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Abstract During the Snowball Earth events of the Neoproterozoic, tropical regions of the ocean could
have developed a precipitated salt lag deposit left behind by sublimating sea ice. The major salt would
have been hydrohalite, NaCl•2H2O. The crystals in such a deposit can be small and highly scattering, result-
ing in an allwave albedo similar to that of snow. The snow-free sea ice from which such a crust could devel-
op has a lower albedo, around 0.5, so the development of a crust would substantially increase the albedo of
tropical regions on Snowball Earth. Hydrohalite crystals are much less absorptive than ice in the near-
infrared part of the solar spectrum, so their presence at the surface would increase the overall albedo as
well as altering its spectral distribution. In this paper, we use laboratory measurements of the spectral albe-
do of a hydrohalite lag deposit, in combination with a radiative transfer model, to infer the inherent optical
properties of hydrohalite as functions of wavelength. Using this result, we model mixtures of hydrohalite
and ice representing both artificially created surfaces in the laboratory and surfaces relevant to Snowball
Earth. The model is tested against sequences of laboratory measurements taken during the formation and
the dissolution of a lag deposit of hydrohalite. We present a parameterization for the broadband albedo
of cold, sublimating sea ice as it forms and evolves a hydrohalite crust, for use in climate models of
Snowball Earth.

1. Introduction

Thick first-year sea ice has an albedo of 0.4–0.5, rising to 0.7 or higher if it is covered by a layer of
snow [Brandt et al., 2005]. Open ocean has an albedo around 0.07 [Payne, 1972; Pegau and Paulson,
2001; Brandt et al., 2005; Zatko and Warren, 2015]. This large albedo contrast between unfrozen and
frozen ocean surface, and the corresponding contrast in the amount of solar heating, leads to a posi-
tive ‘‘ice-albedo feedback.’’ If the ice cover reaches the subtropics, it can lead to a runaway positive
feedback that covers the entire ocean with ice [Budyko, 1969]. Earth is thought to have undergone
such a transformation at least twice during the Neoproterozoic, the so-called ‘‘Snowball Earth’’ events
[Kirschvink, 1992; Hoffman and Schrag, 2002].

As ocean water freezes, the resulting sea ice traps small inclusions of liquid brine. This brine remains in the
ice until summer heating raises the ice temperature above 258C; around this temperature, the interconnec-
tions of brine inclusions form a permeable network that allows surface meltwater to flush the brine out of
the ice [Golden et al., 1998], leaving it with only trace amounts of salt [e.g., Carns et al., 2015, Figure 4]. It is
possible, however, that some or all of the sea ice on Snowball Earth could have remained cold enough to
avoid drainage and flushing and retain significant salt [Pierrehumbert et al., 2011].

Surface ice on Snowball Earth could even be cold enough for the salts dissolved in the brine to precipitate.
Several different salts are known to precipitate from seawater as it concentrates during freezing. Laboratory
studies suggest that ikaite (CaCO3•6H2O) precipitates at temperatures just below the freezing point of sea-
water [Hu et al., 2014] and observations in modern sea ice have confirmed its presence [Dieckmann et al.,
2008, 2010]. Mirabilite (Na2SO4•10H2O) precipitates around 288C, while the most abundant salt in seawater,
sodium chloride, precipitates around 2238C as the dihydrate mineral hydrohalite (NaCl�2H2O) [Marion et al.,
1999]. Once precipitated, hydrohalite crystals, along with some water ice crystals, occupy most of the volume
of the brine inclusion and enhance scattering of incoming light [Perovich and Grenfell, 1981; Light et al., 2003;
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Carns et al., 2015]. Other salts, such as
magnesium chloride, keep a small
amount of brine liquid until the tem-
perature drops below 2378C [Marion
et al., 1999].

In regions of net sublimation on the
surface of a Snowball Earth, the ice
matrix around these precipitated cryo-
genites would gradually sublimate
away, leaving the salts to form a lag
deposit on the surface. Previous work
[Light et al., 2009] shows that a lag
deposit of hydrohalite is highly reflec-
tive, suggesting that it could signifi-
cantly influence the planetary energy
balance of Snowball Earth. To quantify
this effect, the albedo of an artificially
created lag deposit has now been
measured in the laboratory [Carns
et al., 2016; Light et al., 2016]. In this

paper, we use those data, along with radiative transfer modeling, to infer the spectral absorption coefficient
of hydrohalite. Using this result along with additional known optical properties of hydrohalite and water ice,
we predict the apparent optical properties of cold, sublimating sea ice for scenarios difficult to test in the
laboratory.

2. Laboratory Measurements

As described in more detail in the companion paper, a hydrohalite (HH) lag deposit was created on a sub-
strate of artificial sea ice in a walk-in freezer laboratory. The sea-ice substrate had been created by filling an
insulated 1000 L tank with a solution of NaCl and lowering the temperature to 2308C. The albedo of this
surface was measured during freezing using the method described in Light et al. [2015]. The hydrohalite lag
deposit was created by spraying a chilled, highly saline solution onto the cold substrate, forming a layer of
hydrohalite-rich ice. The end result was a layer consisting of 25% hydrohalite and 75% water ice by volume
(assuming a density of 1.6 g cm23 for hydrohalite [Adams and Gibson, 1930] and 0.92 g cm23 for ice.) We
estimated this layer of hydrohalite-rich ice (hereafter referred to as HH-rich ice) to be roughly 2 mm thick.
The layer was somewhat irregular, so this thickness represents a source of uncertainty in interpreting our
measurements.

Note that, although our primary reason for creating this layer was to reduce the amount of time required
for a thick layer of hydrohalite to build up as a lag deposit, it is also analogous to a situation that might
occur on Snowball Earth: a melted and refrozen pool of surface brine. Once a lag deposit of salt has built
up, temperatures above the dissolution point of the hydrated salt will result in the formation of ponds of
saturated brine. When temperatures drop again, the ponds will freeze as a mixture of ice and hydrated salt
with a composition similar to that of the layer we created in the laboratory.

After the layer of HH-rich ice was formed, the ice matrix was allowed to sublimate away, leaving behind a
layer of small grains of hydrohalite with air filling the space that had previously been occupied by ice. This
layer is hereafter referred to as the hydrohalite crust. A sample of the crust material is shown in Figure 1. We
measured the albedo of the tank surface periodically as the ice sublimated and the (mostly ice-free) layer of
hydrohalite grew thicker. We expected the albedo of this ice-free hydrohalite crust to be higher than that of
the HH-rich ice, due to the greater contrast in refractive index between hydrohalite and air versus that
between hydrohalite and ice, and this was borne out by observations. We took measurements as the ice
continued to sublimate, with initial measurements at 2, 5, and 7 days after applying the HH-rich ice layer,
and measurements roughly once per week thereafter. We continued these measurements until the albedo
appeared to stabilize.

Figure 1. Grains of hydrohalite disaggregated from crust. The squares of the grid
are 2 mm in width. The crust was fine and powdery and easy to remove from the
ice surface.
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3. Optical Modeling

The laboratory measurements include spectral albedos for (a) subeutectic NaCl ice, (b) ice with the HH-rich
ice layer, and (c) the hydrohalite crust of increasing thickness as it gradually replaced the HH-rich layer.
These results give some idea of the albedos that can be expected from sea-ice surfaces and hydrohalite
crusts, but in order to create an accurate parameterization of hydrohalite crusts on sea ice, we need albedos
for a wider range of scenarios. In order to generalize the results to the various surfaces that could exist on
Snowball Earth, we used the laboratory measurements to calibrate a radiative transfer model for mixtures
of hydrohalite and ice, allowing us to compute spectral and broadband albedos for any combination of
crust thickness, individual salt grain size, and salt concentration.

Several configurations were modeled, representing different stages of the laboratory experiment as
well as what hydrohalite crust growth might look like in the ‘‘natural’’ setting of Snowball Earth. We
first use a simple single-layer model of a hydrohalite crust over a subeutectic sea ice surface to infer
the optical properties of hydrohalite, as described in section 3.1. With these properties, we were able
to make two-layer models to represent the laboratory scenarios of sublimating HH-rich ice (section 3.2)
and dissolving hydrohalite crust (section 3.3). Finally, we returned to a single-layer model to parame-
terize the albedo of a hydrohalite crust developing through the sublimation of ordinary (non-HH-rich)
saline ice. All of these models used the measured albedo of the subeutectic tank surface as their low-
er boundary. Figure 2 shows schematics.

Hydrohalite crust (no ice)

Hydrohalite embedded in ice/brine

Sub-eutectic NaCl ice
(measured, not modeled)

(b)

Hydrohalite crust (no ice)

Sub-eutectic NaCl ice
(measured, not modeled)

(a)

Figure 2. Schematic view of layers used to model laboratory measurements. The single-layer model in (a) is used to infer the refrac-
tive index of hydrohalite and to parameterize the albedo of hydrohalite crust of different thicknesses. The two-layer model in (b) is
used to replicate laboratory measurements. During the development of the crust, the lower layer consists of hydrohalite crystals in
an ice medium and represents HH-rich ice; during the dissolution of the crust, the lower layer consists of hydrohalite crystals in a
brine medium and represents the partially dissolved crust. In all cases, the albedo of the lowest layer is the measured albedo of
subeutectic saline ice.
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Well-tested models for Mie
scattering [Wiscombe, 1980] and
discrete-ordinates radiative
transfer [Stamnes et al., 1988]
already exist. The optical prop-
erties of pure ice are well
known [Warren and Brandt,
2008]. Less work exists on the
optical properties of hydro-
halite. Wagner et al. [2012]
inferred optical constants for
hydrohalite in the infrared from
1.6 to 12.5 lm by spraying a
mixture of sodium chloride and
water into a chamber at 216 K
and measuring the infrared
extinction spectra of the result-
ing aerosol of hydrohalite
crystals. For purposes of deter-
mining the albedo, however,
measurements for visible and
near-infrared wavelengths (k 5

0.3 lm to k 5 2.5 lm) are need-
ed, outside of the wavelength
range measured by Wagner
et al.

3.1. Inferring Optical Properties of Hydrohalite
Light et al. [2009] estimated the real refractive index of hydrohalite crystals to be 1.49 6 0.02. To completely
describe the ice-hydrohalite mixture, we also require the imaginary part of the refractive index, mim in order
to specify the absorption. We lack crystals of sufficient size to measure this property directly, but we can
use our measurements of the albedo of the hydrohalite crust as the input to a simple inverse problem. For
each wavelength, we can guess a value for mim, then use this guess as input to the Mie scattering computa-
tion, and use the radiative transfer model to compare with the albedo measured in the laboratory. Since we
assumed that our highest measured albedo corresponded to the complete replacement of the HH-rich ice
layer by hydrohalite crust, we modeled the scenario using a single layer of hydrohalite crystals in air, with
the measured albedo of the subeutectic sea ice surface as a lower boundary (see Figure 2a.).

Our measurements below 500 nm were too noisy to use, due to low light levels in the laboratory. To extend
our results to more of the visible spectrum, we averaged the albedo values between 495 and 505 nm, then
assigned that value to all wavelengths between 300 and 500 nm. In this range, sodium chloride is essen-
tially nonabsorbing, and the absorption coefficients for ice decrease with decreasing wavelength. Thus the
overall absorption in this region is likely to be very low, and we feel confident that the albedo in this region
would be as high or higher than the albedo at 500 nm if we were able to measure it. Small changes in mea-
sured albedo in the 300–600 nm region, where albedos are very high, may lead to large differences in the
inferred refractive index. Since the measured albedo is likely to be lower than that of a truly semi-infinite
layer of pure hydrohalite, due to its lower thickness and the possible presence of impurities, the inferred
index should be viewed as an upper bound.

For each target wavelength (10 nm intervals between 300 and 2200 nm), we ran the model for 129 possible
values of the imaginary refractive index, then compared our results to the laboratory measurements and
chose the value of mim that yielded the model-predicted albedo most closely matching the measured albe-
do. Figure 3 shows the spectral albedo curve measured for the hydrohalite crust and the points where mim

was calculated, along with some example albedo curves using constant mim. This method was also used by
Skiles [2014] to infer the imaginary index of dust in snow and Light et al. [1998] to infer the imaginary index
of sediment in sea ice.

Figure 3. The measured albedo of the hydrohalite crust (from Light et al. (companion
paper), Figure 5) with selected curves superimposed, of albedo calculated using the imagi-
nary refractive index (mim) independent of wavelength. The curve of constant mim that
intersects with the albedo measurement at a particular wavelength gives the inferred val-
ue of mim for that wavelength. The curves are labeled with the value of mim, where (for
example) ‘‘6.0e-4’’ means 6 3 1024. One hundred and twenty-nine curves were calculated;
the few curves shown here were chosen arbitrarily to demonstrate the method.
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Grain size is a key input value for the Mie scattering computation; this estimated grain size was the largest
source of uncertainty in this calculation. The hydrohalite grains were irregularly shaped, but we estimated
their ‘‘equivalent spheres’’ radius re using the prescription of Grenfell and Warren [1999], in which a non-
spherical crystal is represented by a collection of independent spheres having the same total volume and
same total surface area as the collection of crystals being simulated. The surface area of a given quantity of
material can also be expressed as specific surface area (SSA), which is defined as the surface area per unit
mass (with units of m2 kg21). It is reciprocally related to re: SSA53=req, where q is the density of the pure
material. We based our initial estimate of re on previous measurements of hydrohalite crystals in brine inclu-
sions of sea ice [Light et al., 2009]. This initial estimate provided only an upper bound to the effective radius
of the crystals. Light et al. [2009] found the crystals to be highly irregular in shape; Dang et al. (manuscript
submitted to J. Atmos. Sci., 2016) found that, in snow, the albedo produced by non-spherical grains could
be matched by spherical grains of smaller size.

Our estimate was also influenced by the results of our modeling; larger grain sizes could not reproduce the
observed albedos without using physically implausible crust thicknesses. The thickest measured laboratory
crust was optically thick at most wavelengths, but may not have been so at the wavelengths where hydro-
halite is most transparent (especially in the visible between 300 and 800 nm, and at the peak near
1700 nm.). The estimated crust thickness added some uncertainty to our results at these wavelengths. Fig-
ure 4a shows the possible error in our inference of mim based on varying the modeled particle radius
between 3 and 12 lm, centered at 7 lm, and based on varying the estimated crust thickness between

Figure 4. Sensitivity of the method to different assumptions about grain size and crust thickness. Assuming large grains (12 lm) and
2 mm crust gives the lower bound on mim,; assuming small grains (7 lm) and semi-infinite crust (10 m) gives an upper bound. Shown are
(a) the variation in inferred values of mim based on different grain size assumptions and (b) the variation in albedo output by the model
using identical conditions (semi-infinite crust and 7 lm hydrohalite spheres) but varying the mim values by the same amount shown in Fig-
ure 4a. The imaginary refractive index at wavelengths shorter than 900 nm is represented by a dashed line due to the larger uncertainty in
this region. The true value is likely much lower.
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2mm and optically semi-infinite (we arbitrarily chose 10 m as the optically semi-infinite depth.) Figure 4b
shows the error in albedo associated with the different values of mim. Note that, while the error in estimated
mim is relatively large at the wavelengths where hydrohalite is most transparent, this uncertainty leads to
relatively little uncertainty in the albedo, since it is already close to 1.0 at those wavelengths.

3.2. Sublimating Hydrohalite-Enriched Ice
Using these results for the optical properties of hydrohalite, we modeled the initial laboratory scenario of
an ice-hydrohalite mixture and followed its progression as an ice-free hydrohalite crust formed over the
mixed layer and grew thicker. Figure 2b shows a schematic view of this model. The model treats the ice-
hydrohalite mixture as an ice medium containing grains of hydrohalite, rather than using air as a medium
for a mixture of ice and hydrohalite grains. We used the methods outlined in Mullen and Warren [1988] for
dealing with a scatterer in an absorbing medium. The methods were originally developed using nonabsorb-
ing bubbles in lake ice as the scatterer, so we made modifications to account for the fact that hydrohalite
does absorb some light, as follows.

The effective complex refractive index of the hydrohalite embedded within the ice is given by mhh/mi,
where mhh is the complex refractive index of hydrohalite and mi is the complex refractive index of ice. Using
this effective index as input to the Mie scattering computation gives the asymmetry factor and the scatter-
ing efficiency of the ice/hydrohalite mixture. Following Mullen and Warren [1988], the absorption coefficient
is approximated simply as

jmix5ficejice1fhhjhh; (1)

where fice and fhh are the volume fractions of ice and hydrohalite and jice and jhh are the absorption
coefficients.

The single-scattering coalbedo is related to the scattering efficiency as

ð12~xÞ5 jmix

jmix1rmix
(2)

Figure 5. Asymmetry factor g, extinction efficiency Qext and single-scattering co-albedo (1- (1-y Qext and single-scattering co-albhydroha-
lite spheres in air, and hydrohalite spheres embedded in ice. For purposes of comparison, the size of the spheres in all cases is 7 lm.
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where the scattering coefficient r is given by

r5Qscapr2N (3)

Here Qsca is the scattering efficiency, r is the effective radius of the particles, and N is the number density of
the particles. In this case, we assume the particles to be monodisperse for simplicity. The asymmetry factor
(g) is useful for representing the single-scattering phase function; it is the average cosine of the scattering
angle. It is a standard output from Mie theory and varies between 21 (complete backscatter) and 11
(exclusively forward scattering). Figure 5 shows the inherent optical properties of ice spheres in air, hydro-
halite spheres in air, hydrohalite spheres embedded in ice, and hydrohalite spheres embedded in brine.

The model starts with a single layer of HH-rich ice. At the next step, the model adds a layer of hydrohalite
crust; each subsequent step of the sublimation progressively increases the thickness of the hydrohalite crust
layer, reducing the thickness of the HH-rich ice layer by a prescribed amount and adding the same thickness
to the hydrohalite crust. Finally the HH-rich ice layer is completely replaced by hydrohalite crust, represent-
ing the complete sublimation of the ice matrix. The effective radius used for the hydrohalite crystals embed-
ded within the ice is 20 lm. Note that this is larger than the effective radius used for the hydrohalite crust
(7 lm), as the larger radius was necessary to match the shape of the measured laboratory albedos. This may
be due to a change in the geometry of the hydrohalite crystals during the sublimation process; alternatively,
the grain radius may be acting as a proxy for another process that was not included in the model. The mod-
el does not attempt to represent processes such as sublimation over time. The modeled crust thicknesses
are chosen to match the measured albedo results.

Figure 6 shows measured laboratory albedos plotted along with modeled albedos of HH-rich ice with a
hydrohalite crust. The 42 day laboratory albedo was used as a target in determining the optical properties
of hydrohalite, so we would expect the modeled crust albedo to match it. In practice, there are slight

Figure 6. Comparison of modeled and measured spectral albedos for different thicknesses of hydrohalite-rich ice layer and hydrohalite
crust. Dashed lines (labeled with italic text) show albedos measured in the laboratory; solid lines show albedo output from the model (for
diffuse incidence, since the light in the dome is diffuse.) Hydrohalite crust thickness for the model output is labeled in milligrams per
square centimeter.
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differences due to smoothing of the hydrohalite optical properties. The modeled HH-rich ice layer, without
a hydrohalite crust layer on top of it, matches the laboratory HH-rich ice layer closely in infrared wave-
lengths, but appears to be too high at visible wavelengths.

3.3. Dissolving Hydrohalite Crust
Laboratory measurements were also made of a warming hydrohalite crust as it dissolved. This situation is
expected to be transient, since any sodium chloride brine supersaturated enough to preserve hydrohalite
crystals would melt the ice underneath it until it reached equilibrium. However, the strong positive feed-
back produced by the dissolution means that melting crust albedos could be important for simulating cli-
matic response to specific events where a change in phase causes a sharp transition in albedo. We
attempted to model the dissolving crust using the same methods as for the HH-rich ice, with hydrohalite
crystals embedded in brine (Figure 7.) Refractive indices used for the brine may be found in Maykut and
Light [1995]. The model shows a progression as a lower layer of hydrohalite-rich brine gradually increases in
thickness, replacing the layer of pure hydrohalite above it. This model does not match the measurements
as well as the model of crust development, especially in the near-infrared. This may be due to a mismatch
between the modeled scenario and the reality of laboratory conditions. In the model, the layer of dry hydro-
halite crust and the layer of hydrohalite-rich brine have a clear boundary, the fraction of hydrohalite in the
brine does not change, and the layers are underlain by subeutectic sea ice. In the laboratory, brine may
have wicked up through the hydrohalite layer, the fraction of hydrohalite within the brine was probably not
constant, and the hydrohalite within the underlying ice would have dissolved at some point during the
crust demise. While the details of this process are subject to certain assumptions about the laboratory
observations, there is clear evidence that the rapid demise of a hydrohalite crust resulting from warming
above Teu leads to dramatically reduced spectral albedo at all wavelengths.

Figure 7. Comparison of modeled and measured spectral albedos for a dissolving hydrohalite crust. Due to the delicate and transient
nature of the rapidly dissolving hydrohalite crust, we were unable to make any measurements that would tell us what fraction of the
hydrohalite remained at any given time step, nor could we know for certain what changes might be occurring in the ice below the
hydrohalite layer. Thus the modeled albedos here represent only a rough estimate.
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4. Parameterization

This model allows the determination of the albedo of a hydrohalite crust of arbitrary thickness, but is too
complex and computationally expensive to include as part of a global climate model (GCM). The model
results shown in Figure 6 are also not directly applicable to the case of ordinary sea ice sublimating without
melt, since the laboratory crust developed from a layer of ice containing 25% hydrohalite by volume, where-
as ordinary first-year sea ice generally contains only �10& of salt. (before significant flushing that typically
occurs during summer melt.) In order to represent the natural development of a hydrohalite crust on sea
ice, we model a crust of hydrohalite crystals in air over a substrate of subeutectic ice with something closer
to normal sea ice salinity. The underlying sea-ice albedo used in this modeling is the albedo measured in
the laboratory for subeutectic ice at 2308C.

We calculated the spectral albedo a(k) for several crust thicknesses, expressed in units of grams per square
centimeter. We integrated these albedos across wavelength bands commonly used in GCMs, weighting the
integration using solar spectra F(k) for polar atmospheres from an atmospheric radiation model [Wiscombe
et al., 1984]. Two solar spectra are used, one for clear sky and one for cloudy sky; they are similar to the solar
spectra shown in Figure 1 of Brandt and Warren [1993], but adjusted for sea level as described in Figure 6 of
Carns et al. [2015]. The broadband albedo is then

�a5

Ð
aðkÞFðkÞdk
Ð

FðkÞdk
(4)

In this case, we use 300–700 nm as the visible wavelength band, 700–2500 nm as the near-IR wavelength
band, and 300–2500 nm for the ‘‘allwave’’ albedo. Figure 8 shows the results of this modeling.

Figure 8. Calculations used for parameterization. To avoid cluttering the graph, only one line of fit is shown, the parameterization for dif-
fuse broadband. The fit is forced to be accurate in the limits of zero thickness and semi-infinite thickness; the albedo given by the equation
at moderate crust thicknesses is too high.
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Decaying exponential curves (see equation (5)) are fit-
ted to the data points. We used data analysis software
(Origin v. 9.1) to fit the data. The data points at zero
thickness and optically semi-infinite thickness are
weighted 10 times more heavily. This was done to
ensure that the parameterization gives accurate
results for small thicknesses (where small differences
in thickness can make a large difference in albedo)
and for the semi-infinite case (toward which all crusts

will tend over time), at the expense of some accuracy at moderate thicknesses. The parameterization is
then

y5y01Ae
2x=t ; (5)

where y is the albedo, y0 is the semi-infinite albedo, x is the crust thickness in g cm22, and t is a characteris-
tic (e-folding) thickness. Table 1 gives the constants for equation (5) for clear and cloudy skies in the visible,
near-IR and allwave.

In the full sea-salt system, temperatures below the precipitation point of hydrohalite but above the eutectic
of seawater (between 2238C and 2378C, if following the precipitation pathway described in Marion et al.
[1999]) might result in a surface composed of hydrohalite crystals wetted by a brine containing other dis-
solved salts (such as magnesium chloride.) The composition of the ocean during Snowball Earth is not well
constrained, but investigating the effects of other salts on the formation of lag deposits could provide a
fruitful avenue for future work.

5. Contrasts With Other Surface Albedos on Snowball Earth

The contrast between the albedo of the bright hydrohalite crust and the albedos of other sea-ice surfaces
has the potential to introduce new feedbacks into models of Snowball Earth. Without hydrohalite, the pri-
mary influence on surface albedo is the freezing or melting of sea ice, at a temperature threshold around
228C, which is the source of the positive feedback which likely helped promote Snowball Earth events. The
next most important is the presence or absence of snow; this is controlled by precipitation and sublimation,
which in turn depend on climate and weather patterns.

Adding the effects of precipitated salts introduces new processes. The first is the precipitation of hydroha-
lite within brine pockets, at a temperature threshold around 2238C (depending on salt composition), which
can introduce a small positive feedback as low temperatures increase albedo. The second is the formation

Table 1. Constants for Equation (5)

Band y0 A t (g cm22)

Allwave diffuse 0.94 20.36 0.083
Allwave direct 0.92 20.43 0.089
Visible diffuse 0.96 20.12 0.20
Visible direct 0.95 20.12 0.26
IR diffuse 0.92 20.56 0.070
IR direct 0.90 20.60 0.078

Table 2. Albedos for Snowball Earth Surfaces

Ice Type
Albedo (Allwave,

Diffuse) Properties and Processes

Glacier ice (sublimating
sea-glacier)

0.5–0.65 Forms from compressed snow. Albedo determined by spe-
cific surface area (SSA) and absorbing contaminants (dust,
tephra, etc.) [Dadic et al., 2013

Firn 0.65–0.8 Forms from compressed snow. Albedo determined by SSA
and absorbing contaminants. [Dadic et al., 2013]

Snow 0.8–0.9 Falls as precipitation. Albedo determined by SSA and absorb-
ing contaminants. [Zatko and Warren, 2015]

Bare sea ice 0.45–0.55 Freezes from seawater. Albedo determined by ice thickness
and amount of hydrohalite precipitation, which is deter-
mined primarily by temperature. [Carns et al., 2015]

Hydrohalite crust 0.6–0.9 Exposed by sublimating sea ice. Albedo determined by SSA,
absorbing contaminants, and thickness, which is a func-
tion of time spent sublimating without melt. (this work)

Dissolving hydrohalite crust 0.3–0.6 Hydrohalite dissolves at around 2238C when in contact with
ice. [This work]

Melt ponds 0.1–0.5 May form at 08 in the absence of a hydrohalite crust; with
crust, forms at 2238C. [Perovich et al., 2002]
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of a hydrohalite crust by sublimation of the surrounding ice; like the sublimation of snow, this depends on
climate to maintain negative values for precipitation minus evaporation (P-E). The third is the dissolution of
the hydrohalite crust, which again occurs around 2238C, and introduces a potentially potent positive feed-
back between increasing temperatures and decreasing albedo. Table 2 places hydrohalite crust albedo in
context with albedos of other Snowball Earth surfaces.

A similar result was found for CaSO4. Comparing the spectrum of the anhydrous mineral to the spectra of
two hydrated forms (CaSO4•0.5H2O, bassanite and CaSO4•2H2O, gypsum), Bishop et al., [2014] assigned the
absorption features of the hydrated minerals in the region 1.3–2.5 lm to combinations and overtones of
the fundamental vibration bands of H2O. For water vapor, the fundamental bands are located at 2.66 lm
(asymmetric stretch), 2.73 lm (symmetric stretch), and 6.27 lm (bending) [Eisenberg and Kauzmann, 1969,
Table 1.3]. The overtones and combinations occur at higher frequency (smaller wavelength), and their loca-
tions in ice are shifted slightly from their locations in liquid water. The fact that hydrohalite displays absorp-
tion features of both water and ice (Figure 9) suggests that one of the two waters of hydration might be in
an electrostatic environment similar to that in liquid water, with the other water molecule in an ice-like envi-
ronment. The crystal structure of hydrohalite [Klewe and Pedersen, 1974] does show the two water mole-
cules to be in slightly different environments, but it is by no means apparent that one is more liquid-like
and other more ice-like.

6. Discussion

In addition to its relevance to the energy balance of Snowball Earth, the modeling described here also pro-
vides a determination of the imaginary refractive index of hydrohalite in the visible region. Figure 9 com-
pares this imaginary refractive index to those of ice and water. Sodium chloride is nonabsorbing in the
wavelength range measured, so we expect all absorption to be due to the water molecules in the hydrated

Figure 9. Comparison of imaginary refractive indices of water [Kou et al., 1993], ice [Warren and Brandt, 2008], and hydrohalite. Water and
ice indices are weighted to reflect the mass fraction of water molecules in hydrohalite compared to the mass fraction of sodium and chlo-
ride atoms (which do not contribute to absorption in this wavelength range and are assumed to have an effective imaginary refractive
index of 0.) Vertical lines show some of the hydrohalite absorption peaks. Hydrohalite is represented by a dashed line at wavelengths
below 900 nm to indicate that measurements here are relatively more uncertain than measurements in other wavelength ranges, and the
true value of the imaginary refractive index is likely much closer to that of water and ice.
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crystal. Note the doublet around 1950 nm, where the absorption peaks of water and ice are relatively far
apart, and the shoulder peak around 1500 nm, which appears to line up with an absorption peak of ice. The
absorption bands of hydrohalite appear to be narrower than those of water or ice, resulting in less overlap
between peaks.

It is interesting to compare the albedo measurements of sodium chloride dihydrate to reflectance measure-
ments of nonhydrated sodium chloride, as well as to other hydrated salts (Figure 10). The reflectance meas-
urements for salts cited here come from the ASTER spectral database [Baldridge et al., 2009]. Figure 10d
shows a comparison of the albedo measurements used in this study with reflectance measurements of gyp-
sum, another dihydrate mineral. Both show absorption bands around 1400 and 2000 nm, where water
absorbs very strongly; note that even the anhydrous forms of the minerals (Figures 10b and 10c) show small
amounts of absorption at the same locations, presumably due to small quantities of water adsorbed onto
their surface from the atmosphere. Figure 10a shows the reflectance spectrum of mirabilite, another hydrat-
ed salt known to precipitate in sea ice, and its anhydrous form thenardite. Mirabilite, with formula
Na2SO4•10H2O, shows much stronger absorption in the infrared than gypsum or hydrohalite.

Our laboratory measurements show that the albedo of a hydrohalite lag deposit is as high as that of fresh
snow at visible wavelengths, and higher in the near-IR where snow is more absorptive, indicating that such
hydrohalite crusts could strongly alter the surface energy balance of Snowball Earth. The simplified

Figure 10. Comparison of reflectances and albedos of different hydrated and anhydrous minerals. Shown are (a) mirabilite, another
hydrated mineral that precipitates in brine inclusions in sea ice, compared to its anhydrous form thenardite; (b) gypsum, a dihydrate min-
eral like hydrohalite, compared to its anhydrous form anhydrite; (c) hydrohalite compared to its anhydrous form halite; and (d) hydrohalite
compared to gypsum, demonstrating the similarity in their spectral reflectance, with snow albedo for comparison. Mineral reflectances,
except for hydrohalite, are laboratory measurements from the ASTER spectral library [Baldridge et al., 2009]; snow albedo is from Hudson
et al. [2006]. Note that for salts such as NaCl, which is essentially nonabsorbing in this wavelength range, the ASTER ‘‘reflectance’’ is lower
than the albedo of a halite surface would be.
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laboratory scenario studied here included only water and sodium chloride; the full complement of salts in
ocean water would likely change the results. Sodium chloride would still precipitate, and possibly at a simi-
lar temperature; in brine inclusions within modern sea ice it begins to precipitate around 2238C. However,
other salts such as potassium chloride or magnesium chloride could depress the freezing point of the
remaining brine below this temperature. Laboratory experiments have also shown that sodium chloride sol-
utions can supercool below their eutectic point. Carns et al. [2015] found that brine inclusions in sea ice can
supercool by as much as 6 K below the precipitation point of hydrohalite; Toner et al. [2014] found super-
cooling of up to 8.3 K in solutions of pure sodium chloride.

Depending on the freezing pathway, modern seawater may reach its eutectic point at about 2378C, when
magnesium chloride dodecahydrate (MgCl2�12H2O) precipitates [Marion et al., 1999]. Below this eutectic
point, with all salts precipitated, the sea ice might develop a salt crust similar to that investigated in this
study. Between 2238C and the eutectic, the presence of these other salts would result in a slush of hydroha-
lite crystals and concentrated brine. Measuring the albedo of such a surface, and investigating the effects of
a prolonged period of desiccation, could provide a subject for future work.

7. Conclusions

Precipitated salt within sea ice can alter the ice albedo at low temperatures. The albedo increases slightly
when salt precipitates within brine pockets, and more dramatically when ice sublimates away and the salt is
left as a cryogenite lag deposit. This can lead to two different positive feedbacks. The first is the precipita-
tion feedback: salt precipitation occurs when temperature decreases below 2238C, increasing albedo slight-
ly, which would cause temperature to drop further (if supercooling occurs, the threshold may be somewhat
lower, as described by Carns et al. [2015]). Conversely, temperatures increasing above this threshold would
cause precipitated hydrohalite to dissolve, decreasing albedo and causing temperatures to rise further. The
second feedback is the crust-dissolution feedback: once a lag deposit of hydrohalite develops, it will begin
to dissolve at a temperature of 2238C, potentially decreasing the albedo from above 0.9 to below 0.4. (The
development of the crust probably does not qualify as a positive feedback, since it will occur only after an
extended period of low temperatures and net sublimation.)

The results in this paper may also be of some interest to the planetary science community in performing
spectral analyses of substances found on the surface of icy moons. For instance, Europa is likely to be rela-
tively rich in Na and Cl ions, which could form hydrohalite on its surface [Carlson et al., 2009; Brown and
Hand, 2013].
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