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An in-depth examination of the rheology in the deep sections of polar ice sheets is crucial for understanding glacial flow. 16 

This study investigates the crystalline textural properties of a 3035-meter-long Antarctic deep ice core, drilled at an inland 17 

plateau dome, with a focus on the lowermost ~20%. Inland plateau domes provide a unique opportunity to study ice 18 

deformation processes with minimal influence from simple shear. We analyze the crystal orientation fabric of both c- and a-19 

axes, comparing them with various other properties measured from the ice core. To examine the distribution and texture of the 20 

c- and a-axes, we employed three methods: the dielectric tensor method (DTM) for bulk properties of thick sections, Laue X-21 

ray diffraction for detailed crystal grain orientations, and an automatic ice fabric analyzer for grain-by-grain analysis using 22 

thin sections. Microstructural observations were made using optical microscopy. DTM provided preferred c-axis orientations 23 

as eigenvalues with high sampling frequency, spatial resolution, and continuity, offering statistical significance. Laue X-ray 24 

diffraction clarified detailed preferred orientations of both c- and a-axes, while the automatic fabric analyzer tracked c-axis 25 

orientation variations among individual grains. Microstructural images revealed dynamic recrystallization. In the uppermost 26 

~80% thickness zone (UP80%), the clustering strength of single-pole c-axis fabric steadily increased, reaching a maximum at 27 

the bottom, driven primarily by vertical compression. Below 1800 m in the UP80%, layers with varying dusty impurities 28 

showed different rates of cluster strength growth, a pattern that persisted until 2650 m. In the lowermost ~20% zone (LO20%), 29 

the c-axis clustering strength trend changed around 2650 m, with substantial fluctuations below this depth. Impurity-rich layers 30 

maintained stronger clustering, while impurity-poor layers showed relaxation, likely due to the emergence of new grains with 31 

c-axis orientations offset from the existing cluster and migration recrystallization. These impurity-poor layers exhibited 32 

features of bulging and migrating grain boundaries, with a decrease in grain aspect ratio. Additionally, in such ice, the a-axis 33 
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organization progressed, displaying one or two sets of three preferred orientations within the a-axis girdle, orthogonal to the 34 

c-axis cluster, possibly due to crystal twinning. These findings confirm that dislocation creep is the primary deformation 35 

mechanism in polar ice sheets. In the LO20%, dynamic recrystallization plays a critical role, with more pronounced effects in 36 

impurity-poor layers than in impurity-rich layers, enabling the continuation of dislocation-creep-based deformation and 37 

forming a-axis organization within the a-axis girdle, particularly under higher temperatures closer to the bed. Additionally, c-38 

axis layers and cluster axes rotate meridionally due to rigid-body rotation from simple shear strain above subglacial slopes. 39 

Insights into these nonlinear, irreversible processes offer vital clues for understanding the 3D structure of polar ice sheets, 40 

leading to inhomogeneous deformation, the formation of folds, faults, and mixing between layers at various thickness scales. 41 

  42 
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 1. Introduction 43 

1.1 Modeling ice sheets: challenges and insights from crystals to continents 44 

The polar ice sheets are massive bodies of ice on Earth. With ongoing global warming, there is a deep concern about the 45 

trend of these ice sheets contributing to sea level rise (e.g., Church et al., 2013). Continuous improvement of reliable predictive 46 

models for this phenomenon is crucial. However, there are many key processes that govern the flow of ice sheets, making the 47 

modelling of these sheets complex. Although many essential processes exist, many are not included in modelling efforts due 48 

to insufficient understanding (e.g., Pattyn et al., 2008). Deciphering the dynamic layer structure within the ice sheet is one of 49 

the most critical challenges (e.g., Young et al., 2017). 50 

1.2 Crystal anisotropy and ice sheet dynamics  51 

The response of individual ice crystals to stress exhibits a pronounced anisotropy in deformation. Crystals readily undergo 52 

shearing along the slip systems within their basal planes, whereas shearing on alternate slip systems is significantly more 53 

difficult, nearly a hundredfold (e.g., Duval et al., 1983). The overall rate of deformation in a polycrystalline aggregate under 54 

stress is influenced by the orientation of its constituent crystals. If the crystals within an aggregate are randomly oriented, the 55 

material will behave isotropically; however, if the orientations of the crystals are not random, the material will show anisotropic 56 

behavior. The study of anisotropic ice deformation has been conducted historically. They were done through theoretical 57 

research (e.g., Alley, 1992; Azuma, 1995; Azuma and Goto-Azuma, 1996; Castelnau et al., 1996; Gödert and Hutter, 1998; 58 

Johnson, 1977), and through laboratory experiments (e.g., Duval, 1981; Duval and Le Gac, 1982; Shoji and Langway Jr., 1985; 59 

Pimienta et al., 1988; Budd and Jacka, 1989; Castelnau et al., 1998; Goldsby and Kohlstedt, 2001; Qi et al., 2019; Fan et al., 60 

2020). These laboratory-based studies are characterized by experimental setting of strain rate by more than several orders of 61 

magnitude, and under temperature close to melting point, typically between -20 and 0 ℃. Therefore, these laboratory-based 62 

knowledge can be a valuable reference mainly for such conditions. To better understand rheology of polar ice sheets, analyses 63 

of ice texture sampled from polar ice sheets play another essential role. Examples of Antarctic deep ice core include, Dome 64 

Fuji (hereinafter, DF) ice core (e.g., Azuma et al., 2000 and Saruya et al., 2022b), EPICA Dome C (hereinafter, EDC) ice core 65 

(e.g., Wang et al., 2003, Durand et al., 2007, 2009), Byrd ice core (Gow and Williamson, 1976) , EDML ice core (e.g., Weikusat 66 

et al., 2017), Mizuho Station ice core (Fujita et al., 1987; Higashi et al., 1988),  Talos Dome ice core (Montagnat et al., 2012), 67 

WAIS Divide ice core (Fitzpatrick et al., 2014) and South Pole (SPICE) ice core (Abbasi et al., 2024). Examples of Greenland 68 

ice sheet include GRIP ice core (Thorsteinsson et al., 1997), NEEM ice core (Montagnat et al., 2014), EGRIP ice core (Stoll 69 

et al., 2021a, 2022; Richards et al., 2023) and among others. In these studies, the influence of anisotropy on the movement of 70 

ice aggregates is so substantial that comprehending its impact on the expansive flow patterns of ice sheets is essential (e.g., 71 

Castelnau et al., 1998; Mangeney et al., 1997; Paterson, 1991; Russell-Head and Budd, 1979; Thorsteinsson et al., 1999). For 72 

instance, during the internal deformation of the ice sheet, the flow forms preferred orientations of crystal axes, at the same 73 



 

4 
 

time, the ice flow is modulated based on them. The ice flow is also modulated by the concentration of ionic species and 74 

microparticles, as well as disturbances or folds in the layer structure (e.g., Cuffey and Paterson, 2010, Durand et al., 2007, 75 

Saruya et al., 2022b). These factors can introduce either positive or negative feedback, modulating the flow characteristics of 76 

the ice sheet. Considering this complex nature of ice, we need a systematic understanding of the layered internal structure of 77 

polar ice sheets over space and time. An important method for understanding these is to conduct analysis of ice cores in terms 78 

of ice dynamics, which provides a “ground truth” perspective of the ice. 79 

1.3 Advantages of ice cores from dome regions in central plateau area of the ice sheets  80 

The ice in the dome summit regions of central plateau areas on ice sheets offers an opportunity for studying ice deformation 81 

processes. In these regions, conditions are relatively simplified because it can be presumed that they are least affected by 82 

simple shear deformation. This deformation is typically caused by surface slope and gravity. Because of this simplicity, dome 83 

regions in central area of the ice sheets are often chosen as ice core drilling sites for the purpose of exploring the history of 84 

past climate changes. At the same time, these sites are ideal for investigating how processes related to deformational progress 85 

(such as dislocation creep and recrystallization) develop in a relatively simplified stress-strain environment and under moderate 86 

temperature gradients. Among the drilling sites in Antarctica shown in Figure 1, we can presume that so far only DF and EDC 87 

sites meet this condition. In fact, in the case of inland domes, ice deforms mainly by compression along the vertical. This is 88 

confirmed by the preferred orientation of c-axes measured along cores drilled at these sites (as in references listed above), 89 

which exhibit a single pole distribution of the c-axes. Similarly, this has been confirmed in the Greenland ice sheet with the 90 

GRIP core (Thorsteinsson et al., 1997). We note that there are also local domes at the edge of the ice sheet plateau, for example, 91 

Talos Dome (Urbini et al., 2008). Such a dome is characterized by lower elevation (of 2318 m), location facing to the coast, 92 

with annual accumulation rate much larger than those of central plateau (by 3~4 times), and migration at least in the last few 93 

centuries. Such a dome has higher instability, and it is suitable to investigate impact of more shear in contrast to the domes in 94 

the central plateau area.  Evolution of preferred orientation of c-axes for the Talos Dome core was presented by Montagnat et 95 

al. (2012). 96 

1.4 Exploring deep ice rheology and crystal properties  97 

In ice sheets, the rheology in deep ice (deepmost several hundred meters) is complicated by geothermal effects and 98 

increased stresses from bedrock topography. So far, there have been limited reports on the crystal properties of ice near the 99 

bed at dome summits of central plateau of the ice sheets (e.g., Thorsteinsson et al., 1997; Durand et al., 2009, Faria et al., 100 

2014a, Ohno et al., 2016). The DF ice core was drilled on the Antarctic plateau (Figure 1). This location is at 77°19' S latitude 101 

and 39°42' E longitude, and 3,810 m above sea level. Annual surface mass balance (SMB) has ranged from approximately 24 102 

to 28 kg m−2 y−1 over the last 5000 years (Oyabu et al., 2023), and the annual mean surface air temperature is –54.4℃ 103 

(Yamanouchi et al., 2003). For the DF ice core, Ohno et al. (2016) revealed the air hydrates and water isotope composition of 104 



 

5 
 

the deepest 1% thickness (3000–3035 m). These properties were found to retain the basic layered structure of ice core signals 105 

except in the deepest few meters. However, the investigation did not include the crystalline textural properties. For the EDC 106 

core (Figure 1), Durand et al. (2009) investigated the c-axis orientations of ice down to the very deep parts, using thin sections 107 

of ice (40 × 110 mm in width and 0.4 mm in thickness) sampled at every 11 m depth.  108 

Deep ice is characterized by higher temperature, under which enhancement of molecular transport phenomena is an issue 109 

(e.g., Petrenko and Whitworth, 1999). The molecular transport phenomena include plastic deformation, the molecular diffusion 110 

process and recrystallization. Dynamic recrystallization within ice sheet has been widely investigated historically, as reviewed 111 

in papers or textbooks (e.g., Poirier 1985; Humphreys and Haterly 2004; Faria et al., 2014a, b) or individual papers (e.g., De 112 

La Chapelle et al. 1998; Weikusat et al. 2009, Kipfstuhl et al. 2009, Montagnat et al. 2012, 2014; Stoll et al., 2021a). Exploring 113 

deep ice rheology and crystal properties, dynamic recrystallization is one of main focuses in this paper. 114 

1.5 Advancing ice sheet dynamics: The development and role of crystal orientation fabric  115 

The crystal orientation fabric contains information of deformational history, grain growth and recrystallization (e.g., Cuffey 116 

and Paterson, 2010; Faria et al., 2014a, b). Saruya et al. (2022b) investigated the layer structures of the c-axis fabric in the 117 

uppermost (shallower) ~80% thickness zone (hereinafter, UP80%) of the DF ice core. They used thick sections of ice (ranging 118 

in thickness from 33 to 79 mm) employing the principle of the radio-wave birefringence to obtain information from a volume 119 

much larger than that of thin sections of ice in typical thickness of about 0.3–0.5 mm. The sampling volumes between the two 120 

methods (thick-section method and thin-section method) differ by around two orders of magnitude. Using the dielectric tensor 121 

method (hereinafter, DTM), they continuously measured “dielectric anisotropy” (denoted as Δε) along the ice cores with high 122 

resolution, involving ice volumes of cylinders measuring 16–38 mm in effective radio beam diameter and 33–79 mm in radio 123 

propagation thickness. This Δε is defined as the difference in relative permittivity along the vertical (denoted as εv) and in the 124 

horizontal plane (denoted as εh). Thus, Δε = εv – εh. Δε is an indicator of the clustering strength of c-axes. Δε is linearly compatible 125 

with the normalized eigenvalues of the second order tensor (Saruya et al., 2022a, b). The normalized eigenvalues are often 126 

used to express the degree of the c-axes clustering. Thus, continuous profiling with DTM is an innovative and powerful tool 127 

to directly measure the normalized eigenvalues for preferred orientation of c-axes with symmetry (such as single pole, girdle 128 

type or superposition of them). These authors found that Δε steadily increases with depth, showing fluctuations in the UP80%. 129 

In addition, significant decreases in Δε were found at depths of major glacial to interglacial transitions. These changes in Δε 130 

are explained as variations in the deformational history of the vertical compression. Moreover, fluctuations in Δε along 131 

neighboring depths were enhanced during the glacial/interglacial transitions. Furthermore, the Δε data exhibited a positive 132 

correlation with the concentration of chloride ions and an inverse correlation with the amount of dust particles. Since these 133 

factors originate from atmospheric deposition, Saruya et al. (2022b) proposed that the fluctuations in the clustering strength 134 

might be common across wide area of ice sheets. This hypothesis for the Dome Fuji core, in part, differs from an existing 135 

hypothesis for the EDC ice core given by Durand et al. (2007). That is, the changes in the clustering strength (which increase 136 
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sharply with depth) were associated with positive feedback between variations in ice viscosity and the impact of a shear stress 137 

component, also increasing with depth (Durand et al., 2007). A basic difference is that Saruya's hypothesis did not need to 138 

assume the presence of shear deformation as a prerequisite to explain the observed fluctuations of the clustering strength 139 

whereas Durand et al. (2007) suggested the impact of shear and the positive feedback was important. 140 

Following this previous study, research focusing on the lowermost (deepest) approximately 20% thickness zone (ranging 141 

from about 2400 m to the deepest ice at 3035 m) remains to be done, to examine textural data for the entire thickness of the 142 

ice sheet. Hereinafter, we refer to this zone as LO20%. A major difficulty was the inclination of the ice sheet layers, which 143 

became steeper at deeper depths (Dome Fuji Ice Core Project Members hereinafter referred to as DFICPM, 2017). In the 144 

present study, we extend the investigation to the LO20%. To investigate this, we utilized the thick-section-based method of (i) 145 

DTM, and thin-section-based methods such as (ii) the Laue X-ray diffraction method and (iii) the microstructural observations. 146 

We compare textural data by these methods with various data analyzed from the ice core. This paper provides an advanced 147 

and most updated dataset of crystal orientation fabric for both c-axis and a-axis, and other textural data for the entire thickness 148 

of the ice sheet at DF. We then discuss development of crystal orientation fabric, variations in the microstructure, layered 149 

structures, and rheology of polar ice sheets, addressing differences in the existing hypotheses. Our new data will provide 150 

important clues for understanding the development of the layer structure of ice sheets, which leads to inhomogeneous 151 

deformation of layers across various layer thickness scales.  152 

Furthermore, retrieving continuous ice core records that correspond to ages of more than 1 million years presents a 153 

significant challenge in palaeoclimatology (e.g., Wolff et al., 2022). International Partnerships in Ice Core Sciences (IPICS) 154 

identified the retrieval of multiple ice cores that extends to 1.5 million years (symbolically named as the “oldest-ice cores”) as 155 

one of the most important challenges for ice core studies. Identifying suitable sites for drilling of such ice will require improved 156 

knowledge of englacial layers under various ice conditions.  157 

2. DF ice cores 158 

At DF, deep ice cores have been drilled twice (e.g., Motoyama et al., 2020). The first core, “DF1” measuring 2503 m in 159 

length, was drilled in the 1990s. The second, “DF2,” a 3035-m-long core, was drilled between 2004 and 2007 in a borehole 44 160 

m away from the previous borehole (Figure 1c). We used the DF2 core in this study. The drilling sites are situated above a 161 

subglacial slope, positioned between bedrock high in the east and a subglacial trough with an ice thickness of about 3100 m in 162 

the west (Figures 1b and 1c). An ice thickness of about 2850 m marks the boundary between thawed bed (in thicker ice) and 163 

a frozen bed (in thinner ice) (Fujita et al., 2012). It is speculated that spatially inhomogeneous basal melting has caused the 164 

layer inclination in localized areas within the ice sheet (DFICPM, 2017). The layered structures incline by less than about 5° 165 

in the UP80% while in the lower 20% (LO20%), the inclination reaches values up to 45° at a depth of 3000 m.  166 

In terms of the c-axis fabric, Azuma et al. (1999, 2000) reported that at DF1 the c-axis fabric exhibited the elongated single 167 

pole fabric as the dome undergoes deviatoric strain depending on orientations. This elongated single pole fabric is already 168 
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observable at shallow depths. In addition, Fujita et al. (2006) discussed, based on polarimetric radar sounding at Dome Fuji, 169 

the amount of radio wave birefringence caused by this elongated single pole, up to depths of about 2200 m. They demonstrated 170 

that the orientations of the elongated single pole are consistent at least to this depth. Figure 1c shows inferred two principal 171 

axes of the elongated c-axis fabric, aligning with the orientation of the subglacial slope (WNW) and its orthogonal direction.  172 
 173 

 174 
Figure 1. Maps of the Coring Site. (a) Surface elevation (DEM by Bamber et al., 2009). (b) and (c) show the thickness of the ice in areas of 175 
72 km square, and 580 m square, respectively. Marker symbols near the center indicate the coring site. T.N. stands for true north. In (c), data 176 
points for ice thickness are represented by dots for the data from Tsutaki et al. (2022) and by markers for the data from Eisen et al. (2020). 177 
A green bold dashed line indicates the presence of the local trough. The DF coring sites are located at the bank of this local trough, aligning 178 
with the estimated drainage routes of subglacial water (as shown in Figure 8d in Tsutaki et al., 2022). On the Figure 1c, two principal axes 179 
of elongated single pole fabric inferred from the polarimetric radar sounding (Fujita et al., 2006) is indicated. 180 

3. Methods and samples 181 

We utilized the thick-section-based method of DTM, as well as the thin-section-based methods of the Laue X-ray 182 

diffraction method and the microstructural observation. On one hand, using DTM, c-axis fabric data are provided as 183 

eigenvalues with high sampling frequency, high spatial resolution, and continuity, thereby offering statistical significance. 184 

However, this method does not produce data for the crystal axes of individual grains. Additionally, if a cluster of c-axes is 185 

significantly inclined from the vertical, it is impossible to derive correct eigenvalues without knowing both the inclination 186 

angle of the c-axis cluster and the horizontal orientation of the c-axis cluster. On the other hand, the Laue X-ray diffraction 187 

method allows us to clarify detailed information about both the c-axis and the a-axes of each crystal grain. Additionally, the 188 

automatic fabric analyzer, model G50, originally manufactured by Russel–Head Instruments, is a very useful method for 189 

demonstrating how crystal orientation differs from one grain to another. Using both the G50 and microscopy, we conducted 190 
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microstructural observations to investigate the signals of dynamic recrystallization and grain morphology. The judicious use 191 

of these methods provides unprecedentedly rich information on crystalline texture along ice cores. 192 

3.1 Dielectric Tensor Method 193 

3.1.1 Method 194 

The principle of the open resonator method for determining the relative permittivity (ε) of thin samples have been described 195 

in the literature (Jones, 1976a, b; Cullen, 1983; Komiyama et al., 1991). We have developed this into a method for measuring 196 

the tensorial permittivity of thick samples by using radio birefringence continuously scanning along ice cores (Matsuoka et al., 197 

1998; Fujita et al., 2009, 2014, 2016; Saruya et al., 2022a, b; Inoue et al., 2024). We apply a microwave beam to thick samples. 198 

The ε values are volume-weighted averages within the volume encompassed by the Gaussian distribution of the beam. By 199 

setting the angle between the axis of the c-axes cluster and the electric field to approximately 45°, radio birefringence occurs 200 

due to macroscopic permittivity of the crystals (e.g., Hargreaves 1978). When we sweep radio frequencies to detect resonances 201 

satisfying TEM 0,0,q modes (where TEM stands for transverse electromagnetic and q is an integer), we detect twin resonant 202 

peaks caused by the two permittivity components. These two components correspond to ε along the axis of the c-axes cluster 203 

and its orthogonal axis, representing components on the plane of the electric field vector (orthogonal to the axis of beam 204 

incidence).  205 

3.1.2 The open resonators and samples 206 

We utilized an open resonator, employing frequencies between 26.5 and 40 GHz (No.1 in Table A1) for the ice in the 207 

LO20%. This resonator is different from the resonator used for the ice in the UP80%, employing frequencies between 15 and 208 

20 GHz (No.2 in Table A1). Specifications of the two resonators are summarized in Table A1 in Appendix A1. The two 209 

resonators, each having a semi-confocal shape with a flat mirror and a concave mirror, are designed to produce beam diameter 210 

of 16 mm and 38 mm, respectively. The consistency of the data obtained with the two resonators was confirmed by comparing 211 

the Δε values at depths between 2400 and 2500 m (Figure A1 in Appendix A1). The smaller beam size means that the No.1 212 

resonator is available for smaller sized samples (for example, narrow quadrangular prism samples) and for higher spatial 213 

resolution measurements. The No.1 and the No.2 resonators can measure ice thickness at least 40 mm and 90 mm, respectively. 214 

Sizes of the samples are given in Figure 2 and Table A2. Both upper and lower surfaces were microtomed to make very smooth 215 

and precisely parallel surfaces. The sampling rate for the DTM involves continuous 20 mm step measurements along a 0.5-m-216 

long core segment from every 2.5-m depth interval. For samples deeper than 2736 m, we rotated the core axis horizontally in 217 

the open resonator setup to achieve detectable twin resonances. The experimental temperatures were in a range of –30 ± 1.5 ℃. 218 

Along with the increased layer inclination, the axis of the c-axes cluster also exhibited an increased inclination, deviating 219 

from the vertical (hereinafter, inclination angle) in the same direction of the maximum layer slope. We confirmed that these 220 
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two are in the same vertical plane throughout the LO20%. Additionally, the horizontal orientation of the c-axes cluster varied 221 

with depths due to the rotation of the ice cores. Under conditions where both inclination angle and horizontal orientation of 222 

the c-axes cluster change with depths, we measure only the non-principal components of the permittivity tensor within the ice 223 

using DTM. To apply geometrical corrections from the measured non-principal components to the principal components, we 224 

utilized information of both inclination angle and horizontal orientation of the c-axes cluster, derived from c-axis fabric data 225 

measured using thin-section method. The procedures for these corrections are detailed in Appendix B. The non-principal 226 

components of the dielectric anisotropy (Δε') were adjusted to align with the principal components (Δε). We also note that the 227 

DTM is also useful to detect Δε values in the girdle type ice fabrics. We can refer to basic principle in Appendix A2, as girdle 228 

distribution of a-axes in the figure. 229 
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 230 
Figure 2. Diagrams of the (a) core cutting geometry, (b) setup viewed from the front, and (c) location of a thin section for the Laue X-ray 231 
diffraction method. 232 

3.2 Laue X-ray diffraction method, microstructure observations and automatic fabric analyzer method 233 

The Laue X-ray diffraction method was applied to thin sections measuring 100 mm × 45 mm (in the vertical and horizontal 234 

direction, respectively, with a thickness of less than 0.5 mm. This method can determine the orientations of all axes of each 235 
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crystal grain with accuracy of ~0.5 degree (Miyamoto et al., 2011). 42 depths within the thickness of the LO20% were selected. 236 

After obtaining all the Laue figures, the Laue patterns were analyzed. In each thin section, we express the data as the 237 

distribution of c-axes and a-axes on the Schmidt net diagram. In addition, we calculated the median inclination of c-axes with 238 

reference to the axis of the c-axes cluster. The median inclination is defined as a half apex angle of the cone in which a half of 239 

the measured c-axes are included from the center axis of the c-axes cluster.  240 

Additionally, we conducted microstructure observations using both G50 and optical microscopy to investigate how 241 

microstructural evolutions affect the c-axis fabric development and fluctuation on the same thin section. These measurements 242 

were performed at several selected depths. We prepared thin sections from the vertical plane of the ice cores, measuring 90 243 

mm in the depth direction, 50 mm in the horizontal direction, and 0.5 mm in thickness. In addition, images of c-axis fabric 244 

were obtained using G50 automatic fabric analyzer to investigate the relationship between grain morphology and c-axis 245 

orientation of each grain. 246 

Grain numbers included in a Gaussian beam or in a thin section are listed in Table A3. Depending on number of crystal 247 

grains in a beam or thin section, statistical significance is different. In some cases, moving averaging along the core is useful 248 

to gain more significance. 249 

3.3 Grain size and layer inclination measurements 250 

Grain sizes were measured at the DF site. Operators from the ice processing team observed the crystal grains by noting a 251 

faint difference in light reflectivity between grains and visible grain boundaries. While freshly cut surfaces did not exhibit such 252 

features, the ice cores in storage developed them over time due to the progress of sublimation. To measure the average surface 253 

area of each grain, we used three circular gauges with diameters of 10, 20, and 40 mm. The number of grains on the core 254 

surface within the circle of the gauge was counted. The number of crystal grains within each circle typically ranged from 255 

several to 20. The estimated error was up to 20%. This measurement was performed every 1.5 m to a depth of 2967.5 m. Below 256 

this depth, because of very large crystals, it was difficult to define grain size. Additionally, we visually investigated the growth 257 

of the inclination angle of the visible layers, such as cloudy bands or tephra layers, from the horizon using a protractor. A detail 258 

of the method is given in Appendix A3. In this process, core rotation resulting from core breaks was not considered. In addition 259 

to our preliminary report on this point (DFICPM, 2017), this study provides detailed data.       260 

4. Results 261 

4.1 Depth-dependent variation in measured Δε', corrected Δε and SD values 262 

Results on Δε' are presented in Figure 3. Examples of the continuous variation of Δε' along 0.5-m core segment are provided 263 

in Appendix C. Markers and bars indicate the average values and the standard deviations (SD) determined at 0.5-m intervals 264 

along the core sample. Dots represent raw data. Black and red symbols represent data obtained without and with inclined 265 
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measurement, respectively. Data from both cases (without and with horizontal sample inclinations within the resonator) in 266 

agreement at overlapping depths (2630–2730 m), confirming the experimental principle that the horizontal rotation of the 267 

samples in the open resonator give no influence on the measurement of the relative permittivity. We note that in the LO20% 268 

Δε' values have a large-scale tendency to decrease with increasing depth. The scatter of the raw data tends to be larger at greater 269 

depths.  270 

 271 
Figure 3. Results on Δε' in the LO20%. Dots represent raw data, recorded at every 0.02-m step. Markers and bars indicate the average values 272 
and SDs for each 0.5-m step. Black and red markers/dots indicate data obtained without and with rotation of the samples in the open resonator, 273 
respectively (see Figure 2).  274 

4.2 The c- and a-axis orientations measured by the Laue X-ray diffraction method 275 

Figure 4 presents examples of the c- and a-axis orientations obtained through the Laue measurements. Examples from 17 276 

of the 42 measured depths are shown. The three panels, from left to right (views from 1 to 3), represent c- and a-axis projected 277 

on the Schmidt equal net diagram as follows. View 1: Horizontal view from the axis of the microwave beam incidence (the 278 

center of the diagram), which is the same view as in Figure A2b in Appendix A2, without information of the inclination angle 279 

or the horizontal orientation of the c-axes cluster. View 2: Horizontal view from the orthogonal direction (axis) of the 280 

inclination angle. This view is attained by horizontal rotation of the system using the vertical axis, by moving the center of the 281 

c-axes cluster to the periphery of the diagram. This operation relates to the horizontal orientation. The center of the diagram is 282 

parallel to the girdle of the a-axes. This view corresponds to that in Figure A2b’. View 3: View seen from the center axis of 283 

the c-axes cluster. In all diagrams, red dots and dark blue dots represent the orientations of c-axis and a-axis within the space, 284 

respectively. Additionally, green triangle markers indicate the orientation of the vertical in the ice sheet. The fourth column 285 

(View 4) indicates normalized density ρ of the a-axis along the girdle plane of the a-axis. θ (degrees) is angle from the figure 286 

top of the View 3.  287 

   The c–axis fabric generally exhibits a strong single-pole cluster. The strength of this cluster fluctuates with increasing 288 

depth. Since each crystal grain of the hexagonal crystal lattice has three equivalent a-axes orthogonal to the c-axis, the 289 
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distribution of the a-axes forms a girdle plane orthogonal to the c-axes cluster at each depth. As for the inclination angle, it is 290 

monotonically larger at greater depths down to 2967 m. Figures 4(m–q) display data from the deepest five depths, which lie 291 

within the bottom 2% of the ice sheet. At each depth, red and blue number markers indicate the distributions of the c-axis and 292 

a-axis, respectively. Because of grain growth near the bed of the ice sheet, the largest number of crystal grains in a thin section 293 

was six. Therefore, the center of the clusters could not be determined with this very limited number of grains. Except these 294 

five depths, both the inclination angle and the horizontal orientation of the c-axes cluster were extracted through the observation 295 

of c-axis fabric, considering views from 1 to 3. Both were used for the corrections from Δε' to Δε. We present correction 296 

procedures in Appendix B. In addition, the median inclination of the c-axes cluster values was calculated using the thin-section-297 

based c-axis fabric data. Both the inclination angle and median inclination values of the c-axes cluster are presented in Figure 298 

5f. 299 

The a-axis fabric generally exhibits a strong girdle-type cluster on a plane. As with the fluctuations of the c-axis cluster, 300 

the strength of this girdle cluster fluctuates with increasing depth as well. Because of the three-equivalent a-axes orthogonal 301 

to c-axis for each crystal grain, the distribution of the a-axes in a girdle plane generally have periodicity of 60 degrees. We 302 

find in depth dependent profiles in View 4 that normalized density ρ of the a-axis along the girdle plane of the a-axis, exhibit 303 

strong inhomogeneity being dependent on θ. In some cases, it indicates strong 60 degrees periodicity, which is evident in (b), 304 

(e) and (g) in Figure 4 and several more examples in the Supplementary Information A. In other cases, it indicates superposition 305 

of variations with 60 degrees periodicity: examples are (a), (c), (h), and (k) in Figure 4. We discuss these clusters of the a-axes 306 

in this paper.  307 

Distribution of c-axes of each thin section and a-axes anisotropy are further shown in Figures 5c and 5d. In terms of the 308 

distribution of c-axes, we can find crystal grains with c-axis oriented around 30–60 degrees at depths below 2600 m, in 309 

particular, except for the impurity-rich layer shown by brown shading. The a-axes anisotropy is defined as standard deviation 310 

of the a-axes density ρ (hereinafter, SDρ) in panels 4 in Figure 4.  Here larger value corresponds to the more anisotropic 311 

distribution of a-axes. We find that there are relatively small and large anisotropy in the impurity-rich layers and impurity-312 

poor layers, respectively, and that the SDρ of the a-axis anisotropy exhibit large scale fluctuations with changes in glacial and 313 

interglacial periods. It is also very important to note that the SDρ is well synchronized with the grain size (Figure 5e), which 314 

implies underlining Physics. 315 

 316 
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 317 
Figure 4. The c-axis distribution data and a-axis distribution data obtained from the Laue X-ray diffraction measurements. 17 depths were 318 
selected from a total of 42. At each depth of the shallower 12 depths from (a) to (l) in depth range of 2400 and 2967 m, we show three 319 
Schmidt equal area net diagrams (e.g., Langway, 1958) to express the distributions of c-axis and a-axis projected on it with red and blue 320 
colors for dots/markers, respectively. For these 12 depths, the left diagram (view 1) is the projection from the measurement frame (refer to 321 
Figure A2b). The second left diagram (view 2) is the projection from the corrected frame (see Figure A2b’). The third left diagram (view 3) 322 
is the projection from the center of the c-axes cluster. Green triangle in each diagram indicates the vertical orientation in the ice sheet. The 323 
vertical orientation aligns with the core axis. The fourth column indicates normalized density ρ of the a-axis along the girdle plane of the a-324 
axis. θ (degrees) is angle from the figure top of the View 3. Diagrams from (m) to (q) represent the projection from the measurement frame 325 
for the deepest five depths, ranging from 2975 to 3024.5 m. Because of grain growth near the bed of the ice sheet, number of crystal grains 326 
in each thin section was less than 6. Instead of dots, number markers were used to indicate the orientation of each grain. 327 

4.3 Depth-dependent variations of corrected Δε and SD values, and eigenvalues 328 
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We corrected from Δε' to Δε using both the inclination angle and the horizontal orientation of the c-axes cluster estimated 329 

from the Laue X-ray diffraction method. Correction procedures are presented in Appendix B. Figure 5a indicates corrected Δε 330 

values and eigenvalues obtained from Laue X-ray diffraction method. As with the Figure 3, markers and bars indicate the 331 

average values and the SD determined at 0.5-m intervals along the core sample. The relationship between Δε and eigenvalue 332 

is expressed as a3(2) = (2Δε /Δεs +1) / 3, assuming a single-pole fabric without horizontal anisotropy. Here, Δεs represents the 333 

dielectric anisotropy of a single crystal. The Δε value (see Figures 5a) reaches approximately 0.031 at depth of 2430 and 2654 334 

m. After reaching this maximum level, the Δε values fluctuate largely. The decrease in Δε values and larger SD are directly 335 

linked to the scatter in each individual Δε measurements (represented by dots in Figure 5a). When scatter is pronounced, Δε 336 

value averaged over each 0.5-m segment becomes smaller and the SD larger. At depths greater than about 2900 m, the Δε 337 

values exhibit greater fluctuations over distances on the order of 10 m. It is noted that when the SD values are large, each ice 338 

core displays numerous sharp negative spikes in Δε, as shown by the dots in the panel and an example profile in Figure C2.  339 
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Figure 5. Detailed view of the comparison of Δε with various ice core data in the LO20%. (a) Δε (mean and raw data from DTM) and 341 
eigenvalues (from the Laue X-ray diffraction method). Possible uncertainty of the eigenvalues in terms of the total number of sampled grains 342 
are given in Appendix A4. (b) SD. (c) Distribution of c-axes as angles from a plane orthogonal to the cluster of c-axes. This was analysed 343 
using the data from the Laue X-ray diffraction method. The probability of the presence of c-axes is expressed with contour lines. (d) 344 
Inhomogeneity of a-axes shown as standard deviation of a-axes density ρ (SDρ). (e) Grain size. (f) Inclination angles of the c-axes cluster 345 
and the visual layers (smoothing) and median inclination. (g) Annual layer thickness and thinning function (DFICPM, 2017). (h) Borehole 346 
temperature and inclination (Motoyama et al., 2020). (i) δ18O (DFICPM, 2017). (j) Concentration of dust particles (DFICPM, 2017). Gray 347 
and brown shading indicate interglacial periods and depths with a higher concentration of impurities (representing impurity-rich layers), 348 
respectively. The depths at which we observed the microstructure are indicated in the upper part. 349 

4.4 Grain size and layer inclination 350 

The results for the grain sizes and inclination angle of the visible layers are presented in Figures 5e and 5f, respectively. 351 

Grain size tends to be larger during interglacial periods and significantly smaller during glacial periods, with this difference 352 

becoming more pronounced at greater depths. We observed that Δε, SD of Δε, and grain sizes are approximately synchronized, 353 

implying the presence of common underlying mechanisms. In grain sizes we could observe only weak increasing trend versus 354 

depth. The grain sizes at depths between 2900 and 2950 m remain small despite temperatures higher than –5 ℃. At depths 355 

greater than 2950 m (in the deepest approximately 2%), the grain sizes become extremely large. Grain size profile within the 356 

entire thickness is displayed in Figure 10e along with the grain size reported from the UP80% of the DF1 ice core (Azuma et 357 

al.1999, 2000). We observe that in the UP80%, the grain size increased steadily, while in the LO20%, the grain size tends to 358 

fluctuate, showing a clear distinction between very small grains of impurity-rich layers and larger grains of impurity-poor 359 

layers. There is a transition of the data aspect at depth of about 2500 m. 360 

The inclination angle of the visual layers will not be exactly consistent with the inclination angle of the c-axes cluster if 361 

simple shear strain occurs in the ice sheet. The simple shear in principle contains components of compression, extension, and 362 

rigid-body rotation of the system. In this case, an axis orthogonal to the shear plane and the inclination angle of the c-axes 363 

cluster will deviate. Indeed, we observed that the inclination angles of the c-axes cluster and visual layers deviate over a wide 364 

range of depths, deeper than about 2580 m (Figure. 5f). The deviation is pronounced at depths between 2800 and 2900 m. We 365 

also note that the inclination angle of the visual layers changes in stepwise manner at 2580 and 2770 m.  366 

4.5 Microstructure in the deep sections of DF ice core  367 

4.5.1 Microstructural features in glacial and interglacial periods  368 

In the present study, we provide limited but significant examples of noteworthy microstructures in Figures 6 and 7. In 369 

Figure 6, five examples include impurity-rich ice (panel a: 2648 m, ~270 ppbv dust concentration; panel c: 2759 m, ~137 370 

ppbv), impurity-poor ice (panel b: 2685 m, ~10 ppbv; panel d: 2872 m, ~3 ppbv), and impurity-rich deep ice (panel e: 2909 m, 371 

~80 ppbv). Here, we use the term impurity-rich to mean that ice contains either insoluble particles (like dust) and/or soluble 372 
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impurities such as dissolved ionic species.  The concentration of impurity-poor ice is distinctly lower than that of impurity-373 

rich ice; the difference is significant. We provide images of ice thin sections viewed through crossed polaroids, c-axis fabric 374 

data for each grain obtained using G50, and microscopy images. Black thin lines in the microscopy image indicate grain 375 

boundaries. Grain boundaries on the reverse side of a thin section are visible as thinner lines. Illustration of grain boundaries, 376 

grain boundaries on the reverse side, and subgrain boundaries are shown in Figure A3 in Appendix A5. The legend for c-axis 377 

fabric data is given as a circle at the bottom of Figure 6. The color of each grain indicates c-axis orientation; the red color 378 

means that the c-axis has an orientation in the vertical. As for the c-axis orientation, at panels (a) and (c), we observe many 379 

small grains with c-axis orientation distinctly offset from the vertical direction (see c-axis fabric image). These are sparsely 380 

distributed. The size of such small grains range in the order of a millimeter or much less. Additionally, we observe that flattened 381 

(or, elongated in 2D) shape of grans that is slanting. These features were unique in the impurity-rich depths, and absent in 382 

impurity-poor depths. At panels (b) and (d), we observe much coarser grains with c-axis orientation distinctly offset from the 383 

vertical direction. Compared to the cases of the impurity-rich layers, these coarser grains occupy much larger areas in the 384 

image, with diameters of a few millimeters. In the two deepest samples (panels (d) and (e)), it is evident that the crystal grain 385 

boundaries tend to be distributed as more straight lines, and there are few subgrain boundaries. Panel (e) is a sample of 386 

impurity-rich layers; crystal grain is coarser compared to (a) and (c). However, some features of impurity-rich layers observed 387 

in panels (a) and (c) are persistently present in (e). That is, flattened grains have slanting features. Additionally, grains with c-388 

axis orientation distinctly offset from the vertical direction occupy only minor area within the image. 389 

As for the link between ice fabric eigenvalues and the microstructure, Δε values are significantly affected by volume 390 

fraction of grains with c-axis orientation distinctly offset from surrounding grains. Coarser grain is more influential compared 391 

to sparsely distributed smaller grains. An example of comparison them is provided in Appendix C. Because the Δε values are 392 

volume-weighted averages within the microwave beam, Δε values decreases more when there are more grains (in size and 393 

number) with c-axis orientation distinctly offset from surrounding grains.  394 
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Figure 6. Microstructure images representing examples from five depths. Depths and types of ice are specified in the figure. For each depth, 396 
an image of ice thin section viewed through crossed polaroids (left), a c-axis fabric image (center) and optical microscopy images (right) are 397 
presented. In the optical microscopy images, black thin lines indicate grain boundaries. Grain boundaries on the reverse side of a thin section 398 
are visible as thinner lines. White frames in the left column indicate the location of microscopy images shown in the right column. For the 399 
c-axis fabric images in the mid column, the legend for c-axis orientation is given at the bottom: The color of each grain indicates the 400 
orientation of c-axis. Red color means that c-axis has the vertical orientation. 401 

4.5.2 Microstructures in the impurity-rich layer: grain elongation and smaller grain size 402 

It is remarkable that the crystal grains in impurity-rich layers tend to be flattened, and their major axes incline away from 403 

horizontal directions. These features seem absent in surrounding impurity-poor (interglacial) layers. An example of the slanting 404 

and flattened grains is shown in Figure 7a. As for the grain flattening, we analyzed the aspect ratio of the short and long axis 405 

of a fitted ellipse in 2D, using ImageJ software. The aspect ratios were distinctly different between in the impurity-rich layer 406 

and in the impurity-poor layers. In the impurity-rich layers it ranged 1.9–2.0, while in impurity-poor layers it was smaller, 1.5–407 

1.7. Detailed data in the LO20% are given in Table A4 in Appendix A5. They are displayed in Figure 9 along with the aspect 408 

ratio reported from the UP80% of the DF1 ice core (Azuma et al.1999, 2000). We observe that in the UP80%, the aspect ratio 409 

increased steadily, while in the LO20%, the aspect ratio tended to decrease, showing a clear distinction between higher values 410 

of impurity-rich layers and lower values of impurity-poor layers. Transition from the increasing trend to the decreasing trend 411 

is at depths approximately 2500 m (Figure 9). These features of the transition are very similar to the case of the grain size, 412 

noted in section 4.4. Azuma et al. (1999) suggested that nucleation-recrystallization is not active above 2500 m depth and that 413 

deformation and rotation recrystallization affect the increasing trend of grain size and thus aspect ratio. However, below the 414 

transition at ~2500 m, situations are different in terms of nucleation-recrystallization, which we will discuss later in this paper. 415 

Regarding the flattened features within the impurity-rich layers, Azuma et al. (1999, 2000) demonstrated growth of 416 

flattening of the grains in the UP80%, which is the basis of the aspect ratio shown in Figure 9.  A similar 2D feature, known 417 

as the “brick-wall pattern” has been reported at the high-impurity ice layers of the Antarctic EDML ice core (Faria, 2009) but 418 

it has not been reported in the Antarctic EDC ice core. For the Greenland NEEM ice core, Kuiper et al. (2020) reported that 419 

fine-grained bands with flattened (or elongated in 2D) grains with aspect ratio of 2, which is as large as the maximum level in 420 

the DF core. For the EDML core, Weikusat et al. (2017) suggested that shear deformation is responsible for the flattened (or, 421 

elongated) grains. Faria et al. (2009) proposed that microscopic grain boundary sliding via microshear was a deformation 422 

mechanism for making the brick-wall pattern. According to these authors, a condition favorable for the occurrence of grain 423 

boundary sliding is likely a combination of smaller grain size, the presence of significant stress, and higher temperature. 424 

Smaller grain size is often achieved by the presence of high impurity content. These conditions are typical in the impurity-rich 425 

layer of the deeper sections in ice sheets (Faria et al. 2009). On the one hand, in the LO20%, grain elongation becomes less 426 

pronounced in deeper sections as shown in Figure 6e (sample from a depth 2909 m) and Figure 9. We suggest that the flattened 427 

features remain, but they are weakened by recovery and recrystallization due to exposure of ice to high temperature close to 428 
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melting point for time periods in the order of 105 years. Strength of the flattened feature is dependent on temperature (thus, 429 

depth) and impurity concentration.  430 

Another feature in the impurity-rich layer is persistently small grain size (Figure 5e). Such a feature is observed in MIS10, 431 

12, 14 and 16, where the concentration of dust particles is extremely high. The small size is clearly deviated from the growth 432 

trend in the UP80% (Figure 10e). This persistently small grain size in ice core is known as “steady state grain size” (e.g., 433 

Steinbach et al., 2017). It is believed that steady state grain size is achieved when normal grain growth counteracts rotation 434 

recrystallization regardless of the initial grain size (Jacka and Li, 1994). We suggest that the steady grain sizes in the impurity-435 

rich layers established themselves after these layers had reached deeper depths. When the impurity-rich layers were at 436 

shallower depths in the past, grain size would have been inversely correlated with dust concentration.  437 

4.5.3 Migration recrystallization and grain nucleation 438 

In dynamic recrystallization processes, rotation recrystallization has minimal effect on c-axis fabric changes but reduces 439 

grain size and the aspect ratio. In contrast, migration recrystallization can significantly modify c-axis fabric (e.g., De La 440 

Chapelle et al., 1998; Cuffey and Paterson, 2010). When a difference in stored strain energy exists between a few neighboring 441 

grains, the grain boundary migrates towards the higher-energy grain (e.g. Faria et al., 2014b). During strain induced migration 442 

recrystallization, grain boundaries sometimes become irregular, forming interlocking patterns (Duval and Castelnau, 1995; 443 

Faria et al., 2014b). Figures 7b and 7c show examples from a depth of 2685 m presumably formed by strain induced migration 444 

recrystallization. In panel (b), top-left large grain (b1) has convex grain boundary toward adjacent grain (b2). In panel (c), 445 

bottom grain (c1) has convex grain boundary toward adjacent grain (c3). The presence of numerous subgrain boundaries 446 

implies highly and heterogeneously strained region (Faria et al., 2014b; Stoll et al., 2021a). Interlocking grains are shown in 447 

Figure 7d (sample from a depth of 2872 m). Grains with various c-axis orientations are intricately interwoven (see the c-axis 448 

fabric image). These features were evident in impurity-poor layers. Contrastingly, in impurity-rich ice, grains with c-axis 449 

orientations distinctly offset from the vertical are present as smaller grains surrounded by larger grains (Figures 6a, 6c and 7a). 450 

It is believed that grain nucleation occurs at triple junctions, at grain boundaries as two-sided grains, or similar regions 451 

characterized by high concentration of dislocation walls and subgrain boundaries (Faria et al. 2014b).  We note that 452 

identification for a “just nucleated grain” is very difficult, as it requires time-series observations. Rather, when nucleation 453 

occurs, it may grow immediately after nucleation in natural ice samples; observation may be difficult. However, considering 454 

morphological features of the small grains with c-axis distinctly offset from surrounded by larger grains (Figures 6a, 6c and 455 

7a), we suggest that these may be grains that nucleated at some timing of the deformational history of ice within the ice sheet. 456 

Although there have been several studies investigating grain nucleation with artificially deformed ice (e.g., Montagnat et 457 

al., 2015; Chauve et al., 2017), there are not enough examples with natural ice samples. Faria et al. (2014b) suggested that a 458 

nucleated grain does not exhibit internal structures and bulges toward a region rich in dislocation walls and subgrain boundaries. 459 

Examples of grains with such features are shown in Figures 7e and 7f. Small grains with no internal structures (e1 and f1) are 460 
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located at grain boundaries. In case of these grains (e1 and f1), they have c-axis orientations close to those of the adjacent 461 

grains (e2 and f2) (see c-axis fabric images in panels e and f). Nucleation of grains are further discussed in section 5 in this 462 

paper. 463 

As a phenomenon associated with grain boundary migration, we observed dust particle segregation (Figure 7g). The thin 464 

lines adjacent to the grain boundary represent the reverse side of the grain boundary. Therefore, microparticles are segregated 465 

along the planes of the crystal grains. Grain boundary migration in the deeper parts likely leads to the redistribution of soluble 466 

impurities and dust particles. 467 
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Figure 7. Microstructure images illustrating features of grain elongation and migration recrystallization. Images from five selected depths 469 
are presented. Depths are indicated in each panel and summarized at the top of Figure 5. All images were observed using vertical thin sections. 470 
Black solid lines indicate grain boundaries. Grain boundaries on the reverse side of a thin section are visible as thin lines. Arrows indicate 471 
convex grain boundaries. Color coding (c-axis fabric image) in each panel indicates the c-axis orientation of each grain. The legend for c-472 
axis fabric images is displayed at the bottom right. Red-colored grains have a c-axis oriented vertically, while green or blue-colored grain 473 
are inclined horizontally. (a): Flattened (or elongated in 2D) and slanting grains observed in the impurity-rich layer. (b) and (c): Examples 474 
from a depth of 2685 m. (b): Small b1 grain has bulged (cuspidate) grain boundaries.  (c): Bottom c1 grain has bulged (cuspidate) grain 475 
boundaries. (d): An example of interlocking grains (sample from a depth of 2872 m). Grains with various c-axis orientation are intricately 476 
interwoven. (e) and (f): Possible examples of grain nucleation (samples from depths of 2872 and 2745 m). Small grains (e1 and f1) exhibit 477 
lack of internal structures such as slip bands and subgrain boundaries, while adjacent grains display many slip bands and subgrain boundaries. 478 
The small grains are located at grain boundaries as two-sided grains. (g): Segregation of dust particles along the front of a grain boundary at 479 
2847 m depth.  Scale bars: 2mm.  480 

5. Discussions 481 

5.1 Variations in the layer structures in the deeper sections 482 

5.1.1 Temperature and stress conditions  483 

The conditions of ice sheets in Antarctica, in terms of temperature and stress, are located on a boundary zone between 484 

dislocation and diffusional creep on the deformation mechanism map (e.g., Shoji and Higashi, 1978; Goodman et al., 1981, 485 

Duval et al., 1983). When ice is under temperatures close to the melting point in the LO20%, its viscosity is lower, and diffusion 486 

coefficients are higher compared to the colder ice, the rate at which recrystallization occurs also increases with temperature 487 

(e.g., Petrenko and Whitworth, 1999). Regarding the stress field, the coring site is situated on a bank very close to a subglacial 488 

trench (Figure 1c). Between the subglacial trench and the coring site, the depth difference and distance are each approximately 489 

100 m. This geometry corresponds with the maximum inclination angle of the c-axes cluster (approximately 45 degrees) and 490 

the inclination angle of the visual layers (approximately 45 degrees) near the base of the ice sheet (Figure 5f). In addition, the 491 

deeper trench may act as pathway for flow of subglacial water and the deeper bed is a location for more melt (e.g., Pattyn, 492 

2010, Fujita et al., 2012). Thus, we hypothesize that there is a simple shear strain component directed towards the subglacial 493 

trench. The rheology of polycrystalline ice with a single-pole fabric is like that of the single crystal. It easily deforms under 494 

simple shear stress. We suggest that the simple shear stress dominates the deformation of ice at the bottom part of DF.  495 

5.1.2 Relationships between the c-axis fabric and layer structure parameters 496 

Figure 5 illustrates the relationships between c-axis fabric, layered structures, and physicochemical properties. The figure 497 

plots (a) Δε (mean and raw data from DTM) and eigenvalues (from the Laue X-ray diffraction method), (b) SD values, (c) the 498 

distribution of c-axes relative to a plane orthogonal to the c-axes cluster, (d) a-axes anisotropy within the girdle, (e) grain sizes, 499 

(f) inclination angle of the c-axes cluster and the visual layers, and median inclination, (g) the annual layer thickness and 500 
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thinning function, (h) borehole temperature and inclination, (i) δ18O, and (j) concentration of dust particles. The relationship 501 

between c-axis fabric and layered structures evolves with increasing depth (Figures 5a–5f). Schematic diagrams of the 502 

relationships between layered structures and orientation of c-axes cluster are shown in Figures 8(a–c). The inclination angles 503 

of the visual layers and the c-axes cluster are approximately consistent at depths shallower than about 2600 m (Figure 5f). This 504 

indicates that the system, composed of visible layers and the c-axes cluster, rotated together as a rigid body. At depths deeper 505 

than about 2600 m, the consistency of the inclination angles in the visual layers and the c-axes cluster depends on 506 

glacial/interglacial periods. In glacial periods (MIS12, 14, and 16), both angles are approximately consistent, whereas in 507 

interglacial periods (MIS11, 13 and 15), they are not; the inclination angle of the c-axes cluster is smaller than those of the 508 

visual layers. This implies that the crystal grains undergo a simple shear mechanism, rotating less than layer structure rotation 509 

in these depth ranges, particularly during interglacial periods. In principle, simple shear is a superposition of pure shear and 510 

the rigid-body rotation of the system. The layer inclination is simply caused by the system’s rigid-body rotation. Figures 8d 511 

and 8e illustrate 2D schematic explanation for configuration of strains and rotations in the ice body above the steep bedrock slope 512 

and near the bedrock. The c-axes also fall within the system’s rigid-body rotation. However, the cluster of the c-axes alone 513 

will rotate backward due to the compression components within the pure shear by dislocation creep. Thus, the inconsistency 514 

of the angles is the evidence for dominance of the simple shear at this depth range. Such features were not reported in the EDC 515 

ice core. This implies that these features are due to an environment specific to DF.  516 

Next, we discuss layer thinning. DFICPM (2017) analyzed thinning function (the ratio of an ice layer thickness to its initial 517 

thickness at the surface) of the DF2 core from depth sequence of the climate signals and annual layer thickness (see Figure 518 

5g). The thinning function decreased to a local minimum at about 2750 m and then increased again towards greater depths. 519 

The authors hypothesized that spatially inhomogeneous basal melting might be linked to this anomalous thinning. In Figure 520 

5g, the broad local minimum of the thinning function is located at 2700–2800 m. This depth range agrees well with starting 521 

depths for large inconsistency between the inclination angles of the c-axes cluster and the inclination angles of the layers. 522 

Importantly, this depth is an approximate boundary where larger fluctuation of the Δε started. We speculate that the observed 523 

phenomena were linked to higher temperatures, thus the activated occurrence of recrystallization, and increased strain of simple 524 

shear from the bed. Then, we propose a scenario for development of the layer structure at the deeper part in DF based on the 525 

observed data using Figure 8f. An important point is that the DF drilling site is located just above a subglacial slope at the 526 

bank of the drainage pathway of the meltwater (Tsutaki et al., 2022). Under the dominance of the vertical normal stress near 527 

the dome, horizontal shear appears mainly on subglacial slopes rather than ridges or troughs (Tsutaki et al., 2022). Basal 528 

troughs are often influenced by basal melt or connected to deeper troughs of more basal melt. Consequently, troughs tend to 529 

serve as rapid pathways for ice flow. Thus, we suggest that the subglacial slope near the trough causes ice to flow towards the 530 

center of the trough, shearing the layered conditions. Furthermore, spatially inhomogeneous basal mass loss due to melting 531 

lead to an imbalance of force equilibrium in the vertical direction. Below the hardest ice, ice mass is lost locally at the base. 532 

As a result, layers can be stretched downwards, creating a convex shape centered around the location of the trough.  533 
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Figure 8. Schematic diagram of layered structures and 2D schematic explanation for configuration of strains and rotations in the ice body at 535 
Dome Fuji. (a–c) Diagram illustrating the relationship between layers and the orientation of the c-axes cluster. (a) Far above the bedrock, 536 
layers and the orientation of the c-axes are consistent, both oriented vertically. (b) Up to a depth of 2650 m, layers and the c-axes cluster 537 
rotate together as a rigid body. The directions of c-axis clustering and layers are consistent, yet they deviate from the vertical. (c) In addition 538 
to the rigid body rotation of the system, the cluster of c-axes rotates backward due to the compression component of pure shear. The 539 
orientations of the c-axes clustering and layers diverge. (d) and (e) Rectangular shape means a body of ice considered for deformation. Black 540 
thin arrows and blue bold arrows mean components of shear strains and normal strains. Bold red arrows indicate rigid body rotation of the 541 
system. Open red arrows indicate the axis toward which the cluster of the c-axes rotate. (d) A condition well above the bed, or in the UP80% 542 
in this paper. Uniaxial compression in the vertical dominates. (e) A condition under more influence from the bed topography, or in the 543 
LO20% in this paper. Because of the friction force between ice and bed, simple shear system rotates the entire system including the internal 544 
layers and the c-axes cluster together. However, because of the normal components of the strains (both compression in the near-vertical and 545 
extension near the horizontal plane), the all the c-axes thus the c-axes cluster rotates toward the vertical at the same time. This mechanism of 546 
the rotation in counter-direction works only for the c-axes and not to the layers. In this way, total amount of inclinations becomes larger for 547 
the internal layers than the cluster of the c-axes. (f) Schematic diagram of deep layered structure. The DF drilling site is located just above 548 
the subglacial slope at the bank (see Figure 1c), and horizontal shear along subglacial slopes appears in areas including the borehole near the 549 
trough. We suggest that the subglacial slope induces ice flow towards the center of the trough. Spatially inhomogeneous mass loss due to 550 
basal melting can lead to an imbalance in force equilibrium in the vertical direction. Layers can stretch downward, forming convex shape 551 
centered around the trough. 552 

5.1.3 Variations in c-axis fabric and texture by the presence of insoluble impurities  553 

Within the UP80%, Saruya et al. (2022b) investigated the controlling factors of c-axis fabric by comparing Δε with various 554 

ionic impurities and dust concentrations. They found that Δε is correlated positively with the concentration of Cl– ions and 555 

inversely with the amount of dust particles. In contrast to UP80%, the relationship between Δε and Cl– ions within the LO20% 556 

was unclear. For the depths of the LO20%, we compared Δε with δ18O, grain size, and dust particles (Figure 5). Profiles of 557 

concentration of ionic impurities (Cl–, SO42– and Ca2+) are plotted in entire depths figure (Figure 10). Referring to the δ18O 558 

profile, we observe that depressions in the mean Δε (caused by a large scatter of data points) occur during interglacial periods 559 

at depths below 2650 m; the depressions deepen with larger scatter of the raw data at greater depths. The relative sizes of SDs 560 

are smaller in glacial periods and larger in interglacial periods, respectively (Figures 5b). The highly concentrated impurities 561 

had an apparent influence on the Δε values, maintaining a persistently high level of Δε below 2600 m (Figure 5a). Additionally, 562 

grain sizes tend to be small (Figure 5e), and the aspect ratio of the crystal grains remains consistently high in these layers, with 563 

values reaching up to 2 (Figure 9). Overall, these textural features—grain sizes, shapes, and c-axis fabric—are interdependent 564 

and strongly correlated with the presence of impurities. 565 

According to a case study for NEEM ice core by Eichler et al. (2017) and the review by Stoll et al. (2021b), dust particles 566 

located not only at grain boundaries but also at grain interiors and triple junctions. To the best of our knowledge, the role of 567 

microparticles in ice deformation (dislocation creep) is not well understood. Production of dislocation is one of the possibilities. 568 
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In contrast, microparticles may act as sink of dislocation like grain boundaries. Saruya et al. (2022b) suggested two 569 

possibilities: (i) restricted deformation due to the inhibition of dislocation by dust particles and/or (ii) the contribution of 570 

diffusion creep that does not cause c-axis rotation because, with this mechanism, only molecules diffuse due to the condition 571 

of smaller grains. Which effect ((i) or (ii)) is more dominant remains unresolved. However, in either case, they can restrict 572 

changes in c-axis clustering. What we observed in ice below about 2600 m is that the degree of c-axis clustering in the dusty 573 

(i.e., impurity-rich) layers is stronger than in the surrounding layers. Additionally, the consistently smaller grain sizes and 574 

higher aspect ratio of the crystal grains in the impurity-rich layers indicate that grain boundary migration is also restricted in 575 

such ice. This confirms that the movement of dislocations (as line defects) and grain boundaries (as planar defects) within the 576 

crystal lattice is significantly influenced by the presence of insoluble impurities. 577 

Comparing the relationship of c-axis fabric with impurities in the UP80% with the LO20%, in the UP80%, impurity-578 

rich/poor layers have smaller/larger Δε values. In the LO20%, some thickness between 2400 m and 2650 m is a kind of 579 

transition zone; in it we find no clear correlation between Δε values and impurity. Below depths of about 2650 m, the trend is 580 

seemingly reversed. The c-axis fabric clustering strength exhibited substantial fluctuations. There, more impurity-rich layers 581 

maintain clustering persistently. In impurity-poor layers, relaxation of the c-axis fabric clustering occurred, as represented by 582 

numerous negative spikes of Δε. A similar relationship exists between the aspect ratio and impurities in the UP80% and LO20% 583 

sections. In Figure 9, we observe an increasing trend in aspect ratio with depth in the UP80%. In contrast, the LO20% shows 584 

a distinct split in the data: an aspect ratio close to 2 in impurity-rich layers and much smaller values in impurity-poor layers. 585 

In summary, the presence of insoluble impurities in the ice sheet has a significant impact on the c-axis fabric, grain size, 586 

and aspect ratio of crystal grains. In impurity-rich layers, particularly below 2600 m, grain boundary migration is restricted, 587 

leading to consistently smaller grain sizes and higher aspect ratios. The relationship between these textural features and 588 

impurities varies between the UP80% and LO20% sections, with a stronger correlation observed in the latter. These findings 589 

highlight the complex interplay between impurities and the deformation mechanisms within the ice, suggesting that the 590 

presence of insoluble particles plays a crucial role in controlling the microstructural evolution of deep ice. 591 

5.1.4 Cause of c-axis fabric fluctuations inferred from microstructures 592 

The c-axis fabric contains information on several factors: (i) deformational history, (ii) grain growth, and (iii) 593 

recrystallization (e.g., Cuffey and Paterson, 2010; Faria et al., 2014a, b). Ultimately, all these factors are sensitive to the 594 

deposition of insoluble impurities. Insoluble impurities restrict grain boundary migration through Zener pinning mechanisms 595 

and also impede dislocation movement (Alley and Woods, 1996; Durand et al., 2006). These characteristics result in slow 596 

growth of c-axis clustering in impurity-rich layers within the UP80% and slow relaxation of c-axis clustering in the LO20%. 597 

This leads to an apparent reversed correlation between Δε values and impurity levels in both the UP80% and the LO20%. In 598 

terms of the distribution of c-axes (Figure 5c), we can find crystal grains with c-axis oriented around 30–60 degrees at depths 599 

below 2600 m. It is believed that new grains tend to form with an orientation favorable for basal glide (e.g., Alley, 1992; 600 
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Humphreys and Hatherly, 2004, Cuffey and Paterson, 2010), that is, approximately 45 degrees from compressional axis. 601 

However, it is also noteworthy that, in Figure 5c, distribution of c-axis density approximately from 30 degrees from 602 

compressional axis (60 degrees from horizon) is always denser than 45 degrees or 60 degrees. It is possible that it has some 603 

underlying mechanisms in terms of nucleation recrystallization relative to the existing c-axis cluster. Additionally, crystal 604 

grains with c-axis oriented around 30–60 degrees tend to appear more in the impurity-poor zones where grain size is larger 605 

with low level of Δε.  We suggest that these grains with a c-axis orientation of around 30–60 degrees represent nucleated grains 606 

in the deeper part, and that these grains might grow and eliminate old grains by migration recrystallization. At the same time, 607 

ice crystals will recover the c-axis orientations available for the continuation of dislocation-creep-based deformation. The 608 

hypothesis that these grains are the result of nucleation is consistent with the observation of the corresponding grains, as 609 

described in Section 4.5. 610 

We propose that grain nucleation and migration recrystallization lead to significant changes in crystal orientation fabric; a 611 

decreasing in Δε values and less clustered c-axis fabric in impurity-poor layers can be explained only by growth of grains with 612 

different c-axis orientations. Conversely, such grains are much smaller and limited in volume in the impurity-rich layer. Grain 613 

coarsening by migration recrystallization does not appear to occur since insoluble impurities restrict the grain boundary 614 

migration (e.g., Durand et al., 2006; Stoll et al., 2021b) thus growth of the nucleated grains as well. Therefore, the c-axis fabric 615 

change (decreasing of Δε values) caused by nucleation and migration recrystallization would appear strongly only in the 616 

impurity-poor layers. Thus, the dynamic recrystallization process would have greatly contributed to the characteristic behavior 617 

of c-axis fabric development Even when grain nucleation occurs in ice both in impurity-rich ice and in impurity-poor ice, its 618 

contribution to c-axis fabric changes depend on the surrounding conditions: it may not be immediately apparent in the volume-619 

weighted average Δε values in the DTM. However, when such nucleated grains grow, which is the case mostly in impurity-620 

poor ice, subsequent strain induced migration recrystallization significantly affects the Δε values because of the growth of 621 

grains having different c-axis orientations. 622 

5.1.5 Variations in a-axis fabric  623 

Grain nucleation will also lead to significant changes in a-axis fabric. However, due to the lack of data on a-axes 624 

distribution in the UP80% section, we cannot determine the presence or absence of anisotropic a-axes organizations in this 625 

upper section. Our observations are as follows: (i) In many depths within the LO20%, the girdle plane of the a-axis exhibits 626 

strong inhomogeneity depending on θ (refer to the panels in View 4 of Figure 4 and Supplementary Information A). (ii) When 627 

the inhomogeneity of the a-axis within the girdle is expressed as SDρ, the SDρ tends to be larger in impurity-poor layers and 628 

smaller in impurity-rich layers (Figure 5). (iii) The SDρ is well correlated with grain size, aspect ratio, and Δε values (Figures 629 

5 and 9).  630 

These observations raise several questions: (i) At what depths and how did this a-axis organization begin to form and 631 

develop? (ii) What is the physical mechanism behind this phenomenon—is it deformation, recrystallization, or a combination 632 
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of both? (iii) What is the spatial scale of the a-axis organization? Is it limited to the scale of thin sections, or does it extend 633 

further?  634 

Many of these questions cannot be conclusively answered with the current data alone. However, we can speculate based 635 

on our significant findings. In dislocation creep, if the slip plane is primarily the c-plane (the easy-glide plane of hexagonal 636 

ice), it is unlikely that a-axis organization occurs geometrically through c-plane slip. Since these processes do not seem 637 

interdependent, we exclude this possibility. The organization of the a-axis structure among these crystal grains can only occur 638 

due to interactions at the grain boundaries between adjacent crystal grains. Therefore, we speculate that dynamic 639 

recrystallization processes, particularly migration recrystallization associated with nucleation, play a critical role. The 640 

observations listed as (i) to (iii) at the beginning of this section support this speculation. 641 

Unlike migration recrystallization, which can significantly modify c-axis fabric (e.g., De La Chapelle et al., 1998; Cuffey 642 

and Paterson, 2010), rotation recrystallization has a minimal effect on c-axis fabric changes but does reduce grain size and the 643 

aspect ratio. Similarly, it seems reasonable to think that rotation recrystallization has a minimal effect on a-axis fabric changes 644 

as well. Thus, we exclude this as a possible cause of the a-axis organization. We speculate that the new grains, with c-axis 645 

orientations distinctly offset from the single pole cluster, also have new a-axis orientations. When new crystal grains form 646 

through recrystallization, they arrange water molecules to form the most energetically favorable orientation, minimizing energy 647 

between the surfaces of the grains and forming a-axis alignment between adjacent grains. Here, we cite two papers by Matsuda 648 

et al. (1976) and Matsuda and Wakahama (1978) on the possibility of crystal twinning in ice sheets. Crystal twinning occurs 649 

when two or more adjacent crystals of the same mineral share some crystal lattice points symmetrically, forming an intergrowth 650 

of tightly bonded crystals. The shared surface is known as the twin plane or composition surface. Matsuda et al. (1976) 651 

investigated ice core samples from the Antarctic ice sheet near Cape Folger, revealing distinct crystallographic changes at 652 

specific depths. The ice layers exhibit a "diamond" pattern in c-axis orientations, indicating twinning relationships between 653 

crystal groups. The crystal structure of hexagonal ice has seven directions of oxygen-oxygen bonds, which are connected by 654 

hydrogen bonds, including along the c-axis. The angles between these bonds are equal to the tetrahedral angle of 109.5°. These 655 

authors determined the orientations of all seven oxygen-oxygen bond directions from the orientations of the c-axis and a-axis 656 

measured in polycrystals with a four-maxima "diamond" pattern c-axis fabric. As a result, it was found that 2 to 3 of the seven 657 

bonds in each crystal group were aligned with the bond directions of neighboring crystal groups. The alignment of oxygen-658 

oxygen bond directions between neighboring crystal groups strongly suggests that the neighboring crystals might be in a 659 

twinning relationship. Variations in grain size, texture, and crystallographic orientation are linked to deformation under high 660 

shear stress, with less deformation and twinning observed in certain layers, leading to characteristic c-axis patterns. Matsuda 661 

and Wakahama (1978) further investigated several types of polycrystalline ice of different origins. They suggested that a great 662 

majority of the adjoining crystals might be in a twinning relation. They suggested a strong possibility that the structural relation 663 

between crystals plays a major role in the appearance and growth of nuclei which have specific orientations during 664 

recrystallization. 665 
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These findings offer insights into the structural evolution of deep ice in response to stress and impurities; this crystal 666 

twinning hypothesis by these authors may apply to the current case of DF. Although we did not observe a four-maxima c-axis 667 

pattern at DF, crystal twinning likely occurs during nucleation and subsequent crystal growth, leading to share a-axis 668 

orientations between adjacent grains, even before the four-maxima pattern is concretely shaped. 669 

Based on these speculations, we propose some answers to the questions posed earlier: (i) This a-axis organization likely 670 

began to appear and grow during periods of enhanced nucleation and migration recrystallization, particularly under higher 671 

temperatures in the LO20%. In the UP80%, this phenomenon is likely very weak. (ii) The most fundamental cause of a-axis 672 

rearrangement is nucleation and migration recrystallization, which relieves localized stresses. It is possible that crystal 673 

twinning, where some crystal lattice points are shared symmetrically, forms the a-axis organization to create the most stable 674 

thermodynamic conditions. (iii) The spatial extent of a-axis rearrangement is thought to be relatively limited, likely confined 675 

to a small region, such as the size of a single thin section or even smaller. This is because it is difficult to consider a far-676 

reaching effect where distant crystal grains align with each other in terms of the a-axis. While the a-axes tend to align among 677 

adjacent and nearby crystal grains, it is natural to consider that the orientations formed in coordination become entirely different 678 

as the distance increases. 679 

It is also noteworthy that a few deformation experiments on polycrystalline ice conducted in the laboratory have reported 680 

a-axis organization (Journaux et al., 2019; Qi et al., 2019; Wang et al., 2024). These experiments were conducted at 681 

temperatures near the melting point, with strain rates much higher (by about 105 to 107 times) than those in plateau region of 682 

the Antarctic ice sheet. A preferred a-axis maximum was detected in all these shear experiments. Additionally, natural 683 

examples from sheared ice under temperatures close to the melting point (Monz et al., 2021; Thomas et al., 2021) also exhibit 684 

a preferred a-axis maximum. These observations can be explained by the same speculation that the a-axis organizations were 685 

formed due to grain nucleation and migration recrystallization induced by shear strain under temperatures close to the melting 686 

point. 687 

5.2 Development of the overall layered structures 688 

5.2.1 Depth-dependent variations of Δε in the entire core 689 

Figure 9 shows Δε, its SD, and the aspect ratio across the entire core thickness. In the UP80%, both Δε and the aspect ratio 690 

increase with depth, reaching their maximum levels at the bottom. Below this, between approximately 2400 and 2650 m, the 691 

trend changes, with both Δε and the aspect ratio showing larger fluctuations and sharp drops. The decrease in Δε values and 692 

the increase in SD are directly linked to the scatter in individual Δε measurements (represented by dots). Pronounced scatter 693 

results in smaller averaged Δε values over each 0.5-m segment and larger SD, with a corresponding decrease in the aspect 694 

ratio. At depths greater than about 2800 m, Δε values exhibit significant fluctuations over distances of about 10 m, and the 695 

aspect ratio remains at its smallest level. 696 
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697 
Figure 9. Variation of Δε, its SD, and the aspect ratio across the entire depth of the core is presented. Δε is shown as raw data (dots) and as 698 
mean values for each 0.5 m interval (markers). The dots represent Δε values at each 0.02 m step, and the SD corresponds to Δε values over 699 
each 0.5 m segment. Data from the UP80% are sourced from Saruya et al. (2022b), while aspect ratio data is indicated by red markers and 700 
lines. Data for the LO20% are from the current study of the DF2 core, and data for the UP80% are from the DF1 core (Azuma et al., 1999; 701 
2000). 702 

5.2.2 Comparison of c-axis fabric at deeper part of three summit ice cores 703 

We extend our comparison of c-axis fabric data from DF with that of EDC. It is notable that these two sites are similar in 704 

terms of glaciological conditions, including surface temperature, annual mean surface mass balance and ice thickness (see 705 

Table 2). Figure 10a indicates the relationship between Δε (averages and raw data as with Figures 5a) value and normalized 706 

eigenvalue a3(2). General trends in cluster strength and grain size are very similar in both ice cores across all age scales. 707 

Furthermore, Durand et al. (2009) pointed out depth-dependent developments in c-axis clustering in deep sections are similar 708 

in the GRIP ice core (Thorsteinsson et al., 1997) and EDC core in Antarctica. Indeed, at the three summit sites, the depth zones 709 

where the maximum clustering appears are similar (see Table 2). The similarity among these three sites across both 710 

hemispheres implies that certain physical mechanisms are driving this similar development of c-axis clustering. We 711 

hypothesize that the temperature environment within the ice sheet, through mechanisms such as dislocation creep and 712 

recrystallization, might have resulted in the commonality of c-axis fabric at three points in the ice sheets. In this hypothesis, at 713 

the bottom of the UP80%, the thickness of ice is approximately 10% of the original ice equivalent thickness at the time of 714 

deposition (see Figure 5g). At this depth, the eigenvalue a3(2) reaches about 0.93. In the absence (or faint presence) of shear 715 

stress, a strongly clustered texture will be difficult, either to compress or shear, thereby necessitating dynamic recrystallization 716 

as an accommodation process. This state of saturation of the c-axis cluster, along with the common temperature range may be 717 

more effective as a condition to trigger nucleation and recrystallization. The deepest 10–20% of the polar ice sheets are 718 
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typically characterized by their ability to easily deform under horizontal shear, due to high temperatures and well-clustered c-719 

axis fabric. In these depths, dynamic recrystallization plays a critical role, particularly in impurity-poor layers, to recover the 720 

potential of c-axis orientations available for the continuation of dislocation-creep-based deformation. 721 

In the present study including Saruya et al. (2022b), we did not identify large anomalous step of c-axes clustering with 722 

increasing depth (Figures 9, 10 and Appendix D). Rather, c-axis fabric exhibits fluctuations that appear already at a few 723 

hundred-meter depth at Termination I. Thus, there is no indication attributable to presence of simple shear. This argument 724 

differs with the existing scientific claim given by Durand et al. (2007). They suggested the impact of shear was important to 725 

explain anomalous strengthening the c-axes cluster especially at the Termination II. In contrast to this earlier attribution to 726 

shear, Saruya et al. (2022b) attribute small depressions of Δε values at MIS5e to the very low concentration of resolved Cl- 727 

ions, which can substitute for the location of H2O in the crystal lattice, indicating that ice is harder because of it. This 728 

explanation applies to the EDC case because, at EDC, most Cl- ions are lost to the atmosphere from snow compared to DF at 729 

least during the Holocene (i.e., the interglacial period), while at Dome Fuji, they are preserved as NaCl and in solid solution 730 

(Oyabu et al., 2020). These conditions suggest that ice becomes harder, preventing the c-axis cluster from strengthening at 731 

MIS5e as well. In other words, this gives an alternative explanation for the significant depression of the c-axis cluster at MIS5e 732 

and a notable jump in the c-axis cluster at EDC. Additionally, further complexity arises because, at EDC, the surface mass 733 

balance (SMB) contrast between glacial and interglacial periods is approximately 20% larger than that of DF (Fujita et al., 734 

2015; Parrenin et al., 2016), which will dilute Cl- ions more at EDC and also complicate ice flow models. 735 

Table 2: Environment of the DF, EDC, and GRIP sites from dome regions in central plateau area of the ice sheets 736 

Site Elevati
on (m) 

Ice 
thickness 

(m) 

Annual mean 
SMB 

 (kg m−2 
y−1) 

Annual 
mean 

surface air 
temperature 

(℃) 

Depth of 
temperatur
e at –10 ℃ 

(m) 

Depth of 
maximum c-axis 

cluster and 
corresponding 

temperature range 
(℃) 

References 

DF 3810 3028 
(±15) 24–28 –54.4 ca. 2700 2400–2650 

–18 to –12 

This study, 
DFICPM, 2017, 

Oyabu et al., 2023, 
Yamanouchi et al., 

2003 

EDC 3233 3273 
(±5) 25 –54.5 ca. 2800 2400–2650 

–20 to –13 

EPICA Community 
Members, 2004, 

Durand et al., 2009, 
Buizert et al., 2021 

GRIP  3216 3085  230 –30.0  ca. 2960 2600 
–20 

 Dahl-Jensen, et al., 
1993, 1998, 

Thorsteinsson et al., 
1997 
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737 
Figure 10. The c-axis fabric data and grain size data from the DF core and the EDC core are compared. Here, we applied the DF2021 age 738 
scale (Oyabu et al., 2022) for ages younger than 216 thousand years BP and the AICC2012 age scale (Bazin et al., 2013) for older ages. 739 
Light-gray shading indicates the interglacial periods. (a) Δε presented as raw data (dots) and as mean values for each 0.5-m segment (black 740 
markers for DF) or for each thin section (red marker for EDC).  The right axis provides a scale for normalized eigenvalues. (b) SD for De  in 741 
the DF core. (c) Detrended De values in the DF core. (d) d18O in the DF ice core. (e) Grain size in DF cores (Azuma et al., 2000 and this 742 
study) and EDC core (Durand et al., 2009). (f) Concentrations of Cl–, SO4

2– and Ca2+ ions (Goto-Azuma et al., 2019). (g) Concentration of 743 
dust particles (DFICPM, 2017). 744 
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5.3 An overview of the layered structure of the ice sheet  745 

Based on the above discussions, we propose an overview of the layered structure of ice sheets. Polar ice sheets are massive 746 

bodies of ice, comprising layers with a wide variety of rheological characteristics, which are dependent on depositional features, 747 

that is, historical depositions of aerosols from the atmosphere. The thickness of layers ranges widely, from annual layers 748 

(millimeters) to those spanning glacial and interglacial periods. The initial ice fabric forms during firn processes (e.g., Calonne 749 

et al., 2017; Fujita et al., 2009, 2016; Montagnat et al., 2020). Another fundamental factor, not covered in the current paper, is 750 

the content of ions that either enhance (Cl- and F-) or impede (NH4+) deformation (Nakamura and Jones, 1970; Jones and Glen, 751 

1969; Jones, 1967), as well as the presence of insoluble particles like salt inclusions, in addition to the dust particles discussed 752 

in this study. In ice physics, F- and NH4+ are well-known as major factors that modify the viscosity of ice crystals (as reviewed 753 

in textbooks by Petrenko and Whitworth (1999) and Fletcher (1970)). It must be emphasized that these ions can substitute for 754 

the location of H2O in the crystal lattice, thereby modulating the density and behavior of dislocations. These effects from ions 755 

are present in the ice crystal lattice from the firn process all the way to the bottom of the ice sheet. For example, Fujita et al. 756 

(2014) and Fujita et al. (2016) suggested that the rheology of polar firn is dependent on these ions. Additionally, it must be 757 

emphasized that salt inclusions have larger volume fractions than dust particles (Ohno et al., 2005). 758 

Ice with these diverse initial properties, which will persist in the ice, experiences two distinct conditions in the upper 80% 759 

and the lower 20% of the ice sheet, as listed in Table 3. Four types of conditions affect the development of crystal orientation 760 

fabric, microstructures, and deformational regimes. These are: (i) temperature conditions, (ii) primary strain configurations, 761 

(iii) effects of insoluble particles (such as dust, metals, and salts) on texture, and (iv) processes of dynamic recrystallization, 762 

including the formation of new grains and migration recrystallization. Consequently, each individual layer has its own 763 

trajectory of deformational history over time periods spanning up to 106 years.  764 

This overview has significant implications for practical applications, such as ice sheet modelling, ice core sciences and 765 

radioglaciology. Practical application for the ice sheet modelling is beyond the scope of this paper. However, these layered 766 

structures correlate directly with the vertical thinning of each layer, making them useful for improving ice core dating models 767 

by providing constraints on strain values. Additionally, at locations moving away from the dome, the increase in gravity-driven 768 

shear movement of the ice sheet causes inhomogeneous deformation between layers or layer zones, eventually resulting in the 769 

formation of folds, faults, and mixing of ice across various layer thickness scales. For ice core sciences, which aim to 770 

investigate continuous records of very ancient ice on the million-year scale, choosing a drilling site at the dome is crucial. 771 

Drilling at locations away from the dome area carries serious risks of layer disturbances near the bottom. Another implication 772 

of this discussion concerns the state of radio echoes from the very deep parts, specifically in the lower 20% of the ice sheet. In 773 

glaciology, the presence or absence of echo-free zones is a topic of debate (e.g., Fujita et al., 1999; Drews et al., 2009). On 774 

one hand, layers of ice c-axis fabric can cause the reflection of detectable radio echoes (e.g., Fujita et al., 2000). On the other 775 

hand, phenomena in the lower 20% will change the nature of ice for radio wave scattering. Concretely, reflections are more 776 
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likely from large-scale layers corresponding to glacial/interglacial changes rather than shorter time-scale events. Additionally, 777 

layer disturbances accompanied with dynamic recrystallization may be observed as echo-free zones. 778 

Table 3. Sequence of physical conditions of ice related to formation of crystal orientation fabric, texture and rheology within 779 

the ice sheet near dome summit in East Antarctica.  780 

Depth range a) 
Temperature 

condition 
(℃) a) 

The primary strain 
configurations 

Insoluble particles 
(such as dust and 
salt) slow down… 

Influence of dynamic 
recrystallization on variation of 

crystal orientation fabric and texture 

Depths of firn 
processes 
(0 – 100 m) 

–55 a) vertical compression (unknown) small 

UP80% b) 
(100 – 2400m) –55 ~ –16 a) vertical compression c) the formation of the 

c-axis clustering small 

LO20% b) 
(2400 – 3035 m) 

–16 ~ melting 
point a) 

vertical compression 
combined with simple 

shear 

the relaxation of the 
c-axis clustering, 

and 
the decrease of the 

aspect ratio of 
crystal grains 

formation of c-axis with orientations 
distinctly offset from the original c-

axis cluster 
formation of preferred a-axis fabric, 

possibly due to crystal twinning 
the decreasing trend of the aspect 

ratio of crystal grains 

a) Numbers are all approximate ones. 781 
b) There is no sharp boundary between the UP80% and the LO20%. Rather, the transition occurs gradually and 782 

progressively. 783 
c) Vertical compression will be combined with simple shear progressively from deeper side if we move away from dome.   784 

 785 

6. Conclusions 786 

Use of the innovative methods for analysis of crystalline textures, and their outcome 787 

For enhanced understanding of layer structures and deformation regimes in polar ice sheets, we investigated the DF ice 788 

core using innovative analytical methods. Using the Laue X-ray diffraction method, we clarified detailed information about 789 

both c- and a-axes for each crystal grain. Microstructural observations provided signals of migration recrystallization and 790 

potentially nucleated grains. With the DTM, we provided c-axis fabric data with unprecedented sampling frequency, spatial 791 

resolution, continuity, and statistical significance. Furthermore, by combining data from these two methods, we clarified the 792 

layering of crystal orientation fabric in the LO20%. Coupled with previously reported c-axis fabric data in the UP80%, we 793 

obtained comprehensive and high-resolution c-axis fabric profiles for the core. The complex sequence includes changes in 794 

depth range from the UP80% to the LO20%, and temperature variations from about –55℃ to the pressure melting point. The 795 

primary strain configurations evolve from vertical compression to a combination of vertical compression and simple shear. 796 

Insoluble particles like dust influence the process by shifting from promoting the slower formation of c-axis clustering to 797 
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inhibiting its relaxation. Moreover, the activity of dynamic recrystallization increases from less active to more active states. 798 

Including these, our major conclusions for each specific point are further listed as follows: 799 

 800 

Development of crystal orientation fabric, microstructure, and layering 801 

(i) Presence of transitions: Both the clustering strength of c-axes and the aspect ratio of grains reached a maximum 802 

level at the bottom of the UP80% and fluctuated in the LO 20%.  803 

(ii) The c-axis clustering fluctuation over short distances: In the LO20%, the SD of the clustering strength within 804 

many 0.5-m ice segments is much larger than in the UP80%, indicating that the c-axis clustering fluctuation over 805 

short distances is enhanced in deeper sections. 806 

(iii) Growth of the c-axis clustering, aspect ratio, and grain size: In the LO20%, more impurity-rich layers maintain 807 

stronger c-axis clustering, larger aspect ratio, and smaller grain size. In impurity-poor layers, relaxation of the c-axis 808 

clustering, decreases in the aspect ratio, and growth of crystal size occur due to nucleation and migration 809 

recrystallization, altering both the c-axis and a-axis fabric of impurity-poor layers. 810 

(iv) The preferred a-axis fabric: In the LO20%, a-axis fabric exhibited preferred orientation within the plane of the a-811 

axis girdle, in a spatial scale of the thin sections used for the Laue measurements. Organization of the preferred a-812 

axis fabric is enhanced in impurity-poor ice. Additionally, the enhancement of the preferred a-axis fabric is well 813 

correlated with grain growth. 814 

(v) Roles of the nucleation, the migration recrystallization, and the crystal twinning: Signals of migration 815 

recrystallization, such as bulged grain boundaries and interlocking grains, and potentially nucleated grains were found 816 

in impurity-poor layers. Crystal grains in impurity-rich layers showed a flattened (elongated in 2D) shape. These 817 

contrasts in microstructures are unique to deeper sections. We argue that the nucleation and the migration 818 

recrystallization is the exact physical mechanism that caused the c-axis relaxation and the a-axis organization. 819 

Possibly, crystal twinning, which share some crystal lattice points symmetrically with the neighboring crystals, is 820 

forming the a-axis organization. 821 

(vi) Presence of nucleation in the impurity-rich layers: In impurity-rich layers, features indicating nucleation were 822 

observed. However, only weak signals of migration recrystallization were observed. The contrasting microstructures 823 

between impurity-rich and impurity-poor layers are closely linked to the differing variations in cluster strength in 824 

each layer. 825 

(vii) Growth of the rigid body rotation: The layer inclination angle shows stepwise changes at 2580 and 2770 m, being 826 

10° at depths less than 2580 m, 20° at 2770 m, and reaching 45° at 3000 m. Similarly, the orientation of the c-axes 827 

cluster deviates from the vertical in deeper parts. Until a depth of 2700 m, the inclination angles of the c-axes cluster 828 

and layers are approximately consistent but deviate from the vertical. The system rotates due to simple shear strain 829 

as a rigid body, while the c-axes cluster alone rotates backward, resulting from the compression components of the 830 

simple shear. 831 
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 832 

Common and unique features of sites: implications for wider areas in polar ice sheets 833 

(i) Atmospheric aerosols primarily determine ice fabric fluctuations: The fluctuations of the cluster strength versus 834 

ice age are common at DF and EDC, suggesting that depositional features from atmospheric aerosols primarily 835 

determine these fluctuations. This suggests that c-axis fabric layering is essentially common across a wide area of 836 

polar ice sheets, if the deposition of chemical ions and dust is similar among sites. 837 

(ii) The similarity among three dome summit sites: At the three summit sites in Antarctica (DF and EDC) and 838 

Greenland (GRIP), the depth zones where the maximum clustering appears are similar. The similarity among these 839 

three sites across both hemispheres may be related to commonality of temperature condition along with the total 840 

amount of strain in the LO20%. 841 

(iii) Unusual thickening of annual layers near the base of the DF ice explained: Unusual thickening of annual layers 842 

near the base of the DF ice core can be explained by the rigid body rotation of the system in the meridional direction 843 

near the bed of the ice sheet. 844 

(iv) An alternative explanation for the depression of the c-axis cluster at MIS5e in EDC ice: The significant reduction 845 

of the c-axis cluster at MIS5e in EDC is explained by the very low concentration of Cl- ions in the ice during this 846 

period and at this location. 847 

(v) Implications for the nature of the very deep ice: We argue that the bottom thickness of the ice sheet deeper than 848 

approximately 2600 m plays a special role in shear deformation when the ice sheet moves away from the dome. 849 

Uneven strains between the layers will eventually compromise the integrity of the ice body in each part of the ice 850 

sheets. Consequently, folding, mixing, and faulting lead to the destruction of resolvable continuity in ice core signals. 851 

Ice core drilling, aiming the ancient climatic records, at locations away from the dome area carries serious risks of 852 

layer disturbances near the bottom. Echo-free zones for radar sounding can be explainable as zones with layer 853 

disturbances accompanied with enhanced dynamic recrystallization.  854 

 855 

These numerous findings warrant further examination for a better understanding. The new data and insights should link directly 856 

to key processes governing the flow of polar ice sheets. Expanding the knowledge from the dome summit to a three-857 

dimensional dynamic layer structure within the ice sheet is a critical challenge. Deciphering radar sounding data in depth is 858 

key to this endeavor. The internal deformation of the ice sheet modulates flow based on crystal orientation fabric, ion 859 

concentration, and microparticle presence, leading to differential ice movement or disturbances like folds and mixing at various 860 

layer thickness scales. These factors can introduce positive or negative feedback, modulating the flow characteristics of the 861 

ice sheet. 862 
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Appendix A: Supplemental information for Method 881 

A1 Specifications the Two Resonators and Consistency of the Δε' Values.  882 

In this study, we utilized an open resonator for microwaves operating at frequencies between 26.5 and 40 GHz (Resonator 883 

No.1), differing from our previous study that used frequencies of 15 and 20 GHz (Resonator No.2) (Saruya et al., 2022a, b), 884 

especially in terms of ice core sample size limitations. Specifications of the two resonators, thickness and width of the samples 885 

are summarized in Tables A1 and A2, respectively. Using a high-frequency band allows for reduced sample dimensions due 886 

to the smaller beam diameter at higher frequencies. To verify the consistency between the current study (Resonator No.1) and 887 

the previous one (Resonator No.2), we conducted measurements of the Δε' across both frequency bands at depths of 2400 to 888 

2500 m. Figure A1 presents a comparison of the dielectric anisotropy profiles and the standard deviation for each 0.5-m 889 

segment, using approximately 23 data points (0.02-m intervals) measured by both Resonator No.1 and Resonator No.2. No 890 

systematic differences were observed between the two resonators, though the standard deviation was slightly higher in 891 

Resonator No.1, due to its smaller beam diameter. Grain numbers included in a Gaussian beam or in a thin section are listed 892 

in Table A3. Depending on number of crystal grains in a beam or thin section, statistical significance is different. In some 893 

cases, moving averaging along the core is useful to gain more significance. 894 

 895 

Table A1: Specifications of the two resonators 896 

Item 
Curvature radius of 
the concave mirror 

(mm) 
Distance between 
two mirrors (mm) 

Scale diameter of 
the beam on the flat 

mirror (mm) 
Frequencies 

(GHz) 
Depths range 

(m) 

Symbol R D ω f z 
Resonator 
No.1  120 110 16 26.5– 40 2400–2970 
Resonator 
No.2  250 225 38 14–20 100–2500 

Table A2: Thickness and width of the samples 897 

Depths range (m) Thickness (mm) Width (mm) Resonators used 

2400–2500 35–37 53–58 No.1 and No.2 

2500–2970 41–42 30–38 No.1 

Table A3: Grain numbers included in a Gaussian beam or in a thin section.  898 

Measuring size 
and grain area 

Dimension 
(mm) 

0.1 
cm2 

0.3 
cm2 

0.5 
cm2 1 cm2 2 mm2 4cm2 
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Thick-section-based method  

DTM No.1  ~16φ × ~40 353 68 32 11 4 1 

DTM No.2  ~38φ × ~70 3490 672 312 110 39 14 

Thin-section-based methods  

Laue X-ray diffraction method 100 × 45 
450 150 90 45 23 12 

microscopy and G50 90 × 50 
 899 

 900 
Figure A1. Comparison of the Δε' and standard deviation measured by Resonator No.1 (black) and No.2 (red). 901 

A2 Inclination of the c-axes Cluster and the DTM 902 

In the main text, Figure 2 was provided to explain the geometry of the sample and the open resonator. If the c-axes cluster 903 

aligns with the vertical (i.e., the ice core axis), it is relatively straightforward to set the angle between the c-axes cluster and 904 

the electric field close to about 45°. This was the case for ice shallower than approximately 2400 m (Saruya et al., 2022b). 905 

Figure A2 presents an example of this frame projected onto a Schmidt net. In this frame, the axis of the c-axes cluster is always 906 

orthogonal to the beam's incidence, thereby lying on the plane of the electric field vector. However, issues arise when the c-907 

axes cluster deviates from the vertical. Depending on the inclination angle of the c-axes cluster from the zenith and the rotation 908 

of the cylindrical ice core in horizontal directions, the axis of the c-axes cluster may not align with the plane of the electric 909 

field vector (refer to Figure A2b). In such cases, the DTM detects permittivity components projected onto the plane of the 910 

electric field vector. These are non-principal components of the tensorial permittivity. Consequently, the raw data of non-911 

principal components of dielectric anisotropy, Δε' (as shown in Figure A2b), is smaller than the principal components of Δε 912 
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when the axis of the c-axes cluster aligns with the plane of the electric field vector. Correction of data from Δε' to Δε is possible 913 

only if both the inclination angle and the horizontal orientation of the c-axes cluster are known (see Figure A2b’).  914 

    To enhance understanding of the measurement principles, Figure A2 is explained in greater detail here. Figure A2a depicts 915 

the case where the c-axes cluster of single pole fabric aligns with the vertical. The diagram's center represents the incident axis 916 

of the microwave beam in the resonator. Thus, the electric field vector is always orthogonal to the beam, spreading along the 917 

diagram's periphery. The dark blue plane contains the girdle of the a-axes. The red line represents a plane that includes both 918 

the beam axis and the c-axes cluster. In this setup, setting the electric field vector approximately within directions of E1 or E2 919 

splits the vector components into two directions. This allows derivation of two permittivity components, εv and εh, as 920 

permittivities in the two principal axes along the diagram's periphery. Figure A2b illustrates a scenario where the c-axes cluster 921 

of single maximum fabric is inclined at an arbitrary horizontal orientation. The diagram's center is again the incident axis of 922 

the microwave beam. The dark blue plane contains the girdle of the a-axes, while the red line is a plane containing both the 923 

beam axis and the c-axes cluster. The dashed line represents a plane perpendicular to the red plane and containing the beam 924 

axis. In this arrangement, setting the electric field vector approximately within rotated directions of E1 or E2 still splits the 925 

vector components into two directions. However, it results in two non-principal components, ε'v and ε'h, as permittivity. 926 

Knowing the inclination angle of the c-axes cluster (θ in Figure A2b’) and horizontal orientation of the c-axes cluster allows 927 

for accurate derivation of Δε values by rotating around the core axis to align the c-axis maximum within plane of the electric 928 

field vector (as shown in Figure A2b’) and calculating the geometrical effects of the inclination angle of the c-axes cluster. 929 

 930 
Figure A2. An explanation of the 3D geometry of systems composed of core samples, crystal axes, and applied electric fields, represented 931 
using projections on the Schmidt net diagram. For three figures from (a) to (b’), both c-axes (red dots) and a-axes (dark blue dots) are 932 
presented for an imaginary ice core sample. In (a) and (b), the center of the diagram represents the axis of incidence for the microwave beam, 933 
with the peripheral circle forming a plane orthogonal to the beam. The top of this peripheral circle corresponds to the vertical orientation 934 
within the ice sheet, which is also the top of each ice core. Case (a): The c-axes cluster of single pole fabric aligns with the vertical, and the 935 
a-axes girdle lies on the horizontal plane. If the microwave beam's electric field vector falls within the orientation ranges of E1 or E2, it 936 
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induces birefringence, allowing us to derive two components of permittivity, εv and εh, as principal components of the tensor. Consequently, 937 
we can calculate the difference as Δε. Case (b): Here, the c-axes cluster of single pole fabric is inclined to an arbitrary horizontal orientation. 938 
The girdle of the a-axes deviates from the beam axis. In this scenario, using the electric field vectors from (a) within the orientation ranges 939 
of E1 or E2 is ineffective for detecting birefringence, as the splitting of waves into two components is not equally balanced. However, if the 940 
microwave beam's electric field vector is within inclined range from E1 or E2, namely E’1 or E’2, balanced birefringence is achieved, and 941 
we can derive two non-principal components of permittivity, ε'v and ε'h. This results in the calculation of the non-principal difference as Δε'. 942 
Case (b’): This is the same as (b), but the system is horizontally rotated so that the c-axes cluster aligns with the periphery of the diagram 943 
where the electric field vector is located. By comparing permittivity values between cases (b) and (b’) using the c-axis fabric data, we can 944 
determine factors to adjust Δε' values to Δε values. 945 

A3 Detail of the layer inclination measurements 946 

The inclination of the layers in the Dome Fuji ice core was measured using two methods, as follows: Thin, cloudy bands 947 

are faint features with thicknesses ranging from about 10 mm to 1 mm. We observed the ice cores using a light stage, 948 

approximately 250 mm by 600 mm in size, placed on a table. The ice cores, shaped as half vertical cuts of the original 949 

cylindrical form, were visually inspected by observers who looked directly down at the core from above the light stage. The 950 

ice cores were positioned between the observers’ eyes and the light stage. The faint and thin cloudy layers are identified when 951 

oriented vertically; only in this orientation do the observers recognize the layers as sharp lines. From angles deviating from 952 

this, it is difficult to recognize such layers. By orienting the layers vertically and keeping them orthogonal to the core's 953 

inclination on the light stage, the observers could measure and record the inclination angle of the ice cores using a large 954 

protractor. With this procedure, layer inclination was measured in a 3D manner, and we always measured the maximum 955 

inclination angle. In some cases, we employed another method where the observers used the coordinates of three or more 956 

points in each layer within ice cores shaped as half of the core. Using these points, we measured the inclination angle of the 957 

layers in 3D, ensuring the orientation was at the point of maximum layer inclination. At least two observers (in most cases, 958 

Miyamoto and Fujita) measured the inclination angles for each layer as a cross-check. Additionally, we repeated measurements 959 

several times to gain skills and confirm reproducibility. The observers estimated that the maximum errors in measurement 960 

were about 5 degrees. The orientation of the inclination was not recorded because core orientation was not a topic of interest 961 

at that time. However, we checked if these two are in the same vertical plane or not. We conformed that the horizontal 962 

orientation of the c-axes cluster and the normal axis of the layer inclination are within the same vertical plain throughout the 963 

LO20%.  964 

A4 Estimation of the error range of the normalized eigenvalues for the c-axis fabric data obtained through thin-965 
section methods 966 

Generally, if the total number of grain samples is N (in our Laue example, ranging from about 50 to about 250), the addition 967 

of a grain means the normalized eigenvalue can vary by about 1/N at maximum. When c-axes are clustered, as in the Dome 968 

Fuji core, the range of variation will be much smaller than this 1/N. Assuming each grain contributes an eigenvalue between 969 
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2/3 and 1 (see Figure 5a), the range of variation will be 1/(3N) or less. Therefore, the total number of grains is very important. 970 

The error in the eigenvalue is on the order of 1/(3N) or less. 971 

A5 Microstructural observations 972 

We analysed grain shape using ImageJ software. Table A4 shows the aspect ratio value defined as the ratio of the short and 973 

long axis of a fitted ellipse. In the table, sample depths, concentration of dust particles, average and standard deviation of the 974 

aspect ratio are listed.  In some depths, we used several thin sections to obtain the number of crystal grains (indicated by 975 

annotation). We found flattened (or elongated in 2D) grains in samples from depths of 2540, 2648, 2653.5, 2673.5, 2759.5 m. 976 

(see brown shading in Figure 5). There, the aspect ratio ranges from 1.9 to 2.0. In contrast, the aspect ratio in deep impurity-977 

rich layers (samples from depths of 2907.5 and 2949 m) and impurity-poor layers ranges from 1.5 to 1.6. Shallower than a 978 

depth of 2600 m, depths of 2518.5 and 2540 m are located in impurity-rich layer (see Figure 5). The concentration of dust 979 

particles in 2518.5 m is not so high (~32 ppbv), so there is no evident elongation, and the aspect ratio is not large.  980 

Table A4: Aspect ratio of grains analysed by Image J software using thin sections. Sample depths, concentration of dust 981 

particles, grain number, average and standard deviation (SD) are listed. The columns with bold text correspond to the impurity-982 

rich layer indicating slanting and flattened (or elongated in 2D) grains.   983 

Depth [m] 2470 2490 2500 2518.5 2540 2623.5 2648 2653.5 2673.5 
Concentration of dust 

particles [ppbv] ~3 ~1 ~7 ~32 ~132 ~4 ~273 ~221 ~166 

Grain number 122a) 90 b) 44 121 167 43 335 238 244 

Average 1.7 1.6 1.7 1.7 1.9 1.5 2.0 1.9 1.9 

SD 0.6 0.5 0.5 0.6 0.5 0.3 0.7 0.6 0.6 

 984 

2685 2730 2759.5 2807 2847.5 2868 2872 2887 2907.5 2949 

~12 ~10 ~137 ~4 ~34 ~2 ~3 ~10 ~91 ~51 

55 96 262 44 107 a) 41 42 a) 45 56 48 

1.6 1.6 1.9 1.5 1.5 1.6 1.6 1.5 1.6 1.5 

0.5 0.4 0.7 0.5 0.4 0.5 0.5 0.6 0.3 0.3 
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a) Sum of two thin sections 985 
b) Sum of three thin sections 986 

Figure A3(a and b) shows closeup images of microstructures. Each panel corresponds to the top-right sections of Figures 987 

5a and 5b images. Here, we illustrated grain boundaries, grain boundaries on the reverse side, and subgrain boundaries 988 

speculated from geometry by colored shading.  989 

 990 
Figure A3. Closeup images of microstructures (samples from depths of 2648 and 2685 m). Each corresponds to the top-right 991 

of the original images in Figures 5a and 5b. Grain boundaries (blue lines), grain boundaries on the reverse side (green lines) 992 

and subgrain boundaries (red lines) speculated from geometry are illustrated. Scale bar: 2mm.  993 

 994 

  995 
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Appendix B: Corrections from Δε' to Δε 996 

Using data from the Laue X-ray diffraction measurement taken at 42 different depths, we initially examined both the 997 

inclination angle and the horizontal orientation of the c-axes cluster. We assumed that the inclination angle of the c-axes 998 

cluster consistently develops towards the same horizontal orientation within the ice sheet, a plausible assumption given the 999 

unlikelihood of horizontal rotation in ice flow under deep englacial conditions at the dome summit. In the ice sheet, there is 1000 

a possibility that the inclination angle of the c-axis cluster may rotate with increasing depths if the dome summit position 1001 

migrates in a complex manner. Another possibility is that when handling many cylindrical ice cores, sometimes the continuity 1002 

of orientation between adjacent cores is lost, especially when irregular ice core breaks occur. When we perform the DTM 1003 

measurements, we do not know the core orientation in advance. We can determine the orientation only from the Laue data 1004 

(or orientation of layer inclination if they were recorded). Only with the assumptions we made were we able to apply 1005 

corrections from Δε’ to Δε. The inclination angle of the c-axes cluster is presented in Figure 5f of the main text. We observed 1006 

that the horizontal orientation of the c-axes cluster gradually rotates with increasing depth (Figure B1). To address the data 1007 

scatter, we proposed a fitting curve as shown in the figure. Notably, some data scatter between approximately 2400 and 2700 1008 

m leads to significant deviations from the fitting curve. We calculated the tensorial components of c-axes projected onto the 1009 

diagram's periphery and further computed eigenvalue anisotropy (the difference between the maximum and minimum) by 1010 

combining the inclination angle of the c-axes cluster (Figure 5f) and the horizontal orientation of the c-axes cluster (Figure 1011 

B1) for orientations where the c-axes cluster aligns with the periphery of the Schmidt net diagram (as shown in Figure A2b’). 1012 

The results are presented in Figure B2. Using these data, we estimated coefficients for correcting Δε to Δε', detailed in Figure 1013 

B3. We found that the necessary corrections are minor (up to several percent) at depths shallower than about 2730 m but 1014 

become more significant at deeper depths (up to about 20 percent).  At depths between approximately 2400 and 2730 m, 1015 

where large deviations from the fitting curve were observed (Figure B1), the resulting errors in corrections are likely limited 1016 

due to the inclination angle of the c-axes cluster remaining small, less than about 20 degrees, in this depth range (Figure 5c). 1017 

Therefore, we estimate the errors in our correction coefficients to be less than 10%. 1018 

Figure B4 displays the Δε' and Δε values, along with eigenvalue anisotropy obtained from the Laue X-ray diffraction 1019 

measurements. At depths exceeding 2900 m, the corrections incorporate errors due to continuity uncertainties between core 1020 

samples, which arise from unpredictable core rotation. Consequently, sudden changes in Δε values may be erroneous. 1021 

Nevertheless, we observed a good agreement between the Δε values from the two ice cores (DF and EDC) at ages older than 1022 

approximately 630 kyr BP, corresponding to the ice age at 2900 m.  1023 

 1024 
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 1025 

Figure B1. Horizontal orientation of the c-axes cluster (left axis) was derived from the c-axis fabric data obtained through the Laue X-ray 1026 
diffraction measurements. Angles of 0, 180, or –180 degrees indicate that the c-axes cluster is perpendicular to the observer's line of sight 1027 
and parallel to the electric field vector of the electromagnetic waves. Conversely, angles of 90 or –90 degrees indicate that the c-axes 1028 
cluster is parallel to the observer's line of sight and perpendicular to the electric field vector. When the horizontal orientation of the c-axes 1029 
cluster measures 0, 180, or –180 degrees, it aligns with the periphery of the Schmidt equal area projection. 1030 
 1031 

 1032 
Figure B2. Comparison of eigenvalue anisotropy values between measurement frame (indicated in red) and corrected frame (indicated in 1033 
blue).  1034 
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 1036 

Figure B3. Correction coefficients for converting Δε' to Δε. This figure presents proposed fitting curves for depths ranging from 2400 to 1037 
2730 m and for depths greater than 2730 m. 1038 
 1039 

 1040 
Figure B4. Correction of Δε' (depicted in black) to Δε (shown in red) and comparison with eigenvalues a3

(2) (illustrated in purple) as estimated 1041 
from the Laue X-ray Diffraction Measurements. It is important to note that the DTM data represent average values for each 0.5 m section 1042 
using thick-sections, while the Laue X-ray diffraction measurement data are derived from thin sections. The volume of ice represented by a 1043 
single data point differs by approximately 102 times.  Additionally, the DTM method provides volume-weighted values of c-axis fabric, 1044 
whereas the Laue X-ray diffraction measurements yield an average value across the total number of crystal grains, typically not accounting 1045 
for the size (volume) of each individual crystal grain. 1046 
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Appendix C: Continuous Variations in Δε and Comparison with Microstructures 1048 

Figure C1 showcases examples of the continuous variation of Δε across 0.5 m core samples at five depths (125.0–125.5, 1049 

1300.0–1300.5, 2648.0–2648.5, 2707.0–2707.5, and 2823.0–2823.5 m). The shallowest 2 depths were obtained from Saruya 1050 

et al. (2022b). The mean values and standard deviations for each 0.02 m segment were calculated using various TEM 0, 0, q 1051 

resonance modes in the open resonator method. For the data in Figure C1, the mean values (and SD) at these five depths are 1052 

0.0076 (0.0005), 0.0194 (0.0006), 0.0285 (0.0008), 0.0263 (0.0036), and 0.0282 (0.0043), respectively. Fluctuations within 1053 

the 0.5 m ice core samples become more pronounced at greater depths. However, in the core sample with a higher concentration 1054 

of dust particles (at 2648.0 m, represented by brown plots), the fluctuations are not as marked. 1055 

 1056 

 1057 
Figure C1. Examples of variations in Δε along 0.5 m sections of ice cores, as determined by continuous measurements. The bars display 1058 
standard deviations derived from various resonance modes in the open resonator. 1059 

 1060 
Figure C2 presents an example of comparing the Δε profile with microstructures, specifically for the 2490.0–2490.5 m 1061 

sample. The upper and lower panels show fabric data and polarized images, respectively. Within the Δε profile, two locations 1062 

exhibit lower Δε values (at 0.11 and 0.27 m). At these depths, grains are observed with c-axis orientations differing from those 1063 

of the surrounding grains. These layers contribute to a decrease in the mean Δε' value and an increase in the SD value for this 1064 

0.5 m core section.  1065 
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 1067 
Figure C2. An example of comparing the Δε variation along a 0.5 m ice core section with microstructures (c-axis fabric data and polarized 1068 
images) obtained from thin-section measurements (2490.0–2490.5 m). The bars in the Δε variation graph represent standard deviations from 1069 
different resonance modes of the open resonator. The horizontal scales in both the Δε variation graph and the microstructural images are 1070 
aligned for consistency. 1071 
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Appendix D: Modified Figure 10 highlighting the Termination II and MIS 5  1074 

 1075 
Figure D1: Modification of the Figure 10. Crystal orientation fabric data from the DF core and the EDC core are compared using a common 1076 
age scale of the DF2021 age scale. (a) Δε presented as mean values for each 0.5-m segment (black markers for DF) or for each thin section 1077 
(magenta marker for EDC). The right axis provides a scale for normalized eigenvalues. (b) Oxygen isotope ratios (δ18O) in the DF ice core. 1078 
(c) Concentrations of Cl–, SO4

2–, and Ca2+ ions (Goto-Azuma et al., 2019). (d) Concentration of dust particles (DFICPM, 2017). For ice at 1079 
EDC at MIS5, the normalized eigenvalues are smaller than those at DF. 1080 
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