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Abstract: The study of the fabric and microstructure of ice at the shear margin of the Antarctic
ice sheet is of great significance for understanding the ice flow and its contributions to sea level
rise. In this study, twenty-three one-meter-long ice cores were drilled from blue ice areas at the
shear margin of the Dalk Glacier, Antarctica. The ice fabric and microstructure of these ice cores
are analyzed using a G50 fabric analyzer. This study shows that the shallow ice cores in this region
present a cluster fabric as a consequence of shear stress. The grain size decreases following the
direction of the ice flow towards the exposed bedrock at the end of the glacier, due to the blocking
and squeezing by the bedrock. The formation mechanism of the shallow ice layers is that the ice
from the original accumulation area flows here, lifted by the bedrock and shaped by the summer
ablation and denudation. The basal ice at the shear margin of the Dalk Glacier is strongly rubbed
by the bedrock and demonstrates a cluster fabric. The analysis of stable water isotopes shows a
weak negative correlation between shallow ice fabric and stable water isotopes with depth. Bedrock
topography and shear stress have a greater influence on grain microstructure among different ice
cores over long distances at shear margins.

Keywords: ice core; fabric; microstructure; glacial shear margin; Dalk Glacier

1. Introduction

The Antarctic and Greenland ice sheets are the most important contributors to sea
level rise this century as a result of global warming [1–3]. The Antarctic ice sheet is formed
by the accumulation of snow, which is transformed into firn and ice by a process called
densification. After this process, ice is anisotropic under the initial natural conditions.
During the process of ice sheet flow, large-scale anisotropy is formed in the ice, which is
called fabric (also described in the literature as ‘Crystallographic Preferred Orientation’,
‘lattice preferred orientation’, or ‘texture’) [4–7]. Ice sheet flow comprises internal deforma-
tion and external deformation, which is mainly the basal slip caused by gravity and tidal
forces [5,8,9]. Antarctic ice flow velocity is slow at the dome and fast at the shear margin.
The shear margin also accelerates the melting of the ice shelf [10]. The fabric and microstruc-
ture of natural ice change under the influence of deformation during its movement from the
dome to the margin of the ice sheet. This process comprises the formation and evolution of
fabric, changes in grain size, and the dynamic recrystallization of microstructures [5,11–14].

Currently, researches on the ice fabric of Antarctic ice cores mainly focus on deep ice
cores, such as the Vostok deep ice core, Dome C deep ice core, EDML deep ice core, and
Dome Fuji deep ice core [15–19]. An ice sheet moves more slowly at domes and ice divides,
where ice cores are less affected by ice flow. The flow of ice streams strongly affects the
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stability of the polar ice sheet [5,20–22]. The basal and lateral shear margins are the key
regions that affect the dynamics of glacier flow [23,24]. The subglacial bedrock and the
shear margin bedrock create drag forces at the interface with the glacier that impede the
movement of the ice flow, which has a strong influence on an ice flow and mass transport.
Especially in blue ice areas near the margin of the ice sheet, where the thickness of the ice
sheet is rapidly getting thinner, the bedrock has a greater effect on the microstructure of
the ice. In addition to the evolution of ice fabric, the bubbles trapped in ice also undergo
significant changes such as elongation, shearing, and fragmentation during the glacial
movement. The microscopic morphology and evolution of bubbles can be affected by the
ice grains, and in turn, impact the development of ice grains.

In laboratory experiments, the deformation process of pure polycrystalline ice under
shear forces simulates the fabric and microstructure of ice flow in the ice sheet margin
region [25–29]. Under natural conditions, the ice fabric development in the ice sheet margin
region is affected by temperature, impurity content, and structural heterogeneity, with
depth and spatial variations [30–33]. To date, few studies have directly studied fabric
from temperate and polar glacier margin regions [11,34–39]. In geophysical studies, ice
radar-sounding techniques are used to detect large-scale ice fabric in glaciers [22,40–47].
For mountain glaciers, a study on fabric and microstructures of ice could provide a micro
perspective for understanding the ice flow and predicting related disasters such as ice
avalanches [48]. Solar radiative transfer [49], synthetic aperture radar, and optical satellite
monitoring [50–52] are also sensitive to ice microstructures at different scales.

In this study, by using the G50 fabric analyzer [53], we analyzed the ice fabric and
microstructure of twenty-tree one-meter-long ice cores drilled from the shear margin of
the Dalk Glacier, Antarctica. In addition, the stable water isotopes were analyzed by a
Picarro L-2130i Water Isotope Analyzer. The depth and spatial variations of the fabrics,
microstructures, and stable water isotopes of ice cores in this shear margin were studied.
Then, the formation mechanism and the influence of the subglacial bedrock on the ice were
discussed. The results of this study can be used as a reference for comparisons between
field study and laboratory experiments and improving the ice flow models at the shear
margins of the ice sheet.

2. Materials and Methods
2.1. Sample Collection

The twenty-three 1 m-long shallow ice cores used in this study were drilled during
2019–2020 field season of 36th Chinese National Antarctic Research Expedition. The
sampling site, as shown in Figure 1, was selected from the fast-flow area at the margin of
the Dalk Glacier, East Antarctic. As seen in Figure 1, the ice flows in the direction from
inland toward the coast. Drill sites IC, IW, and OIW were selected based on the ice flow
direction. Ice cores numbered IC1 to IC7 were drilled in the direction of ice flow, from far to
near the exposed subglacial bedrock. Ice cores labeled IC were drilled vertically downward
from the glacier surface to a depth of 1 m. The IW and OIW ice cores were drilled from the
basal regions of the ice flow at two different locations, in a horizontal direction, drilled into
the ice ‘wall’. The IW ice cores consisted of five separate cores in the front of an exposed
bedrock. IW1 to IW3 are three cores from bottom to top at the same location, with adjacent
cores spaced 20 cm apart, while IW4 to IW6 are three cores from bottom to top at another
location, with adjacent cores spaced 20 cm apart. IW7 was a separate core from a third
location. Nine OIW ice cores were taken from another three locations in a similar way, as
shown in Figure 1. Detailed information about the basic information of the drill sites is
shown in Table 1.
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IW ice cores; (e) drill sites of OIW ice cores; (f) IW1-IW3; (g) IW4-IW6; (h) IW7; (i) OIW1-OIW3; (j) 

OIW4-OIW6; (k) OIW7-OIW9. 
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IC7 76°20′32.59″ 69°24′35.83″ 161 Vertical 

IW1-IW3 76°20′28.23″ 69°24′26.35″ 27 Horizontal 

IW4-IW6 76°20′29.43″ 69°24′25.50″ 20 Horizontal 

IW7 76°20′24.69″ 69°24′24.48″ 19 Horizontal 

OIW1-OIW3 76°20′46.72″ 69°24′29.55″ 155 Horizontal 

OIW4-OIW6 76°20′46.87″ 69°24′29.05″ 151 Horizontal 

OIW7-OIW9 76°20′45.39″ 69°24′28.23″ 152 Horizontal 

All ice cores were drilled using a portable hand-held gasoline drill. After the ice cores 

were drilled, basic information was measured and recorded in the field. Afterward, the 

ice cores were put into insulated foam boxes and shipped back to the Ice Laboratory of 

the Polar Research Institute of China in a low-temperature container; throughout this pro-

cess, the temperature of the ice was maintained at −20 °C. Unfortunately, we did not mark 

the relative direction between the cores and the ice flow when the ice cores were recovered 

in the field. It was no longer possible to determine the orientation information of the ice 

cores relative to the direction of ice flow. Furthermore, there were occasional breaks in the 

drilling process of each core, and the relative rotation angles of the upper and lower ice 

cores could not be identified since no mark was made at these breaks. 

2.2. Thin Sections Preparation and Fabric Analysis 

In the low-temperature laboratory at −20 °C, the ice cores were cut and subsampled 

using a band saw. The ice core samples were cut 1 cm thick and then made into thin sec-

tions by the microtome. The thin sections were glued to glass plates by dropping ultrapure 

Figure 1. Maps of the drilling sites. (a) Map of Antarctica; (b) map of Dalk Glacier region; (c) map
of the drill sites of the ice cores (the blue arrow represents the direction of ice flow); (d) drill sites
of IW ice cores; (e) drill sites of OIW ice cores; (f) IW1-IW3; (g) IW4-IW6; (h) IW7; (i) OIW1-OIW3;
(j) OIW4-OIW6; (k) OIW7-OIW9.

Table 1. Basic information of sampling sites.

Name Longitude (E) Latitude (S) Altitude (m) Drilling Direction

IC1 76◦20′17.78′ ′ 69◦24′54.68′ ′ 143 Vertical
IC2 76◦20′25.05′ ′ 69◦24′40.09′ ′ 139 Vertical
IC3 76◦20′25.03′ ′ 69◦24′39.85′ ′ 139 Vertical
IC4 76◦20′24.79′ ′ 69◦24′39.74′ ′ 143 Vertical
IC5 76◦20′31.89′ ′ 69◦24′33.59′ ′ 159 Vertical
IC6 76◦20′32.46′ ′ 69◦24′34.69′ ′ 161 Vertical
IC7 76◦20′32.59′ ′ 69◦24′35.83′ ′ 161 Vertical

IW1-IW3 76◦20′28.23′ ′ 69◦24′26.35′ ′ 27 Horizontal
IW4-IW6 76◦20′29.43′ ′ 69◦24′25.50′ ′ 20 Horizontal

IW7 76◦20′24.69′ ′ 69◦24′24.48′ ′ 19 Horizontal
OIW1-OIW3 76◦20′46.72′ ′ 69◦24′29.55′ ′ 155 Horizontal
OIW4-OIW6 76◦20′46.87′ ′ 69◦24′29.05′ ′ 151 Horizontal
OIW7-OIW9 76◦20′45.39′ ′ 69◦24′28.23′ ′ 152 Horizontal

All ice cores were drilled using a portable hand-held gasoline drill. After the ice cores
were drilled, basic information was measured and recorded in the field. Afterward, the ice
cores were put into insulated foam boxes and shipped back to the Ice Laboratory of the
Polar Research Institute of China in a low-temperature container; throughout this process,
the temperature of the ice was maintained at −20 ◦C. Unfortunately, we did not mark the
relative direction between the cores and the ice flow when the ice cores were recovered
in the field. It was no longer possible to determine the orientation information of the ice
cores relative to the direction of ice flow. Furthermore, there were occasional breaks in the
drilling process of each core, and the relative rotation angles of the upper and lower ice
cores could not be identified since no mark was made at these breaks.
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2.2. Thin Sections Preparation and Fabric Analysis

In the low-temperature laboratory at −20 ◦C, the ice cores were cut and subsampled
using a band saw. The ice core samples were cut 1 cm thick and then made into thin sections
by the microtome. The thin sections were glued to glass plates by dropping ultrapure water
at four corners or all around them. Thin sections of IC ice cores were continuously made
for the whole 1 m-long ice cores, and the direction was vertical to the surface (parallel to
the drilling direction). For IW and OIW ice cores, only one sample was taken from each
core for thin sections preparation since the rest of the cores were used for analysis of other
proxies, such as gas analysis. Both horizontal and vertical thin sections were made for IW7
and OIW6.

The length of the thin sections ranges from 3 to 10 cm depending on the actual
conditions of the ice samples. The thickness of thin sections was 200–400 µm. A total of
98 thin sections were made for all 23 ice cores for ice fabric and microstructure studies.
Afterward, the thin sections were scanned and analyzed using a G50 ice fabric analyzer to
obtain image data such as c-axes orientation maps and microstructure maps of the ice.

2.3. Stable Water Isotope Analysis

Stable water isotope analysis of the IC ice cores was performed by continuous sampling
of the whole ice cores. IW and OIW ice cores took only 1 sample per core for isotope analysis.
Ice samples for stable water isotope analysis were prepared during the process of making
thin sections. Each of the samples were approximately 5–10 g. Then, the samples were
melted in the ultra-clean laboratory. A total of 2 mL of the melted water samples were taken
into clean sampling bottles and analyzed using Picarro L-2130i Water Isotope Analyzer.

We used 1 set of standard samples for quality control. Six secondary standard samples
were prepared by mixing V-SMOW (absolute ratio 18O/16O = (2005.20 ± 0.43) × 10−6,
relative ratios δ18O = 0‰ and δD = 0‰) and V-SLAP (δ18O = −55.50‰ and δD = −428‰)
in different ratios, and three of them with corresponding δ18O were at −14.22‰, −19.88‰
and −27.53‰, respectively, and the corresponding δD was at −104.71‰, −148.62‰
and −208.63‰.

2.4. Image Data Processing Methods

The images obtained by the G50 fabric analyzer were used for grain and bubble
microstructure analysis using MorphoLibJ [54], a deep learning plugin in Fiji Image J [55]
software, and Trainable Weka Segmentation [56], a machine learning plugin in Fiji Image J
software. To reduce noises, bubbles with area less than 0.1 mm2 were removed. Incomplete
small ice grains at the cutting edges of thin sections were removed when calculating grain
sizes. The results of the grain and bubble analysis were also checked with the manually
counted number of grains and bubbles.

3. Results

A total of 98 thin section samples were analyzed in this study. In this section, the
results of six representative ice cores are presented in detailed figures. For IC1 and IC3
samples, the topmost and bottommost two samples of ice cores were selected, and IW5 and
OIW5 ice cores were selected from horizontally drilled ice cores at the basal regions. In
total, ten thin sections were chosen as typical samples, as shown from Figures 2–6. Data
from all other samples were also analyzed and presented in other figures and curves in
this paper.
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Figure 2. Microstructure maps of thin sections. (a) IC1-1; (b) IC1-2; (c) IC1-9; (d) IC1-10; (e) IC3-1;
(f) IC3-2; (g) IC3-12; (h) IC3-13; (i) IW5; (j) OIW5.

3.1. Microstructures of Ice Thin Sections

The microstructure maps of the selected 10 typical thin sections are shown in Figure 2.
As shown in the figure, the surrounding ice band is frozen pure water, which is used to fix
the thin section. The areas that show different colors are ice grains. The transparent parts
surrounded by ice grains are bubbles.

3.2. Ice Fabrics

The fabric data were analyzed using a G50 Fabric Investigator. The c-axis orientation of
each grain was determined by manually selecting each ice grain, and the c-axis orientation
histograms are shown in Figure 3a. The c-axis orientation data were plotted in polar
coordinates to obtain the kernel contour maps, as shown in Figure 3b. Figure 3c shows the
microstructure maps with colored orientations of each grain. Normally, when analyzing
the fabric of deep ice cores, samples will be selected at an interval of dozens of meters. In
this study, the IC1–IC7 ice cores were sampled continuously for fabric analysis. According
to the kernel contour maps of the ice fabric, ice is mainly presented as a cluster fabric, and
the clusters are usually 0◦ and 180◦. However, the samples in different layers show some
angular shift of cluster orientation.
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Figure 3. (a) The Schmidt diagrams (equatorial projections of c-axis orientations), each point repre-
sents the c-axis orientation of each grain; (b) the kernel contour maps of c-axis orientations of ice,
the density of c-axes represents the strength of the fabric; (c) the microstructure maps with colored
orientations of each grain, the legend of the map is shown in the color wheel at the top left of Figure 3.
The left side shows the basic information for each thin section, including sample number, depth (D),
and number of c-axis (N), one c-axis per grain.

3.3. Microstructure of Grains

Figure 4a shows the grain size frequency distributions. Grain circularity frequency
distributions are presented in Figure 4b. Grain ellipse elongation frequency distributions
are presented in Figure 4c. Circularity = 4π(A/P2), where A = area, P = perimeter, and 1.0
is a perfect circle.
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Figure 4. Grain frequency distribution diagrams. ‘D’ means depth, ‘N’ means number of grains.
(a) Frequency distributions of grain size (mm2); (b) frequency distributions of grain circularity;
(c) frequency distributions of grain ellipse elongation.

As shown in Figure 4a, the grain size distributions are skewed, with the majority of
grains plotting toward finer grain sizes and a tail extending toward larger grain sizes. As
shown in Figure 4c, grain ellipse elongation (dlong axis/dshort axis) plots are skewed toward
lower values, with some ratios extending toward values > 3. The averages of the grain axial
ratio in these samples range from 1.5 to 1.8.

3.4. Microstructure of Bubbles

In general, the large-area scanning macroscope (LASM) method is used to analyze the
properties of bubbles trapped in ice cores. In this study, the bubble characteristics were
analyzed by analyzing microscopic images of ice thin sections scanned by a G50 fabric
analyzer.

Bubble diameter frequency diagrams are skewed toward smaller bubble sizes. Most
bubbles have diameters <1 mm, except the very shallow ice samples of IC ice cores
(Figure 5a). Bubble circularity frequency diagrams are skewed to 1, with a small percentage
of bubbles <0.5 (Figure 5b). The axial ratio (dlong axis/dshort axis) of bubbles distributes on a
large scale, which means the bubbles have a more elongated shape characteristic.
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3.5. Shape-Preferred Orientations (SPOs) of Ice Grains and Bubbles

Shape-preferred orientations (SPOs) are defined as the major axis orientation of each
grain. In this study, the direction of the maximum Feret diameter is used to represent the
shape preference orientations. The diameter passing through the center of a grain in any
direction is called a Feret diameter. As shown in Figure 6, the angles of the maximum
Feret diameters of ice grains and bubbles in the selected ten representative thin sections are
plotted in the rose diagrams. Samples such as IW5 and OIW5 have a relatively strong grain
SPO at angles around 20◦ anti-clockwise of the c-axis maximums. The SPOs of IC ice cores
are at random angles compared with the direction of c-axis maximums.

3.6. Stable Water Isotopes of Ice

The variation trends of stable water isotopes (δ18O and δD) of ice cores are generally
consistent with atmospheric temperature changes. As a result, stable water isotopes are
often used as a proxy to indicate paleoclimate change. Meanwhile, stable water isotopes of
ice cores have been used to compare with the grain size of ice cores [39,57]. Based on the
global atmospheric precipitation line GMWL, excess deuterium (d-excess) can be defined
as d-excess = ∆d − 8 × δ18O [58]. The variations of stable isotopes of IC cores with depth
are plotted in Figure 7. The stable water isotopes fluctuate with depth.
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4. Discussion
4.1. Evolution and Spatial Variations of Ice Fabrics

The deformation-induced fabric has a deformation kinematic symmetry [59]. Most
of the IC thin sections show a cluster fabric with two c-axis maximum orientations. The
strength of the fabric is not obviously correlated with the variation in depth. The angle of
the c-axis maximum evolves with depth at an angle within 10◦ in most cases. Double cluster
fabrics have been observed in shear-dominated regimes where discontinuous dynamic
recrystallization is active, both in experimental deformation tests [26,29] and in natural
conditions [34,37,39]. Like what is shown in studies of Whillans [34], shear margin ice has
coarse grains, irregular grain boundaries, and double-maximum c-axes orientations, which
indicate that grain boundary migration is the dominant process. Meanwhile, force and
morphological analyses of the cluster fabric were also performed in the ice radar-sounding
study [60]. The fabric of basal ice shows one or two c-axis maximums and has a significant
difference between each ice core.

Although the fabric of ice cores is weak in many thin sections, there still exists an
evolution trend of ice fabric even within a small scale of 1 m depth. Therefore, in fabric
studies of deeper ice cores, especially in areas with fast ice flow velocity, there may be
potential uncertainties using ice samples at an interval of tens or hundreds of meters. As a
result, we should be more careful about the variations of ice fabric within a small depth
scale when explaining the fabric evolution mechanism. It is suggested that when studying
critical depth zones of deep ice cores, continuous thin section sampling of several meters
should be conducted to analyze the evolution of fabric.

4.2. Depth and Spatial Variations of Grain Size of IC Ice Cores

Figure 8a shows the variations of IC grain sizes with depth. As shown in Figure 8a,
the grain size of each ice core fluctuates with the increase in depth. Variations of averaged
grain sizes with the relative distances among different IC ice cores are shown in Figure 8b.
The averaged proxies of each IC ice core, including grain size, grain circularity, bubble size,
bubble circularity, porosity, bubble axial ratio, δ18O, and d-excess, are shown in Figure 8d.
From Figure 8d, it can be seen that the grain size of the seven IC ice cores shows a decreasing
trend. It is further shown in Figure 8b that the decreasing rate of grain size from IC2 to IC4
ice cores is relatively fast, and the decreasing rate of grain size from IC5 to IC7 ice cores
is relatively slow. The decreasing rates of grain size with distance are 0.71 mm2/m from
IC2 to IC4 and 0.16 mm2/m from IC5 to IC7. These two sets of ice cores correspond to two
different shear margin sites of exposed bedrock, and both decreasing rates of grain size are
faster than that from IC1 to IC2 (0.012 mm2/m).

Figure 8c shows a 3D-smooth projection of grain size to depth and ice flow (expressed
by the number of IC ice cores). The smoothing method is adjacent-averaging with a
smoothing parameter of 0.05 and a growth factor of 100. As shown in Figure 8c, the overall
trend of grain size decreases with the increase in depth. The overall trend of grain size
decreases as the ice cores get closer to the exposed bedrock. This result coincides with what
we find in Figure 8b. In summary, the subglacial topography has a significant influence on
the grain size in shallow glaciers at the shear margin.
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Figure 8. (a) Variations of IC grain sizes with depth; (b) variations of averaged grain sizes with the
relative distances among different IC ice cores; (c) 3D smooth surface projection of grain size (µm),
sample number and depth (cm). Grain size is the equivalent diameter corresponding to the grain
average area. Smoothing method is adjacent-averaging, smoothing parameter is 0.05, total growth
factor is 100; (d) averaged proxies of each IC core including grain size, grain circularity, bubble size,
bubble circularity, porosity, bubble axial ratio, δ18O, and d-excess.

4.3. Depth and Spatial Variations of Bubble Size of IC Ice Cores

During the process of densification, snow and firn transform into ice and trap the air
into bubbles. Blue ice areas at the margin of the ice sheet are usually in ablation zones,
and the surface layers of the glacier are denuded in the summer season [61]. Variations of
bubble size, circularity, axial ratio, and porosity with depth are shown in Figure 9. With the
increase in depth, the bubble size decreases, and the bubble circularity increases.

According to the bubble size data of IC ice cores shown in Figure 8, the bubble sizes of
IC1, IC3, and IC7 fluctuate around 2 mm2, while the bubble size of the IC2 ice core is much
larger than all the other six ice cores, up to 6.177 mm2. It is shown in Figure 9 that at the
shear margin of the Dalk Glacier, the bubbles become smaller and rounder, with increasing
depth from the surface to 1 m-depth ice layer.

It is worth noting that this study is based on 2D thin sections for bubble analysis,
which simplifies the 3D ice morphology. As a result, the original bubble characteristics in
the 3D world are simplified into 2D profiles.
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4.4. The Mechanism of the Formation of Shallow Bubble Tunnels

The bubble morphology of the IC ice cores shows that there are strip-shaped bubble
channels in the shallow ice. Moreover, compared with the IC1 sample, IC2–IC7 contains
more bubbles with larger bubble areas and longer bubble long-axis lengths. From the
microscopic images and bubble area statistics, it is clear that the bubble channels are mostly
distributed at the location of ice crystal boundaries. There are two possible reasons for
the formation of shallow bubble channels. Firstly, the temperature of the surface layer
of blue ice increases due to solar radiation in summer. Melting and denudation of the
topmost ice layers can occur, and the increase in surface temperature leads to the increase
in ice grain size, movement, and connection of bubbles. Even refreezing of the surface ice
occurs, leading to the formation of larger bubble channels. Secondly, as the glacier flows,
the deeper blue ice is lifted to the surface by the subglacial topography, the bubble size
increases to release pressure, and bubble channels form.

By comparing the studies on ice samples with melting and refreezing interference [36],
it shows that the grain sizes are larger if there is melting and refreezing. As shown in
Figure 8a, the grain sizes of the shallowest ice layers are not obviously larger than the
deeper layers. As a result, ablation but no refreezing happens to surface ice layers in this
region. In addition, microstructure and fabric studies of shear margin ice of the Taylor
Glacier [35] and the subsequent dating and studies on blue ice [62–65] show that blue ice
from deep layers of ice sheet flows towards the exposed bedrock and forms the Taylor
Glacier shear margin. It can be inferred that in this study, the blue ice layer flows from the
original accumulation area and is uplifted by the bedrock to the surface. In conclusion,
under the influence of ablation and bubble pressure release, the ice surface is denudated
and bubble channels form in shallow ice layers.
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4.5. Characteristics and Formation Mechanisms of Basal Ice Cores

As shown in Figure 10, the grain size of OIW ice cores is smaller than that of IW ice
cores, especially for OIW1–OIW6. This results from the different properties between the ice
layers since IW and OIW ice cores were drilled at two different sites according to Figure 1.
Combined with the fact that the grain circularity of OIW is also smaller than that of IW
ice cores, it can be concluded that OIW ice cores experience much more basal sliding and
the grains were sheared into small and elongated properties. Meanwhile, this finding also
coincides with the SPO properties. As shown in Figure 6, the SPOs of bubbles are in the
same direction with the SPOs of grains in OIW ice cores. It means that bubbles and grains
of OIW ice cores are stretched in the same direction by the shear stress conducted by the
bedrock during glacier movement. There is intense friction and shear stress between the
OIW basal ice and the bedrock. Since the ice cores are drilled horizontally, the grains and
bubbles are stretched in the direction of the ice flow.
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4.6. Correlations between Stable Water Isotopes and Grain Size 

In studies of deep ice cores, grain size correlates with stable water isotopes in some 

cases to reveal layer information, such as folded ice layers [57]. For shallow ice cores at 

shear margins, conditions are more complicated due to ice flow and the influence of bed-

rock. The correlation between the IC1–IC7 ice core stable water isotope δ18O and grain size 

with depth is shown in Figure 11. It can be seen from the figure that, except for IC7, the 

stable water isotope δ18O has a weak negative correlation trend with the grain size of the 

other six ice cores. In this study, the grain size and stable water isotope of the ice cores 

fluctuate with depth. The seasonal/interannual variations of the original accumulation re-

gion are still preserved after the ice migrated to the surface shear margin. As shown in 

Figure 8d, the stable isotope δ18O decreases from IC2 to IC7, which is in positive correla-

tion with the decrease in grain size, contrary to the findings in depth variations. Combined 

Figure 10. Grain and bubble characteristics of IW (I1-I7H) and OIW (O1–O9) ice cores. ‘H’ means
horizontal thin sections, which cut perpendicularly to the drilling direction.



Water 2023, 15, 728 17 of 21

4.6. Correlations between Stable Water Isotopes and Grain Size

In studies of deep ice cores, grain size correlates with stable water isotopes in some
cases to reveal layer information, such as folded ice layers [57]. For shallow ice cores
at shear margins, conditions are more complicated due to ice flow and the influence of
bedrock. The correlation between the IC1–IC7 ice core stable water isotope δ18O and grain
size with depth is shown in Figure 11. It can be seen from the figure that, except for IC7,
the stable water isotope δ18O has a weak negative correlation trend with the grain size of
the other six ice cores. In this study, the grain size and stable water isotope of the ice cores
fluctuate with depth. The seasonal/interannual variations of the original accumulation
region are still preserved after the ice migrated to the surface shear margin. As shown in
Figure 8d, the stable isotope δ18O decreases from IC2 to IC7, which is in positive correlation
with the decrease in grain size, contrary to the findings in depth variations. Combined
with the information we have found in the previous sections, it can be concluded that
bedrock topography and shear stress have a greater influence on grain size than stable
isotope δ18O among different ice cores over long distances. More studies are needed to
further investigate the correlation between ice fabric and chemical proxies.
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5. Conclusions

In this study, we investigated the fabric, microstructure, and stable water isotope of
ice cores from the shear margin of the Dalk Glacier, Antarctica. Based on the analysis and
comparison of the depth and spatial variations of these proxies, we evaluated the properties
and formation mechanisms of the ice layers in this region. The conclusions are as follows:

1. This study shows that the ice cores at the shear margin of the Dalk Glacier mostly
have a cluster fabric. There exist rotations of the c-axis maximum and fabric evolution in
the shallow ice layer at a depth of 1 m;

2. The formation mechanism of blue ice in this study region is that the ice from
the original accumulation area flows to these sites, then it is lifted to the surface by the
subglacial bedrock and shaped by the influence of summer ablation and denudation;

3. Spatial variations of ice grain size show that the grain size becomes smaller as the
ice cores get closer to the exposed bedrock. This means that the blocking and squeezing of
the bedrock topography have a significant influence on the ice microstructure;

4. The basal ice at the glacier shear margin was strongly affected by the intense
friction of the bedrock during the glacial movement. The basal ice mostly shows a cluster
fabric, with one or two c-axis maximums. Ice grains and bubbles have a very strong
shear-stretching characteristic in one of the basal sites;

5. With the increase in depth, the grain size of shallow ice cores has a weak negative
correlation with the stable water isotope. Bedrock topography and shear stress have a
greater influence on grain microstructure among different ice cores over long distances at
shear margins.

The conclusions of this paper can help understand the properties of shallow and basal
ice at the shear margins of the East Antarctic ice sheet and provide a reference for improving
the Antarctic ice flow model. Admittedly, there are limitations to this paper. The relative
directions between each ice sample and the ice flow were not well recorded when drilling
in the field. Studies on more proxies of deeper ice cores are needed in the future to better
understand the properties of blue ice at the shear margin of the Antarctic ice sheet.
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