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Editorial preface

Dear reader,

Sediments archiving continuous and datable past changes in Earth system
are key to improving our mechanistic understanding of complex interplays.
This issue of Scientific Drilling provides insights into a couple of new
initiatives on these topics with one Science Report and three Workshop
Reports.

In the context of the ongoing discussion about the Anthropocene as a new
geological epoch and its beginning, it is worth noting that the impact of
humans on the environment can be recognized throughout the Holocene.
One vivid example is the Bronze Age salt mining in the European Alps
around Lake Hallstatt causing a strong influx on sediments in the nearby
lake. A drilling campaign with a special coring system resulted in the
recovery of a high-resolution, multi-proxy and multi-disciplinary-based
analysis of the Late Pleistocene to Holocene sedimentary succession (p. 1).

Upper Pleistocene deposits of Lake Victoria address questions about
Quaternary landscapes and ecosystems in eastern Africa (p. 21). An
interplay of geological, paleontological, climatological, and evolutionary
biological investigations is designed to develop conservation and
management strategies for regional responses to current and future
changes in the environment in equatorial Africa. A better understanding

of the long-term stability of the Greenland ice sheet is key for anticipating
future climate and sea-level developments. The past waxing and waning

of this ice sheet are documented offshore from the island’s northeastern
continental margin, whose sediments are targets of future mission-
specific ocean drilling campaigns (p. 33). An outstanding analog to modern
atmosphere temperature rise is the Paelocene/Eocene Thermal Maximum,
PETM. Thick sections of PETM strata are deposited along the US mid-
Atlantic coastal plain. Prospects for sampling and studying these deposits
were the goal of the workshop on “Paleogene Earth Disturbances in the U.S.
Atlantic Coastal Plain”, reported on p. 47. Finally, the report

(p- 67) on Connections Among Life, geo-Dynamics and Eruptions in a
Rifting Arc (CALDERA) sheds light on the importance of hazards and
resources in volcanic caldera systems. The Okataina Volcanic Centre in New
Zealand is a prime example for investigating the most critical questions
through subsurface observations by scientific drilling.

The end of the International Ocean Discovery Program (IODP) on

30 September 2024 will mark major changes in the organization of
international scientific ocean drilling. ECORD and Japan have agreed to
build a new joint scientific ocean drilling program, whose objectives and
organizational structure are laid out in Program Development report
(p. 89).

With this issue, the editorial board of Scientific Drilling is changing as our
editor-in-chief Uli Harms will be leaving the panel after long service as
co-founder and member of the editorial board. Managing editor Thomas
Wiersberg will succeed him in this role. At the same time, we welcome
Hendrik Vogel from Bern University in Switzerland as a new board
member who will be bringing exciting new expertise to the journal with his
background in sedimentary geochemistry.

With best regards,
the editors of Scientific Drilling

Ulrich Harms, Thomas Wiersberg, Nadine Hallmann,
Tomoaki Morishita, and Will Sager
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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).

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

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

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

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

https://doi.org/10.5194/sd-33-1-2024 Sci. Dril., 33, 1-19, 2024
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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



M. Ortler et al.: Late Pleistocene to Holocene event stratigraphy of Lake Hallstatt 7

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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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
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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-
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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-
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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

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

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.

https://doi.org/10.5194/sd-33-1-2024 Sci. Dril., 33, 1-19, 2024




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

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

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



M. Ortler et al.: Late Pleistocene to Holocene event stratigraphy of Lake Hallstatt 15

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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Abstract. Lake Victoria, which is bordered by Uganda, Tanzania, Kenya, and has a catchment that extends to
Rwanda and Burundi, is home to the largest human population surrounding any lake in the world and provides
critical resources across eastern Africa. Lake Victoria is also the world’s largest tropical lake by surface area, but
itis relatively shallow and without a major inlet, making it very sensitive to changes in climate, and especially hy-
droclimate. Furthermore, its size creates abundant habitats for aquatic fauna, including the iconic hyper-diverse
cichlids, and serves as a major geographic barrier to terrestrial fauna across equatorial Africa. Given Lake Vic-
toria’s importance to the eastern African region, its sensitivity to climate, and its influences on terrestrial and
aquatic faunal evolution and dispersal, it is vital to understand the connection between the lake and regional cli-
mate and how the lake size, shape, and depth have changed through its depositional history. This information can
only be ascertained by collecting a complete archive of Lake Victoria’s sedimentary record. To evaluate the Lake
Victoria basin as a potential drilling target, ~ 50 scientists from 10 countries met in Dar es Salaam, Tanzania, in
July 2022 for the International Continental Scientific Drilling Program (ICDP)-sponsored Lake Victoria Drilling
Project (LVDP) workshop. Discussions of the main scientific objectives for a future drilling project included
(1) recovering the Pleistocene and Holocene sedimentary records of Lake Victoria that document the dynamic
nature of the lake, including multiple lacustrine and paleosol sequences; (2) establishing the chronology of recov-
ered sediments, including using extensive tephra fingerprinting and other techniques from deposits in the region;
(3) reconstructing past climate, environment, lacustrine conditions, and aquatic fauna, using an integrated multi-
proxy approach, combined with climate and hydrologic modeling; and (4) connecting new records with existing
sedimentary snapshots and fossils exposed in deposits around the lake, tying archaeological, paleontological,
sedimentological, tectonic, and volcanic findings to new drilling results. The LVDP provides an innovative way
to address critical geological, paleontological, climatological, and evolutionary biological questions about Qua-
ternary to modern landscapes and ecosystems in eastern Africa. Importantly, this project affords an excellent
opportunity to help develop conservation and management strategies for regional responses to current and future
changes in climate, land use, fisheries, and resiliency of at-risk communities in equatorial Africa.

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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1 Introduction

Lake Victoria (Uganda, Tanzania, Kenya, Rwanda, and Bu-
rundi) is the world’s largest tropical lake by surface area
(~ 68000 kmz; Awange et al., 2019) and home to the largest
human population around any lake in the world (Fig. 1). In
addition to its critical importance for human life and liveli-
hood, the lake’s size also acts as a significant barrier to the
dispersal of terrestrial fauna across the landscape, and it rep-
resents the boundary of several biogeographic zones (e.g.,
Kingdon et al., 2013). Lake Victoria is also home to a large
array of haplochromine cichlid fish, whose diversity, origins,
and endemism are the focus of continued significant research
(e.g., Seehausen, 1996; Meier et al., 2017; Muschick et al.,
2018; Verheyen et al., 2003). Lake Victoria is an extremely
sensitive archive of past hydroclimate variability (e.g., Van-
derkelen et al., 2018; Beverly et al., 2020; Ogondo et al.,
2022). It completely desiccated at least once in the Late
Pleistocene (e.g., Johnson et al., 1996) and has likely desic-
cated and refilled multiple times since it formed (e.g., Scholz
et al., 1998). These fluctuations in lake size provided a pow-
erful, dynamic mechanism that forced major changes in hu-
man populations and ecosystems around the lake, includ-
ing range expansion, contraction, and fragmentation of the
region’s biota, all key drivers of macroevolutionary change
(e.g., Tryon and Faith, 2013; Tryon et al., 2015; Faith et al.,
2013,2014, 2016). These processes contributed to the disper-
sal of early populations of Homo sapiens across Africa and
the formation and subsequent extinction of diverse large her-
bivore communities that once roamed an extended Serengeti-
like ecosystem. Despite transformative work based on piston
cores of the past < 15000 years (e.g., Johnson et al., 1996;
Stager et al., 2002), the complete Quaternary sequence has
yet to be collected.

Initial conversations about integrating the rich lacustrine
record within the lake with the geological, archaeological,
paleontological, and paleoecological data from adjacent ter-
restrial deposits that formed under conditions substantially
more arid than present began in 2015 at a meeting spon-
sored by Harvard University and organized by Christian
Tryon. These initial conversations discussed the possibility
of collecting new cores from Lake Victoria that spanned
the entire sedimentary history of the lake to bridge the ter-
restrial and lacustrine records. The Lake Victoria Drilling
Project (LVDP) began to take shape as discussions continued
amongst the group and with project partner Tanzania Fish-
eries Research Institute (TAFIRI) and their Director General
Ismael Kimirei. Prior to the LVDP workshop in 2022, meet-
ings were also held with members of the LVDP team and
faculty at the University of Dar es Salaam (UDSM), includ-
ing Emmanual Kazimoto, Charles Kasanzu, and Fred Mkuyji,
specifically to discuss potential areas of collaboration and
needs of both the LVDP and UDSM.

These conversations, early small workshops, and confer-
ence presentations culminated in an integrated, multidisci-
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plinary ICDP-supported LVDP workshop in Dar es Salaam,
Tanzania, from 25-27 July 2022. The LVDP workshop
was attended by ~ 50 scientists from 10 countries (Fig. 2).
African interest in the project was high, with ~ 60 % of the
attendance by African scientists and students from countries
including Tanzania, Kenya, South Africa, and Burundi. The
workshop focused on the current state of knowledge of the
region and future opportunities that would be driven by deep
scientific drilling. Workshop participants defined the key sci-
entific questions to be answered by scientific drilling in Lake
Victoria and outlined the necessary methodologies for suc-
cess in those scientific goals; identified education, outreach,
community engagement, and partnership-building goals for
the project; and discussed logistical considerations, includ-
ing site selection targets and permitting.

2 Current knowledge and drilling rationale

Lake Victoria straddles the Equator and occupies a broad to-
pographic depression near the center of the eastern African
plateau between the eastern and western branches of the East
African Rift System (EARS) (Fig. 1). Most of the lake is sur-
rounded by Archaean crust, except for the Winam Gulf in
the northeastern corner where faulted Neogene and Quater-
nary alkali volcanic and sedimentary units dominate the ter-
rain. During the Middle Pleistocene, continued uplift of the
western branch of the EARS caused west-flowing regional
drainage across the pre-rifted landscape to reverse, result-
ing in back-ponding and the formation of the precursor to
Lake Victoria (Bishop and Trendall, 1966). Continued up-
lift of the western branch of the EARS has caused the cen-
ter of the Lake Victoria basin to continually shift eastward
since its formation. As a result of this uplift and tilting, the
lake’s early depositional history is exposed along its modern
western margin. Lake Victoria has been interpreted to have
formed ~ 400000 years ago. The current age estimates for
the onset of Lake Victoria deposition are based on archae-
ological sites found within interstratified volcanic, fluvial,
and lacustrine deposits in the Kagera River valley west of
the lake (Bishop and Posnansky, 1960; Bishop, 1969; Temple
and Doornkamp, 1970); Middle Pleistocene-aged lacustrine
strata preserved above the eastern side of the modern lake
near the Kavirondo Gulf (Kent, 1942); and extrapolations of
sedimentation rates from the latest Pleistocene and Holocene
portion of the lacustrine record to the entire lake sequence
(Johnson et al., 1996).

Due to the nature of its formation and subsequent lake
basin evolution, Lake Victoria is quite shallow, with a mean
depth of ~40m and a maximum depth of <70m (Johnson
et al., 1996) (Fig. 3). The combination of an extremely large
surface area relative to depth, and the connection between the
lake, evaporation, and rainfall, makes the lake highly sensi-
tive to hydroclimate variability. Today, rainfall in the Lake
Victoria basin is distributed bimodally, with boreal spring
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Figure 1. Map of equatorial eastern Africa with the modern extent of Lake Victoria (modified after Beverly et al., 2020, and Tryon et al.,
2015). Yellow squares denote previously collected short lake sediment core locations, and purple diamonds mark archaeological sites. See

Tryon et al. (2015) for additional site details.

“long rains” and boreal fall “short rains” (Herrmann and
Mohr, 2011; Yang et al., 2015). Although the bimodal pat-
terns of rainfall across eastern Africa are commonly linked
to seasonal shifts of the Intertropical Convergence Zone
(ITCZ), a recognizable ITCZ does not extend across east-
ern Africa (Nicholson, 2016; Vizy and Cook, 2020). Instead,
precipitation in the Lake Victoria basin is created by complex
interactions that include sea surface temperatures (SSTs),
large-scale circulation, orographic effects, and regional-scale
land-lake circulation (e.g., Ogallo and Janowiak, 1988; Mu-
tai and Ward, 2000; Thiery et al., 2014). A significant por-
tion of the water input into Lake Victoria (50 %—80 % of to-
tal input) comes from precipitation falling directly over the
lake rather than from drainage running into the lake from the
catchment area (Flohn and Burkhardt, 1985; Yin and Nichol-

https://doi.org/10.5194/sd-33-21-2024

son, 2002; Tate et al., 2004). Evaporation, while important
for the lake’s water balance, has low variability in modern
Lake Victoria, and hence variations in lake levels are pri-
marily controlled by changes in rainfall (Yin and Nicholson,
2002; Smith and Semazzi, 2014; Beverly et al., 2020).
However, in the past, changes in solar forcing and temper-
ature in the Lake Victoria basin likely considerably effected
evaporation, which could have caused changes in lake level
(Beverly et al., 2020). Further, studies have linked climate
conditions in the Lake Victoria region during parts of the
Holocene and latest Pleistocene to teleconnections with the
Pacific and Atlantic oceans (e.g., Atlantic Meridional Over-
turning Circulation (AMOC) and El Nifio—Southern Oscil-
lation (ENSO)) and high-latitude processes (e.g., Berke et
al., 2012; Stager et al., 2011). The connection between re-
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Figure 2. Group photo of LVDP workshop participants at the Julius Nyerere International Convention Centre in Dar es Salaam, Tanzania.

gional climate and evaporation and rainfall on Lake Victo-
ria makes the lake highly sensitive to climate forcing factors
such as insolation, SSTs, and atmospheric greenhouse gas
levels. This in turn means that intervals when the lake is sig-
nificantly different in size have profound effects on regional
climate, which causes major, nonlinear, and abrupt increases
and reductions in lake size (e.g., Beverly et al., 2020). Fur-
ther, in contrast to the long, narrow, and deep rift lakes with
large border faults forming half-grabens (Malawi (750 m),
Tanganyika (1500 m), and Turkana (110 m)), Lake Victoria’s
shallow depth (~ 70 m) and large surface area likely result in
very different catchment processes (e.g., Beverly et al., 2020)
and responses to climate change than the large and deep rift
lakes.

The long-core recovery proposed by the LVDP builds
upon that of the International Decade of East African Lakes
(IDEAL) that began in the 1990s (Johnson, 1991; Cohen et
al., 2000). Several piston and gravity cores were recovered
in 1995-1996 as part of the IDEAL program (Fig. 1). These
cores penetrated 9 m of lacustrine sediment and were stopped
by a paleosol dated at ~ 15ka (Johnson et al., 1996), due
to limitations of the coring techniques at the time. Seismic
reflection profiles obtained during the same expeditions re-
vealed that the paleosol extends across the entire lake basin
(Fig. 3b), indicating complete desiccation of the lake prior
to 15ka, perhaps during the Last Glacial Maximum (LGM)
and extending through Heinrich event 1 (Johnson et al., 1996;
Scholz et al., 1998; Talbot and Laerdal, 2000; Stager et al.,
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2002), when much of Africa experienced relatively cool, arid
conditions (e.g., Otto-Bliesner et al., 2014). Existing seismic
data reveal at least three more basin-wide paleosols (Fig. 3b).
Although paleosols represent unconformities in the lacus-
trine deposits, which result in gaps in the lake record, they
can be correlated and extended to terrestrial outcrops to pro-
vide a basin-wide reconstruction of past climates and envi-
ronments during intervals when the lake was desiccated or
considerably smaller than today and lacustrine sedimenta-
tion rates were low or erosion occurred (Fig. 3c). Unlike
work conducted by the IDEAL project, drilling techniques
that are now available to the LVDP are able to penetrate pa-
leosol surfaces and thus not limited by the known lithology,
which will help enable the recovery of Lake Victoria’s entire
sedimentary sequence. Utilizing the paleosols within the la-
custrine sequence and correlating them to terrestrial deposits
will make it possible to understand the powerful role of peri-
odic desiccation and allow us to fully reconstruct the deposi-
tional and climate history of the lake and surrounding region
and the impacts on faunal, including human, dispersal and
evolution.

Application of drilling methods to recover sediments be-
low the uppermost paleosol will provide the long-term record
needed to uncover patterns key to understanding the timing,
tempo, and causes of major fluctuations in Lake Victoria’s
extent throughout the Pleistocene; will clarify its relation-
ship to the evolution of the region’s flora and fauna; and
will provide a key equatorial record of late Quaternary cli-
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mate change. These data will in turn refine our ability to
forecast future declines in lake level, which could be catas-
trophic to human populations in the region (e.g., Beverly et
al., 2020; Olaka et al., 2019; Broecker et al., 1998; Milly,
1999). Past interglacials including MIS 5 (130 to 82 ka), MIS
9 (337 to 300ka) and MIS 11 (424 to 374 ka) are of much
scientific interest as they provide insights into the processes
and mechanisms of climate change under conditions of ele-
vated warmth. Drilling Lake Victoria will provide new high-
resolution records that we hypothesize formed during inter-
glacials from the continental tropics where few such records
presently exist. These data will refine our ability to project
future major shifts in lake level.
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3 Workshop structure and discussions

The LVDP workshop began with opening remarks and in-
troductions, particularly focused on the history of the LVDP
and the goal to recover the complete Lake Victoria sedimen-
tary record (currently estimated to cover 400 ka—present, at
~ 60 m length, based on modern sedimentation rates) and the
work and operations of ICDP and the Continental Scientific
Drilling (CSD) facilities at the University of Minnesota and
project partners at the University of Dar es Salaam (UDSM)
and TAFIRI. Following brief introductions from the other
participants, the rest of the morning and early afternoon of
the first workshop day was spent with brief presentations on
the modern climatology of the region; a summary of past Vic-
toria coring efforts and seismic surveys; the modern limnol-
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ogy; the hydrology and water balance; the perspective from
current terrestrial fieldwork around the lake; chronology and
volcanics; the paleoclimatology of the region; and likely syn-
ergies, such as with the National Museums of Kenya and the
ongoing Olduvai Gorge Coring Project (OGCP).

We ended the first day of the workshop with small group
discussions on the strengths of Lake Victoria as a site for
future scientific deep drilling. Addressing what makes Lake
Victoria a unique drill site, groups highlighted the following
items in their presentations:

i. There is extensive, ongoing research on and under-
standing of paleosols and sediments present in outcrops
around the lake. There is a unique opportunity at Lake
Victoria for the integration of lacustrine and terrestrial
records from the basin because these records can be di-
rectly linked by shared tephra deposits (Fig. 3).

ii. Well-studied terrestrial paleoanthropology/paleontol-
ogy can be precisely tied to lake extent and environmen-
tal change. Lake level fluctuations also appear to be an
important mechanism that drove the within-African dis-
persal of early populations of H. sapiens (Tryon et al.,
2015). In this case, the paleosols developed on the la-
custrine record are not viewed as “gaps” in more con-
tinuous data; instead they provide the means to quantify
the climate of the region, including the degree of aridity
that allowed them to form (e.g., Beverly et al., 2017),
and provide a link between archaeological evidence for
human behavior and sedimentary evidence for environ-
mental change.

iii. Lake Victoria is an excellent location to understand flo-
ral and faunal evolution with respect to intervals of lake
drying and expansion (including the endemic freshwa-
ter fish, cichlids). Particularly important to understand
are the periods of lake desiccation and their impact
on evolutionary history of the region’s flora and fauna,
including the central African rainforest and Serengeti
ecosystems. Repeated intervals of lake desiccation and
expansion likely played an important role in the spe-
ciation and adaptive radiation of endemic lake cichlids
that dominate the aquatic food web in modern Lake Vic-
toria and are central to debates on tempo and mode in
evolution (e.g., Danley et al., 2012; Meier et al., 2017,
Verheyen et al., 2003; Muschick et al., 2018).

iv. The broad, shallow nature of the lake and large sur-
face area to catchment size compared to other African
“Great Lakes” provide the potential to better under-
stand the patterns and drivers of drying, critical for this
water source and the millions of people that currently
depend on it. Understanding the pattern and drivers
of paleosol development is important not just for past
responses but also for future projections and water
scarcity risks (e.g., Beverly et al., 2020; Olaka et al.,
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2019). As the largest lake by surface area in Africa, mil-
lions of people are dependent on the lake water for life
and livelihood.

v. Lake Victoria, as a large lake situated at the Equator,
is an important place to study high- vs. low-latitude cli-
mate forcings. The unique location of Lake Victoria at
the Equator, and relatively simple tectonic history that
led to the formation of the lake compared to nearby
rift lakes (e.g., Renaut and Owen, 2023), suggests that
reconstruction of climate over glacial-interglacial cy-
cles may be important to help us examine the relation-
ship between orbital forcing, ice sheet extent, and more
regional tropical patterns of climate variability (e.g.,
Stager et al., 2011). Additionally, how the changing spa-
tial extent and inflows/outflows of Lake Victoria, the
source of the White Nile, and the connection to the cli-
mate of the Mediterranean region have developed over
these time intervals is unknown.

4 LVDP workshop breakout groups

The second day of the workshop focused on breakout discus-
sions by scientific working groups, beginning with a first set
of sessions on key scientific questions that could be tackled
with scientific drilling at Lake Victoria and a second session
that focused on methods necessary to address key questions.
These discussions included what additional science activities
prior to drilling are needed to best position the LVDP team
for success, what the requirements for on-site science activi-
ties and drill site locations are, and what other constraints on
drilling operations are. Breakout groups consisted of (1) edu-
cation/outreach/community engagement; (2) geochronology;
(3) regional geology and geophysics; (4) paleoclimate/pa-
leoenvironment/biogeochemistry; and (5) paleoecology to
modern ecology/paleontology/evolutionary biology/paleoan-
thropology. Participants were encouraged to mix between
groups based on their interests and expertise. Discussions
culminated in presentations to all participants and aggregat-
ing themes across groups in order to shape our future drilling
approach and make sure the widest set of scientific objectives
could be met. The following is a summary of the key discus-
sion points about LVDP opportunities from each breakout

group.

4.1 Education, outreach, and community engagement

At some point during the workshop, all participants con-
tributed to the education, outreach, and community engage-
ment group, highlighting the central importance these con-
nections and activities have to the entire LVDP. The group
discussed what the LVDP could do to support local groups
and stakeholders, the project’s strengths, what the LVDP
could bring to these partnerships, and how we would as-
sess the success of these efforts. Leadership from TAFIRI
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and UDSM, as well as collaborators from Kenya Marine
and Fisheries Research Institute (KMFRI), Tanzania Water
Board, and other local agencies, provided critical insights
into both the needs and interests of local groups and stake-
holders, as well as how best to engage with these communi-
ties and assess the project’s success in those endeavors. At
the broadest scale, this would involve interaction with local
stakeholders including managing agencies on the lake, uni-
versities, primary/secondary school children, and local com-
munities before, during, and after drilling. Communication
of the goals of the project to local communities would help
with sustained community support and could involve climate
change and longevity of water and fish resources. This is
especially critical on Lake Victoria to prevent any loss of
livelihood associated with fishing. Communication could be
facilitated through fisheries agencies, such as with partners
like TAFIRI, but the group discussed the possibility of pri-
mary and secondary school students as ambassadors to lo-
cal community and families. Engagement with primary and
secondary school students could come in the form of LVDP-
sponsored activities, including citizen science activities that
could include data collection following training, debates, or
fun competitions (songs or other artistic endeavors). The
group also discussed the forms that capacity building asso-
ciated with the LVDP could take, including but not limited
to on-the-ground training programs, visiting researcher and
staff exchange, access to equipment to enhance scientific in-
dependence, and proposals with local universities to develop
collaborative research around themes of joint interest.

4.2 Geochronology

The geochronology breakout group discussed the methodolo-
gies and necessary sampling considerations to provide the
best possible framework for sediment recovered. A multi-
technique approach to chronology for LVDP materials is
best, likely occurring at multiple stages in the project. This
is particularly important because the Lake Victoria record
will sample both intervals of lacustrine sedimentation and
paleosols, which likely represent depositional hiatuses in the
lacustrine record. Ideally, chronological work begins with
an overview of the recovered materials and working along-
side sedimentologists to assess changes downcore. Redox
changes are important to consider, as they may impact the
utility of some proxies, such as '°Be. Additionally, some
of the techniques require early core access, so that sam-
ples can be taken on relatively undisturbed materials (e.g.,
luminescence). Further, tephra techniques tie into advances
in regional geology and the understanding of volcanic de-
positional history of the region and how those compositions
evolved through time. Tephra techniques will also be a criti-
cal tool to link the lake record, and potentially the paleosols
within the cores, to terrestrial deposits surrounding the lake.
Primary techniques, considered so because of the age range
and substrates, include luminescence dating, such as opti-
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cally stimulated luminescence (OSL), quartz, < 100ka) and
post-infrared—infrared-stimulated luminescence (pIR-IRSL;
feldspar, > 100ka), l4c (< 50ka), tephra, for correlation of
outcrop to lake and dating via fingerprinting and “°Ar = 3% Ar
(if enough material is available, > 400ka), and paleomag-
netism (polarity stratigraphy and potentially paleomagnetic
reversal, relative paleointensity, paleomagnetic secular vari-
ations). Secondary techniques, where suitable material may
exist, could include '°Be decay, amino acid racemization on
small samples, U-series dating on potential carbonates, and
orbital tuning. Correlation between existing outcrop, piston
core data (Fig. 3c), and newly generated LVDP geochronol-
ogy may be possible, which would help strengthen the in-
tegration between the extensive past work in the region and
new LVDP materials recovered.

4.3 Regional geology and geophysics

The regional geology and geophysics group focused on how
the LVDP could help resolve long-standing questions about
basin formation, sedimentation, tectonics, and volcanism in
the region. From both the recovery of sediment cores, as well
as interrogation of new and legacy geophysical data of the
lake, the LVDP will address questions about how much sedi-
ment is present in the basin, the provenance of that sediment,
and how this input has changed through time. The region
is relatively tectonically quiescent compared to elsewhere in
the rift system, and prior geophysical surveys found later-
ally continuous sediments (Fig. 3b) (Johnson et al., 1996;
Scholz et al., 1998). The project could assess if recovered
cores capture a record of seismicity and, with a better under-
standing of the tectono-sedimentary history of Lake Victo-
ria, the possibility of rapidly shifting depocenters. The LVDP
data would provide an opportunity to determine marginal up-
lift rates and the possibility to develop a detailed history of
changing inflows and outflows to the lake and determine how
those changes have impacted lake stratigraphy. Ultimately,
we would incorporate the existing drainage networks with
the history of rift shoulder uplift and seismic stratigraphic
sequence and facies architecture to aid in our understand-
ing of hydroclimate evolution of Lake Victoria. Results from
the geophysical surveys and cores would be integrated with
outcrop data from around the lake to better understand the
regional geology and depositional history of the lake both
when it was and was not present.

4.4 Paleoclimate, paleoenvironment, and
biogeochemistry

This breakout group focused on how the LVDP would con-
tribute to our understanding of paleoclimate and paleoenvi-
ronmental change in the region and associated biogeochem-
ical changes within the lake that may be linked to terrestrial
and atmospheric variability. Specifically, we would examine
the drivers of climate change, looking at the role of high-
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latitude processes, such as ice sheet expansion or deglacial
melting, in atmospheric circulation vs. low-latitude drivers,
such as Indian or Atlantic Ocean changes in sea surface tem-
perature. The lake is a sensitive recorder of desiccation and
refilling, as interpreted from outcrop and existing geophys-
ical survey data. Desiccation events are likely represented
by paleosols within the lake record, which can potentially
be correlated to terrestrial outcrops surrounding the mod-
ern lake. One of the major outstanding questions about the
paleoclimate and paleoenvironmental history is as follows:
what controlled these desiccation events? Whether each dry-
ing of the lake was due to the same driver or different re-
gional and/or global climate drivers, the potential role that
basinal tilting played, and whether desiccation and refilling
events occur with some repeating cyclicity, will be investi-
gated. Lake Victoria’s connection to the Nile would allow us
to compare a history of lake level changes with Nile runoff
and, ultimately, changes around the Mediterranean Sea. Cor-
relations between the lake cores and terrestrial deposits in
the region would provide critical insights into the connection
between lake level change and regional climate. Proxy re-
constructions from a complete sedimentary record recovered
from Lake Victoria would allow us to address questions of
similarity to records elsewhere in Africa and provide an in-
valuable means of creating a high-resolution regional picture
of climate and environmental change. This, in turn, would
be used to better frame the extensive archaeological record
around the region.

4.5 Paleoecology to modern ecology, paleontology, and
evolutionary biology

The modern to paleoecological systems group focused on
how to best integrate our understanding of modern Lake Vic-
toria and surrounding basins with reconstructions of aquatic
flora and fauna from various paleoproxies. Ideally, this would
involve examining the connection between modern aquatic
communities and ancient communities by trophic levels, evo-
lutionary lineages, and understanding extinction of modern
aquatic taxa. As part of the modern conditions informing
the past, the group discussed how to leverage LVDP to ad-
vance existing and establish new regional modern observa-
tional studies and build partnerships with the agencies study-
ing the lake and associated systems. The group discussed
how the LVDP could examine questions of the evolution and
rates (protracted vs. punctuated) of changes in fish popula-
tions (both native cichlids in the lake and introduced Nile
perch, depending on core material recovered) and impacts of
the changing environment and climate on these populations
through time. Questions related to the causes and possible re-
currence of shifting algae and other microbiota through time
could be addressed, such as the shift in dominant phytoplank-
ton and possible connection to changing fish populations.
Understanding the hydrological connection to other lakes
and rivers across the region, and how and when drainage
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changes may have occurred, will allow us to examine ques-
tions surrounding the impact of migration corridors for both
aquatic and terrestrial fauna.

5 Logistics

The final day of the workshop focused on discussions about
logistics and site selection to meet the goal of recovering the
complete sedimentary record of Lake Victoria), including re-
covering sediments and paleosols below those recovered in
1995 (> 15ka, ~ 6 m) (Johnson et al., 1996). Based on mod-
ern sedimentation rate estimates, the complete record is es-
timated to span ~400kyr and be ~60m in length. Exist-
ing seismic data, which are currently being reprocessed us-
ing modern techniques, and newly acquired high-resolution
seismic data will need to be leveraged to determine the opti-
mal drill sites. Based on existing data, the group determined
that drilling in one geographic location would likely recover
the lake’s complete record. Further, the group advised that
the site be chosen based on a combination of the longest pos-
sible sedimentary record and the least disturbed uppermost
section (from sedimentary gas accumulation), while consid-
ering access to the site and onshore mobilization.

Site selection discussions at the time of the LVDP work-
shop were based on geophysical surveys from the 1980s and
1990s (Fig. 3b). The NSF-funded 1995 IDEAL expedition
collected nearly 2000 km of seismic reflection profiles using
a 16.4cc (1in.%) airgun (Scholz et al., 1998). Additionally,
profiles were gathered from the 1985 Project PROBE survey,
which collected multichannel seismic reflection data using a
2300 cc (140in.3) seismic source (e.g., Rach and Rosendahl,
1989). However, coincident with the start of the LVDP work-
shop, a new, high-resolution geophysical survey of Lake Vic-
toria was funded in 2022 by the National Science Founda-
tion (NSF) and led by Christopher Scholz and in partnership
with TAFIRI, in order to examine more of the lake’s depo-
sitional history and optimize drilling locations. The survey,
following meetings with TAFIRI scientists including Mary
Kishe (Director of Research and Coordination) and Baraka
Sekadende (Centre Director, Mwanza), was completed in
Tanzanian waters (e.g., areas south of 1°S latitude) in Jan-
vary 2023 and used CHIRP (Compressed High Intensity Ra-
diated Pulse) seismic reflection using an Edgetech 3200 XS
profiler and SB-0512 towfish system. The modern CHIRP
high-resolution profiles are coincident with the legacy 1995
and 1985 multichannel seismic data acquired using an airgun
source. This reprocessed legacy multichannel data and new
CHIRP data will be integrated to assess the fine-scale struc-
tural and stratigraphic framework across the basin and select
the optimal site for drilling. Processing of data will continue
through 2023, providing a better understanding of the sed-
imentary package and site selection by the end of the year.
Additionally, an environmental impact assessment and sen-
sitization campaigns around local communities, particularly
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with regards to any possible short-term fishery disruptions,
need to occur early in project development.

6 Workshop conclusions and next steps

Discussions by multidisciplinary scientists and regional
stakeholders showed that broad interest and significance in
the LVDP focused around (1) lacustrine basin formation and
development, (2) tropical climate and environmental change
over multiple glacial-interglacial cycles, (3) climate link-
ages to lake desiccation events, (4) diversification and evo-
lution of aquatic fauna responding to lake dynamics and cli-
mate change, (5) climate and environmental pressures as-
sociated with lake extent driving dispersal of early human
and animal populations, and (6) savanna ecosystem changes
and their biogeographic implications. The LVDP offers this
unique combination of research opportunities while also be-
ing highly complementary to lake drilling efforts elsewhere
in eastern Africa. The LVDP team researchers (see below),
made up of those attending the ICDP workshop July 2022,
who have contributed to the LVDP since its earliest develop-
ment, and those who have expressed an interest in the science
and operations at Lake Victoria, will continue conversations
and planning for the next steps of this project.
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Abstract. The increasing anthropogenic CO, forcing of the climate system calls for a better understanding of
how polar ice sheets may respond to accelerating global warming. The sensitivity of the Greenland ice sheet to
polar amplification, changes in ocean heat transport, and deteriorating perennial sea ice conditions makes the
Northeast Greenland margin a pertinent location with respect to understanding the impact of climate change on
ice sheet instability and associated sea level rise. Throughout the Cenozoic, ocean heat fluxes toward and along
Northeast Greenland have been controlled by water mass exchanges between the Arctic and Atlantic oceans.
A key element here is the current flow through oceanic gateways, notably the Fram Strait and the Greenland—
Scotland Ridge. To gain a long-term (million-year) perspective of ice sheet variability in this region, it is essential
to understand the broader context of ice—ocean—tectonic interactions. Coupling between the ice sheet, the subsur-
face, the ocean, and sea ice are readily observable today in Northeast Greenland, but geological records to illumi-
nate long-term trends and their interplay with other parts of the global climate system are lacking. Consequently,
the NorthGreen workshop was organized by the Geological Survey of Denmark and Greenland in collaboration
with Aarhus (Denmark) and Stockholm (Sweden) universities in November 2022 to develop mission-specific
platform (MSP) proposals for drilling the Northeast Greenland margin under the umbrella of the MagellanPlus
Workshop Series Programme of the European Consortium for Ocean Research Drilling (ECORD). Seventy-one
participants representing a broad scientific community discussed key scientific questions and primary targets that
could be addressed through scientific drilling in Northeast Greenland. Three pre-proposals were initiated during
the workshop targeting Morris Jesup Rise, the Northeast Greenland continental shelf, and Denmark Strait.
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1 Introduction

The Greenland ice sheet is ~ 1.7 x 10° km? with a maximum
thickness of 3 km. During the past few decades, it has been
a major contributor to global sea level rise (van den Broeke
et al., 2016; Shepherd et al., 2020; Christ et al., 2023), and
if melted completely, the Greenland ice sheet would repre-
sent a sea level rise equivalent to ~ 7.5 m (e.g., Dutton et al.,
2015; Morlighem et al., 2017). Numerical models suggest a
present negative ice mass balance and a marked increase in
ice sheet runoff as a consequence of polar amplification in
the Arctic (Rignot et al., 2011; Golledge et al., 2019; Hofer
et al., 2020). In addition, sea ice cover in the Arctic Ocean
has substantially shrunk over the last few years, with ice
models suggesting a high probability of an ice-free Arctic
Ocean in late summer by 2050 (Notz and SIMIP Community,
2020). However, predictive models on extended time frames
are often working outside of the limits in which they have
demonstrable skill. The projections of future scenarios under
the current trend of global climate change demand a better
understanding of long-term ice—ocean—tectonic interactions
(IPCC, 2019). This broad achievement requires access to pa-
leodata that are hidden in the sedimentary successions of po-
lar margins.

Antarctic and Southern Ocean marine sediments have been
recovered on seven scientific drilling expeditions under the
framework of the International Ocean Discovery Program
(IODP) and its predecessors. These Cenozoic marine sed-
iment archives have significantly contributed to the under-
standing of the sensitivity of the Antarctic ice sheet to el-
evated global temperatures and greenhouse gas concentra-
tions (Escutia et al., 2019). However, scientific drilling expe-
ditions in the Arctic and northern North Atlantic oceans have,
until now, focused on sites far from the Greenland margins
(Fig. 1), e.g., Ocean Drilling Program (ODP) 151, IODP 395,
and IODP 302 (Arctic Coring Expedition — ACEX) as well
as the scheduled IODP Expedition 403 to the eastern Fram
Strait (Lucchi et al., 2023). The hitherto only drilling cam-
paign directly targeting Greenland margin sedimentary suc-
cessions has been IODP Expedition 400, implemented in
2023, which has investigated the glacial-interglacial vari-
ability and late-Cenozoic paleoceanography of the North-
west Greenland margin (Knutz et al., 2024). Thus, the North-
east Greenland glaciation history remains a major knowledge
gap, hampering understanding of the influence of the Green-
land ice sheet on future climate projections and of its sensi-
tivity to a warmer-than-present climate. The aim of this work
is to provide a general overview of the recent activities to
foster scientific drilling in the Northeast Greenland Margin,
based on the long-term research strategy discussed during the
NorthGreen MagellanPlus workshop.

Sci. Dril., 33, 33—46, 2024

2 Scientific background: tectonics, oceanography,
and cryosphere in Northeast Greenland

The Northeast Greenland margin experienced a long his-
tory of rifting prior to the onset of the continental breakup
and oceanic spreading during the Paleocene—Eocene transi-
tion (e.g., Talwani and Eldholm, 1977; Hamann et al., 2005;
Gaina et al., 2017). The post-breakup sedimentary record
varies in thickness along the margin and comprises thick sed-
imentary wedges deposited during distinct phases of Neo-
gene uplift (e.g., Hamann et al., 2005; Berger and Jokat,
2008, 2009; Tsikalas et al., 2012). However, glaciation-
related processes have also left imprints on the margin’s sed-
imentary sequences, recording the variability in sea ice, ice
sheets, ice shelves, and glaciers on seasonal, interannual, and
glacial—interglacial timescales. Evidence of a glaciated hin-
terland and the presence of tidewater glaciers in Greenland
extends back to Eocene—Miocene times (e.g., Solheim et al.,
1998; Tripati et al., 2008; Thiede et al., 2010). A permanent
Greenland ice sheet was formed during the middle Miocene
(Larsen et al., 1994; St. John and Krissek, 2002; Berger and
Jokat, 2008, 2009; Thiede et al., 2010), eventually prograd-
ing asynchronously over the continental shelves (Dgssing et
al., 2016; Pérez et al., 2018; Heirman et al., 2019). The sub-
sequent glacial history of Greenland has been marked by the
dynamic behavior of the ice sheet, with several pulses of
glacial intensification at 7, 2.8, 1.9, and 0.8 Ma (Larsen et
al., 1994; Solheim et al., 1998; St. John and Krissek, 2002;
Bierman et al., 2016). During periods of maximum ice sheet
advance, trough-mouth fans formed at the paleo continen-
tal shelf edge as thick, prograding wedges of sediments de-
livered by the cross-shelf flow of ice streams (e.g., Pérez et
al., 2018). The ice streams in Northeast Greenland are highly
sensitive to warm climate periods. For example, the North-
east Greenland ice stream retreated up to 70 km behind its
present-day extent during Quaternary periods of high orbital
precession index and summer temperatures (Larsen et al.,
2018).

Ice sheet dynamics in Greenland have been influenced by
the variability in oceanographic patterns and, therefore, the
opening and deepening of oceanic gateways (Smith and Pick-
ering, 2003). The opening of the Fram Strait resulted in the
onset of the modern, ventilated Arctic Ocean with the ex-
change of water masses with the northern North Atlantic
Ocean (Jakobsson et al., 2007; Rudels, 2009). The timing of
gateway formation is still debated (e.g., Engen et al., 2008;
Ehlers and Jokat, 2013; Jokat et al., 2015), but outflow of
cold water from the Arctic Ocean to the northern North At-
lantic Ocean through the Fram Strait is generally thought to
coincide with the onset of the East Greenland Current (EGC)
during the late Miocene (Wolf and Thiede, 1991; Vége et al.,
2013) or early Pliocene (De Schepper et al., 2015; Clotten et
al., 2019). The southern flow of the EGC was also controlled
by the opening of the Denmark Strait during the Miocene, al-
though the more precise timing is debated, and subsequently
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Figure 1. Greenland margin’s bathymetry map from the GEBCO_2019 grid (http://www.gebco.net, last access: 24 July 2023) showing the
available data as follows: blue lines — commercial seismic reflection data available at the Geological Survey of Denmark and Greenland
(GEUS); red lines — other seismic reflection data available from academic data owners; brown lines — single-channel seismic data; yellow
dots — existing Deep Sea Drilling Project (DSDP) and ODP drill sites; orange stars — proposed IODP drill sites with JOIDES Resolution
Facility Board (JRFB); red triangles — Kanumas Consortium 2008 cores; pink triangles — other industry gravity cores; and green triangles
— industry dredges. Cores only reaching through the Holocene are not shown. A, B, and C denote areas of interest for the NorthGreen
MagellanPlus workshop; D and E denote GEOEO and GoNorth planned expeditions in 2024.

influenced by the dynamic topography along the Greenland—
Scotland Ridge in response to pulsing of the Iceland plume
(White et al., 1995; Wright and Miller, 1996; Poore et al.,
2006; Engen et al., 2008; Parnell-Turner et al., 2015). Ma-
jor pre-Quaternary changes in the EGC are recorded by con-
tourite deposits on the slopes of East Greenland (e.g., Davies
et al., 2021). On the continental shelf, warm and saline water
of Atlantic origin, the Atlantic Intermediate Water (AIW),
enters major troughs (Budéus and Schneider, 1995) while
Submarine Melt Water (SMW) flows eastwards to the deep
basins, transforming the Atlantic Meridional Overturning
Circulation (AMOC) (Boning et al., 2016).

3 Workshop scope and objectives

A large portion of the aforementioned paleoclimate history
is supported by data and samples from the Ocean Drilling
Program (ODP) Expedition 151 and Expedition 162 in the
central North Atlantic Ocean (Jansen et al., 1996; Thiede et

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

al., 1996). However, the Northeast Greenland margin rep-
resents a major knowledge gap in the Cenozoic climatic—
oceanographic—tectonic evolution of Earth, and key scien-
tific uncertainties remain with respect to three major topics:
sea ice history, Greenland ice sheet evolution, and oceanic
gateways. With respect to sea ice history, the following ques-
tion remains: “When did a perennial sea ice cover develop
in the Arctic Ocean, and how often did sea-ice-free con-
ditions occur?”. Regarding Greenland ice sheet evolution,
the following questions are put forward: “When did glacia-
tion in Greenland begin, and how did the ice sheet evolve
over the Cenozoic?”, “Did past warm climates (e.g., super-
interglacials, Eemian) cause whole or partial deglaciation
in Northern Greenland (Schaefer et al., 2016; Christ et al.,
2023)?”, and “Alternatively, is glaciation of Northeast Green-
land a relatively pervasive feature in the climate system, with
the ice sheet being preserved during peak warmings (Bier-
man et al., 2016)?”. Finally, with respect to oceanic gate-
ways, the following questions remain: “What is the timing

Sci. Dril., 33, 33—46, 2024
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and progression of the opening of Fram Strait?”, “What is
the subsidence history of the conjugate Morris Jesup Rise
and Yermak Plateau?”, “How did their formation and subsi-
dence influence the oceanographic development of the Arc-
tic Ocean from isolated to fully ventilated (Jakobsson et al.,
2007; Poirier and Hillaire-Marcel, 2011)?”, and “When did
the Denmark Strait open, how was its cross-sectional area
subsequently influenced by Icelandic mantle plume activity,
and what were the relative roles of gateway tectonics and ice
sheet/sea ice evolution in controlling the AMOC?”.
Paleorecords proximal to Greenland and across the land—
ocean boundary can address these fundamental questions that
have far-reaching implications for our understanding of how
the climate system operates now as well as how it operated in
the past. Data required to illuminate these questions are po-
tentially contained in the sedimentary successions offshore
and onshore in Northeast Greenland (Bennike et al., 2002,
2010). While harsh environmental conditions have limited
the geophysical data acquisition needed to define drilling tar-
gets, data collection in these remote and ice-filled waters has
increased substantially over the last 2 decades. The Atlantic
margin of Northeast Greenland (Area A in Fig. 1) is now
well covered by high-quality industry seismic data (Chris-
tiansen, 2021). In addition, the collection of shallow seismic
data, gravity cores, and shallow industry boreholes demon-
strates the possibility of mission-specific platform (MSP) op-
erations. Hence, sufficient data are available to start devel-
oping a MSP proposal on the northeastern continental shelf
(Area A). Although far less explored, new seismic data from
icebreaker-led expeditions to the Arctic margin of North and
Northeast Greenland (Area B in Fig. 1) as well as novel ap-
proaches to data collection from drifting ice stations (Kristof-
fersen et al., 2021) have revealed exciting new scientific
questions and potential drilling targets that can be exploited
using MSP drilling capabilities. Along the remote north-
ern coast of Greenland, ice conditions have rapidly become
more amenable in recent years, facilitating logistically fea-
sible work, as proven by the 2018 I/B Polarstern expedition
that collected deep seismic data north of Peary Land (Damm,
2019). Based on the data availability, the key objectives of the
NorthGreen MagellanPlus workshop were as follows:

1. to discuss the potential development of coordinated
IODP MSP proposals in Northeast Greenland including
both onshore and offshore operations, within short and
long time frames;

2. to define specific Cenozoic drilling targets based on ex-
isting data;
3. to identify the data gaps in key research areas, e.g.,

along shelf to fjord transects;

4. to establish collaborations among the wide scientific
community by integrating the results of past and forth-
coming IODP expeditions around the Greenland mar-
gins and expanding this scientific network.

Sci.

Dril., 33, 33—46, 2024

Table 1. Number of participants by country: 59 participants come
from ECORD countries and 12 from non-ECORD countries (i.e.,
South Korea, New Zealand and the USA).

Country No. participants
Denmark 21
Germany 13
US 8
Norway 5
UK 6
Sweden 6
Canada 4
South Korea 3
Ireland 1
Italy 1
New Zealand 1
Poland 1
The Netherlands 1
Total 71

4 Workshop structure and outcomes

4.1 Workshop attendance

The NorthGreen MagellanPlus workshop was held at GEUS
in Copenhagen, Denmark, on 21-23 November 2022. The
program included scientific and technical talks delivered
by international keynote speakers, breakout sessions, and
posters. Seventy-one participants represented a wide scien-
tific community of marine scientists, paleoclimatologists,
and terrestrial geologists and glaciologists (Fig. 2). The
workshop included participants from 13 countries with 56
in-person and 15 online attendants (Table 1). Fifteen of the
participants were early-career researchers. Thus, NorthGreen
was a successful workshop that gathered an international,
multidisciplinary group of scientists to discuss scientific ob-
jectives and hypotheses relevant for the Northeast Greenland
margins and the adjoining ocean regions.

4.2 MSP proposals in Northeast Greenland

Scientific drilling of the Northeast Greenland margins al-
lows research within all seven of the strategic objectives
of the IODP 2050 Science Framework (Koppers and Cog-
gon, 2020). In particular, the proposed objectives crucial for
the Ground-Truthing Future Climate Change flagship initia-
tive. Thus, the NorthGreen MagellanPlus workshop consti-
tuted the kickoff of a long-term (~ 10 years) research strat-
egy on the Northeast Greenland margins. During the work-
shop, key drilling areas were defined (Fig. 1). Highlighted
topics were (i) the Greenland ice sheet extension during past
interglacial periods; (ii) key Cenozoic intervals to provide
paleo-constraints for future climate projections; (iii) climate
and biosphere interactions; and (iv) oceanic gateways, specif-
ically the Arctic—North Atlantic tectonic connections and
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Figure 2. In-person participants of the NorthGreen MagellanPlus workshop at GEUS in November 2022 in Copenhagen, Denmark. Photo

by GEUS.

their impact on global thermohaline circulation. The work-
ing teams and scientific objectives of three MSP proposals
were outlined during the workshop.

4.2.1 Morris Jesup Rise: resurrecting an old
pre-proposal

The Morris Jesup Rise (Area B in Fig. 1) extends ~ 250 km
into the central Arctic Ocean from the coast of northern
Greenland. It is a conjugate feature to the Yermak Plateau
with respect to the Gakkel Ridge (Fig. 3). These two physio-
graphic features are believed to be of volcanic origin, formed
at the triple junction between the Greenland, North Amer-
ican, and Eurasian plates. Estimates for the timing of vol-
canic emplacement vary widely, from the Late Cretaceous
to Eocene—Oligocene times (Kristoffersen et al., 2021). The
Morris Jesup Rise and Yermak Plateau were ultimately rifted
apart by the propagation of seafloor spreading along the
Gakkel Ridge between ~ 33 and 25 Ma (Brozena et al., 2003;
Gion et al., 2017), over 20 Myr after seafloor spreading be-
gan in the Eurasian Basin. The eventual opening of the Fram
Strait had a profound impact on the oceanography of the Arc-
tic and is marked in the ACEX record by a transition from
poorly oxygenated to fully ventilated conditions (Jakobsson
et al., 2007). New seismic data acquired from a floating ice
station that crossed the Morris Jesup Rise in 2015 (Kristof-

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

fersen et al., 2016) have shown that a relatively thin drape
(100m) of Miocene/Pliocene to Present sediments overlay
a peneplained unconformity that formed prior to the post-
rifting subsidence of the Morris Jesup Rise (Kristoffersen et
al., 2021). Constraining the timing and type of volcanic ac-
tivity that formed the Morris Jesup Rise as well as its subse-
quent subsidence history would provide important new data
for testing the current interpretation based on seafloor mag-
netic anomalies and for improving plate tectonic models on
the development of the oceanic—continental region around
northernmost Greenland.

The Atlantic water that enters the Arctic Ocean through
the eastern Fram Strait and across the Barents Sea continues
a cyclonic circulation along the continental slopes of the in-
ner Arctic Ocean and reenters the Norwegian—Greenland Sea
after passing the Morris Jesup Rise. Therefore, sedimentary
archives from the Morris Jesup Rise would provide an inte-
grated picture of water masses as they exit the Arctic Ocean
and complement past (ODP Leg 151) and planned (IODP Ex-
pedition 403) expeditions to the eastern Fram Strait. Further-
more, the Morris Jesup Rise lies at the eastern edge of what
has recently been termed the “Last Ice Area” (Newton et al.,
2021), a region that hosts the oldest, thickest, and most per-
sistent sea ice cover in the Arctic, making it an ideal target to
recover long-term proxy-based insights into the persistence

Sci. Dril., 33, 33—46, 2024
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Figure 3. Geographic setting of Morris Jesup Rise (MJR) and Yermak Plateau flanking the Fram Strait. Seismic data crossing the MJR exist
from three previous cruises (shown by the colored lines). Bathymetry is from the International Bathymetric Chart of the Arctic Ocean v.3.0
(Jakobsson et al., 2012). The right-hand panels show satellite images that illustrate examples of how the sea ice cover over MJR and the
northern Greenland margin broke up in August 2018 (bottom) and August 2021 (top). Georeferenced satellite images were downloaded from

https://worldview.earthdata.nasa.gov/ (last access: 24 July 2023).

of sea ice in the central Arctic Ocean as well as the prove-
nance of ice-rafted material that is exiting the Arctic.

A previous pre-proposal for drilling on the Morris Jesup
Rise was submitted in 2009 (756-Pre) and received favorable
reviews by the Science Evaluation Panel of IODP. However,
the lack of site survey data and concerns about proposing
deep drilling sites in a region prone to harsh sea ice condi-
tions stalled the development of a full proposal. The North-
Green workshop served as a catalyst for the resurrection of
the drilling initiative, largely in response to the increased fea-
sibility of drilling due to the breakup of sea ice in the re-
gion, newly acquired seismic data illuminating exciting new
scientific questions and drilling targets, and three upcoming
expeditions to the area in 2024 and 2025 (by Sweden, Nor-
way, and Germany) that can collect additional geophysical
and coring data in support of a full drilling proposal (Ar-
eas D and E in Fig. 1). Thus, the two main scientific goals of
drilling Morris Jesup Rise will be as follows:

Sci. Dril., 33, 33—46, 2024

1. refine the plate tectonic development of the oceanic—
continental region around northernmost Greenland with
a focus on the formation, rifting, and subsidence of the
Morris Jesup Rise as well as the breakup between the
Barents Sea and Northeast Greenland margin;

2. reconstruct the paleoceanographic evolution of the cen-
tral Arctic Ocean, focusing on the inception and per-
sistence of sea ice in the Last Ice Area, the fluxes and
sources of water masses exiting the inner Arctic, and the
Cenozoic dynamics of the northern Greenland and other
circum-Arctic ice sheets.

4.2.2 Northeast Greenland continental shelf: IODP
1011-Pre

The Greenland margin has the widest continental shelf along
Northeast Greenland (Fig. 4), where the shelf edge is lo-
cated up to ~ 300 km from the coastline and gives way to the

https://doi.org/10.5194/sd-33-33-2024
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Figure 4. Proposed drilling sites in IODP proposal 1011-Pre “Northeast Greenland Glaciated Margin” on the continental shelf and slope of
Northeast Greenland. The high-resolution bathymetric map of Arndt et al. (2015) is overlaid on the International Bathymetric Chart of the

Arctic Ocean v.3.0 (Jakobsson et al., 2012).

abyssal plain of the northern North Atlantic Ocean through
a steep slope characterized by lobed morphology (Arndt et
al., 2015). Internally, the Northeast Greenland continental
shelf consists of major Paleozoic—Mesozoic basins formed
during multiple phases of rifting that preceded the North At-
lantic seafloor spreading around 56-54 Ma (Hamann et al.,
2005; Stoker et al., 2016; Abdelmalak et al., 2023). Early
volcanic activity and the occurrence of salt diapirs and hy-
drocarbons within the shelf basins have completed the mar-
gin structure (Hamann et al., 2005; Fyhn and Hopper, 2024).
However, the Cenozoic history of Northeast Greenland has
been marked by repeated erosion by ice streams emanating
from the major fjords which subsequently coalesced offshore
to form overdeepened cross-shelf troughs (Fig. 4).

The first emergence of a stable Greenland-wide ice sheet
is usually related to the initial cooling phase of the Northern
Hemisphere glaciation during the Quaternary (e.g., Bailey
et al., 2013). Nevertheless, ephemeral ice sheets have been
tracked back to the late Eocene (e.g., Maslin et al., 1998;
Darby, 2014), and identified ice-rafted debris from ODP Sites
913 and 918 has been interpreted as originating from a per-
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manent ice sheet covering east Greenland during the late
Eocene and middle Miocene (e.g., Tripati et al., 2008; Thiede
et al., 2010). However, both ODP sites are located on the
abyssal plain away from the present-day Greenland coastline
and, thus, do not record initial ice sheet inception. Determin-
ing the timing of the initial cross-shelf glaciation on North-
east Greenland would constrain the environmental conditions
of the transition from land-based to marine-based ice sheets
in the Northern Hemisphere.

The Northeast Greenland ice stream drains about 20 % of
the Greenland ice sheet (Zwally et al., 2012). During pre-
vious glacial periods, carving offshore troughs, such as the
Norske Trough (Fig. 4), led to the deposition of trough-
mouth fans at the shelf edge (Fahnestock et al., 2001; Arndt
et al., 2015). However, during warm interglacials, the warm
water from the Return Atlantic Water reaches the inner con-
tinental shelf in Northeast Greenland, flowing through the
shelf troughs (Straneo et al., 2017; Schaffer et al., 2020).
Distinct climatic forcings have influenced the dynamics of
the Greenland ice sheet, changing the role of the continen-
tal shelf troughs from ice-flow channels to warm-water con-
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ducts. Knowledge of the dynamics of the Greenland ice sheet
during consecutive glacial-interglacial cycles is essential to
understand its response to warm climates.

Following the NorthGreen workshop, IODP proposal
1011-Pre was submitted in April 2023 under the title “North-
east Greenland Glaciated Margin”. Due to positive feedback
from the IODP Science Evaluation Panel, a full proposal is
currently under development. The proposal focuses on the
Greenland ice sheet as a tipping point within the Earth’s cli-
mate system. Understanding the long-term stability of the
Greenland ice sheet is critical for anticipating future climate
and sea level scenarios, as the continental margin of North-
east Greenland constitutes a missing piece in this context
(Area A in Fig. 1). The proposed drilling on the prograded
shelf margin targets trough-mouth fans and buried contourite
deposits as archives of the past evolution of the Greenland
ice sheet. The highlighted objectives of the proposal are as
follows: (1) to illuminate the timing and environmental con-
ditions at the onset of glacial expansion, (2) to understand the
dynamics of the Greenland ice sheet during abrupt changes
in atmospheric and oceanographic conditions, and (3) to in-
vestigate the effects of regional tectonic and oceanographic
changes on the polar cryosphere evolution. The drilling strat-
egy consists of six primary sites complemented by six alter-
nate sites along transects crossing the continental shelf and
slope on the Norske Trough (Fig. 4). Discussions on further
possibilities for onshore scientific drilling have been initi-
ated. Several onshore projects lead by workshop participants
have been highlighted as an initial step towards land-to-sea
connections in Northeast Greenland (e.g., GreenDrill, 2023),
with both a short-term and long-term perspective.

4.2.3 Denmark Strait gateway: DenGate proposal
outline

DenGate is a recently formed international collaborative ven-
ture that focuses on paleoceanography and tectonic evolu-
tion of the Denmark Strait oceanic gateway (Fig. 5). The
Denmark Strait, between Greenland and Iceland, and the
Faroe—Iceland Ridge/Faroe—Shetland Basin, between Ice-
land and Scotland, are gateways within the Greenland—
Scotland Ridge. The Greenland—Scotland Ridge is a shallow
sill of thick oceanic crust that formed above the Icelandic
mantle plume and constitutes an important barrier within the
AMOC system, as it separates the main Atlantic Ocean from
the Nordic Seas (and hence the Arctic Ocean). The Nordic
Seas (or northern North Atlantic Ocean) are one of the two
main global production sites of cold, deep ocean water. At
present, the combined southward deepwater flow through the
Denmark Strait and Faroe—Iceland Ridge gateways directly
contributes about one-third of AMOC, and it indirectly in-
fluences the remainder (Hansen et al., 2004). The AMOC
has fluctuated in strength considerably over timescales from
decades to millions of years, and these changes correlate with
changes in Northern Hemisphere climate (Rahmstorf, 2002).
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Community effort has been requested to resolve which com-
ponents and pathways of the AMOC have altered, how, and
why (Ceasar et al., 2021).

The age of the first opening of Denmark Strait is un-
clear. The Greenland—Scotland Ridge has been affected by
a complicated series of oceanic spreading axis relocations
ever since the breakup of Greenland and northwestern Eu-
rope in the earliest Eocene (Hardarson et al., 1997). It is
not known whether the oceanic crust beneath the Denmark
Strait was formed by a northward projection of the Reykjanes
Ridge (the current plate boundary to the south of Iceland) or
a southward projection of the Kolbeinsey Ridge (the current
plate boundary to the north of Iceland). Thus, the age of the
oceanic basement beneath the Denmark Strait is uncertain;
consequently, there are large uncertainties in oceanic plate
subsidence models with respect to its opening. Notwithstand-
ing these uncertainties, some models predict that the Den-
mark Strait first opened during the Miocene, ~ 20 to 10 Ma
(Poore et al., 2006; Straume et al., 2020). Thus, there is con-
siderable uncertainty regarding the role of the Denmark Strait
in the EGC initiation. After its initial opening, subsidence
of the Denmark Strait gateway was probably influenced by
fluctuations in activity of the Icelandic mantle plume. Fluc-
tuations in the accumulation of sediment drifts to the south of
Iceland have been interpreted to mean that plume-driven ver-
tical motions of the Denmark Strait and Faroe—Iceland Ridge
gateways have influenced the AMOC (Parnell-Turner et al.,
2015). This hypothesis was a main basis for the recent IODP
Expedition 395. However, higher-frequency fluctuations in
AMOOC, including a dramatic weakening over the past cen-
tury (Ceasar et al., 2021), cannot have been driven by tec-
tonics and rather point to a complex relationship between
AMOC, climate, and tectonics.

Direct measurements of deepwater flow through the
Denmark Strait, termed Denmark Strait Overflow Water
(DSOW), at high temporal resolution are required to resolve
these questions. Therefore, the main aims of the DenGate
proposal are (1) to clarify the age of the first opening of the
Denmark Strait by determining the ages of the oceanic base-
ment and the oldest sediments and (2) to obtain a continuous
record of the overflow water fluctuations across the Denmark
Strait from contourite drift deposits near the gateway.

Multiple IODP, ODP, and DSDP sites in sediment drifts
within the Norwegian Sea (north of the Greenland—Scotland
Ridge) and the Rockall Trough and Iceland Basin (south
of the Greenland—Scotland Ridge) are available to study
the Paleogene—Holocene history of oceanic flow across the
Faroe—Iceland Ridge (Fig. 5). This effort continued in 2023
with drilling of the Bjorn and Gardar drifts in the Iceland
Basin by IODP Expedition 395, and seismic site surveying
of sediment drifts in the Norwegian Sea is currently sched-
uled to support future drilling campaigns (Gabi Uenzelmann-
Neben, personal communication, 2023). However, none of
this activity can directly reconstruct DSOW. The complicat-
ing factor is that current branches diverge from the EGC
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Figure 5. Oceanographic context for the DenGate drilling proposal. Red and blue arrows indicate respective warm surface and cold deep
ocean currents that comprise the northern hub of the Atlantic Meridional Overturning Circulation. Note that much of the sediment illustrated
beneath the Denmark Strait section is derived from the continental shelf; the areal extents and thicknesses of the Snorri and Freydis drifts
(orange stars) are unclear and require further seismic site survey. White circles show IODP, ODP, and DSDP sites. The data used to create the
figure were sourced from the Ocean Data View software (Schlitzer, Reiner, Ocean Data View, http://odv.awi.de, 2023, last access: December

2023).

close to the north of the Denmark Strait and converge with
the EGC close to the south of the Denmark Strait (Fig. 5).
Therefore, only by undertaking drilling close to the Denmark
Strait itself can we directly reconstruct variations in DSOW
and, thus, clarify the relative roles of the Denmark Strait and
Faroe—Iceland Ridge gateways in controlling AMOC. The
Snorri Drift is a contourite drift accumulating on the south-
ern flank of the Denmark Strait ridge as well as beneath the
Denmark Strait itself. Shallow cores in the Snorri Drift have
been used to reconstruct the past 240 kyr of fluctuations in
DSOW, but the drift has never been cored to basement (An-
drews et al., 2021). There is very little information available
on the sediments immediately north of the Denmark Strait, in
the Blosseville Basin between Greenland and the Kolbeinsey
Ridge. Therefore, the DenGate working group began by as-
sembling and interpreting the very sparse legacy seismic data
available from this region. A promising sediment drift target,
which they name the Freydis Drift (Fig. 5), has been iden-
tified and appears to be thicker than the Snorri Drift (Jones
et al., 2024). The next steps, which we aim to achieve dur-
ing 2024, are to propose a seismic site survey of the Snorri
and Freydis drifts and, simultaneously, to submit an outline
proposal for drilling to the European Consortium for Ocean
Research Drilling (ECORD).
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5 Concluding remarks and future work

The Greenland ice sheet is a tipping element within the
Earth’s climate system; thus, understanding its long-term sta-
bility is critical for anticipating future climate and sea level
scenarios. Whereas scientific drilling has been implemented
on the West Greenland margin and deep areas of the north-
ern North Atlantic Ocean, Northeast Greenland constitutes
a data gap preventing accurate reconstructions of the Ceno-
zoic climate—tectonic evolution and hampering our ability to
estimate ice sheet instability and associated sea level rise un-
der the current trend of climate change. During the North-
Green MagellanPlus workshop, knowledge gaps were high-
lighted, and scientific targets were addressed, with focus on
developing a long-term research strategy for illuminating
ice—ocean—tectonic interactions in Northeast Greenland. This
includes further scientific drilling through IODP mission-
specific platforms; currently, three drilling proposals are be-
ing developed with the aim of addressing pressing questions
within the Ground-Truthing Future Climate Change flagship
initiative.

Data availability. No data sets were used in this article.
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Abstract. The release of over 4500 Gt (gigatonnes) of carbon at the Paleocene—Eocene boundary provides
the closest geological analog to modern anthropogenic CO> emissions. The cause(s) of and responses to the
resulting Paleocene—Eocene Thermal Maximum (PETM) and attendant carbon isotopic excursion (CIE) remain
enigmatic and intriguing despite over 30 years of intense study. CIE records from the deep sea are generally thin
due to its short duration and slow sedimentation rates, and they are truncated due to corrosive bottom waters
dissolving carbonate sediments. In contrast, PETM coastal plain sections along the US mid-Atlantic margin
are thick, generally having an expanded record of the CIE. Drilling here presents an opportunity to study the
PETM onset to a level of detail that could transform our understanding of this important event. Previous drilling
in this region provided important insights, but existing cores are either depleted or contain stratigraphic gaps.
New core material is needed for well-resolved marine climate records. To plan new drilling, members of the
international scientific community attended a multi-staged, hybrid scientific drilling workshop in 2022 designed
to maximize not only scientifically and demographically diverse participation but also to protect participants’
health and safety during the global pandemic and to reduce our carbon footprint. The resulting plan identified
10 sites for drill holes that would penetrate the Cretaceous—Paleogene (K—Pg) boundary, targeting the pre-onset
excursion (POE), the CIE onset, the rapidly deposited Marlboro Clay that records a very thick CIE body, and
other Eocene hyperthermals. The workshop participants developed several primary scientific objectives related
to investigating the nature and the cause(s) of the CIE onset as well as the biotic effects of the PETM on the
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paleoshelf. Additional objectives focus on the evidence for widespread wildfires and changes in the hydrological
cycle, shelf morphology, and sea level during the PETM as well as the desire to study both underlying K-Pg
sediments and overlying post-Eocene records of extreme hyperthermal climate events. All objectives address our
overarching research question: what was the Earth system response to a rapid carbon cycle perturbation?

1 Introduction

Despite over 30 years of intense study since rapid climatic
and biotic change during the Paleocene—Eocene Thermal
Maximum (PETM) was first identified (Thomas, 1989; Ken-
nett and Stott, 1991), the cause(s) of and responses to the
PETM and attendant stable carbon isotope excursion (CIE)
in the global exogenic carbon pool (e.g., Koch et al., 1992;
Dickens et al., 1995) remain enigmatic and intriguing. The
PETM remains an essential target of climate study, as the
release of over 4500 Gt (with Gt =Pg; Gutjahr et al., 2017)
of carbon at the Paleocene—Eocene (P-E) boundary provides
the closest geological analog to modern anthropogenic CO»
emissions (e.g., Pagani et al., 2006; Zeebe et al., 2016).
The PETM was characterized by a global temperature in-
crease of about 5°C (Kennett and Stott, 1991; Koch et
al., 1992; Bralower et al., 1995; Thomas et al., 1999; Zachos
et al., 2003; Tripati and Elderfield, 2004; Sluijs et al., 2006;
Dunkley Jones et al., 2013; Tierney et al., 2022). The CIE
is recorded by a §'3C decrease in marine (~ 2 %3 %o in
benthic; ~ 2.5 %4 %o in planktonic foraminifera) and ter-
restrial (~ 2.5 %c7 %o) environments, requiring a substantial
addition of '3C-depleted carbon into global reservoirs (Ken-
nett and Stott, 1991; Zachos et al., 2007; Mclnerney and
Wing, 2011; Koch et al., 1992; Wing et al., 2005; Bowen
et al., 2015). The initiation of the CIE is used to correlate the
beginning of the Eocene epoch (~ 56 Ma).

The PETM CIE can be subdivided into three stages (R6hl
et al., 2007; Fig. 1). The first is the CIE onset and a subse-
quent sharp §'3C decrease, the rapidity of which is still un-
resolved (e.g., Kennett and Stott, 1991; Bowen et al., 2015;
Kirtland Turner and Ridgwell, 2016; Zeebe et al., 2016, Ba-
bila et al., 2022; Li et al., 2022). The onset duration estimates
range widely (e.g., Cui et al., 2011; Wright and Schaller,
2013), though recent estimates indicate that it occurred in
less than 4 kyr (Kirtland Turner, 2018). The second stage, the
CIE body (Rohl et al., 2007), is a period of relatively stable
low carbon isotope values with astronomical tuning-based
estimates on the order of 40 to 100kyr (Katz et al., 1999;
Rohl et al., 2007; Westerhold et al., 2018). The third stage is
the gradual exponential recovery period of ~ 70 to 140kyr
to near pre-CIE § 13C values (Dickens et al., 1997; Katz et
al., 1999; Rohl et al., 2007; Westerhold et al., 2018), al-
though several records suggest a faster recovery for at least
part of the event (e.g., Bowen and Zachos, 2010). Following
the PETM, about 20 smaller negative §13C excursions (e.g.,
HI1, H2, 11, 12, J, K, L; ~54-53 Ma) occurred in the early
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Figure 1. Anatomy of the carbon isotope excursion (CIE) using
the bulk carbonate 8!3C record of Bains et al. (1999) from ODP
Site 690, Weddell Sea. This classic deep-sea PETM record illus-
trates the shape, sediment thickness, and duration of the CIE onset,
body/core, and recovery.

Eocene. Several of these have been shown to reflect transient
global warming phases (“hyperthermals”; Thomas and Za-
chos, 2000), such as Eocene Thermal Maximum (ETM) 2
(e.g., Lourens et al., 2005; Sluijs et al., 2009). All the Pa-
leogene CIEs, possibly except for the PETM, were astro-
nomically paced, reflecting continued climate instability in
this high CO; world (e.g., Cramer et al., 2003; Westerhold et
al., 2017; Setty et al., 2023).

Deep-sea sections recording the PETM and other Paleo-
gene hyperthermals are generally thin (< 1 m) due to their
geologically short durations and typical deep-sea sedimenta-
tion rates of 1-2 cm kyr_l (Dickens et al., 1995; Westerhold
et al., 2018). Records of the CIE onset and body in deep-sea
sediments are also generally truncated owing to the corro-
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sive conditions in bottom waters at the onset of the PETM,
causing dissolution of calcium carbonate sediments on the
seafloor (Zachos et al., 2005; Colosimo et al., 2005; Bralower
et al., 2014). In contrast, thick marine sections (> 15m)
recording the CIE occur in the US mid-Atlantic Coastal Plain
in New Jersey, Maryland, Delaware, and Virginia. These sec-
tions generally have an expanded CIE onset in updip sites, an
expanded CIE body in medial sites, and an expanded CIE re-
covery in the downdip sites due to progradation of sediments
(Fig. 2; Podrecca et al., 2021).

The prospect of drilling these coastal plain deposits to ac-
cess data from the expanded PETM sediments led to an In-
ternational Continental Scientific Drilling Program (ICDP)
workshop in 2022, entitled “Coring Paleocene-Eocene Ther-
mal Maximum transects, mid-Atlantic U.S. Coastal Plain:
Constraining timing and cause of carbon injection and
ecosystem response”. The multi-staged, hybrid scientific
drilling workshop was designed to maximize not only scien-
tifically and demographically diverse participation but also
to protect participants’ health and safety during the global
pandemic and to reduce the carbon footprint of this well-
attended, international event. This hybrid workshop included
(1) a half-day interactive and recorded webinar (22 June,
virtually and at Rutgers University, New Brunswick, New
Jersey, USA) devoted to discussions related to the science
of the PETM and a presentation of potential drill sites;
(2) two townhall meetings (24 August, at MARUM, Uni-
versity of Bremen, Germany, during the 12th Climatic and
Biotic Events of the Paleogene (CBEP12) conference and
31 August at Grieghallen, Bergen, Norway, during the In-
ternational Conference in Paleoceanography (ICP14)) where
presentations of the preliminary drilling plan and a summary
of scientific topics engaged and encouraged additional par-
ticipation; and (3) a hybrid workshop (17 November, virtu-
ally and at Rutgers University, New Brunswick, New Jersey,
USA) that finalized the drilling plan and assembled interna-
tional, discipline-based research teams for post-drilling sci-
ence.

2 US mid-Atlantic Coastal Plain sediments

Across the US mid-Atlantic Coastal Plain, the PETM is as-
sociated with the Marlboro Clay, a unique geologic forma-
tion of laminated dark gray silty clay. The sediments sur-
rounding the Marlboro Clay, however, vary geographically
(Fig. 3). In New Jersey, the lowermost Eocene Marlboro Clay
conformably overlies normal sequences of quartzose silty
glauconitic sand to glauconitic silt of the Paleocene Vincen-
town Formation deposited in inner to middle neritic environ-
ments (~ 25-50m; Harris et al., 2010). The Marlboro Clay
is disconformably overlain by either green carbonate clays
of the Manasquan Formation or a return to glauconitic sandy
silts that are indistinguishable from the Vincentown Forma-
tion. In Maryland and Virginia, the Marlboro Clay overlies
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the greenish-black to greenish-gray very fine to coarse glau-
conitic sands of the Paleocene Aquia Formation, deposited
in inner to middle neritic environments (Gibson and By-
bell, 1994). The Aquia Formation—-Marlboro Clay contact,
coinciding with the Paleocene—Eocene boundary, is usually
sharp and highly burrowed, though in New Jersey it is grada-
tional. In Virginia and Maryland, the Marlboro Clay is dis-
conformably overlain by the Nanjemoy Formation, which is
lithologically like the Aquia Formation. Previous drilling in
Delaware has not identified the presence of the Marlboro
Clay, but data presented at the workshops predict a signifi-
cant thickness near the Maryland border.

The Marlboro Clay has a high kaolinite content (Gibson
et al., 1993, 2000; Cramer et al., 1999; Lombardi, 2013) that
was initially thought to reflect a more vigorous hydrologi-
cal cycle due to expanded humid tropical conditions during
the PETM (Gibson et al., 1993). However, § 180 studies of
the clays suggest the kaolinite is recycled from older strata
(Kopp et al., 2009; John et al., 2012). The Marlboro Clay
also contains magnetic grains like those produced by magne-
totactic bacteria on the Amazon shelf and preserved in sub-
oxic zones (Lippert and Zachos, 2007; Kopp et al., 2009),
but the dominant source of the magnetic assemblage appears
to be non-biotic (Kent et al., 2003, 2017; Wang et al., 2013).
The Marlboro Clay, both in composition and flux delivered
to the paleoshelf is unusual in the Cenozoic sedimentological
history of the US Atlantic Coastal Plain.

The Marlboro Clay was deposited in waters mostly deeper
than storm wave base. Exceptions are preserved in updip
strata in Virginia and Maryland that record current or storm-
wave activity in ripple cross-laminated fine silts that locally
exhibit scour and fill channels (Mixon et al., 2000) and
the preservation of delta features (Self-Trail et al., 2017).
In New Jersey, the Marlboro Clay was deposited in mid-
dle to outer neritic paleodepths, primarily on clinoform fore-
sets (Fig. 2; Lombardi, 2013; Stassen et al., 2015; Podrecca
et al., 2021). The modern Amazon shelf has been cited as
an analog setting for the deposition of the Marlboro Clay
(Kopp et al., 2009), exhibiting rapid (2-10 cm yr~! =2000-
10000 cmkyr~!) deposition by fluid mud in a subaqueous
delta with a clinoform geometry (Nittrouer et al., 1996). The
Marlboro Clay contains depositional features consistent with
the dominance of fluidized mud depositional processes, in-
cluding the lack of bioturbation and the rapid burial of ver-
tically oriented pieces of woody debris (Fig. 4). Extremely
rapid sediment accumulation (up to 2000 cm yr~!) has been
suggested in some intervals (Wright and Schaller, 2013) with
the Wilson Lake Hole B sediments indicating that the basal
Marlboro Clay represents a very brief interval with anoma-
lously high sedimentation rates (> 12-24 cm yr’l; Miller et
al., 2017; Doubrawa et al., 2022). The rate of deposition
likely varies across the paleoshelf, and though still not fully
quantified, was 1 or 2 orders of magnitude higher than that
of concurrent sediments in the deep sea.
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Figure 2. (Top) Bulk § 13 records across the four New J ersey coastal plain sites: Medford Auger Project (MAP; 3A in blue and 3B in pink);
Wilson Lake B (WL; Wright and Schaller, 2013), Millville (MV; Makarova et al., 2017), and Bass River (BR; Cramer et al., 1999; John et
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(Bottom) Idealized subaqueous delta clinoform depositional model depicting fluid mud reservoir source bypassing shallow zones and rapidly
building foresets in a prodelta environment. Red saw-toothed line denotes the unconformity capping the top of the Marlboro Clay. Figure

from Podrecca et al. (2021).

3 Existing PETM climate records from the US
mid-Atlantic Coastal Plain

Previous U.S. Geological Survey (USGS), Ocean Drilling
Program (ODP), and Rutgers University coastal plain drilling
(Fig. 5) has provided a wealth of basic information and
important clues as to the cause(s) of and responses to
the PETM. Many USGS cores containing PETM deposits
(e.g., Cambridge—Dorchester Airport, Mattawoman Creek—
Billingsley Road (MCBR), Randalls Farm, South Dover
Bridge, and Wilson Lake Hole A cores) were drilled over the
last several decades mainly for the purposes of coastal plain
mapping, and their utility for climate studies was only more
recently realized. ODP Leg 174AX (e.g., Ancora, Bass River,
Millville, Sea Girt cores), similarly, was initially designed
to better understand the sequence distribution and architec-
ture of the paleoshelf and slope but also returned PETM sed-
iments that have been key to our present understanding of
this interval. The more recent USGS cores (Howards Tract,
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Knapps Narrows), however, were drilled for climate study
as part of the USGS Eocene Hyperthermals Project. Like-
wise, Wilson Lake Hole B and the Medford Auger Project
(Medford core) expressly addressed PETM CIE climate ob-
jectives. These more recent efforts represent the beginning of
the new phase of PETM climate research on the mid-Atlantic
Coastal Plain.

The CIE onset occurs in these cores at the contact between
the upper Paleocene Aquia Formation or Vincentown Forma-
tion and the lowermost Eocene Marlboro Clay. In the most
landward sites in New Jersey and Maryland, the §'3C values
across the P-E boundary depict a gradual transition (Self-
Trail et al., 2017), but a carbonate dissolution zone in the
basal Marlboro Clay found at many deeper sites, possibly due
to lysocline shoaling (Bralower et al., 2018), precludes stable
isotope records at the contact. However, a 2 %o & 13C decrease
and ocean acidification event that slightly predates the PETM
(the pre-onset excursion or POE; Bowen et al., 2015) records
an early pulse of PETM-like conditions in the South Dover
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Figure 3. Stratigraphic column showing Cretaceous, Paleocene,
and Eocene planktonic foraminiferal and calcareous nannofossil
zones and geological formation names on the US mid-Atlantic
Coastal Plain. Note that same-age sediments in Virginia and New
Jersey have different formation names above and below the Marl-
boro Clay. The Marlboro Clay is closely associated with the PETM
across the US mid-Atlantic Coastal Plain.

Bridge core (Robinson and Spivey, 2019; Babila et al., 2022;
Doubrawa et al., 2022), and several smaller CIEs follow-
ing the PETM are recorded in Maryland (Rush et al., 2023),
Virginia, and New Jersey (Fung et al., 2023) sediments. To-
gether, these Eocene hyperthermals provide insight into tip-
ping points in the ecosystem response to rapid change.

One goal of PETM climate research is to place constraints
on the timing, magnitude, and tempo of carbon release(s)
at the CIE onset (and POE events) and investigate their re-
lationship to each other. However, at Bass River in New
Jersey, similar to the deep-ocean records, single-foraminifer
stable carbon and oxygen isotope populations are bimodal,
showing no intermediate values (Zachos et al., 2007; John
et al., 2008) and indicating that foraminifer accumulation
rates or foraminifer preservation were insufficient to cap-
ture the timescale of 3C-depleted carbon injection. At Mat-
tawoman Creek—Billingsley Road (MCBR), the sedimenta-
tion rates are relatively higher than at Bass River, but the
foraminifers available for stable isotopic measurements were
very small and rare, and many samples were barren (Self-
Trail et al., 2017). Foraminifera were more abundant at South
Dover Bridge, and §''B provided a pH proxy, offering a way
to trace carbon injection directly (Fig. 6; Babila et al., 2022)
but only outside the dissolution zone. The POE was accom-
panied by a drop in pH and possibly a rise in temperature
like during the main CIE (Babila et al., 2022) but was much
shorter lived (~ 2kyr; Bowen et al., 2015), explaining why
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deep-sea records fail to capture it. The relatively low deep-
sea sedimentation rates and severe chemical erosion at the
onset of the main CIE yield insufficient temporal coverage to
resolve such a short-lived event. Unfortunately, current late
Paleocene stratigraphic age control is poor, and duration es-
timates between the upper boundary of the POE and main
CIE range from 1000 years to 100kyr (Babila et al., 2022;
Doubrawa et al., 2022), limiting our ability to evaluate the
connectedness of the multiple carbon injections to the PETM
onset.

Another goal is to determine if biotic change, sea surface
warming, and the carbon injection associated with the POE
were concurrent. Initial micropaleontological and TEXgg
studies at Bass River and Wilson Lake (Sluijs et al., 2007)
and micropaleontological studies of South Dover Bridge and
MCBR (Self-Trail et al., 2017; Robinson and Spivey, 2019;
Doubrawa et al., 2022) suggest that biotic change and warm-
ing lead the CIE onset by a few millennia. The precursor
warming was later reproduced in other regions (e.g., Secord
et al., 2010; Frieling et al., 2019). However, TEXgg records
from the Medford Auger Project suggest that warming was
coincident with or lags the CIE onset (Makarova, 2018; In-
glis et al., 2023). Several studies show a gradual, precur-
sor 813C decrease below the sharp CIE (Miller et al., 2017),
with a thickness that increases landward (Fig. 2; Podrecca et
al., 2021). Whether temperature rise triggered the carbon re-
lease at the POE and main PETM remains an open question.

Irrespective of timing, excess carbon and excessive tem-
peratures affected the ecosystem across the PETM. I/Ca
measurements suggest widespread deoxygenation of ther-
mocline and bottom waters (Zhou et al., 2014; Makarova,
2018), high surface temperatures may have caused the exclu-
sion of eukaryotes in surface waters (Aze et al., 2014; Friel-
ing et al., 2017, 2018; Makarova et al., 2017; Si and Aubry,
2018), and an unusual nannofossil assemblage suggests bi-
otic stress due to photic zone acidification (Kahn and Aubry,
2004; Bralower et al., 2018). Planktonic and benthic organ-
isms showed a significant extinction (benthos) and showed
both ecophenotypic (plankton) and ecological (benthos and
plankton) responses to the PETM on the paleoshelf, but the
cause of the changes is debated.

These ecosystem perturbations are evident on a global
scale but can be addressed using records from the US mid-
Atlantic Coastal Plain. For example, Makarova et al. (2017)
used the transect afforded by Wilson Lake, Ancora, Millville,
and Bass River to evaluate two scenarios: (1) a change in
the water column structure and (2) a change in habitat or
seasonality of the surface dwellers. Si and Aubry (2018) fa-
vored a habitat (migration) change, while Makarova (2018)
argued for a change in seasonality consistent with the eukary-
ote exclusion hypothesis. Benthic foraminiferal assemblages
suggest dysoxia with an opportunistic CIE fauna (Stassen et
al., 2012, 2015; Robinson and Spivey, 2019). I/Ca data from
benthic taxa suggest decreased oxygen concentration but not
full anoxia in bottom waters (Makarova, 2018), support-
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Figure 4. (a) Charcoal abundance (no.> 63 um g_l) and 513Ccharcoal (Fung et al., 2019) plotted with 513Cbulk carbonate and impact
spherules per gram discovered at Wilson Lake (Schaller et al., 2016). Ratio of saturation remanence to saturation magnetization (My/Mjs) at
Wilson Lake is interpreted as having been generated by soil pyrogenesis (Kent et al., 2017). (b) SEM images of charcoal fragments recovered
from Randalls Farm and Wilson Lake cores from Fung et al. (2019). (¢) Photograph of intact leaf fragments from Randalls Farm (Schaller
and Fung, 2018). (d) Photograph of split core at Wilson Lake showing upright twig; scale at center.

ing additional low-oxygen evidence from planktonic/ben-
thic ratios and benthic foraminifera assemblages (Stassen et
al., 2012). In addition, reconstructions of paleowater depth
based on lithofacies models (Browning et al., 2006), benthic
foraminiferal assemblages (Stassen et al., 2015; Robinson
and Spivey, 2019), ostracod eye size (Tian et al., 2022), and
water depth preferences of planktonic foraminifera (Robin-
son and Spivey, 2019) indicate a relative sea level rise across
the CIE onset that is difficult to explain if ice-free conditions
are assumed.

Current available observations of global environmental
and ecosystem changes suggest a greater severity both in
magnitude and spatial coverage at the PETM when com-
pared to the POE and other Eocene hyperthermals. Two po-
tential causes for a more substantial climate system response
proposed are related to external forcing of the carbon cy-
cle. One is related to the release of volcanic carbon inputs,
mainly as CO; associated with the North Atlantic Igneous
Province, and preliminary results from drilling on the Nor-
wegian margin strongly supports a link (Planke et al., 2022).
The other is extraterrestrial impact. The discovery of in situ
impact spherules at the CIE onset at Millville, Wilson Lake,
Medford, and deep-sea ODP Site 1051 (Fig. 7; Schaller et
al., 2016) offers an intriguing link between extraterrestrial
impact and the PETM. The Ar—Ar age of the spherules is in-
distinguishable from its depositional age at the P-E boundary
(Schaller and Fung, 2018; Schaller et al., 2019), indicating
that it is not reworked from another impact event. If proxi-
mal to the crater, the relatively low abundance of spherules
at the CIE onset implies that the volume of CO; released by
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this impact was probably not significant. The possibility of a
larger impactor cannot be excluded until the ejecta is identi-
fied at more far-field P-E sites, though even a small impact
could provide a carbon release trigger related to wildfires
(Kent et al., 2017; Schaller and Fung, 2018) or earthquakes
releasing slope methane (Katz et al., 1999). Fung et al. (2019)
documented abundant charcoal in a distinct peak within the
CIE onset (Fig. 4) in New Jersey (Wilson Lake) and Virginia
(Randalls Farm). Vitrinite reflectance shows that the hottest
fires occurred within the peak of charcoal abundance, sug-
gesting they were unusual against the background fire regime
of the mid-Atlantic Coastal Plain. These data are tantaliz-
ing evidence that, whatever the trigger, wildfires were intense
and possibly widespread at the beginning of the PETM cli-
mate change. Again, continued research to refine the ages
of these sediments would help to understand the cause(s) of
the PETM and various environmental perturbations associ-
ated with the event onset.

In summary, previously drilled cores on the US mid-
Atlantic Coastal Plain have provided important clues toward
understanding the cause and nature of global change at the
PETM, but major open questions still remain. These con-
cern the timing, magnitude, tempo of, and relationship be-
tween carbon releases; lead—lag relationships between biotic
change and warming and the CIE onset; and the more sub-
stantial climate system response of the CIE compared to the
POE. These questions can only be fully addressed with addi-
tional cores.
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Figure 5. Geological map of the US mid-Atlantic Coastal Plain (NJ, New Jersey; DE, Delaware; MD, Maryland; and VA, Virginia) with
proposed core sites (red circles) and locations of existing ODP, IODP, and USGS cores. Cam-Dor represents Cambridge—Dorchester Airport;
MCBR represents Mattawoman Creek—Billingsley Road. Colors represent outcrops of Cretaceous (green), Paleogene (peach), Neogene
(medium yellow), and Quaternary (light yellow) sediments. Blue shades are proportional to water depth. Dashed contours are depth to

basement (in km) indicating the direction of dip of sedimentary deposits.

4 Proposed drill sites

The PETM deposits on the US mid-Atlantic Coastal Plain
have the potential to provide unparalleled resolution of the
shallow marine POE, PETM, and subsequent Eocene hyper-
thermals. Considering local tectonics and how coastal zone
dynamics likely affected PETM deposition, workshop par-
ticipants designed a drilling campaign of 10 drill holes, with
four in New Jersey, two near the Delaware—Maryland border,
and four in Virginia, that are intended to capture these events
in high resolution (Fig. 5; Table 1). We have assembled ex-
tensive well log data for New Jersey, Delaware—Maryland,
and Virginia that allow us to confidently predict the pres-
ence of the Marlboro Clay (Crider et al., 2022, 2023). Closely
spaced well log data are superior to seismic profiling for our
purposes because of the thinness (15 m) of the target inter-
val and the fact that it is not imaged on high-resolution 2D
and 3D data offshore. We have used existing core holes and
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well logs from observation wells to construct isopach maps
to predict the thickness of the PETM section and to precisely
target the proposed core holes in New Jersey and Maryland.
In addition to the PETM and POE, this coring campaign
targets Eocene hyperthermals and the K—Pg boundary. Pre-
vious coastal plain drilling of ODP Leg 174AX documented
the validity of the transect approach (Miller et al., 2017), but
existing cores are not adequate for further study. Firstly, the
previous cores were drilled for sea-level, hydrostratigraphic,
and geologic mapping studies that require less core mate-
rial for descriptive work than detailed temporal paleoceano-
graphic studies. Bass River and Millville cores, for exam-
ple, are largely depleted due to intense community sampling
of both the working and archive halves, and Wilson Lake
Hole B is nearly depleted. Secondly, critical regions from the
shallowest paleodepth were either not cored or the sediments
were diagenetically altered. Thirdly, unlike ICDP projects
and IODP expeditions, no concerted effort was made to co-
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Clay. Figure from Babila et al. (2022).

ordinate community study or sampling and storing of the
PETM intervals.

Therefore, new cores are required to support further PETM
research and broaden the potential application of new ana-
lyses. New cores will replace existing New Jersey cores that
are largely depleted and will supplement the cores currently
available in Maryland and Virginia. The southerly of the core
sites in Delaware will investigate the record of the PETM
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between the Maryland-Virginia sites and New Jersey, closer
to the core of the Salisbury Embayment. New drilling will
complete the depth transects across the paleoshelf (Fig. 5),
which is necessary to sample the complex patchwork of sed-
iment and to fully exploit the potential to produce climate
records. We will recover the large core volumes that are re-
quired for multi-proxy studies and will employ modern high-
stratigraphic/temporal-resolution core scanning techniques
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Table 1. Proposed drill site locations and estimated depth to 3 m below K-Pg.

Location State Latitude Longitude Target core

depth (m)
Bob Meyer Park New Jersey  39.84539°N  74.82048°W 52
Atsion Lake New Jersey  39.73989°N  74.72925°W 134
Batsto New Jersey  39.64387°N  74.64678°W 300
Millville New Jersey  39.40476°N  75.08851°W 318
Sandtown Delaware 39.04040°N  75.71468° W 227
Delmar Delaware 38.51140°N  75.55390° W 399
White Sands Harbor Virginia 37.94104°N  76.33889°W 199
Ingenco Virginia 37.43867° N 77.12799° W 141
New Kent Courthouse  Virginia 37.50804°N  76.98473° W 107
Chappell Creek Virginia 37.28818°N  77.21100° W 46

that are required for astronomical chronology and to resolve
environmental changes. Fresh, non-oxidized cores less af-
fected by post-drilling carbonate dissolution will provide the
opportunity for additional proxy analyses not possible on
existing material (e.g., organic biomarker analysis, inspec-
tion of the CIE onset interval for spherules and foraminiferal
tests).

4.1 New Jersey

The Marlboro Clay is found in two sediment lobes in New
Jersey, indicative of two sediment sources. Our four proposed
cores, Millville, Bob Meyer Park in Medford, Atsion Lake,
and Batsto, will form a dip transect across the larger, thicker
southern lobe from clinoform topset to toes using the pre-
dictions of Podrecca et al. (2021; Fig. 2). The existing Mil-
lville core is depleted in the onset interval. Therefore, we pro-
pose to redrill Millville, a critical location because it provides
the most complete CIE onset amongst current mid-Atlantic
Coastal Plain core archives and therefore of broad interest
to the PETM community. The Medford Auger Project (Po-
drecca et al., 2021) recovered cores over a 1 km transect near
Marlboro Clay outcrops with an expanded CIE onset sec-
tion. We propose drilling 5.2 km downdip from this transect
at Bob Meyer Park in Medford and 19 km downdip at Atsion
Lake to recover an expanded CIE onset and to constrain in-
ner shelf conditions. Batsto is 31 km downdip and provides a
location between these sites and the existing Bass River site
(45 km downdip from outcrop) to record the most expanded
CIE body and middle shelf conditions. Bob Meyer Park, At-
sion, and Batsto provide an ideal depth transect, with Mil-
lville along-strike of Batsto (Fig. 5).

4.2 Delaware—Maryland

The greatest thickness of Paleogene and Neogene sediments
lies in the Delmarva Peninsula near Salisbury, Maryland,
and these sediments have been largely uncored. Drilling near
the Delaware—Maryland border will provide a new wealth of
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subsurface data. We propose a drill site at Delmar, Delaware,
to target the thickest and deepest water deposits sampled in
the region. Based on well logs from Federalsburg, Maryland,
we predict a thick (> 15m) PETM section. We also pro-
pose an updip site at Sandtown, Delaware, to test the updip
extent of the Marlboro Clay. Drilling at the two Delmarva
sites, Sandtown and Delmar (Fig. 5), will provide an excel-
lent opportunity for exploratory studies where there is a cur-
rent knowledge gap and where the nature of the Paleocene—
Eocene boundary is not understood.

4.3 Virginia

We used data from numerous wells (i.e., geophysical logs,
descriptions of cuttings) to predict the presence and thick-
ness of the Marlboro Clay in Virginia with high confidence.
We propose a drill site in White Sands Harbor where Virginia
Department of Environmental Quality well data record 67 ft
(20m) of Marlboro Clay. This would represent the thick-
est Marlboro Clay in the region. Three additional proposed
sites at Ingenco, New Kent Courthouse, and Chappell Creek
subdivision, with Marlboro Clay thicknesses predicted to be
28ft (9m), 30ft (9m), and 20ft (6 m), respectively, will
form a deepwater transect that complements existing USGS
cores at Surprise Hill, Busch Gardens Flume, and Jamestown
(Fig. 5).

5 Drilling plan challenges

Our drilling plan incorporating new material from New Jer-
sey, Delaware, Maryland, and Virginia to complement ex-
isting material represents the best opportunity to study the
PETM and other hyperthermals in high resolution. The level
of detail prescribed in our research approach (see Sect. 6)
will transform our understanding of these important events.
Our plan, however, is not free from uncertainties and chal-
lenges. Differential preservation and patchwork distribution
of PETM sediments is expected in coastal plain deposits and
can be difficult to predict due to the discontinuous nature of
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Figure 7. Electron backscatter (15 kV) images of representative P—
E spherules from IODP Hole 1051B, Wilson Lake B, and Millville
cores and the Medford exposure. Selected color micrographs are
shown as insets. (a) Microtektite with a surface pit from ODP Hole
1051B. (b) Microkrystite from IODP Hole 1051B. (¢) Teardrop-
shaped glass spherule from Millville; inset is photomicrograph
of same object. (d) Microkrystite with surface pit from Millville.
(e) Broken drop-form or dumbbell from Wilson Lake B. (f) Mi-
crotektite from Wilson Lake B with a smaller spherule accreted to
the side. (g) Microtektite with surface microcrater from the Med-
ford, New Jersey, exposures. Inset shows several other forms found
at Medford, which allows us to exclude drilling contamination as
a source of the spherules. (h) Typical microkrystite from Wilson
Lake B. Figure from Schaller et al. (2016).

coastal zone sedimentation and erosion. Different intervals
of PETM deposition are expected at different locations, de-
pending on the coastal zone dynamics unique to each site.
Also, age control is historically challenging in coastal plain
sediments due to the generally sparse nature of the microfos-
sils traditionally used for biostratigraphy and stable isotope
analyses. Despite these challenges, coastal plain sediments
are excellent snapshots of extreme climate states and contain
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valuable quantitative paleoecological data from peak warm
periods. In addition, the preservation of calcium carbonate
microfossils is exceptional compared to the deep-sea section
due to the dominant clay content limiting dissolution and di-
agenetic alteration (Pearson et al., 2001).

The biostratigraphic record of Rush et al. (2023; Fig. 8)
illustrates the differences in sedimentation rate and preserva-
tion of strata at Maryland sites, including the effects of local
faulting. Though the US mid-Atlantic coast is a passive con-
tinental margin dominated by thermal subsidence and load-
ing, faulting has been mapped in Maryland and Virginia. In
some cores, faulting and subsequent erosion is responsible
for the absence of some PETM sediments (e.g., in the Knapps
Narrows core; Fig. 8). Though there is little evidence of fault-
ing in the New Jersey sections, the US mid-Atlantic margin
is affected on the several-million-year scale by relative uplift
and subsidence due to changes in mantle dynamic topogra-
phy (Moucha et al., 2008; Schmelz et al., 2021).

Predicting the nature of sediments to be drilled is always
challenging. In the mid-Atlantic Coastal Plain, no seismic
profiles are available for a site survey, but seismic profiling is
not the best way to detect the ~ 15 m thick targets at depth.
Instead, we have used existing core holes and well logs from
observation wells to predict the thickness of the PETM sec-
tion and to precisely target the proposed core holes in New
Jersey and Virginia. On the other hand, while well data con-
trol is limited near the proposed Delaware—Maryland sites,
drilling here will provide an excellent opportunity for ex-
ploratory studies. These sites admittedly pose the greatest
risk of missing our target strata, but they also offer the most
potential to gain new information.

Finally, age control can be difficult in coastal plain sedi-
ments. One fundamental goal is to establish the stratigraphic
framework of the coastal plain sediments and to correlate
them between and among sites. Core descriptions and age
control will provide the basis for all further analyses. Bulk
813C records, zircon and apatite geochronology, and X-ray
fluorescence (XRF) scans will provide a means of evaluating
equivalency on the transects. The impact spherules can serve
as an isochronous marker horizon to compare between sites.
Coupled with careful sedimentologic and stratigraphic doc-
umentation, this will enable analyses of the nature, timing,
and duration of the PETM onset, our primary science focus.

6 Shallow marine records of Paleocene to Eocene
global climate and ecosystem perturbations —
research approach and science questions

The PETM, POE, and Eocene hyperthermals provide an ex-
cellent template for evaluation of the Earth system response
to rapid carbon release at varying degrees of global warming
under different background climate states during the Paleo-
gene. The targeted sedimentary strata will allow for evalua-
tion of leads vs. lags in the climate system across a regional
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Figure from Rush et al. (2023).

scale transect of the mid-latitudes during these differing in-
tervals of rapid global warming. Given the very high tempo-
ral resolution (sub-millennial scale), the material to be recov-
ered by the drilling campaign is uniquely situated to answer
several questions with direct relevance to anthropogenic cli-
mate change. Our overarching question asks: what was the
Earth system response to rapid carbon cycle perturbations?

6.1 What was the nature of the CIE onset?

The Marlboro Clay and the transition to it from the underly-
ing units represents a period of unequivocally rapid deposi-
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tion that provides an expanded record of the carbon release(s)
at the PETM onset. Still unknown is the nature of the hetero-
geneity in the CIE magnitude across shelf deposits, and esti-
mates of the CIE onset duration are wide-ranging. Sampling
the transition zone and Marlboro Clay will allow for test-
ing of contrasting hypotheses: one proposing that the main
CIE carbon release was virtually instantaneous (Wright and
Schaller, 2013) and the other suggesting that it was protracted
over ~ 4 kyr (Kirtland Turner, 2018; Pearson and Nicholas,
2013; Pearson and Thomas, 2015; Zeebe et al., 2016; Li et
al., 2022). New cores will provide material needed to attain
exceptional resolution of the CIE onset and will be evaluated
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to determine the speed of the onset and also any lead—lag re-
lationships of carbon injection, temperature rise, biotic and
sedimentation change, and extraterrestrial impacts.

Although the POE has been observed in a number of lo-
cations, questions remain about the full magnitude of the
carbon isotope excursion, whether the carbon released was
regional or global, and if it was one or multiple carbon injec-
tions that preceded the main CIE or merely a consequence
of bioturbation or some other artifact. By measuring stable
isotopes in foraminifera, including single-specimen analyses,
from several sections on transects across the shelf, we will
constrain the true size of the POE, regional expression, and
stratigraphic coherence relative to the main CIE. This rela-
tive role of forcings and feedbacks is critical in understanding
the rate and mechanism(s) of carbon released at the PETM.
In addition, we will investigate the relationship between the
POE, the CIE recorded at the PETM onset, and the Eocene
hyperthermals. We will target sediments likely to contain the
POE to determine its relationship to the CIE onset and if it
is global and isochronous with previous POE observations
from terrestrial records, as well as whether it was a unique
event or if there is evidence for multiple carbon injections
being responsible for warming at the PETM.

We also propose to determine the origin of the low car-
bonate and generally carbonate fossil-free interval during the
CIE onset (Fig. 6) and how that affects its characterization.
We will do this by testing the hypotheses that the carbonate
free interval is due to (1) ocean acidification and/or carbonate
compensation depth shoaling into the photic zone, (2) dilu-
tion by massive input of terrigenous silty clays, or (3) the
absence of eukaryotic phytoplankton due to extreme temper-
atures and ecological exclusion. Our transect approach sam-
pling different paleodepths (nearshore, middle, and outer pa-
leoshelf) in three settings (New Jersey, Delaware—Maryland,
and Virginia) will yield constraints at different sites, quanti-
fying dissolution, dilution, and abundance of eukaryotic phy-
toplankton (foraminifera, nannofossils, and dinoflagellates).

6.2 What was the cause of the CIE onset?

All Eocene hyperthermals initiated during maxima in orbital
eccentricity, but whether or not the PETM did is still under
debate (Cramer et al., 2003; Zachos et al., 2010; Zeebe and
Lourens, 2019; Li et al., 2022; Piedrahita et al., 2022). An or-
bital trigger superimposed on the long-term late Paleocene-
early Eocene warming trend might also be consistent with
the magnitude difference between the PETM and subsequent
smaller hyperthermals (e.g., Lunt et al., 2011), although the
PETM remains exceptionally large. Mathematical analyses
on deep-ocean foraminifer §'3C and 8'30 records suggest a
loss of Earth system resilience in the run-up to the PETM,
ETM2, and ETM3, suggesting a carbon source that can be
perturbed with climate and carbon cycle variability at the
Earth’s surface (Setty et al., 2023). But which mechanisms
were in place and what was the potential role of North At-
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lantic Igneous Province volcanisms and even impacts? If the
CIE onset occurred during an eccentricity maximum, this
may have enhanced the sensitivity of the system to green-
house gas forcing. The POE and other (biotic) precursors
to the CIE may be indicators of an unstable climate system,
characterized by a loss of resilience, with a subsequent larger
response (the PETM) to a lesser forcing (Setty et al., 2023;
Armstrong McKay and Lenton, 2018). We will test the hy-
pothesis that an impact triggered carbon release that, in con-
cert with a preconditioned system and possible astronomical
forcing, resulted in a large carbon cycle event. Widespread
wildfires associated with an impact would have been syn-
chronous throughout the region. We will test the relation-
ships among carbon release, impact, and wildfires by eval-
uating the relationships among §'3C, charcoal occurrences,
and microtektites.

6.3 What were the biotic effects of the CIEs on the
paleoshelf?

We will quantify the severity of the biotic effects of the
PETM, POE, and Eocene hyperthermals on the paleoshelf
and attempt to recognize ecological tipping points. We will
test the hypotheses that there was widespread deoxygena-
tion of the thermocline and bottom waters, an absence of
eukaryotes in surface waters due to excessive temperature,
and photic zone acidification and biotic stress. The debate
surrounding these hypotheses highlights a need for greater
community involvement through common study of a se-
ries of cores containing nannofossils, planktonic and ben-
thic foraminifera, and dinoflagellate cysts. The proposed
transects will allow for a comparison between the degree
of biotic effects latitudinally and across a range of water
depths. The Paleocene and Eocene shelf sections will pro-
vide a detailed and high-resolution baseline for paleoenviron-
mental conditions, placing POE, PETM, and Eocene hyper-
thermal excursions into geological context. Establishing the
background variability of paleoshelf environments (provid-
ing a baseline of the background) is essential to establishing
thresholds that cause a major biotic response. Though orbital
and other forcings cause hyperthermals, ecological tipping
points affect the biotic response, with smaller events causing
little disruption and major events like the PETM and ETM2
causing major disruptions.

6.4 How was the hydrological cycle affected by PETM
and other hyperthermal perturbations?

We will test whether the intensification of the hydrologic
cycle, particularly the increase in seasonality (Rush et
al., 2021), drove increased sedimentation or if increased sed-
iment input was due to impact and wildfires in the hinterland.
Our drilling will improve estimates of the volume of terres-
trial sediments deposited on the shelf, and analyses of hydro-
gen isotopes of leaf wax n-alkanes will help to reconstruct
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hydrological cycling. These estimates will be essential for
validating hydrologic cycle models of the PETM and testing
depositional models. Terrestrial PETM investigations will
also benefit from drilling in the coastal plain, as this shallow
marine environment provides direct linkages between marine
and terrestrial responses to the K-Pg, PETM, and Eocene
hyperthermals. Vimpere et al. (2023) provided evidence for
continental-scale paleodrainage changes in response to the
PETM. Their results from the Gulf of Mexico suggest a
strong sedimentary response to changes in the hydrologi-
cal cycle and also the tectonic regimes that propagated over
North America. Mineralogical and isotopic analyses sam-
pling different Marlboro Clay sediment lobes (depocenters)
will constrain the provenance of the Marlboro Clay. Did the
Potomac, Susquehanna, and Delaware paleorivers tap dif-
ferent Appalachian source regions? We will also consider
tectonic-focused studies that examine the potential for the re-
juvenation of relief in the Appalachians during the Neogene,
as recorded by proxies for chemical weathering in coastal
plain sediments.

6.5 How much did relative sea level rise across the
PETM?

Multiple lines of evidence argue for a large relative sea level
rise in this region across the PETM (Browning et al., 2006;
Stassen et al., 2015; Robinson and Spivey, 2019; Tian et
al., 2022). We assume that the fall line, the western bound-
ary of the Atlantic Coastal Plain, approximates the shore-
line during the late Paleocene and early Eocene, as this is
the extent of marine deposits, but the amount of relative sea
level rise in the southern (e.g., Virginia) and northern (e.g.,
New Jersey) regions is not well constrained nor is the re-
lationship between regional and global mean sea level rise
(Sluijs et al., 2008). We will use two-dimensional backstrip-
ping to reconstruct the paleoslope and place water-depth esti-
mates into a geological context using both inverse techniques
(Steckler et al., 1999) and the forward model of Schmelz et
al. (2024). We will test our forward model with reconstruc-
tions of paleowater depth based on lithofacies models, ben-
thic foraminiferal assemblages, ostracod eye size, and water
depth preferences of planktonic foraminifera. Our paleoslope
modeling, validating, and refining will be critical in evaluat-
ing the response across the paleoshelf to the major warm-
ing events of the POE, PETM, and Eocene hyperthermals.
Our modeling will also allow us to test the role of changes
in global mean sea level versus mantle dynamic topography
in controlling deposition during the largely ice-free world of
the Paleocene to early Eocene and subsequent development
of middle Eocene to Oligocene ice sheets (Miller et al., 2020;
Schmelz et al., 2021).
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6.6 Can we detect K-Pg seiche influence or warming
due to Deccan volcanism?

Because most of the lower Paleocene is condensed or miss-
ing, our PETM drilling places us within 30 m of potentially
complete K—Pg marine records. By extending our drilling by
30m, we will be able to test the hypothesis that K-Pg se-
iche/tsunami wave influence was restricted to paleodepths of
~60m or less and that deeper sites contain in situ deposits
with ballistic ejecta. Previous studies have established Bass
River, New Jersey, as a world-class location to sample bal-
listic ejecta from the K—Pg boundary (Olsson et al., 1997,
2002; Esmeray-Senlet et al., 2015, 2017), and we plan to
sample through the K—Pg boundary in our core holes. The
mid-Atlantic Coastal Plain offers sampling of intermediate
field response (e.g., Schulte et al., 2010) to the K-Pg im-
pact with evidence of seiche/swash back deposits. The most
downdip site (Bass River) provides a record of deposition of
undisturbed spherule ballistic ejecta immediately following
impact (Olsson et al., 1997). Intermediate sites (e.g., Ancora)
contain reworked spherules and evidence of seiche/swash
back deposits, whereas the most updip sites are either di-
astemic or have iridium at lower concentration over intervals
of tens of centimeters due to bioturbation (Esmeray-Senlet et
al., 2015, 2017). The proposed Atsion site is likely to recover
seiche/swash back deposits, and the proposed Batsto site
should provide a continuous record like Bass River. These
cores should recover evidence of the latest Maastrichtian
warming event associated with Deccan volcanism ~ 300 kyr
before the K-Pg boundary (e.g., Barnet et al., 2018); this
warming was recorded and calibrated to magnetostratigra-
phy at Bass River (Olsson et al., 2002). A high-resolution
record from the uppermost Cretaceous could inform whether
this event caused significant ecosystem changes prior to the
asteroid impact. The K-Pg will not be sampled in Maryland
and Virginia sites where the upper Cretaceous and lower Da-
nian is truncated, and we suspect that it is similarly truncated
in Delaware.

6.7 What can we learn from post-Eocene climate
records?

Post-Eocene sediments will be of value to ongoing studies
focused on the Late Pliocene and Middle Miocene, inter-
vals of past global warmth that are similar to our modern
climate in terms of the rate of change and/or the magnitude
of atmospheric CO, concentration and average global tem-
perature. The mid-Piacenzian warm period (~ 3.3 to 3.0 Ma)
during the Late Pliocene represents a final warm pulse be-
fore Earth’s climate deteriorated into Pleistocene glacial—
interglacial cycles, and the Miocene Climatic Optimum
(~ 17-15Ma) was a warm period atop an already warm cli-
mate, similar to our current warming. Climate transitions
into the mid-Piacenzian warm period (rapid warming at
~3.3-3.2Ma) and out of the Miocene Climatic Optimum
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(slow cooling during the Middle Miocene Climate Transi-
tion; ~ 15—-13 Ma) are also valuable targets as they represent
rapid changes in global temperature, sea level, ice volume,
and oceanic circulation. Previous analyses from the mid-
Atlantic Coastal Plain indicate that various foraminifer and
biomarker-based proxies provide high-quality reconstruc-
tions for these time periods (de Bar et al., 2019; Dowsett et
al., 2021; Robinson et al., 2022).

7 Summary

The Paleocene—Eocene Thermal Maximum (PETM) is an es-
sential target of climate study because it is the closest geolog-
ical analog to modern anthropogenic CO;, emissions. Even
after decades of study, however, the cause(s) of and responses
to the PETM remain enigmatic and intriguing. Because the
rate of deposition of the PETM sediments on the US mid-
Atlantic shelf was at least an order of magnitude higher than
that of concurrent sediments in the deep sea, coastal plain
sediments have the potential to resolve centennial and up to
decadal climatic variability and to provide exceptional (sub-
millennial) temporal resolution. The discontinuous nature of
coastal sedimentation, however, requires numerous sites to
constrain events like the POE, PETM, and Eocene hyperther-
mals.

Workshop participants identified 10 sites for PETM
drill holes that target the POE, the CIE onset, the rapidly de-
posited Marlboro Clay, and other Eocene hyperthermals. To
reduce the uncertainty in recovering our target interval, we
used data from existing core holes and extensive well logs to
construct isopach maps and precisely target thick PETM sec-
tions in eight of the proposed core holes. Drilling two cores
where little data are available will provide an excellent op-
portunity to gain pioneering new information. In our post-
drilling research, we will not only address the PETM as the
most prominent carbon isotope excursion and carbon release
of the Cenozoic, but we will also address multiple examples
of rapid warming in the latest Paleocene to early Eocene.
Though the PETM is arguably the best analog to our rapidly
warming climate, the POE and early Eocene hyperthermals
provide additional points of comparison for other anthro-
pogenic carbon emission scenarios. Each provides valuable
insights into different Earth system responses and feedbacks.

Data availability. Well log data used to predict the pres-
ence of the Marlboro Clay in Maryland and Virginia can
be found in a U.S. Geological Survey Data Release at
https://doi.org/10.5066/P9AHPIBC (Crider et al., 2022). ODP Leg
150X and ODP Leg 174X data used to predict Marlboro Clay thick-
ness in New Jersey are available through the ODP website. Ad-
ditional well log data for New Jersey and Delaware are unpub-
lished and reside at Rutgers University and with the New Jersey
and Delaware state geological surveys.
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Abstract. Silicic caldera volcanoes present major volcanic and seismic hazards but also host dynamic hy-
drothermal and groundwater systems and a rich but largely unexplored subsurface biosphere. Many of these
volcanoes are hosted in rift settings. The intricate connections and feedbacks among magmatism, rifting, hy-
drothermal processes, and the biosphere in these complex systems remain poorly understood, necessitating sub-
surface joint observations that are only enabled by scientific drilling. The CALDERA (Connections Among Life,
geo-Dynamics and Eruptions in a Rifting Arc caldera) project workshop funded by the International Continental
Scientific Drilling Program (ICDP) gathered multi-disciplinary international experts in January 2023 to advance
planning of a scientific drilling project within one of these dynamic, rift-hosted calderas, the Okataina Volcanic
Centre (OVC), Aotearoa New Zealand.

The OVC'’s high eruption rate, frequent unrest events and earthquake swarms, location in a densely faulted
rapidly extending rift, abundant groundwater—geothermal fluid circulations, and diverse surface hot spring mi-
crobiota make it an ideal location for exploring a connected geo-hydro-biosphere via scientific drilling and de-
veloping a test bed for novel volcano monitoring approaches. Drilling configurations with at least two boreholes
(~200 and ~ 1000-1500 m deep) were favoured to achieve the multi-disciplinary objectives of the CALDERA
project. Decadal monitoring including biosphere activity and composition has the potential to evaluate the re-
sponse of the hydro-bio system to volcano-tectonic activity. In addition to the OVC caldera-scale datasets already
available, site surveys will be conducted to select the best drilling locations.

The CALDERA project at the OVC would provide, for the first time, an understanding of volcanic—tectonic—
hydrological-biological connections in a caldera-rift system and a baseline for global comparisons with other
volcanoes, rifts, and hydrothermal systems. CALDERA would serve as an unprecedented model system to un-
derstand how and how quickly the subsurface biosphere responds to geologic activities. Discoveries will improve
assessment of volcanic and seismic hazards, guide the sustainable management and/or conservation of ground-
water and geothermal resources and microbial ecosystems, and provide a forum for interweaving matauranga

Maori and Western knowledge systems.

Karakia Whakawatea

Unuhia unuhia

Unuhia te urutapu nui kia watea

Kia mama te ngakau, te tinana me te wairua
Koia ra e Rongo, whakairia ake ki runga
Kia tina! Tina

Haumi e, Hui e, Taiki e

Draw away, draw away

Draw away the sacredness and let us be free
Let our hearts, bodies and spirit be unburdened
Oh Rongo suspend this plea up high

And let it be affirmed

Let it be binding, together, all in agreement

As per Maori custom, we start and end this paper (korero)
with a karakia provided in Te Reo Maori for CALDERA. A
karakia is a prayer of respect and thanks to Papattianuku our
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Earth mother and sky father Ranginui, as well as to the taiao
(environment) that gives us life.

1 Introduction

Caldera-rift settings are ideal for unravelling the connec-
tions between volcanic, tectonic, hydrologic, and microbial
processes, both between and during episodes of volcanic
or tectonic unrest, which are poorly understood (Fig. 1).
Caldera volcanoes generate the largest explosive eruptions on
Earth by rapidly emptying their magma reservoir in associa-
tion with earthquakes (Self, 2006). However, the geological
drivers of caldera eruptions and earthquakes, their size, their
interactions, and their timescales are poorly understood (Hil-
ley et al., 2022). This limits our ability to discern whether sig-
nals of activity (e.g. seismicity and ground deformation) are
due to volcanic unrest, imminent eruption, or solely tectonic
rifting. The combination of a large magmatic heat source and
crustal fracturing (e.g. caldera collapse, rift faults, and frac-
ture networks) results in dynamic and complex fluid circu-
lations that need to be better understood to sustainably use
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Figure 1. Overview of CALDERA: topics (orange dots) along con-
nected themes (dark-green circles, with a Te Reo Maori language
equivalent). Matauranga Maori (Indigenous knowledge) is intended
to be embedded throughout the project.

geothermal and groundwater resources. In hydrothermal set-
tings, little is known about subsurface microbial diversity and
how the function and structure of microbial communities re-
act to changes in subsurface processes, either natural (e.g.
groundwater recharge, earthquakes, or volcanic activity) or
from utilisation of resources (e.g. geothermal or groundwa-
ter) (Cluff et al., 2014; Mu and Moreau, 2015). Also un-
known are the effects that these changes may have on sur-
face ecosystems (e.g. modulation of greenhouse gases and
fluid chemistry).

Multiple feedbacks observed between processes in
caldera-rift settings have not been fully reconciled. Faulting
and deep basaltic injection, both enhanced by rifting, alter
crustal stresses, pore pressures, and magma body overpres-
sures, in some cases triggering voluminous silicic caldera-
forming eruptions (Hughes and Mahood, 2011; Allan et al.,
2012; Morgavi et al., 2017; Zhan and Gregg, 2019). Fault
geometries and activities depend on in situ stress at vari-
ous temporal and spatial scales, fluid pressure and composi-
tion, and rock properties. In turn, rock properties depend on
the primary rock type and evolving water—rock interactions.
Fluid pathways and compositions are complex due to vari-
able lithologies, hydrothermal alteration, faults, and stress
fields, all modulated by volcano-tectonic activity (Wilson
and Rowland, 2016). The circulation of mixed hydrothermal
and cold meteoric fluids affects the thermal and mechanical
states of the crust, which in turn influence the thresholds for
both magma chamber failure and fault rupture (Jolie et al.,
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2016). The deep biosphere composition and activity depend
on fluid and rock compositions (Gold, 1992). Conversely,
subsurface microorganisms modify rock and fluid properties,
likely creating feedback loops traversing deep and surficial
processes.

Understanding these connected processes is important for
informing strategies to (1) increase resilience to geohazards
and (2) adapt to climate change by sustainably conserving
and managing geothermal and groundwater resources and
their ecosystems, developing biotechnologies, and better un-
derstanding elemental cycling for greenhouse gas budgets.
Views from local communities, especially Indigenous groups
that are closely related to the land (through ancestry, spiritu-
ality, use of resources, and wellbeing), are key to developing
robust strategies alongside scientific findings.

Multi-disciplinary data arising from scientific drilling have
high potential to unravel geo-hydro-bio processes in caldera—
rift settings. The Okataina Volcanic Centre (OVC) in the
Taupo Volcanic Zone (TVZ), Aotearoa New Zealand, is ide-
ally suited for such an endeavour because it is one of Earth’s
most active calderas, it interacts with the rapidly extending
Taupd Rift, and it hosts active groundwater—geothermal sys-
tems and a varied biosphere in hot springs (Fig. 2). Insights
made by scientific drilling at the OVC will support under-
standing of those connected processes worldwide.

This paper summarises the outcomes of an international
workshop that advanced planning of the Connections Among
Life, geo-Dynamics and Eruptions in a Rifting Arc caldera
(CALDERA) scientific drilling concept. Supported by the In-
ternational Continental Scientific Drilling Program (ICDP),
the workshop resulted in an interdisciplinary science plan. In
this paper, we start by presenting the OVC and the goal of
interweaving matauranga Maori (Indigenous knowledge) in
the project. Then, we articulate CALDERA’s research aims
and how they address global societal challenges. Finally, we
summarise strategies for successfully conducting the project.

1.1  The Okataina Volcanic Centre, Aotearoa New
Zealand: a landmark system

The OVC is ideally positioned to address global scientific
and societal needs. The OVC is one of two giant active
calderas in the TVZ, located within the major active fault sys-
tem of the Taupd Rift (Cole et al., 2014). The OVC is ranked
as Aotearoa New Zealand’s highest threat volcano (Miller
and Jolly, 2014; Miller et al., 2022a).

The OVC is one of the most frequently active rhyolite vol-
canic centres on Earth (> 150km® of magma erupted over
the last ~ 50—60 000 years; Nairn, 2002; Wilson et al., 2009),
driven by high rates of mantle melting and rapid intra-arc
continental rifting (Taupd Rift) (Houghton et al., 1995; Wil-
son et al., 1995; Nairn, 2002; Cole et al., 2014; Villamor et
al., 2017a; Barker et al., 2020). During its known ~ 625 kyr
volcanic history, the OVC has experienced two definite
caldera-forming eruptions (Matahina, ~ 322 ka, and Rotoiti,
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50-60ka). Additional caldera subsidence may have occurred
during eruption of the Utu/Quartz-Biotite (~557ka) and
Kawerau (~33ka) ignimbrites (Nairn, 2002; Cole et al.,
2014; Miller et al., 2022b). These major events bracket nu-
merous smaller intra-caldera explosive events and dome-
building episodes (e.g. Nairn, 2002). Plinian-scale basalt and
rhyolite eruptions have occurred from the same vent sys-
tems (Nairn, 2002; Cole et al., 2014), yielding opportunities
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to sample varied materials from a single location. The lat-
est OVC eruption occurred in 1886 AD at Tarawera Maunga
(mountain). Although of a small size for the OVC, the 1886
basaltic eruption cost the lives of ~ 120 people and heavily
impacted local Maori (Rowe et al., 2021). Numerous exam-
ples of paleo-earthquakes, in certain cases associated with
volcanic eruptions, have been documented on active faults of
the Taupo Rift just outside the OVC (Berryman et al., 2022;
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Villamor et al., 2022). The OVC region is seismically ac-
tive and has experienced three seismic swarms in the past
15 years (Benson et al., 2021; Bannister et al., 2022).

The heat from several hydrothermal systems outflowing
on the edges of the caldera is inferred to come from the deep
magmatic complex in the centre of the caldera (Bertrand et
al., 2022). Magmatic fluids interact with abundant freshwa-
ter, including groundwater, rivers, lakes, and rainfall of 1.5—
Zmyr_1 (Giggenbach, 1995; Mazot et al., 2014; Simpson
and Bignall, 2016; Hughes et al., 2019; Pearson-Grant et al.,
2022; Yang et al., 2023). Diverse microbiota have been iden-
tified in the caldera and rift-straddling Waimangu geothermal
field (Power et al., 2018, 2024). The absence of geothermal
fluid extraction makes the OVC a rare pristine system largely
unaltered by human activities.

The OVC has been extensively studied from the surface
for decades (Fig. 3, Table S1 in the Supplement). This
will enable integration of detailed borehole data in the re-
gional and local contexts to generate transformational re-
search. The record of eruptions since the last caldera-forming
event (50-60ka) is very well documented (e.g. Nairn, 2002)
and will allow correlations across boreholes, but small erup-
tions may still be missing, and the older record is incom-
plete. The volcano-tectonic paleoseismic record is possibly
the best in the world. Natural hazard monitoring data (seis-
micity, geodetics, and chemistry) collected by the GeoNet
programme are publicly available.

1.2 Matauranga Maori (Indigenous knowledge)

Indigenous knowledge systems are based on intergenera-
tional holistic observation and location-based experience.
They are founded on the same principles of hypothesis test-
ing and re-evaluation that underpin contemporary Earth and
biological sciences (Lazrus et al., 2022). In Aotearoa New
Zealand, the Maori Indigenous Knowledge System is re-
ferred to as matauranga. Matauranga is defined as the “pur-
suit and application of knowledge and understanding of te ta-
iao [the environment], following a systematic methodology
based on evidence, incorporating culture, values and world
views” (Hikuroa, 2017). The holistic approach in matauranga
that includes connections between all aspects of te taiao has
great potential to enrich the project outcomes (e.g. Taute et
al., 2022).

It is a goal of the CALDERA project to co-design the
project with mana whenua (Maori that hold rangatiratanga —
sovereignty) and to interweave matauranga through the life-
cycle of the project to ensure the research serves both mana
whenua and scientists. Our aim is that mana whenua will be
able to contribute to, and directly benefit from, the research
findings and their impacts on resilience to hazards, sustain-
able management of resources and ecosystems, and biotech-
nology development potential. A bi-cultural outreach pro-
gramme will particularly benefit rangatahi (the young gener-
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ation) to support them in becoming next-generation thought
leaders.

1.3 Workshop organisation

The CALDERA workshop was held on 24-27 January 2023.
Over 40 scientists from 13 countries attended the workshop
at Tauranga, Waikato University Campus, Aotearoa New
Zealand. An additional nine scientists from four countries
participated online. The group covered all disciplines of the
project and career stages including students and early-career
and senior scientists. Representatives from local government
(Bay of Plenty Regional Council, Waikato Regional Coun-
cil) and drillers (Webster Drilling, Contact Energy Ltd) also
contributed to parts of the workshop.

The workshop started with a mihi whakatau (Maori wel-
come ceremony) by the kaumatua (elder) of the Waikato Uni-
versity campus. Tiipene Marr (Te mana o te Ngati Rangi-
tihi) introduced the participants to some historical and cul-
tural Maori aspects of the region, followed by a question-
and-answer session. Maori aspects were further discussed
throughout the workshop, including during the field trip to
the Lake Tarawera, Paeroa Fault, and Waimangu geothermal
systems.

Prior to the workshop, participants were asked to priori-
tise the research questions proposed in the ICDP workshop
proposal through an online form. This facilitated discussions
during the workshop towards addressing recommendations
from the ICDP review panel. About two-thirds of the time
was dedicated to discussions in breakout groups of single-
or cross-discipline and full-group discussions. Opportunities
for sharing of knowledge between local Maori and the sci-
ence team, as well as general education and outreach activ-
ities, were discussed. Numerous workshop participants have
already conducted outreach activities, including with Indige-
nous communities, which will facilitate the development of
a compelling outreach programme.

2 Global research needs in active caldera-rift
systems: CALDERA science plan

2.1 CALDERA aims

The goal of CALDERA is to illuminate the spatiotemporal
connections and feedbacks between volcanic, tectonic, hy-
drological, and biological processes that are especially clear
in a caldera-rift setting. The project will advance the grand
challenge of resolving the factors underpinning the distribu-
tion, abundance, diversity, and activity of deep subsurface
biospheres. Associated monitoring data will reveal how and
how quickly the system responds to volcanic and tectonic un-
rest. The project will involve matauranga Maori for a holistic
understanding.

The multi-disciplinary objectives encompass three overar-
ching research topics that will be investigated through sci-
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Figure 3. Regional geophysical data around the OVC suggesting a magma reservoir at > 7 km, known active faults (red lines in panels
(a)—(d)), topographical margin of the OVC (black line), and relocated seismicity (black dots). (a) Residual gravity anomaly (Miller et al.,
2022b). (b) P-wave velocity at 3 + 2 km depth (Bannister et al., 2022). (¢) Magnetotelluric resistivity model at 4 km (Bertrand et al., 2022).
(d) pH of some of the hydrothermal features sampled for the fluid chemistry and biosphere during the 1000-spring project in a subset area of
the OVC (Power et al., 2018). (e) Cross section with inferred structures from gravity (extent in panel (a)).
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entific drilling to provide a step change in the understanding
of

1. the build-up to eruptions of different sizes, includ-
ing caldera-forming eruptions using the past volcano-
tectonic interactions and pre-caldera-forming volcano
stratigraphys;

2. how fluid properties and pathways are modulated by
volcano-tectonic processes, which influence hydrother-
mal alteration through time; and how monitoring of
fluid property changes contributes to interpreting sig-
nals of volcano-tectonic unrest; and

3. how subsurface microorganisms are varied in composi-
tion, diversity, and function and sensitively respond to
volcano-tectonic activity. The CALDERA project will
test whether subsurface microorganisms could serve as
early indicators of volcano and/or tectonic events.

Datasets collected during CALDERA will also address a
wide range of secondary objectives and contribute to global
topics such as volcanic rift basin initiation in active continen-
tal margins, rift and volcanic arc evolution, and formation of
ore deposits.

2.2 Topic 1: volcanoes, tectonics, and their interactions

Understanding how, when, and why calderas erupt remains
among the greatest challenges in Earth sciences because
calderas are intrinsically challenging to study, understand,
and monitor (Wilson et al., 2021; Sparks et al., 2022). Firstly,
deposits from their early eruptions are usually deeply buried
or destroyed by later catastrophic eruptions and subsidence,
so little is known about the nature, timing, and size of early
caldera eruptions or how their magmatic systems mature and
evolve towards catastrophic events (Bouvet de Maisonneuve
et al., 2021). Secondly, caldera volcanoes are famously rest-
less, but the origins of the unrest are often equivocal, and
most unrest episodes do not culminate in eruptions (e.g.
Sparks, 2003; Lowenstern et al., 2006; Acocella et al., 2016;
Costa, 2021; Illsley-Kemp et al., 2021; Scarpa et al., 2022).
Thirdly, caldera behaviour is complex, as it is modulated by
interactions between local (volcano-related) stresses and re-
gional stresses and deep magmatic processes that are difficult
to disentangle and that may involve complex and non-linear
feedbacks (e.g. Bursik et al., 2003; Rowland et al., 2010; Al-
lan et al., 2012; Cabaniss et al., 2018; Muirhead et al., 2022).

Expanding the detailed records of past eruptions is needed
to interpret past volcano-tectonic interaction events and help
assess tipping points for caldera unrest. Causal relationships
between individual earthquakes and volcanic eruptions have
been documented over distances that can reach up to hun-
dreds of kilometres but more commonly tens of kilometres
(e.g. Linde and Sacks, 1998; Hill et al., 2002; Marzocchi,
2002). The prehistoric record of triggering of volcanic erup-
tions by large earthquakes and vice versa is world-class at

https://doi.org/10.5194/sd-33-67-2024

73

the OVC but still likely incomplete (e.g. Bursik et al., 2003;
Berryman et al., 2008, 2022; Muirhead et al., 2022; Villamor
et al., 2011, 2022). Historic examples of caldera eruptions
are scarce (Hildreth, 1991; Abe, 1992), and the role or sig-
nificance of large earthquakes within the unrest sequence is
difficult to discern in the absence of detailed unrest monitor-
ing.

Crustal structure and magma dynamics are intimately
linked at all scales, but how this interaction occurs remains
poorly constrained (Walter and Amelung, 2007; Mahony et
al., 2011; Villamor et al., 2017a; Oliva et al., 2019). The
weakening of the crust by a magma reservoir influences the
location, style, and rates of activity of faults in colder areas of
the adjacent rift (van Wyk de Vries and Merle, 1996; Lahitte
et al., 2003; Ellis et al., 2014; Villamor et al., 2017a, 2022),
yet modelling relies on incomplete data (Corti, 2012). Fault
rupture occurs due to increased stresses and/or fluid pressure
on the fault plane (Byerlee and Savage, 1992). While stresses
from magma dynamics and fault ruptures have been quanti-
fied for decades (Stein, 1999; Ruz-Ginouves et al., 2021),
changes in fluid pressure during these processes are difficult
to quantify without direct measurements.

Accessing the subsurface of caldera—rift systems via scien-
tific drilling is needed to address these challenges by (1) sam-
pling thin or deeply buried early eruption deposits to com-
plete eruption histories, understand volcanic evolution prior
to a large caldera-forming event, and infer influences on
rift evolution; (2) revealing the internal rock composition,
structure, and properties of fault zones (e.g. strength, perme-
ability); (3) measuring in situ stresses; and (4) monitoring
strain, seismicity, and fluid properties to guide interpretation
of unrest. Downhole monitoring of faults near the caldera,
together with regional volcano-tectonic monitoring and de-
tailed understanding of past events, is needed to understand
the faults’ changing conditions caused by volcanic unrest,
rifting, or both. These will contribute to assessing whether
unrest may lead to an eruption, a large earthquake, or both.

2.3 Topic 2: fluid properties, pathways, and water—rock
interactions

2.3.1 Hydrology, fluid properties, and structural
permeability

The origin and chemistry of fluids in magmatic—
hydrothermal systems are complex. Deep fluids at lithostatic
pressure near the magmatic heat source (superheated or su-
percritical fluid, saline or hypersaline brines rich in volatiles)
mix with meteoric waters to yield fluids in the liquid or
vapour phase, circulating at shallow levels at or below
hydrostatic pressure. Conceptual models of hydrothermal
systems suggest that the low-permeability zone around
the brittle-ductile transition is episodically penetrated by
magmatic volatiles in response to stress and strain changes
(e.g. Hayba and Ingebritsen, 1997; Fournier, 1999; Scott
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et al.,, 2015). Validating these models and investigating
the continuous interplay among magmatic and geothermal
fluids and freshwater require monitoring of the chemistry of
subsurface hydrothermal fluids that reflect magmatic inputs
in a pristine system not modified by geothermal energy
developments.

Fluid flow paths in caldera—rift systems are strongly con-
trolled by fracture networks (e.g. Arnérsson, 1995; Norini et
al., 2019; Rowland and Simmons, 2012) and typically diffi-
cult to evaluate. Fracture networks are determined by com-
peting factors that are insufficiently understood individually
and in conjunction: (1) spatiotemporal connections between
rift and caldera fault systems among regional fractures (Aco-
cella, 2014; Villamor et al., 2017a); (2) fracture kinemat-
ics with respect to crustal stress states (Sibson, 2000) and
connectivity among fractures (Sanderson and Nixon, 2015);
(3) fluid—rock interaction processes that vary with fluid pres-
sure and chemistry (McNamara et al., 2016; Zucchi et al.,
2017; Uno et al., 2022); (4) in situ stress variations aris-
ing from fluid-pressure changes (sealing during progressive
magma cooling) and gravitational collapses (Somr et al.,
2023); and (5) repeated volcanic and tectonic events that
maintain fluid circulations from deep to shallow (Shapiro et
al., 2017). Volcanic and lake sediments also contribute to a
heterogeneous permeability within calderas that is difficult to
assess from the surface. Ground deformation caused by vol-
canic and rifting processes also influences the fracture net-
work connectivity and fluid conditions (Battaglia et al., 2006;
Gottsmann et al., 2007; Hutnak et al., 2009).

Only co-located measurements of rock and fracture prop-
erties, in situ stress, and fluid compositions and pathways
can clarify connections among the factors that drive fault
activity and permeability. Caldera—rift systems are ideal for
exploring these unresolved processes because they host in-
tense fluid circulations driven by large heat sources and
with faults that are often reactivated. Drilling is required
to (1) identify flow paths and quantify the mixing between
meteoric recharge (including multi-layer aquifers) and deep
magmatic—hydrothermal fluids, including in response to vol-
canic unrest or fault activity; (2) access depths where flu-
ids are less or not affected by surface water bodies and
shallow groundwater; and (3) obtain cores to characterise
the fracture network and its evolution through past volcano-
tectonic events. Downhole monitoring is the best way to
identify changes in fluid composition in response to vol-
canic or tectonic activity. These subsurface data are needed
to parametrise hydro-mechanical models, with implications
for biosphere studies.

2.3.2 Volcanic rock properties and evolution of
hydrothermal alteration

Volcanic rock properties underpin the understanding of vol-
canic and hydrothermal systems. These fundamental datasets
and concepts are needed to interpret geophysical surveys
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and calibrate models of deformation (faulting, caldera col-
lapse), hydrology, and how mineral composition affects the
deep biosphere. In turn, these models are needed to inter-
pret signals of tectonic and volcanic activity. Hydrothermal
alteration types and kinematics are driven by the combina-
tion of (1) host rock mineralogy; (2) subsurface fluid chem-
istry; (3) fluid pathways; and (4) pressure and temperature
conditions. The interpretation of the evolution of hydrother-
mal alteration and how it changes volcanic rock properties
is insufficiently constrained globally due to the scarcity of
multi-scale borehole data.

The evolution of hydrothermal alteration has contrasting
and variable effects on volcanic rock properties. Argillic
alteration can alternately increase porosity and weaken
rocks (Wyering et al., 2014) or decrease permeability and
strengthen rocks (Mordensky et al., 2018; Nicolas et al.,
2020). Acid-sulfate alteration on andesitic rocks can increase
(Kennedy et al., 2020; Kanakiya et al., 2021a) or decrease
(Heap et al., 2019) porosity and permeability. The original
rock microstructure, especially porosity and permeability, in-
fluences hydrothermal alteration (Mordensky et al., 2019;
Heap and Violay, 2021), but the original volcanic rock prop-
erties have been characterised for only a few lithologies sam-
pled at different stratigraphic intervals or localities (Pola et
al., 2014; Mordensky et al., 2019; Kanakiya et al., 2021a).
Laboratory experimental studies have primarily focused on
the influence of hydrothermal alteration upon fluid pathway
evolution (Pola et al., 2014; Wyering et al., 2014), rheology
and strength (Heap and Violay, 2021), elastic wave velocities
(Kanakiya et al., 2021a), resistivity (Komori et al., 2013),
and magnetisation (Kanakiya et al., 2021b). Extrapolating to
the field scale to understand how hydrothermal alteration in-
fluences deformation and geophysical signatures requires in
situ microscale-to-macroscale data.

Scientific drilling is the only way to jointly provide
cores, geophysical logs, subsurface fluid samples, and in situ
stress measurements that are necessary to identify (1) key
geochemical-mechanical processes that govern the evolu-
tion of volcanic rock properties and (2) the thermochemical—
biological processes that facilitate subsurface mineral growth
and dissolution. The varied rock textures and intense fluid
circulations that likely changed through time make caldera—
rift systems excellent localities to understand interactions be-
tween fluids (magmatic and meteoric) and different litholo-
gies, both within and outside fault zones.

2.4 Topic 3: deep biosphere diversity, function, and
geobiological interactions

Very little is known of the extent of deep subsurface bio-
spheres, how they are sustained, how they respond to ge-
ologic processes (e.g. seismic or magmatic activity), and
how they alter fluid or rock properties. This is due in large
part to logistical difficulties in accessing suitable environ-
ments or samples for study and, more importantly, in coor-
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dinating sampling events with geologic events (e.g. earth-
quakes). Fluid build-up in volcanic environments can be re-
leased through seismic activity, with localised subsurface ef-
fects occurring in both local and linked, but distinct, geother-
mal systems (Payne et al., 2019). Further, low-magnitude
seismic events may increase the connectivity of fluids in the
subsurface, expose fresh mineral surfaces for water—rock in-
teractions, and release trapped substrates or even generate
new substrates (e.g. methane, hydrogen, hydrogen perox-
ide, or sulfate) capable of supporting microbial metabolisms
(Telling et al., 2015; Stone et al., 2022). Finally, extensive
fracturing and faults in caldera—rift systems permit fluid flow
that can further concentrate volcanically derived volatiles
(e.g. CO; or HyS) (Lowenstern et al., 2015) that can support
subsurface microbiomes.

Collectively, these observations offer a compelling argu-
ment for seismic and volcanic activity directly supporting
subsurface microbial activity, although the characteristics,
magnitudes, and timescales of such responses are only begin-
ning to be studied (e.g. Payne et al., 2019). There is therefore
a critical need to develop new approaches, techniques, and
infrastructure to assess responses of subsurface biospheres to
geologic processes, particularly in volcanically and seismi-
cally active regions. As of now, they are mainly investigated
through their surface manifestations (hot springs), which in-
dicate that subsurface microbial communities are acutely re-
sponsive and sensitive to spatial changes in the physico-
chemical composition of aquifers sourcing the springs (Col-
man et al., 2021; Fullerton et al., 2021; Power et al., 2023).
Collectively, these studies are strong indicators that subsur-
face litho-autotrophic microbial ecosystems (SIiMEs) in hy-
drothermal systems would similarly be responsive to input of
geogenic electron donors or acceptors, regardless of the pro-
cess involved (e.g. increased connectivity of aquifers, release
of fluid inclusions, or increased water—rock interactions).

In addition to the influences of geophysical, geochemical,
and hydrological processes on subsurface biospheres, micro-
bial activities also exert feedback that can alter subsurface
fluid, rock, and mineral properties. However, little is known
of the extent of microbial influences on these properties, and
particularly at temperatures greater than 40 °C (Magnabosco
et al., 2018). Indirect evidence from surface features sug-
gests that subsurface microbial communities alter hydrother-
mal fluid compositions through their metabolism of inor-
ganic substrates, the acidification of hydrothermal waters
(Mosser et al., 1973; Nordstrom et al., 2005; Colman et al.,
2022), consumption of gases (e.g. Hy and CHs) (Wankel et
al., 2011), alteration of minerals (Casar et al., 2020; Temple-
ton and Caro, 2023), and precipitation of minerals (e.g. cal-
cite) (Barry et al., 2019). The extent of these activities, their
potential to significantly alter mineral assemblages, and their
ability to predict geologic events remain poorly understood.

Scientific drilling is the only way to coordinate sampling
subsurface fluids and the SIiMEs they support to address the
critical need to identify the temporal nature and indicators
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of functional responses with volcanic and tectonic events
common to caldera systems. Borehole monitoring provides
the required natural observatory to explore the feedbacks be-
tween microbial activity, the geosphere, and the hydrosphere.
The diversity of magmatic and hydrothermal processes at the
OVC implies a similar diversity of such ecosystems, both
spatially and temporally, including in a borehole connected
to fluids at varied temperature and composition.

2.5 Summary: scientific drilling in caldera—rift settings
can best address global knowledge gaps

Calderas located in rifts are ideal natural laboratories for ad-
dressing CALDERA’s research topics and global knowledge
gaps. In caldera-rift systems, volcanic eruptions and earth-
quakes occur frequently, both separately and together, mak-
ing them ideal environments for identifying and evaluating
precursors of eruptions of varied sizes and styles. Large heat
sources and faults result in dynamic fluid circulations that
support a diverse biosphere.

Only scientific drilling can provide the subsurface, con-
tinuous, multi-disciplinary, and high-resolution records insu-
lated from surface processes and furthermore provide later
access for decadal monitoring. While there are thousands of
boreholes for commercial geothermal energy use in terres-
trial calderas, access to data from these boreholes is com-
monly limited by both technical constraints imposed by
high temperatures (> 150 °C) and confidentiality. Ground-
water wells are shallow (< 100 m) and often lack cores. Hot
springs are often unsuitable analogues to the deep hydrother-
mal fluids and biosphere because they are subject to exten-
sive mixing with near-surface fluids and are infused by ox-
idised atmospheric gases that exert strong influences on hot
spring microbiology (Colman et al., 2019). Ocean scientific
drillings in hydrothermal settings have investigated aspects
such as seawater-rock interactions (Bach et al., 2003), but
they remain sparse, cannot be directly transferred to low-
salinity systems, and rarely involve in situ stress measure-
ments or monitoring. The CALDERA programme is ideally
positioned to address multiple knowledge gaps.

2.6 Lessons arising from CALDERA will be applicable
globally

The CALDERA project proposes, for the first time, to
develop understanding of the complete volcanic—tectonic—
hydrological-biological system in a caldera—rift system. Mu-
tually enriching relationships with communities, including
Indigenous Maori, will advance good practice guidelines for
such projects globally.

The new multi-disciplinary datasets and models developed
at the OVC will unlock understanding at other volcanoes,
calderas, rifts, and hydrothermal systems. The precursors to
earthquakes and volcanic eruptions identified at the OVC
will be transferable to caldera systems globally. Clarification
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of feedbacks between magmatic or meteoric fluid flow and
faults will be generally applicable to improving understand-
ing of crustal processes and assessing geohazards and the
sustainable use of resources. Findings on volcanic rock prop-
erties and evolutionary alteration processes will significantly
grow the global dataset. The OVC will serve as an unprece-
dented model system to quantify the influence of seismicity
and volcanic unrest on the activity and function of microbial
communities, resulting in a comprehensive understanding of
global subsurface biosphere activities and responsiveness to
associated environmental drivers.

By targeting moderate temperatures (40-150°C) and
groundwater—hydrothermal systems, CALDERA is comple-
mentary to other scientific drilling projects targeting deeper
supercritical and magma systems (e.g. Newberry — NDDP,
USA; Krafla— KMT and IDDP, Iceland; Japan — JBBP). With
the clear expression of the Taupd Rift, CALDERA is comple-
mentary to the ICDP/IODP project at the partly submerged
and weakly rifted Campi Flegrei caldera (Italy, De Natale et
al., 2016). IODP expeditions to Brothers Volcano in the Ker-
madec Arc offshore New Zealand (Expedition 376, de Ronde
et al., 2019) and to the Hellenic Arc Volcanic Field (Expedi-
tion 398, Druitt et al., 2022) will provide onshore—offshore
comparisons of arc volcanisms, caldera processes, and reac-
tions of ecosystems to volcanic eruptions.

3 Societal relevance

In addition to increased scientific understanding of Earth pro-
cesses occurring in rifted calderas, CALDERA will signifi-
cantly contribute to improving societal goals.

3.1 Geohazards: increase resilience to volcanic and
seismic hazards

A major caldera-forming eruption (volcanic explosivity in-
dex VEI > 6-7) would have severe human, economic, and
climatic repercussions globally (Self, 2006). While smaller
eruptions are less devastating than large ones, their higher
frequency may pose the most significant risks to local and
regional communities and can lead to national-scale social
and economic disruption (e.g. the 1886 Tarawera eruption
at the OVC; Rowe et al., 2021). Earthquakes that occur
during volcanic eruptions (sometimes M > 6.0; Villamor et
al., 2011) are difficult to include in seismic hazard models.
Caldera unrest generates high interest and concern among lo-
cal communities (e.g. during the 2022 Taupo caldera unrest,
Aotearoa New Zealand). A global analysis by the European
Science Foundation calculated the benefits of understanding
and monitoring supervolcanoes at USD 0.5-3.5 billion per
annum (Plag et al., 2015).

Converting scientific knowledge into tailored hazard plan-
ning advice allows decision-makers to better anticipate and
assess the volcanic and seismic hazards through optimised
monitoring and education programmes, leading to improved
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community resilience. This outcome is aligned with ICDP
Theme 2 Geohazards and addresses key targets of the UN-
DRR - Sendai framework For Disaster Risk Reduction
2015-2030.

3.2 Georesources: foster the sustainable use and
protection of hydrothermal and groundwater
resources

Large populations live near calderas and their geothermal
resources (e.g. in Kenya, Mexico, and Japan; Lund et al.,
2022). Communities also need access to freshwater for drink-
ing, farming, and recreational uses. Technologies to extract
metals (e.g. Au, Ag, or Li) and silica (Simmons et al., 2016)
and to store CO, are rapidly emerging in geothermal opera-
tions. Although geothermal energy is already produced from
calderas worldwide, new or expanded developments are lim-
ited by high economic risk due to limitations in (1) map-
ping heat sources, fluid pathways and fluid chemistry as well
as understanding their spatiotemporal variations (Jolie et al.,
2021); (2) quantifying meteoric water recharge; and (3) un-
derstanding links between subsurface and surface water fea-
tures that are important culturally, spiritually (especially for
Indigenous communities), economically (e.g. bathing, cook-
ing, and tourism), and generally for wellbeing.

Fostering the sustainable management, protection, and ac-
cess to hydrothermal and groundwater resources aligns with
ICDP Theme 3 Georesources, contributes to the UNESCO
sustainable development goals, and supports reduction of
CO; emissions under the Paris Agreement.

3.3 Deep biosphere

Microorganisms and their metabolic activities drive Earth’s
biogeochemical cycles that support and sustain global
ecosystem health (Falkowski et al., 2008). Geological pro-
cesses in continental hydrothermal systems (fluid circula-
tion inducing physicochemical variations, mineral precipita-
tion or dissolution) are known to drive microbial commu-
nity composition and activity (Fullerton et al., 2021), but less
is known about the responses of microbial communities to
rapid geological events like those in caldera-rift settings. The
extent, rate, and sensitivity of these responses remain to be
determined, constituting the next frontier of environmental
microbiology studies.

Understanding how and when such substrates are avail-
able to subsurface microbiomes is central to understand-
ing their role in Earth’s biogeochemical cycles and gener-
ally the development of Earth’s hydrosphere—atmosphere—
biosphere system (ICDP Theme 1, Geodynamic processes).
Moreover, a better-resolved understanding of subsurface
biosphere—geosphere interactions in active volcanic regions
would enable the development of microbial indicators of vol-
canic unrest (ICDP Theme 2, Geohazards). Finally, studies
of little-understood subsurface microbiomes would improve
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strategies for conserving and managing these critical micro-
bial ecosystems, improve estimates of greenhouse gas bud-
gets, promote new biotechnological developments includ-
ing renewable energy production and greenhouse gas storage
(ICDP Theme 3, Georesources), and inform the search for
life in rocky exoplanet subsurface settings.

4 Proposed strategies for scientific drilling

4.1 Dirilling plan

The CALDERA project aims to collect cores, geophysical
logs, in situ stress measurements, and downhole fluid sam-
ples and to provide long-term (ca. 10-year) borehole access
for monitoring. Borehole data will be interpreted in the con-
text of local- and regional-scale surface datasets. To achieve
the scientific and societal objectives, drilling must

— be located in a zone of active seismicity to test the fluid
and biosphere response to nearby earthquakes;

— intersect volcanic products pre-dating the last caldera-
forming eruption (Rotoiti Ignimbrite, ~ 55-60ka) that
are likely missing or poorly represented from surface
records;

— collect cores, downhole logs, and fluid samples across
an active permeable fault to reveal fault zone textures as
well as mechanical and hydraulic properties;

— measure the downhole pressure and temperature as
boreholes warm up to locate all permeable intervals and
measure the well injectivity and productivity;

— collect fluid samples to quantify the mixing between
meteoric recharge and deep magmatic—hydrothermal
fluids, sample the subsurface biosphere, and evaluate
their effects on mineral alterations;

— be located near hot springs to establish potential hy-
draulic and biosphere connections between the subsur-
face and surface, including in response to seismic or
volcanic activity;

— intersect the water table at shallow depth and high-
permeability rocks to allow for natural fluid recharge
within a few days, i.e. a timescale relevant for measur-
ing a microbial response;

— obtain cores from rocks not too hydrothermally altered
in at least some borehole sections to provide charac-
teristics of eruptions and a complete chronostratigraphy
(usually difficult for hydrothermally altered samples);

— collect cores and geophysical logs across a variety of
lithologies to maximise learning about volcanic rock
properties and fluid-rock interactions together with
their effects on fault properties, fluid circulations and
chemistry, and biosphere composition and activity;
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— reach 1000-1500 m depth to limit near-surface effects
on in situ stress measurements (topographic effects),
fluids, rock properties, and fault splays; and

— have at least parts of the boreholes at < 40-120 °C,
where the biosphere is readily detectable and known to
be active, and overall < 150 °C to be able to rely on con-
ventional downhole tools: a gentle temperature gradi-
ent would be ideal for evaluating changes in biosphere,
fluid, and rock properties as a function of temperature.

The precise drilling location, configuration, and activities
will be decided based on these scientific requirements to-
gether with landowners, local Maori, and regulatory agen-
cies. Lake beds and wahi tapu (sacred land) areas are ex-
cluded due to cultural sensitivity.

Social license will be carefully assessed during site sur-
veys, drilling planning, and drilling and monitoring through
community engagements, particularly regarding matauranga
and values. The CALDERA project does not seek to mod-
ify the volcanic environment, suppress natural processes, or
interact directly with magma, which will facilitate gaining
of community support. The scientific boreholes will be used
for monitoring rather than the continuous fluid extraction or
injection conducted in the numerous geothermal and ground-
water boreholes in the TVZ. Public risk perception of a po-
tential unforecasted volcanic or seismic event triggered by
drilling (Cassidy et al., 2023) will be mitigated in several
ways. First, extensive social engagement will communicate
that the project aims to monitor rather than modify the vol-
cano. Early communication about the volcano’s behaviour
prior to drilling, including potential periods of unrest (seis-
mic swarms), will lower the likelihood that a period of un-
rest may be perceived as caused by drilling. Second, deliber-
ately targeting the margins and outside parts of the caldera
and staying away from magma (spatially and with depth)
will decrease potential safety and ethical concerns. Third,
the project will follow current regulatory processes that re-
quire community support, low environmental impact, and
safety assessments. Obtaining regulatory permits will be fa-
cilitated by the ongoing discussions with regional councils
and their attendance at the workshop. Hundreds of geother-
mal, mineral, and water drillings have been conducted in the
TVZ since the 1950s, including at the nearby Kawerau and
Rotorua geothermal fields. None of these wells has inter-
sected magma and, due to the TVZ being a naturally seis-
mic area, induced microseismicity has not caused public con-
cern (Sherburn et al., 2015a, b). Finally, an evaluation and
risk mitigation plan will be conducted prior to drilling, us-
ing experience gained from drilling TVZ geothermal fields,
and in other ICDP projects (e.g. the DFDP-2 project target-
ing the Alpine Fault, Chamberlain et al., 2017; in prepara-
tion for magma drilling of the Krafla Magma Testbed, Ilic et
al., 2021). Those plans will be supported by decades of ex-
perience in volcano and seismic monitoring and community
engagement in the TVZ.
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Three potential drilling areas were delineated (Fig. 2).
They are located outside the caldera structural margin, so
that stratigraphy is not dominated by thick intracaldera de-
posits of large caldera-forming eruptions that can exceed
1 km thickness (e.g. Rosenberg et al., 2020). Two locations
(labelled “1” and “3” in Fig. 2) contain mapped active faults
where past volcano-tectonic activity is documented (Berry-
man et al., 2022; Villamor et al., 2022), currently experi-
ence frequent seismic activity (Bannister et al., 2022), and
have nearby hot springs. Products pre-dating the last caldera-
forming eruption (55-60ka) are shallow in Area 3, as aban-
doned geothermal wells to the south of the area intersected
the Waiotapu Ignimbrite (0.71 & 0.06 Ma) at 236 m (Grind-
ley, 1963). In Area 1, the top of the Rotoiti Ignimbrite
crops out in eroded valleys (Villamor et al., 2022). Area 2
(Puhipuhi Basin) contains a structural caldera margin clearly
imaged by gravity and electric surveys (Lithgow et al., 2022;
Miller et al., 2022b). Thick (potentially > 100 m) recent
(post-Rotoiti Ignimbrite) pumice deposits prohibit paleoseis-
mic studies. This area experienced a deep seismic swarm in
2019 (Benson et al., 2021). The Puhipuhi Basin is hydrother-
mally altered and contains possible mineralisation. The bio-
sphere has been studied in multiple springs at Waimangu near
Area 3 (Power et al., 2018).

Achieving the multi-disciplinary objectives in this com-
plex system requires at least two boreholes. Excellent exist-
ing tephra records provide multiple marker layers for strati-
graphic correlations. At least one borehole should be in-
clined (i.e. deviated from the vertical) to intersect the en-
tirety of a fault and its damage zone, as fault dip angles are
generally high in the TVZ (60-80°; Villamor et al., 2017b;
McNamara et al., 2019). A shallow borehole (about 200 m
depth, temperature < 120 °C) would primarily focus on bio-
sphere and hydrology aspects, especially connections be-
tween the subsurface and surface. A deep borehole (1000—
1500 m depth) would primarily focus on stratigraphy, tec-
tonics, in situ stress, rock properties, and hydrothermal flu-
ids, including monitoring of volcano-tectonic activity and
changes in deep fluids. Biosphere studies would also be con-
ducted in this deep borehole if temperatures permit. Site
characterisation will ensure that stratigraphic and structural
targets are reached, but estimating the temperature profile
prior to drilling will be difficult. Indeed, convection domi-
nates in the TVZ, and lateral or downward-directed ground-
water flows commonly interact with ascending hydrothermal
fluids.

Several drilling configurations were discussed during the
workshop (Table 1, Fig. 4). Drilling a deep borehole and a
shallow borehole in the same area increases the chances of
addressing the multi-disciplinary objectives and provides op-
portunities for cross-borehole studies (e.g. tracer tests and
variations in rock properties, fluids, and the biosphere) but
restricts the exploration of the complex caldera system to
a single area. If drilled in the same area, drilling a shallow
borehole first (possibly as part of site characterisation) de-
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risks the deep, more expensive borehole. Drilling pairs of
boreholes in two areas offers the best coverage of the OVC
and maximises research outcomes but is more expensive. The
final drilling configuration will be determined following de-
tailed site surveys of the three target locations.

The modest temperature and depth targets facilitate the use
of conventional drilling materials and a large suite of down-
hole logging measurements, downhole fluid sampling, instal-
lation of optic fibres for monitoring (e.g. distributed acoustic
and temperature sensing — DAS, DTS), and other long-term
observational instruments (e.g. seismometer, tiltmeter). Ex-
tended leak-off tests will be run at casing points for in situ
stress measurements. Packers for permeability and in situ
stress measurements will be deployed if the temperature is
within operating limits. An online gas monitoring system
(OLGA, Erzinger et al., 2006) during drilling and transient
well tests will also be used.

Biosphere studies will focus on post-drilling downhole
fluid sampling using the Kinetically Activated Subsurface
Microbial Sampler (KASMS). The KASMS is designed to
autonomously collect and preserve up to six sets of fluid
samples for use in quantifying microbial cell number and ac-
tivity, to conduct molecular analyses (i.e. to identify shifts
in the taxonomic and functional composition and the diver-
sity of microbial communities), and to conduct geochemical
analyses. The KASMS can be triggered by a seismic tremor
above a set minimum magnitude or otherwise triggered re-
motely on demand, which then initiates a series of sample
collection processes at user-defined time intervals (Freifeld
et al., 2005). The KASMS will be essential for evaluating the
response of SIiMEs to nearby earthquakes in hydrothermal
systems. Problematic microbial contamination from drilling
will be minimised by sampling only post-drilling. Therefore,
UV filtering of drilling fluids will not be needed, which sub-
stantially simplifies drilling planning and reduces costs. The
time needed for water-based drilling fluids to dissipate after
drilling will need to be evaluated to avoid contamination.

4.2 Site characterisation

The extensive collection of the existing datasets at the OVC
(see the Supplement) will (1) facilitate drill-site selection
and (2) enable borehole samples to be placed in a regional-
scale context. Based on gravity inversions, the depth of the
basement top is estimated to be between 1000 and 2000 m
depth in the three areas (Stagpoole et al., 2021; Miller et al.,
2022b). Faults are well mapped onto a surface using lidar
combined with paleoseismic trenches in Areas 1 and 3 (two
and seven trenches, respectively, accompanied by ground-
penetrating radar profiles across fault strands) (Berryman et
al., 2008, 2022; Villamor et al., 2022). Magnetotelluric sur-
veys at 2 km spacing cover Area 2 (Bertrand et al., 2022) and
are scheduled to be acquired in Area 3 in the next few years.
Airborne magnetic data cover all the areas.
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Table 1. Potential drilling configurations (illustrated in Fig. 4). Shallow means ~ 200 m depth, and deep means ~ 10 000-1500 m depth.

Drilling strategy Timing Advantages Drawbacks

Optional preparatory At least 1 year before  — Low cost, low temperature — Limited benefits for volcanology,
drilling: one shallow further drilling — Quantify the time for drilling fluids to exit rock properties, and in situ stress
vertical borehole the borehole. studies

(Option a in Fig. 4) — Assess near-surface drilling hazards. — Extra cost of rig mobilisation

— Provide some temperature information.
— Provide a shallow direct portal for
monitoring of fluids, pressures, and
geophysical responses.

— Provide a trial run for the team.

One deep and one shallow — Different objectives for each hole increase  Only one area explored
borehole in a single area the chances of successful acquisition of all the

datasets (e.g. due to temperature limitations).

— Assessment of lateral heterogeneity

— Opportunities for cross-borehole studies

(lateral fluid and pressure communication;

biosphere, seismic, and electrical structure)

Shallow then deep — Some indications of the temperature gradient — Higher risk that a shallow hole does
(“IODP approach”; for planning the deep hole not intersect a fault
Option b in Fig. 4) — A shallow hole provides an indicator of po-

tential deeper hazards.
Deep then shallow Certainty that the temperature profile in the Higher risk for the deep (more
(Option c in Fig. 4) shallow borehole and fault intersection fits expensive) hole

biosphere requirements

One shallow in one area, Wider coverage of the system than a single Higher risks of missing targets and
one deep in another area area too high temperature
Two holes (shallow then Highest spatial coverage Higher costs

deep, Option b in Fig. 4)
in two different areas

Total Vertical Depth from Kelly Bushing

Greywacke
basement

e N |9

Figure 4. Potential drilling scenarios (see Table 1). The geology is speculative, with the Rotoiti Formation (last caldera-forming eruption
at ~ 55-60ka) and older deposits thickening towards the centre of the caldera, i.e. not necessarily with constant thickness across the faults.
Lavas and especially intrusions (dikes and sills) are difficult to image prior to drilling. The cased hole sections (light and dark grey) represent
near-surface “conductor” casing and deeper cemented borehole casing. Open-hole or perforated sections exist where no casing is shown.
(a) Shallow preliminary test hole to ~ 200 m depth. (b) Shallow then deep borehole. (¢) Deep then shallow borehole. Deep holes in panels (b)
and (c) could be either vertical or inclined to optimise steep fault intersection. An example of an inclined borehole is presented in panel (d).
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Figure 5. Geophysical imaging of the eastern OVC caldera margin (location in Fig. 1). (a) Electrical resistivity tomography. (b) Magnetotel-
luric. The dotted square shows the extent of panel (a). The red bar indicates the maximum gravity gradient. The colour maps are optimised

for the data ranges of each survey. After Lithgow et al. (2022).

An electrical resistivity tomography (ERT) line (2km
long, 10 m electrode spacing) and a 2-D magnetotelluric pro-
file (4 km long, 13 sites) (Lithgow et al., 2022) were surveyed
over the OVC’s steepest gravity gradient in Area 2. Despite
a lack of topographical relief and surface fault expression
caused by infill by recent pumice material, the survey clearly
imaged the eastern margin of the OVC (Fig. 5).

To further refine the drilling sites, we will undertake mul-
tiple geophysical surveys. We will deploy a dense nodal seis-
mic array to image faults in the uppermost 1km and po-
tentially stratigraphic markers. Closely spaced gravity mea-
surements will refine the depth to basement and basement
fault offsets, especially in Areas 1 and 3, where the exist-
ing data are sparse. Drone magnetic surveys in areas with
poorer airborne coverage will improve hydrothermal alter-
ation mapping. A joint ERT and magnetotelluric profile in
Areas 1 and 3 will refine fault location and identify possi-
ble hot (or saline) fluid or clay alteration. Self potential and
CO; soil gas surveys will help determine groundwater flow
and connections to deep magmatic sources. A seismic reflec-
tion experiment with a 2-D profile of transit time tomography
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will be considered to locate faults, although the highly scat-
tering subsurface produces poor imaging in the TVZ. Shal-
low fault imaging may also include additional paleoseismic
trenching, ground-penetrating radar, and a shear wave land
streamer system (Polom et al., 2016).

Shallow drill cuttings from the Kawerau Geothermal Field
will be revisited to identify the base of the Rotoiti Ignimbrite.
Spring temperature, chemistry, and isotopes in the OVC re-
gion will be compiled. If necessary, additional fluid sam-
pling will be conducted for fluid and biosphere studies, based
on geographical distribution and altitude, fault alignments,
and surface geology, to provide a framework for interpreting
downhole fluids and the biosphere.

4.3 Data and sample management plan

The OVC lies within the rohe (territories) of multiple iwi. As
recognised by the 1840 Te Tiriti o Waitangi (Treaty of Wai-
tangi) and the United Nations Declaration on the Rights of
Indigenous Peoples (UNDRIP), this accords mana whenua
authority over data and/or samples (geological, water, bio-
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logical) collected from the OVC. Reflecting this, the data
and sample management plan applied in this research pro-
gramme will be guided by the principles of Indigenous data
governance (Kukutai et al., 2023) and will be co-designed
with mana whenua (e.g. as in Power et al., 2024). In parallel,
the data and sample management plan will also need to re-
flect the funding agencies’ requirements that increasingly re-
quire all data to be open access. For example, data generated
during drilling operations (e.g. metadata from drilling, core
and subsurface drilling, and borehole logs) will be stored on
site in the ICDP mobile Drilling Information System (mDIS).
Hence, we will apply both the F.A.LR. (findable, accessible,
interoperable, reusable) and C.A.R.E. (collective benefit, au-
thority to control, responsibility, and ethics) guiding princi-
ples (Wilkinson et al., 2016; Carroll et al., 2020) for scien-
tific data management and Indigenous data governance. This
will also provide a proof of concept for future international
drilling programmes.

5 Conclusion

The CALDERA workshop supported by the ICDP refined
the scientific goals of the project idea and confirmed that sci-
entific drilling is required to address these globally important
science and societal goals. The OVC is an excellent setting to
conduct the project, and we have articulated how findings at
the OVC would be applied elsewhere. The workshop atten-
dees reinforced the importance of studying the volcanic, tec-
tonic, hydrological, and biosphere processes in connection
rather than in isolation. Unravelling the changes through time
and particularly the response of the system to volcanic or tec-
tonic activity was deemed of high interest. It was agreed that
the multi-disciplinary objectives and the natural complexity
of the system require at least two boreholes: one shallow
(< 200m) focused on biosphere and groundwater, and one
deep (1000-1500m) focused on volcanic stratigraphy, tec-
tonics, hydrology, and physical rock properties. Long-term
monitoring provides opportunities to study the caldera—rift
system in between and during times of volcanic or seis-
mic activity. The workshop also introduced the participants
to Maori world views and interests that are integral to the
CALDERA project.

Karakia Whakawatea

Kia tau nga manaakitanga a Te Mea Ngaro

Kia toi te kupu, toi te mana, toi te whenua
Tituru whakamaua kia tina. Tina!

Haumi e, Hui e, Taiki e.
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Bestow the blessings of the unseen force

upon each and everyone

Clear our path of any obstructions

And the words, the prestige and the land flourish
Indeed let it be affirmed!

Let it be binding, together, all in agreement
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Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/sd-33-67-2024-supplement.
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1 Importance and history of subseafloor scientific
investigation

Science-based knowledge of Planet Earth is of fundamental
importance for supporting a modern resilient society facing
the global challenges posed by climate change, natural haz-
ards, energetic transition, and the needs of a safe and sustain-
able blue economy.

The equilibrium between Earth, human society, and
ecosystems can only be achieved by considering Earth to
be a system in which the understanding of Earth’s history,
Earth’s dynamics, and the deep Earth biosphere concur with
the shaping of a better future for the planet.

Scientific drilling has supported science-based knowledge
of Earth’s interior since the 1960s through a continued and
coordinated series of international programs that together
represent the largest and longest-living initiative of interna-
tional scientific collaboration in the field of Earth science.

In the ocean realm, which represents about 70 % of Earth’s
surface, scientific drilling facilities with engineers, techni-
cians, scientists, and managers have allowed the scientific
community to access some of Earth’s most challenging en-
vironments, collecting data and samples of sediments, rocks,
geo-fluids, living organisms, and monitoring data from below
the seafloor.

Scientific ocean drilling programs have operated for more
than 5 decades: the Deep-Sea Drilling Project (DSDP) 1968—
1983, the Ocean Drilling Program (ODP) 1985-2003, the
Integrated Ocean Drilling Program (I0DP) 2003-2013, and
the International Ocean Discovery Program (IODP) 2013—
2024. Scientific ocean drilling expeditions have transformed
the understanding of our planet by addressing some of the
most fundamental questions about Earth’s evolution, narrow-

ing knowledge gaps and generating new questions and chal-
lenges. Technological innovation by scientists and engineers
has improved sampling and in situ measurement and/or mon-
itoring tools that are now widely employed in the geosciences
in both the academic and industrial sectors. Long-term bore-
hole observatories have provided data and samples from be-
low the seafloor. Those instruments were built by the genera-
tion of knowledge accumulated by researchers and engineers.
Some of the observatories are connected to the seafloor cable
network and provide in situ data in real time. Equally impor-
tantly, scientific ocean drilling has fostered enduring interna-
tional collaboration, trained new generations of students and
scientists across scientific disciplines, and engaged the public
worldwide in scientific discoveries.

Each of the scientific ocean drilling programs has been
scientifically inspired by science steering documents con-
ceived by the international scientific community. The most
recent one was published in 2020, is entitled Exploring Earth
by Scientific Drilling — 2050 Science Framework (https://
www.iodp.org/iodp-future/2050-science-framework, last ac-
cess: 19 March 2024), and is envisioned through long-term,
multidisciplinary research efforts that require multiple expe-
ditions over 10- to 20-year time intervals, each combining
research goals from multiple strategic objectives — the Flag-
ship Initiatives. The 2050 Science Framework was built on
the legacy of previous programs and defined seven Strate-
gic Objectives. It also introduced “Enabling Elements” for
the first time in the history of scientific ocean drilling pro-
grams. These elements aim to increase the impact of sci-
entific and outreach initiatives, promoting partnerships and
collaborations with organizations that have complementary
scientific goals, e.g., land-to-sea scientific drilling in part-
nership with the International Continental Scientific Drilling
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Program (ICDP) and stimulating continued technology de-
velopment and innovative applications of advanced big data
analytics.

2 Principles of the International Ocean Drilling
Programme - IODP3

The end of the International Ocean Discovery Programme
on 30 September 2024 will mark major changes in the orga-
nization of international activities related to scientific ocean
drilling. After decades of unified international programs,
from the DSDP to the current IODP, post 2024, scientific
ocean drilling initiatives will see a transition from a sin-
gle international program operated by independent platform
providers to independent ocean drilling programs.

The European Consortium for Ocean Research Drilling
(ECORD) and Japan, who have advocated for the continu-
ation of a single international program, intend to continue
providing scientific ocean drilling opportunities post 2024 to
the international scientific community, based on their well-
established infrastructures, competitiveness in the interna-
tional research landscape, and maximum scientific return
from investment.

Through a 2-year long process of exchange of views and
ambitions, ECORD and Japan agreed to build a joint scien-
tific ocean drilling program: the IODP? (IODP-cubed).

The IODP? will consist of an international scientific
collaboration addressing important questions in the Earth,
ocean, environmental, and life sciences described in the 2050
Science Framework, based on the study of rock and/or sed-
iment cores, borehole imaging, in situ observatory data, and
related geophysical imaging obtained from the subseafloor.

The IODP? will adopt a transparent, open, flexible, and in-
ternational modus operandi, program-wide standard policies
and guidelines, sustainable management, and publicly acces-
sible knowledge-based resources. The IODP? will adopt the
2050 Science Framework Enduring Principles.

3 Objectives and organization of the IODP3

IODP? investigations will be based on research proposals
that address the objectives of the 2050 Science Framework
or other outstanding new research ideas.

The IODP? will implement and fund

— offshore expeditions following an expanded Mission
Specific Platform (MSP) concept and

— Scientific Projects using Ocean Drilling ARChives
(SPARC:s) that are international and multidisciplinary
projects with objectives originating from or based on
ocean drilling archives.

Drilling and SPARC proposals will be submitted with a
bottom-up process to the IODP3 Science Office by teams of
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Figure 1. Organization of the International Ocean Drilling Pro-
gramme. Photos and logos: © ECORD/IODP, © JAMSTEC, and
© JAMSTEC/KCC.

proponents belonging to the international research commu-
nity.

The primary responsibility of the Science Evaluation Panel
(SEP; Fig. 1) is to evaluate all proposals submitted to the
IODP3 in a fair, open, and transparent manner in terms of
both scientific excellence and the completeness and quality
of the site characterization data packages. The SEP will be
composed of top international experts selected through com-
petitive calls.

The Safety and Environment Advisory (SEA; Fig. 1)
Group will be an advisory body to the MSP-FB, SEP, and
IODP3 Operators and will provide independent advice re-
garding potential safety and environmental issues associated
with the general and specific geological settings of proposed
IODP? drill sites.

The SEP and the SEA Group will be logistically supported
by the IODP? Science Office and will serve all the platforms
employed by the program. IODP? drilling expeditions and
SPARC:s will be scheduled by the MSP Facility Board based
on their scientific merit and operational constraints within the
limits of the available resources.

The IODP? Executive Board (ExB; Fig. 1) will be the
IODP? entity responsible for ensuring effective decision-
making and overseeing the program.

The Magellan® Workshops will be designed to support sci-
entists from IODP3 and ICDP members in developing new
and innovative scientific drilling proposals that meet the am-
bitions of the 2050 Science Framework and/or the ICDP Sci-
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ence Plan 2020-2030 by funding or co-funding workshop
proposals and travel grants.

The IODP? will include two task forces (Fig. 1): the Vi-
sion Task Force will be in charge of developing a long-term
scientific and funding strategy, and the Communication Task
Force will be in charge of program-wide communication ac-
tivities.

3.1  MSP expeditions

IODP? drilling expeditions will be implemented by the MSP
Operators, ESO and/or JAMSTEC-MarE3, following the
MSP concept. This concept will be an expanded MSP con-
cept by diversifying drilling and coring technologies — riser-
less and riser drilling, giant piston coring — and applying
them to all drilling environments, as determined by scientific
priorities, operational efficiency, and better value for money.
D/V Chikyu and R/V Kaimei are identified as MSP facilities
that are crucial facilities for the successful implementation of
the 2050 Science Framework.

Land-to-Sea Transects (L2S), requiring scientific drilling
at both onshore and offshore sites or at shallow marine sites
to be implemented jointly with the ICDP, are one of the prime
objectives of the IODP3.

The duration of IODP3 expeditions will be flexible and
determined by scientific requirements and available funds.

IODP? drilling expeditions will be scheduled by the MSP
Facility Board based on their scientific merit and operational
constraints within the limits of the available resources.

IODP? expeditions are intended to have no significant en-
vironmental impact, and they are carried out in conformance
with the highest accepted levels of environmental sensitivity.

IODP3 expeditions will be undertaken by international
teams of scientists — Science Parties — selected by the MSP
Operator(s) and Co-chief Scientists and based on recommen-
dations made by Program Member Offices (PMOs). Staffing
decisions will consider, as far as possible, the goal of achiev-
ing the maximum diversity of gender, career stage, national-
ity, discipline, and culture in the Science Parties.

The sizes of the expedition Science Parties will be flexible
and determined by scientific requirements.

The IODP? will include the services provided by the cur-
rent IODP core repositories in Bremen (BCR) and Kochi
(KCO).

The I0DP? will provide open access to all expedition
samples and data once the expedition Science Party mem-
bers have had the opportunity to complete the initial studies
within the established moratorium period, typically 1 year.
After the expiration of the moratorium period, the program
will make samples, cores, and data available to any scien-
tist, in accordance with the IODP® Samples, Data and Obli-
gations Policy following findability, accessibility, interoper-
ability, and reusability (FAIR) data principles.
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3.2 SPARCs

The IODP3 SPARCs provide a mechanism for the interna-
tional scientific ocean drilling community to propose new
large-scale projects that may address any aspect of the 2050
Science Framework and involve interdisciplinary collabora-
tions.

SPARC:s will have objectives that maximize the return on
the legacy assets (i.e., cores, samples, and data from cur-
rent and past scientific ocean drilling programs) without new
drilling or other operations at sea.

SPARCs will address globally significant processes and
problems and use innovative, creative, and multidisciplinary
approaches that could include, for example, the production of
large new datasets from samples, integration of data across
multiple expeditions and/or multiple boreholes, and/or the
application of new methods or technologies (e.g., Al, “big
data” approaches) that were not available when the legacy
assets were collected. The scientific ambition of SPARC
projects should far exceed that of standard requests for sam-
ples or data as they are intended to provide a new avenue
to facilitate collaboration at scales larger than conventional
single- or multi-proponent sample requests. In parallel, stan-
dard requests for samples and data may be submitted at any
time.

Each SPARC will have a funded duration of 3 years and
will receive EUR 300000 for its implementation. SPARC
proposals should have a maximum of five co-proponents. All
the co-proponents of a funded SPARC will automatically be-
come Science Party members (with two selected as Co-Chief
Scientists), but the remaining Science Party members will be
selected following an open call for applications. The overall
size of the final Science Party for a SPARC is flexible and
can be adapted to project needs but will normally consist of
a minimum of 15 scientists, with no fixed upper limit.

4 10DP? partnership

As Platform Providers, ECORD and Japan will be the 10DP3
Core Members.

International governmental and non-governmental enti-
ties not regularly providing scientific ocean drilling plat-
form(s) to the IODP? can become Associate Members by
making annual cash contributions to the IODP? (on the or-
der of EUR 1 million) or as Temporary Members by provid-
ing cash and/or project-based in-kind contributions (IKCs)
(with a minimum of EUR 0.5 million) to access IODP3 ex-
pedition(s). The Australian and New Zealand IODP Consor-
tium (ANZIC) and India have already sent letters of interest
to become IODP? Associate Members.

IKC and/or cash contributions from any IODP? member or
non-member country or institution are potentially acceptable
for funding offshore expeditions. IKCs may include essen-
tial scientific or operational services that the IODP? would
normally pay for, fully or partly funded drilling platforms,
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support vessels, hazard site surveys (if required), permission
assistance, onshore facilities near drill sites (if required), ice
management, and remote logistical assistance.

IODP? will set up an overarching Scientific Drilling Fo-
rum as a venue for exchanging ideas, views, and information
between all international research programs that employ sci-
entific drilling to explore Earth and planetary processes.

5 Forward look

Based on the well-established operation of the ECORD and
JAMSTEC infrastructures, their successful implementation,
their competitiveness in the international research landscape
and a maximum return from investment, a bright future is
promised to the international communities and ECORD and
Japan in their intentions to play a prominent role in post-2024
scientific ocean drilling.

Data availability. No data sets were used in this article.
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ECORD School of Rock and
ECORD-sphere exhibition
in Naples, Italy

Angelo Camerlenghi and
Hanno Kinkel, ESSAC Office,
OGS, Trieste

In the occasion of the port Call of the
JOIDES Resolution in Naples (Febru-
ary 9-14, 2024) before Expedition 402
- Tyrrhenian Continent-Ocean Transi-
tion, several events where organized,
including the ECORD School of Rock
“Understand the Planet through ocean
exploration” (Naples 9-11 2024). The
ECORD School of Rock is a workshop
designed by scientists and outreach/edu-
cation officers who have sailed onboard
IODP/ODP expeditions to share their
at-sea experience with teachers of their
home country and to introduce educa-
tional resources which can be used in
the classroom. The teachers thus experi-
ence an immersive research experience:
“With scientists as scientists”.

The ECORD School of Rock “Under-
stand the Planet through ocean explo-
ration” was promoted and organized by
Prof. Claudia Lupi (university of Pavia)
and Prof. Ester Piegari (University of
Naples Federico II) within the activities
of IODP-Italia, and was attended by for-
ty science teachers from all over Italy.
Through lectures alternating with prac-
tical activities the participants discov-
ered the scientific drilling tools of the
International Ocean Discovery Program
for unravelling the Earth secrets. The
seminar lessons took place in the Royal
Mineralogical Museum and the Paleon-
tological Museum, while the practical
activities were held in the laboratories of
the Department of Earth, Environment
and Resources Sciences at the Universi-
ty of Naples Federico II. All participants
had the unique opportunity to visit the
JOIDES Resolution with a guided tour
by experts and to meet the scientists who
will take part in the upcoming JOIDES
expeditions.

As part of the program, the participants
visited the temporary exhibition on sci-
entific drilling hosted by the Paleonto-
logical Museum, featuring the ECORD-
Sphere.

Annalisa [adanza (CNR, IODP Italy)
illustrates scientific ocean drilling to the
School of Rock participants in front

of the ECORD Sphere.

On our own behalf:

In the past, it has happened that articles
ready for publication in SCIENTIFIC
DRILLING were published after wait-
ing for weeks or even months. This was
due to technical reasons, as all Scientific
Reports pending publication in a volume
first had to be assigned a doi before this
could be done for Workshop Reports,
Technical Developments and Progress
Reports.

To avoid these problems in the future,
we will adapt our publication concept
with the next issue of SCIENTIFIC
DRILLING and switch to a full online
journal where articles will be released
promtly as soon as they are ready for
publication and without delay. Volumes
are only published online and no longer
provided in printed form. We hope that
this alignment with modern realities will
attract even more authors and readers in
the future.

The open-access ICDP and IODP journal
www.scientific-drilling.net
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INTERNATIONAL OCEAN
DISCOVERY PROGRAM

IODP - Expedition schedule http://www.iodp.org/expeditions/

USIO operations Platform Dates Port of origin
@ Tyrrhenian Continent-Ocean JOIDES Resolution | Feb 9—Apr 8, 2024 Napoli
Transition (Exp 402)
B Eastern Fram Strait JOIDES Resolution | Jun 4—Aug 2, 2024 Amsterdam
Paleo-archive (403)
B Japan Trench Tsunamigenesis (405) | Chikyu Sep 12-Dec 20, 2024 | Shimizu
icdp |

ICDP - Project schedule http://www.icdp-online.org/projects/

£A™\

ICDP project

Drilling dates

Location

1 Drilling the Ivrea-Verbano ZonE (DIVE)

Dec 2023—-Apr 2024

Northern Italy (Megolo))

2 Bushveld Drilling Project (BVDP)

Mar 2024—Feb 2025

South Africa
(Mpumalanga, Limpopo)

3 Trans-Amazon Drilling Project (TADP)

May—Sep 2024

Brazil (Pard)

4 Nam Co Drilling Project (NamCore)

Jun—Aug 2024

Lake Nam Co,

Tibetian Plateau

Locations

180°  150°W 90°E  120°E 150°E 180°

90°E

120°E

180°  150°W 120°W 90°W 60°W 30°wW 0° 150°E

Topographic/bathymetric maps courtesy of NOAA (Amante, C. and B.W. Eakins, 2009. ETOPO1 1 Arc-Minute Global Relief Model:
Procedures, Data Sources and Analysis. NOAA Technical Memorandum NESDIS NGDC-24. National Geophysical Data Center,
NOAA. doi:10.7289/V5C8276M).
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