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Summary

The DOVE (Drilling Overdeepened Alpine Valleys) project studies the evolution of the
pan-Alpine landscape during the numerous Middle and Late Pleistocene glaciations. Since
glaciers often erode older records, sedimentary infills of overdeepened valleys, which are
protected from subsequent glacial erosion, offer unique archives for reconstructing past
glaciation, paleoclimate, and landscape evolution. Supported by the International Continental
Scientific Drilling Program (ICDP), sediment cores and geophysical data from several glacially
overdeepened troughs in the Northern Alpine foreland were recovered to study these processes.

Geologically, the thesis focuses on DOVE site 5068 2, where a 250-meter-thick
succession of unconsolidated Quaternary sediments was recovered from the Basadingen
Trough (NE Switzerland), a glacial overdeepening located in the western part of the former
Rhine Glacier lobe. In the first part, the thesis focuses on reconstructing the formation history
of the Basadingen Trough. Sedimentological analysis, high-resolution reflection seismic data,
seismic facies analysis, and core-to-seismic correlation were combined to establish a glacio-
seismic sequence stratigraphy. The valley fill was grouped into three overdeepened glacial
sequences (S1-S3). These sequences reflect three separate pulses of glacial advance and
retreat. A local geological 3D model was created to visualize the spatial features of these
sequences. This approach overcame perspective limitations and aided in developing a local
glaciation model for the Basadingen Trough.

The second focus of this thesis is the development of new approaches for the data-based
and systematic investigation of glacially overdeepened valleys, adapting methods from the
exploration industry. The thesis tests the potential of combining core drilling, borehole
measurements, and geophysical data with advanced data analysis to improve the comparability
between the different DOVE sites. Therefore, the established glacio-seismic sequence
stratigraphy was developed into a more generic and adaptive model that can be applied to
similar settings in formerly glaciated areas. Further, a newly developed workflow combines
core drilling and borehole measurements to predict the lithology of the drilled sediments. The
petrophysical and chemical borehole data-based lithoprediction was validated against core data
and successfully extrapolated to a nearby borehole lacking a core, simulating an artificial core.

This study demonstrates the potential of integrating geological and geophysical datasets
for systematic, data-driven investigations of glacially overdeepened valleys. The methods
provide a foundation for future research in formerly glaciated landscapes, enhancing our

understanding of glaciation dynamics, paleoclimate evolution, and sedimentary processes
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1. Introduction and outline

1.1  The Quaternary

The geological period of the Quaternary, starting 2580 ka ago until today (Cohen & Gibbard,
2022), is characterized by the permanent presence of polar ice caps, the cyclic formation and
decay of large northern hemisphere ice shields, and the development of glaciers and permanent
ice and snow in mountainous areas all around the globe. These ice masses were in constant
movement, advancing and retreating, controlled by changes in the climatic conditions. Such
periodically recurrent glacial cycles left clear traces in the global marine isotope data (benthic
5'80; Fig. 1; Lisiecki & Raymo, 2005a), whose records allow the reconstruction of past global
variations in temperature, sea level, and ice volume since the 50 correlates directly with
global ice volume and inversely with the global temperature and sea level. These records
further define the so-called Marine Isotope Stages (MIS), which represent either a global
interglacial (warm climate with retreating glaciers; uneven MIS) or a glacial (cold climate with
advancing glaciers, even MIS). The periodicity of these cycles is the product of complex
overlaying cycles of orbital forcing (i.e., Milankovitch-cycles; e.g., Hinnov, 1978) and other
geological and climatic factors (e.g., the position of the continents, vegetation, atmospheric
composition, etc.; e.g., Maslin, 2009). In this complex system, an even minimal change in one
of the individual components, so-called "tipping points”, can have drastic impacts, such as the
pronounced but gradual shift in the periodicity of global glacial-interglacial cycles from ~41 to
100 ka between 1250 and 700 ka ago (Fig. 1). The exact reason for this shift, recorded in the
global marine isotope data, is still debated (Legrain et al., 2023). The period of this prominent
shift in the periodicity of the global glacial-interglacial cycles is known as the mid-Pleistocene
Climate Transition (MPT) and coincident with amplification in the reconstructed maxima and
minima of the global temperature and ice volume (Fig. 1; Clark et al., 2024; Ruddiman et al.,
1986). However, the global signal does not fully resolve local-to-regional variations between
different areas since it is constructed from data from all around the world. Therefore,
paleoclimatic archives are more sensitive to local and regional signals than global isotope
records, and they need to gain more detailed insight into the local and regional variations.
Promising candidates are glacially overdeepened valleys with their infill of unconsolidated

terrestrial Quaternary sediments, preserving a more local paleo climatic signal.
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Figure 1: Overview of the stratigraphic timetable of the Quaternary period (Cohen & Gibbard, 2022), including the benthic
580 records (blue curve; after Lisiecki & Raymo, 2005b) and the reconstructed northern hemisphere sea-surface temperature
(black curve; after Clark et al., 2024) together with the indicated period of the MPT and the dominant periodicity of the
glacial/interglacial cycles.

1.2  Glacial overdeepenings as key elements for understanding past glaciations

Glacial overdeepened valleys and troughs occur in landscapes strongly affected by past
glaciations. They are defined as structures eroded by subglacial processes reaching below the
base of the lowest fluvial channels (i.e., the lowest fluvial base level) and are terminated
downstream in an adverse slope (e.g., Alley et al., 2019; Cook & Swift, 2012; Kehew et al.,
2012; Vegt et al., 2012). Even though these structures can reach several hundred meters below
the modern surface level, they are commonly buried below the modern landscape since being
refilled by sediments during deglaciation. The only direct traces on the surface are modern
lakes in the mountain valleys (e.g., Lake Thun; Fabbri et al., 2018) and the foreland (e.g., Lake
Constance; Schaller et al., 2022), representing the underfilled parts of these overdeepened
valleys and basins, which eventually may be filled by sediments. The exact conditions leading
to the initial formation or reactivation of an overdeepening are not fully understood yet.
However, the occurrence and orientation of such overdeepened structures are often associated
with tectonic structures, weak lithologies, and the topological forcing of ice stream flows
(Preusser et al., 2010). Since the erosion and the (partial) refilling occur during a single glacial
advance and retreat cycle, the valley fills remained partially protected from further glacial and
fluvial erosion during later glacial advances. Therefore, these valleys can contain relatively

complete or even multi-phase archives extending through several glacial cycles. A schematic
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visualization of the individual stages of the development of such a stacked valley infill forming

over multiple generations of erosion and refilling is displayed in Figure 2.

Before glaciation
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Figure 2: Schematic steps of the formation and evolution of a glacially overdeepened valley starting from a stable initial
fluvial dominated landscape (A) over two glacial advances (active erosion; B and D) and retreat (active sedimentation; C and
E) cycles with indicated multi-phase sedimentary infill of the basin. Further, the characteristic features of overdeepened
structures are visualized: i) subglacial erosion process, ii) erosion below the fluvial base level, iii) adverse terminal slope, and
iv) formation of a (temporary) lake in the underfilled parts of the valley (modified after Buechi, 2016)).

Due to their preserving character, the sedimentary infills of overdeepened valleys and troughs
represent some of the most valuable terrestrial archives for understanding and reconstructing
past glaciations. They are especially crucial in areas of intense past glaciation, such as the Alps,
since each glacial advance tends to eliminate most traces of its preceding ones inside its area
of ice extent. However, they have only moved into the focus of systematic research in the past
~10-15 years (e.g., Buechi et al., 2018, 2024; Dehnert et al., 2012; Ellwanger et al., 2011;
Pomper etal., 2017; Preusser et al., 2010, 2011). This newly awakened interest in such archives

was boosted by advances in dating techniques, such as cosmogenic nuclide burial and
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luminescence dating. Hence, advanced dating methods, especially in combination with high-
quality drill cores, represent a game changer (e.g., Dehnert et al., 2012; Fiebig et al., 2014;
Schwenk et al., 2022). This combination allows for establishing an absolute chronology of a
depth-controlled sedimentary profile, which is crucial for reconstructing and understanding the
local glaciation history and is key to integrating the individual signals into an over-regional
model. All these recent studies underline the potential and justify the significant logistical and
financial effort to drill, document, and analyze these overdeepened troughs and their sediment
fill.

1.3 The (Northern) Alps after the MPT

In the Alpine area, the MPT marks the onset of a phase of extensive foreland glaciations (e.g.,
Haeuselmann et al., 2007; Knudsen et al., 2020; Muttoni et al., 2003; Scardia et al., 2010). The
Alpine glaciers tend to reach extents previously only reached by exceptionally intense pre-
MPT glaciations. During such phases of extensive glaciations, numerous overdeepened troughs
and valleys were carved in the (Northern) Alpine foreland (e.g., Ellwanger et al., 2011,
Schliichter, 2004). Even though the exact formation ages of these structures are still only
studied punctually due to the limited amount of suitable drill cores (e.qg., for the northern Alpine
area: Buechi et al., 2018, 2024; Dehnert et al., 2012; Pomper et al., 2017), the studies indicate
a formation during multiple glacial advance and retreat cycles. Due to the limited information,
the formation and evolution of these overdeepened valleys and troughs are only resolved
fragmental in the pan-Alpine area, showing many knowledge gaps in terms of i) glacial
dynamic and timing of the individual glaciations and ii) environmental conditions leading to
an initial formation of an overdeepened valley. Therefore, the question about the initial
formation age and potential reactivations is relevant for understanding the variations in the
extent and intensity between the individual glacial cycles. Recent compilations of individual
regional patterns suggest a complex glacial history of the Alpine area with substantial
variations in dynamics and extent of individual glaciations within the pan-Alpine area (Fig. 3;
e.g., Anselmetti et al., 2022; Fiebig, 2011). The reasons for such asymmetry and asynchrony
in these patterns are likely controlled or at least strongly influenced by topological aspects and
local, regional, and global-scaled climate forcing such as temperature, precipitation, and
circulation (e.g., Monegato et al., 2017; Spotl et al., 2021). However, without filling the main

knowledge gaps, many points in the past glaciation history are left to speculation.
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Figure 3: Compilation of the current state of knowledge of the glaciation history of the pan-Alpine area during the Middle to

Late Pleistocene of major glacier lobes with proposed correlation with MIS 2-16 and the benthic §'80 record. Question marks
indicate uncertainty in the correlation/black spots in the archives (modified after Anselmetti et al., 2022).

1.3  The "Drilling Overdeepened Alpine Valley Project"(DOVE)

Filling the main gaps in the current knowledge and enabling a better understanding of past
glaciations in the pan-Alpine area during the Middle to Late Pleistocene is the primary
motivation behind the International Continental Scientific Drilling Program (ICDP) project
"Drilling Overdeepened Alpine Valleys" (DOVE). The project aims to quantify the assumed
asymmetry in the extent and timing of past glaciations (Fig. 3) and their implications for the
paleoclimate, paleolandscape, and paleoenvironmental evolution of the pan-Alpine area during
the Middle to Late Pleistocene. The DOVE project uses a combined approach to investigate
strategically selected glacially overdeepened valleys and troughs from ice-proximal sites
around the Alpine foreland (Fig. 4) by i) executing geophysical surveys across overdeepened
troughs, ii) acquiring a series of new drill cores, and iii) analyzing existing cores, which have

not been fully exploited scientifically.



Chapter 1 Sebastian Schaller
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Figure 4: DOVE overview map of the pan-Alpine area with the DOVE Phase | locations (black 1-6), the planned DOVE
Phase Il sites (grey 1-3), and associated bonus sites (green and blue). Further, the map provides: i) the limit of the Last Glacial
Maximum (LGM; pink line), ii) the maximum limit of Pleistocene glaciation (MEG; black line), iii) the location of
overdeepened structures (red), iv) the direction of the major moisture sources of the pan-alpine area (red arrows), v) relevant
glacial catchments of the study areas (dashed blue lines) with the main paleo-ice-flow directions (blue arrows), and vi) distal
continental basins (orange circles) in the fluvial sediment pathways (arrows), providing a more continuous but indirect
glaciation record (modified after Anselmetti et al., 2022; Preusser et al., 2010).

The project is divided into two phases (Fig. 4; Anselmetti et al., 2022): Phase | (started in early
2021) covers the northern and northeastern parts (Switzerland, Germany, and Austria), and
Phase Il (planned start for 2025/2026) the southern and western parts of the Alpine foreland
(Slovenia, Italy, and France). Phase | comprises three drill cores from the former Rhine Glacier
area (two newly drilled cores: 5068 1 C and 5068 2 A, and one "legacy" core: 5068 _6_A),
one legacy core from the former Isar-Loisach Glacier area (5068_3_A), one legacy core from
the former Salzach Glacier area (5068 4 A), and one legacy core from the former Traun
Glacier area (5068_5_A), a more detailed overview of the used cores is given in Table 1. The
exact locations for Phase Il have not yet been selected. However, it is scheduled to acquire
three drillcores: one from the Bovec Glacier area (Slovenia), one from the Garda Glacier area
(Italy), and one from the Rhone or Isere Glacier area (France). The DOVE project follows an
integrative approach in terms of data analysis over several levels to achieve its final goal:

Level | The individual drill cores are analyzed following standard protocols and

systematics, ensuring as much comparability as possible, and are integrated into
the local geological context

Level Il The individual sites will be integrated into their extended regional system (i.e.,
the individual glacier lobes)
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Level 111 The individual glacier systems are further integrated into areas of assumed
similar paleoclimatic conditions, e.g., Northern Alpine area (Phase 1),
Southeastern Alpine Area (Phase 1), and Western Alpine Area (Phase 1)

Level IV Overall DOVE synthesis and integration over the entire pan-Alpine area

Table 1: Compilation of the six drill cores included in DOVE Phase |

Nr_ ICDP IGSN Glacier Country Lat. [°] Long. [°] Elevation Length Ye_ar_ of
(Fig. 4)  Borehole area (WGS84) (WGS84) [mas.l] [m] Drilling
1 5068 1 C 'E%%‘ggie; Rhein  DE 47.9996  9.7490 588.1 164.25 2021
2 5068 2 A 'E%azggis Rhein  CH 47.6481  8.7533 445.1 252 2021
3 5068 3 A :E%DCPOSO%Gf :fgirs-ach DE 479710 114601 644 1988 2017
4 5068 4 A :E%Dggggf Salzach DE 478629 129008 4454 136 2009
5 5068 5 A 'E%DE%%%GF Traun AT 476070 137741 7141 880 1998
6 5068 _6_A L%%?ggf Rhein  DE 47.8880  9.7113 607 144 2016

1.4  Societal relevance

The relevance of systematic investigation of the formation and distribution of glacially
overdeepened valleys and troughs in the densely populated Alpine Foreland goes far beyond
the purely scientific motivation of the DOVE project. First, these features provide crucial
insights into the paleoclimate of the Middle and Late Pleistocene, enabling more accurate
reconstructions of past climatic conditions. This understanding is vital for predicting future

climate change impacts and addressing related challenges in the Alpine region.

Moreover, glacial overdeepenings have critical implications for various applied fields.
Understanding their formation, distribution, and geometry is essential for ensuring the long-
term safety of nuclear waste repositories, managing groundwater resources, and assessing
earthquake risks to critical infrastructure. These structures also play a crucial role in geothermal
energy exploration and storage and supplying construction materials like gravel and sand.
Additionally, subsurface knowledge is critical in planning and constructing large-scale
underground infrastructure, such as railway tunnels. Historical tragedies, such as the 1908
Lotschberg Tunnel disaster in the Bernese Alps, Switzerland, illustrate the importance of
profound knowledge of the geological subsurface. Workers unexpectedly encountered an
overdeepened structure filled with unconsolidated Quaternary sediments and freely circulating
groundwater during its construction, causing the tragic deaths of 25 miners. This example

highlighted the risks of inadequate geological understanding for subsurface construction work.
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1.5 Specific motivation and aims of the thesis

This thesis is integral to DOVE Phase | and is aligned with the project's core scientific
motivations and goals. The study focuses on DOVE site 5068 2 (BASA) and the Basadingen
Trough, a glacial overdeepened valley in Northern Switzerland (Fig. 4). The drill core
5068 2 A (BASA_A) is the first-ever ICDP drill core recovered from Swiss territory.
Consequently, the primary objectives of the thesis, following Level | of the DOVE approach,
are to:

1) Recover and analyze the drill core
i) Integrate the sedimentary archive into the local geological system

1)  Develop a local formation and evolution model for the Basadingen Trough

To achieve these aims, the thesis investigates the potential of combining (core) drilling, high-
resolution reflection seismic data, and petrophysical borehole measurements for the systematic
and data-driven investigation of glacially overdeepened valleys and their sedimentary infill.
Even though such integrated methodologies are standard in the (energy) exploration industries
(i.e., hydrocarbon, geothermal, groundwater, etc.), they were rarely applied systematically to
investigate terrestrial Quaternary sediments in the past, despite the high potential for
investigating subsurface geology. Therefore, establishing a systematic and data-based
approach is crucial for analyzing glacial overdeepened structures and their sediments. Such an
approach is especially vital to DOVE since the geometry and shape bear essential information
about the formation and development of the individual overdeepenings. The combined
approach aims to achieve this by surpassing the individual components' limitations and
maximizing the information gained from the subsurface geology by:

1) dCalibrating and linking the seismic data with high-resolution core and borehole

ata

) Investigating advanced data analysis techniques for the analysis of core and
borehole datasets

[11)  Integrating and up-scaling the information from the boreholes and drill cores
with the seismic data into 2D or 3D

Additionally, the thesis aims to develop a conceptual formation model linking the depositional
processes with the resulting morphology by incorporating direct core-based sedimentological
information with seismic-based architectural elements. Such a model is crucial for a general
understanding of the formation and evolution of glacially overdeepened valleys and their infill.
This understanding is key for a robust and reliable comparison and correlation between the

10
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individual DOVE sites and, therefore, for the whole project. Furthermore, this work aims to
demonstrate the potential for transferring methods from the exploration industry to new
geological contexts. The potential of such applications, especially in combination with

advanced data analysis methods, goes beyond the specific goals of the DOVE project.

1.6. Existing interpretations of the Quaternary landscape evolution around site
5068 2

The local landscape evolution of the closer area of DOVE-Site 5068_2 (i.e., the area between
the rivers Rhine and Thur; Fig. 5) during the Middle and Late Pleistocene has been intensively
studied during the last ~30 years, predominantly for groundwater exploration as well as in the
broader frame of the site evaluation process for the longterm radioactive waste repository of
Switzerland (e.g., Buechi et al., 2024; Dieleman et al., 2022; Graf, 2009; Mdiller, 1995, 2013;
Preusser et al., 2011)
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Figure 5: Overview of the surrounding area of Dove site 5068 2 with its major overdeepened troughs and basins (indicated
in pale red; after Ellwanger et al., 2011).

Traces of 11 local glacial advances of the Rhine Glacier into the study area have been
documented for the Middle and Late Pleistocene (Graf, 2009) and were grouped into five
regional glacial periods (i.e., M6hlin Glacial, Habsburg Glacial, Hagenholz Glacial, Beringen
Glacial, and Birrfeld Glacial) that are separated by interglacials (i.e., Thalgut,
"Habsburg/Hagenholz", Meikirch, and Eemian). An overview of the relevant terms of Swiss
stratigraphic nomenclature (i.e., Advance, Glaciation, and Glacial) is given in Graf &
Burkhalter (2016). These locally defined glacial and interglacial periods can be correlated with

the global marine isotope stages (e.g., Buechi et al., 2024), enabling a link between the global
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and the local climate signal and setting them into a chronological context (Fig. 6), which is
crucial for a regional correlation between different stratigraphic systematics. Due to the
fragmented character of the direct traces of the past glaciations and limited direct age control,
there are some variations and debated points between individual models for the landscape
evolution (e.g., Graf, 2009; Mdller, 2013; Preusser et al., 2011), such as:

1) The timing of the Habsburg Glacial
i) The existence of the Hagenholz Glacial

1)  The local stratigraphic interpretation of individual (glacio)-fluvial gravel
deposits (i.e., Buechberg Gravel)

IV)  The exact formation period of individual glacially overdeepened valleys

However, there is a consensus about the bigger picture, the main steps of the development:

1) The Mohlin Glacial includes the MEG-advance
) The existence of at least three generations of glacially overdeepenings

1)  Each glacial/interglacial transition tends to initiate a reorganization of the
landscape, often leading to a change in the fluvial base level and the erosion and
deposition of (glacio)fluvial gravels

IV)  The river Rhine was forced to change its path at the end of Beringen Glacial due
to the closing of the Klettgau Channel at Schaffhausen

By using the regional defined nine glacials and interglacials as a framework, the local landscape
evolution was condensed into ten steps (0-1X; Tabel 2), where step O represents the starting
point of the landscape evolution after the MPT, and with the currently proposed three phases
of the active formation of glacially overdeepened troughs (Step I, VI, and IX). Figure 7 gives
an overview of the assumed extent of the Rhine Glacier and the active overdeepenings during
the Mohlin (Step 1), Habsburg (Step 111), Hagenholz (Step V), Beringen (Step V1), and Birrfeld
Glacials (Step 1X). Based on the pre-DOVE knowledge, a working hypothesis for the DOVE
site 5068_2 and the Basadingen Trough can be formulated accordingly:

1) The Basadingen Trough, formed during the Mohlin Glacial (Step I, MI1S12),

built a direct connection between the rivers Rhine and Thur

) The trough was possibly reactivated during the Habsburg Glacial (Step 111, MIS
10 or 8)

1)  was partly eroded and covered by at least one generation of glaciofluvial gravels
(Buechberg Gravel; debated if it consists of one or multiple generations of
gravel deposits)

V) The trough was not reactivated during Beringen (Step VII, MIS 6) or the
Birrfeld Glacial (Step IX, MIS 5-2)

12
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Figure 6: Correlation between the global marine isotope stages with the locally defined glacials (blue), interglacials (green),
and interstadials (Turquoise) of northern Switzerland during the Middle to Late Pleistocene, uncertainties of the correlation
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2005b) and the reconstructed northern hemisphere sea surface temperature (black curve; after Clark et al., 2024) are displayed
for broader context. The red dashed line marks the approximated end of the MPT, and "Hb/Hh" stands for the debated
interglacial between the Habsburg and Hagenholz Glacial.
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Figure 7: Overview sketches of the Middle to Late Pleistocene glaciations at the Dove site 5068_2. Showing the extent of the
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13



Chapter 1 Sebastian Schaller

Table 2: Condensed local landscape evolution of DOVE site 5068_2 with the correlation between the global marine
isotope stages (MIS) and the local terminology for northern Switzerland

Step Epoch MIS
0 After the Mid-Pleistocene Transition (MPT) >16
» Reorganization of the regional fluvial drainage system
» Onset of the deposition of the "Hochterasse™ (High Terrace)
» Unclear what happened during MIS 17 and 13, likely several complete glacial-interglacial cycles

» Most Extensive Glaciation (MEG)

» Formation of the first generation of glacially overdeepenings during the deglaciation after MEG

» Refilling of overdeepenings with glacial, glaciolacustrine, and lacustrine sediments during and
after deglaciation

» Fluvial erosion of post-Méhlin landscape
» Possibly a second advance during the Mohlin Glacial
» Possible reactivation of some of the older overdeepenings

» Deposition and erosion of glaciofluvial gravels

» Development of several moraine-dammed lakes during deglaciation

» Unclear if interglacial or interstadial
» Fluvial erosion of post-Habsburg landscape

» Possibly an early Beringen advance with only very little fragmented evidence left

» Glacier advance did not fully cover the study area,

» No evidence of active glacial overdeepenings

> Deiosition and erosion of i;lacio-fluvial iravels
> Fluvial erosion of iost Haﬁenholz Iandscaﬁe

» Contains likely two to three glacial (re)advances
» Second formation phase of glacial overdeepening
» Potential reactivations of overdeepenings during main advances
» Formation and (partial) refilling of lakes during interstadials
» Deposition and erosion of glacio-fluvial gravels
~vmi Eeminlnterglacial 5
» The last full interglacial
» Onset of the deposition of the lower terrace (NT)
» Fluvial erosion of post-Beringen landscape
X BinfeldGlacia  (early)5d-2
» Contains several glacial advances interrupted with interstadials
» Last Glacial Maximum (LGM) advance during MIS2
» Phase of (limited) glacial overdeepening between Rhine and Thur, but intense in the modern-
day Lake Constance area, (re)excavating of the lake basin
» Deposition of glacial tills and glacio-fluvial gravels
Note: blue = Glacial; green = interglacial.
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1.7  Outline of the thesis

Chapter 2 introduces the local and regional context of DOVE Site 5068_2, relating to data
from the pre-drill site survey, representing the status quo during the drilling operation. This
chapter presents findings from the initial core description of drill core 5068 2_A, focusing on
developing a detailed lithological classification of the recovered sediments. Furthermore, it
proposes a preliminary model for the evolution of the Basadingen Trough by integrating core
description results with the local geological framework and pre-existing knowledge.
Additionally, this chapter includes an overview of the drilling operation and the core handling
workflow (sampling strategies and data handling), serving as a guideline for other DOVE sites.
Chapter 2 provides the foundational background and core information for further detailed
studies. This chapter is published as Schaller et al. (2023).

Chapter 3 establishes and applies a glacio-seismic sequence stratigraphy by integrating the
findings from the initial core description from Chapter 2 with refined reflection seismic data
from the site survey. This process includes i) updating pre-drill seismic data using a refined
velocity model based on in-hole measurements (“check shots™), ii) conducting seismic facies
and seismic sequence stratigraphy analysis that will be integrated with core lithologies, and iii)
extrapolating these defined patterns to the second seismic line. The chapter further utilizes the
concept of the glacio-seismic sequence stratigraphy to create a 3D visualization of the
Basadingen Trough, leading to a refined formation history for the trough discussed within the
local geological context. This chapter has been submitted and was not accepted, so it is

currently revised for resubmission in December 2024 (Schaller et al., in prep a).

Chapter 4 focuses on developing and testing a workflow based on wireline logging data
designed to establish an artificial lithological profile and enable data-driven stratigraphic
correlation and integration with the petrophysical and chemical properties. The workflow,
combining advanced dimensionality reduction techniques and hierarchical clustering, was
tested on datasets from two nearby drill holes at DOVE site 5068_1, including drill core
5068_1 C. This setup enables cross-well correlation between reconstructed profiles, with the
core-controlled well serving as a translation key between the reconstructed data-based profiles

and the actual drilled lithology. This chapter will be submitted in early 2025 (Schaller et al., in
prep. b)
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Chapter 5 provides, together with a brief outlook, a comprehensive conclusion addressing i)
the implications of the findings for the regional geological setting, ii) the potential applications
of the developed and applied workflows, and iii) critical operational and conceptual

considerations for DOVE Phase 1.

Appendix A includes the DOVE Phase | Operational Report, documenting the initial data
acquisition phase, covering site description, drilling operations, wireline logging, and on-site

core handling and sampling protocols.

Appendix B contains the explanatory notes for the operational dataset of the ICDP project
DOVE Phase | (ICDP 5068), complementing the Operational Report. This appendix provides
metadata, tables, and additional information from the project database (mDIS DOVE) and

supports other researchers’ further data usage following the FAIR principle.
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2. Drilling into a deep buried valley (ICDP DOVE): a 252m long sediment
succession from a glacial overdeepening in northwestern Switzerland

2.1  Abstract

The modern Alpine landscape and its foreland were strongly impacted by the numerous glacier
advance and retreat cycles during the Middle to Late Pleistocene. Due to the overall erosive
character of each glaciation cycle, however, direct traces of older glaciations tend to be poorly
preserved within the formerly glaciated domains of the pan-Alpine area. Nevertheless,
sediments of older glaciations may occur hidden under the modern surface in buried glacially
overdeepened troughs that reach below the normal level of fluvial erosion (fluvial base level).
These sedimentary archives, partly dating back to the Middle Pleistocene period, are of great
scientific value for reconstructing the timing and extent of extensive Alpine glaciation,
paleoclimate, and paleoenvironmental changes in the past and help to better understand
ongoing and future changes in the pan-Alpine area. Therefore, the International Continental
Scientific Drilling Program (ICDP) project DOVE (Drilling Overdeepened Alpine Valleys)
targets several of these glacial overdeepened sedimentary basins to recover their sedimentary
infills. In the frame of the DOVE project, a 252 m long drill core of unconsolidated Quaternary
sediments was recovered in northern Switzerland from an over 300 m deep glacially
overdeepened structure (“Basadingen Trough”) formed by the former Rhine Glacier lobe
system. The recovered sedimentary succession was divided into three stratigraphic units on the
basis of lithological and petrophysical characteristics. The lowest unit, deposited below the
fluvial base level, consists of an over 200 m thick succession of glacial to (glacio)lacustrine
sediments and contains remains of possibly two glaciation cycles. Overlying this lowermost
succession, an ~ 37 m thick fluvial-to-glaciofluvial gravel deposit occurs, which correlates to
a locally outcropping Middle Pleistocene formation (“Buechberg Gravel Complex™). The
sediment succession is capped by an ~ 11 m thick diamictic succession interpreted as the
subglacial till from the later extensive glaciation, including the regional glaciation during the
Last Glacial Maximum. The recovered sediment succession thus supports the proposed multi-

phase origin of trough formation and its infill.
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2.2 Introduction

The global marine isotope records reveal the changes in the global temperature and ice volumes
during the Quaternary. This geological period is dominated by glacial-interglacial cycles, each
including stadial-interstadial higher-frequency fluctuations (Lisiecki & Raymo, 2005).
Further, the marine isotope records show a global shift in the periodicity from ca. 41 to 100 ka
and an increase in the amplitude of the temperature and ice volume during the Middle
Pleistocene climatic transition (MPT) between 1250 and 700 ka (Clark et al., 2006; Ruddiman
et al., 1986). During each glacial-interglacial cycle, ice sheets grew in the polar areas as well
as in mountainous areas (including the Alps), and glaciers advanced into the lowlands from
where they retreated again with the onset of the next interglacial. While the last glaciation left
prominent traces in the Alpine landscape (e.g., erratic blocks and side and end moraines), traces
of previous glaciations often became obscured and eroded as advancing glaciers modified the

overridden landscape drastically.

During extensive glaciation of the Alpine foreland, numerous glacially overdeepened troughs
were eroded by subglacial processes below the fluvial base level, i.e., below the lowest fluvial
channels terminating downstream with adverse slopes (e.g., Alley et al., 2019; Cook & Swift,
2012). Upon deglaciation, the troughs were refilled with sediments and, in most cases,
eventually completely buried. Like this, the valley fills remained at least partially protected
from subsequent glacial and fluvial erosion and therefore contain relatively complete or multi-
phase archives extending through several glacial cycles (Buechi et al., 2018; Ellwanger et al.,
2011; Pomper et al., 2017; Preusser et al., 2010). Therefore, these overdeepened valley fills
represent some of the most valuable land-based sedimentary archives in glacial landscapes for
reconstructing glacial history over multiple glaciations. They thus contribute significantly to
reconstructing the glaciation history preceding the last glacial cycle in areas such as the Alps
and its foreland, as shown in several case studies (Buechi et al., 2018, p. 18; Dehnert et al.,
2012; Fiebig et al., 2014; Schwenk et al., 2022). These studies profited from new developments
in dating methods, especially luminescence dating and cosmogenic nuclide burial dating, which
allow researchers to establish an absolute chronology of those archives, which is a prerequisite
for understanding and reconstructing the local-to-regional glaciation history into a broader
context. On a regional scale, the onset of increased glacial erosion (Haeuselmann et al., 2007;
Valla et al., 2011) and the beginning formation of overdeepened structures during the MPT
have been proposed for the Alpine region at that time (e.g., Ellwanger et al., 2011; Schliichter,
2004). The initial concept with four proposed Alpine glaciations (Penck & Brickner, 1909)
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has been replaced by a scenario with ca. 15 proposed glaciations (Preusser et al., 2011).
Furthermore, it has been documented that regional the glacial dynamics and extents also vary
strongly inside the pan-Alpine area. For example, it is postulated that at around ca. 65 ka, the
glaciers in the western Alps reached their last maximum of extension (e.g., Gribenski et al.,
2021), while it is postulated that glaciers barely reached into the inner Alpine valleys in the
Eastern Alps (Ivy-Ochs et al., 2008). Such asymmetry and asynchronicity can be related to
many local, regional, and global factors such as topography, climate change (including
temperature and precipitation), and ice dynamics (e.g., Reber & Schlunegger, 2016; Spotl et
al., 2021).

All these studies also underline the potential and justify the significant logistical and financial
effort to drill, document, and analyze these overdeepened troughs and their sediment fill.
Besides their unique scientific value as sedimentary archives, understanding overdeepened
structures is also crucial for applied aspects such as the longtime safety of nuclear waste
disposal sites, groundwater reservoirs, natural hazards, and large-scale underground

transportation infrastructure.

2.2.1 Project DOVE

In the frame of the International Continental Scientific Drilling Program (ICDP) project
Drilling Overdeepened Alpine Valleys (DOVE), the sedimentary infill of several overdeepened
troughs are targeted with the overarching goal of quantifying the proposed asymmetry in the
extent and timing of the Alpine glaciations in the pan-Alpine area and their implications for
the paleoclimate, paleolandscape, and paleoenvironmental evolution back to the Middle
Pleistocene. A detailed overview of the DOVE project is provided in Anselmetti et al. (2022).
The project seeks to achieve these goals by combining the following: i) a series of new drill
cores, ii) analyzing existing drill cores, and iii) geophysical surveys across overdeepened
troughs. The project is grouped into two phases: Phase | covers the northern and northeastern
parts of the Alps (Switzerland, Germany, and Austria) and comprises three drill cores from the
former Rhine Glacier area (ICDP Site 5068 1, TANN, IGSN (International Generic Sample
Number): ICDP5068EH70001; ICDP Site 5068 2, BASA, IGSN: ICDP5068EH40001; and
ICDP Site 5068 _6, GAIS, IGSN: ICDP5068EHG0001; Fig. 1a), one from the former Isar-
Loisach Glacier area (ICDP Site 5068 3, SCHA, IGSN: ICDP5068EHC0001), one from the
former Salzach Glacier area (ICDP Site 5068_4, FREI, IGSN: ICDP5068EHD0001), and one
from the former Traun Glacier area (ICDP Site 5068 5, BADA, IGSN: ICDP5068EHE0001)
(Anselmetti et al., 2022). It is planned to cover the southern and western parts of the Alps
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(Slovenia, Italy, and France) in Phase Il (Anselmetti et al., 2022). The comparison and
integration of data in Phase | will occur in several steps: i) the data of the individual drill cores
will be individually analyzed and integrated into the local context; ii) the sites will be integrated
into their extended regional system, e.g., the individual glacier lobes; and iii) an overall
synthesis of Phase I in the northern Alps will be accomplished. Eventually, the same steps are
planned for Phase Il for the southern and western areas. Finally, the overall DOVE synthesis
and integration over the entire pan-Alpine area will be achieved. This study represents the first
step on this path and presents the results of the ICDP site 5068 2 (BASA), where the first ICDP
drill core was recovered on Swiss territory (Fig. 1a and b).

2.2.2 Study area

The study area is located in the southwestern part of the former Rhine Glacier lobe and inside
the proposed Most Extensive Glaciation (MEG) during the Middle Pleistocene and the Last
Glacial Maximum (LGM, Fig. 1a). Previous studies have documented a dendritic pattern of
overdeepenings within the footprint of the Rhine Glacier (Fig. 1a). Geometrically, these
overdeepened basins appear to have a common root in the Alpine Rhine valley and the partially
filled basin of Lake Constance (e.g., Cohen et al., 2018; Ellwanger et al., 2011; Fabbri et al.,
2021; Keller & Krayss, 1993; Schaller et al., 2022). From this root, several overdeepened
basins branch into side systems and even further distal overdeepenings (Fig. 1a). While the
origin of this pattern is not fully understood, regional studies indicate that the formation of
these overdeepenings did not all occur at the same time but during different glaciations
(e.g.,eEllwanger et al., 2011; Graf, 2009b, 2009a; Miiller, 2013).

In the surroundings of the drill site, with a terrain elevation at the drill site of ~ 445 m above
sea level (ma.s.l.), several parallel to partly cross-cutting bedrock overdeepenings have been
detected in bedrock surface maps compiled from variably abundant drillings and geophysical
data (Fig. 1b; e.g., Muller, 2013; Pietsch & Jordan, 2014). The bedrock overdeepenings,
including the Basadingen Trough, reach over 300 m below the modern topography and are
mainly incised into the Neogene siltstones and sandstones of the Molasse basin (mainly Upper
Marine Molasse, OMM, and Lower Freshwater Molasse, USM; Hofmann, 1967; Hofmann &
Hantke, 1964). The bedrock maps also reveal characteristic adverse slopes at the termini of the
individual overdeepenings. At the surface, the considerable bedrock relief due to
overdeepening glacial erosion is buried by younger glacial or glaciofluvial sediments (Graf,
2009b; Muiller, 2013).
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Figure 1: (a) Overview of the overdeepened systems within the former Rhlne paleoglacier lobe (modified from Ellwanger et
al., 2011). Extents of the Rhine Glacier during the Most Extensive Glaciation (MEG) and of the Last Glacial Maximum (LGM)
and two DOVE Phase | sites: 5068_1 (TANN), 5068_2 (BASA), and 5068_6 (GAIS) are indicated. (b) Regional overview of
the overdeepened system of the southwestern branch of the Rhine Glacier, including the thickness of the Quaternary sediments
(Pietsch and Jordan, 2014), the postulated local Middle Pleistocene paleochannels (Graf, 2009b), the indicated DOVE site
5068_2 (BASA), and trace of the seismic line. (c) Pre-drilling interpretation of the seismic line across the Basadingen Trough
(Brandt, 2020): M represents the molasse bedrock; the green line represents the outline of trough; A-G represent the stratified
unconsolidated Quaternary filling with indicated potential erosional (solid lines) and internal boundaries (dashed lines); solid
black lines in M represent prominent and potential continuous reflections; dashed black lines represent assumed faults; the
black vertical line represents drill hole 5068_2-A (BASA-A) with predicted bedrock at ~ 240 m depth. Note that the final
drilling depth of 252 m did not penetrate bedrock but ended in coarse (basal) sediments.

27



Chapter 2 Sebastian Schaller

The transition from the overdeepened to non-overdeepened (fluvial) domain is an important
physical process boundary for the interpretation of the erosional and depositional processes.
The lowest fluvial outlet of the study area is the Klettgau fluvial paleochannel and lies at
~ 340 ma.s.l. just west of Schaffhausen. Considering this minimal fluvial base level, the
erosional and depositional processes below ~100m core depth have occurred in an
overdeepened position and, thus, most likely in a subglacial-to-lacustrine setting. Higher values
for the fluvial base level at the drill site — but with larger uncertainties — can be estimated from
the highest elevations reached by the adverse slopes. Based on the base maps of the lowest
fluvial gravels (“Buechberg Gravel Complex”, Middle Pleistocene; Miiller, 2013), Graf
(2009b) and Miiller (2013) convincingly show that the lowest Pleistocene base (LPB) level
gently rises to the east and reaches ~ 370 m a.s.l. at the lowest known basal contact of the gravel
formation. The base map reveals a strong topography of this basal boundary surface, which lies

between 390 and 400 m a.s.l. around the drill site.

As part of the drill site selection process, two closely spaced seismic cross-sections over the
Basadingen Trough were acquired using an acoustic signal source with a frequency between
20 and 240 Hz, a shot-point spacing of 4 m, and a receiver spacing of 2 m (Brandt, 2020; Fig.
1c). The time-to-depth conversion of the two lines was based on the stacking velocity model,
assuming velocities of ~ 2500 m s for bedrock and between ~ 1400 and ~ 2100 ms™* for the
sedimentary infill. The use of the rather simplified velocity model may have caused some
uncertainties in the time—depth conversion of the seismic data. Both lines indicate a nearly
300 m deep bedrock incision and an infill which was interpreted to be a complex stratified
geometry with a major cross-cutting unconformity separating a deep and narrow structure from
a broad and shallow depression. This pattern suggests a multi-phase infill history during at least
two glaciation cycles, as was earlier proposed by Miiller (2013) based on existing flush

drillings.

2.3  Methods

2.3.1 Drilling and downhole operations

Drilling operations were conducted by a private contractor (Fretus AG, Bad Zurzach,
Switzerland) between 25 May and 10 November 2021 (Fig. 2a—d). A final depth of 252 m was
reached using a combined approach of percussion drilling (Dusterloh hammer) to a depth of
57 m and, below, a triple-tube core-barrel system (CSK-146 wireline diamond-coring system).

Bedrock, initially predicted for ~ 240 m (Fig. 1c), could not be reached due to geotechnically
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challenging sediments, loss of drilling fluid in the hole, and related technical difficulties at the
final depth of 252 m. The > 12 m underestimation of Quaternary sediment thickness is likely
related to uncertainties in i) the seismic velocities and/or ii) the interpretation of the deeper
reflections. A total of 278 core sections with a core diameter of 104 mm and lengths between
0.1 and 1 m were recovered in opaque PVC liners. The liners had a standard length of 1 m and
were only cut if the length of the nominal drilled section was <1 m. The liners were not cut in
the case of core loss, and this space was not compensated with filler material. Consequently,
the quality of those sections may have suffered due to some remobilizations, especially in cases
of low internal cohesion. However, since the main reason for the core loss was mobilization
and/or flushing during the drilling itself, those sections were of poor quality anyway. A total
recovery of ~ 94 % was reached, from which ~ 11 % was disturbed to the degree that it lost its
internal structure. Water inflow was registered at depths of 3-4 and 10-11 m. The local
groundwater table was reached at a depth of ~ 29.5 m, which remained stable during the entire
drilling operation. Significant drilling-fluid losses occurred in gravel-dominated sections
between 93-108 and 141-143 m and below 250 m. They represent the major technical and
lithological challenges encountered during the drilling operation. For stabilizing and reducing
the drilling resistance inside the drill hole, the drill hole was telescoped several times by using
different casing diameters and a flushing agent consisting of water mixed with additions of
biodegradable polymers and bentonite. After the completion of the drilling activities, a broad
downhole wireline logging campaign was executed by the Leibniz Institute for Applied
Geophysics (LIAG). After completion of the wireline logging, the drill hole was refilled with
intervals of gravel, bentonite, and concrete according to governmental regulations. A detailed
technical overview of the drilling and logging operations; core quality; the technical
parameters, such as borehole geometry, used casings, and the applied refilling scheme is
provided in the DOVE operational report (DOVE-Phase 1 Scientific Team et al., 2023a)

2.3.2 Core handling, description, and analysis

On-site core-related workflow: After recovery, the liners were sealed and labeled with section
ID and driller depth. Each core section was weighed for a preliminary approximation of
recovery. In parallel to the drilling campaign, p-wave velocity (will not be further considered
due to poor quality), wet bulk density, magnetic susceptibility, and natural gamma radiation of
each core section were measured in the field laboratory (Fig. 3) with a Geotek multi-sensor
core logger (MSCL) (Geotek Limited, Daventry, Northants, UK) at a resolution of 5 mm. The
core sections were stored in labeled standard-sized wooden boxes for better handling. Later,
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they were brought in batches to the Institute of Geological Sciences, University of Bern, to be
stored in the cooling room until the initial core description (ICD). In parallel to recovering, the
fine-grained and sandy sediments were strategically sampled for noble-gas pore-water analyses

(16 samples) and microbiological investigations of the deep biosphere (60 samples).

Figure 2: (a) Drill rig used from 0 to 228 mtd (meters total depth); (b) drill rig used from 228 to 252 mtd; (c) drill bit used
during percussion-hammer coring to a depth of 57 mtd; and (d) diamond and hard-metal drill bit used during rotary drilling

below 57 mtd (photos by Sebastian Schaller).

Figure 3: Field lab near the drill site containing the MSCL scanner (phbto by Sebastian Schaller).
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Off-site core-related workflow: During the ICD, each core section was cut, opened, and split
lengthwise into an archive half for non-destructive analyses and a working half for invasive
sampling. Complete processing of the working half was performed under red-light conditions
to prevent light contamination, potentially hampering the use of optically stimulated
luminescence (OSL) dating. The following work was conducted on each archive half. A high-
resolution line scan was obtained, and each section was sedimentologically described and
documented in a log sheet. The focus of these descriptions was on the following: i) the
dominant grain size, ii) type and thickness of bedding, iii) color, iv) contacts between different
beds, v) secondary sedimentary structure, vi) quality of the core section, and vii) an overview
of clast lithology and morphology. Furthermore, where applicable, undrained shear strength
(c,,) and undrained uniaxial compressive strength (q,,) were measured at 25, 50, and 75 cm
section depth with a pocket vane shear tester and a pocket penetrometer. A final total depth
was defined based on the observations of core quality from the ICD and the driller's top depth
of each section. Depth is addressed as meters total depth (mtd) when discussing the entire
sediment succession or as centimeter section depth (cmsd) when aiming for individual core
sections. Based on the combined findings from the ICD, 14 sedimentary lithotypes were
defined and described (Table 1). The whole sediment succession was assigned to the best-fit
lithotype. Eventually, the stratigraphic succession was subdivided into three main stratigraphic
units (A-C).

In addition, X-ray computed tomography (CT) images of 49 selected core sections were taken
with a medical X-ray CT scanner at the Institute of Forensic Medicine, University of Bern.
Systematically, 231 samples for grain-size distribution, geochemical analyses (e.g., total
inorganic carbon, TIC, and total organic carbon, TOC), and potential additional investigations
were taken from each working half at 50 cmsd whenever possible (sample spacing ~ 1 m).
These samples were freeze-dried, and the mean water content at each position was derived
from the corresponding weight differences between the three wet and dry subsamples.

Furthermore, smear slides have been taken from interesting silt- and clay-rich sections.

Further, based on the line scans, samples were taken for a first screening of pollen content (31
samples), luminescence dating (22 samples), cosmogenic nuclide burial dating (2 samples),
and geotechnical analyses (23 samples). After completing the ICD and the sampling campaign,
the core halves were sealed in lightproof black foil, stored in standard-sized wooden boxes,
labeled according to the ICDP guidelines, and brought to a commercial cooled storage facility,

which serves as a temporary repository during the active DOVE Phase | (Anselmetti et al.,
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2022). For further information on the curated samples, analysis, and data, see the operational
dataset (DOVE-Phase 1 Scientific Team et al., 2023b) and explanatory remarks (DOVE-Phase
1 Scientific Team et al., 2023c).

Carbon analysis (organic matter and carbonate content): Total carbon (TC), nitrogen,
sulfur, and total organic carbon (TOC) were analyzed from the fine fraction (<63 um) using a
Thermo Scientific FLASH 2000 elemental analyzer (Thermo Fischer, Waltham, MA, USA).
Total inorganic carbon (TIC) was derived as the differences between TC and TOC. Weight
percent of carbonates (CaCO3) and organic matter were calculated using a stoichiometrically
simplified approach from TIC and TOC through multiplication with 8.3 and 1.8, respectively
(Meyers & Teranes, 2001). This approach does not consider potential down-core changes in
carbonate phases (i.e., dolomite/carbonate ratio). Nevertheless, it allows for a quantitative

approximation of the total lithological constituents.

MSCL data processing: MSCL data were processed in five steps: i) data of empty sections of
liners, representing core loss, were removed; ii) a baseline correction was applied to the
corresponding magnetic susceptibility data to correct potential systematic shifts in the data
(subtraction of the average of the calibration data between 0.5 and 15 cm of each measurement
cycle); iii) low-density data (<1.5gcm™3), considered heavily disturbed sections, were
excluded from the density log; iv) p-wave velocity data with an amplitude of O, representing
poor data quality, were excluded from the p-wave data (As the overall data quality of the p-
wave data is low, p-wave-velocity values are not further presented or discussed.); v) the depth
of the cleaned MSCL logs was corrected with the actual depth; and vi) the data from the
uppermost and lowermost centimeter in each section were considered likely disturbed and thus

excluded.

2.4 Results

2.4.1 Core lithologies

The 252 m long sediment succession was divided into 14 sedimentological lithotypes (Fig. 4).
Table 1 provides an overview of these 14 defined lithotypes, including description and
interpretation of the depositional environment, along with a representative core-section line
scan. Figure 5 displays a composition of detailed line scans, CT scans, and the key lithotypes

of 10 selected core sections.
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Figure 4: Lithological and petrophysical data versus depth. Columns from left to right: depth-scale [mtd], stratigraphic units
(labeled with A1-AS, B, and C; WT = water table; LPB = lowest Pleistocene base level), lithotypes, dominant grain size with
indicated main lithotypes, symbols of prominent observations, wet bulk density (g cm™), magnetic susceptibility (SI x 1075),
natural gamma radiation (CPS, counts per second), water content with indicated standard deviation (wt %), undrained uniaxial
compressive strength (g;,") (kPa), undrained shear strength (c;,") (kPa), organic matter content (wt %), carbonate content (wt %),
and the recovery. Main lithotypes are indicated as semi-transparent color codes over the plot's entire width.
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Figure 5: CT and line scans of selected representative core sections with corresponding lithotypes. Each core section is labeled
at the top; the scale is in centimeter section depth (cmsd) and shows the following from left to right: line scan, CT scan, and
lithotypes. The color code for the lithotypes is given at the bottom. Shown core sections from left to right are the following:
(@) 5068 2 A 0101 (9-10mtd), (b) 5068 2 A 016 1 (15-16mtd), (c) 5068 2 A 063 1 (58-59mtd), (d)

5068 2 A 076 _1 (74-75mtd), () 5068 2 A 090 1 (93-94mtd), (f) 5068 2 A 111 1 (111-112mtd), (g)
5068 2 A 123 1 (122-123mtd), (h) 5068 2 A 172 2 (182-182.88 mtd), (i) 5068 2 A 186 2 (196-197 mtd), and (j)
5068 2 A _227 1 (249-250 mtd).

34



Chapter 2 Sebastian Schaller

2.4.2 Lithostratigraphic units
Based on the succession of the 14 endmember lithotypes (Table 1), the recovered succession
(Fig. 4) was grouped into three lithostratigraphic units (A, B, and C), with Unit A containing

five subunits (A1-A5). These units are briefly characterized from bottom to top.

Table 1: Colors and lithocodes of the individual lithotypes with description and interpretations. The line-scan image shows a
representative core section (origin of line scan is indicated in the lower-right corner of core photos); scale is in centimeters.

Description

| Interpretation

| Core photo

Diamicts

Matrix-supported massive: Massive matrix-sup-
ported with isolated fine to coarse gravel clasts in
a silty to sandy matrix with isolated cobbles (0-40
% clasts, 60-100 % matrix). Crudely bedded in
decimeter- to meter-scale by a slight variation in
matrix composition and/or in clast size and
number. Beige color, many fresh striations. poorly
sorted, subangular to subrounded.

Dmm

i) Subglacial till (Evans et al., 2006) or ii) terrestri-
al or subaqueous cohesive debris flows with
glacial sediment sources (Mulder and Alexander,
2001; Eyles et al.. 1983).

=

Matrix-supported  stratified diamict: Matrix
supported with fine to coarse gravel clasts in a
massive sandy to partly silty matrix (0-40 %
clasts, 60-100 % matrix). stratified into centime-
ter- to decimeter-scale beds by oriented but mostly
isolated clasts. Beige to grey-beige color, few

Proximal hyperconcentrated density flow deposits
(Mulder and Alexander, 2001).

striations,  poorly  sorted, subangular  to
(sub)rounded. 5068
Clast-supported massive diamict: Massive | i) subglacial below or above the fluvial base level

clast-supported, fine to coarse gravel with isolated
cobbles with a silty matrix with variable sand
content (60-80 % clasts, 20-40 % matrix). Some-
times crudely bedded by a slight variation in
matrix composition and dominant clast size.
Poorly sorted, beige matrix color, striations,
subangular to subrounded.

(Evans et al.. 2006), or ii) glaciofluvial deposits
solely above the fluvial base level (Eyles et al.,
1983).

Mud-clast conglomerate: Mixture of beige to
beige-brown clay chips with a variable medium to
coarse gravel content (0->50%) in a grey-beige to
brownish medium sandy matrix (5-80 % clasts.
20-95 % matrix). Mud clasts show partially
internal structures and rounding of various
degrees (subangular to rounded).

Fine lacustrine sediments, rounding indicates
transportation upon reworking., eroded by
subaquatic mass movements or other subaquatic
events with high erosive potential (e.g., Li et al.,
2017). The individual gravel content may indicate
the type of event, i.e.. a high content may indicate
a delta collapse as source event.

Gravels

Massive to crudely bedded sandy gravel: Massive
medium to coarse (partly fine) gravel. with few
isolated sand layers. with little to no silt and isolat-
ed cobbles (75-80 % clasts. 20-25 % matrix).
Crudely bedded by variation in clast size and
number and slight variation in matrix composi-
tion, moderately to well sorted., beige to
beige-brownish matrix color. (sub)rounded to well
rounded.

i) Fluvial to glaciofluvial deposits (over the fluvial
base level: Eyles et al., 1983) or ii) subglacial to
glaciolacus- trine deposits. e.g.. high concentra-
tion channelized density flows in a subaqueous
glacial fan system (below the fluvial base level:
Eyles et al., 1983).

Massive to crudely bedded silty sandy gravel:
Massive medium to coarse gravel, partly sandy,
silty with isolated cobbles (75-80 % clasts, 20-25
% matrix). Crudely bedded by variations in clast
size and number and slight variations in matrix
composition, moderately to well sorted, brown-
ish-reddish to brownish matrix color. (sub)round-
ed to well rounded, with some cementations and
oxidations.

Fluvial to glaciofluvial deposits (Eyles et al.,
1983). in the range of current groundwater fluctu-

clasts.

ations. leads to cementation and oxidations of

Massive clay/silt: Massive clay and silt. little

sandy. only very few isolated gravel clasts (C: <1
%, M:>99 %). Partially laminated by intercalating
sand laminae resulting in a cm- to dm-scaled
bedding, rarely mottled by soft clasts, with some
isolated drop stones, well to very well sorted.
beige to grey beige. partly slightly brownish.

i) Deposited in calm states of the lake, i.c..
(glacio)lacustrine  background  sedimentation
(Leemann and Niessen, 1994). ii) the very top of a
concentrated density flows event (Mulder and
Alexander, 2001); or iii) very distal from the
sediment source or low energy turbidity deposits
(Te. Bouma 1962).

5068 2
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Description

Interpretation

Core photo

Sands

Sm

Massive sand: Massive fine to medium sand,
occasionally coarse sandy, with little to no silt and
only isolated gravel clasts (<5 % clasts, >95 %
matrix). Crudely bedded in decimeter- to
meter-scale by a slight variation in silt content and
dominant grain-size fraction, well to very well
sorted, greyish-beige to brownish-beige. rarely
mottled with soft clasts.

Hyperconcentrated density flow deposits (Mulder
and Alexander. 2001).

| Massive sand and gravel mix: Massive mix of

fine to medium sand and gravel, with little to no
silt (5-60 % clasts, 40-95 % matrix). Partly

= | centimeter- to decimeter-scale bedded by oriented
| clasts. moderately to well sorted. subrounded to
*| well rounded, greyish-beige to brownish-beige.

Base of concentrated density-flow deposits, very
proximal to sources. or high-energy events
(Mulder and Alexander, 2001).

79

Sh

Bedded sand: Bedded fine to medium sand, with

variable silt content and few isolated gravel clasts
(<5 % clasts, =95 % matrix). Bedded in centime-
ter- to decimeter-scale by a variation in silt content
and dominant grain-size fraction, fining up to a
massive appearance, well to very well sorted,
greyish-beige to brownish-beige.

i) (Massive) hyperconcentrated density flow
deposits (Mulder and Alexander 2001). more
distal to the source or with less energy, or ii)
(stratified) turbidity deposits (Ta: Bouma, 1962:
Mulder and Alexander, 2001).

St

Laminated sand: Laminated fine to medium sand
with variable silt content, with few isolated clay
laminae and isolated gravel clasts (<1 % clasts.
>99 9% matrix). laminated in millimeter- to
centimeter-scale by variations in silt content and
dominant grain-size fraction. Individual laminae
are fining-up to massive, partially mica-rich, well
to very well sorted. greyish-beige to brown-
ish-beige, with partially reddish colors.

Distal or low-energy turbidite deposit (Tb. Tad:
Bouma., 1962).

Cross-bedded sand: Cross-bedded fine to medium
sand, partially silty. with isolated clay laminae and
very few isolated gravel clasts (<1 % clasts, >99
% matrix). Cross-bedded in centimeter- to
decimeter-scale with internal millimeter-scaled
laminae, individual laminae are fining up, partly
mica-rich. well to very well sorted, greyish-beige
to brownish-beige. occasionally of reddish color.

Distal or low energy turbidity deposit (Tc; Bouma,
1962).

Irregularly bedded sand, silt, and clay: Silt and
clay to coarse sand, with individual gravel clasts
(0-10 % clasts, 90-100 % matrix). Irregular in
centimeter- to sub-decimeter-scale bedded to
laminated. individual lamina/beds are mostly
well-sorted and are  massive to  partly
fining-up. partially deformed. with internal
erosive contacts, with high contrast, greyish
beige to brownish beige.

Stacked successions of different types of
density-flow deposits, likely formed under highly
variable energy conditions, possibly in cross-cut-
ting subaquatic channel systems.

Deformed mix of sand, silt, and clay: Strongly
folded and bent mix of originally laminated to
bedded sand, clay, and silt with isolated gravel
clasts (<1 % clasts, >99 % matrix). Traces of
slumps and dehydration structures, ductile
deformed. beige to brownish beige.

i) Deformed syn- or postdepositionally by i) rapid
loading and dewatering or, ii) mass movements, or
iii) glaciotectonics (Evans, 2018).

Unit A (252.00-47.75 mtd): Unit A consists of primarily sand-dominated sediments (Fig. 5¢c—
j) intercalated by several-meter-thick gravel-dominated beds (Fig. 4). The sand-dominated
successions can be distinguished and categorized into three types: i) stacked massive sandy
beds with low clay and silt content (Table 1; Sm and Sh), partially separated by clay caps (Fm),
and intercalated by isolated minor gravel beds (Gms) or gravel-rich sections (SGm); ii) fine-
to-medium sand beds with a higher clay and silt content, thin-bedded (Sh) to laminated (SI)
and partially cross-bedded (Sc), and with isolated clay laminae (Fm); and iii) massive sand
(Sm, Sh, SI, and Sil) interbedded to intercalated with mostly centimeter-to-decimeter-scaled
partly stratified beds of sand and gravel mix (SGm), massive gravel beds (Gms), and stratified

(Dms) or massive diamictic (Dmm) beds. The sandy successions, in parts, show traces of
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ductile deformations (Table 1; Sd, e.g., boudinage, flame structures, folding, and dewatering
structures) and some brittle deformation (e.g., small-scale faults). The bases of the rather
massive sandy or gravel-rich beds partially show erosive contacts, which may contain rip-up

clasts (Mcc).

The gravel-dominated beds within Unit A can be further divided into two types: i) more
diamictic beds (Table 1; Dcm) with a silt-rich matrix, steeply inclined beds, and, in parts,
including striated and bullet-shaped clasts and ii) gravel beds (Gms) with better clast rounding,
low silt and clay content, and a primarily sandy matrix. The base of Unit A (>249.7 mtd) is
built by a succession of diamictic beds with a massive dropstone-rich ~ 0.5 m thick clay bed
on top (Fm; Fig. 5j). Several larger Molasse bedrock fragments and clasts with glacial striations
occur in this diamictic succession. Additionally, some coarse-grained sections have a high

permeability as large volumes of fluids were lost during drilling.

Over the entire Unit A, the sandy sections generally show lower density and magnetic
susceptibility values and higher natural gamma values than gravelly ones (Fig. 4). Organic
matter content varies between 0.5 % and 1 % except from some isolated peaks of up to 2 % in
the sandy sections and a drop to nearly 0% below 217 mtd. The carbonate content ranges

between ~ 40 % and 50 %.

Unit B (47.75-11.00 mtd): Unit B consists of a succession of decimeter-to-meter-thick beds
of sandy (Table 1; Gms) to partly silty (Gmf) gravel with isolated sand beds. The gravel beds
are well sorted to locally moderately sorted with a clast-size range from fine to coarse gravel
with some cobbles, and clasts are mostly (sub-)rounded to well-rounded. The groundwater
table separates the succession of Unit B into the following: i) below ~ 29.5 mtd, constantly
water saturated and with a sand-rich and silt-and-clay-poor matrix, and ii) above ~ 29.5 mtd,
affected by the fluctuation of the groundwater table, with local cementations and oxide-covered
clasts and a partly silt- and clay-enriched matrix (Fig. 5b). The section generally has a high
density with stepwise changes above the groundwater table, high but noisy magnetic
susceptibility values, and low natural gamma values (Fig. 4). Furthermore, Unit B has a low
organic matter content of ~ 1% and a highly variable carbonate content between 35 % and
65 %.

Unit C (11.00-0.00 mtd): The uppermost unit consists mainly of a massive to crudely bedded,
poorly sorted, silty to partly sandy matrix-supported diamict (Table 1; Dmm; Fig. 5a) with a

clast-size range from fine gravel up to cobbles and a frequent appearance of striated and/or
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bullet-shaped/flat-iron-shaped clasts. A general fining-up trend occurs in the clast size together
with a decrease in clast content from ~ 80 % to >5 %, supported by the up-core decreasing
trend of the density values and the negatively corresponding natural gamma log (Fig. 4). The
uppermost ~ 1 m shows an increasing level of organic matter, decalcification, signs of

bioturbation, and a humus layer on its very top.

2.5 Interpretation and discussion

2.5.1 Interpretation of depositional environment

Unit A (252.00—47.75 mtd) overdeepened basin fill: The sediments of Unit A were deposited
in an overdeepened setting in a clastic-dominated glacial, glaciolacustrine, or lacustrine
environment. The thick, stacked succession of current and mass-movement-dominated
lithotypes suggests that the overdeepening was the depocenter and dominated by fast
accumulation forming deltaic or basin-floor fan systems (Table 1). In such a setting, the
observed lithotype association with thick sandy successions (mainly Sm and Sh), interbedded
gravels (Gms), and gravelly diamicts (Dms, Dcm, and Mcc) may be interpreted as an externally
forced system driven by allogenic or autogenic processes. In the case of an autogenic
endmember, the activity and proximity of the sediment influx from the glacier or rivers exert
the dominant controls defining the primary sediment and energy source (e.g., Fitzsimons &
Howarth, 2018; Lenne, 1995). Thus the changes in the grain-size distribution and the thickness
of the bedding may represent changes in the glacier's position. However, since these energy
changes are not instantaneous but occur gradually over a longer time, other processes are
needed to explain the frequently observed grain-size variations. Alternatively, accumulation on
proximal basin-floor fan systems is associated with considerable lateral facies variability,
reflecting allogenic changes of the deposition on basin-floor fans (Fitzsimons & Howarth,
2018; Lanne, 1995). This would partly suppress the sedimentary traces of the glacial proximity-
related long-term depositional environmental changes, especially the potential shift from a
glaciolacustrine towards a more lacustrine regime. Nevertheless, with an increasing distance
of the glacier, the dominant depositional environment will evolve from a direct glacial, via a
glaciolacustrine, to a lacustrine one, which may even develop into a warm lake state until the
next glacial advance will reverse the evolution (e.g., Anselmetti et al., 2022; Dehnert et al.,
2012; Fitzsimons & Howarth, 2018). On the basis of these processes, the succession of
depositional environments of Unit A is subdivided into five subunits (from bottom to top, Al-
A5):
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Subunit A1 (> 249.7 mtd): The basal diamictic succession (Table 1; Dmm, Dcm, and
Fm) is interpreted as proximal, submarginal to possibly subglacial deposits, emplaced
in close proximity to a glacier grounded in the deep trough. The interpretation is
supported by the pervasive occurrence of striated clasts and the strongly inclined
bedding, indicating glaciotectonic processes. The large number of local bedrock
fragments in the basal succession indicates proximity to the bedrock surface. The
succession shows similar properties to the basal sediments encountered by Dehnert et
al. (2012), Buechi et al. (2017), and Schwenk et al. (2022). These deposits were also
interpreted by them as ice-contact sediments at the transition to glaciolacustrine
deposition. This transition is represented in the recovered sediment succession by a

massive clay bed (Fig. 5j).

Subunit A2 (249.7-0128.7 mtd): This section is interpreted to have been deposited in a
glaciolacustrine setting and consists of the following: i) thick to medium bedded sand-
dominated hyperconcentrated to concentrated density-flow deposits (Table 1; Sm and
Sh; Mulder & Alexander, 2001); ii) massive gravel-dominated beds, likely high-
concentration channelized density-flow deposits (Gms), originating from a subaqueous
glacial fan system (Eyles & Eyles, 1983); and iii) a succession of rather thin-bedded to
laminated sands of likely turbiditic origin (SI and Sc; Bouma, 1962; Mulder &
Alexander, 2001). This turbiditic succession separates the partially interbedded sand-
dominated and gravel-dominated density-flow deposits into a lower and upper
succession, and the latter is terminated by a massive gravel bed. Since these sharp
changes in grain size and bedding, frequently observed in this unit, are likely directly
related to the flow energy, they may also indicate a lateral variation of the glacier outlet
or local subaquatic channel-levee patterns along the submerged proglacial front. Thus,
the long-term grain-size evolution controlled by glacier proximity is superimposed by
higher-frequency changes caused by local variations in this highly dynamic setting of
the glacier front. Therefore, it is unclear if the laminated to partially cross-bedded
succession represents a rather lacustrine environment with a more distal-located glacier

or a low-energy endmember of the lateral changing depositional system.

Subunit A3 (128.7-103.2 mtd): The succession of tightly interbedded sand (Table 1;
Sh) and gravel (Gms) beds shows a partially diamictic character (Dms, Mcc, and Sil).
These gravel-rich beds possibly represent slumps and subaquatic mass movements

originating on unstable slopes of the rapidly infilling basin (e.g., deltas). The collapse

39



Chapter 2 Sebastian Schaller

of these unstable slop deposits could be linked to increased sediment flux caused by
increased fluvial activity (e.g., glacial outburst floods), an advancing glacial front, or
even earthquake shaking. The section shows traces of likely glaciotectonic overprinting
(Sd, ductile and brittle deformation structures). Further, the top contact of this

succession is built by a strongly ductile deformed and/or folded sand bed (Sd).

Subunit A4 (103.2-91.0 mtd): This upper diamictic succession (Table 1; Dcm) is similar
to the basal one of Subunit A1 but lacks a massive clay bed on top (Fig. 5e and 5j). The
upper diamict is also interpreted as subglacial deposits, possibly representing another
period of ice contact or at least ice proximity. The sharp and high-frequency changes in
grain size of the diamict's top (Sil, Dcm, and Fm) indicate a partially high-energy but
unstable environment. This transition is possibly related to pulsing channelized glacial

meltwater outbursts that prevented the deposition of a massive clay bed here.

Subunit A5 (91.0-47.7 mtd): Subunit A5 is similar to the lower glaciolacustrine section
of Subunit A2. However, the overall absence of the massive gravel beds indicates a
shift to a more glaciolacustrine-to-lacustrine environment where the depositional
energy was lower. Moreover, the succession shows some sections enriched in
dropstones (Fig. 5c), pointing to a distal ice-contact lake environment. The whole

sediment succession of Unit A is sharply cut off by the sediments of Unit B.

Unit B (47.75-11.00 mtd) fluvial gravel: The sediments of Unit B are interpreted as fluvial-
to-glaciofluvial gravels (Table 1; Gms and Gmf). On the basis of the geographical and
stratigraphic position, they are correlated with the local gravel formation “Buechberg Gravel
Complex”, which also covers the surrounding areas and is interpreted as a Middle Pleistocene
advance gravel (Graf, 2009b; Mller, 2013). Further, the relief of the contact surface between
Unit A and Unit B indicates a strong fluvial erosion of the former top sediments of Unit A
during the deposition of the gravels of Unit B (see Sect. 2 “Study area”; Graf, 2009b; Miiller,
2013).

Unit C (11.00-0.00 mtd) glaciogenic diamicts: The sediments of Unit C are interpreted as a
subglacial till and associated glaciogenic diamicts (Table 1; Dmm and Dcm). This
interpretation is supported by the following: i) the high density and consolidation; ii) the
diamictic texture (e.g., Evans, 2018; Evans et al., 2006); iii) the abundance of fresh traces of
direct ice-contact transportation (e.g., striated and/or bullet-shaped clasts, e.g., Evans, 2018;

Evans et al., 2006); and iv) the stratigraphic position. As the drill site is located within the LGM

40



Chapter 2 Sebastian Schaller

extent of the former Rhine Glacier (Fig. 1a), at least the upper part, if not all of Unit C, was
emplaced during the LGM glaciation (Birrfeld glaciation). Alternatively, the lower parts of
Unit C may have been emplaced during earlier glaciations that reached the area, e.g., during
MIS6 (Beringen glaciation, e.g., Muller, 2013; where MIS represents marine isotope stage).

However, a clear unconformity was not observed in the recovered diamicts.

2.5.2 Implications for glacial history

Assuming that each glacial cycle may have left glacial deposits behind, the two diamictic
deposits (Subunits Al and A4) encountered in an overdeepened position may indicate the
presence of at least two glacial sedimentary sequences within Unit A with a sequence boundary
between ~ 103 and 91 mtd (Subunit A4). This interpretation is supported by the presence of
glaciotectonic deformations and pressure-related dewatering structures between 128.7—
103.2 mtd (Subunit A3), which may have been caused by an overriding glacier during a next
glacial cycle. The postulated glacial sequence boundary potentially coincides with the depth of
a prominent erosive discontinuity observed in the seismic data (solid dark blue line in Fig. 1c;
Brandt, 2020). This coincidence supports the interpretation that a second glacier advance is
documented in the upper part of the Basadingen Through, which apparently eroded more into
the width while not removing the deeper basin fill. Future age constraints will place these

successions in the context of the marine isotope stages.

Since the whole succession of Unit A was deposited mostly under glacial to glaciolacustrine
conditions, the lack of a significant amount of clay- and silt-rich glaciolacustrine background
sediments (Fm) has been rather surprising. This disparity may be explained by either of the
following: i) no considerable amount of such sediments were deposited since the
accommodation space was quickly filled by the sandy and gravelly sediments or ii) they were
eroded after deposition as a former presence is at least indicated by the occurrence of mud-
clast conglomerates (Mcc, rich in clay and silt rip-up clasts). Likely, both processes may have

acted together in the assumed high-energy and clastic-dominated glaciolacustrine environment.

In addition to the lack of fine-grained glaciolacustrine deposits, the absence of the fine-grained
interstadial/interglacial lacustrine deposits is likely explained by the following: 1) the
possibility that the lake never developed such a state as it became rapidly filled in late glacial
periods, ii) by cold and/or short interstadials, or iii) if deposited initially they were eroded
during the next glacial advance. In the case of the proposed lower glacial cycle below

103.2 mtd, the first or second case may apply since the observed increased appearance of
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diamictic slumps and subaquatic mass-movement deposits between 128.7—103.2 mtd may
indicate a rapid glacial readvance after a short interstadial. However, in the case of the proposed
upper cycle, the third explanation might act since at least its top was eroded to a certain degree
by the overlying gravels of Unit B. Based on these observations, the proposed lower cycle may

be, even if not completely preserved, at least more complete than the proposed upper cycle.

However, the existence of such significant “cold” or “warm” lacustrine deposits can not be
ruled out for the whole Basadingen Trough since i) this observation is only based on
information from one drill hole; ii) the assumed highly variable depositional environment; and
iii) due to possible spatial effects, which may impact the probability of local accumulation of

such deposits (e.g., subaquatic channels or subaquatic deltas).

The overlying gravels and tills of Units B and C are documenting the glaciation history after
the filling of the trough. The gravels of Unit B document the presence of a glacier upstream of
the drill site on at least one occasion before it was covered at least once again during the LGM
advance of the Rhine Glacier. Whether more than one glacial cycle is preserved in Units B and
C, as suggested by Graf (2009b) and Miiller (2013), will be addressed with the planned

geochronological analysis.

2.6 Summary and outlook

The proposed complex based on seismic data, possibly multi-phase sedimentary fill of the
Basadingen Trough (Fig. 1c; Anselmetti et al., 2022; Brandt, 2020), is fully supported by the
drilled and recovered succession, even though the bedrock, predicted at ~ 240 m, was not
reached with the final depth of 252 m. It is currently unclear if this is due to an inaccurate
identification of the bedrock reflection or to an inaccurate velocity model. Analyzing the
vertical seismic profile (VSP) will reveal more details on the bedrock's location. However, the
appearance of cobble-sized freshwater molasse fragments indicates the nearby occurrence of
the bedrock contact. A first correlation of the drilled succession with the seismic interpretation
indicates the coincidence of the glacial depositional sequence at ~ 103 mtd or ~ 340 ma.s.1.
with the seismic sequence boundary (Figs. 1c and 4; Brandt, 2020), indicating that the Rhine
Glacier advanced over the upper part of the Basadingen Trough at that time. This pattern further
supports the sedimentary succession's proposed multi-phase origin in at least two glacial cycles
(Anselmetti et al., 2022). Furthermore, the lacustrine (overdeepened) character of the sediments
of Subunit A5 indicates a higher fluvial base level at that time, as was proposed by Graf (2009b)
and Mdller (2013).
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Upcoming correlations of seismic, wireline, and core data will help to establish a robust model
of the evolution of the Basadingen Trough. The systematical correlation and characterization
of the sedimentological core properties with the extended geophysical and geochemical dataset
will refine the definition of glacial sequence stratigraphy that can eventually be dated by the
planned geochronological data. This will contribute to the understanding of the local and
regional glaciation history, the formation of overdeepenings in the Alpine foreland, and (within

the context of DOVE) glaciation and landscape evolution of the Alps.

2.7  Further statements

2.7.1 Data availability

The DOVE operational dataset is published under https://doi.org/10.5880/ICDP.5068.001
(DOVE-Phase 1 Scientific Team et al., 2023b) together with the operational report (DOVE-
Phase 1 Scientific Team et al., 2023a) and the explanatory remarks (DOVE-Phase 1 Scientific
Team et al., 2023c). Information on the project and the data is also available on the ICDP
DOVE project website: https://www.icdp-online.org/projects/by-continent/europe/dove-

switzerland.

2.7.2 Sample availability

IGSNs are assigned to the hole and sample material; samples are available upon request; for
further information, see the operational dataset (Dove-Phase 1 Scientific Team et al., 2023b)
and the operational report (DOVE-Phase 1 Scientific Team et al., 2023a).
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3. Seismic- and core-based glacial sequence stratigraphy in an overdeepened
perialpine trough in the northern Alpine foreland of Switzerland

3.1 Abstract

In the context of a project of the International Continental Scientific Drilling Program (ICDP)
(DOVE; Drilling Overdeepened Alpine Valleys), a series of boreholes were drilled into buried
overdeepened glacial troughs in the central and eastern part of the northern Alpine foreland.
The sedimentary records of these overdeepenings, reaching back to the Middle Pleistocene, are
essential archives for paleoclimate and key to better understanding past glaciations and
landscape evolution. As part of the project, an over 250 m long succession of unconsolidated
Quaternary sediments was recovered from the Basadingen Trough (ICDP 5068 2, NE
Switzerland), belonging to the NW part of the former Rhine Glacier's foreland lobe. The drill
site is positioned on a high-resolution 2D seismic line, serving as the basis for a seismic
sequence and facies analysis. Acoustic wire-line logging data (vertical seismic profile - VSP)
directly links the sediment succession with the seismic data, allowing the establishment of a
detailed and unifying seismic- and core-based glacial sequence stratigraphy. Based on this
stratigraphy, the overdeepened valley fill could be grouped into three overdeepened glacial

sequences (S1-S3), reflecting three pulses of glacial advance and retreat.

Furthermore, a 3D model of a segment of the Basadingen Trough was created by combining
the 2D seismic lines with the local geological information, visualizing the shape of the initial
bedrock incision, the multiphase trough-infill architecture, and the overlying non-
overdeepened cover. The model helps overcome inherent limitations in two-dimensional
representations. A generic model for a glacio-seismic sequence is developed that underlines
the benefits of combining complementary geological and geophysical data in these highly
complex depositional settings. The close link of these sequences to glacial advance-retreat
cycles contributes to the development of a local glaciation model, as shown for the Basadingen

Trough. This approach can be applied to other similar settings in formerly glaciated areas.
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3.2 Introduction

3.2.1 Background and motivation

The Quaternary is characterized by its recurrent glacial and interglacial cycles characterized by
global variations in temperature, sea level, and ice volume well-defined in the global marine
isotope or ice-core records (Lisiecki & Raymo, 2005; Pol et al., 2010). These archives indicate
a pronounced but gradual shift in the periodicity of global glacial-interglacial cycles from ~41
to 100 ka between 1250 and 700 ka ago during the Mid-Pleistocene Climate Transition (MPT),
along with amplification of temperature and ice-volume changes (Clark et al., 2006; Ruddiman
et al., 1986). As a result of this shift, the global ice sheets of the polar and mountain regions
tended to reach beyond the maxima of previous Quaternary glacial extents (e.g., Berger et al.,
1999). While the last glaciation (Marine Isotope Stage 2; MIS2) left numerous traces of
glaciogenic landforms in the modern Alpine and perialpine landscape, traces of older glaciation

are scarce due to the erosive nature of each glacial advance and retreat cycle.

In the Alpine area, the MPT marks the onset of a phase of extensive foreland glaciations (e.g.,
Haeuselmann et al., 2007; Knudsen et al., 2020; Muttoni et al., 2003; Scardia et al., 2010).
During these phases of extensive glaciations, numerous overdeepened troughs and valleys were
carved in the Alpine foreland (e.g., Ellwanger et al., 2011; Schliichter, 2004). Glacially
overdeepened troughs and valleys are structures formed by subglacial processes that eroded
below the fluvial base level, forming incisions terminating downstream with adverse slopes
(e.g., Alley et al., 2019; Cook & Swift, 2012; Kehew et al., 2012; Vegt et al., 2012). Parts of
these troughs remained underfilled and are forming modern perialpine lakes, while other parts
were completely filled with sediments during and after deglaciation. The infill of these troughs
was at least partially protected from subsequent fluvial or glacial erosion. Consequently, they
contain sediments from one or even several glacial cycles and are among the most valuable
land-based sedimentary archives for reconstructing glacial history across multiple glaciations
in glaciated areas (e.g., Buechi et al., 2018, 2024; Ellwanger et al., 2011; Pomper et al., 2017,
Preusser et al., 2010). They have proven their value for reconstructing the glacial history
preceding the last glaciation of the Alps and their foreland in several case studies (Buechi et
al., 2018; Dehnert et al., 2012; Fiebig et al., 2014; Schwenk et al., 2022). These studies suggest
a complex glacial history of the Alpine area with substantial variations in dynamics and extent
of individual glaciations (Fiebig, 2011). In the case of the last glaciation, for example, it is
postulated that the glaciers in the western Alps reached their maximum extent at ~65 ka

(Gribenski et al., 2021), a time when the glaciers in the eastern Alps barely reached the inner
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Alpine valleys (Ivy-Ochs et al., 2008). Local, regional, and global factors such as topography
and climate (including temperature, precipitation, and circulation patterns) may be responsible
for such asymmetry and asynchrony (e.g., Monegato et al., 2017; Spétl et al., 2021).
Furthermore, besides their scientific value as paleoclimate archives, understanding the
formation, distribution, and geometry of overdeepened structures is critical for applied issues
such as the long-term safety of nuclear waste disposal sites, groundwater reservoirs, natural
hazards, geothermal energy storage and production, and large-scale underground transportation

infrastructure.

The "Drilling Overdeepened Alpine Valleys" (DOVE) project, supported by the International
Continental Scientific Drilling Program (ICDP), aims to expand our current knowledge of
glacier dynamics during the Middle to Late Pleistocene in the Alpine area by systematically
drilling and studying glacially overdeepened valleys (Anselmetti et al., 2022). The project aims
to achieve its goals by i) geophysical surveys across overdeepened troughs, ii) combining a
series of new drill cores, and iii) analyzing existing cores that were scientifically not fully
exploited. Geophysical surveys such as reflection seismic (e.g., Kirkham et al., 2021, 2024) or
gravimetry (e.g., Bandou et al., 2023) play a critical role in the investigation of overdeepened
valleys due to their ability to detect spatial features in the geological underground. This is vital
for the DOVE project since their geometry and shape are essential for understanding and
reconstructing their individual formation history and detecting systematic regional formation
patterns. However, since geophysical surveys will only return a physical parameter, their value
is critically enhanced by directly linking with the actual geology, especially in the context of
unconsolidated (Quaternary) sediments, via drill core and outcrop data (e.g., Nitsche et al.,
2001; Spitzer et al., 2003). Therefore, this study aimed to test the potential of the combination
of high-resolution reflection seismic data with borehole and sediment-core data to i) improve
the understanding of the formation and evolution of the Basadingen Trough, ii) the local
landscape evolution during the Middle to Late Pleistocene, and iii) condensing the local

foundings into a generic formation model for glacially overdeepened structures.

3.2.2 Study site

Previous studies suggest the presence of a spatially complex network of glacial overdeepenings
in the former Rhine Glacier area (Fig. 1A). Although this overdeepened system originates
predominantly from the partially filled Lake Constance Basin as a common root (e.g., Cohen
et al., 2018; Ellwanger et al., 2011; Fabbri et al., 2021; Keller & Krayss, 1993; Schaller et al.,
2022), the origin of this pattern is still not fully understood. Formation during several

53



Chapter 3 Sebastian Schaller

glaciations has been proposed (e.g., Buechi et al., 2024; Ellwanger et al., 2011; Graf, 2009a,
2009a; Muller, 2013), making this area an ideal target for the DOVE project (Fig. 1A;
Anselmetti et al., 2022; Schaller et al., 2023).

The complex relationships between the individual overdeepenings are also observed on a
smaller scale (Fig. 1B) in the southwestern part of the former Rhine Glacier lobe, west of Lake
Constance, and between Schaffhausen and Frauenfeld. Several parallel running and possibly
cross-cutting overdeepenings have been identified in the bedrock surface (e.g., Muller, 2013;
Pietsch & Jordan, 2014). In this area, the Middle Pleistocene fluvial drainage system was
controlled by the lowest fluvial outlet with an elevation of ~340 m above sea level (m a.s.l.) at
the entrance of the Klettgau fluvial paleochannel west of Schaffhausen (Fig. 1B). This elevation
marks the lowest Pleistocene base level relevant to the study area (LPB; Buechi et al., 2024;
Graf, 2009b; Mller, 2013). The overdeepenings were incised deeply below this LPB into the
bedrock, which consists of Neogene siltstones and sandstones of the Molasse Basin, mainly
Upper Marine Molasse (OMM) and Lower Freshwater Molasse (USM; Hofmann, 1967;
Hofmann & Hantke, 1964). The top of this complex system of overdeepened valleys with its
sedimentary infill was later modified during several phases of (glacial)-fluvial or glacial
erosion and deposition (Graf, 2009b; Muller, 2013; Schaller et al., 2023). This study focuses
on the Basadingen Trough, where the bedrock incision reaches over 300 m below the modern

surface topography.

3.2.3 Previous work on the Basadingen Trough in the frame of the DOVE project

In 2019, during the site-selection process for the DOVE project, two high-resolution reflection
seismic profiles were acquired across the Basadingen Trough by the LIAG Institute for Applied
Geophysics (Fig. 1C). A first interpretation of the seismic data was made using a simplified
stacking-velocity model, assuming velocities of ~2500 ms™ for the bedrock and between
~1400 and ~2100 ms™ for the sedimentary infill, leaving some room for uncertainty (Brandt,
2020). This initial interpretation indicated an over 300 m deep bedrock incision with a complex
stratified infill along both lines, supporting the earlier multiphase infill history proposed by
Madller (2013).
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Based on this initial interpretation, the DOVE drill site 5068_2_A (445 m a.s.l.; WSG84:
47.6481°,8.75327°) was selected (Fig. 1B and C; Anselmetti et al., 2022; Schaller et al., 2023),
and a 252 m long drill core consisting of unconsolidated Quaternary sediments was drilled and
recovered between May and October 2022. Based on lithological and petrophysical
characteristics, the recovered sedimentary sequence was divided into three major
lithostratigraphic units: A, B, and C (Fig. 2). Unit A was additionally divided into five subunits,
A1-Ab5. The three main units are briefly characterized from bottom to top: i) Unit A, deposited
below the fluvial basal level in overdeepened position, consists of an over 200 m thick
succession of glacial to (glacio)lacustrine sediments (for examples see Fig. 3); ii) Unit B is
built up by a 37 m thick fluvial to glaciofluvial gravel deposit; and iii) Unit C consists of an 11
m thick diamictic succession interpreted as the subglacial till of later extensive glaciation,
including the regional glaciation during the Last Glacial Maximum (LGM). The recovered
sediment sequence supports the trough's proposed multiphase formation history. Following the
completion of drilling in October, a downhole wire-line logging campaign was carried out by
LIAG in November 2022. A detailed description of the drilling operation, the results of the
initial core description, and a first interpretation and embedding into the local context are
provided in Schaller et al. (2023) and the corresponding operational report (DOVE-Phase 1
Scientific Team et al, 2023a).
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2023).
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Figure 3: Core examples of key elements of the lithostratigraphic (sub)units or (sub)units boundaries of the overdeepened
basin fill (Unit A) with the corresponding depth of origin in m below ground level in drill core 5068_2_A. L1 (~249-251 m)
contact between subglacial (A1) and glaciolacustrine sediments (A2); L2 (~196-197 m) and L3 (~140-141 m) interlayered
glaciolacustrine gravel and sand deposits (A2); L4 (~ 179-180 m) and L5 (~ 58-59 m) laminated lacustrine deposits (A2 and
Ab); L6 (115.5-116.5 m) clastic delta deposits (A3); L7 (~ 104-105 m) soft deformed deposits (A3); L8 (~ 123-124 m) brittle
deformed deposits (A3); and L9 (~47-48 m) contact between overdeepened lacustrine basin fill (A5) and non-overdeepened
(glacio)fluvial cover (B).

3.3 Methods

3.3.1 Seismic processing

A vertical seismic profile (VSP) was obtained in the open hole between 106 and 246 m depth
with receiver intervals of 2 m using a digital three-component borehole geophone. Since the
multi-layered steel casing could not be removed during the logging campaign, only three
measurements with a spacing of 8 m between 82 and 106 m were acquired through the
innermost layer of the steel casing. Both an S-wave and a P-wave electrodynamic vibrator were
used as a source with exciting frequencies from 20 to 200 Hz. Data processing included
correlation, vertical stacking, and rotation of the S-wave data into transversal/radial
coordinates. Clear arrivals could be picked from the P-wave on the vertical component. The
slowness was filtered in the depth domain using a triangular smoother with a halfwidth of 12
m. The P-wave arrival times between 82 and 246 m were combined with the previously used

stacking velocities above 82 and below 246 m at the drill location into an updated velocity
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model, which was further smoothed with a halfwidth of 20 m to avoid distortion of seismic
waveforms due to abrupt velocity changes during depth conversion of the seismic data. The
time-depth conversion of the seismic data from the 2019 survey crossing the drill site (see
Section Previous work), obtained by using a hydraulic vibro-source with a frequency between
20 and 240 Hz, a shot-point spacing of 4 m, and a receiver spacing of 2 m (Brandt, 2020), was

updated with the new velocity model.

3.3.2 Seismic facies analyses and core-to-seismic-correlation

In a first step, based on reflection amplitude, shape, continuity, and geometry (e.g., Mitchum
etal., 1977), a seismic facies analysis was performed on the two required seismic lines crossing
the Basadingen Trough (BA-1P and 2P; Fig. 1C). Based on prominent unconformities, the
succession was further grouped into seismo-stratigraphic sequences. Most seismic facies were
continuous along the major unconformities, so they mostly coincide with the seismic sequences
(e.g., Mitchum et al., 1977), primarily characterized by a single dominant seismic facies. The
seismic sequences of the well-controlled line BA-2P (Fig. 1C) were depth-correlated via the
V'SP data to the existing core data and lithologies (see Section Previous work). Further, they
were compared and assigned to corresponding depositional environments. The defined pattern
of the well-controlled seismic line was compared and correlated with the seismic interpretation
of the second line. Based on both lines, a schematic and simplified model (“line drawing”) for
a glacio-seismic sequence of an overdeepened valley fill was established, summarizing the
observed seismic characteristics. All seismic interpretations were made with SMT Kingdom
Suite 2020.

3.3.3 Three-dimensional and spatial visualization and analysis of overdeepened sequences

The 3D model of a part of the Basadingen Trough and the major Quaternary sequence
boundaries were created using MOVE v.2019 (PE Limited). The model was constructed based
on a grid of systematically laid profiles that integrated the existing data: i) the Dove drill core
5068_2_A and 13 existing drillings (Nr 1-14 in Fig. 1C), ii) mapped bedrock outcrops (Fig.
1C), iii) the two interpreted seismic profiles (BA-1P and 2P; Fig. 1C), iv) the proposed extent
and dimensions of a local gravel unit (Maller; 2013), v) the local topography, and vi) the
bedrock-elevation model. A detailed overview of the input data is provided in Tables Al and
AZ2. The uncertainties of the model are lowest around and between the two seismic lines and at
the used drill sites. The uncertainties around the used drill sites are inversely correlated with
the resolution and quality of the applied drilling techniques and recovered information (Fig.

1C), from low to very high resolution: i) flush drilling for geothermal heating (~5-10 m), ii)
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explorative flush drilling (~1 m), iii) explorative core drilling (~0.1 m), and iv) scientific core
drilling (~cm). Further, the bedrock horizon was fitted to the regional bedrock model at its
outer boundaries, ensuring a smooth fit. The recent digital elevation model was also used for
the topography horizon. Further spatial analysis of the modeled sequence horizons, such as
topography and sediment thickness of the individual sequences, were done in QGIS v.3.14

using standard raster-calculation functions.

3.4 Results

3.4.1 Seismic sequence stratigraphy and seismic facies analysis

Overall, the seismic data of the Basadingen Trough display three major elements: i) the incised
bedrock, ii) the Quaternary filling of the incision, and iii) the horizontally bedded Quaternary
cover. These three elements can be well discerned by differences in their VSP-modified
stacking velocities (Fig. 4). The steep bedrock incisions of down to ~250 (Fig. 5) and ~310 m
below ground level (m b.g.l.; Fig. 6) for Line BA-1P and BA-2P, respectively, and a
horizontally bedded cover of 40-50 m thickness can be well recognized in the contrasting
velocity pattern. In the case of line BA-1P, the detailed outline of the steep western side of the
bedrock incision is uncertain and thus marked by a dashed line. The horizontal velocity
contrasts within the valley fill below ~105 m result from horizontally extrapolated high and

low-velocity zones from the VSP data (Figs. 2 and 4).

Based on seismic unconformities and seismic facies analysis, eight types of seismic facies were
distinguished (Facies 1-VIII; Table 1) in the seismic data. This succession can be further
grouped into six major seismic sequences bounded by unconformities (SO0-S5). SO corresponds
to the bedrock, S1-S3 to the Quaternary valley fill, and S4 and S5 to the horizontally bedded
Quaternary cover (Figs. 5 and 6). The bedrock (S0) and the Quaternary valley fill (S1-S3) can
be further divided into subsequences (S0.1-0.2, S1.1-1.3, S2.1-2.2, and S3.1-3.2), which
consist of one or two of the initially defined seismic facies (Figs. 5B and 6B). The bases of
each of the three major seismic sequences of the Quaternary valley fill (S1-S3) consist of a
relatively thin subsequence of Facies Ill (S1.1, S2.1, and S3.1, turquoise colored in Figs. 5B
and 6B). These subsequences show a sharp unconformity at the base, defining the major

sequence boundaries.

60



Chapter 3

SW
0
0

300+

400-

Sebastian Schaller

[CDP] NO

100 200 300 . 400 500 600 800 900 . 1000

N . o e — - X
- S i ’/’*f“"..‘ 2 ‘ 145
N A E
e g A @
\“‘ -. .'- “. - - p— .
) e N s TE

1350

>2500
Stacking velocity [ms™]

Figure 4: Color-coded P-wave stacking velocity model of depth converted reflection seismic Line BA-2P after integrating in-
hole check-shot data from the VVSP with indicated well trace of 5068_2_A. The P-wave velocity values range between 1350
and 2500 msand the depth scale is given in m b.g.1 (left side) and m. a.s.l. (right side).

Table 1: Seismic facies description

Label

Description

Medium amplitude, long wavelength, medium transparent to transparent, cut-and-fill, and partly chaotic
reflections

High amplitude, long wavelength, medium transparent, continuous but wavy reflections

High to partly medium amplitude, long wavelength, medium transparent, cut-and-fill, and partly chaotic
reflections

Medium to partly high amplitude, medium transparent, strong cut-and-fill, and partly chaotic reflections

Medium amplitude, medium transparent to partly transparent, horizontal parallel continuous reflections with
onlaps

Medium amplitude, medium transparent, continuous parallel dipping reflections

Medium amplitude, medium transparent to partly transparent, chaotic/deformed reflections

Medium to partly high amplitude, continuous parallel reflections, partly chaotic

Note: Background color of the labels represents the later used color code of the seismic facies
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3.4.2 Core-to-seismic correlation

The correlation between the seismic facies, the seismic sequences, the drilled sediment
succession, and the bulk density core log shows an overall good match between the seismic
interpretation and the major lithologies of the drill-core (i.e., Diamict, Gravel, Sand, and Fines;
Fig. 5B). A detailed correlation between the seismic stratigraphy with the lithological
stratigraphy (lithostratigraphic Units Al1-5, B, and C) and its petrophysical properties (e.g., wet
bulk density, magnetic susceptibility, and natural gamma radiation) is displayed in Figure 2.
Further, a comparison between original P-wave stacking velocities and the VVSP-corrected
stacking velocity model at the drill location (Fig. 2) displays a good match between the
density/grain-size trends, showing higher velocities in the gravel-rich and lower velocities in
the sand-dominated beds. The correlation between the lithostratigraphic units and the seismic

sequences is described in detail in the following section.

S0: This sequence represents the unit below and to the sides of the prominent deep incision,
showing a steep southwestern flank and, in the upper half, a more gently rising northeastern
flank. The sequence can be further divided into two subsequences with a gradual transition
between: i) the lower part, SO.1, represented by Facies I, and ii) the upper part, S0.2, consisting
of Facies Il. The upper boundary of SO to the overlaying strata shows a discontinuous reflection
pattern, representing a prominent unconformity, especially at the more gently dipping parts of
the flanks. No direct lithological correlation is possible since this sequence was not drilled
during the DOVE project.

S1: Sequence S1 fills up the lower steep and narrow half of the basin and is terminated on both
seismic lines at the top by a discontinuity with a concave incision on the northeastern side. This
sequence can be further divided into three subsequences, S1.1-3: i) the basal subsequence S1.1
is represented by Facies I11 with a sharp, wavy, slightly southwest dipping unconformity at the
top and is correlated with the clast-rich diamictic sediments of lithostratigraphic Unit A1 (L1);
ii) the middle subsequence S1.2, represented by Facies 1V, is correlated with sand- and gravel-
dominated sediments (L2), and shows a sharp and slightly concave top; and iii) the uppermost
subsequence S1.3 consisting of Facies V, which is correlated with bedded to laminated fine
sands (L4). The sediments correlating with S1.2 and 1.3 are combined in lithostratigraphic Unit
A2.

S2: Layers within S2 are dipping from southwest to northeast. In the northeast, the steep part
of the basin passes to the more gently sloping flank with a sharp and wavy top contact to the
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overlying sequence. S2 is composed of two subsequences, S2.1 and S2.2: i) S2.1 is represented
by a thin horizontal layer of Facies Il1, coinciding with clast-rich diamictic sediments belonging
to the very top part of lithostratigraphic Unit A2, overlain by: ii) subsequence S2.2, consisting
of a combination of Facies VI and VII and showing a general southwest to northeast dipping
trend. Facies VI was not directly cored. Facies VII is correlated with a recovered sequence of
interlayered sandy and diamictic/gravelly sediments with traces of post-sedimentary
deformation forming lithostratigraphic Unit A3 (L6, L7, and L8).
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Figure 5: Depth-converted reflection seismic line BA-1P, (A) uninterpreted, (B) interpreted with seismic facies analysis and
sequence stratigraphy with labeled (I-VI1I1) and color-coded seismic facies (I11-VI11). Seismic sequences are indicated by
yellow circles (S0-5) and blue arrows; corresponding subsequences (S0.1-2, S1.1-3, S2.1-2, and S3.1-2) are labeled with
smaller yellow circles. Solid black lines indicate sequence boundaries, whereas dashed black lines indicate subsequence
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The depth scale is given in m b.g.l (left side) and m. a.s.l. (right side); exact locations and extends of the lines are shown in
Fig. 1C.
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selected core examples of Figure 3 (L1-L9). (Information in the caption for Figure 5 also applies to Figure 6).

64



Chapter 3 Sebastian Schaller

S3: The remaining part of the basin is filled by S3, shifting its axis to the northeastern sector
where the overdeepening becomes shallower. The sediments of S3 are partly discordantly cut
off by the overlaying sequence S4. This sequence is subdivided into subsequences S3.1 and
3.2:1) S3.1, at the base, consisting of a layer of more or less continuous thickness of Facies I,
coinciding with clast-rich diamictic sediments of lithostratigraphic Unit A4, and ii) overlying
S3.2 fills up the remaining space of the valley and is represented by Facies IV with its
prominent cut-and-fill structures, showing a wavy lower boundary correlating with a sequence

of sand-dominated sediments of lithostratigraphic Unit A5 (L5 and L9).

S4: The overdeepened basin fill (S2 and S3) is partly cut off by S4, showing sharp, planar, and
wavy bottom and top boundaries. The sequence shows a constant thickness, is associated with
Facies VIII, and is correlated with gravel-dominated sediments of lithostratigraphic Unit B
(L9).

S5: Sequence S5 overlies S4 with a slightly wavy but planar boundary. It consists of Facies I11
and is correlated with the diamictic sediments of lithostratigraphic Unit C. This sequence only

occurs in some areas of line BA-2P.

3.4.3 3D and 2D spatial visualization of overdeepened sequences

The reconstructed part of the Basadingen Trough and its stratified Quaternary filling,
represented by the basal surfaces of the five seismic sequences (S1-S5), is visualized in 3D
(Fig. 7). The reconstructed topography of the three major erosional surfaces associated with
the basin infill (S1-S3; Fig. 8) reveals i) a shift in the trough's central axis and ii) a change of
the trough shape from a narrow and deep incision (minimal elevation S1 =~135ma.s.l.) to a
more shallow and broader one (minimal elevation S2 = ~275 m a.s.l.; minimal elevation S3 =
~310 m a.s.l.). The model yields a preserved maximum sediment thickness of ~183, ~64, and
~90 m for S1, S2, and S3, respectively. The data show a reconstruction of the modern situation,

not a temporal succession, as eroded parts are not visualized.
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Figure 7: 3D section through the Basadingen Trough visualizing the BA-1P seismic profile, some projected wells (black pins),
and the main horizons from the seismic sequence stratigraphy (S1: cumulative bedrock surface: beige; S2: red; S3: purple; S4:
blue; S5: brown-beige; and the modern surface: light gray). The vertical exaggeration is 200%. (The model was created with
MOVE V. 2019).
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Surface elevation
435
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Sediment thickness

Figure 8: Basal erosional surface and preserved sedimentary infill of the overdeepened glacial seismic sequences S1-S3. The
upper row shows the sequences' recorded and preserved basal erosion surfaces (colored). The bottom row shows the thickness
of the preserved sedimentary infill of each sequence. The cumulative bedrock surface is displayed in grey in the background.
The elevation of the erosional surfaces is indicated by color code and 20 m elevation lines, while the sediment thickness is
only shown by color code. The proposed axis of each erosional surface is marked with a solid red line, which becomes dashed
if speculative. For orientation, the extents of the two seismic lines (BA-1P and 2P) are marked with solid green and blue lines,
respectively, and the drill points are marked with red dots (for a detailed overview of the input data, see Section Study site;
Fig. 1C; and Tables Al and A2).
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3.5 Discussion

3.5.1 Depositional environment of the seismic sequences
The interpreted depositional environment of each seismic sequence (S0—S5) and corresponding
subsequences (S0.1-2, S1.1-3, S2.1-2, and S3.1-2) is discussed from bottom to top in the

following section and summarized in Table 2.

SO (bedrock): Although not directly drilled, seismic sequence SO correlates with the local
Molasse bedrock (see Section Previous work). Subsequences S0.1 and S0.2 are associated with
the Lower Freshwater Molasse (USM) and the Upper Marine Molasse (OMM), respectively.
These lithologies are outcropping in the larger area surrounding the Basadingen Trough and
were also encountered in nearby drillings (Fig. 1C, Table Al) and regional 2D seismic
reflection data (e.g., Naef et al., 1995).

S1 (Overdeepened Basin Fill 1): Located at the base at the narrowest and deepest part of the
basin, S1 represents the deepest and oldest overdeepened sequence of the basin fill. Its
lowermost subsequence, S1.1, consists of various types of diamicts and is interpreted as
subglacial deposits, including subglacial tills (e.g., Buechi et al., 2017; Fig. 3 L1). Overlying
S1.2, with its prominent cut-and-fill structures and interbedded massive sand and gravel beds,
is interpreted as an early stage of the glaciolacustrine basin phase (Fig. 3 L2). The sequence
likely represents subaquatic-delta or basin-floor fan deposits in front of the glacier with a
dynamic subaquatic channel-levee system resulting in the observed cut-and-fill structures (e.g.,
Bennett et al., 2002; Lgnne, 1995). The uppermost subsequence S1.3, with its finer dominant
grain size and its horizontal and partly lateral onlapping reflections, likely represents the shift
from a glaciolacustrine depositional environment towards a more lacustrine setting. This shift
is further supported by the presence of laminated and partly cross-bedded sand-dominated
sediments, which indicates reduced depositional energy (Fig. 3 L4; i.e., Tp, Tc, or Ta elements
of the Bouma-sequences; Bouma, 1962). This change in the depositional energy is likely
related to the increasing distance to the retreating glacier front (e.g., Buechi et al. 2017,
Kirkham et al. 2024, and Schaller et al. 2023).

S2 (Overdeepened Basin Fill 2): S2.1 at the base of S2 consists also of subglacial deposits.
Its thickness is extrapolated from the cored and recovered sediment bed since it is below the
vertical resolution of the seismic data of ~2 m (Brandt, 2020; Schaller et al., 2023). Overlying
S2.2 represents possible delta deposits intercalated with hyperconcentrated density-flow
deposits (Fig. 3 L6; Mulder & Alexander, 2001) originating from the southwest, building a
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wedge that levels out the steep southwestern flank of the valley. Even though the top of S2.2
indicates traces of post-sedimentary deformation (Facies VII, lithostratigraphic Unit A3, and
Fig. 3 L7 and L8), the continuous and parallel dipping reflections of Facies VI in the lower and

southwestern part indicate original deposition.

S3 (Overdeepened Basin Fill 3): Representing the youngest recorded basin infill phase, S3 is
very similar to S1, as subsequence S3.1 is interpreted as subglacial till and other glaciogenic
diamicts, and S3.2 as glaciolacustrine to partly lacustrine deposits. The prominent cut-and-fill
structures likely indicate a varying concentration of the depositional energy, similar to S1.2.
The lack of gravel-dominated sediments indicates either i) lower depositional energy than in
S1.2, pointing to an increased distance to the glacier, or ii) that the gravels were absent due to
the shift of the trough axis and changing the depositional focus. The top of S3.2 indicates a
shift towards a more lacustrine setting, which coincides with the partly laminated/crossbedded
sections in the core, similar to the sediments of S1.3. Furthermore, a section rich in dropstones

indicates deposition in a distal ice-contact lake (Fig. 3 L5).

S4 (Non-overdeepened Cover 1): The gravels of S4 are overlying the overdeepened strata of
the valley fill with a laterally continuous but discordant basal contact. S4 is interpreted as a
fluvial-to-glaciofluvial gravel deposit that erodes the top of the basin fill (Fig. 3 L9).
Observations in many drillings and extensive gravel pit outcrops indicate that S4 can be
correlated with the local "Buechberg Gravel" with a postulated Middle Pleistocene age (Frangi
& Szepessy, 2003; Graf, 2009b, 2009a; Miller, 2013).

S5 (Non-overdeepened Cover 2): S5 correlates in the drill cores with the basal lodgment till
that can also be found in local outcrops. The sequence correlates, at least in the upper part, to
the last glaciation but likely comprises remains of previous Pleistocene glaciations at the base
(Beringen Glaciation MIS6; Graf, 2009a; Muller, 2013). However, neither the seismic data nor
the corresponding drill cores show signs of internal pedogenic or erosive unconformities.
Therefore, either the youngest glacial advance eroded everything down to the underlying
gravels of S4, or the unconformities are not visible due to i) the homogeneity of the sediments
and ii) the potential planar shape of the unconformities. Both would make it hard to detect it in
the cores as well as in the seismic data. Further, the chance to detect the unconformity in the
seismic is hampered due to the relatively thin thickness of the sequence (~10 m) and the

reduced data quality of the surface layer.
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3.5.2 Formation of the Basadingen Trough: Three overdeepened glacial sequences

Based on the integration of all available data, the overdeepened Basadingen Trough and its fills
formed during at least three major phases of glacial advance and retreat (Table 2), consisting
of a major initial phase (S1) and at least two reactivation phases (S2-S3). Each sequence is
characterized by a subglacial ice contact at the base that likely represents separate glacier
advances across the overdeepening accompanied by changes in magnitude and focus of
subglacial erosion (Buechi et al., 2018, 2024; Kirkham et al., 2024; Vegt et al., 2012). The
bedrock incision is the cumulative product of these successive erosional phases. The
morphology of the Basadingen Trough consists of at least two overlapping shapes, i.e., a
combination of an older, deep, narrow incision and a younger, shallower one with broader
erosional geometry. This pattern has been observed in other overdeepened valleys and is a clear
sign of a multiphase formation (e.g., Bandou et al., 2023; Buechi et al., 2018, 2024; Kirkham
etal., 2021).

Stratigraphically positioned in the deepest part of the valley, S1 thus represents the oldest
preserved remains of the three overdeepened glacial sequences. It likely represents the remains
of the initial trough-formation phase, during which the deep and narrow valley shape was
formed. The deepest point of this initial valley lies at ~135 m a.s.l., resulting in an erosion of
at least 263 m if the LPB of ~398 m a.s.l is assumed (Fig. 2). Total erosion can be even greater
since the fluvial base level during this phase was likely higher than the assumed LPB (Graf,
2009a, 2009b; Muller, 2013; Schaller et al., 2023). The base of S1.1 documents the maximal
vertical erosion level reached. This coincides with the end of the initial erosion phase and the
beginning of the initial infill of the basin under glacial to early deglacial conditions.
Subsequences S1.2 (glaciolacustrine) and S1.3 (glaciolacustrine-lacustrine) indicate that a
lacustrine depositional environment was already reached during the initial infill phase. This
upsection development corresponds to decreasing glacial proximity, depositional energy, and
sediment supply. Erosion during the following glacial advance-retreat cycle (S2) might have

eroded parts of S1; it cannot be excluded that the valley was entirely filled.

Sequence S2 is the most complex of the three overdeepened glacial sequences and represents
the following glacial advance-retreat cycle and the first preserved reactivation phase of the
Basadingen Trough. This reactivation caused the trough axis to shift, leading to the transition
from a deep and narrow incision to a shallow and wider one. The morphology of S2 (Figs. 5B,
6B, and 8) indicates that this renewed glaciation produced subglacial erosion again, but with a
shift of the erosional focus and trough axis towards the northeastern flank. This shift initiated
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a significant change in the valley morphology by widening the trough. Such shifts in the
overdeepened trough axis and, thus, in the spatial focus of subglacial erosion have been
observed in other overdeepened valley systems (Bandou et al., 2023; Buechi et al., 2018, 2024).
The glacial erosional potential was probably limited due to changing subglacial conditions or
due to limited time of active erosion. The morphology of the basal unconformity indicates that
bedrock, rather than the older valley fill, was eroded. Thus, the shape of the active
overdeepening is expanded mainly into the width rather than into depth. The older valley fill
was only significantly eroded in the area of the shifted valley axis. This relatively limited
erosion is supported by the partly horizontal basal erosional contact and the thin glacial deposits
near the maximal resolution of the seismic data. S1 and S2 are also interpreted as individual
overdeepened glacial sequences, with a seismic discontinuity and the diamictic bed at the base
indicating ice contact. The deposition of the overlying sediments of S2.2 occurred in a clastic-
dominated glaciolacustrine environment with, at least at the beginning, sediment influx from
the southwest forming delta-like deposits. These clastic sediments are partly strongly
overprinted and deformed by the following glacial advance of S3, especially in the center of
the shifted valley axis. It is unclear to which level the valley was refilled at the end of the first

reactivation phase.

Sequence S3 represents the third glacier advance-retreat cycle and the second reactivation
phase of the Basadingen Trough. The fact that the erosional surface of this final glacial advance
followed the underlying topography, especially that of the delta deposits (S2.2), and the
occurrence of glacial deformation may indicate a limited basal erosion (Figs. 5 and 6). The
morphology of S3 suggests an increase in lateral erosion, leading to a further widening of the
valley and a shifting of the trough's axis. This evolution of the trough's morphology, initiated
in S2, was possibly amplified by the wedge-like shape of the underlying sediments of
subsequence S2.2, further compensating for the limited basal erosion and providing relevant
accommodation space (Figs. 5B, 6B, and 8). Eventually, the valley became filled with
sediments deposited in a subglacial to glaciolacustrine to lacustrine environment, similar to

that observed in the remaining parts of the initial basin fill of S1.

After refilling during S2 and S3, the upper part of the infill in the Basadingen Trough was
partly eroded by one or possibly multiple phases of (glacio)fluvial erosion, documented by the
non-overdeepened gravel deposits of S4. This phase of fluvial erosion led to a locally strong
topography (varying between ~370 and ~450 m a.s.l.; Muller, 2013) in the basal erosional

surface with incisions into the former overdeepened valley fill (Figs. 5B, 6B, and 8), indicating
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a clear drop in the fluvial base level between the end of S3 and the onset of S4. At the current
stage, it is unclear if the deposition of the gravels of S4 occurred in one (e.g., Frangi &
Szepessy, 2003; Miller, 2013) or several phases (e.g., Graf, 2009a, 2009b), as the internal
stratigraphy of the corresponding gravel deposits is not well established. The deposits of S4
were then overridden by very likely more than one extensive foreland glaciation during the
Middle to Late Pleistocene (e.g., Ellwanger et al., 2011; Miller, 2013; Preusser et al., 2011). It
is remarkable that these latest glaciations with estimated ice thicknesses of 200-300 m at the
study area (Bini et al., 2009) did not reactivate the Basadingen Trough but accumulated a

basement lodgment till (S5) that lies conformably on the underlying strata.

3.5.3 The generic glacio-seismic sequence

Based on observations from the valley fill of the Basadingen Trough (i.e., seismic facies,
associated sediments, and systematic subsequences), a generalized glacio-seismic sequence
was defined (Fig. 9). This basic sequence includes the evolution from a subglacial (coarse-
grained diamictic sediments; Facies I1l) over a glaciolacustrine (interlayered sand and gravel
section with cut and fill structures; Facies 1V) to a fully developed lacustrine depositional
environment (interlayered to laminated sands and fines; Facies V) and represents a complete
glacial advance-and-retreat cycle (Fig. 9 Sii; Facies 111-V). A comparison between this defined
glacio-seismic sequence and other observed architectural and sedimentary characteristics of
overdeepened valley fills reveals consistent patterns in both geometry and facies distribution
for clastic-dominated infill types (Buechi et al., 2024). However, Facies F was included to
represent the more fine-grained dominated infill type (Fig. 9 S'). These deposits, not
encountered in the Basadingen Trough, are often rich in dropstones and interpreted as
proglacial lake sediments with typical ice-rafted debris (e.g., Dehnert et al., 2012; Schuster et
al., 2024) and appear directly above the subglacial deposits (Facies Ill). Additionally,
secondary features included are: i) lateral deltaic sediments (Facies VI), ii) deformation
structures at contact zones with overlying glacial sequences (Facies VII), and iii) potential
subaquatic mass-movement deposits are indicated as transparent lateral wedges (Facies M).
Since this model is based on limited data, it does not cover all possible elements or variations
that could occur in the infill of glacially overdeepened basins. This catalogue of glacio-seismic
patterns should be further expanded to include major elements not encountered in the studied
data by analyzing new data (e.g., combining Burschil et al., 2018 and Schuster et al., 2024) and
integrating existing data (e.g., Nitsche et al., 2001; Spitzer et al., 2003). This would enable a
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more comprehensive and systematic application of glacio-seismic sequence stratigraphy on
glacially overdeepened structures and their sedimentary infill.

== _ o

Seismic facies

-~ x
=08 » "
o
=S

I

I " I[11]'1] Overprinted/fractured bedrock
2 )

L | xl c %,‘,,e e Initial overdeepening (5)

o — e e

] S — - — W

S OORT X Reactivation ofove.rdeepefnng (.S)

B Vi |~80m - Non-overdeepened fluvial/glaciofluvial cover

Bz M ——— Non-overdeepened glacial cover

B ] |- Base of glacial deformation of overdeepend valley fill

Figure 9: Generic model of a glacio-seismic sequence as a line drawing of an overdeepened valley fill with two preserved
glacial sequences: S' with significant fine-grained deposits and S" without.

Moreover, our glacial sequence model can be ground-truthed in modern proglacial lake systems
in the pan-Alpine area, representing the underfilled remains of major overdeepenings from the
last glacial cycle. These lakes can provide high-resolution insights into the sedimentary infill
deposited since the last glacial cycle and partly even older ones (e.g., Fabbri et al., 2018;
Schaller et al., 2022). Furthermore, studying young proglacial lakes in immediate glacial
proximity (i.e., close to a calving glacier front) allows the direct observation of subglacial and
proglacial processes with their depositional environments in an actualistic approach (e.g.,
Hosmann et al., 2024).

3.6 Conclusion

Based on seismic reflection and drill-core data, a seismic sequence stratigraphic approach was
successfully applied to a Quaternary overdeepened glacial valley fill. The resulting glacial
stratigraphy discerns unconformity-bounded seismic sequences, where each one is correlated
through a robust core-to-seismic correlation with characteristic successions of glacial to
proglacial valley-fill sediments. In the Basadingen Trough, three overdeepened glacial
sequences (S1-S3) have been identified across both seismic profiles. They represent three
glacial advance and retreat phases characterized by erosional-to-aggradational processes,
which left characteristic geometric and lithologic imprints. Interestingly, the youngest glacier
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advances during the last glacial cycle covered the Basadingen Trough but did not produce an

overdeepening at this site, reflecting variations in subglacial processes over time.

Furthermore, based on the available seismic and drill-core data, a 3D model of the Basadingen
Trough was established, enabling spatial analyses of its geometry and sedimentary filling.
Specific patterns in the trough infill were observed, which may help to understand better the
depositional architecture of overdeepened valleys (often only explored by individual drillings)
that are increasingly relevant to applied geological challenges (e.g., geothermal, deep
subsurface infrastructure, etc.). Additionally, systematic patterns of subglacial erosion in
overdeepenings were identified, such as the initial deep erosion that is later widened during the
succeeding glacial advances. These patterns provide crucial data to ground-truth numerical
models. The study underlines the benefits of combining complementary geological and
geophysical data in complex depositional settings. The presented approach of defining a
detailed glacio-seismic sequence stratigraphy requires high-resolution seismic data, which in
this case could be ground-truthed with high-quality core and borehole data for the calibration
between sedimentary and seismic properties and facies. This systematic analysis of the
correlated seismic facies patterns with the corresponding sediments allowed the definition of a
generic ideal glacial sequence model, including lithologic content. This model lays the basis
for defining glacial sequences, their lithologies, and their glacial history based on seismic data

alone without relying on well/core control.
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3.7 Appendix
Table Al: Metadata of the used drillings for the 3D model
. Drilled Accessibility/
Nr. X Y Elevation length Drilling type
[mas.l] [m] Source
1 2698775 1278321 445 252 Scientific core-drilling ThurGIS
2 2698751 1278300 442 201 Exploratory flush-drilling Confidential
3 2699309 1278637 435 43 Exploratory core-drilling ThurGIS
4 2698064 1278147 439 37 Exploratory core-drilling ThurGIS
5 2698101 1279500 423 60 Exploratory flush-drilling Confidential
6 2696998 1279549 435 42 Exploratory core-drilling ThurGIS
7 2700390 1278810 416 65 Exploratory core-drilling ThurGIS
8 2700183 1279473 414 56 Exploratory core-drilling ThurGIS
9 2700438 1279664 415 8 Exploratory core-drilling ThurGIS
10 2699161 1280055 455 180 Flush dr""ﬁga{ionrggeomerma' ThurGIS
1 2698460 1280260 430 o1 Flush dr""rr]‘ga‘;?nrggemherma' ThurGIS
12 2698536 1280425 423 88 Flush dr""ﬁga‘;?;ggeomerma' ThurGIS
13 2698431 1280540 415 160 Flush d“'"ﬁga‘:?;gge"therma' ThurGIS
14 2698076 1280585 413 28 Flush dr""ﬁga{ionrggeomerma' ThurGIS

Notes: Nr. Represents the Label in Figure 1C, x- and y-coordinates are in CH1903+LV95 (EPSG:2056) reference system;
except for drilling 2 and 5, all drilling profiles are publicly available on the official site of the Canton of Thurgau
(https://map.geo.tg.ch/apps/mf-geoadmin3/?lang=de&topic=ech), and drilling Nr. 1 is also described in Schaller et al. (2023).

Table A2: Used spatial input data for 3D model

File name and Version Resolution [m] Reference system Source Accessibility

Bedrock elevation model - Digitales
Hohenmodell ~ Basis  Quartar  der 25x25 CH1903+ LV03 NAGRA upon request
Nordschweiz — Version 2014!

Bundesamt  fir
DHM25 - Basismodell (V.2014) 25x25 CH1903+ LV03 Landestopografie
swisstopo

publicly
available?

1: Pietsch & Jordan, 2014

2: https://www.swisstopo.admin.ch/de/hoehenmodell-dhm25

3.8 Further statements

3.8.1 Data availability

All data used and displayed in this study are publicly available according to the FAIR principle.
The DOVE operational dataset (DOVE-Phase 1 Scientific Team et al., 2023b), containing all
data concerning the drill core, is either available on the ICDP DOVE project website:
https://www.icdp-online.org/projects/by-continent/europe/dove-switzerland  or can be
accessed on the GFZ-library (https://doi.org/10.5880/ICDP.5068.001) together with the
operational report (DOVE-Phase 1 Scientific Team et al., 2023a) and the explanatory remarks
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(DOVE-Phase 1 Scientific Team et al., 2023c). All other data used in this study (e.g., seismic
data, 3D model horizons, in-hole check shot data; Schaller et al., 2024) are published on the
BORIS-Portal, the University of Bern data repository (https://doi.org/10.48620/398).
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4. Wireline logging data-driven lithoprediction of unconsolidated sediments

4.1 Abstract

Detailed knowledge about the lithostratigraphy of unconsolidated Quaternary sediments is
essential for many scientific and industrial applications. In most cases, only drill cores provide
sufficient detail to extract crucial lithological and petrophysical information (e.g., lithofacies,
permeability, consolidation). In contrast, flush-drilling methods provide only minimal
lithological data in unconsolidated sediments but are faster and less expensive. Therefore, an
approach that possesses the rapid, low-cost advantages of flush drillings but provides the data

quality of core drillings could significantly improve subsurface investigations.

This study explores how advanced data analysis techniques can be used to create data-driven
stratigraphic models with standard wireline logging data that may reduce the need for cored
drillings by identifying complex relationships between multiple logs, surpassing the limitations
of conventional cross plots and depth plots. In particular, hierarchical clustering of
petrophysical and geochemical wireline logging data in combination with UMAP (Uniform
Manifold Approximation and Projection) visualization for dimensionality reduction has
successfully predicted distinct types of lithofacies. The purely data-driven approach finds
clusters that can be directly correlated with geological data from drill cores. In this study, the
method was developed and tested on one core and two wireline datasets acquired in the context
of the International Continental Scientific Drilling Program (ICDP), which investigates
multiple drill sites around the Alps (Drilling Overdeepened Alpine Valleys - DOVE). The drill
site studied here is located in the former Rhine Glacier area in Germany and consists of a core-
controlled well and an additional flush-drilling well. The reconstructed stratigraphic succession
from the core-controlled well captured the major stratigraphic elements and even finer internal
details, directly linking it with the geology identified at the drilled site. This direct link serves
as a translation key, allowing a successful correlation between the reconstructed lithology of
the core controlled and the flush drilling well. The study shows that developing sensitive and
accurate wireline-log-based stratigraphy for unconsolidated Quaternary sediments has the
potential to significantly improve the quality, the vertical, and the lateral resolution of
stratigraphic models by integrating petrophysical and sedimentary properties of relatively fast

acquired flush drilling profiles with high precision core drillings.
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4.2 Introduction

4.2.1 Background and Motivation

Understanding the stratigraphy of the terrestrial subsurface is essential for a myriad of scientific
and industrial applications. These include climate-change mitigation and paleoclimate studies
(e.g., Drilling Overdeepened Alpine Valley Project; Anselmetti et al., 2022), subsurface
exploration and classification (e.g., potential and use of geothermal energy; Giardini et al.,
2021), natural hazard and risk assessments (e.g., earthquake vulnerability; Bergamo et al.,
2023), or infrastructure projects (e.g., railroad-tunnels; Guntli et al.,, 2016). However,
investigating subsurface formations is a major challenge in geoscience due to their natural
inaccessibility. This challenge can be addressed by either i) geophysical methods such as
seismic or gravimetric surveys or ii) direct methods. The two primary examples of the latter
are destructive flush drillings — where the sediments/rocks are cut in tiny pieces (“cuttings")
and flushed out by a drilling fluid (typically air or a mixture of water and additives termed
"mud") — or core drillings, in which the rock/sediment sequence is maintained. Only core
drillings provide direct, high-resolution access to in-situ geological information. In contrast,
geophysical surveys generally return only indirect low-resolution models, and flush drillings

give only incomplete "snapshots™ of the subsurface.

Despite its advantages, high-quality core drillings are resource-intensive, with substantial
financial and temporal commitments. This has a critical impact on project planning and makes
the acquisition of funding difficult, often leading to the downsizing or canceling of projects;
consequently, potentially critical scientific data is never acquired. Even if recent advances in
the automated classification of sediment cores (e.g., Di Martino et al., 2023; Lauper et al.,
2021) may reduce some of these costs in the future, core drilling will remain a significant

investment.

Given these constraints, an approach that uses fast and low-cost flush drillings but provides the
data quality of core drillings would significantly improve subsurface investigations. One
promising solution is coupling destructive flush drilling with wireline logging surveys, partly
compensating for expensive core drillings. This approach, relatively uncommon for
applications in Quaternary sediments, is standard in energy exploration (e.g., hydrocarbon,
geothermal), leading to advanced techniques such as "Logging While Drilling"” (Selley &
Sonnenberg, 2023). Wireline logs, traditionally used to evaluate carbonate host rocks and

reservoirs with well-known and studied petrophysical properties (i.e., electrofacies: Serra &
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Abbott, 1982; or acoustic properties: Anselmetti & Eberli, 1999), are a valuable source of

geologic data, making them crucial for/when establishing data-based subsurface stratigraphy.

Processing and interpreting wireline logs is a well-established subdiscipline of geoscience with
an extensive literature catalogue (e.g., Ghosh, 2022; Lai et al., 2024). Therefore, combining
high-resolution core-drilling data with petrophysical data from wireline logging would increase
subsurface stratigraphic models' reliability and level of detail. Though recent developments
have explored supervised machine-learning techniques to correlate sediment and rock types
with wireline data (e.g., Carrasquilla, 2023), such approaches are inherently limited in their
ability to work on data that differs from their original training data. Furthermore, they require
substantial amounts of training data, which is often unavailable. Hence, combining wireline
and drill-core data would allow for obtaining crucial or currently missing subsurface data in

cases and regions where this has not been possible due to logistical constraints.

Here, we present a new approach using unsupervised clustering methods that focus on the
internal structures of wireline logging data to link them with core lithology. Employing
dimensionality reduction and clustering allows for generalization in higher-dimensional
datasets with few computational resources and no need for training a model. This uncovers
complex relationships among multiple wireline logs beyond conventional cross or depth plots.
Additionally, the study aims to evaluate a catalogue of useful petrophysical and chemical logs
for meaningful wireline log-based classification and characterization of unconsolidated
terrestrial Quaternary sediments. The proposed methodology is applied and tested in a case
study that focuses on a glacially overdeepened trough in the former Rhine Glacier area. The
case study contains wireline datasets from two adjacent wells, ~30 m apart, one from a core
drilling and one from a destructive flush drilling. Integrating the wireline datasets with the
high-resolution drill core data allows for establishing a wireline log data-based stratigraphy in

a "cross-hole" approach.

4.2.2 Drill Site and Data Selection

The Tannwald area in southern Germany is located in the northern part of the former Rhine
Glacier lobe and was heavily affected by past glaciations during the Quaternary, which formed
several generations of overlain glacially overdeepened troughs (Fig. 1; e.g., Ellwanger et al.,
2011; Preusser et al., 2011). These structures were eventually refilled by unconsolidated
Quaternary sediments, i.e., sand, gravel, silt/clay, and diamicts, building up valuable

sedimentary archives. These archives are targets of the "Drilling Overdeepened Alpine
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Valleys" (DOVE) project (for a summary, see Anselmetti et al., 2022). All the data we present
here were acquired on DOVE site 5068_1, which consists of a flush drilling (A; 588 m a.s.l.;
WSG84: 47.9998°, 9.74864°) and a core drilling (C; 588 m a.s.l.; WSG84: 47.9995°,
9.74901°), with ~30 m between the two wells.

MM

LGM

O Biberach
a. d.Riss

) .5068_6(GAIS)‘
J Ravensburg

A

Tuttlingen /&N(U o =9 AT
® o6z 1 Tann) % CH Taa
G . w &
— 7 < T 5> W

T o

N

FRZ 3

D Major overdeepened basins

@ DOVE drilsites

S'chaffhausen i, L) y | Y 4 =% O Reference location
, ) - Konstanz ‘ ;
iy 3 -
s P — " {I\)\g ¢, = 5 7 " Major rivers & lakes
> . reuzlingen 4 i\ S
S . e o
= 5068_2 (BASA) Co \ / . Last Glacial Maximum
. S G (LGM)
O \ & c 7N
a 10 20 Frauenfeld \,_\ S e N Most Extensive Glaciation
‘ 2 e (MEG)
—  km ey 7 \7,'&\,-\1 Rhein

Figure 1: Overview of the glacially overdeepened systems within the former Rhine Glacier lobe (modified from Ellwanger et
al., 2011) with the location of three DOVE Phase | sites: 5068_1 (TANN), 5068_2 (BASA), and 5068_6 (GAIS).

The used data consist of a high-quality drill core with an accompanying wireline log survey
(5068 _1 C) and an additional wireline log survey from a flush drilling (5068_1_A) with low-
resolution cutting descriptions (1 m interval). The recovered drill core consists of ~156m
unconsolidated Quaternary sediments and ~ 10 m Neogene sand- and siltstones (for examples,
see Fig. 2 and Table Al). The high-resolution core-based lithological profile allows a direct
correlation and linkage between the wireline logging data, visually described sedimentary
properties, and proxy data (e.g., age-model). A brief overview of the systematic and
hierarchical order behind the used lithotypes is provided in Table A2. The drill core and all
related core data are described in detail by Schuster et al. (2024).

The measured wireline logs focus on petrophysical and chemical parameters that provide
information about the lithological composition (e.g., magnetic susceptibility, photoelectric
absorption, U-, Th-, and K-content), the depositional environment (e.g., clay/silt content:
natural gamma radiation) or sedimentary properties (e.g., water content and permeability:
electric resistivity, formation porosity and compaction: porosity and bulk density). Table A3
provides an overview of the wireline logs relevant to this study, including the abbreviations
used. The wireline data were acquired with a depth spacing of 10 cm but could not be taken in
the upper ~45 m (5068 1 A) and ~85 m (5068_1_C) due to the installation of a steel casing to
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stabilize the boreholes. All used wireline data were measured below the deepest local
groundwater table of ~ 43 m, documented during the drilling and measuring campaign in well
A (Beraus et al., 2024). All further relevant information about the wireline surveys, including
the data quality, coverage, and preprocessing, is provided in the DOVE Operational Report
(DOVE-Phase 1 Scientific Team et al., 2023a) and in the Data Report (DOVE-Phase 1

Scientific Team et al., 2023b).
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Figure 2: Representative core examples of 5068_1_C with assigned lithotypes. An overview of the used lithotypes is provided
in Table A2. The corresponding core section ID and composite depth of the used examples are given in Table Al. The vertical
scale is in cm.
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4.3 Methods

Figure 3 summarizes the workflow developed for our study, which directly links data clusters
defined by shared petrophysical and chemical properties of the measured sediments with the
corresponding drill core-based lithology. These data clusters are extracted from the measured
wireline logs through dimensionality reduction and hierarchical clustering. The direct link
between the extracted data clusters and the actual lithology can be used as a translation key for
cross-correlation with similar wireline datasets without a direct lithological link. All data
manipulation, processing, analysis, and visualization were done using Python (V. 3.9.18) and
Jupyter Notebooks (V.6.4.5). The code of the workflow is built around the following Python
libraries: i) Pandas (V 1.3.4; The pandas development team, 2024), ii) NumPy (V 1.24.3; Harris
et al., 2020), iii) SciPy (V 1.11.3; Virtanen et al., 2020) iv) Scikit-learn (V 1.3.0; Pedregosa et
al., 2011), v) UMAP (V 0.5.5; Mclnnes et al., 2018), vi) Seaborn (V 0.13.2; Waskom, 2021),
vii) Matplotlib (V 3.8.0; Hunter, 2007), and viii) Plotly (V 5.9.0; Plotly Technologies Inc.,
2015).

4.3.1 Data Acquisition, Processing, and Analysis
All details regarding the data acquisition are provided in DOVE-Phase 1 Scientific Team et al.
(2023a, 2023b) and Schuster et al. (2024).

In the first step, the averaged borehole geometry was derived from caliper logs and corrected
for shifts that led to unrealistic values, such as values too small or too large for cased sections
with known diameters. This corrected geometry was then used to apply a caving correction
(i.e., Krammer & Pohl, 1987; Schlumberger, 1972, and internal documents from the ICDP
OSG) on wireline logs measured without borehole-wall contact, including magnetic
susceptibility (Susz), the combined spectral gamma log (SGR), and its three components (U,
Th, and K). Sections measured in the cased hole and zones of intense outbreak/caving (>15%
of the nominal borehole diameter) indicating poor data quality were removed. Additional
optional filters were applied to individual logs to exclude implausible values (e.g., density <1.5
g/cm3). The original litholog, based on the initially defined "DOVE" lithotypes, was condensed
into 13 lithotypes (for the "Full Lithology" see Table A2). The condensed lithotypes, primarily
based on petrophysical and chemical properties rather than structural criteria, are further
grouped into the following five "Major Lithologies": B: Bedrock; D: Diamict; G: Gravel; S:
Sand; F: Fines. Based on this new litholog, a "major” and "full lithology" label was assigned
to each measurement point in the core-controlled wireline dataset, directly linking lithology

with wireline logging data.
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Before applying dimensionality reduction and cluster analysis on the wireline data, classic
qualitative and quantitative statistical methods (e.g., cross or depth plots, density distributions)
were used for an initial investigation of several data properties. Further, principal component
analysis (PCA) and covariance matrix analysis were applied to the wireline data to better
understand its structure (e.g., degree of data variance, lithological distribution, and the

relationship between individual logs) and identify valuable input logs for cluster analysis.

4.3.2 Clustering

In preparation for dimension reduction and clustering, each log was normalized into a
distribution with a mean of 0 and a standard deviation of 1. Then, the original ten dimensions
of the normalized input data (the selected wireline logs for clustering) were reduced to three
dimensions using the "Uniform Manifold Approximation and Projection” method (UMAP;
Mclnnes et al., 2018). The optimal UMAP hyperparameters (n_neighbors and min_dist) were
qualitatively determined to balance global and local structures and information loss. After the
dimension reduction, hierarchical (agglomerative) clustering (Nielsen, 2016) was applied. The
optimal number of clusters was determined empirically by calculating and comparing three
cluster-quality metrics that reflect how well the clusters are defined and separated: Silhouette-
Score (Rousseeuw, 1987), Calinski-Harabasz-Score (Calinski & Harabasz, 1974), and Davies-
Bouldin-Score (Davies & Bouldin, 1979) for cases with nciusters = 2-49. Ideally, the Silhouette
and Calinski-Harabasz scores should be at a local maximum, and the Davies-Bouldin score
should be at a local minimum for the same number of clusters. The quality of the clustering
was further evaluated by interpreting/comparing i) 3D-scatter plots of the clusters and the
assigned lithology, ii) hierarchical dendrograms, iii) depth plots of clusters and the litholog,
and iv) by cross-checking with geological background knowledge such as the depth of bedrock

contact.

4.3.3 Classification, Evaluation, and Depth Correlation

Each cluster was characterized using PCA, covariance matrices, wireline-log-data
distributions, and interpretation of dendrogram similarities between individual clusters.
Further, a dominant lithology was assigned to each cluster based on comparison with visually
classified lithologies, establishing a direct link between the data-based clusters and the core-
based litholog. This dominant lithology and the clusters were plotted against depth, compared,

and correlated.
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The simplest way to extend the workflow to additional wireline logging datasets without
lithological ground truth (i.e., flush drilling) is to add placeholder data for lithology using the
same preprocessing routine as for core drilling and then concatenate the selected datasets to be
clustered (this technique was applied on 5068 1 A). The combined clustering allows for
extrapolation of the dominant lithology from the core-controlled parts onto the uncontrolled
parts of the combined wireline dataset and for cross-correlation between the individual cluster-
based depth profiles. It is also advisable to compare and examine the wireline datasets
individually before combining them, as there may be shifts in the calibration of the logging
tools between different surveys. In such a case, where the data are from the same geological
system and likely to represent identical lithological spectra, it is advisable to normalize the
individual datasets before concatenation. This was done at the 5068 _1 drill site (Figs. Al and
A2). UMAP was then run with a fixed random state (0 for the individual and 42 for the
combined case) to maintain the exact reproducibility of the results.

4.4 Results

4.4.1 Data trends and impact of dimensionality reduction

The covariance data (Figs. 4A and B) and the PCA results (Figs. 4C and D; Tables 1 and 2;
Tables A4 and A5) show strong similarities between the two wireline datasets (5068 _1 A and
C). First, both show a strong positive correlation between the deep and shallow resistivity
(covariance ~1, very narrow-angle between the corresponding loading vectors) and between
the SGR, Th-, U-, and K-logs (covariance >0. 5, loading vectors angles: ~20-30°) and a
negative correlation between the resistivity logs and the porosity-, SGR-, Th-, U-, and K-logs
(covariance: <-0.25, loading vector angles: 90-180°). Further, neither the loading plots nor the
absolute values of the loading vectors show a strongly dominant log (Table 1). The two datasets
differ mainly in the absolute value of the correlation, length, and direction of the loading
vectors by preserving the primary trend. The range of variance ratio per principal component
IS narrow between the two datasets (e.g., var PC1: ~45-47.5%; var PC2: ~18-19.5%; Table 2).
The projection of the first two principal components (PC1 and PC2, Figs. 4C and D) contains
~63.5-67.5 % of the data variance, and the 3-dimensional projection contains ~75-77% (Table
2).
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Figure 4: Compilation and comparison of the two cleaned wireline datasets (from 5068_1_A and 5068_1 C) used for
clustering. A. and B.): Heatmaps showing the variance between each log combination (a-j);1.0-0.5: Strong positive correlation;
0.50-0.25 medium to weak positive correlation; 0.25- -0.25: weak to no correlation; -0.25 - -0.5: medium to weak negative
correlation; -0.5 - -1: medium to strong negative correlation. C. and D.): Biplot of the first two principal components (primary
x and y axis). D shows the visually-assigned major lithology from 5068_1_C. The integrated loading plots (secondary x and
y axes scaled between ~ 0.7 and -0.7) indicate the relationship between individual logs (angle) and their contribution to the

principal components (length).
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Table 1: Loading of the individual logs in the space spanned by PC1 and PC2 for each dataset.

Dataset  RShallow  Rdeep  SSPE DEN  POR  SGR Th U K Susz
[Ohmm]  [Ohmm]  [ble] [gfccm] [%] [9AP]  [ppm]  [opM]  [oewt]  [1E-4SI]

5068_1_A 0.42 0.41 0.39 060 052 043 038 028 038 0.57

5068 1 C 0.44 0.43 0.46 064 038 047 039 035 038 0.47

Table 2: Explained variance in % of the principal component of each wireline dataset.

Dataset PCO1 PC02 PCO03 PC04 PC05 PCO06 PCO7 PC08 PC09 PC10

5068_1_A 47.64 19.48 10.04 5.65 5.39 4.95 3.86 2.94 0.05 0.02

5068 1_C 45.33 18.06 12.21 7.67 6.97 4.98 2.87 1.85 0.06 0.00

The PCA biplots of PC1 and PC2 (Figs. 4C and D) and the two-dimensional UMAP projection
(Figs. 5A-C) show a structured data distribution, both in general and within the assigned
lithological data of 5068 _1_C (Figs. 4D and 5B). The distribution of the cleaned lithological
ground truth data of 5068 1 C shows a distribution dominated by fines (~50%) with a
recognizable component of diamictic sediments (~19%) and bedrock (~11%; Table 3). A more
detailed visualization of the three-dimensional UMAP and PCA projection of the two

individual wireline datasets of 5068 1 A and C is shown in Supplementary Figures S1 and S2
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Figure 5: UMAP results of the two individual and the combined wireline datasets. A-C): UMAP-projection from 10 to 2
dimensions. (B-C) points are color-coded with the visually assigned major lithology. (D-F): The minimal number (color code
is provided in the corresponding legend) of required dimensions (logs) to project each data point into a lower dimensional
space while preserving as much individual variance between neighboring data points as possible. From left to right: 5068_1 A
(A and D), 5068_1_C (B and E), and combined dataset of 5068 _1_A and C (C and F).
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Table 3: Distribution of geological ground-truth data (major and full lithologies) of the cleaned dataset of 5068 1 C

Major Lithologies Full Lithologies
Lithotypes % Data Points (n) Lithotypes % Data Points (n)
Dmm 7.4 51
Dms 24 17
Mcc 11 8
Gravel (G) 0 0
Sm 14.6 101
Sand (S) 20.3 141 Sl 5.8 40
Sli 0 0
Fines (F) 50.2 348

Note: Data in %, with numbers of corresponding data points (n; total = 693), color coding represents the used colors in
the figures, for more information about the lithotypes see Table A2.

4.4.2 Clustering Results

The optimal number of clusters for the three-dimensional UMAP projection of the combined
wireline datasets of 5068 1 A and 5068 1 C was determined to be 6 (CCO-CC5; Fig. A3).
The connection between individual clusters is illustrated in the dendrogram of the clustered
combined dataset (5068_1_A and C), indicated by the vertical observation distance between
connected clusters (Fig. 6). After re-separating, the distribution between the individual clusters
of the two datasets (5068 1 A and 5068 1 C) shows some variance in relative size but
preserves the general trend in cluster size of the combined one (Table 4). Further, the wireline-
log-data distribution of the two re-separated datasets matches (Figs. A4 and A5), with slight
variations in detailed distribution patterns visualized in the covariance and the PCA results (see
Tables S1 and S2; Figs. S3 and S4). A lithological characterization and classification of the
clusters can be made by comparing the composition and distribution of the assigned core-based
lithological data, if available (Table 3), with the individual data-based clusters (Table 4). A
detailed lithological composition of each cluster is shown in Figure 7 for the core-controlled
case of 5068 _1 C. Integrating the litho-classification of the clusters with the dendrogram
structure and the individual wireline log data distributions, provides a more detailed
characterization and understanding of the individual clustering and a direct link of log values
with the sedimentological properties of stratigraphic units. The classification of value levels,
such as high or low, is relative for each log and dataset due to the lack of cross-calibration

between the datasets and lithological reference values.
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Figure 6: Hierarchical cluster dendrograms of the combined clustering of 5068_1_A and C with 6 clusters (CC0-CC5). The
y-axis displays the cluster/observation distance, a measure of the similarity between two neighboring clusters; the red dashed
line indicates the approximate minimal cluster distance for the suggested number of clusters; the path of the merged clusters
below the threshold is indicated by semitransparent lines. The x-axis displays the individual clusters and includes the total
counts of data points belonging to each cluster. The colors of the cluster branches indicate the hereafter used cluster colors.

Table 4: Data distribution of the individual clusters combined and after re-separation

5068_1_A +C (n=1801) 5068_1_A (n=1108) 5068_1_C (n = 693)

Clusters
% Data points [n] % Data points [n] % Data points [n]

Note: Data distribution of the individual clusters of the combined data set (5068_1_A + C) and the two individual datasets
(5068_1_A and 5068_1_C) after re-separation in % with the corresponding numbers of data points.

The dendrogram reveals two principal branches converging at an observation distance of over
160. The first main branch consists of clusters CC0 and CC1, which converge at an observation
distance of ~60. Both clusters display low resistivity (Rdeep and Rshallow), decreased density
(DEN), and reduced Susz, elevated SGR, Th, and K-values. The two clusters display slight
differences in porosity, Th, and K values. CCO shows a binomial distribution pattern in the
resistivity logs. These clusters (CCO and CC1), representing nearly 45-50% of the data,
coincide with fine-dominated lithologies in the litholog of 5068 1 C.
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Figure 7: Lithological cluster composition of the re-separated data of 5068_1_C after combined clustering with 5068_1_A.
The relative size of the clusters (CCO-CC5) of 5068_1_C and the internal contribution of the individual full lithologies to each
cluster is given in %.

The second principal branch is formed in two steps: i) the merging of four individual clusters,
CC2-CC5, into pairs, CC5/CC3 and CC4/CC2, at observation distances of 45 and 50,
respectively, and ii) the further merging these two pairs into one at an observation distance of
~90. There are notable divergences between CC2/CC4 and CC3/CC5, particularly in the
distributions of density and (partially) in the resistivity logs. The other logs show overlapping

distributions or varying patterns between these four clusters. Cluster CC3 shows a more widely
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distributed pattern than CCS5, resulting in overlapping distributions with regard to density,
porosity (POR), U-, and K-values. Further, CC3 shows elevated values for SGR, Th, Susz, and
the short spectra photoelectric absorption (SSPE), as well as a reduction in resistivity compared
to CC5. Cluster CC3 correlates with fine-rich sands, whereas CC5 consists entirely of lithotype
Mgt (mostly sand; Fig. 2s and Table A2). Cluster CC2, dominantly consisting of Molasse
bedrock, displays a broader distribution, particularly in the resistivity, density, SGR, Th-, U-,
and K-logs, with some indications of several binomial distributions. This results in partial
overlap with the distributions observed in CC4. Cluster CC4, linked to diamictic lithologies,
also displays a broader distribution pattern, as evidenced by Susz, density, and resistivity logs,
and exhibits elevated Susz and slightly diminished porosity, SGR, and Th-values relative to
cc2.

4.4.3 Lithological ground truth versus cluster-based prediction

Applying the workflow to the drilled stratigraphic section of 5068 1 C results in an excellent
match between the real core-based drilled stratigraphy and its wireline-log data-driven
automated “cluster stratigraphy” (Fig. 8). The predicted cluster-based stratigraphy reveals
major stratigraphic elements, including bedrock (CC2), (basal) diamict (CC4), sand-dominated
(CC3), and the major fine-dominated sections (CCO and CCL1). In addition, more detailed
structures in the m to sub-m scales are also visible inside the major stratigraphic elements, such
as the intercalated sand and fine-dominated beds. In addition, some details are not present in
the lithological profiles, i.e., suggesting a further split at the bedrock/basal dimictic contact
(CC5) and some internal structures of the fine-dominated sections. The quality and reliability
of the lithological profile are provided by comparing the core-quality profile, highlighting

sections with disturbed or missing data, and interpolated sections of the profile.

4.4.4 Cross-hole correlation

The combined clustering allows a correlation between the core-based lithological profile of
5068_1_C and the cluster-based stratigraphy of 5068_1_A by using the predicted cluster-based
profile of 5068 1 C as a translation key between geological ground truth and data-based
prediction (Fig. 8). The correlation between the predicted profiles of 1C and 1A shows: i)
decreasing thickness of the central sand-dominated section in 5068 _1 A, located at ~73-116
m depth in 5068 1 C, ii) more or less horizontal correlation of the upper diamictic bed, situated
at ~55-62 m depth in 5068_1 C, iii) increasing thickness of the basal diamictic bed in
5068 1 A, and iv) a more than three times increased thickness of the upper fine-rich section
in5068_1_A (~10 mvs. ~30 m).
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Figure 8: Wireline-logging-data-based prediction vs. lithological ground truth. Displays from left to right: i) full lithology-
based ground truth and core quality of 5068 _1_C, together with the data-based predicted profiles of ii) 5068_1 C and iii)
5068_1_A. The black dashed lines mark the proposed correlation between lithology and cluster profile; the required color
codes for the different lithologies and clusters are provided by the accompanying legend.
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4.5 Discussion

4.5.1 Importance of investigating the dataset structure

The importance of investigating and understanding the intrinsic data structures of the used
datasets before confidentially combining them for dimensionality reduction and clustering is
visualized by the rather surprising differences between the absolute values of the two individual
wireline datasets (5068 1 A and 5068 1 C; Fig. Al). These absolute differences are
surprising since the two drill holes are only ~30 m apart, and a similar sedimentological
composition can be assumed for both. Which can be considered as a typical heterogenic
sedimentary composition for a glacially overdeepened setting (Fig. 2 and Table 3; e.g., Buechi
etal., 2018; 2024; Dehnert et al., 2012; Pomper et al., 2017). Both points, the individual internal
heterogeneity and the common sedimentary composition of both boreholes, are supported by
the matching patterns of the individual PCA and covariance analysis of the two separate
datasets (Fig. 4). Therefore, it is very likely that the reasons for the absolute wireline log values
are due to shifts in the calibration of the logging tool before each measurement campaign.
Further, based on the points mentioned above, the two datasets were individually normalized
before being combined for clustering. This solution is further justified by the high similarity

between the normalized wireline log values (Fig. A2).

4.5.2 The case for dimensionality reduction

The combination of UMAP and hierarchical clustering provides a straightforward workflow
for cluster analysis of time series data, relying on well-established and accepted methods in the
data science community with a wide range of applications (UMAP: e.g., Becht et al., 2019;
Caoetal., 2019; Hierarchical clustering: e.g., Belyadi & Haghighat, 2021). In the three wireline
logging datasets examined, the two individual ones (A, C) and the combined one (A+C),
UMAP introduces only a limited loss of information by reducing the 10-dimensional datasets
to a 3-dimensional space (Figs. 5 D-F). This projection into a human-interpretable space allows
an initial visual inspection and qualitative evaluation of the data distribution when combined
with the corresponding lithological ground truth, visualized in two dimensions in Figures 5A-
C. However, UMAP plots should be interpreted with caution. The distance between groups of
data points and their shape and size may have no real meaning and highly depends on the
selected hyperparameters, which should be chosen carefully (e.g., n_neighbors and min_dist;
Mclinnes et al., 2018). Furthermore, these selected hyperparameters directly impact the
suggested numbers of optimal clusters since the metrics use the UMAP projection as direct

input. When comparing the explained/preserved variance of the UMAP reduction to that of
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PCA, UMAP outperforms PCA. For the three datasets, PCA explains between 75% and 77%

of the variance (Table 2).

In contrast, UMAP preserves 100% of the variance for 5068 1 C and leads to some
information loss in ~15% of the data points in the case of 5068_1_A and 13% of the data points
in the combined dataset (5068_1_ A and C). In all three cases, UMAP would maintain the
complete variance if a reduction to four dimensions were applied (Figs. 5D-F). However,
reducing the data to four dimensions would hamper direct inspection of the visual data
distribution. The superior performance of UMAP is likely due to its ability to detect nonlinear
relationships in the datasets, unlike PCA, which is limited to linear combinations. Nevertheless,
PCA and covariance analysis remain valuable tools for inspecting and understanding the data's
internal structure since UMAP has no equivalent function to the PCA loading plots that would

allow direct interpretations of the data.

4.5.3 Cluster characterization and classification

Since there is no straightforward way to tell which of the input features were used for the
UMAP dimension reduction, the proposed way is to compare the dendrogram (Fig. 6) with the
log-wise violin/probability-density distributions-plots of the individual clusters to assume
which logs were likely used for the projection (Figs. A4 and A5). Some of these distributions
indicate a more apparent separation of the data than others (Fig. 9). For example, the SGR
separates three groups of clusters (Fig. 9A). In contrast, the U-log shows overlapping between
all six clusters (Fig. 9B). However, as UMAP indicates (Figs. 5F), no individual log leads to a

clear separation of all clusters.

Furthermore, combining the information of the dendrogram (Fig. 6) and the corresponding
lithological composition (Fig. 7) helps to narrow down the dominant logs for cluster
characterizing. This combination enables a direct link between the petrophysical and chemical
measurements and actual geology. Even without having a reference catalogue for typical
wireline log values and uncertainties in the calibration, the plausibility of the individual cluster
values can be evaluated for the assigned lithology. Additionally, individual PCA and
covariance data analyses for each cluster may help define dominant features and similarities
between clusters. They may help to visualize differences in the internal data distribution
between separated clusters originating from combined datasets (see Digital supplement). In
cases of small cluster sizes (n < 30; e.g., Fischer, 2011), the results should be treated with

caution since they are most likely not statistically relevant anymore.
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Figure 9: Violin plot example of cluster data distribution of 5068_1_C. A) Visualizing a relatively clear separation in the SGR
and B) a rather unclear separation in the U-log. Clusters are labeled on the y-axis and color-coded according to Table 4. Each
violin plot includes the position of the mean (grey dot), the median (centered vertical black line), and the 1-, 2-, and 3-c-ranges
are displayed on the horizontal (1o black, 26: black +red; 3o: black + red + blue).

The re-divided clusters of both datasets show substantial similarity, as indicated by the cluster
data distribution, PCA, and covariance data. This similarity justifies the correlation of cluster-
based profiles between the two boreholes. Consequently, the characterization and classification
are primarily based on the 5068_1 C dataset to directly link the data-based clusters with the
core-based geological ground truth. The assigned lithologies and the distributed logging data
patterns support the proposed data-based linkage between the clusters. The two closely related
clusters, CCO and CC1, show reasonable log values for the assigned fine-dominated lithology,
especially the high SGR log values. Their low resistivity and density suggest connected
porosity, which aligns with the expected properties of these lithologies. Minor variations in
sand or gravel content likely cause the small-scale log differences between the two clusters.
While no clear multi-log trend explains the lower-level linkage between the remaining clusters,
the assigned lithologies share some features supporting the clustering. CC3 and CC5, which
are sand-dominated, have lower density and higher resistivity than CC2/CC4, indicating

compaction and lower water content or permeability.

Further, the significant difference in the (SS)PE log of CC5 indicates a different lithological
composition and likely a different origin. Although the lithological connection between the silt
and sandstones of CC2 and the diamictic sediments of CC4 is surprising, it can be explained
since both lithologies are mixtures of compacted or cemented sand and silt with some denser
clasts or sections with lower porosity, yielding similar density logs. Additionally, the similar
(SS)PE logs indicate a common sediment source, i.e., mostly reworked local bedrock, and the
increased Susz-log of CC4 likely reflects the presence of crystalline clasts. Further, the
moderate porosity with the wide range of the Gamma (SGR, U, Th, and K) logs matches the
expected properties of a sand-siltstone mix with variable permeability, representing the local

Molasses bedrock. UMAP likely projected CCO and CC1 using a combination of resistivity,
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SGR, and density logs. However, due to the lack of a consistent trend among CC2-CC5 and
some induced data blur by the projection into the three-dimensional space, identifying the key

logs for UMAP projection is more challenging.

4.5.4 Quality of cluster-based stratigraphy

Applying the clustering to the drilled stratigraphic section of 5068_1_C results in an excellent
match with its wireline-log data-driven automated “cluster stratigraphy” (Fig. 8). The cluster-
based stratigraphy reveals major stratigraphic packages: i) bedrock, ii) basal diamict, iii) a
major fines-dominated section, iv) interlayered sand and fines-dominated layers, and v) a sand-
dominated section. Furthermore, additional internal structures within these major packages are
detected, such as: i) a fines-rich bed within the bedrock (e.g., claystone), ii) internal variations
within the basal diamict bed, indicating a different lithology between the bedrock and the lower
part of the basal diamictic bed description (not reworked bedrock, represented by cluster CC5),
a feature undocumented in the visual core description, iii) internal variations within the major
fines-dominated section, and iv) the detection of interlayered sand and fines at a dm-scale.
Detecting the major stratigraphic packages and their internal structure underlines the high
potential and quality of the developed workflow for establishing a wireline-logging data-based
stratigraphy. Generally, the accuracy and quality of the predicted cluster-based stratigraphy
strongly depend on i) the data quality of the wireline logs, ii) the quality of the lithological
ground truth, and iii) the depth correlation between the core and the wireline logging. The core
quality is essential for detecting small-scale features, determining the resolution of the

prediction, and the accuracy of the lithological composition of the individual clusters.

4.5.5 Cross-hole correlation of cluster-based and core-based stratigraphies

The observed high-quality match between the core-based and complementary cluster-based
stratigraphy of 5068 1 C justifies a cross-hole correlation between the two cluster-based
stratigraphies of 5068 1 A and 5068 1 C. This successful correlation between the two
cluster-based stratigraphies enables, by using the core-controlled case as a translation key
between clusters and lithology (Fig. 7), the expansion of the detailed core-based lithologic
interpretation of 5068 _1_C to a borehole for which only wireline logs were available, resulting
in a prediction of the detailed lithology in 5068 1 A. In addition, it is possible to directly
correlate layers in the "cluster stratigraphy™ of 5068 _1_A with the core-based stratigraphy of
5068_1 C, even in areas with gaps in the "cluster stratigraphy” of 5068 1 C. For example, the
upper diamictic bed or a significant sand bed below are both in the lithological profile of

5068_1 C. However, due to the installed steel casing, the corresponding wireline logging data
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does not cover them. However, the diamictic bed appears clearly in the prediction of
5068_1 A, whereas the sand bed does not. The absence of this sand bed in the prediction of
5068 _1 A is very likely real, as the lower sand bed is reproduced in both profiles. Detecting
the relatively small-scale stratigraphic changes highlights the local system's highly complex
"patchwork™ stratigraphy and the potential of the presented workflow for detecting such small-

scale changes in lithological features.

4.5.6 Log catalogue

The presented case study highlights the usefulness of the selected wireline logs, especially the
SGR and partly its individual components, which proved to be of great value for detecting
major trends in the encountered setting. However, redundancy exists between the deep and
shallow resistivity logs. Therefore, the deep resistivity log appears to be the better of the two
as it is less affected by borehole-wall conditions and infiltration of drill mud. If integration with
seismic survey data is planned, such as in core-to-seismic correlations, including the sonic log
would be recommended. The sonic log allows a robust connection between geological
predictions, seismic data, synthetic seismograms, and vertical seismic profiles. Overall, log
selection should be adjusted to the specific geological system and the primary focus of the

study.

4.6 Conclusion

This study presents a linear and data-driven workflow for lithoprediction based on clustering
and dimensionality reduction applied to a heterogeneous geological dataset. Its current format
is specifically designed to analyse core and borehole data and aims at minimizing the
subjectivity and operator bias of classical core descriptions. However, the proposed core
workflow is flexible and can be adjusted to any time-series data as input. It can, for instance,
easily be adapted to other types of core data, such as XRF or Multi-Sensor Core Logger
(MSCL) data. Due to the data-driven nature of the workflow, the quality of the output is highly
dependent on the quality of the input. The issue of missing absolute calibration in the used
measured data values was addressed by specific assumptions, which justified using the data as

a proof of concept for the developed workflow.

The presented case study demonstrates the potential of the workflow for a data-driven litho-
reconstruction, which may help to quality check and improve classical lithological core
descriptions. Further, the workflow enables correlation between different cores as well as cored

and uncored wells by linking characteristic patterns in cluster-based predictions to geological
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ground truth. This approach allows the construction of detailed generic lithologies even in areas
where direct correlations between wireline logs and lithology are unavailable. The catalogue
of selected wireline logs proved to be useful for the sediments encountered but should be

individually adapted to the drilled geologic system.

Successful workflow applications require careful planning and coordination of drilling, coring,
and logging campaigns and cross-hole calibration of wireline logs to absolute values based on
common standards. This calibration enables the establishment of stratigraphic units' reliable
petrophysical and chemical properties and improves lithological correlation across multiple
wells. When integrated with seismic data, this correlated stratigraphy and associated properties
could substantially enhance the development of sophisticated numerical and three-dimensional
geological models. Future workflow development could include more advanced feature
engineering and data processing tools to improve input data quality. The presented workflow
could be significantly enhanced by i) combining with automated core description for the
lithological classification and the establishment of the geological ground truth, ii) using
advanced logging techniques such as "Logging While Drilling"”, and iii) establishing a
catalogue of typical log values for the expected lithologies, enabling automated lithology-

cluster correlation and characterization.
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4.7  Appendix
4.7.1 Appendix Tables

Table Al: ID and composite depth of the core sections from Figure 2

Label Core section id Composite depth [m] Label Core section id Composite depth [m]
a 5068_1_C_009_1 10-11 k 5068 1 _C 125 1 101-102
b 5068_1 C 029 1 23-24 I 5068_1 C_130_1 106-107
c 5068_1 C 0721 53-54 m 5068_1 C 1321 108-109
d 5068_1_C_076_1 57-58 n 5068_1_C_142_1 118-119
e 5068_1 C 083 1 64-65 0 5068_1 C_150_1 126-127
f 5068_1 C_085 1 66-67 p 5068_1 C_168 1 144-145
g 5068_1_C_099 1 78-79 q 5068 1 _C_170 1 146-146.8
h 5068_1 C 109 1 84.5-85 r 5068_1 C_176_1 152-153
i 5068_1_C_113_1 88-88.9 s 5068_1_C_177_1 153-154
i 5068 1 C 117 2 93-935 t 5068 1 C 187 1 163-164

Table A2: Brief overview of the systematic and hierarchical order of the used lithotypes.

description

Bedrock (Upper freshwater Molasse)

Maior litholoiies Full litholoiies DOVE-litholoiies

Diamict, matrix-supported, stratified
Diamict, clast-supported, massive

Melange, shear zone with mixed Q/T units, dominantly
sand

Mud-clast conglomerate

G (Gravel) Gravel, clast-supported, massive

Gravel, clast-supported, massive, sandy

Gravel, clast-supported, massive, sandy with silt/clay

D (Diamict) Dmm Dmm Diamict, matrix-supported, massive
Gms
Sm

S (Sand) Sand, massive

Sm
_ Sand/Gravel-mix, massive
Sh Sand, horizontally bedded
N _ Sand, cross-bedded
Sl Sand, laminated
Sand, laminated, with fines, irregular bedding

Sand, synsedimentary deformed

Silt/clay, massive

Silt/clay, massive, with dropstones
Silt/clay, laminated

Silt/clay, laminated, with dropstones

Silt/clay, laminated, rhythmites

Flr(d) Silt/clay, laminated, rhythmites, with dropstones

Note: Further information is provided by Schaller et al. (2023) and Schuster et al. (2024).
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Table A3: Brief overview of the used wireline logs

Used
Full name abbreviation in Unit Measured parameter Application
data
Dual _Iat_er_olog electric resistivity of the Water saturation; formation
resistivity Rshallow Ohmm . -
shallow formation correlation
(Shallow)
Dual laterolog electric resistivity of Water saturation; formation
- Rdeep Ohmm - .
resistivity (Deep) deep formation correlation
(Shortspectra)
Photoelectric factor SSPE ble photoelectric absorbtion Lithological discrimination
log
. . Bulk density, lithological
Density log DEN g/ccm gamma ray absorption discrimination
. . Formation water content (if water-
NeutrolnoPorosny POR % neur: r(;r;oabesr?grt)g;r; by saturated, porosity can be
9 ydrog determined)
(Combined S
spectral) gamma SGR gAPI total natu_ra_l gamma Internal Iog ca_llb_ratn_)n, lithology
radiation discrimination
ray log
Thorium- amount of gamma Lithology discrimination; analysis of
component of the Th ppm radiation emitted from 10logy - > analy
facies and depositional environment
SGR log Th
comUcr)?lr:elrl\Jtn;_f the U m amount of gamma Lithology discrimination; analysis of
gGR log PP radiation emitted from U  facies and depositional environment
Potassium- . S .
component of the K owt amount o_f gamma thhology dlscrlml_natlon, ar_1a|y5|s of
radiation emitted from K facies and depositional environment
SGR log
Magnetic 4 Natural magnetic Lithological discrimination; internal
Susz 1E“SI - . - .
susceptibility log susceptibility log integration; formation correlation
Caliper log Cal (13/24; 1/2) mm multi-axis borehole

diameter (2 or more)

Borehole geometry/caving

Note: Brief overview of the used wireline logs, measured parameters, and typical applications after Mondol (2015).
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Table A4: PCA overview table of whole datasets

Rs Rd

SSPE  DEN POR  SGR Th U K Susz
oo IO bkl [eom] 6] [oAPD [pem]  [ppm]  [ewg  [Essy © EVR
01 -0.420 0413 0.328 0.047 0155 0423 0379 0223 0375 0.082 4768 0476
02 0.054 0.023 0.211 0594 0501 0057 0023 0164  -0.029 0.563 1.950 0.195
03 0.247 0288  -0287  0.055 0064 0324  -0061 0789  -0.003 0188 1.005  0.100
< 04 002 0.006 -0332 0297 -0758 0120 0115 -0.115  0.383 0199 0565 0.056
I
05 -0.276 0305 0084  -0550  -0.144  -0.074  -0.429 0362  -0.208 0.369 0539  0.054
[0}
§ 06 -0.049 0.026 0523 0194 0271  -0170  -0402 0110  -0.061 -0.637 049  0.050
07 0.100 0.075 0254  -0258  -0.221 0131 0570 0031  -0.670 0112 038  0.039
08 0.392 0.407 0557  -0.382 0057 0105 -0026 -0.040  0.404 0.213 0.294  0.029
09 -0.631 0.599 0015  -0.019  -0.006 -0.400 0208  0.174  0.089 0.030 0.005  0.000
10 0.345 0349 0013 0032 0005 0690 0354 0333 0212 -0.015  0.002  0.000
01 -0.426 0422 0.154 0.067 0211 0430 0387 0178  0.380 -0.240 4539 0453
02 0.092 0.097 0.434 0637 0317 0183 0041 0302 -0.038 0.399 1.809  0.181
03 0.026 0025 0220  0.100 0292 0124  -0317 0714 -0.373 0299 1223 0122
o 04 0.205 0212 0720 0235  -0344 0253 0222 0042 0308 0107 0768 0.077
I
= 05 0.352 0.330 0.060 0.315 0725 0029 0208 -0.218  0.028 0.030 0698 0.070
[0}
§ 06 0.184 0.204 0.394 0076  -0318 -0.043 0028 -0095 -0.008 -0.807 0499  0.050
07 0.269 0.354 0216  -0.646  -0.061 0337 0293 0322 0035 0.173 0.288  0.029
08 -0.120 0128  -0126 0032  -0140 0027 0624 -0.086 -0.731 0022 0185 0.019
09 -0.723 0688 0017  0.040 0021  -0.044 -0002 -0.010  0.000 0.000 0.006  0.001
10 0.023 -0.018  -0.002  0.003  -0002  -0.764 0366 0445  0.289 -0.002  0.000  0.000
Note: Each row represents a principal component vector (eigenvector; PC01-10) with the corresponding
coordinates in the original data space, defined by the used logs. The last two colons contain the corresponding
explained variance (eigenvalue; EV) and its ratio for each principal component vector (EVR).
Table A5: Principal component analysis
Rshallow Rdeep SSPE DEN POR SGR Th U K Susz
Space Yowt
[Ohmm] [Ohmm] [ble] [glcem] [%] [9API] [ppm] [ppm] [YW  [1E-4S1]
< PC1/PC2 0.423 0.414 0.390 0.595 0.525 0427 0379 0277 0.376 0.569
I
—
%' PC1/PC3 0.487 0.503 0436 0.072 0.168 0533 0.383 0.820 0.375 0.205
o
L
PC2/PC3 0.253 0.289 0356 0596 0505 0329 0.065 0.806 0.029 0.594
O PC1/PC2 0.436 0.434 0.460 0.641 0.381 0467 0.389 0.351 0.382 0.465
I
—
%' PC1/PC3 0.427 0.423 0.269 0120 0361 0.447 0500 0.735 0.533 0.384
o
L
PC2/PC3 0.096 0.101 0487 0.645 0432 0221 0320 0.775 0.375 0.499

Note: Corresponding feature loading values (vector length in space given by the selected PC, see Appendix Table 4)
of the biplot projections of the first three principal components.
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4.7.2 Appendix Figure
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Figure Al: Comparison of the probability density distribution of the non-normalized wireline logging data of 5068_1_A and

5068_1_C.
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Figure A2: Comparison of the probability density distribution of the normalized (normal distribution around mean = 0 and
std = 1) wireline logging data of 5068_1_A and 5068_1_C, used for combined clustering.
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Figure A3: Cluster metrics for the combined dataset of 5068_1_A and C, displaying on the y-axis the calculated Silhouette-,
Davies-Bouldin- (db), and Calinski-Harabasz (ch) Scores for (x-axis) a series of numbers of clusters (n =2 -49). The red vertical
line marks the selected numbers of clusters, leading to an acceptable solution.
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Figure A4: Violin plot of the individual log data distribution of the clusters of 5068_1_A, log with the corresponding unit is
displayed as the title of each subplot, clusters are labeled on the y-axis form 0-5, and color-coded. Each violin plot includes
the position of the mean (grey dot), the median (centered vertical black line), and the 1-, 2-, and 3-c-ranges are displayed on
the horizontal (1c: black, 26: black +red; 3c: black + red + blue).
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Figure A5: Violin plot of the individual log data distribution of the clusters of 5068 _1_C, log with the corresponding unit is
displayed as the title of each subplot, clusters are labeled on the y-axis form 0-5, and color-coded. Each violin plot includes
the position of the mean (grey dot), the median (centered vertical black line), and the 1-, 2-, and 3-c-ranges are displayed on
the horizontal (1o: black, 2o: black +red; 3c: black + red + blue).
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4.8 Further statements

4.8.1 Data availability

All data used and displayed in this study are publicly available according to the FAIR principle.
The DOVE operational dataset (DOVE-Phase 1 Scientific Team et al, 2023b), containing all
data concerning the drill core, is available on the ICDP DOVE project website:
https://www.icdp-online.org/projects/by-continent/europe/dove-switzerland or can be
accessed on the GFZ-library (https://doi.org/10.5880/ICDP.5068.001) together with the
operational report (DOVE-Phase 1 Scientific Team et al., 2023a) and the explanatory remarks
(DOVE-Phase 1 Scientific Team et al., 2023c). Other data and code are accessible under the
following link: https://github.com/schallersebastian/Lithoprediction-with-UMAP.

4.8.2 Authors contribution

SS developed and implemented the presented workflow, processed and analyzed the data, and
was the paper's main author with the support of all co-authors. DM and PB provided support
during the development and implementation of the workflow. BS contributed to the initial
analyses of the drill core and provided scientific input. MSA contributed to the (field)
acquisition and initial pre-processing of the wireline logging data and provided, together with
SB, scientific input regarding the wireline logging data. MWB and FSA provided significant
scientific input to the paper as part of their role as PhD supervisors of SS. All authors approved

the text and the figures.
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Table S1A: PCA overview table of individual clusters of dataset 5068 1 A

, each row represents a principal component vector

(eigenvector; PC01-10) with the corresponding coordinates in the original data space, defined by the used logs. The last two

columns contain the corresponding explained variance (eigenvalue) and its ratio for each principal component vector.
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, €ach row represents a principal component vector

(eigenvector; PC01-10) with the corresponding coordinates in the original data space, defined by the used logs. The last two

columns contain the corresponding explained variance (eigenvalue) and its ratio for each principal component vector.

Table S1B: PCA overview table of individual clusters of dataset 5068 1 A
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, each row represents a principal component vector

(eigenvector; PC01-10) with the corresponding coordinates in the original data space, defined by the used logs. The last two

columns contain the corresponding explained variance (eigenvalue) and its ratio for each principal component vector.

Table S1C: PCA overview table of individual clusters of dataset 5068 1 C
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, each row represents a principal component vector

(eigenvector; PC01-10) with the corresponding coordinates in the original data space, defined by the used logs. The last two

columns contain the corresponding explained variance (eigenvalue) and its ratio for each principal component vector.

Table S1D: PCA overview table of individual clusters of dataset 5068 1 C
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Rshallow | Rdeep | SSPE| DEN |POR| SGR | Th U K Susz Expl.
[Ohmm] | [Ohmm] | [be] | [giccm] | [%] | [gAPT] | [ppm] | [ppm] | [%wt] | [1E-4S1] | variance

5D 0.6 06 06 058 08 07 08 078 09 0.69 0.82

g |4 0.6 0.6 057 037 06 07 074 078 054 065 0.72

O | 3D 0.6 06 053 044 04 06 071 065 036 06 0.61
2D 0.6 06 053 041 04 05 007 038 022 059 0.45

5D 0.7 0.7 063 068 06 08 067 066 079 082 0.34

5| 4P 0.6 06 062 068 06 05 067 064 061 0.75 0.77

O | 3D 0.6 06 061 043 05 05 063 063 06 026 0.63
2D 0.5 0.6 059 039 03 05 031 05 0.5 0.07 0.46

5D 0.7 0.7 063 097 09 05 048 0359 052 091 0.95

o | 4D 0.6 0.7 056 071 08 05 048 049 051 0.84 0.9

| = |3 0.4 04 054 059 08 04 04 046 046 084 0.82
ﬁ: 2D 04 04 038 027 07 04 038 043 039 064 0.73
2 5D 0.6 06 081 067 035 08 084 076 047 089 0.81
= o | 4D 0.6 06 068 067 04 08 083 071 046 039 072
O | 3D 0.6 06 046 054 04 05 077 062 046 033 0.59
2D 0.6 0.6 035 0353 04 05 012 038 044 033 045

5D 0.6 0.6 083 0359 06 07 072 077 09 0.73 0.83

o | 4D 0.6 06 0.7 055 06 06 071 076 067 046 075

O | 3D 0.6 06 045 047 05 06 069 066 03 0.45 0.63
2D 0.6 06 016 044 05 06 038 04 023 0.34 048

5D 0.6 0.6 091 071 07 08 065 064 067 078 0.89

5 | 4D 0.6 06 059 071 06 08 063 063 064 063 0.82

O | 3D 0.6 0.6 036 034 05 07 055 061 055 061 0.7
2D 0.6 06 035 032 04 04 042 057 04 042 0.56

5D 0.6 0.6 087 066 08 06 057 068 057 088 0.87

g | 4D 0.6 0.6 087 062 04 06 056 067 056 064 0.79

© | 3D 0.6 0.6 033 045 04 06 056 067 05 0.58 0.68
2D 0.6 06 013 033 04 05 049 046 049 02 0.55

5D 0.7 0.7 096 082 07 08 054 062 064 048 0.88

o | 4D 0.7 0.7 078 065 07 07 054 062 049 047 0.79

O | 3D 0.7 0.7 0.33 0.6 04 07 05 062 047 043 0.7
2D 0.7 06 025 029 04 04 043 042 045 042 0.57

5D 0.6 0.7 097 038 1 06 059 064 052 074 0.91

o | 4D 0.5 0.5 095 056 09 05 048 049 052 073 0.85

o |2 |3D 05 04 095 049 05 05 046 049 047 061 0.78
~: 2D 0.4 04 027 045 04 04 039 049 047 061 0.68
2 5D 0.6 0.6 091 074 1 0.5 06 066 057 77 0.92
1| 4D 0.6 0.6 075 074 06 03 059 065 036 0.74 0.82
O | 3D 0.6 06 023 069 02 05 058 065 055 067 0.71
2D 0.6 06 017 012 02 05 058 065 054 0.1 0.56

5D 0.6 0.6 072 09 08 07 056 06 055 086 0.92
3|4 0.6 0.6 047 091 08 06 055 057 054 066 0.85

O | 3D 0.6 06 046 03 07 06 0355 0357 053 0.46 0.76
2D 0.6 0.6 042 011 03 05 051 046 049 04 0.6

5D 0.5 0.5 072 084 08 06 063 085 057 099 1

5| 4D 0.5 04 046 077 08 05 05 077 048 097 1

O | 3D 0.5 04 046 07 07 05 046 073 041 0.48 0.98
2D 0.5 04 045 053 04 04 039 056 039 047 0.93

Table S2: Summary table of PCA loading values for 2-5d with the combined total explained variance ratio of the
corresponding dimensional space of the individual clusters of the datasets for 5068_1_A and 5068_1 C.
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4.11.2 Figures Digital Supplement

A) PC with loadings
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Umap projection

Projection of component 1 and 2

‘f‘.

Umap 3D projection component 1

Umap 3D projection component 2

-4 -2 0 2 4 6 8 10 12

Projection of component 1 and 3

.

Umap 3D projection component 1

Umap 3D projection component 3

-4 ~2 0 2 4 6 8 10 12

Projection of component 2 and 3

Umap 3D projection component 3

Umap 3D projection component 2
-4 =2 0 2 4 6 8 10 12

Figure S1: Biplot projections of the dimension reduction to 3d by PCA (A) and Umap (B) of 5068_1_A. The corresponding
loading plots (secondary x and y-axis between 1 and -1), indicating the impact of each log, accompany the PCA biplots. Color
codes for scatter data (assigned major lithology) of biplots and loading plots are included in Figure 1. The data for the loading
plots are provided in Appendix Tables 4 (vector coordinates = direction starting from 0/0) and 5 (vector value = length).
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Figure S2: Biplot projections of the dimension reduction to 3d by PCA (A) and Umap (B) of 5068_1_C. The corresponding
loading plots (secondary x and y-axis between 1 and -1), indicating the impact of each log, accompany the PCA biplots. Color
codes for scatter data (assigned major lithology) of biplots and loading plots are included in Figure 1. The data for the loading

plots are provided in Appendix Tables 4 (vector coordinates = direction starting from 0/0) and 5 (vector value = length).
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Figure S3: Triangular covariance matrix without self-correlation heatmap of the clusters (CC0-CC5) of 5068_1_A from the
combined clustering of 5068_1_A and C, indicating the variance between each log (1-05 Strong positive correlation; 0.5-0.25
medium to weak positive correlation; 0.25- -0.25 -> weak to no positive or negative correlation; -0.25 - -0.5 medium to weak
negative correlation; -0.5 - -1 -> medium to strong negative correlation).

124



Chapter 4

Rdeep [Ohmm]
SSPE [b/e]

DEN [g/ccm]
POR [%]

SGR [gAPI]

Th [ppm]

U [ppm]

K [%owt]

Susz [1E-4SI]

Rdeep [Ohmm]
SSPE [b/e]

DEN [g/cecm]
POR [%]

SGR [gAPI]

Th [ppm]

U [ppm]

K [%owt]

Susz [1E-4SI]

Rdeep [Ohmm]
SSPE [b/e]

DEN [g/ccm]
POR [%]

SGR [gAPI]

Th [ppm]

U [ppm]

K [%owt]

Susz [1E-4SI]

Rdeep [Ohmm]
SSPE [b/e]

DEN [g/ccm]
POR [%]

SGR [gAPI]

Th [ppm]

U [ppm]

K [Yowt]

Susz [1E-4SI]

Rdeep [Ohmm]
SSPE [b/e]

DEN [g/ccm]
POR [%]

SGR [gAPI]

Th [ppm]

U [ppm]

K [Yowt]

Susz [1E-4SI]

Rdeep [Ohmm]
SSPE [b/e]

DEN [g/ccm]
POR [%]

SGR [gAPI]

Th [ppm]

U [ppm]

K [Yowt]

Susz [1E-4SI]

Sebastian Schaller

Cluster 0 (n=214/30.9 %)
018 -0.21
0.39 0.31 0.18
0.19 017  -008  -0.1
025  -027  -0.12 027 | -047
0.14 0.12 0.12 032  -026
033 -034 -011  -023 005  -004 [EER
0.08 0.09  -0.06 024  -028 0.58 0.61 -0.69
015  -0.15  -0.04  -028 008  -028  -0.17 0.05  -0.17
Cluster 1 (n=121/17.4%)
0.2 0.2
0.24 0.17 0.07
0.06 0.07 0 -0.27
005  -0.07 0 036 @ -0.16
0.1 0.08 0.2 0.37
001  -004  -025 0.01
-0.15  -0.13 0.08 -0
-0.18  -0.18  -0.17  -0.24 _ -0.42
Cluster2 (n=101/14.6 %)
024  -0.26
0.23
-0.13  -0.14 0.02 0.4
071 -0.67 0.21 0.66
066  -0.62 0.14 0.53 0.89
-0.43 -0.4 0.09 0.61 0.81
0.36 0.39 18 0.7 0.17
-0.24 -0.2 022  -034 -023 0.02 0.14  -0.25 0.38
0.97 Cluster 3 (n=179/25.8 %)
0.15 0.19
0.13 0.11 0.22
004  -0.08 0.01 -0.02
-0.09 0.04 -0.01
024  -0.24 0.05 -0.08 0.1 E
039 -036 @ -0.09 015  -0.16 0.12 [EIH
039 -038 -008  -0.09 0.13 0.71 0.82 =052
001  -0.06 0.11 0447 -015  -0.06 0.11 012 -0.06
Cluster 4 (n =65 /9.4 %)
-0.07  -0.08
-0.06  -0.12 -0
036  -042 0.05 0.32
: -0.38 036 = -014  -026
-0.09 -0.1 0.62 003  -0.04 0.56
035  -028 BEEZAN -0.03 0.03 -0.02 -0.8
0.05 0.1 0.51 021 | 041 0.67 0.62 -0.55
002  -0.06 0.05  -0.14 0.23 -04 0.12
Cluster5(n=13/1.9%)
0.8
094 | -0.68
-1.1 -0.71
-1 -0.81 ; 1.1
-0.3 0.59 0.79 0.28 0.13

0.32

[Ohmm]

-1.0

-0.93

Rshallow Rdep SSPE [b/e]
[Ohmm]

~0.5

-0.99
0.97

-0.52

0.85 =039 0.63

E

DEN  POR[%] Thippm] Ulppml K [%wt]
[g/ccm] [gAPI]
Covariance
1
0.0 0.5 1.0

Figure S4: Triangular covariance matrix without self-correlation heatmap of the clusters (CC0-CC5) of 5068_1 C from the
combined clustering of 5068_1_A and C indicating the variance between each log; (1-05 Strong positive correlation; 0.5-0.25
medium to weak positive correlation; 0.25- -0.25 -> weak to no positive or negative correlation; -0.25 - -0.5 medium to weak
negative correlation; -0.5 - -1 -> medium to strong negative correlation).
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5. Conclusion and outlook

The results of this thesis illustrate the potential of combining high-quality core drillings with
borehole measurements and high-resolution 2D reflection seismic data for the systematic
investigation of glacially overdeepened valleys and unconsolidated (Quaternary) sediments in
general. More specifically, in the context of the DOVE project (Anselmetti et al., 2022), the
key contributions of the thesis are:

1) Improving the understanding of the local to regional landscape evolution with

the detailed investigation of the glacially overdeepened Basadingen Trough
with its multi-phase infill (Chapters 2 and 3)

) Enabling systematic over-regional comparability of glacially overdeepened
valleys with the establishment of the conceptual glacio-seismic sequence model
(Chapter 3) and the characterization of unconsolidated (Quaternary) sediments
with petrophysical and chemical in-situ borehole data (Chapters 4)

1)  The development of project-internal protocols for core handling, sampling, and
describing, as well as for data handling, managing, and processing (Chapter 2,
Appendix A and B)

5.1 The implications for the regional landscape evolution

The detailed study of the recovered sediment succession and seismic data in Chapters 2 and 3
reveals a multi-phase infill of the Basadingen Trough. By combining the sediment succession
with seismic data (core-to-seismic correlation), evidence of two glacial advance and retreat
cycles, with a potential third cycle, was identified in the overdeepened valley fill. This valley
fill is overlain by glaciofluvial gravel deposits capped with basal lodgment till. These
stratigraphic and sedimentary elements are in good agreement with the existing pre-DOVE
landscape evolution model (Chapter 1.6) and the postulated formation of the Basadingen

Trough in more than one glacial cycle (Mdller 2013).

However, luminescence dating results from the DOVE project (Frila et al., 2025, in prep)
indicate that the entire overdeepened valley fill at drill site 5068_2 was deposited during MIS
6 (Beringen Glacial), while the overlying glaciofluvial gravel dates to late MIS 5 (Early
Birrfeld, pre-LGM). These findings challenge the pre-DOVE hypothesis and, consequently,
require the formulation of an updated working hypothesis for the formation of the Basadingen

Trough:
1) Erosion and deposition in the Basadingen Trough occurred during MIS 6, and no
sediments dating back to MIS 12-10 were encountered, suggesting that there was

either no trough formed at this earlier time or that MIS 6 glaciation fully re-
excavated any existing trough fill.
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i) The discovered glacial sequences represent individual glacial advances during
the penultimate MIS 6 glacial (Beringen Glacial)

1)  The late MIS 5 (substage b/a) age of the recovered gravels suggests an
additional phase of (glacio)fluvial erosion and deposition

IV)  The basement lodgment till at the topmost section represents, with high
certainty, the LGM advance

This updated working hypothesis has some direct implications for the model of the local

landscape evolution (Fig. 1):

1) The Basadingen Trough was likely active simultaneously with the Andelfingen
Trough, rather than the older Marthalen Trough (Buechi et al., 2024), during
MIS 6

I An intense phase of local glacial overdeepening occurred during MIS 6, during
which the Basadingen Trough was re-excavated and refilled through multiple
glacial advance-retreat cycles

1)  The younger age of the overlying gravel deposits suggests a complex internal
stratigraphy, consistent with Graf's (2009) hypothesis, but includes an even
younger depositional phase

IV)  No evidence was found for reactivation of the Basadingen Trough during the
last (Birrfeld) Glacial (This is notable since the overdeepening forming the
modern basin of Lake Constance was (re)excavated during this period
(Ellwanger et al., 2011), and there are also traces of reactivation in the Thur
valley (e.g., Buechi et al., 2024))

Following the DOVE approach, these local findings provide broader insights into the former
Rhine Glacier area:
1) MIS 6 was characterized by intense glaciation, with at least two to three glacial
advances separated by phases of lake formation

) Even if older structures were reactivated, maximum erosion at the drilled, rather
external, positions occurred during MIS 6

) Rapid sedimentation during MIS 6 resulted in the complete infilling of
overdeepenings with (glacio)lacustrine sediments.

IV)  Incontrast, the MIS 2 overdeepenings (e.g., Lake Constance) remain underfilled
and will likely remain so for several 10 ka years.
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Figure 1: Updated overview sketches of the Middle to Late Pleistocene glaciations at the Dove site 5068 _2. Showing the
extent of the Rhine Glacier (Graf, 2009 and Preusser et al., 2011) and (active) overdeepenings (Buechi et al., 2024; Graf, 2009;
Muiller, 2013) during the A) Mohlin Glacial (MEG), B) Habsburg Glacial (including the extent of the debated Hagenholz
Glacial), C) Beringen Glacial, and D) Birrfeld Glacial (LGM).

In conclusion and in the context of the overall DOVE goals (Chapter 1; Anselmetti et al., 2022),
MIS 6 played an essential role in the development of the Rhine Glacier area. The period saw
significantly more material eroded than previously assumed, highlighting underestimated
surface-process rates and reduced land-surface stability, indicating different paleoclimatic

conditions compared to MIS 2.

5.2
Using data from the DOVE sites 5068 1 and 5068_2, this thesis successfully demonstrates the

Methodological developments

potential of adapting and integrating established techniques from the (energy) exploration
industry to systematically investigate unconsolidated Quaternary sediments. The successful
linking of geophysical and sedimentary properties allows a data-driven and comparable
approach to analyzing complex geological structures such as glacially overdeepened valleys.

This is of great value to the DOVE project, as it adds a powerful tool for the DOVE toolbox.
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Chapter 3 presents the development of an adaptive model for a seismic sequence stratigraphy
for glacially overdeepened valleys and their sedimentary infill. The model integrates
depositional environments and sedimentary properties from cores with architectural elements
identified in seismic data by combining core-to-seismic correlation and seismic sequence
stratigraphy to define a basic glacio-seismic sequence. Such a sequence represents a full glacial
advance and retreat cycle, with an ice-contact surface at the base, overlain by a subglacial unit
followed by several units representing the development to a fully lacustrine environment.
However, only the lower part of these sequences is often preserved due to the basal erosion
during the next glacial advance. Therefore, the basal subglacial units are the key markers for
identifying and separating the individual infill phases. Extending this glacio-seismic sequence
stratigraphy into three dimensions by incorporating multiple seismic lines allows for spatial
visualization and structural analysis. This is particularly valuable as the morphology of these
structures provides insight into their formation, evolution, and internal architecture. Such
information is critical for both scientific (e.g., understanding subglacial erosion patterns to
provide ground truth for numerical models) and applied purposes (e.g., geothermal,

groundwater, deep subsurface infrastructure).

Chapter 4 highlights the potential of wireline logging data to investigate and characterize the
sedimentary infill of glacially overdeepened valleys. The workflow combines sophisticated
data-analysis techniques with petrophysical and chemical properties from borehole data to
predict lithological profiles derived from wells from flush and core drillings. This approach
enables cross-hole correlation between cored and uncored wells using the core-controlled well
as a translation key, linking wireline and core-based lithological data and profiles. This
technique maximizes the information gained from destructive flush drilling, together with an
increase in the number of wells drilled by replacing some core drillings with faster and cheaper
flush drillings. This will allow to optain additional lithological well-control for seismic data.
Further, the increasing amount of data and the direct link between the different data types will
provide critical information for developing and ground-truthing sophisticated numerical and

three-dimensional geological subsurface models.

Both methods have individual technical and scientific aspects that can be further developed
and improved. In particular, both methods are still highly dependent on high-resolution drill
cores to calibrate between seismic data, borehole measurements, and sedimentary properties,
which is crucial to ensure comparability between different sites. Therefore, making their

application less resource-intensive by reducing this dependency would be of great value.
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Therefore, making their application less resource-intensive by reducing this dependency would
be of great value. For example, this could be achieved by systematically collecting the
sedimentary characteristics and depositional environments of the glacial sequence elements
and the typical petrophysical and chemical properties of the sediments encountered in
databases. These data collections would eventually allow the methods to be applied similarly
to their role models from the exploration industries (e.g., electro facies: Serra & Abbott, 1982
and (marine) seismic sequence stratigraphy: e.g., Mitchum et al., 1977). Further, a significant
improvement would be to combine the two techniques to form a powerful tool for data-based,
systematic, and comparable investigations of glacially overdeepened valleys and the geological
subsurface in general. However, the aim is not to completely replace core drillings but to
maximize the geological information that can be obtained from them to set the recovered

sediments into a solid geological frame.

Therefore, these methods have great potential for the DOVE project by providing a strong
geological framework to establish absolute chronologies for the investigated glacial
overdeepened valleys and their infill. In the case of Basadingen Trough, the absolute
chronology helped to overcome the limitations of the initial relative chronology, in which each
glacial sequence was interpreted as the remains of an individual glacial cycle. Additionally,
establishing such over-regional absolute chronology would help to unify or at least enable a
practical translation between the different local Quaternary stratigraphic systems (e.g.,
Ellwanger et al., 2011; Graf & Burkhalter, 2016).

5.3  Practical Lessons Learned for DOVE Phase

DOVE Phase | (Northern Alpine Transect, see Introduction) was, besides or because of the
many challenges encountered and solved, a scientific, operative, and technical success. It
demonstrated the immense potential of the DOVE approach for systematically studying glacial
overdeepened valleys and troughs in the Northern Alps and beyond. Advancing to this next
level would not have been possible without the commitment of the entire DOVE Phase | team.
However, critical reflection on Phase | is essential to address and learn from the challenges

encountered. The (practical) key lessons from DOVE Phase | include:

Allocating enough time and resources for initial data acquisition: It is essential to reserve sufficient
time and resources for drilling and data acquisition activities, including personnel and logistical
support, ensuring high-quality data. Drilling and borehole measurements are particularly
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sensitive to unpredictable technical challenges and represent a potential ""point of single failure”

for the project.

Standardizing metadata and data documentation: Complete and systematic metadata and scientific
data documentation is crucial for ensuring site comparability. Without standardized
documentation of (meta)data, the integration and comparative analysis of datasets from
different locations become significantly limited, reducing the effectiveness of the DOVE

approach.

Integrating technical requirements across phases: Building on the methods established in Phase I,
Phase Il must account for technical requirements to improve a data-based integration between
sites and across project phases. This includes ensuring compatibility in high-resolution
reflection seismic data, vertical seismic profiles, wireline logging surveys, luminescence

dating, and 3D CT core analyses, surpassing only qualitative comparison.

Coordinating multi-disciplinary activities: Effective coordination between geophysical surveys,
drilling operations, and borehole measurements is crucial to limit potential hampering between

different analyses.

Establishing absolute chronologies: Establishing absolute chronologies has been crucial for
comparing the individual overdeepenings effectively. Even though some methods did not work

in Phase I, they may work in Phase Il or can be improved or substituted by different approaches.

Addressing and integrating these lessons from Phase | will not only help to secure the definitive
funding for Phase Il but also be crucial for the future scientific success of the project. Even
though, Helmuth von Moltke once stated (Hughes, 1995): "No plan survives contact with the
enemy.", effective and adaptive planning and coordination during the operational phases of the
different sides are crucial for the successful application of the DOVE approach and for making
the most out of the unique scientific opportunity of the project. This demonstrated the scientific

potential of DOVE Phase I, which is the best recommendation for Phase II.
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Appendix A: Drilling Overdeepened Alpine Valleys (DOVE) — Operational
Report of Phase |

Comment:

This report documents the drilling operations and initial core description of the ICDP Project "Drilling
Overdeepened Alpine Valleys" (DOVE). In my role as drill site geologist of DOVE site 5068_2 and the
lead geologist for the initial core description of core 5068_2_A, the documentation of it was a core task
in my first year of the PhD studies. The chapter about site 5068_2, providing the technical background
for Chapter 3 of this thesis, was written by Marius W. Buechi and myself.
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Drilling Overdeepened Alpine Valleys (DOVE)
- Operational Report of Phase 1

DOVE-Phase 1 Scientific Team, Anselmetti, F. S.*, Beraus, S., Buechi, M. W., Buness, H., Burschil,
T., Fiebig, M., Firla, G., Gabriel, G., Gegg, L., Grelle, T., Heeschen, K. U., Kroemer, E., Lehne, C.,
Lathgens, C., Neuhuber, S., Preusser, F., Schaller, S., Schmalfuss, C., Schuster, B., Tanner, D. C.,
Thomas, C., Tomonaga, Y., Wieland-Schuster, U., and Wonik, T.

* corresponding author

1. Introduction & site overview

1.1. Introduction

This report documents the drilling operations of the ICDP Project "Drilling Overdeepened Alpine Valleys"
(DOVE) and includes information on the six different sites investigated during Phase 1 of the DOVE
project. Two sites, site 5068 1 (Tannwald) and site 5068 2 (Basadingen) have been drilled in 2021 with
the support of ICDP funding. The drilling operations at both sites are published in this operational report.
In addition, the report includes summarized information on the four legacy sites, all drilled in the
framework of earlier projects and cited before. The remnants of these legacy cores have been curated,
described and re-sampled in the framework of the DOVE project.

All sites are investigating overdeepened troughs along the northern Alps and their foreland. The
sedimentary infill of glacially overdeepened valleys (i.e. excavated structures below the fluvial base
level) are, together with glacial geomorphology, the best-preserved direct archives of extents and ages
of past glaciations in and around mountain ranges. The cores are investigated with regard to several
aspects of environmental dynamics during the Quaternary, with focus on the glaciation, vegetation, and
landscape history. Besides the scientific goals, DOVE also addresses a number of applied objectives such
as groundwater resources, geothermal energy production, and seismic hazard assessment. Details on
the scientific objectives and approach of the DOVE project are explained in Anselmetti et al. (2022).

The initial core description and interpretation of the cores from the Tannwald Area (5068 1 A,
5068 _1 B, 5068 1 _C; Schuster et al., in prep) and the Basadingen Trough (5068_2_A, Schaller et al.,
subm.) are presented in the scientific reports, which are intended to be published in Scientific Drilling
in 2023. Table 1 lists all the sites of the Phase 1, their coordinates, IGSN and the first scientific
report/publication on the respective site if applicable.
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1.2. Objectives
For Details on the objectives of the project please see Anselmetti et al. (2022)

1) What was the timing and extent of past Alpine glaciations?
Hypothesis: Glacier advances and related erosion and infilling of overdeepened troughs varied
in timing and extent around the Alps during the Quaternary.

2) How did atmospheric circulation patterns control ice flow across the Alps?
Hypothesis: Atmospheric circulation over the Alps varied during past glaciations so that
moisture distribution became the pivotal control of ice build-up.

3) How were mountain ranges and their foreland shaped by repetitive glaciations?
Hypothesis: The timing and amount of erosion and infill varied not only around the Alps, but
also within one system.

Add-ons:
*  Geophysical investigations
* Potential of overdeepened structures as groundwater resources
*  Potential of the Quaternary valley fills for shallow geothermal applications
* Alpine vegetation history
*  Microbial activity in the sediments,
* later: Modelling landscape response, glacial erosion, and climate.

1.3. Referencing articles

Schaller, S., Buechi, M. W., Schuster, B. and Anselmetti, F. S. (in press). Drilling into a deep buried
valley: A 252 m long sediment succession from a glacial overdeepening in northwestern
Switzerland, Scientific Drilling, 32, (2023) https://doi.org/10.5194/sd-32-27-2023.

1.4. Supplementary data

DOVE-Phase 1 Scientific Team et al. (2023c) Drilling Overdeepened Alpine Valleys (DOVE) —
Explanatory Remarks, https://doi.org/10.48440/1CDP.5068.002

DOVE-Phase 1 Scientific Team et al. (2023b) Drilling Overdeepened Alpine Valleys (DOVE) -
Operational Dataset of Phase 1, https://doi.org/10.5880/ICDP.5068.001
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1.5. The locations of the drill sites DOVE Phase 1
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Figure 1 Map of the Alps and their forelands including the locations of the drill sites of the DOVE project
(Anselmetti et al. 2022, updated). The sites of DOVE Phase-1 5086_1 to 5086_6 are covered by this report.

Table 1 Location and Identifiers of boreholes from DOVE Phase 1

Borehole Borehole IGSN ;atiFUdT Lgng.ituclle Operational .. (. oo
Combined-ID https//d0|org/1060510/ ecima ecima Phase in Irs cientitic Reports
WGS84 WGS 84
5068 1 A ICDP5068EH50001 47.9998028  9.7486417 2021 Schuster et al., in prep
5068 1 B ICDP5068EH60001 47.9995528  9.7486111 2021 Schuster et al., in prep
5068 1 C ICDP5068EH70001 47.9995500  9.7490139 2021 Schuster et al., in prep
5068 2 A ICDP5068EH40001 47.6480956  8.7532566 2021 Schaller et al., 2023
5068 3 A ICDP5068EHC0001 47.9710190  11.460135 2017 Firla et al. in prep
5068_4_A ICDP5068EHD0001 47.8628920  12.909791 2009 Fiebig et al. (2014)
5068 5 A ICDP5068EHEQ001 47.6069711  13.7741043 1998 Husen van & Mayr
(2007)
5068_6_A ICDP5068EHG0001 47.8880460  9.7112920 2016 Ellwanger, 2015; Schaaf,

2017; Rolf, 2021
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1.6. DOVE-Phase 1 Scientific Team Members
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2. Site 5086_1

2.1. Site Introduction

The Tannwald Basin is located approximately 45 km northeast of Lake Constance in the central part of
the Alpine foreland. Its overdeepened structure was incised into Tertiary Molasse sediments by
subglacial erosion under the Rhine Glacier. Later it was filled by glacial, fluvial, and lacustrine deposits
of up to 250 m thickness. As shown by Ellwanger et al. (2011), the Tannwald Basin site is characterised
by two superimposed unconformities (Fig. 1, D2 and D3). The site therefore has the potential to
characterize sedimentary sequences above both of these unconformities. The earlier interpretations
are based, amongst other things, on the sediment succession found in a previously-drilled borehole
(Schneidermartin research borehole; LGRB-ID: 8024-925; Burschil et al., 2018), about 1200 m southeast
of the newly-drilled Tannwald site, ICDP 5068 1 (Figs. 2 and 3). The whole sequence apparently
comprises the deposits of three glacial cycles. However, neither the sedimentary record nor the results
of pollen analysis have been documented in detail. Furthermore, no geochronological data are available
for the Schneidermartin borehole.

Three individual boreholes were drilled (ICDP 5068 1 A; 5068 1 B; 5068 1 C): The first two are flush
drillings (ICDP 5068_1 A & 5068_1_B), with the main purpose of enabling post-drilling cross-borehole
geophysical measurements, and the third one was a core drilling (ICDP 5068 _1 C).

[] D1 basin
[ D2 basin
[ D3 basin

Blberach

an der RiR

Figure 1: Map of basins of the Rhine Glacier, modified after Ellwanger et al. (2011). Three different generations of
unconformities can be identified, known as D1-D3. These correspond to the advances of the Rhine glacier in the
Wiirmian, Rissian and Hosskirchian glacial periods. The red box marks the area shown in Figure 3 including the
current drilling location in the Tannwald Basin.
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2.2. Personnel in the Operational Phase

Technical project management and supervision
David C. Tanner, Leibniz Institute for Applied Geophysics, Germany (responsible)

Project and on-site science coordination
David C. Tanner, Leibniz Institute for Applied Geophysics, Germany
Bennet Schuster, (Ph.D. student) University of Freiburg, Germany

Volunteers
Julia Silov-Tepic (1-month practical experience), University of Potsdam, Germany

Drilling advisors
Ulrike Wielandt-Schuster, Landesamt fiir Geologie, Rohstoffe und Bergbau, Germany

Marius W. Buechi, University of Bern, Switzerland

Downhole geophysical measurements (LIAG, Hanover)
Hermann Buness, Leibniz Institute for Applied Geophysics, Germany
Thomas Grelle, Leibniz Institute for Applied Geophysics, Germany
Carlos Lehne, Leibniz Institute for Applied Geophysics, Germany
Thomas Wonik, Leibniz Institute for Applied Geophysics, Germany

Drilling team (H. Anger’s S6hne, Bohr- und Brunnenbaugesellschaft mbH)
Mirko Huber (company liaison)
Jurgen Prohl (drilling manager, flush drilling)
Markus Schick (drilling manager, core drilling)
J. Achler, Mohammad Alhamad, Hsaan Alsasihl, Asabdi, Peter Goor, Frank Hapke, Zoltan
Mihalti, Zoltan Olah, Jens Taubert, Lutz Tonne, Peter Toth

Off-site assistance & Data management
Katja Heeschen, ICDP, GFZ German Research Centre for Geosciences, Potsdam, Germany

2.3. Site Selection and Permits

To determine the optimal location for the drillsite (ICDP 5068 1), LIAG carried out a high-resolution
reflection P-wave seismic campaign over the basin structure at this location in 2014 and 2015 (Fig. 2).
The profiles concentrated on the deepest part of the Tannwald Basin, as known from seismic refraction
surveys (Behnke and Bram 1998). The seismic grid was connected to the Schneidermartin borehole

(Fig. 2). Details can be found in Burschil et al. (2018).

In consideration of groundwater safety regulations and drilling suitability, a site was located on the
western flank of the basin structure, so that drillholes would have to drill 150-160 m to reach the base

of the Quaternary glacial fill (Fig. 4).


https://www.earthdoc.org/content/journals/10.1002/nsg.12011#nsg12011-bib-0004
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Figure 2: Geological map of the survey area of the Tannwald Basin, showing the location of seismic reflection
profiles 1-5 and previous boreholes (from Burschil et al., 2018). The drillsite location is indicated by a star.
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Figure 3: Seismic section 1, for location see Fig. 2. Above: seismic profile, below: interpreted structure and seismic
facies. Vertical exaggeration, 2.5x. Profile intersections (black numbers), elevation (black line), faults with offsets
>2 m (dark blue), and faults with unknown offsets (light blue). Dashed red line shows D2 unconformity, base of
the overdeepened valley (D3) is solid red line. Green lines indicate top of a layer of waterlain till, blue lines show
allochthonous blocks of Tertiary molasse. Purple lines represent bedding in the Tertiary molasse sediments
(Burschil et al., 2018). The location of the three new boreholes is projected 100 m towards the south east.

2.4. Site Preparation and Infrastructure

1500 m? of land in the NE corner of an arable field (known from now on as the drillsite) was leased from
a local farmer. It was agreed that the drillsite would be sown with clover, while the rest of the field was
sown with sweet corn. The drillsite was directly next to an asphalted road. Therefore, no additional
access road was required, at least to start with. Top soil was not removed, but large wooden plank mats
were used to protect the ground around the drilling rig and containers.

On-site facilities included workshops for repairs to equipment, waste and drill-mud tanks around the
drill rig, and containers for the drilling team and science crew (Figs. 4 and 5). LIAG set up an information
tent to cater for casual tourists and arranged visits of schoolchildren and local geologists.

11
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Electricity for the site was provided on-site by a generator. Water was obtained from the local authority
and kept in a lorry-mounted, 9 m3 tank. Later, because of torrential rain, it became necessary to
construct a small (ca. 25 m length) cambered road across the drillsite (27t-30% June 2021). The road
was constructed by laying 25 cm of gravel and hogging on top of a geotextile sheet.

drilling  tank
fluid tank

Figure 4: Layout of the drillsite (5068_1) for the borehole A. See Appendices for layouts of the other boreholes.

Figure 5: Aerial view of the drill site during the drilling of borehole 5068 1_C.

12
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2.5. Technical Operations

2.5.1. Summary of drilling, coring and logging operations

The Leibniz Institute for Applied Geophysics (Hannover, Germany) coordinated technical operations. A
German drilling company, H. Anger’s S6hne, Bohr- und Brunnenbaugesellschaft mbH (known hereafter
as Angers), was the drilling contractor. The drilling crew consisting of two/three persons (one drilling
manager/controller, one to two drilling workers), nominally worked 12 hour shifts from Monday
through Thursday. Occasionally, they worked Friday to complete various tasks.

e

Figure 2: The drill rig (MB Actros 3341A, UH2) used for all three boreholes, with the manual casing handling system.

Table 2: Technical details of the drill rig.

Hook nominal force/ max. force 240 kN / 360 kN
Hydraulic force (pull/push) 110 kN/50 kN

Drill winch ZHP 4.25-EG 120 kN

Cable coring winch ZHP 4.19-EG1 20 kN

Auxiliary winch ZHP 4.13 25 kN

Drill head Type UH2 -14000 torque 14 kNm

Roller block Type 240 kN 240 kN
Compressor Atlas Copoco XAHS 107 (pressure/flow rate) 12 bar/5.5 m3/min

13
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Angers provided a lorry (MB Actros 3341A)-mounted drill rig, UH2, for the drilling (Fig. 6). It was last
tested and found to be in working order on 7" May 2020. For details of the device, see Table 2. The
timing of the drilling operations at DOVE Site 1 are summarised in Table 3.

Table 3. Site 5068_1 (Tannwald Basin) drilling operations by time

date (all 2021) working days  task

6th — 13t April 6 Construction of site, mobilization

15t April — 5t May 15 Flush drilling 5068_1_A

10th— 11t May 1.5 Downhole geophysical logging (open hole) 5068 1 A
12th— 20t May 6 Completion of 5068_1_A

315t May — 21t June 13 Flush drilling 5068_1 B

28™ June — 30™" June 3 Construction of road across drillsite

28t June — 1%t July 4 Completion of 5068_1 B

6™ July — 8t July 3 VSP (zero-offset and walkaway) of 5068_1_A and B

12t July — 3" Aug. 17 Changing drilling rig over

4™ Aug. — 5™ Aug. 2 Core drilling of 5068 1 _C

ot Aug. — 20t Aug. 20 Holiday for the drilling team

237 Aug. — 11t Nowv. 48.5 Core drilling of 5068 1 _C

11t — 12t Nov. 1.5 Downhole geophysical logging (open hole) of 5068 1 C
15t — 18 Nov. 3 Completion of 5068_1 C

22" Nov. — 2" Dec. 8 Demobilization

10t — 12 March 2022 3 Downhole geophysical logging (closed hole) of all

boreholes 5068_1 A, Band C

14
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Flush drilling procedure

ICDP 5068 _1_A. The standpipe (318 mm inner diameter (ID)) was drilled dry using an auger down to 10
m. From then on, drilling mud was pumped through the drill stem. With a 273 mm rolling drill bit the
borehole was advanced to a depth of 42 m, with casing. Because the borehole was stable and not
leaking drilling mud, it was decided to continue drilling with a 241 mm rolling drill bit without casing.
This was continued to a depth of 163 m, i.e. 10 metres in to the Tertiary Molasse sediments. Mud
samples were taken and washed discontinuously after advancing 1 m.

ICDP 5068 _1_B. The standpipe (318 mm ID) was drilled dry using an auger down to 11 m. From then on,
drilling mud was pumped through the drill stem. With a 273 mm rolling drill bit the borehole was
advanced to a depth of 47 m, with casing. Because the borehole was stable and not leaking drilling mud,
it was decided to continue drilling with a 241 mm rolling drill bit, without casing. This was continued to
a depth of 155 m, i.e. 1 m in to the Tertiary Molasse sediments. Mud samples were taken and washed
discontinuously after advancing 1 m. The sediment material was accumulated on a sieve that was not
cleaned after every metre. It became obvious that the sand fraction must have been completely
removed during flush drilling. The flush fluid flux, fluid velocity and fluid pressure were not monitored
and hence quite a large uncertainty also exists with regard to the sample depths.

Core drilling procedure

ICDP 5068 1_C. Two different coring systems were used for this borehole; 1/ a percussion drilling
technique (Nordmeyer system) and 2/ a wireline rotational SK6L core system. The standpipe (318 mm
ID) was drilled dry using an auger down to 14.6 m. Percussion coring with drilling mud began at the
same time from a depth of 2 m, using 178 mm casing with a drill crown and a 101 mm coring tool. At a
depth of 26.25 m, due to strong loss of drilling mud, a second casing (273 mm) was introduced and
advanced to a depth of 25 m. Subsequently, this 273 mm casing was extended in line with the 178 mm
casing down to a final depth of 47.7 m. On 20.10.2021, at a depth of 82.5 m, after drilling in to strongly-
compacted sand, the decision was made to switch to a wireline rotational SK6L core system (146 mm)
with 101 mm coring. Core drilling was carried out using the wireline rotational core system until the end
of the borehole. Tertiary Molasse bedrock was reached at 155.35 m. We then drilled for another
10.85 m into the Molasse bedrock to exclude the possibility of drilling into an allochthonous block of
Molasse, as the seismic survey and the Schneidermartin borehole (Fig. 2 &3) had predicted such blocks.
A total length of 164.25 m of core was recovered, with an overall recovery of 95% (Fig. 7). Core lengths
were mostly of 1 m.

Core loss mainly occurred in the top 45 m, where core runs of 1 m could often not be completed due to
technical problems with the percussion drilling technique. At 82.5 m, after the coring method was
changed to a wireline rotational core system, recovery speed picked up. Recovery speed decreased
again in the basal coarser units because of a significant sand component, which is prone to outwashing
by the rotational technique.

15
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Figure 3: Recovery of the ICDP 5068 _1_C drill core (total recovery 95%). Note that recovery was determined
based on actual liner length. Therefore, expansion of the core due to pressure release could not be determined.
Note also that possible unconsolidated re-core material falsifying the recovery could not be detected, because the
cores were not opened and liners were opaque.

2.5.2. Detailed report of operations

For all boreholes, the drilling mud consisted of approximately 9 m? of water, mixed with Antisol and
bentonite (1 part to 6 parts, respectively). The ratio of additives to water was approximately 1-1.2 kg/I
(Table 4).
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Table 4: Drilling mud parameters over time, for the three boreholes.

Y ® 2 =& 3B gZ =2
g s 5 23 2 f=
e 3 o, » Na g <. N ©
z 8 23 §° 2 Tk
CRN = = 5 g
5068_1_A kg/l sec sec °C mS/cm min
10 21 April 44.0 29.0 11.5 1.268 13.8 9.0
12 23 April 483 379 9.8 1.096 17.8 11.0
14 27 April 1.2 50.2 415 103 1.068 18.1 10.8
16 29 April 1.2 500 41.0 11.0 1.200 19.0 10.8
5068_1_B
33 02 June 50.3 40.1 10.8 1.140 1838 11.0
36 09 June 1.2 503 40.1 10.8 1.140 18.8 11.0
48 15 June 1.2 503 40.1 125 1350 18.8 11.1
5068_1_C
67 08 September 39.0 36.0
68 09 September 1.0 36.0 35.0
69 13 September 1.1 43.0 49.0
70 14 September 1.1 46.0 43.0 145 0.716 13.0 7.7
72 16 September 1.1 470 46.0 159 0.728 100 7.7
73 20 September 1.1 43.0 39.0 13,5 0.789 7.8
74 21 September 1.1 40.0 37.0 14.7 0.755 7.9
75 22 September 1.1 45.0 43.0 139 0.782 7.8
76 23 September 1.1 55.0 53.0 139 0.756 7.9
78 28 September 1.1 38.0 36.0
79 29 September 1.1 39.0 36.0 10.0
91 21 October 17.0
92 25 October 31.0
93 26 October 1.1 32.0 27.0 34.0
95 28 October 1.1 33.0 27.0 38.0
96 01 November 1.1 34.0 28.0 36.0
97 02 November 1.1 35.0 28.0 40.0
98 03 November 1.1 33.0 26.0 41.0
100 05 November 1.1 33.0 26.0 48.0
106 15 November 1.0 34.0 28.0 35.0
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Problems that occurred during drilling
Flush drilling ICDP 5068 1 A

e 22" April — Breakdown of electrical generator. The generator was replaced.

e 4 May — Breakdown of the next electrical generator. New generator rented and then replaced.

e 17" May — The drill rig could not pull out the casing out of the first borehole. A hydraulic press
was used to raise a bar that was temporally welded to the casing. Finally, the casing was raised
after 2 days delay.

Flush drilling ICDP 5068 _1 B

e 9™ June — Strong loss of drill mud. Remedied by sinking the casing deeper and raising the
viscosity of the drill mud.

e 9™ June — High-pressure hydraulic pipe bursts. This was replaced in a few hours.

e 15™ June — Strong loss of drill mud. Remedied by sinking the casing deeper.

6.3.3 Core drilling ICDP 5068_1_C

e 25™M August — A large (metamorphic and calcareous) rocks in the top 10 m of the borehole cause
the crown of the coring body to be damaged (bent). The same crowns are used until 30t August,
until the firm creates a stronger, reinforced crown with spikes on the top edge. This is used from
315t August onwards.

e 1t September — Pump on the drill rig breaks down due to a fault in a solenoid valve. Electrical
engineers are called out to fix the problem. Problem fixed by 6% September.

e 7% September — Piston rod of drill rig broken. Problem fixed by 8™ September.

e 8t September — Drill crown worn out due to attrition. Replaced by 9t September.

e 13% September — Loss of flush drilling fluid is too large. Driller decides to add additional casing
(273 mm). Done by 14t September.

e 15™ September — Drill crown worn out due to attrition again. Replaced by 20™ September.

e 23% September — Drill rig is out-of-balance. Repaired by 28t September.

e 29™ September — Chuck head of drill rig broke. Repaired by 4t October.

e 6™ October — Supply difficulties with new crown. Crown arrives at the same day.

e 14% October — Supply difficulties with crown. Crown arrives at 19t October.

Summary of progress

Figure 8 shows the depth of the three boreholes over time. ICDP 5068 1 B was quicker than ICDP
5068 _1_A because the geology and its physical properties were better known after the first borehole
had been drilled. From Fig. 8 it is also clear that drilling became faster with depth in the flush boreholes;
this is because the lower lithologies, being finer and more homogenous, were easier to drill. The obvious
kink in the drilling progress at ca. 40 m in both wells is caused by the changing of the drill bit and casing
at this level. By comparison, coring took twice as long. Ramming to depth of 82 m took over two months,
coring then became easier using rotary core technique and also it was easier to core the lower
lithologies. Thus, contrary to other drilling campaigns, we have the unusual situation that the drilling
became faster with depth.

18
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Figure 8: Depth/time plots for the three boreholes, at the same scale.
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2.5.3. Borehole deviation

The borehole geophysics, run in ICDP 5068 1 A and ICDP 5068 1 C, also measured borehole deviation
(Figs. 9 and 10). 5068 1 A first plunges south-eastwards for 0.5 m, before heading north and north-
west to be 3.5 m due north of the origin. 5068 1 C is closer to vertical; it plunges near-straight north-
westwards, northwards by 2 m and west by 1 m. This information is necessary to obtain true-vertical
depth, especially for geophysical modelling.

S coordinate in m N W coordinatein m E
-1 05 0 05 1 15 2 25 3 35 4 1 05 0 05 1 15 2
0 \ \ \ T T T T \ \ \ \ \

20 —

40 —

60 —

80—
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180

Figure 9: Deviation of ICDP 5068_1_A (blue) and ICDP 5068 _1_C (red) in the S-N and E-W planes.
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Figure 10: Deviation of ICDP 5068 1_A (blue) and ICDP 5068 _1_C (red) in polar view.

2.5.4. Refilling and post-drilling finishing procedure

All three boreholes were finished by inserting a DN80mm plastic pipe, with a 1-metre filter (in ICDP
5068_1_C, 3 m) at a certain depth. In the first, second and third boreholes, filters were placed at depths
of 153 m, 45 m, and 153 m, respectively. The annular spaces of the first and second drill holes were then
backfilled with bentonite pellets, except for the depths of ca. 5 m around the filters, which were
backfilled with fine gravel. Because the third drill hole was very narrow, it was decided to backfill its
annular space to a depth of 82 m first with gravel, and from 82 m on to the surface with bentonite (Fig.

12).

At the surface, all three boreholes were closed using a lockable SEPA cap below the ground level (Fig.
11), and covered by a lockable manhole cover at ground level.

Figure 11: SEPA lockable borehole cap on top of a DN80 mm pipe.
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2.5.5. Borehole geometry and preliminary lithology assessment

The final geometries of the boreholes 5068 1 A, B, C are shown in Figure 12A-C, respectively. A
preliminary geological interpretation is shown on the left-hand side. Note the position of the filters,
close to the base of the Quaternary basin at 153 m depth in 5086_1_ A and C, and at the depth of 45 m

in 5086_1_B.

Orilling company H. Angers Sshne
Driller Jurgen Prohl
Bore h0| e 5068 1 A Geological logging Bennet Schuster, David Tanner
Drilling period: 16.04.2021 - 05.05.2021
- - Coordinates N 47° 50' 5929 E 9° 44' 55,11
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Figure 12A: Final geometry of the borehole 5068_1_A. Preliminary Quaternary subdivisions: gLK — Kisslegg
Subformation (Wurmian); giLb — lllmensee basin sediment (Rissian — Wurmian), gDMS — Scholterhaus
Subformation (Rissian), gDMb — Dietmanns basin sediments (Hosskirchian — Rissian). Molasse sandstones are

Tertiary (Miocene) in age.
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Drilling company. H. Angers Sohne
Driller. Jurgen Proh|
BO reh 0 Ie 5068 1 B Geological logging Bennet Schuster, David Tanner
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Figure 12B: Final geometry of the borehole 5068 _1_B. Preliminary Quaternary subdivisions: gLK — Kisslegg
Subformation (Wurmian); giLb — llimensee basin sediment (Rissian — Wurmian), gDMS — Scholterhaus
Subformation (Rissian), gDMb — Dietmanns basin sediments (Hosskirchian — Rissian). Molasse sandstones are
Tertiary (Miocene) in age.
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Drilling company. H. Angers Shne
Driller: Markus Schick
BO r'e h 0 I e 5 068 1 C Geological logging Bennet Schuster
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Figure 12C: Final geometry of the borehole 5068 _1_C. Preliminary Quaternary subdivisions: gLK — Kisslegg
Subformation (Wurmian); giLb — llimensee basin sediment (Rissian — Wurmian), gDMS — Scholterhaus
Subformation (Rissian), gDMb — Dietmanns basin sediments (Hosskirchian — Rissian). Molasse sandstones are
Tertiary (Miocene) in age.

The ICDP 5068_1_C drill hole penetrated a succession of gravel-dominated, partly diamictic units (Fig.
12C). Below 38 m the sediments become finer, mostly silt dominated with varying clay content,
occasionally interrupted by sand units (e.g., at 73—81 m and 99-104 m). In this section, rare outsized
clasts were visible and indicate the presence of dropstones. At 136 m, the sediments become coarser
and well-sorted sand units alternate with fine-grained diamicts, occasionally containing a significant
amount of gravel. Sand becomes dominant at 149 m and the bedrock Tertiary Molasse deposits were
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encountered at 155 m. The bedrock is marly in appearance at the top (including macroscopically-
observable fossil fragments), occasionally transsected by pure sandstone. The occurrence of
sandstone increases towards the bottom and finally dominates from 164 m to the final depth of 166
m.

DOVE Quarternary Flush Drilling in Winterstettenstadt | DOVE Quarternary Flush Drilling in Winterstettenstadt
Tannwald Basin, Borehole ICDP 5068_1_A Tannwald Basin, Borehole ICDP 5068_1_B
Drilling company: H. Angers Sohne, Gutenbergstr. 33, 37235 Hess. Licht Drilling company: H. Angers Sthne, Gutenbergstr. 33, 37235 Hess. Licht
Driller: Jurgen Prahl Driller: Jorgen Prahl
Geological logging: Bennet Schuster, David Tanner Geological logging: Bennet Schuster, David Tanner, Julia Silov-Tepic
Drilling period: 15.04.2021 - 05.05.2021 Drilling period: 31.05.2021 - 21.06.2021
Coordinates: N 47° 59° 59,29' E 9° 44' 55,11 Coordinates: N 47° 59' 58,39 E 9" 44' 55,10"
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Figure 13: Preliminary profiles of the two flush boreholes ICDP 5068_1_A (left) and 5068_1_B (right). Larger
stratigraphic units are linked to subformations found in the Schneidermartin research borehole (Fig. 2). Note that
the lithological description uses the following abbreviations (capital letters for main components): boulders
(Bo/bo), cobbles (Co/co), gravel (Gr/gr), sand (Sa/sa), silt (Si/si), clay (Cl/cl), organic silt (Osi/osi), organic clay
(Ocl/ocl).

The flush drilling samples observed on-site have little potential to represent the lithologies
encountered at depth, if not compared with existing information on the regional geology. However,
the local geological setting is well documented based on extensive seismic p-wave survey (Burschil et
al., 2018), geological maps, and the detailed description of an archived drilling (Schneidermartin
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borehole, see Figs. 2 and 3, and Buschil et al. 2018). Thus, with the help of this information, we were
able to detect certain changes and connect them to units of the Dietmanns and Ilimensee Formations.
Two sedimentary profiles were constructed (see Fig. 13). Although these interpretations are
preliminary and based on the flush boreholes, they still show the very local extent of known
lithologies. Furthermore, they were useful for orientation during the core drilling, preparation for
lithological changes while coring, and to enhance core quality.

Despite the limitations related to the interpretation of the cuttings from holes 5068 1 A and
5068_1_ B, close monitoring of the lithologies during drilling in all three boreholes (by observing flush
drilling samples, and surfaces at the top and the bottom of the drilled cores) allowed us to determine
small-scale changes in the glacial-interglacial deposits between the three drilling locations. In only ca.
28 m distance between the two flush boreholes, the gDMS unit (Fig. 13) has a thickness difference of 9
m. Also surprising is the much thicker than expected uppermost qlLK gravel layer (Fig. 13), despite its
location on the western flank of the basin.

2.6. Scientific operations on-site

The scientific operations for the flush drillings were coordinated by the Leibniz Institute for Applied
Geophysics, Germany, and the scientific operations for the core drilling were coordinated by the
University of Freiburg, Germany. For the two flush drillings, two scientists were on-site all the time
during the operational phase from the 12t April until the 15tJuly 2021. One scientist was on-site to
accompany the core drilling from 4% August until the 11* November 2021 and was supported by a
second scientist in the case of additional work, e.g. publicity.

2.6.1. Workflow flush drilling

At every metre of drilling, approx. 1 — 1.5 kg of drill cuttings from the drilling mud (known as cuttings in
mDIS) was sampled using a large 0.5 mm mesh sieve. The sample was then carefully washed in water to
remove most of the mud. At the geologist’s table, a small portion (< 50 g) of the sample was placed on
an aluminium tray. The rest of the sample was weighed and stored. The details, shown in Fig. 14, were

noted, as applicable. For fine-grained material or grain characteristics, the sample was viewed with a
hand lens or stereo, light-reflecting microscope. Finally, the sample in the aluminium tray was
photographed for reference.

Each cuttings sample was stored in a clear plastic container with a lid. Each container was labelled with
an ICDP label that contains a QR code and unique identifier of the sample. The details of each sample
were then uploaded in to ICDP’s database, the mDIS (mobile Drilling Information System).
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Figure 14: The form used to document cutting samples from the flush drillholes.

2.6.2. Workflow drill-core handling

The on-site science team was present at the drill rig when each core was pulled on deck, noting timing
and other details about the specific drilling procedure on the core run protocol. We inspected the
bottom face of the core, conducted a first lithological assessment, and, when appropriate, sampled
and/or photographed it. The drill team then pulled out the drill core in its plastic liner and transported
it to a pipe handling rack, noting top and bottom depths. If the core was less than one metre long, the
core liner was shortened accordingly to stop core material moving during transport. If excess material
was present at the top of the core from drilling the casing after the last core run (re-core material), it
was sampled in addition (cutting sample). If the quality of drilling was not satisfactory we discussed
possibly reasons for core loss with the drilling team and were prepared to adjust drilling technology, bit
type, or drilling fluid composition at any given time.

After the caps were taped on at each end of the liner, we received the closed liner from the drilling team
and transported it to the geologist’s core handling table. We then proceeded to label the liner, measure
the total weight and length of the drill core/liner, and placed the drill core in a wooden box. The wooden
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core boxes were transferred to a cool storage room in the community centre of Winterstettenstadt the
next evening, where the local authorities were kind enough to let us store the cores temporarily. We
packed the core boxes on to pallets and transported them to the long-term cool storage at the Emmi
Group AG, Bern, on the 3™ December 2021.

We continuously uploaded drill core metadata (number of core run, length of core run, time of core on
deck, sections, length of sections, weight of sections, information on core loss, coring technology, onsite
lithological description of core bottom, samples) to mDIS. Hole, Core, and any kind of sample were
automatically assigned an IGSN (International Generic Sample Number). All samples were labelled.

2.6.3. On-site sampling

Biosphere sampling

We took samples to investigate microbial activity within the sediments at intervals of 3 m throughout
the whole core. For this, preferably fine-grained sediment was sampled at the bottom of the core or the
top of the removable core-catcher (85 cm in-section depth). Wearing gloves, we performed the
sampling directly after the core was recovered in order to preserve the biological material and minimize
contamination. The biosphere samples consist of two parts: The first part is the DNA sample. We used
a sterile plastic syringe to punch out about 2 cm? of sediment and push it into a plastic tube (Fig. 15,
left). The second part of the sample is the additional material sample. We used a conventional spatula
that was sterilized with ethanol to fill about 20 cm?3 of sediment in a second plastic tube. This sample is
reserved for optional additional measurements or as backup for the DNA sample. We stored the
samples temporarily in a cool box, before freezing them the following evening. We took fifty-three
samples and, after the drilling was completed, we send them to the University of Geneva for further
investigation, planned to start in February 2022.

Figure 15: Left, taking a bio sample from the core. Right, vessel used to store samples for noble gas.
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Noble-gas pore water sampling

We took bulk sediment samples of preferably fine-grained clastic materials with trapped pore water.
We took the samples, similar to the biosphere samples, as early as possible after the core was recovered,
just so as little volatiles as possible could escape the pore water. If possible (depending on type of
sediment), we took cohesive chunks of material to capture and preserve as much pore-water as
possible. The samples were stored in special containers, from which noble-gas concentrations will be
measured directly (Fig. 15, right). We developed a sampling strategy in advance, based on findings from
the nearby boreholes, existing geological mapping and the results from the first two flush drillings. Due
to geological uncertainties, we often had to adjust the sampling distance, which is why the aspired
sampling interval of about 13 m could not always be kept. We took a total of 14 samples. After drilling,
we sent the samples to the Swiss Federal Institute of Aquatic Science and Technology on the 3
December 2021 for further analysis. The samples will be used to date the glacial sediment succession
using the *He/U-Th method on the pore water.

MSCL geophysical core logging

The following sensors were used: gamma attenuation, core diameter deviation, P-wave travel time and
magnetic susceptibility. This resulted in processed data for: density (calculated from gamma attenuation
and core diameter), P-wave velocity (calculated from an automatically picked P-wave travel time and
core diameter), and corrected volume specific magnetic susceptibility (calculated from senor loop and
core diameter). The MSCL dataset provides valuable data on rock/sediment density and magnetic
susceptibility. However, P-wave velocity values are constantly low and of poor quality, therefore, they
were not published. For details please see Explanatory Remarks.

2.6.4. Downhole geophysical measurements

Downhole geophysical measurements were conducted upon completion of the drilling operations of
Hole 5068 1 A from 10.-11.05.2021 and Hole 5068 1 C from 11.-12.11.2021. After equipping the
boreholes with PVC pipes all three holes 5068 _1_A, 5068 1 B and 5068 1 C were logged from 09.-
10.03.2022. Thomas Grelle and Carlos Lehne from LIAG carried out all the downhole geophysical
measurements in the three campaigns.

In the first two campaigns, the first measurement was made using spectral gamma ray SGR (i.e., the
instrument measures gamma ray (GR) plus K (wt%), Th (ppm), and U (ppm)) along the entire length of
the borehole through the drill string. The drill string was then removed by the drill crew to a depth that
precluded collapse of the borehole. The remaining probes were deployed in the open hole interval:

e CAL; Caliper (in perpendicular directions, in mm),

e DEV and DAZ; Deviation and deviation direction (in degrees from the horizontal and from north,
respectively),

e DIP; Dipmeter (including CAL, DEV, DAZ plus the dip of geological strata)

e DLL; Resistivity (in Qm, both near- and far-field),

e NN: Porosity (%),

e PE: Photoelectric absorption (barns/electron; b/e) and density (g/cm? in Fig. 16),

e SALTEMP: Salinity (mS/cm) Temperature (°C) of the borehole fluid,

e SONIC; Seismic velocity (in m per second),

e SUSZ; Magnetic susceptibility (10 Sl in Fig. 16).
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In the third measurement campaign, in which LIAG surveyed the boreholes that had in the meantime
been equipped with PVC pipes, only a limited measurement program could be carried out. In addition
to the SGR, SONIC and SUSZ probes, it also includes our Array Induction Tool (AIND), which measures
the electrical conductivity of the rock. However, it can only measure up to a few hundred Qm. With our
BHTV probe we tried to be able to see behind the PVC piping; however, this was not successful. The only
information that can be obtained from this data is the location of the filter section and the borehole
lining with the PVC pipes.

On 6™-8t July 2021, Jan Bayerle and Thomas Burschil from LIAG also carried out Vertical Seismic Profiling
(VSP) measurements on boreholes 5068_1 A and 5068 _1_B. Two types of VSP were acquired, i.e., zero
offset and walk-away VSP measurements, in both boreholes. These measurements are still being
processed.

Table 5: Wire-line logging overview. Tool abbreviations: AIND: Array Induction (electric conductivity), BHTV:
Borehole Televiewer, CAL: Caliper, DIP: Dipmeter, DLL: Dual laterolog resistivity, GR: Gamma Ray, NN: Neutron
porosity, PE: Density/Photoelectric factor, SGR: Spectral Gamma Ray, SONIC: Sonic log (seismic velocity), SUSZ:
Magnetic susceptibility, TEMPSAL: Temperature and salinity of mud. Other Abbreviations: OH: measurements in
open hole, CH: measurements in cased hole, OD: outer diameter.

Hole
Date/Hole Run Parameter From [m] To [m] Condition
1 CAL 160 43 OH
1 DLL 160 43 OH
1 NN 160 43 OH
10./11.05.2021 1 PE 160 43 OH
5068_1_A 1 SGR 143 0 CH
1 SGR 160 130 OH
1 SONIC 160 43 OH
1 SUSZ+GR 160 43 OH
1 TEMPSAL+GR 0 160 OH+CH
Remarks: Casing 0-43 m: 273 mm OD
2 BHTV 164 85 OH
2 DIP+GR 164 85 OH
2 DLL 164 85 OH
11./12.11.2021 2 NN 164 20 OH+CH
50681 C 2 PE 164 10 OH+CH
2 SGR 164 0 CH
2 SONIC 164 85 OH
2 SUSZ+GR 164 85 OH
2 TEMPSAL+GR 0 164 OH+CH
Remarks: Drill string retracted 85 m
3 AIND+GR 97 0 CH
3 AIND+GR 155 95 CH
09./10.03.2022 3 BHTV 155 45 CH
5068_1 A_3 3 SGR 155 0 CH
3 SONIC+GR 155 45 CH
3 SUSZ+GR 120 105 CH

30



icdp |

A™\

INTERNATIONAL DOVE operational report \/
NGOG Site 1 (5068_1) ¢

Remarks: -
3 AIND+GR 145 40 CH
10.03.2022 3 BHTV 145 40 CH
5068 1 B 3 3 SGR 145 0 CH
-0 3 SONIC+GR 145 40 CH
3 SUSZ+GR 145 0 CH

Remarks: -
3 AIND+GR 165 0 CH
3 BHTV 165 30 CH
09./10.03.2022 3 PE 165 0 CH
5068 1 C 3 3 SGR 165 0 CH
3 SONIC+GR 165 50 CH
3 SUSZ+GR 165 50 CH

Remarks: -

2.7. Storage, initial core description and 15t sampling party

2.7.1. Sites 5068 1 and 5068 2

Prior to opening and initial core description and 1st sampling, the drill cores were stored in the cold-
storage (4 °C) facility at the Institute of Geological Sciences, University of Bern and at Eawag Diibendorf.
The sampling party and initial core description took place from 09/2022 to 02/2023. Each core section
was cut, opened, and split lengthwise into an archive half for non-destructive analyses and a working
half for physical sampling. The following work was conducted on each archive half: A high-resolution
line scan was obtained, and each section was sedimentologically described and documented on a log
sheet. The focus of these descriptions was: i) the dominant grain size; ii) type and thickness of bedding;
iii) color; iv) contacts between different beds; v) secondary sedimentary structure; vi) quality of the core
section; and vii) an overview of clast lithology and morphology. Furthermore, undrained shear strength
(cu') and undrained uniaxial compressive strength (qu') were measured at 25, 50, and 75 cm section
depth where applicable with a pocket vane-shear tester and a pocket penetrometer. Sedimentary
lithotypes were defined and described based on the combined findings, and the whole sediment
succession was assigned to the best-fit lithotype. X-ray computed tomography (CT) images of selected
core sections were taken. Each working half was sampled for: i) grain-size distribution; ii) total inorganic
and organic carbon (TIC and TOC); and iii) water content. Smear slides have been taken from interesting
silt/clay-rich sections. Based on the line scans, samples were taken for a first screening of pollen content,
luminescence dating, cosmogenic nuclide burial dating, and geotechnical analyses). After completing
the description and the sampling campaign, the core halves were sealed in lightproof black foil, stored
in standard-sized wooden boxes, and labelled according to the ICDP guidelines. After processing, the
cores were sent to a large cool storage facility of the Emmi AG (Milchstrasse 9, 3012 Ostermundigen,
Switzerland), where they are stored currently at the date of this report (August 2023). Till the end of
the official moratorium (December 2024), access to samples/core is only possible by contacting Flavio
Anselmetti or Gerald Gabriel.

2.7.2. Legacy sites 5068 3 through 5068 6
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2.8. Site-specific preliminary scientific assessment

2.8.1. Geology
See Chapter 2.5.5 for the preliminary lithological assessment and Figures 12 A- C and 13 for a graphical

overview of the lithological units.

2.8.2. Borehole Geophysics

The Explanatory Notes describe in detail how the pre-processing of the data of the three measurement
campaigns was carried out. This includes, among other things, the matching of the depths of the
individual measurements, the elimination of false measurement data, the splicing of measurement
curves etc. With this knowledge it can be understood how to get from the raw data to the respective
composite dataset, which is e.g. the basis for the presentation of the measurements in 5068_1_A (Fig.
16). At this stage of the project, the temperature values and gradient are disregard because the
measurements were taken a few days after drilling, before the temperature in the borehole could re-
equilibrate. The temperature profile will be remedied by later downhole logging.

Resistivity is high (>50 Qm) around 50 m depth, gradually sinking with depth down to 95-105 m, where,
in unison with the Spectral Gamma Ray (SGR), it irregularly rises to higher values, before returning to
the background (clay) values of 10-20 Qm until 137 m: Here similar to SGR, the basal units have a very
high value (up to 100 Om) before returning to very low values in the Tertiary Molasse. Magnetic
susceptibility shows very little change apart from a very large peak at 140 m (which must be considered
an artefact, possibly caused by a piece of metal, perhaps from the drill bit) and slightly higher values in
the Molasse. When this artefact is removed, the magnetic susceptibility may show more detail. Seismic
velocity (Vp) is between 1700-1900 m/s at 50 m depth, peaking at 2200 m/s at the geophysical anomaly
at 95-110 m depth. The sharp Quaternary base at 154 m is very clear in all measurements.
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Figure 16: Results of the downhole geophysical measurements on the open hole of 5068_1_A.
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3. Site 5086_2

3.1. Site Introduction

This section documents the drilling operations at ICDP Site 5086_2 that explored the sedimentary infill
of the glacial overdeepening ‘Basadingen Trough’ located in the western Rhine-paleoglacier area
(Miller, 2010). The scientific objectives and approach of the DOVE project are explained in detail in
Anselmetti et al. (2022). The initial core description and interpretation of the cores from the Basadingen
Trough (ICDP 5068_2_A) are presented in Schaller et al. (2023). For more details on the operations at
the drill site also see Biichi et al. (2023).

3.2. Personnel in the Operational Phase

Technical project management and supervision
Marius W. Buechi, University of Bern, Switzerland
Flavio Anselmetti, University of Bern, Switzerland

Project and on-site science coordination
Sebastian Schaller (Ph.D. student), University of Bern, Switzerland
Bennet Schuster (Ph.D. student), University Freiburg, Germany
Marius W. Buechi, University of Bern, Switzerland
Flavio Anselmetti, University of Bern, Switzerland

Downhole geophysical measurements (LIAG, Hanover)

Hermann Buness, Leibniz Institute for Applied Geophysics, Hanover, Germany
Thomas Grelle, Leibniz Institute for Applied Geophysics, Hanover, Germany
Thomas Wonik, Leibniz Institute for Applied Geophysics, Hanover, Germany

External drilling advisor
Luka Seslak, Nagra, Hardstrasse 73, 5430 Wettingen, Switzerland

Drilling company (Fretus AG, Bad Zurzach)
Alex Kiing (company liaison)
Lukas Seiler (company liaison)
Juan Gonzalez (driller)
Marek Bajcura (driller assistant)
Joaquim Teixeira (driller assistant)

Hydrogeological supervision
Lawrence Och, Dr. von Moos AG, Zurich, Switzerland

Off-site assistance & data management
Katja Heeschen, ICDP-OSG, GeoForschungsZentrum Potsdam, Germany
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3.3. Site selection and permits

To determine the best location for the BASA drill site, LIAG (Leibniz Institute for Applied Geophysics,
Hannover, Germany), in collaboration with ETH Zurich (Switzerland), acquired two high-resolution P-
wave reflection seismic profiles across the Basadingen overdeepening in September 2019 (Fig. 17;
Approval by Kanton Thurgau, Departement fir Bau und Umwelt, 61.03). The resulting seismic sections
revealed the general shape of the overdeepening as well as a potentially multiphase internal facies
architecture, which was found in both profiles (Brandt, 2020). The central part of profile 2 (Fig. 18, ca.
CDP 640-680) seemed most suited for drilling because all seismically mappable units could be cored by
one vertical well.
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Figure 17: Location of the two high-resolution P-wave reflection seismic profiles acquired by LIAG in 2019. Profile
1 (blue) and profile 2 (green) run roughly perpendicular across the overdeepened basin. The red dot marks the
position of the chosen drill site 5068_2. The grey dots indicate the location of flush drilling AM-357 and nearby
shallow drill sites with archived logs.

In close discussions with the landowner and forester, a partially open area directly adjacent a forest
road was selected to place the drill rig and all other installations. In total an area of 245 m? (plus
additional spare areas of 39 and 29 m?) was made available to DOVE from the landowner without
charge. This arrangement was found to minimize the impact on the surrounding forest and allowed to
keep the forest road open during the operations. The coordinates of 5068 2_A at the surface are given
in Tab. 6.
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At this site, located just N of the basin axis, the depth to bedrock was estimated to 240 m but
considerable depth uncertainty was expected as only a simplified depth conversion had been applied
(Brandt 2020). Minimal well control was provided from an archived description of a nearby flush drilling
conducted in 1984 (AM-357, ca. 30 m WSW) with final depth of 201 m that did not reach bedrock
(Mdller, 2010).

The responsible authorities (mainly ‘Politische Gemeinde Basadingen-Schlattingen’ and ‘Amt fir
Umwelt Kanton Thurgau) decided that the permission would be coordinated under the regular building
permit procedure ('Baubewilligung’). The final building permit (No. 2021-0002 / 2021.01-122) was
handed in on 11.01.2021, open for public consultation between 15.01. and 04.02.2021 and granted on
10.04.2021. The building permit included a permit for a temporary clearing of forest area around the
drill site ("Rodungsbewilligung’).
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Figure 18: Pre-drilling interpretation of the seismic section 2 across the Basadingen Trough with the position of
the final drill site (for location see Fig. 17, Brandt, 2020). M = bedrock (Molasse); green line = Base Quaternary; A-
G = Seismic units; Black vertical line = drillhole 5068_2-A (BASA-A) with predicted bedrock at ~240 m depth. From
Brandt 2020; see Schaller et al. (subm.).

3.4. Site preparation and infrastructure

After a joint visit of the drill site by representatives of the University of Bern, the drilling contractor
(Fretus AG, Bad Zurzach) and the local authorities, landowner, forester and hunters on 21.4.2021, the
final position of the drill point was marked (see Table 6) and the site was prepared for the operational
phase. The forester moved wooden material to the backside of the open area and had to fell one tree
close to the road. The remaining preparatory work was organized and installed by the drilling contractor
(Fretus AG, Bad Zurzach) in accordance with the permit (Fig. 19).
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Table 6: The coordinates of the final drill point at the surface.

Reference system Coordinates Ground elevation
CH1903+/LV95 2'698'774 / 1'278'321 445.1 m i. M.
WGS84 * 47.648095564°N, 8.753256645°E 492.429 m

* Conversion according to NAVREF transformation service, www.swisstopo.admin.ch

Figure 19: Aerial view of the installations at site 5068_2: 1) Drill rig, red dot marks the location of borehole
5068_2_A, 2) mud pump and tanks, 3) storage area of various components, 4) power generator, 5) tools and drill
crew container, 6) science container.

The soil was protected by soil-protection mats extending from the existing forest road into the cleared
areas. The drill rig was additionally supported by wooden planks. In addition, the ground beneath the
drill rig was covered by a plastic tarp to protect the underground in the unlikely event of a leakage.
Before the second drill rig (AGBO) was installed (see 5.2 detailed report of operations), a gravel bed
was built to support the additional loads. Fretus AG installed a temporary water connection along the
road from the next hydrant (Josenbuck) to the drill site. Electricity was supplied by a power generator
on site.

For the scientific operations, a container was installed on the drill site for sampling and as a field
office, while more space was available in a garage of a forestry repository at Josenbuck, where the
cores were scanned for petrophysical properties using a Geotek MSCL scanner (owned by ICDP OSG)
and temporarily stored before transport to the University of Bern.
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3.5. Technical operations

3.5.1. Summary of drilling, coring and logging operations

After a public tender in late 2020, the University of Bern contracted the drilling company Fretus AG (Bad
Zurzach, Switzerland) for the drilling operations, with the requirement to core in high-quality down to
a depth of max. 300 m. The drilling crew consisted of two to three people (one drilling operator, one to
two drilling workers). To achieve the scientific goals, the drilling company planned to work with different
drill rigs depending on the depth and type of operations (Table 7).

Table 7: Drill rigs used during the operations.

Rig 1 - Nordmeyer DSB 1/6 0 - 228m depth drilling and coring

Rig 2 - AGBO G750 228 - 252 m depth, drilling and coring,

(leased by Fretus from Groupe Grisoni)

Rig 3 - Comacchio MC15 Logging, refilling

Table 8 summarises the technical parameters of the drilling and coring operations in hole 5068 2 A.
For coring of the first 58.0 m, a percussion coring system (Dusterloh-Hammer) was used. This system
works without mud circulation (‘dry coring’) and was therefore very successful for the loose and, in
parts, very permeable gravelly lithologies encountered in the upper part. Below 57.0 m the wireline
triple tube core-barrel system CSK-146 was used. This method in combination with suited drill bits, core-
catchers, and a fine-tuned mud-circulation yielded excellent core recovery and rapid progress in
cohesive and sandy lithologies. In gravelly zones, repeated borehole collapses, and large drilling mud
losses slowed down progress significantly (see 5.2 detailed report of operations). A total length of
252.0 m of core was recovered, with an overall recovery of 94 % (Fig. 20).

The time vs. depth plot shows the drilling processes for site 5068 2 (Fig. 21) and a weekly summary of
the drilling operations (Table 8). Three longer periods without depth progress (marked with (1) to (3))
relate to technical challenges during the drilling process. (1) standstill was needed to deblock the casing
(280 mm and 245 mm) and to stabilise the borehole walls, (2) is related to the change of the drill rig and
unforeseen mechanical problems with drill rig 2, and (3) to deblocking the casing for before
cementation.

At 252.0 m depth, drilling-mud losses and borehole collapses could not be managed (risk of blocking the
drill string). It was therefore decided to stop the drilling even though the targeted bedrock had not been
reached yet. After a return run down to 252 m, a successful geophysical downhole logging was
performed by LIAG (see section 6.3). The lowest 2-3 m were blocked so that wire-line logging tools
reached 249 m.

After completion of the coring and downhole geophysical logging, the borehole was refilled (see section
5.5) as there was no further use of the hole for further experiments. While retracting the casing after
many months proved to be challenging, the refilling was conducted according to the plan and all casing
was retracted. The drill site was fully cleaned up by the drilling contractor and returned to the landowner
on 23.11.2021.
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Table 8: Summary of the technical drilling and coring parameters for hole 5068_2_A.

From [m] To [m] Diameter Description
Drilling/Coring 0.0 57.0 133 mm Disterloh-Hammer (percussion
drilling technique)
57.0 252.0 146 mm Wireline coring, CSK-146
104.0 143.0 200 mm Rolling cutter drill bit, for reopening
& widening borehole
Casing 0.0 35.0 0OD: 324 mm Drill pipe, OD
(final state) ID: 302 mm
0.0 88.0 0OD: 280 mm Drill pipe
ID: 246 mm
0.0 105.0 OD: 245 mm Drill pipe
ID: 224 mm
Drilling mud 57.0 252.0 - Polymer & bentonite
Liner 0.0 252.0 OD: 110 mm PVC, dark orange, pre-cutto 1 m
ID: 104 mm pieces
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Figure 20: Recovery and core length for hole 5068 _2_A. Recovery was determined based on the driller’s
information, which were transferred to mDIS.
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3.5.2. Detailed report of operations
A detailed weekly summary of the drilling operations is given in Table 9.

Table 9: Detailed report of operations for site 5068 2.

Calendar week Summary of technical operations and decisions

CW 20 e Transport and installation of drill rig (Nordmeyer DSB 1/6)

(17.5.-21.5.2021)
cw 21
(24.5.-28.5.2021)

cwW 22
(31.5-5.6.2021)

cw 23
(7.6.-11.6.2021)

CW 24
(14.6.-18.6.2021)

Cw 25
(21.6.-25.6.2021)

CW 26

Inspection of drill site with external supervisor (L. Seslak), installations
accepted

Drilling 0-15 m using Diisterloh Hammer (@ 133 mm, core @ 110 mm)
Continuous installation of casing (@ 324 mm) down to 15 m

Ground water entering borehole 3-4 m and 10-11 m

Drilling down to 35 m using Diisterloh Hammer (@ 133 mm, core @ 110
mm)

Continuous installation of casing @ 324 mm

Ground water entering borehole 28-29 m, disturbed water table at
28.5m

Installation of casing @ 280 mm down to 35 m

Drilling down to 42 m using Diisterloh Hammer (@ 133 mm, core @ 110
mm)

Continuous installation of casing @ 280 mm down to 42 m

Drilling down to 57 m using Disterloh Hammer (@ 133 mm, core @ 110
mm)

Continuous installation of casing @ 280 mm down to 58 m

Switching to wire-line coring (CSK 146),

Drilling down to 58 m using CSK 146 (@ 146 mm, core @ 110 mm)
Changing drill bit

Drilling down to 61 m using CSK 146 (@ 146 mm, core @ 110 mm)
Drilling down to 95 m using CSK 146 (@ 146 mm, core @ 110 mm)
Core loss (see recovery plot)

Loss of drill mud at 93.9-95 m

Drilling down to 95 m using CSK 146 (@ 146 mm, core @ 110 mm)
Continued core losses (see recovery plot)

Continued loss of drill mud at 95-98.9 m

Attempt to seal borehole wall with bentonite

Re-open borehole, sealing borehole wall, and changing drill bit
Continued loss of drill mud at 95-98.9 m

Drilling down to 109 m using CSK 146 (@ 146 mm, core @ 110 mm)
Continued core losses down to c. 103 m (see recovery plot)
Continued loss of drill mud at 98.9-103 m

Re-open borehole down to 109 m

Drilling down to 126 m using CSK 146 (@ 146 mm, core @ 110 mm)
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(28.6.-2.7.2021)
cwW 27
(5.7.-9.7.2021)

Cw 28
(12.7.-16.7.2021)
CW 29
(19.7.-23.7.2021)

Cw 30
(26.7-30.7.2021)

CwW 31
(2.8.-6.8.2021)

CW 32
(9.8.-13.8.2021)
Cw 33
(16.8.-20.8.2021)
CW 34
(23.8.-20.8.2021)
CW 35
(30.8.-3.9.21)
CW 36
(6.9.-10.9.21)

CW 37
(13.9.-17.9.21)
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Installing casing @ 245 mm down to 60 m

Installing casing @ 245 mm down to 95 m

6.7.2021: casing @ 245 mm blocked, no rotation possible

To unblock casing @ 245 mm: drill with casing @ 280 mm over casing @
245 mm, downto 71 m

Continue workaround to unblock casing 245 mm: drill with casing @
280 mm over casing @ 245 mm, continued in steps down to 89 m

Casing 245 mm @ finally deblocked

Complete retraction and reinstallation casing @ 245 mm

Re-opening borehole with CSK 146 down to 105 m

Changing drill bit

Re-opening borehole with CSK 146 down to 123 m

Continued borehole instability.

Installation of rolling cutter bit

Re-opening borehole with rolling cutter drill bit (200 mm @) down to
126 m

Installation of CSK

Drilling down to 143 m using CSK 146 (@ 146 mm, core @ 110 mm)
Minor core and drilling mud losses

Re-opening borehole with rolling-cutter drill bit (@ 200 mm) from 126-
143 m

Installation of CSK

Drilling down to 154.5 m using CSK 146 (@ 146 mm, core @ 110 mm)
Continued bore-hole instability, core losses and drilling-mud losses
Drilling down to 194 m using CSK 146 (@ 146 mm, core @ 110 mm)
Minor drilling-mud losses

Changing drill bit, maintenance, mud curation

Drilling down to 213 m using CSK 146 (@ 146 mm, core @ 110 mm)
Minor drilling-mud losses

Drilling down to 228.3 m using CSK 146 (@ 146 mm, core @ 110 mm)
Performance limit of drill rig reached; decision to switch drill rig
Minor drilling mud losses

Remove & transport drill rig (Nordmeyer DSB 1/6)

No drilling

Laying of a stable gravel bed for heavier truck-mounted drill rig
Installation of new drill rig (AGBO G750)

Repair work on hydraulic pump

No drilling

Continued repair work on hydraulic pump and other components
No drilling
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Cw 38
(20.9.-24.9.21)
Cw 39
(27.9.-1.10.21)

CW 40
(1.10.-8.10.2021)

Cw a1

(11.10.-
15.10.2021)

CW 42

(18.10.-
22.10.2021)

Cw 43

(25.10.-
29.10.2021)

Cw 44
(1.11-5.11.2021)

Cw 45

(8.11.-12.11.2021)
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Continued repair work (various components), support by technician
from manufacturer

No drilling

Final preparatory work

Re-opening borehole and widening borehole rolling-cutter drill bit (@
152 mm) down to 228.3 m, replace drilling mud

Prepare installation of CSK

Installation of CSK

Flush and re-open borehole down to 228.3 m

Drilling down to 250 m using CSK 146 (@ 146 mm, core @ 110 mm)
Retract CSK 146 to changing drill bit

Retract CSK 146, changing drill bit and re-install CSK 146

Drilling down to 252 m using CSK 146 (@ 146 mm, core @ 110 mm)
Core losses

Attempts to continue drilling but borehole cannot be sealed (drill mud
is lost) and borehole collapses (with high risk of blocking the drill
string).

Joint decision to stop drilling

Retract CSK 146

Remove & transport drill rig (AGBO G750)

Transport & installation of new drill rig (Comacchio MC15) for
downhole logging and refilling

Install CSK 146

Perform return run with CSK 146 down to 248 m and retract to 175.9
m to clean borehole in preparation to downhole logging of first stage
Downhole logging of first stage (see logging report)

Retract CSK 146 up to 118.9 m

Downhole logging of second stage (see logging report)

Fully retract CSK 146

Attempt to retract @ 245 mm casing fails (same for @ 280 mm casing)
Downhole logging of third and final stage (see logging report)

Clean up and preparatory work for borehole cementation and re-filling
Continued attempts to deblock @ 245 mm and @ 280 mm casing
Fully retract casing @ 245 mm and @ 280 mm casing

Clean up and preparatory work for borehole cementation and re-filling
Refilling borehole according to accepted refilling scheme
Cementation of first stage (248-200 m, 400 kg cement Kiichler
INJEKTHERM 110 HS) before weekend break

Continued refilling borehole according to refilling scheme
Cementation 200-80 m and 80-55 m in two stages (2000 and 1200 kg
cement Kiichler INJEKTHERM 110 HS)

Fill borehole with swelling clay 55-50 m (500 kg, Mikolit 300 M)

Fill borehole with gravel 50-12 m (3 m?3)
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e Fill borehole with swelling clay 12-5 m (1000 kg, Mikolit 300 M)
e Fill borehole with earth/humus 5-0 m
e Retracting @ 323 mm casing parallel to refilling stages

CW 46 e De-installation of drill site

e Disposal of gravel bed and recultivation of drill site

(15.11.- o -
e 17.11.2021 Fretus AG finished work on site

19.11.2021)

CWw 47 e 23.11.2021: Inspection of site with forester/representative of
(22.11-26.11.2021) landowner (S. Pach(?ra); site acceptancg and return‘ed ‘

23.11.2021: Inspection of forest road with responsible (P. Eicher); no
damages found

3.5.3. Borehole deviation

The borehole deviation of 5068 2 A was measured as part of the downhole geophysical logging after
completion of the drilling operations. The results indicate only a minor deviation of max. 0.77 m to the
SSE (Fig. 22). The borehole can be considered essentially vertical. Note that due to the still existing drill
pipe for the top 105 m, only the inclination of the borehole could be determined with accelerometers.
The direction of the deviation is determined with fluxgate magnetometers. Therefore, the borehole
direction in the cased area was assumed.
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Figure 22: Borehole deviation of 5068 2A in vertical view (unit of both axes is meter).

3.5.4. Refilling and Post-Drilling Finishing Procedure
After completion of the coring and downhole geophysical logging, the borehole was refilled. Fig. 23
shows the preliminary lithological profile at that point (based on core ends, core catchers, and

preliminary MSCL data) and the borehole geometry. The following refilling plan was then proposed by

the hydrogeological consultants (Dr. von Moos AG, Appendix A) and accepted by environmental

authorities (Amt fir Umwelt, Kanton Thurgau), the drilling contractor (Fretus AG) and the University of
Bern:

253-55 m: Cementation in 2-3 stages using sulphate-resistant cement
(product used: Kiichler INJEKTHERM 110 HS)
55-50 m: Swelling clay (product used: Mikolit 300 M)

50-12 m: Clean gravel

12-5 m: Swelling clay (product used: Mikolit 300 M), water to be added to ensure fast

swelling.

46



icdpl

£A™\

DRILLING PROGRAM

TERNATIONAL DOVE operational report \/
CONTINENTAL SCIENTIFIC Site 2 (5068_2) D O E

e 5-0m: Clean cover material & humus/soil (“Deckschicht (Erde/Humus)”)

3.5.5. Borehole geometry and preliminary lithology assessment
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Figure 23: Borehole geometry and preliminary lithological profile (based on core end and MSCL data only) with
final refilling scheme.

The drilled succession of the Basadingen overdeepening (Fig. 23) can be roughly divided into two parts:
In the lower part between 252 and c. 48 m depth, the valley filling consists of sand with a highly variable
silt/clay content, which is divided into larger packages by gravel and diamict layers. Between c. 90 and
c. 148 m depth, the dominance of sands decreases, and alternating bedding with gravels on a meter to
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decimeter scale is observed. The upper part of the succession, between c. 48 and c. 11 m depth, consists
of mostly sandy gravels and is capped by a primarily diamictic succession above c. 11 m.

3.6. Scientific operations on-site

The scientific operations for the core drillings were coordinated by the University of Bern. At least one
scientist (mainly S. Schaller) was on site to accompany the core drilling, take samples, and to MSCL scan
the cores. The drill-site geologist/scientist was supported by a second scientist and the external drilling
advisor (L. Seslak) if needed.

3.6.1. Workflow drill-core handling

The cores handling was divided between the drilling team and the scientist according to defined
procedures. After recovery, the drill crew and the scientists would usually first inspect the lithology
visible at the core end. The drill crew was then responsible for closing the plastic liner with caps, adding
a preliminary label (with core run, driller’s depth, and orientation) and cutting the core into 1 m-sections
if needed (Fig. 20). The core catchers were usually not kept as separate sections but pushed back into
the liner. The core would then be handed over to the drill-site scientist, who documented the drilling
procedure per core in a detailed core-run protocol (Fig. 24) and completed labelling of the core and the
core-box according the ICDP standards. As there was no stable network coverage on the drill site, the
data upload to mDIS was usually done at the end of the working day.

Geologist: Place: Core run (CR): Date:

Core info for mDIS |Core ID:

Core on Deck (CoD) |Top Depth [mblf] | Drilled Core Length [m]|Nr of Section |Core type Core @ [mm] Oriented
Hammer | Rotation Yes No

Reason for core loss/
General core remarks:

Barrel length [m]| Bit type Drilling fluid type |Additional
drillers info:

Section info for mDIS ‘ Section ID:

Section length [m] Exists extra Core catcher |CC pushed back Weight [kg] Nobel gas samples Deep-Bio samples

Yes No Yes No
CC-Section info for mDIS |Length [m]: Weight [kgl: Nobel gas samples: yes/no Deep-Bio samples: yes/no
) Nobel gas
Lithology: Samples
[ . . Deep-Bio
If light exposed: Samples

General Remarks:

Figure 24: Core-run protocol template filled out by the drill-site scientist. The paper-based version was then
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transferred to mDIS.

The drill-site scientist also took the on-site samples according to the sample requests and instructions
for noble-gas and deep-biosphere sampling (section 6.2). These samples were taken before closing of
the liner if the core end suggested a suited lithology and high core quality. Samples were automatically
assigned an IGSN (International Geo Sample Number) and labelled according to the ICDP-standard,
automatically generated by mDIS.

The cores were stored in wooden core boxes and first transferred to the forestry repository at Josenbuck
by car. There, the cores were scanned with the ICDP-OSG’s Geotek MSCL and temporarily stored. The
cores were then transported to the cool storages at the Institute of Geological Sciences, University of
Bern, and once this was full, to the one at Eawag, Diibendorf (usually within 2-3 days after recovery).

3.6.2. On-site sampling

Biosphere sampling (method identical to site 5068 1; see 2.6.3)

According to sample request DOVE_2_ 2-A-MBIO, we took samples to search for microbial activity within
the fine sediments at intervals of ca. 3 m and within the coarse sediments at intervals of ca. 10 m
throughout the whole core. We stored the samples temporarily in a cool box, before freezing them in a
freezer in the forestry repository at Josenbuck (usually within hours after sampling). We took 61 samples
and, after the drilling was completed, we sent them to University of Geneva for further investigation in
February 2022.

Noble-gas porewater sampling (method identical to site 5068_1; see 2.6.3)

According to sample request DOVE_1_2-A-NOBE, we took bulk-sediment samples of preferably fine-
grained clastics with trapped pore water at intervals between ca. 10 - 20 m due to varying geology and
the developed sampling strategy. We took a total of 16 samples, which were sent batch-wise during the
drilling operation to Eawag, Diibendorf for further analysis. The samples will be used to date the glacial
sediment succession using the *He/U-Th method on the pore water.

Bulk samples from borehole widening

When working with the Diisterloh-Hammer technique, the driller first pulled the core, then widened
the bore hole to the diameter of the casing (@ 324 mm and later to @ 280 mm) and then remove the
excess material using the Dusterloh (with varying core chambers attached). This excess material is a
disturbed mix of the last core/casing interval, but the components are relatively original. We therefore
sampled additional bulk samples of this material in 5 buckets as back-up material for upcoming analysis
(e.g., clast analysis).

MSCL geophysical core logging (method identical to site 5068_1; see 2.6.3)
Same procedure and tools as at Site 5068_1, with the addition that at Site 2 (5068_2) natural gamma
radiation including K, Th, and U-Log was also measured. For details please see Explanatory notes.

3.6.3. Downhole geophysical measurements

Downhole geophysical measurements and a vertical seismic profile (VSP) were conducted upon completion of the
coring operations from 26. - 29.10.2021. Prior to logging the open hole section (105-250 m) a return run was
ordered to have a clean borehole and stable borehole for logging. Thomas Grelle, Carlos Lehne and Hermann
Buness (all LIAG, Hanover) carried out the downhole geophysical measurements.
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Table 10: Wire-line logging overview. Tool abbreviations: BHTV: Borehole Televiewer, CAL: Caliper, DLL: Dual
laterolog resistivity, EBS: Elemental composition, GR: Gamma Ray, NN: Neutron porosity, PE: Photoelectric index,
SGR: Spectral Gamma Ray, SONIC: Sonic log, SUSZ: Magnetic susceptibility Log, VSP: Vertical Seismic Profile. OH:
measurements in open hole, CH: measurements in cased hole

Hole
Date Run Parameter From [m] To [m] Condition
1 BHTV 250 175 OH
1 CAL 250 175 OH
1 DLL 250 175 OH
1 EBS 250 175 OH
26.10.2021 1 NN 250 175 OH
1 PE 250 175 OH
1 SGR 250 175 OH
1 SONIC 250 175 OH
1 SUSZ + GR 250 175 OH
Remarks: CSK-164 drill string retracted to 175 m
2 BHTV 175 120 OH
2 DLL 175 120 OH
2 NN 175 120 OH
27.10.2021 2 SGR 175 120 OH
2 SONIC 175 120 OH
2 SUSZ+GR 175 120 OH
2 VSP 246 120 OH+CH
Remarks: CSK-164 drill string retracted 120 m, EBS not working
3 BHTV 120 105 OH
28.10.2021 3 SUSZ + GR 120 105 OH
3 VSP 208 82 OH+CH
Remarks: CSK-164 drill string retracted 105 m
4 CAL 175 105 OH
4 NN 120 105 OH
29.10.2021 4 PE 175 105 OH
4 SGR 120 0 OH+CH
4 SONIC 120 105 OH
Remarks: -

The first measurement was made using spectral gamma ray SGR (i.e., the instrument measures the sum
of natural gamma ray (GR) plus K (wt%), Th (ppm), and U (ppm)) along the entire length of the borehole
through the drill string. The drill string was then removed by the drill crew at intervals to depths that
precluded collapse of the borehole (175 m, 120 m, and 105 m). The remaining probes were deployed in
the area of the open hole:
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e BHTV, Borehole Televiewer, ultrasonic image of the borehole wall

e CAL; Caliper (in perpendicular directions, in mm),

e DLL; Resistivity (in Qm, both near- and far-field),

e EBS; pulsed neutron induced borehole n-/y-spectroscopy; element composition (in cps)
e NN: Porosity (%),

e PE: Photoelectric absorption (barns/electron; b/e) and density (g/cm? in Fig. 26),

e SONIC; Seismic velocity (in m per second),

e SUSZ; Magnetic susceptibility (10* Sl in Fig. 26),

e VSP; Vertical seismic profile.

3.7. Storage, initial core description and 15t sampling party

Please see Chapter 2.7. For sample accessibility please contact: Falvio Anselmetti, University of Bern

3.8. Site-specific preliminary scientific assessment

3.8.1. Geology
See Chapter 3.5.5 for the preliminary lithological assessment and Figure 23 for a graphical overview of

the lithological units.

3.8.2. Geophysics
The Explanatory Notes describe in detail how the pre-processing of the data of the measurement

campaign at Site 5068_2 was done. This includes, among other things, the matching of the depths of
the individual measurements, the elimination of false measurement data, and the splicing of
measurement curves. The respective composite dataset for hole 5068_2_A is shown in Fig. 26.

51



icdp | — DOVE operational report \/
S Site 2 (5068 _2) DOSE
% Fe (cps)
EW] 1
Z (de |__K(%wt] |ADeep (Ohmm) POR(%) | | Cilops) | S (cps)
7 ] 1500 B0l h3s0 160l 40 90
|_DEV (deg) | SGR(gAP) | Thippm) Shallow [(Ohmm) DEM [glcem) | Olcps) | | Calcps) |
o 100 100K 100 15015 75500 1200 fo0 170
Ci(mm) | C2(mm) | | Susz (1E-4SI) | wp(mis) | LSPE(we) | | Sijcps) | | Hieps) |
50 100100 senl ] 10l 000 S0000 10 (280 azd (310
I {
! i
4 ?:E F
L [ ]
¢ ? B35, LR
{ vk
¥
L !i.!
50 m LY =
INENHSS
P
.
4
L'
g < »
X <
— r“}-.-:‘: 4
00 nf { (B = 3
1"' é‘--t{' A * J." f_'}
— < 3s i ==X
SRR 2%
Y VRT3 o €58
T ! o e=%
SISk S
S BEs ),
T ] T ¢
{ = — =T
50 mf e 5 il = ""_rt"
EHERAEE
4 5 a2 ]
] | SFN * s
N 9 ]l FT=%
S EN L IR
-] = | i -
i N SR 2AF=T 5
< <" T .g [ g Ew
% { = = 1;. 2 T==lr E
by : q - i — = {
BOO my -:-! h ‘tﬂﬁ 3 = -_:: ] 3 J_
! = ] _ . ;.-1
H o S L0 =S 5
} - C"'Fr_-'l' = k = .£ -t - I‘Eﬁ:’-n_
1% Y - = (&3 =1 =N
. 5 i HEE=; =22 (500 ][4
{ < 4 2 [ I o BN '
) i Y < 2 |5 = | =4
4 { B a0 B < LN <
— - = E | i
Ci(mm] | C2(mm) | | Susz (1E-4Sl) | wp(mis) | LSPE(we) | | Sijcps) | | Hieps) |
50 100l00 a50l ] 10lono 50000 10 (280 azd (310

Figure 26: Results of the downhole geophysical measurements on the open hole of 5068_2_A.
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4. Site 5068_3

4.1. Site Introduction

The drill-site is located south of Munich, Germany in the municipality of Schaftlarn. To the east lies the
slope of the Isar valley and further to the west the Lake Starnberg. The investigated overdeepened
structure was eroded by glacial activity of the Isar-Loisach glacier. It is located in a distal position in the
foreland glacier-lobe, just south of the limits of the maximum ice extent of the last glaciation. It is
suggested by Jerz (1979) that the Schéaftlarn overdeepening is a northeast-directed branch basin of the
Wolfratshausener basin. Drilling operations in 2017 conducted by the LfU (Bavarian Environment
Agency — Bayerisches Landesamt fiir Umwelt) retrieved 198.8 m of Quaternary sediments. The core can
be divided into diamicton remnants (198.8-198.5 m) at the base, overlain by silty sand with dropstone
presence (198.5-184 m), again overlain by partly laminated silt (184-170 m), fine sand interlayered with
silt and dropstones (170-158 m) and partly laminated silt with decreased presence of dropstones (158-
115.5 m). The sequence is topped by sandy-silty gravel (115.5-6 m) and a clast supported diamicton (6-
0 m) below the surface. 5068_3_A is stored in the drill-core storage facility (LfU reference number:
8034BG015807) of the LfU in Hof an der Saale, Germany.
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Figure 27: Map of the overdeepened structure of the Wolfratshausen basin and the drill-site Schdftlarn located in
a north-east extending branch basin published in Jerz (1979). Context is provided by evidence of past glaciations
on the surface.
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Figure 28: Map of the surrounding area of drill-site 5068_3. The site is located south of the limits of the maximum
ice extent of the last glaciation. Digital Elevation Model (DGM 1m resolution) provided by the Bayerische
Vermessungsverwaltung.
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5. Site 5068_4

5.1. Site Introduction

Site 5068 4 Neusillersdorf is located west of Freilassing and Salzburg on the border between Germany
and Austria. The site is positioned centrally under the foreland lobe of the Salzach paleoglacier. A
distinct branch basin diverting northwest from the main glacier basin was detected by the LfU (Bavarian
Environment Agency — Bayerisches Landesamt fiir Umwelt) during their update of the Quaternary base
map. The 136 m long core 5068_4_A, drilled by the LfU in 2009 targeted this overdeepened branch
basin and consists of 117 m of Quaternary sediments on top of 19 m of Flysch bedrock. The Quaternary
sediments can be further divided into a base diamicton (117-115 m) overlain by fine-sand/silt sized
laminated sediments (115-27 m) that are covered by sandy-gravel/diamicton sediments (27-0 m).
5068_4 A is stored in the drill-core storage facility (LfU reference number: 8143BG015394) of the LfU
in Hof an der Saale, Germany. For first results and a more detailed drill-core description we refer to
Fiebig et al. (2014).

12.890 12.900 12.910 12.920 12.930

Figure 29: The drill-site 5068_4 is located in a landscape characterized by drumlin-like glacial hills. These hills are
oriented parallel to the paleo ice flow direction. Digital Elevation Model (DGM 1m resolution) provided by the
Bayerische Vermessungsverwaltung.
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6. Site 5068_5

6.1. Site Introduction

Drill-site 5068 5 is located near Bad Aussee (Austria), in the central part of the Northern Calcareous
Alps within the extent of the Pleistocene Traun Glacier. Geophysical data (Steinhauser et al., 1985) show
a narrow, up to 1100 m deep structure with a highly unusual shape for an overdeepened basin (‘Hole
of Bad Aussee’). A possible explanation for this feature is the dissolution of a large salt body under
subglacial conditions resulting in the formation and subsequent filling of a lake. Drilling operations by
the Salinen Austria AG recovered 880 m of Quaternary sediments. They can be divided into ~ 700 m of
fine sediments, interpreted as being of glaciolacustrine origin at the base and ~ 200 m of cover
sediments. The cover deposits can be further divided into a coarse gravel sequence (~ 200 — 67 m),
interpreted as glaciofluvial sediments (“VorstoBschotter”), and a thick cover of subglacial till (~ 67 — 0
m). A first general description of 5068 _5_ A was published in Husen van & Mayr (2007).

Loser (1837 m) Trisselwand (1754 m)

Bad Aussee (659 m)

drill core (ICDP 5068_5):

880 m of Quaternary sediments I
$ |

Figure 30: 3D-visualisation of the drill-site and the 5068 _5_A drill-core. (Source of orthophoto: www.geoland.at,
source of digital elevation model: gis.stmk.gv.at)
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7. Site 5068_6

7.1. Site Introduction

The Site 5068 6 is a so-called legacy site. Drilling was undertaken by the State Office for Geology,
Resources and Mining of Baden-Wirttemberg (LGRB) in 2016 where the core material is stored. The
original identifier at the LGRB is: 8124-1291. The borehole was drilled to a depth of 144 m with a bedrock
depth of 133 m.
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Figure 27: Overview map of the Lake Constance amphitheatre with boreholes 5068 _1 and 5068_2 (A; from
Ellwanger et al., 2011, altered) and the vicinity of the 5068_6 drill site (B; map data courtesy of the LGRB)
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The site is located near the village of Gaisbeuren, which lies at the southern end of the Tannwald Basin,
an overdeepening that has presumably been eroded during the third-to-last Hosskirch Glaciation
(Ellwanger et al., 2011; Ellwanger, 2015) (Fig. 27). There, another isolated basin (Gaisbeuren Basin)
underlying the Tannwald Basin is presumed based on results from a previous but not anymore existing
drill core, which is not unlikely to represent an early Middle Pleistocene glaciation (Ellwanger, 2015).
Due to the supposed exceptional stratigraphic position of the Gaisbeuren Basin, drilling was undertaken.

Previous investigations include:

- in-liner drilling and borehole geophysical survey

- whole-core scans for magnetic susceptibility and natural remanent magnetisation
- preliminary profile description based on core catcher pieces

58



icdp |

£™\

TERNATIONAL DOVE operational report \/

CONTINENTAL SCIENTIFIC

DRILLING PROGRAM Appendix A -

8. DOVE Operational Dataset

The following tables list the data, metadata and images included in the DOVE phase 1 operational
dataset (DOVE-Phase 1 Scientific Team et al., 2023b). The complete dataset is available on the GFZ data
services repository using the following link https://doi.org/10.5880/ICDP.5068.001 or through the ICDP
DOVE project website https://www.icdp-online.org/projects/by-continent/europe/dove-switzerland.
Explanatory remarks (DOVE-Phase 1 Scientific Team et al., 2023c) are available together with the
dataset on the project website https://www.icdp-online.org/projects/by-continent/europe/dove-
switzerland or using the following link: https://doi.org/10.48440/ICDP.5068.002. This includes
descriptions on basic laboratory measurements.

NOTE: The operational dataset as well as this report are work in progress and will be updated at least
two more time from now on (October, 2023) for the legacy drill sites.

8.1. Data und Metadata from mDIS

Table 11: Available archive file (zip) containing the following reports & data from the DOVE Project Phase 1. Light
gray files are still to come.

DATA Description or DOVE Locations (xlsx, csv, zip)
Related Lists (pdf files)
1 AllData All Data
2 Expedition Expedition
3  Site Locations All Sites
4  Hole Locations All Holes
5  Cuttings (5068 _1) & 5068 _1_A
Borehole Expansion 5068 1 B
samples (5068 2_A) 5068 1 C
5068 2_A
6  Cores CoreSection- 5068_1_C
Report_5068_ 1 C 5068 2_A
CoreSection- 5068 _3_A
Report_5068 2_A 5068_4_A
CoreSection- 5068 5 A
Report_5068 3_A
CoreSection-
Report_5068 4 A
CoreSection-
Report_5068 5_A
7 Core Sections 5068 1 C
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8  Section Splits

9 Samples

10 Sample Request

11 Lithological Description
of Section Units
(Visual Section Logs)

12 Driller Reports

13 Borehole Logging Data

DOVE operational report

Appendix A

List of all Samples taken
from Site 1 — 5 until 17 Aug
2023
All Requests for Samples
taken
in the field and during
1st sampling party
this includes:
e mDIS records on lithology
e Table on Lithological Units
Core

e Visual Description

(VCD) Logs per Section
(pdf)

Daily Drillers reports
exported from mDIS Data
Tables & scans of written
reports

Borehole Logging Data,
Meta Data on Runs & Logs
(csv) and Composite Logs
(combined in 1 zip file for
each hole); composite logs

also as separate files
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5068_2_A
5068_3_A
5068_4_A
5068_5_A

5068_1_C
5068_2_A
5068_3_A
5068_4_A
5068_5_A

5068_All Samples

5068_Sample Requests

5068_1_C
5068_2_A

Lithological Units
SectionLogs_VCD Hole 1C
SectionLogs_VCD Hole 2A

5068_1_A

5068_2_A

5068 _1_BL_All Data

5068 _2_BL_All Data

5068 _3_BL_All Data

5068_4 BL_All Data

5068 _1 BL_CompositelLogs
5068 2 A_BL_CompositelLog
5068_3_A_BL_CompositeLog
5068 4 A_BL_CompositelLog
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Vertical Seismic Profile

Auxiliary Tables (incl.)

MSCL Data

Additional Data

READ ME

DOVE operational report \/
Appendix A <
All VSP Data Site 1 5068 1_VSP

(zip file incl Read me)

Sites 1 & 2 Borehole Diameter
Casing Diameter

Data Files Site 1 and 2 (zip) 5068_1 C

Calibration File (xIsx) 5068 2_A

(also see  Explanatory MSCL Calibration File

Remarks)

Carbon, Nitrogen, Sulfur, 5068 1 C

Water, Uniaxial Shear and 5068_2_A

Compressive Strength

External Link https://doi.org/10.48440/1CDP.5068.002

8.2. Image Reports and Primary Images exported from mDIS

NOTE: The images of the operational dataset are work in progress and will be updated at least two more
time from now on (October, 2023) for the legacy drill sites. As of now they are available for Sites 1 and

2.

Available images include

1) Section images were taken from the archive half once the core was opened at the University of Bern
(Sites 5068-1 & 2). Image file names begin with the abbreviation CS followed by the combined_id of
the sections and are available in JPEG format.

2) Cuttings images taken at the drill site (Site 5068-1). The file names start with the abbreviation CU
followed by the combined_id and are available in JPEG format

3) Hole overview reports showing images of all sections taken sorted after depths (exported from
mDIS)

4) Core overview were taken from the archive half once the core was opened at the University of Bern
(Sites 5068-1 & 2). Image file names begin with the abbreviation CS followed by the combined_id of
the sections and are available in JPEG format.

Table 1: Available image files from the DOVE Project Phase 1 (as of October 2023)

DATA

Hole Overview Reports

Section Images

Cutting Images

Core Overview

Description Locations/Holes
Image Hole Overview (pdf files) 5068 1 C
5068_2_A
Slabbed Section Overviews (zip) 5068_1 C
5068_2_A
Images (zip file with .jpg) 5068_1 B
5068_1_C
Image Core Overviews (pdf files) 5068_1 _C
5068_2_A
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9. Summary of Preliminary Scientific Assessment

OVERALL
Preliminary data indicates that it will be possible at all the sites to better understand the local glaciation
and landscape history and — by merging it with the other sites — in the entire alpine region.

SITE-SPECIFIC

Site 5068_1

In the Tannwald Basin at site 5068 1 glacial deposits were successful drilled within an overdeeped valley
with high-quality core recovery of with a core with 95% recovery. The ICDP 5068 1 C drill hole first
penetrated a succession of gravel-dominated, partly diamictic units. Below 38 m the sediments become
finer, mostly silt dominated with varying clay content, occasionally interrupted by sand units (e.g., at
73-81 m and 99-104 m). In this section, rare outsized clasts were visible and indicate the presence of
dropstones. At 136 m, the sediments become coarser and well-sorted sand units alternate with fine-
grained diamicts, occasionally containing a significant amount of gravel. Sand becomes dominant at
149 m and the bedrock Tertiary Molasse deposits were encountered at 155 m. The bedrock is marly in
appearance at the top (including macroscopically-observable fossil fragments), occasionally transsected
by pure sandstone. The occurrence of sandstone increases towards the bottom and finally dominates
from 164 m to the final depth of 166 m. In addition:

e Three boreholes were finished and kept open for future research (cross-hole seismic).

e We were able to conduct borehole geophysics in open-hole conditions, which is remarkable for
this kind of sediment.

e The boreholes were sampled by the local state authority to test the water quality at the filtered
points.

e  Future work will refine the preliminary lithological succession and integrate it the various other
datasets, especially age dating of the sediments, reflection seismic and borehole geophysics.

Site 5068_2

At site 5068_2 the infilling of the Basadingen overdeepening was successfully cored down to the basal
part at a depth of 252 m in mostly excellent core quality. Only the transition to the bedrock could not
be reached (by probably only a few meters) due to major drilling difficulties. Based on the preliminary
core assessment (prior to opening), the recovered sequence can roughly be divided into two parts: In
the lower part, between 252 and 48 m depth, the valley filling consists mainly of sands, which are
divided into larger packages by gravel and diamictic interbeds. Between c. 90 and 148 m depth, the
sands are interbed gravels (forming dm-m thick beds). In the upper part of the core between 48 and 11
m depth the valley fill is overlain by gravels and above 11 m by diamicts. Future work will refine this
preliminary lithological succession and integrate it the various other datasets.

Site 5068_3: upcoming
Site 5068_4: upcoming
Site 5068_5: upcoming
Site 5068_6: upcoming
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10. Conclusions

This operational report summarizes the relevant operational aspects of DOVE-Phase 1. For DOVE such
a joint report is particularly important because the operations have been conducted under different
operational conditions: Sites 5068 1 and 5068 2 were freshly drilled, sites 5068 3 and 5068 6 were
drilled earlier but in anticipation of the DOVE project and temporarily stored, and sites 5068 4 and
5068 _5 are legacy cores initially not anticipated for use in DOVE. Despite these differences, this report
shows that the recovered cores and data are for most parts of equivalent quality across all sites. This
common dataset is an excellent basis for the upcoming data analysis and integration steps towards the
overarching, pan-Alpine goals of DOVE.

The coring operations at all sites show that drilling operations in overdeepenings are very challenging.
This is mainly due to the highly variable, unconsolidated and difficult to predict lithological successions
encountered in this overdeepened valley fills. However, with the chosen drilling strategies we have
achieved very high recovery and excellent core quality. The emphasis on core quality has led to longer
than expected drilling operations (but generally within budget constraints).

In conclusion, the operational procedures have proven very reliable and successful. The operations for
DOVE-Phase 1 have set a new standard of how such valley fills can be explored successfully and can be
adopted for a potential upcoming DOVE-Phase 2 (see Anselmetti et al. 2022).
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Appendix A - 5086_2 Hydrogeological report by Dr. von Moos AG

Dr. von Moos AG Beratende Geologen und Ingenieure

achnis

Infol ch

www.geovm.ch
C Telefon +¢
) Baden Dorfstrasse 40, CH - 8214

Zweigniederlass

Auftrag 13162 Tiefbohrung BASA 1, Muedihaa, Basadingen-Schlattingen
Aktennoti Hydrogeologische Bohrbegleitung

Lawrence Och
Datum 03.02.2022 «rg Visum: GH

erteiler
- Amt fur Umwelt des Kanton Thurgau (erika.tanner@tg.ch)
- Sebastian Schaller, Uni Bern (sebastian.schaller@geo.unibe.ch)

- Marius Biichi, Uni Bern (marius.buechi@geo.unibe.ch)

1. Einleitung / Auftrag

Im Rahmen des Forschungsprojekts "Drilling Overdeepened Alpine Valleys (DOVE)" wur-
de im Auftrage des Instituts fiir Geologie der Universitat Bern fiir wissenschaftliche Zwe-
cke auf der Parzelle Kat.-Nr- 2610 bei Muedihaa in Basadingen-Schlattingen tber der gla-
zial ibertieften Waltalingen-Basadingen-Rinne eine Kernbohrung (BASA 1) abgeteuft
(Landeskoordinaten: 2'698'774 / 1'278'321 / 445.1 m (i.M.). Da die Tiefbohrung in einem
Grundwassergebiet ausgefiihrt wurde, mussten gemass Bewilligung Nr. 2021.01-122 des
Amts fiir Umwelt des Kantons Thurgau die Bohrarbeiten sowie der Riickbau mit Verfal-
lung durch eine hydrogeologische Fachperson begleitet werden. Gemass unserem Ange-
bot vom 4. Mai 2021 und der Auftragsbestatigung mit Email vom 5. Mai 2021 haben wir
die Bohr- und Verfillarbeiten hydrogeologisch begleitet. Die Arbeiten werden in dieser
Aktennotiz dokumentiert und beurteilt.

2. Ausgefiihrte Arbeiten

Die Kernbohrung dauerte vom 25. Mai bis zum 13. Oktober 2021 und erreichte eine End-
tiefe von 253 m unter OK Terrain. Dabei kam es vom 1. bis 27. Juli 2021 in einer Tiefe von
126 m unter OKT aus bohrtechnischen Griinden (Probleme mit der Verrohrung, welche
tiberbohrt werden musste) und vom 27. August bis 5. Oktober 2021 in einer Tiefe von
228.3 m unter OKT (Ersatz Bohrgerét) zu langeren Unterbriichen.

Die Bohrung wurde von 0 bis 57 m unter OKT als Trockenbohrung im Rammbohrham-
merverfahren (System Dusterloh) und zwischen 57 und 253 m unter OKT als Spiilboh-
rung im Seilkernbohrverfahren ausgefiihrt. Zur Stabilisierung der Bohrlochwand wurde
ein Spulungszusatz verwendet (GS 550), welcher bei der Trockenbohrung auch zur
Schmierung der Verrohrung eingesetzt wurde. Die Bohrung wurde durchgehend und mit
der Tiefe abnehmendem Durchmesser verrohrt (vgl. Anhang A1).

13162-AN-2022-02-03.rtd Seite 1/3
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Tiefbohrung BASA 1, Muedihaa, Basadingen-Schlattingen Auftrag: 13162
Hydrogeologische Bohrbegleitung Zirich, 03.02.2022

Die Bohrkerne wurden in opaken Linern extern gelagert und nicht geéffnet. Die geologi-

sche Aufnahme wurde vom Geologen Sebastian Schaller der Universitat Bern (Auftrag-

geber) anhand des ca. meterweise sichtbaren Bohrguts vorgenommen (vgl. Anhang A1).
Die Bohrung wurde vom 5. bis 10. November 2021 riickgebaut und verfiillt.

Die Dr. von Moos AG stand wahrend der gesamten Bohrung regelmassig mit Sebastian
Schaller und zeitweise mit dem Baufiihrer des Bohrunternehmens (Fretus AG) in Kontakt.
Die Tagesrapporte des Bohrunternehmens sowie eine tabellarische Nachfiihrung der
Bohrtiefen, Wasserstéande, Wassereintritte und Spulverluste wurden uns regelmassig
durch Sebastian Schaller ibermittelt. Baustellenbegehungen durch Mitarbeiter der Dr.
von Moos AG fanden am 31. Mai, 23. Juni und 9. November 2021 statt.

3. Hydrogeologische Folgerungen

Gemass Bohrprofil im Anhang A1 ist von folgender geologischer Schichtabfolge
auszugehen:

0 - 22 m: Morane (letzteiszeitlich)
22 - 48 m: Buchberg-Schotter
48 — 253 m: Moranenkomplex (altere Eiszeiten) mit Seeablagerungen und Kieslager

Gemass einer alteren Bohrung, welche in der naheren Umgebung bis auf 201 m u.T. ab-
geteuft wurde, sollte der obere Teil des dlteren Moranenkomplexes (M&hlin- und Berin-
gen-Eiszeiten) liberwiegend aus Seeablagerungen und der untere Teil vor allem durch
Moréne aufgebaut sein. Da die Kerne der aktuellen Bohrung nicht im Detail aufgenom-
men werden konnten (opake Liner), sind die Schichtgrenzen noch nicht eindeutig be-
stimmbar. Der Fels wurde nicht erreicht. Allerdings wurden unterhalb von ca. 250 m Tie-
fe Molassekomponenten (Fels) beobachtet. Die Flanken der Waltalingen-Basadingen-Rin-
ne verlaufen gemass heutigem Wissensstand von oben nach unten durch Obere Siiss-
wasser-, Obere Meeres- und Untere Slisswassermolasse.

Anlasslich der Trockenbohrung bis in eine Tiefe von 57 m wurden Wasserzutritte in Tie-
fen von ca. 3 und 10 m unter OKT innerhalb der Moréane sowie bei 28 m unter OKT inner-
halb des Buchberg-Schotters festgestellt. Bei den oberen Zutritten diirfte es sich um
Schichtwasser handeln, wobei der Wasserstand nicht gehalten wurde. Die Wasserzutritte
aus dem Buchberg-Schotter fiihrten zu einem Wasserstand, welcher sich tliber die ge-
samte Bohrung grosstenteils zwischen 26 und 32 m unter OKT (ungeféhre Koten 413 bis
419 m (.M.) bewegte. Wahrend der gespiilten Bohrung wurden vollstandige Spiilverlus-
te in Tiefen von ca. 90 - 110 m, 125 - 130 m, 140 — 145 m, 205 - 230 m sowie im Bereich
der Endtiefe bei 250 m unter OKT festgestellt. Dabei diirfte es sich um Lagen von gut
durchlassigem, tiberwiegend sandig-kiesigem Material handeln. Wesentliche Wasserzu-
tritte aus dem Moranenkomplex unterhalb des Buchberg-Schotters konnten nicht festge-
stellt werden.

13162-AN-2022-02-03.rtd Seite 2/3
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Tiefbohrung BASA 1, Muedihaa, Basadingen-Schlattingen Auftrag: 13162
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4. Riickbau und Verfiillung der Bohrung

Die Verfiillung der Bohrung hatte so zu erfolgen, dass das im Buchberg-Schotter
zirkulierende Grundwasser weder von Wasserzufliissen von oben (Gelandeoberflache)
noch von unten beeintrachtigt werden kann. Nach dem volistandigen Riickzug der Ver-
rohrung wurde die Bohrung gemass Anweisungen der Dr. von Moos AG und in Riick-
sprache mit Auftraggeber, Bohrunternehmer sowie AfU Thurgau folgendermassen ver-
fallt:

0 - 5 m: Deckschicht (Erde/Humus)
5 - 12 m: Tonabdichtung (Mikolit 300M)
12 - 50 m: Kies
50 - 55 m: Tonabdichtung (Mikolit 300M)
55 - 253 m: Zement, sulfatresistent (K Injektherm 110 HS)

5. Schlussbemerkungen

Die Kommunikation mit Auftraggeber und Bohrunternehmer verlief haufig und zufrie-
denstellend. Anlasslich der Begehungen konnten hinsichtlich gewasserschutzrechtlichen
Auflagen keine Bedenken angemeldet werden. Durch die vorstehend erlauterte Verfiil-
lung der Bohrung sind keine nachteiligen Auswirkungen auf das Grundwasservorkom-
men im Buchberg-Schotter zu erwarten.

Ziirich, 3.2.2022
Dr. von Moos AG

Anhang:

A1l Bohrprofil Forschungsbohrung BASA 1, nicht massstablich (dat. 24.11.2021,
Universitat Bern)
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Tiefbohrung BASA 1, Muedihaa, Bericht Nr. 13162
Basadingen-Schlattingen Anhang A1

ICDP-DOVE Forschungsbohrung BASA1 / 5068-2, Basadingen-Schlattingen
Bohrloch-Architektur, Verfillung und vorlaufige lithologische Aufnahme
Koordinaten (LV35) 2'698'774 /1 1'278'321 Bearbeiter: S. Schaller, M. Buechi, Universitat Bern
Oberkante Terrain (OKT) 4451 m 4. M. Datum: 24.11.2021
Bohrlochdurchmesser Litho- | Beschreibung erwartetes Bohrgut
und Verfiillung logie ierend auf Beobachtungen an den K den & Bohmei: ben)
Alle Tiefen ab OKT [m]
" ~21"=7q Silt, sandig tonig, kiesig
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< 0. & { vereinzelte Blocke (>10 cm), diamiktisch
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» —
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Appendix B -
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Layout of the drillsite (5068_1) for the borehole B (top) and C (bottom); supplement to chapter 2.4

70






Appendix B: Drilling Overdeepened Alpine Valleys (DOVE) — Explanatory
emarks of Phase |

Comment:

The following documentation contains explanatory remarks for the required metadata to
understand and use the DOVE Phase | operational data set. This data set includes all data
acquired during the drilling operation and the initial core description of DOVE Phase I,
including those used in Chapters 2, 3, and 4. Since DOVE site 5068 2 was used to define many
of the project's internal documentation standards, Katja Heeschen from the ICDP and | mainly

wrote this documentation.






I | d
INTERNATIONAL CONTINENTAL
SCIENTIFIC DRILLING PROGRAM

ICDP Operational Dataset — Explanatory Remarks

https://doi.org/10.48440/ICDP.5068.002

Drilling Overdeepened Alpine Valleys
(DOVE) - Explanatory remarks on the
operational dataset

DOVE-Phase 1 Scientific Team, Anselmetti, F. S., Beraus, S., Buechi, M.
W., Buness, H., Burschil, T., Fiebig, M., Firla, G., Gabriel, G., Gegg, L.,
Grelle, T., Heeschen, K., Kroemer, E., Lehne, C., Lithgens, C., Neuhuber,
S., Preusser, F., Schaller, S., Schmalfuss, C., Schuster, B., Tanner, D. C,,
Thomas, C., Tomonaga, Y., Wieland-Schuster, U., and Wonik, T.




Citation of this report:

DOVE-Phase 1 Scientific Team, Anselmetti, F. S., Beraus, S., Buechi, M. W., Buness, H., Burschil, T., Fiebig, M.,
Firla, G., Gabriel, G., Gegg, L., Grelle, T., Heeschen, K., Kroemer, E., Lehne, C., Liithgens, C., Neuhuber, S.,
Preusser, F., Schaller, S., Schmalfuss, C., Schuster, B., Tanner, D. C., Thomas, C., Tomonaga, Y., Wieland-Schuster,
U., and Wonik, T. (2023) Drilling Overdeepened Alpine Valleys (DOVE) - Explanatory remarks on the operational
dataset. ICDP Operational Dataset — Explanatory Remarks. GFZ German Research Centre for Geosciences.
https://doi.org/10.48440/ICDP.5068.002

Data described by this report:

DOVE - Phase 1 Scientific Team; Beraus, S., Buechi, M. W., Buness, H., Burschil, T., Fiebig, M., Firla, G., Gabriel, G.,
Gegg, L., Grelle, T., Heeschen, K., Kroemer, E., Lehne, C., Lithgens, C., Neuhuber, S., Preusser, F., Schaller, S.,
Schmalfuss, C., Schuster, B., Tanner, D. C., Thomas, C., Tomonaga, Y., Wieland-Schuster, U., and Wonik, T. (2023):
Drilling Overdeepened Alpine Valleys (DOVE) - Operational Dataset of DOVE Phase 1. GFZ Data Services.
https://doi.org/10.5880/ICDP.5068.001

Referencing Article:

Schaller, S., Buechi, M. W., Schuster, B. and Anselmetti, F. S. (2023). Drilling into a deep buried valley: A 252 m
long sediment succession from a glacial overdeepening in northwestern Switzerland, Scientific Drilling, 32,
https://doi.org/10.5194/sd-32-27-2023

Operational Report

DOVE-Phase 1 Scientific Team, Anselmetti, F. S., Beraus, S., Buechi, M. W., Buness, H., Burschil, T., Fiebig, M.,
Firla, G., Gabriel, G., Gegg, L., Grelle, T., Heeschen, K., Kroemer, E., Lehne, C., Lithgens, C., Neuhuber, S.,
Preusser, F., Schaller, S., Schmalfuss, C., Schuster, B., Tanner, D. C., Thomas, C., Tomonaga, Y., Wieland-Schuster,
U., and Wonik, T. (2023) Drilling Overdeepened Alpine Valleys (DOVE) — Operational Report of Phase 1. ICDP
Operational Reports. GFZ German Research Centre for Geosciences. https://doi.org/10.48440/ICDP.5068.001

Imprint
International Continental Scientific Drilling Program

Helmholtz Centre Potsdam

GFZ German Research Centre for Geosciences
Telegrafenberg

D-14473 Potsdam

Published in Potsdam, Germany
2023

DOI: https://doi.org/10.48440/ICDP.5068.002

This work is licensed under a Creative Commons Attribution 4.0 International License. (CC BY 4.0)
https://creativecommons.org/licenses/by/4.0/


https://doi.org/10.48440/ICDP.5068.002
https://doi.org/10.5880/ICDP.5068.001
https://doi.org/10.5194/sd-32-27-2023
https://doi.org/10.48440/ICDP.5068.001
https://doi.org/10.48440/ICDP.5068.002

ICDP Project DOVE — Explanatory remarks on the operational dataset

DOVE-Phase 1 Scientific Team, Anselmetti, F. S.*, Beraus, S., Buechi, M. W., Buness, H., Burschil,
T., Fiebig, M., Firla, G., Gabriel, G., Gegg, L., Grelle, T., Heeschen, K. U., Kroemer, E., Lehne, C,,
Lithgens, C., Neuhuber, S., Preusser, F., Schaller, S., Schmalfuss, C., Schuster, B., Tanner, D. C,,
Thomas, C., Tomonaga, Y., Wieland-Schuster, U., and Wonik, T.

’ corresponding author

Abstract

All datasets provided in the operational dataset (DOVE-Phase 1 Scientific Team et al., 2023b) of the ICDP
project DOVE phase 1 (ICDP 5068) consist of metadata, data and/or images. Here, we summarize
explanations on the tables, data and images exported from the database of the project (mDIS DOVE) as
well as some basic explanations on identifiers used in ICDP, depths corrections and measurements that
are integrated into the dataset.
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1. Introduction

1.1 ICDP Combined_ID

The ICDP naming convention uses the hierarchical relation of a sample taken from a section split of a core
run retrieved from a drill hole (Fig. 1). The convention uses relative depth, which is preferable because it
will remain constant even after depth corrections possibly applied at a later stage. Deviating from the
usual ICDP combine_ID, the DOVE project added an abbreviation for the analysis to the sample combined_
ID, e.g.: ICDP_5068 1 A 550 3 WR_52-68:NOBE. See Chapter 2.

The ICDP expedition code for the DOVE project is 5068. At the time of this report (May 2023), the DOVE
project has 6 sites with 1 hole each, except for site 1 (Tannwald) where holes A — B were drilled and only
hole C was cored.

Core runs varied in length but the common length of a core section, which a core was cut into, is 1 m for
better handling purposes. While only a few samples are taken on the full cylindrical core material
(wholeround, WR) most of the sampling and description was done after the section was split vertically
into a working (W) and archive (A) half, with the latter commonly being used for nondestructive sampling
only. The top and bottom of the sample (= interval) is expressed as the distance to the top of the section.
An example for a combined_id of a cutting is: 5068_1_A 21 CUT, which is cutting (CUT) collected
between 20 — 21 m from borehole 5068_1_A. An example of the combined _id of a borehole-expansion-
sampleis: 5068 2 A 1 BES, with 5068 2 A beingthe hole, 1 being the bottom depth and BES indicating
the sample type.

ICDP 5068 _ 1 T _ 550 _ 3 _  WR/W/A _ 52-68
éProgram Expeditioni Site Hole Core run Section Split Sample
Top o Top

Bottom

Figure 1 : Example for the common naming convention used in ICDP. The combined_id is used in ICDP to name any
site, hole and drilled or cored material.

For legacy drill cores from sites 3 to 6, the original core length and core run number is unknown. Here
each section is equivalent to a core run or vice versa there is only one section to each core run for all
legacy.
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1.2 IGSN

Following the FAIR data principle, each hole, core, section split, sample and cutting has a unique identifier,
the so called International Generic Sample Number (IGSN). This number is registered through an agent
and allows for the sample to be findable via the IGSN data base. For details on the ICDP — IGSN please see
Conze et al. (2017) and https://www.igsn.org/ (last visited 06/02/2023).

1.3 Depths: drillers depth and depths corrections

During the drilling operations, only driller's depth is documented. In the DOVE project, the drillers use the
ground surface as their reference height, and no further depth correction has been made at the time of
publication of the data set (August 2023). If you have to refer to total depth, use the depth given in column
mcd_depth.

e In all depth-related datasets, usually, two or three different depths are stored:
— The original driller's depth
— Top and bottom depths, which are equivalent to the driller’s depth corrected only by any
difference between drillers reference height and surface (= 0 meter below surface (mbs))
— Relative depth (to top of core or to top of section)
— Corrected depth (=mcd_depth = meter corrected depths)

Throughout all datasets with measured values the metric unit system is used. It is recommended to use
the MCD depth for any evaluation or visualization.

In the DOVE project an integrative depth matching between downhole logs and MSCL data show no
significant differences in depth distribution. Thus, a depth correction based on downhole logging data will
not be performed for any of the sites. A correction of the section lengths to match MSCL data and sample
depths was performed for sites 5068_1 and 5068_2 but does not exceed 7 cm (see paragraphs on
“Sections” for details).

1.4 mDIS data base scheme

The mobile Drilling Information System (mDIS) is a database management application developed by ICDP,
using a MySQL relational data base in the backend. The relations of the separate tables often are
hierarchical and set up to represent the combined_id (Fig. 2). mDIS uses so called “pseudo” fields,
particularly helping to keep track of any depth changes. Apart from the driller’s depth and any measured
lengths, all depth information is calculated when data are called upon but is not stored in the database.
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Cuttings

Site —

Expedition Sample
Requests
Scientists

Figure 2: mDIS database relational hierarchy.

2 Available data files

The DOVE_5068 Dataset folder contains the curational datasets and 3 additional folders for files
originating from borehole_logging, data measurements and imaging of the core material. Note that the
data & images of the operational dataset are work in progress and will be updated at least two more time
from now on (October, 2023) for the legacy drill sites.

DOVE_5068_Dataset
=  Borehole_logging
= Data
= |mages

Table 1: Available file containing reports & data from the DOVE Project Phase 1. Light gray files are still to come in
a follow up version of the operational dataset once the data & reports are being produced.

DATA Description or DOVE Locations
Related Lists (pdf files) (xIsx, csv, zip)

1 All Data All Data

2 Expedition Expedition

3 Site Information All Sites

4 Hole Information All Holes

5 Cuttings (5068_1) & 5068_1_A
Borehole Expansion 5068_1_B
samples (5068_2_A) 5068_1 _C

5068_2_A
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6 Cores

7 Core Sections

8 Section Splits

9 Samples

10 Sample Request

11 Lithological Description
of Section Units
(Visual Section Logs)

12 Driller Reports

13 Borehole Logging
Data

DOVE - Explanatory Remarks

CoreSection-Report_5068_1 C
CoreSection-Report_5068_2_A
CoreSection-Report_5068_3_A
CoreSection-Report_5068_4 A
CoreSection-Report_5068_5_A

List of all Samples taken from Site 1 — 5

until 17 Aug 2023
All Requests for Samples taken
in the field and during
1st sampling party
this includes:
e mDIS records on lithology
e Table on Lithological Units
e Visual Core Description (VCD) Logs per
Section (pdf)

Daily Drillers reports exported from mDIS
Data Tables & scans of written reports for
5068_2_A

Borehole Logging Data, Meta Data on
Runs & Logs (csv) and Composite Logs
(combined in 1 zip file for each hole);
composite logs also as separate files

5068_1_C
5068_2_A
5068_3_A
5068_4_A
5068_5_A

5068_1_C
5068_2_A
5068_3_A
5068_4_A
5068_5_A

5068 _1_C
5068_2_A
5068 _3_A
5068_4_A
5068 _5_A

5068 All Samples

5068 Sample Requests

5068_1 C
5068_2_A

Lithological Units

SectionLogs_VCD Hole 1C
SectionLogs_VCD Hole 2A

5068_1_A

5068_2_A

5068_1 BL_All Data
5068 2_BL_All Data
5068_3_BL_All Data
5068_4_BL_All Data
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14

15

16

17

18

Vertical Seismic Profile

Auxiliary Tables

MSCL Data

Additional Data

Exp

Available images include

All VSP Data Site 1
(zip file incl Read me)
Sites 1 & 2

Data Files Site 1 and 2 (zip)

Calibration File (xIsx)

(also see Explanatory Remarks)

Carbon, Nitrogen, Sulfur, Water, Uniaxial
Shear and Compressive Strength (files:
CCOM, Watercontent, POCK, VANE,
External Link

5068 _1 BL_CompositelLogs
5068 2 A_BL_CompositelLog
5068_3_A_BL_CompositeLog
5068 4 A_BL_CompositelLog
Logging Tools

5068_1_VSP

Borehole Diameter
Casing Diameter
5068 1 C

5068_2_A

MSCL Calibration File
5068_1_C

5068 _2_A

https://doi.org/10.48440/1CDP.5
068.002

Table 2: Available image files from the DOVE Project Phase 1. Light gray files are still to come.

DATA
Hole Overview Reports

Section Images

Cutting Images

Core Overview

Description
Image Hole Overview (pdf files)

Slabbed Section Overviews (zip)

Images (zip file with .jpg)

Image Core Overviews (pdf files)

Locations/Holes
5068_1_C
5068 _2_A
5068_1_C
5068_2_A
5068 1 B
5068 _1_C
5068 1 C
5068 2 A

1) Section images were taken from the archive half once the core was opened at the University of Bern
(Sites 5068-1 & 2). Image file names begin with the abbreviation CS followed by the combined_id of
the sections and are available in JPEG format.

2) Cuttings images taken at the drill site (Site 5068-1). The file names start with the abbreviation CU
followed by the combined_id and are available in JPEG format

3) Hole overview reports showing images of all sections taken sorted after depths (exported from mDIS)

4) Core overview were taken from the archive half once the core was opened at the University of Bern
(Sites 5068-1 & 2). Image file names begin with the abbreviation CS followed by the combined_id of
the sections and are available in JPEG format.

DOVE - Explanatory Remarks
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3 Meta Data Files (mDIS)

3.1 All Data

This file contains all metadata exported from the mDIS database as described below

¢ Throughout all datasets the common naming convention used is
Expedition, Site, Hole (the Expedition ID 5068 is used for DOVE)

¢ Throughout all datasets the common date and time format used is Year Month Day
(Hours:Minutes:Seconds). Time is given in UTC.

3.2 Expedition
mDIS Table (1 File)

Name Expedition
ParentModel ProjectProgram
Column name Data type Column Label Description
id integer Id id (data base id)
program_id integer Program Id parent id (database id)
name string Expedition Name
expedition string Expedition Code (ICDP: 4-digit number)
acr string Acronym Abbreviation of project
chief_scientist string_multiple  Chief Scientists Name of Principle Investigators
start_date dateTime Start of Expedition
end_date dateTime End of Expedition
comment string Additional Information
country string_multiple  Country Country in which the Drilling Takes Place
rock_classification string_multiple  Rock Classification Drilled Rock Types
geological_age string_multiple  Geological Age Age of Drilled Rocks
location_description string Location Description
funding_agency string Funding Agency for Drilling
name_alternative string Alternative name for
expedition
scientist_contact string Email chief scientist
objectives text Objectives Objectives listed in proposal
keywords string_multiple  Keywords Keywords other than geological age
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3.3 Sites

mDIS Table Site (1 File)

Name

ParentModel

Column name

id
expedition_id
combined_id
site

name

comment

location_type

description
city

state
county

country

3.4 Holes

Site

ProjectExpedition

Data type
integer
integer
string
string
string
string
string
string
string
integer
string

string

mDIS Table Hole (1 File)

Column Label
SKEY

Expedition Id
Combined Id
Site Number

Name of Site

Additional Information

Location Type

Description of site

City nearby drill site

State

County

Country

Description

id (data base id)

parent id (database id)

(if any)

e.g. land, sea, lake

The coordinate system for decimal latitude and longitude is WGS84. The platform type “R” stands for land-

based drilling rig.

Name
ParentModel

Name
id

site_id

Hole

ProjectSite

Type
integer

integer

DOVE - Explanatory Remarks

Label
SKEY
Site Id

Description
id (data base id)
parent id (database id)
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hole string Hole Hole Identifier
(one character A - Z)
combined_id string Combined Id
latitude_dec double Latitude (decimal degrees)
longitude_dec double Longitude (decimal degrees)
coordinate_system string Coordinate System WGS84
ground_level double Ground Level [m] Height above Sea Level
depth_water double Water Depth [m] below sea surface
elevation_rig double Elevation of Rig Floor [m] Reference height for drillers depth
direction string Direction of Inclination
inclination double Inclination [degree] Degree of Inclination
start_date dateTime Start Date Start of Drilling Operations
end_date dateTime End Date End of Drilling Operations
comments string Additional Information
drilling_depth_dsf double Drilled Depth Below Surface mbs = meter below surface; >0
[mbs]
core_length double Core Length [m]
comments_2 string Additional Information
igsn string IGSN International Generic Sample

methods_in_hole
gear

comments_3

string_multiple
string_multiple

string_multiple

Methods In Hole
Gear

Comments 3

drilling_method string Drilling Method
platform_name integer Name of Platform
platform_description  string Description of Platform
platform_type string Platform Type
platform_operator string Platform Operator

repository_name

string_multiple

Name of Repository

repository_contact string Repository Contact

moratorium_start date Start of Moratorium

moratorium_end date End of Moratorium

comment_4 string Additional Information
Repository

Number
Measurements done in Hole

Equipment Info; not applicable

3.5 Driller Reports

Metadata and scanned reports of the driller reports as written/filled in by the drillers are available for
sites 5068_1 and 5068 2. The list is based on the most information given for one borehole — they vary
considerably between different drilling companies.

Files: For each hole of sites 1 and 2, there is one .csv file exported from the mDIS table & a zip file
containing the scans of the original — paper — drillers report. There is one zip file for each of the legacy
drill sites where there are data available.
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mDIS Driller Reports table

Name DailyReport

ParentModel ProjectHole

Name Type Label

id integer ID

hole_id integer Hole

report integer Report

date date Date

comission string Comission

site_manager string Site Manager

drill_manager string Drill Manager

drilling_rig string Drilling Rig

staff integer Staff

drilling_tool_typ string Drilling Tool Typ
drilling_tool_diameter string Drilling Tool Diameter [mm, inch]
water_level double Water Level [m]

last_depth double Last Depth [m]

daily_depth double Daily Depth [m]
completed_drilling_depth  double Completed Drilling Depth [m]
casing_diameter integer Casing Diameter [mm]
casing_from double Casing from [m]

casing_to double Casing to [m]

comment_casing string Comment Casing
comment_drilling string Additional Comments by Drillers
fluid_content_1 string Fluid Content 1
fluid_content_1_amount integer Fluid Content 1 [kg]
fluid_content_2 string Fluid Content 2
fluid_content_2_amount integer Fluid Content 2 [kg]
density_drill_mud double Density of Drill Mud [kg/I]
az_raz string az/raz [sec]

temperature double Temperature of drilling fluid [°C]
conductivity integer Conductivity of drilling fluid [mS]
waz double WAZ [min]

ph double pH of drilling fluid

formation_1 string Formation 1

formation_1_top double Formation 1 Top
formation_1_bottom double Formation 1 Bottom
formation_2 string Formation 2

formation_2_top double Formation 2 Top
formation_2_bottom double Formation 2 Bottom
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formation_3 string Formation 3

formation_3_top double Formation 3 Top
formation_3_bottom double Formation 3 Bottom
formation_4 string Formation 4
formation_4_top double Top of Formation 4
formation_4_bottom double Formation 4 Bottom
formation_5 string Formation 5
formation_5_top double Top of Formation 5
formation_5_bottom double Bottom of Formation 5
formation_6 string Formation 6
formation_6_top double Top of Formation 6
formation_6_bottom double Bottom of Formation 6
casing_2 integer Diameter Casing 2 [mm]
casing_2_top double Top of Casing 2 [m]
casing_2_bottom integer Bottom of Casing 2 [m]
casing_3 integer Diameter Casing 3 [mm]
casing_3_top integer Top of Casing 3 [m]
casing_3_bottom integer Bottom of Casing 3 [m]

3.6 Cores

A core or core-run is the complete geological material recovered from a single core barrel. The top depth
of each core is the depth given by the drillers, not a cumulative depth of curated sections.

mDIS Table Core (one table for each hole)

Name Core

ParentModel ProjectHole

Name Type Label Description

id integer SKEY id (data base id)

hole_id integer Hole Id parent id (database id)

core integer Core core identifier

combined_id string Combined Id

analyst string Curator Initials of Data Curator

core_ondeck dateTime Core on Deck (CoD)

core_type string Core Type Method of Drilling; R = Rotary Core Barrel
(RCB); S = Ramming Drill Hammer, T =
Triple Tube Core Barrel (TIR)

drillers_depth double Drillers Depth [mbrf] Depth below Drillers Ref. Point (DOVE =
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drilled_length double Drilled Core Length [m]

drillers_bottom_depth pseudo Drillers Bottom Depth
[mbrf]
top_depth pseudo Top Core Depth below mbs = meter below surface
surface [mbs]
bottom_depth pseudo Bottom Core Depth mbs = meter below surface
[mbs]
core_recovery double Core Recovery [m] Length of Recovered Core
core_recovery_pc double Core Recovery (%) = ([core_recovery] * 100) /
(ABS([bottom_depth] - [top_depth]))
core_loss_reason string Core Loss Reason
continuity string Continuity Continuity Between Cores or Sections
last_section integer Section Count Number of Core Sections
core_diameter string Core Diameter [mm]
oriented boolean Core Oriented? 1=yes
rqd_abundance string RQD Abundance RQD = Rock Quality Designation
comments string Additional Information
igsn string IGSN
fluid_type string Drilling Fluid Type
bit_type string Bit Type
barrel_length double Barrel Length [m]
comments_2 string Additional Information
comments_3 string multiple Comments 3
comment_igsn string Comment IGSN
core_splits pseudo Do splits exist? Do Archive and/or Working Halves exist?
(1=yes)
3.7 Sections

The core is cut into sections that fit a corebox slot and can be handled in the laboratory. Since in the DOVE
project each section is in a separate core box with a single slog, no core corebox information is needed.

The individual section depths are calculated based on the top depth of the core, the length of the
individual sections, and the cumulative length of the sections of one core. The top of the first section of a
core always corresponds to the top depth of the core. All following section tops are calculated using core
top depth [mbs] + section length [m] of the preceding sections of the same core. Bottom depths are
calculated from section top depth [m] + section length [m]. There is a very good depth correlation between
the core logs and borehole logging data for Sites 5068 1 or 5068_2. All MCD offsets are zero.

In case of a difference between section length and curated length, commonly < 5 cm, small depth
adjustment was carried out to plot MSCL logging data and lithology logs of the sections. As the liners were
pre-cut to 1m length (+/- 1 cm), and the core catchers were pushed back into the liners, the length of a
full liner was considered 1 m at the drill site. Only in the few cases when liners had to be cut, the length
was measured by the driller (precision +/- 1 cm). Section overlengths of < 3 cm were accommodated using

DOVE - Explanatory Remarks Page 12



the endcaps and were ignored for the section length but noted down in the curated length using MSCL
logs and photos. In the few cases with a clear overlength (> 3 cm) a separate core catcher section was
stored but considered as artificial overlength/ expansion/ backfall. These sections were not logged. Any
curated overlength occurring in logs or sample depth was recalculated to fit the section lengths. For sites
1 and 2 a nominal section length is mentioned in the data files, which is the precut length of the black
liners used in the field and closed immediately without inspection of the true cored length (recovery).

nominal section length = curated length, right

mDIS Table Section (1 file for each hole)

Name Section

ParentModel CoreCore

Name Type Label Description

id integer Id id (data base id)

core_id integer Core Id parent id (database id)

section integer Section Section number

combined_id string Combined Id

top_depth pseudo Section Top Depth [mbs] mbs = meter below surface

section_length double Section Length [m]

bottom_depth pseudo Section Bottom Depth [mbs] mbs = meter below surface

analyst string Curator Initials of Data Curator

section_condition string Section Condition Broken, whole...

curated_length double Curated Length [cm] can differ from section length,
e.g. due to sampling the whole
round or degassing

comment string Additional Information

mcd_top_depth pseudo Corrected Top Depth/MCD Top mcd = meter corrected depth

Depth [mbs]

mcd_offset double MCD offset for depth correction [m]

core_catcher boolean Core Catcher Is this section a core catcher?
(yes=1)

core_splitted pseudo Do Splits Exist?

weight double Weight of section [kg] including liner

filling_estimate double Estimate for filling of liner [%] calculated using bulk density

pushed_cc boolean CC pushed back in section yes=1

noble_gas_sampling boolean Noble Gas Sampling yes=1

microbio_sampling boolean Deep Biosphere Sampling yes=1

onsite_split boolean Section splitted onsite

bulk_density double Bulk Density [kg/m3] Estimated Bulk Density of

recovered Sediment
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core_recovery integer Core Recovery (after opening) [%]

onsite_lithology string_multiple  Onsite Lithology

comment_noblegas string Comment on Noble gas sampling

comment_biosphere  string Comment on deep biosphere
sampling

light_exposed string Light exposed

3.8 Core Section Reports

The core section reports list all cores, including the related sections for the given borehole, their depths,
length, comments and core recovery. There is one report for each hole.

3.9 Split

In mDIS a section is equivalent to a wholeround section split (WR). The IGSN of the WR is inherited by the
archive half (A) once the wholeround is split into working (W) and archive (A) half. The working half gets
a new IGSN assigned to it. All samples and lithological descriptions are related to the one of the splits WR,
W or A in the database.

mDIS Table SectionSplit (1 file for each hole)

Name SectionSplit
ParentModel CoreSection
Name Type Label Description
id integer ID id (data base id)
section_id integer Section parent id (database id)
origin_split_id integer Origin Split Id Data base ID of the split before
(further) splitting; usually the WR
origin_split_type pseudo Origin Split Type
type string Type Whole, Archive, Working (WR; W,
A)
combined_id string Combined ID
percent integer Percent [%)] Volume [%] of the original section
still_exists boolean Still exists 1=yes
sampleable boolean Sampleable Can samples be taken? 1 = yes
curated_length pseudo Curated Length [cm]
curator string Curator
mcd_top_depth pseudo MCD/Corrected Top Depth Top Depth + MCD offset
[mbs]
mcd_bottom_depth pseudo MCD/Corrected Bottom Depth = MCD_Top Depth + Section Length
[mbs]
comments string Additional information
igsn string IGSN Section IGSN needs to be new for
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3.10 Sample Requests

Before sampling, a sample request needs to be approved by the principal investigators. The table contains
all sample request_IDs collected before the publication of the basic data set. To find out who has the
samples/who applied for a sample request, please contact the chief scientist of the expedition. Any
personal data were deleted from the list, however, in the database every sample is assigned to a
scientist/group of scientists by a sample request_|IDs.

Sample Request Combined_ID

Site - Hole - Analysis

DOVE 1 1-C-NOBE
7

Sequential number for sample requests

mDIS Table SampleRequests (1 file)

Name SampleRequest

ParentModel ProjectExpedition

Name Type Label Description

id integer 1D id (data base id)

expedition_id integer  Expedition parent id (database id)
request_no integer  Request No

request_complete string Request Complete Combined_ID of sample request

request_type

string Request Type

Type of Sampling

purpose string Purpose Purpose of sampling
request_date date Request Date

approval_date date Approval Date Date of Request Approval by Pls
completion_date date Completion Date Date of Sampling

approved_by

string Approved By

comments string Additional Information
sample_material string Sample Material Kind of Sample Material
sample_size double  Sample Size Number only

sample_unit

string Sample Unit

Unit of size of sample requested

amount_requested double  Sample Volume Requested Fraction of split section being requested [%]
number_samples integer  Number of Samples requested

destructive boolean Destructive 1=vyes;0=no

curator string Curator

comments_2 string Comments 2
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3.11 Samples

The main stock of cored material is described under Lithology and Cuttings. Some samples have already
been taken on-site, mainly for microbiological and noble gas investigations. Samples taken from the legacy
holes before the DOVE project are not included in the mDIS nor in the exported file.

Deviating from the usual ICDP combine_ID, the DOVE project added an abbreviation for the analysis to
the sample combined_ ID naming the split and the sampled depth interval, e.g.,
ICDP_5068_1_A 550 3_WR_52-68:NOBE.

Table on Analysis & Abbreviation

Abbreviation Analysis

ccomM Carbonate/organic matter analysis with CNS elemental analyzer of fine-grained lithologies
CLAS Clast samples

COsSMm Cosmo-samples, sand preferred

COTO Computerized tomography (CT) scan

GEOT Geotechnical samples for oedometer or other geotechnical analyses
GRSZ Grain size analysis of mainly fine sections

GSPE Gamma spectroscopy

LUMI Luminescence dating

MBIO Analysis of Microbiology in fine-grained lithologies

NOBE Noble-gas porre water analysis of bulk sediment samples

PMAG Paleomagnetic

PMEV Paleomagnetic ,,Lachamps” and ,Blake” Events

POCK Pocket penetrometer measurements

POLL Pollen screening in fine-grained lithologies

SMSL Smear slide

VANE Vane-shear measurements

WACO Woater content

XRFS XRF-scanning

mDIS Table Sample (one file for all holes)

Name Sample

ParentModel CurationSectionSplit

Name Type Label Description

id integer ID id (database id)

section_split_id integer SectionSplit parent id (database id)
sample_combined_id string DOVE Sample Combined ID

sample string Sample number

igsn string IGSN

sample_date date Sample Date

top double Sample Top Depth [cm] Distance from Section Top Depth [cm]
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interval

bottom

curator
sample_material
sample_size
sample_unit
fraction_of_split_taken
[%]

request_no

scientist

analysis

sample_top_mbsf

sample_bottom_mbsf

comment

3.12 Cutting

double
pseudo
string
string
double
string
double

string
String

string

pseudo

pseudo

string

Sample Interval [cm]
Sample Bottom Depth [cm]
Curator/Analyst

Sample Material

Sample Size

Sample Unit

Volume Taken

Request No
Requesting scientist

Analysis

MCD/Corrected Sample Top

Depth [mbs]

MCD/Corrected Sample

Bottom Depth [mbs]
Additional Information

Length of sampled area

Distance from Section Top Depth [cm]

Number only

Sample request number

Abbreviation for Analysis the sample was
requested for; see Sample Requests,
Table on Analysis & Abbreviation

Cuttings were taken every meter during flush drilling at Site 5068 _1 A and 5068 _1 B and used to develop
a crude lithological profile for these holes where there no coring took place. For details on the sampling
please see the Operational Report of the DOVE Phase 1 project (DOVE-Phase 1 Scientific Team et al.,

2023a).

mDIS Table Cuttings (1 file for each hole)

Name
ParentModel

Name

id

hole_id

cuttings
cuttings_id

igsn

curator
sampling_datetime
depth

drillers_sieve

comments_drillers

Cuttings

ProjectHole

Type
integer
integer
string
integer
string
string
dateTime
double

double

string
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ID

Hole

Cuttings Complete ID
Cuttings ID#

IGSN

Curator

Sampling Date_time
Depth [mbs]

Drillers Sieve [mm)]

Comments Drillers

Description
id (database id)
parent id (database id)

Average depth below
surface

Mesh width for mud
sampling by drillers
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sample_weight
ratio_rock_clasts
ratio_mud_clasts

max_diameter_rock_clasts
max_diameter_mud_clasts

sorting
comments_sample
petrography_coarse
fossiles_coarse
plant_remains_coarse
petrography_fine
fossiles_fine
plant_remains_fine
accessory_minerals_fine
internal_structures
smear_slide
consistency
inferred_lithology
clasts_roundness
fine_grains_roundness
colour_munsell
shape_clasts_coarse

surfacetextu re_coarse

integer
integer
integer
double

double

string_multiple
string
string_multiple
string_multiple
string
string_multiple
string_multiple
string
string_multiple
string_multiple
boolean
string_multiple
string_multiple
string_multiple
string_multiple
string_multiple
string_multiple

string_multiple

3.13 Borehole Expansion Samples

Sample Weight [g]
Ratio Rock Clasts [%]
Ratio Mud Clasts [%]

Max Diameter Rock Clasts
[mm]
Max Diameter Mud Clasts
[mm]
Sorting

Comments Sample
Petrography Coarse
Fossils Coarse

Plant Remains Coarse
Petrography Fine
Fossils Fine

Plant Remains Fine
Accessory Minerals Fine
Internal Structures
Smear Slide
Consistency

Inferred Lithology
Clasts Roundness

Fine Grains Roundness
Color (Munsell chart)
Shape of Clasts

Surface Texture of Clasts

Borehole expansion samples were taken at site 5068 2 A during the percussion drilling phase of the

drilling operation from the excess material recovered after the casing had been advanced to the bottom

depth of the previous core run. This excess material is a disturbed mix of the last core/casing interval, but

the components are relatively original. They were stored in standard 5 | buckets as backup/additional bulk

samples.

mDIS Table Borehole Expansion Samples (1 file)

Name
ParentModel

Name
id
hole_id

BoreholeExpensionSamples

ProjectHole

Type
integer

integer
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sample_number integer Expansion Sample Number

combined_id string Borehole Expansion Sample
Combined ID
igsn string IGSN International Generic
Sample Number
top_depth_mbs integer Top Depth [mbs]
bottom_depth_mbs integer Bottom Depth [mbs]
weight double Weight [kg]
sampling_date_time dateTime Sampling Date-Time
lithology string Lithology
curator string Curator
comment string Additional Information

4 Borehole Measurements

Chapters 3.1 and 3.2 describe in detail how the pre-processing of the DOVE data of the four measurement
campaigns was done at Site 1 and Site 2. This includes, among other things, the matching of the depths of
the individual measurements, the elimination of false measurement data, the splicing of measurement
curves etc. With this knowledge it can be understood how to get from the raw data to the respective
composite data set, which is e.g. the basis for the presentation of the measurements in respective PDF
files.

For data files and details on the measurements please see the Operational Report of the DOVE Phase 1
project (DOVE-Phase 1 Scientific Team et al., 2023a). Not included in the preprocessing are BHTV and VSP
data. The VSP data files for 5068 1 and 5068 2 are available as .segy files, .jpg files for a better overview,
coordinates in files for GIS software, a map as pdf and .txt files with the following columns: Source ID (SID),
X, Y as can also be found in the .segy header. There are no picks for VSP_Z 5068 1 B as they could cause
confusion.

4.1 Preprocessing Site 1 (5068_1)

The following procedure was used to compile the raw data, which was mostly measured in two/three
depth sections, into a composite file.

3.1.1 Campaign 1: 5068_1_A
Step 1:

Reference depth is the depth of the first measurement on 10.05.2021. If there is a risk of a borehole
collapsing due to unconsolidated sediments, we start the logging program with the SGR probe in the drill
pipe and/or casing. SGR (143-0 m) => GR = master curve for the depth!

This results in the following depth shifts for the remaining measurements by means of optical

determination:
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CAL=-0.3m,DLL=0m, NN =-0.4 m, PE=-0.3 m, SGR (130-160 m) = 0.5 m, SONIC = 0.5 m, SUSZ+GR = 0.5
m, TEMPSAL+GR = 2.7 m.

Since the SUSZ and TEMPSAL probes also carried a GR sensor with each measurement, the depth
difference between the respective measurements can be determined by comparing the SGR master curve
and this data.

Step 2:

SGR in CH (cased hole) -> SGR in OH (open hole): Influence of drill string considered by factor 1.3 between
143 m and 43 m depth. Above 43 m depth, the SGR sonde measured through both the drill string and a
casing. Therefore, a factor of 1.8 had to be applied here to eliminate the influence of both steel pipes.

Step 3:

Based on the cable tension (Tension curve) it can be determined when the probe lifted off from the lowest
point of the borehole. Data registered before that are discarded.

Step 4:

Data that are affected by the casing are not used in the composite file (and in the figure). Examples: The
SUSZ tool reacts to the piping approx. 1 m before it. Due to the design of the DLL probe, the drill string up
to several metres disturbs resistivities before the tool reaches the drill bit/casing shoe.

The same applies to parameters that can only measure in liquid-filled boreholes: Data above the water
level are not used (e.g., SALTEMP).

Step 5:

Determination of vp from SONIC data: The first insertions of the two receivers near and far are picked in
the full wave field display (dlis-file). From the time difference (far-near), the velocity vp can be determined
from the fixed distance between the two receivers (0.5 m for the LIAG SONIC probe).

Step 6:

Smoothing the porosity- and the vp-curves with a 10 points average filter.

Step 7:

Determine splice points between each measurement of a parameter (optical determination):

SGR: 133 m.
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3.1.2 Campaign 2: 5068_1_C
Step 1:

Reference depth is the depth of the first measurement on 11.11.2021. If there is a risk of a borehole
collapsing due to unconsolidated sediments, we start the logging program with the SGR probe in the drill
pipe. SGR => GR = master curve for the depth!

This results in the following depth shifts for the remaining measurements by means of optical
determination:

DIP+GR =0.4 m, DLL=-0.4 m, NN =-0.2 m, PE =-0.6 m, SONIC = -0.4 m, SUSZ+GR = 0.4 m, TEMPSAL+GR =
0.2 m.

Since for the DIP, SUSZ and TEMPSAL probes the same GR sensor was additionally included in the
measurements, a comparison between the master SGR curve and these data can be used to determine
the depth difference between the respective measurements.

Step 2:

SGR in CH (cased hole) -> SGR in OH (open hole): Influence of drill string considered by factor 1.3 between
164 m and O m depth.

Step 3:

Based on the cable tension (Tension curve) it can be determined when a probe lifted off from the lowest
point of the borehole. Data registered before that are discarded.

Step 4:
Data that are affected by the casing/drill string are not used in the file (and in the figure).

Examples: The SUSZ tool reacts to the steel piping approx. 1 m before reaching it. Due to the design of the
DLL probe, the drill string up to several metres disturbs resistivities before it reaches the drill bit.

The same applies to measurement parameters that can only measure in liquid-filled boreholes: Data
above the water level are not used (e.g., SALTEMP, PE).

Step 5:

Determination of vp from SONIC data: The first insertions of the two receivers near and far are picked in
the full wave field display (dlis-file). From the time difference (far-near), the velocity vp can be determined
from the fixed distance between the two receivers (0.5 m for the LIAG SONIC probe).

Step 6:

Smoothing the porosity- and the vp-curves with a 10 points average filter.
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3.1.3 Campaign 3: 5068_1_A
Step 1:

Reference depth is the depth of the first measurement on 09.03.2022. We start the logging program with
the SGR probe. SGR => GR = master curve for the depth!

This results in the following depth shifts for the remaining measurements by means of optical
determination:

AIND+GR (0-97 m) = 0 m, AIND+GR (95-155 m) = -0.1 m, SONIC+GR =0 m, SUSZ+GR =0 m.

Since a GR sensor was also used in the measurements for the AIND, SONIC, and SUSZ probes, an additional
comparison between the SGR master curve and this data is used to determine the depth difference
between the respective measurements.

Step 2:

Based on the cable tension (Tension curve) it can be determined when a probe lifted off from the lowest
point of the borehole. Data registered before that are discarded.

Step 3:

Data that are affected by the non-presence of liquid-filled boreholes are not used in the file (and in the
figure), e.g., SONIC.

Step 4:

Determination of vp from SONIC data: The first insertions of the two receivers near and far are picked in
the full wave field display (dlis-file). From the time difference (far-near), the velocity vp can be determined
from the fixed distance between the two receivers (0.5 m for the LIAG SONIC probe).

Step 5:

Since the AIND probe of the LIAG can only measure resistivities up to a maximum of several hundred Qm,
only values up to 200 Qm are shown in the corresponding pdf file.

Step 6:

Smoothing the vp-curve with a 10 points average filter.
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3.1.4 Campaign 3: 5068 _1_B
Step 1:

Reference depth is the depth of the first measurement on 10.03.2022. We start the logging program with
the SGR probe. SGR => GR = master curve for the depth!

This results in the following depth shifts for the remaining measurements by means of optical
determination:

AIND+GR = 0.2 m, SONIC+GR =0 m, SUSZ+GR = 0.2 m.

Since a GR sensor was also used in the measurements for the AIND, SONIC, and SUSZ probes, an additional
comparison between the SGR master curve and this data is used to determine the depth difference
between the respective measurements.

Step 2:

Based on the cable tension (Tension curve) it can be determined when a probe lifted off from the lowest
point of the borehole. Data registered before that are discarded.

Step 3:

Data that are affected by the non-presence of liquid-filled boreholes are not used in the file (and in the
figure), e.g., SONIC.

Step 4:

Determination of vp from SONIC data: The first insertions of the two receivers near and far are picked in
the full wave field display (dlis-file). From the time difference (far-near), the velocity vp can be determined
from the fixed distance between the two receivers (0.5 m for the LIAG SONIC probe).

Step 5:

Since the AIND probe of the LIAG can only measure resistivities up to a maximum of several hundred Qm,
only values up to 500 Qm are shown in the corresponding pdf file.

Step 6:

Smoothing the vp-curve with a 10 points average filter.
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3.1.5 Campaign 3: 5068_1_C
Step 1:

Reference depth is the depth of the first measurement on 09.03.2022. We start the logging program with
the SGR probe. SGR => GR = master curve for the depth!

This results in the following depth shifts for the remaining measurements by means of optical
determination:

AIND+GR =0 m, PE =0 m, SONIC+GR = 0.4 m, SUSZ+GR =0 m.

Since a GR sensor was also used in the measurements for the AIND, SONIC, and SUSZ probes, an additional
comparison between the SGR master curve and this data is used to determine the depth difference
between the respective measurements.

Step 2:

Based on the cable tension (Tension curve) it can be determined when a probe lifted off from the lowest
point of the borehole. Data registered before that are discarded.

Step 3:

Data that are affected by the non-presence of liquid-filled boreholes are not used in the file (and in the
figure), e.g., SONIC.

Step 4:

Determination of vp from SONIC data: The first insertions of the two receivers near and far are picked in
the full wave field display (dlis-file). From the time difference (far-near), the velocity vp can be determined
from the fixed distance between the two receivers (0.5 m for the LIAG SONIC probe).

Step 5:

Since the AIND probe of the LIAG can only measure resistivities up to a maximum of several hundred Qm,
only values up to 200 QOm are shown in the corresponding pdf file.

Step 6:

Smoothing the vp-curve with a 10 points average filter.
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4.2 Preprocessing Site 2 (5068_2)
Step 1:

The data are corrected for depth on a daily basis. Reference is the depth of the first measurement on
26.10.2021.

26.10.2021: First measurement: SUSZ measurement incl. Gamma Ray => GR = master curve for the depth!
This results in the following depth shifts for the remaining measurements by means of optical
determination:

SUSZ=0m,SGR=-0.3m, DLL=-1.3m, PE=0.2m, NN=-1.0m, CAL=-0.9 m, EBS =-0.5 m, SONIC = 0 m.
27.10.2021: SUSZ=-0.3 m, SGR=0.1 m, DLL =-0.5m, NN = 0.2 m, SONIC =0 m.

28.10.2021: SUSZ =-0.3 m.

29.10.2021: SGR=0m, PE =-0.3 m, NN =0.1 m, CAL= 2.6 m, SONIC =0 m.

Step 2:

SGR in CH (cased hole) -> SGR in OH (open hole): Influence of steel piping considered by factor 1.3 above
104 m depth.

Step 3:

Based on the cable tension (tension curve) it can be determined when a probe lifted off from the lowest
point of the borehole. Data registered before that are discarded.

Step 4:

Data that are affected by the casing are not used in the composite file and in the figure. Examples: The
Susz curve reacts to the piping approx. 1 m before reaching it. Due to the design of the DLL probe,
resistivities are disturbed by the pipe/drill string up to several metres before it reaches the pipe shoe.

Step 5:

Determination of vp from SONIC data: The first insertions of the two receivers near and far are picked in
the full wave field display. From the time difference, the velocity vp can be determined from the fixed
distance between near and far (0.5 m for the LIAG sonic probe).

Step 6:
Determine splice points between each measurement of a parameter (optical determination):

SGR: 122.1 m and 180 m, DLL: 180 m, PE: 177 m, Susz: 120 m and 180 m, NN: 121.5 m and 176.5 m, CAL:
177 m, Sonic: 119.4 m and 178.1 m.

For EBS only one measurement exists, because the probe showed a defect after the first measurement.
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4.3 Borehole Logging Files

e Therecorded field data are stored in ASCII files. The exception is the non-line data generated with the
BHTV, Sonic and VSP probes. The extensive ultrasonic images of the borehole wall registered by the
BHTV sonde are stored as TFD files for use e.g. with the WellCAD software. The complete wavefields
registered by the SONIC sonde are stored as DLIS files. The VSP data are given in SGY format. All data

are checked and edited.
e The preprocessed line data for each hole and campaign are summarized in a composite file (ASCII).
e Additionally, composite log plots (1:1000) are prepared as PDF documents to give a quick overview

over the line data.

4.4 Borehole measurements available from the legacy Sites 3 through 6

Work in progess
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5 Data Tables

5.1 Lithological Units and Core Description

The macroscopic lithological description (Visual Core Description VCD) is based on section units. Each core
section has been described separately and the respective lithological sections units have been assigned
to predefined LITHO_UNITs. These LITHO_UNITS have been defined within the DOVE project based on the
encountered lithologies and a modified version of the definitions used by Kriiger and Kjaer (1999). This
applies to all core material of DOVE Phase 1.

Files related to the lithological description comprise:

e list of LITHO_UNITS (1 file; csv)

o tables summarizing the depth distribution of the LITHO_UNITS for each section of a cored hole (csv;
1 for each hole)

e digitalized protocols of the VCD logs (zip file for each hole)

e asummarizing visual lithological column for each borehole (pdf)

5.2 Multi Sensor Core Logging (Sites 1 & 2)

For Site 1 (5068_1), p-wave velocity, wet bulk density, and magnetic susceptibility were measured on each
core section using the GEOTEK-multi-sensor-core-logger (MSCL) (Geotek Limited, Daventry, Northants,
UK) at the University of Bern. At Site 2 (5068_2) natural gamma radiation including K, Th, and U-Log was
also measured. Here, the core sections were measured in the field laboratory using ICDP’s GEOTEK-MSCL.
The resolution was 5 mm. The same data processing was applied for both sites.

Before the first core was measured, all sensors were calibrated according to the instructions from Geotek,
and a background measurement of the natural gamma radiation was done. Each measurement session
started with calibration by measuring standards consisting of a mixture of aluminum and deionized H,0
(see construction scheme for further details, Fig. 3). The following table summarizes all parameters used
to calibrate the raw log data, except the depth. The calibration was done with the integrated Geotek
software for further information (see Geotek MSCL manual). Only the baseline correction of the magnetic
susceptibility data was done during a separate step (see MSCL-data processing iv). The slope (B) and
intercept (C) used for the gamma density processing was calculated with an external excel-file
(5068 mscl_cal_density_file.xls). Due to a malfunction of the laser distance sensor pair for Site 2 cores,
the core-diameter variation could not be detected for 5056_2, and a constant core diameter of 104 mm
had to be assumed. For both sites, the p-wave data were of very poor quality, likely due to bad coupling
between sensors, liner, and sediment. Therefore, the data were discarded.
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Figure 3: The construction scheme of the MSCL calibration piece was measured at the beginning of each
measurement session.

o MSCL-calibration input parameter file: 5068 2 A _mscl_calibration_input_parameters.csv.
e Not described additional calibration file: 5068_mscl_cal_densety_file.xls (Slop and intercept of
Gamma density)

[ ]
Log Parameter | Unit mscl explanation
measuremen | mes_id / Identifier of measurement/calibration cycle
tID
Core RCT [cm] [cm] Core diameter (input for 5068_mscl_cal_densety_file.xls)
Thickness W [cm] [cm] Thickness of liner walls (2x thickness of wall, input for

(CT) 5068_mscl_cal_densety_file.xls)

Gamma Segment 1 | [cps] Intensity (average gamma counts from calibration section
Density [cps] segment 1, raw calibration data, input for
(Den1) 5068 _mscl_cal_densety_file.xls)

Segment 2 | [cps] Intensity (average gamma counts from calibration section
[cps] segment 2, raw calibration data, input for
5068 _mscl_cal_densety_file.xls)
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Segment 3 | [cps] Intensity (average gamma counts from calibration section
[cps] segment 3, raw calibration data, input for
5068_mscl_cal_densety_file.xls)
Segment 4 | [cps] Intensity (average gamma counts from calibration section
[cps] segment 4, raw calibration data, input for
5068_mscl_cal_densety pwave_file.xls)
Segment 5 | [cps] Intensity (average gamma counts from calibration section
[cps] segment 5, raw calibration data, input for
5068 _mscl_cal_densety pwave_file.xls)
A / Slope (if a correction second degree (ax"2+bx+c), is
selected, default = 0)
B / Slope (for a linear correction, calculated in an additional file:
5068_mscl_cal_densety_file.xls)
C / Intercept (for linear correction, calculated in an additional
file: 5068 mscl_cal_densety_file.xls)
Magnetic A / Slope (for a linear correction, default = 1)
susceptibility | B / Intercept (for linear correction, default = 0)
(MS1) Den / If set to 1, converted to mass-specific values; if set to 0, no
mass conversion is applied; default =0
LD [cm] [cm] Diameter of the used Loop-sensor, if set to 0, no volume
conversion is applied.
bslc cal | [Six107- | Calculated baseline correction
[Six107-5] | 5]
bslc app | [Six10”- | Applied baseline correction value
[Six107-5] | 5]
bslc orig / Explains the origin of the correction value: calculated from
the calibration section 0-15 cm; manual input; calculation
was < -0.5, converted to 0
Natural B [cps] Background, gets subtracted from raw data
Gamma Scale / Slope of conversion equation (since no conversion is
(NGAM) applied, default = 1)
Offset / Intercept of conversion equation (since no conversion is
applied, default = 0)
k Scale / Slope of conversion equation, [cps] -> [%], calculated by
internal calibration of software/sensors
Offset / Intercept of conversion equation
u Scale / Slope of conversion equation, [cps] -> [ppm], calculated by
internal calibration of software/sensors
Offset / Intercept of conversion equation
Th Scale / Slope of conversion equation, [cps] -> [ppm], calculated by
internal calibration of software/sensors
Offset / Intercept of conversion equation
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iv)

vi)
vii)

viii)

MSCL data processing:

Individual data files were loaded, and a measurement id was added to each measurement point.
Calibration and measurement data were separated and combined in two separate files, and
additionally, a core section id was added to each measurement point of the non-calibration data;
a quality class was appointed to each data point (0 = good; 1= possibly weakly disturbed; 2 =
heavily disturbed; 3 = core loss; 4 = placeholder/core ends; 5 = artificial overlength);

data of empty sections of liners, representing core loss, were removed,;

a baseline correction was applied to the corresponding magnetic susceptibility data to correct
potential systematic shifts in the data (subtraction of the average of the calibration data between
0.5 and 15 cm of each measurement cycle, or by a manual set input);

low-density data (<1.5 g/cm?®), considered heavily disturbed sections, were excluded from the
density log;

The overall data quality of the p-wave-data was very poor and the log excluded from data set;
the depth of the cleaned MSCL-logs was corrected based on the driller’s depth. The corresponding
driller depth served as the depth of the top data point, increasing by 0.5 cm with each further
data point of the section. If the section is longer than the nominal section length, the data-point
spacing is adjusted to meet the nominal section length. Such overlengths were considered as
artificial/expansion;

the data from the upper- and lowermost cm in each section was considered likely disturbed; thus,
the logs were excluded (converted to NaN’s). This also prevented possible overlapping issues at
the core ends.

There are two files available: i) File data_cal contains the combined data from the calibration section of

all measurements; ii) File data contains the processed and cleaned data sets Filename:

5068 1 C_Combined MSCL_data_cal.csvand 5068 1 C_Combined_MSCL data.csv
5068 _2_ A Combined_MSCL_data_cal.csvand 5068 2 A_Combined_MSCL_data.csv

Column name Unit Description

Composite_depth [cm] cm Corrected composited total depth

Rescaled SECT_DEPTH [cm] cm Corrected/rescaled in-section depth

SECT_NUM_MC / The number of measured sections starts at 1 at the
beginning of each measurement session.

SECT_DEPTH [cm] cm Unaltered in-section depth

CT [cm] cm Core thickness

Dens [g/cc] g/cm?® Wet bulk density log (unfiltered)

Dens [g/cc] (pw and dens g/cm’ Wet bulk density log (filtered, <1.5 g/cm® removed)

filtered)

Mag_Sus SIx 107 Magnetic susceptibility log (uncorrected)

Mag_Sus BS cor SIx 10” Magnetic susceptibility log (baseline corrected)

Nat_Gamma [cps] cps Natural gamma radiation log (sum of K, U, and Th logs)

K [%] % Potassium log

U [ppm] ppm Uranium log
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Th [ppm]
core_quality

mes_ID

section_ID

MSCL_data_cal file

Column name
SECT_NUM_MC

SECT_DEPTH [cm]

CT [cm]

Dens [g/cc]

Mag_Sus [SI x 10”°]
Mag_Sus BS_cor [SI x 10”°]
Nat_Gamma [cps]

K [%]

U [ppm]

Th [ppm]

mes_ID

ppm

Unit

cm

cm
g/cm’
SIx 10°
SIx 10°
cps

%

ppm
ppm

Thorium log

Quality of recovered sediment (0 = good; 1 = possibly
disturbed; 2 = heavily disturbed; 3 = core loss/backfall; 4
= place holder/core ends; 5 = artificial overlength)
Measurement session id (the link between actual data
and the corresponding calibration section)

Measured core section

Description

The number of measured sections starts at 1 at the
beginning of each measurement session.

Unaltered in-section depth

Core thickness

Wet bulk density log (unfiltered)

Magnetic susceptibility log (uncorrected)

Magnetic susceptibility log (baseline corrected)

Natural gamma radiation log (sum of K, U, and Th logs)
Potassium log

Uranium log

Thorium log

Measurement session id (the link between actual data
and the corresponding calibration section)

5.3 Water-content measurements (WACO) (Site 1 and 2)

Samples, with a sample length of 4 cm, were taken every 50 cm on sections from holes 1-C and 2-A

whenever possible. Each sample was divided into three sub-samples for analyses: CCOM-, GRSZ-, and

WACO-samples. All sub-samples were freeze-dried, and mean water content was derived from the three

subsamples using the difference between wet and dry weight according to ISO 11465. A standard weight

of 8.052 g was assumed for the empty container.

Bruttowetmass — Bruttodrymass

100

Bruttodrymass — Massofemptycontainer
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Data files for Water content (WACO)

Column name Unit Description
Section ID / Core section of origin
IGSN CCOM / IGSN of CCOM-subsample
IGSN WACO / IGSN of WACO-subsample
IGSN GRSZ / IGSN of GRSZ-subsample
Center Sample Depth [mcd bs] m Center of sample interval in composite depth
Distance from section top Distance between the center of the sample interval and
Depth [cm] cm top of the core section
WC mean [Wt%] wt% Mean water content based on the water content of the
three sub-samples
WC std [Wt%)] wt% Mean water content standard deviation

5.4 Carbon, Nitrogen and Sulfur Data (TNSC, ITC and Carbonate Content; CCOM) (Sites 1-6)

Total carbon (TC), total nitrogen (TN), total sulfur (TS), and total inorganic carbon (TIC) were analyzed from

the fine fraction (<63 um) of the CCOM-subsamples. Total organic carbon (TOC) was derived as the

differences between TC and TIC. The weight percent [wt%] of total carbonate (TCA; CaCOs) and total

organic matter (TOM) were calculated using a stoichiometrically simplified approach (TCA=TIC x 8.3; TOM

=TOC x 1.8; Meyers and Teranes, 2001)

Available data files are Filename: 5068 2 A CCOM,

Data Files: CCOM

Column name Unit Description
Sample ID / CCOM-sample-ID
IGSN / IGSN of CCOM sample
Center Sample Depth [mcd . . .
bs] m Center of sample interval in composite depth
Distance from section top om Distance between the center of the sample
Depth [cm] interval and top of the core section
TN [w%] wt% Total nitrogen content
TC [wt%] wt% Total carbon content
TS [wt%] wt% Total sulfur content
TOC [wt%] wt% Total organic carbon content
TIC [wt%] wt% Total inorganic carbon content
TOM [wt%] wt% Total organic matter content
TCA [wt%] wt% Total carbonate content
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5.5 Undrained uniaxial compressive strength (POCK) and uniaxial shear strength (VANE)

measurements

Where applicable, undrained shear strength (c,') and undrained uniaxial compressive strength(q.') were
measured at 25, 50, and 75 cm section depth with a pocket vane shear tester (Eijkelkamp, Model 14.10)
and a pocket penetrometer (Impact Test Equipment Ltd, Model SL131). The measurements were executed
according to the Swiss Norm: VSS 70 350a.

Filename: 5068_2_A_POCK

Column name Unit Description
Sample ID / POCK-sample-ID
IGSN / IGSN of POCK measurement
Center Sample Depth [mcd bs] m Center of sample interval in composite depth
Distance from section top Depth m Distance between the center of the sample
[em] interval and top of the core section
Qu[kPa] [kPa] uniaxial shear strength (qu')
. Quality of measurement: 0 = good; 1 = invalid; 2 = out of
Quality / .
scale but valid
Filename: 5068 2 A VANE
Column name Unit Description
Sample ID / POCK-sample-ID
IGSN / IGSN of POCK measurement
Center Sample Depth [mcd bs] m Center of sample interval in composite depth
Distance from section top Depth Distance between the center of the sample
[em] cm interval and top of the core section
Cu[kPa] [kPa] undrained shear strength (c,')
. Quality of measurement: 0 = good; 1 = invalid; 2 = out of
Quality /

scale but valid

6 Images

e Digital images of section splits are available for holes 5068 1 C and 5068 2_A (jpg files)
e For all cored holes, hole overview reports are available. They contain all section images of one

core (pdf).

e Selected images of CT-scans, used in Schaller et al. 2023 are available (jpg files).
e  Where applicable, images of the cuttings (Holes 5068 1 A, 5068 1 B) are available (jpg).
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