
20 

Radiation Effects on the Surfaces of the Galilean Satellites 

R. E. Johnson 
University of Virginia 

R. W. Carlson 
Jet Propulsion Laboratory, California Institute of Technology 

J. F. Cooper 
Raytheon Technical Services Company and NASA Goddard Space Flight Center 

C. Paranicas 
The Johns Hopkins University Applied Physics Laboratory 

M. H. Moore 
NASA Goddard Space Flight Center 

M. C. Wong 
Jet Propulsion Laboratory, California Institute of Technology 

20.1 INTRODUCTION 

The surfaces of Jupiter's moons are profoundly weathered 
by jovian charged particle and solar ultraviolet (UV) irradi
ation. Although early observations of the Galilean satellites 
suggested that their reflectance spectra were modified by en
ergetic particles, it has only recently been shown quantita
tively that radiolysis and photolysis, the chemical alteration 
of a surface by charge-particles and by the solar UV, are in 
fact occurring on the surfaces of these moons. 

The irradiation of natural surfaces is one of a number of 
space weathering processes (Clark and Johnson 1996). It can 
produce new species in the surface, it can produce and eject 
volatiles into the atmosphere, and it can be a source of the 
local plasma (Figure 20.1 and Johnson 1990, 1996, 1998). 
There is extensive literature and current research on the 
radiation-induced weathering of the surface of the Earth's 
moon by solar wind ions. Although the lunar surface is re
fractory and the solar particle dose rate is modest, the effects 
of the incident radiation are evident as seen in the darken
ing of the surface (Hapke 2001). In contrast, Jupiter's large 
moons have frozen volatiles on their surfaces and are exposed 
to a much larger energetic particle flux. For example, the 
dose rate at Europa's surface is about 102 to 103 times the 
solar wind dose rate at the lunar surface. Therefore, the 
chemical changes made by the radiation are more pro
nounced and they determine many of the properties of the 
surfaces and atmospheres of the Galilean satellites. 

Being able to describe the weathering of these surfaces 

is necessary to understand their atmospheres and to extract 
information on their composition and evolution. A key issue 

Figure 20.1. Sketch illustrating radiolysis processes of Europa's 
surface. Left: arrow indicates Europa's orbital motion, rotation 
of Jupiter's field and mean plasma flow leading to preferential 
irradiation of the trailing hemisphere. Right: Europa's trailing 
hemisphere and the "cork screw" motion of the energetic par
ticles along deflected magnetic field lines. The roughly circular 
motion perpendicular to the field lines is the gyromotion, exag
gerated here for electrons. Energetic ions and electrons produce 
electrolysis and sputtering of the surface, as discussed here, and 
low energy electrons and UV photons ionize the gas phase species 
as discussed in Chapter 19. 

is determining if their reflectance spectra are representative 

of the intrinsic materials that may have been radiolytically 
altered or are representative of a patina of absorbing mate-
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rial "painted on" by the energetic jovian particles and me
teoroids. At Europa, it is also important to know whether 
there is a relationship between the putative subsurface ocean 
(Carr et al. 1998) and the composition of the surface and the 
atmosphere (e.g., Johnson et al. 1998, Kargel et al. 2000). 
The presence of an ocean is suggested by Galileo images 
(Chapter 15) and by magnetometer measurements (Chap
ter 21), but its chemical content is unknown. The pres
ence of hydrated salt minerals, perhaps from brine formed 
from ocean salts, on a terrain fractured by tidal stress has 
been suggested to account for two bands in the Galileo 
Near Infrared Mapping Spectrometer (NIMS) spectra (Mc
Cord et al. 1998a, 1999, 2001a) and is consistent with satel
lite models that include upwelling of ocean material (e.g., 
Kargel et al. 2000, Zolotov and Shock 2001). However, alter
nate geochemical (McKinnon 2002; McKinnon and Zolensky 
2003) and spectral (Carlson et al. 1999b, Dalton and Clark 
1999, Dalton 2000, Carlson et al. 2003b) interpretations have 
been proposed. In this chapter we focus on the alteration of 
proposed surface materials by the incident radiation, with 
emphasis on the icy satellites, particularly Europa. 

Europa is tidally heated like the inner, volcanic satellite 
Io, which may be an evolved, dehydrated version of Europa 
(Kargel et al. 2000). Ganymede and Callisto, on the other 
hand, appear to be less evolved. Although there is consid
erable disagreement, cratering studies suggest average geo
logic ages of the surfaces are of the order of 107 years for 
Europa, 5 x 108 years for Ganymede and 4 x 109 years for 
Callisto (Zahnle et al. 1998). Impact cratering affects these 
surfaces at kilometer depths, whereas regolith formation by 
meteoroid impacts can affect the surface to depths of tens of 
meters (Cooper et al. 2001). At equatorial and mid-latitudes, 
Io's surface is replaced by volcanism in times of the order 
of a year (Chapter 14). On the icy satellite surfaces the sit
uation is less clear. Rising diapirs (plumes of warm, lower 
density ice) (Head and Pappalardo 1999) or water volcan
ism (Stevenson 1982, Squyers et al. 1983) may produce the 
mottled terrain covering much of Europa's surface on time
scales as short as 104 years (Chapter 15). It has been sug
gested that liquid water may have flowed on to Ganymede's 
surface (Chapter 16), and Callisto's heavy cratered surface 
shows significant degradation (Chapter 17). 

Radiolysis can alter the optical surface on relatively 
short timescales and produces chemical changes at micron 
to meter depths in times of rv10 to 109 years respectively 
(Cooper et al. 2001, Paranicas et al. 2001, 2002). Radiolysis 
and photolysis compete with downward mixing by meteorite 
gardening, sublimation and burial, and subduction (Chap
ter 15), so that chemically-altered material can in principal 
be trapped at depths much greater than the radiation pen
etration depth. Hence, the oxygenated species formed by 
radiolysis and photolysis might act as an energy source for 
possible subsurface biological activity (Reynolds et al. 1983, 
Chyba 2000, Cooper et al. 2001, Chyba and Hand 2001, 
Chyba and Phillips 2001). 

In order to infer the intrinsic components and geologic 
timescales, it is important to understand the weathering pro
cesses. Therefore, we bring together laboratory data on ir
radiation processing of ices and data on the jovian plasma 
needed to describe the effects of radiolysis on the jovian 
satellites. We first review those early observations of the 
Galilean satellites that indicated the potential importance 

of plasma bombardment. We then describe the radiation en
vironment of these moons. This is followed by a brief review 
of the effect of the plasma on relevant surface materials. 
Finally, we summarize our present understanding of the ra
diation effects on each of the Galilean satellites and on the 
small inner moons. 

20.2 EARLY OBSERVATIONS AND RESULTS 

Since the Galilean satellites are most easily observed at east
ern and western elongation, hemispheric reflectance differ
ences between the leading and trailing hemispheres (in the 
sense of orbital motion) were noted over 30 years ago (e.g., 
Morrison 1982, Burns and Matthews 1986). Because Pioneer 
data (e.g., Simpson et al. 1974) indicated the presence of 
energetic particles that would strike the hemispheres asym
metrically, these hemispheric differences were attributed to 
Jupiter's trapped particle radiation. Satellite interactions 
with magnetospheric particles were also suggested by Pi
oneer data that showed "bite outs" in particle densities 
at the jovicentric orbits of some satellites, indicating ab
sorption of energetic particles by these satellites (Mogro
Campero 1976). In addition, Ganymede and Io were ob
served to have subtle latitudinal variations in reflectance 
with some significant contrasts between equatorial and po
lar cap regions (Morrison 1982, Burns and Matthews 1986). 
These variations, initially thought to be due to thermal 
transport (Purves and Pilcher 1980, Sieveka and Johnson 
1982) have subsequently been attributed to plasma bom
bardment (Johnson 1985, 1997). 

The observation, prior to the arrival of the Voyager 
spacecraft, of a neutral sodium (Na) cloud emanating from 
Io (Brown and Chaffee 1974, Chapter 23), further stimulated 
interest in the plasma bombardment. Matson et al. (1974) 
suggested that sputtering by the jovian trapped plasma 
could produce the observed Na, and the laboratory work of 
Nash and Fan ale ( 1 977) described the effect of the incident 
plasma on possible surface constituents. 

Since telescopic observations indicated that Europa, 
Ganymede and Callisto had cold, predominantly icy sur
faces and since they are embedded in a plasma, Lanzerotti, 
Brown and co-workers (e.g., Lanzerotti et al. 1978) initiated 
a series of experiments to measure the effect of energetic 
charged particle irradiation on low-temperature ices. In do
ing so they discovered a new, robust process for ejection of 
molecules from frozen molecular solids, a process they called 
electronic sputtering (Brown et al. 1978). This is now under
stood to be a surface manifestation of radiolysis (Johnson 
1990, 1996, 2001), the breaking of chemical bonds by ener
getic particles resulting in the formation of new molecular 
species and the release of energy. Based on their first set 
of measurements they estimated that kilometers of material 
may have been ejected from the surface of Europa over geo
logic timescales (Lanzerotti et al. 1978). This estimate was 
later reduced considerably, as discussed below. They also 
showed that the decomposition of water ice by the.energetic 
ions would produce a thin 0 2 atmosphere at Europa (John
son et al. 1982). These suggestions generated considerable 
interest in radiation effects in ices. This interest has per
sisted, not only because of its relevance to the outer solar 
system bodies embedded in hot plasmas, but also because of 
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Figure 20.2. Compositional maps of Europa showing trailing 
hemisphere "bull's-eyes". (Above) Voyager ultraviolet CUV, 0.35 pm) 
to violet (VI, 0.41 pm) ratio map of Europa from McEwen (1986). 
Dark (blue) denotes more UV absorption relative to violet (VI). The 
trailing side enhancement was attributed to exogenic material such 
as sulfur implanted from the magnetosphere (McEwen 1986) or 
radiolytic processing producing sulfur (Johnson et al. 1988). (Below) 
Global distribution of Europa's hydrated material (Carlson et al. 
2001, Carlson et al. 2003b) obtained by the Galileo NIMS experiment 
Because the abundance of this hydrate correlates with the ultraviolet 
absorption pattern shown above, they are suggestive of radiolytic 
processing of a hydrated sulfur compound as discussed in the text 
(e.g., Carlson et al. 1999b). Bull's-eye patterns are also found on 
Ganymede and Callisto (see text). Such patterns may be produced 
by asymmetries in the fluxes of both electrons and ions and 
corresponding radiolysis and implantation effects. At the time of 
going to press a colour version of this figure was available for 
download from http://www.cambridge.org/9780521035453. 

its relevance to the formation of pre-solar materials frozen 
on grains in the interstellar medium (e.g., Bernstein et al. 
1995, Strazzulla 1998, Gerakines et al. 2000, 2001). 

The longitudinal variations in reflectance measured by 
Voyager enhanced the case for exogenic modification of the 
surfaces of the icy satellites. For instance, McEwen (1986) 
suggested that the ultraviolet (UV, 0.35 j.!m) to violet (VI, 
0.41 j.!m) ratio map (Figure 20.2a) indicates an exogenic 
component. In addition, the ratio of the reflectance in the 
UV filter to that in the orange (OR, 0.59 j.!m) filter data 
vs. Europa longitude correlated closely with the energetic 
particle flux to the surface, and the spectral slope in region 
r-v0.3-0.5 j.!m suggested that sulfur was a principal contam
inant at Europa (Johnson et al. 1988). The observation by 
Lane et al. (1981) of a UV absorption band, which they as
sociated with S02 trapped in ice, was thought to be due to 
implantation of sulfur. In the last decade, new telescopic, 
Hubble Space Telescope (HST) and Galileo data have dra
matically expanded our understanding of the role of radiol
ysis on the jovian satellites as described below. 
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20.3 CHARGED PARTICLE BOMBARDMENT 

To quantify the effects of incident particle radiation, it is 
necessary to know the characteristics of the plasma envi
ronment and the nature of the interaction with the satel
lite. These determine the global bombardment pattern and 
the radiation dose as a function of depth at each location. 
For each impacting particle, this dose-depth relationship de
pends on species, energy, angle of incidence, and surface 
properties. At Jupiter, the plasma nearly corotates with 
the planet, continually overtaking the Galilean satellites in 
their orbital motion (illustrated in Figure 20.1). Therefore, 
cold plasma ions and electrons, which form the bulk of the 
plasma, flow preferentially on to the hemisphere trailing the 
satellite's motion. The lower density but higher energy par
ticles bombard the satellite in more complex ways since the 
instantaneous velocity of an energetic particle can be quite 
different from the flow velocity. As is conventional when de
scribing the jovian plasma, we will refer to ions and electrons 
below about 10 keV as "plasma" and above that energy as 
"energetic" particles. 

Impacting particles exhibit spatial bombardment distri
butions across a satellite's surface that depend on their en
ergy, mass, and charge, and on the influence of the electric 
and magnetic fields near the moon. These patterns can re
semble the spatial distributions seen in reflectance in Figure 
20.2 (e.g., Paranicas et al. 2001). The plasma flow, account
ing for the effect of the satellite fields, has been described 
for a number of cases (e.g., Neubauer 1998, Liu et al. 2000). 
Here we consider an inert satellite embedded in the jovian 
magnetosphere which is a starting point for most models. By 
inert we mean that the electric and magnetic fields generated 
or induced in the satellite or its atmosphere/ionosphere are 
insignificant compared with fields in the ambient environ
ment. When the intrinsic or induced fields associated with 
each moon are ignored, the spatial distribution of the bom
bardment is determined by the rate of flow of the plasma 
past the satellite and by the velocities of the plasma parti
cles relative to the local magnetic field lines (Pospieszalska 
and Johnson 1989). The speed of the particles along the field 
lines determines the bounce time and the speed perpendic
ular to the field lines determines the gyroradius as indicated 
in Figure 20.1, rg, the radius of gyration around the local 
magnetic field line. Particles can impact the leading hemi
sphere if their bounce times are comparable to or longer 
than the time for the plasma to flow past the satellite or if 
their gyroradius is comparable to or larger than the satellite 
radius. 

The particle's gyroradius depends on its mass, speed, 
and charge and on the local magnetic field strength. The 
thermal plasma ions typically have gyroradii smaller than 
the satellite radius and preferentially impact the satellite's 
trailing hemisphere. However, energetic ions with significant 
velocities along the field line or with gyroradii comparable to 
the satellite dimensions can bombard the entire surface with 
an effective cross section larger than the satellite's phys
ical cross section (Pospieszalska and Johnson 1989). The 
ratio of the gyroradius, rg, to the satellite radius, Rs, is, 
rgf Rs = c(B) [(ME sin2 8) 112 / z], where E, !vi, and z are the 
ion's energy, mass and charge state, respectively, with ()the 
magnetic pitch angle (angle of the motion to the magnetic 
field line). For the average magnetic field B at the satellites, 
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Table 20.1. Satellite/plasma properties. 

Satellite Global Average Energy 
Flux (keV (cm- 2 s)- 1)* 

Io 1 X 109 (1) 

Europa 5 X 1010 (2) 
8 X 1010 (3) 

Ganymede 5 x 109 poles (3) 
2 x 108 equator (3) 

Callisto 2 X 108 (3) 

UV(4) 
<280 nm (>4.4 eV) 4.0 x 1010 

<207 nm (>6.0 eV) 7.6 x 108 

(1) Ions Mauk et al. (1996) 
(2) (Ions and electrons >rv10 keV) Figure 20.3 

c(B) ** 

0.0014 

0.0074 

0.018 

0.19 

(3) (Ions and electrons >rv10 keV) Cooper et al. 2001 
( 4) Globally averaged solar UV flux to each satellite as discussed 
by Cooper et al. (2001). Dissociation threshold for ice is rv6.0 eV 
(Orlando and Kimmel 1997) 
* Uncertainties are ±50% 
** [rg/Rs] = c(B)[(ME sin2 0) 112 jz]. Value of c(B) for the aver
age jovian field at satellite for charge state ( z = 1, 2, -) and pitch 
angle e, when ion's energy E is in keV and mass M is in am 

values of c(B) are given in Table 20.1. At Europa, the gy
roradius is equal to the moon's radius for 18 MeV protons, 
1.1 MeV o+ and 0.6 s+ MeV when()= 90°. On the other 
hand the very energetic electrons, which have small gyro
radii and travel rapidly along the magnetic field compared 
with the corotation speed of the plasma, principally bom
bard the equatorial, trailing hemisphere (Paranicas et al. 
2001). Therefore, the common finding of "bulls-eye" pat
terns (e.g., Figure 20.2) centered on the trailing hemispheres 
for certain irradiation products, initially thought to be due 
to the plasma ion bombardment, could also be a result of 
radiolysis induced by the energetic electrons. 

The electric and magnetic fields near the satellites can 
radically modify the particle flux to a satellite's surface. 
Ganymede's magnetosphere is a good example because re
cent data have shown that particle intensities are much dif
ferent on "open" and "closed" field lines (Williams et al. 
1998). This means that, to lowest order, the bombardment 
pattern is dictated by Ganymede's internal magnetic dipole, 
allowing more direct access at the poles than at the equator, 
as is the case at the Earth. Consequences are the produc
tion of an oxygen aurora near the poles (Hall et al. 1995, 
1998) and, possibly, the observed "polar cap" (Johnson 1997, 
Chapter 16), as well as the deflection of energetic ions up 
to rv 10 MeV and all energetic electrons from the equatorial 
region (Cooper et al. 2001). However, the low-energy plasma 
might be able to penetrate the equatorial region (Volwerk 
et al. 1999, Cooper et al. 2001) in the absence of strong 
ionospheric electric fields. 

The net charged particle flux to each surface, assum
ing a magnetically inert satellite, except where noted, is 
given in Table 20.1 and is compared to the solar UV en
ergy flux. In Figure 20.3 we also give the energy flux carried 
by the electrons and the principal ions (H+, o+z and s+z) 
measured upstream from Europa. The energy is carried pri-

-·-e-
--H+ .... o+z 
- -s+z 

0.01 0.1 1.0 10 
Energy (Me\1) 

Figure 20.3. The differential energy flux upstream from Europa 
for energetic electrons (Paranicas et al. 2001) and H+, o+z and 
s+z ions averaged from three spectra from 1997-2001 (Paranicas 
et al. 2002). To obtain the energy flux across a surface the pitch 
angle distribution is needed. For an approximately isotropic dis
tribution multiply by 1r steradians. The integrated energy fluxes 
from 10 keV to 200 MeV in [keV (cm- 2 s)- 1 )] are: e- (3.6x 1010 ), 

H+ (7.3 X 109 ), o+z (1.8 X 109 ), s+z (3.4 X 109 ). 
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Figure 20.4. Angular distribution of sulfur implantation on Eu
ropa (Carlson et al. 2001, Carlson et al. 2003b). This estimate 
uses Bagenal's (1994) values for the iogenic plasma andassumes 
undeviated plasma flow on to an inert Europa. Note the trailing 
side enhancement. Asynchronous rotation and gardening would 
also influence the resulting surface density profile. 

marily by energetic particles and not by the plasma (Mauk 
et al. 1996) and the energetic protons and electrons are the 
dominant carriers of energy (Cooper et al. 2001, Paranicas 
et al. 2001), contrary to earlier assumptions (Shi et al. 1995). 
Recent measurements of charged particle fluxes upstream of 
Europa indicate that the net energy flux to the trailing hemi
sphere due to the energetic electrons can be larger than that 
due to the ions (Paranicas et al. 2002). From Table 20.1 it 
is also seen that photolysis by the solar UV can be a sig
nificant contributor and at Callisto the energy deposited by 
those UV photons that are energetic enough to dissociate 
water ice is larger than the energetic particle energy flux. 

The preferential bombardment of the trailing hemi-



sphere determines the spatial distribution of implanted, re
active species such as carbon and sulfur. Sulfur implantation 
rates are an order of magnitude higher on Europa's trailing 
hemisphere than at the apex of the leading hemisphere as 
seen in Figure 20.4 (Carlson 2001, Carlson et al. 2003b). 
Whereas the carbon ion abundance has not yet been quan
tified in the plasma, Voyager measurements in the rv 1 MeV 
per nucleon range give C/S rv0.2 near Europa's orbit and 
rv1 near Callisto (Hamilton et al. 1981). At higher energies 
(4-18 MeV per nucleon), the C/S ratio increases from rv1 
at Europa and rv5 at Ganymede to rv20 at Callisto (Cohen 
et al. 2001). A C/S ratio that increases with increasing en
ergy suggests that the energetic carbon preferentially comes 
from the outer jovian magnetosphere and sulfur predomi
nantly from the inner magnetosphere. Carbon ions in the 
solar wind can have easy access and undergo large gains 
in energy during inward diffusion ( cf. Schulz 1979, Barbosa 
1994) and Callisto's atmosphere can be a source of carbon. 
By contrast,· sulfur ions reaching Callisto's orbit from the 
Io plasma torus are less accelerated. Neutralized sulfur ions 
emitted outward from the torus can be re-ionized in the 
outer magnetosphere and diffuse inward providing an ener
getic sulfur component (Eviatar and Barbosa 1984). These 
would have a lower charge state than the solar wind carbon 
ions that are fully stripped. Therefore, high charge state 
carbon ion implantation would tend to be concentrated on 
Callisto's trailing hemisphere. 

The measurement of abundant oxygen and sulfur ions 
at ke V to MeV energies has a significant effect on sputtering 
since the yields of the order of 103 per incident ion are ex
pected at these energies (Johnson 1990, Shi et al. 1995). We 
give in Table 20.2 the globally averaged ice resurfacing rates 
due to sputtering for Europa, Ganymede's equatorial region 
and polar caps, and Callisto (Cooper et al. 2001). Lanzerotti 
et al. (1978) extrapolated Pioneer data and obtained an up
per limit rv1 J.lm yr- 1 (1 km Gyr- 1

) at Europa. Johnson 
et al. (1981) and Shi et al. (1995) greatly reduced this limit 
but left open the possibility of high rates due to incident 
oxygen ions since the Voyager Low Energy Charged Par
ticle (LECP) experiment only measured the total ion flux. 
The Energetic Particle Detector (EPD) on Galileo provided 
mass resolution (Ip et al. 1997, 1998, 2000, Paranicas et al. 
1999, 2002, Cooper et al. 2001). This resulted in lower aver
age yields as protons were found to dominate the flux. The 
rates are about an order of magnitude higher at Ganymede's 
polar caps than at its equator (Cooper et al. 2001), although 
the plasma ion input is uncertain and the cap region is much 
smaller. The composition of thermal plasma at the icy satel
lites remains uncertain, leading to differences in estimates 
(cf. Paranicas et al. 1999, Shi et al. 1995). Since the es
cape fractions for sputtered H20 on the icy satellites are 
20-30% (Johnson et al. 1983, Johnson 1990), most of the 
water molecules return to the surface. The cumulative sput
tering rates can be competitive with the net sublimation 
rate (Johnson 1990), therefore a 3-D model which includes 
both sublimation and sputtering is needed. 

20.3.1 Variability 

Variations in fluxes of energetic particles have been mea

sured by Voyager and Galileo, particularly in the Io torus. 
Energetic particle energy fluxes near the orbit of Io declined 
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by a factor of five between the Voyager and Galileo epochs 
as compared by Mauk et al. (1998). Such changes have 
been attributed to the variability of neutral gas escaping 
from Io and its action, via charge exchange, on the ambi
ent hot plasma. It is possible that the variations in the re
flectance spectra seen on Ganymede and Europa (Domingue 
and Lane 1998a,b, Domingue et al. 1998) are due to changing 
abundances of radiolytically-produced ultraviolet absorbers 
caused by magnetospheric variability. 

The intensity of magnetospheric particle irradiation also 
varies with the satellite's position within the jovian cur
rent sheet during Jupiter's 10-hour rotation. Paranicas et al. 
(2001) found an order-of-magnitude variation in >10 keV 
electron flux spectra for three Galileo flybys of Europa and 
the total energy flux upstream of Europa was about a factor 
of two less than on an earlier flyby reported by Cooper et al. 
(2001) (e.g., Table 20.1). 

The jovian plasma environment is likely to have been 
very different thousands to billions of years ago than it is 
today due to orbit variations, early volcanic activity, and 
changes in the solar flux. In addition, changes in the internal 
conditions of the satellites could modify their interactions 
with the magnetosphere. Here we assume that computed ir
radiation parameters are valid to within about an order of 
magnitude. Since the present level of irradiation is sufficient 
for radiolytic processing of Europa's surface ices within tens 
of years at micron depths (Cooper et al. 2001), it may not 
matter in describing the reflectance that the intensities av
eraged over geologic times differ. However, the possibility of 
an earlier, more intense rate of implantation could be im
portant when accounting, for instance, for the net sources 
of sulfur or sodium in Europa's crust. 

20.4 DOSE vs. DEPTH 

Incident ions and electrons lose their energy to atoms and 
molecules in the surface by a number of processes. It is this 
deposited energy that drives the chemistry described below. 
To first order, the energetic ions ( > a few ke V amu - 1

) and 
the electrons primarily lose their energy to the solid by pro
ducing excitations and ionizations. Ions also lose energy by 
momentum transfer (knock-on) collisions with atoms in the 
solid. This becomes the dominant loss process at low ener
gies ( < a few keV amu- 1

). Finally, scattering of very ener
getic electrons produces bremsstrahlung radiation at X-ray 
to gamma-ray energies, which also leads to ionizations and 
secondary electrons. The total energy loss per unit path 
length in the solid, called the stopping power, is written as 
(dE/dx) (e.g., Johnson 1990), for which tables and computer 
codes are available. Integrating over the energy loss and ac
counting for deflections, the penetration depth into the ma
terial is determined. This is called the projected range and 
depends on particle type and energy. The heavy ions, which 
interact strongly with the solid, have the smallest penetra
tion depth and the fast protons and electrons the largest. 
For example, 10 ke V s+, H+ and electrons penetrate ice to 
depth of rv0.03, 0.3, 10 J.lm respectively (e.g., Johnson 1990). 

Estimates of the dose (energy per unit volume) vs. depth 
can be obtained from the stopping power. However, to ob

tain accurate values of dose vs. depth, account must be taken 
of the transport and energy deposition of the secondaries 
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Table 20.2. Resurfacing rates for the icy Galilean satellites [f.-Lm yr- 1 = 1011 mol. (cm- 2 s)- 1 ]. 

Reference Process Europa Ganymede Callisto 

Lanzerotti et al. (1978) H+ 0.005-1.3 0.0005-0.13 0.000 01-0.003 
0.00005 

0.005 
0.019 

Johnson et al. (1981) H+ 0.0009 0.0006 
Johnson et al. (1981) o+ 0.094 0.057 
Shi et al. (1995) o+ 0.35 0.19 
Ip et al. (1997) H+, o+, s+ 0.004-0.017 
Ip et al. (1998) H+, o+, s+ 0.80 
Paranicas et al. (1999) H+, o+, s+ 0.008 
Kruger et al. (2000) Meteoroid 0.34 
Ip et al. (2000) H+, o+, s+ 0.056-0.56 
Cooper et al. (2001) H+, o+, s+ 0.016 0.004 polar 0.0004 

8 X 10-4 equator 
Cooper et al. (2001) Sublimation 

Cooper et al. (2001) Meteoroid 
Paranicas et al. 2002 H+, o+, s+ 

0.00007 
(106 K) 

1.2 
0.08 

0.16 
(124 K) 

1.2 

0.004 
(115 K) 

1.2 

Sputtering yields do not include enhancements due to temperature, incident angle and decomposition (Johnson 1990). For 
comparison we removed factor of 1/4 for global averaging from trailing hemisphere bombardment by an approximately unidi
rectional corotating plasma from sputtering rates of Shi et al. (1995) and the factor 1 to 4 for porosity of the target is set to 
unity. Low and high values from the Ip et al. (1998, 2000) are, respectively, without and with secondary sputtering by pickup 
ions. 

produced. That is, knock-on collisions set fast atoms in mo
tion, ionizations produce fast electrons, and the excitations 
and bremsstrahlung yield photons. These redistribute the 
deposited energy. The radiation dose vs. depth for Europa, 
Ganymede and Callisto has been calculated using Galileo 
data for the particle energy spectra (Cooper et al. 2001). 
For all three satellites, computed energetic particle doses 
at depths up to a few microns are dominated by ions and 
at depths greater than 10 microns by electrons. The imme
diate surface layer ( rv0.01 J.lm) is modified by those coro
tating thermal plasma ions that reach the satellite surface. 
The flux of low-energy electrons to the surface is not known 
but would also contribute in this layer. At Europa, the dose 
at meter depths on the trailing hemisphere is dominated 
by bremsstrahlung gamma-rays produced by the >10 MeV 
electrons (Paranicas et al. 2002). Due to the variations de
scribed above, Paranicas et al. (2002) find a 1-2 orders of 
magnitude higher dose beyond millimeter depths below the 
surface of Europa than does Cooper et al. (2001). Figure 
20.5 gives the time in years at each depth to accumulate a 
dose of rv100 eV per 16 amu (mass of 0). In standard dosage 
units this about 60 gigarads at Europa, sufficient to ionize 
every water molecule rv4 times. 

The dose vs. depth also exhibits spatial variations, be
cause the relative fluxes of particles with different penetra
tion depths vary over the surface. The leading/trailing differ
ences in dose at depth, discussed above, are larger than the 
differences in total energy flux to the surface. For instance, 
at 0.1 mm the total dose rate due to energetic charged par
ticles will be a factor of rvlOOO smaller on the leading hemi
sphere and in the polar regions, than in the equatorial re
gion of Europa's trailing hemisphere (Paranicas et al. 2002). 
The differences with depth can be important in modeling 
reflectance spectra, since the photons sample very different 
depths depending on the absorption and scattering prop
erties of the regolith at the photon's wavelength. Typical 
sampling depths range from the grain size (tens to hundreds 
of J.lm) to about a mm (e.g., Geissler et al. 2000, Hansen and 
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Figure 20.5. Time vs. depth for accumulating a significant dose, 
100 eV (16u) -l (Cooper et al. 2001), compared to the time for the 
regolith to grow to that depth. The radiolytic time can be scaled 
by a G-value (tx = t/Gx) to give the time to form a product 
molecule, x, per 16u of material. 

McCord 2004). For highly absorbing material, surface Fres
nel reflection samples about a wavelength into the medium. 



20.4.1 Radiation and Regolith Formation 

Because of the rapid resurfacing by volcanism and sublima
tion/ condensation, micrometeoroid impacts play a negligible 
role at lo. However, on the ~cy Galilean satellites and the 
small inner satellites, regolith formation by interplanetary 
meteoroid impact is important. In contrast to the plasma, 
meteoroids predominantly bombard the hemispheres leading 
the satellite's motion. Therefore, peaks in the spatial distri
bution of meteoroid and plasma bombardment are expected 
to occur at opposite longitudes. 

Because of gravitational focusing by Jupiter, the mete
oroid flux and impact velocity increase by a factor of two 
to three within the realm of the Galilean satellites. These 
impacts fracture, excavate, and redistribute the icy surface 
material, producing a porous regolith. The ice grains are also 
sintered by the impacts affecting the thermal conductivity 
(Grundy et al. 2001) which may vary considerably across 
the surface (Spencer et al. 1999). Estimated regolith growth 
rates differ mainly in the ejecta yield per incident mass flux 
(e.g., Cooper et al. 2001, Kriiger et al. 2000). The globally 
averaged flux is rvl.4-1.5 X 10-16 g cm-2 s- 1 for the icy 
Galilean satellites which are preferentially bombarded on 
their leading hemispheres. Accounting for the satellites' di
ameter and gravity, rv45 g s- 1

, .-v130 g s- 1 and .-vllO g 
s - 1 are delivered to Europa, Ganymede and Callisto respec
tively by meteoroids with typical size rv 100 J..Lm and mass 
rv10- 5 g. For most meteoroid types the sulfur mass abun
dance is rv6 %, whereas the carbon abundance varies from 
3.4% for the CI chondrites to 24% for organic comet dust 
(CHON particles; Li 2000). These provide 3, 8, and 7 g s- 1 of 
sulfur to Europa, Ganymede, and Callisto respectively and 
0.5-4 times more carbon. Table 20.3 summarizes the source 
strengths for sulfur and sodium at Europa and indicates that 
the ion implantation rates dominate the meteoroid supply 
rate for these atoms. 

Meteoroid impacts primarily convert their incident 
mass and energy ( rv20 km s- 1

) into orders of magnitude 
more ejecta. Resurfacing rates for ion sputtering, meteoroid 
impact, and sublimation in Table 20.2 indicate that mete
oroid bombardment and sublimation dominate sputtering. 
Meteoroid erosion rates rv0.3-1.2 J..Lm per year are roughly 
consistent with erosion rates for Ganymede's crater rays: 
rv20 m Gyr-1 at the leading apex and .-v1 m Gyr- 1 at the 
trailing apex (Shoemaker et al. 1982). Regolith depths of 
rvtens of meters on Callisto are consistent with observa
tions of smooth dark material burying the remains of small 
craters. But this could also be due to sublimation-driven 
(C02) degradation of crater structures (Moore et al. 1999). 
Deepening of the regolith to meter depths after 105 years 
is assumed to be proportional to tl/2, as in lunar studies 
(Morris 1978), since all new impacts must first penetrate the 
accumulated regolith (Cooper et al. 2001). In Figure 20.5, 
the times for accumulating a significant dose are compared 
to the much shorter, globally averaged times for the regolith 
growth to a given depth. 

Although only the top millimeter of the regolith is ac
cessible to remote sensing, radiolysis indirectly affects the 
properties of the regolith at much greater depths. That is, 
the chemistry induced at depth is determined by the particle 
penetration discussed above and by the meteoroid mixing of 
products downward. Impact gardening will reduce the accu-
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mulated dose by burial and will expose material brought 
from below. Because of the continual overturning of the 
regolith, much of the newly exposed material would have 
been exposed earlier. Therefore, the cumulative dose in a 
volume of material can exceed that absorbed in the burial 
time. The total dose depends on the radiolysis and garden
ing rates. Both are spatially variable, with the radiolysis rate 
being greater on the trailing hemisphere while the garden
ing rate is greater on the leading hemisphere. This enhances 
the leading-trailing asymmetry in chemical products. This 
asymmetry is reduced if there is asynchronous rotation of 
the crust, as discussed in the Europa section below. 

The surface created by meteoroid bombardment is a 
porous regolith consisting of a relatively small mass fraction 
of grains that have been flash heated and even vaporized 
by impacts and a much larger mass fraction of thermally 
unprocessed grains that have been displaced as ejecta from 
impact sites to surrounding areas. Grain sizes of the order of 
rv50-500 J..Lm have been suggested. The porosity can signifi
cantly lower the sputtering yields (Johnson 1989) and very 
small grains are sputtered more efficiently by energetic ions 
(Jurac et al. 2001). The granular nature can also affect ma
terial transport. That is, although some subsurface material 
appears to act as an electrical conductor, affecting the mag
netic signature of the icy satellites (Kivelson et al. 1999), 
their surfaces are primarily electrical insulators. Therefore, 
they charge readily under irradiation ( J urac et al. 1995). 
This has only a minor effect on the flow of charge to the 
surface, but electrostatic levitation and transport of grains 
can occur due to the charging if the grains are not sintered. 
This was shown to occur efficiently at the lunar termina
tors, but such processes have not yet been modeled for the 
Galilean satellites. 

20.4.2 Trapping and Escape 

Because the regolith grows, on the average, faster than 
radiolytic products accumulate (Figure 20.5), the satellite 
surfaces can be a substantial reservoir of buried radiation
altered material. The ability to trap a molecule depends on 
its size and the strength of its interaction with the matrix 
molecules. Refractory products, such as molecules having 
carbon and sulfur chains, are readily retained in the ice ma
trix, as are radiation products OH and H202, and species 
which become hydrated, such as NH3 and CH30H. 

Radiolytic reactions also produce volatile gas molecules 
(H2, 02, S02, C02, CO), as discussed below. Very volatile 
products, such as H2, readily diffuse through the lattice and 
escape to space. Because H20 is a polar molecule, some 
volatile products can be trapped in ice at temperatures well 
above their solid sublimation temperatures (e.g., Bar-Nun 
et al. 1985). Molecules typically trap at defects, in voids 
and at grain boundaries. The mobility through the lattice 
is determined by defect diffusion, which in ice occurs above 
.-v100K (e.g., Johnson and Quickenden 1997). On becoming 
mobile, the defects accumulate to form voids, and trapped 
volatiles can segregate, forming inclusions in ice (Johnson 
and Jesser 1997). Voids can also form due to local concen
trations of salts (e.g., brine channels and pores frequently 
found in terrestrial sea ice) lowering the local melting tem
perature. The low melting point of sulfuric acid hydrate 
( rv220 K, Zelenik 1991) also promotes melt channels and 
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Table 20.3. Europa source and sinks (global average in atoms (cm2 s)- 1 . 

Implantation Micrometeorites Io Neutrals* 

Na 0.2-0.8 x 106 

S 0.2-1.4 X 108 
0.05 X 106 

rv0.1 X 106 

Loss to Space 

* Charge exchange in the Io torus produces a "wind" of energetic neutrals flowing out from Io [S value from (Cooper et al. 
2001); Na rv0.04 x SJ. Charged grains can also carry iogenic material to Europa. 

void production. Because the ability to diffuse depends on 
the defect density, pore size and grain size, measuring trap
ping at conditions on the icy satellites is difficult. In labo
ratory ices formed by vapor deposition, 02 is retained inef
ficiently at the temperatures like those on the icy satellites 
(Baragiola et al. 1999). However, observations suggest that 
radiolytically formed 02 is trapped in icy satellite surfaces 
(e.g., Calvin et al. 1996, Cooper et al. 2003), although ex
tremely cold shaded regions have been suggested (Baragiola 
and Bahr 1998). 

Based on the above, a substantial reservoir of buried 
oxidants (H202, H02, 02, S02, C02 etc.) might exist at 
Europa (Johnson et al. 2003). These may eventually be sub
ducted into the putative subsurface ocean (Cooper et al. 
2001). On the other hand, those volatile products that es
cape from depth by diffusion (Livingston et al. 2002) or per
colation through the radiation-damaged regolith contribute 
to the satellite's atmosphere. Therefore, the total energy flux 
in Table 20.1 scaled by the radio lytic yield of volatiles can be 
used to give an upper bound to the atmospheric source rate 
and the net surface erosion rate. This rate, unlike the sput
tering rates in Table 20.2, can exceed the meteoroid impact 
erosion rate. Such a devolatilization process would peak at 
the apex (the "bull's-eye") ofthe trailing hemisphere leading 
to a concentration of non-volatile, non-ice species. 

20.5 RADIATION EFFECTS 

The energy deposited by incident ions, electrons or pho
tons alters the surface chemically (radio lysis) and physically 
by the production of damage (amorphization) and by the 
ejection of atoms and molecules (sputtering or desorption). 
The fast ions and electrons, which dominate the energy flux 
to the surfaces of the Galilean satellites, produce ioniza
tion tracks with the average energy deposited per ionization 
event called the W-value. On recombination, energy is re
leased affecting the local lattice structure and radicals are 
produced, often by dissociative recombination. The produc
tion of a density of mobile and trapped radicals can lead 
to chemical reactions. Since the dissociated products imme
diately collide with neighbors (cage effect), reactions back 
to the initial molecule are enhanced in a solid. Chemical 
formation of new species is favored in regions of high excita
tion density ( rv2 nm) called spurs (Spinks and Woods 1990). 
For instance, a 1 MeV proton in ice (W rv20 e V), produces 
on the average rv5 x 104 ionizations, and rv104 spurs each 
containing a number of ionizations. 

The word sputtering typically applies to ejection of sur
face material by knock-on collisions. However, the dissocia
tions and chemical reactions produced by ionizing radiation 
also releases energy to the lattice. In low-cohesive-energy 
materials, like the low-temperature frozen volatiles in the 

outer solar system, this energy can cause the ejection of 
atoms or molecules and can produce defects. Therefore, ra
diation damage, sputtering and radiolysis are closely related. 
Although there are a number of review articles on these pro
cesses (e.g., Strazzulla 1998, Johnson 1996, 1998, Madey et 
al. 2002, Baragiola 2003, Johnson et al. 2003), there are still 
very large gaps in our understanding for the materials and 
temperatures of interest for the Galilean satellites. 

Results for defect formation, sputtering and radiolysis 
are typically given as yields. The sputtering yield is the 
number of atoms or molecules ejected per incident parti
cle. For radiolysis, the yield is given as a G-value, the num
ber of molecules formed per 100 eV of energy deposited or 
as the energy per target molecule deposited for a given ef
fect ( e V per molecule). These can be combined with the 
energy deposition, as in Table 20.1, to give a product yield. 
G-values vary considerably as they depend on the energy 
density deposited and, hence, on the particle type and en
ergy. Therefore, lightly ionizing radiations, such MeV pro
tons, keV electrons and UV photons can have G-values very 
different from those for keV oxygen and sulfur ions. G-values 
also depend on surface temperature and on radiation dose. 
At high doses, back reactions can destroy the primary prod
ucts, giving a dose-independent plateau in the concentration 
of primary products. Therefore, large numbers of measure
ments are needed, or models are needed that describe elec
tron transport and use absolute cross-section measurements 
(e.g., Sieger et al. 1998, Gomis et al. 2004). We first sum
marize the results for ice, a principal surface constituent on 
three of the satellites, and then consider species containing 
sulfur, carbon and alkalis, which comprise the bulk of the 
material confirmed by reflectance spectra. We omit nitrogen
containing species since they have yet to be clearly identified 
on the jovian satellites. 

20.5.1 Irradiation of Ice 

In Figure 20.6 is given a summary of the measured sputter
ing yields at temperatures :::;8D-100 K where the dominant 
ejecta is H20. These are presented as yields vs. incident ion 
velocity with both variables scaled by the nuclear charge 
of the ion with the fitting parameters given in the caption. 
The scaling used fails at the lowest energies where knock-on 
collisions dominate, but is useful over the range of energies 
of interest at the icy Galilean satellites (Figure 20.3). At 
higher surface temperatures, the yield becomes temperature 
dependent and the ejection of H2 and 02 become important 
(Reimann et al. 1984, Baragiola et al. 2003, Johnson et al. 
2003). 

Following electronic excitations and ionizations water 
molecules are dissociated and the irradiated ice is gradually 
altered (Reimann et al. 1984, Benit et al. 1987) with the 
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Figure 20.6. Sputtering yield, Y, vs. incident ion velocity, v, 
for water ice <100 K. The yield is given in terms of net H20 
ejected. Both the velocity and the yield are scaled by the nu
clear charge, Z, of the incident ion. The points are the accumu
lated data for a number of incident ions. The line is a rough fit 
given by y-1 = Yi 1 + yL-

1 with YH/Z2 ·8 = 11.2 (v/Z113)-2·24 

and YL/Z2·8 = 4.2 (v/Z113)2·16 . The fit is poor for very low
velocity ions where elastic nuclear energy loss is dominant. Ve
locity is given in atomic units (1 au = 2.18 x 108 em s-1 ). (See 
www.people.virginia.edu/ rvrej for data at other temperatures and 
for other ices). 
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Figure 20.7. Cumulative production rate in molecules per unit 
time and surface area for radiolytic product x with yield Gx on 
surface regions of the icy Galilean satellites. The right axis shows 
the approximate associated local erosion rate for H20 ice under 
the assumption that one H20 molecule is removed for each prod
uct molecule. When using the G-value for 02, two water molecules 
are removed so the erosion rate is twice that indicated. 
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density of trapped product species reaching a steady state. 
The principal dissociation product isH+ OH with a much 
smaller fraction of H2 + 0, possibly only occurring at sur
faces, grain boundaries and voids (Watanabe et al. 2000). 
At the temperatures on the icy satellites, H diffuses read
ily until it reacts, whereas the OH and 0 trap. Trapped 
OH has been seen in the UV in laboratory measurements 
(cf. Taub and Eiben 1968, Johnson and Quickenden 1997). 
In addition, OH-H20 (Langford et al. 2000) and O-H20 
(Khriachtchev et al. 1997) have been studied by matrix iso
lation techniques. Trapped OH absorbs at about 0.28 j.lm, 
but has not yet been clearly identified on these satellites 
(Johnson and Quickenden 1997). It was suggested to be a 
component of Ganymede's UV band associated with 03 at 
0.26 j.lm (Noll et al. 1996) and overlaps Europa's band as
sociated with S02 at about 0.28 j.lm (Lane et al. 1981, Noll 
et al. 1995). However, the steady state concentration may be 
too low to observe at the relevant temperatures, since OH 
can diffuse above about 80-100 K. On increasing tempera
ture the above radicals are mobilized (Matich et al. 1993) 
possibly producing oxygen via ( 0 + OH ---+ 0 2 + H). Mo
bilization also produces reactions back to H20 (OH + OH 
---+ H2 0 + 0) and additional new molecules (Kimmel et al. 
1994, Orlando and Kimmel 1997) such as H202 and H02. 
Trapped H202, present on Europa (Carlson et al. 1999a), is 
seen in MeV proton-irradiated ice only at low temperatures 
(Moore and Hudson 2000), but is apparently more readily 
produced by lower energy protons and heavy ions (Gomis 
et al. 2004). Therefore, it is likely formed from closely spaced 
OH in a spur or by production of O-H20 and a rearrange
ment (Khriachtchev et al. 2000). Finally, charged species 
(positive ions by direct ionization and negative ions by at
tachment of secondary electrons) can affect the chemical 
pathways (cf. Kimmel et al. 1994). 

Molecular hydrogen, (H2), is formed directly, as indi
cated above, and by H + H ---+ H2 and H + OH ---+ 0 + 
H2 reactions as well as reactions involving charged species 
(Kimmel and Orlando 1995). Since H2 readily diffuses at the 
relevant temperatures, it escapes from the ice so that the 
surface becomes oxidizing (Johnson and Quickenden 1997). 
On further irradiation 02 can form and escape retaining the 
near stochiometry of the ice (Reimann et al. 1984). This 
may occur by reactions of trapped 0 with either 0 or OH 
(Matich et al. 1993) or by excitation of a precursor species 
such as H20 2 or H02 (Sieger et al. 1998) or trapped 0 
(Matich et al. 1993, Johnson et al. 2003). The 0 might trap 
in a substitution or interstitial site or as O-H20, a molecule 
seen in matrix isolation studies (Khriachtchev et al. 1997). 
Recently, individual peroxide molecules were shown not to 
be likely precursors in pure ice (Johnson et al. 2003), but 
in ice under long-term irradiation trapped oxygen molecules 
may form readily in peroxide inclusions in ice (Cooper et al. 
2003), suggesting a possible spatial relation between trapped 
oxygen and peroxide. 

Ozone, 0 3, apparently seen in reflectance on the icy 
satellites (e.g., Noll et al. 1996), is not seen as a radiation 
product in pure ice (Gerakines et al. 1996, Bahr et al. 2001). 
This is likely due to the efficient diffusion of H and its re
action with 02 and its precursors. The formation and sta
bility of Oa and H202 can be enhanced by the presence 
of an additional oxidant. At satellite surface temperatures, 
peroxide destruction by secondary electrons is apparently 
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reduced by the presence of electron scavengers such as 02 
and C02 (Moore and Hudson 2000). The latter is a likely 
contaminant in the early experiments possibly causing the 
high measured G-values (cf. Hart and Platzman 1961) and 
is also known to be present on the icy Galilean satellites 
(Carlson et al. 1996, McCord et al. 1997, 1998a, Carlson 
1999, 2001). Since 0 3 readily forms in condensed 02, the ac
cumulation of oxygen in extremely low-temperature, shaded 
regions (Baragiola and Bahr 1998, Baragiola et al. 1999) or 
in voids (Johnson and Jesser 1997, Johnson 1999) is likely 
a prerequisite to 0 3 formation. Because the UV bands in 
which H20 2 and 0 3 have been observed also lead to disso
ciation, chemical change by photolysis is also occurring on 
these surfaces. Finally, 02 and 03 can be produced in other 
suggested surface materials. For instance, under irradiation 
silicates lose oxygen, probably as 02 (Walters et al. 1988), 
and recently 0 3 has been seen as an interstitial molecule 
in glassy Si02 (Skuja et al. 2000). 02 is also a radiation 
product of sulfates and carbonates. 

In laboratory experiments the dissociation products, H, 
H2 and 0, have been seen as excited ejecta from the sur
face layer (Kimmel and Orlando 1995). If the yields and 
the sample temperatures are both low, radicals (e.g., H, 0) 
ejected from the surface layer can be important. However, 
energetic heavy ions produce large yields of the order of 10-
1000 molecules per ion and the principal ejecta are those 
species with the lowest binding energy to the solid: H20 
and its volatile decomposition products H2 and 02 (e.g., 
Johnson 1990). Whereas the yield of H20 is nearly indepen
dent of temperature and dose, the yields of H2 and 02 are 
not (Brown et al. 1982, Sieger et al. 1998). H2 is ejected 
promptly, as discussed, but also exhibits a dose-dependent 
component. The prompt ejection permanently changes the 
ice chemistry, allowing the formation and loss of 02 (e.g., 
Johnson et al. 2003). Therefore, the 02 sputtering yield de
pends on both temperature and dose. Its formation and 
loss control the dose-dependent component of the H2 yield 
(Reimann et al. 1984). 

At average temperatures relevant to the icy satellites 
( rvlQO K) ejecta mass ratios of 02 to H20 of about 0.1-0.2 
are expected, based on energetic ion sputtering measure
ments (e.g., Brown et al. 1984). Such ratios have been used 
in a number of modeling studies, however, larger ratios are 
expected for a number of reasons. Low-energy ions may pro
duce chemical change more efficiently (Bar-Nun et al. 1985, 
Baragiola et al. 2003) and at the highest relevant surface 
temperatures (>120K) 02 can become the dominant ejecta 
(Brown et al. 1982, Sieger et al. 1998). In addition, sput
tering occurs from a porous regolith in which ejected H20 
molecules stick efficiently on neighboring grains (Stirniman 
et al. 1996, Smith and Kay 1997) but 02 will not. The stick
ing of H20 reduces its effective yield ( rv1/4, Johnson 1989) 
enhancing the relative importance of 02. Finally, the radia
tion can cause the 0 2 and other volatiles produced at depth 
in a solid to diffuse to the surface and escape (Benit and 
Brown 1990). 

The sputtering and production of volatiles is typically 
also accompanied by radiation damage to crystalline ice. 
At low temperatures this efficiently produces amorphous 
regions (Leto and Baratta 2003) and defects that can ag
gregate and act as scattering centers modifying the "effec
tive grain size." This effect has apparently been seen in 

reflectance on the Galilean satellites (Hillier et al. 1996, 
Hansen and McCord 2004). It has been suggested to lead 
to surface brightening in cold regions (Johnson 1985, 1997), 
although this is very sensitive to the radiation penetration 
depth and sample temperature (e.g., Baragiola 2003). 

The above discussion is for ice without impurities. It is 
important to remember that, even when H20 is the domi
nant constituent, impurities can drastically alter the prod
uct yields (Spinks and Woods 1990). Therefore, the results 
given here only provide guidance, and laboratory measure
ments are required for icy satellite surface conditions. Below 
we discuss the products that can form in the presence of ices 
containing sulfur and carbon species or salt minerals. 

20.5.2 Irradiation of 802 and Sulfur: Pure and in 
Ice 

Frozen anhydrous S02 is a major surface species on Io 
(Chapter 14). Laboratory studies show that energetic heavy 
ion bombardment predominantly ejects the most volatile 
products, S02, SO, 02 and, possibly, S2 (Boring et al. 1984). 
The yields at low temperatures can also be scaled as in Fig
ure 20.6 and are temperature dependent above rv80 K (Bor
ing et al. 1986, Lanzerotti et al. 1982). Radiolysis of solid 
S02 also produces less volatile products S03 and Sx (Roth
schild 1964, Moore 1984). These are formed and trapped in 
the irradiated samples altering their reflectance. Radiolytic 
darkening of deposited S02 may be occurring in Io's polar 
regions (Johnson 1997), as discussed below. 

Sulfur is also found on Io's surface. Sputtering of cold 
cyclo-octal sulfur, Ss, by heavy ions produces Sx, with 
x = 1 to 8 and S2 the dominant ejected species ( Chrisey 
et al. 1988a). A sputter-resistant residue is formed that is 
like polymerized sulfur (Torrisi et al. 1988). The remaining 
sulfur is chemically changed, producing a brownish prod
uct thought to be sulfur fragments. These fragments are 
metastable and can recombine to form Ss at temperatures 
of about 170 to 200 K (Chrisey et al. 1988a). Ultraviolet 
and X-ray irradiations produce similar coloration and visi
ble absorbers (Nishijima et al. 1976, Casal and Scaino 1985, 
Steudal et al. 1986, Nelson et al. 1990). H2S and sodium 
sulfides have also been suggested as possible constituents. 
These readily lose H2 and Na leaving a sulfur residue and 
ejecting some S2 (Chrisey et al. 1988b, Boring et al. 1985). 

The icy satellite surfaces, particularly Europa, are 
thought to contain sulfur implanted from the magneto
spheric plasma, and S02 has been proposed as a surface 
component of these bodies (Lane et al. 1981). Endogenic 
sources of sulfurous material such as sulfate salts, sulfides 
or acids are also possible. For the icy satellites, radiation
induced chemical reactions of sulfur, sulfides or S02 in water 
ice are much different than for the pure compounds. Sul
furous solutes can be attacked by OH and other radicals 
formed by H20 radiolysis, and reactive sulfur compounds 
produced in radiolysis can react with H20. In addition, the 
loss of hydrogen under irradiation means that oxidized forms 
are heavily favored. 

Radiolysis of sulfur grains in liquid or frozen water pro
duces sulfuric acid through a chemical pathway thought to 
involve attack by OH radicals and formation of transient 
sulfinic acid (Donaldson and Johnston 1968, 1971, Della
Guardia and Johnston 1980, Carlson et al. 2002). The ef-



ficiency for H2S04 production (Table 20.4) depends upon 
the grain size and is midway between uniform diffusion of 
radicals to grain surfaces and a constant source volume of re
actants (Donaldson and Johnston 1968, Carlson et al. 2002). 

Radiolysis of S02 in water ice was predicted to pro
duce sulfuric acid through the rapid reaction of S03 with 
H20 (Carlson et al. 1999b). Measurements by Moore et al. 
(2002) of proton-irradiated S02:H20 mixtures at Europa
like temperatures have shown that sulfate is indeed pro
duced. It is also produced by photolysis in a dilute mix of 
S02 in ice (Schriver-Mazzouli et al. 2003). Since sulfuric acid 
is hydrophilic, hydrated sulfuric acid will be the dominant 
end-product of sulfur and S02 radiolysis in excess ice. In 
turn, radiolysis of H2S04 (back reactions) produces sulfur 
and S02, and a small amount of H2S that is rapidly decom
posed to sulfur (Wourtzel1920, Boring et al. 1985). Sulfur is 
continuously cycled through these chemical forms, which we 
refer to as the radiolytic sulfur cycle (Carlson et al. 1999b, 
Carlson et al. 2002). Steady-state concentrations of H2S04, 
S02, Sx, and H2S will be formed in ice, with their relative 
abundance determined by production and destruction effi
ciencies. The concentrations predicted from these G-values 
are roughly consistent with the relative concentrations of 
S02, Sx, and sulfate on Europa (Carlson et al. 1999b, Carl
son et al. 2002, Hendrix et al. 2002), as discussed below. 
Since the hydrate has a high sublimation energy and the hy
drated water is more tightly bound than water molecules in 
ice (Novak 1974, Zeleznik 1991), it acts to lower sputtering 
and sublimation rates compared to ice. The radiolytically 
driven sulfur cycle could, of course, occur whether the sul
fur came from endogenic or exogenic sources as discussed 
below. 

20.5.3 Irradiation of C02 and Carbon Species in 
Ice 

Implantation of carbon ions from the energetic plasma 
(Hamilton et al. 1981, Cohen et al. 2001) can be a source of 
carbon and C02 in the surfaces of the icy satellites (Straz
zulla et al. 2003). Carbon in some form was likely present 
at formation and has since been delivered by meteoritic im
pacts. C02 has been seen trapped in the icy surfaces of Eu
ropa, Ganymede and Callisto (Carlson et al. 1996, McCord 
et al. 1997, McCord et al. 1998, Hibbits et al. 2000, Carlson 
2001) and it has been seen as an atmospheric constituent 
at Callisto (Carlson 1999). Whereas irradiation of hydro
carbons produces H2 and the growth of carbon chains, the 
presence of oxygen leads to more complex chemical path
ways. In Table 20.5 are given the G-values for CO, C02 and 
a carbon suboxide. These are irradiated as condensed solids 
and in an ice matrix by energetic (0.8 MeV) protons and UV 
(10.2 eV) photons. As was the case for frozen S02, irradia
tion of frozen CO, C02 and carbonates can lead to ejection 
of C02, CO and 02 and the production of more refractory 
species having carbon-carbon bonds. This consists of car
bon sub-oxides (Chrisey et al. 1990, Gerakines and Moore 
2001), such as C302 (Table 20.5), and a "dark" carbonized 
material (Strazzulla 1998). The latter does not form nearly 
as efficiently as when a hydrocarbon is irradiated (Lanze
rotti et al. 1987). The sputtering yields for C02 and the 
relative amounts of CO produced depend strongly on the 
surface temperature (Brown et al. 1984, Schou et al. 1985, 
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Brucato et al. 1997a). Both CO and 0 2 produced at depth 
can diffuse to the surface and escape into the atmosphere. 

Like S02, the radiation-chemical pathways for C02 in 
ice differ from that for pure C02 due to the availability 
of H. Therefore, carbonic acid is an important product, as 
is formaldehyde if the CO formed remains trapped (Moore 
et al. 1991, Pirronello et al. 1982, Brucato et al. 1997b). Sim
ilar to sulfur, carbon chains can form unless the C02 con
centration is small (Hudson and Moore 1999). Delitsky and 
Lane (1997, 1998) have listed a plethora of organic molecules 
that might form by irradiating a mixture of carbon in ice. 
However, relative amounts are not given and laboratory re
flectance measurements are needed to identify the suggested 
species. The ozone-like feature at Ganymede may include a 
band associated with a complex organic (Johnson 2001), an 
organic material has been suggested to be present on Eu
ropa (Dalton et al. 2003), and the dark material at Callisto 
has been proposed to be carbonized material ( cf. Hibbitts 
et al. 2000, Carlson 2002b, Carlson et al. 2003a). 

Ionizing radiation not only forms more complex 
molecules, it can efficiently decompose organics. At low 
doses, CO and C02 molecules are the principal decomposi
tion products of a number of organics and carbonates (e.g., 
Calvert and Pitts 1996, Bernstein et al. 1995) and produc
tion of these species can be enhanced in the presence of 
oxygen. The photolysis of methanol in ice produces C02 
(Ehrenfreund et al. 2001). Since C02 trapped in ice is seen 
on all three icy satellites, it could be in the form of an in
trinsic clathrate (Moore et al. 1999). However, this struc
ture is readily destroyed by ionizing radiation (Moore and 
Hudson 1994). The trapped C02 could also be due to im
plantation of carbon in ice (Strazzulla et al. 2003), but is 
more likely to be a decomposition product of an endogenic 
organic (Johnson 2001) or a carbonaceous material delivered 
by meteorites (Carlson 1999). Because ionizing radiation can 
both form and destroy complex hydrocarbons, a carbon cy
cle, like the sulfur cycle on Europa, must occur with C02, 
carbonates, and carbon sub-oxides as principal end-products 
(Johnson 2001). In regions having both carbon and sulfur, 
other molecules can be formed that include both species, 
such as OCS, CS2, H2CS, etc. 

20.5.4 Irradiation of Salts and Acids 

Models of the evolution of the Galilean satellites and their 
possible oceans suggest that salts may be important con
stituents (Fanale et al. 1974, Kargel 1991, Kargel et al. 
2000). Alkali, alkaline-earth, and acidic sulfates, carbonates 
and chlorides have been proposed on theoretical and obser
vational grounds. Such materials, if brought to the surface, 
are subject to radiolysis. At Io these minerals can be di
rectly emplaced by volcanism. Because of the availability of 
excess sulfur, species such as Na2Sx may also be present. On 
the surfaces of the icy satellites such materials may exist as 
hydrates or frozen brines. Radiolytic destruction can occur 
by decomposition of the anion or by removal of the cation, 
which may be neutralized or can react. Hydrates can also 
lose their water of hydration by sputter ejection or through 
radiolysis, producing 02 and H2. 

Under irradiation, all of the suggested molecular com
pounds can decompose and change their reflectance (Nash 
and Fanale 1977, Wiens et al. 1997, Chrisey et al. 1988a). 
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Table 20.4. G-values for water and sulfur species. 

Molecule Radiation (reference) T Products G Parent Lifetime on Europa 
(kelvins) (100 ev)- 1 (Years) 

H20 MeV H+ (a) 16 H202 0.1 

H20 
30keV H+, o+, 

16, 77 H202 0.10-G.26 0.06-0.34 
N+, c+, Ar+(b) 

H20 with 
MeV H+ (a) 77 H202 0.1 rv10% C02 

H20 with 
MeV H+ (a) 77 H202 0.41 

rv1Q% 02 

H20 Ions, e, hv 7-120 02 4 X 10-5_0.1 

Sin H20 ice 'Y (c) > 77 H2S04 0.4 120 

MeV H+ (d) 20, 88 so3 4.5 
so2 

'Y (e) 256 
s 0.65 5 
02 0.01 

Sulfite 0.0034 
Sulfate KeV e- (f) 300 Sulfide 0.00064 3800 

s 0.00008 

H2S a (g) 83 s 8 6 

(a) Moore and Hudson 2000; (b) Gomis et al. 2004; (c) Carlson et al. 2002, the rate is particle size dependent, value for 50 J.lm 
radius particles; (d) Moore 1984; (e) Rothschild 1964; (f) Sasaki et al. 1978; (g) Wourtzel 1920. 

Table 20.5. G-values for carbon oxides and carbonic acid. 

G(CO) G(C02) G(C302) G(H2C03) 
Initial Ice H+ uv H+ uv H+ uv H+ uv 

co a 0.25(.04) 0.9(.2) 0.24(.04) 0.014(.001) 
co2a 1.1(.1) 8.1(.3) <0.001 <0.001 
c3o2a 0.68(.04) 1.1(.1) 0.12(.02) 0.074(.004) -4.3(.4) -6.5(.4) 
H20+C302a 0.063(.008) 0.045(.005) 0.019(.004) 0.13(.01) -0.13(.01) -0.47(.09) 
H20+C02b 0.20(.07) 0.32(.15) -0.55(.05) -0.56 (.09) 0.028( .024) 0.030( .016) 
(1:1) 
H20+C0C -0.7 0.16 
(5:1) 

Negative values indicate destruction yields. UV photons are 10.2 eV (Lyman-a) and protons are 0.8 MeV. Parentheses give 
uncertainties. (a) Gerakines and Moore 2001; (b) Gerakines et al. 2000; (c) Hudson and Moore 1999. 

This is clearly the case for energetic heavy ions that can 
fully dissociate any molecule penetrated, but is more prob
lematic for lightly ionizing radiations, such as EUV photons 
and fast protons and electrons. 

Sulfate is one of the most radiation resistant anions. Us
ing electron paramagnetic resonance, a primary destruction 
path of so~- was found to be formation of the ion radical 
S04 by either interaction with a hole or by direct ionization 
(Moorthy and Weiss 1964, Spitsyn et al. 1964). Subsequent 
recombination with an electron (Gromov and Morton 1966) 
produces sulfate in an excited state that can relax to the 
ground state or dissociate (Gromov and Karaseva 1967) 

S04 + e ----+ (SO~-)* ----+ S03 + o

S03 +e+O 
so;+ e + 02 

so~-

(20.1) 

The branching ratio for dissociation is about 75% and 

occurs in the temperature range 100 to 140 K and higher 
(Gromov and Karaseva 1967, Barsova et al. 1969). The life
time of an so; radical in water ice is a few days or less at eu
ropan temperatures (Ikeya et al. 1997). Efficiencies for S03 
production are reduced in hydrates, with G-values of 0.12 
to 0.005 reported for anhydrous and hydrated BeS04, for 
example (Karaseva et al. 1973). The SO; and S03 ions can 
produce trapped S02 and S03 molecules (Karaseva et al. 
1968, Gromov and Spitsyn 1969) that may slowly escape by 
diffusion (McCord et al. 2002). 

Ion spectroscopy of sputtered sulfates show that 0, 
so-' S03' S04' and the unresolved combinations o~- + 
s-ands; +SO; are produced (Benninghoven et al. 1987). 
Sputtering of Na2S04 produces sodium oxides, sulfides, and 
sulfoxides (Wiens et al. 1997). Photoelectron spectroscopy 
studies of LbS04 showed formation of sulfite (SO~-), ele
mental sulfur (S), and sulfide (S2-), with a total G-value for 
destruction of 0.0041 (Sasaki et al. 1978). Using the fluxes of 
Cooper et al. (2001) with G = 0.0041 gives a sulfate lifetime 



at Europa of about 3800 years (Carlson et al. 2002). This 
G-value is consistent with the upper limit for one destruc
tion channel, S02 production and escape, found by electron 
irradiation of hydrated and anhydrous MgS04 (McCord et 
al. 2001b, 2002). 

Hydrated sulfates lose their water under irradiation, 
yielding H2 and 0 2. The efficiencies are less than those 
for water ice, generally being G( -H20) < 0.01. For 
MgS04*7H20, G( -H20) = 0.003 (Huang and Johnson 
1965). Radiolysis of hydrated salts can alter the shape of 
the hydration bands, shifting band minima to shorter wave
lengths and sharpening the high-frequency edge (Nash and 
Fanale 1977). These shifts and shape changes are similar 
to those found in thermal dehydration and must be consid
ered when comparing jovian satellite and laboratory spec
tra (Dalton and Clark 1999, Dalton 2000). Few laboratory 
spectra exist for irradiated samples of candidate surface ma
terials, so definitive identifications or limits cannot be made 
based on precise band positions. 

The alkalis, which exist in these solids as singly-charged 
ions, are the most readily removed cation by the incident UV 
and particle radiation. That is, ionizing radiation produces 
excess electrons that attach to the alkalis causing desorp
tion of a neutral (Yakshinskiy and Madey 1999). Although 
Mg, which is doubly ionized in these materials, is not as 
readily removed, it is present in the ejected ion spectra 
from hydrated sulfate salts (E. deSilveria 2000, private com
munication) and as an ejected excited neutral species from 
proton irradiation of epsomite (MgS04•7H20) and bloedite 
Na2Mg(S04)2 •4H20 (Nash and Fanale 1977). The mineral 
cations in the salt may be replaced by H+, which is readily 
available in an ice matrix. Therefore, highly hydrated salts 
might also yield hydrated sulfuric acid under the radiation 
conditions on Europa (Johnson 2001). 

Sodium and potassium have been observed as atmo
spheric constituents at both lo and Europa, but magnesium 
atoms have not been detected, although they are suggested 
to be present in Europa's surface material. If Mg is present, 
decomposition could lead to the formation of MgO and/ or 
Mg(OH)2 in the surface (Johnson 2001). At Europa, up
per limits have been placed on likely radiation products 
NaOH and Mg(OH)2 of 5% and 3%, (by number), respec
tively (Shirley et al. 1999). 

The observed, gas-phase sodium and potassium can be 
radiolytic products of the proposed sulfates, as seen clearly 
in laboratory experiments (Chrisey et al. 1988b, Wiens et 
al. 1997). However, recent observations of lo indicate that 
Cl atoms are present in comparable amounts (Kueppers and 
Schneider 2000). NaCl, recently observed at Io (Chapter 19), 
is also readily decomposed by ionizing radiation (e.g., Madey 
et al. 2002). Since it is also efficiently dissociated in Io's 
atmosphere, the sodium and chlorine react separately with 
the principal surface species, S02, or the latter's radiation 
products. Therefore, CbS02 could be present on Io's surface 
(Schmitt and Rodriguez 2001) and likely is decomposed by 
ionizing radiation to Cb and S02. 

On the icy satellites, sputtered and redistributed al
kalis that return to the surface can adsorb in icy regions. 
Although these adsorb as ionic species, they are readily re
moved radiolytically, a process referred to as electronically 
stimulated desorption (Yakshinskiy and Madey 2001, Madey 
et al. 2002). The loss of hydrogen under irradiation can re-
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Sodium and Sulfur 
Na+ S +Z 

Na 

Ice 

Figure 20.8. Schematic diagram of the processing of Europa's 
trailing hemisphere. The electrons and protons are the primary 
agents of radiolysis and the sulfur cycle is indicated. Sodium and 
sulfur may be implanted into the ice from the plasma or may 
come from subsurface sources as indicated. Na and 0 2 have been 
seen as gas-phase ejecta, but volatiles H2, H20, S02, and H2S 
must also be present as well as C02 and CO from the leading 
hemisphere. Meteoriod bombardment mixes the irradiated layer 
and upwelling may bring new materials to the surface. nH2 0 
indicates a hydrate involving n water molecules. 

sult in the production of oxidized alkalis at depth in the 
material (Johnson 2001). 

20.5.5 Adsorption 

Adsorption of a volatile in the presence of radiation can 
enhance erosion, a process often used to chemically etch re
fractory surfaces. That is, at temperatures well above subli
mation temperatures, volatiles can adsorb on surfaces, par
ticularly at radiation damage sites (Madey et al. 2002). Sub
sequent irradiation can lead to different chemical pathways 
than in the bulk material. Adsorption of water or oxygen on 
sulfur or carbon in the presence of radiation causes oxida
tion. The production and loss of SO and S02 or CO and C02 
then results in the surface erosion. Similarly, implantation 
of reactive species, such as 0 and H, into sulfur or carbon 
can lead to the production and loss of volatiles· (Brucato et 
al. 1997b). 

20.6 SUMMARY OF SATELLITE 
IRRADIATION EFFECTS 

In this section we review our understanding of the produc
tion of atmospheric species and the modification of the sur
faces of the principal jovian satellites by radiolysis. The sec
tion on Europa is by far the largest since radiolysis occurs 
rapidly on this object, its surface appears to be young, and 
many of the issues discussed also relate to the other two 
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icy satellites. To guide the discussion, in Figure 20.8 we 
show schematically the processes involving sodium and sul
fur in ice that occur in Europa's surface: the implantation 
of sodium and sulfur ions; the layer modified by penetrat
ing energetic electrons and protons; the mixing downward 
of the irradiated layer by meteoroid bombardment; possi
ble subsurface sources of sodium and sulfur; the ejection 
from the surface of the most volatile species, N a and S02; 
and the sulfur chemical cycle induced by the radiation. Such 
processes occur at some level on all of the satellites that or
bit in Jupiter's radiation belt and, of course, must involve 
species other than sodium and sulfur. Grain charging and 
levitation must occur at some level on these objects, but is 
not discussed. The satellite geology, atmospheres and other 
surface modification processes are described in other chap
ters. 

20.6.1 Metis, Amalthea and Thebe 

The inner jovian satellites are discussed in Chapter 11. Here 
we note that Amalthea and Thebe are both very red show
ing a strong slope in the 0.25 to 0.45 f.!m spectral region. 
This, among other possibilities, could be suggestive of sulfur
bearing species (Gradie et al. 1980, Pascu et al. 1992). Like 
the Galilean satellites, their leading hemispheres are brighter 
than the trailing hemispheres by about a factor of 1.4 (Pascu 
et al. 1992). Although these observations show that the trail
ing side of Amalthea is slightly redder than the leading 
side, the opposite asymmetry was found for Thebe. Simonelli 
et al. (2000) showed 25-30% greater leading side brightness 
for these satellites as well as for Metis, one of two main-ring 
shepherds, the other being Adrastea. The main ring and the 
leading side of Adrastea were reddened by 15-20% at 1 and 
2 I-LID (Meier et al. 1999). 

Radiolytic modification of these surfaces has been sug
gested, but the common leading/trailing asymmetries for 
Metis, Amalthea, and Thebe argue for preferential mete
oroid bombardment of the leading sides (Simonelli et al. 
2000). However, the brightening mechanism is not under
stood. From Pioneer 11 (Baker and Van Allen 1976) and 
Galileo (Fischer et al. 1996, Mihalov et al. 2000) data the 
fluxes for very high energy electrons and ions to these satel
lites are rv1010-1011 keV (cm-2 s)- 1 with likely higher in
puts from 10 ke V to 10 MeV particles, which typically carry 
most of the magnetospheric particle energy. Such fluxes 
could produce substantial chemical modification and per
haps darkening (depending on composition of irradiated ma
terial) in tens to hundreds of years at micron depths and 
thousands of years at millimeter depths. Even Adrastea, 
which lies inside the synchronous orbit, would be irradiated 
at saturation levels over the whole surface by the energetic 
particle flux. The common leading/trailing asymmetries for 
Metis, Amalthea, and Thebe argue for a strong effect from 
preferential meteoroid bombardment of the leading sides (Si
monelli et al. 2000). Therefore, the asymmetries might arise 
from global darkening by the radiation, or another weather
ing agent, in competition with excavation of bright material 
on the leading side by meteoroid impact. 

20.6.2 lo 

Magnetospheric irradiation of Io's surface has a different 
character than that for either Europa (which is largely un
shielded) or Ganymede (for which an internal dipole ex
ists). For instance, energetic electron drift paths are diverted 
around the body at some energies (e.g., Thorne et al. 1999) 
rather than flowing directly on to the trailing hemisphere. 
Magnetic fields over the north and south polar regions, as 
measured during the 131 and 132 Galileo flybys, show lit
tle divergence from the background magnetospheric field 
(Chapters 21, 22), so surface irradiation may be greater 
there. 

The discovery of the Io sodium cloud provided the first 
indication that atoms and molecules might be sputtered 
from its surface (Matson et al. 1974). Whereas sodium sul
fides and sulfates were initially proposed as primary sur
face constituents (Fanale et al. 1974), the surface is now 
known to consist of various sulfur allotropes, S02, and some 
silicates (Chapter 14). Because the yields for sputtering of 
S02 are large (Lanzerotti et al. 1982), there was debate on 
whether Io's atmosphere was a thin sputter-produced atmo
sphere (Sieveka and Johnson 1985) or a thick sublimation 
and volcanic atmosphere (Chapter 19). Although sputtering 
of S02 may contribute in some regions, it is not the domi
nant atmosphere-forming process at Io. 

Radiolysis of S02 is efficient, but volcanism rapidly 
resurfaces Io by deposition from plumes and by surface flows. 
Therefore, radiolytic products are not abundant in the op
tical layer except near the poles, where there are fewer vol
canoes and a higher fraction of the incident particles reach 
the surface (Wong and Johnson 1996). Whereas early discus
sions of leading/trailing asymmetries focused on radiolysis 
(Burns and Matthews 1986), the rapid resurfacing suggests 
that at Io the observed differences are geological. 

Sulfur trioxide and elemental sulfur are radiolytic prod
ucts of S02. S03 is difficult to observe on Io in the near-IR 
because its band coincides with Io's strong S02 v1 + V3 

band. However, a feature at 465 cm- 1 in Io's thermal in
frared spectrum suggests the presence of significant amounts 
of S03 (Khanna et al. 1995). Io's darker poles are likely due 
to sulfur chains produced by radiolysis of S02 molecules 
that migrate and condense at high latitudes (Johnson 1997, 
Wong and Johnson 1996). A broad 1-~-Lm absorption band 
shows a polar enhancement (Carlson et al. 1997). This has 
been attributed to long-chained sulfur molecules (Carlson 
2002b), based on spectral similarities to darkening agents 
produced in irradiated sulfates (Nash and Fanale 1977). 

Although volcanic emission and sublimation (on the 
dayside) combined with gas-phase photolysis are major 
sources of atmospheric species, radiolytically produced 
volatiles, such as SO and 0 2, might contribute on the night
side and at the poles (Wong and Smyth 2000). In addition, 
since Io's atmosphere is collisional everywhere, sputtering of 
the surface does not directly populate the Io torus. However, 
sputtering and decomposition likely contribute trace species 
(sodium, potassium and chlorine) to the atmosphere, which 
are then lost by the interaction with the magnetosphere. 
Therefore, the low sodium to potassium ratio seen in Io's 
extended atmosphere (e.g., Table 20.6) may be indicative of 
preferential loss of sodium by atmospheric escape. Sodium 
was initially thought to exist in the surface as Na2S04 or 



Table 20.6. Sodium to potassium ratio.* 

Object 

Europa 

Io 
Solar 
Lunar 
Mercury 

Atmosphere 
Escape** 
Surface** 
Ocean*** 
Atmosphere 
Abundance 
Atmosphere 
Atmosphere 

Na/K 

25 
27 
20 
14-19 
10 
20 
6 
SD-190 

*From Brown (2001) unless otherwise indicated. 
**Escape-+ the ratio of Nato K escaping Europa's gravity 
(Leblanc et al. 2002). 
***Model ocean value from Zolotov and Shock 2001. 

NaS:z:. But NaCl has been observed in Io's atmosphere (Lel
louch et al. 2003) and CbS02 was suggested as a possible 
surface species (Schmitt and Rodriguez 2001). These both 
readily decompose under ionizing radiation as discussed. 
The relative importance of volcanic and sputtering sources 
for trace atmospheric species is presently unknown. 

20.6.3 Europa 

Species detected in the optical surface of Europa are H20 
ice, a hydrated compound, H202, 02, S02, and C02. Two 
kinds of visually dark material are found, one being dark 
in the UV (0.35 f..l.m) and concentrated on the trailing side, 
while the second is brighter in the UV and preferentially dis
tributed on the leading hemisphere (McEwen 1986). Elemen
tal sulfur is a candidate for the first component (McEwen 
1986, Johnson et al. 1988, Carlson et al. 1999b, Carlson 
et al. 2002) and the latter could be similar to the dark 
carbon-containing material discussed below for Ganymede 
and Callisto, but these identifications both need to be di
rectly demonstrated. Oxygen, a sputter product from water 
ice (Johnson et al. 1982, 1983, 2003), is a principal atmo
spheric constituent (Hall et al. 1995, 1998, Kliore et al. 1997) 
and atomic N a and K are observed in the extended atmo
sphere (Brown and Hill 1996). 

The depth of the optical layer in the IR ("' 1mm) is com
parable to the mean stopping depth for energetic electrons 
(Cooper et al. 2001), so the spectroscopically-sensed surface 
is highly processed by the incident radiation. Given the short 
timescales for a significant dose (Figure 20.5), all molecules 
in this layer have suffered radiolytic action in <100 years. 
Temporal variations in absorption bands have been seen by 
the International Ultraviolet Explorer (IUE) (Domingue and 
Lane 1998a), and may indicate that surface concentrations 
can vary on short timescales due to magnetospheric variabil
ity. The supply and loss of sodium and sulfur, as indicated 
in Figure 20.8, and the irradiation processing and mixing 
loss of the surface layer are discussed below. 

Hydrogen peroxide, a product of water radiolysis, can 
be dissociated by solar ultraviolet radiation. Therefore, its 
presence on a satellite surface implies a significant produc
tion rate (cf. Carlson et al. 1999a, Gomis et al. 2004). Eu
ropa's H202, observed in the infrared and ultraviolet, is con
centrated on the leading, icy hemisphere and is enhanced in 
dark areas that also contain C02. The possible correlation 
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of H202 with C02 (Carlson 2001) may be consistent with 
the laboratory measurements of Moore and Hudson (2000). 
They found that adding small amounts of 0 2 and C02 to 
water ice greatly increased the H202 yield for MeV protons 
at 77 K. Since rv2/3 of the deposited energy is deposited be
low a photo-destruction layer rv200 f..l.m in thickness (Figure 
14 of Cooper et al. 2001), this oxidant must also exist at 
depth and could accumulate in buried reservoirs. 

Molecular oxygen, initially observed at Ganymede via 
very weak absorption bands at 0.5773 and 0.6275 IJ.m 
(Spencer et al. 1995), was also recently observed trapped in 
Europa's surface (Spencer and Calvin 2002). These bands 
are associated with two or more 0 2 molecules trapped in 
a small volume where they absorb jointly. Their presence 
in Europa's spectra implies that a significant amount of 0 2 
must exist in the surface on both the leading and trailing 
hemispheres. Unlike at Ganymede, the band associated with 
03 is not seen, possibly due to the availability of S or because 
it is below the detection limit. Some of the surface-generated 
02 forms an atmosphere (Figure 20.8). The net escape rate 
is still highly uncertain: rv2 x 109 (Saur et al. 1998, Wong 
et al. 2004) to "'1-2 x 1010 cm-2 s- 1 (Shematovich et al. 
2004). For steady-state conditions, the latter implies a radi
olytic production rate of 02 due to the net energy deposited 
(Table 20.1) of G(02) > "'0.01 to 0.03. The larger atmo
spheric source rates appear to be supported by the recent 
observation of a neutral gas torus at Europa (Mauk et al. 
2003) and may involve a considerable component of molec
ular hydrogen (Shematovich et al. 2004). 

Iogenic sulfur, trapped in the jovian magnetosphere, 
is implanted into Europa's surface (Figure 20.8 and Table 
20.3). This was thought to be the direct source of the UV 
absorption feature associated with S02 trapped in the ice 
(Lane et al. 1981). However, the UV absorption feature seen 
in the laboratory for sulfur ion implantation differed from 
those observations (Sack et al. 1992). Since H2 is readily 
lost and mobile H is formed, oxygenated species will form 
(Johnson et al. 2003). However, the very stable sulfate hy
drate may be a more likely end-product than S02 with the 
band seen in the laboratory as an intermediate species. 

Much of Europa's surface is, in fact, covered with a 
hydrated compound, whose spectrum (Figure 20.9) looks 
nearly identical over the surface. This suggests that either 
one hydrated species is present or, if a mixture is present, it 
must be roughly the same everywhere. The hydrate distribu
tion is centered on the trailing side and correlates with the 
UV dark material (Figure 20.2). Based on radiation chem
istry arguments and spectral fits (e.g., Figure 20.9), this hy
drated compound was reported by Carlson et al. (1999b) to 
be hydrated sulfuric acid. Although the fits are not perfect 
they may be improved by considering the spectral shifts and 
band profile changes caused by irradiation (Carlson et al. 
1999b, Dalton 2000). The S02 and the spatially associated 
UV dark material, proposed to be sulfur chains (Johnson 
et al. 1988, Calvin et al. 1995), would be produced by ra
diolytic destruction of the acid (Carlson et al. 1999a, 2002, 
Figure 20.8). 

An alternative interpretation of the observed hydrate 
spectrum suggests the presence of hydrated salt minerals 
or frozen brines on Europa's surface (McCord et al. 1998b, 
1999, 2002). This interpretation is in part based on models 
for satellite evolution (Fanale et al. 1974, Squyers et al. 1983, 
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Figure 20.9. Europa NIMS spectra (circles and squares) and cal
culated spectral fits of hydrated sulfuric acid in water ice (Carlson 
et al. 2003b). The calculations assume intimate granular mixing 
and use measured complex indices of refraction for both materials. 
Data represented by circles are used in the fit. The bottom NIIviS 
spectrum is fit with an acid volume fraction of 0.90, while the icier 
middle and upper spectra are found to have acid fractions of 0.54 
and 0.30, respectively. Acid and ice grain radii are also derived 
and are typically 10 f-tm and 100 f-tm. Similar fits may be obtained 
with suitable mixtures of hydrated salts (McCord et al. 1999). 
The deviations from observations seen here are thought to be 
due to radiation-induced spectral shifts as observed in laboratory 
spectra of irradiated hydrates (Nash and Fanale 1977, Carlson et 
al. 1999b). Including a small admixture of hydrated salts, radia
tion dam.age to the ice (Dalton 2000) or a neutral scattering agent 
could, in principle, also improve the fits. 

Kargel 1991). While no single mineral or single-component 
brine matches the observed spectra, specific mixtures of hy
drated salts can provide a good spectral match (McCord 
et al. 1999). Variations in the mixture over the surface 
would have to be small in order to not significantly alter 
the spectra. This has been taken to indicate a uniformly 
mixed oceanic source (McCord et al. 1999). Spectra of hy
drated salts exhibit structure that is not evident in NIMS 
spectra, but McCord et al. (2002), in attempting to simu
late europan thermal and radiolytic effects in the laboratory, 
showed that this structure is diminished or absent in brines 
that were rapidly frozen ( 10 000 K min -l) and subsequently 
heated to 230 K. They postulated that Europa's hydrate 
is hydrated MgS04 brine with a Na2S04 contribution of 
<20%. Its presence on the surface would be due to emplace
ment of salts or brines by upwelling from Europa's ocean 

(Zolotov and Shock 2001), but the "salty" satellite mod
els are still the subject of debate (McKinnon and Zolensky 
2003). In addition, such salts will be chemically modified 
in Europa's radiation environment, as discussed above, with 
loss of the cation and the formation of sulfuric acid hydrate 
a likely result (Johnson 2001). 

Sulfuric acid is found in the Venus clouds and as an 
aerosol in the Earth's atmosphere. Photochemical produc
tion occurs in both cases, although by different mechanisms 
and chemical pathways. Precipitation and thermal dissocia
tion destroys the acidic particles and a steady state results 
from continuous production and destruction. Radiolysis acts 
similarly. Radiolytic cycling of sulfur (Figure 20.8) was pro
posed to be occurring in Europa's surface (Carlson et al. 
1999b). Using the laboratory G-values in Table 20.4, the 
steady-state proportions of sulfur and S02 relative to H2S04 
by number are 10-2 and 10-3 respectively (for 50 I--LID sulfur 
particles). These are similar to the relative amounts derived 
from observations in three different spectral regions (Carlson 
et al. 2002). Spatial correlations are evident for the distri
butions of the UV dark material and the hydrate (Figure 
20.2) and for S02 and hydrate distributions (Hendrix et al. 
2002). H2S, which would occur at the 2 x 10-4 level, has 
not been identified on Europa and may be below the detec
tion threshold. Since the exposure times are long, the rapid 
processing can hide the identity of the "original" sulfur com
pounds. Therefore, one cannot establish the sulfur sources 
without further information. 

Sulfurous materials that could, under irradiation, result 
in sulfuric acid hydrate and associated S02 and Sx can be 
exogenic or endogenic. Implantation of sulfur ions from the 
Io plasma torus (Lane et al. 1981), neutrals and particulates 
from Io (Domingue and Lane 1998a,b), and micrometeorite 
bombardment (Cooper et al. 2001) are exogenic sources. 
A subsurface ocean, either briny with sulfate salts (Kargel 
et al. 2000), acidic with H2S04 (Kargel et al. 2001, Marion 
2003) or containing sulfides, could also provide sulfur to the 
surface (Figure 20.8). It may be possible to discriminate be
tween exogenic and endogenic sources using measurements 
of the spatial distribution of total sulfur, which is given by 
the distribution of the hydrate, since laboratory data indi
cate concentrations [H2S04nH20] >> [Sx] > [S02] > [H2S]. 

The global distribution of hydrate in Figure 20.2b shows 
a trailing-side enhancement that is similar to the plasma 
implantation distribution in Figure 20.4. These distributions 
are also similar to the well-known longitudinal distributions 
in reflectance in the visible and near-UV consistent with the 
presence of sulfur in the ice (Figure 20.2a, McEwen 1986, 
Johnson et al. 1988). As indicated in Table 20.3, more than 
enough sulfur is implanted to account for loss of sulfur to 
space. If undisturbed, Europa's trailing hemisphere could 
accumulate a 1-cm thick layer in about 107 years, ignoring 
plasma deflection. Therefore, the source must be reduced by 
deflection (e. g., Saur et al. 1998) or be buried by gardening 
(Carlson 2002a, Carlson et al. 2001, 2003b). Gardening can 
reduce the surface density of sulfur and increase the leading
trailing asymmetry as discussed. If Europa's ice shell is not 
tidally locked to Jupiter, then asynchronous rotation would 
reduce the asymmetry. The observed ratio of total sulfur at 
180° W compared to 0° longitude is about 10. This is much 
less than the asymmetry ratio of 80 calculated assuming 
synchronous rotation and gardening (Carlson et al. 2003b). 



Figure 20.10. Europa lineae and compositional variations. NIMS 
compositional map for approximately 182-188° W longitude, 4-10° 
N latitude overlayed on an SSI image. Hydrated material is shown 
as red, water ice is shown as blue. Note that the central bands of 
lineae are deficient in hydrated material compared to the margins. 
Heating (related to ridge emplacement) can darken the margins by 
sublimating ice and leaving a sulfurous lag deposit. At the time of 
going to press a colour version of this figure was available for 
download from http:/ /www.cambridge. org/9780521 035453. 

Calculations using gardening rates from Cooper et al. (2001) 
and the spatial flux of sulfur ion implantation show that 
the observed distribution of total sulfur is consistent with 
an asynchronous rotation rate between 20 000 years and 2 
Myr. Continuous churning of the surface by gardening gives 
a cumulative exposure time in the top 0.6 mm of more than 
14 000 years or a dose greater than about 1025 eV cm-2. 

On a geologically inactive surface, implantation pro
duces a spatial distribution of sulfur products that varies 
smoothly across the surface. However, this is not observed lo
cally in high-resolution maps of the hydrate distribution, as 
seen in Figure 20.10. The distribution is variegated, particu
larly in the chaos regions, the regions modified by subsurface 
activity (Chapter 15). Features called triple bands are seen 
to exhibit diffuse margins containing the hydrate and the 
UV-dark material, presumably Sx. The central bands of the 
triple bands are remarkably deficient in both the hydrate 
and Sx, possibly indicating that material upwelling in the 
triple band centers is either deficient in sulfur or the sulfur 
is in some other form. If the upwelling materials were liquid 
brine, salts would rapidly drain downward reducing the salt 
concentration ( Zolotov and Shock 2001), as in brine chan
nel drainage found in terrestrial sea ice. The enhanced con
centration of sulfur compounds along the margins of triple 
bands, in the chaos regions, and at pits, spots, and domes 
can be explained by thermal processing of a sulfurous sur
face. Diapirs rising from below can heat the surface, subli
mating water molecules and increasing the concentration of 
less volatile sulfur compounds. 

In this picture, the dark edges of the triple band are 
lag deposits of thermally concentrated, refractory residue Sx 
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and sulfuric acid hydrate. Thus, implantation and heating 
(related to ridge emplacement) could in principle explain 
aspects of the observed distribution of sulfur compounds. 
Estimates of the atmospheric loss rate in Table 20.3 (John
son et al. 2002) point to accumulation of implanted sulfur 
on Europa. However, additional internal sources of sulfur 
cannot be ruled out (Figure 20.8). Radiation processing of 
such material, particularly by the energetic electrons, also 
roughly correlates with the spatial distribution of the hy
drate (Paranicas et al. 2001). Therefore, the triple band 
margins could be radiation and thermally processed min
erals with the center consisting of a more dilute mineral-ice 
mixture. 

Carbon dioxide is seen in the ice on the leading side of 
Europa and the distribution correlates with material dark at 
visual but not UV wavelengths on this hemisphere (Carlson 
2001). This is suggestive of an irradiation-produced carbon 
cycle (Johnson 2001). Prompted by the possible radiolytic 
production of C02 on Callisto (see below), and noting that 
micrometeoroid in-fall is much greater on the leading side 
than on the trailing side, Europa's C02 could be formed by 
radiolysis of carbonaceous material brought in by microme
teoroids (Carlson 2001, 2002b, Carlson et al. 2003a). 

Although they are trace species, sodium and potassium 
atoms have been observed as an extended, nearly toroidal, 
atmosphere at Europa (Chapter 19). These atoms are read
ily desorbed from salts and ices, as discussed, and are easily 
seen by their resonant fluorescence lines. Implantation from 
the jovian plasma torus has also been suggested as the source 
of Europa's alkalis (Brown and Hill 1996). However, mod
eling of the extended atmosphere gives a net atmospheric 
escape rate (Table 20.3) that exceeds the implantation rate 
and the other exogenic source rates given in Table 20.3 by 
an order of magnitude (Johnson 2000, Leblanc et al. 2002). 
In addition, in Table 20.6 are shown the sodium to potas
sium ratio in Europa's extended atmosphere and surface, as 
compared to ratios for other solar system objects. The ratio 
at Europa is more than a factor of two larger than it is in 
lo's extended atmosphere (Brown 2001, Johnson et al. 2002). 
These two pieces of evidence could suggest that the observed 
alkalis are from material intrinsic to Europa. Because inci
dent flux is highly variable, as discussed, and the relative 
concentrations in the plasma have not been measured, this 
conclusion needs to be tested further. Zolotov and Shock 
(2001), assuming an ocean with sulfate salts, indicate that 
Na/K ratio of "'14-19 in Europa's putative subsurface ocean 
would be consistent with the observed surface ratio due to 
enhanced fractionation as material rises to the surface, but 
other satellite models are being considered (e.g., McKinnon 
and Zolensky 2003). 

If indeed the alkalis are predominantly endogenic, then 
the observed sodium and sulfur might have different princi
pal sources. Sodium atoms could predominantly come from a 
subsurface source with sulfur predominantly exogenic. Since 
chlorine has been observed at Io, frozen solutions of sodium 
chloride must be considered. Since this does not darken un
der irradiation, it could be present in the central band of the 
triple bands. If sodium is in fact endogenic, then the atmo
spheric loss rate could be used to estimate the supply rate 
to the surface. However, considerably more observations and 
improved models are needed. 

Whether or not subsurface salts are the ultimate source 
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of alkalis, a large fraction ( rv70%) of the sputtered alkalis do 
not escape and return to the surface (Leblanc et al. 2002). 
Therefore, the redistributed alkalis are primarily desorbed 
from an ice matrix (Johnson 2000). This was shown by com
paring ejecta velocity distributions obtained from models of 
the morphology of the sodium cloud with recent laboratory 
measurements of electronic sputtering of alkalis adsorbed on 
ice (Johnson et al. 2002, Y akshinskiy and Madey 2001). The 
ejection of sodium from ice was also shown to be more effi
cient (Yakshinskiy and Madey 2001) than it is from the sug
gested brines (Wiens et al. 1997). Using these measurements, 
the observed column of Na, and the atmospheric model, the 
globally averaged atomic concentration of Na in Europa's 
surface is rv0.008 (Leblanc et al. 2002). 

Since sputtered and sublimated H20 returns and sticks 
readily to the solid surface (Smith and Kay 1997), volatile 
radiolytic products, such as 02 and H2, can be important. 
The ejected H2 is easily lost to space in spite of the low ejecta 
energies (Johnson 1998). Since H20 sticks with unit effi
ciency, but 0 2 does not, Europa's atmosphere is dominated 
by 0 2 (Johnson et al. 1982). Other volatile products such as 
C02, S02 and I-bS should also be present in the atmosphere 
at concentrations higher than at the visible outermost layer 
of the solid surface, with 0, CO and SO as primary disso
ciation products (Wong et al. 2004). H20, its dissociation 
products, and the ejected species discussed above likely pro
duce a detectable Europa plasma torus (Schreier et al. 1993, 
Johnson et al. 1998, Shematovich et al. 2004). 

Since Europa's surface is a porous regolith composed of 
rv50-100 1-lm grains, the effective source rates for Europa's 
atmosphere are also modified by sticking. Therefore, an H20 
molecule ejected in the regolith can stick on to a neighboring 
grain. Because of this, the effective H20 yield from an icy 
satellite surface, averaged over angular incidence, is reduced 
from that for bombardment of a flat surface (Hapke 1986, 
Johnson 1989). Since 0 2 does not stick to adjacent grains 
it experiences no reduction, enhancing its source rate rel
ative to H20. Under ion bombardment 02 can also diffuse 
out of a large grain (Benit and Brown 1990, Baragiola 2003). 
Therefore, although atmospheric models have typically used 
about 10-20% 02 by mass, consistent with laboratory data 
at the average surface temperature (Johnson 1990), the ef
fective 02 source rates are likely comparable to those for 
H20. Complicating the modeling of the atmospheric source 
rate is the fact that H20 sublimates and sputters from the 
hydrate much less efficiently than it does from ice. This will 
affect both the globally averaged (Table 20.2) and relative 
hemispherical erosion rates (Sieveka and Johnson 1982, Tis
careno and Geissler 2003). H2 and 02 production from the 
hydrate has not been measured and the returning 02 can 
react with a radiation-damaged surface. This is of interest 
as HST observations show that excited oxygen is denser over 
Europa's icy regions (McGrath et al. 2000, 2002) in apparent 
contradiction to global models (Shematovich et al. 2004). 

A striking feature on Europa is that the youngest areas 
of the surface on the trailing hemisphere exhibit the largest 
contrast, suggestive of an aging process. Surface aging could 
be due to mixing driven by micrometeorite bombardment or 
frost growth by redeposition. However, we note, as did Carl
son et al. (2002), that radiolysis and thermal processing can 
mute or enhance the contrast. Therefore, the sulfur in the 
edges of the triple bands, which might be concentrated by 

heating, as discussed above, is eventually oxidized forming 
either S02 or hydrated sulfuric acid. This reduces the ab
sorption in the visible. Therefore, including meteoroid mix
ing, the reduction in contrast in the youngest regions occurs 
over timescales that are geologically relevant as described 
earlier. 

20.6.4 Ganymede 

Ganymede possesses an internal magnetic field, so this satel
lite is at least partially shielded from energetic ion ( < 10 
MeV) and electron impacts at equatorial to middle latitudes 
as discussed. This field may have varied in magnitude and 
dipole polarity over millions of years as in the case of Earth 
(Cooper et al. 2001). Particle precipitation along the open 
field lines at the poles is suggested by auroral observations of 
oxygen in the visible and UV (Chapter 19). In addition, the 
albedo changes close to those latitudes where the transition 
from open to closed magnetic field lines occurs might be due 
to spatial variations in particle precipitation (Johnson 1997, 
Pappalardo et al. 1998, Hansen and McCord 2004). 

Despite the magnetic shielding, Ganymede's surface has 
spectral features resembling those on Callisto and perhaps 
on Europa. Therefore, sulfur ion implantation might account 
for the hydrated material on the trailing side in the form 
of hydrated sulfuric acid. The analysis by McCord et al. 
(2001a,b, 2002) inferred the existence of a frozen brine, pos
sibly emanating from a subsurface ocean on Ganymede. Al
though chemical exchange of the putative subsurface ocean 
with the surface is much less likely at Ganymede than at Eu
ropa, liquid water might have flowed on to the surface in the 
past (Chapter 16). The identity of the observed hydrate is, 
therefore, not established but could also arise from plasma 
bombardment, as suggested by the trailing-side pattern. 

Trapped C02 is present in Ganymede's surface mate
rial and has a patchy distribution, generally correlated with 
dark material as at Europa. This material has a different 
spectral slope in the visible than that of the principal ab
sorber at Europa. Adopting the radiolytic C02 production 
mechanisms proposed for Callisto (see below), we suggest 
that Ganymede's carbon dioxide is likely produced by ra
diolysis of an icy carbonaceous surface. Implantation is not 
a likely source unless there is a relatively high abundance 
of carbon ions at energies below 10 keV, where Ganymede's 
magnetic shielding is less effective (Cooper et al. 2001). The 
carbon could be endogenic or exogenic and the energetic 
particles that produce this radiolysis may be contained in 
Ganymede's own magnetosphere. The absorption bands at 
3.88 ~-tm and 4.57 J.tm are discussed in the Callisto section. 

The identification of gas-phase oxygen in Ganymede's 
polar atmospheres (Hall et al. 1998) indicates that radioly
sis is occurring. This is also indicated by absorption bands 
associated with condensed 0 2, primarily at mid-latitudes on 
Ganymede (Calvin et al. 1996, Spencer et al. 1995). A broad 
band at rv260 nm has been suggested to be 03 trapped in ice 
(Nelson et al. 1987, Noll et al. 1996). 03 is a radiolytic prod
uct of condensed 0 2 but not a direct product of water ice, as 
discussed. The observed 03-like absorption band, obtained 
by taking the ratio of the reflectance from the trailing and 
leading hemispheres, clearly contains one or more additional 
absorbers. OH was initially proposed (Noll et al. 1996), but 



using a better description of the trapped 03 band a hydro
carbon was recently suggested to be present (Johnson 2001). 

The UV spectrometer on Galileo showed that a broad 
absorption feature in the spectral region where 0 3 absorbs is 
strongest at latitudes that are higher than the solid-02 fea
ture. This was attributed to enhanced production of 0 2 at 
mid-latitude temperatures and to differences in path lengths 
at low and high latitudes for visible and UV photons (John
son and Jesser 1997, Johnson and Quickenden 1997). Alter
natively, it has been suggested that there are very cold re
gions ( rv30 K) on Ganymede's surface in which solid oxygen 
is stable (Vidal et al. 1997, Baragiola and Bahr 1998). The 
0 3-like feature appears to exhibit a morning side enhance
ment (Hendrix et al. 1999a), whereas the solid-02 feature 
appears to exhibit an afternoon enhancement (Spencer and 
Klessman 2001). These effects are not yet understood, al
though the solar UV would effectively dissociate radiolyt
ically formed 03, and diffusion of 02 from depth is en
hanced by warming of the surface. Finally, the observation 
of a strong UV slope below 230 nm (Burns and Matthews 
1986) may also be consistent with the occurrence of radi
olytic products such as H202 and 02H (Taub and Eiben 
1968, Carlson et al. 1999a, Hendrix et al. 1999b). 

A visible line from atomic oxygen is seen in Ganymede's 
atmosphere at equatorial latitudes, primarily on the trailing 
hemisphere (Brown and Bouchez 1999) and atomic H has 
been seen globally (Barth et al. 1997). Depending on the 
temperature and the ice coverage, Ganymede's atmosphere 
may be dominated by H2 0 on the dayside at low latitudes 
but is certainly dominated by 0 2 elsewhere (Wong et al. 
2004). However, such models cannot predict the H (9 x 1012 

cm-2) to 0 2 (1014-1015 cm-2) ratio without a direct sur
face ( radiolytic) source of hydrogen. Using the amount of 
02 associated with the observed hydrogen requires larger 
02 source rates than initially suggested (Barth et al. 1997) 
as also proposed for Europa (Shematovich et al. 2004). This 
is likely due to the fact that the 02/H20 ratio for the sur
face source was underestimated, as discussed above. A good 
model of the spatial distribution of the flux of ions and elec
trons to Ganymede's surface is needed to better describe the 
radiolytic production of atmospheric gases. 

20.6.5 Callisto 

Callisto possesses an ancient, dark surface, with ice exposed 
by impact craters and on some crater walls. In addition, 
the surface exhibits ice pinnacles indicative of extensive 
weathering (Chapter 17). Although the Galileo magnetome
ter data suggest that there also may be a subsurface ocean 
within Callisto (Khurana et al. 1998), there is no evidence 
that the putative ocean material has directly emerged on the 
surface. Carbon dioxide has been identified in both the sur
face (Carlson et al. 1996, McCord et al. 1997, 1998a, Hibbitts 
et al. 2000) and atmosphere (Carlson 1999) using Galileo 
NIMS data. Other bands are also present in Callisto's IR 
spectra but their identifications are not as well established. 
The global spatial distribution of the C02 and its presence 
in fresh craters has led to suggestions of exogenic and endo
genic sources (Hibbitts et al. 1999). 

The escape rate of Callisto's C02 atmosphere is esti
mated to be rv6 x 106 cm-2 s- 1

• The source of atmospheric 
C02 could be outgassing, cometary delivery, impact pro-
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duction, implantation, or radiolysis and photolysis. Surficial 
C02 is seen to be concentrated on the trailing side (Hib
bitts et al. 2000). This leads to a slightly larger atmosphere 
on the trailing hemisphere (Wong et al. 2004) consistent 
with a slightly more robust ionosphere (Kliore et al. 2002). 
The hemispherical distribution is also similar to Europa's 
and Ganymede's hydrate. Therefore, radiation alteration is 
likely to be important on Callisto also. Although the radiol
ysis dose rates are much lower than at Europa, the surface is 
older and photolysis may be more important, hemispherical 
differences should again be enhanced by meteoroid mixing. 
Since the regolith growth rate seen in Figure 20.5 is much 
faster than the radiolysis rate, production of observable new 
species in the optical layer is severely limited on the leading 
hemisphere. 

C02 molecules can be produced by the photolysis and 
radiolysis of many organic molecules that may be intrinsic or 
delivered by comets and meteoroids to the surface (Bernstein 
et al. 1995, Johnson 2001, Ehrenfreund et al. 2001). Cooper 
et al. (2001) inferred that a radiolytic efficiency of G(C02) > 
0.003 (e.g., Figure 20.7) is needed to supply the atmosphere. 
Under irradiation, trace amounts of carbon-containing ma
terial on a silica gel produced C02 with a G = 15 (Krylova 
and Dolin 1967), and organics decompose giving C02 with 
much lower but still robust G values (Spinks and Woods 
1990). It has been suggested that the carbonaceous surface 
layer arises from meteoroid in-fall, although organics intrin
sic to Callisto and implantation cannot be ruled out. 

Alternatively, the weathering that has evidently oc
curred on Callisto could be due to outgassing of C02 from 
primordial materials (Moore et al. 1999). Assuming such a 
C02 source, the plasma bombardment has been suggested 
to cause the C02 to trap more effectively on the trailing 
hemisphere (Hibbitts et al. 2000). Indeed, radiation causes 
additional trapping sites but it also makes trapped volatiles 
mobile (Benit and Brown 1990). Therefore, formation of the 
carbon dioxide by radiolysis and meteoroid-induced mixing 
may more likely account for the differences between hemi
spheres. 

If C02 is produced by radiolysis then both CO and 02 
will also be products. Trapped 0 2 has recently been detected 
in Callisto's surface (Spencer and Calvin 2002). CO may be 
produced directly or by gas-phase photolysis of ejected C02 
leading to a global atmosphere dominated by CO (Wong 
et al. 2004). However, CO has not yet been identified in the 
surface or atmosphere. Water sublimation can lead to com
parable amounts of H20 in the atmosphere, but the amount 
of surface water existing as ice and not tied up as a hydrate 
is uncertain. 

In the presence of water, irradiation of absorbed or 
trapped C02 can produce hydrocarbons, as discussed above, 
and a carbon cycle, like the sulfur cycle at Europa, can oc
cur (Johnson 2001). Evidence for a hydrocarbon band ex
ists in Callisto's spectrum (McCord et al. 1997). Irradiation 
of C02 in water ice yields carbonic acid, H2C03 (Moore 
and Khanna 1991, Brucato et al. 1997b, Gerakines et al. 
2000). This molecule produces an absorption band at 3.88 
~m. Such a feature is found in NIMS spectra of both Cal
listo and Ganymede, as seen in Figure 20.11 (Hage et al. 
1998, Carlson 2002a). The apparent match in band position 
is consistent with radiolysis occurring on Callisto (Carlson 
et al. 2003a). An alternative identification for this band is an 
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Figure 20.11. Callisto spectrum and candidate surface mate
rials. A portion of Callisto's geometric albedo spectrum (filled 
circles, from Appendix A) is shown with a fitted quadratic con
tinuum (dashed line). Representative spectrum (from 309 to 332° 
W, -15 to 20° N, phase angle rv62.8°) normalized to geometric 
albedo. Relative comparison spectra were derived from reflectance 
or absorbance data. Absorption by surficial C02 is evident in the 
NIMS spectrum along with two other bands whose source is not 
established. The band at rv3.87J.tm is associated with either a 
hydrosulfide, -HS (McCord et al. 1997, 1998b), or with radi
olytic carbonic acid, H2C03 (Hage et al., 1998). Positions for 
H2S (Schmitt et al. 2001) and H2C03 (Gerakines et al., 2000) 
are indicated. The absorption band at rv4.02 J.tm may be from 
S02 (McCord et al. 1997, 1998b) or carbonates (Carlson 2003a). 
Positions and shapes are shown for S02 in water ice (Moore et al. 
2002), and for S02 adsorbed on Cabosil (Nash and Betts 1995). 
Carbonate absorptions are from Nyquist et al. (1997). 

8-H stretch in a hydrosulfide (McCord et al. 1997, 1998a). 
This identification was suggested by the fact that sulfur is 
also implanted at Callisto and by the reported observation of 
802 in the UV on the leading hemisphere of Callisto. How
ever, OH and organics also absorb in this region of the UV. 
Therefore, although sulfur could be present, Callisto's sur
face is likely dominated by a carbon cycle with the principal 
dark refractory species being carbon and carbon sub-oxides 
seen as radiation products in laboratory experiments (Ger
akines and 11Ioore 2001). A band at 4.57 ~-tm that may be due 
to C3 02 has been noted in NIM8 spectra of Callisto (Carl
son 2002a, 2002b, Carlson et al. 2003a). Rough G-values are 
given in Table 20.5. 

20.7 SUMMARY AND IMPLICATIONS 

It is now clear that a number of spectral characteristics of 
the surfaces of the Galilean satellites are likely determined 
by radiolysis caused by the impacting energetic ions and 
electrons trapped in the jovian magnetosphere. Radiolytic 
and photolytic processing of satellite materials alters the 
volatility of the surfaces and affects the composition of their 
atmospheres. At this time, the leading/trailing asymmetries 
seen on the icy Galilean satellites in the IR, in the visible and 
in the near-UV appear to be due to competition between the 
radiolytic formation of sulfur or carbon products in ice and 
micrometeoroid mixing of the surface material. The latter 
dominates on the leading hemispheres and the former on the 
trailing hemispheres. This contrast is probably modified by 
asynchronous rotation of the crust at Europa and the control 
of the plasma flow by the magnetic field at Ganymede. 

The materials subjected to radiolysis and photolysis 
may be intrinsic to the satellite or they may be materials 
delivered by meteoroids, by particulates from neighboring 
satellites or by ion implantation of reactive species. There
fore, the reflecting layer is, at least in part, a patina produced 
by exogenic agents. Even materials of astrobiological inter
est may have been delivered by comet impacts (Pierazzo 
and Chyba 2002) and modified by radiolysis and photoly
sis (Dalton et al. 2003). With the exception of Io, where 
the surface is predominantly formed from endogenic mate
rial, the radiation timescales on the icy satellites can be fast 
compared with geologic processes. Therefore, separating ex
ogenic and endogenic materials is a difficult but important 
task if one wishes to use remote sensing to understand the 
composition and evolution of the icy Galilean satellites. To 
this end, a significant modeling effort will be needed to un
ravel the radiolytic processing of the satellite surfaces. This 
will require planning and coordinating new remote sensing 
and laboratory observations. Comparisons of Voyager and 
Galileo plasma and reflectance data, and the many years of 
IUE reflectance data, all suggest that short-term variability 
is occurring in some form on the icy satellite surfaces and 
in their atmospheres. Therefore, with appropriate modeling 
and laboratory measurements, key observations can be sug
gested which might help separate endogenic and exogenic 
materials. 

New laboratory measurements are needed on the irra
diation of ices with contaminants and of those hydrated ma
terials that have been proposed to be present. Based on the 
above discussion, ice containing both elemental sulfur and 
carbon or 802 and C02 should be studied. Also laboratory 
and field experiments on the formation and persistence of 
radiolytic products in bulk ice, and not just on thin films as 
in most laboratory experiments on sputtering and radiolysis, 
may be needed. Bulk irradiation by highly penetrating elec
trons and gamma rays is a standard commercial procedure 
for sterilization of materials and, therefore, may be useful 
for jovian satellite studies. 

Increased effort is also needed at observing species in the 
tenuous satellite atmospheres and local plasma. These atmo
spheres will likely contain characteristic species other than 
the few already detected in the surface and the atmosphere, 
and any endogenic species might be more clearly identified 
in the gas phase. Large organic and perhaps even biological 
molecules that might reach the surface, where they would 



typically be decomposed by the radiation, can be sputtered 
into the atmosphere as whole molecules by the energetic 
heavy ions bombarding Europa (Johnson et al. 1998). Since 
a number of the processes discussed cause isotopic fraction
ation, signatures in the plasma or atmosphere of isotopic 
abundances would be useful. 

Although our emphasis has been on the chemical alter
ation of the optical layer, the presence of radio lytic prod
ucts at depth is also of interest. For example, peroxide 
molecules are dissociated by the solar UV to depths of about 
200 f...Lm, but energetic electrons might produce peroxide at 
much greater depths as indicated in Figure 20.7. The depth 
range of peroxide is enhanced by meteoritic burial. There
fore, reservoirs of less volatile radiolytic products, such as 
OH radicals, H202 and hydrated minerals, will accumulate 
at greater than meter depths over the surface age of each 
satellite. Volatile products (02, C02) might also accumu
late if they can trap in voids, so that the column densities 
observed by remote sensing are lower limits to total column 
abundances. Therefore, work is needed on both the reten
tion and transport of volatile products within bulk ice sam
ples subjected to time-variable temperature gradients and 
impact gardening. Indeed, field experiments on the trap
ping of volatiles in ice, on transport of species through brine 
channels and on retention of salts during freezing may be 
relevant. 

Any landed mission to the icy Galilean satellites should 
attempt to obtain depth profiles of radiolytic products. Such 
vertical density gradients can provide information on the 
time history of the surface, interior heating of radiation 
products, and the potential transport of radiolytic resources 
to astrobiological niches. If an effective subduction process 
is operative for downward mixing from meter to kilometer 
depths, Europa's ocean could be fully oxygenated at ter
restrial ocean levels using the upper limits in Cooper et al. 
(2001), while even lower oxygenation might still support mi
crobial life (Chyba 2000). This would be analogous to the 
surface-interior exchange of nutrients and wastes that has 
been essential for evolution of life on Earth (e.g., Lovelock 
1988). Galileo images of the surface suggest that the geologic 
component of such an exchange might be operative on Eu
ropa (Chapter 15) and possibly in young areas of Ganymede 
(Chapter 16). No such regions on Callisto have been identi
fied (Chapter 17), but there could possibly be upward dif
fusion of C02 from subsurface sources. 

Although coupling between the subsurface and surface 
materials might be active on the icy satellites, as is the 
case at Io, the available spectral evidence does not by it
self confirm that such processes are operating. To date, the 
most compelling evidence for existence of subsurface oceans 
is from the Galileo magnetometer observations (Chapter 
21). Geological evidence and crater counts argue for activ
ity within the last tens of millions of years on Europa and 
billions of years ago on Ganymede (Chapter 18). Therefore, 
the most important objective for a future orbiter mission is 
to confirm the presence of a modern ocean as argued in the 
recent decadal reports on Europa exploration (Cooper et al. 
2002, Belton et al. 2002). 

With the possible exception of the alkalis at Europa, 
radiolysis or materials delivered by either implantation or 
meteoroids may be able to explain most features of the icy 
Galilean satellites. Therefore, there is at present no unam-
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biguous compositional evidence that surface materials other 
than ice are intrinsic to these bodies, although we presume 
that such materials, if they are present, can be revealed. 
These discussions are, of course, preliminary and await ad
ditional mining of the large Galileo data set and better mod
eling of the radiolytic processing of the surface (e.g., John
son et al. 2003). This modeling will hopefully motivate new 
observations that can test whether or not remote sensing 
can be used to understand the satellites' present state and 
evolution. It might also be able to impact on the possibil
ity of materials from the putative subsurface ocean being 
emplaced on the icy satellite surfaces and the possible pres
ence of biologically relevant materials. Since the radiolytic 
processing discussed is likely occurring on other outer solar 
system bodies, understanding its role in the jovian system 
can be critical to interpreting the reflectance spectra from 
more distant objects and for understanding the expected 
Cassini data. 

20.8 SOME IMPORTANT ISSUES AND 
QUESTIONS 

To assess the long-term effects of radiolysis on satellite sur
face materials and surface features, experimental measure
ments of molecular production and destruction rates at rele
vant compositions and temperatures are needed. In addition, 
we need assessment of radiation-induced wavelength shifts 
of spectral bands for remote sensing identifications and di
agnostics. Specific issues are: 

• What are the origins of the carbon, sulfur and alkalis 
already identified and what other important elements are 
present? 

• Is there identifiable material transport to the icy satel
lite surfaces by rising ice diapirs or direct outflows from their 
putative subsurface oceans? 

• In the presence of radiolysis and photolysis can endo
genic and exogenic species be separately identified? 

• What are the relative roles of sublimation, sputtering 
and outgassing for populating the atmosphere and torus, 
and for molecular transport across the surface? 

• To what extent are species in the icy satellite atmo
spheres, in the neutral gas tori, and in the plasma diagnostic 
of the surface composition and resurfacing rates? Can trace 
surface species be identified in these regions? 

• What can be learned from laboratory and field ice ex
periments that would help us understand the spatial and 
chemical distributions of radiolytic products on irradiated 
surfaces of the icy jovian and saturnian moons? 

• Can radiolysis produce disequilibrium molecules in suf
ficient quantity to fuel biotic activity, and if bio-materials 
are emplaced on an icy satellite surface, what signatures 
might remain after radiolysis and photolysis? 

Not only are laboratory studies needed to provide data 
on physico-chemical processes that effect the satellites, but 
the development of more detailed ion energy spectra by 
species and charge state are needed from e V energies up
wards, particularly at low energies. These are needed in or
der to address interactions with the local fields and atmo
spheres and to better determine the energy and implantation 
flux to the satellite surfaces. 
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