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Key Points:17

• First characterization of fabric, texture, and 2D and 3D bubble characteristics in18

four depth regimes around identified age reversals from the ALHIC1901 blue ice19

core from Allan Hills, Antarctica20

• Multi-method approach shows strongly elongated air bubbles, indications of dy-21

namic recrystallization, simple shear as the main deformation type and the com-22

mon occurrence of ”stripes”, i.e., differently oriented crystals23

• Kink bands and z-folds identified as potential reasons for a disturbed stratigra-24

phy and distinct bubble characteristics indicating the alteration of the original bub-25

bles and their gas content26
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Abstract27

Ice cores from the Allan Hills blue ice area in Antarctica have been dated to several mil-28

lion years of age. However, the stratigraphy of these cores is often disturbed, and age29

reversals are common, hampering the interpretation of the derived climate records. To30

better understand the physical processes affecting the ice, we here use a variety of mi-31

crostructural methods to investigate the fabric, texture and bubble characteristics of four32

depth regimes in the ALHIC1901 core. We find single maximum CPOs with an occa-33

sional second maximum; stripes of differently orientated crystals are common. We fur-34

ther observe small, potentially elongated, grains containing indications of dynamic re-35

crystallisation. 2D and 3D bubble data show strongly elongated bubbles and very low36

bubble number densities compared to similar depths of deep ice cores. We interpret these37

findings as indications of simple shear, including kink and z-folds at the centimeter scale38

and potential alterations to the original air bubbles and, thus, their gas content. Extended39

studies of Allan Hills ice cores using continuous sections are needed to evaluate the spa-40

tial scale of the folding and its impact on the climate record.41
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1 Introduction42

Reconstructing the palaeoclimate from air bubbles and chemical impurities pre-43

served in ice cores relies heavily on continuous records and thus an undisturbed stratig-44

raphy (e.g., EPICA Community Members, 2004; Lüthi et al., 2008). Undisturbed records45

are vital for the small number of deep ice cores going back several hundred thousand years,46

such as Dome Fuji (Dome Fuji Ice Core Project Members: et al., 2017), Vostok (Petit47

et al., 1999), and EPICA Dome C (EPICA Community Members, 2004). However, dis-48

turbed records can be identified and reconstructed to a certain extent by, among oth-49

ers, identifying folding and the main deformation type (NEEM community members, 2013).50

The International Partnership in Ice Core Sciences (IPICS) has formulated the quest to51

investigate the Mid-Pleistocene Transition (MPT) by retrieving continuous ice core records52

spanning the last 1.5 Myr (Fischer et al., 2013; Wolff et al., 2022). Worldwide, several53

projects have commenced on this journey, focusing on different Antarctic locations and54

approaches united by the goal to find million-year-old ice. Rather than pursing ice-core55

projects that necessitate multi-year drilling campaigns, Higgins et al. (2015) and Yan et56

al. (2019) carried out a different strategy. They explored Antarctic ice of up to 2 Myrs57

of age originating from the Allan Hills (AH) Blue Ice Area (BIA) on the western flanks58

of the Transantarctic Mountains in Victoria Land.59

BIAs are specific features of the polar regions characterized by particular glacio-60

logical and meteorological conditions, such as net ablation through sublimation and strong61

winds. In some parts of BIAs, very old ice is available at shallow depths (Bintanja, 1999;62

Sinisalo & Moore, 2010). In Antarctica, BIAs cover roughly one per cent of the total area63

(Bintanja, 1999) and have been mainly of interest for finding meteorites (Yoshida et al.,64

1971). The AH BIA is characterized by unusual glaciological conditions, i.e., an ascend-65

ing movement of ice, which is assumed to be caused by upward flow over the submerged66

nunatak, resulting in ice layers dipping with up to 69° (Kirkpatrick et al., 2025). On the67

surface, strong sublimation reveals layer by layer, making it possible to find old ice at68

shallow depths (∼200 m). The AH BIA provides snapshots into the distant past span-69

ning the Miocene and Pliocene (Shackleton, Hishamunda, Davidge, et al., 2025) and of-70

fering novel insights into past conditions, such as global ocean heat content (Shackleton,71

Hishamunda, Yan, et al., 2025), CO2 and CH4 levels (Peterson et al., 2025), and the ex-72

tent of the Antarctic ice sheet (Shackleton, Hishamunda, Davidge, et al., 2025).73

Some AH cores, such as ALHIC1901, exhibit distinct age reversals with depth (Shackleton,74

Hishamunda, Davidge, et al., 2025) rather than the continuous depth-age relationship75

aimed for in most deep ice cores (e.g. North Greenland Ice Core Project members, 2004;76

EPICA Community Members, 2004; Dome Fuji Ice Core Project Members: et al., 2017).77

These age reversals, and the strong layer dipping (Kirkpatrick et al., 2025), suggest a78

disturbed stratigraphy, which hampers the interpretation of the data and warrants fur-79

ther investigation. The discontinuous records underscore the need to develop a deeper80

understanding of the ice dynamics and deformation in the AH BIA needed to exploit the81

full potential of the preserved ice. Analyzing the physical properties, such as grain size82

and shape and crystal-preferred-orientation (CPO), has become standard procedure for83

major ice core projects (e.g., R. B. Alley et al., 1995; Thorsteinsson et al., 1997; Mon-84

tagnat et al., 2014; Fitzpatrick et al., 2014; Weikusat et al., 2017; Stoll et al., 2025).85

Here, we conduct the first microstructural characterization of AH ice by analyz-86

ing four depth regimes from the ALHIC1901 core using various methods on the same sam-87

ples. We investigate solid ice samples in terms of their 1) texture, including bubble prop-88

erties and the size and shape of ice crystals, and 2) CPO, also called crystal fabric, which89

provides insights into their deformational behavior. These insights into the ice dynam-90

ics at the ALHIC1901 site are crucial for a comprehensive understanding of the AH cli-91

mate records. Insights from ALHIC1901 will also be important for interpreting the deep-92

est layers of other million-year ice core records, which are likely to be disturbed close to93

bedrock.94
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2 Materials and Methods95

2.1 Working area and the ALHIC1901 ice core96

The ALHIC1901 core, dry-drilled in the Allan Hills of Antarctica during the 2019-97

2020 season, is located at 76.73° S, 159.356° E, at an elevation of 1992 m (Fig. 1a). The98

modern horizontal surface velocity in the area is a few centimeters per year (Spaulding99

et al., 2012) with ∼8 cm/year close to ALHIC1901 derived by GPS stake measurements.100

Upstream velocities are slightly faster (Fig. 1a). The core has a diameter of 24 cm and101

a length of 159.84 m, almost reaching bedrock. Core quality upon recovery varied greatly,102

and was often noted as ”poor,” indicating multiple fractures, spalls and internal cracks103

or breaks within the core. True azimuthal core orientations were not documented dur-104

ing the drilling, and for some samples, the relative orientations to the core axis are also105

not available. Temperature with depth was recorded via Distributed Temperature Sens-106

ing (DTS) in 2022, 2023 and 2024 and is displayed in Fig. 1b.107

40 Aratm dating using established protocols (Bender et al., 2008; Yan et al., 2019)108

of ALHIC1901 shows a maximum age of 4.0 ±0.4 Ma close to bedrock (159 m) with a109

complex age-depth relationship, several instances of inverted stratigraphy, and discon-110

tinuities in the record (see Shackleton, Hishamunda, Davidge, et al. (2025) for details).111

Argon dates are averages from discrete measurements of large samples (500-600 g). Thus,112

derived ages potentially do not represent small-scale details of the depth-age relation-113

ship.114

Figure 1. a) Map of the Allan Hills Blue Ice area, Antarctica (indication not to scale) and

horizontal surface flow velocities. Ice core locations are indicated with markers; the analyzed AL-

HIC1901 core is emphasized in bold. b) Distributed Temperature Sensing (DTS) measurements

with depth of the ALHIC1901 site (one measurement per year).

2.2 Samples115

At the NSF Ice Core Facility (NSF-ICF, -26◦C) in Denver, Colorado, we cut sam-116

ples from the main core within the limitations of ice core availability and quality. Sam-117

ple availability and shape are constrained and many samples are streaked by internal cracks,118

limiting the microstructural analysis possibilities. Previously argon-dated samples were119

often expended for dating and other analyses. Thus, some of our indicated ages are es-120
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timates based on adjacent, dated samples (Table 1). Due to potential steep layering in121

the ice Kirkpatrick et al. (2025), these age estimates have to be treated with caution.122

We selected four depth regimes (∼141 m, ∼144 m, ∼151 m, ∼155 m) close to known age123

reversals (Table 1 and Shackleton, Hishamunda, Davidge, et al. (2025)) for this study.124

We targeted horizontally oriented samples, as far as possible, from any visually undis-125

turbed sections of the core to ensure reliable data. We attempted to prepare ideal sec-126

tion cut dimensions of 6 x 10 cm for our targeted samples, but sample shape and size127

vary slightly. We cut four adjacent vertical sections from the deepest sample, 228 4, in128

a 2 x 2 pattern covering an area of ∼0.04 m2. Additional adjacent samples were cut for129

complementary 3D analyses at the Alfred Wegener Institute Helmholtz Centre for Po-130

lar and Marine Research, Bremerhaven, Germany (AWI) (see below).131

Table 1. Overview of ALHIC1901 samples and 2D bubble data. Samples analyzed in 3D are

indicated in bold, details are displayed in Table C1. The depth refers to the sample’s vertical

midpoint. Ages are derived from 40 Aratm dating and have an uncertainty of ±11%.

Sample Depth Age (myr)* Orientation Bubbles (n) Bubbles ≥0.5 mm2 (n)

210 2 141.48 ∼0.66 horizontal 1241 337
210 4 141.68 0.88 horizontal 605 261
210 6 141.90 1.14 horizontal 1195 358
210 7 142.19 ∼1.4 horizontal 986 396
211 2 142.35 ∼0.82 horizontal 1271 359
214 3 144.84 ∼2.3 horizontal 408 158
214 4 144.88 1.6 horizontal 621 274
214 5 145.00 2 horizontal 843 318
214 6 145.21 1.6 horizontal 1130 430
214 7 145.32 1.2 horizontal 1053 490
222 1 151.00 ∼0.7 horizontal 1379 455
222 2 151.14 ∼0.7 horizontal 866 211
223 1 151.89 ∼2 horizontal 1152 291
223 3 152.11 ∼2 horizontal 1605 324
228 4 155.09 ∼1.3 horizontal 1768 305
228 4 1a 155.16 ∼1.6 vertical 1706 89
228 4 1b 155.16 ∼1.6 vertical - -
228 4 2a 155.26 ∼1.6 vertical 1824 100
228 4 2a 155.26 ∼1.6 vertical - -

Total - - - 19,653 5,156

∗ ∼ marks best age estimate from 40 Aratm dating at respective depth regime.

2.3 2D Bubble Analysis at NSF-ICF132

Eighteen samples were polished from both sides with a Leica microtome until the133

samples were 0.5 cm thick (-26◦C). From here on, we refer to these samples as bubble sec-134

tions. Following the method described in J. M. Fegyveresi et al. (2019), bubble sections135

were placed on an illuminated movable high-precision table and photographed with a sta-136

tionary Nikon D80 single reflex camera and Nikon 105 mm f/2.8D lens using a focal length137

of 105 mm and an aperture of 13. Depending on sample size and geometry, between 21138

and 44 single images were taken per sample.139

Single images were stitched together into a high-resolution image using Adobe Light-140

room Classic; we refer to the resulting images as bubble images (2). Bubble images were141

semi-automatically edited within Adobe Photoshop 2024 using the Magic Wand tool and142
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Figure 2. Bubble images for horizontal samples a) 211 2, b) 214 6, c) 223 3 and vertical

sample d) 228 4 1. Detailed views are indicated and displayed in e)-h) showing highly elongated

bubbles. Top indicates the ice sheet surface.

manual selections to remove optical artifacts, including reflections, scratches from mi-143

crotoming, internal ice cracks, and out-of-focus bubbles. Bubbles were then digitally sep-144

arated from the background. Bubbles at the sample edges were also excluded from the145

analysis. We used the open-source software FIJI ImageJ for bubble identification via146

thresholding and the bubble properties analysis. To eliminate tiny artifacts potentially147

missed during data processing, only objects interpreted as bubbles with a minimum area148

of 0.1 mm2 were analyzed regarding area and aspect ratio. Aspect ratio is the ratio of149

the longest to the shortest axis of an ellipsoid, i.e., a measure for the elongation of a bub-150

ble (1=perfectly round, ≥1=elongated). However, depending on the bubble elongation151

and sample cutting plane, 2D measurements might underrepresent aspect ratios. We thus152

validate 2D measurements with additional 3D measurements (see section 2.4.3). A com-153

mon parameter to measure is bubble number density. However, for the 2D measurements,154

this is not feasible due to the often poor ice quality. We only analyzed the plane in fo-155

cus and often had to digitally remove certain areas containing microcracks within the156

samples, which limits and biases the analyzable area. Bubble number density is thus only157

investigated for samples analyzed in 3D 2.4.3).158

2.4 Texture, CPO and 3D Bubble Analysis at AWI159

We transported the bubble sections and adjacent samples in a commercially avail-160

able insulated shipping box (Credo Cube Series 20M 56L) at below -20◦C to AWI, Bre-161

merhaven, Germany. The samples were stored at -30◦C until further analysis shortly af-162

ter shipping. No sample showed indications of melting after the transport.163

2.4.1 Texture Measurements164

In the AWI cold laboratory (-20◦C), previously analyzed bubble sections were re-165

polished with a Leica microtome, taking off as little ice as possible (between 50 and 100166

μm). We refer to these samples as thick sections. Thick sections underwent a controlled167
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sublimation of 1.5-2 hours, depending on the sample, to enhance the visibility of microstruc-168

tural features, such as (sub–) grain boundaries.169

Thick sections were analyzed with the Schäfter+Kirchhoff GmbH Large Area Scan-170

ning Macroscope (LASM) utilizing a line scan camera and direct bright-field illumina-171

tion (Binder et al., 2013; Krischke et al., 2015). The sample moves at a constant veloc-172

ity relative to the sensor, while individual line signals are recorded with a resolution of173

8192 pixels. Light is reflected differently back to the sensor from parallel areas and tilted174

features. Thus, features such as grain boundaries appear dark. Due to the previous bub-175

ble analysis, samples were relatively thin (∼0.5 cm), and the grain boundary network176

on the backside of the samples appeared as blurry black lines in the image. This over-177

print and internal microcracks prohibit a quantitative analysis of these thick sections.178

2.4.2 CPO Measurements and Data Processing179

After LASM measurements, samples were polished to a thickness of 0.3 mm, re-180

sulting in thin sections for CPO analysis. We utilized the Russel-Head Instruments G50181

Fabric Analyzer (C. J. Wilson et al., 2003). The setup automatically measures the ori-182

entation of the main crystallographic axis, the c-axis. We applied a 20 μm spot size and183

measurements took between 30 and 60 min, depending on the sample dimensions. We184

refer to Stoll et al. (2025) for a more detailed description.185

We manually corrected the raw image data to exclude artifacts, such as cracks and186

artificial ice crystals from water-gluing the sample onto the plate. We applied the soft-187

ware cAxes (Eichler, 2013) to analyze all grains above 500 pixels or 0.2 mm2 in size with188

the same threshold criteria as Stoll et al. (2025), deriving information on grain size and189

CPO. We calculate the eigenvalues of the second-order orientation tensor and Woodcock190

parameter, a measure to differentiate between girdle and single maximum CPOs, follow-191

ing standard structural geology methods (Wallbrecher, 1986). The c-axes distribution192

can be displayed as an ellipsoid whose axes are represented by the invariant eigenvalues193

(e1, e2, e3), which are usually normalized (λ1, λ2, and λ3) obeying λ1+λ2+λ3=1 and λ1 ≤194

λ2 ≤ λ3 (Woodcock, 1977). We furthermore display the Woodcock parameter, which195

quantifies the shape of a c-axis orientation distribution enabling to distinguish between196

girdle (> 1) and single-maximum (< 1) CPOs (Woodcock, 1977).197

2.4.3 3D Bubble Analysis via 3D X-ray-microfocus Computer Tomog-198

raphy199

To investigate bubble properties in 3D and evaluate our 2D bubble data, we selected200

10 additional ALHIC1901 samples (210 4, 214 3, 214 4, two different sections of 214 5,201

222 1 and 228 4; details in Table C1) adjacent to previously characterized bubble sec-202

tions. These samples had larger volumes than the already measured sections and were203

thus suitable for the analysis with the AWI ice computer tomograph (CT, see Freitag204

et al. (2013) for details). The unique AWI X-ray microfocus CT is housed in a dedicated205

cold laboratory (-15◦C) and produces high-resolution cross-section grayscale-coded in-206

tensity images (”radioscopic images”) of snow, firn, or bubbly ice cores of up to 100 cm207

length. The CT is non-destructive, operates an X-ray source at 140 kV and 200 μA, and208

uses a 2000x4000-pix detector. The field of view is 12 cm, enabling the combined mea-209

surement of up to 5 ice samples per run. Resolutions of up to 2 μm are possible; how-210

ever, due to the increasing measurement time, we chose a spatial resolution of 30 μm to211

reconstruct the sample’s 3D structure.212

We applied a beam hardening correction, denoising by median filtering (3x3x3),213

segmentation by global thresholding and 3D-object labeling (26-neighbor definition). The214

data set was cleaned by rejecting all identified pore objects smaller than 20 voxels. We215

here focus on bubble number density, bubble size and aspect ratio.216
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Figure 3. Microstructure with color-coded c-axis orientations and stereo-plots (lower-

hemisphere Schmidt equal-area projection) for all samples. The last four samples are vertical sec-

tions and horizontally adjacent to each other. Sample 1a and 1b are above 2a and 2b. 228 4 2b

is mirrored along the vertical axis, thus the difference in the color scale. C-axis orientation is

relative to the sample plane. Top indicates the ice sheet surface.

3 Results217

3.1 Fabric - CPO Patterns and Statistical Parameters218

We display microstructure images of all samples with the corresponding CPOs in219

Fig. 3. A larger overview of CPOs is displayed in Fig. A1. All stereoplots show single220

maximum CPOs with a varying number of differently oriented crystals. The single max-221

imum strength varies from fairly strong, i.e., most c-axes are oriented similar (e.g., 210 2,222

221 1 and 228 4 2) to weak, i.e., c-axes are further spread out (e.g., 210 4, 210 6 and 228 4).223

Typically, the centers of symmetry of the c-axes maxima are displaced from the verti-224

cal core axis, i.e., the center of the fabric projection, by 13 to 38°. This dip from the ver-225

tical is between 13 and 29° and between 30 and 38° in the two shallower (141-145 m) and226

two deeper (151-156 m) depth regimes, respectively. Occasionally, a second maximum227

occurs (e.g.,210 7, 211 2 and 214 6). These double maxima CPOs can resemble a weak,228

partial tilted girdle CPO.229
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Most samples are characterized by crystals of similar orientation complemented by230

several individual crystals (called ”wild” grains by R. B. Alley et al. (1997)) and bands231

of crystals of different orientation (Fig. 3) (called ”stripes” by R. B. Alley et al. (1997)).232

These differently oriented bands can be of cm-thickness and are especially prominent in233

samples 210 4, 211 2, 214 6, 222 1 and 228 4. C-axes from crystals within these stripes234

produce the second maximum visible in some CPO patterns (Fig. 3 and A1).235

The eigenvalues with depth are shown in Fig. 4a. λ1 stays close to 0 for the entire236

probed depth regime. In the shallowest five samples λ2 increases from 0.13 to 0.36 and237

fluctuates around 0.25 in the second depth regime (145 m). Between 151 and 152 m, λ2238

decreases to around 0.12 and remains there at the deepest sample at 155 m while λ3 dis-239

plays mirrored behavior with minimum and maximum values of 0.63 and 0.8, respectively.240

The four vertical sections (black squares in Fig. 4a) display the largest λ3 values.241

Figure 4. a) Eigenvalues with depth. Horizontal sections are displayed in color while vertical

sections are black. b) Woodcock parameter with depth. Values above 1 represent single maxi-

mum CPOs, values below 1 indicate girdle CPOs.

The Woodcock parameter with depth is displayed in Fig. 4b). Values below and242

above 1 indicate girdle and single maximum CPOs, respectively. Around 142 and 145243

m of depth, values fluctuate between 0 and 2 with distinct changes over centimeters. Be-244

low 151 m, the Woodcock parameter is always greater than 1 and increases with depth245

to above 8 (for two vertical sections). The Woodcock parameter in the deepest sample246

228 4, consisting of one horizontal and four vertical sub-samples, displays strong differ-247

ences depending on the sample location (”left” or ”right” in vertical sections). Values248

for the ”left samples” (228 4 1a and 228 4 2a) are between 7.5 and 8.1, while ”right sam-249

ples” (228 4 1b and 228 4 2b) are around 3.250

3.2 Texture - Grain Size and Shape251

The mean grain size (grain area derived from Fabric Analyzer data) per sample ranges252

from 6.9 to 23.3 mm2 and 3.0 to 4.7 mm2 for horizontal and vertical sections, respec-253

tively (Fig. 5a). The first five samples (around 142 m) show a continuous decrease in254

mean grain size with depth while the following five samples (around 145 m) alternate255
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between 7 mm2 and 23 mm2. Grains around 151 m are slightly above 15 mm2 and de-256

crease slightly with depth to 8-13 mm2 (152 m). The deepest samples, close to bedrock,257

display small overall grain sizes (below 8 mm2). Grains in vertical sections (mean grain258

size between 3 and 4.8 mm2) are significantly smaller than grains in horizontal section259

(mean grain size of 8.2 mm2).260

Figure 5. a) Grain size with depth; horizontal and vertical sections are indicated. b) Grain

size distributions for every analyzed sample. Note the varying axes. c) Representative examples

of microstructural features within six ALHIC1901 samples derived via LASM. Indicated are rep-

resentative subgrain boundaries (SGB), island grains (IG) and grain boundaries protruding into

neighboring grains (arrows). Blurry black lines are grain boundaries on the samples’ backside.

Different gray values are due to different capturing settings and changing light conditions. The

dark area in 222 1 is caused by internal cracks below the focus plane.

The grain size distribution (Fig. 5b) displays skewed distributions with a tail to-261

wards larger grain sizes (minimum grain size: 0.2 mm2). Mean values are always greater262

than the medians. The four vertical sections show the highest counts of small crystals263

and hardly contain large crystals, i.e., above 100 mm2, which are present in all horizon-264

tal sections. We did not observe distinct grain-size contrasts, such as layers of fine-grained265

crystals.266
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Representative images of the texture, including subgrain boundaries, island grains267

(new grains formed inside distorted parent grains) and bulging grain boundaries, are dis-268

played in Fig. 5c. Large grains in horizontal sections are often of amoeboid shape with269

bulging and intertwining grain boundaries (Fig. 3). Straight boundaries are rare while270

island grains and subgrain boundaries, arrays of dislocations (Weertman & Weertman,271

1992), are common. Often, bubbles are surrounded by several small grains. Grain shapes272

in the four vertical sections (228 4) differ from horizontal sections. Here, grain bound-273

aries tend to be more straight and grains sometimes show elongation and arrangement274

in preferred directions (228 4 1a and 228 4 1b in Fig. 5c).275

LASM data show subgrain boundary types (normal, parallel and zig-zag after Weikusat276

et al. (2009)) of different intensities in all samples. Some subgrain boundaries cross en-277

tire grains. Examples of subgrain boundaries, bulging grain boundaries and other fea-278

tures, such as island grains, from various samples are displayed in Fig. 5c. As explained279

in Sect. 2.4.1, grain boundaries from the polished backside of the sample are visible in280

the images (e.g.,214 5, 222 2 and 228 4 1b in Fig. 5c).281

3.3 2D Bubble Characteristics282

We analyzed a total of 19,653 bubbles from 2D bubble images. Table 1 contains283

information about the samples and the number of analyzed bubbles. Four examples of284

bubble sections and respective close-ups are displayed in Fig. 2. To explore the impact285

of 2D bubble size (derived from pixel area), we set a threshold of 0.5 mm2, which roughly286

equals the mean 2D area of all bubbles, for further analysis. About one quarter (5,156)287

of all bubbles are equal to or larger than 0.5 mm2.288

Figure 6. Mean values for 2D bubble a) size and b) aspect ratio with depth. The sample

orientation is indicated as well as the overall mean (vertical dashed line). c) Histogram of aspect

ratios for all analyzed 2D bubbles and bubbles of at least 0.5 mm2.
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The minimum bubble area is the applied threshold of 0.1 mm2. The largest bub-289

ble has an area of 6.36 mm2 (210 4). The mean bubble area per sample ranges from 0.24290

mm2 (228 4 1) to 0.64 (214 7), and the overall mean is 0.47 mm2 (Fig. 6a). The mean291

bubble sizes in horizontal sections are 1.5 to 4 times larger than in vertical sections. Be-292

low 144 m, mean bubble size decreases with depth.293

The mean aspect ratio per sample ranges from 1.47 (214 3) to 1.7 (214 4) (Fig. 6b).294

For all 19,653 bubbles, the median aspect ratio is 1.5 and the mean is 1.6 (Fig. 6c). The295

aspect ratio of the analyzed bubbles ranges from 1.02 (210 6 and 214 7) to 8.34 (223 3)296

(Fig. 6c). For the 0.5 mm2 threshold, the largest 5,156 bubbles have aspect ratios be-297

tween 1.022 (210 2) and 8.34 (223 3) (Fig. 6c) with a respective median and mean of 1.8298

and 2.1, respectively. Mean aspect rations differ strongly between samples and decrease299

slightly with depth below 144 m (Fig. 6b). The distributions in Fig. 6c are right-skewed300

for all bubbles and bubbles greater than 0.5 mm2. Fig. B1 displays histograms of aspect301

ratios for each bubble analyzed in the respective samples showing a similar distribution302

as the overview plot (Fig. 6c). Most bubbles show small aspect ratios and numbers de-303

crease with increasing aspect ratio.304

Figure 7. a) Reconstructed 3D bubbles from the AWI 3D CT. Cut bubbles are an artifact

of the chosen plane of view. b) Bubble number density in ALHIC1901 compared to similar

depths from the Byrd (Gow, 1968), Dye 3 (Shoji & Langway, 1985), EDML (Bendel et al., 2013),

NGRIP (Kipfstuhl et al., 2001) and WAIS Divide Ice Core (WDC, R. Alley and Fegyveresi

(2014)) ice cores. c) Histogram of aspect ratios for all analyzed 3D bubbles in 10 ALHIC1901

samples. For better visibility, we do not display the six values above 7.5.

3.4 3D Bubble Characteristics from CT Measurements305

We analyzed a total of 6,030 3D bubbles across 10 samples (Fig. 7a). The analyzed306

sample volume and the number of bubbles within ranged from 5.81 to 17.98 cm3 and 202307

to 1299, respectively. Details can be found in Table C1. The bubble number density ranges308
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from 34.7 (214 3) to 120 (214 5) bubbles per cm3 and increases slightly with depth (Fig.309

7b). The average is 59 bubbles per cm3. Bubble number density can vary distinctly be-310

tween close-by samples; for example, the two 214 5 samples display values of 52.7 and311

120 bubbles per cm3. Bubbles vary in volume from 0.0005 (214 4) to 1.0 mm3 (214 3)312

with a mean and median of 0.08 and 0.04 mm3, respectively. Aspect ratios range from313

1.0 (228 4) to 14.2 (214 6) with a mean and median of 1.5 and 1.3, respectively (Fig. 7c).314

We display a representative selection of aspect ratio histograms for each analyzed bub-315

ble per sample in Fig. D1. Porosity of the analyzed areas ranges from 0.32 (228 4) to316

0.55% (210 7).317

4 Discussion318

We here investigated the fabric, texture, and air-bubble properties at four depth319

regimes within the ALHIC1901 core, providing a first microstructural characterization320

of million-year-old AH blue ice. In the following, we identify simple shear as the dom-321

inant deformation regime, accompanied by dynamic recrystallization. These processes322

occur at all analyzed depths, with additional, strongly localized shear zones in the form323

of stripes of differently oriented crystals. In the following subsections, we will discuss these324

features in comparison with other ice cores and their potential impact on the climate record.325

4.1 Fabric - Implications for Simple Shear Deformation and Ice Flow326

The measured CPO patterns throughout all 4 depth regimes display broad single327

maxima, occasionally transforming into a double maxima vaguely resembling a tilted gir-328

dle CPO (Fig. 3). At our samples’ depth of around 150 m (deepest 10% of ice column),329

one usually observes random CPOs in deep ice cores (Thorsteinsson et al., 1997; Fitz-330

patrick et al., 2014; Montagnat et al., 2014), even in dynamic regions such as fast-flowing331

ice streams (Stoll et al., 2025). However, despite its old age, ALHIC1901 is only limit-332

edly comparable to these cores due to its short length. We explain the observed single333

maximum CPOs by the dominance of simple shear resulting in a rigid-body rotation of334

the grains, and thus, their c-axes (W. B. Kamb, 1959; B. Kamb, 1972; R. B. Alley, 1992;335

Llorens, Griera, Bons, Lebensohn, et al., 2016). The internal c-axis rotation is towards336

the greatest compressive stress direction, i.e., inclined at 45◦ to the shear plane, prob-337

ably taking several hundreds to thousands of years. The observed double maxima CPOs338

agree with deformation experiments exposing ice to simple shear (e.g., Rigsby, 1960; B. Kamb,339

1972; Duval, 1981; Bouchez & Duval, 1982; Paterson, 1994; Llorens, Griera, Bons, Roes-340

siger, et al., 2016; Qi et al., 2019). The occasional vague tilted girdle CPO could indi-341

cate varying amounts of recrystallization or an additional horizontal extension compo-342

nent, as recently observed in the EastGRIP ice core from the Northeast Greenland Ice343

Stream (Stoll et al., 2025). Horizontal extension leads to c-axes rotating away from the344

axis of extension, which could increase highly localized shearing and therefore explain345

the infrequent occurrence of tilted girdles (Fig. 3). For the overall ice flow, we thus in-346

fer that deep ice at the ALHIC1901 site follows the surface ice flow (Fig. 8a), resulting347

in simple shear along the strongly tilted bedrock (Fig. 8b).348

The large differences in the Woodcock parameter (Fig. 4b) and the respective CPOs349

(Fig. 3) of the deepest sample 228 4 indicate comparably strong differences in crystal350

orientation across a few vertical and horizontal centimeters. These differences could re-351

sult in different rheologies and consequently highly localized shear zones on the centimeter-352

scale. Investigating this sample in more detail, using a variety of data sets, is ongoing353

work.354

The observed dipping of the center of symmetry of the c-axes (13 to 38° from ver-355

tical, i.e., orthogonal basal planes dip 13 to 38° from the horizontal) likely represents the356

dip of the bedrock. This agrees well with 3D multitrack electrical conductivity measure-357

ments (ECM), which show layer dips (assumed to be parallel to bedrock) of 38° and 29°358
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Figure 8. Estimated ice flow and deformation close to ALHIC1901. a) Radar profile close

to ALHIC1901 displayed on the Reference Elevation Model of Antarctica (REMA, I. M. Howat

et al. (2019); I. Howat et al. (2022)) Digital Elevation Model (DEM). b) Radar-derived bedrock

topography (CReSIS, 2023) and ice flow direction with indicated simple shear deformation and

bed reflection; note the vertical exaggeration.

from the horizontal for ALHIC1901 (155 and 157 m) and the nearby core ALHIC2201359

(25-45 m), respectively (Kirkpatrick et al., 2025). Especially our deepest samples (155360

m), display almost exactly the same dips (32°-37°) as the ECM data. This might be use-361

ful for future characterizations of the bedrock topography for e.g., ice flow modeling. How-362

ever, synchronized measurements on the same samples are necessary to investigate this363

further.364

4.2 Grain Size and Shape - Implications for Dynamic Recrystallization365

The measured grain size is comparable to shallow samples from deep ice cores, such366

as EDML (Weikusat et al., 2017), GRIP (Thorsteinsson et al., 1997), or EastGRIP (Stoll367

et al., 2025). However, ALHIC1901 grains are very small, despite having had up to two368

million years to grow, compared to grains close to bedrock in deep ice cores, which can369

reach diameters of tens of centimeters or more. This is probably due to strong deforma-370

tion and relatively cold ice temperatures. The ALHIC1901 borehole only shows a slight371

increase in temperature with depth, just exceeding -30°C in the deepest measurement372

(Fig. 1b). Due to the comparable thin ice column at the ALHIC1901 site, thermal in-373

sulation is weak, and close-to-bedrock ice does not warm contrary to deep ice core sites.374

This explains that ALHIC1901 grains close to bedrock are not much larger than grains375

from shallower depths, as often observed in other ice cores close to bedrock (e.g., Budd376

et al., 1976; Gow et al., 1997; Stoll et al., 2025). Our data show that time alone is not377

a dominant factor in grain growth, even though the largest grains are in the second-oldest378

sample, 214 5. This is probably different at locations chosen for the Oldest Ice quest (Fischer379

et al., 2013), which aim to retrieve continuous records, where very large grains are ex-380

pected in the oldest ice.381

The difference in mean grain size in sample 228 4 between vertical (3-4.8 mm2) and382

horizontal sections (8.2 mm2) indicates that grains are elongated perpendicular to the383

ice core axis. Grains in vertical sections also display straighter grain boundaries and a384

preferred orientation, likely parallel to the shear plane (Fig. 5c). This is consistent with385

the observed bubble aspect ratios, which show strong elongation in 2D and 3D. Analyz-386
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ing several ”volume sections” (containing vertical and horizontal sections for a quasi-3D387

analysis, as done by e.g., Hellmann et al. (2021)) are needed to provide more insights.388

Strain energy drives the migration of grain boundaries, resulting in complex grain389

geometries, which we observed at all depths. High-angle grain boundaries migrate to-390

wards areas of higher density of stored strain energy and lattice defects, driving grain391

boundary migration (Kipfstuhl et al., 2006). These dislocation density differences be-392

tween neighboring grains result in the observed grain boundary bulging features (Fig.393

5c) (Weertman & Weertman, 1992; Humphreys & Hatherly, 2004; Weikusat et al., 2009).394

Nakaya (1958) showed that subgrain boundaries usually develop in regions of maximum395

stress/strain concentration. Strain localization on the sub-centimeter scale is probably396

rather the rule than the exception, but difficult to identify via microstructural analysis397

(Bons & Jessell, 1999). However, examples for strain localization are interactions between398

subgrain boundaries and grain boundaries. Migration recrystallization with nucleation399

and rotation recrystallization (also called polygonization) are the primary processes cre-400

ating island grains (Urai et al., 1986; R. B. Alley, 1992), which we observed regularly (Fig.401

5c). These nucleated islands form inside strongly distorted parent grains, which are char-402

acterized by networks of subgrain boundaries and dislocation walls (Faria et al. (2014)403

and references within). The regular occurrence of the three different subgrain bound-404

ary types (normal, parallel, zig-zag) indicates a high dislocation density resulting in the405

alignment of dislocations into walls (Weikusat et al., 2009). No depth-related trend in406

subgrain boundary occurrence or appearance was visible despite the large differences in407

sample age. Together with the grain shape information, we can conclude that dynamic408

recrystallization (rotation and migration recrystallization) is active at all analyzed depths.409

4.3 Bubble Characteristics - Implications for Shearing and Paleoinfor-410

mation Derived from Bubble Number Density411

Bubbles in ice under little strain are usually (close to) sphere-shaped (Gow, 1968).412

However, bubble shapes change due to deformation of the surrounding ice and the pre-413

vailing ice flow. The bubble shape reflects the competing processes of ice deformation,414

causing elongation and surface-tension forces restoring the more efficient spherical shape415

(Hudleston, 1977). Therefore, bubble shape is an indicator of current, local deformation416

rates, but may also have memory of previous deformation regimes. The timescale of the417

memory is not well constrained but is likely hundreds to thousands of years, depending418

on strain rate, temperature, and other factors (R. B. Alley & Fitzpatrick, 1999). Bub-419

bles are assumed to experience strain roughly 5/3 faster than the surrounding ice (R. B. Al-420

ley & Fitzpatrick, 1999). We are not aware of any laboratory experiments or observa-421

tional data that confirm or refute this assumption. Unfortunately, only a few studies fo-422

cus on the shape of bubbles in ice cores and their response to strain, limiting interpre-423

tation (R. B. Alley & Fitzpatrick, 1999; Ueltzhöffer et al., 2010; Drews et al., 2012; Ben-424

del et al., 2013; J. M. Fegyveresi et al., 2019).425

We analyzed the aspect ratio, i.e., elongation, of more than 19,600 bubbles in 2D426

(Fig. 6) and 6,000 bubbles in 3D (Fig. 7b). Both data sets show aspect ratio means of427

about 1.5 and maximum values above 7 while J. M. Fegyveresi et al. (2019) analyzed al-428

most 4,000 bubbles in a WAIS Divide Ice Core (WDC) sample (580 m, ∼2252 yr) with429

maximum aspect ratios of 3.4. The agreement between the two data sets indicates that430

the means of the 2D data were not significantly biased by the single projection, and we431

note that work is ongoing to more fully characterize the relationship between 2D and 3D432

imaging of bubbles. The bubbles in ALHIC1901 are much more elongated than bubbles433

in most polar ice cores (e.g., Ueltzhöffer et al., 2010; Fitzpatrick et al., 2014; J. M. Fe-434

gyveresi et al., 2016, 2019), but resemble bubbles observed at distinct depths of the Tay-435

lor Dome core (Fig. 1c in R. B. Alley and Fitzpatrick (1999)). Analyses of bubbles in436

WDC show the evolution from the firn-ice transition (∼100 m) to clathrate transition437

(∼1600 m). Fitzpatrick et al. (2014); J. M. Fegyveresi et al. (2016) report a wide vari-438
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ety of bubble shapes below the firn-ice transition, an average aspect ratio of 1.2 at 400439

m, and that bubbles become less elongated with depth until the bubble-free ice at ∼1600440

m.441

Smith (1975) proposed that, at large strains, bubbles are highly elongated and their442

rate of rotation and elongation will be similar to the surrounding ice, making them a pas-443

sive strain marker. In simple shear, bubbles further tend towards parallelism with the444

shear plane (Hooke & Hudleston, 1978). The strongly elongated ALHIC1901 bubbles in-445

dicate that significant shearing has occurred for a sufficiently long time over the entire446

analyzed depth regime. This further supports our conclusion that the dominant defor-447

mation is simple shear.448

The average 2D bubble size decreases with depth, even over the comparably small449

depth range of 14 m analyzed here. While the trend is consistent with previous studies450

(e.g., Gow, 1968; Fitzpatrick et al., 2014; J. M. Fegyveresi et al., 2016), the rate of de-451

crease is much larger. The ALHIC1901 measurements are difficult to directly compare452

with deep ice core sites because of the much shallower ice thickness, such that our sam-453

ples from ∼150 m depth are only ∼10 m above the bed.454

The trend in aspect ratio with depth is less clear due to high variability across sam-455

ples. Due to increasing pressure with depth, it is assumed that bubble elongation decreases456

with depth, as observed in WDC (Fitzpatrick et al., 2014; J. M. Fegyveresi et al., 2016).457

However, localized shearing zones might impact bubble elongation. Furthermore, mean458

aspect ratios per sample increase when applying the bubble size threshold of 0.5 mm,459

agreeing with observational and modeling studies (R. B. Alley & Fitzpatrick, 1999; J. M. Fe-460

gyveresi et al., 2019). Nakawo and Wakahama (1981) showed that bubbles can also form461

from cracks in ice during compressional deformation. The ALHIC1901 core contains sev-462

eral cracks, and we cannot rule out that some bubbles developed from these. However,463

the widespread occurrence of strongly elongated bubbles in intact samples and the vi-464

sual observation (in the field and during core processing) of similarly shaped bubbles in465

other AH cores indicate a deformation-related origin for these features. In addition, there466

is uncertainty about whether the analyzed bubbles are resurfaced clathrates, a topic so467

far (to our knowledge) unexplored. However, recent work on the EDML core showed that468

the clathrate aspect ratio can also change due to deformation (Painer et al., 2025).469

The much larger bubble size in ALHIC1901 compared to interior deep ice cores could470

be due to either the firn densification process, or coalescence of bubbles either through471

deformation or returning from clathrate form. The paleoclimate importance of this ques-472

tion is addressed in Section 4.5. The large bubbles may be due to the unusual densifi-473

cation on the Allan Hills. Densification of polar firn is mainly driven by accumulation474

rate and temperature, which is recorded in the bubble number density, enabling the re-475

construction of paleotemperature or paleo-accumulation if one of these parameters is known476

(e.g., Spencer et al., 2006; J. Fegyveresi et al., 2011). According to Gow (1968), larger477

ice crystals at pore close-off result in a small number of large bubbles, and the bubble478

number density preserves firnification conditions longer than the ice crystals, which are479

affected by processes, such as recrystallisation and growth. Although the AH firn den-480

sification is not well constrained, the very low accumulation rates potentially allow very481

large grain development as the firn closes off at a shallow depth (i.e., it doesn’t get buried482

by subsequent accumulation) and is exposed to strong temperature and vapor gradients.483

Further, the firn may experience periods of both accumulation and ablation (due to tem-484

poral and spatial variability), which could produce large bubbles. On the other hand,485

the ice-flow history of the ALHIC1901 ice is similarly poorly constrained. The ice parcels486

may have been much deeper in the ice sheet; ice thicknesses are >1200 m within 10 km487

(Kehrl et al., 2018), or the ice could have originated in the interior of East Antarctica488

at depths greater than 3000 m. In either case, some or all of the bubbles may have tran-489

sitioned to clathrates. Therefore, we cannot rule out that the large bubbles result from490

the coalescence of air transitioning back to bubbles from clathrates.491
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4.4 Small-scale Folding Impacts the ALHIC1901 Stratigraphy492

Polar ice is monomineralic and layers in an ice sheet thus have no critical compe-493

tence differences, i.e., varying resistance against deformation. However, differences in rhe-494

ological properties can occur due to the complex, and still not fully understood, inter-495

play between fabric, grain size and impurity content (e.g., R. B. Alley et al., 1986; Pa-496

terson, 1991; Stoll et al., 2021). As no distinct differences in grains size were observed497

and no microstructural impurity localization data is available, we here focus on the im-498

pact of fabric, particularly the observed stripes of differently oriented crystals, to explain499

the observed age reversals in ALHIC1901. Future studies using, for example, laser ab-500

lation inductively coupled plasma mass spectrometry 2D imaging and Raman spectroscopy501

could investigate the impurity content and localization to explore post-depositional pro-502

cesses in million-year-old ice (e.g., Stoll, Bohleber, et al., 2023).503

Figure 9. Sketch displaying a) simplified c-axes orientations in the ice matrix and the de-

scribed stripes by the example of 210 4 and b) a possible evolution of z-folds in dextral shear

(after R. B. Alley et al. (1997), not quantitatively accurate). C-axes are indicated by arrows and

stratigraphic layers by lines. Red arrows represent c-axes in the stripes from a).

Similar to our observations, stripes of differently oriented crystals were observed504

in the deep ice cores GISP2, GRIP and NEEM (R. B. Alley et al., 1997; Thorsteinsson505

et al., 1997; Jansen et al., 2016). In GISP2, stripes are often found within stratigraphic506

disturbances visible in polished samples (R. B. Alley et al., 1997). Thorsteinsson et al.507

(1997) observed stripes only at a few selected depths containing a strong single maxi-508

mum CPO, especially in disturbed sections of GRIP. In NEEM, Jansen et al. (2016) ob-509

served, and successfully modeled, bands differing in inclination, which were interpreted510

as different generations of tilted-lattice bands (kink bands). Since their formation, older511

bands have experienced more shear strain leading to a shift in c-axes orientations. We512

observed similar occurrences, e.g., in the pronounced bands in 210 4 and 211 2.513

We interpret the stripes in ALHIC1901 as indications of small-scale folding via kink514

and z-folds as observed in GISP2 (R. B. Alley et al., 1997), EDML (Faria et al., 2010),515

NEEM (Jansen et al., 2016), and other geological settings (e.g., Sitter, 1964; Anderson,516

1964; Dewey, 1965; Anderson, 1968). The observed stripes usually contain crystals ori-517

ented 10 to 60° from the vertical, while the centers of symmetry, i.e., c-axes of the ma-518

trix, dip with 13 to 38°. Crystal stripes are thus softened for vertical compression and519

hardened for basal gliding compared to crystals with a more vertical orientation (Fig.520

9a). The differently oriented c-axes in stripes make them more robust to simple shear521

(parallel to the bed) and less robust to layer thinning than the surrounding ice. Thus,522
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small-scale ice flow around these stripes will differ, potentially resulting in kink folds con-523

taining smaller z-folds (Fig. 9b) and potentially even duplex structures. Kink folds are524

asymmetric folds with straight limbs and sharp (mobile or fixed) hinges, which can de-525

velop through simple shear. They were observed in ice cores (R. B. Alley et al., 1997;526

Faria et al., 2010; Jansen et al., 2016) and were recently discussed for ice sheets at the527

centimeter-to-kilometer scale (Bons et al., 2025). Between the two kink planes, the kink528

band contains a zone of highly localized shear strain (shear zone). Kink banding is as-529

sumed to be restricted to crystals with c-axes oriented vertically to the shortening di-530

rection in simple shear(C. J. L. Wilson & Zhang, 1994). Therefore, folding and flow dis-531

turbances are likely to create strongly localized shear zones, thereby altering the initial532

ice-core stratigraphy. This agrees with recent 3D multitrack ECM showing strong layer533

dipping only a few meters away from the ALHIC1901 site (Kirkpatrick et al., 2025).534

In this study, we were limited to thin-section-sized snapshots of a few depths. These535

partly explain the complex depth-age relationship in ALHIC1901, which is character-536

ized by simple shear deformation and several centimeter-scale folds. However, it remains537

challenging to assess potential folding over scales of tens of meters. An extended study538

investigating several meters continuously is the next step to address if, and to what ex-539

tent, small-scale folding has impacted the mesoscale. Additional visual stratigraphy (e.g.,540

Svensson et al., 2005; Stoll, Westhoff, et al., 2023), 3D ECM (Fudge et al., 2016; Kirk-541

patrick et al., 2025), and hyperspectral imaging (e.g., Garzonio et al., 2018; McDowell542

et al., 2024) data could help to dissect age inversions over dozens of meters and to, e.g.,543

estimate their size, as done in EDML, where decimeter-sized z-folds were found (Faria544

et al., 2010). Additionally, recording or reconstructing the core’s original orientation, i.e.,545

the azimuth, would be valuable for interpreting microstructural data in a larger kine-546

matic context.547

4.5 Implications for the ALHIC1901 Palaeorecord548

The observed small-scale folds imply that mixing of different layers is occurring in549

the deep ALHIC1901 ice, at least at the centimeter scale. These folds, however, are at550

too small of a scale to explain the age reversals observed with the 40 Aratm dating. In551

particular, the vertical sections in 228 4 (Fig. 3) do not exhibit either grain size or fab-552

ric differences across the distinct layering imaged by 3D ECM on this section. The small-553

scale folds observed here are similar to those in GISP2 (R. B. Alley et al., 1997); how-554

ever, their interpretation is unlikely to be the same. In GISP2, the folds occurred hun-555

dreds of meters above the bed, where disruptions to the stratigraphic record grew with556

depth. In ALHIC1901, the small-scale folds are only meters above the bed, and the strati-557

graphic layering above is disturbed. Thus, it is unclear if the small—scale folds are part558

of the mechanism disrupting the stratigraphic layering. Kirkpatrick et al. (2025) found559

consistent layering in the upper ∼50 m of the nearby ALHIC2201 core, despite age re-560

versals through the same depth range; they thus suggested that the stratigraphic dis-561

continuity may reflect recumbent folds. Without measurements of ice crystal properties562

at these depths, it is unclear whether such recumbent folding is ongoing or the result of563

processes upstream.564

The bubble number density in ALHIC1901 is extremely low compared to other ice565

cores from Antarctica and Greenland (Fig. 7a). This raised an important question re-566

garding the large bubbles: do they result from a low-accumulation firn densification pro-567

cess?; from the process of clathrates returning to bubbles as the pressure decreases due568

to the thinner ice?; or because of large amounts of time for coalescence of bubbles to out-569

weigh any bubble splitting? The very low bubble number densities across our samples570

may indicate that the originally preserved bubbles were altered, potentially affecting the571

effective smoothing of the paleorecord. We assume that smaller bubbles were pushed to-572

gether, coalescing into fewer, but larger bubbles - a likely consequence of the currently573

observed simple shear and folding. Currently, we cannot estimate how long this has been574
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going on. However, these findings imply that the gas record in the bubbles could be mixed.575

Another explanation could be specific conditions during bubble formation in the firn, re-576

sulting in originally very large bubbles.577

The lack of full-depth microstructural measurements in the AH is a significant lim-578

itation in interpreting our samples from near the bed. The AH is a unique glaciologi-579

cal environment, so inference from deep, interior ice-core sites may not be applicable. Our580

work highlights the ongoing challenge of determining the best approach for cutting, an-581

alyzing, and interpreting ALHIC1901 and other AH ice cores. Dedicated microstructural582

measurements on continuous sections, together with new developments in stratigraphy583

reconstruction (e.g., Kirkpatrick et al., 2025), will enable a better constraint on the al-584

teration of the palaeorecord.585

5 Conclusions586

Here, we used a variety of methods to derive the first characterization of crystal-587

preferred orientation, grain size and shape, and bubble characteristics in the ALHIC1901588

ice core, which extends back 2 million years from the Allan Hills Blue Ice region, Antarc-589

tica. We identified simple shear as the main deformation resulting in strongly elongated590

air bubbles and single to double maxima CPOs. Stripes of crystals oriented differently591

to the ice matrix indicate that z-folds and kink bands are common, leading to a disturbed592

depth-age relationship. Irregular grain shapes and microstructural features further in-593

dicate dynamic recrystallization at all analyzed depths. The very low bubble number den-594

sities relative to other ice cores indicate bubble coalescence, which assumedly also altered595

the air bubble content. The limited number of analyzed samples makes it challenging596

to transfer these results to the entire ALHIC1901 core and the larger Allan Hills area.597

Thus, more systematic microstructural studies on other Allan Hills cores are needed to598

better understand the ice deformation and dynamics and, therefore, the preserved cli-599

mate record.600
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Appendix A Stereo-plots1056

Figure A1. Stereo-plots (lower-hemisphere Schmidt equal-area projection) for all samples; n

displays the number of analyzed crystals per sample. The last four samples are adjacent vertical

sections; 1a and 1b are above 2a and 2b.
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Appendix B Aspect Ratio Histogram1057

Figure B1. Aspect ratio distribution for a) all bubbles and b) bubbles greater than 0.5 mm2.

The last two plots are vertical sections 228 4 1b and 228 4 2b.
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Appendix C 3D CT Bubble Data1058

Table C1. Overview of horizontal ALHIC1901 samples analyzed with the 3D CT. Two differ-

ent 214 5 sub samples were analyzed.

Sample Depth Analyzed volume (cm3) Bubbles (n) Bubble number density (1/cm3) Porosity (%)

210 4 141.68 9.77 535 54.76 0.47
210 7 142.19 13.44 731 54.38 0.55
214 3 144.84 5.81 202 34.74 0.38
214 4 144.88 9.74 351 36.05 0.43
214 5 145.00 10.82 1,299 120.06 0.53
214 5 145.00 17.98 948 52.72 0.52
214 6 145.32 9.84 363 36.88 0.43
222 1 151.00 14.13 862 61.02 0.45
222 2 151.14 6.47 359 55.51 0.44
228 4 155.09 4.53 380 83.88 0.32

Total/mean - - 6,030 59.00 0.45
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Appendix D 3D CT Aspect Ratio Histogram1059

Figure D1. Representative aspect ratio distribution for six samples analyzed with the AWI

3D X-ray microfocus CT.
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