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Abstract. The crystal orientation fabric (COF) of a polar ice
sheet has a significant effect on the rheology of the ice sheet.
With the aim of better understanding the deformation regime
of ice sheets, the work presented here investigates the COF
in the upper 80 % of the Dome Fuji Station ice core in East
Antarctica. Dielectric anisotropy (A¢) data were acquired as
a novel indicator of the vertical clustering of COF resulting
from vertical compressional strain within the dome. The Ae
values were found to exhibit a general increase with depth,
but with fluctuations over distances in the order of 10-10? m.
In addition, significant decreases in Ae were found to be as-
sociated with depths corresponding to three major glacial to
interglacial transitions. These changes in A¢ are ascribed to
variations in the deformational history caused by dislocation
motion occurring from near-surface depths to deeper layers.
Fluctuations in Ae over distances of less than 0.5 m exhibited
a strong inverse correlation with A¢ at depths greater than ap-
proximately 1200 m, indicating that they were enhanced dur-
ing the glacial-interglacial transitions. The A¢ data also ex-
hibited a positive correlation with the concentration of chlo-
ride ions and an inverse correlation with the amount of dust
particles in the ice core at greater depths corresponding to de-
creases in the degree of ¢ axis clustering. Finally, we found
that fluctuations in A¢ persisted to approximately 80 % of the
total depth of the ice sheet. These data suggest that the factors

determining the deformation of ice include the concentration
of chloride ions and the amount of dust particles, and that
the layered contrast associated with the COF is preserved all
the way from the near-surface to a depth corresponding to
approximately 80 % of the thickness of the ice sheet. These
findings provide important implications regarding further de-
velopment of the COF under the various stress-strain config-
urations that the ice will experience in the deepest region,
approximately 20 % of the total depth from the ice/bed inter-
face.

1 Introduction

The crystal orientation fabric (COF) is one of the most im-
portant factors determining the physical properties of polar
ice sheets, as both the deformation and flow of ice sheets are
highly dependent on the COF. It is commonly accepted that
dislocation creep is the dominant deformation process in po-
lar ice sheets (e.g., Cuffey and Paterson, 2010; Petrenko and
Whitworth, 1999). In addition, in the dome summit regions
of ice sheets, the vertical compressional stress imparted by
the mass of the ice is the primary deformation stress. In such
cases, the c-axes of the ice crystal grains rotate toward the
compression direction and the COF becomes more concen-
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trated toward the core axis (i.e., in the vertical direction) with
increasing depth (e.g., Thorsteinsson et al., 1997; Azuma et
al., 2000; Wang et al., 2003; Durand et al., 2007, 2009; Mon-
tagnat et al., 2014). Thus, profiling the degree of clustering of
the c-axes in the depth direction is a useful means of exam-
ining the nature of the flow in an ice sheet and evaluating the
deformation history. This analysis also enables assessment
of further developments in ice flow under simple shear or un-
der more complex stress-strain configurations in the deeper
interiors of ice sheets. Therefore, a better understanding of
the COF is essential to improve present-day ice flow models
as well as to accurately date deep ice cores and predict ice
deformation near the base of an ice sheet.

Various studies of ice cores have established the relation-
ships between the microstructure of polycrystalline ice and
climate change events such as glacial/interglacial periods and
termination events. For example, the grain size in glacial
ice is finer than that in interglacial ice (e.g., Paterson, 1991;
Thorsteinsson et al., 1995; Cuffey and Paterson, 2010). It has
been suggested that the smaller grain sizes in glacial ice re-
sult from high concentrations of impurities such as dust par-
ticles or soluble substances that restrict grain growth via pin-
ning and drag at the grain boundaries (e.g., Alley and Woods,
1996; Gow et al., 1997; Durand et al., 2006). However, the
COF changes associated with climate stages such as inter-
glacial/glacial periods and termination events are less well
understood. As an example, the c¢ axis clustering changes dif-
fer in the terminations found in the Dome Fuji (DF), EPICA
Dome C (EDC) Antarctica (see Fig. 1 for locations) and
GRIP and NEEM Greenland ice cores. Specifically, in the
termination II period the degree of ¢ axis clustering in the
DF ice core is reduced (Azuma et al., 2000) while that in
the EDC ice core is increased (Durand et al., 2007). In ad-
dition, the COF in the termination I portion of the GRIP ice
core does not show any observable change (Thorsteinsson
et al., 1997) while that in the NEEM ice core exhibits rapid
strengthening. These different results are not well understood
and highlight a need for more detailed investigations of COF
development in ice cores.

For more than two decades, the COF characteristics in var-
ious ice domes have been investigated using automated COF
analyzers to examine thin ice sections (e.g., Azuma et al.,
2000; Wang et al., 2003; Durand et al., 2007, 2009; Montag-
nat et al., 2014). The innovative automated COF analyzers
used in such studies enabled the rapid assessment of large
numbers of crystal grains within each thin section. Never-
theless, clear limitations remain because the preparation of
numerous thin sections is labor-intensive and therefore sig-
nificant time and effort are required to obtain a continuous
COF profile. Accordingly, the thin section sampling inter-
val has typically been limited to 10-20 m along the ice core
(see Table 1 for a detailed comparison of the sampling in-
tervals in each ice core). In addition, the statistical reliabil-
ity of COF data obtained from thin sections has yet to be
established. As an example, even when evaluating the same
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samples taken from the EDC Antarctic ice core, two indepen-
dent groups determined different COF eigenvalues (Wang et
al., 2003; Durand et al., 2007, 2009). It is also important to
eliminate possible biases and errors resulting from the use of
automatic fabric analyzers. In short, thin-section-based meth-
ods have inherent limitations related to obtaining statistically
significant data. Consequently, it has thus far been challeng-
ing to examine small fluctuations in the COF or to compare
COF data generated using different algorithms (e.g., Wang
and Azuma, 1999; Wilen et al., 2003; Wilson et al., 2003).

To overcome these limitations, Saruya et al. (2022)
proposed a technique that permits the continuous non-
destructive and rapid assessment of the COF in thick ice
sections, based on measuring the tensorial components of
the relative permittivity, €, using microwave open resonators.
In this process, the difference in ¢ between the vertical and
horizontal planes is defined as the dielectric anisotropy, Ae.
Saruya’s group demonstrated that A¢ is a direct substitute
for the normalized COF eigenvalues when assessing thick
sections. Compared to thin-section-based methods, this tech-
nique provides COF data with greatly improved statistical
significance.

In the present study, we applied this thick-section-based
method to an investigation of the COF within an approxi-
mately 2300 m long portion of the DF ice core drilled at one
of the major dome summits in East Antarctica. The Ae val-
ues in this sample were measured at 0.02 m intervals in 1 m
long ice core specimens acquired every 5m at depths from
100 to 2400 m. The resulting data were compared with the
profiles of various physicochemical parameters, such as ma-
jor ions, dust particles, salt inclusions and grain sizes, ob-
tained from analyses of the DF ice core. The goal was to
better understand the factors influencing COF development.
Based on the results, we discuss the possible causes of COF
variations, as well as flow mechanism contrast within ice
sheets. This paper also discusses the implications for further
deformation of the ice in these locations under specific con-
ditions, including the very deep part of the ice sheet near the
ice-bed interface.

2 Samples and methods
2.1 Sample preparation

This work assessed an ice core drilled at DF, one of the ma-
jor dome summits in East Antarctica (see Fig. 1), located at
77°19’S, 39°42’ E, with an elevation of 3800 m. The annual
mean temperature at this location is —54.4 °C, the annual ac-
cumulation rate is 27.3 4 1.5kgm~2 yr~! and the ice thick-
ness is 3028 = 15 m (Dome Fuji Ice Core Project Members,
2017). Figure 1b demonstrates that the ice coring site was
very close (within 10km) to the present dome summit. At
present, under the Holocene climate, DF is associated with
a steep north-south surface mass balance gradient (Fujita et
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Table 1. Comparison of sampling intervals and dimensions (width x height x thickness) for each ice core. The sample width in the present
study indicates the half-power diameter of the Gaussian beam. Although the precise thicknesses of thin sections are not provided in Wang et
al. (2003) or Durand et al. (2007, 2009) (missing data are indicated by the # symbol in this table), it can be assumed that the thicknesses of
sections prepared for optically based COF measurements were approximately 0.5 mm or less.

Ice core  Reference Depth  Sampling Sample

[m] interval dimension

[m] [mm]

DF2 This study 100-2400 5 ~38x 1000 x 33-79
100-2300 20

DF1 Azuma et al. (2000) 2300-2500 10 50 x 100 x 0.5

Wang et al. (2003) 100-1500 12-150 45 x 90 x #
Durand et al. (2007)  1500-2000 11

EDC 313-511 11 40 x 110 x #
Durand et al. (2009) 15003100 1

al., 2011; Tsutaki et al., 2022). We suggest that this morphol-
ogy demonstrates that the DF summit has migrated along this
gradient in the north-south direction during glacial and in-
terglacial periods over which the accumulation rate changed
dramatically (e.g., Parrenin et al., 2016). Very deep ice cores
were drilled twice at DF. The first 2503 m long core (DF1 ice
core) was drilled between 1993 and 1997 (e.g., Watanabe et
al., 1999) while the second 3035 m long ice core (DF2 ice
core) was drilled between 2004 and 2007 (Motoyama et al.,
2007; Dome Fuji Ice Core Project Members, 2017). Note that
the DF1 and DF2 boreholes are only 48 m apart. We used the
DF2 core in our study, but it should be noted that Azuma et
al. (1999, 2000) used a thin-section method to conduct COF
studies with the DF1 core. In contrast to this prior study,
the present work employed the thick-section-based method
to examine the DF2 core at 5 m intervals between the depths
of 100 and 2400 m. At each sampling depth, we continually
assessed a 1 m (comprising two sections of 0.5m ) long ice
core with a 0.02 m step size. Consequently, this work exam-
ined approximately 20 % of the entire ice core. Each ice core
sample was approximately 0.5 m long and was formed into a
slab shape with a thickness of 68-79 mm and width of 53—
62 mm. A diagram of the core cutting geometry is shown in
Fig. 2a. In the case of specimens acquired between 600 and
870 m, the slab thicknesses were approximately 33—38 mm.
Each sample was effectively a cylinder penetrated by the mi-
crowave beam having a diameter of 38 mm and a thickness
of 33—79 mm. In this study, we focus on COF development
within the upper 80 % of the ice thickness, meaning depths of
up to 2400 m within the 3028 (£ 15) m thick ice sheet (Fu-
jita et al., 1999). The age of the ice to a depth of 2400 m
was approximately 300 kyrs BP. Note that interpretation of
the COF data obtained from dielectric measurements is chal-
lenging below 2400 m due to the presence of inclined lay-
ers and extremely coarse crystal grains. At these depths, the
layered structures begin to incline relative to the horizontal
plane, with inclinations of less than 5° above 2400 m but
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much larger values of 20 and 50° at 2800 and 3000 m, re-
spectively (Dome Fuji Ice Core Project Members, 2017). Ad-
ditionally, visual inspection of the samples showed extremely
large coarse grains (with grain sizes > 50cm) in samples
from the deepest part of the dome. The effects of these factors
should be confirmed by future research but, for the present,
we restricted our analyses to a depth of 2400 m for these rea-
sons. The COF development within the bottom 20 % of the
ice thickness (from 2400 m to the ice sheet bottom) will be
reported elsewhere.

2.2 Dielectric anisotropy measurements

The Ae values for ice cores were determined using an open
microwave resonator, employing frequencies between 14 and
20 GHz (Saruya et al., 2022). The operating principle and
applications of the open resonator method with respect to
obtaining relative permittivity values have been previously
described in the literature (Jones, 1976a, b; Cullen, 1983;
Komiyama et al., 1991). Using this system, we developed a
means of performing continuous measurements of thick slab
samples. The present research constructed a semi-confocal
type of open resonator incorporating a flat mirror and a con-
cave mirror having a 250 mm radius of curvature, set 225 mm
apart. A diagram of the experimental set-up is provided in
Fig. 2b. A microwave beam having a Gaussian profile was
generated with a half-power diameter of 38 mm. The ¢ val-
ues obtained in this work were volume-weighted averages
within the volume covered by the Gaussian distribution of the
beam. When the angle between the core axis and the electric
field was set to 45°, radio birefringence was observed, i.e.,
when the frequency was swept to detect resonances that cor-
responded to transverse electromagnetic (TEM) ¢, 9, ; modes
(where ¢ is an integer), two resonance peaks resulting from
anisotropic permittivity components were detected. The two
radio birefringence components corresponded to the ¢ val-
ues in the horizontal and vertical directions within the core.

The Cryosphere, 16, 2985-3003, 2022



2988

Because each ice crystal is uniaxially symmetric around its
c axis with respect to ¢, the degree of ¢ axis clustering around
the vertical direction could be evaluated by measuring the
macroscopic ¢ values both parallel and perpendicular to the
ice core axis (e.g., Hargreaves, 1978). In this work, we mea-
sured ¢ continuously by moving the ice core sample using an
automatic motor. These analyses were conducted at temper-
atures in the range of —304 1.5°C.

3 Results
3.1 Continuous variations in Ae

Figure 3 presents typical examples of the continuous varia-
tion of Ae along 0.5 m core samples, based on ice core sam-
ples acquired at depths of 125.0-125.5m, 1300.0-1300.5 m
and 2398.5-2399.0 m. The span of the y axis equals the di-
electric anisotropy of a single ice crystal (0.0334) at —30°C
(see Saruya et al., 2022). Small fluctuations of Ae over dis-
tances from 0.02m to 0.5m are apparent, indicating mi-
nor but significant variations in the COF within each 0.5 m
long piece of ice core. The mean values and standard de-
viations for each 0.02m long portion were derived based
on different TEM g o, , resonance modes using the open
resonator method. In the case of the example data pre-
sented in Fig. 3, the mean values (standard deviations) were
0.0076 (0.0005), 0.0194 (0.0006) and 0.0300 (0.0005) for the
125.0 m, 1300.0 m and 2398.5 m depth samples, respectively.

3.2 Depth-dependent variation in Ae

Figure 4 shows the variations in the mean Ag values
(Fig. 4a), the standard deviations (SD) of A¢ values (Fig. 4b),
the detrended Ae values (defined as the difference between
each data point and the third-order polynomial fitting curve
to the Ae data; Fig. 4c), and the oxygen isotope ratio values
(8'80; Fig. 4d). The latter data were obtained from Dome
Fuji Ice Core Project Members (2017). The mean values
and SD were determined at intervals of approximately 0.5 m
along the core sample, using approximately 23 data points
for each interval. The detrended Ae data represent the rela-
tive degree of ¢ axis clustering and the extent of deformation
relative to those in the surrounding depth. These detrended
values are more useful than the original values as a means of
assessing fluctuations in the COF and for comparison with
other physicochemical properties.

Figure 4a demonstrates that the overall trend of the Ae
values increase with increasing depth, although small fluc-
tuations are evident within a length scale of approximately
100 m. These variations in A¢ also appear to be continuous
rather than abrupt. Large decreases in A¢ are also apparent
at depths of 1800, 2150 and 2300 m as indicated by the three
arrows in Fig. 4a. The depths of 1800 and 2300 m correspond
to the transition periods from glacial to interglacial, while the
depth of 2150 m corresponds to Marine Isotope Stage (MIS)
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7a, b, c. At shallower depths above approximately 300 m the
Aeg values are instead relatively constant and the detrended
Ace values are larger than the general mean of the data.

Figure 4b indicates that the SD values for each approxi-
mately 0.5 m long core sample exhibit both a long-term trend
and short-term fluctuations. Over the whole dataset, the SD
are approximately constant down to a depth of about 1300 m
but then increase between that point and 1800 m. During the
termination II event, the SD values exhibit a rapid decrease
while below 2000 m large increases appear at approximately
2150 and 2300 m, and a decrease in SD is also seen during
the termination III event. The variations in the detrended Aeg
values in Fig. 4c reflect the fluctuations noted above. In this
panel, the gray shading indicates three periods, from the early
stage of each interglacial period to the termination event. In
this plot, positive/negative values indicate a high/low degree
of ¢ axis clustering relative to the regression line in terms of
depth, as a consequence of specific mechanisms. The ampli-
tude of these fluctuations becomes larger at greater depths.
As an example, the amplitude at shallow depths (< 500 m) is
approximately 0.001, while that at greater depths (> 1800 m)
is 0.003.

3.3 Eigenvalues derived from Ae

In previous studies, COF development was examined based
on variations in the normalized eigenvalues aiz), af) and

aéz). To allow a direct comparison with other ice cores, we
therefore derived normalized eigenvalues from the present
Ae data. The magnitude of aéz) indicates the extent of clus-
tering of the c-axes toward the vertical that is the same as the
core axis. In fact, the value of a§2) has been shown to increase
with increasing depth in ice cores drilled at dome summits
due to c axis clustering. Saruya et al. (2022) reported that the
relationship between Ae and these eigenvalues is:

Ao = Ay (o = (af? +4) 2). (1)

Here, Ag; is the dielectric anisotropy of a single ice crys-
tal. In the case of the present measurements at —30 °C, Agg
was determined to be 0.0334 (see the Appendix in Saruya et
al., 2022). Using the relationship a\” +a$” +a{” = 1 and

assuming that al(z) and aéz) are approximately equal (that is,

horizontal isotropy), Eq. (1) can be rewritten as:
al? = 2As/Aes+1) /3. )

Using these equations, we were able to derive the eigen-
values from the Ae data. Assuming that the approximation
noted above is valid, the normalized eigenvalues obtained
from earlier COF studies could then be directly compared
with Ae data derived using our newly developed method that
we present here. Figure 5 provides such a comparison be-
tween eigenvalues estimated from Ae and those generated
using an optical method on the basis of the DF1 core sam-
ples (modified from Azuma et al., 2000). Here, the black and
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Figure 1. Maps of (a) the whole of Antarctica and (b) the area around Dome Fuji. Surface elevation values (in m) are based on the digital

elevation model of Bamber et al. (2009).
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Figure 2. Diagrams of the (a) core cutting geometry and (b) exper-
imental set-up (viewed from the front).

red lines indicate dielectrically derived (i.e., thick-section-
based) and optically derived (i.e., thin-section-based) val-
ues, respectively. In Fig. 5a, we compare the thick-section-
based Ae¢ and thin-section-based eigenvalue anisotropy val-
ues defined as Aa® = aéz) —(a 52) —l—aéz)) /2. Figure 5b com-
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Figure 3. Examples of variations in A along 0.5 m long ice core
samples obtained from continuous measurements. The span of the
y axis equals the dielectric anisotropy of a single ice crystal. Error
bars indicate standard deviations obtained from different resonance
modes of the open resonator. Typically, eight different modes were
obtained from each single 0.02 m portion.

pares the normalized eigenvalue components obtained from
the thick-section-based and thin-section-based approaches.
In both panels, the fluctuations of the thick-section-based
eigenvalues and the anisotropy are smaller than those of the
corresponding thin-section-based values.

Since the thin-section-based eigenvalues were determined
using sections with thicknesses of approximately 0.5 mm,
the normalized eigenvalues reflect the statistically averaged
¢ axis clustering of several hundred to thousands of ice
grains. In contrast, a single thick-section-based Ae data point
is representative of an ice specimen as thick as 33—-79 mm.
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Figure 4. (a) Variations in A¢ along the DF1 ice core depth, showing the mean values for each core section (approximately 0.5 m in length).
Error bars correspond to the standard deviation (SD) within each core while the dotted line indicates a third-order fitting and the three arrows
indicate depths associated with significant decreases. (b) The depth profile of the SD values for Ae. (¢) Detrended Ae values, defined as
deviations from the third-order fitting to the data in panel (a). The red lines in plots (a)—(c) were generated by smoothing at 10 m intervals.
(d) Oxygen isotope ratios (6180) in the DF1 ice core (modified from Dome Fuji Ice Core Members, 2017). The gray bands indicate the
transition periods from glacial to interglacial. Marine Isotope Stage (MIS) events are also shown.

Therefore, the sampling volumes between the two methods
differ by a factor of 85-190. In addition, the thick-section-
based eigenvalues presented here are the averaged values for
each 0.5 m long core, meaning that the sampling volumes ac-
tually differ by more than three orders of magnitude. Thin-
section measurements can provide information regarding lo-
calized distributions of ¢ axis orientations for each grain
within thin-sections, while thick-section measurements in-
dicate the COF characteristics on a bulk scale. An obvious
difference between the thick-section-based and thin-section-
based eigenvalues is the size of the fluctuations and the conti-
nuity of the data distributions. Specifically, the thin-section-
based eigenvalues exhibit sudden fluctuations well above 0.1
within many depth ranges that are not observed in the thick-
section-based eigenvalues. Figure 6 presents a modified ver-
sion of the comparison in Fig. 5a based on a direct compar-
ison between Ag values for each 0.02m interval and thin-
section-based eigenvalue anisotropy data. Even using the raw
Ace data without averaging over each 0.5 m long ice core, the
scatter of the thin-section-based eigenvalue anisotropy values
is typically far greater.

The Cryosphere, 16, 2985-3003, 2022

Figure 7 plots the variations in the eigenvalues for the hor-
izontal direction derived from the thick-section-based mea-
surements (i.e., aiz) or aéz) as shown in Fig. 5b). The right
axis indicates the permittivity values corresponding to the
normalized eigenvalues on the left axis.

Saruya et al. (2022) reported the relationship ex =& +
Agg ai ), where &, is the relative permittivity along the prin-
cipal x axis and ¢ is the permittivity perpendicular to the
c axis. Thus, if &, and ¢, (the relative permittivity along the
principal y axis) are approximately equal, these permittivity
components will vary over the range of Agg a;™. The eigen-
value a%z) changes from O to 1 while Aeg = 0.0334. A value
for £; of 3.1367 is also provided in the appendix to Saruya
et al. (2022). Using this relationship, we can compare eigen-
values and permittivities.

The size and fluctuation of the horizontal eigenvalue is di-
rectly related to the magnitude of the permittivity, and thus
to the refractive index or speed of radio waves within the
ice sheet. In addition, the fluctuation size and the change
in fluctuation with depth provide reliable information con-
cerning the magnitude of ice-fabric-based radio wave reflec-
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tions within the ice sheet. Specifically, ¢ changes as small
as 0.002 (the typical magnitude of changes below approxi-
mately 1500 m) are sufficient to cause internal radio echo re-
flections (with strengths of approximately —75 dB) that are
detectable by ice radar instrumentation (e.g., Fig. 1 in Fujita
Fujita and Mae, 1994 and Fig. 10 in Fujita et al., 2000). Thus,
the large depressions of Ae¢ as well as the small-scale fluctu-
ations in Ae should be detectable using ice sounding radar
(Fujita et al., 1999).

3.4 Comparison of the present data with DF1 and EDC
ice cores

Figure 8 summarizes the development of the normalized
eigenvalues aéz) along the DF2, DF1 and EDC ice cores.
Here, we use the normalized eigenvalues instead of Ae
values, and the magnitude of a3) reflects the degree of
¢ axis clustering toward the core axis, just as Ae does. The
DF1 and EDC data are from Azuma et al. (2000) and Du-
rand et al. (2009), respectively, and are derived from thin-
section measurements. Note that the glaciological conditions
in DF and EDC are similar. The ice thickness, annual ac-
cumulation rate and mean surface temperature values for
DF are 3028 +15m, 27.3+1.5kgm~2yr~! and —54.4°C
(Dome Fuji Ice Core Project Members, 2017) while those for
EDC are 3309 +22m, 25+ 1.5kgm=2yr~! and —54.5°C
(EPICA Community Members, 2004). The conversion from
depth to age was performed using the Supplement in Bazin
et al. (2013) and Dome Fuji Ice Core Members (2017). The
general data trend is the same for both cores, in that the aéz)
values increase with increasing depth. However, the small
fluctuations over spans of less than 10 kyrs are different. Du-
rand et al. (2007) reported a rapid increase in ¢ axis clustering
along with a decrease in grain size during the termination II
event (i.e., the transition from interglacial to glacial) in the
EDC ice core. In contrast, such variations were not observed
in the case of the termination I event. This difference was
attributed to a transition to enhanced horizontal shear in the
glacial ice in conjunction with the termination II event, al-
though our own view is different. Durand et al. (2007) did
not report a change in association with the termination III
event, but a possible strengthening of ¢ axis clustering does
appear at this point. Durand et al. (2007) also suggested that
a 60 m thick layer indicating reduced clustering of the c-axes
exists below 1680 m (approximately 125 kyrs BP) and corre-
sponds to the MIS5e event. In the data of Durand et al. the
local minimum in the degree of ¢ axis clustering was accom-
panied by a local maximum in the deuterium concentration.
It should also be noted that the variation trends observed at
the termination II/MIS5e and termination III/MIS7e events
in the EDC core were approximately the same as those in
our measurements.
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Although glaciological conditions (such as surface tem-
perature, accumulation rate and ice thickness) are similar at
the EDC and DF, the development of COF within the DF1 ice
core (as determined using thin sections) is inconsistent with
those in the EDC core and with our own analysis of DF2
core samples. As stated in Sect. 3.3, the limited statistical re-
liability of the thin-section-based method prevents a reliable
comparison.

4 Discussion
4.1 General trend in the variation of Ae
4.1.1 Basic facts and questions

As a basis for the present discussion, we first need to de-
termine if the observed variations in Ae¢ are significant or
simply the result of measurement error. Saruya et al. (2022)
reported that such errors were minimized by solving equa-
tions for multiple resonance frequencies simultaneously to
find a unique solution for &. They determined the total error
in ¢ tobe —0.01 £ 0.01, and this systematic error was primar-
ily attributed to the limited widths of the ice core samples.
The data show dielectric anisotropy in the horizontal direc-
tion (i.e., perpendicular to the core axis) in addition to the
vertical direction, which is a potential source of error when
determining the depth-dependent variation of Ae (Saruya et
al., 2022). The COF in the DF ice core exhibits so-called sin-
gle pole fabric characteristics. However, as a result of an im-
balance in the strain in the horizontal directions, this single
pole fabric shows elliptically elongated distributions (Azuma
et al., 1999, 2000; Saruya et al., 2022). Saruya et al. (2022)
reported that the error in Ae could be as large as 10-15 %
in extreme cases based on accidental core rotation occurring
in conjunction with irregular core breaks at the drilling site.
According to Saruya et al. (2022), accidental core rotation
is a rare event that can occur a few or several times within
every 1000 m length of the core. In addition, the probability
of the maximum error (i.e., 10-15 % of Ag) is small. In the
case of accidental (i.e., abrupt) rotation of the ice core, the
mean value of the error will be half the maximum. Thus, the
data must be examined to identify any suspiciously abrupt
steps or jumps in Ag. One such inspection within the brit-
tle zone between 600 and 900 m identified suspicious abrupt
changes in Ae values at depths of 750 and 800 m. Because
the ice core samples in this zone are sometimes brittle, the
continuity of the core in terms of core orientation could have
been broken. These abrupt changes in Ae could have there-
fore resulted from accidental core rotation. In contrast, the
Ace values at other depths were found to change continuously,
without any anomalous steps or jumps. On this basis, with
the exception of the brittle zone, we believe that the evident
variations in Ag¢ are true reflections of continuous changes in
COF development, and that the present data contain only mi-
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Figure 5. Comparison of eigenvalues obtained from the present dielectric measurements and from thin-section measurements. (a) The thick-
section-based A¢ and optically derived (thin-section-based) eigenvalue anisotropy data for DF1, (b) a comparison of thick-section-based and
thin-section-based normalized eigenvalue components. Black/gray and red lines indicate thick-section-based and thin-section-based values,

respectively. The DF1 eigenvalues are taken from Azuma et al. (2000).
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Figure 6. A modified version of the data in Fig. 5a. The raw A¢ values at each 0.02 m step are shown instead of means over each 0.5 m. The
scatter of the thin-section-based data (red symbols and lines) is far larger than that of the thick-section-based data.

nor systematic errors in Ag, the magnitude of which changes
at several depths. We also note that the SD values for the
Ae data were only minimally affected by possible rotations
of the core. Saruya et al. (2022) have shown that changes in
cluster strength occur simultaneously in all horizontal orien-
tations.
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Complex permittivity data obtained for ice based on anal-
yses using MHz frequencies were reviewed by Fujita et
al. (2000). The real part of the complex permittivity of the
ice in ice sheets is a function of the COF as well as the den-
sity, the concentration of soluble impurities (primarily acidic
impurities) and the temperature. In contrast, both the hydro-
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Figure 7. Eigenvalues in the horizontal direction derived from di-
electric measurements (i.e., a%z) or aéz) in Fig. 5b). The right-side
y axis is the permittivity corresponding to the eigenvalue on the left-
side y axis. See Saruya et al. (2022) for the relationship between the
normalized eigenvalues and permittivity.

static pressure and the shape of air bubbles have relatively
minor effects. In addition, the effect of plastic deformation
can be significant and needs to be investigated further. What
we are interested in here is whether or not some factors other
than COF can modify the anisotropic values of permittiv-
ity. In the case of ice containing bubbles, the density, sol-
uble impurity concentration and temperature do not modify
the dielectric anisotropy (Fujita et al., 2000). Thus, COF is
the only factor responsible for anisotropic permittivity in the
polycrystalline ice in the ice sheet. In addition, to date, grain
boundaries, dust inclusions, clathrate hydrate inclusions or
salt inclusions in ice have not been shown to produce de-
tectable changes in permittivity.

It is also important to note that the Ae values were fully
compatible with the normalized COF eigenvalues assuming a
single pole fabric with ¢ axis clustering in the vertical direc-
tion (Saruya et al., 2022). Therefore, the degree of clustering
can be expressed using Ae instead of the normalized COF
eigenvalues for the sake of simplicity. The overall trend of
the Ae values was to increase down to a depth of 2400 m
(Fig. 4a). This trend was consistent with previous findings
that the degree of ¢ axis clustering is strengthened at greater
depths within the dome summits of ice sheets, as described
in the Introduction (Sect. 1) to this paper. This large-scale
trend is explained primarily by the rotation of the c-axes
toward the compressional axis associated with dislocation
creep. The data also indicate continuous variations within
depth scales on the order of 10~10> m. In particular, the three
depressions indicated by arrows in Fig. 4a at depths corre-
sponding to interglacial/glacial transitions at approximately
1800 and 2300m and to the MIS7abc event at 2150 m are
significant. These results raise many questions and it would
be helpful to identify the following: (i) the factors controlling
variations associated with changes in time and depth, either
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initial microstructural conditions, effects of impurities that
modify dislocation movements and/or microstructure, posi-
tive and negative feedback effects from COF evolution, or
a complex mixture or interplay of these, (ii) the reasons for
the increased fluctuating amplitude of Ae over depth scales
on the order of 10-10> m with increasing depth, (iii) the rea-
sons for the increase in the SD of Ae¢ values with increasing
depth, (iv) the further growth of these variations under shear
and at deeper englacial environments, and (v) means of ap-
plying our new understanding of DF to a wider range of ice
sheets. Answering these questions may lead us to a better
understanding of ice rheology.

4.1.2 Correlation between Ae and its standard
deviation

Figure 9 shows a comparison between detrended Ae values
and the associated SD with smoothing over 10 m intervals.
Note that the y axis in this plot is inverted to make visual in-
spection easier. A striking feature is that below about 1200 m,
the inverted detrended Ae data are well correlated with the
SD values. The linear correlation coefficient below 1200 m is
—0.75 while that at depths shallower than 1200 m is —0.09.
Because the detrended Ae represents the relative degree of
¢ axis clustering and the extent of deformation relative to
the surrounding depth, this high degree of correlation means
that more or less deformed ice had smaller or larger fluc-
tuations within the ice core sample. These small-scale and
large-scale variations are likely to be related and, in the fol-
lowing section, we investigate the cause of variations in the
cluster strength of c-axes.

4.1.3 Comparison of Ae with physicochemical
properties in the DF ice core

To address the questions raised in Sect. 4.1, we attempted to
establish correlations between the detrended Ae¢ values and
impurities and crystal grain size data acquired for the DF1
ice core. These factors could possibly affect the behavior of
deformation (e.g., Paterson, 1991; Cuffey et al., 2000; Cuf-
fey and Paterson, 2010; Fujita et al., 2014, 2016; Saruya et
al., 2019). It is known that glacial ice includes many soluble
impurities as well as dust particles. Furthermore, glacial ice
exhibits finer grains and more rapid deformation (i.e., a large
value of the flow-enhancement factor) in comparison with
interglacial ice (e.g., Paterson, 1991). However, the direct in-
fluence of these factors on COF development is unclear.

4.1.4 Relationship to soluble impurities and dust
particles

Figure 10 plots the detrended Ae¢ data, the corresponding
SD values, 8130, grain size, concentrations of soluble im-
purities (CI™, SOi_ and Ca2+), concentrations of HCI and
NaCl, concentrations of sulfate salts and concentration of
dust particles along the DF1 ice core. Note that the soluble
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Figure 9. Comparison of the SD values of Ae data determined at intervals of approximately 0.5 m along the core sample, using approx-
imately 23 data points for each interval (blue line) and detrended Ae data defined as deviations from the third-order-fitting to the data in
Fig. 4a (red lines) (smoothed over 10 m intervals). Note that the y axis for the detrended Ae¢ has been inverted.

impurities, HCI, NaCl, sulfate salt, dust particle and grain
size data are taken from the literature (Goto-Azuma et al.,
2019; Tizuka et al., 2012; Dome Fuji Ice Core Project Mem-
bers, 2017; Azuma et al., 2000, respectively). As stated in
Sect. 3.2, significant decreases in the Ae values are appar-
ent at approximately 130, 210 and 245 kyrs BP, during which
the detrended Ae¢ values can be as low as —0.0035. The peri-
ods corresponding to these large depressions (along with an-
other period around 10 kyrs BP) are indicated by gray shad-
ing. Within these time spans, we can observe correlations
between the large depressions in the detrended Ae plot and
lower concentrations of soluble impurities, larger grain sizes
and low concentrations of dust. These regions correspond
to the termination I/MIS1 (AI), termination II/MIS5e (AII),
termination III/MIS7e (AIIl) and MIS7abc (A7) transition
periods. We hereinafter refer to this type of relationship as
type A. Note that the labels in Fig. 10 indicate the termi-
nation or MIS stage in each case. In addition to these large
depressions, smaller decreases in the detrended Ae values
that occur in conjunction with changes in the concentrations
of impurities at depths below 130kyrs BP are also apparent.
Within these periods, we can observe higher concentrations
of soluble impurities, smaller grain sizes and higher concen-
trations of dust, as indicated by the brown shading. This type
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of relationship is defined herein as type B (numbered in order
according to increasing depth in Fig. 10). Although periods
with higher concentrations of soluble impurities and dust par-
ticles are apparent at 15-35 and 60-70 kyrs BP (i.e., at shal-
lower depths), clear depressions in the detrended Ae values
(as seen at greater depths) do not appear. Thus, obvious cor-
relations between detrended Ae¢ values and these factors are
primarily restricted to greater depths. In the following sec-
tion, we discuss the causes of the variations in A¢ in both
the type A and B relationships, focusing on the influence of
soluble impurities and dust particles.

4.1.5 Effect of chloride ions

Various soluble impurities, including C1™, SO?[ and Ca%t
ions, have been examined in terms of their deformation en-
hancement effect (e.g., Nakamura and Jones, 1970; Horhold
et al., 2012; Freitag et al., 2013; Hammonds and Baker,
2018). However, the depth-dependent variations of Cl~,
SOﬁf and Ca?t ions are similar; therefore it is difficult
to identify the most important ion species from the time-
dependent profiles. The correlation coefficients between the
detrended Ag¢ values and the Cl—, SOi_ and Ca%t concen-
trations were determined to be 0.21, 0.16 and 0.21, respec-
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correlations between the large depressions in the detrended Ae values and lower concentrations of soluble impurities (defined as type A).
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tively (as estimated from data extracted at 5 m intervals be-
tween 130 and 2400 m, n = 455). However, to the best of our
knowledge, only CI™, F~ and NHZr ions have been shown to
modify the dislocation movement (including the dislocation
density) within the ice crystal lattice when substituted for
H>O molecules (Jones, 1967; Jones and Glen, 1969; Naka-
mura and Jones, 1970). Fujita et al. (2014, 2016) hypothe-
sized that layered deformation in firn results from a combi-
nation of the texture initially formed by seasonal variations
in metamorphism and the effects of ions such as CI~, F~
and NHI. The same group also attributed high correlations
between the concentration of Ca?t ions and deformation (re-
ported by Horhold et al., 2012; Freitag et al., 2013) to sea-
sonal synchronization with cycles of CI™, F~ and NHZ{ ions
and seasonal variations in metamorphism. Although data re-
garding C1~, SOZ_ and Ca** ions are included in Fig. 10e,
we suggest that only C1~ ions have the effect of softening
the ice, while SO?[ and Ca”* do not play any direct role in
terms of substitution for HoO molecules. Typically, the con-
centration of CI™ ions is much higher than those of F~ and
NHAF ions in Antarctic ice cores (e.g., Udisti et al., 2004),
and so the present study focuses on the concentration of C1~
ions. Dissolved and substituted C1™ ions can increase the dis-
location (point defect) density in ice and promote dislocation
movement, which in turn will result in active plastic deforma-
tion and c-axes clustering. Therefore, the type A relationship
could be explained by variations in the level of C1~ ions in
the ice. It should also be noted that the distribution of C1™
ions in firn and ice is readily homogenized by various dif-
fusion mechanisms taking place in the solid, liquid or vapor
phase (e.g., Barnes et al., 2003). In such cases, rather than the
development of layered, heterogeneous deformation, the C1~
ions would be expected to promote the homogeneous defor-
mation of the firn and ice (Fujita et al., 2016). This effect ex-
plains the aspect of the type A relationship in which limited
homogenization of the C1™ ion distribution causes inhomo-
geneous layer deformation. In warm periods, the SD values
associated with the Ae might be expected to increase because
the extent of homogeneous deformation is restricted as a con-
sequence of the low concentration of Cl~ ions. We further
note that the SD of the Ae¢ values indicating the degree of
fluctuation within each ice core sample (i.e., over distances
of less than 0.5 m) increased not only in association with the
type A relationships but also at many of the Antarctic iso-
tope maxima (AIM) events during glacial periods. Local de-
creases in the C1™ ion concentration (indicated by the vertical
dotted lines in Fig. 10) are also evident, suggesting that the
level of C1~ ions played an important role in determining the
amount of deformation and degree of homogeneity.

Within the type A regions, the depressions in the detrended
Ace on the glacial side (i.e., the older side) can be explained
by rapid decreases in the concentration of CI~ ions. How-
ever, the depression at the interglacial side (the younger side)
cannot be attributed to the same cause because the concentra-
tion of CI™ ions is slightly increased going toward the inter-
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glacial period. Therefore, the cause of the rapid development
of COF during interglacial periods remains unclear. Consid-
ering the effects of C1™ ions on dislocation movements, the
amount of HCI is more important than that of NaCl. HCl
can dissolve in ice while dissociating to release CI~ ions,
while NaCl will exist as solid particles. Therefore, the con-
centration of HCl is considered to be directly correlated with
the concentration of discharged Cl~ ions. The variations in
the HCl and NaCl concentrations over time are shown in
Fig. 10f. Watanabe et al. (2003) and lizuka et al. (2012) re-
ported the C1™ and NaCl concentrations in the DF ice core
over the most recent 300 kyrs, respectively, and we were able
to derive HCI concentrations from the differences between
the C1~ and NaCl concentrations. The correlation coeffi-
cients for the relationships between the detrended Agevalues
and the HCI and NaCl concentrations were found to be 0.31
and 0.11, respectively (as estimated from data extracted at
5m intervals between 130 and 2400 m, n = 455), showing
a weak correlation only between the detrended Ae and HCI1
concentration data. This result implies that the release of C1™~
ions by HCl is an important factor influencing the dislocation
movement and development of COF.

4.1.6 Effect of dust particles

The effect of dispersed particles on ice deformation has
been investigated by various laboratory experiments, al-
though conflicting results are reported with either softening
or hardening of the ice (Cuffey and Paterson, 2010). From the
present data, it is apparent that the decreases in the detrended
Aeg data at the regions associated with type B relationships
are associated with higher dust concentrations. On the basis
of this relationship, we suggest that dust particles tend to im-
pede COF clustering. The concentrations of CI™ ions were
also found to be high at the type B locations but even in such
situations, it appears that c axis clustering was restricted by
the presence of dust particles. Consequently, we propose that
the relative strength of COF clustering is mainly determined
by a balance between the levels of CI™ ions and dust parti-
cles. If the effects of C1™ ions (which include promoting dis-
location movement and increasing deformation) are stronger
than the effect of dust particles (which limits ¢ axis cluster-
ing), the degree of ¢ axis clustering could be enhanced. How-
ever, in the B1-B3 locations, the degree of ¢ axis clustering
was found to be less than in adjacent layers even though the
C1™ ion concentrations were quite high. Therefore, the re-
duced c axis clustering brought about by the dust particles
was evidently more powerful than the deformation enhance-
ment resulting from the CI~ ions.

We suggest two possible reasons for reduced c axis clus-
tering: (i) restricted deformation due to the dislocation inhi-
bition effect of dust particles and (ii) the various mechanisms
that contribute to deformation (other than dislocation creep).

In the first case, if the deformation of an ice sheet proceeds
solely via dislocation creep, weak c axis clustering indicates
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that the degree of deformation must be impeded by dust parti-
cles. The hardening of artificial polycrystalline ice following
the addition of high concentrations of sand particles was re-
ported by Hooke et al. (1972), who suggested that sand parti-
cles surrounded by tangled networks of dislocations impeded
dislocation movement. This effect could restrict both defor-
mation and c axis clustering. In the second case, deformation
mechanisms other than dislocation creep could contribute to
deformation, with smaller crystal grains in type B relation-
ships being a potential cause of reduced COF clustering. In
one example, Azuma et al. (2000) proposed that the weak-
ening of ¢ axis clustering is caused by the contribution of
diffusional creep that does not contribute to the ¢ axis rota-
tion. According to Azuma’s group, the contribution of dif-
fusional creep at depths having finer grains significantly in-
creases in the DF ice core. The ice sheet conditions (i.e., the
pressure and temperature) in Antarctica are situated within
a boundary zone between dislocation and diffusional creep
on the deformation mechanism map (e.g., Shoji and Higashi,
1978; Goodman et al., 1981; Duval et al., 1983). Therefore,
the contribution of diffusional creep might be significant at
depths with smaller grains. In this case, a weakening of ¢ axis
clustering does not necessarily indicate a restriction of the
extent of deformation. In this study, we are not able to re-
solve the possible effects of grain size and the presence or
absence of diffusional creep. Although periods with higher
concentrations of dust particles are evident around 25 and
65 kyrs BP, these regions are not associated with decreased
Ace values. Because the extent of deformation is minimal at
shallower depths, it is likely that the effect of dust particles
was not yet significant at these locations.

4.1.7 Influence of salt particles

Salt particles could also possibly affect COF development
and are known to exist in polar ice cores at volume frac-
tions much larger than those of dust particles (Ohno et al.,
2005). However, the amount of salt particles is not reflected
in the dust profile in DF1 (Fig. 10h). The time-based profiles
of the sulfate salt (NapSO4 and CaSO4) concentration data
obtained from lizuka et al. (2012) are shown in Fig. 10g. Al-
though the concentrations of salt particles in the DF1 ice core
were not determined, lizuka et al. (2012) estimated sulfate
salt concentrations using the relationship between ion bal-
ance and the chemical compounds found in salt inclusions
(Tizuka et al., 2008). The resulting plots of salt concentra-
tions over time are similar to the profiles of the CI™ ion and
dust particle concentrations. Salt particles might be expected
to act as solid particles and so could impede c axis clustering.
However, the formation of salt particles is associated with
the generation of HCI, which is likely to activate dislocation
movement (e.g., lizuka et al., 2012; Fujita et al., 2016). In
addition, sulfate acids can become salt particles by reacting
with dust particles (Ohno et al., 2006). If the salt particles
both impede and enhance deformation, their contribution to
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the degree of ¢ axis clustering could be determined by the
balance between these effects. The influence of salt particles
was not considered in previous studies; however, it might be
important to both deformation and COF development.

4.2 Growth of variation amplitude in Ae

The growth of the variation amplitude associated with the
Ace¢ fluctuations provides insights into the nature of the de-
formation process. In the case of the type A relationships,
the depressions in Ag are small within the Al region but
deeper at AIl, A7 and AIIl. These results demonstrate that
contrasting rheology was preserved all the way to deeper lay-
ers, so that the extent of clustering was weak compared with
the surrounding layers. An initial shear strain would be ex-
pected to promote further deformation of the COF, because
the ice would be softer due to a positive feedback mecha-
nism (Azuma, 1994). At very shallow depths, at which the
COF is almost random, the c-axes start to rotate toward the
compressional axis as deformation progresses. In this early
stage, the rotation of these c-axes in this manner increases
the density of slip planes close to the plane of maximum
shear stress (45° from the compressional axis). This defor-
mation enhancement is temporarily higher than that of the
initial random fabric, such that the initial deformation soft-
ens the ice in a positive feedback loop. In contrast, as the
fabric continues to develop, the ice becomes harder as these
c-axes rotate closer to the compressional axis. In the case of
the majority of the crystal grains, the slip planes will tend
to rotate away from the plane of maximum shear stress and
so the ice will become progressively harder in a negative
feedback loop. However, we note that the present rheology
contrasts were not caused by positive feedback of the rhe-
ology due to the COF. In the case of vertical compression
such as occurs at DF, the COF-based enhancement factor in-
creases slightly during the very initial stage of deformation,
after which the enhancement factor monotonically decreases
(Azuma, 1994). The positive detrended Ae values indicat-
ing enhanced c axis clustering are attributed to restrictions
of dislocation movement with increased deformation due to
the work hardening resulting from dislocation pile-up. There-
fore, excessive deformation and ¢ axis clustering is limited
even in layers with high levels of C1~ ions. In contrast to the
type A relationships, the depressions associated with type B
relationships are minimal regardless of the depth or age, sug-
gesting the absence of feedback mechanisms in the case in
which the DF is subjected primarily to vertical compression.

4.3 [Initial conditions in microstructures

At the point of bubble close-off, where the transition from
firn to ice occurs (approximately 100 m in depth), Ae is al-
ready about 0.008, which is approximately 25 % of the value
for a single ice crystal (Saruya et al., 2022). In fact, Aevalues
of this magnitude have also been observed at the base of the
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firn (i.e., at the top of the bubble-containing ice; Fujita et al.,
2009, 2014, 2016). At this depth in DF, there is almost no
contribution of the dielectric polarization effect due to the
vertical elongation of pore spaces and the ice matrix (Fu-
jita et al., 2009). X-ray diffraction analyses of the DF firn
have also demonstrated that the COF c-axes tend to clus-
ter around the vertical direction or become inclined near this
bubble close-off horizon depending on the sample (Fujita et
al., 2009). More recently, similar results showing a stacked
layer COF pattern were reported in snow within a 2 m deep
pit at a plateau site in East Antarctica (Calonne et al., 2017).
Going from the top to the bottom of the firn, a sequence ex-
hibiting typical deformation phenomena was observed (Fu-
jita et al., 2016), with variations in density, impurity concen-
tration and dielectric properties as well as in the correlations
between these parameters (see Table 7 in Fujita et al., 2016).
It is therefore likely that Ae at a depth of approximately
100 m represents a superposition of the initial COF caused
through metamorphism at the near-surface depth and subse-
quent metamorphism and deformation of the firn. This initial
phenomenon is likely to be greatly affected by the presence
of C1™ ions and dust particles because vertical deformation of
the ice is dominant in firn. Because C1~ ions have the greatest
effect on the densification of firn (Fujita et al., 2016), we sug-
gest that these ions are among the main factors determining
the depth of the transition from firn to bubble-containing ice,
known as the lock-in depth (LID). It is also likely that the Ae
values along deep ice cores are valuable indicators that can
be used to determine the timescale of the LID in detail. In
addition, these Aevalues will be directly correlated with the
vertical thinning of each layer and so can be extremely useful
as a means of refining ice core dating models and providing
constraints on strain values. Because both the LID and verti-
cal thinning are related to the strain rate enhancement caused
by the COF, the presence of C1™ ions and the temperature of
the ice, it is apparent that the variations in the LID over time
and the cumulative vertical thinning in each layer should be
closely related. This possibility should be examined in future
studies.

4.4 Implications for the deformation regime in ice
sheets

The evolution of the COF clustering strength was investi-
gated herein based on variations in Ae. On this basis, we
suggest that the five questions posed in Sect. 4.1 can be an-
swered as follows.

i. The factors determining the time-dependent and depth-
dependent variations of COF clustering are the initial
microstructural conditions that occur at near-surface
depths, the degree of deformation within the firn,
the levels of ionic impurities that promote dislocation
movement throughout the deformation processes and
the amount of dust particles that tend to impede cluster-
ing. Because vertical compression is a major component
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of deformation, the positive and negative feedback ef-
fects of deformation enhancement associated with COF
evolution will not play a major role other than to pro-
vide weak positive feedback during the very initial stage
of deformation and weak negative feedback in the later
stage of deformation (Azuma, 1994).

The large decreases in Ae seen within specific depth
ranges are attributed to C1™ ions and dust particles, both
of which primarily increase the amplitude of the Ae
fluctuations within distances on the order of 10-10%> m
with increasing depth. Considering the effects of CI™
ions in terms of promoting dislocation movement, the
amount of HCI is more important to COF development
than that of NaCl. Many, if not all of the A¢ fluctua-
tions below 1200 m can be explained by these effects.
However, we also observed fluctuations that cannot be
explained by the concentrations of C1~ ions or dust par-
ticles alone. In particular, the causes of COF fluctua-
tion at shallower depths (corresponding to the glacial
period between Al and AIl, see Fig. 10) are still un-
clear, and so further investigation of other factors de-
termining COF development is required. The F~ and
NHI ions are potential additional candidates. Although
we have no data concerning the F~ and NH;L'r concen-
trations within the DF ice core, these ions have been
shown to modify dislocation movement in ice in labora-
tory experiments and in polar ice sheets. The effects of
salt particles on COF development should also be clar-
ified. Salt particles could potentially act as solid parti-
cles to impede c axis clustering, while the formation of
salt particles is closely associated with the generation of
HCI that can promote dislocation movement. Because
the volume fraction of salt particles is much larger than
that of dust particles, the former would be expected to
have a greater effect on microstructural evolution and
deformation.

It is also highly likely that the same factors listed above
were responsible for the increased SD values at greater
depths. It should additionally be noted that, in the case
of low C1~ ion concentrations, there were more signifi-
cant increases in SD.

The present work examined the COF within the up-
per 80 % of the DF ice core. It is highly probable that
the dome position migrated in the past (see Sect. 2.1).
Thus, the current profiles of layered COF fluctuations
will have direct implications regarding further defor-
mation. For example, we would expect to encounter
various stress or strain configurations resulting from
conditions near the base, such as ice flow, undulat-
ing bedrock topography and/or ice-thickness-dependent
partial melting (Dome Fuji Ice Core Project Members,
2017). Under such variable conditions, in addition to
the two major factors of Cl~ ions and dust particles,
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the layered COF fluctuations will have large effects in
terms of enhancing or impeding deformation. The less
clustered COF will be either softer or harder because
it contains a greater variety of crystal orientation (and
thus slip planes of hexagonal ice). Azuma and Goto-
Azuma (1996) discussed the deformation of ice sheets
with perturbed and layered clustering of single pole
COF and suggested the occurrence of heterogeneous
layered thinning leading to layer folding or boudinage.
In fact, layering disturbances and folding at the lower
regions of ice cores have been previously observed on
several occasions (e.g., Svensson et al., 2005; Faria et
al., 2010; Jansen et al., 2016). As an example, Jansen
et al. (2016) investigated small-scale disturbances at the
bottom part of the NEEM ice core based on numeri-
cal modeling and concluded that the folding structures
were initiated by the formation of bands in which the
lattice was tilted relative to the bulk COF. This con-
clusion is in agreement with a prior report by Azuma
and Goto-Azuma (1996). Although visual inspections
have not identified layering disturbances in the EDC
ice core, Durand et al. (2009) found significant fluctu-
ations in eigenvalues. This same group established that
there were no clear correlations between the fabric fluc-
tuations and climate or chemical composition. Below
a depth of 2846 m, very small grains (less than 1 mm
in size) appeared between larger grains, indicating the
onset of crystal nucleation. Although signs of migra-
tion recrystallization, such as interlocking grain bound-
aries, were not observed, their findings suggest the pos-
sibility of migration recrystallization at sufficiently high
temperatures. Thus, further and more detailed investi-
gations are required for a better understanding of the
COF development and deformation regime in the deeper
parts of the core. Currently, the retrieval of continuous
ice core records corresponding to ages of more than
1 Myrs is an important challenge in paleoclimatology
(see topic of this special issue). Identifying suitable sites
for the drilling of very old ice will require knowledge of
the subglacial topography and englacial layering. Radar
sounding is a powerful means of observing and can ev-
idently detect enhanced COF layering at deeper layers
(see Fig. 7 in this paper and Fujita et al., 1999, 2000).
When identifying candidate sites using ice sounding
radar, it will be important to distinguish between sta-
ble layering and heterogeneous thickness layers. Specif-
ically, the presence of layers with heterogeneous thick-
ness could indicate initiation of anomalous strain and
thus layer disturbances.

v. Finally, we suggest an important implication obtained
from this study. Layered sequences of ice core signals
resulting from CI™ and dust particles are commonly ob-
tained from inland ice core sites over the entire widths
of the Antarctic ice sheet with minor local variations.

https://doi.org/10.5194/tc-16-2985-2022

2999

Because both C1™ and dust particles are primary factors
controlling the development of COF (as demonstrated
by this study), the COF layering profiles established by
these factors should be similar in many ice core sites
located in inland of the Antarctic ice sheet. Profiles of
COF layering should be similar not only at ice core
sites but also over much wider areas of the ice sheet
having common sequences of both ClI™ and dust parti-
cles. Indeed, in Fig. 8, the variations in agz) eigenvalues
over time in the DF2 ice core (this study) and the EDC
ice core are seen to be similar even though these two
sites are approximately 2000 km apart in East Antarc-
tica. This is the first example of common features of
COF variations within two very remote ice cores and
is thus an important finding. Because radar data can be
used to detect COF layering, it should be possible to
compare deep COF layers across very wide areas of ice
sheets, and such analyses should be performed at other
locations.

5 Conclusions

With the aim of obtaining a better understanding of the de-
formation regime in ice sheets, we assessed the viability of
using dielectric anisotropy, Ae, as a new indicator of crys-
tal orientation fabric (COF) using ice core samples taken
from Dome Fuji in East Antarctica. This method is a useful
means of determining the degree of COF vertical clustering
resulting from vertical compressional strain at the dome. The
present investigation covered the upper 80 % of the entire
dome thickness, from depths of 100-2400 m, representing an
ice cover to an age of approximately 300 kyrs BP. Examining
thick 1 m long ice core specimens acquired at 5 m intervals,
this study was able to generate high-resolution COF data.
Compared with existing thin-section-based methods, the new
method described herein provided information with greatly
improved statistical significance. The major findings of the
present study can be summarized as follows.

The data establish that the overall trend of the Ae values
was to increase with increasing depth and also show that Ae
fluctuated over distance scales in the range of 10—10? m. This
general pattern in which the values increase is consistent with
previous findings that the c-axes of ice crystals concentrate
toward the core axis due to grain rotation caused by uniaxial
compression. In addition, we discovered large depressions in
Ae during three major transition periods from glacial to in-
terglacial (termination I/MIS1, termination II/MIS5e, termi-
nation III/MIS7e) as well as the MIS7abc event. These re-
sults indicate that deformation variations occurred in a con-
tinuous manner from the near-surface to deeper layers. More-
over, fluctuations in Ae over distances of less than 0.5 m, as
reflected by SD values, were inversely correlated with Ae at
depths greater than 1200 m, meaning that such fluctuations
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were enhanced during the glacial-interglacial transition peri-
ods.

A positive correlation between Ae and the concentration
of CI™ ions along with a negative correlation with the con-
centration of dust particles in the ice core were also estab-
lished in those regions associated with significant decreases
in Ae. Based on these results, we propose that there are sev-
eral factors that may potentially affect COF clustering with
changes in time and depth. These include the initial COF that
is formed by metamorphism at near-surface depths as well as
ionic impurities, such as Cl~ ions, and dust particles. CI~
ions released from HCl are known to increase the dislocation
density and to promote dislocation movement throughout the
deformation process, while dense concentrations of dust par-
ticles may impede COF clustering. An additional factor is
the difference between the amounts of C1~ ions and dust par-
ticles. These parameters mainly determine the amplitude of
the variations in A over distances on the order of 10-10? m
and are also responsible for the increase in the SD of the Ae
values with increasing depth.

The present data also have important implications con-
cerning the deformation and flow of ice sheets, as discussed
in point (iv) of Sect. 4.4. We suggest that the COF struc-
ture (and thus the deformation structure) of polar ice sheets
should be evaluated by focusing on the presence of impuri-
ties, the density of dust particles and COF layering as well
as changes in these factors. Importantly, the present study
demonstrated small perturbations of COF clustering in the
ice sheet, showing growth of the COF contrast amplitude at
deeper layers. In addition, it should be emphasized that lay-
ered sequences of ice core signals related to CI~ and dust
particles were common at inland ice core sites within the
wide Antarctic ice sheet. Because both C1~ and dust particles
are among the major factors determining the development of
COF, profiles of COF layering established by these factors
toward very deep depths should be similar within many ice
core sites located in the inland regions of the Antarctic ice
sheet and even in wider areas of the ice sheet having similar
sequences of both CI™ and dust particles.

It should also be noted that VHF/UHF radar sounding is
a useful technique that provides information concerning per-
mittivity contrast (and thus COF contrast) within the deep
interior of polar ice sheets, and such analyses should be ex-
amined further in the future. Importantly, when searching for
sites suitable for obtaining core samples of very old ice, we
must be careful to avoid layers with heterogeneous thick-
nesses within the lowest approximately 20 % of the ice sheet,
as determined by ice sounding radar, because the presence
of heterogeneous thicknesses indicates the initiation of dis-
turbances in layered structures due to effective horizontal
strains.

The Cryosphere, 16, 2985-3003, 2022

T. Saruya et al.: Development of crystal orientation fabric in the Dome Fuji ice core

Data availability. The dielectric anisotropy data are available
at the NIPR ADS data repository (https://ads.nipr.ac.jp/dataset/
A20220621-001, Saruya and Fujita, 2022).

Author contributions. We list author contributions using a standard
called CrediT (Ghan et al., 2016) to achieve greater clarity in con-
tributions of all authors. TS: conceptualization, methodology, vali-
dation, formal analysis, investigation, data curation, writing original
draft, visualization. SF: conceptualization, methodology, validation,
formal analysis, investigation, writing original draft, supervision,
project administration, funding acquisition. YI, AM, HO, AH and
WS: writing review and editing. MH and KGA: methodology, vali-
dation, investigation, writing review and editing.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Special issue statement. This article is part of the special issue
“Oldest Ice: finding and interpreting climate proxies in ice older
than 700 000 years (TC/CP/ESSD inter-journal SI)”. It is not asso-
ciated with a conference.

Acknowledgements. We thank the handling editor Kaitlin Keegan
and two anonymous reviewers for helpful comments and sugges-
tions. The authors are grateful to all the Dome Fuji Deep Ice Core
Project members who contributed to obtaining the ice core samples,
either through logistics, drilling or core processing. The main logis-
tics support was provided by the Japanese Antarctic Research Ex-
pedition (JARE), managed by the Ministry of Education, Culture,
Sports, Science and Technology (MEXT). We thank Ga¢l Durand
for providing eigenvalue data from the EDC ice core.

Financial support. This research has been supported by the Japan
Society for the Promotion of Science (grant no. 18H05294).

Review statement. This paper was edited by Kaitlin Keegan and re-
viewed by two anonymous referees.

References

Alley, R. B. and Woods, G. A.: Impurity influence on normal grain
growth in the GISP2 ice core, Greenland, J. Glaciol., 42, 255—
260, https://doi.org/10.3189/S0022143000004111, 1996.

Azuma, N.: A flow law for anisotropic ice and its applica-
tion to ice sheets, Earth Planet. Sc. Lett.,, 128, 601-614,
https://doi.org/10.1016/0012-821X(94)90173-2, 1994.

https://doi.org/10.5194/tc-16-2985-2022


https://ads.nipr.ac.jp/dataset/A20220621-001
https://ads.nipr.ac.jp/dataset/A20220621-001
https://doi.org/10.3189/S0022143000004111
https://doi.org/10.1016/0012-821X(94)90173-2

T. Saruya et al.: Development of crystal orientation fabric in the Dome Fuji ice core

Azuma, N. and Goto-Azuma K.: An anisotropic flow law for
ice-sheet ice and its implications, Ann. Glaciol., 23, 202-208,
https://doi.org/10.3189/S0260305500013458 1996.

Azuma, N., Wang, Y., Mori, K., Narita, H., Hondoh, T.,
Shoji, H., and Watanabe O.: Textures and fabrics in the
Dome F (Antarctica) ice core, Ann. Glaciol., 29, 163-168,
https://doi.org/10.3189/172756499781821148, 1999.

Azuma, N., Wang, Y., Yoshida, Y., Narita, H., Hondoh, T., Shoji,
H., and Watanabe, O.: Crystallographic analysis of the Dome
Fuji ice core, in: Physics of Ice Core Records, edited by: Hon-
doh, T., Hokkaido University Press, Sapporo, 45-61, http://hdl.
handle.net/2115/32461 (last access: 7 July 2022), 2000.

Bamber, J. L., Gomez-Dans, J. L., and Griggs, J. A.: Antarctic 1 km
Digital Elevation Model (DEM) from combined ERS-1 radar and
ICESat Laser satellite altimetry, in: National Snow and Ice Data
Center, Digital media, Boulder, Colorado, USA, NASA National
Snow and Ice Data Center Distributed Active Archive Center,
https://doi.org/10.5067/HOFQ1KLINEKM, 2009.

Barnes, P., Wolff, E., Mader, H., Udisti, R., Castellano, E. and
Rothlisberger, R.: Evolution of chemical peak shapes in the
Dome C, Antarctica, ice core, J. Geophys. Res., 108, 4126,
https://doi.org/10.1029/2002JD002538, 2003.

Bazin, L., Landais, A., Lemieux-Dudon, B., Toyé Mahamadou
Kele, H., Veres, D., Parrenin, F., Martinerie, P., Ritz, C., Capron,
E., Lipenkov, V., Loutre, M.F,, Raynaud, D., Vinther, B., Svens-
son, A., Rasmussen, S. O., Severi, M., Blunier, T., Leuenberger,
M., Fischer, H., Masson-Delmotte, V., Chappellaz, J., and Wolff,
E.: An optimized multi-proxy, multi-site Antarctic ice and gas or-
bital chronology (AICC2012): 120-800 ka, Clim. Past, 9, 1715—
1731, https://doi.org/10.5194/cp-9-1715-2013, 2013.

Calonne, N., Montagnat, M., Matzl, M., and Schneebeli, M.: The
layered evolution of fabric and microstructure of snow at Point
Barnola, Central East Antarctica, Earth Planet Sc. Lett., 460,
293-301, https://doi.org/10.1016/j.epsl.2016.11.041, 2017.

Cuffey, K., Thorsteinsson T., and Waddington, E.: A re-
newed argument for crystal size control of ice sheet
strain rates, J. Geophys. Res., 105, 27889-27894,
https://doi.org/10.1029/2000JB900270, 2000.

Cuffey, K. M. and Paterson, W. S. B.: The Physics of Glaciers, 4th
edition, Elsevier, Amsterdam, Elsevier, ISBN 9780123694614,
2010.

Cullen, A. L.: Infrared and Millimeter Waves, in Millimeter-Wave
Open-Resonator Techniques, Academic Press, New York, 233—
280, Academic Press, ISBN 0-12-147710-X, 1983.

Dome Fuji Ice Core Project Members: State dependence of cli-
matic instability over the past 720,000 years from Antarc-
tic ice cores and climate modeling, Sci. Adv., 3, e1600446,
https://doi.org/10.1126/sciadv.1600446, 2017.

Durand, G., Weiss, J., Lipenkov, V., Barnola, J., Krinner, G., Par-
renin, F., Delmonte, B., Ritz, C., Duval, P., and Roéthlisberger,
R.: Effect of impurities on grain growth in cold ice sheets, J. Geo-
phys. Res., 111, FO1015, https://doi.org/10.1029/2005JF000320,
2006.

Durand, G., Gillet-Chaulet, F., Svensson, A., Gagliardini, O.,
Kipfstuhl, S., Meyssonnier, J., Parrenin, F., Duval, P, and
Dahl-Jensen, D.: Change in ice rheology during climate
variations—implications for ice flow modelling and dating
of the EPICA Dome C core, Clim. Past, 3, 155-167,
https://doi.org/10.5194/cp-3-155-2007, 2007.

https://doi.org/10.5194/tc-16-2985-2022

3001

Durand, G., Svensson, A., Persson, A., Gagliardini, O., Gillet-
Chaulet, F., Sjolte, J., Montagnat, M., and Dahl-Jensen, D.: Evo-
lution of the texture along the EPICA Dome C ice core, in:
Physics of Ice Core Records 11, edited by: Hondoh, T., Hokkaido
University Press, Sapporo, 91-105, http://hdl.handle.net/2115/
45436 (last access: 7 July 2022), 2009.

Duval, P., Ashby, M. F., and Anderman, I.: Rate-controlling pro-
cesses in the creep of polycrystalline ice, J. Phys. Chem., 87,
4066-4074, https://doi.org/10.1021/j100244a014, 1983.

EPICA  Community Members: Eight glacial
from an Antarctic ice core, Nature, 429,
https://doi.org/10.1038/nature02599, 2004.

Faria, S. H., Freitag, J., and Kipfstuhl, S.: Polar ice structure and the
integrity of ice-core paleoclimate records, Quaternary Sci. Rev.,
29, 338-351, https://doi.org/10.1016/j.quascirev.2009.10.016,
2010.

cycles
623-628,

Freitag, J., Kipfstuhl, S., Laepple, T., and Wilhelms,
F.: Impurity-controlled densification: a new model
for stratified polar firn, J. Glaciol., 59, 1163-1169,

https://doi.org/10.3189/2013J0G13J042, 2013.

Fujita, S. and Mae, S.: Causes and nature of ice-sheet radio-echo
internal reflections estimated from the dielectric properties of ice,
Ann. Glaciol., 20, 80-86, https://doi.org/10.3189/1994A0G20-1-
80-86, 1994.

Fujita, S., Maeno, H., Uratsuka, S., Furukawa, T., Mae,
S., Fujii, Y., and Watanabe, O.: Nature of radio echo
layering in the Antarctic ice sheet detected by a two-
frequency experiment, J. Geophys. Res., 104, 13013-13024,
https://doi.org/10.1029/1999JB900034, 1999.

Fujita, S., Matsuoka, T., Ishida, T., Matsuoka, K., and Mae, S.:
A summary of the complex dielectric permittivity of ice in the
megahertz range and its applications for radar sounding of po-
lar ice sheets, in: Physics of Ice Core Records, edited by: Hon-
doh, T., Hokkaido University Press, Sapporo, 185-212, http:
//hdl.handle.net/2115/32469 (last access: 7 July 2022), 2000.

Fujita, S., Okuyama, J., Hori, A., and Hondoh, T.: Metamor-
phism of stratified firn at Dome Fuji, Antarctica: A mecha-
nism for local insolation modulation of gas transport condi-
tions during bubble close off, J. Geophys. Res., 114, F03023,
https://doi.org/10.1029/2008JF001143, 2009.

Fujita, S., Holmlund, P., Andersson, 1., Brown, 1., Enomoto, H.,
Fujii, Y., Fujita, K., Fukui, K., Furukawa, T., Hansson, M.,
Hara, K., Hoshina, Y., Igarashi, M., lizuka, Y., Imura, S., In-
gvander, S., Karlin, T., Motoyama, H., Nakazawa, F., Oerter,
H., Sjoberg, L. E., Sugiyama, S., Surdyk, S., Strom, J., Ue-
mura, R., and Wilhelms, F.: Spatial and temporal variability of
snow accumulation rate on the East Antarctic ice divide between
Dome Fuji and EPICA DML, The Cryosphere, 5, 1057-1081,
https://doi.org/10.5194/tc-5-1057-2011, 2011.

Fujita, S., Hirabayashi, M., Goto-Azuma, K., Dallmayr, R., Satow,
K., Zheng, J., and Dahl-Jensen, D.: Densification of layered firn
of the ice sheet at NEEM, Greenland, J. Glaciol., 60, 905-921,
https://doi.org/10.3189/2014J0G14J006, 2014.

Fujita, S., Goto-Azuma, K., Hirabayashi, M., Hori, A., lizuka, Y.,
Motizuki, Y., Motoyama H., and Takahashi, K.: Densification of
layered firn in the ice sheet at Dome Fuji, Antarctica, J. Glaciol.,
62, 103—-123, https://doi.org/10.1017/jog.2016.16, 2016.

Ghan, S., Crawford, J., Langematz, U., Leung, R., Li, Z.,
Russell, L., Steiner, A., and Zhang, C.: Author contribu-

The Cryosphere, 16, 2985-3003, 2022


https://doi.org/10.3189/S0260305500013458
https://doi.org/10.3189/172756499781821148
http://hdl.handle.net/2115/32461
http://hdl.handle.net/2115/32461
https://doi.org/10.5067/H0FQ1KL9NEKM
https://doi.org/10.1029/2002JD002538
https://doi.org/10.5194/cp-9-1715-2013
https://doi.org/10.1016/j.epsl.2016.11.041
https://doi.org/10.1029/2000JB900270
https://doi.org/10.1126/sciadv.1600446
https://doi.org/10.1029/2005JF000320
https://doi.org/10.5194/cp-3-155-2007
http://hdl.handle.net/2115/45436
http://hdl.handle.net/2115/45436
https://doi.org/10.1021/j100244a014
https://doi.org/10.1038/nature02599
https://doi.org/10.1016/j.quascirev.2009.10.016
https://doi.org/10.3189/2013JoG13J042
https://doi.org/10.3189/1994AoG20-1-80-86
https://doi.org/10.3189/1994AoG20-1-80-86
https://doi.org/10.1029/1999JB900034
http://hdl.handle.net/2115/32469
http://hdl.handle.net/2115/32469
https://doi.org/10.1029/2008JF001143
https://doi.org/10.5194/tc-5-1057-2011
https://doi.org/10.3189/2014JoG14J006
https://doi.org/10.1017/jog.2016.16

3002

tions can be clarified, J. Geophys. Res., 121, 8155-8155,
https://doi.org/10.1002/2016JD025417, 2016.

Goodman, D. J., Frost, H. J., and Ashby, M. F.: The plas-
ticity of polycrystalline ice, Philos. Mag., 43, 665-695,
https://doi.org/10.1080/01418618108240401, 1981.

Goto-Azuma, K., Hirabayashi, M., Motoyama, H., Miyake, T., Ku-
ramoto, T., Uemura, R., Igarashi, M., lizuka, Y., Sakurai, T,
and Horikawa, S.: Reduced marine phytoplankton sulphur emis-
sions in the Southern Ocean during the past seven glacials, Nat.
Commun., 10, 1-7, https://doi.org/10.1038/s41467-019-11128-
6,2019.

Gow, A. J., Meese, D. A., Alley, R. B., Fitzpatrick, J. J., Anan-
dakrishnan, S., Woods, G. A., and Elder, B. C.: Physical
and structural properties of the Greenland Ice Sheet Project
2 ice core: A review, J. Geophys. Res., 102, 26559-26575,
https://doi.org/10.1029/97JC00165, 1997.

Hammonds, K. and Baker, I.: The effects of H,SO4 on
the mechanical behavior and microstructural evolution
of polycrystalline ice, J. Geophys. Res., 123, 535-556,
https://doi.org/10.1002/2017JF004335, 2018.

Hargreaves, N. D..  The radio-frequency
gence of polar ice, J. Glaciol, 21,
https://doi.org/10.3189/S0022143000033499, 1978.

Hooke, R. L., Dahlin, B. B., and Kauper, M. T.: Creep of
ice containing dispersed fine sand, J. Glaciol., 11, 327-336,
https://doi.org/10.3189/S0022143000022309, 1972.

Horhold, M., Laepple, T., Freitag, J., Bigler, M., Fischer, H., and
and Kipfstuhl, S.: On the impact of impurities on the den-
sification of polar firn, Earth Planet. Sc. Lett., 325, 93-99,
https://doi.org/10.1016/j.epsl.2011.12.022, 2012.

lizuka, Y., Horikawa, S., Sakurai, T., Johnson, S., Dahl-
Jensen, D., Steffensen, J. P.,, and Hondoh, T.: A relation-
ship between ion balance and the chemical compounds of
salt inclusions found in the Greenland Ice Core Project
and Dome Fuji ice cores, J. Geophys. Res., 113, D07303,
https://doi.org/10.1029/2007JD009018, 2008.

lizuka, Y., Uemura, R., Motoyama, H., Suzuki, T., Miyake, T.,
Hirabayashi, M., and Hondoh, T.: Sulphate—climate coupling
over the past 300,000 years in inland Antarctica, Nature, 490,
81-84, https://doi.org/10.1038/nature11359, 2012.

Jansen, D., Llorens, M.-G., Westhoff, J., Steinbach, F., Kipfstuhl,
S., Bons, P. D., Griera, A., and Weikusat, I.: Small-scale distur-
bances in the stratigraphy of the NEEM ice core: observations
and numerical model simulations, The Cryosphere, 10, 359-370,
https://doi.org/10.5194/tc-10-359-2016, 2016.

Jones, S. J.: Softening of ice crystals by dissolved fluoride
ions, Phys. Lett. A, 25, 366-367, https://doi.org/10.1016/0375-
9601(67)90702-5, 1967.

Jones, R. G.: The measurement of dielectric anisotropy us-
ing a microwave open resonator, J. Phys. D, 9, 819-827,
https://doi.org/10.1088/0022-3727/9/5/015, 1976a.

Jones, R. G.: Precise dielectric measurements at 35GHz us-
ing an open microwave resonator, Proc. IEEE, 123, 285-290,
https://doi.org/10.1049/piee.1976.0067, 1976b.

Jones, S. and Glen, J.: The effect of dissolved impurities on the
mechanical properties of ice crystals, Philos. Mag., 19, 13-24,
https://doi.org/10.1080/14786436908217758, 1969.

Komiyama, B., Kiyokawa, M., and Matsui, T.: Open res-
onator for precision dielectric measurements in the 100 GHz

birefrin-
301-313,

The Cryosphere, 16, 2985-3003, 2022

T. Saruya et al.: Development of crystal orientation fabric in the Dome Fuji ice core

band, IEEE Trans. Microw. Theory Tech., 30, 1792-1796,
https://doi.org/10.1109/22.88556, 1991.

Montagnat, M., Azuma, N., Dahl-Jensen, D., Eichler, J., Fujita, S.,
Gillet-Chaulet, F., Kipfstuhl, S., Samyn, D., Svensson, A., and
Weikusat, I.: Fabric along the NEEM ice core, Greenland, and
comparison with GRIP and NGRIP ice cores, The Cryosphere,
8, 1129-1138. https://doi.org/10.5194/tc-8-1129-2014, 2014.

Motoyama, H.: The second deep ice coring project
at Dome Fuji, Antarctica, Sci. Dril., 5, 41-43,
https://doi.org/10.2204/iodp.sd.5.05.2007, 2007.

Nakamura, T. and Jones, S.: Softening effect of dissolved hydro-
gen chloride in ice crystals, Scripta Metall. Mater., 4, 123126,
https://doi.org/10.1016/0036-9748(70)90176-6, 1970.

Ohno, H., Igarashi, M., and Hondoh, T.: Salt inclusions in
polar ice core: Location and chemical form of water-
soluble impurities, Earth Planet. Sc. Lett.,, 232, 171-178,
https://doi.org/10.1016/j.epsl.2005.01.001, 2005.

Ohno, H., Igarashi, M., and Hondoh, T.: Characteristics of salt in-
clusions in polar ice from Dome Fuji, East Antarctica, Geophys.
Res. Lett., 33, L08501, https://doi.org/10.1029/2006GL025774,
2006.

Parrenin, F., Fujita, S., Abe-Ouchi, A., Kawamura, K., Masson-
Delmotte, V., Motoyama, H., Saito, F., Severi, M., Stenni, B., Ue-
mura, R., and Wolff, E. W.: Climate dependent contrast in surface
mass balance in East Antarctica over the past 216 ka, J. Glaciol.,
62, 1037-1048, https://doi.org/10.1017/jog.2016.85, 2016.

Paterson, W. S. B.: Why ice-age ice is sometimes “soft”,
Cold Reg. Sci. Tech., 20, 75-98, https://doi.org/10.1016/0165-
232X(91)90058-0, 1991.

Petrenko, V. F., and Whitworth, R. W.: Physics of Ice, Ox-
ford University Press, Oxford, Oxford University Press, ISBN
9780198518945, 1999.

Saruya, T. and Fujita, S.: Dome Fuji, Antarctica Core
DF2 Dielectric Anisotropy Measurements, 1.00, Arc-
tic Data archive System (ADS) [data set], Japan,
https://ads.nipr.ac.jp/dataset/A20220621-001 (last access: 7
July 2022), https://doi.org/10.17592/001.2022062101, 2022.

Saruya, T., Nakajima, K., Takata, M., Homma, T., Azuma, N., and
Goto-Azuma, K.: Effects of microparticles on deformation and
microstructural evolution of fine-grained ice, J. Glaciol, 65, 531—
541, https://doi.org/10.1017/jog.2019.29, 2019.

Saruya, T., Fujita, S., and Inoue, R.: Dielectric anisotropy
as indicator of crystal orientation fabric in Dome Fuji ice
core: method and initial results, J. Glaciol., 68, 65-76,
https://doi.org/10.1017/jog.2021.73, 2022.

Shoji, H. and Higashi, A.: A deformation mechanism map
of ice, J. Glaciol.,, 85, 419-427, https://doi.org/10.3189-
/S002214300003358X, 1978.

Svensson, A., Nielsen, S. W., Kipfstuhl, S., Johnsen, S. J., Stef-
fensen, J. P., Bigler, M., Ruth, U., and Réthlisberger, R.: Visual
stratigraphy of the North Greenland Ice Core Project (North-
GRIP) ice core during the last glacial period, J. Geophys. Res.,
110, D02108, https://doi.org/10.1029/2004JD005134, 2005.

Thorsteinsson, T., Kipfstuhl, J., Eicken, H., Johnsen, S. J., and
Fuhrer, K.: Crystal size variations in Eemian-age ice from the
GRIP ice core, central Greenland, Earth Planet. Sc. Lett., 131,
381-394, https://doi.org/10.1016/0012-821X(95)00031-7, 1995.

https://doi.org/10.5194/tc-16-2985-2022


https://doi.org/10.1002/2016JD025417
https://doi.org/10.1080/01418618108240401
https://doi.org/10.1038/s41467-019-11128-6
https://doi.org/10.1038/s41467-019-11128-6
https://doi.org/10.1029/97JC00165
https://doi.org/10.1002/2017JF004335
https://doi.org/10.3189/S0022143000033499
https://doi.org/10.3189/S0022143000022309
https://doi.org/10.1016/j.epsl.2011.12.022
https://doi.org/10.1029/2007JD009018
https://doi.org/10.1038/nature11359
https://doi.org/10.5194/tc-10-359-2016
https://doi.org/10.1016/0375-9601(67)90702-5
https://doi.org/10.1016/0375-9601(67)90702-5
https://doi.org/10.1088/0022-3727/9/5/015
https://doi.org/10.1049/piee.1976.0067
https://doi.org/10.1080/14786436908217758
https://doi.org/10.1109/22.88556
https://doi.org/10.5194/tc-8-1129-2014
https://doi.org/10.2204/iodp.sd.5.05.2007
https://doi.org/10.1016/0036-9748(70)90176-6
https://doi.org/10.1016/j.epsl.2005.01.001
https://doi.org/10.1029/2006GL025774
https://doi.org/10.1017/jog.2016.85
https://doi.org/10.1016/0165-232X(91)90058-O
https://doi.org/10.1016/0165-232X(91)90058-O
https://ads.nipr.ac.jp/dataset/A20220621-001
https://doi.org/10.17592/001.2022062101
https://doi.org/10.1017/jog.2019.29
https://doi.org/10.1017/jog.2021.73
https://doi.org/10.1029/2004JD005134
https://doi.org/10.1016/0012-821X(95)00031-7

T. Saruya et al.: Development of crystal orientation fabric in the Dome Fuji ice core 3003

Thorsteinsson, T., Kipfstuhl, J., and Miller, H.: Textures and fab-
rics in the GRIP ice core, J. Geophys. Res., 102, 26583-26599,
https://doi.org/10.1029/97JC00161, 1997.

Tsutaki, S., Fujita, S., Kawamura, K., Abe-Ouchi, A., Fukui, K.,
Motoyama, H., Hoshina, Y., Nakazawa, F., Obase, T., Ohno,
H., Oyabu, L., Saito, F., Sugiura, K., and Suzuki, T.: High-
resolution subglacial topography around Dome Fuji, Antarctica,
based on ground-based radar surveys conducted over 30 years,
The Cryosphere, 16, 2967-2983, https://doi.org/10.5194/tc-16-
2967-2022, 2022.

Udisti, R., Becagli, S. Benassai, S., De Angelis, M., Hansson,
M. E., Jouzel, J., Schwander, J., Steffensen, J. P., Traversi,
R., and Wolff, E.: Sensitivity of chemical species to climatic
changes in the last 45 kyr as revealed by high-resolution Dome C
(East Antarctica) ice-core analysis, Ann. Glaciol., 39, 457466,
https://doi.org/10.3189/172756404781814096, 2004.

Wang, Y. and Azuma, N.: A new automatic ice-fabric analyzer
which uses image-analysis techniques, Ann. Glaciol., 29, 155-
162, https://doi.org/10.3189/172756499781821021, 1999.

Wang, Y., Kipfstuhl, S., Azuma, N., Thorsteinsson, T., and Miller,
H.: Ice-fabrics study in the upper 1500m of the Dome C
(East Antarctica) deep ice core, Ann. Glaciol., 37, 97-104,
https://doi.org/10.3189/172756403781816031, 2003.

https://doi.org/10.5194/tc-16-2985-2022

Watanabe, O., Kamiyama, K., Motoyama, H., Fujii, Y., Shoji,
H., and Satow K.: The paleoclimate record in the ice core at
Dome Fuji station, East Antarctica, Ann. Glaciol., 29, 176-178,
https://doi.org/10.3189/172756499781821553, 1999.

Watanabe, O., Kamiyama, K., Motoyama, H., Fujii, Y., Igarashi,
M., Furukawa, T., Goto-Azuma, K., Saito, T., Kanamori, S,
Kanamori, N., Yoshida, N., and Uemura, R.: General tendencies
of stable isotopes and major chemical constituents of the Dome
Fuji deep ice core, Mem. Natl. Inst. Polar Res., Spec. Issue, 57,
1-24, 2003.

Wilen, L., Diprinzio, C., Alley, R., and Azuma, N.: De-
velopment, principles, and applications of
ice fabric analyzers. Microsc. Res. Tech.,
https://doi.org/10.1002/jemt. 10380, 2003.

Wilson, C. J., Russell-Head, D. S., and Sim H. M.: The applica-
tion of an automated fabric analyzer system to the textural evolu-
tion of folded ice layers in shear zones, Ann. Glaciol., 37, 7-17,
https://doi.org/10.3189/172756403781815401, 2003.

automated
62, 2-18,

The Cryosphere, 16, 2985-3003, 2022


https://doi.org/10.1029/97JC00161
https://doi.org/10.5194/tc-16-2967-2022
https://doi.org/10.5194/tc-16-2967-2022
https://doi.org/10.3189/172756404781814096
https://doi.org/10.3189/172756499781821021
https://doi.org/10.3189/172756403781816031
https://doi.org/10.3189/172756499781821553
https://doi.org/10.1002/jemt.10380
https://doi.org/10.3189/172756403781815401

	Abstract
	Introduction
	Samples and methods
	Sample preparation
	Dielectric anisotropy measurements

	Results
	Continuous variations in 
	Depth-dependent variation in 
	Eigenvalues derived from 
	Comparison of the present data with DF1 and EDC ice cores 

	Discussion
	General trend in the variation of 
	Basic facts and questions
	Correlation between  and its standard deviation
	Comparison of  with physicochemical properties in the DF ice core
	Relationship to soluble impurities and dust particles 
	Effect of chloride ions 
	Effect of dust particles
	Influence of salt particles

	Growth of variation amplitude in 
	Initial conditions in microstructures
	Implications for the deformation regime in ice sheets

	Conclusions
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

