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Abstract. The physical properties of ice grains, including grain size and orientation, are fundamental to understanding ice

flow and deformation processes in polar ice sheets. This study leverages a newly developed large-area scanning microscope

(xLASM) and an automated microtome to non-destructively analyze the NEEM ice core’s microstructure across 55 cm seg-

ments. The resulting microstructural data are compared with continuous flow analysis (CFA) measurements of impurity con-

centrations, fabric orientation, and shear strain rates over a 16-meter section (2004-2020 m depth) that spans the Last Glacial5

Maximum and abrupt climatic transitions during Dansgaard-Oeschger event GS-20. Our results reveal strong associations be-

tween grain size, impurity concentrations, and shear deformation rates, with impurity-rich, fine-grained stadial ice exhibiting

higher shear strain rates. The ice fabric remains stable despite the changes in shear deformation, indicating that, in this case,

the fabric is not the cause of the changing deformation.

1 Introduction10

The Greenland and Antarctic ice sheets play a critical role in the Earth’s climate system as vast reservoirs of frozen water.

Over millions of years, these ice sheets have evolved and responded dynamically to climatic shifts, significantly influencing

global sea levels and climate patterns. Today, ice sheets are experiencing significant mass loss, with Antarctica and Greenland

contributing approximately 150 and 270 Gt of ice per year to rising sea levels, respectively (Otosaka et al., 2022).

Ice cores extracted from these regions provide detailed and continuous paleoclimate records, offering insights into past15

temperature, precipitation, and atmospheric composition. Since the first deep ice core was drilled at Camp Century in Greenland

in the 1960s (Hansen and Langway, 1966), ice core drilling projects have primarily aimed to reconstruct climate history by

sampling undisturbed ice that preserves its stratigraphic integrity over millennia. Consequently, most Greenland cores such as

GRIP, GISP2, NorthGRIP, and NEEM have been drilled in regions with minimal ice flow (Dansgaard et al., 1993; Grootes

et al., 1993; North Greenland Ice Core Project members, 2004; Dahl-Jensen et al., 2013). In Figure 1 a Greenland ice sheet20

velocity map derived from Sentinel-1 data (Nagler et al., 2015) shows that NEEM and other deep core sites are located in areas

1

https://doi.org/10.5194/egusphere-2025-3647
Preprint. Discussion started: 26 September 2025
c© Author(s) 2025. CC BY 4.0 License.



of thick ice and low horizontal flow (e.g., NEEM at 5.8 m/year; Hvidberg et al. (2012)). Beyond paleoclimate reconstruction,

ice cores provide essential data for climate and sea-level rise models by capturing ice sheet properties that govern deformation

rates, rheology, and flow stability. Modelling these behaviours relies on understanding the microstructural features and small-

scale structural elements within the ice, such as grain boundaries, subgrain boundaries, and inclusions, which influence ice25

mechanics. The EastGRIP ice core project, situated on the Northeast Greenland Ice Stream with flow speeds of approximately

50 m/year (Hvidberg et al., 2020) is the first core location chosen primarily to study ice properties and flow dynamics.

Early laboratory studies of polycrystalline ice, as described by Glen (1952, 1955) and further developed by Nye (1957) in

what is now known as the Glen-Nye flow law, used constitutive equations in which the power law relates stress and strain rate

with the flow law parameter depending solely on temperature. However, laboratory experiments and detailed ice core analyses30

significantly advanced the understanding of ice deformation by highlighting the influence of microstructural parameters such as

grain size, impurity concentration, and grain fabric variations on ice viscosity and deformation rates (Dahl-Jensen et al., 1997;

Durand et al., 2006a; Obbard and Baker, 2007; Baker et al., 2003; Barnes and Wolff, 2004; Iliescu and Baker, 2008; Weikusat

et al., 2009; Rhodes et al., 2011; Hammonds and Baker, 2016; Stoll et al., 2021). Experimental work by Duval et al. (1983)

and Jacka (1984) identified creep regimes controlled by grain size and dislocation processes, while Pimienta et al. (1988)35

and Jacka and Jun (1994) demonstrated how impurities and grain-size evolution significantly affect ice rheology, especially in

impurity-rich glacial ice. More recently, laboratory experiments by Goldsby and Kohlstedt (2001) further supported that smaller

grains promote enhanced deformability through grain-size-sensitive creep mechanisms. New modelling explicitly incorporated

microstructural parameters, refining the ice flow models (Azuma, 1994; Kuiper et al., 2020a, b)

Advances in microstructure mapping techniques now allow high-resolution imaging of ice core surfaces, capturing critical40

features like grain boundaries, inclusions, and subgrain structures (Weikusat et al., 2009, 2011; Eichler et al., 2017; Stoll et al.,

2021). This method, initially developed by Kipfstuhl et al. (2006) and refined by Binder et al. (2013); Binder (2014), enables

systematic microtoming followed by controlled sublimation to produce detailed 2D ice surfaces. This controlled sublimation

reveals fine structural details: sublimation grooves form as etched lines along grain boundaries where ice sublimates more

rapidly due to the higher energy state of these boundaries. Our study utilises an enhanced microstructure mapping approach,45

employing the extra Large Area Scanning Microscope (xLASM), which enables non-destructive imaging of large core sections

(up to 55 cm by 10 cm) with a spatial resolution of 5 microns.

This work presents a detailed analysis of a Dansgaard-Oeschger event, specifically DO event GS-20, a rapid millennial-scale

climate oscillation during the last glacial period characterised by abrupt warming followed by gradual cooling. For this analysis,

we integrate microstructural mapping data with water isotopes, impurity concentrations, fabric, and shear strain measurements.50

Although many prior studies have focused on the evolution of ice fabric to interpret deformation regimes and derive past strain

histories (e.g. Montagnat et al. (2014); Azuma (1994), our results reveal that over a 16-meter section of the NEEM ice core,

grain size and impurity variations vary during abrupt climatic transitions while the fabric remains stable. This finding suggests

that, in this case, deformation variations are not primarily governed by fabric evolution, but rather reflect the influence of grain

size and impurity concentrations on rheological behaviour.55
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Figure 1. Greenland Ice Sheet velocity map from Sentinel-1, winter campaign 2019/2020 [version 1.3], modified from Nagler et al. (2015).

Locations of various Greenland ice core projects are indicated. NEEM and most deep cores are positioned in areas of thicker ice with low

horizontal flow (e.g., NEEM at 5.8 m/year (Hvidberg et al., 2012)) to capture undisturbed stratigraphy for paleoclimate reconstruction. In

contrast, the EastGRIP site, situated on the Northeast Greenland Ice Stream, experiences much faster flow (50 m/year) and is the first deep

core site focused on studying ice properties and flow dynamics (Hvidberg et al., 2020).
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Figure 2. (A) Diagram of the xLASM’s illumination setup, showing the line-scanning mechanism with a schematic of bright-field illumina-

tion, where light reflects from the polished ice surface and away in grooves or boundaries. (B) The NEEM ice core sampling scheme with

the section analysed in this study is highlighted in blue. Figure adapted from Vasileios Gkinis et al. (2021). (C) Photograph of the NEEM ice

core half-cylinder (main piece) mounted in the ice core carrier, prepared for scanning.

2 Methods

The NEEM project (2008-2012) drilled a 2540 m ice core in northwest Greenland, designed to provide a complete record

of the Eemian interglacial period and earlier glacial stages, thus addressing questions about Greenland’s ice sheet stability

during warmer climates (Dahl-Jensen et al., 2013). The study focuses on the ice microstructure evolution through the abrupt

glacial-interglacial events GI-19.2, GS-20, and GI-20. We analyse depths from 2004 m to 2020 m, which captures the glacial60

period GS-20 and its transitions into and out of the surrounding interglacial periods. The new c-axis data, specifically from

depths of 2009 m to 2015 m, were provided by the Alfred Wegener Institute (personal communication, Ilka Weikusat, AWI).

Immediately after drilling, the NEEM ice core samples were stored below -20°C. During transport, the cores were maintained

in a continuously sub-zero environment, shipped frozen from Greenland to Kangerlussuaq, and then to permanent archives in

Copenhagen, where they were subsequently stored in freezers set at -27°C.65

2.1 Microstructure mapping

In this study, we present a novel extra Large Area Scanning Microscope (xLASM) to capture high-resolution images of ice

microstructure. The xLASM setup incorporates a 3-axis system and a line-scan camera with 8192 pixels, achieving a resolution

of 5 microns per pixel (Krischke et al., 2015). The xLASM directs a laser beam onto the polished and sublimated ice surface

(Figure 2A), measuring the intensity of reflected light to distinguish structural features. Undisturbed surfaces reflect light with70

high intensity and appear bright in the image, while grain defects, such as grain boundaries, scatter light away from the sensor,

resulting in darker regions.
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Before imaging, we polished 55 cm-long ice core sections, or "bags", using an automated microtome. The microtome

platform, designed to prepare up to 60 cm ice core sections, includes a fully automated setup that smooths semi-circular ice

cores. Mounted on a granite surface plate for stability, the system uses a linear rail for precise motion, with an aluminium portal75

supporting the microtome blade. Stepper motors control horizontal and inclined vertical motions, ensuring high precision and

repeatability.

The sampled sections were prepared according to the cutting scheme shown in Figure 2B, with the Main sections used in this

study corresponding to archive sections (Figure 2C). After polishing, the sections were exposed to controlled sublimation at

-20°C. This removes surface artefacts and enhances the visibility of microstructural features such as grain boundaries, subgrain80

grooves, and air bubbles.

The xLASM can scan sections up to 60 cm in length and 10 cm in width by scanning half-core sections in three overlapping

runs, each covering 41 mm in width. These overlapping scans ensure comprehensive coverage and facilitate matching in

the processing step. Scanning a 55 cm section typically takes about 5 minutes, producing high-resolution grayscale images

approximately 400 MB in size per run. After imaging, the sections are returned to storage with <1 mm of ice removed from85

the surface during preparation.

Image Processing

Before processing, the raw images captured by the xLASM reveal distinct microstructural features directly from the sublimated

ice surfaces. Figure 3 shows two representative sections of the NEEM ice core, highlighting differences in microstructure

between glacial stadial and interstadial phases. Figure 3A (Bag 3661 at 2013.55 m depth) represents a glacial stadial section,90

displaying subhorizontal layering and cloudy bands associated with smaller grain sizes and higher impurity concentrations. In

contrast, Figure 3B (Bag 3670 at 2018.5 m depth), representing an interstadial phase, exhibits features plate-like inclusions

that serve as proxies for ice grain orientation, providing valuable context for understanding fabric patterns. Both images show

bubbles at a depth where they would typically not be present, indicating relaxation effects. Gow (1971) describes how relaxation

in deep ice occurs mainly as a result of the growth of bubble-like cavities and, to a lesser degree, to the formation of the95

previously mentioned plate-like inclusions propagated parallel to the basal planes of the ice grain. Additionally, intermediate

line scanner observations on the NorthGrip and EastGrip cores show clear differences in the ice microstructure (Westhoff,

2021).

The measured digital images were processed using Python’s Scikit-Image library (Van Der Walt et al., 2014), following

three main phases: pre-processing, processing, and analysis:100

– Pre-processing: We corrected lighting inconsistencies and sensor noise using adaptive histogram equalisation and Gaus-

sian filtering. Regions of interest were selected manually, focusing on areas that exhibit microstructural complexity. By

targeting sections with varied or intricate ice grain structures, we ensured the automated processing would account for

the different features observed in the ice images.
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Figure 3. Sections of the NEEM ice core scanned by the xLASM. The sections were drilled in 2010 and scanned between 2022 and 2023. (A)

Bag 3661 at depth 2013.55 m (from top). (B) Bag 3670 at 2018.5 m depth (from top). The sections correspond to the stadial and interstadial

phases, respectively. Bubbles (black areas) present at this depth are dissociated hydrates now converted back to bubbles. The difference in

the two sections arises from the higher impurity content load in bag 3661.
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– Processing: Ridge operator algorithms were employed to identify ice grain boundaries. The Hessian filter was applied105

to capture etched boundaries, followed by noise reduction using scikit-image morphology tools.

– Analysis: Pixel-connected regions were labelled using scikit-image’s label function, and morphological data were ex-

tracted with regionprops, providing metrics such as area, perimeter, and centroid.

2.2 Grain orientation and Fabric analysis

Fabric analysis is used to study the mechanical anisotropy of hexagonal ice, as the distribution of c-axis orientations evolves110

with depth. Here, we utilised c-axis orientation data derived from the automated Fabric Analyser G50 (AWI). The data com-

bines measurements from established NEEM fabric datasets (Eichler et al., 2013; Montagnat et al., 2014) with several new

measurements explicitly acquired for the detailed interval investigated in this study. The analysis methods are described in

Montagnat et al. (2014); Wilson et al. (2003). This system captures high-resolution images of the ice fabric by using polarised

light to measure the orientation of individual grains. The resulting data are represented through the eigenvalues e1, e2, and e3115

of the second-order orientation tensor. The third eigenvalue (e3) indicates the primary concentration of the c-axis, while e1 and

e2 describe the orthogonal directions of grain orientations with e3>e2>e1. These eigenvalues provide quantitative measures of

fabric strength and orientation.

Shear Strain rate and Borehole logging

A logger is slowly lowered down through the borehole at 0.25 m/s and measures temperature, liquid pressure, diameter, inclina-120

tion, and azimuth (Gundestrup et al., 1993). The logger is 1.8 m long and centred with callipers at the end, allowing a sufficient

sampling of inclination and azimuth to reconstruct the shape of the borehole. Since reaching bedrock in 2010, the borehole

logging has been operated on 17 July 2010, 21 July 2011, 25 May 2012, 10 May 2015, and 18 May 2019. From the inclination

and azimuth, the shape of the borehole can be calculated for each of the borehole loggings. The change of horizontal velocity

with depth or shear strain rate is determined by the difference in the shape of the borehole between the years (Dahl-Jensen125

et al., 1998) (Figure 4). As the study here is restricted to a zone of only 16 m, the stress field and ice temperature do not vary

significantly, and the changing values of the shear strain rate can be attributed solely to other parameters, such as changes in

ice grain properties, rheology, and impurity concentrations.

2.3 Water isotopes

The water isotopic data δ18Oice used in this study were obtained from the NEEM ice core, as published by Gkinis et al. (2021).130

This dataset provides ultra-high-resolution measurements at 0.05 m intervals, spanning approximately 120 kyr and capturing

key climate events, including the Last Glacial Maximum and the Eemian interglacial. The isotopic analyses were conducted

using Cavity Ring-Down Spectroscopy (CRDS), calibrated to the VSMOW-SLAP scale to ensure high precision and accuracy

(Vasileios Gkinis et al., 2021).
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2.4 Impurities and Continuous flow analysis135

The impurity concentration data used in this study were obtained from continuous flow analysis (CFA) measurements on the

NEEM ice core, as published by (Erhardt et al., 2022). This high-resolution dataset includes calcium (Ca2+), sodium (Na+),

ammonium (NH4
+), and nitrate (NO3

-), recorded at resolutions of up to 1 mm. The CFA method provides near-continuous

impurity profiles with minimised contamination risk, supporting the analysis of seasonal and sub-seasonal variability in ice

cores.140

3 Results

3.1 Grain Size and Climatic events

The grain size in the NEEM ice core exhibits a strong correlation with abrupt climatic transitions, distinctly marking shifts

between stadial and interstadial periods. In Figure 4, covering the interval from 2004 to 2020 m depth, grain size closely follows

the climatic temperature proxy (δ18O), with larger grains observed during interstadials and smaller grains during stadials. This145

pattern also extends to the aspect ratio, which reflects more elongated grains in stadial ice and more equant shapes in interstadial

ice. The changes in grain size and aspect ratio align with the δ18O variations, highlighting the link between ice microstructure

and rapid climatic temperature shifts during deposition.

3.2 Fabric Orientation

Fabric orientation analysis indicates a stable crystal-preferred orientation (CPO) across the studied depths and the last glacial150

ice. The eigenvalues (e1, e2, and e3) shown in Figure 4 demonstrate this consistency, with e3 values around 0.9 and e2 and e1

values ranging between 0.01 and 0.03. These values reflect a high degree of anisotropy and a strongly preferred orientation.

This strong clustering towards the vertical is visually confirmed by representative c-axis pole figures from different depths

within and surrounding the main study interval (Figure 5).

3.3 Impurity Concentrations155

Impurity concentrations in the NEEM ice core exhibit distinctive patterns corresponding to abrupt climatic events. During

stadial periods, there is a marked increase in concentrations of calcium (Ca2+), sodium (Na+), ammonium (NH4
+), and nitrate

(NO3
-) as depicted in Figure 4. Conversely, interstadial periods are characterised by reduced impurity concentrations, reflecting

the cleaner atmospheric conditions associated with warmer climates.

3.4 Shear Strain Rate160

Shear strain rate varies between stadial and interstadial ice, with higher rates generally associated with lower δ18O values,

smaller grains, and higher impurity concentrations. This trend suggests that impurity-rich ice experiences accelerated defor-
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mation, correlating with the increased shear strain rate observed in these intervals. However, due to the low spatial resolution

of borehole measurements, some abrupt climatic events may not be fully captured in the shear strain data.

4 Discussion165

4.1 Grain size and abrupt events

The NEEM ice core data show a strong correlation between grain size and abrupt climatic transitions, with larger grains

during interstadials and smaller grains in stadials, as seen in Figure 4. This pattern aligns with studies linking impurity-rich

stadial layers to grain size reduction (Durand et al., 2006b) as the temperature change at the deposition time is long diffused

(Løkkegaard et al., 2023). However, the mechanism remains complex. Previous NEEM studies, such as Eichler et al. (2017),170

observed that most impurities in NEEM ice are embedded within grains rather than at grain boundaries, making it unlikely

that Zener pinning alone is responsible for grain size reduction. Instead, Eichler suggests that these inclusions may enhance

recrystallisation dynamics indirectly under stress.

Further, Faria et al. (2014) proposed that dynamic recrystallisation, including grain growth, rotation, and strain-induced

boundary migration, plays a central role in modulating grain size across depth. Laboratory studies also underscore that smaller175

grains can promote grain boundary sliding, facilitating deformation in fine-grained ice (Duval and Castelnau, 1995; Behn

et al., 2021). These findings, coupled with the composite flow law model by Kuiper et al. (2020b), indicate that grain size-

sensitive mechanisms likely accelerate deformation in impurity-rich, fine-grained stadial ice, reflecting the combined effects of

impurities, recrystallisation, and stress.

4.2 Fabric Orientation and Climatic Stability180

The fabric presents a strong single vertical maximum at a depth of 2004-2020 m, indicated by stable eigenvalues (e1, e2, e3),

with e3 values consistently around 0.9, remaining stable across climatic transitions. Scatter plots of δ18O against eigenvalues

over 200 m and 400 m intervals (Figure 6) show no apparent correlation between fabric orientation and climate proxies, below

the self-evident transition from compressional to simple shear stress and deformation regime described by Montagnat et al.

(2014).185

Despite impurity presence, this stability in fabric orientation is consistent with modelling studies showing that dislocation

creep dominates c-axis fabric evolution under sustained ice sheet stress conditions, with minimal influence from dynamic

recrystallisation mechanisms (Azuma, 1994; Llorens et al., 2016, 2017). The vertical anisotropy contributes to mechanical

strength in the vertical direction and reflects the cumulative deformation history under simple shear stress at these depths,

consistent with the strongly clustered c-axis fabric observed in the NEEM core(Montagnat et al., 2014). These results align190

with Wilson et al. (2014), who noted that fabric structure in polar ice reflects cumulative strain, remaining unaffected by

short-term variations in temperature and impurity concentrations.
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4.3 Impurity effects

Our results show strong negative correlations between grain size and impurity concentrations, particularly for Ca2+ (-0.78),

dust (-0.74), and Na+ (-0.71) (Figure 7). These findings suggest higher impurity levels are generally associated with smaller195

grains, particularly in stadial ice. Given the non-normal distribution of grain size data, Spearman’s rank correlation coefficient

accommodates the monotonic relationships observed in the dataset (Hauke and Kossowski, 2011).

Literature studies on deep ice cores have shown that grain size variations closely track climatic transitions, with colder,

impurity-rich stadial ice characterised by smaller grains and cleaner interstadial ice by larger grains (Thorsteinsson et al., 1995;

Azuma et al., 2000; Durand et al., 2006b). This has been interpreted as the result of impurities inhibiting grain boundary migra-200

tion, either through Zener pinning by insoluble dust particles (Weiss et al., 2002) or through a more diffuse reduction in grain

boundary mobility. Recent studies suggest that direct particle pinning may play a limited role in polar ice, and that the bulk ef-

fect of soluble and insoluble impurities on boundary mobility is a more likely mechanism (Eichler et al., 2017; Stoll et al., 2021).

Our observations at NEEM show strong anticorrelations between grain size and impurity concentration without direct evidence

of particle-boundary pinning, which is consistent with this interpretation.205

4.4 Shear Strain Rate and Ice Dynamics

Shear strain rates in the NEEM ice core vary significantly with climatic periods, showing higher rates in impurity-rich, fine-

grained stadial ice. This increase in strain rate during stadials likely results from the combined effects of smaller grain sizes and

elevated impurity concentrations, both of which facilitate deformation through grain size-sensitive creep. Notably, the ice grain

orientations remain unchanged throughout the event. To investigate whether minor variations within the stable fabric could still210

influence the mechanical response, VPFFT simulations were performed on samples from the GS-20/GI-20 transition (Figure

4). The modelling indicates a relatively homogeneous mechanical response that is insensitive to minor spatial variations in

fabric orientation within the samples, and also shows comparable bulk behaviour between the adjacent glacial and interglacial

ice, despite slight fabric differences (Figure 8). This supports the interpretation that the observed stability of the strong c-

axis fabric reflects a mechanical state robust to minor fluctuations in this regime. This is the first study where deformation215

rates, detailed grain properties, and orientations are made over a strong and clear DO event spanning only 16 m. Over such a

small distance, the temperature, temperature history, and stress field do not change significantly, so we can conclude that grain

size or impurity concentration, which is strongly linked to grain size, causes significant changes in shear strain deformation.

Constitutive equations thus need to include a term to explain changes in ice grain properties, alongside terms related to ice

temperature and ice grain orientation. Few attempts have been made to formulate constitutive equations that include ice grain220

size (Kuiper et al., 2020a, b) before the shear strain rate was fully measured.
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5 Conclusion

In this study, we introduce the first dataset acquired using the xLASM, which enables non-destructive analysis of semicircular

ice core sections without requiring thin-section preparation. By integrating the xLASM with an automated microtome, we

achieved continuous scanning of 55 cm ice core segments, producing detailed insights into the microstructural features of the225

NEEM ice core and providing a high-resolution analysis across a Dansgaard-Oeschger (DO) event.

Our findings reveal strong correlations between grain size, impurity concentrations, and shear deformation rates across

different climatic periods, underscoring the responsiveness of ice microstructures to abrupt climatic shifts. The observed fabric

orientation remains consistent despite changes in impurity levels, suggesting that long-term deformation history predominantly

governs fabric evolution over short-term variations in impurity content.230
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Figure 4. Top frame: Variations in grain size and profiles of stable water isotopes (δ18O ), shear strain rate, impurity concentrations (Ca2+,

conductivity, dust, Na+, NH4
+, and NO3

-), and fabric eigenvalues (e1, e2, e3) across 1900 to 2100 m depth in the NEEM ice core. Bottom

frame: The same parameters except for shear strain rate across 2004 to 2020 m. The data illustrate parameter responses to abrupt climatic

transitions, showing distinct changes, particularly in impurity concentrations, as the ice shifts from stadial to interstadial periods. Notably,

fabric orientation remains stable across these events, as indicated by consistent eigenvalues.
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Figure 5. Representative c-axis orientation fabrics from NEEM ice core samples, plotted as Schmidt equal-area, lower hemisphere projec-

tions. The plots show data from bag 3626 (top left, 2004 m depth, N=2038 grains), bag 3646 (top right, 2014 m depth, N=3249 grains), bag

3673 (bottom left, 2020 m depth, N=1698 grains), and bag 3696 (bottom right, 2032 m depth, N=2243 grains). All samples exhibit a strong

single maximum cluster, consistent with the high e3 eigenvalues presented in Figure 4 and typical for NEEM ice at these depths under shear

deformation.
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Figure 6. Scatter plots showing the relationship between δ18O (vertical axis) and fabric eigenvalues (e1, e2, and e3 on the horizontal axis)

at two different depth intervals in the NEEM ice core: 1700-2100 m (solid circles) and 1900-2100 m (crosses). The lack of clear trends or

clustering across these intervals suggests no significant correlation between δ18O values and fabric orientation, supporting the interpretation

that fabric evolution is predominantly driven by long-term deformation rather than abrupt climatic events.
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Figure 7. log-log scatter plots of impurity concentrations (Ca2+, conductivity, dust, Na+, NH4
+, and NO3

-) versus grain size, with red data

points indicating interstadial periods and blue data points indicating stadial periods. The histograms illustrate the distribution of impurity

concentrations and grain sizes. The scatter plots show a negative correlation between impurity levels and grain size, with higher impurity

concentrations associated with smaller grain sizes, particularly during stadial periods.
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Figure 8. Visco-Plastic Fast Fourier Transform (VPFFT) modelling of adjacent interglacial (top row) and glacial (bottom row) samples from

NEEM bag 3665 (2015.75 m depth, corresponding to the GS-20/GI-20 transition shown in Figure 4). Columns show (from left to right):

optical image of the natural sample section; fabric data transferred to the VPFFT simulation grid (3000x4000 points); the sample section

divided into four subregions (A, B, C, D, each 1024x1024 points) for homogeneity analysis; crystal symmetry representation confirming

a strong cluster fabric (P: point, G: girdle, R: random); and the resulting Polycrystal Yield Surface (PCYS) projection under shear (s1 =

(σ22−σ11)/
√

2 vs s5 =
√

2σ12). The close clustering of PCYS points for subregions A, B, C, and D (indicated by different symbols and

colours) in both the interglacial and glacial samples suggests a relatively homogeneous mechanical response, despite micro-scale fabric

variations and slight differences between the two samples. Modelling and figure courtesy of G. Llorens.
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