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Introduction: The stability of brine in ice represents
an important factor governing the bulk thermophysical
properties, the bulk dielectric properties, and the
distribution of potential habitats [1]. We present a
framework for generating models representing the brine
volume fraction in impure water ice as a function of
temperature and bulk ice salinity. This framework
decouples bulk ice salinity from composition, allowing
a single model for impure ice of a specified composition
to be applied over a range of possible bulk ice salinity.
A major motivation for the development of the proposed
framework is to facilitate the incorporation of more
complex chemical species in geophysical investigations
of ocean worlds; however, the framework is applicable
to impure water ice anywhere in the solar system.

Methods: The amount of brine stable in ice is
governed by the bulk salinity of the ice, the temperature,
and the composition of the impurities. Through
knowledge of the phase behavior, defined here as the
solution properties as a function of temperature, models
for the brine volume fraction in ice can be obtained. This
approach was inspired by models originally developed
for application to sea ice [2]; however, we extend the
application to impure water ice of any composition.
Figure 1 illustrates the proposed framework.
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Figure 1. Framework for modeling the volume fraction
of brine and solid salts in equilibrium with ice.

Obtaining Phase Behavior Functions. We employ
the opensource aqueous geochemistry program
FREZCHEM to obtain the phase behavior for the
impure water ice assuming equilibrium crystallization.
The solution composition is specified in the input file
such that the relative concentration of chemical species
is equivalent to that of the impure ice. Note that in this
approach only a single FREZCHEM simulation is
needed to represent a range of possible bulk ice salinity
as opposed to needing to run a simulation for each bulk

ice salinity of interest. The phase behavior can be
extracted from the FREZCHEM output files and used to
generate the phase behavior functions, F; (T) and F,(T).
The phase behavior functions are derived in [2] and
defined as
Fy(T) = pp(T)Sp(T)(1 + k(T))

where p,, is the brine density (g/cm?), S, is the brine
salinity (ppt), and k is the ratio of mass of salts in the
form of solid salts to the mass of salt in the brine, and

pp(T)  C(T)py(T)

R = (1+cM) pi(T)  pgs(T)
where C is the ratio of mass of solid salts to the mass of
brine, p,, is the brine density (g/cm?3), p; is the pure ice
density (g/cm®), and p, is the density of solid salts
(g/cm?3). These phase behavior functions can then be
represented as a function of temperature, T, by fitting
the data extracted from the model to a set of piecewise
third order polynomial functions. The brine volume
fraction can be obtained using
%(T) ~F (Tl;l (T;;Z T)

1 - 2
where p; is the ice density (g/cm?®) and S is the bulk ice
salinity (ppt).

Validation of the Proposed Framework through
Comparison to Sea Ice. We validate our proposed
framework through application to sea ice. We compare
the phase behavior functions in our model, derived from
the output of a FREZCHEM v13.3 simulation for
standard mean ocean water [3], to the phase behavior
functions originally obtained by [2] and augmented by
[4]. Figure 2 presents a comparison of the brine salinity,
brine density, and phase behavior functions between the
two models. The circles reflect the original dataset of
[5], from which the phase behavior functions of [2] were
derived. The models agree with each other, although our
brine density and phase behavior functions are slightly
higher at temperatures below -22.9 °C, where
hydrohalite begins to precipitate. This translates to a
lower brine volume fraction for a given bulk ice salinity.
We argue that our model represents an improvement to
the contemporary model by (i) extending the
temperature range where sea ice brine volume fraction
can be estimated down to the eutectic temperature and
(i) reflecting the Gitterman freezing pathway, thought
to be more representative of natural sea ice [6].
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influence of pressure on the phase behavior is an
important consideration. To robustly account for the
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for seawater.
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