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We measured the 1 mHz—1 MHz electrical properties of ice—hydrate binary systems formed from solutions
of NaCl, CaCl,, and MgSO,, with supplementary measurements of HCI. Below the eutectic temperature,
electrical parameters are well described by mixing models in which hydrate is always the connected phase.
Above the eutectic temperature, a salt concentration threshold of ~3 mM in the initial solution is required for
the unfrozen brine fraction to form interconnected, electrically conductive networks. The dielectric relaxation
frequency for saline ice increases with increasing impurity content until C1~ reaches saturation. Because
there is insufficient H;O" for charge balance, salt cations must be accommodated interstitially in the ice.
Dielectric relaxations near the ice signature were identified for CaCl,*6H,O and MgSO,* 11H,0 but not for
NaCl-2H,0. Ionic and L-defect concentrations in salt hydrates up to ~107* and 1073 per H,O molecule,
respectively, follow from the electrical properties, Jaccard theory, and the assumption that protonic-defect
mobilities are similar to ice. These high defect concentrations—up to a few orders of magnitude greater than
saturation values in ice—indicate that intrinsic disruption of hydrogen bonding in salt hydrates is common.

1. Introduction

Electrical-properties measurements have been a fundamental
tool in understanding the structural chemistry of ice! and the
record of past environments in polar ice.” These studies have
mostly considered trace quantities of impurities that are able to
substitute into the ice lattice. Conversely, electrical measure-
ments of ice with high impurity content—where impurities are
largely rejected to intergranular spaces—have focused on sea
ice above or just below its eutectic-melting temperature.> Our
interest is in the context and behavior of ices and hydrates in a
variety of natural terrestrial and planetary environments, so we
seek to understand the electrical properties of H,O over wide
ranges of temperature and impurity type and quantity. Studies
of terrestrial permafrosts*> provide insights at the highest
impurity levels and temperatures, yet these largely represent
insoluble impurities (silicates). Measurement and analysis of
systems of ice and salt hydrate are necessary to bridge the gap,
followed by investigation of the interaction of these binary
mixtures with silicates. Here we address the former and report
broadband dielectric spectroscopy of polycrystalline ices and
hydrates involving three geologically relevant salts: NaCl, CaCl,,
and MgSQy, with supplementary measurements of HCI.

2. Background

The relevant electrical properties of ice and their origin are
summarized from ref 1 and references therein. Two kinds of
protonic point defects in the hydrogen-bonded ice lattice, each
with two states, allow charge movement. Rotation of a water
molecule produces a site with no protons (Bjerrum L-defect)
and another with two (Bjerrum D-defect). Translation of protons
along hydrogen bonds transfers ionization state by a charge
surplus (H3O™ ionic defect) or deficit (OH™ ionic defect). Defect
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TABLE 1: Electrical Properties of Protonic Point Defects in
Ice at 253 K!

effective  intrinsic concn,  mobility, activation
defect charge, e per HO m? V7's7!  energy,’ eV
H;0"  +0.62 <1078 1077 ~0.7 intrinsic

~0.0 extrinsic
L —0.38 1077 2 x 1078 ~0.6 intrinsic
~().25 extrinsic

% Computed from activation energies of pair formation and mo-
tion.

types and abundances can be quantified from electrical-pro-
perties measurements through Jaccard theory!'6 (derived pa-
rameters reproduced in Table 1). For the dominant H;O" and
L-defects, the relevant equations are

oL =n e, (M
Oy =n fey @)
o,=0opto, 3)
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where ot is the L-defect conductivity, proportional to the defect
number density 7 (m~3), mobility x4 (m? V™! s™1), and charge
er. (C), with equivalent quantities expressed for H;O™ defects;
o, and 0., are the static (DC) and high-frequency conductivities,
respectively; & and €. are the corresponding relative permit-
tivities; € is the permittivity of free space; and 7 is the dielectric
relaxation time. In this paper, we use “permittivity” without
modification to indicate the real part of the relative permittivity,
otherwise known as the dielectric constant. Similarly, “conduc-
tivity” implies the real part. The polarizability constant ® =
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(1.65 x 1073%)T (K) provides the best match to & — &.. of pure
ice’ over the range 183 to 273 K. The defect concentration per
H,O molecule is r = n/N, where N = 3.061 x 10*® H,O
molecules/m? for ice.

Equation 3 implies that the majority charge carrier dominates
the high-frequency conductivity, because the polarization is
continuously reversed. For pure ice, intrinsic Bjerrum defects
are the majority charge carriers and intrinsic ionic defects are
the minority. By contrast, eq 4 indicates that static conduction
requires the motion of both Bjerrum and ionic defects, because
polarization induced by passage of one kind of defect must be
reversed by the other. The minority charge carrier therefore
controls DC conduction. Equation 5 links the dispersion in
conductivity to the dispersion in polarizability through a classic
Debye relaxation.

Impurities that are able to substitute into the lattice structure
introduce extrinsic protonic point defects, changing electrical
properties. HF and HCI have been preferred dopants for studying
the structural chemistry of ice because these acids are ready
sources of H3O™ defects and the small, easily substitutable
halides engender numerous L-defects.®® Bases with substitutable
cations (ammonia) have a similar effect. As HF or HCI levels
are increased to just several uM at a few tens of kelvins below
freezing, the increasing relative abundance of ionic defects
causes a crossover in conductivities, where H;O™ becomes the
majority charge carrier and L-defects become the minority.%°
Because acid (H;0™) concentration is generally much smaller
than salt (C17) in polar ice, L-defects remain the majority charge
carriers and no crossover has been observed in natural samples.”

In ice crystallizing from liquids, salts are presumed to affect
o, by entering the lattice as an acid or base to maintain charge
balance.! For example, NaCl solutions are suggested to
contribute H;O™ and Cl~ to the ice. Chloride substitution
therefore must depend on the availability of hydronium and
hence pH, which we sought to characterize. On the other hand,
flash-frozen KOH is thought to have K* accommodated
interstitially, with OH™ substituting directly in the lattice.!!

Impurity saturation of the ice lattice has been determined !>~ !4
to lie in the range 0.1—0.3 mM for CI~ and H;O™. Impurities
that cannot be incorporated into the ice are precipitated as
hydrates. The unknown low-frequency electrical properties of
salt hydrates and their relationships to ice are a major focus of
this paper. These equilibrium-freezing relationships'>~1° at high
impurity content introduce additional electrical behaviors that
we wished to measure. Below eutectic compositions (several
M for most salts) ice forms first and the excluded salt is
concentrated into brines that freeze into an ice—hydrate mixture
at the eutectic temperature (Figure la). Above the eutectic
composition, hydrates form first and ice—hydrate mixture freezes
last, again at the eutectic temperature. Initial salt concentrations
are easily converted to relative weights of segregated ice and
segregated hydrate by simple ratios involving the salt weight
fraction at the eutectic w” and the salt weight fraction in the
hydrate w” (Table 2). The relative weight of the eutectic
ice—hydrate mixture is the remainder from unity of the
segregated ice and segregated hydrate weight fractions. The total
hydrate weight is the segregated hydrate weight plus a fraction
wy  of the eutectic mixture (Table 2). Volume conversions
(Figure 1b,c) follow using the densities of ice (915 kg m™3)
and hydrate (Table 2).

3. Experimental Methods

3.1. Electrical Properties. Measurements were performed
from 1 mHz to 1 MHz with a Solartron 1260A Frequency
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Figure 1. (a) Temperature—composition relations for freezing solutions
of NaCl, CaCl,, and MgSO,. Symbols show compositions of electrical-
properties measurements. (b) Phase volume fractions as functions of
initial salt concentration for NaCl. (c) Phase volume fractions as
functions of initial salt concentration for CaCl,.

Response Analyzer, 1296A Dielectric Interface, and a three-
electrode (capacitively coupled) sample holder. The third,
grounded electrode was used as a guard to control electric-field
geometry. The 1260A/1296A system is rated at better than 2%
accuracy for capacitances > 1 pF; all of our measurements met
this criterion.

Solutions were prepared by using deionized (DI) water and
reagent-grade salts, with approximate concentrations of 107>,
1073, 1072, 107!, and 1 M. Several additional measurements
were performed for both NaCl and CaCl, solutions at initial
salt concentrations near and above the eutectic composition. The
CaCl, ice—hydrate system thus spanned compositions up to
nearly 100% CaCl,+6H,0. However, NaCl+2H,0O was limited
to a maximum volume of ~25% because at higher initial salt
concentrations the phase boundary'® is >273 K and therefore
we could not be sure that all NaCl was precipitated as hydrate.
Similarly, the peritectic in the MgSO4 ice—hydrate system
limited MgSOy4+11H,0 to 42% by volume; otherwise epsomite
would be initially precipitated.!” Actual ionic concentrations and
pH of the melted samples were determined after the electrical
experiments by standard inorganic analysis.

Samples were cylindrical disks, 3-cm wide by 0.6-cm thick.
The sample holder was placed into a heavily insulated freezer
(So-Low C85-9, minimum temperature 179 K) and maintained
to within 0.2 K, using a Lakeshore 331 temperature controller.
The time—temperature history was carefully constructed to
produce quality polycrystalline materials. The samples were held
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TABLE 2: Properties of Frozen Salt—Water Binary Systems®

hydrate density, eutectic eutectic salt eutectic hydrate, salt in hydrate,
salt hydrate formula hydrate name kg m—3 temp, K wt %, w’ wt %, wy' wt %, w”’
CaCl, CaCl,*6H,O Antarcticite 1710 222 29.6 453 50.7
NaCl NaCl-2H,0 Hydrohalite 1610 252 233 329 61.9
MgSOy4 MgS04+11H,0 Meridianiite 1500” 269 17 45.0 37.8

@ At upper phase boundary for this hydrate. ” Scaled from unit cell volume.

2 deg below the freezing point for 1 h to start crystallization
and then at 10 deg below freezing for an additional 3 h to
crystallize any metastable water. The sample was then reheated
to 2 deg below freezing and held for 3 h to facilitate annealing.
This process was then repeated at the eutectic temperature for
NaCl and CaCl, solutions. Temperatures were decreased slowly
(0.1 deg min™ ") to impede bubble and crack formation (mal-
formed samples were easily recognizable by extraneous dielec-
tric dispersions). Temperatures were sampled at approximately
logarithmic spacings except for smaller separations near the
eutectic. Although hysteresis was generally small, measurements
made during warming were preferred to those during freezing.

Complex impedances were converted to permittivity and
phase by using the electrode geometry. For each spectrum, a
nonlinear curve-fitting procedure was used to determine the
parameters of up to four Cole—Cole dielectric relaxations, plus
DC conductivity:

Ag; 1o
o ZSHF+Z ! - _—J e (6)
=1 (o) Y &

where e* = ¢’ — j&” is the complex permittivity, Ag;, T;, and o
are the dielectric strength, relaxation time, and distribution
parameter, respectively, for the ith dielectric relaxation, w is
the angular frequency, eyr is the “high-frequency” permittivity,
and opc is the DC conductivity. Note that o = 0 for a Debye
relaxation. In addition to the ice and hydrate relaxations, other
relaxations sometimes arose due to electrode polarization,
malformed ice, or interfacial polarization. Measurements were
included in subsequent analysis only when the ice/hydrate
relaxation and DC conductivity could be robustly recovered
(e.g., Figure 2). Increasing DC conductivity obscures relaxation
signatures and introduces electrode polarization: measurements
were stopped when the DC conductivity exceeded that measur-
able by the capacitively coupled system, 0.05 S m~!.

3.2. Unfrozen Water Content. The unfrozen water present
in HyO—salt binary systems was measured by using nuclear
magnetic resonance (NMR), from splits of samples prepared
for electrical properties measurements. All 'H NMR spectra
were recorded on a Chemagnetics CMX Infinity 400 spectrom-
eter operating at 400 MHz for 'H. A Chemagnetics 7.5-mm
MAS probe was used to record nonspinning '"H NMR spectra.
Samples were contained in capped 5-mm NMR tubes, positioned
in the probe such that the sample was in the center of the
detection solenoid. To minimize proton background signals from
the materials used to construct the probe, the DEPTH pulse
sequence was used.? 90° pulses of 6.5 us and a pulse repetition
delay of 10 s were used. This pulse repetition delay provided
quantitative peak integrals for the unfrozen water signal at all
temperatures while minimizing the signal due to solid water.?!
For 0.1 and 1 M solutions, 16 transients were averaged, whereas
2048 transients were averaged for 1 mM and 10 mM solutions.
At each temperature, the unfrozen water peak was integrated
and corrected for the Boltzmann polarization.?!

—he——1806K == —203.0K n —2180K ===-223K =——-2481K =—®=-1804K*
10 T T T T L T
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Figure 2. Dielectric spectrum of 1.1 wt % (0.1 M) CaCl, solution as
a function of temperature, with supplementary data for 0.011 wt %
(0.001 M) CaCl, solution at 180.4 K only. Phase maximum moving
from 0.3 to 5 kHz is the Debye relaxation of ice; extraneous relaxation
below 1 Hz is electrode polarization. The low-frequency increase in
phase, becoming more prominent with increasing temperature, is due
to DC conductivity. In particular, the large jump in DC conductivity
from 218 to 223 K is caused by interconnected brine channels. The
0.011 wt % CaCl, data are representative of the decrease in relaxation
frequency with decreasing impurity content.

4. Results

4.1. DC Conductivity. An initial steep decline in DC
conductivity (Figure 3) just below 0 °C is attributable to
premelting.?> Two regimes are evident at lower temperatures.
Curves for lower initial salt concentrations have activation
energies E, ~ 0.7 eV, down to the lowest temperatures
measured. However, curves for higher initial salt concentrations
have smaller £, = 0.25—0.5 eV down to the eutectic freezing
point and increase to ~1 eV at lower temperatures. A distinct
jump in DC conductivity is also evident at the eutectic for these
curves. We attribute this difference to a salt concentration
threshold for formation of interconnected brine channels. We
quantify this assertion and then turn to the variation of DC
conductivity with initial salt concentration at a representative
temperature below the eutectic freezing point. In this case, where
the entire mixture is frozen, the DC conductivity is taken to be
equivalent to os.

4.1.1. Unfrozen Water Above Eutectic Melting Tempera-
ture. Here unfrozen saline water is expected around segregated
ice or hydrates, depending on whether the initial concentration
is below or above the eutectic composition, respectively.
Computation of the unfrozen water volume fraction ¢y, is
straightforward:? ¢, &~ Co/Ceq, Where Cj is the salt concentra-
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Figure 3. (a) Arrhenius plot of DC conductivity for the NaCl—H,O
system, with supplemental measurements of HCI—H,O. All samples
>1 mM show a sharp increase in conductivity at the eutectic
temperature, indicating brine channels. (b) DC conductivity for

CaCl,—H»O0, also showing evidence for brine channels >1 mM.
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Figure 4. NMR-observed (symbols) vs predicted (lines) liquid volume
fraction for CaCl, solutions above the eutectic melting temperature.

tion in the initial liquid and Ceq is the equilibrium salt
concentration as a function of temperature,’>~!° given by the
phase diagrams (Figure 1). The predicted liquid fractions for
initial CaCl, concentrations of 0.01, 0.1, and 1 M compare well
with NMR measurements (Figure 4).

Since the expected liquid content is present, the geometry
and connectivity can be revealed from variations in the DC
conductivity with temperature and initial salt concentration. The
conductivity of ice can be neglected compared to that of the
unfrozen water in mixing models. A classic model for polar
ice?*used the geometric cross section of assumed intercon-
nected water channels on the surfaces of cubic grains to
derive opc = ?/304¢w, Where oy, is the conductivity of the

J. Phys. Chem. B, Vol. 112, No. 48, 2008 15385
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Figure 5. Model fits to DC conductivity above the eutectic melting
point, including standard errors (dashed lines). Fitted exponents m to
individual curves have errors <0.1. Curves with measurements ap-
proaching 273 K show sharp increases in conductivity that are matched
by m = 2.1 + 0.5, characteristic of welded grains surrounded by
moderately tortuous fluid channels. Fits to curves that do not approach
ice melting show erroneously low exponents characteristic of parallel
circuits.

water. The latter is computed by interpolating tabulations as
functions of salt type, concentration, and temperature.'® This is
a parallel circuit, ignoring any tortuosity or variable connectivity,
and therefore is an upper bound to conductivity. Archie’s law,
opc = Aow¢y™, is a more general empirical model that is
applicable to poorly conducting grains with variable welding
and geometry surrounded by a conductive fluid. Fits to
ice—brine mixtures of NaCl, CaCl,, and HCI (Figure 5) show
that exponents m lie in the range 0.8—2.5. It is clear that data
sets restricted to the broad, flatter parts of the curves (100 mM
CaCl, and 10 mM HCI) show Archie exponents near unity, in
apparent agreement with the parallel-circuit model. These
measurements were truncated because conductivities and/or
electrode polarizations were too large at higher temperatures to
produce useful data in our capacitively coupled measurement
system. In contrast, the remaining curves, which track closer
to complete melting, have larger exponents, m = 2.1 £+ 0.5.
An Archie exponent of 2 is common for brines filling moderately
welded sandstones.>* This natural analogue enables us to
envision the active brine channels not uniquely as sheets
separating two grains nor as tubes along triple junctions, but
rather as a moderately tortuous, intermediate geometry. The
rapid increase in conductivity near complete melting was
previously explicitly neglected?? because it cannot be modeled
linearly; an Archie model encompassing this premelting region
demonstrates the nonlinear relationship between unfrozen water
volume and DC conductivity.

A consistent threshold exists for the persistence of brine
channels down to the eutectic temperature. Initial concentrations
of NaCl, CaCl,, and HCI of 1 mM do not support interconnected
liquid at the respective eutectic temperatures, but concentrations
of 10 mM do. A supplemental measurement of 3 mM CaCl,
displays a small conductivity increase attributable to intercon-
nected liquid. We therefore suggest that 3 mM is a representative
value for the brine channel threshold in ice containing salts or
weak acids and formed from liquid. The HCI data do indicate
interconnected brine channels at concentrations as low as 0.1
mM, but in this case are limited to temperatures above ~260
K. Brine exists only as isolated pockets at lower concentrations
and/or temperatures.

Brine channel dimensions can be approximately calculated
by using simple assumptions about their geometry. For ice grains
of diameter D modeled as truncated semiregular octahedra,?
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TABLE 3: Computed Minimum Brine Channel Widths*

ice three-grain ice two-grain geometric

impurity  junction dia., um  junction dia., um  mean, um
CaCl, 12 0.28 1.8
NaCl 8.4 0.14 1.1
HCl1 7.8 0.12 1.0

@ At respective eutectic temperatures, 3 mM impurity threshold,
and 1 mm ice grains.

the diameter d3 of cylindrical triple junctions on the grain edges
is dy = 0.3874D+/ ¢w. The same approach leads to dr =
0.2987D¢,, for the thickness d, of two-grain planar junctions
on the octahedra faces. We take the geometric mean of these
two models, d = 0.34D¢,>*, as representative of brine channel
width d in an intermediate geometry. For our laboratory-grown,
polycrystalline ice, D ~ 1 mm, so d is in the micron range just
above the eutectic temperatures of CaCl,, NaCl, and HCI (Table
3). Persistence of acid—brine channels at 4uM bulk impurity
levels in polar ice?® implies d ~ 2 nm, an implausibly small
dimension that is only a handful of water molecules wide. If
DC conduction in polar ice is through such acid—brine
channels, a robust triple-junction geometry must exist so that
d3 ~ 0.1 ym.

There is support in other data for a brine channel threshold.
The linear increase in 0., with salt content C in polar ice is
truncated at C &~ 0.3 mM, the chloride saturation limit.!0:!!
Conductivity does not increase again until C > 30 mM, where
natural and artificial sea ice were compared to a power-law that
is equivalent to Archie exponent m = 2 and was inferred to be
caused by the formation of continuous liquid networks.!> The
decade-lower impurity-concentration threshold for our results
is likely due to the greater regularity of crystal formation and
associated interconnected liquid junctions in the laboratory.

4.1.2. Ice—Hydrate Mixtures Below Eutectic Melting Tem-
perature. We evaluated several classic electrical mixing mod-
els? at 208 K, a representative temperature below all of the
relevant salt eutectics. Because &’ ~ o/egw > ¢ at low
frequency, we solve the mixing equations directly in terms of
o instead of &*. The Maxwell Garnett (MG) model treats isolated
inclusions in a connected host medium. It will be useful here
to give the MG conductivity in terms of the connected phase
having conductivity o; and volume abundance ¢:

1-¢
L ¢

o,—o, 30

o=o0,+

(N

Equation 7 is actually expressed in the form of the equivalent
Hashin—Shtrikman upper bound. Power law (PL) mixing
models enjoy wide empirical application but lack the physical
underpinning of the MG rule; in effect, each phase is assumed
to be interconnected with efficiency depending on the exponent
m. The general PL for two phases is:

" =g¢o,""+ (1 — p)o,"" 8)
Commonly m = 1—3: MG is approximated at m = 1, the
Refractive Index model is equivalent to m = 2, and the
Looyenga model has m = 3. If 0, = 0, Archie’s law is
recovered.

We fit the MG and PL models separately to data below and
above the eutectic composition for frozen CaCl, and NaCl
solutions (Figure 6). For the MG model, the surrounding phase
was assumed to be either the eutectic mixture or the total hydrate
present. Both fit equally well below the eutectic composition,

Grimm et al.
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Figure 6. DC conductivity of ice—hydrate systems at 208 K: (a)
logarithmic and (b) linear scales. Mixing models (lines) are fit separately
to data below and above the eutectic composition, resulting in minor
mismatches at the eutectic. All data are consistent with hydrate as the
interconnected phase. See text for details.

but above the eutectic the conductivity—composition trend
would reverse if the last-crystallized eutectic mixture was the
connected phase. Instead, the conductivity continues to increase
because the segregated hydrate must make good electrical
contact with hydrate in the eutectic mixture. Therefore we
conclude that all hydrate is electrically connected in the MG
model, i.e., all ice exists as inclusions. This inference is
supported by SEM imaging of ice—hydrate eutectic mixtures.?’

The NaCl data are best fit (Figure 6) by a PL with m = 2.3
=+ 0.3 for all subeutectic hydrate volumes (salt weight w < 23%).
This is similar to the behavior described above of brine channel
conductivity above the eutectic melting temperature. Indeed,
the geometries may be expected to be closely related because
brine channels ultimately freeze into the eutectic mixture
containing interconnected hydrate. In contrast, the CaCl, data
below the eutectic composition show two distinct branches: MG
mixing up to 10% hydrate volume (w < 9%) and m = 2.7 £
0.2 PL above. Paradoxically, at low salt concentrations the ice
is electrically included, whereas at higher concentrations the
familiar power law indicates a more complex geometry.

Above the eutectic composition, the CaCl, data are perfectly
fit by the MG model, whereas the NaCl data can only be said
to be consistent with MG within the measurement errors. The
steep slope of a PL fit to these sparse NaCl data implies an
unrealistically large conductivity for the pure hydrate and an
unacceptably large mismatch at the eutectic composition. The
conductivity of the eutectic mixture is an endmember for both
supereutectic and subeutectic composition fits. For both salts,
the preferred mixing models, fit separately below and above
the eutectic composition, result in misfits at the eutectic of
<30%.

The mixing models at 208 K projected to 100% hydrate yield
opc = 1.4 + 0.7 x 107> S m~! for CaCl,*6H,0 and 3.1 x
1077 S m~! for NaCl-2H,O. Unlike the high-temperature cases
where highly conductive fluid is present, the DC conductivity
of the included ice is also recovered, here 8 = 2 x 10712 S
m~! for the NaCl experiments and 2.0 + 0.4 x 1072 S m™!
for the CaCl, runs. Implications of these figures for ionic
substitution and defects in the ice and hydrates are discussed
below.

The reagent grade MgSO, we tested contained significant
amounts of chloride (0.4 wt % in 1 M MgSO, solutions,
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segments as for the DC conductivity (see text). Value for ice is fixed
at 3.15 and epr ~ 5.8 for CaCl,*6H,0 is fit.

increasing to 7 wt % at 1 mM MgSOy). DC conductivity curves
for MgSO, expressed in terms of chloride weight percent closely
tracked those for CaCl,, indicating that antarcticite had formed
and had conductivity greatly exceeding meridianiite. Indeed,
below 1 M MgSOy, the calcium and chloride are present in
approximately the correct proportions for CaCl,. If the conduc-
tivity of ~1% CaCl,+6H,0 in the mixture is still at least ten
times that of ~10% MgSO4+11H,0, then we can crudely
constrain opc for MgSQO4+11H,0 to be <1% that of CaCl,*
6H,0, say <1077 S/m at 208 K. Therefore the DC conductivity
of meridianiite is likely less than that of hydrohalite.

4.2. Permittivity. 4.2.1. High Frequency. The real permit-
tivity & generally asymptotes above 100 kHz (Figure 2), so the
fit value enr is representative of €. of the highest frequency
relaxation. The same mixing equations (eqs 7 and 8) are applied
with & substituted for . In this case the imaginary part is
neglected because ¢’ < & as @ — . As with DC conductivity,
below the eutectic composition the models cannot discriminate
whether the hydrate or eutectic mix is interconnected, but again
we reason that hydrate must be the interconnected phase due
to diminishing quantities of the eutectic mixture above the
eutectic composition. Due to the smaller dynamic range in &
compared to opc, there is also less discrimination between MG
and PL mixing models; Figure 7 fits power laws to the
subeutectic compositions of frozen NaCl and CaCl, solutions
with the same exponents (2.3 and 2.7, respectively) as DC
conductivity. The H>O endmember was fixed at 3.15. CaCl,
measurements spanned nearly the entire range of composition
above the eutectic; a MG mixing model with interconnected
hydrate (the same as opc) yields egr = 5.8 for CaCl,*6H,0.
egr was irregular for the narrow range of NaCl compositions
measured above the eutectic composition, but the CaCl, trend
extrapolates to egr = 5.2 for NaCl-2H,0.

The MgSO4—H,0 system yielded egr = 3.1 for 42 vol %
meridianiite, indicating that .. for ice and this H,O-rich hydrate
are comparable. This suggests that antarcticite and hydrohalite
could have another dielectric relaxation, beyond the measured
band, in which Ae ~ 2—3. A reversal in the phase trend would
be evident in the 181 K data for any relaxation frequency <8
MHz. When projected to 273 K at E, = 0.3 eV, the additional
relaxation would have to be >4.6 GHz. The relaxation frequency
of liquid water is 8.9 GHz at this temperature. Because it is
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Figure 8. Low-frequency permittivity & at 181 K. Temperature
dependence is strong and data are shown at the coldest temperature
tested, where electrode polarization is minimized. For CaCl, solutions,
the Maxwell Garnett mixing model assumes hydrate is the connected
phase: value for ice is fixed at 144 and &, ~ 20 for CaCl,*6H,0 is fit.
Incomplete NaCl data were not fit.

implausible that H,O mobility in the hydrate could approach
that of free water, we conclude that egr = &.. for the salt
hydrates.

4.2.2. Low Frequency. The H;O-endmember value ¢, = 144
at 181 K is exactly that expected for “pure” ice. In fact this
simply implies! that oy > 0+ and indicates that ice formed from
saline solutions contains much more Cl™ in the lattice than
H;O™. We explore this further below in the context of relaxation
times.

Dielectric mixing of H>O and CaCl,*6H,0 is consistent with
the MG model assuming interconnected hydrate across the entire
range of composition (Figure 8), with &, = 20 fit at 181 K for
antarcticite. Therefore Ae = ¢, — &.. = 14. Data for other salt
hydrates are incomplete, but &, = 5.2 for 22 vol % hydrohalite
indicates no dielectric relaxation detected, whereas e, = 7.9 for
42 vol % meridianiite implies Ae > 4.8 for that hydrate. Static
permittivities for the salt—ice binary mixtures are strongly
temperature dependent, as is also observed for ice.’

4.3. Dielectric Relaxation Times. 4.3.1. Doped Ice. The
relaxation time 7 for ice increases with decreasing temperature
and decreases with increasing impurity content (Figures 9—11).
Pure ice has an activation energy E, ~ 0.58 V.8 An inflection
to E, ~ 0.24 V30 has been ascribed! to impurities but not
quantified. Our measured relaxation times decrease until a
saturation limit is reached, where E, has increased slightly to
~0.29 eV.

We infer defect properties of the ice from the behavior of
the relaxation time alone. First consider the relaxation of “pure”
ice at 253 K. Here 7 = 0.15 ms (Figure 9a) and assuming oy, >
04, it follows from eqs 5 and 1 that »r = 1.6 x 1077 per H,O
molecule. Because the intrinsic defect concentration is ~1077/
H,O0, the relaxation time is consistent, within measurement error,
with conductivity dominated by the intrinsic L-defects.

The relaxation time of ice saturates for initial salt concentra-
tions between 0.1 and 1 M for both NaCl and CaCl,. We
interpolate the saturation value to be ~0.3 M in the initial
solution for purposes of the following calculations. We again
neglect ionic defects and assume that each chloride ion
contributes two L-defects (see Discussion). At NaCl saturation,
7 = 6 us at 253 K (Figure 9a) yields r = 4.0 x 107%/H,0, or
extrinsic L-defects now totaling about 40 times intrinsic. This
corresponds to a chloride saturation concentration in ice ~0.1
mM, equal to or less than earlier estimates,'>!3 and implies a
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Figure 9. (a) Relaxation time for NaCl-doped ice as functions of
temperature and initial solution salt concentration, compared to
measurements for “pure” ice from the literature. Concentrations are
reported for the initial solution. Note saturation >0.3 M. (b) Imaginary
permittivity and model fit for frozen 4.73 M NaCl (23.5 wt %) solution
at 181 K. H,O relaxation is evident, but no distinct relaxation for
NaCl+2H,0 (22 vol %) was identified.
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Figure 10. (a) Relaxation times for CaCl,-doped ice and CaCl,*6H,O
as functions of temperature and initial solution salt concentration,
compared to pure ice and HCl-doped ice. (b) Imaginary permittivity
of frozen 6.67 M CaCl, (49 wt %) solution at 180.5 K, showing H,O
and CaCl,*6H,0 relaxations in the presence of strong DC conductivity
and electrode polarization. Antarcticite comprises 92 vol % in this
sample.

Cl1™ partition coefficient k ~ 4 x 107* for NaCl solutions. At
these small concentrations we are able to neglect the salt
enhancement that occurs in the excluded liquid with which the
ice equilibrates. Therefore k for NaCl is generally smaller than
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Figure 11. (a) Relaxation times for frozen, concentrated (2.1 M or 21
wt %) MgSOy solution, attributable to chloride impurities. (b) Imaginary
permittivity at 182 K, showing H>O and MgSO4+11H,O relaxations.
Meridianiite comprises 42 vol % in this sample.

values derived previously for HCI: 3 x 1073 (concentration-
independent'?), 3 x 107* to 4 x 1072 (concentration depend-
ent’!), and 2.5 x 1073 (single concentration®).

The same calculation for frozen CaCl, solutions implies an
ice extrinsic/intrinsic L-defect ratio ~10, a saturation Cl~
concentration 0.03 mM, and k ~ 5 x 1073. Here we projected
the saturated CaCl, trend (Figure 10a) to 7 = 23 us at 253 K,
as this reference mobility! is above the eutectic melting point
for the CaCl,—H,O system.

For MgSOy, solutions, saturation T = 8 us at 253 K (Figure
11a), very close to the value for NaCl solutions, yields an ice
extrinsic/intrinsic L-defect ratio ~30. Neither Mg?" nor SO42~
is able to substitute in the ice lattice, so other impurities must
form L-defects. Recall that the reagent grade MgSO, contained
up to 0.4 wt % chloride in concentrated solutions. The solution
chloride concentration of 0.1 M is consistent with the saturation
solutions for other salts discussed above. A saturation Cl~
concentration in the ice of 0.08 mM follows.

4.3.2. Salt Hydrate. Dielectric strengths & — &.. in the hydrate
imply the presence of a dielectric relaxation (eq 5). At 180.5
K, the 7-Hz CaCl,6H,0 relaxation (Figure 10b) is distinct from
the 60-Hz chloride-saturated ice signature but more remarkably
is separable from strong electrode polarization and opc caused
by this highly conductive hydrate. The antarcticite relaxation
is strong because it is 92 vol % of the sample and has a large
dielectric strength (see above). The MgSO4+11H,0 relaxation
(Figure 11b) is clearly resolved at a decade higher in frequency,
900 Hz, but is weaker than the ice relaxation (shifted slightly
to 80 Hz) because of the lower volumetric abundance of
meridianiite (42%) and the inferred smaller dielectric strength.
The lack of a resolved dielectric strength for 26 vol %
NaCl-2H,0 is manifested in Figure 10b as a lack of dielectric
relaxation other than that of ice at 70 Hz.

All of the identified hydrate relaxations have E, =~ 0.3 eV,
very near that expected if L-defects are the majority charge
carrier. Interfacial polarization can be ruled out because it should
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track the contrast caused by the large hydrate conductivity,
which has E, ~ 1 eV.

5. Discussion: Defect Types and Concentrations

5.1. Saline Ice. We suggest that the smaller partition coef-
ficients and absolute chloride concentrations in ice formed from
salt solutions are consequences of how the chloride enters the
ice lattice. Some cation must be assimilated into the growing
ice to charge balance the chloride incorporation into the lattice
itself. It has been assumed that in salt solutions the anion takes
a free hydronium and effectively enters the lattice as an acid.!”
The required amount of H;O" is determined by the C1~ and
the available H3;O" is given by the solution pH and k.

For NaCl solutions, a chloride saturation concentration in ice
of 0.1 mM is equivalent to a pH of 4. For any k < 1, this in
turn would require a surrounding water pH <4 to supply
sufficient hydronium to the growing ice crystals. The pH of
our solutions was generally ~5.7, an expected value for
equilibrium of carbonic acid with the atmosphere®? (pH oc-
casionally ranged as high as ~10 in highly concentrated CaCl,
solutions, probably due to CaO impurity; however, electrical
properties did not change in titrations of these solutions to
nominal pH—see Figure 3b). In all cases it is clear that there is
not enough H3O™" in the solution to accompany chloride into
the lattice on a one-to-one basis.

We conclude that the salt cations are accommodated inter-
stitially to balance the chloride charge. This justifies the
assumption above that chloride enters the lattice alone and
supplies two L-defects. It also has the important implication
that the static conductivity of salt-doped ice will always remain
very small, because the minority charge carriers are hardly
augmented (or. > 0+). This is confirmed by our DC conductivity
analysis above, which derived an average ~5 x 10712 S m™!
for ice at 208 K. Extrapolating to 253 K by using an average
observed E, = 0.7 eV, Jaccard theory (essentially eqs 2 and 4
above, with parameters from Table 1) then requires an H;O™"
defect concentration in the ice of 0.3 nM (6 x 107'%/H,0). At
k=3 x 1073, the parent solution could then have pH as high
as 7.0. It is clear that the trace amounts of hydronium required
to produce the small static conductivities of saline ice are easily
acquired from the solutions from which the ice is grown.

Further support for dominant lattice substitution of chloride
only comes from the static permittivity &;. The dielectric
strength—controlled by e;—has been observed for HCl-doped
ice to fall to near zero twice with decreasing temperature.® This
“double crossover” is attributed to repeated switching of H;O"
vs L-defects as the majority charge carrier due to different
mobilities and changing activation energies. Where either type
of defect is dominant, Ae is proportional to 1/7. The fact that
saline ice reproduces the “pure” ice curve, without any
crossovers, then requires that the same defect type, L, is the
strong-majority charge carrier in both cases, and hence Cl~
defects greatly outnumber those due to H;O™.

Finally, consider polycrystalline ice grown from a 10 mM
HClI solution (Figure 10) for comparison. Taking k =35 x 1073
at this concentration,’! the ice should contain ~50 M HCI, or
9.8 x 1077 HCI/H,0. As a strong acid, dissociated HCI will
release both an H;O" and an L-defect into the ice. For our
measured T = 9 us at —20 °C, Jaccard theory predicts 6.5 x
1077 HCI/H,O for equal numbers of H;O" and L-defects, in
good agreement with the prediction. This is a crossover state,
because 0+ = 8.201 for equal defect abundances. The main
purpose of this exercise, however, is to reinforce the conclusion
that H;O™ lattice substitution can only match specified impurity
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TABLE 4: Salt Hydrate Defect Conductivities and
Concentrations

b

O+ oL r+ .
hydrate (S m™ Y (S mH  (per HbO) (per HO)
CaCl,*6H,O 62 x 1072 65x1072 1.7x10* 19x 1073
NaCl-2H,0 78 x 1073 90x 1072 29x107° 3.6x10™

MgSO4+11H,0 <2.5 x 1072 <3.0 x 107 <59 x 1076 <7.4 x 107>

@—20 °C. » Assuming equal numbers of H;O" and L-defects; the
value is for the pair. © Assuming defect mobility similar to ice.

levels when that impurity is a fully substitutable acid or base,
and not a salt.

5.2. Salt Hydrates. We assume that electrical conduction
in hydrates is protonic, like ice, from the existence of hydrogen
bonds in the hydrates*33* and because interfacial polarization
associated with a change in conduction mode—analogous to
electrode polarization—is not observed. In contrast to saline ice,
the high static conductivities of the salt hydrates then require
large numbers of both ionic and Bjerrum defects. We set o, =
opc and extrapolate to 253 K using activation energies E, of
0.92 eV for CaCl,*6H,0 and 1.1 eV for NaCl:-2H,0O and
MgSO4+11H,O (again this must be done in lieu of direct
measurement in our experiments due to the presence of brine
channels above the eutectic melting temperature). The high-
frequency conductivity is computed as 0.. = o5 + Ae/t (eq 6),
but in practice o > Ae/t for the salt hydrates, SO0 0w ~ 0.
Still, Ae > 0. Defect conductivities (Table 4) follow from eqs
3 and 4 and defect concentrations, assuming defect mobilities
in hydrate comparable to ice (Table 1), from eqs 1 and 2. The
ionic defect concentration was computed assuming equal
numbers of H;O" and OH™ defects, which is argued im-
mediately below. The defect concentrations also account for
slightly different N values (H,O/m?) for the different hydrates.

The derived concentrations are 107°—10"4/H,O for ionic
defects and 1073—1073/H,0 for L-defects. These are enormously
higher than intrinsic defect concentrations for pure ice (Table
1), but are only up to a few orders of magnitude higher than
saturation extrinsic defect concentrations for ice (0.1 mM = 2
x 107%/H,0). Abundant chloride—even as a trace contaminant
in the meridianiite—can easily account for the L-defects. Again,
however, H;O" or OH™ cannot be derived directly from the
solution; here it would require pH <—1 or >15, respectively.
Instead, we suggest that ionic defects are derived intrinsically
from interaction of the salt and water during the early stages of
hydrate formation. In the MgSO4—H,O system, the hydrogen
bond between H,O and the sulfate oxygen is strong at low
hydration numbers,* which could lead to a simple acid—base
reaction MgSQOy4+HyO + H,0 = MgSO,4-H;0" + OH™ during
hydrate accretion. This would release an ionic defect pair into
the lattice, as assumed in the defect-concentration calculation.
A similar process could apply to other salt hydrates because of
the routine hydrogen bonding of H,O with the anion.

6. Conclusions

Broadband, capacitively coupled measurements of the com-
plex electrical properties (permittivity and conductivity) of
frozen saline solutions have elucidated the phase geometry and
the type, abundance, and style of impurity uptake in saline ices
and salt hydrates. The overall behavior is controlled by divisions
imposed by the eutectic temperature and composition. Melt
exists by definition above the eutectic temperature, but it does
not form electrically interconnected channels until a threshold
in the initial solution of ~3 mM is exceeded. This corresponds
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to micron-sized brine channels for 1-mm-diameter ice grains
formed in the laboratory. The DC conductivity of the brines
follows Archie’s law with a form characteristic of welded grains
surrounded by moderately tortuous fluid channels.

Below the eutectic temperature, the occurrence of ice and
salt hydrate is uniquely determined by the initial salt content:
below the eutectic composition, segregated ice is surrounded
by the eutectic mixture of ice and hydrate, whereas above the
eutectic composition, segregated hydrate is likewise surrounded
by the eutectic mixture. Nonetheless, hydrate appears to be
electrically interconnected, as evidenced by the general ap-
plicability of the Maxwell Garnett mixing model in this
geometry applied to DC conductivity, static permittivity, and
high-frequency permittivity. Power law mixing models that fit
some parts of the data are more reminiscent of Archie’s law
and hence a more complex geometry, but the lack of isolation
of the hydrate is evident everywhere.

A fundamental new conclusion of this work is that incorpora-
tion of a salt ion that is able to substitute into the ice lattice is
not charge-balanced by H;O™ or OH™ from the liquid, but rather
by interstitial accommodation of the salt counterion. In our
specific experiments, ClI~ does not take H;O" with it into the
lattice, but Nat or Ca?* is captured into interstices. Trace
quantities of H3O" derived from the liquid do control the
abundance of minority defects and hence the static conductivity.

Dielectric relaxations were detected for CaCl,*6H,0 (ant-
arcticite) and MgSOy* 11H,0 (meridianiite) but not for NaCl+
2H,0 (hydrohalite). The last result may simply be due to a
relatively small volumetric abundance imposed by the experi-
ments. The relatively high conductivity of the hydrates implies
numerous protonic defects, assuming ice-like defect mobilities
apply. These defect concentrations are rather larger than defect-
saturated ice and may be intrinsic to hydrate formation.
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