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Abstract

Oxygen is seen in the reflectance spectra of the icy surfaces of Ganymede and Europa via absorption bands at 627 and 573 nm. Here we s
trapped O2 associated with these spectral features can be produced via radiation-induced decomposition of hydrogen peroxide dimers contained
peroxide inclusions in these icy satellite surfaces.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The atmospheres and the surfaces of the icy Galilean satellite
known to be affected by chemical products formed from the radiolysis
photolysis of their icy surfaces (Johnson and Quickenden, 1997; Joh
et al., 2003a). Molecular oxygen (O2) is one such product that has be
identified in the gas phase and in the reflectance spectra of the icy
faces of Ganymede and Europa (Spencer et al., 1995; Spencer and C
2002). These spectra show absorption features at 573 and 627 nm th
consistent with absorption wavelengths of O2–O2 dimers present in a con
densed phase (Calvin et al., 1996). The relative band strengths and s
are, however, distorted from that for pure O2 (Johnson, 1999; Calvin et al
2003) which may be due to the presence of other species or a pertu
matrix in which the O2 dimers are embedded. Since the observed feat
require high local densities of O2, absorptions originating from O2 in the
tenuous atmospheres of these satellites are ruled out. Therefore, O2 inclu-
sions are present in the icy regoliths at temperatures at which O2 has been
suggested to diffuse out of ice over relevant periods of time (Baragiola
Bahr, 1998). Such inclusions are also suggested by the observation of
trapped in certain icy satellite surfaces (e.g., Noll et al., 1996). On the
of recent laboratory data, we suggest a new oxygen formation mecha
that is relevant to a surface that has experienced long-term exposure
diation.

2. Formation and decomposition of hydrogen peroxide

Hydrogen peroxide (H2O2) and the hydroperoxy radicals (HO2) are
formed by reactions of hydroxy (OH) radicals formed by radiolytic a
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photolytic destruction of H2O:

(1)H2O OH+ H,

(2)OH+ OH → H2O2,

(3)H2O2 + OH → H2O+ HO2.

The OH, H2O2, and HO2 formed in UV irradiated ice by the sequen
above have all been detected in laboratory studies via their infrared
sorptions (Gerakines et al., 1996). The H2O2, presumably formed via thi
reaction pathway, has also been identified in the icy surface of Europa (
son et al., 1999).

The photolysis of gas phase H2O2 does not yield O or O2 (Vaghjiani
et al., 1992), instead the primary products are OH radicals (an
atoms at higher energy). In addition, a summary of the data on
radiolysis and photolysis of ice (Johnson et al., 2003b) indicates
trapped O, and not individual peroxide molecules, is the likely p
cursor for O2 formation in fresh ice samples (Matich et al., 199
Johnson et al., 2003b). The photolysis of H2O2 in a matrix also leads to
the production of two OH radicals (Khriachtchev et al., 2000). In the g
phase the OH radicals move away from each other and react with
species leading to the loss of H2O2. However, in a solid matrix the OH rad
icals must escape from the cage in which they were formed for a loca
loss of H2O2 to occur. If neither OH escapes they can re-react to again
H2O2 or the H2O•O complex (4) identified by Khriachtchev et al. (2000

(4)H2O2
hν−→ OH+ OH → H2O•O.

In ice the species H2O•O may be the trapped O discussed by Matich
al. (1993). Similarly, irradiation of the H2O2•H2O complex results in the
formation of an H2O•O•H2O intermediate (5) which in turn rapidly photo
decomposes back to H2O2•H2O (Engdahl and Nelander, 2000).

(5)H2O2•H2O
hν−→ HO•HO•H2O → H2O•O•H2O → H2O2•H2O.

http://www.elsevier.com/locate/icarus
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The photo-decomposition of an H2O2 dimer (6), on the other hand, ca
produce an H2O dimer and O2 (Engdahl and Nelander, 2002).

H2O2•H2O2
hν−→ (OH+ OH) + (OH+ OH) → H2O•O+ H2O•O

(6)→ H2O•H2O+ O2.

As shown in Eq. (6), this occurs by the dissociation of two H2O2 molecules
to four OH radicals. These radicals then recombine to form two H2O•O
complexes in the same cage and consequently very rapidly decompo
form an H2O dimer and O2 (6). Engdahl and Nelander (2002) also rep
that H2O2 dimer decomposes significantly faster than the H2O2 monomer
which, in turn, decomposes faster than the H2O2•H2O complex.

A primary pathway for O2 formation in ice is the direct reaction of an
atom with a previously trapped O atom, as discussed, and may be the
cipal pathway in laboratory studies of fresh ice samples. However, tra
O and freshly produced O are highly reactive. The model proposed
(6) provides an efficient way to produce O2 after peroxide inclusions ar
formed. Each peroxide molecule in the dimer contributes an O atom in
same cage, so diffusion of O through the ice lattice to react with anoth
atom is not required. Therefore, once formed the peroxide inclusions
vide a previously unknown, but effective way of producing O2.

3. Application of the above to O2 formation on Ganymede and Europa

The primary radiation products of ice are OH and H (1). H atoms
very mobile within the ice lattice and on forming H2 are lost from the icy
surfaces to the tenuous atmospheres surrounding the satellites (John
al., 2003a, 2003b). The OH radical however can remain trapped in th
lattice, recombining with H to reform H2O, or reacting with other specie
to form secondary and higher order radiation products. One such seco
product is H2O2 that is produced from the reaction of two OH radicals.

In low dose laboratory experiments on ice samples the formation o2
and H2O2 appear to involve competing pathways (Johnson et al., 200
It has also been reported that in H2O ice, H2O2 tends to form microcrys-
tals (Gurman et al., 1967). That is, dilute frozen mixtures of ice will te
to have H2O2 present in aggregates within the H2O matrix rather than be
ing uniformly distributed. This work is the only work we are aware of th
has reported the structure of H2O2–H2O ice mixtures. However this resu
is not entirely unexpected. The binding energy of the H2O2 dimer is cal-
culated to be 6.31 kcal/mol (Engdahl et al., 2001) whereas the H2O dimer
has a binding energy of 4.94 kcal/mol (Schütz et al., 1997). Presumab
this greater binding energy for the H2O2 dimer is due to the additional oxy
gen atom in H2O2 that allows two hydrogen bonds per dimer as oppo
to one hydrogen bond per dimer for the H2O dimer. It is therefore, not un
reasonable to think that H2O2 molecules will preferably form aggregate
in H2O ices due to this higher binding energy. Segregation of species
different cohesive energies by annealing of solids is well established
Johnson and Jesser, 1997). Differential thermography was used (Gu
et al., 1967) to establish the presence of microcrystals of H2O2 in frozen
H2O2/H2O mixtures. A similar technique could be used on irradiated
to determine the presence of any such H2O2 microcrystals.

We know from the oxygen observations that the absorptions arise
O2 dimers present at solid-state densities (Calvin et al., 1996, 2003).
to the low fluxes and long annealing times this O2 can accumulate and form
inclusions in ice (Johnson and Jesser, 1997; Johnson, 1999). Recen
by Chaabouni et al. (2000) has shown that a species can remain trap
ice at temperatures above its sublimation point. However, the stabilit
these inclusions over times of the order of years at the temperatures
vant to Ganymede and Europa has been questioned (Baragiola and
1998; Baragiola et al., 1999). If these criticisms are correct, then a m
stable cage may be needed to obtain the observed absorption bands.
also suggested by the fact that these bands are considerably distorte
laboratory observations of solid or liquid O2 (Calvin et al., 2003).

The laboratory data described above suggest that H2O2 will form
micro-crystalline inclusions (Gurman et al., 1967) in the icy surface
et

k

,

is

the Galilean satellites and that O2 may be formed efficiently in such micro
crystals (Engdahl and Nelander, 2002). The O2 formed in these inclusions
may also be more stable than O2 trapped in ice. The higher binding energ
between H2O2 molecules, compared with H2O molecules, may reduce th
ability of O2 to diffuse out into the tenuous atmosphere. Under attack
mobile H, the O2 may form HO2 and eventually cycle back to H2O2 via
chemical reactions:

(7)HO2 + HO2 → H2O2 + O2.

Diffusing O can also trap at such inclusions, enhancing the likelihood o2
formation. Since H2O2 has been observed in the icy satellite surfaces,
possible that the stability and density of the trapped O2 needed to explain
the relative band depths and shapes of the 573 and 627 nm absorpti
temperatures that range between∼ 60–120 K can be explained by O2 for-
mation and trapping in H2O2 inclusions. Measurements are clearly need
to confirm this and to identify the spectral shifts associated with the pe
ide inclusions.

Since the satellite surfaces have been irradiated and annealed a
temperatures for long periods of time, they can be very different from
fresh ice surfaces studied in the laboratory. Whereas O2 is formed ineffi-
ciently in a fresh ice sample, probably requiring the occurrence of pai
low probability dissociation events of the type H2O+ hν → H2 + O (John-
son et al., 2003b), the situation is very different once H2O2 inclusions have
been formed. Single excitation events can then efficiently lead to O2 pro-
duction. This model could be readily tested in the laboratory by the s
of absorption spectra versus dose in the radiolysis or photolysis of pero
inclusions in ice. In addition, the spectral shifts of the O2 absorption bands
in an H2O2 matrix could be measured and compared with the shifts m
sured in space observations, and the amounts of H2O2 and O2 in the icy
surfaces should be related.

The process described here does not impinge upon the discussions
interesting experiments in which O2 is produced by irradiation of freshl
formed ice samples (Reimann et al., 1984; Matich et al., 1993; Sieg
al., 1998). Rather, the present proposal is a process that would be
important on a surface that had experienced long-term irradiation an
nealing. Molecular oxygen formed in both fresh ice deposits or in H2O2
inclusions could contribute to the ambient O2 atmospheres seen on Euro
and Ganymede (Hall et al., 1998). Here we suggest that the O2 formed in
H2O2 inclusions can have a bearing on the visible O2 bands (Spencer et al
1995; Spencer and Calvin, 2002) from the icy Galilean satellites.

Models for forming O2 on the Galilean satellites might be distinguish
by observations. Solid O2 cold trapped from the atmosphere has been s
gested (Baragiola and Bahr, 1998). This could be stable in very cold (n
time, polar or shaded) regions, but would begin to rapidly evaporate w
exposed to the visible light by which it is observed. The presence of O2 in
hydrogen peroxide inclusions suggested here, rather than O2 trapped as in-
clusions in ice (Johnson and Jesser, 1997), should show a correlation
the observed distribution of hydrogen peroxide, allowing for difference
absorbance.

4. Summary

We have proposed a new mechanism in which the trapped O2 seen on
the icy satellites is formed by radiolysis or photolysis in H2O2 inclusions.
This mechanism is based upon two overlapping ideas. Firstly, after
annealing times, even at relatively low temperatures, H2O2 is likely to be
present as aggregates in ice. Such inclusions have been shown to occ
perimentally in pure ice (Gurman et al., 1967) and are in agreement
theoretical calculations (Engdahl et al., 2001). Secondly, dimers of H2O2
in a frozen matrix produce O2 efficiently when irradiated (Engdahl and N
lander, 2002). This relies on the cage effect, which limits the escape o
radicals from the volume in which they are formed. Therefore, if trap
O2 and O2 inclusions in pure ice are unstable at the temperatures of in
est, these two observations could explain the source of a high-density
of O2 thought to account for the visible bands on Ganymede and Euro
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