Journal of Glaciology, Vol. 31, No. 109, 1985

DIELECTRIC BEHAVIOUR OF FIRN AND ICE FROM THE
ANTARCTIC PENINSULA, ANTARCTICA
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ABSTRACT. Dielectric experiments have been undertaken
at temperatures between —2° and —70°C in the frequency
range 10Hz to 100 kHz on 14 firn and ice samples
retrieved from the Antarctic Peninsula. This investigation
shows that the dielectric behaviour of polar samples from
the Antarctic Peninsula is very similar to that of polar firn
and ice from Greenland and from elsewhere in Antarctica.
In contrast, temperate samples from the Antarctic Peninsula
have relaxation times up to ten times shorter for a given
temperature between —20° and —70°C, and have higher
values of high-frequency conductivity than those of polar
samples. Consequently, the thermal regime (temperate or
polar) can be distinguished by the dielectric behaviour of
the samples.

High-frequency conductivities of polycrystalline samples
from the Antarctic Peninsula match the trends of published
conductivity data for HF- and HCIl-doped laboratory ice;
higher conductivities are associated with coastal sites where
greater concentrations of marine ions occur in snow.

Annealing polar firn above —l10°C results in elevated
conductivities across all frequencies measured and shortened
relaxation times. Thus, samples for dielectric analysis should
not be warmed to above —10°C for risk of irreversibly
altering their dielectric behaviour.

RESUME. Propriétés diélectrigues d’échantillons de névé
et de glace provenant de la Antarctic Peninsula, Antarctide.
Des mesures diélectriques ont été faites sur 14 échantillons
de névé et de glace entre —2° et —70°C, dans la bande de
10 Hz a 100 kHz. Les échantillons provenant des glaciers
froids de la Antarctic Peninsula ont des caractéristiques
diélectriques comparables 4 celles du névé et de la glace du
Groenland ou de I'Antarctique. Par contre les échantillons
provenant de glaciers tempérés de la Antarctic Peninsula ont
des temps de relaxation pouvant &tre dix fois plus courts &
une température donnée (entre —20° et —70°C) et une con-
ductivité a4 haute fréquence plus élevée que les échantillons
polaires. Ainsi le régime thermique des glaciers (tempéré ou
polaire) peut-il &tre retrouvé par I'examen des propriétés
diélectriques des échantillons de névé ou de glace.

Les valeurs de conductivitt & haute fréquence des
échantillons polycristallins de la  Antarctic Peninsula

NOMENCLATURE
i o=
€ = 8.854185 x 1072 F m™!, the electric
constant
w = angular frequency (rad s™!)
i = frequency (Hz)
b = complex relative permittivity
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ressemblent a celles publiées pour des glaces dopées avec
HF et HCI; les plus hautes valeurs se rencontrent dans les
sites cotiers oi la neige renferme plus d'ions d'origine
marine.

Le recuit des névés polaires au dessus de —10°C
entraine une augmentation de la conductivité a toutes les
fréquences et une diminution des temps de relaxation. Ainsi
les échantillons destinés 4 une étude diélectrique ne doivent-
ils pas étre réchauffés au-dessus de —10°C sous peine d'une
modification irréversible de leurs caractéristiques
diélectriques.

ZUSAMMENFASSUNG. Das dielektrische Verhalten von Firn
und Eis aus der Antarctic Peninsula, Antarktika. An 14
Firn- und Eisproben, gewonnen auf der Antarctic Peninsula,
wurden dielektrische Versuche bei Temperaturen zwischen
—2°C und -70°C im Frequenzbereich 10 Hz-100 kHz
angestellt. Diese Studien zeigen, dass das dielektrische
Verhalten von polaren Proben aus der Antarctic Peninsula
sehr 4hnlich dem von polarem Firn und Eis von Grénland
oder sonstwo in Antarktika ist. Im Gegensatz dazu haben
temperierte Proben aus der Antarctic Peninsula bis zu
10-mal kiirzere Relaxationszeiten fiir eine bestimmte Tem-
peratur zwischen —20°C und -70°C und weisen hdohere
Werte der Leitfdhigkeit fiir hohere Frequenzen als polare
Proben auf. Folglich kann der Wirmezustand (temperiert
oder polar) durch das dielektrische Verhalten der Proben
unterschieden werden.

Leitfahigkeiten von temperierten Proben aus der
Antarctic Peninsula passen bei hohen Frequenzen gut zu den
verdffentlichten Werten der Leitfihigkeit von Labor-Eis, das
mit HF and HCI verunreinigt wurde; hdhere Leit-
fahigkeiten sind an kiistennahe Probestellen gebunden, wo
grossere  Konzentration von marinen Ionen im Schnee
auftreten.

Die Verfestigung polaren Firns fiber —10°C fithrt zu
erhdhten Leitfahigkeiten f{iber alle gemessenen Frequenzen
und zu kiirzeren Relaxationszeiten. Deshalb soliten Proben
fur dielektrische Analysen nicht {iber -10°C  erwirmt
werden, da sonst irreversible Anderungen ihres dielektrischen
Verhaltens zu befiirchten sind.

€'y = static relative permittivity

L = high-frequency permittivity

Ae! = €'y — €'y = dispersion strength

€" = dielectric loss factor

Te = relaxation time (s) from permittivity data
T = relaxation time (s) from conductivity data
a* = complex conductivity (S m™)

o'y = static (or d.c.) conductivity (8 mY)

o' = high-frequency conductivity (S m™)
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INTRODUCTION

The Antarctic Peninsula contains a wide variety of ice
types reflecting the complete range of glacier facies and
thermal regimes. Mean annual temperatures range from
—25°C (typically associated with dry-snow facies) to —3°C
(associated with temperate glaciers).

The first direct current (d.c.) electrical experiments on
ice in situ were carried out on temperate glaciers in Europe
in the late 1950s (Réthlisberger, 1967). Similar studies were
conducted on cold polar ice in Greenland in the early
1960s, but the electrical properties found there were
markedly different from those of European glacier ice which
has a d.c. conductivity three orders of magnitude lower than
that of polar ice (Meyer and Réthlisberger, 1962). Low-
frequency alternating current (a.c.) experiments undertaken
on ice cores in the laboratory (e.g. Fitzgerald and Paren,
1975; Glen and Paren, 1975) have confirmed the extreme
differences between temperate and polar glacier ice as found
by in situ d.c. measurements. Ice grown slowly from pure
water in the laboratory has similar d.c. conductivities to
those of temperate ice (Glen and Paren, 1975). Polar ice
samples that have been melted and refrozen in the
laboratory have been found to behave like pure ice
(Fitzgerald and Paren, 1975; Vassoille and others, 1982). The
principal aim of the present study was to investigate in
greater detail how natural ice samples that have been melted
and refrozen in an ice shelf differ in electrical behaviour
from firn and ice in a dry-snow facies and from ice from
a temperate glacier. For this purpose, dielectric experiments
were carried out at temperatures between —2° and —70°C in
the frequency range 10 Hz to 100 kHz on 14 polycrystalline
samples retrieved from six sites in the Antarctic Peninsula
(Table I). Earlier studies in situ on George VI Ice Shelf
have shown that the d.c. resistivity of ice formed from the
percolation and refreezing of melt water is virtually indis-
tinguishable from that of high-density polar ice formed by
compaction of dry smow (Reynolds and Paren, 1980, 1984;
Reynolds, 1982, unpublished).

Firn and ice cores were obtained by hand-coring to
10 m using an aluminium drill. The cores were maintained

TABLE 1. DETAILS OF SAMPLES RETRIEVED FROM
THE ANTARCTIC PENINSULA

Sample  Core depth Density
number

Approx. grain-size
m Mg m™3 mm

George VI Ice Shelf (lat. 71°58'S., long. 67°45'W.);
soaked / percolation zone (—10°C)*

S1 2.38 0.92 2.5
S2 7.66 0.68 &2
S3 259 0.92 1.3
S4 6.55 0.66 4.1
S5 5.94 0.89 2.6
56 3.87 0.55 2.4

Palmer Land plateau (lat. 70°01'S., long. 64°29'W.);
dry-snow zone (—21.0°C)*

87 54 0.53 0.7
S8 5.6 0.50 0.6

Wormald Ice Piedmont (lat. 67°34'S., long. 68'29'W.);
temperate (—6.4°C)*

S9 3.57 0.83 1.6
s10 2.08 0.57 4.6

Deception Island (lat. 62°57'S., long. 60°38'W.); temperate
(—2.6°C)*

S11 1.45 0.66 235
S12 2.85 0.81 3.0
S13 LS 0.87 Not measured

514 3.15 0.90 1.5

*Mean annual temperature from Reynolds (1981).
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at temperatures around —20°C for most of the journey to
Cambridge, England, and throughout their storage. Sub-
samples were taken from the cores and analysed (Table I),
Each disc-shaped sub-sample was in turn placed in an
electrode assembly in the form of a parallel-plate capacitor
with guard rings. Its simple design has been described by
Reynolds (unpublished). The electrode assembly was housed
in an insulated enclosure in a variable-temperature environ-
mental chamber. Measurements were made using a General
Radio 1316 Oscillator, 1238 Detector, and a 1615
Capacitance Bridge. Values of the complex permittivity (e*)
and conductivity (o*) of snow and ice were derived from
measurements of capacitance and conductance. Whenever a
temperature difference greater than 0.1 deg existed across
the sample, capacitance and conductance components drifted
which could have resulted in distorted dielectric dispersions.
Dielectric measurements were obtained only after the bridge
measurements at 1 kHz (general monitoring frequency) were
repeatable to better than 0.1%. To achieve such repeatability
after changing the chamber temperature, the enclosed
samples had to be left for at least 18 h, thereby stabilizing
both thermally and dielectrically. The parameters relate to a
vertical electric field in situ, in common with all previous
studies except those of Maeno (e.g. 1978).

DIELECTRIC RELAXATION

The complex relative permittivity ¢* of a dielectric,
such as a monocrystal of pure ice, whose behaviour follows
a Debye dispersion is given by:

(e — €d)

= ' — jg" = g'_ + . 1
> £ ke 1 + jor )

E.

The relaxation time + (which is temperature-dependent) is
related to the relaxation frequency fr by the simiple ex-
pression T = 1/(2nfp), where fg is the frequency at which
¢" reaches a maximum (c"m‘j in the Debye dispersion
region. An Argand diagram of e' against ¢" for different
frequencies (known after its originators Cole and Cole
(1941) as a Cole—Cole diagram) is a semi-circle of diameter
(e's — e'p)[= Ae'] with its centre at (e's + €',)/2 on the
€' axis. For a dielectric with a d.c. conductivity alg in
addition to a simple Debye dispersion, Equation (1)
becomes:;

(e'— Elg) _J'uls
1+ jur we,

e*

= ely +

@

o

At low frequencies the d.c. conductivity term predominates
and produces a tail to the semi-circle on a Cole—Cole
diagram. Equation (2) can be used to show that when olg >
o'x/9 the influence of the d.c. conductivity extends to
higher frequencies and no maximum (e"m ) appears on the
Cole—Cole diagram which is no longer semi-circular,

The complex conductivity o* is defined by:

ot = o + jo' = jueye* (3)

and the modified complex conductivity o* by:

*n = oF — jwegen
An Argand diagram of ¢'p, against o', for different
frequencies is known as an arc diagram and was first used
by Grant (1958) and was applied to ice by Camplin and
Glen (1973). The arc diagram is a semi-circle for a
dielectric whose behaviour is given by Equation (2). In a
previous study of ice, the relaxation time of the
conductivity arc diagram was assumed to be the same as
that of its corresponding Cole—Cole diagram (Camplin and
Glen, 1973). This assumption is true in the case of an ideal
Debye dispersion but is invalid in relation to natural snow
and ice as will be demonstrated below.

Dielectric theory can be extended to describe a per-
mittivity dispersion which has the form of a depressed arc:

=gl + ﬂi “
1+ (or)!™>


https://doi.org/10.3189/S0022143000006584

where Am/2 is the angle subtended by the e'-axis and a
line joining the low-frequency intercept on the e!-axis with
the geometrical centre of the dispersion.

An analytically more complicated permittivity dispersion
is that in the form of a semi-ellipse. This results from a
uniform distribution (on a logarithmic scale) of relaxation
times between two limits, T, and 7. According to Paren
and Glen (1978), if T/7 = exp(a) and + = (7,77, the
dispersion is described by:

| - -1
- E'0+(e52 el + 4 tanh™ 4] )
@

where 4 = exp(—je) tanh(e/4) and tan /2 = wT.

Firn is a heterogeneous medium composed of air and
of grains of ice. It is assumed that there are no dielectric
or conducting processes associated with ice—air interfaces at
grain boundaries and that the electrical properties of firn
are determined by those of air and of solid ice. The per-
mittivity of firn and bubbly ice is dependent on the ratio v
of the density of the sample to that of solid ice whose
permittivity is e*. A well-documented expression relating
these parameters has been reported by Glen and Paren
(1975) and is:

e/ = - 1) + 1 ©6)

If e*; follows a Debye dispersion, Equation (6) predicts a
slightly distorted semi-circle for e*; with essentially the
same relaxation time when firn is being modelled. Using
this relationship with e',,i = 3.2, the high-frequency solid-

phase conductivity ¢, of firn is given by equation (10) of
Glen and Paren (1975) where:

Oy = a,iv(o.as + 0.32v)% (N

where subscripts f and i refer to firn and solid ice,
respectively.

RESULTS

For every temperature at which each sample was
analysed Cole—Cole and arc diagrams were drawn from
which values of e'm, €'g, 0'as T and T, Were deduced.
Relaxation times were determined to within 1%. Permittivity
maxima (e" ) were not obtained for two ice samnples (S1
and S3) at temperatures higher than —40 and -23 C. Firn
sample (S2) had no maximum at -2°C.

Relaxation times (1-“) obtained from the maximum of
o*;, arc diagrams were found to be up to four times
smaller than those derived from the maxima of e* diagrams
(-re). Seventy-six values of the ratio of relaxation times
T¢/T4 Obtained from 14 firn and ice samples are plotted in
Figure 1 against an eccentricity parameter for the
permittivity dispersions. The eccentricity parameter ¢ is de-
fined by:

e=[1 - (2" /&' — &' N

The solid and dashed lines in Figure 1 have been
derived from the theory of semi-elliptical dispersions
(Equation (5)) and of depressed arcs (Equation (4)),
respectively. Figure 1 shows that there is little to
differentiate between the theoretically derived lines and
experimental points for low eccentricities. Only when e
exceeds 0.6 do the data fit the semi-ellipse theory better
than that for the depressed arc. These results clearly
demonstrate that permittivity and modified conductivity dis-
persions have different frequencies at the maxima of their
dispersions; the exception is the simple Debye dispersion
where ¢ = 0. To conform with convention, all subsequent
discussions of relaxation time refer to the average time
obtained from the Cole—Cole diagram (r_).

Typical Cole—Cole diagrams for two firn and ice
samples are illustrated in Figure 2. As temperature
decreases, so the dominant dispersion becomes more distinct
and the low-frequency tail diminishes. Dielectric dispersions
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Reynolds: Dielectric behaviour of firn and ice

for ice samples are more eccentric than those of firn. The
dispersion strength (Ae') varies slightly with temperature.
For ice, the maximum average dispersion strength (40)
occurs at around —20°C, decreasing to below 30 at —70°C;
for firn, the maximum average (16.5) occurs around —30°C.
At the lowest temperatures investigated (-50° to —70°C) the
average dispersion strengths for firn tend towards a constant
(about 15).

0-81

ECCENTRICITY PARAMETER @

3

Fig. 1. Eccentricity parameter e as a function of the ratio
of relaxation times from complex conductivity (r;) and
complex permittivity (t.) dispersions. The dashed and
solid lines have been derived from the theory of depressed
arcs (Equation (4)) and of semi-elliptical dispersions
(Equation (5)), respectively. The dots are experimental
values.
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Fig. 2. Dielectric response of (a) sample S3 and (b)
sample S8. Frequencies in kHz.
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Fig. 3. Dielectric loss factor (€") as a function of frequency and temperature for (a) sample S3 and

(b) sample S8.

Figure 3 shows families of graphs of ¢" against log
frequency for one firn and one ice sample. Both families of
curves exhibit similar features:. a low-frequency tail which
diminishes as temperature decreases, a clear ¢" maximum in
the middle of the principal dispersion range, and

7
3
6
4

16‘[ 1 1 1 1 1 'S 1
36 38 40 42 44 46 48 5.0

1000/T (K™

Fig. 4. Temperature dependence of relaxation times ( Tel Jor
14 firn and ice samples from the Antarctic Peninsula.
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lengthening relaxation times as temperature decreases. The
relaxation times (r_) have been plotted on an Arrhenius
diagram as a function of 1/7 where T is the temperature
in degrees Kelvin (Fig. 4). Samples 2—4 and 6-8 cluster in
the upper part of the diagram while samples 9—14 have dis-
tinctly shorter relaxation times. The two groups of samples
represent those from cold polar sites and those from warm
temperate sites. Sample 5 lies between the two groups; its
shape is more similar to that of the temperate samples. Why
this one sample should appear to be transitional between
polar and temperate samples is not known. Figure 4 also
shows that samples from Deception Island have the shortest
relaxation times and corresponds with the samples being
naturally contaminated with volcanic material (ash and sul-
phates) from the adjacent active vents. At high
temperatures, the activation energy of each polar sample
approached 0.56 eV, whereas below —20°C the activation
energy is found to be 0.21 & 003 eV. The activation
energies of the two temperate samples from Wormald Ice
Piedmont (S9 and S10) and the four temperate samples from
Deception Island (S10-14) are 0.20 &+ 0.01 eV and 021 %
0.03 eV, respectively. Thus, below —20°C both polar and
temperate ice samples have very similar activation energies.

In order to compare quantitatively the conductivity of
firn with that of ice, the firn value has been adjusted to
take account of its lower density by using Equation (7).
Values of o,. for nine samples have been plotted on an
Arrhenius diag’ram (Fig. 5). Activation energies lie in the
same range as found for the relaxation time. Three features
need to be emphasized. First, the firn samples have a
smaller range of conductivity at a given temperature than
the ice samples. Secondly, the temperate samples have
activation energies which increase as temperature decreases.
In contrast, the activation energy of nearly all the other
samples decreases as temperature decreases until about
—50°C. Thirdly, the temperate samples (S9 and S10) have
noticeably higher solid-phase high-frequency conductivities
than those for samples from colder sites.

The high-frequency conductivity of a sample kept at a
temperature higher than —10°C increased with time. All
subsequent conductivities were noticeably higher by up to
40% for any temperature lower than the maximum
temperature to which the sample had been subjected. In
addition, the solid-phase high-frequency conductivity
calculated wusing Equation (7) tends to increase with
increasing averge grain-size which is listed in Table I (Fig.
5).
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Reynolds: Dielectric behaviour of firn and ice
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Fig. 5. Solid-phase high-frequency conductivities (cy ) of HCl-doped ice (from Gross and others,
1980, nos. 1—4) and of HF-doped ice (from Cam;;h'n and others, 1978, nos. 5—9) compared with
0w (heavy lines) of (a) four ice samples and (b) five firn samples from the Antarctic Peninsula.
Approximate grain-size of each sample is given in brackets.

DISCUSSION

High-frequency conductivity
High-frequency conductivities of ice at —45°C (a’,“)

from a wide variety of sources have been compared with
those of the samples from the Antarctic Peninsula
(summarized in Table II). The activation energies of firn
and ice  samples from the Antarctic Peninsula
(0.21 = 0.02 eV) are similar to the values for deep polar
ice of around 024 % 0.03 eV (Glen and Paren, 1975).
Absolute values of o', for ice-shelf and plateau samples

are about half those of deep polar ice. The values of a"b45

for temperate polycrystalline samples are approximately 50%
higher than those for deep polar ice and nearly 20 times
greater than that of temperate monocrystalline glacier ice.
The activation energies of the polycrystalline samples are
less than half of the value given by Glen and Paren (1975)
for the monocrystalline sample.

The formation of ice samples in the laboratory by
melting and subsequently refreezing portions of polar ice
cores is comparable to that of ice layers within firn in the
percolation/soaked zone of sub-polar glaciers such as at the
surface of George VI Ice Shelf. Two studies of the effects
of such melting and refreezing of polar ice are given as
examples of work undertaken previously. Fitzgerald and
Paren (1975) examined two samples from the "Byrd" ice
core and Maccagnan (unpublished) samples from Dome C.
Both studies found that the dielectric behaviour of the
modified ice was similar to that of ice monocrystals, i.e. the
behaviour of the samples had radically altered by the
melting and refreezing. For example, the activation energy
for e, of the "Byrd" ice-core samples before modification

https://doi.org/10.3189/50022143000006584 Published online by Cambridge University Press

was 0.24 + 0.03 eV (Fitzgerald and Paren, 1975). After re-
freezing, the activation energy for one sample altered to
0.5 eV above —20°C, and to 0.37 eV in the temperature
range —20° to —60°C. The activation energy of the other
sample changed from 0.5 eV above —35°C to 0.09 eV be-
tween —35° and -50°C (Fitzgerald and Paren, 1975). In
marked contrast, activation energies of 056 eV
(temperatures greater than —20°C) and of 0.21 % 0.02 eV at
temperatures below —20°C were observed for the samples
from George VI Ice Shelf. Boned and Barbier (1973) found
that the activation energy of the Debye dispersion in
laboratory-grown polycrystalline ice decreases with time. The
refrozen samples of Fitzgerald and Paren, and of Maccagan,
were examined within days of being formed, whereas the
ice layers within the firn of George VI Ice Shelf are
several years old. Alternatively, the samples from George VI
Ice Shelf have not undergone complete melting before re-
freezing.

High-frequency conductivities (o, .) of mnine samples
from the Antarctic Peninsula have been'compared in Figure
5 with values of o, for doped ice samples studied by

Camplin and others (ﬁna), and by Gross and others (1980).
The Antarctic Peninsula data match the trends of the pub-
lished o, values for HF- and HCl-doped ice remarkably
well. Thé conductivities of all the Antarctic Peninsula
samples, from coastal to remote inland sites, lie in the
range of those of laboratory ice doped with concentrations
of HCl between 0.4 and 255 ng g™l. These concentrations
embrace those measured for present-day firn on the plateau
of the Antarctic Peninsula (60 ng g™!) and the higher values
expected at coastal sites (100-200 ng g™!) (Mumford and
Peel, 1982). A consistent feature of Figure 5 is that the
conductivity behaviour of the samples from the coastal sites
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TABLE II. HIGH-FREQUENCY CONDUCTIVITY OF ICE AT —45°C (BASED ON GLEN AND

PAREN (1975, TABLE I))

Reference

Laboratory-grown monocrystals
Camplin and Glen (1973)
Ruepp (quoted in Glen and Paren, 1975)
Taubenberger (1973)
Temperate glacier ice — monocrystals
Paren (1973)
Temperate ice — polycrystals

This paper

This paper

Deep polar ice

Westphal (quoted in Glen and Paren, 1975)

Westphal (quoted in Evans, 1965)

Paren (1973)

Fitzgerald and Paren (1975)
Maeno (1974)

Maeno (1974)
Paren and Glen (1978)

Permeable polar ice
Paren (1973)
Maeno (1973)
Maeno (1974)

Paren and Glen (1978)

Sub-polar ice

Fitzgerald and Paren (1975)
This paper

Dry polar firn

This paper

Number and
description of samples

pure" 10.11 e
1 x Ky || (of Ruepp, 1973)
1 x By, [lc "aged”

1 x Mendenhall Glacier ||c

2 x Wormald Ice Piedmont,
Antarctic Peninsula

4 x Deception Island,
Antarctic Peninsula

1 x "Arctic"
1 x "Little America", Antarctica

1 x "TUTO", Greenland
1 x Ward Hunt Ice Shelf, Canada

10 x Camp Century and Site 2,
Greenland

15 x "Byrd", Antarctica

4 x "Mizuho", Antarctica
(Type II samples)

5 x "Byrd", Antarctica

3 x "Byrd", Antarctica

1 x Site 2, Greenland
(y = 0.78 Mg m™®)

5 x "Mizuho", Antarctica
(y< 0.82 Mg m™)

5 x "Mizuho", Antarctica
("Type II" samples)

1 x "Byrd", Antarctica
finely divided
annealed

2 x "Byrd", Antarctica (refrozen)

6 x George VI Ice Shelf (top 10 m) 4.0 + 1.6

2 x Palmer Land plateau
(y ~ 0.54 Mg m®)

All values have been corrected to solid-ice density using Equation (7).

reproduces that of the more highly doped
Mumford and Peel (1982) have shown that the

samples.

laboratory

& Activation Highest frequenc)

45 energy of measurement
pS mt eV MHz
0.29 0.61 0.02
0.68 0.50 0.1

0.42 0.56 0.3

0.46 0.57 0.1

8.1 £+ 05 0.20 + 0.01 0.1

79 £ 1.6 0.21 £ 0.03 0.1
12.76 i i 3
16.85 17 150 (lowest

frequency)

5.1 0.26

5.1 0.26

5.15 0.25 + 0.0l 0.1

6.16 0.24 + 0.03 0.01

7| 0.24 £ 0.02 1

8.81 0.23 £ 0.01 1

7.32 0.25 0.15
12,23 0.21 0.1
38 + 19 0.20 + 0.02 1
36.26 0.21 1

6.6 0.15
23.0 0.25 + 0.01

20 + 06 0.37 0.01

0.21 + 0.02 0.1
2.18 ¢ 0.2 0.22 £ 0.01 0.1

acidic ice grown in the laboratory from NaCl and HCI

predominant impurities in the snow of the Antarctic Penin-
sula are marine ions such as Na, Cl, and Mg which are
found in similar ratios to those found in sea-water and thus
marine aerosols are incorpated stoichiometrically into the
firn. In laboratory-grown samples, impurities such as NaCl
are not incorporated stoichiometrically; CI- is taken up
preferentially to Na', creating an acidic ice. NaCl concen-
trations in polar firn should have less effect on electrical
conductivity than an equivalent CI° concentration in an
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solutions. The comparison between laboratory-grown samples
with a single dopant and natural ice with a range of im-
purities is important in one respect: the high-frequency data
for natural firn and ice can be recreated by
laboratory-grown ice containing a single dopant.

Solid-phase high-frequency conductivities of a sample
from each of the three contrasting sites in the Antarctic
Peninsula are compared in Figure 6 with those previously
published for a variety of polar and artificial ice types. Of
the samples from the Antarctic Peninsula, those from
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1-8 polycrystals
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Fig. 6. Temperature dependence of the high-frequency
conductivity o (at 100 kHz unless stated otherwise):
1. Little America (personal communication from W.B.
Westphal), 300 MHz.
2. Wormald Ice Piedmont, Antarctic Peninsula (this paper).
3. Ward Hunt Ice Shelf (personal communication from
W.B. Westphal), 300 MHz; Camp Century and Site 2,
Greenland (Paren, 1973); Byrd Station, Antarctica
(Fitzgerald and Paren, 1975).
. George VI Ice Shelf (this paper).
. Palmer Land plateau (this paper).
. Polycrystalline "commercial” ice (Paren, unpublished).
. Ice from TUTO tunnel, Greenland (Paren, unpublished).
. Polycrystalline ice of figure 11 of Camp and others
(1969), 20 kHz.
9. Monocrystal, Ruepp (in Glen and Paren, 1975), 300
kHz.
10. Mendenhall Glacier monocrystal (Glen and Paren, 1975);
monocrystal K70 of Ruepp (1973), 300 kHz. (Figure
based on Glen and Paren (1975, fig. 3).)

Co N O Ln &

temperate sites have the highest o'y, as well as having the
lowest d.c. conductivity, ¢'c, as found by in situ studies
(Reynolds and Paren, 1984). The behaviour of gll samples
from the Antarctic Peninsula converges close to 0 C.

Values of the high-frequency conductivity at —45°C of
the ice component (o, ) of firn and ice samples from the
Antarctic Peninsula are compared in Figure 7 with those
from samples from other polar glaciers. If polar ice is uni-
form in its behaviour and the correct conversion has been
made between o'y,  and o'y, then o', should be

1

independent of density and sample origin. Figure 7 shows
that the Antarctic Peninsula samples indicate some
independence of density but not of thermal regime. Samples
from temperate sites (9—14) have a common conductivity
around 8 x 10°® S m™ at —45°C. Conductivity values of
polar samples (1—8) are scattered in the range (4 & 2) x
10 S m-! with five of the samples having a common
value close to 2.5 x 10® S m™l. This is half the self-
consistent value found for deep ice at Byrd Station, Camp
Century, and Ward Hunt Ice Shelf. Figure 7 also shows that
the conductivity values of the low-density Antarctic Penin-
sula samples are smaller than those of samples from the
Mizuho cores studied by Maeno (1974) which show
evidently a strong density dependence. For the finely
divided ice of Paren and Glen (1978) annealing raised the
conductivity as indicated by the sequence of values shown
in Figure 7 (personal communication from J.G. Paren). All
the o', values of non-annealed samples are around (6 + 4)
x 10 S m™! with little or no discernible trend with ice-
volume fraction.

Direct-current conductivity (a'¢)

The o'y values obtained from dielectric measurements
are up to three orders of magnitude smaller than the d.c.
conductivities  derived from  four-electrode resistivity
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Fig. 7. Ice-volume fraction (v) dependence of the
solid-phase high-frequency conductivity (oo ) at —45°C for

samples described in the sources listed in Table III.

sounding in situ (Reynolds, 1982; Reynolds and Paren,
1984). Similarly low d.c. conductivities have been reported
for shallow cores from Mizuho, Antarctica (Maeno, 1978),
and Greenland (Kopp, 1962). In common with Maeno
(1978), difficulties in fixing the specimens to the electrodes
are suspected to have resulted in a less-than-ideal ohmic
contact. Metallic electrodes cannot interface properly with
ice. In a dielectric experiment, point defects accumulate at
the ice/electrode interfaces which has the effect of reducing
the d.c. conduction (Petrenko and others, 1983).
Alternatively, some of the retrieved samples used in labora-
tory experiments may have aged thermally after being
drilled from the ice sheet and transported to the laboratory.
Samples from Camp Century, Greenland, and Byrd Station,
Antarctica, used by Paren (1973), and Fitzgerald and Paren

TABLE III. SOURCES OF DATA AND KEY FOR
FIGURE 7

Site (with symbol) Reference
Site 2, Greenland (&)

Camp Century, Greenland (C.C.)
"Byrd", Antarctica (O)T
"Mizuho", Antarctica (e)

Dome C, Antarctica (o)

Ward Hunt Ice Shelf, Canada (*)

Paren (1973)

Paren (1973)

Paren and Glen (1978)
Maeno (1974)

Maccagnan (unpublished)
Personal communication
from W.B. Westphal
Personal communication
from W.B. Westphal

Little America, Antarctica (&)

DI0.H, Terre Adélie,
Antarctica (A)

D10.B, Terre Adélie,
Antarcticat

"Byrd", Antarctica, annealed,
finely divided (O)

Maccagnan (unpublished)
Maccagnan (unpublished)
Personal communication

from J.G. Paren

S1-S14, Antarctic Peninsula (m) This paper

(* assuming maximum density; T data coincident)
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(1975) do not seem to have been adversely affected.
However, the first two reasons are thought to be the most
probable ones.

Dielectric dispersion

The average dispersion strength (Ae') for the Debye
dispersion for polar firn samples from the Antarctic Penin-
sula is 15.5 for a mean density of 0.58 Mg m™3 This
compares well with 15.1 for firn samples studied by Paren
and Glen (1978) and Kopp (1962). Both of these values are
significantly smaller than the average Ae' of around 40 for
shallow firn of comparable density from the Mizuho plateau
(Maeno, 1974). The average Ae' for Antarctic Peninsula ice
samples is 44, which is almost half the wvalue for
laboratory-grown pure-ice samples (Auty and Cole, 1952)
but in the same range as found in HF-, HCI-, and
NH,-doped ices (Camplin and others, 1978; Gross and
others, 1978, 1980; Hubmann, 1978). Ice sample S9 has a
dispersion strength of only 24. The dispersion strengths of
snow and ice samples (with an upper density of 0.84 Mg
m3) are all less than 25 at —45°C except for Maeno’s
samples from Mizuho plateau. At higher densities the dis-
persion strengths increase greatly to an average of 84,
Although Maeno’s dispersion strengths are much higher than
others, he too noted a change in behaviour at around 0.83
Mg m™3, the density at which the air passages between
grains close off (Paterson, [°1981], p.6).

10°- &/
8 Camp Century
Greenland
6 // (-24°C)
a4l
2_
monoc:;atals/ ,ﬁr
P
10 |-
8
6
(s) Al
2+ Antarctic
Peninsula sites
(-0 °C)
-5
W0 = Terre Adélie (-13 °C)
8- rd
6-—8///
&
A
4o 20 -40 60 B(<
3X168 ! T l| —! T —t T 1
36 38 40 42 44 46 48 50

1000/T7 (K™)

Fig. 8. Temperature dependence of relaxation times (T_)
Jor firn and ice samples from the Antarctic Peninsula.
Polar-type behaviour is indicated by shading with crosses;
temperate-type behaviour by shading with dashes. Also
shown are data from: A: synthetic snow (Paren and Glen,
1978); B: Japanese snowfall (Fujino, 1967): C: pure ice
(Fitzgerald, unpublished). The hatched area represents data
from Mizuho plateau (mean annual temperature —33°C)
(Maeno, 1978). Heavy lines are for data from Camp
Century, Greenland (=-24°C) (Paren, 1973), Dome C,
Antarctica (—54°C) (Paren, 1973; Maccagnan, unpublished),
and from Terre Adélie (DI0), Antarctica (—13°C)
(Maccagnan and Duval, 1982, Maccagnan, unpublished ).
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Relaxation time

Relaxation times from Figure 4 are compared in Figure
8 with previously published data from other high-latitude
sites and with values for pure ice, at —45°C. The data
comprise two distinct sets. The set with longer relaxation
times is tightly grouped and is associated with samples from
s:r.es where the mean annual temperature is lower than
—10°C. The remaining samples are distinctly different. They
all originate from with 7 km of the coastline of Antarctica
where the ice is temperate (i.e. at 0°C throughout) but with
two exceptions, Mizuho and Terre Adélie (D10. 46 m.B.). It
can be seen from Figure 8 that the samples from Camp
Century, Greenland, and Dome C, and Terre Adélie (DI0.
46 m.H), Antarctica, possess remarkably similar relaxation
times to those of samples from cold sites in the Antarctic
Peninsula. The relaxation times of polar samples are about
ten times longer than those measured for Japanese snowfall
(line B, Fig. 8) of density 0.38 Mg m™® (Fujino, 1967) and
for annealed synthetic snow samples (line A, Fig. 8) made
from pure monocrystals and from polar ice cores (Paren and
Glen, 1978). The data from Mizuho and Terre Adélie (D10.
46 m.B.) appear discordant as both have low mean annual
temperatures (—33° and —13°C, respectively) and thus would
be expected to behave like polar samples. Both sets of
seemingly anomalous data can, however, be explained. It has
already been stated that annealing of ice produces sig-
nificant irreversible changes in its dielectric behaviour. The
Mizuho samples studied by Maeno were obtained using a
thermal drill (Suzuki and Takizawa, 1978). Consequently, the
retrieved samples may have enhanced conductivities and
shorter relaxation times because of the warming caused by
the hot drill tip and the associated melt water. This could
also explain why Maeno's o, data in Figure 7 are

significantly higher than those c:nf1 any other worker. In the
case of the sample from Terre Adélie, DI10. 46 m.B has a
very low static electrical conductivity comparable to that of
samples from the temperate Glacier d'Argentiére and iso-
topically is a summer (ie. warmed) layer (Maccagnan,
unpublished, p. 62). If these explanations are physically
realistic, it demonstrates that the dielectric behaviour of
natural polycrystalline ice is strongly indicative of its
thermal regime. The corollary of this though is that some
of the samples from George VI Ice Shelf, which have been
interpreted previously as having melted and refrozen, should
exhibit temperate-type dielectric behaviour. Figure 8 demon-
strates that all of them, bar one (S5), exhibit polar
charcteristics, This is either enigmatic or the samples in
question have not undergone complete melting and
refreezing as formerly thought; the latter is the more
praobable,

GENERAL DISCUSSION

The fact that annealing of ice causes significant
changes in its dielectric behaviour is of considerable
practical importance. An example is the case of the Mizuho
samples which were irreversibly affected during the drilling
process. Consequently, cores from cold glaciers should be
stored at temperatures as low as posmble Storage
temperatures should be no higher than -10 C preferably
—20°C, to minimize annealing and to reduce the risk of the
development of a thin layer of liquid water around the
grains which can lead to enhanced grain growth (Hobbs,
1974, p. 326).

It is felt that the terms "annealing" and "ageing" are
used too loosely in the literature. "Annealing” covers the
processes of recrystalhzatlon and grain growth principally at
temperatures above —20°C, especially if the normal ambient
temperature is significantly lower. For example, if an ice
sample is retrieved from a site with a mean annual
temperature of, say, —30°C, and the sample is then stored
at —1°C for n hundred hours, any changes in electrical
properties would be due to annealing, not ageing. If,
however a similar sample from the same site is stored at
-30°C for n hundred hours, any changes in electrical
properties would be due to ageing, not annealing. Annealing
processes occur under specific environmental conditions
(temperature and pressure) and are akin to the geological
processes of metamorphism in the case of ice, and of dia-


https://doi.org/10.3189/S0022143000006584

genesis in the case of snow and firn. These processes are
not forms of "ageing", although ageing may take place syn-
chronously. "Ageing" is very poorly understood and refers to
time-dependent changes in the physical characteristics of ice
when major physical changes (e.g. recrystallization) do not
occur. Ageing is best examined at temperatures well below
—20°C in order to separate ageing effects from those of
annealing. There is no doubt that annealing at temperatures
close to the melting point irreversibly affects the dielectric
behaviour of ice; the results in this paper, those of
Maccagnan (unpublished), and of Vassoille and others
(1982), for example, show this very clearly. What is not so
plainly demonstrated is that at the low temperatures found
naturally in major polar ice sheets, the ice changes its di-
electric behaviour purely as a consequence of time rather
than due to changes in ambient environmental conditions
(i.e. changes in temperature and/or pressure).

Despite considerable present-day interest in the
electrical behaviour of ice, dielectric information from
natural firn and ice is scanty. Ice samples from a much
wider variety of physical environments should be studied.
This would be of practical benefit especially for geophysical
exploration in areas where the provenance of ground ice or
buried ice is in doubt, such as in parts of Arctic Canada,
for example. In addition, contemporary workers tend to
treat the electrical behaviour of polar ice as anomalous
relative to the basic behaviour of temperate ice. The latter
is now less well understood and less well documented than
the more uniformly behaved polar ice. It is suggested that
attention should return, at least in part, to the study of
temperate ice.

The  conductivity o'g measured  beyond the
high-frequency side of the Debye dispersion is relevant to
radio echo-sounding at frequencies higher than 30 MHz as
the conductivity determines the absorption of radio waves.
Polar-ice conductivities at radar frequencies have been
estimated using radio-echo attenuation measurements. Radio
waves are absorbed nmore strongly with increasing
temperature. In Antarctica, absorption is generally least at
the surface where the ice is coldest. Estimates of ice con-
ductivity therefore are biased towards deep ice.
Measurements illustrated in Figure 6 show that over one
order of magnitude variation exists in the conductivity of
firn but, because polar firn is often only a small proportion
of the total ice thickness, this wvariability has previously
gone unnoticed. Potentially very small changes in
permittivity and conductivity could (if coherent) give rise to
internal reflectors in ice sheets. Hence there is a strong in-
centive to continue the study of the natural variability of
the electrical behaviour of ice and to establish the processes
which determine it.

CONCLUSIONS

Dielectric measurements made on samples of firn and
ice from Antarctica and Greenland have shown the
following:

(a) Relaxation times for polar firn and ice samples from
the Antarctic Peninsula are very similar to those of
polar ice from Greenland and elsewhere in Antarctica.
Activation energies  are also very comparable
(021 & 0.02 eV).

(b) Solid-phase high-frequency conductivities (o,,) of firn

and ice samples from the Antarctic Peninsula 'match the
trends of the published o, values for HF- and HCI-

doped ice remarkably well. The most impure natural
samples (associated with coastal sites) have the highest
conductivities. The least impure samples (from farthest
inland) have the lowest conductivities.

(c) Dielectric measurements can be used to determine from
which thermal regime (temperate or polar) unaltered
firn and ice samples originate. Temperate samples
characteristically have shorter relaxation times (by a
factor of 10) and higher high-frequency conductivities
than polar ice samples.
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(d) Polar firn samples, if stored at or warmed even for
only a few hours to a temperature above about —10°C,
will anneal. In so doing, the electrical behaviour of the
sample is irreversibly altered, with conductivities being
raised and relaxation times shortened. Consequently,
polar samples which are required for dielectric analysis
should not be obtained by thermal drilling or stored
above —10°C, preferably below —20°C. If annealing of a
polar sample is suspected, a study of the sample’s
dielectric behaviour will indicate if it has taken place.
If so, the sample will exhibit more temperate-like
characteristics. Layers affected substantially by summer
melting (i.e. annealing) in normally dry-snow zones in
polar regions also have altered dielectric properties. If
such a layer is really extensive within a polar ice
sheet, it may be detected by radio echo-sounding as an
internal reflecting horizon.

(e) Annealing of samples is now known to alter irreversibly
the dielectric behaviour of firn and ice. The
time-dependent processes in ice still need clarification.

(f) The dielectric behaviour of polar ice is relatively well
known in contrast to the more variable temperate ice.
It is suggested that some attention should revert to the
study of temperate ice. In addition, if the dielectric
data for ice types are to be of more practical value,
samples from more varied physical environments should
be analysed.
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