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Introduction: Remote observations from Earth-
based telescopes and spacecraft flybys over the icy sat-
ellites of Jupiter and Saturn show that thermal inertia of
their surfaces is about two orders of magnitude lower
than what is expected for solid water ice [1]. Thermal
inertia is defined as the square root of the product of the
material’s volumetric heat capacity and thermal conduc-
tivity. Previous researchers have proposed possible
causes for the low thermal inertia. For Europa, the sur-
face ice may be highly porous or fractured [1, 2]. It may
also consist predominantly of amorphous ice [3], which
is less thermally conductive than crystalline ice. Pres-
ence of salts (i.e., magnesium sulfate, sodium sulfate)
and clathrate hydrates has been detected [4]. These salts
and hydrates are also less thermally conductive than
crystalline water ice [5, 6]. It is likely that more than one
of these (and possibly additional) factors contribute to
the low thermal inertia. Further quantification and iden-
tification of these factors are needed for improving the
models of the thermal structure and evolution of Europa.

The aforementioned salts likely originate from the
liquid ocean under the ice shell [4]. The material of the
ice shell is more likely to be ice of their water solutions
than that of pure H,O ice. The previously reported ther-
mal measurements on the salts [5, 6] were performed on
specimens of hydrated solids. Here we report the results
of thermal conductivity and diffusivity measurements
on ice samples of magnesium sulfate (MgSQOj4) solution
and sodium sulfate (Na,SO4) solution.

Ice Samples: We first produced a 16%wt solution
of MgSOy4, and a 3.5%wt solution of Na,SO; in deion-
ized water at room temperature. For each of the solu-
tions, the liquid was poured into silicone molds with 5-
cm cubic chambers, and the whole assembly was placed
in a walk-in freezer whose temperature was set at -16°C.
Three cubic ice pieces were made from the MgSO4 so-
lution and another three were from the Na>SO4 solution
(Fig. 1). The MgSO4 cubes had solid white appearance,
while the Na,SO4 were more translucent.

We believe that we largely avoided precipitation of
the salts during the freezing process by setting their con-
centration slightly below the eutectic values [7, 8]. No
salt crystals were visible on the surfaces of the cubic ice
samples extracted from the molds. In addition, after the
completion of the thermal measurements, we heated the
ice samples up to 225°C to evaporate the water, and
weighed the anhydrous salt residues from them. The salt
concentration values matched the initial values within

~4%, with all but one matching within 2%. It is still pos-
sible that some of these salts existed in crystal forms
within the ice samples. Because of their opaqueness, it
was not possible to visually confirm whether or not such
crystals were absent.

Some of the opaqueness of the samples may have
resulted from entrapment of air bubbles, which should
not occur on the surface of Europa. We froze these sam-
ples overnight in the freezer. Slower freezing would
have allowed time for more of the bubbles to escape, but
it would have also increased the chance of salt precipi-
tation. For comparison, we froze deionized water with
no salt using the same method, and found it to be also
somewhat opaque (Fig. 1), though to a lesser degree
than the Na;SO4 ones. We also froze deionized water
more slowly by applying additional thermal insulation
to the same cubic molds, taking more than 24 hours, and
were able to produce clear ice cubes (Fig. 1). In as-
sessing the effect of the trapped bubbles, we made ther-
mal measurements on both the clear and the opaque wa-
ter ice samples and compared the results.

Figure 1. Photographs of the thermal diffusivity-con-
ductivity probe inserted into the 5-cm cube samples of
the MgSOj solution (top left), the Na,SO4 solution (top
right), the fast-cooled water (bottom left) and slow-
cooled water (bottom right).
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Thermal Diffusivity-Conductivity = Measure-
ments: We used the dual-probe method [9] for simul-
taneous determination of thermal conductivity and ther-
mal diffusivity of each of the samples. Thermal diffu-
sivity is defined as the material’s thermal conductivity
divided by volumetric heat capacity. The simultaneous
determination of thermal diffusivity and thermal con-
ductivity thus allows estimation of volumetric heat ca-
pacity as well.

We used the dual-probe system of Decagon Devices
(now METER Group). The probe (SH-1) uses two nee-
dles, each 30-mm long with 1.3-mm diameter, separated
by 6 mm [10]. One of the needles contains an electric
heater and the other contains a temperature sensor.
Thermal conductivity and diffusivity are determined by
monitoring the heat conducting from the heater to the
temperature-sensing needle through the medium of in-
terest.

We drilled a pair of holes into each sample for in-
serting the probe (Fig. 1). Because of the difficulty
working in the freezer, we did not apply thermal grease
to the probes, and that may have resulted in some con-
tact resistance between the probes and the surrounding
ice. The heater was activated for one minute for a con-
stant power of 17.5 W/m. The samples were kept in the
freezer during the entire time. Three samples of the
MgSO4 solution ice, three samples of the Na>SO4 solu-
tion ice, two samples of the slow-cooled (24+ hours)
water ice, and two samples of the fast-cooled (< 12
hours) water ice were measured. Figure 2 shows the
temperature rise (relative to the pre-heating tempera-
ture) versus time graph for the heating experiments per-
formed on the individual ice cubes.
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Figure 2. Temperature rise versus time plots for the
thermal diffusivity-conductivity measurements on the
ice samples.
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Discussion and Conclusions: The temperature-ver-
sus-time records for the fast-cooled water, the slow-
cooled water, and the Na>SO4 solution ice samples are
almost identical, reaching ~0.9 K above the pre-heating
temperature at the end of the heating. They yielded sim-
ilar thermal conductivity and diffusivity values (Table
1). It is not certain whether or not the small differences
between the two groups of H>O ices (~5%) are due to
the absence/presence of the air bubbles, given that the
number of samples was small (2 pieces for each group)
and that contact resistance between the needles and the
ice may have affected these measurements. The MgSO4
solution samples reached their peak temperatures at
considerably later times and at higher values (1.0 to 1.2
K), indicating that they are considerably less thermally
conductive than the others. The thermal conductivity
and diffusivity values for the Na,SO4 solution ice are
comparable to those of the H>O ice samples. This may
be due to the low concentration of the salt (3.5%wt).
Solubility of Na,SO4 is much lower than that of MgSOs.

In conclusion, because of the difference in solubil-
ity, MgSO4 may have a greater impact on the thermal
properties of Europa’s ice shell than Na,SO4. Espe-
cially in deep subsurface (> ~1-km depth), where ice is
expected to be much denser than on the surface [11], the
sulfate type and its concentration in the water may be
major factors controlling the thermal structure of the ice
shell.

Table 1: The group averages of the thermal conduc-
tivity and diffusivity values of the ice samples at -16°C.

Thermal Thermal
Conductivity | Diffusivity
(W/mK) (x10""m?/s)
Fast-cooled water 2.0 6.1
Slow-cooled water 2.1 7.2
16 wt% MgSO4 solution 1.3 3.9
3.5 wt% Na>SOg4 solution 1.9 6.1

The average values for each sample type are shown.
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