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1. Introduction

One of the most exciting arcas of rescarch in Planctary Science is the study
of the chemistry induced in the surfaces of the icy moons of Jupiter by
the Jovian magnetospheric particle radiation. Observations by Galileo of
lIo, Europa, Ganymede and Callisto (Fig. 1) using the newly discovered
telescope initiated enormous controversy and changed our image of the solar
system over three centuries ago. Now observations of these moons using the
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Fig. 1. A schematic diagram of the orbital positions of the moons of Jupiter discovered
by Galilco. Their positions are scaled to Jupiter’s radius (/2;) with properties given in
Table 1. Note: these satellites, like our moon, are all phase locked to the parent planet,
hence the same side faces Jupiter throughout cach moon's orbil. Since the magnetic
field is attached to Jupiter, it rotates faster, therefore, in addition to ions and clectrons
moving up and down the field lines and impacting the satellites, there is a net preferential
flow onto the hemisphere trailing the satetlite’s motion.

Table 1. Surface properties of Galilcan satellites.

Rya(f27)®  R(km)b T(K)¢  Constituents®  Atmosphere®

Io 5.90 1820 80-150 S04, Sg, Na SOz, Na
K, Cl K, Cl
BEuropal 9.40 1570 80-130 11,0, SOy, Na O, Na, K
K, Hy02, Sz
Ganymedes 15.0 2630 80-150 H,0, O, 02, Na, O
O3, CO,
Callistof 26.4 2400 80-150 11,0, CO, COy, 11,0

®Distance from Jupiter in Jupiter radii, By = 7.14 x 10% km.

Y Radius of moon in km.

€Average temperature range. Note: surfaces segregated into bright, cold volatile
regions and dark refractory regions with different temperatures.

4Surface constituents are at present being identified using NIMS and the
UVS instruments on Galileo. IHydrated mineral bands are seen on Europa,
Ganymede and Callisto. On Europa suggestive of frozen dilute sulfuric acid,”
but other models have been proposed.!* CII, CN, and OII bands seen. Some
species inferred from atmosphere and plasma.

®Species identified to date in atmosphere. Plasma is primarily H*, O+% g+,
fSuggested as having an underground “ocean.”

8llas its own magnetic field.
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instruments on the Galileo spacecraft and Hubble Space Telescope (HST)
are again leading to radically new insights on the origins of bodies in our
solar system and, possibly, to new insights into the origins of biologically ac-
tive molecules. This understanding is expected to grow dramatically again
when the CASSINI spacecraft examines Saturn’s moons beginning in 2004.

A critical issue for interpreting the new observations is to obtain an un-
derstanding of the chemistry induced in the surfaces of the Galilean satel-
lites by the energetic ions and clectrons trapped in the giant magnetosphere
of Jupiter. These encrgetic particles produce new molecular specics in the
surface and cause desorption of atoms and molecules. The desorbed species
form an ambient gas around cach object, which contributes to the tenuous
atmospheres and ionospheres on these moons.! Therefore, if the interaction
of the radiation with the candidate surface materials is understood, direct
collection of the ionized component by mass spectrometry from an orbiting
probe can be used to determine the surface composition.?3

Whereas the dominant surface material on the outer three Galilean
moons is ice, the inner moon, lo, is the most active volcanic object in the
solar system. Therefore, it has been totally dehydrated and has a surface
coated with sulfur dioxide.? This surface is exposed to significant levels of
ion, electron and UV photon radiation. At the time of this writing, one of
the moons, Ganymede, is the first nonplanetary body in the solar system on
which an intrinsic magnetic field has been discovered.® This field provides a
useful tool. Since it partially deflects the incident radiation, observers can
compare the surface chemistry in the highly irradiated regions with that in
lightly irradiated regions.

Also remarkable is the fact that the other two icy moons, Europa and
Callisto, have unusual conducting properties as indicated by the magne-
tometer measurements on the Galileco spacecraft. This effect has been ten-
tatively attributed to the presence of underground, tidally heated oceans,’
although we recently suggested that an irradiation-produced material” can
act as a conducting layer. However, the ocean hypothesis is attractive as
it is based on models for their formation, differentiation and tidal heating
by Jupiter.® Also, the magnitude of the conductivity of the object deduced
from the time variability of the local ficlds appears to be appropriate for
a “salty” occan. As a further support of this hypothesis, the surface of
Europa appears to be young and chaotic suggestive that fresh material
has “recently” reached the surface.® 1* One model for such activity is that
ice warmed by tidal heating under a few kilometers-thick frozen layer, can
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be extruded onto the surface in some regions with the surface subducted
causing burial of material in other regions.

Recent infrared spectra of the shifted suppressed water bands indicate
that the surface of Europa contains hydrated minerals. These have been
suggested to be hydrated salts and organics,'® which would also be consis-
tent with material from an underground ocean. Because of this strong, but
indirect, evidence for an ocecan, Europa is now considered to be an object on
which biological materials could have evolved. Such an evolution, if it oc-
curred, could have been driven by the heat created by the tidal interaction
with Jupiter, although reeently this has been suggested to be too small.!®
It has also been suggested that the cuergy of the Jovian magnetospheric
particle radiation incident on to the surface could drive chemistry needed
for initiating biological evolution.!6:17

A recent laboratory comparison of the shape of the water of hydration
bands with the spectra obtained by the Galileo spacecraft indicates that
the hydrated material mentioned above might in fact be frozen, hydrated
H,S0,.7 This material would be produced by the charged particle irradia-
tion of sulfate salts, sulfur or SO5 in an ice matrix.? Therefore, a sulfur
chemical cyele is maintained by the incident radiation, a cycle similar to
that occurring at higher temperatures in the atmospheres of the Earth and
Venus.” On Europa, this involves oxidants such as SO:‘I_, Hy0,!8 and O, 19
which have potential iinportance for the proposcd prebiotic chemistry.

In this chapter, I will briefly review the observations relevant to the
Jovian radiation environment and the suggested surface materials on the
large moons. T will then summarize what is known about the radiation-
induced surface chemistry and, finally, T will suggest laboratory studies and
molecular dynamies simulations that might be carried out to contribute to
an understanding of the surface chemistry relevant to this exciting planetary
environment. More extensive reviews of various aspects exist and will be
referred to below rather than repeating those summaries. 1929 In addition,
a review of the physics of the sputtering process was presented recontly?!
and an overview was provided in the Reviews of Modern Physics.??

2. Observations

When the Pioncer and Voyager spacecraft passed through the Jovian systemn
in the 1970’s a much more intense radiation environment was found than
. . L '23 . . . . . . .
was expected.“” The particle radiation consisted of energetic ions trapped in
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Jupiter’s giant magnetic ficld. These ions had as their source the icy satel-
lites that orbit within the Jovian magnetosphere and, hence, the plasma
composition was determined by the surface composition.® Using the data
from the Energetic Particle Detector on the Galileo spacecraft, the ion and
cloctron Auxes!®2? are given in Fig. 2. In addition, a low cnergy plasma
component exists.?>20 Since the dominant volatile on o is 5O {with S;)
and with HoO the dominant volatile on the other three moons, the compo-
sition of the plasma is predominantly HT, O**, $**. A smaller component
of undissociated molecular ions (SO;, SO*, NaX*, where X is O or S) is
found, primarily, close to Io, the principal source of the plasma. In addi-
tion to ionized Na, Cl** was recently discovered, indicating Cl is present
in Io’s surface.?” Although the flux of ions and electrons in this plasma
is not large by laboratory standards, the plasma energy flux incident on
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Fig. 2. The ambient, energetic plasma flux at Europa, assumed isotropic, of energetic
jons (11T, OF, S*) and electrons: taken from Cooper et al.'® Measured by the Energetic
Particle Detector (EPD) on Galileo. Curve labeled DG are the higher electron energies
based on Voyager data.?8

Ty

Particle Flux (/cm® s-sr-keV)

Europa (E4)

Surface Chemistry in the Jovian Magnetosphere Radiation Environment 395

the surfaces or atmospheres of Europa and Io is much larger than the solar
UV flux.16

An important issue for irradiation chemnistry is the dose versus depth
into the surface. This was computed by J. Cooper et al.!® and the results
for Europa are shown in Fig. 3. Here the vertical axis is the time to achieve
a dosc of 100 ¢V per molecule in H,O. This is a useful form since we note
below that radiation chemists typically give radiation cffects as G-values,
the number of a particular molecular specics created or destroyed for each
100 ¢V of energy deposited. Geologist have suggested that the youngest
surface ages are ~ 10°77 years on Europa,'? hence, the significant dose, as

9
10 E T T T rrrT—r ”m;
g ——All !
10°} 4 ;o
T T e II '/' S
7L R ’ .
10°F - H ;L D
— LY I S
N S o
@ P ——-S" P S
g 5: 17 . ]
o 107°F N S
E i i
£ i
= 107 :
[4b]
<
73]
@ 10
e

Europa (E4)

100 -5. Ll -4. saaieul ’ s aanul 2, saail 1,
10° 10* 10° 10® 10" 10°

Surface Depth (grams—HZO/sz)

Fig. 3. Time versus depth for the ions and electrons in Fig. 2: taken {rom Cooper
et al.'® The time on the vertical axis is that time it takes for each molecule to receive,
on the average, a dose of 100 eV. This is a significant dose for which each molecule has
likely been dissociated and it allows easy use of a G-value (probability of a molecular
change per 100 eV deposited). The horizontal axis gives the depth scaled by density.
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expressed in Fig. 3, is achieved at all depths above ~ 1 cm at unit density in
geologically relevant times. Since over most of the surface the solar photon
penctration depths are much smaller than this, the optical layer is totally
altered by the particle irradiation in relatively short times. Proposed plans
for a mission to find chemical products of prebiologic activity or, possibly,
biological activity in Europa's surface will probably require sampling at
depths > 10 cm based on a porosity ~ 0.8. That is, a critical issue for
planning future missions is determining the radiation dose (hence, depth)
that biologically important molecules could receive and still be identified
by their radiation-induced decomposition products.

The most penetrating of the detected incident particles are electrons
with energics of 10’s of MeV?® and the dominant carrier of energy are
the keV-MeV clectrons.!® It is seen in an electron microscope that encr-
getic electrons cause the growth of voids in ice.?® These are formed by
defect production and by inducing mobility of both intrinsic and radiation-
induced defects®® The formation of such voids can produce an cfficient
light-scattering and, hence, optically bright surface.®! Therefore, I have
suggested that this effect produces the bright surface in the polar regions
on Ganymede, often referred to as “Ganymede’s polar caps.” Since the
energetic clectrons have long penetration depths and follow field lines, the
cap boundary is found to coincide with the regions where open field lines
intersect Ganymede’s surface as modeled recently by K. Khurana and R.
Pappalardo (private communication). At lo, on the other hand, radiation
darkens the sulfur containing surface materials by producing molecular
chains. At low latitudes, any radiation damage of Io’s surface material is
rapidly covered by SO, and anncaled. But at the poles, this process is very
slow, accounting for its “dark polar caps” or, rather, brighter equatorial
region.

Matson et al.*? first realized that the incident magnetospheric ion radia-
tion could account for the observation of the desorbed Na seen as a “cloud”
near the moon lo.>* The discovery of the intense energetic particle envi-
ronment appearcd to also explain in part two of the best known features
of these moons: hemispherical differences in their reflectance and the polar
spectral features on Io and Ganymede.* The hemispherical differences have
been attributed to preferential plasma energy deposited onto the hemi-
sphere that trails the orbital motion on these moons which are tidally
locked to Jupiter.b4313% The Ganymede polar spectral feature appear to
be due to particles flowing along the magnetic field lines to the poles,
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as discussed above, and the efficient sublimation and anncaling of radiation
damage in the cquatorial regions.3!

The discovery of the energetic Jovian plasma by Voyager and Pioncer
spacecraft led Brown, Lanzerotti and coworkers?®:37 to study the sputter-
ing of the principal surface constituents of the Calilean satellites, H,0
and SOy ices at T < 150 K. The sputtering yield for ice is given in
Fig. 4(a). They found, surprisingly, that whole molecules dominated the
cjecta (Fig. 4(b)) and that the yields (number of molecules ejected per
lon incident) were much larger than expected. They also found that sput-
ter cjection of molecules was initiated not only by momentum transfer to
the atoms in the solid but also by the clectronic ionization and excitation
produced by the fast ions incident on these ices. They named the latter pro-
cess clectronic sputtering. This is a process closely related to clectronically
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Fig. 4. (a) The ice sputtering yield (number of equivalent H20 molecules ejected per
ion incident) versus the ion energy: taken from Shi et al.}3 The top curve and left hand
axis is for incident Ot and the bottom curve and right hand axis is for incident I+,
The structure at low velocity is sputtering due to momentum transfer and that at higher
velocities is due to electronic excitation and ionization, which is the dominant sputtering
process in ice and closely related to clectronically-stimulated desorption.!19 (b) The
sputtering yield of D20 versus surface temperature for 1.5 MceV et ions (Dots: mass
20; Square: mass 4; Triangle: mass 32). There is a 7" independent component but the
decomposition products, D2 and Oz are T dependent: taken from Brown et al.38
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containing hydrated minerals.'? The presence of SO, in a water ice surface
containing Hy0y and subject to irradiation suggested to us that hydrated
H,S0, should also be present, as in cloud particles at the Earth and Venus.
During the writing of this manuscript we showed that bands associated with
water of hydration, seen in the IR by NIMS on Galileo, were reasonably
well fit by the spectra of frozen HyS504 - XH,0.7 This data had been used to
suggest the presence on the outer three moons of organics in ice and certain
hydrated salts and carbonates: Na;COs - XH,0 (62%), NapMg(S04)* -
XH,0 (30%), NazSO4- X1,0 (8%).‘18 The latter identifications were based
on models of satellite formation and evolution that predicted the presence
of such materials.? In addition, Na;SOy is a material suggested to be on the
dehydrated moon Io?? and was noted to be radiation modified by Nash and
Fanale.?® If sulfate salts are present, radiation-induced decomposition is
the likely source of the SO, and Na scen at Europa®®°%°! and the observed
CO,%% may be the product of an irradiated organic, like the carbonate
suggested above.

Due to tidal heating and radiation-induced desorption, Io has lost most
of its water and other light species. Therefore, in addition to SO2 and its
radiation products (e.g. S20 or SOy), Na2S04,%2 NagS,,™ S, and NaCl%7
are suggested surface constituents. Decomposition of these materials is the
likely source for the well known Na “cloud” at Io, extensively studied from
carth. Observations and models also suggest that there should be silicate
intrusions. Recently, a silicate flow from an Io volcano was identified.>
However, over most of the satellites’ surfaces the rocky material appears
to be covered by the dominant volatile: SO at To and H2O at Europa and
Ganymede as ice or a hydrated species. Callisto was seen to have clean
water ice bands but the surface is dominated by an unidentified dark con-
taminant, possibly micrometeorite debris collected on its surface, and its
physical surface features appear to be modified by outgassing of a volatile
like CO,..40%% To interpret the new spectral data, a clear understand-
ing of the surface chemistry of the absorption bands and of the desorbed
species is now required. Such an analysis can, in principle, be used to date

geologically young features on these moons. '8

3. Radiation Chemistry

The study of the irradiation of ice has a long history due, in part, to the con-
siderable interest in radiation biology in the 1950’s and 1960’s. Freeze-dried
samples of biomolecules were often irradiated and compared, spectrally
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and by using ESR, to irradiated, degassed ice samples.®® In spite of this
history, useful quantitative information for radiolysis relevant to the plane-
tary problems described above is scarce. Therefore, at the time of Voyager,
3637 initiated studies of the ices and Nash
and Fanale® initiated studies of the spectral changes due to irradiation of

those refractory materials thought to exist at To. We recently reviewed the
0

Brown, Lanzerotti and coworkers

database on the radiation chemistry of ice as it relates to the icy satellites.?
I also recently reviewed the database for the sputtering of ices by energetic
ions.'? These papers and the exciting spacecraft and HST data have stimu-
lated a large amount of recent work which is summarized below.

The temperature range of interest is between ~ 70-90 K near the poles
and varics from ~ 90 K nightside necar the equators to ~ 120--150 K day-
side depending on the albedo in the equatorial region. This is a range of
temperature variation over which radicals can be made mobile and react.
There are a number of agreed upon radiation products which are both re-
levant to the planctary problem and reasonably well studied. Whereas it
was thought that protons arc mobile even in an amorphous ice, recently
it has been suggested that they trap efficiently.’” Following recombination,
the principal products in photolysis or radiolysis of ice, H and OH, come
from the primary dissociation channel: H,O — H + OH. Whereas H is
thought to diffuse effectively at most relevant temperatures, at low tem-
peratures the O traps in ice, as indicated by the ESR spectra and by the
blue shifted OH absorption band at ~ 0.28 m.*%58 On the other hand
the more mobile H atoms diffuse and can react forming Ho. When the
sample Is in a good vacuumni, as it is on the surfaces of these moons, the Hy
diffuses to the vacuum interface and escapes leaving behind a chemically
altered ice. A second channel, that has ~ 10% branching ratio in the gas-
phasc under solar UV is HoO — Hy + O. Single event production of Ha

from ice, scen by Reimann,>®

was recently confirmed to occur even with low
energy electrons, at least at the ico-vacuum surface.%? The loss of Hy leaves
behind a reactive O. Recent experiments suggest the irradiation-induced
formation of a species such as HpO-0.%!

Because any Hs produced diffuses efficiently and is lost to the vacuum,
the ice is permancently altered. Therefore, there is a depletion of H and
formation of “trapped” O and OH, so the surface layers of the grains are
oxidizing. They also should have an enhanced D/H ratio.! The O and OH
radicals can react directly: OH + OH — H>0, and OH+ O — HO; or
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Fig. 4. (Continued).

stimulated desorption. However, unlike desorption the sputtering yield was
found to vary nonlincarly with the energy deposited per unit path length by
the incident fast ions. They noted at the time that this new clectronic sput-
tering process was so cfficient that kilometers of material could have been
removed from these objects during their lifetime.?” Although this was cer-
tainly an overestimate due to the extrapolations made and the incomplete
knowledge of Europa’s surface, sputtering is a dominant process at Buropa.
In addition, the electronic sputtering process is in fact closely related to the
radiation chemistry produced in ice by the fast ions and electrons.?®
Subsequent work has shown that new more volatile molecules are also
produced and desorbed by cnergetic ions [Fig. 4(b)], and the desorption
efficiencics depended on the material temperature.®® This dependence is
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due to the radicals or defects becoming mobile. Since the principal products
ejected from ice, in addition to HzO, arc Hy and O, we predicted that the
icy satellites could have tenuous Op atmospheres.!3? That is, the desorbed
H, is light and escapes readily from a moon’s gravitational ficld but the
heavier Oy produced on the Galilean satellites would not. However, un-
like H»O, once formed O, would not condense at the surface temperatures
on these moons, >~ 80 K. Remarkably an O, atmosphere was recently
observed by HST both on Europa and Ganymede.® An even more tenuous
CO, atmosphere was observed on Callisto by the Galileo spacecraft. !
Because CO+ does not condense efficiently at the surface temperatures on
Callisto, it must be trapped in the ice or be created by the radiation prior
to desorption. Finally, the gravity filter that allows H, to escape much more
efficiently than O, also means that the D/H ratio in the surface layer will
be much larger than the solar values.!2:19

In a parallel set of discoveries, a reflectance band in the visible, similar
to that for solid O3,** was scen at low latitudes on Ganymede. In addition,
a UV feature associated with Oy was scen on Ganymede?®3! and on the icy
satellites of Saturn.®® Coupled with these observations was the much earlier
discovery of a band indicative of SO in ice at Europa®® and Callisto®®
and the recent discovery of CO, trapped in the icy surfaces.’ The SO,
was initially assumed to be due to sulfur ions originating at Io implanted
into the ice at Europa,®®*7 but the SO, is also a radiation decomposition
product like the Oj, as discussed below.?” The CO, source is probably
internal as carbon ions have not yet been scen in the plasma.

Although the presence of these species suggests that the ions actually
bombard the surface, the clearest signature that radiation-induced che-
mistry is occurring in these icy surfaces was recently reported. That is, the
radiation-induced product, HyO», has been seen in both the IR and the
UV in the surface ice of Europa.'® Therefore, it is now established that
the radiation-induced changes in the surface occur at a rate that signifi-
cantly exceeds the geologic resurfacing rate. However, accurate radiation-
induced yields (or G-values, yield/100 ¢V deposited) are typically not
avatlable to successfully determine surface dose. This is unfortunate as
such information can be used to determine the age of the optical surface.

Recent data from the near IR mapping spectrometer (NIMS) of the
Galileo spacecraft has also identified arecas on the moons in which the wa-
ter bands are shifted and suppressed, consistent with large surface areas




402 Chemical Dynamics in Extremne IEnvironments

0, + H. In addition, lattice relaxation around a species like HoO-O might
lead to HyO, and HO,. The latter products have been identified by ESR
and by absorption features in the UV.56:58,62

The source of the observed Og is less certain. Ho + %Og are the decom-
position products of irradiated ice.?59 0, is formed in the gas-phase by
reactions involving the products above. However, following exposure to
ionizing radiation, Oy is found to cvolve from an initially degassed ice
sample on warming.® G-values (or yields) larger than those for the gas-
phase were found for ice although sumple chemical rate equations predict
otherwise. In studying the radiation effects on the icy satellites, Brown,
Lanzerotti and coworkers showed O is directly produced and cjected into
the vacuum by energetic ions.3*%% More recently, UV photons® and low
energy clectrons® were shown to produce O, with a threshold energy
~ 10 eV.

Relatively high G-values (~ 0.15/100 ¢V) arc obtained if ice is irra-

.
56 However,

diated at low temperatures in a closed system and then warmed.
recent laboratory data suggest lower G-values, so that the carly experi-
ments may have been affected by small amounts of contaminants such as
CO,. For instance, Baragiola and coworkers suggest very small G-value
(~ 0.00302/100 eV) for a thin ice layer irradiated by keV protons.®® As-
suming that the low encrgy electron desorption data of Seiger ef al® arce
applicable to the sccondary clectrons produced by a fast ion, and using
a W-value {average energy per ion—electron pair produced) for light ions
of ~ 26 ¢V, a somewhat larger G-value (~ 0.0102/100 ¢V) is obtained.
But this is still smaller than in the early experiments. Since production
and loss of hydrogen occurs with higher G-values, implying O must cven-
tually be produced, there are some inconsistencies to be resolved. Therefore,
additional measurcments arc needed for the amount of O produced per in-
cident fast ion, both that directly desorbed (sputtered) and that produced
and trapped in the solid., This is nceded as a function of temperature in or-
der to determine the amount of ambient gas and the potential for chemical
synthesis. Since there is a dE/dz dependence in the production of Oz, ex-
periments are needed to determine the efficiency of the production of O, for
a broad range of ion types and velocities or a clear model for Oz formation
is needed. In addition, since radiation followed by annealing occurs in the
equatorial regions of these moons, the ecarlier experiments, on gas evolving
from warmed ice or from a hydrated salt irradiated at low temperature,
need to be repeated.

“r
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Reimann et al.®® measured the fluence and temperature dependence
for the production of O from a thin ice sample in a vacuum exposed to
energetic Ne™ [Fig. 5(a)]. These ions were used to represent the energetic
O ions in the Jovian plasma. They found a correlation between the loss of
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Fig. 5. (a) The production of D2, Oz and D20 from a D20 ice sample by energetic
Net (used to model the effect of the OF flux in Fig. 2) as a function of irradiation time
given as number of impinging ions per square centimeter. If beam is turned ofl at any
point, each signal immediately restores when beam is turned on, indicating the ice is
altered: taken from Reimann et al.5® (b) The production of Oz by low energy electron
irradiation of ice: taken from Seiger et al.%% Curves are for 100 eV and 50 ¢V electrons,
as indicated, and the symbols are for different temperatures showing the scaling of the
yields.
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H, and the production and loss of Q. It is scen in Fig. 5(a) that Hy exhibits
a prompt component followed by a gradually Increasing component. The
former is due to a single event near the surface and the latter depends on
the film thickness for ions penetrating to the substrate. The Og signal was
initially zero but grew linearly with the irradiation dose. This indicates
that Os is not a direct radiation product (as discussed above), but requires
that the ice is first altered: c.g. the formation of trapped radicals or other
precursors. This was confirmed by shutting the beam off and letting the
sample sit.”? On turning the beam back on, the Oy signal immediately
restored indicating that a “permancnt” change occurred. The initial lincar
increasc in Qs was followed by a second region of growth. Finally, both the
H, and O, signals decreased as the film thinned. For low energy electron
impact on a very thin ice surface, Sciger et al.% found results surprisingly
similar to those for McV Ne™ on ice as seen in Fig. 5(b).

Reimann et al.%® noted an activation barrier of 0.05-0.07 eV and consi-
dered diffusion of the radicals produced. Seiger et al.%® concluded that a
nondiffusing precursor is first formed (cross section ~ 10718 ¢m? in the sur-
face layer) in a manner that is temperature dependent, accounting for the
scaling of the results at different T in Fig. 5(b), and a subsequent impact-
ing clectron directly produces O, (cross section ~ 1071 cm?). [A candidate
precursor may be the HyO-O mentioned carlier®!]. They pointed out that
the low fluence dependence seen in Figs. 5(a) and 5(b) is inconsistent with
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the diffusion model. This is the case unless “diffusion” is fast and tem-
perature independent over the region studied. Therefore, a “hot O” atom
reacting with trapped OH, O(hot) + OH — H 4 Oa, is a candidate.

In these studies the role of the surface, the sample temperature and
the sample structure (defects, voids and crystallinity) appear to be immpor-
tant but require further study. As mentioned earlier, void formation has
been imaged when ice is placed in an electron microscope.?? However, the
relationship between the formation of interior surfaces and O production
has not been studied, although it appears that Oy may be formed more
cfficiently at a surface.

The radiation product HoOs is scen in the photolysis and radiolysis
of ice,”®67 and the role of electron scavengers has been studied.%® H,0,
has now been identified in UV and IR spectra of Europa’s surface where
it appears to be ubiquitous.!® As stated carlier, this confirms that ener-
getic fons are reaching the surface and that the radiolysis of ice is occur-
ring. It is now generally accepted that the very thin O atmosphere at
Europa®® is produced by the radiolysis of ice, as suggested carlier. 139 At
Ganymede, sublimation may be more vigorous due to higher average surface
temperature, although the temperatures in the icy patches may be similar
to those on Europa. In any case, the production of Oz at Ganymede could
involve gas-phase chemistry® at low temperatures, which would also re-
quire new rate coefficients. In addition, a pair of weak bands in the visible
have been associated with the presence of O, inclusions in the surface of
Ganymede.3942 Because of the surface temperatures (> 80 K), it has been
suggested that the codeposited O; may be trapped by water molecules, or
it may be formed and trapped in voids in an ice?® or in a hydrated mineral
surface.”® In Fig. 6, the data for Oz codeposited with ice and deposited
as solid Oy are compared to the reflectance spectrum. The former appear
to this author to show reasonable agreement with the space observations.
However, in a scries of papers,®® Baragiola and coworkers suggested that
using the peak positions was most important in the comparison and con-
cluded that solid Oo exists on the surface in cracks or crevices which are
only temporarily exposed to sun light. If correct, this would require very
low (< 40 K) surface temperatures.”® If trapping O in ice is problematic,
as they suggest, it is possible that the Oz may be formed and trapped in a
hydrated mineral.>™ In any case, the physical-chemical explanation of this
band is not available. It may be associated with a specific terrain type.



406 Chemical Dynamics in Ezlrerne Environments

5400 5600 5800 6000 6200 6400 6600
e N B aaaaa o v

\AAARRSSARARRASER RARARARMAS

1.00+

0.99}

0.96

0.92f

Reflectance ratio

0.88 4

4

0.84 L TN P
5400 5600 5800

A laaaaa ala alas Fawe
6000 6200 6400 6600

Wavelength (A

Fig. 6. Upper panel: absorption bands of Ganymede which are attributed to “solid
0,742 (obtained as a ratio of Ganymede’s trailing hemisphere reflectance to that of
Callisto’s). Lower panel: pure Oz at 26 K (line with circles), codeposited O2 + 1,0

ice film at 26 K (solid curve). Same after warming to 100 K, (pluses): taken from Vidal
1.66

et a

HST observations in the UV of a broad band roughly consistent with the
Hartley band, suggest the presence of Og in the surface of Ganymede.*® The
possible presence of Oy is important, since Oj is not a direct radiation pro-
duct of ice,”®7! but forms readily in 0,.71-7 Therefore, its presence reen-
forces the concept that a condensed form of O, exists: ¢.g. trapped in voids
in the ice3® or other irradiated surface material.”® Initially, a broadencd
03 band was used to roughly fit the data, but evidence for another band
at longer wavelengths is clear.® In Fig. 7, the solid O3 band, which differs
little from O trapped in Oo, is shown. The second band may be associated
with trapped OH but here I show a~CH,0 band in an organic compound.
The presence of such a band would not be surprising as CO2 and H2O both
exist in the irradiated surface.

A number of studies have been carried out on the sputtering of COxq,
SOy, and Ss, all proposed or observed volatiles on these moons.!®™ The
ejecta, as in the sputtering of water ice, are the parent molecules plus those
decomposition products having high volatility!? allowing them to be casily
driven into the gas-phase (c.g. CO and O from CO3; and SO and Oz from
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Fig. 7. Hubble Space Telescope UV spectrum (solid line), ratio of trailing hemisphere
reflectance converted to an absorbance.*? Broken line: condensed form of O372; triangles:
~ClIz0 in isobutyraldehyde. 195

SOg2; Sz from Sy). Equally interesting are the potential refractory products
such as polymerized carbon and sulfur, and the sulfur and carbon sub-
oxides.”™ However, there is very little data on the physical, chemical or
spectral propertics of the refractory materials formed in an ice that con-
tains COy, SOy or sulfur.”™ Complex irradiation produced, carbon based
materials, named Tholins (inuddy) by C. Sagan, have been suggested as
being present on the surfaces by the Galileo NIMS spectra.!? Earlier Nash
and Fanale®® studied irradiation alteration of reflectance of potential satel-
lite mincrals to fit Io’s spectrum. The general reddening of the visible-
near-UV reflectance at Europa has been attributed to irradiation-induced
changes in grain size?” and to radiation-induced chemistry forming a poly-
merized sulfur.3*7%77 Agrcement with the optical reflectance data requires
< 1% of the refractory component of a photolyzed, frozen H,S + H,0
mixture.”® However, definitive identifications and quantitative evaluations
under known radiation environments have not been made and competing
evaporative processes have also been suggested to account for the reddening
of the optical spectra.”™

There are fewer studies giving absolute yields for mixed ices subjected
to charged particle radiation. Two relevant mixtures for Europa, Ganymede
and Callisto are HoO + SO, and Ho0O + CO;. The latter may also be im-
portant for the Uranian moons.8® Chemical pathways have been studied but
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not the absolute yields for producing new species. Clearty, complex hydro-
carbons of the type scen in cometary comas can be formed in Europa’s sur-
face and then subducted into the putative underground ocean. Moore and
coworkers®183 and Strazzulla and coworkers® % have studied mixtures of
H,O with CO and CO, as well as other carbon containing molecules and
complex mixtures relevant to comets at low temperatures {< 20 K). They
have shown that among other species, carbonic acid, HyCOs, is formed.
This is a species not yet identified on the icy satellites but should also be a
product of radiation-induced desorption of Na from Na,CO; - X0 (sec
Appendix). They have obtained relative yields but data at those tempera-
tures relevant to the icy satellites are needed. In a recent paper®™ absolute
yields for mixtures of HyO + CO have been obtained.

Delitsky and Lane®” used such studies to outline the chemical path-
ways that might be relevant on these moons. However, detailed quantita-
tive information for the separate pathways is needed. Earlier, Haring and
coworkers, 8 among others, measured cjected molecule mass spectra and
ejecta energy spectra for a number of mixtures. These studies indicate that
a varicty of products are formed and ejected into the gas-phase. However,
absolute yiclds for desorbed species from mixed ices were not given but are
needed to understand the ambient gas at each of the icy satellites. 219

The plasma ion bombardment also leads to implantation of reactive
atoms into the surface. Therefore, quantitative data is also needed on the
chemistry induced by reactive atoms Na and S. These atoms are introduced
as energetic ions from Io and are implanted into Buropa’s low temperature
water/ice or into its hydrated mineral surface. On implantation into and
annealing of an ice depleted in H, S is likely to form SO47 and then annealing
or further bombardment produces SOg giving the 0.28 pm band,*% although
recent Galileo data8? suggests the SOg is associated with the non-ice regions
as in the model in Ref. 7. Incident Na is likely to form NaOH. This latter
molecule has not yet bten scen by NIMS on Europa and, therefore, would
have to be present at less than a few percent if it exists in the surface
material.

4. Hydrated Minerals

The hydrated minerals, suggested as being present on Europa by the Galileo
NIMS data and by the possible presence of an underground occan, were
described earlier. One model has them being hydrated versions of the
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minerals expected on lo. The principal chemical issue learned {rom the
above is that plasma bombardment causes changes in the spectra®® and
the preferential loss of H (as Hy) which leads to a surface layer which is
oxidizing.? ‘Therefore, the favored chemical pathways are fairly clear!? and
arc considered in the Appendix. The presence of both SOy and Hz O3 led us
to look at the sulfur chemistry in Europa’s radiation cnvironment.” A prin-
cipal product is a sulfate, which is a good oxidant, probably in the formn
of hydrated HySOy4 as mentioned carlier. The comparison of this species
to the water of hydration bands in the NIMS spectra is shown in Fig. 8.
Although the agreement is far from perfect, small shifts are expected due
to ion radiation®® and agreement with other radiation products reenforces
the presence of 11,50y - XH,07 as discussed below. Radiation yields for
producing hydrated H,SO, at the temperatures and for the relevant inci-
dent particle energies are not available. Moore?® irradiated an I, O0/SO;
mixture and observed a refractory product that was consistent with the
presence of HaSOy, but did not identify the product. Also, in pure SOs,
SO, is produced cfficiently (G ~ 5/100 ¢V).99 In the presence of HoO this
exothermically vields SOy, Similarly, sulfur particles in water produce
H,SO, under irradiation with quite high G-values.®!

Therefore, sulfur may be introduced into Europa’s system as implanted
sulfur, as a sulfate or sulfide from an underground occan or as SOy and S
gas as at To, as shown schematically in Fig. 9. The sulfate, cither delivered
to the surface or formed by irradiation as discussed above is very stable

REFLECTANCE

JAPS S N T O S N O Y T Ot
1.0 1.5 2.0 2.5

WAVELENGTH, pm

Fig. 8. Diffuse reflectance versus wavelength in microns. A comparison of a dilute (1/8)
frozen sulfuric acid spectrum (line) with the spectrum from the NIMS instrument on
Galileo (dots): taken from Carlson et al.”
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Fig. 9. The sulfur cycle as deduced from approximate radiolysis yields. Sulfur can enter
the system by implantation from lo, possibly gases from beneath the surface as at Io, or
as an occan salt exposed to the surface. Radiation chemistry is fast, so the species are

cycled through the various sulfur forms shown here. The relative amounts agree with the
fits in Ref. 7.

under irradiation.?? % G-values for decomposition are ~ 107* to 1074/
100 eV for X-rays and gamma-rays incident on Li;SO4.%% Tons would pro-
duce decomposition more efficiently but still with relatively low G values.
Therefore, we suggest that hydrated H,SO4 is the dominant species in the
dark/chaos arcas on Europa. This decomposes into SO, (< 1%) and poly-
merized sulfur (< 1%). Spectral comparisons are given in Ref. 7 and rough
quantitative agreement is achicved for all three species. Since Europa ap-
pears to have a single principal darkening agent, this scenario would suggest
it is polymerized sulfur. If this analysis is correct, the dark and young areas
would appear to be regions in which a sulfur containing material is brought
to the surface” either by venting or by break through of a melt.!! Therefore,

as illustrated in Fig. 9, the sulfur species in the chaos areas™!? mentioned
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above could be brought to the surface as hydrated salts, as SOy trapped
in ice, or as polymerized sulfur all leading to the same miz of SO2, frozen
dilute sulfuric acid and polymerized sulfur. Because the radiation doses
in the optical layer (Fig. 3) arc large for the suggested geologic ages,:°
radiation-induced equilibrium is establishied among these sulfur forms.

Thermal processing has also been proposed™ and a recent model sug-
gests organic species are dominant in the occan. Since similarly reddened
spectra can be obtained for carbon containing species,®” radiation cycling
of a carbonate producing frozen dilute carbonic acid, CO2, and carbon
suboxides is also possible (Appendix).

Hydrated sulfates and carbonates in the form of salts had been
suggested as the dominant materials in the geologically young regions of
BEuropa as mentioned carlier.'* On an oxidizing surface, irradiation of hy-
drated Na,COj3 should produce Na, 0, NagO, and CO3 in ice (Appendix) in
addition to free Na. Although the hydrated sulfates are much more stable,
as discussed above for frozen dilute {(hydrated) HzSO4, a hydrated NaySOy4
will also readily lose Na.5b5298 Tn fact, an atomic Na component is seen
in the very tenuous ambient gas over Europa’s surface.’? Having lost Na,
the hydrated sulfate can form hydrated HNaSOy first and then hydrated
H,S804, although this needs to be confirmed in the laboratory. In com-
petition with this is implantation of Na from the neighboring satellite o
as shown in Fig. 10. Recent analysis indicates Europa is a net source of
Na®l9 (ie. the loss rate is larger than the implantation rate) suggesting
an internal source of Na.

Models of the icy satellites also suggest that hydrated Mg SO4 should
also be pr(:scnt.g'm*:‘s. Decomposition!®? of this species could again lead to
hydrated H,SQy, in which case MgO or Mg(OH), should be present in the
surface (Appendix) since Mg is desorbed much less efficiently. However, Mg
has not yet been seen spectrally in the surface, ambient gas or plasma.

Finally, interesting “aging” effects have been noted by a number of
authors.?” That is, the geologically youngest material appears to have more
of the “dark/red” contaminant. With geological aging these terrains appear
to have brightened in time.}}?? This can occur by a “volcanic” emplace-
ment of dark particulates that are gradually mixed with the underlying icy
material by micrometeorites or buried by vapor deposition. Transport of
sputtered and thermally desorbed HyO can slowly coat a surface!331101 or
the radiation bombardment of a clear transparent (hence, dark) ice formed
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Fig. 10. The redistribution of Na on Buropa’s surface. Na is implanted from lo ei-
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mineral. Sputtering and photodesorption!®® release the Na into the gas phase so it is

i
I

redistributed®! and seen in the gas phase as escaping Na.%% If Na comes from a sulfate,
the processing of the sulfate is described in Fig. 9.

from a melt could lead to brightening, as discussed above.?* In addition, on
changing the amount of hydration, minerals can change color. For instance,
P. Williams and coworkers (private communication) showed that hydrated
copper sulfate lost its blue color under irradiation and became clear. Then
on exposure to HpO, its color was restored. Therefore, in radiation equili-
brium, the level of hydration in a refractory region depends on transport of
water from the icy regions. Finally, if the red material in the fresh surface is
a sulfur contaminant, the radiation-induced conversion of sulfur imbedded
in water ice into hydrated sulfuric acid and SO, would appear to brighten
the surface.” These are all potential radiation-induced aging processes.

5. Summary

There is recent spectral data on the icy moons of Jupiter that is not yet un-
derstood and the spectral data base will continuc to increase with new data
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from Galileo, HST, CASSINI and the proposed Europa probe. Thercfore,
understanding the formation and evolution of the surface composition, the
ambient gases and the local plasmas for the Jovian satellites is now be-
coming possible.2®7 Such an understanding is critical for determining the
origins and evolutions of these moons. Of particular interest to NASA and
the public is the possibility of prebiclogical or biologic activity in the solar

16.17 Tn this respect, the moon Europa is a prime target and there

system.
are intriguing spectral signatures as discussed.

Since the surfaces of these objects are bombarded by UV photons and
energetic ions and clectrons, interesting low temperature, surface chemistry
occurs which can both obscure the understanding of the intrinsic processes
and can play an important role in the chemical evolution of the satellite.
Compared to geologic time scales, the surface of Europa is rapidly processed
by radiolysis and photolysis, so that cven geologically young surfaces are in
radiation-induced chemical equilibrium. Io’s surface is a possible exception
as it is continuously replenished by volcanism. At Ganymede, the fact that
poles and equators experience very different radiation dose rates will be
uscful as the new spectral reflectance data is analyzed. Recently, Denk
and coworkers identified a color change across the magnetic boundary in a
single geologic unit. 102

At Europa, the intense radiation bombardment also produces an
ambient gas of sputtered molecules™!¥19% and volatile decomposition
products.” Only a couple of species in this atmosphere have been iden-
tified: O, from water/ice and Na and K from decomposition of hydrated
minerals and, likely, H,O, SOy and CO,. However, this atmosphere must
contain many other molecular species, either intrinsic or formed locally, and
these will be observable cither telescopically or by in situ sampling on a
future probe.? This presents the exciting possibility of identifying surface
constituents by detecting the gas-phase products. Because the sputtering
yiclds by heavy energetic ions (OF, S*) are very large (Fig. 4), cven massive
organic molecules imbedded in the ice can be ejected into the gas—phasclm
and be detected.?

What is surprising is that the database for absolute product yields from
energetic charged-particle-induced solid state chemistry is very poor in spite
of the years of work on radiolysis and photolysis. Even the yields of H,02
and O, from ice by radiolysis are not agreed upon. This lack may simply
be a matter of focusing the attention of the chemistry community on the
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rclevant materials and relevant incident radiation. Since definitive space
data is now becoming available, and since the questions, such as the origins
of these moons, the possibility of underground oceans, and the potential of
Europa for prebiotic chemistry, are fundamental, this is an opportune time
for new work on radiation-induced solid state chemistry.
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Appendix

A8 form surface brines from

Low temperature (< 130 K) hydrated salts®
material that may have been extruded onto Europa’s surface by volcanisin
or due to the huge tidal lexing (10’s of meters/day). The exposure of these
hydrated minerals to radiation in an environment in which Hy is lost to
space produces preferred radiation chemical pathways. Three types of ma-
terials were recently suggested': Nap,SOy4 - XH,0, MgSO, - XH,0 and
Nay,COj3- XH,0 with X ~ 6-8. Ion bombardment can remove the water of
hydration by sputtering and can dissociate molecules producing chemistry
in an oxidizing surface. Some pathways, ordered according to increasing
endothermicity, are listed below.?

MgSO, + 2H,0 — MgO + HyS0, + 11,0
— MgO + SO3 + 2H,0
— MgO + Oz + 807 + Hy + H, O
— MgS + 20, + 2H,0
— MgO + 20, + HyS + H,0
— Mg(OH), + SOy + O + HJ.

Because Hg is lost permanently during irradiation, the processes with

the asterisks are favored, although often they do not have the smallest
endothermicity. More simply, an oxidizing surface can give

MgSO, + O — MgO + SOy + O,
MgSO0, + 20H - Mg(OH), + SOy + O,
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Therefore, if the magnesium sulfate reaches the surface and is exposed
to irradiation, Mg(OH)z2, MgO and, possibly, MgS should be present on the
surface of Europa. For the sodium containing salt

NewSO, + 21,0 — NaHSO4 + NaOII + H,0
4 2NaOH 4 H,50,
s 9NaOH + SO + HyO
5 NayO + HySOy + HyO
— NagO, + S0, + 2H,0
5 NaOs + HuS0y + 105
— 2NaOH + SO, + O, + H.

Na plasma ions implanted from the Io torus into an ice rich region can
also give NaOH or NaO,.? Again, the asterisks indicate favored chemical
pathways duc to permancnt loss of Ha. Also SOy in the presence of HyO im-
mediately forms H,804.7 Therefore, the sulfates are driven to dilute frozen
H,S04, SO., and polymerized sulfur suboxides. Finally for the proposed
carbonate Nay;CO45- XHo O X > 6 exposed to the radiation in the presence
of water and with the loss of hydrogen gives

Na;CO3 — NayO + CO,
NayCO3 + HO — NayO + HoCOg
NayCO; + O — NayOjy + CO5.

Removal of Na from the Na containing species by clectronic excitations
appears to occur readily on surfaces.!%¢ Therefore, Na is desorbed princi-

106 contributing
99

pally as Na atoms®? by either charged particles or photons
to the Na “clouds” seen at Io%? and Europa.?? Similarly, K is also scen.
This can be assisted by replacement by O or H from dissociated HyO:
e.g. NapO + O — NaOs + Na and Na;O + H — NaOH 4+ Na.
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