ orbit.
The field lines near Enceladus are distorted (C. Paranicas, pers.
comm.), affecting the bombardment pattern of >~1MeV
electrons at the surface of Enceladus. Thus, to estimate the
effects of >~1MeV electrons on the surface of Enceladus, we can
take the Mimas case as a worst-case scenario. At Mimas, the
>~1MeV electron bombardment has been modeled46 as lens
shapes centered on the equatorial portions of the leading and
trailing hemispheres; corotating cold plasma and energetic
particles primarily bombard the trailing hemisphere (centered
on 270°W) while retrograde energetic electrons bombard
primarily the leading hemisphere (centered on 90°W). Nordheim
et al. (2017)46 show that at the trailing hemisphere apex of
Mimas, >10 keV electrons bombard within ~43° of equator, while
~100 keV electrons bombard only within ~27° of equator, and
1MeV electrons are focused right near the equator. On the
leading hemisphere of Mimas, 1-10MeV electrons access within
20° of equator; higher energy electrons ( > 7MeV) can access
within 50° of equator, with higher latitudes bombarded only by
>10MeV electrons with very low fluxes.

Nordheim et al. (2017)46 also studied depth-dose rates for
particles of different energy ranges at Mimas. On the trailing
hemisphere, the uppermost 10 micrometers within the lens (with
a maximum latitude of ~35°) reaches a significant dose on
timescales of 103-104 years. At deeper depths, the lens-like region
shrinks as only the most energetic electrons with the greatest
penetration range into the ice are capable of reaching those
depths. At 10 mm depths the dose is negligible. On the trailing
hemisphere, at latitudes beyond ±20°, the surface receives a
negligible energetic electron dose and is therefore not likely to be
heavily processed; the trailing hemisphere does not receive any
significant energetic electron dose at cm depths.

On the leading hemisphere of Mimas, within ±15° of equator, a
significant dose is reached on timescales of 105.5-106 years, while
the timescale for surrounding regions is 106-108 years.

At >40 mm depth, the electron dose within the lens is negligible,
with modification timescales of ~109 years – consistent with the
idea that the electron flux spectrum drops off rapidly with
increasing energy.

Because Mimas is a worst-case scenario estimate for electron
fluxes and bombardment patterns at Enceladus, we can conclude
that at the equatorial regions of Enceladus, electron bombard-
ment is likely to be the most important, though still at relatively
low fluxes (especially compared to Europa or even Mimas). At
higher latitudes, and importantly for the high southern latitudes
where plume fallout is greater, the plume fallout dominates over
electron effects.

Effective surface age. An effective surface age can be defined for
any region on the Enceladus surface, given the solar UV pene-
tration depths estimated above and considering plume material
fallout/deposition rates across the Enceladus surface.

The estimated depth of the wavelengths able to break C-C
bonds in glycine ( < 0.342 mm) is <10−4 m. Because the
Enceladus plume constantly deposits fresh ocean material onto
the surface, the UV destruction of bonds competes with
emplacement. The rate of plume material deposition varies
across the surface of Enceladus and has been estimated6,7 at 10-6-
1 mm/yr, depending on surface location relative to south polar
source locations and grain size of deposited plume grains, with
the majority of plume fallout occurring in the southern
hemisphere.

Southworth et al. (2019)7 estimate that some southern
hemisphere regions receive plume deposition rates of 0.1-1 mm/
year, while much of the northern hemisphere, and some regions
of the southern hemisphere, experience lower fallout rates of
<0.01 mm/yr. Given that the solar UV penetrates to only
~0.1 mm, the higher fallout regions (of ~0.1 mm/yr) have
exposure ages of only ~ 1 year. For lower plume fallout regions,
with deposition rates of ~10−4 mm/yr, the exposure ages are
>1,000 yrs. Thus, regions with latitudes southward of ~40°S can
have effective exposure ages <100 years. Figure 2 shows a sample
swath along which deposition rates7 decrease from 1mm/yr to
10-5 mm/yr, demonstrating the amount of unaltered carboxylic
acids that may be present within the top 100 micrometers of the
surface, and below the top 100 micrometers. More recent analyses
suggest that these fallout rates7 are lower limits47. The estimates
in Fig. 2 use the range of half-lives given by the Guan et al. 30 and
Johnson et al. 15 measurements (Table 1). The Guan et al.
(2010)30 half-lives are likely an underestimate for Enceladus,
given that they used pure glycine with no ice in warm
temperatures; the Johnson et al. (2012)15 half-lives may be an
overestimate for Enceladus given that that study used lamps at
specific wavelengths only, and not the entire solar spectrum.

The results in Fig. 2 assume constant incident illumination,
which is a conservative simplification to average over long
timescales that ignores a number of orbital processes that would
limit solar illumination at a specific location on Enceladus. In
addition to the loss of illumination at night, high latitudes
experience solar illumination seasonally. Thus, during winter, the
southern temperate latitudes experience their lowest UV fluxes
allowing for minimal transformation of organic material (Table 1)
deposited during the preceding decade. In this example, at 55°S
latitude, a location in principle reachable by a lander when the
winter terminator extends to 63°S during the next (2046) winter
solstice, nearly half (or as much as ~80%) of the original glycine
in the top 100 micrometers remains untransformed. Further,
southward of ~50°S, at least percent levels of deposited carboxylic
acids remain pristine below the depth of penetration of UV
irradiation.
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Overall, the surface ages at Enceladus’s southern latitudes are
very young (e.g., <1Ma) relative to the rate of organic destruction
expected from exposure to galactic cosmic radiation17,18, and
high energy radiation (trapped protons and electrons) in the
Saturn system are more two orders of magnitude lower than
found in the Jovian system45 rendering the destruction of
organics by radiation sources in the Saturn environment relatively
insignificant in the freshly deposited plume ices, especially away
from the high-energy radiation “lens” expected to be found near
the moon’s equator46.

In high plume fallout regions of Enceladus, plume grains are
buried by fresher grains within years, and thus solar UV
exposure, which penetrates only ~0.1 mm (100 micrometers), is
low, allowing for preservation of potentially ocean-sourced
organics near the surface. The small particle sizes of the plume
fallout material are effective shields of underlying plume material.
At 100 micrometers and deeper into the Enceladus regolith, the
plume organics will have been transformed to a certain extent/
age, but will be held to that age due to shielding by overlying
deposited grains. The levels of preservation, even at depths easily
sampled, allow for the analyses of the pristine organics along with
their decarboxylated counterparts at levels similar enough to be
well within the dynamic range capability of modern flight mass
spectrometers ( > 10048), providing a means by which the original
deposited organics can be quantified with judicious confidence.
Deconvolution of the inventory of pristine organic molecules in
the plume material provides an unprecedented opportunity to
determine their origins, explore planetary chemistry, and search
for a hidden biosphere.

Methods
Previous studies of the UV spectrum of Enceladus40,41 demon-
strated that non-H2O components are present on the surface,

which make the spectrum more absorbing than pure H2O ice
(Fig. 3). The penetration depth of solar radiation, i.e. the
absorption length over which the incoming light is attenuated by
a factor of 1/e, is given as L= λ/4πk49, where λ is the wavelength
of the radiation and k is the imaginary part of the refractive index
of the Enceladus surface. To determine k of the Enceladus surface,
we use the technique of Lucey (1998)50, assuming n values (real
part of the refractive index) and other parameters, and iteratively
solving for the spectral reflectance using varying values of k to fit
the measured spectrum.

We start by deriving the UV reflectance spectrum of Enceladus
as measured by the Hubble Space Telescope Space Telescope
Imaging Spectrograph (HST/STIS):

reflectance ¼ I
F

¼ flux ´R2 ´ π
solar ´Ω

ð1Þ

where R= heliocentric distance of Enceladus at the time of the
observation; Ω= solid angle of Enceladus; flux is the HST STIS-
measured flux from Enceladus; we used a solar spectrum from
SORCE SOLSTICE51. The derived reflectance spectrum is shown
in Fig. 3 along with data from Cassini Ultraviolet Imaging
Spectrograph (UVIS), Imaging Subsystem (ISS) and the Visible
Infrared Mapping Spectrograph (VIMS) to produce a UV-visible
composite reflectance spectrum. Also shown in Fig. 3 is a model
of pure H2O ice, scaled to the Enceladus composite spectrum to
compare the spectral shapes and demonstrate the absorbing
nature of the Enceladus spectrum, especially at λ<500 nm, due to
non-H2O ice materials in the regolith. The composite Enceladus
spectrum is disk-integrated but could be used to estimate pene-
tration depths nearly anywhere on the surface given that spectral
variations across the surface are minimal52.

The measured reflectance can be related to the single-scatter
albedo w through the formulation for the radiance coefficient r:

r ¼ w
4

1
μþ μ0

ðð1þ BÞpþH1H2 � 1Þ ð2Þ

where μ and μ0 represent the cosines of the emission and inci-
dence angles, respectively. In Eq. 2, B represents the approx-
imation for the opposition surge, the strong increase in brightness
approaching 0° phase; although our 15° phase angle spectrum is
likely not significantly affected by the opposition surge, we use the
opposition terms derived for Enceladus53.

In Eq. (2), the single-particle phase function p is represented by
a single-lobed Henyey-Greenstein function:

p ¼ 1� g2

ð1þ 2gcosðαÞ þ g2Þ3=2 ð3Þ

where g is the asymmetry parameter. We use g values of −0.3 and
−0.4 based on Enceladus results53 and find that derived pene-
tration depths are not drastically different using the two values;
Fig. 1 shows derived penetration depths using g=−0.3. We note
that these g values are reflective of a backscattering surface.
Enceladus, and all other observed icy surfaces in the solar system,
are primarily backscattering in nature at ultraviolet-near infrared
wavelengths; this in contrast to terrestrial snows54,55, and likely
reflects grain and regolith characteristics unique to low-gravity
surfaces exposed to space weathering processes and could also be
tied to composition.

In Eq. (2), multiple scattering is considered using the H
terms56:

H1 ¼
1

1� wμ
�
r0 þ 1�2r0μ

2

� �
ln 1þμ

μ

� � ð4Þ

Fig. 2 Sample swath indicating the effective abundances of pristine
(unaltered) carboxylic acids within the top 100 micrometers and at
depths >100 micrometers for various points on Enceladus moving along
a path heading 25° west of north starting from the end of the Baghdad
fracture at 70°S. Abundances assume the range of glycine decarboxylation
half-lives at 9.5 AU of between 2 and 9.4 years, bounded by the
measurements of Guan et al. (2010)30 and Johnson et al. (2012)15

(Table 1). The half-lives here are reduced to reflect lower average solar
illumination with changing solar incidence angles away from the equator.
Plume grain deposition rates (left y-axis) are from eight-point sources and
slope of the power-law size distribution α= 3.17, with the time (years) to
build up to a depth of 100 micrometers indicated on the right y-axis.
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H2 ¼
1

1� wμ0
�
r0 þ 1�2r0μ0

2

� �
ln 1þμ0

μ0

� � ð5Þ

where

r0 ¼
1� ffiffiffiffiffiffiffiffiffiffiffiffi

1� w
p

1þ ffiffiffiffiffiffiffiffiffiffiffiffi
1� w

p ð6Þ

The single scatter albedo w is given by

w ¼ Se þ
ð1� SeÞ θð1� SiÞ

1� Siθ
ð7Þ

where

θ ¼ ri þ e�
ffiffiffiffiffiffiffiffiffiffi
αðαþsÞ

p
G

1þ ri þ e�
ffiffiffiffiffiffiffiffiffiffi
αðαþsÞ

p
G

ð8Þ

Se ¼
ðn� 1Þ2
ðnþ 1Þ2 þ 0:05 ð9Þ

Si ¼ 1:104� 4

nðnþ 1Þ2 ð10Þ

ri ¼
1� ffiffiffiffiffiffi

α
αþs

p

1þ ffiffiffiffiffiffi
α

αþs

p ð11Þ

α ¼ 4πk
λ

ð12Þ

Here, G= 2D/3 where D= grain diameter; after other
researchers50 we set s= 0, where s represents an internal scat-
tering coefficient. To determine the range of estimated penetra-
tion depths, we used n= 1.339 and varied the parameters D and g
(asymmetry parameter in the single particle scattering function)
to derive k.

We note that Mishchenko (1994)57 disputes the Hapke theory,
demonstrating that negative g values can only be appropriate for
radius-to-wavelength ratios in the range of 0.1 to 0.4; in this case,
for the wavelengths and particle sizes considered here, the grains
would need to be forward scattering (with positive g values as
high as approximately 0.7). Furthermore, some authors58 have
shown that for snow surfaces on Earth, particles can be forward

scattering while the overall surface can be backscattering due to
macroscopic surface roughness. To address the possibility that the
Enceladus grains themselves could be forward scattering despite
the overall surface being backscattering, we demonstrate (Sup-
plementary Fig. 1) the effect on our results of using a positive g
value. Supplementary Fig. 1 shows the derived penetration depths
using g=+0.7 for 1 micron grains, along with a standard case
from Fig.1 using g= -0.3 for 1 micron grains. Assuming forward
scattering grains results in a penetration depth of <1 mm for
photons <λ= 300 nm. Using g=+0.7 is based on results57 as
derived for pure water ice and is a conservative estimate for our
purposes given that the Enceladus surface is not pure water ice
(see Fig. 3) and thus the particles making up the Enceladus sur-
face are likely to be more backscattering than pure water ice, with
organics as well as nano- and microscale silicates and salts con-
tributing to the absorption of UV photons. To compare this
conservative case (using 1 mm solar UV penetration depths) with
Fig. 2, and using the Johnson et al. (2012) photolysis
measurements15, at 50°S, 10% pristine carboxylic acids would
remain in the upper 1 mm and >0.013% would remain below
1mm; at 55°S, 25% pristine carboxylic acids would remain in the
upper 1 mm and 15% would remain below 1mm; and at 60°S,
57% pristine carboxylic acids would remain in the upper 1 mm
and 28% would remain below 1mm.

Data availability
HST/STIS data were taken as part of program 13694 and are available from the HST data
archive, the Mikulski Archive for Space Telescopes (http://archive.stsci.edu/hst/). Cassini
data are available from the Planetary Data System. Cassini ISS data can be found at
https://planetarydata.jpl.nasa.gov/img/data/co-s-issna_isswa-2-edr-v1.0/. Cassini VIMS
data can be found at https://pds-imaging.jpl.nasa.gov/volumes/vims.html and https://
planetarydata.jpl.nasa.gov/img/data/cassini/cassini_orbiter/covims_0044/. Cassini UVIS
data can be found at https://pds-atmospheres.nmsu.edu/data_and_services/
atmospheres_data/Cassini/inst-uvis.html and https://atmos.nmsu.edu/pdsd/archive/data/
co-s-uvis-2-spec-v12/couvis_0023/DATA/D2008_178/.
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