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Introduction:  Several processes operating togeth-

er over geologic time have produced the present sur-
face of Europa. First, there is the initial emplacement 
of surface material by geologic transport, moving wa-
ter and entrained materials from liquid subsurface res-
ervoirs to the upper surface, where they rapidly freeze. 
Second, ions trapped in the Jovian magnetosphere, 
many of which originated in the torus surrounding the 
orbit of neighboring Io, are implanted into the surface. 
Third, the electrons and ions (H, O, N, C, S, Na and 
others) impinging upon the surface drive radiolytic 
chemistry that further alters the surface character. 
Fourth, impact gardening by micrometeorite impacts 
overturns and mixes the upper surface to cm-scale 
depths. Finally, sputtered and thermally desorbed vola-
tiles (primarily water ice) redeposit onto the surface, 
partially obscuring the spectral signatures of the under-
lying material. 

Situated within the Jovian magnetosphere, Europa 
in its ~3.6-day orbit is continually overtaken by mag-
netospheric charged particles co-rotating with Jupiter’s 
~10-hr period. While heavy ions such as sulfur deposit 
preferentially on the trailing hemisphere, with a distri-
bution that falls off roughly with the cosine of the an-
gle from the apex, lighter energetic electrons have a 
more complex distribution, with zones of enriched or 
reduced flux [1]. Both populations exert profound in-
fluence on surface chemistry through radiolysis. 

Recent work [1] has significantly advanced or un-
derstanding of this complex interplay between the 
chemical and geological processes acting upon the 
surface. Our objective is to use newly derived abun-
dances from surface deposits on Europa to constrain 
the composition of the subsurface ocean from which 
they originated. 

Methodology:  Galileo Near-Infrared Mapping 
Spectrometer (NIMS) observation C3ENLINEA01 
was reprocessed with a new noise removal method to 
remove spikes arising from radiation noise [2]. Geo-
logic mapping (Figure 2) was conducted according to 
the methods of [3,4]. Sets of spectra corresponding to 
continuous geologic or albedo units were extracted 
from the observation and averaged together to give 
high signal-to-noise ratio spectra for each unit. Each 
spectrum was modeled using a linear model with cryo-
genic reflectance spectra [1,2,5,6,7] measured in the 
laboratory at temperatures of 120, 100 and 77 Kelvin 
(Table I). We used a Simplex algorithm to evaluate 
tens to hundreds of thousands of linear combinations 
and arrive at the combination with the lowest least-
squares quality of fit parameter, χ2 (chi-squared). The 
operator, not knowing the source (sites or terrain types) 
of the extracted spectrum, reviewed the spectral model 
and restarted the algorithm with slightly modified line-
ar weights (material abundances), based on expert 
knowledge of the endmember reference spectra, to 

Figure 1. Galileo Solid State Imager (SSI) 
mosaic of the study area, overlain with 
false-color processed NIMS. Blue = higher 
H2O ice abundance; yellow to red = higher  
non-ice hydrate concentrations. 
 
 
. 

Figure 2. Geologic map of study area, identifying several terrain types 
based on geological considerations of transport phenomena and strati-
graphic relationships. Albedo differences do not necessarily corre-
spond to terrain type or geologic unit. White outline shows extent of 
NIMS observation C3ENLINEA01. 
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attempt to improve the quality of fit while avoiding 
local minima in the χ2 hypersurface. Once models 
converged to a stable solution, the weights (abundanc-
es) were compared with images and geologic maps. 

Results:  The interaction between endogenic em-
placement mechanisms and exogenic alteration driven 
by charged particle bombardment is fascinating but 
somewhat involved so here we summarize only the 
highlights. Boundaries of compositional units as re-
vealed by infrared spectroscopy do not always corre-
spond directly to boundaries of the underlying geologic 
units, because various processes may overprint the 
terrain with obscuring materials such as water ice, sul-
furic acid hydrate, or an as-yet unidentified visibly 
dark, reddish component (possibly sulfur polymers 
[7]). For example the extended icy ejecta from the im-
pact crater Manannán (blue pixels in Figure 1) partly 
obscure several preexisting geologic units. 

The dark reddish component was nearly ubiquitous 
throughout the study region, underscoring the likeli-
hood of a radiolytic origin. Though included in the 
spectral library (Table I), meridianiite (MgSO4•11H2O) 
was never selected in significant quantities by the 
model. This may be due to its high molecular weight 
and correspondingly large cross-section for destruction 
by radiation. The highest brine concentrations were 
found along the margins of Belus Linea; this along 
with their relatively low acid hydrate abundances sug-
gests geologic youth for these deposits. Compositions 
for two groups of lenticulae studied do not match, 
demonstrating the influence of both icy impact ejecta 
and sulfuric acid hydrate (H2SO4•nH2O) production by 
magnetospheric charged particle bombardment. 
     We identified qualitative evidence for the previous-
ly discussed sulfuric acid hydrate gradient [1,2,6]. This 
abundance gradient goes from ~65% by weight near 
the trailing apex to below detection thresholds of 3-5% 
on the leading hemisphere, with strong dependence on 
sulfur ion flux and electron energy. Variations in com-
position of multiple geologic units, and spectral influ-
ence of Manannán ejecta, complicated efforts to quan-
titatively map the acid hydrate gradient. Examining the 

Table 1. Endmember materials used in the cryogenic 
reflectance spectral library, and the temperatures (in 
Kelvin) at which they were measured [1,2,5,6,7]. 

bright icy rays from Manannán we did find that total 
water ice abundance decreased with distance from the 
crater while the H2SO4 hydrate abundance increased. 
The H2SO4 hydrate abundance in the crater floor, how-
ever, is anomalously low (by ~20%) in proportion to 
other terrains in this region, suggesting that the impact 
reset the surface to an icier composition, and that the 
deposit is sufficiently young that it has not yet reached 
an H2SO4 hydrate abundance in equilibrium with ex-
ogenic influence. It may be possible to estimate the age 
of the impact from models of particle flux over time. 

Conclusions: The application of cryogenic reflec-
tance spectroscopy to infrared spectral observations of 
Europa reveals compositional variations at both re-
gional scales and the scales of individual geologic 
units. Local structural control of composition by endo-
genically-derived deposits in the vicinity of the trailing 
hemisphere apex causes significant departures from the 
sulfuric acid hydrate abundance expected based on 
magnetospheric electron energy and sulfur flux alone. 
The crater Manannán seems to have reset local compo-
sition in the crater to an icy mixture having anomalous-
ly low H2SO4 hydrate abundance, suggesting it is rela-
tively young and has not reached radiolytic equilibri-
um. The impact also cast a patina of water ice over a 
large region, obscuring the spectral signature of the 
underlying geologic units. Higher abundances of 
H2SO4 hydrate are found farther from the crater center, 
while salt hydrates are more prevalent along the mar-
gins of Belus Linea and in disrupted terrains. The pres-
ence of hydrated salts and sulfate brines in these de-
posits suggests a high sulfate contribution to subsur-
face oceanic composition. The mix of sulfate salts re-
sembles those found at terrestrial hot spring sites and 
undersea thermal vents known to host extremophilic 
(thermophilic and/or sulfur-metabolizing) organisms, 
and strengthens arguments that the Europa ocean may 
represent a habitable environment. 
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Material T Material T 
H2SO4•nH2O,n={4,6.5,8} [7] 77 MgSO4 Brine 100 
Hexahydrite MgSO4•6H2O 120 Na2SO4 Brine 100 
Epsomite MgSO4•7H2O 120 H2O Ice,  

16 grain sizes  
10 µm – 50 cm 

100 Meridianiite MgSO4•11H2O 100 
Bloedite Na2Mg(SO4)2•4H2O 120 
Mirabilite Na2SO4•10H2O 100 Neutral Ab-

sorber (R=10-6) n/a Ideal Scatterer (R=1) n/a 
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