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Hydrohalite in cold sea ice: Laboratory observations of single crystals,
surface accumulations, and migration rates under a temperature
gradient, with application to “Snowball Earth”
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[11 When NaCl precipitates out of a saturated solution, it forms anhydrous crystals of
halite at temperatures above +0.11°C, but at temperatures below this threshold it instead
precipitates as the dihydrate “hydrohalite,” NaCl - 2H,0. When sea ice is cooled,
hydrohalite begins to precipitate within brine inclusions at about —23°C. In this work,
hydrohalite crystals are examined in laboratory experiments: their formation, their shape,
and their response to warming and desiccation. Sublimation of a sea ice surface at low
temperature leaves a lag deposit of hydrohalite, which has the character of a fine powder.
The precipitation of hydrohalite in brine inclusions raises the albedo of sea ice, and the
subsequent formation of a surface accumulation further raises the albedo. Although these
processes have limited climatic importance on the modern Earth, they would have been
important in determining the surface types present in regions of net sublimation on the
tropical ocean in the cold phase of a Snowball Earth event. However, brine inclusions in sea
ice migrate downward to warmer ice, so whether salt can accumulate on the surface
depends on the relative rates of sublimation and migration. The migration rates are
measured in a laboratory experiment at temperatures from —2°C to —32°C; the migration
appears to be too slow to prevent formation of a salt crust on Snowball Earth.
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1. Introduction

[2] Sea ice has a substantial salt content, which distin-
guishes it from other naturally occurring ice types in Earth’s
cryosphere. The salt is derived from the ocean from which
the ice freezes. Numerous small inclusions of brine are
trapped at the ice-ocean interface as the ice grows, with
sizes from 10 yum to 10 mm. These inclusions can have
average number densities as high as 20 mm > [Weeks and
Ackley, 1982; Perovich and Gow, 1991, 1996; Light et al.,
2003], and yield ice salinities up to 20%o (parts per
thousand) in young, thin ice. The presence of these inclu-
sions within the ice causes the mechanical, thermal, struc-
tural, and optical properties of sea ice to be distinct from
those of fresh ice. These properties often depend strongly on
temperature, because of freezing-equilibrium relationships
which dictate the fractional volumes of ice, gas, brine, and
precipitated salt.
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[3] Temperatures within sea ice exhibit a wide range of
values. At the ice-ocean interface, the temperature is at the
salinity-determined freezing point of the saltwater beneath.
Temperatures at the upper surface of the ice, however, span
the range between 0°C when the ice is melting and values
commonly as low as —25°C in the winter, depending on the
geographical location and the presence and thickness of an
insulating snow cover. Present-day annual cycles for ice-
covered seas include a cold season characterized by ice
growth at the bottom (the ice-ocean interface) and snow
accumulation on the top surface, and a melt season typically
characterized by bottom ablation, and in the Arctic, signif-
icant upper surface ablation. In the northern hemisphere, the
pervasive accumulation of liquid water in surface melt
puddles on sea ice is a distinguishing feature of the summer
melt season. While the overall pattern of this annual cycle is
fairly well understood in our present climate, it may have
been significantly different during other regimes in Earth’s
climatic history. In particular, the “Snowball Earth” events
of the Neoproterozoic (600—800 million years ago)
[Hoffman and Schrag, 2002] may have been characterized
by a frozen ocean with tropical surface temperatures below
—30°C in all months [Pollard and Kasting, 2004, Figure 7,
Pierrehumbert, 2005, Figure 2].

[4] Efforts to simulate the sequence of climatic states of a
Snowball Earth event using a climate model can only be as
reliable as the collective parameterizations of physical
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processes they represent. Earth’s climate is sensitive to the
albedo of sea ice. On the modern Earth, sea ice is restricted
to middle and high latitudes, where its exposure to sunlight
is limited. On the low-latitude ocean of Snowball Earth, by
contrast, ice would be exposed to large fluxes of solar
energy, making the global climate much more sensitive to
sea ice albedo. The albedo of sea ice depends on the
thickness of the ice, its salt content, the persistence of
surface melt puddles, and the vigor of summer melt pro-
cesses that ablate, retexture, and desalinate the upper
surfaces. A climate model that relies on an albedo param-
eterization devised and tuned for sea ice in Earth’s present
climate may be inappropriate for simulating sea ice in a
fundamentally different climatic regime.

[5] In particular, the low surface temperatures of Snow-
ball Earth would have precluded summertime surface melt-
ing and production of surface meltwater on ice-covered
seas. Without a warm season sufficiently intense to produce
liquid water at the surface, flushing processes that desalinate
the ice [Untersteiner, 1968] would not have occurred. As a
result, salt in the upper regions of the ice would not be
routinely washed into the ocean. In contrast to the present-
day situation, where the surface layers of multiyear ice are
freshened by the flushing of liquid water and salt through-
out the melt season, long periods of dry surface sublimation
could have acted to concentrate salt at the ice surface.

[6] The major ions dissolved in seawater are the cations
Na™, Mg2+, Ca?", K*, and anions Cl~ and SO3~, with Na"
and Cl~ the most abundant. Within brine inclusions in first-
year sea ice, these ions initially occur in approximately the
same ratios as in seawater [Bennington, 1963]. While the
bulk salinity of young sea ice is determined by the salinity
of the ocean and the rate of ice growth, the salinity of an
individual brine inclusion is determined strictly by the
temperature of the ice. As the ice cools, freezing-equilibrium
relationships dictate an increasing salinity of the brine (by
freezing ice) and the precipitation of certain crystalline
solids. Solids that are known to precipitate include ice,
CaCOj; - 6H,0 (ikaite), Na,SO,4 - 10H,O (mirabilite), NaCl -
2H,0 (hydrohalite), KCI (sylvite), and MgCl, - 12H,0
[Ringer, 1906; Gitterman, 1937; Nelson and Thompson,
1954; Richardson, 1976; Dieckmann et al., 2008]. Ringer
and Nelson and Thompson postulated that calcium in the
seawater system precipitates as CaCl, - 6H,O (antarcticite);
however, more recent work by Marion et al. [1999] indicates
that the bulk of the calcium more likely precipitates as
CaSO, - 2H,0 (gypsum), in accord with the observations
of Gitterman [1937]. A consequence of these two different
pathways for the freezing of seawater is a discrepancy in the
expected eutectic temperature of seawater (—53.8°C if
antarcticite precipitates as compared to —36.2°C if gypsum
precipitates [Marion et al., 1999]).

[7] The predominant salt in Earth’s modern oceans is
NaCl, and the most abundant salt to precipitate in sea ice is
hydrohalite. In the seawater system, hydrohalite begins to
precipitate at —22.9°C, and further cooling results in
additional precipitation until the source of Na" is exhausted
at the eutectic.

[8] General circulation models (GCMs) indicate that a
weak hydrological cycle would have existed on Snowball
Earth, with net precipitation at middle and high latitudes
and net sublimation at low latitudes. In the model of
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Pollard and Kasting [2004] the region of net sublimation
spanned 30°N-30°S; in the model of Pierrehumbert
[2005] it was narrower, approximately 10°N—10°S. On
the low-latitude ocean the ice would therefore usually not
be covered by snow. Instead, the sublimation could result
in a surface accumulation of salt crystals, in which case
the physical and optical properties of these crystals would
have strong implications for the surface energy budget of
the ice cover.

[v] The salt composition of the Neoproterozoic oceans
would have differed from that of present-day oceans; in
particular, if the ocean was anoxic, sulfate would have been
absent at the initiation of freezing [Schrag et al., 2002].
However, it seems reasonable to assume that oceanic
composition during the Snowball Earth events would still
have been dominated by Na" and C1™, as in the present-day
ocean. This assumption leads us to hypothesize that a lag
deposit of hydrohalite could have formed on frozen ocean
surfaces during a Snowball Earth event, and this deposit
likely would have caused the disposition of incident solar
radiation to be notably different from that of modern sea ice.
This possibility was mentioned by Warren et al. [2002,
section 7].

[10] The aim of this paper is to assess some properties of
hydrohalite and constrain some of the formation mecha-
nisms of a hydrohalite lag deposit on cold sea ice surfaces.
Considering the ubiquitous presence of NaCl and water on
Earth’s surface, surprisingly little is known about the
properties of hydrohalite, either as single crystals or accu-
mulated deposits. The mineral only persists at temperatures
below 0.11°C, and has been documented in nature only in
relatively rare circumstances: bottom sediments in Lake
Bonney in Taylor Dry Valley, Antarctica and isolated
Siberian saline lakes during winter [Craig et al., 1974].
To further our understanding of this mineral, we examine
single hydrohalite crystals, present laboratory measurements
of hydrohalite accumulations on laboratory-grown sea ice,
and assess the likelihood of formation and survival of
natural hydrohalite deposits on saline ice.

2. Hydrohalite in Saline Ice

[11] Empirical observations of the freezing-equilibrium
relationships in seawater have been carried out to establish
the sequence of salt precipitation, the chemical composition
of precipitates, and the temperature-dependent mass frac-
tions of ice, brine, and dissolved and solid salts as seawater
cools below its freezing temperature of —1.8°C.

[12] Numerical thermochemical models of the freezing-
equilibrium chemistry of seawater predict the temperature
of initial precipitation and the temperature-dependent mass
of the various precipitates in seawater. Spencer et al.
[1990] and Marion and Grant [1994] have predicted these
quantities in reasonable agreement with the empirical
observations.

[13] These numerical simulations also predict freezing-
equilibrium relationships for the simpler binary and tertiary
systems, where observations and models exhibit excellent
agreement. The NaCl-H,O binary system is represented
by the freezing-equilibrium diagram shown in Figure 1.
Figure 1 describes freezing equilibrium for brine in equi-
librium with ice (left-hand side), brine and NaCl (right hand

2 of 17



C07018

20+ -
=y NaCl + brinL
£ 1o} 1
ol
=
g _
“é& NaCI2H,0 + brine ,/
[}
T ¥ \ [ ]

ice + brine
NaCI‘ZIHzo + icg .

100 150 200 250

Salinity (parts per thousand)

0] 50

Figure 1. Freezing-equilibrium relations for the binary
NaCl-H,O system. Results from FREZCHEM [Marion and
Grant, 1994].

side, temperatures greater than 0.11°C), brine and hydro-
halite (right-hand side, temperatures below 0.11°C), and the
ice hydrohalite eutectic (temperature —21.2°C, salinity
230%o). Hydrohalite is a stable phase in the NaCl-H,O
system below 0.11°C; above this temperature it melts
incongruently to NaCl (halite) and a NaCl-saturated solu-
tion [Craig et al., 1974; Marion and Grant, 1994].

[14] While the full seawater system has numerous species
that precipitate, the binary NaCl-H,O system precipitates
only ice, anhydrous halite (NaCl), and hydrohalite. In the
seawater system, the eutectic temperature refers to the
temperature at which the entire system is solid (—36°C or
—54°C, depending on which path is taken [see Marion et
al., 1999]). Each precipitate has a temperature of initial
precipitation, and this precipitation then continues as the
sample is further cooled, until one of the ions becomes
depleted, limiting additional salt formation. In seawater, the
major salt, hydrohalite, begins to precipitate at —22.9°C. At
—30°C, 87% of the NaCl has precipitated [Richardson,
1976]. In contrast, the binary system has a simpler behavior.
Above the eutectic temperature (—21.2°C), the sample is
composed strictly of liquid brine and solid ice, liquid brine
and solid salt, or only liquid brine, depending on the salt
concentration. Below the eutectic temperature, the entire
mixture is solid.

[15] Despite detailed information about the sequence of
precipitation, there are few observations of the character-
istics of individual crystals or of accumulations of the
various precipitated salts in the seawater system. Nelson
and Thompson [1954] used a 100 L container to concentrate
seawater by freezing. They created a mixture of ice, brine,
and precipitated salt whose solid fraction and salinity varied
with temperature. They reported observing monoclinic
crystals of hydrohalite that formed initially as white “spher-
ulites” on the bottom and lower walls of the vessel. As the
temperature was decreased, the spherulites increased in size
and number. In addition, they began to form on the
undersurface of the ice and eventually grew together into
large masses of crystals in the bottom portion of the
container. Spherulites also began to form throughout the
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ice, suggesting that ice and hydrohalite exhibit close asso-
ciation. Nelson and Thompson observed that most of the ice
eventually had a bright white color because of the ubiqui-
tous presence of hydrohalite crystals.

[16] Little has been published about the physical proper-
ties of individual hydrohalite crystals since the 1800s, so we
briefly review those papers here. The early workers used
optical crystallography, measuring angles of numerous
crystal faces, to infer the angles and axis ratios of the unit
cell. All those studies were done prior to the invention of
X-ray crystallography. Mitscherlich [1829] established the
stoichometry, by drying the crystals, determining that
there are two waters of hydration. He also showed that
the hydrates of NaCl, NaBr, and Nal are isomorphous.
Frankenheim [1836] established that NaCl - 2H,O is
monoclinic. Hankel [1841] determined the axis ratios as
ab:c = 0.6044:1.0:0.8854 and the monoclinic angle as
81°42', but noted that his interfacial angles did not agree
with those measured by Frankenheim. Groth [1906]
reviewed these papers and also quoted a personal commu-
nication from Gossner. According to Groth, Gossner
reworked Hankel’s observations and determined axis ratios
ab:ic = 0.6824: 1.0: 0.6367 and the monoclinic angle
109°43" (corrected by Porter and Spiller [1956] to
107°43"). Gossner also grew his own crystals and deter-
mined unit cell dimensions that disagreed with Hankel’s:
acb:e = 1.1108: 1.0: 1.2357; 3 = 114°56’. The conclusion of
Groth was that either there are two different hydrates, or
else the single compound NaCl - 2H,O may exhibit
polymorphism. Gossner apparently did not determine the
number of waters of hydration, but he did report a measured
density of 1.48 g cm . The information from Groth was
summarized by Porter and Spiller [1956]. Alternatively,
Adams and Gibson [1930] carried out measurements that
they used to calculate a density of 1.63 g cm . The higher
value appears to be more commonly accepted [Kaufmann,
1960].

[17] Light [1995] estimated the optical refractive index
for hydrohalite using Lorentz-Lorenz theory [after Davidson
et al., 1986] along with knowledge of the molar refractiv-
ities of NaCl and H,O, and Gossner’s crystal density. The
resulting estimate for the refractive index was 1.43 £ 0.02.
A revised estimate using the density measured by Adams
and Gibson [1930] predicts a refractive index of 1.49 +
0.02.

[18] Hydrohalite crystals have been identified in saline
lakes of the Antarctic dry valleys by Craig et al. [1975].
They pointed out that hydrohalite is readily distinguished
from halite by its noncubic morphology. They reported the
crystals to be clear and colorless, birefringent, and exhibit-
ing the monoclinic prism form.

[19] Perovich and Grenfell [1981] and Light et al. [2004]
observed that the optical properties of sea ice show dramat-
ically enhanced scattering when cooled below the eutectic
temperature, and they attributed this scattering to the pres-
ence of hydrohalite crystals. Light et al. [2004] used an
equivalent sphere formulation [Grenfell and Warren, 1999]
to estimate an effective radius of 1.7 um for the hydrohalite
crystals present in their samples. Those observations con-
sidered only the bulk properties of sea ice with hydrohalite
crystals suspended in brine inclusions. Little information
exists about the ability and tendency of hydrohalite to
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nucleate, the size distributions of typical collections of
crystals, or the appearance or likelihood of formation of a
hydrohalite lag deposit on sublimating sea ice.

3. Experimental Approach

[20] While instances of naturally occurring hydrohalite
are presently rare on Earth, samples of natural sea ice do
precipitate hydrohalite when transported to the laboratory
and cooled below —22.9°C [Light et al., 2003]. These
chilled samples are observed to take on a patchy, bright
white appearance. Likewise, the precipitation of hydrohalite
is evident in cold, laboratory-grown sea ice [Perovich and
Grenfell, 1981]. The bright patches are caused by enhanced
backscattering from hydrohalite concentrated within brine
inclusions. Hydrohalite within brine inclusions has been
imaged [Light et al., 2003], but successful extraction of
individual hydrohalite crystals has not been documented
and is complicated by its close association with ice.

[21] For the purpose of isolating single crystals of hydro-
halite suitable for observation, we used the binary NaCl-
H,0 system to avoid the complexities of working with the
full seawater system. To grow hydrohalite crystals, we used
a method described by Kaufimann [1960], where solutions
are formed on the branch of the freezing-equilibrium
relation that maintains hydrohalite in equilibrium with
saturated brine, with no ice present (right-hand branch in
Figure 1). Mixtures along this branch contain loose, single
crystals of hydrohalite, and these crystals were easily
removed from the solution for observation. Surface accu-
mulations of hydrohalite were also examined in the labora-
tory. To form a surface accumulation of salt, samples of ice
were grown in a cold room laboratory from NaCl solution
with salinity similar to that of seawater, in buckets that were
insulated on the sides and base. The ice grew by conduction
of heat vertically upward, resulting in “congelation ice”’;
i.e., ice formed by freezing of water to the bottom of an
existing ice layer. Congelation ice is contrasted to frazil ice,
in which ice crystals form in the water column and subse-
quently aggregate to form a cohesive layer. In frazil ice the
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Images of individual hydrohalite crystals suspended in brine at —15°C, photographed in
(a) transmitted light and (b) transmitted light with slightly crossed polarizers. Note that crystals appear
colorless in Figure 2a but demonstrate birefringence in Figure 2b. The scale in the lower right corner is
1 mm.

crystal axes are randomly oriented; in congelation ice they
tend to be aligned. Both structures occur in natural sea ice
floes [e.g., Weeks and Ackley, 1982].

[22] Once the ice stopped growing, it was cooled to a
temperature below the eutectic temperature of the binary
system. The buckets of cold ice were then kept in a
subsaturated environment, encouraging sublimation. The
sublimation resulted in an accumulation of salt at the ice
surface. This “model” of cold sea ice was useful for
studying the properties of surface deposits. The salts accu-
mulated because the ice sublimated and because the buckets
were kept isothermal, preventing the saline inclusions from
migrating away from the surface. In nature, however, the
formation of a deposit would only occur where the rate of
sublimation exceeds the rate at which brine inclusions
migrate along a temperature gradient from cold to warm.
To investigate this process, experiments were also carried
out to estimate rates of migration for brine inclusions under
a temperature gradient.

[23] All three studies (single crystals, surface accumula-
tions, and migration rates) were conducted in a freezer
laboratory at the University of Washington; they are dis-
cussed in the following sections.

4. Single-Crystal Observations

[24] NaCl was dissolved in water at room temperature to
make a saturated solution. The solution was cooled to
—3°C and then filtered to remove NaCl crystals that may
have formed at temperatures >0.11°C. The clear filtrate was
then further cooled to —15°C, following the right-hand
branch of the freezing-equilibrium relations shown in
Figure 1. As the solution cooled, crystals of hydrohalite
precipitated, but no ice formed. At —15°C a significant
mass of precipitated hydrohalite had nucleated, but some
loose crystals were present at all temperatures between the
melting temperature (0.11°C) and the eutectic temperature
(—21.2°C). By growing hydrohalite crystals without grow-
ing ice, single crystals were easily removed from the
solution for direct observation.
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