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ABSTRACT
The microstructures of two-phase binary aggregates of ice-I + salt-hydrate, prepared by eutectic
solidiÞcation, have been characterized by cryogenic scanning electron microscopy (CSEM). The
speciÞc binary systems studied were H2O-Na2SO4, H2O-MgSO4, H2O-NaCl, and H2O-H2SO4; these
were selected based on their potential application to the study of tectonics on the Jovian moon Europa.
Homogeneous liquid solutions of eutectic compositions were undercooled modestly (∆T ~ 1–5 °C);
similarly cooled crystalline seeds of the same composition were added to circumvent the thermodynamic barrier to nucleation and to control eutectic growth under (approximately) isothermal conditions. CSEM revealed classic eutectic solidiÞcation microstructures with the hydrate phase forming
continuous lamellae, discontinuous lamellae, or forming the matrix around rods of ice-I, depending
on the volume fractions of the phases and their entropy of dissolving and forming a homogeneous
aqueous solution. We quantify aspects of the solidiÞcation behavior and microstructures for each
system and, with these data, articulate anticipated effects of the microstructure on the mechanical
responses of the materials.
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INTRODUCTION
Arresting images of Europa reveal a complex network of dark
lineations crisscrossing an otherwise smooth, bright surface,
which is considered an “icy shell” (Pappalardo et al. 1999).
When trained on the areas of darker (lower visible albedo), reddish terrains, Galileo’s Near-Infrared Mapping Spectrometer
(NIMS) observed distorted and asymmetric water absorption
bands at wavelengths ~1.5 and ~2.0 μm. Such features suggest
H2O in a physical state other than crystalline ice-I. Although
some spectroscopists proposed that such features could be due
to scattering effects from bubbles (Dalton and Clark 1998),
most researchers surmise that such spectra are indicative of
a non-ice material being present (in addition to ice-I) on the
surface. Consideration of laboratory spectroscopy studies and
thermochemical models based on solar abundances suggests that
the absorption bands seen in the NIMS data likely arise from a
type of highly hydrated sulfate, sodium carbonate (Carlson et
al. 2002; McCord et al. 1998, 1999), or more likely a mixture of
these (Kargel 1998; Dalton et al. 2005). The presence of these
hydrated phases in the shell is consistent with models of evolution
of Europa’s interior. Such models posit a dehydration of initial
chondritic materials followed by formation and differentiation
of an impure hydrous crust (Kargel 1991; Kargel et al. 2000).
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This crust would contain hydrated sulfates—particularly magnesium and sodium sulfate hydrates having the highest degree
of hydration, though sulfuric acid hydrate and hydrohalite are
plausible as well—that are thermodynamically stable on the
surface (Zolotov and Shock 2001).
The paucity of impact craters on the surface of Europa suggests a young, resurfacing crust. Features such as cracks, ridges,
and bands are indicative of surface deformation and tectonics
conjectured to be caused by tidal forces (Greenberg et al. 1998).
The tidal forces—which create deviatoric stresses on the order
of 105 to 107 Pa—result from the strong eccentricity of Europa’s
orbit due to resonance with Io and Ganymede (e.g., Sotin and
Tobie 2004). Most of the mechanical energy dissipation from
the tidal forcing occurs within Europa’s icy crust. The magnitude of this dissipation is controlled by the effective viscosity
of the icy material. Using the steady state viscosity of pure ice
(1013–1015 Pa s), Tobie et al. (2003) calculated that the dissipation
in Europa’s crust was large enough to give rise to and sustain an
underlying liquid ocean. It can be inferred, then, that a material
with higher viscosity—as we propose might comprise the surface
of Europa—would mean greater dissipation, a thinner crust, and
the possibility of a larger liquid layer. The interface between the
crust and this liquid layer would be a site of crystallization of new
crust. With a composition suggested by the spectra, it is expected,
then, that within the crust there will be regions where at least
two phases form via a eutectic solidiÞcation reaction. Although
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