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We report laboratory studies on the 0.8 MeV proton irradiation of ices composed of sulfuric acid (H2SO4),
sulfuric acid monohydrate (H2SO4�H2O), and sulfuric acid tetrahydrate (H2SO4�4H2O) between 10 and
180 K. Using infrared spectroscopy, we identify the main radiation products as H2O, SO2, (S2O3)x, H3O+,
HSO�4 , and SO2�

4 . At high radiation doses, we find that H2SO4 molecules are destroyed completely and that
H2SO4�H2O is formed on subsequent warming. This hydrate is significantly more stable to radiolytic
destruction than pure H2SO4, falling to an equilibrium relative abundance of 50% of its original value
on prolonged irradiation. Unlike either pure H2SO4 or H2SO4�H2O, the loss of H2SO4�4H2O exhibits a strong
temperature dependence, as the tetrahydrate is essentially unchanged at the highest irradiation temper-
atures and completely destroyed at the lowest ones, which we speculate is due to a combination of radio-
lytic destruction and amorphization. Furthermore, at the lower temperatures it is clear that irradiation
causes the tetrahydrate spectrum to transition to one that closely resembles the monohydrate spectrum.
Extrapolating our results to Europa’s surface, we speculate that the variations in SO2 concentrations
observed in the chaotic terrains are a result of radiation processing of lower hydration states of sulfuric
acid and that the monohydrate will remain stable on the surface over geological times, while the tetra-
hydrate will remain stable in the warmer regions but be destroyed in the colder regions, unless it can be
reformed by other processes, such as thermal reactions induced by diurnal cycling.

Published by Elsevier Inc.
1. Introduction

Remote sensing of Jupiter’s icy satellites has revealed that even
though their surfaces are composed mostly of water ice (Kuiper,
1957; Johnson and McCord, 1971), other molecules also are pres-
ent, many of which are a consequence of the high radiation flux
(Cooper et al., 2001) inducing surface chemistry. For instance,
H2O2 on the surface of Europa (Carlson et al., 1999a), O2 on the sur-
face of Europa, Callisto and Ganymede (Spencer and Klesman,
2001; Spencer and Calvin, 2002) and O3 on the surface of Gany-
mede (Noll et al., 1996) are all believed to be direct results of radi-
olysis of water–ice and its products. In addition, it has been
suggested that detections of other species, such as SO2 or CO2,
could also indicate radiolysis. SO2 could have formed from implan-
tation of Iogenic sulfur and subsequent reactions (Lane et al.,
1981), while CO2 may have formed via irradiation of water–ice
on the surface of carbonaceous material (Hibbitts et al., 2000;
Gomis and Strazzulla, 2005).

While radiolysis can produce many of the molecules on surfaces
of the icy satellites, it is not the only way these molecules could
Inc.

er).
have originated. For example, micrometeorite and cometary im-
pacts could have brought exogenic material, such as CO2, to the
icy satellites (Hibbitts et al., 2000). In addition, the subsurface
ocean proposed for not only Europa (Cassen et al., 1979) but also
Ganymede (McCord et al., 2001a) and Callisto (Khurana et al.,
1998) may be a source for some of the species detected. Material,
possibly salty or acidic, could be transported to a surface by a vari-
ety of mechanisms as discussed by Kargel et al. (2000).

In light of these possible processes, the detection of distorted
H2O absorption features in the near-infrared spectra of Europa by
the Galileo NIMS instrument has generated much interest. The dis-
tortion’s cause is thought to be crystalline salt hydrates (McCord
et al., 1999), hydrated sulfuric acid (Carlson et al., 1999b), or a
combination of both (Orlando et al., 2005; Dalton, 2007). The pres-
ence of sulfuric acid (H2SO4) could be explained by radiation pro-
cesses, while the salts could provide strong support for the
putative ocean. Thus, determining whether salts, acid, or a combi-
nation of these species is present is very important for understand-
ing surface and sub-surface geochemistry and is likely to influence
the direction of future missions, modeling, and laboratory studies.

In the absence of sampling missions, the surest way to approach
answering problems such as these are laboratory investigations. In
fact, laboratory studies focusing on infrared (IR) spectra of ices and
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mailto:mark.loeffler@nasa.gov
http://dx.doi.org/10.1016/j.icarus.2011.06.008
http://www.sciencedirect.com/science/journal/00191035
http://www.elsevier.com/locate/icarus


2.0

6 12 18

 Wavelength (µm)

SO 2-

M.J. Loeffler et al. / Icarus 215 (2011) 370–380 371
molecules formed via radiation processes have been crucial in
interpreting the remotely acquired spectra of satellite surfaces.
For instance laboratory experiments have shown that ion irradia-
tion of H2O–ice (Teolis et al., 2006) and H2O–O2 ice mixtures (Bar-
agiola et al., 1999) produces O3 and H2O2 (Moore and Hudson,
2000; Gomis et al., 2004; Loeffler et al., 2006). Furthermore, it also
has been shown that the spectrum of H2O2 on Europa’s surface is
matched by the laboratory spectrum of hydrogen peroxide dis-
persed in H2O–ice (Loeffler and Baragiola, 2005).

While extensive IR spectral data are available for water ice in
relevant astrophysical environments and over a range of wave-
lengths, much less has been published on salts and sulfurous mate-
rials in solid solutions. Mid-IR spectra of solids composed of pure
H2S and SO2, as well as these same molecules mixed with H2O,
are in the literature (Salama et al., 1990; Schriver-Mazzuoli,
2003; Moore et al., 2007; Loeffler and Hudson, 2010). Mid-IR spec-
tra of sulfuric acid and its hydrates (Middlebrook et al., 1993;
Zhang et al., 1993; Moore et al., 2007) also have been published,
while near-IR spectra are available for salt and sulfur hydrates
(Carlson et al., 1999b; McCord et al., 2001b; Dalton, 2003, 2007;
Dalton et al., 2005). Not surprisingly, there are fewer studies of
radiation effects in salts and sulfurous materials under relevant
astrophysical environments. UV photolysis and ion irradiation of
SO2 have shown that SO3 is readily produced (Moore, 1984; Schriv-
er-Mazzuoli et al., 2003; Garozzo et al., 2008). Electron irradiation
of frozen S8–H2O mixtures produces SO2�

4 (Carlson et al., 2002). It
has also been shown that ion irradiation and thermal annealing
of H2S–H2O and SO2–H2O mixtures produces sulfuric acid and sul-
furic acid hydrates (Moore et al., 2007), while other studies showed
that S+ ions implanted into water ice also produce hydrated sulfu-
ric acid (Strazzulla et al., 2007) and possibly SO (Sack et al., 1992).
Interestingly, little or no SO2 was observed during the S+ implanta-
tion into water ice (Strazzulla et al., 2007), which is the proposed
mechanism for SO2 formation on Europa (Lane et al., 1981). How-
ever, it is possible that SO2 could form by the irradiation of salts or
sulfuric acid, as SO2 was observed in the gas phase during electron
irradiation of MgSO4 above 150 K, but was undetected at lower
temperatures more typical of Europa (McCord et al., 2001b).

An interesting question that arises from these observations and
experiments is whether salts and acids are thermally and radiolyt-
ically stable at the temperatures of the Galilean satellites. While
there have been some studies on salts (Nash and Fanale, 1977;
McCord et al., 2001b), there have been none on the radiation stabil-
ity of solid sulfuric acid and its hydrates under Europa-like condi-
tions. Therefore, in this paper we report investigations of the
radiolytic stability of H2SO4, H2SO4�H2O, and H2SO4�4H2O, each of
which has a distinct IR spectrum. Our experiments were conducted
between 10 and 180 K with 0.8 MeV protons as the ionizing radia-
tion. During irradiation we monitored the destruction of the start-
ing material and the formation of products via IR spectroscopy.
Finally, we have extrapolated our results to timescales relevant
to the surface of Europa.
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Fig. 1. Infrared spectra of a 6:1 H2O–SO2 mixture deposited at 86 K (a) before and
(b) after irradiation with 1.6 � 1015 H+ cm�2 at 86 K.
2. Experimental methods

2.1. Experimental setup and sample preparation

Experiments were performed in a stainless steel high-vacuum
chamber with a thermal-radiation shielded cryostat (Tmin � 10 K)
and a base pressure under 1 � 10�7 Torr. Solid films of H2SO4,
H2SO4�H2O, and H2SO4�4H2O were made by two-step processes de-
scribed below. Preparation of all samples began with the codeposi-
tion of H2O and SO2 onto a gold-coated aluminum mirror at 86 K
using two separate pre-calibrated gas lines. The ice film’s growth
was monitored by recording interference fringes made by a diode
laser (670 nm) at near-normal incidence (<5�). To prepare H2SO4

and H2SO4�H2O samples, we started with 6:1 H2O–SO2

(3.6 ± 0.2 lm) ice mixtures, while to make H2SO4�4H2O we began
with 30:1 H2O–SO2 (2.9 ± 0.2 lm) ices. Thicknesses and number
ratios were calculated assuming indices of refraction at 670 nm
of 1.31 for H2O (Warren and Brandt, 2008) and 1.36 for SO2 (Musso
et al., 2000), uniform mixing, and a density of 0.85 g cm�3 for H2O
and 1.46 g cm�3 for SO2. Samples were grown at �0.1 lm min�1.
We irradiated each ice sample with 0.8 MeV protons to a fluence
of 1.6 � 1015 H+ cm�2. Fig. 1 shows representative IR spectra for a
6:1 H2O–SO2 ice mixture before and after irradiation, where it is
clear that the SO2 absorptions are almost completely lost as new
features appear. The strongest bands have been assigned to H3O+

(1724 cm�1) and SO2�
4 (1150, 983, and 620 cm�1), while weaker

ones have been attributed to HSO�4 (1277 and 1052 cm�1) and
HSO�3 (1225 and 1038 cm�1) by Moore et al. (2007). Similar fea-
tures were observed in the spectra of our irradiated 30:1 H2O–
SO2 mixture (see Table 1 for initial peak positions of major absorp-
tion bands).

To prepare pure H2SO4, we warmed an irradiated 6:1 H2O–SO2

ice at 2 K min�1 to 235 K and held it there for 15 h to sublimate ex-
cess water, leaving amorphous H2SO4 behind. The resulting spec-
trum is labeled (a) in Fig. 2. Subsequent heating or cooling of the
sample gave spectrum (b) of Fig. 2, where the sharpened lines indi-
cate crystallization occurred, likely from the H2SO4 being a super-
cooled liquid near 235 K. However, since we were interested in
measuring molecular destruction uncomplicated by structural
changes such as amorphization, we preferred to begin with an
amorphous sample. Therefore, after we obtained pure H2SO4 we
warmed it to 290–295 K and then promptly cooled at the maxi-
mum rate of our system (6 K min�1) to the desired irradiation tem-
perature. Several factors caused the results to vary at this point. For
instance, cooling more slowly or stopping the cooling above
�210 K caused the sample to crystallize. Also, the ice would only
remain amorphous if a sulfur residue was present on the substrate,
crystallizing during cooling if the substrate was clean. Thus, in our
experiments with amorphous H2SO4 we had a residue beneath the
acid, yet regardless of the residue’s thickness our destruction data
were reproducible to within �5%. We note that thin sulfur films
have negligible IR absorptions.

A modification of this post-irradiation warming procedure was
used to prepare the two sulfuric acid hydrates. After irradiating the
ice that originally had a 6:1 H2O–SO2 composition, we warmed the
sample at 2 K min�1 to 195–200 K and held it there for about 15 h.
During this time, excess H2O sublimated while product molecules



Table 1
Infrared positions (cm�1) of ions and molecules identified in unirradiated ices at 86 Ka.

H2SO4 H2SO4�H2O H2SO4�4 H2O Vibrational mode Assignment

3106 m(OAH) H2O, ðH5Oþ2 Þ, H3O+

2940 masS(OAH)2 HSO�4 , H3O+

m(H2OAH)
2809 masS(OAH)2 H2SO4

msS(OAH)2

2429 ?? H2SO4

2208 Overtone/combination H3O+

1730 1728 d(H3O+) H3O+

1645 1628 d(H2O) H2O
1361 1222 mas(O@S@O) H2SO4

1142 ms(O@S@O) H2SO4

1107 mas(SO3) HSO�4
- 1064 mas(SO4) SO2�

4

1008 ms(SO3) HSO�4
955 mas(SA(OH)2 H2SO4

904 ms(SA(OH)2 H2SO4

896 ?? SO2�
4

893 m(O3SAOH) HSO�4
590 d(SO4) SO2�

4

564 d(SO3) HSO�4
547 ?? H2SO4

Also we note that d = bending, m = stretch, mas = asymmetric stretch, and ms = symmetric stretch.
a Assignments based on (Zhang et al., 1993; Horn and Sulley, 1999; Nash et al., 2001; Moore et al., 2007)
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Fig. 2. Infrared spectra of sulfuric-acid ices formed by irradiation of a 6:1 H2O–SO2

mixture (30:1 H2O–SO2 mixture for tetrahydrate) and isothermal distillation: (a)
amorphous H2SO4 at 240 K, (b) crystalline H2SO4 at 240 K, (c) crystalline H2SO4�H2O
at 200 K, and (d) crystalline H2SO4�4H2O at 160 K. The spectra have been offset
vertically for clarity.
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and ions combined to form the monohydrate, which had the spec-
trum of (c) in Fig. 2. To prepare the sulfuric acid tetrahydrate, we
warmed the more dilute (H2O:SO2 = 30:1) irradiated sample at
1 K min�1 to 160 K and left it there for 12–15 h. Under these
conditions, the radiation products reacted and the majority of the
excess water in the sample sublimated, yet the sample did not
completely convert into H2SO4�4H2O. We next warmed this same
sample at 3 K min�1 to 180 K, where it did convert into
H2SO4�4H2O in under 1 h; see (d) of Fig. 2 for the resulting spec-
trum. Our H2SO4�4H2O samples were metastable under vacuum
at 180 K, and had to be cooled to at least 160 K to prevent their
conversion into H2SO4�H2O.

2.2. Initial sample composition

It is important to realize that while our two hydrates are writ-
ten as simply H2SO4�H2O and H2SO4�4H2O, crystallographic studies
have shown that the monohydrate is actually (H3O+)(HSO�4 ) (Taes-
ler and Olovsson, 1968) and the tetrahydrate is ðH5Oþ2 Þ2(SO2�

4 )
(Kjallman and Olovsson, 1972). In other words, the monohydrate
ices we irradiated began with H3O+ and HSO�4 present, while the
tetrahydrate ices were composed of H5Oþ2 and SO2�

4 ions. Unlike
the two hydrates, our pure sulfuric acid samples show no evidence
of autoprotolysis of the type

H2SO4 þH2SO4 ! H3SOþ4 þHSO�4

which may occur in liquid H2SO4 near room temperature. Thus, the
amorphous H2SO4 ices we irradiated were molecular solids domi-
nated by hydrogen-bonded H2SO4 molecules. Making these distinc-
tions between the pure H2SO4 and hydrates is important for
interpreting our results.

2.3. Irradiation techniques

We irradiated ice samples at normal incidence using a 1-MeV
proton beam produced by a Van de Graaff accelerator. The ion
beam was mass analyzed and sent through a nickel foil (thick-
ness = 1 lm). This foil both spread out and randomized the beam
and prevented the ice sample from cryopumping contaminants
from the accelerator’s vacuum system. We estimated that the pro-
ton beam lost about 0.2 MeV as it passed through the foil, giving
0.8 MeV for the energy of the ions at our samples. At this energy,
the H+ passed through our ices allowing us to measure their flu-
ence (number of ions per cm2) by integrating the current on the
underlying metal substrate in real time and dividing by the area
of the ion beam on the sample (3.75 cm2). We note that our sample
was biased at +48 V to minimize effects of secondary electron
emission and that our beam current on the sample was 50 nA
(�1 � 1011 ions cm�2 s�1).

Using SRIM2010 (Ziegler, 2010), we found that the energy
deposited by 0.8 MeV protons was essentially constant across each
ice sample’s thickness. Specifically, the energy losses were
0.042 MeV lm�1 for H2SO4, 0.034 MeV lm�1 for H2SO4�H2O, and
0.027 MeV lm�1 for H2SO4�4H2O, assuming a pure sulfuric acid
density of 1.86 g cm�3 and using a weighted average of densities.
In addition, since our acid samples had different compositions, it
was also useful to mass-normalize the radiation doses. One
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method for doing this is to divide the energy absorbed in an ice by
the number of molecules scaled to 16 amu, the mass of a typical
small target molecule (e.g., CH4), a convention first proposed by
Strazzulla and Johnson (1991). For convenience, we refer to such
radiation-dose units as simply ‘‘eV molecule�1’’ in the present pa-
per. Using this convention, along with our SRIM2010 results, we
calculated that 1 � 1015 ions cm�2 deposit 6.07, 6.66, and
6.83 eV molecule�1 for H2SO4, H2SO4�H2O, and H2SO4�4H2O,
respectively. We note that at the apex of Europa’s trailing hemi-
sphere a dose of 6 eV molecule�1 will be reached in �3 years at a
depth of 0.01 lm and about 20 years at 0.1 lm, considering only
the proton flux at the surface (Paranicas et al., 2009).
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Fig. 3. Infrared spectra of amorphous H2SO4 during irradiation at 86 K with 0.8 MeV
protons. Spectra from top to bottom are after 0, 0.14, 0.29, 0.54, 0.73, and
1.6 � 1015 H+ cm�2. Dashed lines in the top and bottom spectra show the
backgrounds used to fit the absorption band at 955 cm�1, which after deconvolving
it from the overlapping 905 cm�1 band (see Section 2.4), was used to derive the
relative abundance of sulfuric acid (see Fig. 7). The spectra have been displaced
vertically for clarity.

0.0

0.5

1.0

Ab
so

rb
an

ce

Wavenumber (cm-1)

0251015

Wavelength (µm)

2000 1750 1500 1250 1000 750 500

Fig. 4. Infrared spectra of crystalline H2SO4�H2O during irradiation at 86 K with
0.8 MeV protons. Spectra from top to bottom are after 0, 0.14, 0.29, 0.54, 0.73, and
1.6 � 1015 H+ cm�2. Dashed lines in the top and bottom spectra show the
backgrounds used to fit the absorption band at 893 cm�1, which was used to
derive the monohydrate’s relative abundance (see Fig. 7). The spectra have been
displaced vertically for clarity.
2.4. Analytical technique and data analysis

The specular reflectance of the films on the gold-coated alumi-
num substrate was measured at an incident angle of 10�. The IR
spectra were recorded with a Bruker Vector Fourier Transform
infrared spectrometer at 2-cm�1 resolution over 8000–500 cm�1

as 100-scan accumulations. The spectra were divided by the reflec-
tance of the gold mirror substrate taken before film deposition, and
the resulting ratios, R(~m), converted into absorbance, �log R(~m).

Absorption bands were integrated after subtraction of baselines
that best matched the continuum on each side of an IR feature.
While a linear baseline was reasonable at low radiation doses,
where IR bands of reactants were strongest, it was unacceptable
at higher ion fluencies as the reactant IR features were much smal-
ler. In general, if the underlying continuum does not change shape
(either curvature or slope) and an absorption band does not shift
significantly during an experiment, then a non-linear continuum
can be removed by subtracting each IR spectrum from the IR spec-
trum of the unirradiated sample. If this technique works, as it did
for the H2SO4�4H2O feature at 1065 cm�1, then it will leave a base-
line that can easily be removed with a straight line. This is partic-
ularly advantageous because it enables accurate quantification of
band areas as IR features move below the continuum at high flu-
ences. For pure H2SO4 (955 cm�1) and H2SO4�H2O (893 cm�1) this
technique did not work since the background continuum changed
significantly during experiments. In these cases we simply fit each
baseline with a non-linear background (dotted lines in Figs. 3 and
4). In addition for the pure H2SO4 experiments, we separated the
overlapping features at 955 and 905 cm�1 (see Fig. 3) by fitting
them with Gaussian functions. This was necessary since the band
at 905 cm�1 overlapped with one of the bisulfate ion ðHSO�4 Þ fea-
tures that formed during irradiation. Finally, in each experiment
we normalized each band area by dividing it by the area of the rel-
evant band in the initial spectrum of the unirradiated sample. This
allowed us to compare experiments where the samples were a
different thickness, which was a consequence of our sample prep-
aration technique.
1 We note that the possibility exists that this is (S2O5)x (see Reaction (15) in
Section 4.1) but for simplicity we will refer to the identified species as (S2O3)x for the
remainder of the text.
3. Results

3.1. Destruction of sulfuric acid and two sulfuric acid hydrates

We irradiated our H2SO4, H2SO4�H2O, and H2SO4�4H2O samples
with 0.8 MeV protons between 10 and 180 K. Figs. 3–5 show the
evolution of the IR spectra of each sample irradiated at 86 K, Euro-
pa’s minimum brightness temperature (Spencer et al., 1999), while
Fig. 6 compares the infrared spectrum of each sample after irradi-
ation at 10 K. For H2SO4, we observed the appearance of SO2

through its m3 (1327 cm�1) and m1 (1146 cm�1) vibrations, the in-
crease in the broad absorption at 1660 cm�1, which is a combina-
tion of the bending mode of H3O+ and of water, as well as a band at
1020 cm�1, likely the symmetric stretching mode of HSO�4 . In addi-
tion, we also observe a broad band centered at 791 cm�1 that we
identify as (S2O3)x (Hopkins et al., 1973).1 The 1660 cm�1 and
1020 cm�1 bands show that the two ions of the monohydrate,
namely H3O+ and HSO�4 , were produced during irradiation of pure
sulfuric acid.

Fig. 4 shows that proton irradiation of H2SO4�H2O also produced
SO2 (1327 cm�1), as well as an increase in intensity of the broad
feature due to water and hydronium (1683 cm�1), which is reason-
ably resolved at the beginning of the experiment but broadens
with irradiation. In addition, an absorption at 785 cm�1 also
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at high doses. All spectra have been vertically displaced for clarity.
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Fig. 6. Infrared spectra of: (a) H2SO4, (b) H2SO4�H2O, and (c) H2SO4�4H2O after
irradiation with 0.8 MeV protons at 10 K to a fluence of 1.6 � 1015 H+ cm�2.
Identification of the main peaks in the SAO vibration region are given as vertical
lines.

Fig. 7. Normalized abundances of H2SO4, H2SO4�H2O, and H2SO4�4 H2O as a function
of ion fluence. The symbols are for experiments at 10 K (s), 86 K ( ), 132 K ( ), and
180 K ( ). In the bottom panel, the symbol ( ) is for 110 K, ( ) is for 120 K and ( ) is
for 145 K. Solid lines in the top and middle panels are fits for the 180 K data, while
solid lines in the bottom panel show fits for each temperature. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
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appeared, and likely is due to the same carrier as the band ob-
served at 791 cm�1 in irradiated pure H2SO4 (Fig. 3).

For H2SO4�4H2O ices, Fig. 5’s upper panel shows (top to bottom)
the spectra recorded after various radiation doses, while the lower
panel shows (bottom to top) the spectra after the subtraction de-
scribed in Section 2.4. In this sample, the amount of sulfate is ex-
pected to be significantly less, since we started with a H2O–SO2

mixture that was five times more dilute. This dilution likely con-
tributes to the fact that we can barely detect the 1327 cm�1 SO2
band and (S2O3)x band above the noise level. In fact, the spectral
changes most easily observed were the broadening and attenua-
tion of features assigned to the tetrahydrate, such as the SO2�

4 band
near 1065 cm�1. Finally, we note that in all experiments we also
likely formed HSO�4 or HSO�3 , seen in H2O–SO2 mixtures; their IR
bands were simply obscured by other features.

Fig. 7 shows the loss of the initial H2SO4, H2SO4�H2O, and
H2SO4�4H2O as a function of temperature and radiation dose. We
irradiated the H2SO4 and H2SO4�H2O ices at 10, 86, 132, and
180 K and found that the results were almost temperature inde-
pendent. In contrast, we found that the destruction of the
H2SO4�4H2O depended strongly on temperature, as seen in the bot-
tom panel of Fig. 7. We did not irradiate the tetrahydrate at 180 K,
since it was unstable there (see Section 2.1). As seen in Fig. 7, the
rate of change and overall shape of the destruction curves de-
pended on each ice’s original composition. For pure H2SO4, the de-
cay did not reach an equilibrium at even our highest fluences,
indicating that longer irradiations may completely destroy the
H2SO4. For H2SO4�H2O, the decay was exponential and led to an
equilibrium normalized abundance of �0.5 for 86–180 K and a
slightly lower value (�0.4) at 10 K. Finally, for H2SO4�4H2O both
the speed of the decay and the equilibrium abundance of the start-
ing material depended on temperature, as below 110 K the band
had dropped to less than 10% of its original value, while at our
highest temperatures (145 K), the IR spectrum was almost un-
changed. We will return to the temperature dependence of the tet-
rahydrate’s decay in Section 4.3.
3.2. Formation of SO2 and (S2O3)x

Of the radiation products detected during our experiments, the
two most-readily quantified are SO2 and (S2O3)x, which are clearly
seen in both the pure H2SO4 and the monohydrate samples. Judg-
ing from the initial areas of absorption bands, the film thicknesses
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of our pure H2SO4 ices were within 30% of each other, while the
thicknesses of the monohydrate samples were even closer together
(<10%). Thus, we can compare the total band area of the SO2 and
(S2O3)x formed as a function of temperature, which is shown for
each sample in Figs. 8 and 9. For pure H2SO4, SO2 formation does
not depend on temperature, similar to the destruction results of
Fig. 7, while more (S2O3)x is formed at higher temperatures. For
H2SO4�H2O, more SO2 is formed in the ice at lower temperatures,
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Fig. 9. Area of the 791 cm�1 (S2O3)x band as a function of ion fluence for H2SO4 and
H2SO4�H2O with 0.8 MeV protons. Symbols denote data recorded at 10 K (s), 86 K
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figure legend, the reader is referred to the web version of this article.)
while more (S2O3)x is formed at higher temperatures similar to
the pure H2SO4 experiments. The SO2 results are consistent with
what was found in the tetrahydrate experiments, as the only tem-
perature where we clearly observed SO2 was 10 K (We found a
smaller feature at 86 K and 110 K, barely above the noise level.).
We note that it is unclear whether a similar trend is observed for
(S2O3)x in the tetrahydrate sample, as although we did observe this
feature at 10 K, we cannot detect it at higher temperatures due to
the overlap of other absorptions that are not destroyed by irradia-
tion. Finally, we note that we cannot quantitatively compare SO2

and (S2O3)x formation in the three types of ices since their thick-
nesses differ. This thickness variation, and the accompanying opti-
cal interference effects, can change the effective band strength of
absorption features (Teolis et al., 2007).
4. Discussion

4.1. Radiation pathways

Radiolysis of solids produces both neutral and ionic species
capable of reacting by multiple pathways. Here we concentrate
on those reactions that can explain the observed laboratory data,
using standard treatments for condensed-phase radiation chemis-
try (Spinks and Woods, 1990) and earlier work on the radiolysis of
aqueous H2SO4 solutions (Boyle, 1962). Beyond this, it is important
to keep in mind that H2SO4 is a strong acid, reacting readily with
H2O molecules, even at cryogenic temperatures, as mentioned in
Section 2.2.

Reactions in our ice samples were initiated by the incident pro-
tons and the secondary electrons they produced. For pure H2SO4,
the expected reactions are as follows:

H2SO4 ! H2SO�4 ð1Þ

H2SO4 ! H2SOþ4 þ e� ð2Þ

The excited H2SO�4 will relax to its ground state, but it can also dis-
sociate into free radicals, and undergo molecular elimination:

H2SO�4 ! OHþHSO3 ð3Þ

H2SO�4 ! HþHSO4 ð4Þ

H2SO�4 ! H2Oþ SO3 ð5Þ

It also is possible that at 86 K the H2SO�4 of reaction (3) will proton-
ate a second H2SO4 to give H3SOþ4 and HSO�4 , a reaction that corre-
sponds to room-temperature autoprotolysis.

The radical cation of (2) also will play a role in the observed
chemistry, undergoing an ion–molecule reaction with H2SO4

according to:

H2SOþ4 þH2SO4 ! H3SOþ4 þHSO4 ð6Þ

to give the bisulfate radical (HSO4) or it could recombine with an
electron according to:

H2SOþ4 þ e� ! H2Oþ SO3 ð7Þ

Subsequent neutralization of the cation made in (6) will give both
neutral and ionic products, as illustrated in the following reactions:

H3SOþ4 þ e� ! H2OþHSO3 ð8Þ

H3SOþ4 þ e� ! H3Oþ þ SO�3 ð9Þ

H3SOþ4 þ e� ! H2SO4 þH ð10Þ

H3SOþ4 þ e� ! H2Oþ SO2 þ OH ð11Þ
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Of all the radicals and ions shown in these last reactions, it is the
hydrogen atoms that will carry away the greatest kinetic energy,
due to their low mass. Some of these atoms will combine with
one another to make H2, which in turn can escape from the ice
sample. The hydrogen atoms also can undergo reactions with other
radicals present. For example, reaction with HSO4 simply regener-
ates the starting material, but reaction with bisulfite (HSO3)
according to:

HþHSO3 ! H2Oþ SO2 ð12Þ

produces two observed products, and one, H2O, is important for
H2SO4 decomposition. Radical disproportionation involving HSO3

can form SO2:

HSO3 þHSO3 ! H2SO4 þ SO2 ð13Þ

The H2SO4 made either in reaction (10) or (13) will contribute to the
spectrum of pure H2SO4, slowing the molecule’s destruction, and
also giving, by reaction with H2O, the 1020 cm�1 absorption of
HSO�4 (bisulfate).

The molecular product (S2O3)x can be produced when SO, which
forms from decomposition of SO2 or any of the other sulfur
oxyanions and radicals, reacts with various species such as in the
following reactions:

SOþ SO2 ! S2O3 ð14Þ

SOþHSO4 ! Hþ S2O5 ð15Þ

SOþHSO3 ! S2O3 þ OH ð16Þ

Reaction (14) has been used to explain an IR absorption feature
formed from a discharge of gaseous SO2 (Hopkins et al., 1973). Fur-
ther irradiation is thought to polymerize S2O3, which would explain
why more (S2O3)x is formed at higher temperatures. In addition, we
note that Moore (1984) observed this absorption band and other
higher wavenumber absorption features, also observed in other
studies (Garozzo et al., 2008; Gomis and Strazzulla, 2008), and la-
beled it as poly(SO3). However, we note that the extra sulfur atom
(be it S2O3 or S2O5) is what causes the shift of this vibration from
the 1000 cm�1 region, and the resulting SOS asymmetric stretch is
found in essentially all molecules of the form XnSOSXn (Gillespie
and Robinson, 1963).

Another ionic species that appears on irradiation of pure H2SO4

is hydronium (H3O+), which could be formed by reaction (9), but
also by proton transfer from excited H2SO4 as shown below:

H2SO�4 þH2O! H3Oþ þHSO�4 ð17Þ

Any subsequent dissociation of the bisulfate (HSO�4 ) produced in
reaction (17) will give additional hydronium along with sulfate
(SO2�

4 ):

HSO�4 þH2O! H3Oþ þ SO2�
4 ð18Þ

Unlike many of the other reaction products already mentioned,
H3O+ is stable at room temperature and is expected to remain in
the ice on warming, as long excess water is present. The only reason
we do not see it persist to �298 K is that our warmings are done un-
der vacuum, which results in removal of water to generate H2SO4

through the recombination of hydronium and bisulfate (see
Section 2).

As a result of all of these reactions, an irradiated ice that is ini-
tially composed only of pure H2SO4 will contain a dose-dependent
concentration of radicals (e.g., H, OH, HSO3), stable molecules (e.g.,
H2O, SO2, (S2O3)x, H2), and stable ions (e.g., H3O+, SO2�

4 ). It is all of
these that give rise to the observed chemistry and spectral
changes.

Turning to the two sulfuric-acid hydrates, as already mentioned
they are commonly written as H2SO4�H2O and H2SO4�4H2O, but
actually are (H3O+)(HSO�4 ) and ðH5Oþ2 Þ2(SO2�
4 ), respectively. The lit-

erature shows that these hydrates can be prepared from, for exam-
ple, cooling of solutions of the proper stoichiometry (Zhang et al.,
1993) or exposure of H2SO4 to H2O vapor (Horn and Sulley,
1999). In Section 2.1 we described our own procedure for warming
an irradiated H2O + SO2 ice under vacuum to make H2SO4�H2O, but
there is evidence that radiolysis of pure H2SO4 also produces the
ions that form this same hydrate. Specifically, Fig. 3 shows the
growth of the 1020 cm�1 feature of HSO�4 and a broadening near
1700 cm�1 from H3O+, the two ions that constitute the
monohydrate.

Figs. 6–9 compare the results of irradiating H2SO4 and
H2SO4�H2O, and show that there are significant differences. First,
radiolysis gives nearly-complete destruction of pure H2SO4 at high
doses (Fig. 7), but under similar conditions the monohydrate’s con-
centration reaches a non-zero equilibrium value. We suggest that
the greater destruction of H2SO4 is from the multiple paths already
outlined (i.e., radicals, acid–base, molecular elimination), whereas
destruction reactions for the monohydrate (actually H3O+ HSO�4 )
are simply fewer in number and less efficient. For example, it
might be possible for the H3O+ HSO�4 pair to convert into
H2SO4 + H2O, but as H2SO4 is a strong acid the ion pair is expected
to be much more stable than the two neutral molecules. Another
possibility is the direct ionization of the original HSO�4 of the hy-
drate. A likely sequence is the following:

HSO�4 ! HSO4 þ e� ð19Þ

HSO4 þH2O! H2SO4 þ OH ð20Þ

H2SO4 þH2O! H3Oþ þHSO�4 ð21Þ

Reaction (21) constitutes a back reaction that reforms the starting
material, hindering its complete destruction. We note that the in-
creased stability of H2SO4 in the monohydrate is also consistent
with previous studies (Hochanadel et al., 1955) that show the pro-
duction of SO2 from H2SO4 aqueous solutions decreased as the con-
centration of water was increased.

Turning to (S2O3)x and SO2, we see in Fig. 9 that (S2O3)x has sim-
ilar temperature dependence in the monohydrate as compared to
the pure H2SO4. In fact, at high fluences, the ratio between the band
area of the samples at 180 K and 10 K compares well: 1.4 (H2SO4)
vs. 1.5 (H2SO4�H2O), indicating that the addition of H2O to the sam-
ple does not alter formation and destruction pathways of the S2O3

species significantly. SO2, however, shows a much-stronger tem-
perature dependence (Fig. 8) for the monohydrate compared to
pure H2SO4. The source of this difference is difficult to determine,
but it may be due to differences in abundance and mobility (Siegel
et al., 1960; Plonka et al., 1984) of certain free radicals in each ice.
Specifically, the yield of OH, from H2O, radicals is expected to be
greater for the monohydrate than for H2SO4, and such radicals
could react by

OHþ SO2 ! HSO3 ð22Þ

to efficiently destroy SO2. As the irradiation temperature is in-
creased above 10 K, increased OH radical mobility will mean that
reaction (22) will decrease the observed SO2 abundance, exactly
as seen in the lower panel of Fig. 7. The relevance of a destruction
mechanism such as reaction (22) and not a formation mechanism
causing the temperature dependence observed for SO2 is supported
by the observation that the initial SO2 production (where formation
processes dominate) is temperature independent.

In addition to the molecules and ions already mentioned, other
larger products such as H2SO5 or H2SO8 have been detected before
in irradiated solutions (Boyle, 1962) and might form by similar
reaction mechanisms in our own experiments through the follow-
ing paths:



Table 3
Dose (eV molecule�1) to reach N = 0.5 during irradiation of H2SO4 and two hydrates.

T (K) H2SO4 H2SO4�H2O H2SO4�4H2O

180 3 7.3 –
145 – – Nob

132 3.6 6.0� Nob

120 – – 10.9
110 – – 4.1

86 4.3 7.3 1.4
10 4.3 3.1 0.3

� Here we show the dose needed to reach N = 0.51 rather than 0.50, since N1 = 0.51
(see Table 2).

b N has reached equilibrium well above 0.5 (see Fig. 7 and Table 2).
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OHþHSO4 ! H2SO5 ð23Þ

HSO4 þHSO4 ! H2SO8 ð24Þ

However, such products are difficult to detect with IR spectroscopy
alone as their absorptions overlap with strong bands of other mol-
ecules and ions.

4.2. Destruction cross sections for H2SO4, H2SO4�H2O, and H2SO4�4H2O

We performed least-squares fits for the destruction data of
Fig. 7 using an exponential decay of the form:

N ¼ A expð�rFÞ þ N1

where N is the normalized area of the IR feature selected, A is a pre-
exponential factor, r is a cross section (decay constant), F is the pro-
ton fluence in H+ cm�2, and N1 is the normalized area of the IR band
of interest at infinite fluence. Table 2 summarizes the results of our
calculations. We note that in a few cases, fitting produced N1 < 0,
and so in those cases we fit our destruction curve using N1 = 0;
these cases are marked (�) in Table 2. The destruction cross section
(r) for H2SO4 is on the order of 10�15 cm2 with little temperature
dependence. Furthermore, at high fluences N (normalized band
area) tends to be below 0.1 and in some cases near zero. Destruction
of the monohydrate was well fit by a single exponential decay in the
experiments between 86 and 180 K, yielding a cross section near
5 � 10�15 cm2 and N1 � 0.5. This same form for the decay equation
did not fit the 10-K monohydrate data as well, although Fig. 7 shows
that the decay rate resembles that at the other temperatures. Final-
ly, trends for the tetrahydrate are more difficult to interpret if one
looks only at the destruction cross section, because N1 also depends
on temperature, specifically very little material is destroyed at
132 K (N1 � 0.85) and at 145 K (N1 � 0.96), while N1 � 0 for all
experiments where T < 132 K. Thus in Table 3, we also show the
irradiation dose (eV molecule�1) needed to destroy half of each
sample, where it is clear that the tetrahydrate is more stable at
higher temperatures.

4.3. Interpretation of destruction cross sections

If the intensity of an IR feature falls during an experiment then
one typically infers that the carrier’s abundance has decreased and
that the sample’s overall composition has changed. These conclu-
sions are reasonable for the irradiation of our pure amorphous
H2SO4 ices, and thus the destruction cross sections reported in Ta-
ble 2 can be interpreted as giving information directly on this mol-
ecule’s destruction. However, this interpretation is potentially
more complicated for the two hydrates studied, because these
samples initially were crystalline. Thus, radiolysis not only pro-
duced the chemical changes already described, but may have also
produced amorphization, altering the ice’s spectrum without sig-
nificant compositional changes (e.g., Hudson and Moore (1995)).
Table 2
Equations for the radiolytic decay of H2SO4 and two hydrates.a

T (K) H2SO4 H2SO

180 0.98 exp(�1.4 � 10�15 F) + 0.01 0.48
145 – –
132 1.01 exp(�1.19 � 10�15 F) + 0.00b 0.46
120 – –
110 – –

86 1.0 exp(�1.04 � 10�15 F) + 0.00b 0.48
10 0.86 exp(�1.25 � 10�15 F) + 0.12 0.52

a Each entry is for a least-squares fit of the data to an equation of the form N = A exp
exponential factor, r is a cross section (decay constant), and F is the proton fluence (H+

b Indicates case where we forced N1 = 0 (see text for additional information).
For the monohydrate, the IR bands did not change shape during
irradiation, suggesting that either little amorphization took place
at the temperatures chosen or that the spectra of the amorphous
and crystalline materials were similar. Thus, the destruction cross
sections and equilibrium values reported in Table 2 also give infor-
mation directly on the monohydrate’s destruction and stability.

For the tetrahydrate, the 1065 cm�1 feature did broaden signif-
icantly during irradiation (e.g., by the time half of the band area is
lost at 86 K (Fig. 5), the band’s FWHM has nearly doubled), suggest-
ing that irradiation amorphizes the sample. Thus, the destruction
cross sections and equilibrium values reported in Table 2 cannot
be interpreted simply as the destruction of the sulfate ion, since
amorphization likely contributes to the spectral changes observed
during irradiation.

Determining the relative importance of amorphization and sul-
fate destruction for altering the infrared spectrum of the tetrahy-
drate is difficult. For instance, a similar temperature dependence
– very little destruction at higher temperatures and more efficient
destruction as the temperature was lowered – has been observed
in the irradiation of other solids, such as water ice (Strazzulla
et al., 1992; Hudson and Moore, 1995), suggesting that the spectral
changes observed at lower temperatures could mainly be a struc-
tural effect. However, in contrast to previous amorphization exper-
iments, at lower temperatures the band not only broadens but also
disappears, indicating that the destruction of the sulfate ion is also
important. The most likely pathway by which sulfate will be de-
stroyed is as follows:

SO2�
4 ! SO�4 þ e� ð25Þ

SO�4 þH2O! HSO4 þ OH� ð26Þ

HSO4 þH2O! H2SO4 þ OH ð27Þ

H2SO4 þH2O! H3Oþ þHSO�4 ð28Þ

An alternative to reaction (26) is the transfer of a hydrogen atom, as
in the following:

SO�4 þH2O! HSO�4 þ OH ð29Þ
4�H2O H2SO4�4H2O

exp(�5.5 � 10�15 F) + 0.50 –
0.04 exp(�1.1 � 10�15 F) + 0.96

exp(�4.3 � 10�15 F) + 0.51 0.15 exp(�2.9 � 10�15 F) + 0.83
0.97 exp(�0.44 � 10�15 F) + 0.02
1.00 exp(�1.2 � 10�15 F) + 0.00b

exp(�4.3 � 10�15 F) + 0.49 0.99 exp(�3.86 � 10�15 F) + 0.03
exp(�5.4 � 10�15 F) + 0.43 1.08 exp(�14.7 � 10�15 F) + 0.01

(�r F) + N1 where N is the normalized area of the IR feature selected, A is a pre-
cm�2). See the text for additional information.
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If the decomposition products formed in (25) and (26) recom-
bine more easily at higher temperatures, then sulfate decomposi-
tion could also explain the temperature dependence observed in
our experiments.

Interestingly reactions (28) and (29) predict that the sulfate will
decompose into bisulfate (HSO�4 ), which is the main sulfur anion in
the monohydrate. There is spectral evidence supporting the forma-
tion of some bisulfate in Fig. 5 (top), as a weak feature at
�1140 cm�1 appears in approximately the same position as one
of the main HSO�4 bands (the other two main features are obscured
by the sulfate bands). Stronger spectral evidence for bisulfate pro-
duction is shown in Fig. 6, which shows the IR spectrum recorded
after irradiation at 10 K for all three samples studied. Clearly all
three spectra are similar, as all show the three main absorptions
indicative of HSO�4 found in the monohydrate. The similarity
among spectra is also expected at higher temperatures where the
tetrahydrate signature is destroyed (T < 132 K) but only after high-
er irradiation doses than were studied here, since the decay of the
sulfate feature is slower (Table 2).
5. Astrophysical implications

5.1. Enhanced SO2 in Europa’s chaotic terrains

Sulfur dioxide has been identified on trailing side of Europa and
is thought to be part of radiolytic sulfur cycle involving sulfate, sul-
fur dioxide, and elemental sulfur (Carlson et al., 1999b). Europa’s
sulfur is due to implantation of sulfur ions from Iogenic plasma
with possible contributions of sulfurous material from Europa’s
putative ocean. Our new results show that SO2 as well as (S2O3)x

are clearly produced by radiolysis of pure H2SO4 and the monohy-
drate (H2SO4�H2O) at temperatures relevant to Europa and that the
SO2 produced in the monohydrate depends on the irradiation tem-
perature. We note that decomposition of (S2O3)x may also form
SO2, as molecules of the form (S2Ox)y are unstable and have been
shown to decompose both thermally and under irradiation to form
polymeric sulfur, SO2, SO3, and O2 in varying proportions that de-
pend on the (S2Ox)y formation conditions (Schenk and Steudel,
1965; Hapke and Graham, 1989; Steudel and Steudel, 2004; Baklo-
uti et al., 2008; Gomis and Strazzulla, 2008).

In our tetrahydrate (H2SO4�4H2O) experiments, the SO2 produc-
tion decreased with increasing temperature as for the monohy-
drate and was not detected at temperatures characteristic of
Europa, while the (S2O3)x feature is only barely detectable at
10 K. We cannot conclude from our experiments that the efficiency
of production for either of these species is lower, since it could sim-
ply be a consequence of having less sulfur per unit volume. How-
ever, Hochanadel et al. (1955) showed that as the concentration
of sulfuric acid was increased in liquid water solutions, the amount
of SO2 increased non-linearly, indicating that the SO2/S abundance
increased as the sulfuric acid became less hydrated. Similarly,
Moore et al. (2007) found that the equilibrium SO2/S ratio was gen-
erally higher in irradiated SO2–H2O mixtures that initially con-
tained more SO2 per unit volume.

Thus, our present laboratory studies combined with previous
results show that the radiolytic production of SO2 is temperature
and composition dependent. In the following, we discuss recent
measurements, which have found concentration variations of SO2

over Europa’s surface (Hendrix et al., 2011) in light of our results
and propose that these variations may be indicative of recent ther-
mal and geological activity.

Hendrix et al. (2011) have mapped the longitudinal profile of
SO2 in Europa’s surface material, using numerous observations by
the ultraviolet spectrometer (UVS) on Galileo. They find an overall
pattern consistent with Iogenic sulfur implantation, but with re-
gions of SO2 enhancement that may correlate with regions of rela-
tively recent geological activity. In particular, they found a
concentration enhancement, of up to a factor of 5 over the average,
near the center of the trailing side, a region of Europa’s trailing
hemisphere that includes the dark chaotic region Conemara Chaos
along with dark bands Asterius Linae and Agave Linea (Schenk,
2010). Specifically, the enhanced SO2 region was found during
the 14ENICERAF01 (‘‘Ice Raft’’) observation and covered the west
longitude region 265–285� and the longitude range �2.5� to
12.5�. Hendrix et al. also found that the SO2-rich area was very dark
in the ultraviolet. The near-infrared mapping spectrometer (NIMS)
on Galileo (Carlson et al., 1992) also obtained measurements dur-
ing this sequence, particularly of Conerama and adjacent areas,
which are discussed below.

Chaos terrains, for which Conerama Chaos is a striking example,
generally are regions where an icy crust has been broken into
numerous polygonal blocks, which have been further eroded, reori-
ented, and displaced (Collins and Nimmo, 2009). These once mo-
bile blocks lie within an irregular, lumpy matrix and suggest that
the matrix was once liquid or consisted of soft ductile ice. Various
models of chaos formation have been proposed, including localized
melt-through of a subsurface ocean, sub-surface cryomagmatic
heating, or an impact event, but the common feature is heating
of large areas of the crust and its sulfate-rich, tens-of-cm depth
regolith (Carlson et al., 2009). As has been seen in our experiments
and in our previous reports (Moore et al., 2007) heating the sulfuric
acid hydrates even to moderate temperatures (160–250 K) will
cause the H2O to sublimate, hence increasing the sulfate concen-
tration and decrease the average hydration state. Heating such as
this can lead to a regolith that is rich in H2SO4, H2SO4�H2O, and ele-
mental sulfur. Sulfur absorbs strongly in the ultraviolet, so this
material will appear dark in the UVS spectral range. Radiolysis of
this material will produce SO2 in much greater quantities than
highly hydrated surfaces. A simple heating process such as this, fol-
lowed by radiolysis, would explain why the SO2 concentration is
enhanced in these chaotic regions, and it would also suggest that
the average hydration state in this region would be lower than
the overall average.

However, during the above-mentioned sequence (reexamined
here) and on previous orbits, the Galileo NIMS 14ENICERAF01
spectra showed that the hydration state of the sulfuric acid in-
ferred from infrared reflectance was no different than what was
typically observed on the trailing side of Europa: 6–8 H2O mole-
cules bound to each sulfate ion (Carlson et al., 2005, 2009). This
apparent discrepancy can be understood by considering that after
the chaotic region forms, the surface will cool, during which time
condensation from Europa’s tenuous H2O atmosphere will rehy-
drate the optical layer. For the observations described above, the
surface temperature is too low for significant sublimation, so the
main source of H2O in the atmosphere will be from sputtering.
Thus, equating the condensation rate with the sputtering rate,
�109 cm�2 s�1 or somewhat higher (Johnson et al., 2009), and
assuming 100 lm for the optical depth, we find an optical surface
rehydration time of �104 years. If sublimation of water ice from
the surface contributes to the atmospheric water, such as at the
subsolar point (Johnson et al., 2009), then this time for rehydration
would be reduced. As long as the SO2 enhancement remains within
the observed optical depth during this time, we can have a scenario
that can be consistent with both the experiments and the observa-
tions. One of the most likely ways to keep SO2 near the surface dur-
ing rehydration is by micrometeorite gardening. Gardening of the
surface will exhume the dehydrated and SO2-rich material from
below and partially recoat the surface, causing the SO2 signature
to persist for time it takes to overturn, this enriched regolith. We
can estimate this time using Cooper et al.’s gardening rate (Cooper
et al., 2001), finding that the average time to garden to a depth of
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10 cm (estimated depth of the dehydrated regolith) is about
105 years or about an order of magnitude longer than the maxi-
mum time needed for rehydration. In addition, we note that im-
pacts occur less frequently in the trailing hemisphere compared
to the average, so 105 years is likely a lower limit. Consequently
it is not surprising that the infrared signatures do not show the
presence of the monohydrate or a dehydrated surface, even though
the SO2 abundance is high.
5.2. Stability of hydrates on Europa’s surface

In Tables 2 and 3, we report destruction cross sections, equilib-
rium values at high ion fluences, and the half-lives of the three hy-
drates we studied. For the higher temperature range relevant to
Europa (120–130 K), we observe that the ices become more stable
as the hydration state of the sulfuric acid is increased, suggesting
that these hydrates and higher-order ones, such as the hemihexa-
hydrate (H2SO4�6.5H2O) and octahydrate (H2SO4�8H2O), will be sta-
ble on geological timescales. In the lower temperature range
(86 K), we see that the monohydrate is more stable than the pure
sample, as at higher temperatures, but amorphization of the sam-
ple makes the interpretation of the loss of the tetrahydrate absorp-
tion band problematic, as is mentioned in Section 4.3. However,
the overriding trend seen in these experiments is that the mid-IR
spectra of all three samples will evolve towards one that resembles
the bisulfate ion (HSO�4 ) in the monohydrate, and it is likely that
this trend will be followed in the more-highly hydrated acids as
well. Whether this change would be manifested in the near-infra-
red reflectance and whether other processes such as post-irradia-
tion heating (simulating diurnal cycling of the surface) can
‘‘undo’’ some of the spectral changes observed at lower tempera-
tures are two of the questions we hope to address in a future study.
6. Conclusions

We have studied the destruction by 0.8 MeV protons of H2SO4,
H2SO4�H2O, and H2SO4�4H2O at 10–180 K. During irradiation of
our sulfuric acid and monohydrate samples, we detect the forma-
tion of water, SO2, (S2O3)x as well as hydronium and negative ions,
mainly HSO�4 and SO2�

4 . Furthermore, we estimate that H2SO4 will
be destroyed completely given a long enough irradiation, and the
ions of the monohydrate will become evident. For the monohy-
drate, we observed that even though its initial destruction cross
section was a factor of 2 larger than that of H2SO4, the H2SO4�H2O
sample actually reached equilibrium at 50% of the starting abun-
dance, indicating that H2SO4�H2O is more stable than anhydrous
H2SO4. Furthermore, the temperature independence for SO2 pro-
duction from pure H2SO4 compared to the temperature depen-
dence for the hydrate experiments can be explained by OH
radicals created in radiolysis of the hydrates, radicals which be-
come mobile at higher temperatures and can more easily destroy
SO2. For H2SO4�4H2O, we observed that the strong 1065 cm�1

absorption of SO2�
4 was easily removed by radiolysis at low tem-

peratures, but remained unchanged at higher ones; we speculate
that this temperature dependence can be caused by either amorph-
ization or radiolytic destruction, both of which we observed at the
lower temperatures. Additionally, we showed that after irradiation
at 10 K, the spectra of all three samples appeared similar, and most
closely resembled the monohydrate, indicating that the HSO�4 and
H3O+ ions may be the most stable ones under irradiation.

Applying our results to the surface of Europa, we speculate that
the variations in SO2 concentrations observed in the chaotic ter-
rains are a result of radiation processing of sulfuric acid in a lower
hydration state. Finally, we predict that H2SO4�H2O and
H2SO4�4H2O and other higher hydration states will be stable over
geological times in warmer regions of Europa, while in the colder
regions the tetrahydrate signature will convert into one that more
closely resembles the monohydrate, unless other processes, such
as diurnal cycling, induce thermal reactions to allow its
reformation.
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