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Abstract. The Hipercorig Hallstatt History (H?) project aims to unravel the entire Late Glacial to Holocene
sedimentary succession recording past climate, environment, natural hazard impacts, human—environment in-
teractions, and prehistoric mining history. We successfully cored 51 m of the sedimentary succession of Lake
Hallstatt, revealing a high-resolution Late Pleistocene to Holocene sediment record, overcoming the previous
coring limit of 15.63 m (dated to ~ 2.3 kacal BP). The novel drilling platform Hipercorig allows the recovery
of undisturbed long cores and the acquisition of borehole logging data of deep lakes. The sedimentary record
is spliced to a composite core profile, and for the first time borehole logging data are linked to a core—log seis-
mic correlation of an intra-mountainous lake of the Eastern Alps. The recovered sequence consists of two major
lithostratigraphic units: (i) Unit 1 (Holocene, 0—41.7 m below lake floor) with 10 (up to 5.1 m thick) instantaneous
deposits and (ii) Unit 2 (Late Pleistocene, > 41.7 m below lake floor). The Late Pleistocene sediments comprise
the Younger Dryas and the deepest recovered sediments likely date back to the Allergd interstadial. Within the
Holocene, six different periods are observed in the core and borehole logging data, showing distinct physical
property fluctuations and an overall increase in sedimentation rate upcore. Lake Hallstatt provides a unique pre-
historic archive, being located within the UNESCO World Heritage area Hallstatt—Dachstein/Salzkammergut, a
region with a rich history of human salt mining dating back to 3400 cal BP (Middle/Late Bronze Age) and one
of the oldest documented cultural landscapes worldwide.
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1 Introduction

The aim of deep drilling in lakes is to recover a high-
resolution sedimentary stratigraphy to study past climate, en-
vironment, natural hazard impacts, and human—environment
interactions. Such lakes can help to improve our understand-
ing on a local, regional, and sometimes even global scale,
covering parts of the Quaternary (Litt et al., 2012; Wagner et
al., 2019) and beyond (Brigham-Grette et al., 2013). Bore-
hole logging data can help to reconstruct the lithostratigra-
phy, estimate the clay content, bridge sediment core gaps
for improved core—log depth correlation, and help to correct
for core compaction and expansion (Baumgarten et al., 2014,
2015; Jutzeler et al., 2014). The Hipercorig, a sediment cor-
ing system, was developed to overcome the financial and lo-
gistical burden of the usual long-core drilling campaigns. It
simplifies the coring technique to a degree that the recov-
ery of 100 m long sediment cores from deep lakes or shallow
marine environments is much more effective (Harms et al.,
2020). So far, two lakes were cored during an initial test-
ing phase of the new system: Lake Constance (Germany—
Austria—Switzerland) with a water depth of up to 204 m and
87 % core recovery (Harms et al., 2020; Schaller et al., 2022)
and Mondsee (Austria) with a coring depth of 63 m, access-
ing sediments dating back to ~ 18.4 ka cal BP (Harms et al.,
2020).

Mountainous regions are among the most sensitive to cli-
mate change and natural hazard processes (Adler et al., 2022)
of different causes (e.g., meteorological, hydrological, and/or
seismic hazards) and potentially cascading effects. Such haz-
ards can range from local-scale events (e.g., debris flows,
rockfalls, or avalanches; e.g., Kiefer et al., 2021; Knapp et
al., 2018) to large-scale regional events (e.g., earthquakes,
droughts, or floods; e.g., Oswald et al., 2021; Swierczynski
et al., 2013) threatening human lives and infrastructure. Even
though flood-rich periods in central Europe coincided with
relatively cold periods in the past 9000 years (e.g., Bloschl
et al., 2020; Wilhelm et al., 2022), it is expected that ex-
treme precipitation in mountainous regions will increase in
the currently warming climate in all IPCC scenarios (Arias et
al., 2021), with likely cascading effects of, e.g., landslides or
floods. A clear commitment to assess extreme events is vital
to reduce the vulnerability and exposure of human societies
to such hazards. To this end, high-quality observational data
over long timescales are needed, to evaluate recurrence rates,
patterns, and magnitudes of potential future extreme events
with statistical relevance (e.g., Moernaut, 2020; Sabatier et
al., 2022). However, short historical and even shorter instru-
mental records limit our knowledge of natural hazard pro-
cesses, leading to significant uncertainties in risk assessment
(Costanza et al., 2007; Stein et al., 2012), potentially un-
derestimating extreme events with low-probability but high-
impact outcomes. Therefore, studying prehistoric events us-
ing geological records is needed (i) to reconstruct the past
occurrence of meteorological, hydrological, and seismolog-
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ical hazards and their anthropogenic impacts, as well as
their complex interactions, and (ii) to gain a better under-
standing of magnitude—frequency relations of natural haz-
ards to reduce epistemic uncertainties in their assessment.
The intra-mountainous UNESCO area Dachstein/Salzkam-
mergut (Austria) is an exceptionally well-suited study area
for investigating natural hazards and human—environmental
interactions, due to a long history of human impact and set-
tlement (Reschreiter and Kowarik, 2019) and documented
historic and prehistoric evidence for human—environmental
interactions (Barsch et al., 2023; Festi et al., 2021; Grab-
ner et al., 2021; Knierzinger et al., 2021; Reschreiter and
Kowarik, 2019). Previous short-core and conventional lake
coring studies have documented the last ~2.3 kyr cal BP (at
15.63 m) of Lake Hallstatt’s sedimentary infill (Lauterbach et
al., 2023; Strasser et al., 2020).

The Hipercorig Hallstatt History (H>) project overcomes
the previous coring limitations through the novel Hipercorig
platform (Harms et al., 2020) and accesses the deeper high-
resolution lacustrine archive of Lake Hallstatt allowing state-
of-the-art multiproxy-based research. Here, we present the
first major event stratigraphy of an intra-mountainous, high-
resolution lake record of the Eastern Alps, based on the com-
bination of seismic airgun data, borehole, and core logging.
The first-time use of borehole logging data on the Hipercorig
system enables us to better understand and link the cored sed-
imentary evolution of Lake Hallstatt to the seismic data and
its seismic stratigraphy.

2 Regional setting and previous studies

Lake Hallstatt (47°34'25” N, 13°39’35” E; 508 m above sea
level, area of 8.55km?2, ~7.5km long, up to 1.4km wide,
lake volume ~ 558 x 10° m?, maximum water depth 125 m,
Fig. 1) is a former glacial, fjord-like, intra-mountainous
lake, classified as oligotrophic, with holomictic—dimictic
mixing with infrequent meromictic phases (Beiwl and
Miihlmann, 2008; Ficker et al., 2011). The lake is lo-
cated in the UNESCO World Heritage region Hallstatt—
Dachstein/Salzkammergut, Austria. The area is situated in
the Northern Calcareous Alps, with steep limestone moun-
tains surrounding it and the still glaciated Dachstein Massif
to the south and the Totes Gebirge in the northeast within the
upstream catchment area.

Today, the north—south-stretching lake can be subdivided
into two sub-basins: (i) a shallower northern basin (~45m
deep) and (ii) a deeper southern basin (~ 125m deep;
Strasser et al., 2020). The formation of the overdeepened
lake basin occurred through repeated glacial erosion. The
last glacial cycle ended ~ 17kacal BP with the retreat of
the Traun Glacier (Van Husen, 1977, 1997, 2011). The pri-
mary clastic carbonate influx mostly comprises the eroded
surrounding Triassic limestones of the Dachstein Formation
(Mandl et al., 2012).
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Figure 1. (a) Location of Lake Hallstatt (Salzkammergut, Austria) in the Alpine Arc (inset) and overview map of the Lake Hallstatt region
north of the Dachstein Massif and southwest of the Totes Gebirge, with its catchment area outlined on a shaded relief map. The digital
elevation models were taken from Copernicus Land Monitoring Services (European Digital Elevation Model (EU-DEM), version 1.1) and
http://data.gv.at (last access: 12 January 2021) (http://geoland.at, last access: 12 January 2021, Umweltbundesamt GmbH, Land Steiermark,
Land Oberosterreich), including catchment area and water network. (b) Lake Hallstatt overview map, with the N—S and W-E seismic airgun
transects and the H3 coring locations (red dot), including the previous HAS_2016-1 core site (yellow dot) of Lauterbach et al. (2023).
Bathymetry data and mass-transport deposit (MTD) outlines following Strasser et al. (2020).

The catchment area of Lake Hallstatt covers 646 kmZ, with
the Traun River in the SE as the main river inflow contribut-
ing 53 % of total inflow and ~ 50 % of the total catchment
area. The Traun inflow has a mean annual discharge (1970-
2006) of 20.7m*s~! (Ficker et al., 2011). Other larger trib-
utaries are the Gosaubach in the northwest, the Waldbach in
the southwest flowing into the southern basin, and smaller
tributaries such as the Grofler Zlambach in the north flow-
ing into the northern basin and the Miihlbach at the town
of Hallstatt, draining the high valley of the Hallstatt salt
mine area. The mining area is located geologically within
the upper Permian to Lower Triassic Haselgebirge Formation
(e.g., Fernandez et al., 2021; Schorn and Neubauer, 2014).
Evidence for large-scale underground rock salt mining dates
back at least to 3400 cal BP (Grabner et al., 2019). The salt-
enriched Haselgebirge Formation is also present around Lake
Altaussee and Grundlsee upstream of Lake Hallstatt, as well
as around Bad Ischl and Ebensee.

The history of this Alpine landscape is well-documented
through archeological data and written records indicating
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that this region was settled more or less continuously since
the Bronze Age at the latest (Festi et al., 2021; Reschreiter
and Kowarik, 2019). Due to the economic importance of this
region a substantial record of written sources exists and pro-
vides insights into the last 400 years, including mentioning
catastrophic events such as mass movements, heavy precipi-
tation with debris flows, shoreline collapses, and earthquakes
(e.g., Melzner, 2017; Reschreiter and Kowarik, 2019; Rohn
et al., 2005; Urstoger, 2000).

On occasion, these sources also convey information on so-
cietal reaction to these geohazards, including information on
early geoengineering in the catchments and river redirections
(Purstinger, 2017; Urstoger, 2000). Historical information
from major floods of the Traun river contributed to a compre-
hensive European flood study also covering the last 500 years
(Bloschl et al., 2020; Kiss, 2019; Rohr, 2006, 2007). Further-
more, long-term limnological monitoring data over the last
century also document the effects of wastewater intrusions
from salt mining, including the salt mine in Altaussee, on

Sci. Dril., 33, 1-19, 2024
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water column stratification in Lake Hallstatt (Ficker et al.,
2011).

A previous study by Strasser et al. (2020) investigated
the geomorphology and event stratigraphic record cov-
ering the last ~ 130 years of Lake Hallstatt. They re-
port an ultra-high-resolution sedimentary archive with (mil-
limeter to sub-millimeter) laminated background sediment
and sedimentation rates of 0.50 to 0.4cmyr~!'. High-
frequency hydroacoustic subsurface imaging was limited
to 4-5m of the sedimentary infill and revealed parallel
and laterally continuous low- to medium-amplitude reflec-
tions. Several gravitational mass movements were iden-
tified, and event layers comprising turbidites and mass-
transport deposits are correlated to specific floods in the 19th
and 20th century and moderate earthquakes, respectively
(Strasser et al., 2020). Furthermore, a study of Lauterbach et
al. (2023) revealed, three large-scale mass movement event
deposits: E1 — 84 +48 cal BP; E2 — 1058 + 60 cal BP; E3 —
2313 £ 131 cal BP (Lauterbach et al., 2023). These were in-
terbedded within the background sedimentation. Likely, the
coarse character of the large-scale event deposit of E3 re-
stricted the previous coring expedition to 15.63 m.

3 Methods

3.1 Site survey and site selection

Hipercorig drilling was planned to be in the depo-center
of the southern basin near the previous coring location
(HAS_2016-1, Fig. 1b) (Lauterbach et al., 2023). Previ-
ous coring in 2016 was abandoned at 15.63 m depth when
reaching the upper part of E3, a major mass-transport de-
posit (MTD; Lauterbach et al., 2023). A single-channel seis-
mic survey was conducted in March 2021, with the objec-
tive to locate the optimal site for drilling with a potentially
more complete stratigraphic succession and thinner E3. A
mini-airgun (Sercel Mini GI, 220 Hz center-frequency) was
used, with a volume of 0.016 L (1 cubic inch), a pressure of
80 bar, and a shooting interval of 2s in combination with a
12-element single-channel streamer (3 m active length). The
theoretical vertical resolution is ~ 1 m. The data were pre-
processed (using (1) DC (direct current) Removal, (2) TAR
(True Amplitude Recovery), (3) DC Removal, (4) BPF
(bandpass filter) 30-90-2000-2500, (5) trace equalization,
and (6) FX (frequency spatial distance)-Deconvolution and
BPF 100-150-2000-2500) and applying another bandpass fil-
ter (100-150-1000-1500) in the IHS Markit Kingdom Suite
2022, which was also used for seismic interpretation. An
acoustic velocity of 1500 ms~! was used for the conversion
from two-way travel time (TWT) to depth. Due to the limita-
tion of the single-chamber airgun system, a bubble pulse ef-
fect (typically at 25 ms, with 60 Hz) is noticeable on the seis-
mic sections, creating artifacts below 25 ms TWT (~22.5m
below lake floor, mb.Lf.) (Lankston, 2017), which hamper
the interpretation (Fig. 2, green arrows). Based on the new
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seismic airgun data, the H3 site was selected ~ 200 m south
of the HAS_2016-1 coring site.

3.2 Drilling campaign

Drilling at the H? site was carried out with the Hipercorig
system at 125 m of water depth between April and June 2021
and operated by the UWITEC GmbH (Mondsee, Austria).
The drilling platform is a combination of a hydraulic down-
the-hole (DTH) hammer with an established UWITEC piston
coring system. It is a very versatile mobile, modular barge
system, with steel casings, a lake bottom ground plate, and
other auxiliary equipment (Harms et al., 2020). Two holes
with ~ 8 m lateral offset (Table 1) were cored with a 1 m ver-
tical offset, to allow a vertical overlap of both holes (core
length: 2 m, core diameter: 90 mm). A total length of ~91 m
(hole A 40m, hole B 51 m; Fig. 2) of sediment cores was
retrieved.

Sediment cores were curated on site with the mobile
Drilling Information System (mDIS; Behrends et al., 2020),
kept in ice-cooled Styrofoam boxes on the platform, and
moved daily to a cool salt mine tunnel at ~ 8 °C for tem-
porary storage (1-4 d). The sediment cores were then trans-
ported to the University of Innsbruck, where they were kept
at4°C.

3.3 Downhole logging

At the last day of on-site operations, while recovering the
casing from hole B, downhole logging was conducted us-
ing the International Continental Scientific Drilling Program
(ICDP) memory-logging system (iMLS), a modular “logging
while tripping” (LWT) system, in online mode for wireline
measurements (Kiick et al., 2021). The data acquisition was
performed in wireline mode; i.e., the sondes were operated
on a regular logging cable and winch, with the data being
read out in real time at the surface. This was possible be-
cause the otherwise autonomously measuring iMLS mem-
ory sondes can also be run with a special wireline teleme-
try (Kiick et al., 2021; see more details in Sect. S1 in the
Supplement). The memory sonde string did the following:
(i) memory spectrum gamma ray (mSGR) (1.2 m long) mea-
sured profiles of both the total natural gamma ray (GR) and
the concentrations of U, K, and Th from the spectrum of
the natural gamma radiation, and, mounted below, (ii) mem-
ory magnetic susceptibility (mMS) (1.4 m long) measured
magnetic susceptibility and temperature. Both sondes have a
nominal vertical resolution of 0.2 m. The mMS position be-
low the mSGR in the sonde string results in a magnetic sus-
ceptibility (MS) profile being 1.4 m longer than that of the
mSGR data. Once inside the casing pipes the sonde was low-
ered towards the bottom of the piston corer until the mMS
sonde stuck out of the corer and the mSGR sonde mounted
above remained inside the pipes. The mSGR can measure
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Figure 2. (a) Reflection seismic airgun profiles for Lake Hallstatt (Salzkammergut, Austria) from south to north revealing the upper ~ 15 m
of the sedimentary succession at the coring location H3 (boreholes A and B) and a seismic window (SP 1270-1390) in the southern part
near the alluvial fan of Hallstatt with ~40 m penetration depth; the green arrow indicates bubble pulse reflection (25 ms). (b) Interpretation
of profile shown in panel (a). Dark blue, yellow, red, and orange horizons mark the different intervals within E2 showing different facies
of E2: the upper interval (between dark blue and yellow) representing the turbidite deposit, the interval below (between yellow and red)
representing the upper part of the mass-transport deposit (MTD), and the interval below that (red to orange) representing the lower, coarser
part of the MTD; the deeper MTD E3 is indicated as a semi-transparent unit below, with dashed, light blue as the top and dashed light purple
as the potential bottom; the purple line ~ 145 m b.L1. indicates the potential double pulse. (¢) Reflection seismic airgun profiles from west to
east showing the upper ~ 15 m of the sedimentary succession and bubble pulse reflection (25 ms) as indicated in panel (a). (d) Interpreted
reflection seismic airgun profiles from west to east, as indicated in panel (b). Abbreviations: SU — seismic unit; TWT — two-way travel time.

Table 1. Water depths and core recoveries for the Hipercorig Hallstatt History (H3) drilling project at Lake Hallstatt (Salzkammergut,
Austria). Abbreviations: mb.L1., meters below lake level (in spring 2021); m b.1.f., meters below lake floor. Drilling hole B is located around
7-8 m SE of hole A.

Borehole Coordinates Water Top depth  Top depth  Total drilled Core Core
depth (mb.LL) (mb.Lf.) length (m) recovery recovery

(m) (m) (%)

A 47.572998°N  13.659365°E 125 125 0 41 38.38 94
B 47.572955°N  13.659446°E 125 125 0 51 48.07 86
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through the metal of a casing, but the mMS can only be mea-
sured in the open hole.

For the actual logging, both the sonde string and the cas-
ing pipe were pulled up as synchronously as possible, so that
the mMS sonde would stay below the pipe. The synchroniza-
tion happened manually by the logging winch operator and
the rig operator. Since it was the first time this was attempted,
the two pulling speeds were not always perfectly matched but
varied slightly, causing the mMS sonde to briefly slip into the
housing three times and lose the mMS measurement there.
This prevented a continuous profile of the magnetic suscepti-
bility. Despite these gaps in the mMS profile, the profile itself
is consistent in depth throughout and serves as a depth refer-
ence. The logging depth scale is in meters below lake level
(mb.l.1); i.e., the depth reference is the lake surface at the
barge. The lake floor is visible in the GR profile as a steep
slope over about 1 m (124-125 mb.1.1.). It does not appear as
a sharp edge because the GR sensor first sees the decreasing
radiation when getting closer to the water and then contin-
ues to sense gamma radiation from the underlying sediments
slightly above the lake floor. Further, it can be assumed that
the lake floor does not show a sharp sediment—water interface
but that sediments, swirled up by the coring process, proba-
bly cover the lake floor.

3.4 Core opening, non-destructive analyses, and core
description

The whole-round cores were scanned using X-ray computed
tomography (CT) with a voxel size of 0.2 x 0.2 x 0.3 mm?>
at the Medical University of Innsbruck (Austria) using a
Siemens SOMATOM Definition AS. A Geotek Multi-Sensor
Core Logger (MSCL) at the Austrian Core Facility (Depart-
ment of Geology, University of Innsbruck) measured the
whole-round cores with 0.5cm resolution (bulk measure-
ments: magnetic susceptibility, P-wave velocity, and y den-
sity). After core splitting high optical images were obtained
using a Smartcube Camera Image Scanner (SmartCIS; image
scans of split core surface at 500 dpi resolution) and the COX
Analytical Systems Itrax X-ray fluorescence core scanner
(XRF-CS) (filtered and color-adjusted RGB images with up
to ~ 50 um optical resolution; Croudace et al., 2006). Visual
core description and sediment classification follow Schnur-
renberger et al. (2003). The identification of event deposits is
based on general concepts after Sabatier et al. (2022), using
mainly sedimentary structures and thickness to distinguish
major event deposits from background sedimentation, with-
out further trigger interpretation. Here we indicate event de-
posits with a minimum thickness of 0.3 m and sequentially
apply the numbering introduced by Lauterbach et al. (2023)
at site HAS_2016-1.
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3.5 Stratigraphic correlation

The first-order composite profile was created to establish
a continuous sediment sequence. For the construction of
a common depth scale (composite depth scale), visual tie
points (identification of coeval, laterally continuous fea-
tures) were established for both H® drilling holes and the
HAS_2016-1 composite core from Lauterbach et al. (2023).
The visual tie points occur at different core depths below the
lake floor (CLF-A) for each hole. The resulting core compos-
ite below the lake floor (CCLF-A) scale (meters composite
depth —mc.d.) is based on the horizontal alignment of visual
tie points and is equivalent to the old Ocean Drilling Program
(ODP) and Integrated Ocean Drilling Program meters’ com-
posite depth scale (IODP depth scales terminology, 2023).
Where coring gaps occur at correlative depths or correlation
between holes is non-conclusive, the floating composite sec-
tion below is appended to the overlying section above (see
more details in Sect. S2 and S2.1 and Tables S1, S2, and S3
and Fig. S1 as well as Ortler, 2023, for the visualization of
the MSCL data using 15-point rolling Gaussian smoothing).

3.6 Core—log correlation

The core—log correlation was established through the correla-
tion of a smoothed MSCL MS dataset (centered mean rolling
average of 40 data points to match the MS borehole logging
resolution of 0.2 m) and the MS data of the borehole logging
(see detailed description in Sect. S7). The borehole logging
MS data (measured in hole B) represents the in situ stratig-
raphy and was used to anchor the MSCL MS dataset, which
was adjusted visually based on specific MS peaks and inter-
vals of both datasets (see tie point table in Table S7). This
allows us to better understand intervals of potential missing
sediments (core gaps) and compaction/extension within our
composite core.

3.7 Radiocarbon dating and age—depth modeling

From the two H> cores 24 accelerator mass spectrometry
(AMS) radiocarbon (*C) dates were performed on deter-
mined macro-remains from terrestrial plants below 18 mc.d.
extracted by wet sieving of lake sediment samples using a
mesh size of > 125um (Table 2). Small twigs from trees
and shrubs were determined to taxon/species level by Werner
H. Schoch (Laboratory for Ancient Wood Research, Switzer-
land) prior to dating. Core catcher samples were dated for an
early age estimation directly after sediment coring but with-
out detailed documentation.

Radiocarbon measurements were done at the Ion Beam
Physics Laboratory of ETH Ziirich, Switzerland, using the
dedicated MICADAS system (Synal et al., 2007). Carbonates
and humic acids were removed using an acid and base treat-
ment as described by Hajdas (2008) in order to avoid poten-
tial contaminations. Single radiocarbon ages were calculated
according to Stuiver and Polach (1977), were than calibrated

https://doi.org/10.5194/sd-33-1-2024
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Table 2. AMS radiocarbon (14C) dates were performed on macro-remains from terrestrial plants extracted from the sediments of Lake
Hallstatt (Salzkammergut, Austria). All data were calibrated at ETH Ziirich with OxCal 4.4.4 (Bronk Ramsey, 2009) and the atmospheric
calibration curve IntCal20 (Reimer et al., 2020). CC represents core catcher material, which was pushed into mini cores up to 15 cm in length.
Dates in italics are from event layers (omitted l4c dates; see Fig. 4). Abbreviations: B — bark; BS — bud scale; CC — core catcher samples;
ETH - Eidgenossische Technische Hochschule (Switzerland); FL — foliage leaf; L — leaf; Misp — microsporophyl; N — needle; n.d. — not
determined; n.m. — not measured; P — part; Pe — periderm; SS — short shoot; St — stem; T — twig.

ETH lab code and  Core name & section Composite  Dated material and dry weight s13¢ mgC l4c age  Calibrated l4c

dating method depth (cm) depth (m) (mg) values BP+ 1o age ranges

(g: graphite; GIS: (%0) (uncal.) (cal BP)

gas ion source)

121858 (g) 1001-1-A-10-2 (30) 18.67 1 Abies alba T (21) =312 099 2470£22 2425-2711

135231 (g) 1001-1-B-9-2 (73.5) 19.066 4 Juniperus N-P, 9 Picea abies N-P, —29.8  0.54 2708 £25 2759-2852
3 Bryophyta St (3.1)

121857 (g) 1001-1-B-10-1 (67.5) 22.19 5 Abies alba N-P, 1 Picea abies N-P, -29  0.99 3283 +22 3453-3562
1 Larix decidua N-P (4)

121860 (g) 1001-1-B-10-2 (47) 22.94 1 Fagus sylvatica T-P (37.6) -30.8 099 3230 £22 3390-3481

135233 (g) 1001-1-A-12-2 (44.5) 24.111 1 Bryophyta St, 1 Larix decidua N, —28.4  0.47 3575£26 3732-3972

2 Larix decidua N-P, 4 FL-P, 1 B-
P indet., 1 Pinaceae Misp, 1 FL-P

indet. (3.5)
121856 (g) 1001-1-B-11-2 (17) 25.100 5 Larix decidua N-P, 1 Pinaceae —28.3  0.63 3905 £22 4250-4416
Misp, 1 Bryophyta St, 4 L-P (2.9)
116852 (g) 1001-1-B-11-CC (6) 25.986* n.d. —28.6 036 4074 £25 4442-4796
135232 (g) 1001-1-B-12-1 (41.75)  26.919 1 Pinus cembra SS, 1 Bryophyta St,  —27.1 0.40 4469 +27 4976-5287

1 Pinaceae N, 1 FL-P (cf. Fagus syl-
vatica) (2.4)

121855 (g) 1001-1-B-12-2 (14.25)  27.64 14 Bryophyta St, 1 L-P, 9 T-P indet. = —259  0.71 4786 +23 5476-5585
@1
121854 (g) 1001-1-A-15-1 (24.5) 28.64 1 Larix decidua N-P, 1 Abies alba —26.8  0.17 5128 £37 5749-5988

N-P, 1 Pinus BS, 4 L-P, 3 Bryophyta
St, 16 T-P indet. (1.8)

121853 (g) 1001-1-A-15-2 (91) 30.30 1 Juniperus N-P, 3 Abies alba N-P, =229  0.62 5574423 6303-6399
1B-P(2.2)

121863 (g) 1001-1-A-16-1 (73) 32.00 2 Picea abies N-P (2.6) -26.7 0.84 6018 423 6790-6941

121861 (g) 1001-1-A-17-1 (69) 35.05 3 Abies alba T-P (4.1) —-27  1.00 6361 £24 7171-7414

116853 (g) 1001-1-B-16-CC (5.25)  35.341* n.d. —-28  0.99 6424 25 7280-7423

121852 (g) 1001-1-A-18-1 (51) 37.55 3 Abies alba N-P, 1 Pinaceae BS,3 —27.8  0.35 6669 +37 7433-7609
Bryophyta St (2.1)

121851 (g) 1001-1-B-19-2 (16) 38.88 1 Picea abies N-P, 1 Bryophyta St, —24.6  0.54 7624 £25 8374-8452
3 T-P indet. (2.5)

121859 (g) 1001-1-A-19-1 (40) 40.00 1 Conifer T (cf. Picea abies) (18.6) ~ -27.8  1.00 8282+25 9137-9416

135234 (g) 1001-1-A-19-1 (51) 40.111 1 Lamiaceae St-P, 1 Pinaceae Pe, 3 —26.5  0.86 7768 £25 8454-8598
B-P (3.7)

121850 (g) 1001-1-B-21-2 (34.5) 42.35 9 T-P indet., 2 B-P, 17 Bryophyta —30.9  1.00 8414 £25 9321-9526
St, 31 L-P (53)

131460 (GIS) 1001-1-B-22-1 (74) 44.611 1 Pinaceae BS, 1 T indet. (2.2) nm.  0.10 8756 + 89 9545-10 147

121862 (g) 1001-1-B-23-1 (72) 45.78 1 Salix T-P (24.1) -304  1.00 9689+26  10880-11202

116854 (g) 1001-1-B-23-CC (2) 46.976* n.d. —253 100 9841+29 11198-11313

116855 (GIS) 1001-1-B-24-CC (4.25)  48.526* n.d. —20.1 nm. 10363+86 11880-12607

116856 (g) 1001-1-B-25-CC (8.25)  50.551* n.d. —29.2 024 10718+36 12682-12748

* Core catcher samples were projected to the corresponding depth, if possible; otherwise, they were set at the bottom of the corresponding core section.
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8 M. Ortler et al.: Late Pleistocene to Holocene event stratigraphy of Lake Hallstatt

with OxCal 4.4.4 (Bronk Ramsey, 2009), and were there-
after transformed into calibrated years BP (before present:
before 1950 CE) according to the calibration curve IntCal20
(Reimer et al., 2020). The Bacon v3.0.0 software package
for R (Blaauw and Christen, 2011) was used for Bayesian
age—depth modeling; however, two radiocarbon dates (ETH-
121857 and ETH-121859; see Table 2) were excluded from
the age—depth model, as they were sampled within the base
of event deposits (see Sect. S6 and respective Fig. S2 for
more details). Furthermore, 17 radiocarbon dates from the
HAS_2016-1 sediment core (Lauterbach et al., 2023) were
included into the total age—depth model by projecting them
onto the H> composite core profile using tie points (see Ta-
ble S5) to cover the upper 15 m of the stratigraphy.

4 Results

4.1 Seismic airgun units

The seismic airgun data show a seismic stratigraphy with
three distinct seismic units (SUs) characterized by five dif-
ferent seismic facies (F1-F5, Table S4) at the coring site
(Fig. 2): SUI is a ~ 12 m thick acoustically laminated, high-
amplitude reflection package (F1) with limited lateral conti-
nuity. On the whole basin scale, SU1 also comprises several
zones at different stratigraphic levels with a few meter-thick,
semi-transparent, and non-continuous reflections (F2) with
variable amplitudes and hummocky to deformed geometries
(e.g., shot points (SPs) 1260-1370, 1420-1550, and 1750—
1990 in Fig. 2a and b; 3270-3290, 3235-3250, and 3190—
3225 in Fig. 2c and d). At the HAS_2016-1 site, the SU1-to-
SU2 boundary corresponds to the base of E2 (Fig. 2b). SU2
shows more diffuse low-amplitude reflections (F3) above the
25ms~! TWT level dominated by a bubble pulse (green
arrows in Fig. 2), with higher amplitudes towards the top
of the unit. In the south of the N-S seismic profile, SU2
shows northward-dipping reflections with moderate ampli-
tudes (F4) and moderate lateral continuity, occasionally in-
terlayered with chaotic facies. The seismic signal penetration
to greater depth is generally limited by seismic attenuation,
related to MTD bodies (as described in core HAS_2016-1
(Lauterbach et al., 2023) and the following sections) and free
gas in the pore space of the sediment causing acoustic blank-
ing. A ~250m wide “seismic window” near the Hallstatt
fan (SP 1270-1390 in Fig. 2a, b) images the deeper sub-
surface (SU3, down to ~ 40 m b.1.f.) with northward-inclined
medium-amplitude reflections (F5) with low lateral continu-
ity (Fig. 2a, b).

4.2 Borehole logging units

Nine logging units were defined based on the downhole log-
ging measurements collected in hole H3 B (Fig. 3). Logging
Unit 1 (LUI, 124-131 mb.L1.) is characterized by intermedi-
ate GR values of 55.1 2.9 gAPI and a downhole-decreasing

Sci. Dril., 33, 1-19, 2024

trend in MS (with overall low values of 0.9 £0.1 x 10~* SI—
Systeme International — on average). The turning point with
the lowest MS value, after the decreasing trend, defines the
boundary to Logging Unit 2 (LU2). LU2 (131-135.6 mb.L1.)
shows on average low MS values of 0.8£0.1 x 10~* SI
and very low GR values of 39.2+5.6gAPI and con-
sist first of an interval of low MS and GR values until
135.2mb.l1. followed by a sharp increase, up to a peak in
MS value of 1.52 x 10~* SI, indicating the transition to Log-
ging Unit 3 (LU3). LU3 (135.6-139.5mb.1.1.) consists of
increased MS values of 1.1 £0.1 x 107*SI and stable GR
values of 60.3 +3.7 gAPI encircled by high GR values at
the top. The transition to Logging Unit 4 (LU4) is defined
as the turning point towards low GR value, with a peak
in K and a low in MS values. LU4 (139.5-140.9 mb.1.1.)
shows a thin layer with low GR values centered around
a minimum value of 37.2 gAPI with intermediate MS val-
ues (1.140.1 x 107* SI on average). The increase in GR
value at the bottom of the thin layer, as well as the low MS
value indicate the transition to Logging Unit 5. LUS5 (140.9-
145mb.L1.) comprises high GR values (74 £7.9 gAPI on
average) with two prominent thin layers with GR values
of up to 85.4gAPI and an MS trough in between. Overall,
LUS includes spikey and high MS values with an average of
1.34£0.2 x 107*SL The transition to Logging Unit 6 is in-
dicated with the transition towards lower GR values and a
peak in MS values. LU6 (145-149.9 mb.L.1.) comprises high
GR values (64 £5.9 gAPI on average) with one prominent
thin layer of increased GR values of up to 73.6 gAPI. The
MS values show intermediate values of 1.1 0.1 x 107 SI
on average. The transition to Logging Unit 7 is indicated
with the transition towards increased GR values and a low
in K and MS values. LU7 (149.9-157.3mb.l.1.) also indi-
cates enhanced MS values of 1.340.2 x 10~* SI (based on
the 149.9-151.6 mb.1.1.) as well as a peak-shaped evolution
of high GR values (on average of 68 = 8.5 gAPI). The tran-
sition point to Logging Unit 8 (LUS) is defined after the GR
trough of 49.62 gAPI, towards more stable GR values. LU8
(157.3-165.8 m b.L1.) shows very stable and intermediate GR
values of 56.46 + 1.9 gAPI and lower and spikey MS values
of 1 £0.1 x 10~* SI. The transition to Logging Unit 9 (LU9)
is the lowest MS value before the onset of an increasing trend
of MS and GR values. LU9 (165.8-173.2 mb.1.1.) shows in-
creased GR values of 66.3 - 3.3 gAPI and increased MS val-
ues of 1.2+0.1 x 107* SL.

4.3 Lithostratigraphic units

The sedimentary succession comprises two major lithostrati-
graphic units: Unit 1 (Holocene, with six subunits) and Unit 2
(Late Pleistocene). The sediments are mainly composed of
carbonate mud, interbedded with multiple millimeter- to
centimeter-thick light-gray clayey-silt graded deposits (fur-
ther referred to as turbidites as interpreted and used by
Lauterbach et al., 2023, and Strasser et al., 2020). Further-
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Figure 3. Borehole logging for the sediments of Lake Hallstatt
(Salzkammergut, Austria) with natural gamma radiation (GR);
magnetic susceptibility (MS); and U, K, and Th concentrations. The
numbers 1-9 represent the identified borehole logging units (LUs).
The sections with no MS data in interval 1 and interval 7 were dis-
carded (measurement inside metal casing).

more multiple > 0.3 m thick deposits occur with a graded,
coarser-base, homogenous body and clay cap overlying co-
hesive mixed sedimentary layers interpreted as co-genetic
turbidites (cf. Lauterbach et al., 2023) and mass-transport de-
posits (MTDs). The labeled events differentiated by visual
changes in color, grain size, lamination thickness, structure,
and MSCL data (y density and magnetic susceptibility; see
Figs. 4 and 5, Table S6, and Sect. S3). The presented ages are

https://doi.org/10.5194/sd-33-1-2024

derived from the age—depth model, using precise radiocarbon
dates performed on plant remains (see Sect. 3.7).

Unit 1 — Holocene, 0-47.60 mc.d. (present day to
11623 £ 150 cal BP)

Subunit A (0-2.36 m composite depth (mec.d.); bottom:
304 £ 28 cal BP) consists of laminated to very thin bed-
ded dark-gray clayey—silty carbonate mud, interbedded
with millimeter- to centimeter-thick graded turbidites. It
shows very low mean density values of ~1.30gcm™3
and a drastic increase in magnetic susceptibility up to
10.57 x 1078 m3kg~!. The transition phase (~35cm, 2.4—
245mc.d.) to subunit B is a striking color change
toward yellowish as well as to lower MS values
(~3.95 x 108 m*kg~!) and higher-density values (Fig. 4).
El, mainly present close to the Hallstatt alluvial fan (Lauter-
bach et al., 2023), within subunit A is not indicated, as it
shows < 0.3m thickness at the deep basin. A slight nick
point within the age—depth model indicates a slight decrease
in sedimentation rate for subunit A compared to subunit B.

Subunit B (2.36-6.87 mc.d.; bottom: 711 & 34 cal BP) is
a prominent yellowish-gray clastic carbonate mud inter-
val of ~4.5m (2.4-6.87mc.d.) with faintly millimeter- to
centimeter-scale laminated sediments (Fig. 5). This sequence
shows a slightly enhanced mean density value of 1.43 gcm™>
compared to the two adjacent subunits A and C and a de-
creasing trend towards subunit A. The transition phase of
subunit B to subunit C (6.76-6.87 mc.d.) is a striking color
change from more yellowish to blackish, gray colors, a drop
in density values and MS values, and a decrease in sedimen-
tation rate within subunit C. The sedimentation rates of sub-
units B and A show the highest sedimentation rates.

Subunit C (6.87-18.23 m c.d.; bottom:
2239 4+ 82 kacal BP) consist of laminated to very thin bed-
ded dark-gray clayey-silty carbonate mud (very similar
to subunit A), interbedded with millimeter- to centimeter-
thick graded turbidites. The background sedimentation
shows a mean density of 1.44gcm™> and mean MS
of 4.1 x 1078 m3>kg™! with the highest values below E2
(10.85 x 1078 m3>kg™!). Subunit C comprises two major
mass-transport deposits (E2: ~5.1m thick; E3: ~2.7m
thick; see Table S6) forming respective MTDs containing
pebbles (up to 3 cm in diameter) and related co-genetic tur-
bidites. E2 shows a distinct bipartite structure in both holes
(A and B) which is separated by a sandy organic-rich interval
(9.12-9.42mc.d.). The basal part (9.42—-12.74 m c.d.) shows
a chaotic mixture at the bottom of a mainly sandy matrix with
pebbles which transitions to a sandy matrix with pebbles and
mud clasts, with partly intact laminations or vertical lamina-
tions and soft sediment deformation and sand package. The
overlying interval shows amalgamated sandy deposits with
macro remains, with decreasing thickness towards the over-
lying turbidite (7.64-9.12mc.d.), which has a distinct ho-
mogenous structure with a very thin mud cap (< 0.5cm).

Sci. Dril., 33, 1-19, 2024
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Figure 4. Composite profile overview for the sediments of Lake Hallstatt (Salzkammergut, Austria). From left to right: core recovery of both
boreholes and correlation lines (blue: correlation with HAS_2016-1 core possible; green: correlation possible only between the H3 cores A
and B). Composite profile of the borehole used (indicated in green and purple). Simplified lithology log for the composite profile (with
eight major lithology types, including event deposits). Whole-round measured density. Magnetic susceptibility. Age—depth model based on
35 radiocarbon (14C) dates, with the two 14C dates shown in red omitted. Identified lithological units for the Late Pleistocene (blue) and

Holocene (green).

In comparison to the HAS_2016-1 core (Lauterbach et al.,
2023), we observe a much coarser grain size and less defor-
mation structures within the basal part of E2. The base of
E2 shows erosional features and missing laminations com-
pared to the HAS_2016-1 core, suggesting a hiatus of ~ 150—
550 years based on the age—depth model (Fig. 4). Event 3
(E3) also shows a bipartite structure with a basal part and an
overlying turbidite. The basal part varies strongly between
holes A and B within the individual parallel core segments,
demonstrating a high spatial heterogeneity of the event de-
posit. Hole A shows a small (~ 1 cm) sandy base overlain by
subvertical laminations and folded laminas (~ 80 cm), which
is followed by the turbidite (> 1.9 m), a homogenous pack-
age. The base of the turbidite was not retrieved in hole A.
In hole B, the basal part (~45cm, 17.76-18.23 mc.d.) con-
sists of a sandy matrix with some pebbles mud clasts, with
the very bottom part not being retrieved. The top part of the

Sci. Dril., 33, 1-19, 2024

basal part comprises an amalgamated organic-rich interval
(~45cm, 17.30-17.76 mc.d.) with centimeter-thick sandy
intersections towards the turbidite. The turbidite is a ~ 1.8 m
thick homogenous package with a thin (< 0.5 cm) mud cap.
The background sedimentation rate between E2 and E3 in-
dicates a slight increase in sedimentation after E3 and an in-
creasing trend towards E2. Also, the transition to subunit D
at the base of E3 (18.23 mc.d.) likely shows a hiatus of up to
~ 600 years based on the age—depth model.
Subunit D (18.23-28.47 mc.d.; bottom:

5544 £ 93 kacal BP) is similar in appearance to subunit C
with increased mean density values of 1.48 gcm™3 and MS
values of 5.50 x 10783 m3 kg~!. It is intercalated with four
homogenous packages (E4, ES, E6, and E7; see Table S6 for
depth). E4 and ES5 appear to be a stacked event sequence,
with an interval of ~2.5cm in between the deposits which
need to be further investigated. E4 is a light-gray, homoge-

https://doi.org/10.5194/sd-33-1-2024
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Figure 5. Compilation of drilling core images, for each lithological unit (including subunits) of Lake Hallstatt (Salzkammergut, Austria).
Each photographic assemblage shows a computer tomography (CT) image (black less dense, white denser), a smart cube image, a smart cube
color-adjusted image, and two ITRAX images (with different light intensities). In addition, a representative core section is shown for each

major event deposit (> 0.3 m).

nous package, with a sandy base. ES is black (directly after
core opening) and homogenous with a ~ 1 cm thick organic-
rich layer and a sandy base (< 0.5cm). E6 is a ~60cm
thick, medium-gray, homogenous package with a ~2cm
thick sandy base and a thin (< 0.5 cm) mud cap. Furthermore,
the top part of an MTD (E7: min. 0.7 m thick, base not cored)
is present at the bottom of subunit D with a ~ 14 cm thick
light-gray mud sequence and sandy intersections, which are
deformed at the lower part of the sequence.

Subunit E (28.47-37.43 mc.d.; bottom: 7525 4+ 51 cal BP)
indicates an overall change within the Holocene unit to
laminated dark-gray clayey-silty carbonate mud interbed-
ded with thicker (millimeter- to centimeter-thick) graded
turbidites and two > 0.3 m thick turbidites. The transition
occurs likely within the coring gap of ~1m, and based
on the age—depth model ~ 100-800 years could be miss-

https://doi.org/10.5194/sd-33-1-2024

ing. The mean density value is 1.55gcm™ and the mean
MS value is 6.5 x 1078 m3kg~!. This shows an increase
for both parameters compared to the overlain subunit D.
The magnetic susceptibility shows overall the highest val-
ues of the composite core and the highest individual MS
peaks (23.59 x 1078 m3kg™!) of background sedimenta-
tion. Additionally, E8 (~ 74 cm, 32.02-32.76 mc.d.) repre-
sents a homogenous, medium-gray to light-gray (~25cm
of the top) mud, with no prominent coarse base. E9
(~1.44cm, 36-37.44mc.d.) shows a similar appearance,
with a medium-gray, homogenous body and a light-gray up-
per part (~50cm) and a 2 cm thick sandy lens as a base.
Subunit F (37.43-47.60 m c.d.; bottom:

11623 £ 150 cal BP) is a laminated dark-gray clayey-silty
carbonate mud interbedded with millimeter- to centimeter-
thick graded turbidites similar to subunit E. The mean

Sci. Dril., 33, 1-19, 2024




12 M. Ortler et al.: Late Pleistocene to Holocene event stratigraphy of Lake Hallstatt

density value is 1.61gcm™ and the mean MS value

is 4.53x1078m3kg~!. The lowest density values of
~13gem™3 are ~43mec.d. with slightly more black-
ish sediments compared to the adjacent sediments. E10
(~1.14m, 38.9-40 m c.d.) consist of medium-gray, silty car-
bonate mud with dark patches and a striking, folded organic-
rich, sandy base. At ~45mc.d. E11 occurs (min. 31 cm,
44.76-45.1 mc.d.) and consists of deformed laminations of
carbonate mud with chaotically distributed multiple grains
(> 0.5cm) and one layer grains (up to 0.5cm) in the upper
part of E11. In addition, a distinct increase in the density
baseline is present at ~47 mec.d. to > 1.69 gcm™3.

Unit 2 — Late Pleistocene, ~47.60-55.3 mc.d. (top:
11623 £ 150 cal BP; bottom: older than
12682—-12748 cal BP; 50.5mc.d.)

Unit 2 consists of a Late Pleistocene sedimentary succession
comprising laminated very thin bedded (1-3 cm) medium-
gray silty—clayey carbonate mud, with several laminated
(< I cm) intervals and multiple-centimeter-thick light-gray
and graded turbidites. Within Unit 2 there are three intervals
observable: (i) a mainly finely laminated (< 1 cm) carbon-
ate mud (~47.60—~ 50.5 mc.d.) with increased MS values
of ~4.63 x 1078 m3kg™!, with the deepest sampled age at
the base with 12 682—-12 748 cal BP; (ii) a darker colored in-
terval (~ 50—~ 54 mc.d.) with a slightly lower magnetic sus-
ceptibility (~3.94 x 10~8 m3 kg™1); and (iii) increased den-

sity values below ~ 54 mc.d. with ~1.75 gem ™.

5 Discussion

5.1 Core—log (seismic) integration

The integration of seismic airgun, borehole logging, and sed-
iment core data confirms that the boundary between seismic
units SUI-SU2 corresponds to the base of the E2 MTD at
both the H3 site and the HAS_2016-1 site (Figs. 2b, d, and
6), across which a downhole increasing MS trend is observed
in both the borehole and core logging data (see detailed de-
scription of MS-based borehole logging to core logging data
correlation in Sect. S7 and Table S7). Hence, the logging unit
LU corresponds to subunits A and B and to the upper part of
SU1. The high-amplitude reflection at ~0.197s TWT depth
likely originates from the sharp density contrast at the tran-
sition from subunit B to C, which also generally shows in-
creased GR (gamma radiation) values for B and a decrease
in GR towards C. The lower part of SU1 at the correlative
depth of E2 shows a disrupted-reflection pattern, which can
be interpreted as thrusts and ramp features (e.g., Sammartini
et al., 2019) within the MTD bodies that thin out towards the
deep basin (Fig. 2b). The bipartite nature of E2 (as described
in the core data with a turbidite overlying the MTD) is also
observed in LU2 with the upper part showing low GR val-
ues and transitioning to comparably higher GR values at the
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base. This is also apparent in the seismic data by a ponding
deposit overlying the top of the MTD (thick, solid yellow line
in Fig. 2b). The base of E2 at the H? site contains rip-up mud
clasts and is coarser than at the HAS_2016-1 site. The basal
part of E2 at the HAS_2016-1 site shows plastic deformation
(Lauterbach et al., 2023), indicative of basin plane deforma-
tion (e.g., Sammartini et al., 2019).

SU2 comprises the lower part of subunit C (including E3)
and the upper part of subunit D (including E4 and ES; Fig. 6).
The C-D subunit boundary correlates very well with the
boundary of LU4 to LUS. The thin layer of low GR values
at LU4 correlates to the base of E3, representing the MTD of
E3. However, neither physical properties nor lithologic char-
acteristics of the subunit boundary and/or the event deposits
can be conclusively correlated with the diffuse acoustic fa-
cies in the SU2. A positive-amplitude reflection (peak) with
reasonable lateral continuity of ~ 1 km occurring at roughly
the corresponding depth of E3 at site H® is used to tenta-
tively map the top of the MTD E3 through the basin (dashed
blue line in Figs. 2b, d and 6). This tentative correlation
is supported by the sharp density contrast between the tur-
bidite and the underlying MTD. The turbidite itself, which
— in comparison to E2 is thicker (~ 1.8 m) and has higher
natural radiation — is not recognizable in the seismic data.
Similarly, the base of E3, characterized by lateral hetero-
geneity of the MTD as observed in holes A and B, cannot
be traced (but can tentatively be mapped by the dashed pur-
ple line, assuming constant depth of the MTD in Fig. 2b).
E4 and ES5 are below or near the resolution of the seismic
data but observable within LUS and the upper part of sub-
unit D. E4 shows increased GR, MS, and density values,
whereas ES shows prominent low MS values at the base,
which correlates between the borehole logging and core log-
ging dataset (i.e., logging tie points (LTPs) 13-14; Fig. 6;
Table S7). The SU2-to-SU3 boundary does not correlate to
any specific characteristics of the logged and cored sedimen-
tary succession at site H3, reflecting the effect of the bubble
pulse as an artificial effect, as methodologically described in
Sect. 3.1.

Below 25 mb.Lf., the lower part of subunit D correlates
very well to LU6 (including E6 and E7; Fig. 6). The MS val-
ues of subunit D and LUG6 correlate well (see Fig. 6; LTPs 15
to 16) and show overall intermediate MS values, respectively,
whereas E6 and E7 show decreased MS values. Also, the MS
values in the lower part of LU6 and subunit D show differ-
ences which are addressed in Sect. 5.2.

The D-E subunit boundary correlates very well with the
LU6-LU7 boundary, with the low MS values at the base of
E7. LUT7 correlates to subunit E, including E8 (Fig. 6), and is
characterized by increased GR and MS values (see LTPs 18
and 19). E8 shows stable GR and density values and a strong
peak in MS values. The transition boundary of LU7-LUS8 and
subunit E-F likely relates to E9, transitioning from increased
GR and MS values to intermediate GR and MS values down-
core (LTPs 20-27).
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Figure 6. Core-log seismic integration of Lake Hallstatt (Salzkammergut, Austria) with a comparison of seismic airgun and borehole
logging units and lithological subunits. Note that the three different datasets are plotted against their respective but different depth scale. The
composite core depth scale (mc.d.) is not corrected for extension. Due to this as well as to the appending of core sections, the composite core
is ~ 4 m longer compared to the borehole itself. Dashed and solid lines indicate logging tie points (LTPs) defining the correlation between the
logging and core data depending on the confidence level (see detailed description in Sect. S7 and Table S7). The main ages of the lithological
boundaries are indicated (based on the Bacon age—depth model), in comparison to archeological periods. See legend in Fig. 4 for lithology.
Abbreviations: SU — seismic unit; LU — logging unit; GR — gamma radiation; MS — magnetic susceptibility; TWT — two-way travel time;
LTP - logging tie point; M.P. — Migration Period; R.P. — Roman Period.
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Below E9, LUS8 corresponds to subunit F (including E10
and E11; Fig. 6). The interval between LTPs 22 and 23 will
be addressed in the following Sect. 5.2. LU8 and subunit F
are characterized by intermediate physical properties values;
nevertheless there is a low-density interval ~42 mc.d. and at
least one interval prior to E10 with higher MS values.

The transition of LUS-LUY is based on the transition of in-
termediate towards increased MS and GR values and likely
relates to E11 (Fig. 6; LTPs 27-32). The transition from
Unit 1 to Unit 2 (indicating the Pleistocene to Holocene tran-
sition; Fig. 4) likely occurs around 47.6 mc.d. based on vi-
sual description and after a transition phase of increasing MS
and GR values (between E11 and ~47.6mc.d.) as well as
a dominant change in density values. Furthermore, the MS
correlation between borehole logging and core logging data
between LTPs 27 and 33 is more challenging and will be ad-
dressed in the following Sect. 5.2 (also see Sect. S7). LU9
and Unit 2 show increased physical property values until
~52mc.d., followed by lower physical property values un-
til ~54 mec.d., which are followed by a striking increase in
density values.

5.2 Advantages of combining borehole logging and
coring in lakes

The borehole logging helped to estimate core extension
(Baumgarten et al., 2015) and allows us to constrain the three
gaps (Baumgarten et al., 2014), which could not be closed by
composing the stratigraphy from boreholes A and B. The cor-
relation of MS peaks between logging and core data across
the E7 base (LU6 to LU7; and subunit D-E boundary) re-
veals that the main coring gap (~25 mb.Lf.) is smaller than
1 m, where challenging drilling conditions occurred in both
boreholes A and B — see Sect. S5. The coring gap below
El1 (estimated < 1 m during challenging coring operation in
borehole B — Sect. S5) is underestimated and could be up to
1 m based on the borehole logging. Also in borehole B, chal-
lenging coring operations occurred below E9. The interval
between E9 and E10 (LTPs 22-23) suggests that LU8 shows
1 m of more variety, which is not clearly observed within sub-
unit F. This observation strengthens the assumption that no
correlation line at the respective depth can be described and
that up to 1 m of sediment is missing.

Beside the clear advantages of the borehole logging data
there are some key differences compared to the core logging
data, such as the evolution of E2 and E3 within the respective
datasets. The base of E2 is dominated by a mass-transport de-
posit (of a carbonate-rich facies) with low-amplitude MS val-
ues at the base (Fig. 6). Overlying are higher-amplitude MS
values within an organic-rich interval containing sand, ob-
served within the core logging data. In contrast, the borehole
logging MS data show a gradual decrease in MS values from
the base to the top of the deposit (see more details Sect. S7).

The interval between logging tie points (LTPs) 16 and 18
shows more stable MS values within the borehole logging
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data compared to more MS fluctuations within the core log-
ging data. These differences might be related to the main cor-
ing gap occurring at the base of E7. Furthermore, the interval
between LTPs 27 and 28 shows high-amplitude values within
the core logging data, which are not observed clearly within
the borehole logging data. The lack of high-amplitude val-
ues within the borehole logging data could be related to the
lower vertical resolution of the borehole logging sensor. Fur-
ther downcore of LTP 27, mostly only low confidence log-
ging tie points could be identified. This could be related to
more appended core segments within the core logging data,
using only hole B for the deepest part.

5.3 Lithostratigraphy in chronostratigraphic and
prehistoric view

The lithostratigraphic Late Pleistocene—Holocene boundary
in Lake Hallstatt occurs at ~47.6m, with a change from
finely laminated (< 1 cm) gray silty—clayey carbonate mud
(below) towards laminated dark-gray clayey—silty carbonate
mud interbedded with millimeter- to centimeter-thick graded
turbidites (above). The Bacon (Blaauw and Christen, 2011)
modeled age of 11623 £ 150 cal BP overlaps the described
transition at Mondsee with 11580-11540cal BP (Lauter-
bach et al., 2011), or the Meerfelder Maar varve chronology
(11590 varve years BP; Brauer et al., 1999). Also, promi-
nent end moraines formed during the Younger Dryas (Ege-
sen Stadial) south of Lake Hallstatt on the Dachstein Massif
(locally known as Taubenkar stand; Van Husen, 1977). The
bottommost dated sample, with a radiocarbon age range of
12 682-12 748 cal BP at ~50.55 m lies within the Allergd—
Younger Dryas boundary which was described at Mond-
see with 12760-12590cal BP (Lauterbach et al., 2011).
Hence, the Allergd—Younger Dryas transition likely occurs
at ~50.55mec.d., which aligns with a decrease in GR and
MS values downcore.

The Late Pleistocene (Unit 2 and LU9) covers the final
part of the Upper Paleolithic (until 11623 cal BP, Fig. 6),
followed by six subunits (subunit A-F) and eight log-
ging units (LUs 1-8) formed during the Holocene. The
Early Holocene (subunit F, LU8) covers the Mesolithic and
shows moderate fluctuations in physical properties (Fig. 6).
The subsequent intervals — (i) subunit E/LU7 (onset at
~ 7525 £ 51 cal BP), (ii) subunit D, lower part/LU6 (onset
at 5998 &+ 115 cal BP), (iii) subunit D, upper part/LLU5 (on-
set at ~ 3769 =91 cal BP), and (iv) subunit C/LU3 and LU4
(onset at ~ 2576 477 cal BP) — show four distinct phases of
drastic changes in physical properties (Fig. 6). We observe
strong variations in the sedimentation rate (indicated by the
changing slope angle in the age—depth model) and multiple
large-scale mass movements. Chronologically, these four in-
tervals cover the prehistoric and large parts of the historical
period (from the Neolithic to Medieval periods, Fig. 6) and
thus include the onset and development of human activity in
the Hallstatt area. The oldest evidence for human activity in
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the vicinity of Lake Hallstatt dates to the 7th and 6th mil-
lennium BP (Festi et al., 2021). The visually observed sed-
imentary change (as described in Sect. 4.3), as well as the
physical property change at the transition towards the Copper
Age (6250-4150 cal BP; subunit E (upper part) and subunit D
(lower part)/LU6) will help to better characterize the role of
human influence in this early phase. It is important to note
that archeological as well as paleoecological data indicated
the possibility of salt extraction as early as the 7th/6th mil-
lennium BP (Festi et al., 2021). Fully developed large-scale
underground salt mining is evidenced from ~ 3400 cal BP
(Middle/Late Bronze Age) onwards. The Bronze Age and
Early Iron Age mining phases were disrupted by large-scale
mass movements several times (Festi et al., 2021; Grabner
et al., 2021; Knierzinger et al., 2021). The highly resolved
sedimentary record presented here will help elucidate the im-
pact of mining as well as societal reaction to geohazards at
a high chronological resolution as well as the chronology of
the Late Iron Age salt mining in Hallstatt and the question of
a continuity into Roman times (cf. Festi et al., 2021).

The Late Holocene consisting of LU1/subunit B and sub-
unit A, covers the High to Late Medieval period and Modern
Era, with the onset of subunit B (~ 711 =+ 34 cal BP) likely
being influenced by increased human environmental interac-
tion, such as increased salt mining with related timber ex-
ploitation and forest clearance, transport of timber and salt
on the lake (Festi et al., 2021; Urstoger, 2000), and poten-
tial river diversions further upstream close to Lake Altaussee
(Lamer, 1998). The change to subunit A around the mid-17th
century CE could be related to systematic forest management
(Lauterbach et al., 2023; Urstoger, 2000).

6 Conclusions and outlook

The Hipercorig system successfully drilled a high-resolution
Late Pleistocene to Holocene sediment succession of Lake
Hallstatt and revealed 10 unique major event deposits, with
more than 0.3 m thickness (E2-E11) and performed bore-
hole logging through the Hipercorig system for the first time.
The borehole logging and sediment logging reveal several
dynamic phases during the Holocene, with changing accu-
mulation rate and physical property fluctuations, and corre-
late very well with each other. Also, the upper 15 m of the
composite profile correlate very well with the HAS_2016-1
core (Lauterbach et al., 2023). However, the E2 and E3 event
deposits show high spatial heterogeneity.

The inner Alpine landscape of Lake Hallstatt, within the
UNESCO World Heritage region, is described as a fasci-
nating geomorphological laboratory (Weidinger and Goétz,
2022). The successful drilling campaign of the Hiper-
corig platform enables a high-resolution multi-proxy and
multi-disciplinary-based analysis of the Late Pleistocene to
Holocene sedimentary succession at Lake Hallstatt. The
international research team will proceed on several main
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frontiers: (i) archeology, (ii) paleoclimate, and (iii) paleo-
geohazards. This should be done in order to link the H? sedi-
ment sequence to archeological findings and to better under-
stand human—environment interaction as well as to disentan-
gle the probable onset and impact of human activities from
climatic and environmental drivers within the surroundings
of Lake Hallstatt. In combination with existing neighboring
lake research projects (e.g., Mondsee, Lake Altaussee) it will
be possible to extract local from regional signals and com-
pare them. Establishing a high-resolution event record for
Lake Hallstatt will enable the analysis of the magnitude and
frequency of natural hazards and contribute to a regional/-
global climatic sediment archive on a Holocene timescale in
order to better understand the long-term changes within in-
termountain lake systems.
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