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Abstract
Europa's surface is chemically altered by radiolysis from energetic charged particle
bombardment. It has been suggested that hydrated sulfiu-ic acid (H2SOpnH20) is a major surface
species and is part of a radiolytic sulfur cycle, where a dynamic equilibrium exists between
continuous production and destruction of sulfur polymers S,, sulfur dioxide S02, hydrogen
sulfide H2S, and H2S04.nH20. We measured the rate of sulfate anion production for cyclo-octal

sulfur grains in frozen water at temperatures, energies, and dose rates appropriate for Europa
using energetic electrons. The measured rate is %*e(SO?-)

=fSulk ( r ~ / r ) ~ G
molecules
l
(100

eV)-', wherefsdh is the sulfur weight fraction, r is the grain radius, ro = 50 pm, p = 1.9, and GI
= 0.4 k 0.1. Equilibrium column densities N

are derived for Europa's surface and follow the

ordering N(H2SO4) >> N(S) > N(S02) > N i z S ) . The lifetime of a sulfur atom on Europa's
surface for radiolysis to H2S04 is T(-S) = 120(r/r0)~
years. Rapid radiolytic processing hides the
identity of the original source of the sulfurous material, but Iogenic plasma ion implantation and

an acidic or salty ocean are candidate sources. Sulfate salts, if present, would be decomposed in
< 3800 years and be rapidly assimilated into the sulfur cycle.
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INTRODUCTION
Europa, the innermost icy galilean satellite, orbits within Jupiter’s giant magnetosphere
and is continuously bombarded by energetic ions and electrons that profoundly influence the
chemical composition of the surface. Implantation of Iogenic sulfur ions provides a source of
chemically active surface material, and high-energy particles decompose surface molecules and
produce new chemical species. Radiolysis is shown to occur on Europa’s surface by the presence
of hydrogen peroxide (H202) (Carlson et ul. 1999a; Carlson 200 1;see laboratory studies by
Moore and Hudson 2000) and atmospheric and surficial oxygen ( 0 2 ) (Hall et ai. 1995; Hall et ul.
1998; Spencer and Klesman 200 1). Europa’s surface also contains an abundant hydrated
H~O
is)radiolytically produced
compound, suggested to be hydrated sulfuric acid ( H ~ S O ~ W Z that
from sulfur-bearing surface material (Carlson et ai. 1999b). Elemental sulfur is both a radiolytic
source and sink of this sulfwl’c acid, and sulfur allotropes (S,) can provide the brownish surface
pigment that is spatially associated with the hydrate (Carlson et ai. 1999b). Although it was
suggested earlier that the observed SO2 (Lane et ai. 1981; No11 et ai. 1995) was radiolytdly
decomposed to a sulfur residue (Johnson et ai. 1988), the cycling among sulfur species and the
role of the important end product, sulfuric acid, were missed.
Sulfuric acid, sulfi~,and sulfur &oxide are part of a Europa’s radolytic s u l h cycle (Fig.
1) and, along with water ice, constitute a surface in dynamic equilibrium between continuous
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production and destruction by radiation-induced chemical reactions (Carlson et al. 1999b). The
primary products are:

S, + H20 ++ H2SOpnH20
SO2 + H20 ++ H2SOpnH20
H2SOpnH20 ~3 S02, S, H2S
H2S * S, €32
where ~3 denotes radiolysis, i. e., reactions initiated by ionizing radiation. In many cases the
specific chemical reactions and stoichiometric relations are unknown. The radiolysis of sulfur in
water (Reaction 1) efficiently produces sulfuric acid and no other detectable species (Donaldson
and Johnston 1968; DellaGuardia and Johnston 1980), but this reaction has been studied only for
room temperature liquid mixtures. It is important to determine the efficacyof radiolysis to form
sulfuric acid from sulfut-water ice mixtures at low temperatures relavent to Europa. In the
following we report measurements of sulfur radiolysis in water ice and show that H2S04 is
rapidly produced in Europa’s sulfur cycle.
Fig. 1.
RADIOLYSIS MEASUREMENTS
AND RESULTS

Two types of experiments were conducted. We first used a fixed radiation dose but varied
the concentration, temperature, and phase of the irradiated samples to obtain the reaction
eficiency (G-value) and to compare with liquid-state measurements. We then used constant
sample conditions but varied the dose to demonstrate that H2S04 is a primary product and that
5

the measured efficiency is not influenced by back-reactions. In both cases, sulfimc acid
generation was measured by the concentration of the sulfate anion SO?- measured by ion
chromatography.
Experimental conditions and sample preparation
We prepared frozen samples of sulfur in water and subjected them to high-energy particle
fluxes that approximate conditions on Europa. High-energy electrons provide 80%of the

-

radiolyzing energy flux at Europa with a mean electron energy of 350 keV (Cooper et al.
2001). The total radiolyzing energy flux (DE= 7.8 x 1013eV cm-2 s- 1,deposited in the average
stopping distance D = 0.6 mm (Cooper et al. 2001), gives a surface dose rate of about 20 rad s-l
although this rate can be spatially variable (Paranicas et al. 200 1). Our experiments used recoil
electrons produced within the sample by Compton scattering of '%o y-rays for which the

-

average recoil energy is - 500 keV. The intensities of the two sources that we used were 3.3

-

rad s-l and 20 rad s-'. Thus, the experimental energy and dose rates both approximate Europan
conditions.
A 500-keV electron impacting water ice has a range R k: 3 mm and produces numerous

-

primary ionization events with an average spacing of 0.5 pn established by the ionization
cross section and concentration of H20 molecules. The secondary electrons produced at each
primary site cause further excitation and ionization events, but with shorter range, so small,
discrete regions of high energy density are produced. The regions can overlap near the end of the
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primary’s track and in branch tracks that are produced by energetic secondary electrons.
Dissociative recombination of the e- - ion pairs and the dissociation of excited molecules

-

produce H and OH radicals within the excitation regions, which are 20 8, in diameter and
contain an average of about five dissociated H20 molecules (Hochanadel 1960). Some radicals
recombine to form H20, H2, and H202, but many of the OH radicals can migrate and react with
other species or become trapped and available for subsequent reactions. Oxidation of elemental
sulfur to sulfuric acid occurs by successive reactions with OH radicals (DellaGuardia and

Johnston 1980). Hydrogen peroxide is quite non-reactive with elemental sulfur (Schumb et al.
1955) (see below). Other oxidants, produced at lesser rates in ice radiolysis, are 0,02,and HOz
and are discussed below.
Experimental samples were irradiated at T = 77K,a temperature comparable to Europa’s
nighttime temperature of 86 K (Spencer et al. 1999). At these low temperatures, many OH
radicals are trapped, with the amount of trapping dependent on the number of defects and hence
on the history of the ice (Ershov and Pikaev 1969). Voids at interfaces and grain boundaries
provide favorable sites for trapping and chemical reactions (Johnson and Jesser 1997). On
warming to

- 100 K, OH radicals become quite mobile (see review by Johnson and Quickenden

1997 and references therein) and behave chemically like OH in liquid H20 (Taub and Eiben
1968). These OH radicals diffuse and react with themselves and other molecules to form more
stable products. Experiments show that these reactions are completed and the OH radicals
7

consumed for T 5 130 K (Johnson and Quickenden 1997). This temperature regime, 100 K to
130 K, is within Europa's diurnal temperature range of 86 to 132 K (Spencer et al. 1999). We
experimentally simulated Europan temperature conditions by slowly warming the 77 Kirradiated samples through this temperature range (dT/& < 1 K s-*).
Elemental sulfur on Europa's surface may occur in the s8 cyclo-octal form or as linear
chains, Sx, and both may be present as isolated molecules or as aggregates, the case considered
here. The laboratory samples were prepared using 99.998+% pure rhombic S8 flakes ground to
finer particles. Ultra pure water (resistivity > 17 MS2 - cm), prepared using a Barnstead
NanoPureO ion-exchange system, was used in these experiments. The weight fraction of sulfate
impurities, relative to s8, was reduced to -0.4

x 10"

by repeated rinsing. Some nitrate was also

present at about the same level in both the sulfur and water. Heterogeneous mixtures were
prepared using water that had been degassed by boiling for 30 min and stored in a glass bottle

with no headspace. Sulfur and water were weighed into 6-ml high-density polyethylene vials.
The vials were capped and sonicated for 15 minutes to disperse the sulfur and further de-aerate
the mixture, and then immersed in the cryogen.
G-value measurements
Radiolytic efficiencies are often expressed as G-values, the number of molecules
produced (or destroyed) per 100-eV of absorbed energy. Typical values are G = 0.1 to 10 and are
generally higher in the liquid state than in solids. They depend on the energy and type of ionizing
8

particle, but sparsely ionizing, very fast particles are often treated as similar (Johnson and
Quickenden 1997).
We measured the G-value for sulfate production using a donut-shaped 6oCosource. With
this geometry, the dose rate (- 3.3 rad s-') is uniform in the central sample region. External
access is precluded during irradiation, so cooling must be accomplished using cryogens such as
liquid nitrogen and COz ice. For each measurement set, we prepared samples two sets of
solutions at four concentration levels (fsdf~r= 0%, 5%, lo%, and 15%, by mass). One set was
irradiated while the other set received similar thermal treatment in an identical dewar but was not
irradiated. The sulfur particle size distribution was optically determined using a representative
sample of > 5000 particles and counting the number of particles classified by size ranges. A lognormal distribution was found with maximum at radius ro = 50 pm and a standard deviation in

h(r) of 0.4.
After the exposure period, the samples were allowed to warm slowly and melt, followed
immediately by chromatographic analysis. We used a Dionex ion chromatograph consisting of a
GP40 gradient pump and a CD20 conductivity detector with an anion self-regenerating
suppressor operated at 50mV.Separation was accomplished on a Dionex Ion PacB AS4A-SC
column preceded by an Ion Pac@ AG4A-SC guard column. The instrument was calibrated
before each group of measurements and checked after completion to ensure that there had been
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no significant change in detector response. In addition to the unexposed control set, samples of
the ultra pure water were also analyzed to validate sample preparation and handling.
Variances in the amounts of generated sulfate of about f 30% were observed for different
samples at the same concentration. These differences are thought to arise fiom different degrees
of particle dispersion among otherwise identical samples. Errors in the chromatographic
determination of the sulfate concentration are about 0.01 to 0.02 ppm.
Fig. 2.
Irradiations were performed for - 8 h (dose

- 100 krad - 6 x 10'*eV g-') at 77 K and 195

K using liquid nitrogen and dry ice cryogens, respectively. The chromatograms (e. g. Fig. 2)

show that the sulfate weight fractionfsdfateproduced by radiolysis is approximately proportional
tofsdb, and that production is less for the 195 K irradiation (Fig. 3). Assuming a linear
relationship,fsaak = a.db, applicable forfsulb << 1, least-squares analysis yields a = 3.9 f 0.4
ppm for the 77 K irradiation, and a = 0.9 f 0.6 ppm for the 195 K irradiation. The results are
(forfsulk << 1) and we include a power law to
consistent with a linear dependence withfsdf~,
describe particle size dependence, expressing the radiolytic efficiency as &me(SOt-)

=fsdf~r

(roir>pGl.The parameter ro = 50 pm is the mean particle radius in these experiments and the

value of p is estimated below. G1 is found using the measured value of a and the corresponding
dose. For the 77 K and 195 K irradiations we find GI = 0.4 2 0.1 molecules (100 eV)-' and GI =
0.1 k 0.07 molecules (100 eV)-', respectively. Error estimates include the variances in the fits,
10

uncertainty in the source strength, and the sample-to-samplevariance. The value for the 77 K
irradiation is appropriate for Europa’s dimal temperature variation. The lower efficiency for

SO:- production at 195 K implies that competing reactions with OH are important at this
temperature. These reactions may involve thermally enhanced diffusion of previously generated
products (Ghormley and Stewart 1956).
Fig. 3.
We also measured SO?- production from a liquid aqueous mixture, finding G I = 8 for
50-pm radius Ss particles. Previous radiolysis measurements in liquid H20 (Donaldson and

Johnston 1968) yielded 6

- e

=fsulfur(rdr)’Gl= 0.05 using low sulfw concentration (#&fur

=

0.6 ppm) and r = 0.4pm radius particles. The different particle sizes used in the two experiments
enables us to estimate the parameter j3. Combining our value for G1 with Donaldson and
Johnston’s value for &xtur$fsulf~r gives p k: 1.9. UsingfsUlhoc nr3, where n is the particle
number density, we find that &me

cznr’.’.Donaldson and Johnston, in measuring the rates of

decrease of sulfur particle radii, found that the corresponding sulfuric acid production rate was
midway between two cases: (1) uniform diffision of radicals to the grain’s surface and (2) a
constant source volume for the reacting radicals. For the diffision case &- oc nr2, while the
oc n. Our independently-derived variation,

constant source volume case is described by &*e

oc nr’.’, lies between these two cases and is consistent with Donaldson and Johnson’s

finding. We assume that the particle size dependence will be the same in the solid state.
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Oxidants and reaction pathways
Hydrogen peroxide is an oxidant that is generated in the ra&olysis of H20, so we
investigated the direct oxidation of s8 by H202. An non-irradiated mixture of s8 in a 6%-wt
aqueous solution of H202 produced 14 x lo4 g (SO42->/g(S8) in 20 hours. The average H202

-

concentration for the radiolyzed samples is expected to be 0.16 ppm-wt, estimated using
G(H202)= 0.08 (Johnson and Quickenden 1997). Normalizing the sulfate production to the H202
levels and exposure times of the irradiated samples, we estimate that H202 oxidation would give
< 2 x lo-*' g (Soz-)/g(&). This is less than

of the V d U e for irradiated samples, so we

conclude that H202 probably plays, at most, only a minor role in sulfiu oxidation. Indeed, H202
inhibits H2S04production in irradiated liquid mixtures (Donaldson and Johnston 1968). We also

found that the presence of 0 2 inhibits H2S04 production in ice, similar to Donaldson and
Johnston's (1968) results for liquid water. We discuss oxidation by HO2 in the following
subsection.

Our results are consistent with successive oxidation by OH and probably similar to OH
oxidation of s8 in irradiated liquid mixtures (DellaGwdia and Johnston 1980). Both phases may
involve the sulfoxylate ion, SO,-:

(Vairavamurthy and Zhou 1995) and sulfinic acid, S02H2,

(DellaGuardia and Johnston 1980) as intermediates. SO2H2 is produced in low temperature (12
K) photolysis (Fender et al. 1991) and sulfinic acids are oxidized to sulfate (Makarov et al.
1998). The final step, hydration of sulfuric acid, is highly exothennic and may occur
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simultaneously with three-body oxidation reactions. For low sulfate-to-water ratios, the
octahydrate and hemihexahydrate would be formed.
Dose dependence
Theprimary products of radiolysis are the stable end-products that result from reactions
of the initial radicals with the molecules present before irradiation. With increased dose, the
concentration of primary products will increase and can participate in subsequent radiolytic
reactions (“back reactions”), producing secondav products through the decomposition of the
primary products. One can experimentally distinguish between primary and secondary products

through their dose dependence. The concentration of primary products will initially be
proportional to dose but will reach a dose-independent plateau at high doses, where net
production and destruction rates are equal. Secondary products Will first exhibit a quadratic
dependence, becoming linear with a non-zero dose rate offset at higher doses (O’Donnell and
Sangster 1970).
The relative amount of sulfate generated in the above exposures is small, being in the
parts-per-million range for the

- 100 h a d exposures. Therefore the destruction of H2S04

molecules is expected to be small compared to the number being produced, so the measured Gvalue should represents the primary product yield. We verified that initial production rates were
measured by exposing fixed-concentration samples to various total doses. Samples withfsulk =
15% were prepared as described above and maintained at 77 K while being exposed at 20-rad s-*
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from a “point” source of 6oCoy-rays. Similarly prepared control samples experienced the same

-

-

thermal environment but were unexposed. Exposures times ranged from 4 h to 72 h (dose 0.3
to 5 Wad) and the amount of sulfate that was generated is consistent with a linear dose
dependence with no offset (Fig. 4), as expected for primary product generation and negligible
back reactions.
Fig. 4.
These data also show that H02 is not a major oxidant in sulfur + ice radiolysis. The hydroperoxyl
radical is a secondary product generated from the primary product H202 (OH + H202 -+HOz +
H20) so H02, and any of its oxidation products, should exhibit a quadratic dose dependence.
Such dependence is not observed (Fig. 4).
blPLICATIONS FOR EUROPA

Reaction rates, lifetimes, and relative concentrations
It is important to determine the rate, and characteristic time, for conversion of sulfur in
ice into the hydrated H2S04 seen on Europa. Consider the general case of species X radiolyzed to
products Y. The column density of molecules X above the stopping depth D is N(X) =
vx<p>/mx)D, where <p> is the mean density, and M X andfj are the mass and mass fractions of

molecule X. The stopping distance varies inversely with density, so we use D = &&,J<p>)
and Cooper et al.’s value of DI,= 0.62 mm for pice = 1 g ~ m - Ignoring
~.
back reactions, species
Y is produced at the rate
14

dN(Y)/dt= N(X)v(X+Y) =fjrO/r)pGl(Y)W( IOOeV),
giving the rate per molecule v as
v(X-+Y)

= mx (rolr)pGi(Y)W[(lOOeV)L)r,~~~~l.

We have included the size dependence term (rOlr>pfor heterogeneous mixtures; it is to be
replaced by unity for homogeneous samples. Summing (~O/T-)~G~
for all independent products
produced in the decomposition of X gives the G-value for destruction, Gl(-X). The rate of
destruction, v(-X), and corresponding lifetime, T(-X), for molecule X are:
v(-X)

= 1/2(-X) = mxGI(-X)W[(

100eV)DI,p~,,]

The end product of sulfUr:H20radiolysis is H2S04, so Gl(-S)

= ( ~ o / ~ ) ~ G I ( H $giving
~ O ~ )the
,

S

atom lifetime T(-S) = 120 y for 50-prn radius particles. S u l k is continuously being replenished
by radiolytic destruction (back reactions) of H2S04, S02, and H2S (Fig. 1).
Table I
We use current and previous measurements (Table I) to estimate production and
destruction rates at Europa and the resulting concentrations of S, S02, and H2S, relative to
H2SO4. Sulfate acids and salts are decomposed by cation reduction or ejection and by
decomposition of the sulfate anion. The sulfuric acid cations (H+, H30+, H50:)

can be reformed

relatively quickly since H20 is abundant. Sulfate anion radiolysis products are elemental sulfur,
sulfides, and sulfites (Sasaki et al. 1978), yielding S, H2S, and H2SO3 (sulfurous acid). Sulfurous
acid Qssociates as 2& + SO?- S

H'+ HS03- tc SO2 + H20 with the latter case being favored
15

at the low pH level of Europa’s surface (Martin and Damschen 1981). Because the surface 0

2

density is not known, we do not include oxidation of S by 0 2 , but this pathway can produce SO2
and H2SO4 as in Venus’s atmosphere (Yung and DeMore 1982). Photodissociation of SO2 and
H2S by solar ultraviolet radiation will increase their destruction rates, but photoabsorption by
H20 and sulfur provides some spectral shielding, particularly for SO2.Ignoring
photodlssociation, the equilibrium molar ratios are:
N(S)/N(H2SO4) = [V(H2so4 +SO~)/V(-SO~)J[v(SO2+ S)/v(-S)] +
[V(&s04

-+ H~S)/V(-H~S)][v(H~S+ S)/v(-S)]

+ v(H~SO~+S)/V(-S).

N(SO2)/N(H2SO4) = v(H2S04 + SO~)/V(-SO~)
N(H2S)/N(H2SO4) = v(H2S04 + H~S)/V(-H~S)
Using the values in Table I we find that S, S02, and H2S concentrations, relative to H2SO4, are in
the ratios 10-2(r/50 ~ m ) ’ . lo”,
~ , and 2 x lo4, respectively. Hydrated sulfuric acid is the
dominant species on the trailing side of Europa and the number of sulfate ions relative to water

-

molecules is 0.1 (Carlson et al. 1999b). The corresponding number densities of S, S02, and
H2S in a 0.6 mm thick layer are 2 x 101*(r/50~ m ) ’ . 2~ x, lo”, and 4 x 10l6cm-2. Observations of
SO2 on Europa’s trailing side (”011 et al. 1995) are consistent with this estimate (Carlson et al.

1999b). Sulfir atoms can combine to form long-chained polymers S, that are highly absorbing in
the visible (“red sulfur”) (Meyer et al. 1971) and can color Europa’s surface, even at trace levels
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of lo4 (Clark and Lucey 1984). The H2S v3 band at 3.9 pm is not apparent in Near Infrared
Mapping Spectrometer ( N T M S ) spectra of Europa, consistent with these predictions
The above concentration ratios are lower limits. If the surface becomes saturated in
sulfuric acid hydrate, with no free H20 molecules available to supply oxygen for sulfate
production, then acid production will cease and the sulfur concentration can increase. A saturated
surface could be significantly darker.
Long-term sulfur cycle imbalance
Although the sulfur cycle is established in a few thousand years and is reversible in a
closed system, Europa’s surface is an open system. Species more volatile than H20, such as H2,

02,and SO2,readily enter the atmosphere where they can be redistributed and buried or lost to
space. Loss of H2 occurs by Jeans’ escape and loss of 0 2 occurs by ionization (Johnson et al.
2000), whereas S02, ejected by sputtering or sublimation, is redistributed like H20. Ignoring the
molecular oxygen pathways, the net reactions of the sulfur cycle are:

s i4H20 + &so4 + 3H2
-+S + H2 + 202
Although some of the evolved hydrogen and oxygen can recombine to form H20, there can be a
longer- term evolution because H2 and 0 2 will leave the system, increasing the concentration of
sulfurous material and therefore becoming darker.
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Darkening by thermal alteration and the brightening of lineae
Thermal effects can also darken a surface. Heating of the surface will preferentially
sublimate H20 since its vapor pressure is much higher than the vapor pressures of S, and H2S04,
and even modest heating can saturate and then darken a surface. It has been suggested that warm
ice diapirs, upwelling in linear cracks, can heat and sublimate the adjacent crust to form diffuse
margins of dark refractory material - ‘’triple band” lineae (Head et al. 1999). NIMS spectral
maps of triple bands show that the center bands are icy but the dark margins contain hydrated
sulfuric acid, consistent with sulfurous refkctory material (Carlson et al. 2001).
Once formed, the triple bands appear to brighten with time (Geissler et al. 1998).
Regolith processes such as down-slope motion of talus, impact gardening, or the self-burial of
darker, warmer material in ice (“solar gardening”, Grundy and Stansberry 2000) may produce
such changes. A surface can be brightened by a frost covering, but fiost formation on a darker,
hence warmer, surface may be unlikely. However, adsorption of H20, coupled with irradiation,
can oxidize the dark sulfur polymers to colorless SO2 and &SO4 hydrate. In addition, sputtering
of SO2 can reduce the net sulfur content and therefore the amount of radiolytically-equilibrated

S,. The surface will slowly brighten in a time that is long compared to the cycling time of the
radiolytic sulfur cycle (Fig. 1).
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Initial source of sulfurous material
The rapid processing of the radiolytic sulfur cycle described above hides the original
source(s) of sulfur. Ion implantation is a known source (Johnson et aZ. 1988), and the
implantation rate (computed from Bagenal‘s (1994) model) is a factor of lo3 greater than that
from micrometeoroid infall (using Cooper et al.’s (2001) mass influx rate and atomic abundance
values from Anders and Grevasse (1989). An acidic ocean within Europa may provide sulfuric
acid (Kargel, J.S. et al. 2001; Marion 2001) while a briny ocean could provide sulfate salts
(McCord et al. 1999; Kargel, J. S. et aZ. 2000). Radiolytic destruction rates for sulfate salts are
not well studied but decomposition processes include both cation and anion destruction.
Therefore, the lifetime of a sulfate salt will be less than the 3800-year lifetime of the sulfate
anion alone (Table I). Both alkali and alkaline earth cations are reduced by radiolysis (Moorthy
and Weiss 1964; Sasaki et aZ. 1978) and excited, neutral, Na and Mg atoms are ejected with
similar efficiencies fiom bbdite, Na2Mg(S04)2@4H20(Nash and Fanale 1977), for example.
Neutral Mg is ejected fiom MgS04.xH20 mash and Fanale 1977). A radiolytic equiIibrium
between Na20, NaOH, MgO, Mg(OH)2, (Na, Mg) sulfates, and sulfuric acid would result
(Johnson 2000). There are insufficient data to predict these ratios, but limits of 3% and 5% have
been derived for Mg(OH)2 and NaOH, respectively (Shirley et al. 1999). Sulfate salts, if present,
can be rapidly assimilated into Europa’s sulfur cycle.
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SUMMARY AND CONCLUSIONS

We measured the production of sulfuric acid fiom radiolysis of sulfur grains in ice at
temperatures and dose rates relevant to Europa. Since energetic electrons are the dominant
ionizing radiation striking the trailing hemisphere of Europa, we used electrons of comparable
energy produced by Compton scattering of 6oCoy-rays. Efficient production of H2S04 was
found with the rate depending on the sulfur particle grain sizes. These results show that sulfur on
Europa’s surface will be radiolyzed to sulfuric acid in time scales of years to hundreds of years,
depending upon the grain size.
Continuous radiolytic production and destruction on Europa yields H2SO4 as the
dominant s u l k compound, with S,, S02, and H2S being minor species. The cycle time is about
4000 years, set by the relatively stability of sulfates under irradiation. Radiolytic lifetimes at

Europa are short compared to geologic time scales and mask the original sulfur source(s);
candidates include ion implantation and an acidic or briny ocean. There can be a net, long-term
imbalance in the sulfur cycle, due to loss of H20 as radiolytically produced H2 and 02.This will
enhance the concentration of sulfur compounds, as will thermal processes such as diapiric
heating. However, adsorpbon of H2O and subsequent radiolytic S, oxidation, along with
sputtering of S02, can counteract this trend and may be responsible for surface brightening
phenomena.
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TABLE

Table I. Radiolysis rates and lifetimes. G-values and rates of decomposition,G(-X) and v(-X), and the
corresponding lifetime, z(-X), are shown in bold. Individual reactions and rates are also shown.
Species, X
G1
Rate v
Lifetime, z
s-‘
and reactioxthways (reference and notes)
(100 ev>-*
-y-s
--Sulfur, S
0.4(r&)’”
O.S(rdr)’”
120(r/rO)”
S8 + H20
H2S04(a)
0.4(rdr)’s
0.3(rdr)I9

-

_
_
.
I
_
_

1
_

Sulfur Dioxide, SO,
H2so4 (C)
SO2 4r* S (c, d)

5
4.5

so2 so3 (b)
4r*

H2S

-

S (e)

0.7

Hydrogen Sulfide, H2S

8

8

Sulfates, SO,‘- (0
SO;- (g) 3 HSOF + SO2 (h)
S2- (g)

7

5

6
6

6

6
0.9

0.004
0.008
3800
0.0034
0.0070
H2S04 +-+
0.00064
0.0013
&so4 s (g)
0.00008
0.0002
(a) Present results. (b) Proton irradiation, (Moore 1984). (c) SO3 + HzO rapidly produces H2SO4 (Carlson et al.
1939b). (d) Liquid-state value, (Rothschild 1964). (e) (Wourtzel 1920). (0 These values are representative of both
acid and salt sulfates. The lifetime is an upper limit because cation removal is not included. (g) (Sasaki et al. 1978).
(h) Sulfite decomposes to SO2 under acidic conditions.

&so4 -+
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FIGURE CAPTIONS
Fig. 1. Europa's radiolytx s u l k cycle. Stable species are represented by the rectangles and the
transient intennelary, sulfinic acid, by the circle. Radiolysis paths are indicated by the arrows
and the corresponding reaction rate (G-value) is indicated for unit concentration. The S + H20
S02H2

H2S04 rate,

y-t

measured in this work, is grain-size dependent; the value shown is for 50-

pm radius s8 grains exposed to energetic electrons. Decomposition lifetimes range from 5 years

-

(S02) to 3800 years (SO?-) so the overall cycle time is 4000 years. See Table I for rates and

lifetimes.

Fig 2. Ion chromatograms for 77 K irradiated (top) and unirradiated (bottom) heterogeneous s8
frozen aqueous mixtures. In each case, samples with 0,5,10, and 15 wt-% sulfur were
identically treated. The sulf'ate increase due to irradiation is evident, and a nitrate impurity is
found for both the irradiated and unirradiated samples. No sulfite was observed.

Fig. 3. Sulfate produced by irradiation. The SO?- weight fraction generated by radiolysis is
approximately linearly dependent on the initial weight fraction of sulfur. The lines represent
linear least-squares fits and f 1-0 deviations from the fits. h a l a t i o n at 77 K produces more
sulfate than does irradiation at 195 K. The doses for these irradiations were

30

- 100 krad.

Fig. 4. Sulfate production dose dependence. Heterogeneous solutions

= 15%) at 77 K were

exposed to a 6oCosource for periods up to 72 hours. Sulfate concentrations of the exposed
samples, minus the concentrations of the unexposed samples, are shown (filled circles) and
compared to the unexposed values (open circles). The sulfate production is consistent with the
linear dose dependence indicated by the fitted line. The sulfate production rate in this experiment
is - 40%of the ro = 50 pm value (Fig. 3). This may be due to the r-l.’ G-value variation and the
larger effective size of the particles, which were found to be aggregates with r = 50 to 250 pm.
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