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Introduction: Europa is a complex world with a
rich geologic history [1]. Untangling it will involve de-
veloping a deeper understanding of how the icy surface
interacts with any underlying ocean [2, 3]. The types
and abundances of impurities in that ocean can have sig-
nificant implications for the thermodynamic, chemical
and mechanical properties of that icy shell [4, 5].

Evidence for the impurities comes from the near-
infrared reflectance spectra obtained from the Galileo
mission for the low albedo regions on Europa’s sur-
face [6, 7, 8]. These have been interpreted as indicat-
ing the presence of various hydrated compounds, possi-
bly including hydrated salts of magnesium sulfate and
sodium sulfate [9, 10, 11] as well as sulfuric acid hy-
drates [11, 12]. The low albedo regions may contain ge-
ologically young material, including possible cryovol-
canic flows [11]. Reports of possible plumes on Europa
[13, 14], as well as the overall relatively young age of
much of the surface point to ongoing active processes.

One possible interpretation of all these results is that
there is significant interaction, and perhaps even inter-
change of material, between the subsurface ocean and
the surface [15, 16].

Experiments: In this work, we report on the freez-
ing and melting of sodium sulfate aqueous solutions at
low temperatures and high pressures relevant for a sub-
surface ocean.

Figure 1: Image of growing mirabilite crystals during a run
at a nominal pressure of 50MPa. The image is about 2.4mm
across. The overlaid graph shows transducer voltage (approxi-
mately linearly related to volume) vs. temperature, and the red
diamond indicates the conditions for this particular image.

An image from a typical run is shown in Fig. 1. The
system started as a homogeneous fluid at about 290K
and was cooled steadily. Mirabilite crystals precipi-
tated from the supersaturated solution starting at 286K.
The system was further supercooled to 255K, when all
the remaining liquid froze as Ice Ih, significantly ex-

panding the volume. Upon warming, the system stayed
frozen until reaching the eutectic temperature of 268K.
Upon further warming, the mirabilite crystals slowly
dissolved.

Results: The measured eutectic temperatures are
shown in Fig. 2. The additional salt causes a mild freez-
ing point depression on the order of 1K. Even within
our small sample, we observed significant deviations
from thermodynamic equilibrium. The sodium sulfate
system can be supercooled significantly—supercoolings
of more than 20K were readily obtained. We also ob-
served long-lasting metastable states within the Ice III
region, and we found that the system exhibits very slug-
gish dynamics as it relaxes towards equilibrium. To
stay close to equilibrium, we typically used a warm-
ing rate of less than 2K/hour. Accordingly, dynamic
processes that operate on shorter time scales or across
larger length scales should not necessarily be assumed
to be occurring in thermodynamic equilibrium.
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Figure 2: Eutectic temperature as a function of pressure
for an aqueous sodium sulfate solution. The freezing tem-
peratures for pure water [17] are shown for comparison.
Metastable phases involving both Ice Ih and Ice V were ob-
served.
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