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Galileo Orbiter measurements of energetic ions (20 keV to
100 MeV) and electrons (20-700 keV) in Jupiter’s magnetosphere
are used, in conjunction with the JPL electron model (<40 MeV),
to compute irradiation effects in the surface layers of Europa,
Ganymede, and Callisto. Significant elemental modifications are
produced on unshielded surfaces to approximately centimeter
depths in times of <10° years, whereas micrometer depths on
Europa are fully processed in ~10 years. Most observations of sur-
face composition are limited to optical depths of ~1 mm, which are
indirect contact with the space environment. Incident flux modeling
includes Starmer deflection by the Ganymede dipole magnetic field,
likely variable over that satellite’s irradiation history. Delivered en-
ergy flux of ~8 x 10° keV (cm?-s)~! at Europa is comparable to
total internal heat flux in the same units from tidal and radiogenic
sources, while exceeding that for solar UV energies (>6 eV) rele-
vant to ice chemistry. Particle energy fluxes to Ganymede’s equator
and Callisto are similar at ~2-3 x 108 keV (cm?-s)~! with 5 x 10°
at Ganymede’s polar cap, the latter being comparable to radiogenic
energy input. Rates of change in optical reflectance and molec-
ular composition on Europa, and on Ganymede’s polar cap, are
strongly driven by energy from irradiation, even in relatively young
regions. Irradiation of nonice materials can produce SO, and CO,,
detected on Callisto and Europa, and simple to complex hydrocar-
bons. logenic neutral atoms and meteoroids deliver negligible en-
ergy ~10*5keV (cm?-s)~* but impacts of the latter are important for
burial or removal of irradiation products. Downward transport of

radiation produced oxidants and hydrocarbons could deliver signif-
icant chemical energy into the satellite interiors for astrobiological
evolution in putative sub-surface oceans.  © 2001 Academic Press

Key Words: radiation chemistry; surfaces, satellite; Europa;
Ganymede; Callisto.

1. INTRODUCTION

Chemical composition and evolution of surface ices ol
Europa, Ganymede, and Callisto are of great interest for u
derstanding the satellites’ origin, exterior atmospheres, and i
teractions with the jovian magnetosphere. For Europa a prima
interest is the existence of a subsurface ocean (Sqegraek
1983) suggested by Galileo Orbiter imaging of disrupted terrai
(Beltonetal.1996, Caretal.1998, Sullivaretal.1998, Williams
and Greeley 1998). Hydrated minerals, perhaps from ocean se
in Europan terrain fractured by tidal stresses, may account f
spectral absorption features in near-IR reflectance spectra ¢
tained by Galileo (McCoreét al. 1997, 1998a,b, 1999). Current
models for Galileo Orbiter measurements of the Europa ar
Callisto magnetic field environments include internal current in
duction in the liquid water layer of each satellite (Khuramal.
1998, Kivelsoret al. 1999) by time-varying components of ex-
ternal magnetic fields from the jovian magnetosphere (Khura
1997).
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The ages of the satellite surfaces have been estimated from&mel Paranicust al. (1999) have used spectra for ions at Europ:
pact crater statistics and limit the combined cumulative effectsafid Ganymede to calculate surface erosion rates due to ion sf
impacts, irradiation, and crustal instabilities on these time scalé=ing; these results have been checked against our calculatio
A current estimate of minimum surface age for Europa froffor Ganymede we calculate the effect of the magnetic field c
cratering is 10years, as compared to:410° years for Callisto irradiation parameters in the equatorial region (Section 4), whil
and 0.5-10 x 10° years for Ganymede (Zahnk al. 1998). the full measured ion and electron spectra are found to apply
Neukum (1997) alternatively advocates a large range of agesthp polar cap region above 38/S satellite latitude.
to 10 years for Europa’s surface with an average-aff years. Following a description of the chemistry induced by ion im-
Models for internally driven resurfacing of Ganymede ovef 1(lantation (Section 7) and irradiation (Section 8) the above re
to 10° years have been proposed (Showman and Malhotra 198ilts are used to discuss irradiation-induced chemical evolutic
Showmaret al. 1997, Shoemaker and Wolfe 1982). Rising dief the icy surfaces for nonice materials (Section 9). Some of tr
apirs (plumes of low viscosity ice) from solid state convectiomaterials observed recently may be direct products of irradi
(Pappalardet al. 1998) are common features in mottled terraition, such as KO, and hydrated k50, on Europa, @and Q on
covering much of the Europan surface (Catral. 1998). Such Ganymede, and C{n Callisto. The constituent components of
terrain might arise from localized thermal runaway (McKinnohydrated minerals are likely endogenic, but the molecular col
1999, Caret al. 1998, Spauret al. 1998). figurations of all materials in the optical layer may be the resu

The satellite surfaces are also modified chemically and erodefdchemical reactions driven by the energy flux from magne
by irradiation from magnetospheric particles, UV photons, etespheric plasma. Many laboratory experiments since Miller
ergetic neutral atoms (ENAs) from the lo torus, and meteoritidrey (Miller 1953) have demonstrated both the decompositio
bombardment. Results reported here indicate that timescgl®ection 9.3) of mixed ices and minerals by irradiation, an
for magnetospheric ion and electron effects are as short atha synthesis of simple to complex hydrocarbons (Section 9.4
few years at micrometer depths and less than a few millién Section 10 we summarize our present results (Section 10.
years within the thin optical layer of1 cm accessible to re- and further discuss issues such as the state of energetic part
mote sensing observations. The energetic particle and UV efeasurements and models (Section 10.2), applications to i
fects are shown to be competitive at sub-micrometer depths berpretation of remote sensing data (Section 10.3), and potent
the more penetrating particles dominate chemical processingnpact of irradiation on astrobiological evolution for Europa anc
most of the optical layer. For many chemical reactions of isimilar bodies in planetary systems elsewhere (Section 10.4)
terest, e.g., bO dissociation, the UV energy fluxes above the
relevant threshold energies 86 eV are relatively insignificant
as compared to the particle energy fluxes (Section 6). Microme- 2. ENERGETIC PARTICLE MEASUREMENTS
teoroid bombardment produces the main jovian rings by impa . .
onsmall satellites (Ockert-Badt al. 1998, Burn®tal.1999) and %tsl Galileo EPD Instrumentation and Data
the newly discovered rings around larger satellites by impactsThe completed primary tour of the Jupiter system by th
on surfaces of those satellites (i¢€ret al. 1999). Although the Galileo Orbiter, and the Galileo Europa Mission (GEM), are pro
energy deposition for chemical change from micrometeoroigiling a wealth of energetic ion measurements from which acct
and ENAs is found here to be insignificant compared to partialate models of radiation environments for the Galilean satellite
and UV effects, the micrometeoroids may play a crucial rolean be constructed. In this work we use energetic ion and ele
in burial of irradiation products beneath the impact ejecta amn flux spectra as measured by the Energetic Particle Detec
in vertically distributing these products below the optical laydEPD) experiment (Williamset al. 1992). EPD data provide
through surface gardening effects (Section 6). much improved elemental discrimination and extend the spect

New in situ measurements of magnetospheric plasma, en&-lower energies than covered by the comparable Low Enere
getic particles, and micrometeoroids have now been acquit€barged Particle (LECP) experiments (Krimigtsal. 1977) for
near each satellite during multiple encounters by the Galil¢loe 1979 Voyager 1 and 2 encounters.

Orbiter spacecraft. The goal of the present work is to specify theThe EPD experiment includes two major subsystems, th
incident energy fluxes and direct irradiation effects of energet@omposition Measurement System (CMS) and the Low Ener
ions and electrons in the magnetospheric radiation environmektagnetospheric Measurement System (LEMMS). CMS uses
near Europa, Ganymede, and Callisto. We include flux spect@mbination of & (dx) ! vs E, total E, and time-of-flight (TOF)
for irradiation modeling only from the respective Galileo ormeasurements to determine heavy i@nx 1) composition at
bits G2, C3, and E4 (Sections 2 and 3); details of spatial atatal energies of 10 keV to 100 MeV. LEMMS provides data or
temporal variability for later measurements will be addressedtiotal ion (Z > 1) intensity in the range of 20 keV to 55 MeV,
future work. Calculated irradiation effects dependent on penghich can be combined with CMS data to separate the ion spe
tration depth include electronic ionization from ion and electrama for H, O, and S in the Galilean satellite region of the joviar
energy losses, implantation of stopping particles, and local ernagnetosphere. The time-of-flight versus energy (TOF vs E
sion by ion sputtering (Sections 5 and 6).elfpal. (1997, 1998) measurements from the CMS uniquely resolve the element
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species H, O, and S. The EPD measurements do not, however, 108 T
provide any direct information on the ion charge states, here sE
; ; ; 107
assumed to be low, as discussed in the next section. i
This work utilizes selected EPD ion spectra for Europa and 10°F
Ganymede similar to those already published bgtlal. (1997, i 10°F
1998), while also including a new ion spectrum for Callisto % 10%F
and electron spectra for all three satellites. Figures 1, 2, and 3 0 10! [
show the ion and electron flux spectra acquired near the orbits o ob
of each satellite. The sampling times and locations in Table | Ng 107F
were chosen for Europa and Ganymede to avoid the region of S 10lF
direct satellite sweeping for representation of the upstream en- E 1072 -
vironment near each satellite. The minimum averaging intervals % 107 _
were about 20 s, the spacecraft spin period. For Callisto the 5-h S 4F
averaging interval was used to represent the time-averaged in- 5 107°E
tensity as Callisto moved above and below the jovian plasma & 1070 E
sheet (Section 2.2). 10 F Ganymede (G2) g
The ion flux spectra have been derived from fits of kappa dis- 107 [ v vl
tributions consisting of maxwellian thermal cores at lower en- 10* 102 103 104 10°
ergies and power-law tails at higher energies (Vasyliunas 1971, Energy (keV)

Divine and Garrett 1983, Kanet al. 1995, Mauket al. 1996).
The LEMMS channel data are fit using sums of the distributions g 2. Fiux spectra representing the energetic particle environment uj
for three ion species, H O"", and S* (n+ refers to the unmea- stream of Ganymede from EPD measurements during the Galileo Orbiter’s ¢
sured charge states) while the TOF vs E data from CMS aresfitounter and from DG-83, the Divine and Garrett (1983) model for electron
for each principal ion in the applicable energy ranges. All EPPrtails are as given in Fig. 1 and in Table I, except that the model spectrum f
! ] . lectrons is used for dosage calculations only above 700 keV.
spectral fits are weighted according to known energy thresh:
olds and geometric factors for the ion and electron channels
(Williams et al.1992). EPD energy thresholds of spectragor
H*, O, and St are 21-23, 22, 45, and 82 keV, respectively
LCURALLL B e in total energy. Maximum energies are 121 MeV for ions an

6k
10°¢ 682 keV fore™. Here the O™ and S+ fluxes at the threshold
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- 10:? -:\‘*\\\'u 10° T
- 10°F ~ :\\\ . :, .
> 02k %""ﬁ”?«"'\’ ) 104§ Callisto (C3)
'Mu 1 3 :—\‘ \'" 103 = :":"'iq,-\
E'?J 10 E- "Q" A ',‘ _ . § -~
2 10°F 3 ~ 10°F
g 10F — & @®pD) W > " E
S 10'E o g ) 9 10tk A
b i A 0 - NS
5102 — o \ 7 10F
2 10°F —— g™ E 107k NS
£ 107F - ¢ (DG-83) % 102F A\3
£ 105F 2 3F — CEPD) N
= E SN\,
10°F Europa (E4) EE H* N\
E 1l IIIIIII 11 IIIIIII 1l IIIHI' 1 ‘2 10- ? oumnee On+ \\ ‘\
10-7 g 5 - NN
10t 100 100 10 & 10°F == §™
Energy (keV) 1()'6;' ---- g (DG-83) .
) ] 10_7— T BT BRI BT SR
FIG. 1. Particle flux spectra from EPD measurements of the magneto 101 102 103 104 105

spheric environment of Europa during the Galileo Orbiter’s E4 encounter as
functions of total particle energy for the sampling times and locations specified Energy (keV)

in Table I. The electron spectra are shown both from EPD at 20-700 keV and

from the model spectrum (DG-83) of Divine and Garrett (1983) extending up FIG.3. Flux spectra for the energetic particle environment of Callisto fron
to 40 MeV. The model electron spectrum, and the EPD ion spectra, are usedfier Galileo Orbiter's C3 encounter and from DG-83, the Divine and Garre
dosage calculations. (1983) model for electrons. Details are as already given in Fig. 2 and Table I.



136 COOPER ET AL.

TABLE |
Galileo Orbiter Ephemeris Parameters for EPD Flux Measurements

) Jovicentric (System lll, 1965) Satellite-centered
Date Time
Satellite Orbit (SCET-UT) (SCET-UT) ry 23(°) 03(°) am(°) rs ) s (°)
Europa E4 Dec. 19, 1996 06:40 9.40 -0.22 150.2 +5.70 3.13 —0.86 27.39
Ganymede G2 Sept. 6, 1996 18:40 15.13 +0.13 147.0 +5.62 3.60 +11.67 168.78
Callisto C3 Nov. 4, 1996 11:00 27.2 —0.18 1514 +5.90 — — —
16:00 25.3 -0.17 329.0 —5.94 — — —

Note.Radial distances are listed in units of either jovid & 71,492 km) or satelliteRs) equatorial radii. The latter radii are defined here as 1560 km fo
Europa, 2634 km for Ganymede, and 2409 km for Callisto, as per documentation from the Planetary Plasma Interactions node of the Planetary Datz
Close approach times on the respective encounter days were approximately 06:52:58, 18:59:34, and 13:34:28 SCET-UT for E4, G2, and C3. Lo
(p) are given in the conventional senses, west from the prime meridian for jovicentric System Il and east freisthais directed toward Jupiter for
“planetographic” satellite-centered positions. Latitudesafe defined relative to the jovian and satellite equators, exceptghistjovimagnetic latitude relative
to the dipole equator of Jupiter's planetary magnetic field. The E4 and G2 samples were taken, respectively, inbound to E8Rypa &€+ X direction
and outbound from Ganymede abB;s in the —Xs direction. All three samples were therefore well outside the satellite “magnetospheres” of radial ex
rs < 2Rs. The jovian plasma sheet of vertical thicknessR; is approximately centered on the jovian dipole equator within the orbit of Callisto, so the E4 and
measurements occurred well within this region of hotiogenic plasma. The time-averaged C3 sample was taken at various positRRysalgoie the plasma sheet.

energies are extended as constants down to 22 keV for numergeales for production of significant irradiation effects are man
calculations. orders of magnitude greater than orbital periods of the satellite

The EPD electron spectra used for each satellite are detr-our sampling intervals for accumulation of the EPD spec
mined from power-law fits to LEMMS count rate channels; cutra. A particular source of spatial variation is the jovian plasm
rently the EPD spectra extend only to 0.7 MeV but may b&heet, where plasma and energetic particle densities peak witl
extended in later work. At higher energies we add extendad equatorial region of about fiig; in vertical thickness. The
spectra to 40 MeV from the JPL-supported model of Divine analasma sheet is roughly coplanar with the magnetic equatori
Garrett (1983) as derived from Pioneer and Voyager measupéane of Jupiter out to 3®;, so Callisto moves in and out of this
ments. The model fluxes are adjusted to match the 0.7-Me&gion during the 10-h period of Jupiter’s planetary rotation. Th
endpoint from EPD. orbits of Europa and Ganymede lie entirely or mostly within the

The absolute fluxes of the EPD and model spectra agree withigrtical extent of the plasma sheet, so spatial variations in i
afactor of two or better at this energy but increasingly diverge leydent particle intensity are less significant. However, tempor:
up an order of magnitude at lower energies down to 20 keV. Thariability of hot plasma has been reported (Malal. 1997,
largest differences occur for the Callisto spectra and are likel®99) from EPD measurements between the orbits of Europa a
due to spatial and temporal differences (Section 2.2) betwe€allisto. Samples from many crossings of the satellite orbits, ir
measurements made at least 20 years earlier for the model aludling those from the ongoing Galileo Europa Mission may
those from EPD in the current epoch. Higher particle intensitiesentually change aspects of the modeling. However, we ha
near and within the orbit of Ganymede can also cause cowafiteady compared spectral fits for the Europa and Ganyme
rate saturation in EPD electron channels below 300 keV. Thiata used in this study to longer time averages of several hot
instrumental problem mostly accounts for the EPD vs model déind found no significant differences within the errors of the fit:
ferences in the low-energy Europa spectra of Fig. 1 and similaftyr selected energy ranges.
affects Ganymede EPD data at times when intensities are highefhe question of temporal variation might be addressed froi
than in the Fig. 2 spectra for the G2 orbit. The latter appeatferences over 20 years between the EPD and LECP partic
representative of time-average intensities from our samplesensfergy fluxes, but it is difficult to separate out the spatial an
spectra during later orbits of the Galileo mission. For Eurogamporal differences. Mauwdt al.(1996) reported the radial vari-
the model spectrum in Fig. 1 best represents a corrected versation at 5 to 2®R; of ion and electron energy fluxes measured by
of the EPD fluxes below 0.7 MeV, and the mixed ERInodel LECP at crossings of the plasma sheet, where maximal trapp
spectra are used for the other two satellites. particle fluxes are expected along the local magnetic field line
Depending on whether theé > 1 LECP channel responded to
H* or heavyions (e.g., ©), the ion energy fluxes (assumed to be
isotropic) in keV (cm-s)~! units were 14 x 10'° (H* or O")

In order to estimate time-averaged incidence of magnetaear the orbit of Europa and8x 10° for H* (or 5.9 x 10° for
spheric particle fluxes on the surface of each satellite, we cdd?t) for Ganymede'’s orbit. Electron energy fluxes from LECF
sider variations with measurement location and measurementiare 79 x 10'° keV (cn?-s)~* for Europa and ® x 10 for
the highly dynamic jovian magnetospheric environment. Tim&anymede. Eyeball extrapolation of Fig. 3 in Maatlal.(1996)

2.2. Spatial and Temporal Variability
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suggests an order of magnitude drop from 15~®6R; for in energy per charge units over 12 decades in phase space ¢
ions and electrons. Comparing these values to the EPD enesdgy for jovian plasma sheet crossings at 26R3XKeppler and
fluxes (cf., Section 5.1 and Table II), we see that the differenciésupp (1996) used a similar approach with data from the Ene
from the LECP equatorial values above for ions are minimal fgeetic Particle Composition (EPAC) experiment on Ulysses ar
Europa’s orbit but progressively increase outward as expectido found a predominance ofOand S+ in the keV to MeV
for a latitudinal variation. The EPD electron energy fluxes désgenic ions. The present work assumes these latter values.
cline outward in a similar manner. We find the number fluxes
(not shown here) fo-500 keV electrons near Europa’s orbit
to be similar to earlier measurements from the Voyager LECP
experiments.

Therefore, the EPD ion and electron dnfferences from Voyag rl. Flux at the Satellite Surface
measurements appear to be more spatial than temporal for the
limited sample of EPD spectra presented here. We note, howeveiThe measured flux spectra discussed above pertain to the:
that the first Voyager LECP measurements at Jupiter (Krimigésgetic particles in the jovian magnetospheric environments ot
et al. 1979) showed order of magnitude temporal variatiorside the “mini-magnetosphere” of each satellite. Since we ha
even between the inbound and outbound passes of Voyager ihabred any pitch angle anisotropy by using spin-averaged flt
Callisto’s orbit. As noted above, signatures of magnetosphesgigectra from the Galileo EPD experiment, it is first assume
activity appear in EPD data throughout the Europa to Calliskere that an isotropic particle flux falls everywhere onto eac

3. INCIDENT PARTICLE FLUX AND SATELLITE
SWEEPING EFFECTS

region. surface. We ignore local magnetic field perturbations and pre\
ous sweeping of the trapped particle environments at the orb
2.3. Charge States of Heavy lons of each satellite. The latter would otherwise deplete the dow

In situ charge state measurements have been made in uﬁﬁgam environment relative to the direction of plasma corot:

of energy per ion charge by the Voyager Plasma Science (PIE . The mtegrgl qmnldlrgctlonal fluk (cr-s)~* incident at
instruments to 6 ke'¢ ! (Bridgeet al.1979), by the Ulysses So-2 surface p0|nt. is then justJ, whereJ correspond_s t‘? the
lar Wind lon Composition Spectrometer (SWICS) (Geissl. integrals of the spln-gveraged flux spectrafrom'EPDm Figs. 1.—
1992) to 60 keVeL, and by the Galileo Plasma Spectrometeﬁnd the avoerage |nC|den_ce angle from the yertlcal (local zenit
(PLS) experiment to 50 ke 1 (Craryet al. 1998). Although |so Z, ~ 45° for a flat solid surface and incidence angle rang
the Voyager PLS data showed predominanceo&@d S states 0 < Ze < 90"
in the lo torus, the nonthermal (keV) plasma ions sampled fuy- :
ther out near the orbit of Callisto included a significaﬁfs%'z' Corotation Effect
component. The isotropic assumption works well for more energeti
While the Voyager PLS data derived from electrostatic defle@eV) particles but breaks down at lower energies. The in
tion were limited to energy per charge spectra and provided pact velocity for incidence of fresh pickup ions (neutral atom
discrimination between ©and $*, the Ulysses SWICS and ionized by solar UV or charge exchange interactions and the
Galileo PLS instruments used additional parameters. SWI@8ced into corotation by the magnetic field) onto the trailing
data added H(dx)~* energy loss and time-of-flight parametersiemisphere is; < 2(v. — vi) for full corotation velocity vc
in triple coincidence mode (Geis$ al. 1992). The Galileo PLS within the planetary magnetic field and for satellite orbital ve
used corotational anisotropy (i.e.?*Svaries more with look locity vx. More energetic ions, accelerated by magnetospher
direction than @) for compositional separation. The SWIC3rocesses, have much higher impact velocities> v.. Eddy
data were, however, much less sensitive to singly charged ioogtrent induction from open jovian field lines moving acros:
particularly S, while Craryet al. (1998) reported only on the the satellite ionosphere (largely arising from sputtering of net
1+ and 2+ charge states. Fd@ > 1+ ions Geisst al. (1992) trals off the satellite surface) leads to reduced impact speet
found that G* and $* were dominant for Ulysses measurev; ~ (vc — v) fs with sub-corotation factof. = 5 for Europa
ments mostly outside Europa’s orbit, inbound to Jupiter, arf8aueret al. 1998) andf; = 3 for Ganymede (Williamt al.
outside Ganymede'’s orbit, outbound. 1998). No estimates df, are available for Callisto. For the pur-
Hamiltonet al. (1981) found that energetic ion spectra fronpose of numerically tracking motions of incident particles or
the Voyager LECP instrument were well organized by energypenfield lines near Ganymede in Section 4.3 we use the reduc
per charge up to 20 Me¥! only for low charge states (e.g.,impact speeds. Within the closed dipole field region of this sate
O*t-0%*F, S**—S*) of O and S atoms presumably originatindite the sharply reduced plasma density from field line resonan
from lo, and for high charge states {HHe?™, HS, C°F, Fet2t)  modeling (Volwerket al. 1999) gives a much larger reduction
of otherions more likely from the jovianionosphere and the soldg ~ 50, such that only a few percent of the corotating plasm
wind outside the magnetosphere. Collier and Hamilton (199particles at low energies may actually impact the equatorial st
later confirmed that the SWICS mean charge states’ofadd face. A similar reductiorf, ~ 60 was inferred for plasma flow
S** provided excellent organization of the Voyager 2 LECP data the downstream wake region of lo (Fraekal. 1996).
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The incident fluxes of fully or partially corotating particlesheavy ions &+ and $*. In the case of Ganymede the internal
are expected to be higher on the trailing than the leading sidfisole momentBg ~ 750 nT (Section 4.1), gives a larger total,
if there is full access to the surface as demonstrated numesi~ 650 nT, near the satellite equator, so we show values wi
cally by Pospieszalska and Johnson (1989). The peak incideag@ without the internal component. Except for those of th
flux can be up to an order of magnitude higher near the trailingw-rigidity electrons, all these energies fall within the range
apex than elsewhere, and this peak flux is several times largensidered here from the Galileo EPD measurements for all ti
than the globally averaged flux. Electrons have smaller gyroragiitellites. Significant fractions of the energy flux from heawvy
(Section 3.3) and shorter latitudinal bounce periods in the jovighs and higher energy protons would therefore be uniforml
magnetic field than ions at comparable energies, so much of thetributed onto the satellite surfaces.
electron and lower energy ion flux would impact into the trailing A further consequence of the gyroradius effect is that some i
hemisphere at higher local intensities than the globally averagsidence trajectories are forbidden due to blocking by other par

values presented here. of the same surface, particularly for energetic ions moving eas
. ward within a satellite’s equatorial region for a jovian magnetic
3.3. Gyroradius Effect field pointing generally southward in satellite-centered coordi

Low-energy corotating ions and electrons firstimpactthe traff3tes. For further discussion we define a local horizon syste
ing hemisphere, but more global irradiation arises in part frofth zenith angleZe relative to the local vertical and azimuth
the large gyroradii of energetic ions. The maximum gyroradi@19/eA; incréasing eastward from local north; these angles giv
in km for equatorially trapped (pitch angle~ 90°) particles is the directiorfrom whicha particle is incident to a potential im-
simply calculated fromrg = P(30B;)~%, whereP is the mag- pact point. The eastward-moving (from west) direction, define
netic rigidity (particle momenturp divided by charge) of the i_n the “pl'anet.ographic'" sense of being in the direction of §ate|
particle in megavolt (MV) units an@; is the local magnetic € rotation, is then given by = 90" and A, = 270" and is
field magnitude in Gauss (1 & 1C° nT). Figure 4 gives the also close to the local direction of gyration in the jovian mag
kinetic energiesEy, at whichry equals the physical radius netic field. A, = 90° corresponds to the westward moving (from

of each Galilean satellite for electrons, protons, and the iogeff@St) direction. Although ions at the critical eneigy just cir-
cumscribe the satellite surface in the absence of any local ma

netic perturbation from the magnetosphere—satellite interactio

90 particles within a corridor of average half-widdly ~ fqrs
with gyroradius enhancemeffig = (1 +rqrgt). Here we have
roughly allowed for variation with jovian rotation in vertical off-
set of the satellite center in the corotating frame of the jovia
dipole field and for random gyrophase of trapped particles cor«
tating longitudinally past the satellite. When the satellite’s verti
cal offsetin this frame i§z| > rs, no absorption of the ~ 90°
+ 3 particles occurs; this is why we express above in terms of
an upper limit. In more general and complex cases a numel
FIG.4. Corkscrew energieBg (Section 3.3) at which energetic electron,Cal model (e.g., Paonessa and Cheng 1985, Bell and Armstro
and selected ion, gyroradi, in the ambient jovian magnetic fieBy equal the 1986, Fillius 1988) is needed to calculate sweeping ratesgnd
satellite radiiRs for Europa, Ganymede, and Callisto. Tig values forthe total  for anisotropic trapped particle fluxes with time averaging ove
external and internaB(; + Bg) field of Ganymede are also shown. The ioff$ O L?]Vian rotation. New complications now include the internal ol

and $* are likely dominant components (Section 2.3) of the energetic heavy i . . . .
environments near these satellites. For the Ganymede dipole field these ene”}gyced fields near the satellites. Using EPD spectra very sin

also correspond to the maximum Starmer cutoff values for incidence at #@ t0 those in Figs. 1 and 2 for Europa and Ganymedet k.
satellite’s equatorial surface from local east as defined in Sections 4.2 and 42997, 1998) computed ion sputtering yields from these spect

—_
==
T

6 . : Lo . :
10°F E= Buropa (B) E impact trajectories in this direction at lower energies will be
C Ganymedé ®) forbidden. The lower limitEy, on allowed impact energies de-
5 Nl . BN Ganymede (By+By) | - creases away from the satellite equator toward zero measure
107 ¢ h Callisto (Bj) J|  the poles and also decreases with angular separation from
C 3 eastward moving direction for alle < 90°. This directionality
~ 4'_ is similar, except for an approximate reversal in azimuth ang|
E) 10°E . phase, to that from the Stgrmer effect (Section 4.2) for forbidde
‘{50 u incidence trajectories in the presence of internal dipole fields.
24l 3 - BN ER B iR BB An increase in gyroradius, particularly for energetic ions, ca
@ 10" E lead to enhancement of irradiation intensity due to expansic
) of the radial jovicentric corridor swept by the satellite. A satel-
U; L BN ER BB BN BN NG lite located at jovimagnetic latitudg.m| ~ 0° sweeps alb ~
2
2
-
o
O

©
I
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(mostly for S and O) withfg ~ 2 based on earlier modeling 2.0 . ~ T
(Pospieszalska and Johnson 1989). For our simplified 0,

18z] > rs) example above thi§; value appears plausible fof'S

and G* ions in the EPD response range at the energies in

Fig. 4. In what follows we will, however, express calculated 1.0
parameters proportional to irradiation intensity as lower limits

for assumed gyroradius factofg > 1. The fy value used by Ip -
et al. (1998) may not be applicable to all irradiation parameters

=
to be discussed here. S 0.0 (( Ganymede ]
N (G2)
4. SURFACE SHIELDING BY MAGNETIC FIELD I i
4.1. Magnetic Fields of the Satellites -1.0

Existence of the internal dipole moment of Ganymede was
discovered from magnetometer measurements by the Galile
Orbiter (Kivelsonet al. 1996, 1997a) and further confirmed by
modeling of energetic particle signatures (Williaetal.1997a).

The dipole is aligned within~10° of the satellite’s south rota-
tional pole and has a variable angle to the local jo\Bagiirec-
tion. The internal dipole fiekBeq ~ 750 nT> B;~ 100 nTis FIG.5. Magnetic field line configuration around Ganymede from vacuun
strong enough to dominate the external field contribution out ¢aperposition of the internal dipole field (Kivelsehal. 1996, 1997a) and the
about two Ganymede radii, the maximum lateral extent of tifdurana (1997) model for the jovian external field at the System IlI locatiol

; ; ; le I) of this satellite during the G2 encounter at closest approach. The fie
nym magn here, and givesri I ipolar f . = _
Gany ede agnetosphere, a d givesrisetoc osedd pola |n?e(2 are computed in th€s—Zs plane wheret+Xs is directed toward Jupiter

Im_es Wlthm th'_s reglon_ ‘.”ls shown in Fig. 5. As discussed be|0\%d+zs is northward. The external field components are strongest in this plar
this configuration significantly affects access of magnetospheyjgh the —zs component from the jovian dipole field being dominant. The nortt
particles to the equatorial surface. magnetic pole of Ganymede is tilted21@Bway from the satellite’s rotational
Initial fits of dipole field models to Galileo magnetometer dat@xis towardys = 200" in satellite east longitude. The field lines are computec
for Europa and Callisto showed only upper IimiBeq ~ 120 outward from the Ganymede surface atisicrements in satellite latitude; only

. : . the lines with surface footpoints are shown. Field lines closing back to th
and 15 nT, respectively, the actual dipole moments (if any) b, D ?

) ) . Sirface at latitudess < 40° define the zone of Starmer deflection (Sections 4.z
ing poorly determined (Kivelsost al. 1997b, Khuranat al.  and 4.3) for energetic electrons and charged ions from the local magnetosphe
1997). Modeling of later measurements now extending into tlaevironment.

Galileo Millenium Mission (GMM) indicate for these latter two

satellites the presence of induced dipoles varying for differehgaling of these cutoffs for Saturn was given by Cooper ar
Galileo flybys in response to change of the external field dire§impson (1980) and is now applied to Ganymede. The repr
tion during jovian rotation. A small induced component magentation below can be applied to any magnetized body with :
be present at Ganymede but is difficult to separate from thigernal dipole field. In terms of central body radiysn kilo-
internal dipole and the variable magnetospheric field (Khuraf#gters, equatorial surface field magnituglgin nT, local hori-

et al. 1998, Kivelsonet al. 1999). These induced dipoles arezon directional anglesZ , A;) as defined earlier (Section 3.3),
thought to arise from electric currents induced in subsurfabécliwain (1966)L value, and local magnetic latitudg, the lo-
water layers, at least for Europa and perhaps Callisto, by varé@l cutoff P in megavolt units of magnetic rigidity (momentum
tions of the external field, mostly in directions perpendicular feer charge) is given by the relation

the satellite spin axes. As shown, respectively, in Figs. 6 and 7 for P —30x 10 *B..r

these two satellites, field lines at all points on the surface open ¢~ ™ edrs
out into the magnetosphere, albeit with significant divergences x [L(1+ (14 81 SinZesin A, cos 1m)*9)] 2. (1)

near the induced magnetic poles. Notwithstanding other effecgt]i dinole i ; s f imate all
(e.g., corotational impact asymmetry of plasma particles), the € dipo'e sign parameley equals+ for approximate align-

open configurations allow free access of magnetospheric pa?ﬁ?m of-the .magnet|c dipole and rotational axis vectors in tf
cles to all points on the surface of these two satellites. same directions, as oceurs for th? planetg Juplter .and Satu
and—1 for approximate alignment in opposite directions as fo
Ganymede and Earth. Changing the particle chargesgigiso
reverses the directional dependence.
Quantitative relations in analytical form to calculate lower The Mcllwain L value in the above relation is exactly the
limits on particle energies needed to penetrate a dipole fielduatorial distance in satellite radii at the local field line’s cross

to any interior point were given originally by Stgrmer (1955)ing of the magnetic equatorial plane for a pure dipole field. Thi

2.0~ —— '
2.0 -1.0 0.0 1.0 2.0

XGan

4.2. Dipole Energy Cutoffs from Starmer Theory
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is roughly (Stone 1963) the same distance for a more realist
multipole field in which the dipole provides the strongest com
] ponent. Sauer and Ray (1963), and later Smart and Shea (19
1973), used numerical particle trajectory calculations to gene
] alize the applicability of thé -dependent cutoff to the multipole
fields, showing thaP. remains approximately constant along a
] line of force defined byL at any latitude. We compute finite
L and P; values in the dipole region of Ganymede but assig|
N infinite L values with zerd?, cutoffs to the polar cap region of
Ganymede and the entire surfaces of Europa and Callisto.

] In the conversion oP to total kinetic energye., as given by
the relativistic relation

2.0

1.0

Ec = ((P.a)* +m*)°° —m @)

for particle charge, momentumP; gc, and massnc (we use
the convention that light speed= 1), the particle charge be-
2.0 -1.0 0.0 1.0 20 comes critically important. Energy cutoffs are shown in Fig. ¢
Xgur for electrons and various ions species incident from the zeni
o _ _ _ (Ze = 0°) as computed from Egs. (1) and (2). The heavy ior
FIG.6. Magneticfield line configuration around Europa in ¥e-Zs plane cutoffs depend strongly on charge states, here assumed mai

(cf., Fig. 5) from vacuum superposition of the external jovian magnetic Beld n " . . .
(Khurana 1997) at the System Ill location of the E4 encounter and the indudQy be G* and & (Section 2.3). In any surface region within

dipole field as modeled by Khurare al. (1998) and Kivelsoret al. (1999). the dipole field of Ganymede the magnetospheric electrons &
Only the field lines with surface footpoints are shown as in Fig. 5; note thetally excluded for energies measured by the Galileo EPD ir
absence of any dipolar field lines closing back to the surface. The inducgftyment. Any EPD-energy electrons reaching the surface in ti

dipole momentM, at the satellite eq_uator varies in a direction an_tl-parallel t%quatorial region would have first become quasi-trapped befo
the localXs—Ys component oBj, mainly theXs component, and with a mag- L. K
nitude sufficient to givé8; + B; = 0 at the induced magnetic poles. The IattetpreC|p'tat'ng to the surface. Electron trapping near the edge

are approximately located at the sub-jovian and anti-jovian surface points whifi@ dipole region was observed during the G8 Galileo encount
inflection points appear in the field lines.

2.0
B2 Ganymede L=1.0

Ganymede L= 1.7
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FIG.7. Magnetic field line configuration (cf. Fig. 6) around Callisto in the e H+ + 2+ o3+ S+ S3+ 516+

Xs—Zs plane for superpositioB; + B, of the external and induced fields at the

time of the C3 encounter. Only the field lines with surface footpoints are shown FIG. 8. Starmer cutoff energies (keV) computed from Egs. (1) and (2) fo
as in Figs. 5 and 6. The large relative magnitude ofXe&omponent folB;  penetration of electrons and ions to the equatotiai(1.0) and mid-latitude
induces a strong field line divergence near the satellite. As for Europa (Fig. 6)m = 40° andL = 1.7) surface of Ganymede through a pure dipole magnetic
there is no region of closed field lines. field in vacuum with no external jovian field.
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and the efficiency for entry of such electrons into the GanymedeA particle trajectory tracked back along a direct path, with
magnetosphere appeared to be no more than 1 to 10% (Williaowg passing through the satellite surface, to an initial point c
et al.1997b). origin beyond the assumed magnetospheric boundary is ide
The directionality of Starmer cutoffs computed from Egs. ()fied as having an allowed trajectory. By varying the particle
and (2) are now summarized for energetic protons incident onteidence energy the approximate energy of transition from fo
the equatorial surface of Ganymede for a pure internal dipdd&den trajectories at lower energies to allowed trajectories
model with no jovian field contribution or blockage of incidenhigher energies is then defined as the local Starmer cutoff enet
trajectories by the satellite surface. The cutoffs are maximal for the given endpoint position and direction of incidence
for incidence from local eastA;, = 90°), minimal from west Some trajectories not originating from outside the satellite ma
(A, = 270°), and constant for any direction of incidence withimetosphere in a predetermined number of steps (e.8),at8
the plane of the local magnetic meridiaA,(= 0° or 180 for designated as being associated with locally trapped particles.
anyZ. < 90° value). Note again (Section 3.3) that east and wetkte Ganymede environment most trajectories at energies bel
directions are respectively defined in the usual planetograpliig are identified as forbidden due to surface shadowing, whi
sense of toward and away from the direction of rotation for titee relatively few trapped events tend to cluster at energies jL
Galilean satellites. A maximum cutoff from East at the equatoribelow E..
surface corresponds to a particle having a gyroradius equal ta'he effect of directional cutoffs on incident energy flux is

the surface radius; that is, a particle of this energy and incideribestrated in Fig. 9 for an incidence point at the equatoria
direction is in a circular magnetic orbit around the satellite.

4.3. Particle Trajectory Results for Ganymede

Numerical techniques are needed to calculate charged p&? from East anymede Trailing Apex
Proton Cutoff Energy

cle trajectories in realistic models for the real magnetic enviro
ments of the Galilean satellites, for which the simple model
Eq. (1) for a dipole extending to infinity in a vacuum is clearh2
not valid. These calculations require that the total vector ma
netic field, including contributions from all internal, induced &
and external sources, be computed at each step along the %
jectory. For the external magnetospheric field we use eithe
simple jovian planetary dipole model (e.§sq ~ 4.3 G at the N
equatorial surface of jupiter) or the full magnetospheric mod

of Khurana (1997). Additional magnetic fields from internal o
induced dipoles, and extending outward one raditfeom the
satellite surface, are added to give the total veBtdield. Dis-
tance to the surface must also monitored at each step along a
computed trajectory to a desired endpoint to check whether
trajectory is forbidden by surface shadowing.

For this purpose we have implemented our own modific
tions for the jovian magnetospheric and satellite environmet
of now-standard trajectory tracing routines, originally imple
mented by Sheeat al. (1976) for Stgrmer cutoff calculations
of solar and galactic cosmic ray penetration to the surface
Earth. The principal algorithm involves Runge-Kutta (fourth ol
der) integratiorbackwardin time of the equation of motion for
particles of chargg and vector velocity incident at some end-
point position within the local magnetic fieRlin the corotating
frame of the planetary magnetic fieg. The relative corotation
velocity (ve — vk) f. ! with sub-corotation factof, > 1 is used
to transform the particle position at the end of each step frc ' - o5 s
the corotating frame to satellite-centered coordinates to deter-
mine whether an impact has occurred. The default step time iIG. 9. Directional maps of proton (a) Starmer energy cutoffs and (b
0.0l‘l:g with respect to magnetic gyroperio@l computed at the penetrating energy fluxes from numerical calculation for penetration of energe

.. . . rotons to the trailing apex surface of Ganymede as function of local zehith
start position of each step but is decreased if the resultant sgﬁ 9ep y S (

; .Qazimuth A;) angles (Sections 3.3 and 4.2). Energy fluxes are compute
length becomes too large, e.g., due to large local gradients i, integration of the measured proton spectrum near Ganymede (Fig. 2)

any component oB. total energy between the Stgrmer cutoffs and 100 MeV.

nergy (MeV)
0 1020 30 40 50 60

Proto

Ganymede Trailing Apex
Proton Energy Flux

from West

Log (Bnergy Flux JkeN wems ™)
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surface of Ganymede and at the center of the trailing hemia
sphere. The 120 incidence directions are chosen for isotrop
incidence onto a flat surface from evenly spaced increments ¢
0<cogZ, <1 and 0< A, < 360. Mid-point (Z., A,); val- )
ues are computed for each increment. The particle trajector 10
code is used to determine all cutoff valugs (Ze, A,)i in

Fig. 9a for protons and energy fluxes in Fig. 9b are calculate~
from integration over the EPD energy spectrjim (E) from 5 10°
Fig. 2. As expected from Eq. (1), the proton energy cutoff is<
smallest from the westwardZf = 90°, A, = 270) direction 2
where the energy flux is then largest. In the context of sur-§ 107!
face terrain exposure the east-west asymmetry of the cutof
means that westward-facing slopes will be more strongly ir-§
radiated by penetrating magnetospheric ions than those facir &
eastward. Electrons would have the opposite directionality
but cannot reach the equatorial surface at EPD energie

Ganymede Magnetic Equator

Proton Incidence Energies
from Local Zenith Direction

MeV
T

T

>10 keV. 1035
The numerical model in principle allows us to map the global 0 90 180 270 360
dependence of the energy cutoffs in surface latitude—longitud Ganymede East Magnetic Longitude (°)

(As, ¢s) and incidence directiornd, A;) coordinates. However,
such an undertaking needs to include a more complete magnetb 2 L I
: . . - 10
model for the Ganymede environment (e.g., including trailing—
leading asymmetries due to compression by the corotatin
plasma pressure, cross-tail electric fields, etc.). Such calcule
tions are planned but will be computationally intensive. There-
fore, a detailed discussion of longitudinal asymmetry is beyonc
the scope of the present paper.
; : o 100
Figure 10 shows our computed mapping of proton transmis
sion energies to the equatorial Ganymede surface as a function =~
magnetic east longitudg,, and latitudeir, for incidence from )
the local zenith direction at kiloelectron volt to megaelectron & 107
volt energieskE. Three distinct regions in the plotteds vs ¢,
andE vs A, domains are apparent:

Ul

10!

T TTTTTT
Loecnnl

~~

Ganymede Trailing Apex Meridian g
Proton Incidence Energies

from Local Zenith Direction

ergy (MeV

T T T
Lyl

Proton E

10
(1) Low energy protons below 20 keV (the EPD response

threshold) show the expected longitudinal asymmetry with max: :

imum access to the trailing hemisphere and reduced access 1073 :

P |

the leading hemisphere. Vertically incident intensities of these 0 10 20 30 40
corotating particles fall off with increasing, in the closed field Ganymede North Magnetic Latitude (°)
region but increase again at the edge of, and outside, this latitu-

FIG. 10. Magnetic (a) east longitudgy, and (b) north latitude.,, distri-

dinal region.
(2) N% direct transmission occurs near the magnetic equal?aljons of proton energies for allowed trajectories incident from local zenitl
onto the surface of Ganymede. East is defined in the “planetographic” sen

in the intermediate energy range up to megaEIeCtron volt en@’éction 3.3) to be the direction of satellite rotation. The source computatic
gies. Proton incidence in this zone comes mainly from trappgglizes a dipole approximation for the external Jovian magnetic Bgldnd an
particle trajectories originating within the satellite magnetorternal dipole momenig (Beq = 750 nT) aligned with the southward jovi-
sphere. Narrowing of this forbidden trajectory zone at magneg@ntric pomponent 0f~100 nT ofBJ._The Iongitgde and latitude profilg; are
latitudesim > 20° reflects thewy dependence in Eq. (1). Sur_respeptlvely computed at the satellite magnetic equator and the trailing ap
face incidence from near the vertical direction mostly occurs 6nne”d'an'
open field lines ak, > 30°.

(3) All protons above the Stgrmer cutoffs at megaelectron
volt energies reach the surface with no apparent Iongitudiqlsah General
variation, although some leading—trailing asymmetry would ™
likely be induced in more realistic models from magnetic com- Our calculations for irradiation effects begin with the spin-
pression by the upstream corotating plasma. averaged flux spectra(E) of Figs. 1, 2, and 3 for the EPD

5. SURFACE IRRADIATION MODEL
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measurements of the ion£ 1, 2, 3 for H-, 0°+, S**) and elec- region for each particle type, and the combined effects of &
tron ( = 4) components at the orbits of Europa, Ganymede, atypes if appropriate. Results for depth dependence of volun
Callisto. In the cases of Europa, Callisto, and the Ganymede pimsage timescales (cf., Section 5.2) are summarized in Fig. !
lar cap these spectra are directly converted to omnidirectioffdle surface energy integrals give values in Table Il for particl
flux f(E) ~ mj(E) in units (cnf-s)~! and integrated above thenumber flux, energy flux, sputtering time in years per mm fo
relevantinstrument energy threshokgigfor any weighting func- surface erosion of 50 molecules, and cumulative implantation
tion w; (Eo, E) applying to a particular irradiation parameter antime in years to accumulate ¥cm=2 stopped ions. The aver-
incident particle type with no other distinction for incidence age stopping depths, weighted by flux intensity for each partic
location on the satellite surface. For the Ganymede equatotigbe, are also included in Table Il. The typical average incider
region the rigidity cutoffsP(Z., A;) from the 120 incidence angle corresponding to these depth valuesis- 47° for aver-
directions for protons in Fig. 9a are converted via Eq. (2) @ging over the finite number of incidence directions as compar
equivalent energy cutoff&; for heavy ions and electrons, ando the purely isotropic case (Section 3.1). The timescalesin yes
the energy integral is then summed for each of these direction$doFig. 11 refer to times for accumulation of an energy dosag
give the omnidirectionally averaged parameter value dependehtl00 eV per 16 amu of ice material, a standard cumulativ
on incidence positionig, ¢s). For dosage calculations the verti-dosage measure (e.g., Strazzulla and Johnson 1991) for labc
cal depthd in units of grams per square centimeter (g=éyof toryirradiation experiments. If 100 eV is sufficient to chemically
water ice at unit density is also used; this simplifies discussiomdify (Section 9.2) in some way each target molecule, then th
of depth-dependent effects even in porous surface ice. cumulative dosage corresponds nearly to complete modificati
The computed irradiation parametersin Table Il include omrfier all ice molecules. In the following sub-sections some detalil
directional energy integrals at the outer surface of each satellifiethe irradiation calculation methods are briefly discussed.

TABLE 11
Irradiation Parameters at Incidence Surfaces of the Satellite Regions

Satellite region Stopping depth Number flux Energy flux lon sputtering time Implantation time
Particle (mm) (crh-s)! (keVecm2s1 (years mnml) [years-(186 cm=2)~1]
Europa global
Ht 11x 102 1.5 x 107 1.2 x 1010 4.4 x 100 2.1x 10t
ot 1.8x 1073 15 x 108 1.8 x 10° 1.6 x 10° 2.1 x 10?
Sh 48 x 1074 9.0 x 108 3.0 x 10° 1.0x 10° 3.6 x 10t
e 6.2x 101 1.8 x 108 6.2 x 1010 — 22 x 10
Total — — 7.8 x 100 6.1x 10* —
Ganymede polar cap
Ht 28x 103 38 x 10° 1.0 x 10° 1.6 x 10 8.7 x 10
ot 46x 1074 1.8 x 108 3.2 x 108 6.2 x 10° 1.8 x 107
Sias 29x 104 3.2x 100 6.6 x 108 4.4 x 10° 1.0 x 102
e 11x 101 3.1 x 107 3.4 x 10° — 11x 10
Total — — 54 x 10° 25x 10° —
Ganymede equator
Ht 26x 101 5.9 x 10° 3.2 x 107 6.0 x 101 5.4 x 10*
ot 27 %1078 3.7 x 10* 8.8 x 107 3.9x 10° 8.7 x 10°
S+ 23x 1078 5.8 x 10* 14 x 108 2.0x 1P 5.5 x 10°
e7 —_— —_— —_— R —_—
Total — — 26 x 108 1.3x 1P —
Callisto global
Ht 1.5x 1073 1.6 x 10° 2.3x 107 2.8 x 108 2.0 x 1063
ont 26x 104 2.7 x 10° 2.6 x 107 5.8 x 10° 1.2 x 1063
Sias 21x 104 3.6 x 10° 5.2 x 107 53x 10° 9.0 x 10?
e 45x 102 1.8 x 108 12 x 108 — 1.8 x 10?
Total — — 22 x 108 2.8 x 1C° —

Note.Calculated parameters are listed from the irradiation model (Section 6) for ion and electron flux spectra in Figs. 1-3 (Section 2) and for t(eabedfects
flux, erosion) at the satellite surfaces. Depth units in mm are for unit density ice. All values are for lower limits in the limit of gyroradius s\eeapifig+ 1
(Section 3.2). Note that 1 erg-(éas) ! = 6.24 x 10 keV (cnf-s)~1 in terms of energy flux units. Erosion time is from lower limit rate for direct ion sputtering
of H2O molecules. The parameters for the Ganymede equatorial region arise from flux integration above the calculated Stgrmer energy thresholfs (S
other integrals are computed above the EPD thresheRfskeV. The JPL model spectra (Divine and Garrett 1983) are used above this threshold for Europe
above 0.7 MeV for Ganymede and Callisto. Upper energy limits of these integrals are 100 MeV for ions and 40 MeV for electrons. For the presentnomslel €
do not reach the Ganymede equator in the integration energy range.
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FIG.11. Time scales in years for accumulation of 100 eV 16 afrenlume dosages (Section 5.1) as functions of vertical depth at unit water ice density
(a) Europa, (b) Ganymede polar cap, (c) Ganymede magnetic equator, and (d) Callisto. Time vs depth curves are computed for the total dosagesiaatl for
contributions from electrons and from the various ions considered in the present work.

5.2. Energy Loss, Stopping Range, and Volume Dosage  at eV to keV energies of interest for plasma ion bombardmet
but the electronic component becomes dominant in the EP
Differential energy loss B(dx)~! rates for ions have beenion energy range. The relative contributions of these two con
calculated using the SRIM (Stopping and Range of lons in Mgienents to total energy loss rate versus incident enErgye
ter) code of Ziegleet al.(1985) from IBM for ion energies down shown in Fig. 12. Electron nonradiativeEdx)~* values are
to ~10 eV. For any desired incident ion type and target mateemputed from differentiation of the electron range vs energ
rial SRIM outputs separateE{dx) ! data for energy loss ratesdata in Fig. 13. Secondary energy depositions from gamma r
[dE(dx)~Ye due to electronic ionization and fdx) '], from photons produced by radiative (bremsstrahlung) energy loss
nuclear repulsion. The nuclear component is clearly importasitmegaelectron volt electrons are probably significant at deptl
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108 ey computing deposited energy versus depth from each partic
- SRIM dE(dx)‘1 Data S type. The incident particle spectrum is divided g ~ 300—
:Ziegler et al. (1985) 1 400 logarithmic energy intervalAE;. The target depth range

10'F  H,O target 1 of 107 < d < 10? in mass column density (g crf) units is
2 2 - similarly divided into 100 logarithmic intervaladk. This di-

[ f’/ """"" . vision gives equal weight to each decade of incident enert

105 /,—6 """" ] and depth. Each test particle is then given a differential weigl

=(Ej) = nj(Ej)AEjNg * for Ng = 120 incidence directions.
Projected range®,(E;), for ions from Ziegleret al. (1985),
and for electrons, are used to determine the stopping ddpths
for initial energy E; and incidence at anglg into the model
surface layer, composed of 100% water ice at unit density. |
each preceding depth intervatk for integerk < K the energy
deposition rate is computed from (E;) and the electronic en-
—— Electronic NN ergy losss Ex < AEg in that depth interval. The small nuclear
_____ Nuclear N NN energy loss at EPD energies is subtracted to give the electrol
10° FHTTHT AT RERTTT ACRTH: SEy for ions and is of course ignored for electrons. In units o
102 10! 10° 10' 102 10° 10* 10° 100 eV 16 amu? per year the total omnidirectional dosage ratt
Energy (keV) at any depthd is computed from summing over _aII electronic
energy losses from each of the= NNy test particles. These
FIG. 12. Electronic and nuclear components of differential energy losdose rates are then inverted to give dose timescales for the cur
rates & (dx)~t in units MeV cnf g~ for H, O, and S ions passing through®  jn Fig. 11.
quuid from c_;utput of SRIM code (Zi_egleet al. 1985). We assume negligible  The implantation rates for stopping particles are calculate
differences in these units for the solid phase oOH from summations of differential values for stopping columr
pping
densityw (Ej)Adk in each depth interval. The cumulative col-
d > 1 cm but the present work covers energy losses only @nn densityly in units cnT? year to any depthdy is then
d < 1 cm and electrons from the measured (EPD) spectra ugednd from final summation over all preceding depth interval
here mostly stop within that range. dk < dk.Inthe present paper we only use the maximum cumul;
After selection in sequence of each of 120 incidence anglidge column densities for potential comparison to observation
Bi = Z for directional integration, the algorithm continues fotimits in column density units. For each particle type the times i
years required to produce cumulative implantation densities
106 cm~2 are given in Table II. For only® the depth profiles
of cumulative column density in each satellite region are show
in Fig. 14 and indicate that direct sulfur implantation is only
significant to micrometer depths.
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10! 5.3. Sputtering

Surface erosion by sputtering has been extensively review
by Johnson (1990, 1995, 1998) and is dominated at EPD partic
energies>20 keV by the heavy ions, particularly sulfur. For
high dE(dx)~* produced by such ions up to megaelectron vol
energies the sputtering process is relatively explosive, removil
thousands of water molecules per incidention. Sputtering yiel
per incident ion for HO for “H-like” and “O-like” ions were
compiled by Shiet al. (1995) from laboratory measurements
and are used here for'tand G*. These same yields were used
in the earlier work of Ipet al. (1997, 1998) for sputtering on
1077 == Ganymede and Europa.

102 10 10° 10! 102 10° 10* 10° Previous work to date has assumed that S sputtering is O-lik
Energy (keV) due to the difficulty of working with corrosive sulfur compounds
in high vacuum experiments. Using an extrapolation procedur

FIG.13. Stopping ranges (g cf) versus energy (keV) in 40 liquid (or V€ have derived an app_roxmate yleld funct!on for sulfur ion:
ice) of H, O, and S ions from output of SRIM code (Ziegi¢al. 1985). Practical ffom data for O and Ar* ion sputtering. The yields for Hand
ranges for electrons are from laboratory data for measured ranges in siliconO" from Shiet al. (1995) have also been extrapolated, abov
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paper (Coopeet al. 1997a,b). However, the actual ratio may be
closertothat for the energetic particles alone, due to apparent ¢
pletion of plasma particles within the Ganymede magnetosphe
from the Volwerket al.(1999) work. The Ganymede surface may
therefore be relatively protected from plasma bombardment b
much more exposed to the energetic kiloelectron volt and meg
electron volt particles at energies respectively below and abo
the Stgrmer “forbidden” zone in Fig. 10.
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-~ 6.2. Solar Insolation

The comparative energy fluxes from solar irradiation are give
in Table Il as compiled from solar UV irradiance tables for 1 AU
o= Europa in Hall et al. (1985), converted to keV (cts) ! units, and re-

[uy
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o

®e,

11 |||||l|

$* Cumulative Stopping Rate (cmz-yr)'1

10" = . © Ganymede Polar 7 duced for globally averaged insolation of the jovian satellites &
- ¢  Ganymede Equator] 5.2 AU from the Sun. The total solar irradiance varies by 0.19
-t Callisto ] over 11-year solar cycles with 10-20% of this variation occur
1010 el ring in the UV (Lean 1997, Least al. 1997). For the present
10° 10* 107 102 107 10° discussion we ignore UV variability over all time scales for satel
Surface Depth (g-cm™) lite irradiation. The total solar insolation & ~ 8 x 10'2 keV

(c?-s) 1 is of interest mainly for modeling of surface tem-
FIG. 14. Total column density above the depth shown of implanteherature. For Europa a visible albedo~ 0.6 for energy flux
S (S3t for Ganymede) accumulated per year for the surfaces of Europ,g,3 « 102 keV (sz_s)—l at wavelengths, ~ 4000_7000'&
G de’s pole and tor, and Callisto. .
anymede's pole and equator, and -afisto gives (1— A)S ~ 2 x 10*?keV (cn?-s)~* for the absorbed en-
ergy flux, mostly reemitted in the infrared, while at Callisto for

1MeV forH" and 16 MeV for O, to higher energies 100 MeV A ~ 0.2 the absorption is twice that for Europa.

in the limit thatY, o< [dE(dx)~]? at these energies. There is a
weak dependence on charge state which we ignore. [We note TABU_E '_“ ) )

one correction to Table 2 of Skt al.(1995): the column labeled Globally Averaged Surface Irradiation of the Galilean Satellites
“Total Sputtering Rate” is in fact multiplied by 0.25 to allow for

. . Irradiance band, Wavelength Energy Energy
porosity as stated in the footnote.] radiolysis process, range range flux
or surface region °()\ (eV) (keV cnm2s71)
6. SURFACE ENERGY FLUX Redto IR >7000 <18 37 x 107
6.1 Irradiation | Visible (PAR) 4000-7000 3.1-1.8 Bx 1012
-1. Irradiation Input UV-A 3200-4000 3.9-3.1 8 x 101
. . . 2 _ _ 0
Whereas the heavy ions dominate sputtering, energy deg%—fpa 2800-3200 44-3.9 7'2i 18110
smon Ieadlng to chemical alterations at depth is dominated by - 1000-2800 12.4-4.4 @x 1010
the light particles. In all cases, except Ganymede’s equator, tgymede polar _ _ 5.4 x 10°
energetic electrons dominate the total surface energy flux IbldD (ice) dissociation <2067 >6 7.6 x 10°
bombard mainly the trailing hemisphere. Protons are of sééﬁlnymede equator - — 2.6 x 182
; isto — — 22x1
pnda(;y |n.1potrtazﬂce attthe Gagywe?e polar cap but the he:(%?}producﬁon bye- 1250 10 28 % 107
ions dominate the protons on Callisto. EUV 1000 ~124 12 % 107
At the Ganymede dipole equator the EPD electrons canrg)t(gas) dissociation <410 ~30 79 % 106
penetrate from the jovian magnetosphere and the energetic pro-
ton component is only 12% of the total3 x 10° keV (sz- Note. Energy fluxesl; integrated within selected wavelength bands of the

S)fl, giving a pole to equator ratio of an order of magnitude arﬁﬂ'ar irjgdiance_spgctru&(x) at 1.AU (Hallet al. 1985) gre respaled g =
5.2)~<for the jovian system to give globally averaged insolafigg: 0.25I5.

. i A e g
a hl,ghly dominantirradiation by the heavy ions in the equatonéﬂ)r reference the total irradiance at 1 AU in more commonly used units i
region. Franlet al.(1997) quoted an energy flux6 x 10°keV 137 kw nr2 or 137 x 10° erg (cnf-s)! as compared t0.85 x 104 keV
(cP-s)~* for warm plasma (70 eV—4.5 keV) electrons over th@n?-s)1 in the units used here for comparison to particle energy fluxes. Th
Ganymede polar cap. If this component also impacts the eqﬁéR (photosynthetically active radiation) range is of potential interest as a

torial region, the total polar and equatorial energy fluxes th&Reragy source for Earth-like life forms while UV-B might be harmful. ThecH
) dissociation and @production thresholds are respectively from the Orlando anc

sy 1 i i
become 5« 1(_)9 and,QX 108 keV (sz S) ! respectlvely. ThIS Kimmel (1997) and Siegest al. (1998) measurements for electron irradiation
p0|ar'e'quat0”a| ratie-5 is close to the Val_ue"4 already Clted. of water ice. The total energy fluxes of energetic particles from Table Il for eac
by Delitsky and Lane (1998) from our preliminary work for thissatellite surface region are shown in bold for comparison.
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Since the irradiation levels for the equatorial and polar cap regly, the total of the present radiogenic (above) and irradiatic
gions of Ganymede are likely very different, the solar UV energifable 1) energy fluxes for Ganymede’s polar cap is close t
flux must be separately computed for meaningful comparisondirat needed for a modern Ganymede ocean.
these two regions. The longitudinally averaged extentin latitude )
of the equatorial band ig.| < 40", the zone of closed dipolar 6-4- Meteoroid Impact

field lines, for exclusion of electrons ana| < 30° for ions. Energy input from meteoroids can, in comparison, be est
Using the electron boundary, we then calculate analytically thated from approximations used for impacts on Saturn’s ring
the ratios of regional to global insolation, averaged for diurngy Cuzzi and Estrada (1998) with more general applicability t
rotation relative to the Sun, are0.8 for the polar cap an¢1.2  jypiter as well as Saturn. Using compilations of meteoroid ma
for the equatorial band. The polar cap value is of course mosgistributions from various sources, these authors determin:
weighted toward insolation at mid-latitudes. . an interplanetary mass flux@dt) ™ ~ 5 x 1017 g (cm?-s)L.
EnergiesE, > ~4.4 eV (wavelengths., <2800A) are re- Byrnset al. (1999) recently used this same mass flux to ac
quired to dissociate 0, OH, and HO, (Johnson and count for origin of the jovian rings by meteoritic erosion of dus
Quickenden 1997, Carlsoet al. 1999b, Delitsky and Lane from small satellites near the rings. Much of the interplanetar
1998). Laboratory experiments indicate thresholds in water iggyss flux is in particles of size 10—-1@0n. For a typical inter-
~6 eV (Orlando and Kimmel 1997) The Europa particle ﬂuiﬂanetary Ve'ocitwoo ~ 14 km gl' and ajovian escape veloc-
(Table Il) exceeds that from solar UV irradiation&t > 4.2 eV. ity vesc~ 19 km s near the orbit of Europa, th@pik (1951)
The equivalent photon energies for the Ganymede polar %\%vitational focusing factor ifg = 1 + (vesw})? < 2.8 atthe
equatorial regions are 5.4 and 6.5 eV, respectively, the latigbits of Europa, Ganymede, and Callisto. With an average in
also applying to Callisto. Whether or not the particle energysct velocityv ~ vescinto the satellite surfaces the maximum
flux is dominant will depend on the particular chemical reactiOéhergy is then & v2 fg do(dt)~* ~ 1.5 x 10° keV (cnP-s) 1,
in question. The decline in UV insolation toward the satellitgeveral orders of magnitude less than even the EPD partic
poles (see above) and magnetic deflection of low-rigidity pargnergy fluxes for Ganymede’s equator and Callisto. Further
cles away from the Ganymede equator provide further relatifgying for order-of-magnitude uncertainties in the meteoroi
enhancements of particle irradiation effects over those from Uljxes will likely not change this basic result. Meteoroid energ

in the polar surface regions. effects might appear locally around individual large craters b
are not significant for the global energy influx onto any of the
6.3. Subsurface Heat Flow Galilean satellites. Passey and Shoemaker (1982) found that t

Present radiogenic heat flows at the satellite surfaces in stBRat source was far smaller at 0.07 ergsa)n* [4 x 10 keV
dard units of erg (chs) ! [6.2 x 1CP keV (cr?-s) Y] are 7.2 (cnP-s)™'] than radiogenic heating (Section 6.3) even durin
(Casseret al. 1979), 4.8 (Casseet al. 1980), and 3.8 (Cassenlate heavy bombardment aB3x 10° years ago.
et al. 1980) for Europa, Ganymede, and Callisto, respectlvelé/:S_ Energetic Neutral Atoms
Note that these exceed energy fluxes from magnetospheric
irradiation (Table Il) only for Ganymede’s equator and for Charge exchange reactions of plasma ions in the lo tor
Callisto. Passey and Shoemaker (1982) required a radiogde&d to emission of iogenic neutrals (S, O, Na) into the oute
heat flux~10 erg (cm-s)~! at Ganymede’s surface to reducenagnetosphere and interplanetary space. Time variability
lithospheric viscosity for topographic relaxation of crater wallglVV absorption from sulfur on the leading Jupiter-facing quad
at a time~3.7 x 10° years ago near the estimated time of forrants of Europa (Domingue and Lane 1998) and Callisto (Lar
mation for grooved terrain. Primordial heat flows from the raand Domingue 1997) has been suggestive of bombardment
diogenic source were about eight times higher than now (Casslea neutral sulfur. Eviatar and Barbosa (1984) estimated th
etal.1980), but would have been comparable to, or greater th&nx 10?8 low-energy neutrals would be emitted per second witl
irradiation energy fluxes at present levels only for Ganymede aad energy loss rate from the torus ok5L0* W.

Callisto. The loss rate for ENAs at energiesl4 keV was estimated

Tidal heat flows needed in the outer ice crust of Europa to keapl x 10?° s~ by Eviatar and Barbosa (1984). Using the toru:
the underlying ocean from freezing are 20 to 60 erg¥sin', energy loss rate for the thermal S neutrals, we compute ma:
dependenton models (e.g., Squyeeal. 1983, McKinnon 1999, mum S energy fluxes for S to O ratio0.4 (Hall et al. 1994)
Showman and Malhotra 1999), while heat from this source @ 2 x 10°, 9 x 10%, and 3x 10* keV (cn?-s)~? at the orbits of
negligible at Callisto. About 15 erg (¢as) ! would have been Europa, Ganymede, and Callisto with the assumption that tl
required to melt Ganymede’s mantle ice but radiogenic heatitayus neutral emissions are isotropic. The neutrals would bor
would have supplied this only in the first510° years (Cassen bard only the Jupiter-facing hemisphere of each satellite, and t
et al. 1980, Showmaet al. 1997). Transient tidal heating up toglobally averaged surface fluxes would$€.3 of these values.
~10? erg (cnt-s)~1 from eccentricity-pumping resonance mighiThe energy inputs from iogenic neutral atoms are therefore cor
have produced episodic resurfacing on Ganymede at later tinpasable to those from meteoroids and are also far below tho
(Showman and Malhotra 1997, Shownedral. 1997). Interest- from charged particle irradiation in all cases.
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7. IMPLANTATION OF SULFUR IONS Ganymede’s trailing hemisphere does support the magne

AND ENERGETIC NEUTRALS spheric explanation; reduction of corotation speed near the sat

lite (Section 3.2) preferentially inhibits access of such ions ti

7.1. Observational Evidence the anti-jovian quadrant. The Callisto features appear on tt

fgading hemisphere and with maximum IUE absorption seen ¢

The iogenic heavy ions can provide a source for sulfur o ) - ’ - " )
served as Sgon the outer surfaces of the icy Galilean satellite1€ Jupiter-facing side near the Valhalla impact region Callist

The evidence for this has been the observation ofis@he sur- (Lane and Domingue 1997), the latter being suggestive of ane
faces of the satellites (Lare al. 1981, Nelsoret al. 1987, Noll 8l bombardment component as at Europa.

et al. 1997a). Galileo NIMS observations in the near infrare
(McCordet al. 1997, 1998b) show an S@omponent of non-
ice features more confined to visibly dark regions on Callisto, The calculated magnetospheric inputs of implant&diSns
Ganymede, and possibly Europa. On the latter the dark regi@ml other species from the EPD spectra are given in Table II.
are the likely locations of emergence for endogenic sourcesarfd O ion implantation might be relevant to radiation chemistr
hydrated mineral, tentatively identified as salts containing sui refractory material in older dark regions on Ganymede an
fur, carbon, and magnesium (McCaetlal. 1998a, 1999). The Callisto, where most of the water ice has sublimed or been spt
correlation of SQ with the dark terrain was recently explainedered away. The calculated implantation times for cumulativ
by a radiation-induced sulfur cycle involving either endogeniwolumn density 18 ion cn? range from~40 years on Europa
or exogenic S (Carlsoet al. 1999a). and on Ganymede’s pole t86000 years at the latter's equa-

Europa. Resurfacing of Europa from an internal ocean s¢@" Not including other amplifying factors such as gyroradius
urce of water was originally invoked by Squyresal. (1983) (Secnon_ 3.3). Addition of |mplantat|_on fluxes from corotating
to account for the equilibrium SQolumn density~10t6 (cr?- thgrmal ions would decregse these 'tlme:etlal. (1998) qqued
s)! at surface depths of 40-5000 accessible to solar Uy & time of seven years fo_r implantation of sulfur pl_asma ions &
observations via the International Ultraviolet Explorer (IUE{N€ same column density on Europa. Changes in plasma ir
mission (Laneet al. 1981). IUE observations of Europa werd?lantation rates, perhaps related to changes in local corotati
extended with long-term studies of time variability (Domingu§P€€d, might account for the UV time variations in the absenc
and Lane 1998). Galileo UVS observations of Europa at ma3f internal source activity.
imum spatial resolution (Hendrix 1998) indicate correlatio .
to dark mottled terrain and linea located away from the apnei'(?" ENA Implantation
of the trailing hemisphere. Low-resolution UVS observations Implantation of iogenic sulfur neutrals would be unaffected by
do show the general peak in absorption near the trailing apttye planetary and Ganymede magnetic fields; this could be ir
(Hendrix 1998) as predicted by the numerical model gfortanton Ganymede’s Jupiter-facing leading quadrant. Viewe
Pospieszalska and Johnson (1989). The temporal UV bright-jovicentric coordinates corotating with Jupiter, the emittec
ening reported by Domingue and Lane (1998) occurs not iireutrals from the torus follow a spiral (garden sprinkler) tra
the trailing hemisphere, as expected from magnetospheric véectory bending in the retrograde direction and impacting pre
ations, butin the Jupiter-facing quadrant of the leading side. Thigentially in this quadrant. The 6 10°® torus emission rate of
is potentially suggestive of variability in bombardment there bigviatar and Barbosa (1984) givegt x 10° cn? s~* neutrals at
ENAs (Section 6.5). Another possibility is that distortion of théhe orbit of this satellite and requires only 900 years, as compar
Jovian magnetic field near Europa, due to ionospheric couplitwy5500 years for EPD™S from Table I, to implant 18 cm—2
and Alfven wing formation (Paranica al. 1998), might pro- neutrals at the sub-jovian point on the surface. The globally a
duce a significant curvature drift of S ions into this quadrant. eraged rate for neutral implantation near the equator would |

Ganymede and Callisto. Ultraviolet SG absorption has also ¢10S€r t0 thag frorr12the local magnetosphericions. Correspondir
been identified on Ganymede (Domingee al. 1998) and times for 166cm- neutral implantation at the sub-jovian points
Callisto (Lane and Domingue 1997, Nat al. 1997a). The of Europa and Callisto would .be gbout 40Q and 2800 years, r
Ganymede absorption was detected by IUE only in the 19g3Rectively, much slower than ion implantation.

1986 epoch of observations discontinuously spanning 1979 to
1996. The 1984-1986 feature had an incomplete correlation to
longitudes in the trailing hemisphere, being more visible in t@

anti-jovian quadrant, which appears to rule out the neutral Sl
source. The IUE feature was absent in 1996 when KbHI. The depth profiles in Fig. 11 for chemical processing at th
(1996) reported @in the trailing hemisphere; this might ar-level~100 eV 16 amu? indicate different layers and timescales
gue against a magnetospheric origin for the, ®@ Ganymede of volume dose effects for the energetic heavy ions, proton
(Domingueet al. 1998). However, detailed modeling (Coopernd electrons. The most rapid chemical changes occur with
and Bell 1999) of kiloelectron volt ion trajectories impactinghe sub-micrometer layer affected by the short-range oxyge

9.2. Magnetospheric lon Implantation

8. VOLUME DOSAGE AND SURFACE INSTABILITY

. Energy Deposition vs Depth
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and sulfur ions. These ions can cause total dissociation of tareduces long ballistic trajectories of ejected molecules exten
get molecules and dominate the sputtering rates in Table Il. Ting over hundreds of kilometers (Sieveka and Johnson 198
electrons, H ions, and UV photons do not sputter or cause dandehnsoret al. 1983).
age as efficiently. However, these lightly ionizing components Sputtering competes with thermal transport and micromet
of irradiation may do most of the observed damage. The Wfite erosion and transport. Shoemakél. (1982) found no
energy flux (Table Ill) affects only the sub-micrometer layeclear topographic evidence on Ganymede for substantial erosi
mean penetration depth for lyy-UV photons § = 1216 A, of surface features by sputtering and suggested that early up
E, = 10.2 eV) being 0.04:m (Warren 1984). Table Il indicateslimits on sputtering rates from Pioneer energetic particle da
that the energy flux of energetic charged particles is mostly célcanzerottiet al. 1978) were too high. Mooret al. (1999) also
ried by the protons and electrons, except near the Ganyméal@nd no direct evidence for substantial mass movement the
equator, and more so by the electrons, particularly if the speiite to sputtering.
tra are extended to MeV. At depths of several micrometers, Thermal effects result in migration of material from warm,
the proton energy deposition becomes dominant but is oveeark ice to cold, bright ice (Spencer 1987a) and from warme
whelmed by the highly penetrating electrons at all greatsunlit equatorial regions towards colder mid-latitude region
depths. (Purves and Pilcher 1980, Johnson 1985). Meteoritic impac
Inclusion of gamma ray production byl0 MeV electrons also displace water molecules forming micro-craters with e»
would allow extension of the energy deposition profiles to metegnded ejecta blankets extending out a couple of crater diamet
depths. Electron dosage times-dt m for Europa (R. Evans, un- (Spencer 1987a). For Callisto the minimal coverage by brigt
published data, Jet Propulsion Lab., 1999) would be equivalewdter ice and the high abundance of ancient craters indica
to the~10%-year value in Fig. 11a for 100 MeV protons reachingominance by thermal segregation and impacts. Ganymed
centimeter depths. Energy deposition at meter depths would adswface appears differentiated between a darker equatorial
arise from secondary neutrons produced by nuclear interactigisn, where thermal effects likely dominate, and brighter polz
of >100 MeV magnetospheric and cosmic ray protons in thhegions more intensely irradiated by magnetospheric patrticl
water ice (Cooper 1983, Coopefral. 1985). The relatively low (Johnson 1985, 1997). The more uniformly bright surface at
energy fluxes of deeply penetrating particles make these soure¢isudes on Europa could suggest that sputtering inhibits se
insignificant for the present work at optical depths but becomegation (Spencer 1987a). The primary modes of crater erosi
important at regolith depths10' m (Section 8.3). in times of ~10’ years on Europa appear, however, to be sul
At even greater depths the slow decay of radioisotopes at If&ce disruption by diapiric convection, tidal stress fracturing
concentrations in interior ice must also be considered. Caland some instances of upwelling of subsurface low-viscosi
lations of Dragari’et al. (1984) indicate dose accumulationsnaterial, possibly liquid water.
of 1.4 x 10° Megarad (see legend to Fig. 16) or 0.023 100 eV Sputtering may either concentrate or further dilute moleculz
16 amu?® over 4x 10° years from such decays in mixed icegproducts of volume dosage and implantation, depending on hc
deep within comets. The total deposition rat6.9 x 10° keV  well the molecules are mixed into water ice and the other surfa
(cm?-s)~* from this source in a 10-km ice crust is only aboumaterials (Johnson 1990, pp. 150-152). One way of direct
1% of that from magnetospheric irradiation (Table 1) of theampling the molecular composition of the ice without settini
millimeter-thick optical layer Europa, and 13% at Ganymede&lander down on the surface might be to measure compositi
polar cap, but is about three times the magnetospheric inpu{dhnsoret al.1998) of the sputtered molecules from the planne
Ganymede’s equator and on Callisto. Europa Orbiter. If such mixing does not occur, however, the le:
volatile material becomes preferentially concentrated as in i
dark irradiation mantles of comets (Johngbal.1987) or in the
dark, possibly carbonaceous (Carlson 1999), regolith of Callist
Icy satellites undergo direct magnetospheric and UV irradia- Thermal mapping at the Europan equator by Speptei.
tion, meteoroid and ENA bombardment, and thermal sublim@t999) indicated a diurnal and seasonal average at low latitud
tion, all contributing to surface erosion. The erosion rates depenidL06 K over a range of 82 to 132 K. Generally lower tempere
on the efficacy of these various processes and the availabilitytofes<100 K were found on the nightside hemisphere and at hic
fresh ice to replace that lost to space. Direct dissociation latitudes. By Egs. (4) and (5) in Spencer (1987a) the sublimatic
ice and nonice molecules by irradiation to form more volatiltme at 106 K for a 1-mm optical layerisl x 10’ years, which
constituents promotes chemical erosion, while larg¢dk)~!  we take approximately as the global average. Atthe peak temp
energy loss rates (Fig. 12) of magnetospheric ions and ENasire of 132 K in darker dayside regions, however, sublimatic
produce local erosion by direct sputtering as addressed in Sgte is only about 400 years. Disk-averaged temperatures of st
tion 5.3. While ~20-30% of the HO molecules locally re- limating H,O ices from Earth-based observations 124 K
moved by sputtering may escape permanently from the satellite Ganymede and-115 K on Callisto (Grundyet al. 1999),
(Johnson 1990, Table 4.4), the bulk of the locally eroded materiaspectively corresponding to sublimation times of 80° and
is returned and redistributed across the surface. lon sputterthg 10° years but associated with relatively smaller fractiona

8.2. Surface Erosion by lon Sputtering
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coverages of~50% and 10-20% of ;O ice as compared to nar core data (Morris 1978), the average regolith thickness ¢
more homogeneous coverage by(Hice mixed with nonice Europaisthenabdd mint ~ 10’ years. However, there is little
contaminants on Europa (Spencer 1987b). Times to sublimdtga on the growth rate at much smaller depths of centimeters
an HO mass equivalent to a globally uniform millimeter layemicrometers. The cumulative growth is driven by an initial rate
onthe two outer satellites would bed 10* and 1-2x 1Pyears, go = 1.2 um year?® due to the incident mass flux (Section 6.4)
respectively. and an average mass ejection yield of 30* for icy surfaces as
In comparison, Table Il gives & 10* years mm* from the per Cuzzi and Estrada (1998). One expression fitting these co
EPD ion spectra for icy regions of Europax3L0® (1 x 1°) bined constraints for the regolith depihat timet in years is
years mn1 for pure HO ice in the Ganymede polar (equatorial)
region, and 3x 10° years mm* only for patches of such ice D(t) = got(1+t-t57) [m] ()
on Callisto. The Europa sputtering time is probably an upper = |
limit, since we include only sputtering of 40 molecules and for mixing time scalelo = 1.7 x 1,05 years, but the sparseness
use a unit value for the gyroradius factéy (Section 3.3). Ip of data allows other representations. , .
et al.(1998) used similar EPD ion spectra to those in Fig. 1 but The meteoritic impacts Iatera_lly distribute ice mass within é
computed a local sputtering rate for Europa correspondingfﬁyv crater radii of the impact sites faster than it can be mor

1 x 10° years mmt (or 1 yearum™1) as an upper limit after globally distributed by sputtering and sublimation. Since the

adjusting forfy ~ 2, additional sputtering of ©and secondary impact ejecta generally retain the molecular composition of th

sputtering &10) by G} pickup ions in the europan ionosphere'.ocal material at the impact site, there is little change in region:

Saueret al. (1998) indicated that the latter is likely a smalfrightness as also concluded by Spencer (198¥a)ever we
effect due to reduced corotational flow near the satellite. Alsg/SO note that materials being processed by irradiation on sho
the O to H,O sputtering ratie-0.6 as used by It al. (1998), t|me scales (Section 5.1, Fig. 11) are buried fa_ster_by impa
who cite laboratory data of Bar-Nuet al. (1985) for sputtering €I€cta than are removed by sputtering or sublimatiSome
by 1-keV ions, is too high by a factor of four (Browet al. fraction _o_f the bur!ed products are therepy .protected from de
1982) for energetic ions up to megaelectron volt energies. FIMPOsition (Section 9.3) by further irradiation.
the Ganymede polar region we are in agreement on the sputterjn i
rate with Ipet al.(1997), while additional sputtering ofdrom ég Other Instabilities
the bright polar ice would increase the rate slightly. Evidence for large-scale instabilities potentially driving ver-
Taking into account the different fractional coverage B¥0H tical transport exists to varying degrees on all three satellite
ice, we confirm from the new particle data the earlier conclusidrhe paucity of large impact craters on Europa suggests a dow
of Spencer (1987a) based on Voyager measurements. Sputieird collapse of such structures through a thin ice crust aft
ing is predicted to dominate sublimation and thermal segredarmation. Thermal collapse of crater structures also occurs ¢
tion effects only on Europa. This could account for the gener@lanymede’s surface, younger by several billions of years (Se
brightness of that satellite through global redeposition of spuaien 1.1) than that of Callisto. Relative absence on Callisto c
tered HO as high-albedo frost. Therefore, the brightening witbmall (<10-km) craters, smoothness of terrain imaged at highe
age of dark regions on Europa may be due to direct radiatimgsolution, and rim wall degradation for large craters indicate
damage and frost overcoating or te® molecular reabsorp- surface instabilities possibly created by radiation degradation |
tion into irradiated mineral hydrates common to these regionsaterial, discussed here. Another possibility is upward leakag

—0.55

(Section 9.3). and sublimation of volatile gases (Moartal. 1999), likely the
- _ detected CQ (Carlson 1999), from mantle degassing (Karge
8.3. Meteoritic Gardening et al. 2000) or the sub-surface ocean presently inferred fror

The recent Galileo Orbiter discovery (#géret al. 1999) Magnetic field data (Section 4.1).

of a dust ring around Ganymede and observed presence of dust
around Europa and Callisto argue for continuing regolith growth
from micrometeoroid effects by impact gardening of the surfage
(Shoemaker and Wolfe 1982). Due to preferential bombardmen
of the leading hemispheres, regolith depths there for Ganymedd&adiation doses are extremely high in the optical layers c
extend to~20 m at the apex and down tel m on the trailing all three satellites over the respective resurfacing timescales
side (Shoemakest al. 1982). The global average depth is about-10’-1(° years as evident from Fig. 11. Any material in the
~10 m. The latter authors note that the ejecta rays are retairgaical layer not sputtered away by the radiation, or otherwis
for ~1 Gyr with respect to impact gardening on the trailing sidéepleted by thermal sublimation, is heavily processed evening
of Ganymede with far fewer rays being found on the leadimgjogically young areas<10’ years). Therefore, chemical evo-
side. lution of the optical layers is dominated by particle and UV irra-

For a cumulative growth rate t%#° (each new impact must diation. Lower particle fluxes at Ganymede, particularly in the
first penetrate through old regolith) modeled from Apollo luequatorial zone, and at Callisto are partly offset by the far longe

9. CHEMICAL PROCESSING

%.. General
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resurfacing times of those satellites. Thermal segregation effe€tds result was obtained by melting the irradiated ice. Cor
may indeed dominate the optical reflectance of Ganymede dathination by trapped atmospheri¢ ©r CO, was thought to
Callisto, as per Spencer (1987a), but the cumulative chemibal low but possibly was not. More recent experiments (Vide
effects of irradiation will be significant. et al. 1997, Baragiola and Bahr 1998) suggest varied but low
The ratios of the observed column densities to the computéd yields. Baragioleet al. (1999) report only small upper lim-
source rates are determined by lifetime in the visible layer dite for direct production of trapped LQwithin ice by 60 keV
to destruction, removal by sputtering or sublimation, and by dB; (Go, < 5 x 10~%) and 100 keV H (Go, < 4 x 107°), but
lution from meteoritic gardening (Section 8.3). For the lattdrigher yields are possible (Johnson 1999). For insta@eg~
reason, many (if not most) of the produced irradiation pro®.01 is obtained from other cross section data fgisPuttering
ucts are likely below this layer and are relatively protected frofrom low energy electrons impacting thin ice films (Broetral.
destruction by external irradiation. Measured column densiti&882, Siegeet al. 1998). The electron-impact production of O
may only be lower limits, while production rates integrated ovédras a threshold energy 6f10 eV and requires the formation
surface ages Y@o 1@ years give upper limits for total column of stable precursors, possibly H@r H,O,, before formation

densities within and below the visible layer. of O, by further electronic excitation. An additionab®ource
is also provided by irradiation of silicates or of hydrated salt
9.2. Production of @, H, O, and CQ (Henniget al. 1953) in observed nonice materials on all three

i . : . . icy satellites (McCordbt al. 1998b, 1999).
Irradiation yield. Production of any particular species for For the observed $0, on Europa, Carlsoet al.(1999b) used
a given dosage is often expressed by the yield faGipr the G ~ 0.4 from Cottin and Lefort (1955) to estimate the produc:

flrggt'g\?ﬂfn;;n%i:tggpé%itsgrﬁio;nnse?r m(glgﬁrlilsisnolfgt)s%e X % bn rate. The recent work of Moore and Hudson (2000) give
P 9y » P '~ 0.1 to 0.4 in the presence of,(or CO, at 80 K but no

G values must be used with caution as they can vary signid- . :
. . . etectable production for pure,B ice except at much lower
cantly with particle type and energy. In Fig. 15 we show thg

o >, temperature of20 K. The yield is enhanced in the presence o
column densities produced over 1 year to depthsoupg cnm A ) .
) . ) . T electron scavengers (see below) limiting the electron dissoci
in each satellite region for unit values Gf. Multiplication of .
o ! ; . tion of produced HO,.
these column densities by the actual yi€g for a given irra- . .
e . o . The very tenuous C£atmosphere on Callisto may arise from
diation product, and by a cumulative dose titrie years, gives . o . .
. o irradiation of nonice material on the surface. The observeg C(
the predicted column densities integrated to selected depths

: . ) c8lumn density is-10'% cm~2 (Carlson 1999) and the inferred
comparison to available observations.
For O, some early experiments on radiation chemistry (Lefo

{902 source rate balancing dissociation losses from UV and pe
irradiation is~ -1 -
1955) giveGo, ~ 0.15 for ionization energy loss in ice at 77 K. icle irradiation is~6 x 10° cm? s~1. Our calculated total en

ergy flux in Table Il would then only require a modest yield
Gco, ~ 3 x 10~3forice heavily mixed with carbonaceous com-
pounds if other sources are not available.

1 tr ]
- 109 £ E Losses. In the dark mottled terrain on the trailing hemi-
" c ] sphere, scavaging by sulfur (Carlsehal. 1999a) might re-
('2 i ] duce the oxygen abundance below detectable levels. Oxidati
o 108 ¢ T of nonice materials within the ice crust below the surface ma
?, - _‘,-—" = ] also decrease totalOHowever, the S@ sulfuric acid, and sul-
E v Pia 1 fate salts (e.g., N&O, - nH,0) can also protect the @, from
S 10" 5*" E dissociation by scavaging of free electrons (Ershov and Pika
g C ____...------""'“; 1969) as also evidently occurs fop@l+ CO, mixtures (Moore
= B pamnm® and Hudson 2000). Carbon cycling in aa®matrix driven by
<& 16 & " = . L. . .
= 10 e —— Europa irradiation may convert C&to carbonic acid or another carbon-
E L e Ganymede Polar 1 ate (Section 9.3_) on reaction Wlth buried nonice matenals.
= 151 —— Ganymede Equator = The surface |rrad|at|pn enylronm_ent also contributes to los
g 10 E Callist 3 of O, and other associated irradiation products. Carlspal.
% ==== Lallisto . (1999b) found that the observed,®, abundance within the
© 101 T R BT BT T optical layer to depths500 m was consistent with equilib-

105 10 103 1072 101 10° rium between produption py energetic particles and dissocif_:lti(
2 by those same particles in100 days and by UV photons in
Surface Depth (g-cm™) ~four days. Sharp falloff in particle and UV fluxes at greate

FIG. 15. Column density accumulated per year above depth shown ngpths’ and effects of m_eteorlltl(.: mixing (SeCtlon 8'3)’ Cguld pre
irradiation product X fronGy = 1 (Section 9.2) and pure4® ice on surfaces t?Ct H0O, and G from dissociation for much longer periods of
of Europa, Ganymede (polar cap and equator), and Callisto. time.
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9.3. Molecular Decomposition and Production tion and spectral reddening features previously identified o
of Other Volatiles Europa’s trailing hemisphere. The=®l component of hydro-
cyanic acid or hydrogen cyanide (HCN) is already a candida
Hydrated minerals in dark surface regions would decompofe the 4.57um absorption feature in near-infrared imaging of
under irradiation to produce SOCO,, and Na (Johnsoat al. the icy Galilean satellites (McCoret al. 1997, 1998b). Car-
1998, Johnson 2000a,b). Johnson (2000a,b) reviewed the dféinic acid (HCQOs) persists as a stable product, even after hea
cient decomposition of sodium nitrate (Nak)@nd carbonate ing to 200 K, when low-temperature ices containing Cide
(Na;COzs) under lightly ionizing radiation, but he also noted thaitradiated (Moore and Khanna 1991, DelloRusdal. 1993).
the sulfates (e.g., N&O,) are much more stable, first losinginteractions of yet-unobserved,80; with other hydrates in a
water of hydration if irradiated in vacuum. The irradiated crysadiation-driven carbon cycle might produceiasitu source of
tals can change color when dehydrated, but the original colarbonates and the observed{cCordet al.1998b, Carlson
reappears on subsequent exposure to water vapor. In the d2€9), even on the ancient surface of Callisto.
of initially clear or white salt crystals this might account for
brightening of originally dark terrain on Europa over time.  9.4. Molecular Synthesis
The sodium salts decompose under heavy ion bombardmen
and neutral Na atoms are the dominant ejecta, as recently re- . . .
viewed by Johnson (2000a), who proposed an Na componen plex chemical compounds of interest for astrochemistt

the satellite atmospheres as detected on Europa (Brown and ﬁrﬂfi astrobiology can evolve from addition of energy (lightning

1996). Residual products left on the satellite surfaces forspectPo\-/’ energetic particles) to mixtures of abundant astrophysic

scopic detection might include M@, NaO, and NaS (Johnsonmolecules.These mixtures may start with simple molecules su
2000b). Also, lost Na atoms from N&O, may be replaced by H, Hz, H20, NHs, CH,, CO, and CQ, yielding more complex
since sulfate bonds are strong (Johnson 2000b). This is one geles .aft(.ar Iong—term. or |.ntense irradiation. Polymerizatio
son that Carlsont al.(1999a) suggested that the optical layer ofl material in astrophysu;al ices has been co_mm_on!y observ
Europa is dominated by hydrated sulfuric acid @@, - nH,0). in Iatgr 'Iaboratory experiments after heavy irradiation by en
For the magnesium salt hydrates such as MgS®},0, more ergetic ions (e.g., Strazzulla and Johnson 1991). Meora.

. SO 91) irradiated mixtures of $#0 ice with CO and CQto
commonly known as epsom salt, Mg is less easily ejected thgr?
y W P 9! 'Y €l guce CHOH (methanol), HCO (formaldehyde), gHsOH

Na as measured in the gas phase (Johnson 2000a), so sur?é . .
decomposition may Ieag to FI)\/IgO, IE/Ig(O;L—J)and othe)r such et%anol), and Cil Formation of HCO; was discussed above

compounds (Section 9.3). Irradiation of C¥DH in water ice leads in turn to

Carbon dioxide is a likely decomposition product of man)i/CHZOH)Z' ethylene glycol, on warming from initial tempera-

- - ; ; T < 20to 200 K (Mooreet al. 1996).
organic molecules (e.g., Calvert and Pitts 1966) including t res
hydrated carbonates (e.g., natronp@@; - 10H,0) inferred by Moore and Donn (1982), Mooret al. (1983), and Khare

McCordet al.(1998a,b, 1999), while S{zan come from sulfate etal.(1989) nqted the presence of more qomplex.hydr.ocarpor
decomposition. C@has been identified at Europa in associ e.g., long-chain polymers) in warmed residues of irradiated ice

- - : : " ; taining HO and CH. Some recent experiments with sim-
tion with the dark disrupted terrain of the trailing hemispher; ontaini
where surface extrusions from endogenic sources seem lik findings have been reported by Bersteinal. (1997) and

The observed S@Qlike absorption in UV data is often correlate S;r?hzthlla g_n?_ Palt;mblo (1998C):.OH dggsor; fand Moc;]re (199
to potential sites of sub-surface extrusions on Europa (Hend nd thatirradiation of only kO + Id nottorm such com-

1998). Internal degassing from the satellite mantles could p ex species, SO initial composition of the ice appears to be in
vide major sources of COand SQ (Kargel et al. 2000) but portant. Bersteiet al. (1999) note that polycyclic aromatic hy-

would not directly account for hemispherical asymmetries 8lirocarbons (PAHs) account for about 20% of interstellar carbol

the observed surface abundances. Presence pbOallisto’s accreting into Solar System bodies, and that UV irradiation c
trailing hemisphere (McCorét al. 1998b) appears correlatedthe PQ_Hls n wla_ter ce p_rrohducesdvar_lous forgarr]nc compOL(Jjnds’l
to higher irradiation rates from corotating hot plasma ions b trobiologicalinterest. The production of such compounds m:

production from carbonate radiolysis seems unlikely (but s eref.ore.arise frqm engrgetic p‘f"”‘c'e a_nd uv irradiation of

below) in the presumed absence of significant geologic SOur('cégnbm'atl'on of primordial material and intermediate product

for the carbonates. of irradiation.
Chemical decomposition of nonice materials could also be

produced by acidic products of irradiation in a highly oxidiz-

ing surface environment. The known®, and SQ in the eu-

ropan surface ice and the sulfur radiolysis cycle proposed .

Carlsonet al. (1999a) naturally lead to theJ30, hydrate. A %1 Overview of Results

small abundance of about 1% of $@nd polymerized sul- In this paper we have calculated flux and energy input

fur, relative to HSQOy, account in their work for UV absorp- (Sections 2—6, Table II) of measured energetic particles in tt

he Miller-Urey experiment (Miller 1953) demonstrated tha

10. SUMMARY AND DISCUSSION
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jovian magnetosphere on the surfaces of Europa, Ganymede, fanced here (Section 8.2) to be controlled by ion sputtering «
Callisto. Improved instrumental discrimination between protomadiation damage at Europa and at Ganymede’s poles, and
and ions (Section 2) and good agreement of electron flux sp&termal segregation in Ganymede’s equatorial regions and
tra to the new measurements at sub-megaelectron volt energiz|isto. However, we also find that meteoritic gardening ef
has allowed us to separate the effects of these different partifdets may be especially important with respect to interpretatic
types for computations (Section 5) of sputtering, implantatioof abundance from remote sensing observations for apparent
and of energy deposition as a function of depth. In the specialiation products (e.g., SOH,0,, O,, CO,). Inferred column
case of Ganymede the energetic particle access to the suri@eesities may only be lower limits to total abundance integrate
has been modeled for the first time in terms of Starmer thedryand below the optical layer.
and numerical solutions for particle motions in the combined
magnetospheric and satellite magnetic fields (Section 4). ExcéBt
in the magnetically shielded region near Ganymede’s equatorQur energetic particle measurements are taken from the ea
the energetic electrons (extended in our model data to enerdgadileo Orbiter encounters with the three icy satellites and a
of 1-40 MeV) are found to be the dominant carriers of energpmewhat biased by the spatial locations of these encount
for chemical radiolysis with decreasingly smaller relative inputsithin the jovian magnetosphere and with respect to vertical of
from protons and the heavy ions. The heavy ions likely dominaget from the plasma current sheet (Section 2.2). Future work w
surface erosion through sputtering. In Ganymede’s equatorg@dress spatial and temporal variations during later encount
region the high mass-to-charge ratios of the heavy ions all@fthe primary Galileo Orbiter mission (1995-1997), the Galilec
preferential access of these ions to the surface. Jovian energéticopa Mission (1997-1999), and the now ongoing Galile
electrons above tens of kiloelectron volts are completely eldillennium Mission. Our comparison to energy fluxes nea
cluded from this region, while-10-MeV protons can penetrateEuropa orbit from Voyager LECP data shows no temporal var
but are lower in relative intensity, energy flux, and sputteringpility, but order of magnitude variations could have occurre
rate (Table II). further out and been obscured by spatial differences in the me

Magnitudes of the energetic particle effects have been cosurements. Some differences could simply be due to improv
pared (Sections 6 and 7) to those from solar UV photons, ENAEmental resolution.
from the lo torus, micrometeorite impacts, thermal sublima- In this work we did not model effects of complex and varying
tion and annealing, and sub-surface heating from tidal interanagnetic field configurations. Starmer energy cutoffs for an a
tions and radioisotope decay. Micrometeoroid and ENA impadsymmetric dipole field around Ganymede are easily compute
are found to deliver very negligible amounts of kinetic energipr our assumed (Section 2.3) ion charge states @, S*),
~10P keV (cn?-s)~* for chemical modification of the surfaces asut the time-varying external and induced fields (Section 4.
compared to energy fluxes efL0* keV (crr?-s)~! from magne- require averaging for different orientations of the external mag
tospheric particle irradiation. While the elemental compositiametospheric field during orbital motion of the satellites aroun
of each satellite surface arises mostly from endogenic materialspiter. More definitive models must also allow for magneti
the relatively large energy inputs from irradiation should evolviéeld contributions from plasma currents and ionospheric col
the observablenolecularchemistry (Section 9) everywhere orpling within the satellite magnetospheres. Pending availabili
short timescales (Section 8.1, Fig. 11), a few years in the cas®@buch models, we have chosen (Sections 4.2—4.3) the simpl
material at micrometer depths on Europa to thousands of yepossible representations: (1) no internal or induced field at ¢
atthe same depths on Callisto. Even thétbl(f year times for for Europa and Callisto and (2) a simple dipole aligned to th
full radiation processing throughout the millimeter-thick opticdbcal jovian magnetospheric field direction for Ganymede.
layers of each satellite surface region are very short as compareHinally, the values we compute for irradiation parameter
to the 10- to 10°-year geological ages of those surfaces. (Section 5) are equivalent to global averages over the surfa

While solar photons provide the largest gross source of esf-each satellite, except that values for Ganymede are separat
ergy, as at Earth, the most chemically significant input froeomputed for the equatorial and polar cap regions. The incide
UV-C (Table IlIl) is overwhelmed in the case of Europa by thaiarticle spectra are taken to be those upstream of each sate
from the energetic particles (Section 6). The latter is even comith respect to corotation with the planetary magnetic field, th
parable to tidal energy dissipation to heat within Europa and mdgwnstream depletion by satellite sweeping being ignored. F
contribute to interior heating by oxidation of carbonaceous irrgarticles with gyroradii much less than the satellite radius (Se
diation products conveyed to a sub-surface ocean via instabilittes 3.3, Fig. 4), maximum impact fluxes are expected on th
of the overlying ice crust. Long-term survival and initial downtrailing hemisphere where our global estimates are therefore
ward migration of these and other irradiation products shoufactor of two or more lower than the local irradiation rates.
be enhanced by meteoritic burial to millimeter depths ovér 10 .
years and to meter depths over y@ars (Section 8.3). 10.3. Relevance to Surface Composition

As earlier proposed by Spencer (1987a) from Voyager-eraAll telescopic measurements to date have made spectrosco
observations, surface distributions for visibly bright ices are imbservations for compositional analyses of the satellite surfac

2. State of Energetic Particle Measurements and Models
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as “through a glass, darkly.” Other than on lo, fresh plumes tdction, so its absence from the more reflective polar region
sub-surface ejecta revealing compositions of the interiors hasanymede, and globally on Europa, is not surprising. Concel
yet to be detected. The previously cited detection ob @@ trations in the trailing hemisphere may indicate direct acces
Callisto, @ and G on Ganymede, and 3D, on Europa are of low-energy electrons and low-energy 10 keV) corotating
suggestive of irradiation processing of the surface (Sections 9dlasma to the surface (Section 4.2 and Fig. 10).
9.3). Therecentreport (Carlsebal.1999a) of sulfurintheform  We further expect that the magnetic dipole moment of Gany
of hydrated sulfuric acid on Europa is consistent with irradiatiomede may have varied and even reversed, like the terrestrial a
of sulfate salts (e.g., N&Qy) in a water ice environment. In all early martian (Connernegt al. 1999) magnetic fields, many
cases we assume that molecular composition is largely driviimes during the~10° year surface age of that satellite. If so,
by irradiation processes. Due to micrometeorite mixing of thbe penetrating particle fluxes could have been much high
materials in the surface regolith (Section 8.3), the time to acder thousands to millions of years, and a significantr@ser-
mulate a detectable column density is increased. However, thisr could then have accumulated in or under the surface. Pre
means that a large reservoir of undetected material may resédential vapor deposition at mid-latitudes (Purves and Pilche
below the sensed layer. For this reason it would be highly desli980, Shaya and Pilcher 1984), followed by thermal annealir
able to probe the surface compositiarsituto meter depths for (Johnson 1985, 1999), may have been sufficient to keep optic
irradiation products. pathlengths long in the relatively dark material at low latitude:
Even if the elemental and molecular sources of nonice mate4ong intervals between dipole reversals.
rials are endogenic, as they now appear be on Europa (Fanale
et al. 1999), the irradiation can expose and modify the nonid®.4. Astrobiological Implications
material beneath thin D frost (Section 8.2). Simple correlation

of SO, surface abundance, determined from UV spectrosco Habitable zone. We speculate on the debate about whethe
' P Rt might have evolved within the subsurface ocean of Europ:

to iogenic sulfur implantation rates, is therefore unlikely. LongLi_hiS is important for the general question of how often andwher

tude dependence and time variability of UV absorption spec%ae might have arisen throughout the universe. If we accept tr

have been reported for all three satellites from IUE Observgfsumption of Gaidaat al. (1999), that biological processes are

tions (Section 7'1? and are pot_entially explainable in te”‘.”s Stimately driven by solar energy through photosynthesis, the
temporal and spatial variations in magnetospheric energy mpH@re appear to be few prospects for evolution of terrestri:';ll lif
(Section 7.2). While endogenic $@xcavated by meteoritic im- . . )

forms at Europa. The habitable zone for life in any stellar sys

pacts seems a plausible source for UV absorption on Callistp’s

ein nemisohere (sl 1561, econcentation GO0 6% 1Y oSt ok rctatn oioren
on the trailing hemisphere (McCoret al. 1998b) does sug- P y : Y.

h S ; argue with Chyba (2000) that irradiation production could sup
gest magnetospheric irradiation as an exogenic energy Source.

A trailing hemisphere enhancement of irradiation products Cg(iant some photosynthetic resources for astrobiology. Ifwe on

n . .
also be magnified by a higher rate of mixing (Section 8.3) below 1o ¢ that _there be water, h_ydroparbong and Oth?r chem|_c'
i e . . heeded for life, and sufficient interior heating (e.g., tidal, radio
the optical layer from meteoritic impacts on the leading side. "~ . L o L
. enic, chemical) and related crustal activity to maintain vertice

In the case of Ganymede there are several outstanding puzzlés

] T B ransport for biological resources and waste products, then tl
related to oxygen and sulfur: (1) origin of “condensed;'i0 efinition of habitable zone is greatly broadened
the trailing low latitude regions (Calvin and Spencer 1997), (5 9 y '
origin of the ozone-like feature detected (Hendzbxal. 1999) Surface environment.Survival of any conceivable organ-
primarily at large solar zenith angles (e.g., high latitude near lisms at the surfaces of icy satellites is clearly limited in part b
cal noon, lower latitudes near dawn and dusk), and (3) enhaneedy low temperature and air pressure, leading to severe det
UV absorption by S@ and Q—0O; abundances on the trailingdration, and by the sterilizing irradiation environment. Deptt
hemisphere (Nelscet al. 1987, Calviretal.1995, Spencestal. profiles of volume dosage rates (megarad per month) from tt
1995, Nollet al. 1996, McCordet al. 1998b) despite shielding measured energetic particles are shown in Fig. 16 by regic
by the satellite’s magnetic dipole field. Since magnetic shielébr all three satellites. Note that significant chemical breakdow
ing below 40 latitude reduces the production (Fig. 15), subaccurs at vastly greater dosages than required for lethality in te
limation of H,O followed by photochemical production mayrestrial living organisms. The hardiest example of the latter ma
contribute. However, sputtering and transport can be driven bg the terrestrial bacteriubeinococcus radioduransvhich can
the heavy ions, which more easily penetrate the magnetic fisldrvive ionizing radiation dosages up to 0.5 Mrad with little ap
at the low charge states {@ S**) assumed here (Section 2.3)parent effect (Battista 1997). Such organisms might survive ¢
The G, may be preferentially removed from, or buried beneatEuropa’s surface in a dormant state for several days or more
the optical layer on the leading hemisphere by micrometeordtte base of the optical layer after ejection from sub-surface e
impacts (Calvin and Spencer 1997, Spencer 1998), thereby einenments. At meter depths the surface ice would shield trar
hancing hemispherical differences. In addition, the weak “solidient liquid water environments from rapid sterilization, and :
O, absorption feature requires a long optical pathlength for déeep ocean below kilometers of ice crust would be complete
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L B A IR ronments. As discussed in Section 8.3, material at the irradiat

-~ I -
= 10 - surfaces can become buried within the regolith to meter dept
E 102 _ _ by meteoritic impacts within the 10to 1P-year ages of these
g ., 3 icy surfaces. At greater depths the ices in the satellites crus
= 10! — _ may resemble Antarctic ices with an upper layer of “bubbly” ice
& £ 3 overlaying a deeper layer containing clathrate hydrates (Mille
% 10°F = 1969). Calviret al. (1996) showed that Ganymede’s lower tem:
% - 3 peratures and gravity, as compared to those of Earth, allpw (
f 101F 3 clathrate stability below centimeter depths near the poles a
20 F ] below 100-m depths near the dayside equator. As clathrates ¢
g 102%F 2 = other forms of the irradiation products reach the ice-liquid in
% - = Europa \\ i terface, chemical reactions releasing heat would likely be a
g 103 —— Ganymede Polar cee g celerated in the high-pressure environment under kilometers
% [ oeveces Ganymede Equator ) 3 ice crust. The rise in temperature frordl00 K at the surface to
> 104 = - Callisto T <273 K atthe liquid layer may itself drive many heat-producing
sl T S TTT B reactions, as found from recent laboratory studies for astrophy
103 1074 1073 1072 10! 10° ical ice mixtures heated above 40 K (Woon 1999).

-2
Surface Depth (g-cm™) Oxygen. At upper limits on oxygen yields (Section 9.2), a

FIG. 16. Depth profiles for total volume dosage rate in megarad (Mradgjubstantial amount of £ equivalent to oxygenation levels in
per month for irradiation of pure 40 ice on surfaces of Europa, Ganymedeterrestrial oceans, is produced by irradiation of Europa’s su
(pollar cap and equator),_and Callisto_. Note that 1 Mtaﬂio“lGra_ys: 1%erg  face. For an electron energy flux 66 x 100 keV (sz-s)*l
gcog j“l%fllj:;ge chemical dose unit of 100 eV 16 arhin Fig. 11 equals rapje |y the Q source rate for kO ice irradiation at Eu-

' ' ropa withGo, ~ 0.01 is 5x 10° O, (cn? s)~L. This value may
o o . at least double on the trailing hemisphere. lon bombardme
pro'tected. Fu}ure pOSSIbI|ItIe'S |nglude3|tu sgarche.s fpr bIO-. gives a further contribution o£10° O, (cr? s)-1, dependent
qulcal materlal imbedded elth_er_m surface ice or in ice graing, plasma access to the surface (Sections 3.2 and 8.2),
ejected into space by meteoroid impacts. a global average net soureel0'° O, (cn? s)L. This source

Chemical energy. Continuous energy inputfrom irradiation,rate, ignoring all losses discussed above, would limit the n
and preferential loss of hydrogen from the surface by sputteringygen column to~3 x 10%* O, cm~2 for during the 13-year
of water ice (e.g., Johnson 1995), lead to an abundance of amasurfacing time of the ice crust. Less volatile oxidants are pr
dants and other products of irradiation with high energy conteduced and trapped more efficiently. Chyba (2000) has not
Much of the incident particle and UV energy may be retaindtiat the observed 0, in the optical layer would provide anO
within the irradiated layer and converted to chemical poteseurce for the Europan ocean after dissociation in liquid solutic
tial energy by the breaking and remaking of molecular bonegthin 10 yearsG ~ 0.1 for H,O, (Section 9.2) would then ulti-
(Sections 9.2-9.4). While substantial amounts of the irradiatiomately give 10 times morefQhan from the direct @production
energy are likely dissipated in cyclic reactions, such as dissoabove.
ation and recombination of 0, or else returned to the mag- Ifafraction of the produced oxidants are trapped in the surfac
netosphere via sputtering and escape, the rest is stored in pnaterial and then subducted by various geologic processes, tf
duction of volatiles (@, CO,), other oxidants such as peroxidea significant supply of oxygen may be made available to the su
sulfates, and carbonates, and simple to complex hydrocarbasface ocean. For a typical mass concentratid@ mg per liter
Further reactions of these irradiation products will affect subsudrem photosynthetically produced,@n the terrestrial ocean at
face chemistry and also produce heat. Exothermic oxidationddpths down to 150 m (Schlesinger 1997), Europa’s ocean col
hydrocarbons, including the irradiation products and primordibk fully oxygenated at this level throughout thatire depth
materials, could release heat, either via spontaneous combustibr: 10> km from the direct @ product of surface irradiation.
in high-pressure oxygen at the ice—liquid interface (see next s#f@ditional contributions from HO, and other oxidants could
section) or at 19K temperatures in hydrothermal vent systemisicrease the oxygenation level by up to an order of magnitude
at the floor of the europan ocean. Thé4@ar recyling time of ~ Pockets of compressed,@as and other volatiles released
the europan ice crust is interestingly similar to the time for cfrom hydrates could form at the ice—liquid interface but migh
cling of material through such systems in the terrestrial ocedns toxic at high partial pressures to analogs of terrestrial lif
(Miller and Bada 1988). forms. Consumption of the £in gas phase through combustion

Surface gardening and geologic instabilities may convey résee above) of carbonaceous materials in the melting ice, anc
dual irradiation products and their stored chemical energlssolved form within hydrothermal vent systems, might limi
through the outer kilometers of ice crust to subsurface en, concentrations in the postulated air gap and ocean to leve
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