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Abstract

At Little Dome C the Beyond EPICA — Oldest Ice project has drilled through the central East
Antarctic Ice Sheet to the ice-rock interface at 2,799.85 m depth, recovering the first subglacial
rock samples from this region. We describe 316 m of ice composed of four zones, below the well-
layered, stratigraphic ice. Just below the stratigraphic ice, we find 22 m of ice, potentially still in
stratigraphic order, as DEP-conductivity data and crystal size measurements cannot clearly
indicate discontinuities here. Then, in the 77 m-long deformed ice zone, the ice becomes
potentially unstratified and deformed, likely folded during flow, and extremely thinned. Below, we
find the enigmatic zone, a 212 m-thick zone in which the ice crystals quickly reach multi-
centimeter sizes, that appears to reflect prolonged static grain growth under limited deformation.
The conductivity signal fluctuates greatly, for which the reason is still unknown. The bottom-most
4.85 m, the debris-rich zone, consists of ice with incorporated silt to fine gravel -sized basal
material, mostly within debris-rich bands. Additionally, from the drill chips, we collect angular
pebbles between 1-4 mm in diameter. Together, these findings provide the first integrated view of
microstructure, rheology, and geology from beneath central East Antarctica, illuminating long-
term ice-sheet processes.
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The Beyond EPICA - Oldest Ice project

Project aims

The European Beyond EPICA - Oldest Ice project has achieved a milestone in palaeoclimatology
by drilling through the central East Antarctic Ice Sheet to the ice-rock interface at Little Dome C
(LDC) and recovering the first ice core across the Mid Pleistocene Transition (MPT).

Beyond EPICA has two complementary objectives. First, the recovery of well-stratified ice
extending beyond 1.2 million years (Ma), providing an unprecedented window into climate
dynamics during and before the MPT (~1.2-0.7 Ma) when Earth's glacial cycles shifted from
41,000-year to 100,000-year periodicity, and the mechanisms driving this glacial-interglacial
cyclicity. The second objective is the analysis of the debris-rich ice and subglacial sediment
samples, just above bedrock, providing insights into ice sheet initiation and pre-glacial ecosystems,
basal processes, and the geology of one of Earth's least accessible continental regions. While the
stratigraphic ice column is essential for palaeoclimate reconstruction, the debris-rich ice zone
might preserve a distinct archive of ice-bedrock interactions, geothermal conditions, and subglacial

geology.

The Beyond EPICA drilling achievement provides access to ice potentially older than 1.2 Ma .
The potential end of stratigraphic ice lays around 2,484 m depth, and has recovered 316 m of ice
beyond that, reaching the interface of ice to subglacial material at 2,799.85 m depth. This extends
the continuous ice core climate record deeper into the Early Pleistocene, and possibly beyond the
Pleistocene, while the oldest non-continuous ice core reached 6 Ma in the Allan Hills blue ice .

Here, we provide a first characterisation of the physical properties of the lower-most 316 m, which
extend beyond the stratigraphic ice section. We also provide the first results from a comprehensive
analysis of ice-rock interface processes from central East Antarctica.

Site overview and basal temperature

During the site selection survey °, a site was chosen that does not have basal melting, i.e.,
temperatures well below the pressure melting point at the bottom of the ice sheet, the ice-rock
interface * (and Mulvaney/Ritz et al., in prep.). The LDC drilling site (75°06'S, 123°21'E) is
situated 35 km south-east of the EPICA Dome C (EDC) site along the present-day ice flow
trajectory " °. Ice thickness at LDC reaches approximately 2,800 m, 460 m shallower than EDC
(3,260 m) ©. This reduced ice thickness ensures that no basal melting occurs at this site, i.e. melting
away layers from the bottom of t which is a prerequisite to finding ice covering the MPT .

The exact temperature at the ice-rock interface can only be measured in the borehole and is difficult
to model. Then, this temperature can be used to determine the geothermal heatflux.
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The annual surface temperature at EDC is -54.5 °C ® and borehole temperature measurements at
various depths suggest bottom temperature to be around -8 °C (see methods). This provides a first
estimate for the geothermal heat flux of 51 £ 5 [mW/m2].

Stratigraphic Observations

=W Figure 1: Bag 2633 in the backlight illumination setup.
A) the ice core is being illuminated from top to bottom and B) shows the resulting optical appearance of the individual
crystals.

For the first time, using various on-site techniques in combination, we were able to distinguish
different zones of the ice core prior to its shipment out of Antarctica. We deploy a novel and simple
technique to analyse changes in crystal texture, such as size and shape, with depth in the field, with
measurements up to every meter. This method is based on diffused light of a flashlight, centered
behind the ice core and a camera imaging the bag-cut plane of the ice core (Fig. 1, see also methods
section). Additionally, we use dielectric profiling (DEP) ? to measure the electrical conductivity in
the ice core, which among other variations indicates volcanic events serving as chronology
markers and also provides a proxy for climate system processes.



108
109

110
111
112

113

114
115
116
117
118
119
120

121

122
123
124
125

A. Radar survey B. Suggested age C. Conductivity D.IceZones E. Crystal surface area F.Ice crystal images
\and depth from Conductivity [mS/cmA2] Ie properties &transitions
Radarsite survey oo --#--# ¢ & 10 12 1

Stratif ed ice zone 1986 e \ Note:
Stratified ice: i _”t Colors N
Modelled age 1.2 Ma* dwgwqu\s‘
at 2484 m depth. icr:yls:‘a\:?hey

. Vi e

112Ka-1365m 2450 Length: 2484m - Abrupt danat

: _____ ichangesin indicate

(Potentially) ', conductivity crystal fabric

Stratif ed icezone  signal
Stratifigraphy 77T
unclear. [———
Length: 22 m |Changesin |
| conductivity
Deformed ice zone | and crystal |

orientation.

el 160 ka - 1689 m

/ lsizesand |
k Deformed and ‘\shape | 2540
increasingly =
thinned ice =
3
o
‘w‘Changes in ‘\' 2560
m_ — | conductivity|
Enigmaticice zone | and crystal i“\
|sizesand | T~
Dominated by large [shape | T
crystalsand old ice. 2580
Thin interjanced
layers remain a -mese o o .
2600
- e ee -

2620
emmss ose o
=5 . 'J
-me s o

=Note the 2
depth \
mismatch 2750
|
between \
radar survey
and ice core

H]
]
.
.
]
.

°®

N ewwm——"]

*. [incorporated|

|subglacial 1~ 2800
i |

=
2800-%1

|
* Chung et al,, 2023 ]

o S 1o 15 20 25 30 35 40
contact Crystal surface area in [cr2]

Figure 2: Radar survey from the site selection campaign, drill site selected at the flag (A), with age and depth estimates of the
corresponding isochrones (B). Conductivity profile from 2400 to 2800m depth (C) and the division into stratified, deformed,
enigmatic, and debris-rich ice zones (D). Measurements of crystal sizes against depth (E) from images shown in (F). False colour
images in (E) and (F) represent individual crystals, not crystal orientation.

The stratified ice zone (0 m to 2506 m)

To a depth of 2506 m, the ice core likely consists of stratified, well-layered ice. As a preliminary
interpretation, the DEP signal appears to follow climatic cycles '°, and visual inspections imply that
crystal sizes remain relatively small, below 2.5 cm? (Fig. 2). The age predicted by a 1D model "
reaches 1.2 Ma at 2484 m and 1.5 Ma at 2506 m. In this section from 2484 m to 2506 m, no final
stratigraphy can be determined from the field measurements to date. A more detailed examination
of the potentially stratigraphic zone, 2484-2506 m, is currently underway but beyond the scope of
this paper.

The deformed ice zone (2506 m to 2583 m)

The top of the deformed zone, i.e., at 2506 m depth, marks a significant shift across all analysed
parameters (Fig. 2C,E,F and methods section). The changes of DEP and crystal patterns could
imply that the ice core record below may likely be disturbed, potentially by folding, and a
stratigraphic order does not exist anymore. Hence, we refer to these 77 m as the deformed ice zone.
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The enigmatic ice zone (2583 m to 2795 m)

Crystal size increases rapidly from 2583 m depth, and by ~2650 m, approximately 150 m above
bedrock, individual 10 cm-cut sections of the core often contain fewer than two distinct crystals
(e.g. Fig. 2Dz, 2647 m). Throughout the enigmatic ice zone, multi-centimeter, sometimes greater
than 10 cm in diameter, crystals are visible on the exterior of the ice cores (Fig. S1_2). The
conductivity signal suddenly increases to a higher baseline at 2583 m (Fig. 2C), which persists over
the next 212 m, with great fluctuations. Whether these fluctuations are a climatic signal remains
unknown to date. Yet, at 2633 m, crystal size abruptly becomes smaller with individual crystals
being more interlocked, similar to ice from the stratified section of the core (Fig. 2Dy). Throughout
the enigmatic ice section, and occasionally above, we find mineral aggregates (Fig. 2D) with a
diameter of 0.5 to 1 mm. These aggregates resemble those found by " in the bottom tens of meters
of the Dome C ice core.

Stratigraphic interpretation

Within the conductivity data (Fig. 2C) at the bottom of the stratified ice zone, we observe abrupt
signal changes, which, without additional measurements and age information, appear to be too
sudden to result from climatic transitions. Potential candidates for the end of stratigraphic ice are at
depths of 2484 m, 2488 m, 2499 m, and 2506 m, within the 22 m of the potentially stratified zone,
Fig. 2C. One of these transitions marks the end of the stratigraphic ice. Which one precisely is yet
to be determined. While an earlier depth could mark the end of the stratigraphic zone, the transition
at 2506 m coincides with changes in crystal texture, which we therefore interpret as the boundary
between stratified and deformed ice. The reduced amplitude of the conductivity signal in the
deformed ice could potentially align with the older sections of the marine sediment core stack, e.g.
the Pliocene *°, indicating old ice and possibly a large stratigraphic hiatus at the transition at 2506
m. On the other hand, the more stable conductivity signal in the deformed ice zone could indicate
rearrangement of the impurities and a first step to crystal size increase, while the deformed possibly
mixes Glacials and Interglacials, thus flattening the signal.

The transition from the deformed into the enigmatic ice zone (at 2583 m depth, Fig. 2) is again
marked by a jump in DEP-derived conductivity values and a substantial increase in crystal size,
suggesting the presence of an additional stratigraphic hiatus.

In modeling studies (e.g. '"), estimating the age of stratigraphic ice at the Beyond EPICA drill site,
the more than 200 m section of enigmatic ice is often treated as non-deforming on present-day
velocity scales, i.e., stagnant, with vertical deformation rates rather similar to the base in
comparison to the stratified ice above. In these bottom 200+ m, we observe large crystals,
suggesting prolonged normal or static grain growth without the effects of strain-induced grain-size
reduction. The ice appears stagnant today, for most practical aspects, but crystal and conductivity
data hint at either remnants of stratified layers within the enigmatic ice zone or active individual
shear planes reducing crystal size. Both effects could be the result of large-scale folding. One such
instance of smaller crystals is at 2633 m depth, which warrants a detailed future study.
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Consequently, the term stagnant should be considered as a relative term with respect to the
deformation rates of the ice above the enigmatic ice unit. The origin of this ice still remains a
mystery. It could be similar to the claim for the Gamburtsev mountains ", where refrozen water
originated from the top of the table mountain. Yet this would induce different crystal sizes and a
drop in conductivity, neither of which was observed. The opposite is observed, as large crystals
hint to very old ice, due to long crystal growth periods and higher conductivity values hint to ice
from warmer periods, e.g. the early Pleistocene, Pliocene, or even older.

Subglacial samples from the debris-rich ice zone (2795 m to 2799.85 m)

B) C) Debris content (% weight) D)Av. Pebbles collected throughout the full length
12 9 6 3 2 1 0 of the debris-rich unit

C) Depth (m)
s - 2795

__Sandand gravel (bag 2796D)

— =¥ ee——

Samples with 4¢ are
collected from the drill itself
b m—— or drill chips. They are not - 2797
insitu in the ice core. E)
AL are obtained from
2798 within the ice core.

Bottom of
bag 2800

2-cm granitic pebble (bag 27998) el 2798

Sand-gravel mix (bag 2799C & D)

2799 Cofe
Sand (from bottom of bag 2799D) catcher
X - 2799
mark
2600 Rust colored sand-clay mix
(bottom of bag 2800)
——— 2799.85 iRk
F)¥ 2-cm grantic pebble (bag 2799B) G) ¥Cut from insitu pebble (bag 2796E) H)¥ Sandy fraction from sand-gravel mix (bag
2799C & D)

Figure 3: The bottom-most 4.85 m of the ice core (2795-2799.85 m). A) Four of the five cut sections (7 cm width) with bag numbers.
B) Stratigraphic column of the debris-rich ice; blue is ice with a very low debris-load, visible but not measurable, and the darker the
brown, the higher the debris-load. C) Debris content (wt%) versus depth as averages between core breaks. Bag 2796D without gray
shading due to measurement difficulties. D) Rock samples collected from drill chips. The majority of them have a granitic
composition. E) Bottom of the Beyond EPICA LDC ice core at 2799.85 m depth. F) granitic sample from the drill chips and G)
granitic sample from inside the ice core. H) Sand section of bag 2799C and D under a microscope.

The first appearance of basal geological debris occurs at a core break at 2795 m, where sand-sized
and smaller particles are embedded within the ice matrix, along with occasional centimetre-scale
pebbles. The debris-rich section displays heterogeneous content with colour variations associated
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with debris content changes (Fig. 3). Following the facies classification of ', the intervals 2795.0-
2797.0 m and 2798.2-2799.85 m correspond to a banded dispersed facies, featuring debris-rich
layers thicker than 1 mm and debris content up to 12 wt% (Fig. 3C and methods section). In
contrast, the interval 2797.0 m and 2798.2 m shows a clean facies (<1 wt% debris), lacking visible
layering and containing occasional frozen-in debris with a diameter < 1 cm.

Rock Samples

During the drilling process, we also recovered several rock fragments (Fig. 3, orange stars) from
the drill chips, which were originally set in the debris-rich ice. They reached the surface by
bypassing the drill head via the chip transport-spirals (clearance 3-4 mm), into the chip’s chamber
of the drill. Most of them range in size from 1-5 mm, and are thus coarse sand to fine gravel (size
definition ').

From visual inspection (Fig. S1_4 to S1_23), these rock fragments have angular to subangular
shapes, while they have various petrological natures. The large majority of these rock fragments
are of an igneous granitic origin, but from different rock source types: these fragments indeed
display variable silica contents: granitic lithologies (quartz, felspars, biotites) are the most
abundant fragments, while Fe-Mg-rich rock (probably pyroxenes or amphiboles) is also present in
significant proportion. Some granitic fragments are coated with a yellowish clay alteration layer,
firmly adhering to the surface. Further mineralogical (XRD, SEM and thin sections analysis) and
geochemistry (REE, Rb/Sr, Sm/Nd) work is underway to refine these characterisations.

Ice-rock contact (2799.85 m)

Core number 2800 (2799.00 to 2799.85 m) marks the deepest ice core retrieved to date (Fig. 3E).
Further penetration has not been possible with the ice or rock drills.

The bottom surface of this core shows clear indications of rock contact:
- Visible debris adhered to the surface indicates an ice-rock interface.
- A smooth, unbroken interface, suggesting no additional ice directly beneath.

- The mark of the core catcher (Fig. 3E) shows no signs of wedging and breaking, and the
core break strength was too low for breaking ice.

- The ice drill cutters resurfaced severely damaged, implying contact with rock not drillable
with the ice core drill. It cannot be distinguished whether this damage is caused by one rock,
a rock layer, or bedrock.
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Subglacial interpretation

The 4.85 m of debris-rich ice exhibits a facies and a debris content that look similar to that observed
in Greenland '*'” '® > %% and elsewhere in Antarctica *"*. In these sections, debris incorporation
may occur either through mechanical mixing processes at the ice—bed interface, such as shearing
and folding '® #, or through the freezing of subglacial meltwater at the base of the ice sheet *"*.
Additional measurements such as gas content and water isotopic composition are required to
distinguish between these mechanisms ** .

Debris-rich ice from Greenlandic cores has preserved biological signatures of microbial activity
that potentially predate the formation of the ice sheet or are evidence of subglacial biological
activity * 2% 27 2% 217 ‘Whether similar biosignatures are present in the debris-rich basal ice of the
BELDC core remains to be investigated by upcoming measurements on gases, potential fossil
remains, and organic molecules.

Collecting rocks from beneath a nearly 3 km-thick Antarctic ice sheet is exceptionally rare. We
recovered granitic rocks of at least two different lithologies. This hints at subglacial processes
mixing lithologies from different origins. The yellowish clay alteration layer (Fig. 3D, S1_11 &
S1_16) suggests the presence of water for its formation. This alteration is either the result of
pedogenesis during previous ice free conditions or the impact of subglacial hydrological processes.
With not all rocks being coated with an alteration layer, further processes of transportation in
liquid water must also have occurred sometimes in between. Today, the very slow surface velocity
at LDC (50 mm/yr, '), the presence of a large-crystal in the 212 m thick enigmatic ice unit, and
temperatures of -8 °C do not indicate strong sliding at the ice-rock interface, as well as no liquid
water. Under these cold conditions, where no basal water is present, ice flow is accommodated by
internal deformation, mostly confined to the ice above 2583 m rather than basal sliding
(Mulvaney/Ritz et al., in prep.). The rocks collected from (the outside of the drill and) drill chips
have a strong grain size bias to 1-4 mm, due to internal drill clearances (see methods). They are
angular to sub-angular suggesting erosion with negligible water present. Rocks inside the ice core
(in-situ rocks) range in grain size from clay or silt to gravel, suggesting the presence of a wider
granulometric population at the ice-rock interface. Further investigations such as SEM analysis of
the grain textures and characterisation of the clays assemblages will permit a better
characterization of the debris history before and after their incorporation in the ice.
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Conclusion & Outlook

The drilling of the Beyond EPICA core was highly successful. Ice believed to contain some of the
oldest stratigraphically preserved records ever drilled is found at a depth of around 2428 m (age:
approx. 800 ka b2k). At 2484 m, we find stratified ice with a preliminary age that reaches the target
of 1.2 Myr ' and potentially more stratigraphic ice until to 2506 m depth. This leaves 316 m of ice
for investigation below that.

The deformed ice (2506 m to 2583 m), and potentially even the enigmatic ice, represent a new
opportunity to study climatic periods older than the MPT, albeit possibly without a continuous
record. Further studies are needed to determine if and how this ice can be used for palaeoclimatic
studies.

Furthermore, the 212 m of enigmatic ice—due to its extremely large crystals—could be
mechanically more resistant to deformation, which is the working-hypothesis for depth-age scale
in current (ice age-) models "'. This could result in ice deformation being primarily accommodated
above 2583 m, creating a distinct interface between the stratified and deformed ice column above
and the enigmatic ice below. Yet, the interspersed layers of smaller crystals remain a mystery, as
they hint to dynamics within this unit. Thus the deformed and enigmatic ice zones remain
interesting to investigate physical properties of ice and ice rheology, as well as palaeoclimatic
signals.

The collected rock samples suggest the, or at least “a”, ice—rock interface to be just below the
current borehole bottom (2799.85 m). In everyday language in the ice core community, any rock
that can not be penetrated with the ice core drill will be referred to as bedrock. Real bedrock may be
deeper, and a layer of glacial till with incorporated ground-down granite (as found in this study)
may lay on top, which would be referred to as a sedimentary layer. To further refine the subglacial
stratigraphy we would now need to deploy a rock drill, which has not recovered core so far (see
methods).

In this study, we have defined the bottom sections of the Beyond EPCIA ice core using
terminology that removes ambiguities across different ice core communities. We also present the
first results, mainly from the field, to distinguish these zones. The newly developed method of on-
site crystal size determination excels in simplicity and practicality. Analysis of the debris-rich ice
gives first insights into the subglacial environment and opens the door to many further studies.
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Methods

Basal temperature and geothermal heatflux

The annual surface temperature at EPICA Dome C (EDC) is -54.5 °C ™', and the same values can
be applied to LDC. By measuring the borehole temperature in different depths we extrapolated the
bottom temperature to be around -8 °C.

We measured borehole temperatures in a simplistic field approach. We used an industrial
temperature logger from Lascar Electronics (EL-USB-1-PRO high temperature data logger),
mounted in a pressure and liquid-tight aluminum housing, with a coupling to the top of the inner
core barrel of the ice drill. This reduces the maximum ice core length by approx. 20 cm, but enables
simultaneous temperature logging and ice core drilling.

The logger is limited to -40 °C, limiting exact measurements on the way, as annual average
temperatures range around -54.5 °C. We measured -21.4 °C at 2200 m, -16.8 °C at 2400 m, and -
12.4 °C at 2600 m during production drilling. Linear interpolation suggests a temperature of
approximately -7.9 °C at 2800 m depth.

This provides a first guess of the geothermal heat flux, using
®q = -K*dt/dz = (2.27*(17-8)/(2800-2400) = 51 [mW/m2].

Including the measurement uncertainty, the heat flux is 51 + 5 [mW/m2].

Radio-echo sounding

The radargram in Fig.2A was collected with a ground-based VHF radar in 2019. Standard,
unfocused SAR processing was applied. Layers were traced semi-automatically, following
amplitude peaks. The peaks were dated using the point of closest approach to the EDC core site and
transferred from the AICC2012 age scale to AICC2023. Details of the system, processing, and
interpretation can be found in ™.

Dielectric profiling

We used the dielectrip profiling (DEP) device developed at Alfred Wegener Institute, Germany
(AWI, ™¥). Two opposing electrodes travel along the ice core, measuring the electrical conductivity
and permittivity every millimeter. We measured the entire ice core to obtain this high resolution
profile. The signal provides indications of volcanic eruptions to match the ice core to other known
profiles and it provides a proxy for a climatic record, revealing climatic warm and cold cycles in the
signal.
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Backlight core illumination for crystal size and texture

Measurement setup

We use a standard camping flashlight (Kathmandu Ruru, 300 Lumen), modified with a cone and
diffusive milky paper the size of the ice core. This ensures even illumination behind the core (Fig.
1). The cone and a 3D-printed holder center the light source behind the ice core while it rests in
aluminum trays for two days before core processing. Ambient temperatures range between —35 °C
and —45 °C, depending on activity in the facility.

We position a DSLR camera (Nikon D7200) with a Nikkor 40 mm macro lens roughly centered in
front of the ice core. The camera’s position is varied slightly to increase the number of visible
crystals, and multiple images are taken with small angular adjustments around the 90° axis to the
ice core cutting plane (Fig. 1).

We use Adobe Illustrator to stack the images and manually trace the crystal boundaries. Using
images taken under varying illumination conditions enhances the number of visible crystal
reflections. We then export the binary crystal boundary network as a PNG file.

We re-purposed a Python-based image analysis pipeline for processing large-area scanning
microscope (LASM) images of ice core thin/thick sections. The code uses established computer
vision and scientific computing libraries (e.g., scipy, scikit-image, OpenCV (cv2), matplotlib,
pandas, and PyQt5 for GUI interaction) to perform image preprocessing, segmentation, and
quantitative feature extraction, contrasting traditional pixel-based analysis with modular scripting
for automated, reproducible workflows. It extracts the following parameters: grain count, x/y
coordinates, equivalent diameter, true area, eccentricity, orientation, perimeter, and the lengths of
major and minor axes.

Limitations of optical in-field crystal measurements

The method of using in-field crystal measurements has some limitations. We rely exclusively on
cuts where the basal planes of crystals are oriented to refract light toward the camera setup. These
likely represent grains aligned as a single-maximum fabric. In other fabric configurations, grains
may not be visible, leading to potential underrepresentation of the number of grains. In samples
from the stratified and deformed zones, the high number of grains and indistinct crystal boundaries
can cause an overestimation of grain size. Crystals with the same orientation next to each other are
easy to measure as one. In contrast, within the enigmatic ice zone, crystals exceed the core
diameter, making them immeasurable in full, and therefore, only a minimum grain size estimate
can be provided. The issue of missing grain boundaries will be addressed using laboratory-based
techniques, such as the LASM ™4,

Despite these limitations, the optical in-field method has proven to be highly effective, requiring
minimal additional effort and providing real-time analysis of transitions in ice properties. This
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information is valuable for rheological properties of the ice and the whole Physical Properties
community, but also for logistics planning, particularly for ensuring the safe transport of the most
scientifically valuable ice sections.

Naming convention of the enigmatic ice zone

The bottom 217 m, i.e. the enigmatic and debris-rich ice zones—sometimes also referred to as
stagnant ice in the modeling community ™ or as the basal unit in the radar community "*—is well
known across Antarctica from radar surveys M*™” and from other deep ice cores ™™, These 217 m
are treated as one unit in the modelling and radar communities, due to lack of resolution near the ice
sheet bottom. The ice at the ice-bed interface contains debris and is referred to as basal ice in the
geology and subglacial processes communities “®. To remove this naming confusion, we suggest
the term enigmatic ice zone for the bottom 212 m and debris-rich ice zone for the bottom 4.85 m of
ice, avoiding naming ambiguities.

Recovering and sampling debris-rich ice

Debris-rich ice drilling and dark core handling

A noticeable drop in drill performance due to the presence of rocks marked the transition to dark
ice core handling procedures. Upon surfacing, the drill exited directly into a ~2 m long black tube
(nicknamed the “Wurst”) made of layered paper and plastic bags. This sealed the bottom of the
core barrel from light exposure.

The Wurst was folded and tied shut using a rope setup to ensure complete light-tightness. The top
part of the core barrel was also covered using a paper bag system. The entire barrel was carried into
the underground facility at LDC for core extraction under red-light conditions, using headlamps
(Black Diamond, Spot) set to red. Four operators used one lamp each during handling and no
additional light was in the room.

With cleaning paper, we removed as much drill fluid from the outside as possible. Then, we
sectioned the core using a standard wood-cutting handsaw, where necessary, and processed
according to the standard ice core logging procedure ™. Final depth corrections based on
remeasured sections placed the ice-rock interface at 2799.85m, adjusting for a previously
introduced 2 cm offset. The field report can be found in supplement 2.



447

448
449
450

451
452
453
454

455
456
457

458

459

460
461
462
463

464
465
466
467
468
469

470

471

472
473
474
475
476
477
478

17

Recovering basal rocks from the drill chips and the ice core drill

During debris-rich ice drilling, we recovered numerous rock fragments from both the ice core drill
and the drill chips. Rock fragments with a shorter axis <4 mm can travel through the helical flights
between the inner and outer core barrels, ending up in the drill’s chip chamber.

After drill chip recovery, we carefully searched the slush in a drip pan, collecting rock fragments
using tweezers (Fig. 3, orange stars). These rocks were exposed to daylight and are therefore
unsuitable for optically stimulated luminescence (OSL) dating, but they provided valuable
information for the petrological identification of the basal lithology.

Collected samples were examined first with a 10x magnifying lens and later re-evaluated via high-
resolution imagery (Fig. S1_9). Identification was based on visual inspection of mineral content,
grain structure, and colour.

Attempts on further penetration

After using the ice drill during the 2024/2025 drilling season, the Danish/Swiss rock drill was
deployed, but operational difficulties (e.g., thread unwinding) hindered recovery. The drill head
became firmly lodged in the borehole's center. After high-load retrieval, no bedrock core was
recovered, and further drilling attempts were suspended until the next season.

In the 2025/26 drilling season, five runs recovered material from the bottom of the borehole with
the rock drill (Supplement 3). Four of these consisted of refrozen water, probably originating from
the drill heating the surrounding ice during rotation. The fifth core contained a 3 cm-thick layer of
rock fragments (similar to Fig. 3D) locked in a matrix of refrozen water. As of today, the deepest
core of non-altered ice was drilled using the ice drill in January 2025 (in the 2024/2025 drilling
season, Fig. 3E).

Dark Procedure in the Ice Core Lab at AWI, Europe

At the AWTI ice core laboratory (Germany), under red light conditions, we estimated debris content
by weighing the core segments and measuring their volume. Hereby, we assume an ice density of
0.9167 g/cm? and a rock density of 2.7 g/cm3. The uncertainties associated with debris content are
relatively large, primarily due to the irregular shape of the core. This irregularity can cause a nugget
effect, particularly in smaller samples such as pieces 2796C and -D (covering approximately
2795.7 to 2795.8 m). The clean facies section contains <1 wt% debris, which could not be detected
by our debris content measurement method, yet is visible by eye.
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