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Implications for ice-rich planetary bodies
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Abstract

Recent studies have hypothesized that high-pressure H2O polymorphs, specifically Ice VI and Ice VII, make up a significant portion
of the interiors of select outer planets and their moons; most notably the Galilean satellites, Saturn’s Titan and possibly Neptune’s
moon Triton as well as potential H2O-rich extra-solar bodies. Several of these bodies have been conjectured to contain subsurface
salty H2O waters; therefore, any potential ice phases in the interior of these satellites could have interacted extensively with the
salty oceans. Raman spectroscopy and synchrotron radiation have been used previously to study the bonding structure and unit cell

parameters of pure Ice VII. However, no data exist on the effect of salts on the unit cell parameters and volume of solid H2O at high
pressure. To obtain pertinent data for use in planetary physics, it is important to understand the effect of impurities on H2O at high
pressure. The NaCl–H2O system was chosen as a first order approximation of H2O-rich planetary bodies. The unit cell parameters and
OH stretching frequencies of Ice VII formed from 5 and 10 wt.% NaCl–H2O solutions were studied in detail up to 27 GPa at 298 K by
using a diamond anvil cell, synchrotron X-ray radiation and Raman spectroscopy. The data indicate that, over the range in pressure and
temperature of this study, the maximum solubility of solutes in Ice VII was not pressure dependent. Our data suggest that the maximum
concentration of NaCl that can be incorporated into Ice VII at 298 K is 7.5 ± 2.5 wt.% (or 2.4 ± 0.8 mol% NaCl). Ice VII formed
from a 5 wt.% NaCl–H2O solution has a density that is up to 5% greater at any given pressure relative to the density of Ice VII formed
from pure H2O. Additionally, the bulk modulus, 26.2 ± 1.4 GPa, was found to be approximately 10–20% greater relative to Ice VII
formed from pure H2O. Relative OH stretching frequency shifts from Ice VII formed from the NaCl–H2O solutions were compared
to Ice VII formed from pure H2O. Ice VII formed from a 5 wt.% NaCl–H2O solution shows a systematic increase of approximately
15 rel cm−1 in the OH stretching frequency relative to pure Ice VII for any given pressure. We hypothesize that the incorporation
of Na+ and Cl− into the body centered cubic structure of Ice VII results in systematic variations in the intensive thermodynamic
properties of Ice VII formed from low salinity solutions. These new data will provide an improved first order approximation of
high-pressure H2O phases found within H2O-rich bodies and should be used to model the density profiles of H2O-rich bodies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The last 30 years have seen tremendous advances in
our understanding of the internal structure and chem-
ical stratification of the icy bodies. The initial models
of the icy satellites were derived mainly from cosmo-
chemical and observational data (e.g., Consolmagno and
Lewis, 1976) with a bias towards explaining solar sys-
tem evolution and formation. The Voyager, Galileo and
Cassini-Huygens missions have supplied data detailing
the outer Planets and their moons, most notably the
Galilean satellites and Saturn’s Titan, suggesting numer-
ous geologic processes were and are active (Anderson et
al., 1996; Carlson et al., 1996; Kivelson et al., 1996;
Schubert et al., 1996; Khurana et al., 1998; McCord et
al., 1998; Brown and Calvin, 2000; Greeley et al., 2000;
Greeley et al., 2000b; Zimmer et al., 2000; Anderson
et al., 2001; McCord et al., 2001; Schenk et al., 2001;
Head et al., 2002). Further, these data have been used in
the construction of cosmochemical and physical models
of the interiors of these planetary bodies (e.g., Mueller
and McKinnon, 1988; Nellis et al., 1988; Hubbard
and Marley, 1989; Anderson et al., 1996; Anderson et
al., 1997; Kivelson et al., 1996; Schubert et al., 1996;
Khurana et al., 1998; Zimmer et al., 2000; McCord et
al., 2001; Kivelson et al., 2002; Scott et al., 2002; Sohl
et al., 2002; Spohn and Schubert, 2003). Some of these
studies have hypothesized that high-pressure H2O poly-
morphs, specifically Ice VI and Ice VII, may make up
a significant portion of these bodies. Ice VI belongs to
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VII (Walrefen et al., 1982; Hemley et al., 1987; Pruzan
et al., 1990, 1992, 1997; Fei et al., 1993; Goncharov et
al., 1999; Frank et al., 2004). However, no data exist
on the effects of impurities on the bonding and unit cell
parameters of solid H2O at high pressure. To obtain more
realistic data for use in planetary physics, it is important
to understand the effect of impurities on H2O at high
pressure. We have chosen the NaCl–H2O system as an
analogue for more complicated “dirty” ice systems. This
study measured the unit cell volumes of Ice VII formed
from a 5 wt.% NaCl–H2O solution, addressed volumetric
effects of impurities on Ice VII, and documented changes
in the OH stretching frequencies of Ice VII formed from
a solute-rich H2O solution.

2. Experimental theory and methods

We hypothesize that impurities can affect the prop-
erties of high-pressure H2O polymorphs in H2O-rich
bodies and icy satellites. Data detailing the maximum
concentration of these impurities are required to estimate
the potential effectiveness of impurities on the thermo-
dynamic properties over a range of pressures and temper-
atures. Therefore, we examined the incorporation of Na+

and Cl−, in high-pressure H2O phases from 1.0 to 30 GPa
at 298 K by using a diamond anvil cell (DAC) with
Raman spectroscopy and synchrotron X-ray diffraction.
The use of a diamond anvil cell coupled with synchrotron
X-ray radiation provides pressure–temperature–volume
data for the NaCl–H2O system at conditions relevant to
he tetragonal crystal system and is stable from approx-
mately 1–2.2 GPa at 298 K. Ice VII is stable from 2.2
o approximately 62 GPa at 298 K and has a body cen-
ered cubic arrangement consisting of two interpene-
rating cubic ice lattices with no connecting hydrogen
onds between lattices; the hydrogen bonding is disor-
ered.

Recent studies have hypothesized that several of
upiter’s satellites have subsurface salty H2O waters
Kargel, 1991; Kargel et al., 1991; Kargel, 1992;
hurana et al., 1998; Zimmer et al., 2000; Kivelson et

l., 2000). Additionally, the melting curve of Ice VII
Datchi et al., 2000) illustrates that this polymorph of

2O is stable up to approximately 325 ◦C at pressures
quivalent to the core pressures of Ganymede, Callisto
nd Titan. This “warm” ice could have interacted exten-
ively with the subsurface oceans, other “ice” phases
nd/or rock fragments. The interaction of “warm” ice
ould be of great importance for chemical stratifica-
ion and internal differentiation. Raman spectroscopy
nd synchrotron radiation have been used to study the
onding structure and unit cell parameters of pure Ice
those present in select H2O-rich bodies. Our work in
this simplified system establishes a new technique with
which future studies may use to address additional com-
ponents.

2.1. Sample preparation

Aqueous solutions were prepared to cover a range of
concentrations within the NaCl–H2O system. However,
the concentrations were constrained to mol% greater
than 80% H2O to evaluate the influence of impurities
on the high-pressure polymorphs of H2O and not the
influence of H2O on high-pressure phases of NaCl. The
concentration of NaCl in the aqueous solution used to
form Ice VII was adjusted to ascertain the maximum con-
centration of NaCl in Ice VII after compression at 298 K.
The dissociation of NaCl in aqueous solutions results
in Na+ and Cl− being incorporated into high-pressure
phases of H2O. If diffraction lines, optical evidence, or
Raman spectra indicative of NaCl are noted in addition
to Ice VI or Ice VII, the maximum concentration of the
impurity was interpreted to have been exceeded. We iter-
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ated our starting concentrations to bracket the maximum
concentration of each impurity in the ice.

Rhenium and stainless steel gaskets were used in
these experiments and were pre-indented to 10–20 GPa
decreasing the thickness of the gasket from 400 to
60–25 �m. Gold foil was fastened into the compressed
region of the gasket to decrease the potential of reac-
tion with the fluid and the possibility of leakage. Sam-
ple chambers of 350–100 �m diameters were drilled in
the compressed regions by using an electrical discharge
machine (EDM). The hole acted as the sample chamber
bound on the sides by the gold-lined gasket and placed
between the two diamond anvils. The H2O aqueous solu-
tion, with dissolved NaCl, and a pressure indicator (gold
for X-ray experiments and ruby for Raman spectroscopy)
were loaded into the sample chamber and compressed,
at room temperature, to approximately 1 GPa to seal the
contents in the sample chamber. Great care was taken
so that the compositions of the solutions loaded into
DACs were not altered during compression. Experiment
duration was varied and numerous replicate experiments
were performed to determine if equilibrium had been
obtained. This study used time invariance, replicate anal-
yses and reversals as a measure of the approach to equi-
librium.

2.2. X-ray diffraction

Powder X-ray diffraction experiments were con-
ducted by using synchrotron radiation at the Advanced

sure volume of gold and halite starting materials were
compared to volumes measured using synchrotron radi-
ation to provide another constraint on the accuracy and
precision of the methods employed at the Advanced Pho-
ton Source. The unit cell parameter of gold determined
from the diffraction lines was used in conjunction with a
previously established PVT equation of state (Anderson
et al., 1989). Variations in the gold unit cell volume
calculated from the {1 1 1}, {2 0 0}, {2 2 0}, {3 1 1},
{2 2 2} and {4 0 0} diffraction lines were monitored and
used to assess deviatoric stresses attributed to the non-
hydrostatic environment of the diamond anvil cell (Meng
et al., 1993). The uncertainty in the unit cell parameter for
gold, and thus the calculated pressure, was propagated
through the pressure calculation to provide a minimum
pressure uncertainty.

2.3. Raman spectroscopy

Experiments using Raman spectroscopy were pre-
pared in a fashion similar to X-ray diffraction exper-
iments, with the noted switch of pressure indicators
from gold to ruby. Small grains of ruby were dis-
persed throughout the sample chamber and Raman spec-
troscopy was used to measure the ruby R1 fluorescence
line shift with increasing pressure (Mao et al., 1986).
The sample and ruby grains were analyzed at inter-
vals of approximately 1–2 GPa. The sample and ruby
grains were excited by a 514.532 �m Ar laser producing
inelastic Raman scattering measured by a single-stage
Photon Source, Argonne National Laboratory. The sam-
ples were contained in symmetric piston-cylinder DACs.
The diamonds (type Ia, gem-quality, 0.25 carat, flaw-
less brilliant design, 250–550 �m culet, approximately
2–3 mm in height) were mounted on tungsten carbide
seats using Resbond 940 brand cement. Angle dispersive
X-ray techniques were used to measure the diffraction
lines of all phases present within the sample cham-
ber. The overlap of diffraction lines for NaCl, Ice VII,
and gold are minimal over the majority of the pressure
range of this study. The experiments were conducted
at the GSECARS 13-BM-D beamline, using monochro-
matic X-ray radiation and an online imaging system.
The wavelength of the incident radiation was 0.3344 Å.
The diffraction lines of the sample were compared con-
tinuously to the unit cell parameters of Ice VII, NaCl,
and gold during the experiment with gold being used as
an internal pressure marker. Data were analyzed using
the FIT2D software package (Hammersley, 1997). CeO2
was used to calibrate the sample to detector distance,
coordinates of the directed beam on the detector, and
the angle and tilt of the detector. The ambient pres-
460 mm spectrograph with notch filters and a liquid
nitrogen cooled CCD. Each measurement obtained from
Raman spectroscopy indicated a Raman shift (cm−1)
corresponding to a frequency of molecular vibration. In
addition to measuring the ruby R1 shift, the frequency
change of the OH group within Ice VII was also mea-
sured. Data obtained through Raman spectroscopy was
used as an additional check on the phase identification
and to ascertain the O–H stretching mode frequency of
the high-pressure ices over a large pressure range to gain
insight into potential changes in the structure of Ice VI
and VII, and Ice X formed from solute-bearing aqueous
solutions.

3. Results

This study found that diamond anvil cell work on
solutions with dissolved salts must be loaded quickly
and brought up to pressure within 1 min of the solu-
tion load. Any evaporation of the solution will shift the
solute concentration to unknown values that are higher
than the target salinity. Additionally, if a sample load-
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ing was attempted and not successful, the gasket needed
to be removed from the assembly and cleaned exten-
sively. The solute concentration of the solution trapped
in a second attempt would most likely trap a solution of
elevated and unknown concentration if another loading
was attempted without removing the gasket and clean-
ing the sample chamber in an ultra sonic cleaner. This
procedural step was only required if the first attempt at
loading the cell assembly was unsuccessful, but it was
an absolutely necessary procedure for second loadings.

3.1. X-ray diffraction

A NaCl–H2O solution containing 5 wt.% (1.6 mol%
NaCl) and gold (internal pressure marker) were com-
pressed in a symmetric diamond anvil cell, so that Ice
VI became the stable H2O phase. Additional increases
in pressure saw the transition from Ice VI to Ice VII
at a pressure of approximately 2.4 GPa. Optical obser-
vations indicated that the sample was composed of the
two phases, Ice VII and gold, whereas no additional
phases were observed. Synchrotron angle dispersive X-
ray diffraction data indicate that the sample diffraction
lines can be indexed as either gold or Ice VII (Fig. 1).
The data indicate that no separate phase of NaCl is
present. These results suggest that the Ice VII formed
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from the NaCl–H2O solution was able to incorporate all
of the Na+ and Cl− into the high-pressure ice phase.
We interpret the high-pressure ice formed from a 5 wt.%
NaCl–H2O solution as lying within a one-phase field
and as being undersaturated with respect to NaCl. This
phase’s diffraction lines are shifted systematically to
lower d-spacing and the {2 0 0} diffraction line is of
greater intensity relative to the expected diffraction lines
of pure Ice VII.

Unlike the 5 wt.% NaCl–H2O solution, compression
of a 10 wt.% NaCl–H2O solution (3.3 mol% NaCl) pro-
duces NaCl as a separate crystalline phase as indicated
in Fig. 2. Additionally, as pressure is increased, NaCl
diffraction lines become more pronounced in samples
where the Ice VII formed from a 10 wt.% NaCl–H2O
solution. These data allow us to determine the maximum
concentration of Na+ and Cl− that can be incorporated
into Ice VII as 7.5 ± 2.5 wt.% or (2.4 ± 0.8) mol% NaCl.
The following sections dealing with the development of
an equation of state and Raman spectroscopy will con-
centrate on Ice VII formed from a 5 wt.% NaCl–H2O
solution.

3.2. Isothermal compression of Ice VII at 298 K

Ice VII formed from a 5 wt.% NaCl–H2O solu-
tion was compressed at 298 K and the {1 1 0}, {2 0 0},
{2 1 0}, {2 2 0}and {3 1 0} diffraction lines of Ice
VII were used to calculate its unit cell parameters
ig. 1. The diffraction of Ice VII and gold (pressure marker) were
btained as images (inset pictures) and converted to intensity–d-
pacing plots for analysis. The dark lines in the lower image are
old diffraction lines whereas the less intense lines (in both images)
re a result of Ice VII diffraction. Diffraction patterns were gener-
ted from Ice VII only (dashed lines and uppermost image) and Ice
II + gold (solid line and lower image) sections of the sample cham-
er at every pressure; the presence of gold was not found to affect Ice
II diffraction. The pressure of this experiment is 27.34 ± 0.39 GPa.
he diffractograms of Ice VII formed from a 5 wt.% NaCl solution dis-
layed no evidence of halite diffraction. Hence, our working hypothesis
s that Ice VII formed from a 5 wt.% solution at 298 K is undersaturated
ith respect to halite.
Fig. 2. The dotted-line diffraction pattern was obtained from a gold-
absent area of a sample chamber containing Ice VII (formed from a
10 wt.% NaCl solution) and halite. The halite diffraction lines are also
visible in the uppermost diffraction image. A comparison of the two
diffractograms, both are at approximately 10 GPa, indicates that the
Ice VII formed from a 10 wt.% NaCl solution (dotted line) is saturated
with halite, whereas, Ice VII formed from a 5 wt.% NaCl solution (solid
line) is undersaturated. We hypothesize that halite saturation in Ice VII
lies between 5 and 10 wt.% NaCl at 298 K.
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Table 1
Pressure and volume data for Ice VII formed from a 5 wt.% NaCl–H2O
solution at 298 K

Ice VII formed from 5 wt.% NaCl–95 wt.% H2O

Pressure (GPa) Unit cell parameter (Å) Volume (Å3)

2.70 ± 0.05 3.2946 ± 0.0011 35.760 ± 0.012
2.78 ± 0.31 3.2097 ± 0.0014 35.987 ± 0.014
4.14 ± 0.16 3.2682 ± 0.0009 34.907 ± 0.010
4.25 ± 0.23 3.2076 ± 0.0010 34.973 ± 0.010
4.51 ± 0.13 3.2435 ± 0.0008 34.123 ± 0.009
4.86 ± 0.20 3.2564 ± 0.0020 34.531 ± 0.022
5.40 ± 0.24 3.2101 ± 0.0030 33.078 ± 0.031
5.83 ± 0.42 3.2060 ± 0.0021 32.953 ± 0.022
6.16 ± 0.33 3.1995 ± 0.0063 32.615 ± 0.064
6.50 ± 0.38 3.2023 ± 0.0020 32.839 ± 0.021
6.52 ± 0.39 3.2019 ± 0.0021 32.826 ± 0.022
6.55 ± 0.42 3.2018 ± 0.0022 32.823 ± 0.023
7.62 ± 0.47 3.1729 ± 0.0024 31.943 ± 0.024
7.72 ± 0.16 3.1801 ± 0.0008 32.160 ± 0.008
7.80 ± 0.41 3.1699 ± 0.0021 31.852 ± 0.021
7.85 ± 0.23 3.1780 ± 0.0012 32.097 ± 0.012
8.80 ± 0.40 3.1635 ± 0.0020 31.659 ± 0.020
9.08 ± 0.52 3.1579 ± 0.0018 31.492 ± 0.018
9.68 ± 0.29 3.1491 ± 0.0013 31.229 ± 0.013

10.47 ± 0.59 3.1266 ± 0.0028 30.564 ± 0.027
11.28 ± 0.48 3.1226 ± 0.0022 30.447 ± 0.021
11.72 ± 0.50 3.1125 ± 0.0023 30.153 ± 0.022
11.75 ± 0.40 3.1049 ± 0.0017 29.931 ± 0.016
11.83 ± 0.35 3.1055 ± 0.0016 29.950 ± 0.015
12.06 ± 0.36 3.1043 ± 0.0016 29.915 ± 0.015
12.12 ± 0.38 3.0997 ± 0.0017 29.782 ± 0.016
13.10 ± 0.55 3.0972 ± 0.0024 29.710 ± 0.023
13.29 ± 0.36 3.0909 ± 0.0016 29.529 ± 0.015
15.54 ± 0.55 3.0566 ± 0.0022 28.557 ± 0.021
15.56 ± 0.61 3.0556 ± 0.0025 28.529 ± 0.023
15.67 ± 0.59 3.0530 ± 0.0024 28.456 ± 0.022
16.31 ± 0.67 3.0418 ± 0.0027 28.144 ± 0.025
18.31 ± 0.68 3.0262 ± 0.0026 27.714 ± 0.024
21.12 ± 0.70 2.9979 ± 0.0025 26.943 ± 0.022
22.79 ± 0.77 2.9794 ± 0.0027 26.448 ± 0.024
24.61 ± 0.60 2.9693 ± 0.0066 26.096 ± 0.059
27.34 ± 0.39 2.9398 ± 0.0012 25.407 ± 0.011

Gold was used as a pressure marker and the pressure was obtained
from the gold unit cell parameter. Refer to the text for a discussion of
uncertainty.

where possible (Table 1). The 298 K compression data
were collected up to 27 GPa and fit to a third-order
Birch–Murnaghan equation of state (Birch, 1978) of the
form:

P (GPa) = 3
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where KT0, K′
T0 and V0 are the isothermal bulk modulus,

its pressure derivative and the volume at zero pressure,
respectively. Ice VII is a non-quenchable phase and so
its V0 had to be calculated simultaneously with KT0 and
K′

T0. Our best-fit EOS results give KT0, K′
T0 and V0 val-

ues of 26.2 ± 1.4 GPa, 4.08 ± 0.18, and 39.1 ± 0.2 Å3,
respectively (Fig. 3; Table 2). Due to the limited com-
pression range of this study and the resultant increase
in uncertainty, we also fit our data using the K′

T0 value
from Hemley et al. (1987) for pure Ice VII. We thus
calculated KT0 = 25.7 ± 0.4 GPa, K′

T0 = 4.15 (fixed), and
V0 = 39.1 ± 0.1 Å3, which are broadly consistent with
our best-fit EOS. The bulk modulus, 26.2 ± 1.4 GPa, of
Ice VII (5 wt.% NaCl) analyzed in this study was found
to be approximately 10–20% greater relative to Ice VII
formed from pure H2O.

3.3. Raman spectroscopy

Raman spectroscopic studies of pure Ice VII and Ice
VII formed from a 5 wt.% NaCl–H2O solution were per-
formed to determine the OH stretching frequency of the
respective ices (Table 3). The OH stretching frequency
of Ice VII formed from pure and solute-bearing H2O was
found to vary inversely with pressure; that is, the O–H
bond lengthens with increasing pressure as the O–O dis-
tance in the O–H–O unit decreases (e.g., Walrafen et al.,
Fig. 3. The PVT relations of Ice VII formed from a 5 wt.% NaCl solu-
tion and pure H2O indicate that Ice VII with Na+ and Cl− incorporated
into its structure has its volume reduced by approximately 5% relative
to pure H2O Ice VII.
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Table 2
Comparison of zero-pressure volume (V0), bulk modulus (KT0), and pressure derivative (K′

T0) for pure Ice VII (Frank et al., 2004; Hemley et al.,
1987; Fei et al., 1993) to Ice VII formed from a 5 wt.% NaCl aqueous solution (this study)

V0 (Å3) KT0 (GPa) K′
T0

This study 5 wt.% NaCl–H2Oa 39.1 ± 0.2 26.2 ± 1.4 4.08 ± 0.18
This study 5 wt.% NaCl–H2Ob 39.1 ± 0.1 25.7 ± 0.4 4.15
Frank et al. (2004) 41.2 ± 0.1 21.3 ± 1.3 4.4 ± 0.1
Fei et al. (1993) 40.9 ± 0.7 23.9 ± 0.7 4.2 ± 0.5
Hemley et al. (1987) 40.9 ± 0.9 23.7 ± 0.9 4.15 ± 0.07

a These values represent the best fit for the third-order Birch–Murnaghan equation of state; the Q of this fit is 0.0018.
b This fit was obtained by setting the K′

T0 to 4.15 (following the work of Hemley et al., 1987); the Q of this fit is 0.0024. Q is the probability that
chi-squared will exceed the previously given values.

1982 and Pruzan et al., 1990 for H2O and D2O systems).
Fig. 4 illustrates select Raman patterns for the determi-
nation of the OH stretching frequency of Ice VII formed
from a 5 wt.% NaCl aqueous solution. Comparison of
our data in the H2O system to the data of Walrafen et al.
(1982) and Pruzan et al. (1990) shows the three data sets
are in good agreement to approximately 15 GPa (Fig. 5).
The Walrafen et al. (1982) data divergence from the two
other datasets at a pressure of approximately 15 GPa.
The data presented in this study and Pruzan et al. (1990)
follow an approximately linear trend to 27.6 GPa. The

Table 3
Pressure and �νOH data for Ice VII formed from a 5 wt.% NaCl–H2O
solution and a pure H2O solution at 298 K

Raman spectroscopic data

Ice VII (H2O) Ice VII (5 wt.%
NaCl–95 wt.% H2O)

�νOH (cm−1) Pressure (GPa) �νOH (cm−1) Pressure (GPa)

3256 3.0 ± 0.1 3241 4.4 ± 0.1
3235 3.8 ± 0.1 3200 6.2 ± 0.1
3174 6.0 ± 0.1 3181 7.1 ± 0.1
3144 7.1 ± 0.1 3154 8.2 ± 0.3
3127 8.0 ± 0.1 3128 9.0 ± 0.1
3092 9.3 ± 0.1 3108 10.0 ± 0.1
3075 9.6 ± 0.1 3074 11.4 ± 0.2
3071 10.0 ± 0.2 3044 12.7 ± 0.2
3044 11.2 ± 0.2 3024 13.6 ± 0.3
3018 12.3 ± 0.2 2999 14.9 ± 0.1
2999 13.4 ± 0.1 2954 16.9 ± 0.3
2983 13.7 ± 0.3 2915 18.6 ± 0.2
2985 14.0 ± 0.1 2887 20.2 ± 0.3
2
2
2
2
2
2
2
2
2
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best fit for the trend followed by our data is defined by
the linear equation:

�νOH (cm−1) = 3313(±4) − 23.5(±0.3)P (GPa) (2)

where �νOH is the relative stretching frequency of the
OH bond (cm−1) and P is pressure in GPa. The results
for pure H2O found in this study appear to be an accurate
representation of the �νOH in Ice VII as compared to the
previous studies of Walrafen et al. (1982) and Pruzan et
al. (1990).

The OH stretching frequency data from Ice VII
formed from a 5 wt.% NaCl–H2O solution also show
an inverse relationship with pressure (Fig. 6). A best fit
can be found by using a linear relationship of:

�νOH (cm−1) = 3337(±3) − 22.6(±0.2)P (GPa) (3)

The slopes of the two trends are similar and exhibit less
than 4% relative difference, the largest variation between
the trends is found in the y-intercept. The systematic
increase in �νOH reflects a shortening of the OH bond
with the addition of 5 wt.% NaCl to Ice VII. The data
suggest that the incorporation of Na+ and Cl− into Ice
VII does not change the interionic bonding significantly,
but rather, the presence of these impurities result in an
increase of �νOH by approximately 1% over the pressure
range of this study.

4. Discussion
942 15.9 ± 0.1 2861 21.2 ± 0.1
910 16.3 ± 0.2
904 17.4 ± 0.1
883 18.0 ± 0.3
884 18.3 ± 0.1
856 19.9 ± 0.1
827 20.4 ± 0.4
802 22.3 ± 0.2
671 27.6 ± 0.4

he uncertainty in pressure was determined by analyzing the deviation
n the ruby fluorescence wavelength for at least three grains located
hroughout the sample chamber.
4.1. Crystal chemistry of solutes in Ice VII

Our results suggest the maximum concentration of
Na+ and Cl− that can be incorporated into Ice VII is
on the order of 2.4 ± 0.8 mol% NaCl (or approximately
7.5 wt.% NaCl). The body centered cubic structure of Ice
VII provides large open voids in face-centered locations
within the structure where impurities may be incorpo-
rated. The introduction of charged ions, Na+ and Cl−,
into the structure would most likely be in these voids.
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Fig. 4. This figure displays select Raman spectroscopy patterns of the
�νOH (cm−1) of Ice VII formed from a 5 wt.% NaCl solution. The
shape and intensity of the peaks do not vary measurably from those of
Ice VII formed from pure H2O.

The increase of the {2 0 0} diffraction line of Ice VII
(5 wt.% NaCl) relative to Ice VII (pure) suggests that
there is an increase in the lattice nodes corresponding
to some FCC crystallographic sites. The presence of
charged ions in these sites should result in a rotation
of the H2O molecules to charge balance the impurities.
For example, incorporation of Cl− into the FCC site
should cause the coordinating H2O molecules to rotate

Fig. 5. A comparison of the �ν values (cm−1) for the OH bond in
Ice VII formed from pure H2O as a function of pressure. Our results
are broadly consistent with the studies of Pruzan et al. (1990) and
Walrafen et al. (1982) up to approximately 15 GPa. There is also a
strong correlation between our data and the data from Pruzan et al.
(1990) over the entire range of pressure.

and align the hydrogens towards the Cl−. Raman spec-
troscopic data on the OH stretching frequency of Ice
VII formed from a 5 wt.% NaCl aqueous solution show
that there is systematic shift in �νOH (cm−1) to higher
values as a function of pressure relative to pure Ice VII
(Fig. 6). Based on the combination of the Raman and
X-ray diffraction data, we hypothesized that the incor-
poration of Na+ and Cl− into Ice VII resulted in a partial
ordering of the protons by interionic attractions (Na+

with O and Cl− with H), which resulted in a transition to
an Ice X like structure, where the protons are equidistant
between the oxygen atoms, at a much lower pressure.
Essentially, the incorporation of Na+ and Cl− into Ice
VII cause the H2O molecules to “hydrate” with NaCl.

Fig. 6. A systematic elevation of �νOH (cm−1) as a function of pres-

sure for Ice VII formed from a 5 wt.% NaCl solution relative to pure
Ice VII was observed in this study. The increase in �νOH reflects a
shortening of the OH bond with the addition of 5 wt.% NaCl (as Na+

and Cl−) to Ice VII.
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This is due to the solid solution that exists between NaCl
and Ice VII and that the enthalpy of unmixing is large
enough to overcome the entropy and temperature effects.

4.2. Isothermal compression of Ice VII

The properties of Ice VII at 298 K have been studied
in great detail using synchrotron X-ray diffraction and
Brillouin spectroscopy on both polycrystalline and sin-
gle crystal samples. Hemley et al. (1987) examined Ice
VII up to 128 GPa, which corresponded to a compres-
sion ratio (V0 − V/V0) of 0.13–0.58. They suggest that
the zero-pressure volume, bulk modulus and its pres-
sure derivative of Ice VII were 12.3 ± 0.3 (cm3/mol),
23.7 ± 0.9 GPa, and 4.15 ± 0.07, respectively. Fei et al.
(1993) presented Ice VII compression data ranging from
3.16 to 18.55 GPa, and, although the compression range
was not as large as that of Hemley et al. (1987) or
other studies, the zero-pressure volume, bulk modulus
and its pressure derivative were all within the exper-
imental uncertainty quoted by Hemley et al. (1987).
Frank et al. (2004) presented data over a compression
range of 0.18–0.48. They fit their data using the third-
order Birch–Murnaghan equation of state and reported
KT0, K′

T0 and V0 values of 21.1 ± 1.3 GPa, 4.4 ± 0.1,
and 12.4 ± 0.1 cm3/mol, respectively; broadly consistent
with the results of previous studies.

Shimizu et al. (1996) used Brillouin spectroscopy on
a single crystal of Ice VII to determine the acoustic, adia-
batic elastic constants and adiabatic bulk modulus. They
r
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Cl− incorporated into its structure was determined to
be 26.2 ± 1.4, 4.08 ± 0.18, and 39.1 ± 0.2 Å3, respec-
tively. These results indicate that the presence of Na+

and Cl− increased the bulk modulus of the ice phase
by approximately 10% while decreasing its volume (or
increasing its density) by approximately 5% relative to
Ice VII formed from pure H2O at any given pressure.

The increase in the bulk modulus with the addition of
NaCl is indicative of a stiffening of the Ice VII structure
and a greater resistance to the effects of pressure on the
unit cell volume. This is potentially important for models
of ice-rich planetary bodies. For example, at 2 GPa, pure
Ice VII has a volume of 37.0 Å3, but as 5 wt.% NaCl,
as Na+ and Cl−, is incorporated into the structure, the
volume decreases to 35.5 Å3. At 10 GPa, the volume of
Ice VII is 32.0 Å3, whereas, the volume of the Ice VII
formed from the 5 wt.% NaCl solution is 30.8 Å3. As
volume is inversely related to density, the density would
be expected to increase as Na+ and Cl− are incorporated
into the structure of Ice VII.

4.3. Implications for planetary physics

Data from the Galileo mission greatly increased the
quality and quantity of data on the Galilean satellites and
have been used extensively to produce comprehensive
models on the interior of the bodies and on their for-
mation and evolution (Anderson et al., 1996; Anderson
et al., 1997; Anderson et al., 1998; Anderson et al.,
2001; Kuskov and Kronrod, 2001; Sohl et al., 2002).
eported a bulk modulus for Ice VII that is in good agree-
ent with a previous X-ray study (Munro et al., 1982).
-ray diffraction data have provided the bulk of data on

ce VII with Loubeyre et al. (1999) presenting data over
he largest compression range. They monitored the H2O
ystem up to 170 GPa and fit a Vinet form equation to
heir data. A zero-pressure volume, bulk modulus and its
ressure derivative were calculated as 14.52 (cm3/mol),
.26 GPa, and 7.75. Their results were based on X-ray
iffraction obtained from a single crystal. Wolanin et
l. (1997) used their data and the bulk modulus taken
rom Shimizu et al. (1996) to calculate the zero pressure
olume and the pressure derivative of the bulk modulus
s 12.37 ± 0.09 and 5.4 ± 0.1 for the Birch–Murnaghan
olution and 12.11 ± 0.09 and 6.2 ± 0.1, respectively, for
he Vinet solution. Although there are variations in the
est-fit EOS of the previous studies, the pressure–volume
ata of Ice VII at 298 K are generally consistent.

Our data for Ice VII formed from a solute-bearing
2O show a measurable depression in unit cell vol-
me at any given pressure relative to pure Ice VII. KT0,
′
T0, and V0 for Ice VII at 298 K with 5 wt.% Na+ and
These studies propose a wide range of models to explain
the moment of inertia and density data for the Galilean
satellites. The large icy satellites, with the exception of
possibly Callisto, are hypothesized to contain density
and chemical stratified layers (Anderson et al., 1997;
Schubert et al., 1996; McKinnon, 1997; Anderson et
al., 1998; Showman and Malhotra, 1999; Kuskov and
Kronrod, 2001; McCord et al., 2001). Proposals for the
accretion and differentiation of these bodies suggest that
the ice, silicate and iron-dominated portions of the bodies
interacted over a large range of pressure and temperature
(Scott et al., 2002).

Magnetic field data detected during close encounters
with the Galilean satellites detected perturbations in the
ambient Jovian magnetic field (Kivelson et al., 1996,
Schubert et al., 1996; Khurana et al., 1998; Kivelson
et al., 1998). The induced magnetic fields have been
interpreted as being emanated from relatively shallow
portions of the icy bodies (Khurana et al., 1998; Zimmer
et al., 2000; Kivelson et al., 2000; Kivelson et al., 2002)
by noting the strength of the magnetic field with distance
from the body. Based on the magnetic field data, and the
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fact that both rock and pure H2O phases are poor electri-
cal conductors, a hypothesis was formulated suggesting
that subsurface ocean with low to moderate salinity could
be present below the outer layers of the body, but still
at a relatively shallow depth. A subsurface ocean with
dissolved solutes would produce the observed magnetic
fields and could be responsible for some of the difficulties
intrinsic in thermal modeling by affecting the thermal
structure of the interior of these bodies (e.g., McKinnon,
1999; Klemaszewski and Greeley, 2001; Ruiz, 2001).

It is reasonable to assume that the subsurface flu-
ids have interacted with the deeper ice and rock por-
tions of the body over the course of the body’s history.
The extent of interaction between a subsurface ocean
and a deeper rock-dominated or ice-dominated layer is
unclear. Determining the phase relations and thermody-
namic properties of the components within the bodies
are difficult, much less trying to ascertain the pertinent
equilibria needed to model the system. Few experimental
studies have examined the influence of solutes on phase
relations in the icy satellites (Kargel, 1991; Kargel et
al., 1991; Kargel, 1992). Hogenboom et al. (1995) and
Hogenboom et al. (1997) examined the MgSO4–H2O
and ammonia–water system up to 400 MPa and noted
that the presence of NH3 lowered the solidus to 176.16 K
at 0.1 MPa. Their pioneering work helped to illustrate
that using experimental data from one-component sys-
tems (e.g., H2O) in model of large icy bodies was ill
advised if experimental data for more complicated and
relevant systems were available. The Hogenboom et al.

lated moment of inertia and known mass for Callisto.
A radius, mass, and moment of inertia (I/MR2) for Cal-
listo of 2.403 × 106 m, 1.077 × 1023 kg, and 0.406 were
used for the calculation, respectively. The model was
constrained so that the density at the core of the body
was 4500 kg/m3 and the outer ice–fluid layer had a bulk
density of 1200 kg/m3. We estimated the bulk density of
both pure and impurity-rich Ice VI and Ice VII over the
appropriate pressure and temperature range and applied
the data to two separate models. The core size of Cal-
listo was allowed to range from zero up to a maximum
of 680 km; this limited range in core size was found to
have only a minimal impact on the thickness of the outer
ice layers. The results suggest that a 5% increase in the
density of Ice VI and Ice VII results in a compaction of
the high-pressure ice layer that increased the outer, low-
pressure ice and fluid layer thickness by approximately
70 km. The expansion of the model outer ice and fluid
layers allows for a much thicker fluid H2O layer than
thought previously; which will increase the portion of
the planetary body which could potentially host life. The
data presented here are limited to the NaCl–H2O system
and can be only considered as a simple analog to H2O-
rich planetary bodies. Additionally, the incorporation of
impurities may also affect ice rheology (Durham and
Stern, 2001; Durham et al., 1996) and could potentially
inhibit convection, thus, producing measurably warmer
ocean temperatures. Future experiments detailing the
incorporation of other cation–anion pairs and associated
compounds, such as KCl, MgSO4 and NH3 are needed
(1995) and Hogenboom et al. (1997) are not all-inclusive,
but that data from the MgSO4–H2O and NH3–H2O sys-
tems serve as a better choice for the icy satellites than
pure H2O systems. Their study was limited to pressures
that ranged from 0.1 to 400 MPa, making the applica-
tion of their results to the likely high-pressure phases of
H2O within the larger icy satellites difficult. Addition-
ally, the experimental phase relations and the thermo-
dynamic data are sparse for multi-component systems
at high pressures and more experimental data must be
obtained and interpreted to advance the modeling work
on the icy bodies. Our study is the first to examine the
influence of impurities on the density and bonding struc-
ture of high-pressure H2O phases.

A rudimentary calculation was completed to estimate
what effect a 5% increase in density would have on
the thickness of high-pressure ice layers within Callisto.
The 5% increase in density was chosen based on the
results presented in this study for Na+ and Cl− incorpo-
ration into Ice VII. The model calculated the thickness
of the core, high-pressure ice layers (Ice VI and Ice VII),
and outer ice + fluid layer that would satisfy the calcu-
for the next generation of models detailing the differen-
tiation and chemical stratification of H2O-rich bodies.

5. Conclusions

This study has shown that the maximum concentra-
tion of NaCl in Ice VII is 7.5 ± 2.5 wt.% at 298 K. Ice VII
formed from a 5 wt.% NaCl–H2O solution has a molar
density that is systematically higher at any given pressure
relative to the molar density of Ice VII formed from pure
H2O. The increase in the bulk modulus of Ice VII formed
from a NaCl–H2O solution relative to pure H2O sug-
gests that the incorporation of these impurities results in
a general stiffening of the structure resulting in a greater
resistance of volume to pressure increases. Raman data
confirm the incorporation of Na+ and Cl− into Ice VII
and suggest that the impurities cause a decrease in the
OH-bond length of Ice VII. Our results suggest that
ice-phases formed in a solute-rich environment or by
reaction with other phases within the interior of an icy
body could have a greater molar density than ice formed
from pure H2O. This phenomenon could affect the accu-
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racy of current stratification models for H2O-rich bodies
such as Callisto and Europa. Our data will allow for more
precise and accurate density profile and thermophysical
modeling of H2O-rich bodies.
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