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Abstract

Polycrystalline ice is known to exhibit macroscopic anisotropy in relative permittivity (ε) depend-
ing on the crystal orientation fabric (COF). Using a new system designed to measure the tensorial
components of ε, we investigated the dielectric anisotropy (Δε) of a deep ice core sample
obtained from Dome Fuji, East Antarctica. This technique permits the continuous nondestructive
assessment of the COF in thick ice sections. Measurements of vertical prism sections along the
core showed that the Δε values in the vertical direction increased with increasing depth, support-
ing previous findings of c-axis clustering around the vertical direction. Analyses of horizontal
disk sections demonstrated that the magnitude of Δε in the horizontal plane was 10–15% of
that in the vertical plane. In addition, the directions of the principal axes of tensorial ε in the
horizontal plane corresponded to the long or short axis of the elliptically elongated single-pole
maximum COF. The data confirmed that Δε in the vertical and horizontal planes adequately
indicated the preferred orientations of the c-axes, and that Δε can be considered to represent
a direct substitute for the normalized COF eigenvalues. This new method could be extremely use-
ful as a means of investigating continuous and depth-dependent variations in COF.

Notation

ε General expression for relative permittivity, including εv, εh, εh1, εh2
and εs

εv Relative permittivity of the ice core along the vertical as obtained
from the analysis of a vertical prism

εh Relative permittivity of the ice core along the horizontal plane as
obtained from the analysis of a vertical prism

εh1, εh2 Two components of the relative permittivity of the ice core within
the horizontal disk

εa Average value of the relative permittivity throughout the volume of
the ice core ( = |εv/3 + 2εh/3|) assuming that the permittivity is uni-
axially anisotropic around the vertical

Δε General expression for the dielectric anisotropy, including Δε(v−h),
Δε(h1−h2) and Δεs

Δε(v−h) Dielectric anisotropy between the vertical and horizontal compo-
nents (=|εv–εh|)

Δε(h1−h2) Dielectric anisotropy between the two horizontal components (=|
εh1–εh2|)

εp Tensorial value of the relative permittivity in a single crystal of ice in
the principal coordinate, equal to

1⊥ 0 0
0 1⊥ 0
0 0 1‖

⎛
⎝

⎞
⎠

ε⊥ Relative permittivity in a single crystal of ice with an electrical field
perpendicular to the c-axis

ε|| Relative permittivity in a single crystal of ice with an electrical field
parallel to the c-axis

Δεs = ε||− ε⊥ Dielectric anisotropy in a single crystal of ice

z The sampling depth in the ice sheet, m
1(z) =

1x 0 0
0 1y 0
0 0 1z

⎛
⎝

⎞
⎠ The depth profile of the relative permittivity tensor along the three

principal axes x, y and z

a1
(2), a2

(2) and a3
(2) The three components of the normalized eigenvalues

Δa(2) Eigenvalue anisotropy (=a3
(2)− (a1

(2) + a2
(2))/2) for the single

maximum COF
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1. Introduction

Crystal orientation fabric (COF) is one of the most important fac-
tors determining the physical properties of polar ice sheets, and
both the deformation and flow of these sheets are greatly affected
by the development of the COF. It is generally accepted that dis-
location creep is the primary process responsible for the deform-
ation of ice-sheet ice (see, e.g. Petrenko and Whitworth, 1999;
Cuffey and Paterson, 2010). In the dome regions of ice sheets,
the vertical compressional stress resulting from the mass of the
ice itself is the main source of the deformation force. Because dis-
location creep results in a rotation of the c-axis toward the core
axis (i.e. in the vertical direction), the Schmidt diagram for
COF often indicates a single-pole maximum pattern as the
depth is increased (e.g. Thorsteinsson and others, 1997; Azuma
and others, 1999, 2000; Wang and others, 2003; Durand and
others, 2007, 2009). In addition, several factors related to lateral
strain and shear tend to produce complex variations in the
COF. As an example, the potential migration of the dome area
with changes in climate can give rise to various time-dependent
shear stresses, and a horizontal imbalance of the lateral extensions
resulting from geometric anisotropy of the dome shape may also
modify the COF. Moreover, it has been suggested that ions such
as Cl−, F− and NH4

+ are active in these layered deformations
(e.g. Fujita and others, 2016). Thus, variations in the c-axis distri-
bution along the ice core can provide a record of the deformation
history caused by mechanisms such as those described above.

The orientation of the c-axis is commonly determined from
thin ice sections using automatic crystal fabric analyzers based
on optical (visible light) techniques (hereinafter, ‘optical’ means
visible light). Over the last several decades, several automated ana-
lyzers have been reported (e.g. Wang and Azuma, 1999; Wilson
and others, 2003) involving innovative methods that allow the
rapid assessment of large numbers of crystal grains in thin ice sec-
tions. Nevertheless, even using these automated techniques,
obtaining a continuous COF profile along a lengthy ice core sec-
tion requires the labor-intensive preparation of many thin sec-
tions. Accordingly, the sampling frequency along an ice core is
often limited, with typical sampling intervals of at least 5 or 10
m. In addition, even though several hundreds to thousands of
crystal grains can be present within each such section, it can be
difficult to detect small fluctuations in COF development. Thus,
it is preferable to make continuous measurements throughout a
bulk ice core sample whenever physically possible.

The present work demonstrates a new approach to assessing the
COF in bulk ice core specimens, based on determining the tensorial
components of the relative permittivity, ε, of the ice using an open
resonator. The ε values for ice, firn or snow at high frequencies (in
the MHz to GHz range) at the temperatures typically encountered
in the Earth’s cryosphere are correlated with the density of the
material (e.g. Evans, 1965; Kovacs and others, 1995; Fujita and
others, 2000). Prior studies have also shown that ε is affected by
both temperature and crystal orientation (see Fujita and others,
2014, and references therein; see also Appendix A in the present
paper). Hexagonal ice crystals exhibit uniaxial symmetry around
the c-axis, and the dielectric properties of these crystals are therefore
also symmetrical. The ε value for ice at the high-frequency limit is
∼3.12–3.19 (e.g. Fujita and others, 2000; see also Appendix A), and
the ε values parallel and perpendicular to the c-axis of ice crystals
will differ by ∼0.031–0.037 depending on temperature (Fujita and
others, 1993; Matsuoka and others, 1997; see also Appendix A).
As a result of the anisotropic nature of each crystal grain, polycrys-
talline ice also exhibits macroscopic anisotropy of ε in conjunction
with the COF (e.g. Hargreaves, 1978; Fujita and others, 2006).

In polar ice sheets at depths shallower than the firn-ice transi-
tion, the dielectric anisotropy (Δε) between the horizontal and

vertical directions reflects the geometric structures formed by
ice and pore spaces in the firn. Both ice grains and pore spaces
in snow and firn are known to develop in the vertical direction
(e.g. Alley, 1987). The Δε value resulting from geometric anisot-
ropy can be as high as ∼0.08 (Fujita and others, 2009, 2014,
2016), which greatly exceeds the Δε value resulting from the
COF in the polar firn (∼0.01) (Fujita and others, 2009).
Therefore, the Δε value in firn can be considered as an indicator
of the degree of geometric anisotropy. In contrast, because geo-
metric anisotropy is reduced below the firn-ice transition as a
consequence of the closing of pore spaces, the Δε value for ice
in this region reflects the degree of c-axis clustering. Matsuoka
and others (1998) first investigated the dielectric properties of
an ice core from Dome Fuji in East Antarctica (Watanabe and
others, 1999; Dome Fuji Ice Core Project Members, 2017) using
an open resonator system operating at 33 GHz. In that prior
work, Δε values were determined for a core sample taken from
a depth of 350 m, and the results showed that the Δε value
between the horizontal and vertical directions at 233 K was
0.0104 ± 0.0004, equivalent to ∼1/3 of the Δε value for single-
crystal ice. Since this first measurement at a single depth, the res-
onator system has been improved so that it is now possible to per-
form continuous measurements along lengthy slab-shaped ice
core samples (Fujita and others, 2009, 2014, 2016). In addition,
earlier studies using millimeter-wave (30–40 GHz) radiation
were only able to assess samples <∼10 mm thick. This limitation
occurred because the signal became too weak when examining
thicker samples due to the high attenuation resulting from vibra-
tions of the ice lattice at far-infrared frequencies (e.g. Warren and
Brandt, 2008). The present work uses a new system based on
lower frequencies (14–20 GHz) so as to decrease radio wave
absorption losses. Moreover, previous studies investigated Δε
only around the core axis, and so the Δε values in the horizontal
direction were not examined.

In the present work, we used Dome Fuji station ice cores to
study the Δε values in vertical and horizontal sections of the spe-
cimens. The Δε data indicated the degree of c-axis clustering
around the core axis and the anisotropy of the COF in the hori-
zontal plane. In addition, by rotating horizontal and vertical sec-
tions of ice core samples about the core axis, we were able to
ascertain the effect of core rotation and the reproducibility of
this measurement technique. In the case of horizontal section
measurements, the resulting Δε values were compared with
COF data acquired using a modern ice fabric analyzer. In particu-
lar, this comparison demonstrated that Δε can serve as a direct
substitute for the normalized COF eigenvalues. Based on the
dielectric properties data acquired during this study, we also dis-
cuss the possibility that techniques capable of determining Δε
could be used as a means of investigating the COF within an
ice sheet.

2. Experimental procedures

2.1 Relative permittivity measurements using a microwave
open resonator

2.1.1 Basic methodology
The relative permittivity, ε, of various specimens was determined
using the open resonator method (Jones, 1976a, b; Komiyama and
others, 1991). In this technique, an electrical field is applied to ice
slabs with precisely microtomed parallel planes. This field is
obtained by irradiating the sample with a microwave beam having
a Gaussian distribution with a half-power diameter of several cen-
timeters. The half-power diameter of microwave beam depends
on size and shape of resonators and frequency. This approach
allows precise ε values to be determined for the cylindrical part
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of ice specimens penetrated by this beam, simply by selecting the
appropriate frequency and sample thickness (Jones, 1976a, b;
Cullen, 1983; Komiyama and others, 1991). In addition, the
angle between the direction of the electrical field and the principal
axis of tensorial ε within the sample can be adjusted. If the ice
core specimen possesses homogeneous dielectric characteristics
along the electrical field direction, a single resonance peak will
be observed and a unique ε value will be obtained. In contrast,
if the media’s dielectric properties are anisotropic, two resonance
peaks will be obtained because the electromagnetic wave will have
two resolved components, based on the same physical principle
responsible for optical birefringence in uniaxial crystals. By evalu-
ating the resonance of microwaves associated with these two com-
ponents, we can derive the two components of ε simultaneously
with a single frequency sweep. Herein, we define εv and εh as
the relative permittivities at microwave frequencies with electrical
fields in the vertical and horizontal planes, respectively. The feasi-
bility of employing dielectric anisotropy, Δε (=εv–εh), as a substi-
tute for the COF was examined on this basis.

2.1.2 Summary of the new resonator
In preparation for this work, we designed a new type of open res-
onator, operating at frequencies between 14 and 20 GHz. This
open resonator was a semi-confocal type with a flat mirror and
a concave mirror having a 250 mm radius of curvature, set 225
mm apart. The Gaussian beam at the sample insertion position
between the two mirrors had a half-power diameter of 38 mm.
The frequency was selected so that attenuation of the radio

waves was significantly reduced compared with the resonator
used in our previous work over the range of 30–40 GHz in con-
junction with a half-power diameter of ∼22 mm. Note that the
diameter of the microwave beam is determined unambiguously
depending on size and shape of the resonator and frequency
used (Jones, 1976a, b; Cullen, 1983; Komiyama and others,
1991). By compromising the measurement resolution associated
with the new device (going from 22 to 38 mm), we were able to
measure samples as thick as 80 mm, in contrast to the previous
value of 10 mm. The ε values obtained from this instrument
were volume-weighted averages within the region covered by
the Gaussian distribution of the beam. The sample width should
preferably be much larger than the half-power diameter (ideally
double). The samples in the present work had flat parallel surfaces
and measuring widths between 58 and 62 mm and so they gener-
ally did not fully satisfy this condition. Systematic error caused by
this situation is discussed below. Three or four sets of resonance
frequencies having TEM00q (where TEM means transverse elec-
tromagnetic, and q is an integer) modes (Jones, 1976b;
Komiyama and others, 1991) between 14 and 20 GHz were inves-
tigated. Errors were minimized by solving equations for multiple
resonance frequencies simultaneously to find a unique solution
for ε with a common sample thickness. The final errors in ε
were −0.01 ± 0.01; basic component of the error is the systematic
error caused by limited widths of the sample. The systematic error
was variable with a center at −0.01 and with variability of ±0.01.

2.1.3 Setting the sample in the resonator
We assumed that the core axis coincided with the center of sym-
metry for the macroscopic dielectric tensor, based on COF results
obtained from previous studies. When the angle between the core
axis and the electrical field was set to 45°, two resonant peaks
could be detected, depending on the anisotropic permittivity
components (Fig. 1a). These ordinary and extraordinary compo-
nents of radio birefringence corresponded to the ε in the horizon-
tal and vertical directions, respectively. Since an ice crystal will
exhibit uniaxial symmetry of ε around the c-axis, the degree of
c-axis clustering around the vertical direction could be estimated
by finding the macroscopic ε values in both horizontal and verti-
cal directions. In the case of the vertical slab section measure-
ments, we were able to measure ε continuously by moving the
ice core sample using a motor. These analyses were conducted
at temperatures in the range of −30 ± 1.5°C with a step increment
of 20 mm. During the assessment of horizontal disk sections, we
rotated each ice sample from 0° to 90° in 10° increments around
the core axis (see Fig. 1a) to detect the very small degree of anisot-
ropy in the horizontal plane.

2.1.4 Advantages of the method
There are several clear advantages to this method. Firstly, it pro-
vides macroscopic information regarding the COF based on the
analysis of bulk ice cores. Compared with the examination of
thin sections (∼0.4 mm in thickness) using fabric analyzers, the
bulk specimens in the work reported herein were more than
100 times larger (up to 74 mm thick). Consequently, the statistical
validity of the COF data was improved. Secondly, this new process
is nondestructive and so the same samples could be examined
with this technique and with other nondestructive methods
such as line-scanning (e.g. Takata and others, 2004) or dielectric
profiling (Moore and Paren, 1987; Wilhelms and others, 1998). In
addition, repeated measurements could be performed using the
same specimen before sending the core for destructive testing,
such as continuous flow analyses for water isotopes, chemical
constituents, dust and gas components (e.g. Dallmayr and others,
2016). Thirdly, this process allows rapid, simple and continuous
COF analyses. In contrast, acquiring COF information with thin

a

b

Fig. 1. Diagrams showing (a) the dielectric measurement procedures and (b) the core
cutting. In (a), E indicates the direction of the electrical field. This field had ordinary
and extraordinary components (gray arrows) because of the radio wave birefringence
of the ice core. In the process (b), each ice core bag had a nominal length of ∼500
mm, but bags which had been cut into two pieces as a result of core breaks during
drilling were selected. Sections <100 mm long were used for horizontal disk measure-
ments while the longer sections were used for vertical prism measurements and cut
into a rectangular prism shape. The dark gray arrows indicate the direction of the
beam.
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sections requires hundreds of such sections to be prepared to
obtain data with similar statistical significance. In fact, the new
bulk volume measurement system detailed herein and conven-
tional thin section measurements are considered to be comple-
mentary, since the former provides more statistically significant
data while the latter allows the behavior of individual crystal
grains to be monitored.

2.2 Sample preparation

2.2.1 Ice core samples
Dome Fuji is the dome summit of the Dronning Maud Land ice
sheet in East Antarctica (77°22′S, 39°37′E, 3810 m above sea level,
mean annual temperature of −54.4°C). In the second deep ice
core acquisition at this site, a 3035 m long core was drilled during
the period between 2004 and 2007 (Motoyama, 2007; Dome Fuji
Ice Core Project Members, 2017) and the resulting DF2 deep ice
core sample was used in the present study, with a diameter of ∼94
mm. It should also be noted that previous comprehensive studies
of the COF (Azuma and others, 1999, 2000) were performed
using a 2503 m long core drilled between 1993 and 1997, referred
to herein as the DF1 deep ice core, and the boreholes for the DF1
and DF2 cores were only 30 m apart. The DF2 samples were pre-
served in a cold room at the National Institute of Polar Research
(NIPR), Japan, at a temperature of −50°C to avoid deterioration.
Seven samples were selected from this core, corresponding to
depths between 1000 and 2000m (Tables 1 and 2), with the aim

of assessing the performance of our new method along the depth
direction of the core. An ice core with a length of ∼500mm was
used to obtain two specimens: one for the horizontal disk plane
measurements and the other for the vertical prism measurements
(see Fig. 1b). The dielectric anisotropy values for the horizontal
disks and vertical prism planes reflected the COF anisotropy in
the horizontal direction and the degree of c-axis clustering around
the core axis, respectively.

2.2.2 Horizontal disks and vertical prisms
The horizontal disk specimens obtained from the ice core were
∼37 mm thick and 94 mm in diameter. Here, we use a term thick-
ness to mean thickness of ice in which microwave beam pene-
trates, with two microtomed surfaces. In the case of the vertical
prism measurements, the ice core samples were cut into square
prism shapes (see Fig. 1b), with approval from the Dome Fuji
Ice Core Consortium (http://polaris.nipr.ac.jp/∼icc/NC/htdocs/).
The rectangular prism shape was employed to allow irradiation
by the microwave beam from two different directions, separated
by a 90° rotation angle. It was anticipated that the vertical permit-
tivity, εv, would be unchanged as the orientation of the electrical
field with respect to the ice core orientation was varied. Although
a slab shape with two parallel microtomed surfaces is a necessary
condition for our method, we here prepare prism-shaped samples
in order to assess the dielectric properties from two different
(orthogonal) orientations. Indeed, two slabs are within a
prism-shaped sample. In contrast, we expected that the horizontal

Table 1. Relative permittivity (εh1 and εh2) and dielectric anisotropy (Δε(h1−h2)) values in the horizontal plane of a single core sample. Permittivity and dielectric
anisotropy values were obtained from data acquired using an orientation that allowed two resonant peaks to be detected, indicating that the principal axis of the
permittivity was oriented at an angle of ∼45° relative to the electrical field.

Sample ID
Depth (top) Thickness

εh1 εh2 Δε(h1−h2)

[m] [mm] Mean SD Mean SD Mean SD

1065 1065.96 37.5 3.1488 0.0043 3.1459 0.0042 0.0028 0.0002
1253 1253.50 37.5 3.1462 0.0044 3.1438 0.0045 0.0024 0.0004
1400 1400.50 37.5 3.1514 0.0039 3.1481 0.0038 0.0033 0.0005
1566 1566.46 35.9 3.1502 0.0045 3.1465 0.0052 0.0033 0.0005
1631 1631.00 37.0 3.1477 0.0011 3.1440 0.0015 0.0033 0.0005
1838 1838.96 37.4 3.1471 0.0053 3.1443 0.0049 0.0028 0.0004
1942 1942.96 37.5 3.1520 0.0033 3.1491 0.0033 0.0032 0.0006

Table 2. Relative permittivity (εv and εh) and dielectric anisotropy (Δε(v−h)) values in vertical prism planes of a single core sample, obtained from (a) 0° and (b) 90°
rotated measurements. εv and εh correspond to the vertical (meaning the core axis) and horizontal directions, respectively.

(a) Standard (0°) measurements

Sample ID

Depth (top) Length Thickness
εv εh

ε(v−h)

[m] [mm] [mm]

(Vertical) (Horizontal)

Mean SD Mean SD Mean SD

1065 1065.50 420 74.1 3.1612 0.0025 3.1449 0.0021 0.0163 0.0007
1253 1253.60 400 72.9 3.1640 0.0028 3.1446 0.0027 0.0194 0.0006
1400 1400.58 420 72.0 3.1663 0.0018 3.1456 0.0022 0.0205 0.0009
1566 1566.00 440 73.8 3.1656 0.0020 3.1437 0.0021 0.0220 0.0006
1631 1631.08 420 72.8 3.1684 0.0031 3.1468 0.0027 0.0216 0.0008
1838 1838.50 440 72.7 3.1723 0.0019 3.1465 0.0018 0.0258 0.0005
1942 1942.50 420 73.0 3.1696 0.0019 3.1419 0.0017 0.0277 0.0003

(b) 90° rotated measurements

72.4 3.1640 0.0021 3.1456 0.0019 0.0184 0.0006
71.4 3.1647 0.0035 3.1459 0.0036 0.0187 0.0007
70.9 3.1691 0.0028 3.1495 0.0026 0.0195 0.0006
72.3 3.1639 0.0025 3.1401 0.0023 0.0238 0.0006
71.3 3.1691 0.0017 3.1477 0.0018 0.0214 0.0007
71.0 3.1716 0.0020 3.1469 0.0019 0.0247 0.0005
72.7 3.1725 0.0022 3.1468 0.0022 0.0257 0.0005
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permittivity, εh, would exhibit a weak dependence on this
orientation. The dimensions of the rectangular prism samples
were 71–74 mm × 71–74 mm × 400–440 mm (see Fig. 1b). Note
that the edges of cross-section in samples are missing so that
the measuring width (58–62 mm) is slightly smaller than sample
dimensions. For both the disks and rectangular prisms, parallel
planes were microtomed with a precision and accuracy better
than 10 μm using a custom-made microtome. Note that the rect-
angular prisms were fabricated from only seven samples for the
purposes of this study.

2.3 Fabric analyzer measurements

We conducted optically-based COF analyses of thin ice sections
with an automated fabric analyzer (model G50) manufactured
by Russell-Head Instruments (Wilson and others, 2003). Each
thin section had a thickness of ∼0.4 mm and a precisely micro-
tomed surface. These sections were cut from horizontal ice sam-
ples and each contained 200–700 crystal grains. A Schmidt net
diagram was used to assess the COF data and to compare these
data with the results from relative permittivity measurements.

3. Results

3.1 Rotation measurements with horizontal disks

Figure 2 shows typical power intensity data obtained from reson-
ance measurements using a horizontal disk while sweeping the
frequency to monitor TEM00q (q: integer) resonance modes.
When a specific frequency was found to satisfy the conditions
for resonance (Jones, 1976a, b), a peak power appeared, as can
be seen in this figure. During this process, the ice sample was
rotated around the core axis in 10° steps from 0° to 90° (see
Fig. 1a) and twin peaks were observed at rotation angles of 20°
and 30°. Detection of these twin resonance peaks demonstrated
that Δε occurred in the directions orthogonal to the microwave
beam, and hence COF anisotropy was also present (Table 1).

The results obtained from the horizontal disks are presented in
Table 1. Here, the permittivity, ε, and dielectric anisotropy, Δε(h1
−h2), values are those derived from sample orientations in which
we could detect the twin peaks. Taking the ID:1065 core sample
(where the ID number is the depth in meters) as an example,
we identified peaks at rotation angles of 20° and 30°. The
permittivity values εh1 and εh2 in Table 1 represent the maximum
and minimum values of ε in the horizontal plane, while the
anisotropy values, Δε(h1−h2), equal the differences between these
two parameters (=|εh1–εh2|). It should be noted that for all
seven samples, Δε(h1−h2) was <0.0033. This value is almost 10%
of the dielectric anisotropy for a single ice crystal, Δεs, at −30°C
(0.0334 ± 0.0007, see Appendix A for the basis of the precise
values). From Table 1, it is evident that the Δε(h1−h2) values did
not exhibit a particular correlation with depth. The maximum
error range of the ε values was −0.01 ± 0.01 as stated above,
while the std dev. for the Δε(h1−h2) were well below 0.001 for
each ice sample. Variations of ε and Δε along the ice core depths
are presented in Figure 3.

3.2 Permittivities along the vertical prisms

3.2.1 Mean values for each prism
The results of vertical prism measurements are summarized in
Table 2. Using the square prism-shaped samples, we were able
to apply the microwave beam from four different directions (0°,
90°, 180° and 270°). In principle, the 0° and 180° measurements
were equivalent in terms of both εv and εh, because these analyses
simply involved irradiation with the microwave beam from

opposite directions of the prism. Likewise, the 90° and 270° mea-
surements were also equivalent. The upper and lower sub-tables
in Table 2 correspond to standard (0°) and 90° rotated measure-
ments, respectively. Here, the mean and std dev. are provided for
each ε and Δε(v−h) determined within∼400mm, and the permittiv-
ities in the vertical and horizontal directions are given the symbols
εv and εh, respectively (see Fig. 1a). The anisotropy for each vertical
prism, Δε(v−h) (=|εv–εh|), was determined to be ∼10 times larger
than that for each horizontal disk, Δε(h1−h2) (see Table 1). The max-
imum error range of the ε values was again −0.01 ± 0.01, while the
std dev. for the Δε(v−h) were well below 0.001 for each ice sample.
The relative magnitudes of Δε(v−h) determined for the 0° and 90°
rotated measurements varied depending on the core sample. The
variations in ε and Δε(v−h) for the 0° and 90° rotated measurements
along the ice core depth are shown in Figures 3b, c. It is apparent
that εv increased with increasing depth, while εh was relatively stable
(panel b). As a consequence of the different effects of depth on these
two components, Δε(v−h) also increased with increasing depth
(panel c). In addition, Δε(v−h) in the vertical planes was significantly
larger than that in the horizontal plane (Δε(h1−h2)).

3.2.2 Variation of values along each prism
The variations in Δε(v−h) along the vertical prisms for the ID:1065
and ID:1838 core specimens are presented in Figure 4. Here, the
leftmost panels (a1 and b1) each have a full-scale y-axis that covers

a

b

c

d

e

f

g

h

i

j

Fig. 2. Typical resonance power intensity data (after smoothing) acquired from a
horizontally cut section of ice. The sample was rotated around the axis of the core
in 10° intervals up to an angle of 90°. Panels (a–g) indicate the power intensity
data for each rotation angle from 0 to 90°. The two dashed lines in each plot indicate
resonant frequencies. See Figure 7 (Appendix A) for additional data obtained from a
single ice crystal for comparison.
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the range of Δεs values at −30°C (Appendix A), while the rightmost
two panels (a2 and b2) provide enlarged views to highlight the small
variations in and reproducibility of Δε(v−h), which was independent
of the 180° change in the beam direction. In these trials, the cores
were rotated in steps of 90° around the core axis, and Table 3 gives
the mean Δε(v−h) values for the ID:1065 and ID:1838 core sections
for beam orientations of 0°, 180°, 90° and 270°. In both cases, the
reproducibility was excellent, with deviations <0.0001.

3.3 Comparison with optical measurements

Figure 5 shows Schmidt net diagrams obtained using a fabric ana-
lyzer to assess a thin section. The center of each figure corresponds
to the vertical (core) axis and one point per grain is plotted. These
images indicate that the clustering of the c-axis toward the core
axis was strengthened with increasing depth. As expected from
the previous study by Azuma and others (1999, 2000), the single
maximum COF exhibited an elliptically elongated distribution.
Here, the blue and red lines indicate the main rotation angles at
which twin peaks were detected in the relative permittivity mea-
surements and their perpendicular components, respectively.
Both the blue and red lines coincide with the long or short axis
of the elongated c-axis distributions. Even though the dielectric
anisotropy values in the horizontal direction, Δε(h1−h2), were
small, the anisotropy appeared in the appropriate direction.

4. Discussion

4.1 General trends

Measurements of vertical sections along the core confirmed that
Δε(v−h) increased with increasing depth. This result is in

accordance with previous findings that clustering of the c-axes
around the vertical develops to a greater extent at greater depths
(Azuma and others, 1999, 2000). Azuma and others (1999,
2000) also noted that the single maximum fabric showed slight
elongation and this same trend was also reported by Fujita and
others (2006) based on polarimetric radio-echo sounding work
at the Dome Fuji coring site. Fujita’s group demonstrated that
the COF anisotropy in the horizontal direction is in good agree-
ment with the degree of birefringence observed in the case of
VHF radio waves propagating through an ice sheet. In our
study, horizontal sections of the core were shown to exhibit
very small but detectable Δε(h1−h2) values, equal to ∼10–15% of
Δε(v−h) (Fig. 3c). The direction of this horizontal anisotropy coin-
cided with the long or short axis of the elliptically elongated
single-pole maximum observed using an optically-based ice fabric
analyzer (Fig. 5).

4.2 Cause of vertical anisotropy

The appearance of, and increase in, Δε(v−h) with increasing depth
can be explained by the rotation of the c-axis toward the core axis
as a result of uniaxial compression. Prior studies of the COF in
deep ice cores at dome summits have indicated that the distribu-
tion of the c-axis will become more concentrated in the direction
of the core axis with increasing strain (i.e. at greater depths) (e.g.
Thorsteinsson and others, 1997, Azuma and others, 1999, Durand
and others, 2007). This trend was confirmed by our dielectric
measurements, even though the methodology was both new and
very different. In the future, we intend to use this novel technique
to conduct detailed, continuous high-resolution measurements
along the depth direction of the DF2 core, with the aim of inves-
tigating the development of the COF and comparing this develop-
ment with other physical and chemical properties of the ice.
Considering the advantages discussed in the preceding sections,
dielectric measurements are expected to rapidly provide a large
quantity of data concerning the COF, which should supplement
the results obtained with fabric analyzers.

4.3 Cause of horizontal anisotropy

In the case that an ice sheet is deformed under a uniform uniaxial
compressional field, horizontal anisotropy should not appear (e.g.
Cuffey and Paterson, 2010). However, depending on the extent of
lateral strain, the actual ice fabric will typically show an elliptically
elongated single-pole fabric. The maximum surface of the Dome
Fuji station slopes toward the east-northeast (Fujita and others,
2006). Thus, the main strain component in Dome Fuji is lateral
extension toward the maximal slope direction. We hypothesize
that Δε(h1−h2) is caused by the anisotropy of the lateral stress field.

In our measurements, the magnitude of Δε(h1−h2) was not cor-
related with depth but rather remained approximately constant.
This result implies that stress or strain patterns in the upper
2000 m of ice at the drilling site were not changed significantly
on the timescale associated with glacial and interglacial periods
spanning ∼210 k years.

4.4 Depth-dependent variations in vertical anisotropy

This work identified fluctuations in Δε(v−h) on the scale of 10–
100 mm during continuous measurements using the vertical
prisms (see Figs 4, 6). Because Δε(v−h) represents the degree of
c-axis clustering, there were evidently small variations in the
COF in these layers on the same scale. Using the conventional
thin-section method, it is very difficult to detect these small var-
iations. In fact, this would require assessing the COF based on
examining a huge number of crystal grains to establish statistically

a

b

c

Fig. 3. Variations in (a) permittivity within the horizontal plane, (b) permittivity within
the vertical plane and (c) dielectric anisotropy along the ice core depth. Blue and red
lines show 0° and 90° rotated measurements, respectively. The std dev. for each value
plotted here are provided in Tables 1 and 2.
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significant data. It is not immediately clear what factor or factors
caused the layer-by-layer scale variations in the COF. Such infor-
mation will have to be obtained from future investigations using
this new methodology. It is possible that the small fluctuations
in c-axis clustering were associated with various physical and
chemical phenomena, such as the effects of ions (including Cl−,
F− and NH4

+), the presence of dust, grain size and shape, the ini-
tial COF formed in the firn, the nonlinear feedback relationship
between the COF and various strains and, more likely, the com-
plex interplay between all these factors.

The relative magnitudes of Δε(v−h) values for 0° and 90°
rotated measurements were found to change depending on the
core sample, and this effect is attributed to core rotation at the
drilling site. Typically, the core direction is maintained during
drilling and ice core processing, but the drilling orientation can
occasionally be accidentally disrupted depending on the core con-
ditions (e.g. irregular break of the core bottom, meaning that the
drillers are unable to reconstruct the core orientation). Inspecting
the driller log, we estimated that this type of accidental breakage
of the core orientation occurred at least once to several times over
depths of 1000–2000 m at Dome Fuji. Whether εh in the vertical
prism is closer to εh1 or εh2 in the horizontal direction depends
on the occurrence of a core rotation event and its degree.
Nonetheless, the small fluctuations in the standard 0° and 90°
rotated measurements appeared to be correlated in each core
(see Appendix B). This observation implies that the strain pat-
terns in the vertical direction were similar for the two orientations
associated with εh1 and εh2 throughout the core.

4.5 Possibility of dielectric anisotropy as a direct indicator of
COF

Figure 6 compares our obtained dielectric properties with normal-
ized eigenvalues determined for the DF1 ice core sample (Azuma
and others, 2000) and with previous dielectric measurements per-
formed using Dome Fuji cores, a single point measurement by
Matsuoka and others (1998) and the firn core data reported by
Fujita and others (2009). Panel (a) presents the values of εh, εv
and εa (the average permittivity) and the normalized eigenvalues
a1
(2), a2

(2) and a3
(2) (modified from Azuma and others, 2000). Here,

we define εa as the average permittivity over the entire ice core vol-
ume, εa = εv/3 + 2εh/3, and a3

(2) as the eigenvalue close to the vertical
direction. The magnitude of a3

(2) essentially indicates the axial con-
centration of the c-axis toward the core axis. It should also be noted
that, in the case of the normalized eigenvalues, we have

a(2)1 + a(2)2 + a(2)3 = 1. (1)

In this section, we confirm the relationship between the nor-
malized COF eigenvalues and the tensorial values of the relative
permittivity in the ice sheet. The tensorial value of the relative
permittivity in a single crystal of hexagonal ice in the principal
coordinate system is

1p =
1⊥ 0 0
0 1⊥ 0
0 0 1‖

⎛
⎝

⎞
⎠. (2)

Here, ε⊥ and ε‖ are the relative permittivity of ice when the
electrical field vector is perpendicular and parallel to the c-axis,
respectively. The dielectric anisotropy for a single ice crystal,
Δεs, is then

D1s = 1‖ − 1⊥. (3)

Theoretically, the principal axes of the COF will not exactly
coincide with the orthogonal coordinates (x, y and z) of the ice

Fig. 4. Variations in dielectric anisotropy along the ∼400 mm long (a1 and a2) ID:1065 and (b1 and b2) ID:1838 core samples, based on continuous measurement
using prisms. The samples were rotated about the core axis in 90° steps. The y-axis in each of the two panels on the left (a1 and b1) shows the full scale of the
dielectric anisotropy of a single ice crystal while the two panels on the right (a2 and b2) show enlarged views to highlight small variations.

Table 3. Mean Δε(v−h) values for two core sections obtained with various beam
orientations

Rotation angle ID:1065 ID:1838

0° 0.0163 0.0258
180° 0.0164 0.0258
90° 0.0184 0.0247
270° 0.0183 0.0247
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sheet. However, in the case that one of the principal axes, a3
(2), is

very close to the z-axis, as in the COF at Dome Fuji, a3
(2) can be

assumed to run in the vertical direction while the two other
axes, a1

(2) and a2
(2), can be considered to be aligned horizontally.

If both a1
(2) and a2

(2) are on the horizontal (x and y) plane, then
the depth profile of the relative permittivity tensor along the
three principal axes can be expressed using the normalized eigen-
values as

1(z) =
1x 0 0
0 1y 0
0 0 1z

⎛
⎝

⎞
⎠, (4)

which is equal to

1(z) =
1⊥ + D1 a(2)1 0 0

0 1⊥ + D1 a(2)2 0

0 0 1⊥ + D1 a(2)3

⎛
⎜⎝

⎞
⎟⎠. (5)

For a single-pole COF, the dielectric anisotropy, Δε(v−h), is

D1(v−h) = 1z –(1x + 1y)/2, (6)

assuming that εx ≅ εy. This equation can be revised to

D1(v−h) = D1s (a
(2)
3 –(a(2)1 + a(2)2 )/2). (7)

Therefore, Δε(v−h) for a single-pole fabric should be propor-
tional to (a3

(2)− (a1
(2) + a2

(2))/2) over the full range of Δεs values
from 0 to 0.0334 (Appendix A). Based on this, panel (b) shows
the Δε(v−h) and eigenvalue anisotropy values. Here, we define
the eigenvalue anisotropy as Δa(2) = a3

(2)− (a1
(2) + a2

(2))/2 on the
basis of panel (a), and Δε(v−h) is compared with Δa(2). In the
case that the c-axis of each grain is clustered toward the core
axis (i.e. in the vertical direction), Δε(v−h) and Δa(2) should
approach 0.0334 and 1, respectively. In panel (a), the trends
exhibited by the εv and εh data are in good agreement with the

aa b c

e f g

d

Fig. 5. Schmidt net diagrams for each ice sample obtained from an automated fabric analyzer using thin sections. Panels (a–g) indicate each Schmidt net diagram
for seven samples. The center of each figure corresponds to the core axis, the blue lines indicate the main rotation angles at which twin peaks were detected in
relative permittivity measurements while the red lines indicate perpendicular components of the rotation angles. Note that it is possible that the ice core orienta-
tions were unintentionally rotated three times at the drilling site between (a) and (b), (c) and (d), and (e) and (f).

a

b

Fig. 6. Comparisons of DF1 eigenvalues with previous anisotropy measurements. (a)
Permittivity values in the vertical and horizontal directions for 0° and 90° rotated
measurements. Average values over the ice core volume for each core and DF1 nor-
malized eigenvalues (modified from Azuma and others, 2000) are shown. Dashed and
dotted lines correspond to the average values for the three components of the eigen-
value, and the upper and lower permittivity limits in a single ice crystal, respectively.
(b) Dielectric anisotropy within the vertical plane and eigenvalue anisotropy, Δa(2) =
a1
(2)–(a2

(2) + a3
(2))/2, dielectric anisotropy at a 350 m depth in the DF1 ice core (Matsuoka

and others, 1998) and at a 100 m depth in polar firn (Fujita and others, 2009).
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eigenvalues a1
(2) and a2

(2), a3
(2), respectively. The increasing trend

shown by the Δa(2) values also agrees well with the trend exhibited
by the Δε(v−h) data. The differences in the Δε(v−h) values obtained
from 0° and 90° rotated measurements were much smaller than
the variations in the eigenvalues. Thus, these data suggest that
εv, εh and Δε(v−h) can be used directly as substitutes for the nor-
malized eigenvalues without any intermediate analyses of the
individual crystal grains constituting the COF.

A clear advantage of using Δε(v−h) as an indicator of Δa(2) is
that the former parameter can be determined with a high degree
of precision, such that small layer-by-layer changes in the COF
can be ascertained. When evaluating the COF in the vertical
plane and examining depth variations, the horizontal anisotropy,
Δε(h1−h2), is an apparent cause of errors. However, these errors are
only ∼10–15% of Δε(v−h) (Fig. 3c) at most. Unintended core rota-
tions occur relatively rarely (only a few times over the depth range
from 1000 to 2000m), and so it should be possible to observe fluc-
tuations in the COF along a continuous ice core section over a
length of several hundred meters. The angle of these accidental rota-
tions is almost random and so the errors associated with Δε(h1−h2)
will be systematic, smaller than Δε(h1−h2), and random, and will
occur at the frequency noted above. Nevertheless, even if potential
effects from core rotation are present, it is still possible to clearly
observe small spatial variations in COF clustering around the ver-
tical direction (Appendix B). Thus, the new method reported
herein is a powerful tool for the rapid investigation of the COF
along a very long ice core, and Δε(v−h) and Δε(h1−h2) adequately
represent the degree of c-axis clustering and horizontal anisot-
ropy. Therefore, we suggest that the present technique could
represent a very useful opportunity to better understand the
COF in ice cores and thus in polar ice sheets.

5. Conclusion

This work demonstrates a new methodology for the investigation
of the COF in ice sheets, based on determining the tensorial com-
ponents of the relative permittivity using an open resonator. This
system can provide information related to the COF in bulk ice
cores, employing sections at least 74 mm thickness. This method
is applicable to the continuous nondestructive analysis of the COF
on a centimeter scale in a layer-by-layer manner.

Dielectric anisotropy (Δε) measurements were conducted
using ice core samples recovered at Dome Fuji in East
Antarctica. The data showed increases in Δε(v−h) with increasing
depth, and this variable represented the degree of c-axis clustering
around the core axis. Based on the results, the c-axes were deter-
mined to cluster toward the core axis due to the grain rotation
caused by uniaxial compression. Small fluctuations in Δε(v−h)
on the centimeter scale were detected throughout a core sample
on the basis of continuous measurements. Analyses of horizontal
disk sections indicated that Δε(h1−h2) was ∼10–15% of Δε(v−h).
The dielectric and fabric anisotropy in the horizontal direction
are attributed to lateral extension stress in the maximum slope
direction at Dome Fuji. The trends exhibited by the εv, εh and
Δε(v−h) values in the depth direction of the ice core depth were
in agreement with those found for normalized eigenvalues obtained
using an ice fabric analyzer. Therefore, the dielectric properties
examined in this work (εv, εh and Δε(v−h)) can be used as substitutes
for the normalized eigenvalues with only minimal uncertainties of
0.02 (0.7%) for εv and εh and 0.001 (2.7%) for Δε(v−h).

The direction of the dielectric anisotropy, Δε(h1−h2), in the
horizontal plane was in good agreement with the long or short
axis of the elongated single-pole maximum COF obtained using
an ice fabric analyzer. However, the direction of Δε(h1−h2) varied
depending on the core sample, as a consequence of the accidental
core rotation that occurred at irregular core breaks, because

orientation continuity was not guaranteed at the core drilling
site. Thus, Δε(h1−h2) was a potential source of error when evaluat-
ing Δε(v−h) values. However, this effect was limited because the
magnitude of the error was smaller than Δε(h1−h2). In addition,
even with the effect of this potential small error, it was still pos-
sible to observe small variations in cluster strength along the
c-axis. Therefore, the tensorial measurement method using dielec-
tric anisotropy as demonstrated herein should be applicable to the
investigation of COF development in ice cores, supplementing the
knowledge obtained from modern fabric analyzers.
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Appendix A

Dielectric properties of a single ice crystal

In this work, the dielectric properties of a single ice crystal were assessed, using
a value of 0.0334 (±0.0007) for the dielectric anisotropy of a single ice crystal
(Δεs). The discussion here explains the basis of this value. The anisotropic
high-frequency-limit permittivity of a hexagonal ice crystal has been reported
in the literature (Fujita and others, 1993, 2000; Matsuoka and others, 1997).
Here, we extended the open resonator measurement performed by Matsuoka
and others (1997) to the wide temperature range between −150 and −15°C
which includes the temperatures encountered in the Earth’s cryosphere.
These measurements were performed by one of the authors (S.F.) in 2001–
2002 at the Department of Applied Physics, Hokkaido University, Sapporo.
The experimental setup was basically the same as had been used in previous
work, and the sample was a naturally formed single ice crystal collected at the
Mendenhall Glacier in Alaska. This crystal had a disk shape with a Φ60mm

and a thickness of 4.92 mm, and the c-axis was determined to be perpendicular
to the disk axis based on optical analysis, within an error of less than a few
degrees. During the measurement process, the temperature of the sample
was varied continuously from −150 to −15°C over a time span of 200 h in a
freezer. Data were acquired with an applied frequency of ∼34 GHz and the
half power width diameter of the Gaussian beam was 22 mm, meaning that
the 2σ diameter of the beam was 44mm, which was much smaller than the
sample diameter. Examples of the typical twin resonance peaks for the sample
are provided in Figure 7, from which it is evident that the separation between
the two peaks was much more distinct than in the case of the data for the hori-
zontal disk sample in Figure 2. The two components, ε⊥ and ε‖, of the relative
permittivity for the single ice crystal were determined with the electrical field
perpendicular to and parallel to the c-axis, respectively. These two components
are presented in Figure 8 along with the data from earlier works concerning
analyses of single crystals. Δεs ( = ε‖–ε⊥) values are provided in Figure 9,
and indicate that Δεs reached a minimum at ∼−75°C. It should also be
noted that the possible uncertainty in Δεs (±0.0007) was much smaller than
those associated with ε⊥ or ε‖ (±0.005) because the frequency difference
between the two peaks could be determined precisely and unambiguously.
Typical data are summarized in Table 4. These extended data are expected
to be useful with regard to both the analysis of ice cores for the COF and
remote radar-based sensing of hexagonal ice.

Fig. 7. Examples of typical twin resonance peaks data acquired at −145 and −15°C.

Fig. 8. The two components of the relative permittivity, ε‖ and ε⊥, parallel and per-
pendicular to the c-axis. Earlier data are shown for comparison. Estimated errors are
indicated by error bars for each data point.
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Fig. 9. Extended and improved Δεs data indicating the effect of temperature and a
minimum at ∼−75°C.

Table 4. Dielectric properties of a single ice crystal.

T (°C)
ε‖ ε⊥ Δεs

(±0.0050) (±0.0050) (±0.0007)

−15 3.1816 3.1477 0.0339
−20 3.1775 3.1439 0.0336
−30 3.1701 3.1367 0.0334
−40 3.1630 3.1299 0.0331
−50 3.1568 3.1239 0.0329
−60 3.1504 3.1177 0.0327
−70 3.1451 3.1125 0.0326
−80 3.1401 3.1075 0.0326
−90 3.1351 3.1024 0.0326
−100 3.1309 3.0981 0.0328
−110 3.1265 3.0934 0.0331
−120 3.1232 3.0897 0.0335
−130 3.1196 3.0856 0.0340
−140 3.1167 3.0817 0.0349

a e

b f

c

d

g

Fig. 10. Variations in dielectric anisotropy along the ∼400 mm long core samples. Panels (a–g) indicate each variation for seven samples. Red and blue lines cor-
respond to 0° measurements and 90° rotated (about the core axis) measurements, respectively.
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Appendix B

Variations in dielectric anisotropy within a vertical prism

Variations in Δε(v−h) along the ∼400mm long cores for all seven samples are
plotted in Figure 10, showing fluctuations with scales of 10–100mm. The rela-
tive magnitude of Δε(v−h) values for the 0° and 90° rotated measurements

varied depending on the core sample. The possible error for each Δε(v−h)
value here is again <±0.001. The core mean values are shown in the legend
of each figure. Note that the difference between Δε(v−h) values obtained by
the 0° and 90° rotated measurements are exaggerated in these panels and
were in fact minimal. The small fluctuations in both measurements appear
to be correlated in each core sample.
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