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Abstract

We report the first crystal images and measurements of the eutectic tem-
perature of sodium sulfate hydrates in water at pressures up to 375 MPa
using a volumetric cell with sapphire windows. In the Ice-Ih regime we find
that adding the salt causes only a modest depression in the melting temper-
ature. In the Ice-III regime, we find evidence of two different states with
different transition temperatures. All of these transitions are accompanied
by significant volume changes.
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1. Introduction

Jupiter’s moon Europa is a complex world with a rich geologic history
(Prockter et al., 2010). Untangling that history will involve developing a
deeper understanding of how the icy surface interacts with any underlying
ocean (Nimmo and Pappalardo, 2016; Neveu et al., 2017). The types and
abundances of different impurities in that ocean can have significant impli-
cations for the thermodynamic, chemical and mechanical properties of that
icy shell (Durham et al., 2005; McCarthy et al., 2006).
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Reports of possible plumes on Europa (Roth et al., 2014; Sparks et al.,
2017), as well as the overall relatively young age of much of the surface point
to ongoing active processes. The chaos terrain on the leading hemisphere may
be indicative of a convecting subsurface ocean interacting with the surface
(Schmidt et al., 2011; Soderlund et al., 2014). The analysis in Prockter et al.
(2017) of the dark and gray areas in the “pull-apart” bands suggests that the
dark bands are younger and are more likely to have a significant impurity
component. One possible interpretation of all these results is that there is
significant interaction, and perhaps even interchange of material, between
the subsurface ocean and the surface (Prockter et al., 2017; McCord et al.,
2010).

Evidence for the nature of the impurities comes from the near-infrared
reflectance spectra obtained from the Galileo mission for the low albedo re-
gions on Europa’s surface (Carlson et al., 1996; McCord et al., 1998, 1999).
These have typically been interpreted as indicating the presence of various
hydrated compounds, possibly including hydrated salts of magnesium sulfate
and sodium sulfate (Dalton et al., 2005; Orlando et al., 2005; Shirley et al.,
2010) as well as sulfuric acid hydrates (Shirley et al., 2010; Carlson et al.,
2005). The low albedo regions may contain geologically young material, in-
cluding possible cryovolcanic flows (Shirley et al., 2010). Spatially-resolved
re-analysis of the NIMS spectra suggested that sulfates are preferentially lo-
cated in the low albedo regions near the center of ridges (McCord et al.,
2010), though other observations (Fischer et al., 2015; Ligier et al., 2016) do
not show evidence of mirabilite.

Chondrite-based chemical models for the formation and evolution of Eu-
ropa also suggest the importance of hydrated salts in Europa’s crust (Kargel
et al., 2000; Spaun and Head, 2001), though other models do suggest that the
sulfate content could be considerably lower (McKinnon and Zolensky, 2003;
Zolotov et al., 2006).

Analysis of sulfate compounds is complicated by interactions of the sur-
face with Io. The radiolytic sulfur cycle is an important source of sulfur on
the trailing surface of Europa (Carlson et al., 2005). An analysis of the in-
frared spectra across the 180° meridian suggests that the sulfate compounds
are present on both hemispheres, and hence may be at least partly endoge-
nous (Shirley et al., 2010). However, recent Earth-based observations using
the Keck II telescope found magnesium sulfate concentrations primarily on
the trailing hemisphere, indicating they likely came primarily from lo (Brown
and Hand, 2013). Similarly, results from the New Horizons probe (Grundy
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et al., 2007) suggest that the highest concentration of sulfates is on the trail-
ing side, again consistent with an external source.

More recent observations with the Hubble Space Telescope, incorporating
visible wavelengths, suggest that sulfates are primarily located on the trailing
hemisphere (Trumbo et al., 2019). By contrast, the non-ice regions on the
leading hemisphere are more likely dominated by sodium chloride.

An additional complication in interpreting the spectra is that compounds
on the surface of Europa are subject to significant radiation damage. The
work of Hand and Carlson (2015) suggests that the reddish color of the non-
icy portions of the surface may be due to primarily NaCl.

Although these surface measurements show that sodium chloride is likely
an important component of the non-ice regions of Europa’s surface, inferring
the composition of the subsurface ocean is more complex. Studies of natural
analogs at hypersaline springs (Fox-Powell et al., 2019) suggest that sulfate-
rich salt mixtures could have a spectral signature similar to that observed on
Europa, and that details of the precipitation process mean that the observed
surface composition might not provide a strong constraint on the underlying
brine composition. Similarly, the modeling in Vance et al. (2019) suggests
that the fractionization of brines within the ice shell may affect the transport
of material and lead to differences between surface and bulk composition.

Accordingly, a more complete understanding of the complex interactions
of an icy shell with a subsurface ocean will benefit from many approaches,
including additional observations, modeling, analog studies, and laboratory
data.

Beyond Europa, sulfate compounds have also been found on Mars (Van-
iman et al., 2004; Feldman et al., 2004; Fialips et al., 2005), and are likely
widespread on the surface (Szynkiewicz et al., 2014), and perhaps on the
subsurface as well (Wang et al., 2013).

There are also terrestrial applications. The large volume changes associ-
ated with phase transitions in the sodium sulfate system make it an impor-
tant compound used for the accelerated stress testing of concrete and other
porous materials (Flatt, 2002; McMahon et al., 1992; Scherer, 2004; Haynes,
2005; Rijniers et al., 2005; Flatt et al., 2014).

In all these applications, knowledge of the thermophysical properties of
the materials involved is essential for adequate modeling of the relevant phe-
nomena.

In this paper, we present new data for the pressure dependence of the
eutectic temperature for sodium sulfate in aqueous solution for pressures up



to 375 MPa. We use optical images to confirm most of the phase transitions
observed. These data complement the previous work of Tanaka et al. (1992),
who measured the peritectic and liquidus temperatures for the same system.

2. Experimental Method

The technique and apparatus were similar to those described in previous
papers for MgSO,, ammonia-water, and methanol-water mixtures (Hogen-
boom et al., 1995, 1997; Dougherty et al., 2018).

Approximately 1 mL of sample is loaded into a pressure cell that is placed
in a copper container and immersed in an insulated, temperature-controlled
ethanol /water bath. The pressure cell is adapted from the one used in Hogen-
boom et al. (1997), and modified to allow optical access to the sample, to aid
in identifying the crystal phases. This cell is made from a 316 stainless steel
block with four ports, known as a cross (High Pressure Equipment Company
#60-HF6). Two opposing ports contain replaceable plugs that have sapphire
windows sealed in them with epoxy. The third port contains a plug in which
a silicon diode thermometer is installed. The fourth port connects the cell
to the pressure system.

The sample in the pressure cell is separated from the ethylene glycol
pump fluid by a vertical U-tube filled with mercury. A steel capillary tube of
constant cross section forms one arm of the U-tube. A small Alnico magnet
is placed in the capillary on the interface between the pump fluid and the
mercury. The height of the magnet is measured by a transducer. Changes
in the transducer voltage are approximately proportional to changes in sam-
ple volume. Small systematic departures from this relationship are due to
imperfections in the capillary and expansion of the capillary cross-section at
high pressures. Since the data runs were made at approximately constant
pressure, the latter was negligible unless comparisons were made from one
run to another, and even then, the expansion of the heavy-wall stainless steel
tubing due to pressure was extremely small. The capillary is housed in an
insulated box maintained at room temperature so thermal expansion is not
a factor. As long as the sample is mostly liquid, this system allows simulta-
neous measurements of temperature, pressure, and volume of the sample.

The imaging system consists of a lamp that shines light through an in-
frared filter and optical fiber that directs the beam horizontally through the
sample cell. The infrared filter is used to minimize heating of the sample by
the light source. After passing through the cell, the beam is reflected by a 45°



mirror upward through a matched pair of lenses to a long working distance
optical microscope objective coupled to a Pulnix digital camera. The camera
obtains images with 1392 x 1040 pixels and an overall resolution of about 1.7
pum/pixel. The gap between the sapphire windows is approximately 1 mm.
It is worth noting that the camera’s field of view does not cover the en-
tire system. If there are sinking or floating crystals, or if there is a slight
temperature gradient in the cross, it is possible that what is observed in
the camera’s field of view might not be representative of the system as a
whole. However, more often than not, what we observed was an exquisite
choreographed dance of dissolving or growing crystals in concert with fluctu-
ating temperature, pressure, and volume, thus indicating that the images are
usually an excellent guide to what is happening in the bulk of the sample.

3. Experiments

3.1. Sample Preparation

The sample solution was made from reagent grade anhydrous sodium
sulfate (thenardite) powder (Aldrich, 99.99%). The powder was heated above
200°C to drive off any remaining water, and then combined with sufficient
deionized water to make a solution of 15.5 wt.% NaySO,.

The phase diagram for Na,SO,4 at atmospheric pressure is shown in Fig. 1.
Besides ice, there are two solid phases at this concentration, NaySO, - THO
(the heptahydrate) and NaySOy, - 10H50 (mirabilite). Although only the
latter is stable, the heptahydrate is also often observed (Hamilton and Hall,
2008), particularly in the case of rapid solidification.

3.2. Results at 50 MPa

The results for a typical, though fairly simple, run at a pressure of 50 MPa
are shown in Fig. 2 as a plot of transducer voltage (approximately propor-
tional to the sample volume) vs. temperature.

After pressurizing to 50 MPa at a temperature high enough for the sample
to be a homogeneous liquid (point a) we began cooling. After supercooling
to 286 K (point b) a sharp increase in volume indicated rapid crystallization
(point c¢); by further data analysis, including interpretation of the optical
images, we deduced that this phase could only have been mirabilite. (The
temperature is high enough that NaySO, - 7THoO can be ruled out.) Although
mirabilite is denser than the original solution, the remaining water-rich so-
lution is less dense, leading to a slight overall increase in volume.
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Figure 1: Phase diagram for NapsSOy, based on compilations by Eddy and Menzies (1940)
and Wuite (1913).

This solid material continued to grow as we cooled the system to 255 K
(point d). At that point, the remaining supercooled sample solidified rapidly
to a much less dense, opaque mixture containing a significant mount of Ice
Ih and, presumably, additional sulfate hydrate. Although the pure materials
in this sample produce crystals that are inherently transparent, the multiple
small grains in this sample bent and scattered the light so that the image
became dark. Further cooling over the next 6 hours (to point e) produced
no significant changes.

Upon warming, light began to filter through the sample almost imme-
diately and the images revealed shifting structures that could be recrystal-
lization or the early onset of melting. At about 250 K it became clear that
the opaque material was dissolving and pieces could be seen floating upward.
We were surprised to find liquid at such a low temperature. The likely ex-
planation is that frozen material had blocked the connection between the
pressure cell and the rest of the apparatus, including the pressure gauge and
transducer. Further crystallization of low-density ice Ih in the cell could then
have increased the pressure in the cell dramatically, but since the sample was
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Figure 2: Plot of transducer voltage vs. Temperature for a run at a nominal pressure of
50 MPa. (The voltage changes approximately linearly with volume.) The lettered points
are described in the text. Eutectic melting occurred near 267 K, though the temperature
rose slightly as the pressure decreased.

frozen solid, the transducer did not reflect these changes between points (e)
and (f) in Fig. 2.

This explanation is supported by runs on pure water, where we observed
similar large increases in pressure when the system was locked up. For exam-
ple, in one run with pure water, the system was frozen solid with the pressure
gauge reading 5.24 MPa. As we warmed to a temperature of 257 K, however,
we observed that the ice started to melt. From that temperature, we infer
that the pressure inside the vessel had risen to about 163 MPa, far above
the reading on the pressure gauge. However, while the system can become
“locked up” when frozen solid, it must be emphasized that when warming
is slow and melting becomes well advanced, the instrumental measurements
reflect a well equilibrated system, and track pressure and volume changes
with high precision.

With further warming, the original mirabilite crystals were soon revealed
in the same form they had when they were suddenly obscured by the opaque
material. The last of the opaque material disappeared from the image and
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Figure 3: Ice Th (top) and mirabilite (bottom) coexisting at 50 MPa. Gravity points
downward. The image is about 2.4 mm across. The bright area in the center of the image
is liquid. The melting ice crystals at this point are physically detached from each other
and from the sides of the pressure vessel, and so the shrinking aggregation of buoyant ice
crystals is freely floating upward, whereas the dense hydrate phase collapses downward as
the crystalline trusswork melts and sinks. With the two solid phases plus liquid coexisting,
and the spatial scale apparently being small compared to the solution’s combined advective
and diffusive mixing scale, the system is at the eutectic.

the mirabilite crystals could be observed to be dissolving well before point
f was reached in Fig. 2. The rapid drop in voltage starting at point (f) in-
dicated eutectic melting at 267 K. (The rapid drop also indicates that the
system was no longer locked up, and that the pressure and voltage trans-
ducers accurately reflected the conditions in the sample.) An example image
showing the coexistence of both ice Ih and mirabilite is shown in Fig. 3.
Continued warming along the mirabilite coexistence curve led to slow dis-



solution of the remaining crystals until point (h) was reached, corresponding
to the liquidus temperature for this composition and pressure. A complete
run typically took about 7 days.

3.3. Results at 250 MPa

The results for the same sample at a nominal pressure of 250 MPa are
shown in Fig. 4. The run started (at point a) as a homogeneous liquid. We
then started cooling.
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Figure 4: Plot of transducer voltage vs. Temperature for a run at a nominal pressure of
250 MPa. (The voltage changes approximately linearly with volume.) The lettered points
are described in the text.

The trend of the liquid cooling curve from (a) to (b) involves thermal
contraction of the liquid as it enters a region of supercooling with respect
to the equilibrium liquidus solid phase, mirabilite. After supercooling to
260 K (point b), rapid crystallization led to a sharp increase in volume and
a small increase in temperature due to the exothermic release of heat of
crystallization; this heating effect is small (almost undiscernible in Fig. 4)
because not only the sample but the surrounding capsule and steel must also
be warmed in order for the thermometer to sense it.



The original growth was in the form of thin, plate-like crystals. These ini-
tial crystals are inferred to be mirabilite based on the topology of the phase
diagram, the impossibility of any ice phase forming at this temperature and
pressure (and surviving later in the experiment to a much higher tempera-
ture), and the form of the crystals. Following equilibration of the system with
coexistence of one solid hydrate phase and the liquid, the crystals continued
to grow slowly as we cooled the system to 238 K (toward point c), where the
system was again supercooled, but this time metastable in that the expected
ice IIT did not crystallize immediately as the system would require for equi-
librium. At point (c¢) the system finally crystallized another solid, which we
infer was ice III. This sudden episode of quench crystallization produced an
opaque assemblage. Ice III crystallization produced a denser system (lower
volume) both because the density of ice I1I is greater than the sodium sulfate
solution, and because its crystallization pushed the liquid phase to a denser,
more saline composition.

Further cooling to (d) produced no observable changes in the image be-
cause of the high opacity of the system. However, with quench crystallization
of ice, enough of the sample (probably all of the remaining liquid) froze to
block the inlet to the cross, hydraulic pressure equilibrium with the pres-
surizing fluid was apparently lost (as we commonly observed when quench
solidification takes place), and the reduction in phase volume caused a rapid
drop in pressure, thus reducing the compression of the sample without being
detected by the pressure gauge or voltage transducer. These events in the
region of point (d) are inferred, since we could not see what was happening,
but are supported by our observations in numerous runs. Upon warming to
point (e), incipient melting or softening of the sample near the melting point
may have allowed pressure equilibrium with the pressurizing fluid to be re-
established, thus causing a surge in sample pressure and reduction in volume
from (e) to (f). From (f) onward in Fig. 4, pressure equilibrium apparently
existed in the semi-melted sample.

From (f) to (g), a reversible eutectic melting transition occurred near
246 K; as some solids, and especially the quenched ice crystals melted, sam-
ple opacity was reduced and the original mirabilite crystals re-emerged in
the field of view. This transition was reversible. Upon re-cooling slightly,
the voltage would drop and crystals could be observed regrowing in the win-
dow. After ice III was exhausted in the sample, further warming along the
mirabilite /liquid coexistence curve (to point h) led to slow dissolution of the
remaining crystals that were first observed at point (b).
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Figure 5: Crystals slowly dissolving at a pressure of 250 MPa and a temperature of 278 K,
corresponding to point (h) in Fig. 4. The image is about 2.4 mm across. The light area in
the top half of the image is liquid solution. The temperature is too high for the crystals
to be anything but a hydrate phase. However, resorption has caused them to lose their
diagnostic euhedral crystal forms; based on the topology of the phase diagram and the
crystal forms observed earlier in the run, it is concluded that these crystals are mirabilite
at a temperature just a bit colder than the liquidus (point i).

Fig. 5 shows the flat, nearly transparent crystals dissolving at point (h),
where they have lost their initial euhedral nature. Warming continued until
a discrete, well-defined liquidus was reached at (i). The distinct concave-
down path taken between points (g) and (i) indicates that that the 250-MPa
equivalent of the mirabilite liquidus shown in Fig. 1 is also strongly concave
down in the segment between the eutectic and the liquidus for this 15.5 wt.%
composition.
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4. Results for the Eutectic Temperature and Pressure

In order to determine the eutectic temperature as a function of pressure,
we considered only those points on reversible transitions where the volume
was varying rapidly and the crystals were clearly either growing or dissolving
in the window. For runs such as those in Figs. 2 and 4, those points were in
a region between points (f) and (g).

The overall results are shown in Fig. 6. For comparison, we also show the
melting temperatures for pure ice based on the curves reported by Wagner
et al. (2011), and the ice phase boundaries based on the data tabulated by
Dunaeva et al. (2010).
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Figure 6: Results for all runs. Shown for comparison are the pure Ice Ih, Ice ITI, and Ice V
melting curves from Wagner et al. (2011), and the phase boundaries for the different ice

phases from Dunaeva et al. (2010). The solid lines through the data are fits described in
the text.

For the Ice melting curves, we use the functions recommended by Wagner

et al. (2011):
r_ 3 T\
—— +Zai 1-— T (1)
0

Po T
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where the numerical values of the parameters are given in Wagner et al.
(2011).

To minimize fitting artifacts, we initially used the same functional form
for our data. However, our data do not cover a wide enough range of tem-
peratures to constrain the parameters, particularly in the Ice III regime,
especially since the the values for py, and Ty are not independently known.
As a result, the typical uncertainties in the fit parameters a; and b;, were
often larger than the fit parameters themselves.

We also considered the melting curve equation proposed by Kechin (1995),
based on a modification of the Simon-Glatzel equation (Simon and Glatzel,
1929).

a2

% = <1 + i—f) exp (—asAp) (2)
where Ap = p — pg. This is similar to including a single term from Eq. 1,
but with an additional exponential decay term az. However, that term did
not significantly improve the quality of the fit, and the values for az were
consistent with zero. We also considered other forms sometimes used for
the melting of pure substances, such as that recommended by Yi-Jing et al.
(1982), but they either did not fit as well over the full range of the data, or
required more parameters that were typically poorly-constrained.

The best description of the data was ultimately obtained with simple
polynomial fits of the form

T = ag + ay(p — po) + az(p — po)* (3)
where py was arbitrarily fixed to correspond with the relevant data range.

4.1. Pressure dependence of the Futectic Temperature: Ice Ih Regime
In the Ice Th regime, the best-fit values for Eq. 3 are given in Table 1.

Po 0 MPa

ap 272.33£0.02 K

a;  —0.0775 £ 0.0004 K/MPa

as —(1.38£0.01) x 1074 K/MPa?

Table 1: Fit to Eq. 3 for eutectic temperature in the Ice-Th regime

In two runs, near 150 and 175 MPa, we observed anomalously low eutectic
temperatures. We were not able to repeat them at other pressures, but
include them in the figure for completeness.
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Although Ice Ih is stable only up to 209 MPa, we were able to observe
higher pressure metastable states by slowly raising the pressure from be-
low 209 MPa while simultaneously lowering the temperature. Above about
250 MPa, however, the system would quickly and irreversibly change to a
higher-density ice phase.

4.2. Pressure dependence of the Eutectic Temperature: Ice III Regime

In the Ice III regime, we observed two distinct transitions. In most runs,
we observed a modest freezing point depression that increased slightly with
pressure. These results are labeled as “Eutectic II1” in Fig. 6. However, in
a number of other cases, the eutectic temperature was significantly lower.
These are labeled as “Eutectic Va” in Fig. 6; an example run was shown in
Fig. 4.

Unfortunately, the images in these cases do not show distinct crystal
forms that enable us clearly identify the phases involved. Both solids are
more dense than the liquid solution. The state labeled Va had a higher
density than III, but we were not able to measure absolute densities of solids
with this apparatus. Both transitions were several degrees above the Ice
IT equilibrium curve. The lower-temperature data do follow an extension
of the Ice V regime curve, consistent with the formation of metastable Ice
V, as suggested by Evans (1967), and are included in the Ice V regime fits
described below.

For the III phase, the best-fit values for Eq. 3 are given in Table 2.

po 209.0 MPa

ap  250.26 +0.01 K

a1 0.0276 £ 0.0004 K/MPa

as —(2.7£0.2) x 107° K/MPa?

Table 2: Fit to Eq. 3 for the eutectic temperature in the Ice-I1I regime.

4.3. Pressure dependence of the Eutectic Temperature: Ice V Regime

The IIT and Va curves converge as pressure increases and the fitted lines
intersect quite close to the Ice I1I-V boundary. Above around 350 MPa, we
only ever observed a single phase.

The best-fit values for Eq. 3 for the Ice V regime are given in Table. 3:
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po 350.0 MPa

ap  253.480 % 0.004 K

a;  0.0667 = 0.0001 K/MPa

ay —(8.940.1) x 1075 K/MPa?

Table 3: Fit to Eq. 3 for the eutectic temperature in the Ice V regime, including the
metastable “Va” points in Fig.6 above.

5. Discussion

We have determined the eutectic point for aqueous sodium sulfate solu-
tions for pressures ranging from 0.1 to 375 MPa. The freezing point depres-
sion due to the presence of the Na,SO4 was generally rather small over the
full range of pressures explored in this work. In the Ice-Th regime, it was
typically about 1.0 K. In the Ice-III regime, the depression increased with
pressure to roughly 2.5 K. In the Ice-V regime, it was slightly less than 3 K
we were not able to obtain data over 375 MPa with this apparatus, so we
were not able to determine any clear trend for Ice-V. In all cases, these phase
changes were accompanied by significant changes in volume.

Even within our small sample, we observed a number of deviations from
thermodynamic equilibrium. The sodium sulfate system can be supercooled
significantly—supercoolings of more than 20 K, as seen in Fig. 4, were readily
obtained. We also observed long-lasting metastable states within the Ice-
III region. In addition, we found that the system exhibits very sluggish
dynamics as it relaxes towards equilibrium. For Fig. 4, for example, the whole
run lasted about 1 week, and the warming towards the liquidus proceeded
at a rate of approximately 0.16 K/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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