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Editorial preface

Dear Reader,

We are thrilled to announce that, after 18 years, our journal
Scientific Drilling is listed for the first time with an impact factor
(1.2) in the Web of Science from Clarivate Analytics. The Editorial
Board is very grateful to all the authors, reviewers, and Copernicus
Publications for their dedicated work in contributing to the success
of our journal and for reaching this important milestone. We look
forward to publishing more exciting, innovative, and open-access
research from all fields of scientific marine, continental, and ice
drilling.

The focus of this issue of Scientific Drilling (Vol. 32) is on
paleoclimate archives with two Scientific Reports on drilling
activities in Europe and five Workshop Reports on various drilling
targets in North and Central America, the high-Arctic Svalbard
Archipelago, and the use of mission-specific platforms to assess
natural hazards. The volume also includes a Scientific Report

on the effect of coring on carbonate properties and a Technical
Development paper on a low-cost alternative for producing drill
core scans.

A paper - Drilling for the Early Jurassic Earth System and
Timescale (p. 1) — reports initial results on a fully integrated

and astronomically calibrated timescale for this incisive period in
Earth’s history. Results from drilling glacially overdeepened valley
sediments in the northern Alpine foreland (p. 27) help to better
understand past, ongoing and future changes in the pan-Alpine
area. P. 43 highlights the importance of carefully considering the
choice of sampling techniques when planning marine carbonate
sediment sampling programmes and interpreting subsequent
analyses.

The PlioWest workshop report (p. 61) selected optimal drill sites
in the western USA to resolve contradicting observations between
a Pliocene that was warmer and largely wetter than today. At

the NicaBRIDGE workshop (p- 73), scientists discussed scientific
drilling in Nicaraguan lakes to obtain long lacustrine sediment
records. At the LIBRE workshop (p. 85), scientists discussed ways
to gain maximum information on seismicity and environmental
change in the northern Neotropics. The SVALCLIME workshop (p-
113) focused on geological records preserved on the Svalbard
Archipelago to elucidate deep-time climate change events from the
late Precambrian to the Paleogene. Finally, the p. 101 workshop
report defined questions about natural hazards to be tested with
IODP mission-specific platforms.

Scientific progress is often driven by new technologies or access
to facilities. In this issue, the p. 55 technical development article
describes how to use smartphone technique as a centrepiece of a
low-cost drill-core scanner to be manufactured as a DIY project.
With this issue we also send a very warm welcome to the new
editor Nadine Hallmann and send our sincere gratitude to the
outgoing editor Jan Behrmann.

We wish our readers some inspiring and relaxing time with this
issue of Scientific Drilling.

With best regards,
the editors of Scientific Drilling

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

/
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Abstract. Drilling for the International Continental Scientific Drilling Program (ICDP) Early Jurassic Earth
System and Timescale project (JET) was undertaken between October 2020 and January 2021. The drill site is
situated in a small-scale synformal basin of the latest Triassic to Early Jurassic age that formed above the major
Permian—Triassic half-graben system of the Cheshire Basin. The borehole is located to recover an expanded
and complete succession to complement the legacy core from the Llanbedr (Mochras Farm) borehole drilled
through 1967-1969 on the edge of the Cardigan Bay Basin, North Wales. The overall aim of the project is to
construct an astronomically calibrated integrated timescale for the Early Jurassic and to provide insights into
the operation of the Early Jurassic Earth system. Core of Quaternary age cover and Early Jurassic mudstone
was obtained from two shallow partially cored geotechnical holes (Prees 2A to 32.2 m below surface (mb.s.)
and Prees 2B to 37.0 mb.s.) together with Early Jurassic and Late Triassic mudstone from the principal hole,
Prees 2C, which was cored from 32.92 to 651.32 m (corrected core depth scale). Core recovery was 99.7 % for
Prees 2C. The ages of the recovered stratigraphy range from the Late Triassic (probably Rhaetian) to the Early
Jurassic, Early Pliensbachian (Ibex Ammonoid Chronozone). All ammonoid chronozones have been identified
for the drilled Early Jurassic strata. The full lithological succession comprises the Branscombe Mudstone and
Blue Anchor formations of the Mercia Mudstone Group, the Westbury and Lilstock formations of the Penarth
Group, and the Redcar Mudstone Formation of the Lias Group. A distinct interval of siltstone is recognized
within the Late Sinemurian of the Redcar Mudstone Formation, and the name “Prees Siltstone Member” is
proposed. Depositional environments range from playa lake in the Late Triassic to distal offshore marine in the
Early Jurassic. Initial datasets compiled from the core include radiography, natural gamma ray, density, magnetic
susceptibility, and X-ray fluorescence (XRF). A full suite of downhole logs was also run. Intervals of organic
carbon enrichment occur in the Rhaetian (Late Triassic) Westbury Formation and in the earliest Hettangian and
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earliest Pliensbachian strata of the Redcar Mudstone Formation, where up to 4 % total organic carbon (TOC) is
recorded. Other parts of the succession are generally organic-lean, containing less than 1 % TOC. Carbon-isotope
values from bulk organic matter have also been determined, initially at a resolution of ~ 1 m, and these provide
the basis for detailed correlation between the Prees 2 succession and adjacent boreholes and Global Stratotype
Section and Point (GSSP) outcrops. Multiple complementary studies are currently underway and preliminary
results promise an astronomically calibrated biostratigraphy, magnetostratigraphy, and chemostratigraphy for
the combined Prees and Mochras successions as well as insights into the dynamics of background processes and

major palaeo-environmental changes.

1 Introduction

1.1 Late Triassic and Early Jurassic Earth and solar
system history

The Early Jurassic Earth System and Timescale scientific
drilling project (JET) aims to construct a fully integrated
and astronomically calibrated timescale for this epoch. This
was a time in Earth’s history, ~200-175Ma, when impor-
tant physical, chemical, and biological elements of the mod-
ern Earth system first emerged, for example as expressed in
the initial phases of Atlantic Ocean opening (e.g. Torsvik
and Cocks, 2017) or the rapid evolution of marine organ-
isms, including planktonic primary carbonate producers (e.g.
Knoll and Follows, 2016; Antell and Saupe, 2021; Riding
et al., 2023). At the same time, other elements of the Earth
system had distinctly Mesozoic characteristics, such as gen-
erally warm climate states, the presence of extensive epi-
continental seaways susceptible to water mass stratification
and anoxia, and short-lived episodes of massive flood basalt
volcanism (e.g. Hesselbo et al., 2020a; Remirez and Algeo,
2020; Ruhl et al., 2022).

The interactions between the atmosphere, hydrosphere,
biosphere, and lithosphere over Late Triassic to Early Juras-
sic time have become a focus of much scientific study
over the last couple of decades, particularly for the promi-
nent environmental changes that characterize the Triassic—
Jurassic transition at ~201 Ma and the Toarcian Oceanic
Anoxic Event at ~ 183 Ma (e.g. Capriolo et al., 2022; Ruhl
et al., 2022, and references therein), and much has been
learned about the driving processes for mid-Mesozoic cli-
mate change, extinction, and evolution. However, the di-
verse Early Jurassic biostratigraphic, astrochronologic, mag-
netostratigraphic, and chemostratigraphic schemes have, for
the most part, remained poorly integrated with each other and
have lacked accurate numerical calibration, leaving many un-
certainties with regard to the rates and relative timing of
key Earth system processes (e.g. Hesselbo et al., 2020a; Al-
Suwaidi et al., 2022). Although astrochronologic studies,
which make use of stable orbital cycles, have been used to
great advantage recently, incompatible interpretations for the
Early Jurassic are not uncommon (see e.g. Ruhl et al., 2016;
Weedon et al., 2019; Storm et al., 2020); additionally, be-

https://doi.org/10.5194/sd-32-1-2023

cause astronomical models cannot accurately constrain or-
bital histories earlier than the Cenozoic, the pre-Cenozoic
rock record is itself crucial for extending knowledge of solar
system orbital history into the deep past (Kent et al., 2018;
Olsen et al., 2019).

Using a new integrated stratigraphic framework, the JET
project aspires to document and quantify the influence of
the principal internal and external forcing factors on the
Earth system during the Early Jurassic, for both the ma-
jor palaeo-environmental events and the more stable “back-
ground” states between them.

1.2 Site selection, related borehole records, and
regional context

The initial focus for this project was on obtaining a new
core from the Llanbedr (Mochras Farm) site in the Cardigan
Bay Basin (Hesselbo et al., 2013), where previous drilling
in the late 1960s had recovered a ~ 1.3 km thick Mesozoic
succession comprising the Rhaetian (Late Triassic), Hettan-
gian, Sinemurian, Pliensbachian, and Toarcian (Early Juras-
sic) stages, overlain by ~ 0.6 km of Cenozoic deposits (Wood
and Woodland, 1968; Woodland, 1971; Fig. 1). The Early
Jurassic mudstone succession at Mochras was found to be
biostratigraphically complete at the ammonite zonal level
(Woodland, 1971; Dobson and Whittington, 1987; Copes-
take and Johnson, 2014). The borehole proved to be of great
value for understanding UK Jurassic palaeco-geography and
basin history, but although the original recovery is calculated
as 97.6 % for the Jurassic, only 59.1 % is preserved as core
slabs at the British Geological Survey (BGS) National Core
Repository, the remainder being either kept as discrete fossil
specimens or placed into bags of coarse fragments (~ 20 mm
diameter) representing 5 ft (i.e. ~ 1.5 m) stratigraphic inter-
vals (Storm et al., 2020). Although much work has been car-
ried out on the legacy Mochras core as part of the JET project
(Percival et al., 2016; Ruhl et al., 2016; Baker et al., 2017; Xu
et al., 2018a, b; Deconinck et al., 2019; Storm et al., 2020;
Hollaar et al., 2021, 2023; Menini et al., 2021; Munier et
al., 2021; Pienikowski et al., 2021; Damaschke et al., 2022;
Ruhl et al., 2022; Ullmann et al., 2022; Paulsen and Thibault,
2023), the poor physical state of the lower half of the core
(Hettangian and Sinemurian) means any signal of orbital cy-
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cles at the fundamental precession scale has been lost, with
preserved intact core slabs to a very large degree restricted to
the Pliensbachian and Toarcian stages of the cored interval.
Similarly, there are no downhole wireline logs for the lower
half of the Jurassic succession.

The Mochras site proved to be very challenging on account
of its exceptional present-day setting and infrastructural con-
straints that would have been beyond a practical financial
budget to contend with. Because of these considerations at
Mochras, a site at Prees, in the neighbouring Cheshire Basin,
was selected as an alternative. The Prees site has the principal
advantage that the prime stratigraphic targets lie at shallower
depths in an environmentally and logistically straightforward
location.

The drilled site at Prees represents a similar overall tec-
tonic and depositional setting to Mochras (Penn, 1987; Evans
et al., 1993; Tappin et al., 1994; Warrington, 1997; Plant
et al., 1999; Fig. 1), Prees being situated within a SW-
NE-oriented half-graben called the Wem-Audlem Sub-basin,
~3.2km NW of the bounding faults of the Wem-Red Rock
fault system on its south-eastern margin (Evans et al., 1993;
Mikkelsen and Floodpage, 1997).

Two boreholes drilled previously in the Cheshire Basin
— “offset wells” — provide a solid stratigraphic back-
ground for the Prees location: Wilkesley (Grid Refer-
ence SJ 363864 341438), drilled by the British Geolog-
ical Survey in 1959-1960 to a depth of 1686 m and in
its upper part recovering a succession from the Early
Jurassic to the Early Triassic, and Prees 1 (Grid Refer-
ence SJ 355727 334474), drilled in 1972-1973 by Trend
Petroleum for Shell to a depth of 3829 m and penetrating
Jurassic to Silurian strata (Fig. 1). Wilkesley was part of
an exploration programme that proved salt deposits within
the Triassic, and Prees 1 was an exploration well for hydro-
carbon resources in possible Triassic and Permian sandstone
reservoirs. A shallow borehole at Platt Lane (Grid Reference
SJ 351400 336450), drilled for the British Geological Sur-
vey in 1959 to 113 m, provides additional core and strati-
graphic data around the Triassic—Jurassic boundary. Late Tri-
assic and Jurassic strata were not cored in Prees 1. Although
the Hettangian at Wilkesley was fully cored, the core was
subsequently broken up, with only hand samples retained at
1ft (i.e. ~30cm) intervals together with a series of regis-
tered fossil specimens (these latter with significant potential
to yield further biostratigraphic, lithological, geochemical,
and mineralogical information).

The Hettangian and earliest Sinemurian in the Wilkesley
borehole comprise medium- to dark-grey calcareous mud-
stone with silty mudstone and argillaceous limestone (Poole
and Whiteman, 1966). Based on the Prees 1 well comple-
tion log together with our examination of cuttings, the en-
tire Early Jurassic succession at Prees was inferred to com-
prise calcareous mudstone and siltstone with subordinate
limestone, a very similar lithological succession to Mochras
(Woodland, 1971; Hesselbo et al., 2013; Ruhl et al., 2016;
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Xu et al., 2018a; Ullmann et al., 2022). Pyrolysis data from
Prees 1 cuttings and the Wilkesley core show organic matter
maturity to be similar to Mochras, lying on the boundary be-
tween immature and mature (Appendix A). Marine calcare-
ous fossils are common in the early Hettangian at Wilkesley,
including ammonites, and these have previously allowed a
highly resolved ammonite biostratigraphy to be constructed
(Donovan in Poole and Whiteman, 1966; Plant et al., 1999).
The ammonite succession provides a remarkable record of
early recovery faunas after the end-Triassic mass extinction
and includes shells with nacreous preservation, i.e. aragonite
(Bloos and Page, 2000). A record of foraminifers has also
been compiled from the Late Triassic and Early Jurassic of
Wilkesley (Copestake, 1989; Copestake and Johnson, 1989).

In total, six exploration wells have been drilled for conven-
tional oil and gas targets in the Cheshire Basin, and all have
proven to be dry, likely as a result of the absence of a suit-
able source rock, particularly in the south of the basin where
Prees is located, and due to a lack of closed structures for the
early drilled wells (Mikkelsen and Floodpage, 1997; Plant et
al., 1999).

2 Methods

2.1 Drilling and logging

Two shallow cored boreholes were drilled for geotechni-
cal characterization of the site between December 2019 and
January 2020. These are designated “Prees 2A” (drilled to
32.2m below surface, mb.s.) and “Prees 2B” (drilled to
37mb.s.). Drilling and logging operations for the principal
borehole, Prees 2C, were carried out from 22 October 2020
to 1 January 2021. Prees 2C reached a total depth (TD) of
651.32 m corrected core depth (mc.c.d.) (see Sect. 2.7 for a
description of depth scales for Prees 2C). The primary pa-
rameters for the cored boreholes are summarized in Table 1.
Full details of the drilling and logging operations are pro-
vided in the Operations Report (Hesselbo et al., 2023).

Downhole geophysical data for Prees 2C were acquired
by the logging contractor in two runs, from 240 to 33 m
depth on 16 November 2020 and for the remainder of the
hole after drilling was completed (28 and 29 December
2020). The probes successfully run from ~ 240 m to the sur-
face were Spectral Gamma Ray, Density, Neutron Porosity,
Focused Electric Log, 4-Arm Caliper, Mud Temperature/-
Conductivity, Full Wave Sonic, and Acoustic Televiewer.
The probes successfully run from TD to 240 m were Spec-
tral Gamma Ray, Density, Neutron Porosity, Induction Log,
4-Arm Caliper, Mud Temperature/Conductivity, Full Wave
Sonic, and Acoustic Televiewer.

2.2 Seismic reflection data

The Prees site lies in a region characterized by relatively
good seismic coverage including a 1970s vintage low-fold

https://doi.org/10.5194/sd-32-1-2023
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Figure 1. Geological map of Jurassic—Early Cretaceous strata in the southern UK area, showing the locations of the Prees 1 and Prees 2
wells (main map and inset) in relation to the Mochras, Burton Row, Platt Lane, and Wilkesley boreholes as well as outcrop Early Jurassic
GSSP sites. The Prees Jurassic outlier (main map and inset) sits in the southern part of the Cheshire Basin. The main figure is based on a
BGS 1:1500000 series tectonic map of the UK, Ireland, and adjacent areas, Sheet 1 (Pharaoh, 1996). The inset is based on data in the UK
Onshore Geophysical Library (http://ukogl.org.uk, last access: 6 October 2023). The depositional and tectonic settings of Prees are broadly
comparable to Mochras but differ in detail. Green stars in the inset give offset well locations.

Table 1. Principal parameters for Prees 2 boreholes. OS: Ordnance Survey; WGS84: World Geodetic System 1984; OD: Ordnance Datum;
SOBI: Single Onshore Borehole Index; m: metres below surface (Prees 2A and 2B); mc.c.d.: metres corrected core depth (Prees 2C). Refer

to Sect. 2.7 for a description of the depth scales. Note: n/a — not applicable.

Name OS grid Latitude  Longitude  Ground level Rig floor Final depth  SOBI
reference (WGS84) (WGS84) (m, OD) datum (m) (mb.s.ormc.c.d.) number
Prees 2A  SJ 55569 34483  52.905933 —2.662053 86.63 n/a 322 SJ53SE/52
Prees 2B SJ 55574 34490  52.905996 —2.661980 86.63 n/a 37.0 SJ53SE/51
Prees 2C  SJ 55559 34478  52.905887 —2.662201 86.48 4.58 651.32  SJ53SE/53

https://doi.org/10.5194/sd-32-1-2023
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dynamite grid and a denser grid of vibroseis acquired in the
late 1970s and 1980s (Mikkelsen and Floodpage, 1997). For
site selection, the relevant seismic lines (Fig. 1 inset) were
obtained and re-processed where possible. Two seismic re-
fection profiles were used to help determine the optimum
drill site location and provide a basinal context, SC-&B and
SC4 (Fig. 1). Line SC-7B is oriented NW-SE, passing 0.5 km
from Prees 1 (Figs. 1 and 2). Line SC-7B was acquired in
1970 using a dynamite source with a shot point spacing of
approximately 60 to 120 m. Vertical geophones with a spac-
ing of about 60 m were used as receivers, and the recording
length was 5s at a sampling rate of 2ms. In addition to a
recording filter of 12 to 96 Hz, the original processing in-
cluded, for example, true amplitude recovery, static and dy-
namic corrections, velocity field determination from NMO
curves, stacking, and predictive deconvolution.

More modern seismic processing methods were applied
to the dataset to improve the imaging quality, especially of
the Jurassic formations. Since the raw data of profile SC-7B
were not available, only the post-stack data were used. We
applied a frequency—wavenumber filter to eliminate disturb-
ing effects of noisy frequencies, which cover the primary re-
flections. Spectral balancing was then applied to compensate
for frequency attenuation, especially at higher frequencies,
to obtain a higher-resolution image of the subsurface. Then
the data were slightly smoothed with a non-linear smoothing
filter to facilitate the interpretation of the horizons. A finite-
difference (FD) time migration was applied to correct the po-
sitions of dipping reflectors, collapse diffractions, and further
increase spatial resolution. Finally, the data were converted
from the time domain to the depth domain to allow joint in-
terpretation of the seismic and borehole data.

2.3 Core processing at the drill site

For Prees 2C, the core was obtained at 6 m lengths with a
nominal diameter of 97 mm and a hole size of 161.9 mm. A
7 m long plastic liner was used for all core runs. At the drill
site the metal core barrel was transported from the rig floor
to the core processing area, where the core catcher was re-
moved and any core therein retained in a short section of
liner. The core in its liner was then removed from the core
barrel onto a series of trestles, where the position of the top
of the core was located through the liner and the liner cut
at that point. The core was then pushed from the top to the
bottom of the liner, and any excess liner was trimmed to fit.
Plastic end-caps were then used to mark the top (blue) and
bottom (white) of the entire recovered core, which was then
marked up into sections 1 m long from the top, with the bot-
tom section generally being less than 1 m in length. In cases
where coherent core catcher sections were obtained, these
were combined with the bottom section prior to marking up
and section cutting.

Each core section was then individually cut with a rock
saw and flushed with water whilst still in the liner to re-

Sci. Dril., 32, 1-25, 2023

move most drilling fluid from the outer core surfaces and
from within fractures (except the first few cores, down to
~ 83 mb.s., for which this cleaning was carried out in the
BGS National Core Repository). Samples of drilling fluid
were retained at intervals for later geochemical analysis.
Cleaned core sections were then capped using blue and white
end-caps and carried into the core description lab. Each core
section was given a rudimentary description and a sample
chip was taken from the bottom to form the basis of initial
analyses for organic carbon isotopes, carbonate and organic
carbon content, and elemental abundances at ~ 1 m resolu-
tion, with a total sample set of 625. All drilling, core process-
ing, and sample data were then entered into the mDIS (the In-
ternational Continental Scientific Drilling Program (ICDP)’s
Drilling Information System Goes Mobile). Core sections
were boxed on site and stored in a container until they were
transported to the National Core Repository in Keyworth at
2- to 3-week intervals.

Core and core section identification follows standard
ICDP and BGS protocols. ICDP identification is based on
the following format: project code_site number_hole let-
ter_core number_section number (e.g. for the JET project,
Hole Prees 2C, Core 10, Sect. 3, the formulation is
5065_1_C_10_3). Each core section was also assigned a
BGS core box number in the following manner. As an ex-
ample, the core box number CB00354103 was assigned for a
whole round, with the same number retained for the Archive
half derived from this when slabbed (see below).

2.4 Core processing and scanning at the National Core
Repository and Core Scanning Facility (multi-sensor
core logger, XRF, optical imagery, photography)

Core curation at the BGS National Core Repository was car-
ried out in parallel with drilling, and all whole round sections
that were shipped from the drill site were curated with the
designation of the future Archive halves. Once whole round-
core scanning was completed, the core sections were cut into
half-cores and re-boxed, and the Working halves were cu-
rated as subsamples of the whole rounds with assigned core
box numbers 1000 higher than the respective Archive half
(e.g. CB00355103 for Archive half CB00354103). Curation
was finalized in August 2021.

Whole round X-ray radiography was carried out using a
Geotek X-ray computed tomography (CT) system at the BGS
Core Scanning Facility. Whole round sections that were long
enough (ca. 50cm or longer) were scanned in the liner at
three angles (0, 45, and 90°) at scan rates approximating
7 min per metre. Resulting radiographic images were post-
processed to optimize contrast and greyscale spread to best
highlight structural elements such as fractures as well as fos-
sils, burrows, and nodules.

Whole round sections were then scanned using a Geotek
multi-sensor core logger (MSCL). Three types of analysis
(gamma density GD, magnetic susceptibility MS, and natural
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Profile SC-7B
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Figure 2. Migrated and depth-converted section of profile SC-7B oriented NW (left)-SE (right) (see Fig. 1 inset). The Prees 1 and Prees 2
boreholes are projected onto the seismic line. The stratigraphic units are colour-coded to match Fig. 3. Note the change in subsidence style
equivalent to a depth of about 800 m at Prees, using assumed time—depth parameters, which likely corresponds to a level within the Late
Triassic. Prees 1 also drilled Permian, Carboniferous, and Silurian age strata below the Triassic (not shown).

gamma-ray emission NG) were carried out at a step size of
2 cm. Data were integrated for 10s for GD and MS and for
30 averaging of the signal of three detectors for NG.

Core slabbing was undertaken after completion of MSCL
work in batches of 28 core sections (one pallet) to avoid
premature drying and development of fractures. Working
and Archive halves were designated at this point, with the
Archive half retaining the original core box number. After
sawing of the sections, they were washed and covered with
tissue to draw out saline pore liquids and avoid salt crust for-
mation. Sections below depths of ~ 80 m required multiple
rounds of rinsing and salt removal before they could be fur-
ther scanned due to very high sodium chloride content.

High-resolution core photographs were taken for both the
Archive and Working halves using a semi-automated layout
on a scanning station at the BGS National Core Repository
using a digital camera. Data were immediately uploaded to
the BGS system for quality control.

Core-scanning XRF data were acquired for Archive half
core sections using an Itrax core-scanning system capable of
automatically processing up to five sections. Analyses were
carried out in 1 cm increments with 10 s integration for each
increment and peak areas were quantified using a single, pre-
liminary model fit to the data. Image data were also acquired
using this instrument.

Samples for palaco-magnetic study were marked in 50 cm
intervals on the Working half and cut using rock-sawing
equipment. The sample sizes are ~ 3 x 3 x 3 cm with orien-
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tation marks scratched on the surface using a steel prepara-
tion pin (results from analysis of these samples will be pre-
sented elsewhere).

2.5 Macrofossil sampling and identification

Macrofossil sampling was undertaken on the Working half
of the core, with fossils selected from inspection of bed-
ding planes on a centimetre-by-centimetre basis in mud-
stone lithology. Ammonite samples dominated, and a subset
of other macrofossil material specimens was also set aside.
Sampling for ammonites was prioritized, and a representa-
tive selection of other macrofossil material specimens was
also set aside. Each ammonite recovered was identified to
the most refined taxonomic level possible, and these identifi-
cations form the basis for the biochronostratigraphic frame-
work.

2.6 Carbon isotopes, total organic carbon, and calcium
content

Bulk rock samples were crushed and ground at the BGS Na-
tional Environmental Isotope Facility, generating subsamples
of different size fractions. Coarse material was retained for
palynological work, and fine-grained powders were split into
subsamples for decarbonation and subsequent organic carbon
(Corg) isotope analysis and subsamples for bulk geochemi-
cal analysis. Powdered and homogenized samples were de-
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carbonated using a 5% HCI solution and then neutralized
through repeated dilutions with deionized water before fi-
nally being dried in a freeze drier. These samples were then
analysed using an Elementar Vario ISOTOPE cube elemen-
tal analyser (EA) coupled to an Isoprime precisION isotope-
ratio mass spectrometer (IRMS) with an onboard centrlON
continuous-flow interface system.

Carbon-isotope data are reported in delta (§) notation per
mil (%o) relative to the international reference VPDB (Vi-
enna Pee Dee Belemnite). Carbon-isotope ratios were cor-
rected using a two-point calibration comprising the organic
analytical standard B2162 (Spirulina algae, Elemental Mi-
croanalysis Ltd.; —18.7 %o, in-house value) and a laboratory
working standard (BROC3, —27.6 %o). The reference mate-
rials BROC3 and B2162 have been calibrated for §'3C us-
ing IAEA-CH-6 (—10.5%o), USGS54 (—24.4 %0), USGS40
(—26.4%o), and B2174 (urea, Elemental Microanalysis Ltd.;
—36.5%0). BROC3 (41.3 %C and 4.9 %N) was used to cal-
culate the carbon elemental content of samples. The within-
run sample repeat average external precision (1) for carbon
content was < 0.1 wt %, and the within-run standards’ aver-
age external precision (1o°) for 813C was < 0.1 %o.

Finely powdered bulk rock splits were analysed for bulk
geochemical composition at the University of Exeter’s Pen-
ryn campus using an Olympus portable XRF scanner (p-
XRF) in “geochem” mode, employing 40 and 10kV beams
for 60s each. Ca data were used to estimate carbonate con-
tent and were calibrated by determination of CO; emissions
of a subset of 24 samples using a Sercon 20-22 gas source
isotope ratio mass spectrometer at the University of Exeter’s
Penryn campus. The CaCOs3 content thus derived was then
used to correct carbonate-free TOC values to true values.
For simplicity, calculation of CaCOj3 assumes that neither
siderite nor dolomite is present (which is known not to be
strictly the case).

2.7 Core depth scales

The depth scales for the two shallow holes, Prees 2A and
Prees 2B, are simply metres below surface (Table 1). The
Prees 2C depth model for the core is more complex and is
summarized in “Prees_Depth_Model.xIsx” (Supplementary
Data File 1 in the Supplement). Depths for the Prees 2C core
were initially assigned from information recorded in the daily
drilling reports. These drillers’ depths were reported as me-
tres below floor of the drill rig (mb.r.f.) for each drilled in-
terval (core run), which was typically 6 m. Drillers’ depths
were then converted into metres below surface by subtracting
the measured 4.58 m offset between the rig floor and surface
(Table 1) from the reported m b.r.f. value. Depth information
for the top depth of individual core sections cut from the full
core run was then assigned by adding the distance of the top
of a core section from the top of the respective core run. The
depth assignments (mb.s.) for core sections resulting from
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this were reported to the BGS for core curation and are thus
also the curated depths for the core.

The drillers’ depth assumes the top depth of each core run
to be equivalent to the length of the coring string in the hole
at the beginning of the core run. In the majority of cases,
the extracted amount of core was nearly equivalent to the
drilled interval but, depending on the effectiveness of the core
catcher, deviations of a few to several tens of centimetres
commonly occurred. Where material from a previously in-
completely extracted core run (e.g. Core 94) was recovered
(Core 95), the above assumption leads to an apparent core
gap above the longer core (between cores 94 and 95) and an
apparent core overlap below (between cores 95 and 96) at the
curated depths.

Given that the entire length of extracted core from 50 to
650 m depth taken together deviates by only a few tens of
centimetres from the drilled length, the amount of extracted
core can guide depth correction. Corrected model depths
have thus been constructed, and this new depth scale is de-
noted by m c.c.d. This is the depth scale that should normally
be used for reporting any finalized data for the Prees 2C core.

A small number of assumptions was made for construc-
tion of the “metres corrected core depth” (mc.c.d.) scale.
The top depths of Core runs 1 and 2 were taken to be cor-
rect as there was significant core fragmentation and core loss
in Core run 1. Core run 2 recovered 5.25 m of material as
opposed to a reported drilling progress of 5.20 m, so the top
depth of Core run 3 of 38.92 m b.s. was shifted down by 5 cm
to 38.97mc.c.d. Core runs 4 to 6 retained their initial depth
assignments as Core runs 3 to 5 all yielded significantly less
material than the reported drilling progress, and the retrieved
material was still heavily fractured.

With the start of Core run 6, core material was largely in-
tact and material recovery typically within a few centime-
tres of the reported drilling progress. The m c.c.d. scale from
this point onwards is thus anchored at an assumed correct
top depth of Core run 6 where 49.92mb.s.=49.92mc.c.d.
From this point downwards, the top of the subsequent core
run is calculated by adding the recovered length of the pre-
vious core run to the top depth of the previous core run. For
example, for Core run 7, the corrected depth of 54.48 mc.c.d.
derives from the top of Core run 6 of 49.92mc.c.d., with the
length of the recovered core from Core run 6 being 4.56 m
(54.48mc.c.d.=49.92mc.c.d. +4.56 m). This system was
followed up to (and including) Core run 98 with a top depth
of 571.77mec.c.d.

Core run 98 was characterized by significant failure of re-
covery due to core catcher malfunction but also additional
unconstrained core loss. Further coring problems occurred
in Core run 106, where core integrity and recovery were
compromised over an interval of ca. 1.07m due to failure
of drilling fluid circulation and a melted liner. In order to
accommodate the known core loss at these points, a new
depth anchor was set at the top of Core run 106 based on the
reported core top position at 603.42mb.s. =603.42mc.c.d.
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Core top depths for Core runs 99-105 were then calculated
by subtracting the lengths of individual core runs from this
anchor point. For example, the top depth of Core run 105
of 597.20mc.c.d. derives from the top depth of Core run
106 of 603.42 mc.c.d. and the recovered length of Core run
105 of 6.22m (597.20mc.c.d. =603.42mc.c.d. — 6.22 m).
This procedure results in an assumed core loss of §cm in
Core run 98 (base Core run 98 =573.13 mc.c.d.; top Core
run 99 =573.21 mc.c.d.), which is compatible with observa-
tions.

The remaining part of the corrected depth model is then
based on the assumption that the top depth of Core run 107 is
correct, i.e. 604.49 mb.s. =604.49 mc.c.d. This assumption
results in a core loss of 43 cm within Core run 106, which
appears realistic given observations during coring. The TD
of the core according to the length of the remaining Core
runs 107 to 114 is 651.32 mc.c.d. This figure contrasts with
a value of 651.45mb.s. and suggests a residual core loss of
13 cm at the bottom of the hole.

The top depths of individual core sections were assigned
in the same way as in the curated depth scale, i.e. by
adding the distance between the section top and the core
run top to the top depth of the core run. For example,
for Core 90, the run starts at 531.46mc.c.d. The top
depth of section 1 in this run is thus also 531.46mc.c.d.
Given the length of section 90_1 being 99cm in this
core run, the top depth of section 90_2 is 532.45mc.c.d.
(531.46mc.c.d. +0.99m). The section top of section 90_3
is 533.45 mc.c.d. given the length of section 90_2 of 1.00 m
(533.45mc.c.d.=531.46mc.c.d. +0.99m+ 1.00m), and
so forth.

The total core loss from Core runs 6 to 114 is thus
8+43+13cm (=64cm) in the range from 49.92 to
651.32mc.c.d., yielding a core recovery of 99.89 % in this
interval and an overall core recovery from 32.92mc.c.d. to a
TD of 99.68 %.

2.8 Visual core description

Visual core descriptions were carried out on the Archive half
core slabs at the National Core Repository to provide sam-
ple context for interpretation of depositional environments
as well as diagenetic and structural history. Each core sec-
tion was described at ~ 1 cm resolution on a proforma doc-
ument into which the Archive core photograph had been
inserted. Visual core descriptions were then used as a ba-
sis for construction of a summary graphic log at a scale of
3mm = 10m. In order to control for subjectivity in descrip-
tions, carbonate enrichment and grey shade were adjusted
using Ca count data and grey-scale data from core-scanning
optical images (Sect. 2.4, 2.6).
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3 Results and initial interpretation

3.1 Tectonic context

Although the Prees site is clearly in an overall extensional
half-graben setting within the Cheshire Basin (Evans et al.,
1993; Plant et al., 1999), the latest Triassic and Early Jurassic
stratal geometries are significantly different from the bulk of
the Triassic and Permian in the same location.

The main structural features in seismic profile SC-7B
(Fig. 2) are a NW-dipping and SW-NE-striking major nor-
mal fault (offset about 600 m) in the south and a SE-dipping
and SW-NE-striking antithetic normal fault in the north. The
major normal fault is the well-known Wem Fault (see Fig. 1;
Evans et al., 1993; Plant et al., 1999). An imbricate system
of minor synthetic normal faults is observed between the
two larger faults. The Jurassic deposits above the Permian—
Triassic half-graben form a small-scale synformal basin pos-
sibly created by the downward movement of the normal fault
blocks along the large antithetic and smaller synthetic normal
faults, although a role for salt migration in the underlying
Triassic cannot be ruled out (e.g. Hodgson et al., 1992).

As is the case for the Prees 1 drilling site, the Jurassic suc-
cession of Hettangian to Pliensbachian age appears to be tec-
tonically undisturbed, and the borehole is located through the
deepest part of the synformal structure. The thickest Juras-
sic succession clearly occurs at the projected location of the
Prees 2 well, where it is not affected by seismically image-
able faults.

Due to uncertainties in our initial time—depth conversion,
the precise level at which the change in tectonic style oc-
curs is not known; however, the Late Triassic age lithos-
tratigraphy is complete (i.e. all formations and members of
the Rhaetian age Penarth Group are present), and therefore
any missing strata related to the change in subsidence style
must be restricted to a level lower in the Late Triassic strata
than recovered in the Prees 2C core, likely at the base of the
Branscombe Mudstone (Table 2) or below. Interpretation of
Line SC-7B is supported by interpretation of Line SC9-35V,
which is parallel and lies ~ 4 km to the NW. Line ESO-138
is of poor quality and does not yield any additional constraint
on Jurassic stratigraphy or structure.

Line SC-4 is a SW-NE-oriented line along the axis of the
basin, with Prees situated at the north-eastern end (Fig. 1).
This profile confirms the general tilt of the Jurassic succes-
sion in a north-easterly direction along the axis of the basin.
Line SC80-77 also approaches the Prees location at its east-
ern end, with the profile being oblique across the basin struc-
ture (Fig. 1). This line confirms that a reduced thickness of
Jurassic strata occurs to the NW of the Prees 2 drill site
and confirms the antithetic geometry of the subsidiary fault
shown in Fig. 2.
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Table 2. Lithostratigraphy of Prees 2 cores. Note: n/a — not applicable.

Group Formation Member  Age Depth to Unit  ICDP code BGS core Unit top Summary description of unit
(epoch; age) top of unit  thickness  5065_1_ box no.
(mc.c.d.) (m) (Hole_Core_ (archive)
Section_Depth;
cm)
n/a n/a n/a Pleistocene 0.30 2392 n/a n/a Thin soil 30 cm recorded Diamictite, clay, sand and gravel
Lias Redcar Mud- n/a E. Jurassic; 24.22 17275 B_1_1_72cm CB00352862 Unconformable; the top of the for-  Dark-grey massive to faintly laminated mudstone
stone L. Sinemurian— mation is weathered and deformed and marl; carbonate concretions throughout, includ-
E. Pliensbachian down to ~25.75 m. ing sideritic and septarian; macro and trace fossils
abundant at intervals; organic enriched in the lower
part, ~ 143 to 196 m depth; intense fracturing from
the unit top to ~ 50 m.
Prees E. Jurassic; 196.90 89.25 C_31_2_49cm CB00354191 Downward transition of dark-grey Pale-grey-buff bioturbated fine to very fine sand-
E.-L. Sinemurian mudstone to bioturbated fine to stone and siltstone intercalated with medium- to
very fine sandstone or siltstone. dark-grey mudstone; low carbonate content
n/a E. Jurassic; 286.29 306.04 C_47_1_63cm CB00354289 Downward transition of > 1 mthick  Dark-grey massive to faintly laminated mudstone
Hettangian— very fine sandstone or siltstone beds ~ and marl; sparse carbonate concretions, includ-
E. Sinemurian to the marl or mudstone with silt-  ing sideritic and septarian; macro and trace fossils
stone beds < 1 m) abundant at intervals; organic enriched in organic
matter below 560 mc.c.d.; lowest [~ 5] m dark-grey
planar, wavy, and crinkly laminated silty limestone
and mudstone
Penarth  Lilstock Langport L. Triassic; 592.33 0.18 C_104_2_13cm CB00354625 Sharp downward change from Pale olive green or grey faintly laminated limestone
Rhaetian dark-grey, faintly laminated mud- and laminated mudstone with scattered bioclasts
stone of the overlying formation and thin beds or laminae of siltstone at the base
to laminated grey mudstone
Cotham L. Triassic; 592.51 5.52 C_104_2_31cm CB00354625 Sharp downward change to a pale- Dark-grey to pale-olive green mudstone and grey
Rhaetian grey/buff siltstone/limestone com- to pale-olive green siltstone and silty limestone,
plex bedset convolute bedding common; heterolithic wavy to
lenticular bedding common; scours; the top of the
unit comprises pale-grey and pale-brown silt and
limestone beds, including a series of pale-grey
millimetre-scale silt and limestone laminae and mi-
crobial silty limestone
Westbury L. Triassic; 598.03 7.79 C_105_1_83cm CB00354630 Sharp downward change to massive ~ Dark-grey massive to laminated (including crinkly)
Rhaetian dark-grey mudstone mudstone; occasional thin limestone, siltstone,
bivalve shell, and fossiliferous (phosphatic)
arenaceous beds (“bone beds”), locally cross-
stratified, convoluted, or pyritic
Mercia  Blue L. Triassic; 605.82 1452 C_107_2_34cm CB00354642 Thin dark-grey to black arenaceous  Pale green to grey mudstone or siltstone with occa-
Mud- Anchor Rhaetian mudstone with phosphatic nodules  sional beds of grey to black-brown dolomitic mud-
stone of overlying formation resting stone and yellowish-grey laminated (planar, wavy,
sharply on green-grey argillaceous and crinkly) brecciated dolostone with desiccation
limestone and mudstone cracks; bioturbation common
Branscombe L. Triassic; 620.34 30.98 C_109_6_00cm CB00354658 Top of the highest consistent occur-  Calcareous mudstone and siltstone, red-brown with
Mudstone Rhaetian rence of medium red-brown cal- common grey-green patches, spots, and thin beds

careous mudstone beds

that are commonly carbonate-cemented
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3.2 The Late Triassic, Early Jurassic, and Quaternary
successions at Prees and regional correlation

Cores of Quaternary sand and diamict and Early Jurassic
mudstone were obtained from the two shallow geotechnical
holes drilled for site investigation (Prees 2A to 32.2mb.s.
and Prees 2B to 37.0mb.s.). A core of Early Jurassic and
Late Triassic mudstone was obtained from the principal hole
Prees 2C from 32.92 to 651.32mc.c.d. (see Sect. 2.7 for a
discussion of the depth scales for Prees 2C). A summary
of the lithostratigraphy of the Prees 2 cores is provided in
Table 2 and Fig. 3, and a graphic compilation of key core-
based datasets is presented in Fig. 4. A graphical summary
of the downhole logging data is provided in Fig. 5. A synop-
sis of the overall lithological succession and a comparison to
previously known lithostratigraphy are given below, working
stratigraphically up from the base of the cored succession.

3.2.1 Mercia Mudstone Group, Branscombe Mudstone
Formation

The Branscombe Mudstone Formation of the Mercia Mud-
stone Group occurs from the base of the core up to
620.34mc.c.d. The formation comprises calcareous red-
brown mudstone and siltstone, with common grey-green
patches, spots, and thin beds, particularly towards the top of
the unit (Figs. 3, 6, 7). There are occasional occurrences of
pale-grey or brown laminated and micro-brecciated carbon-
ate beds. Burrow mottling and trace fossils occur sporadi-
cally. The lithology is similar to that described from limited
outcrops and previous cores in the region (previously referred
to as the Brooks Mill Mudstone — Warrington et al., 1999;
Howard et al., 2008), except that anhydrite and gypsum nod-
ules are absent or very rare. An ephemeral lake and playa
depositional environment is inferred. The age of the forma-
tion is Late Triassic (likely Rhaetian). The unit has notably
low downhole resistivity values (Fig. 5) possibly related to
saline pore fluids.

3.2.2 Mercia Mudstone Group, Blue Anchor Formation

The Blue Anchor Formation, 14.52 m thick, is a pale-green
to grey mudstone or siltstone with occasional beds of grey
to black-brown dolomitic mudstone and yellowish-grey lam-
inated (planar, wavy, and crinkly) brecciated dolostone with
desiccation cracks. Bioturbation structures and trace fossils
are common (Figs. 3, 6, 7). The formation ranges up to
605.82mc.c.d., where a sharp junction with the overlying
formation is observed (Fig. 7). Elsewhere in the UK, the de-
positional environment of the formation has been interpreted
as evaporitic lacustrine passing up into shallow marine and
representing the initial regional transgression in the Rhaetian
(Mayall, 1981). As for the Branscombe Mudstone, this unit
of the Mercia Mudstone Group also has notably low down-
hole resistivity values (Fig. 5) possibly related to the pres-
ence of saline pore fluid. Three distinct cycles in a number
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of downhole and core log parameters (e.g. gamma, density,
sonic; Figs. 4, 5) denote very well-developed ~5m scale
sedimentary cycles.

3.2.3 Penarth Group, Westbury Formation

The Westbury Formation, 7.79 m thick, comprises dark-grey
massive to laminated (including crinkly) mudstone with lo-
cal thin limestone and siltstone beds, bivalve shell beds, and
fossiliferous (phosphatic) arenaceous beds (“bone beds”); lo-
cally, cross-laminated, convoluted, or pyritic strata are ob-
served (Figs. 3, 6, 7). The formation is relatively enriched in
organic matter (up to ~ 4 % TOC). The lithofacies at Prees is
typical of the Westbury Formation across the entire UK re-
gion and was deposited in a restricted shallow marine set-
ting (e.g. MacQuaker, 1999; Swift, 1999; Hesselbo et al.,
2004). The age assignment is late Rhaetian. The relatively
high gamma-ray signature reflects high clay and low carbon-
ate content, and sonic velocities are low (Figs. 4, 5).

3.2.4 Penarth Group, Lilstock Formation

The Lilstock Formation, 5.70 m thick, comprises dark-grey
to pale olive-green mudstone and grey to pale olive-green
siltstone and silty limestone, with common convolute bed-
ding. Heterolithic wavy to lenticular bedding occurs with
scours. The top of the unit comprises pale-grey or pale-
brown silt or limestone beds, including a series of pale-grey
millimetre-scale silt or limestone laminae and possibly mi-
crobial silty limestone (Figs. 3, 6, 7). The upper 18 cm are
composed of pale olive-green or grey faintly laminated lime-
stone and laminated mudstone beds with scattered bioclasts
and thin beds or laminae of siltstone at the base. This bed is
identified as the “Langport Member”, whilst the underlying
bulk of the formation is identified as the “Cotham Member”
(following the practice reported in Warrington et al., 1999).

We note that Penn (1987) and Warrington et al. (1999, their
Fig. 23) indicated a thicker Langport Member in the Prees 1
well, with a top depth that corresponds to ~586mc.c.d. in
Prees 2, but this seems to be based on an over-simplified in-
terpretation of the geophysical log data, which show a dis-
tinct gamma-ray low and sonic velocity high associated at
Prees with carbonate-rich and relatively organic-matter-rich
shales at the base of the Lias Group (Figs. 3-5).

The depositional environment of the Cotham Member in
the general area of the UK and Ireland is interpreted as
marginal marine, commonly coastal in view of the exten-
sively observed desiccation cracks and localized oolitic lime-
stones (e.g. Hesselbo et al., 2004), although neither of these
features is observed in the Prees core. The convolute bedding
has been much commented upon and is interpreted as rep-
resenting regionally widespread seismically induced lique-
faction (Mayall, 1983; Simms, 2007; Lindstrom et al., 2015;
Laborde-Casadaban et al., 2021). The Langport Member is
understood to have been deposited in a marine environment,

Sci. Dril., 32, 1-25, 2023
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Figure 3. Summary graphic log for the recovered succession. The Branscombe Mudstone and the Blue Anchor Formation are at the top
of the Mercia Mudstone Group, the Westbury Formation and the Lilstock Formation together comprise the Penarth Group, and the Redcar
Mudstone here is the lowest formation of the Lias Group. Cores for the A and B site investigation holes are not yet fully documented.
Abbreviations for ammonoid chronozones and subchronozones in alphabetical order — Apl.: Aplanatum; Br.: Brevispina; Bro.: Brooki;
Bir.: Birchi; Com.: Complanata; Cony.: Conybeari; D.: Denotatus; Da.: Davoei; De.: Depressa; Den.: Densinodulum; E.: Extranodosa;
Jam.: Jamesoni; Jo.: Johnstoni; La.: Laqueus; Lias.: Liasicus; Lur.: Luridum; Mc.: Macdonnelli; Mas.: Masseanum; Ob.: Obtusum; Ox.:
Oxynotum; Pl.: Planorbis; Po.: Polymorphus; Portl.: Portlocki; Ra.: Raricostatoides; Rarico.: Raricostatum; Rot.: Rotiforme; Sauz.: Sauzei;
S.: Scipionianum; Semicost.: Semicostatum; Si.: Simpsoni; St.: Stellare; T.: Tilmanni; Ta.: Taylori; Turn.: Turneri. Hybrid grain-size scale —
c: clay; s: sand; p: pebble; cb: carbonate.
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Figure 4. Summary of the succession in the Prees 2 cores and proposed correlation with the equivalent succession in the Llanbedr (Mochras
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both negative and positive carbon-isotope excursions within constraints imposed by ammonite biostratigraphy. The lithological succession
of the Lias Group at Prees most closely matches that of the Cleveland Basin, and thus the Redcar Mudstone Formation is adopted as the
principal lithostratigraphic unit in the Cheshire Basin (Cox et al., 1999). The Prees member is defined herein. mc.c.d.: metres corrected core
depth. See Fig. 3 for abbreviations of ammonoid chronozones and subchronozones. The carbon-isotope record (813C0rg), TOC, and CaCO3
data are at ~ 1 m stratigraphic resolution and are based on bulk samples. The core gamma ray is at a smoothed resolution of 20 cm. Mochras
8 13C0rg from Storm et al. (2020). Data shown in this figure are tabulated in Supplementary Data Files 4-6 together with additional elements
determined by p-XRF.

and in the area of the UK and Ireland it may have been de- Pliensbachian) (Figs. 3, 6, 7). The earliest Hettangian part of
posited in a carbonate ramp to offshore shelf setting (Hes- the formation at Prees, ~ 5 m, comprises a distinctive dark-
selbo et al., 2004; Jeram et al., 2021). The age assignment for grey, >4 % TOC, planar, wavy, and crinkly laminated silty
both members at Prees is the latest Rhaetian (see Sect. 3.4.1). limestone or mudstone lithofacies, similar to some levels

within the Westbury Formation at Prees. The high carbon-
ate content in this basal unit is responsible for a markedly

25 L R M F i . .
3.25  Lias Group, Redcar Mudstone Formation low downhole and core gamma-ray signature (Figs. 4, 5).

This formation, 568 m thick in Prees 2 and truncated be- The bulk of the strata recovered in the Prees 2 cores is re-
low the Quaternary, comprises dark-grey massive to faintly ferred to as the Lias Group, but the formation names most
laminated mudstone and marl. Carbonate concretions oc- appropriately used are a matter for discussion because of
cur throughout, including sideritic and septarian varieties. the previous lack of a complete record of the lower Lias
Macrofossils and trace fossils are abundant at many lev- Group from the Cheshire Basin (Cox et al., 1999). Names
els, and organic matter is relatively enriched at around adopted could be chosen from the schemes for the south-

590 mec.c.d. (earliest Hettangian) and 160 mc.c.d. (earliest western UK or north-eastern England. Herein we use the

https://doi.org/10.5194/sd-32-1-2023 Sci. Dril., 32, 1-25, 2023
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Figure 5. Summary of the downhole logging data from Prees 2C plotted against metres below the surface (mb.s.). Note that the mb.s. scale
used for downhole logs generally differs only at most a few tens of centimetres from the m c.c.d. scale, except potentially at the two locations
where core loss was significant, in the lowest Redcar Mudstone Formation and in the lowest Westbury Formation (see Fig. 3). From left to
right: caliper (CX/CY, mm); temperature (TEMP, °C); spectral gamma ray (SGR (total), gAPI, U, ppm, K, %, Th, ppm); resistivity (Res,
Ohm); density (Den, g cm_3); porosity (Poro, limestone porosity units LPUs); sonic velocity (P-wave (VP), S-wave (VS), m s_l).

formational name from the Cleveland Basin (Redcar Mud-
stone) on the basis of overall greater similarity to the Early
Jurassic cropping out on the coast of north-eastern England
(Yorkshire-Teesside, Cleveland Basin; Powell, 2010) com-
pared to successions from south-western and central Eng-
land and Wales (Wessex Basin, Bristol Channel Basin, and
Worcester Graben; Old et al., 1987, 1991; Brandon et al.,
1990; Gaunt et al., 1992; Hesselbo and Jenkyns, 1995; War-
rington and Ivimey-Cook, 1995; Berridge et al., 1999).
Between 286.29 and 196.90mc.c.d., in the Late Sine-
murian interval, a distinctive unit occurs comprising pale
grey-buff bioturbated fine to very fine sandstone and silt-
stone, intercalated with medium- to dark-grey mudstone and
with a low carbonate content (generally < 10 %). This sub-
unit is designated the “Prees Siltstone Member” herein and
is correlative in time with the similarly silty and sandy
Siliceous Shale Member of the Cleveland Basin Redcar
Mudstone succession (e.g. Powell, 2010; Hesselbo et al.,
2020b). Other similarities to the Redcar Mudstone include
calcareous mudstone beds in the lower part (up to the
middle of the Sinemurian, ~340mc.c.d.), pyritic shales
around the Sinemurian—Pliensbachian boundary (~ 200-
150mc.c.d.), and nodular sideritic mudstones in the Pliens-

Sci. Dril., 32, 1-25, 2023

bachian (~ 100 m c.c.d. and above). The lower, more calcare-
ous part of the recovered succession at Prees has some dis-
tinct lithological and palaeontological similarities to the Blue
Lias Formation of the south-western UK but lacks the charac-
teristic fully developed limestone beds or periodically occur-
ring finely laminated black shale beds with high (5 %—10 %)
TOC content (see for example Fig. 6d). (If Blue Lias and
Charmouth Mudstone names were to be adopted instead, as
might be required for a nationally or supranationally applica-
ble scheme, then, accepting a broader lithological definition
for Blue Lias, the boundary between formations would lie at
~ 340 mec.c.d., and the Prees Siltsone Member could be ex-
tended down to the base of the Charmouth Mudstone thus de-
fined.) The lithostratigraphic subdivisions of the Lias Group
at Prees are all clearly evident in all the core and downhole
geophysical log datasets, with gamma-ray logs being influ-
enced strongly by both carbonate and quartz silt and sand
content (Figs. 4, 5).

In line with most other lower Lias Group occurrences, the
succession at Prees is interpreted as being deposited in an
offshore, hemipelagic, marine setting subject to periods of
basin restriction and affected by wave and distal storm pro-
cesses (Hallam, 1960; Weedon, 1986; van Buchem et al.,

https://doi.org/10.5194/sd-32-1-2023
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Figure 6. Typical lithofacies of Jurassic and Triassic lithological units. (a) Redcar Mudstone Formation, medium-grey argillaceous and
siliceous mudstone with common shell debris, silty and shelly laminae and beds and red-weathering (sideritic) nodules, likely hiatus
at 18 cm depth, CB00354003, 5065_1_C_2_3, 35.72-36.72 mc.c.d., Pliensbachian, ?Ibex Chronozone. (b) Redcar Mudstone Formation,
medium- to dark-grey pyritic calcareous argillaceous mudstone, CB00354134, 5065_1_C_23_1, 146.79-147.79 mc.c.d., Pliensbachian,
Jamesoni Chronozone. (¢) Redcar Mudstone Formation, Prees Siltstone Member, pale- to medium-grey-buff bioturbated argillaceous
siltstone CB00354205, 5065_1_C_33_2, 208.52-209.52 mc.c.d., Sinemurian, Oxynotum, or Raricostatum Chronozone. (d) Redcar Mud-
stone Formation, dark-grey pyritic argillaceous calcareous mudstone, CB00354454, 5065_1_C_74_2, 442.43-443.43 mc.c.d., Sinemurian,
Bucklandi Chronozone. (e) Redcar Mudstone Formation, dark-grey and pale-grey pyritic argillaceous calcareous mudstone, CB00354531,
5065_1_C_86_4,510.48-511.48 m c.c.d., Hettangian, Liasicus, or Angulata Chronozone. (f) Lilstock Formation, Cotham Member, medium—
pale grey-green heterolithic mudstone with siltstone or very fine sandstone laminae and lenses, cross-laminated, with discrete levels of con-
volute bedding, CB00354628, 5065_1_C_104_5, 595.19-596.19 mc.c.d., Rhaetian. (g) Westbury Formation, dark-grey heterolithic mud-
stone with crinkly siltstone and carbonate laminae, with discrete levels of bioturbation structures and convolute bedding, CB00354632,
5065_1_C_105_3, 599.20-600.19 mc.c.d., Rhaetian. (h) Blue Anchor Formation. Grey-green calcareous argillaceous mudstone and silt-

stone, bioturbated, CB00354655, 5065_1_C_109_3, 617.35-618.35 mc.c.d., 7Rhaetian. All panels are Itrax optical images.

1994; Weedon et al., 2017). This setting contrasts with the scale lithological cyclicity through most of the Redcar Mud-
Lias at Mochras, Cardigan Bay Basin, which is interpreted stone (Figs. 4, 5).

as having been deposited below the influence of storm pro-

cesses and instead subject to contour currents and related

sediment transport (Piefikowski et al., 2021). Downhole and

core gamma-ray logs provide an excellent record of metre-

https://doi.org/10.5194/sd-32-1-2023 Sci. Dril., 32, 1-25, 2023
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Figure 7. Key boundaries of Jurassic and Triassic chronostratigraphic and lithostratigraphic units, marked with a red arrow head.
(a) Sinemurian—Pliensbachian stage boundary: pale-grey bioturbated shelly calcareous mudstone rests sharply at 166.80 mc.c.d. on pale-
to medium-grey shelly pyritic mudstone, carbonate-cemented in the top 9cm; CB00354157, 5065_1_C_26_2, 166.31-167.31 mc.c.d.
(b) Top Prees Siltstone Member, Densinodulum Subchronozone, Raricostatum Chronozone, transition of dark-grey pyritic argillaceous
mudstone downward at 196.90 mc.c.d. into bioturbated fine to very fine sandstone or siltstone, CB00354191, 5065_1_C_31_2, 196.41-
197.41mec.c.d. (c) Base Prees Siltstone Member, Turneri Chronozone, transition downward at 286.29 mc.c.d. of pale-grey bioturbated
siltstone into medium-grey argillaceous siliceous mudstone, CB00354289, 5065_1_C_47_1, 285.66-286.66 mc.c.d. (d) Top Lilstock For-
mation and Langport Member, top Cotham Member, Rhaetian; the top Langport Member has a sharp downward change from dark-grey,
faintly laminated argillaceous mudstone of an overlying formation to medium-grey heterolithic laminated siltstone, limestone, and mudstone
(592.33mec.c.d.). The top Cotham Member is marked by a sharp downward change to a pale-grey or buff siltstone or limestone partly stro-
matolitic bedset (592.51 mc.c.d.); CB00354625, 5065_1_C_104_2, 592.20-593.19 mc.c.d. (e) Top Westbury Formation, Rhaetian, sharp
downward change at 598.03 mc.c.d. from medium- to dark-grey convolute bedded silty mudstone to massive dark-grey argillaceous mud-
stone; CB00354630, 5065_1_C_105_1, 597.20-598.20 mc.c.d. (f) Top Blue Anchor Formation, ?Rhaetian, thin dark-grey to black arena-
ceous mudstone with phosphatic nodules of an overlying formation resting sharply at 605.82 mc.c.d. on green-grey argillaceous limestone
and mudstone, CB00354642, 5065_1_C_107_2, 605.48-606.43 mc.c.d. (g, h) Top Branscombe Mudstone Formation, ?Rhaetian, top of
the first consistent occurrence at 620.34 mc.c.d. of medium red-brown patches in an otherwise massive grey-green calcareous mudstone,
CB00354657, 5065_1_C_109_5, 619.35-620.34 m c.c.d. and CB00354658, 5065_1_C_109_6, 620.34-621.33 mc.c.d. All panels are Itrax

optical images.

3.2.6 Quaternary diamict carbonate clasts that range in colour from white through
to dark grey and dark brown. The clast sizes range up to
The lowest unit within the Quaternary succession is a red- medium pebbles. The thickness of the diamict unit is esti-

brown diamict comprising a clay-silt matrix and abundant ~ mated to be ~4.72m and its base is at 24.22mb.s. How-
matrix-supported subangular to subrounded mudstone and ever, the upper 1.38m of the Lias Group (from 25.60 to

Sci. Dril., 32, 1-25, 2023 https://doi.org/10.5194/sd-32-1-2023
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24.22 mb.s.) comprises a highly disturbed mudstone breccia
in a mud matrix that may alternatively also be regarded as
part of the Quaternary succession.

3.2.7 Quaternary clay, sand, and gravel

The upper part of the Quaternary succession comprises peb-
bly sand at the base (1.4 m) passing up into 6.8 m of gravelly
clay and 11 m of medium sand. This unit is interpreted as part
of the deltaic infill of the glacial Lake Prees (Chiverrell et al.,
2021).

3.3 Fractures
3.3.1 Hydrofractures in the Lias Group

The uppermost Lias in Prees 2A and Prees 2B proved dif-
ficult to recover as fully intact cores. This is likely due to
fine-scale fracture networks, particularly in the upper ~7 m
below the Quaternary deposits. Fractures in the strata un-
derlying ice sheets are a widely observed phenomenon (e.g.
Phillips et al., 2013; Philips and Hughes, 2014) and have
been described as hydrofracture systems (Benn and Evans,
2010). At Prees, the top 1.38 m comprises dislocated angular
fine pebbles and granules of mudstone in a mudstone ma-
trix. Below this level (25.60 m b.s.), the mudstone remains in
place but is highly fractured in multiple orientations down
to at least 31 mb.s. Below this level the cores show com-
mon mostly bedding-parallel fracturing, but it is difficult to
distinguish between natural fracture networks and those in-
duced by drilling. The hydrofracture system at Prees is likely
the result of loading by the ice mass that formed the land-
terminating lobe of the Irish Sea Glacier, which was at its
maximum extent during the Late Pleistocene Last Glacial
Maximum (26.5 4+ 1.8ka), terminating at the glacial Lake
Morville, ~ 45 km SSE of Prees (Chiverrell et al., 2021).

3.3.2 Subvertical fractures in the Mercia Mudstone and
Penarth Group

Both mineralized and unmineralized subvertical fractures
occur commonly in the Triassic succession at Prees. Most
cores from the Westbury Formation downwards (Core 105,
600mc.c.d.) are affected by these fractures (Fig. 8). The
fracture faces dip steeply (~ 85°), but their compass orien-
tation has yet to be determined. Mineralization appears to
depend on host lithology in a similar manner to what is ob-
served at Mochras (see Ullmann et al., 2022). The dense
occurrence of these fractures within the Late Triassic suc-
cession suggests a relationship with the change in tectonic
style at the inception of the Late Triassic to Early Jurassic
sag basin. Drilling operations data (drilling fluid loss into
the formation) show that these fractures remain open in the
subsurface in the present day and will have significance for
the sealing properties of the Mercia Mudstone Group in the

https://doi.org/10.5194/sd-32-1-2023
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Figure 8. Subvertical fractures, Late Triassic. (a) Westbury
Formation, subvertical mineralized fracture with millimetre-
scale offset, Itrax optical image, CB00354641, 5065_1_C_107_1,
604.49-605.48 mc.c.d. (b) Blue Anchor Formation, subverti-
cal mineralized fracture, core-lab photograph, CB00354644,
5065_1_C_107_4, 607.37-608.37 mc.c.d. (c) Blue Anchor Forma-
tion, subvertical mineralized fracture, X radiograph of the whole
round, CB00354644, 5065_1_C_107_4, 607.37-608.37 mc.c.d.
(d) Branscombe Mudstone Formation, subvertical unmineralized
fracture, Itrax optical image, CB00354678, 5065_1_C_112_6,
638.23-639.20mc.c.d.

Cheshire Basin and in related tectonic settings (see e.g. Al-
Najdi and Worden, 2023).

Sci. Dril., 32, 1-25, 2023
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3.4 Stratigraphic correlation and depositional history

Ammonite chronostratigraphy and carbon-isotope
stratigraphy

Ammonite chronostratigraphy combined with carbon-
isotope stratigraphy presently provides the principal means
of regional correlation of the Jurassic strata in Prees 2 cores
(Fig. 3). Chronozones can be derived from Jurassic am-
monoid biozones as discussed by Page (2017). Particular em-
phasis is placed on identification of ammonite taxa indica-
tive of chronozones and subchronozones and biohorizons
if possible, following the biostratigraphic and chronostrati-
graphic scheme of Page (2003, 2009, 2010a, b) and Weedon
et al. (2017, 2019), and the results are summarized here in
Fig. 3 and in Supplementary Data File 2. Assignment of in-
tervals of the core that lie between the highest and lowest
markers for the chronozones and subchronozones is uncer-
tain (i.e. there is no ammonite evidence for which zone or
subzone these strata belong to), and such intervals are indi-
cated by grey shading in the graphics.

Fossils characteristic of almost all ammonite-based
chronozones and subchronozones for the cored stratigraphy
are recognized at Prees. Biostratigraphic characterization is
particularly good for the Hettangian and Early Sinemurian
(Figs. 3-5; Supplementary Data File 2). All Late Sinemurian
subchronozones are also present, but the boundaries of these
subdivisions are less well defined than for the strata be-
low, and their thicknesses are evidently quite reduced in
some cases (e.g. the Raricostatoides Subchronozone of the
Raricostatum Chronozone; Figs. 3-5; Supplementary Data
File 2). The Early Pliensbachian ammonite-based zonation is
again well defined, except in the top 35 m (Ibex Chronozone).

Carbon-isotope stratigraphy based on analysis of bulk or-
ganic matter has proven to be particularly useful for local
to regional and, potentially, even global correlations to help
refine those based on ammonite chronostratigraphy (e.g. Al-
Suwaidi et al., 2022). Although it is broadly acknowledged
that the finer details of carbon-isotope curves may be due
to factors under local controls, such as mixing of differ-
ent organic matter components with their individual carbon-
isotopic compositions (e.g. Suan et al., 2015; Fox et al,,
2022), consistent patterns in different, sometimes very dis-
tant basins are nevertheless well established. Figure 4 shows
a correlation between Prees 2C, based on new data, and
the basal Hettangian—Early Pliensbachian of Mochras us-
ing the carbon-isotope stratigraphy of Storm et al. (2020);
all correlations shown are consistent with the ammonite
biostratigraphy (see Supplementary Data File 3 for refine-
ments to the previously published ammonite chronostratig-
raphy for Mochras; Page in Copestake and Johnson, 2014).
No doubt further tie lines could be proposed. A notewor-
thy feature of the carbon-isotope curve of Prees (166.70-
16590 mc.c.d.) is the abrupt negative excursion at the
Sinemurian—Pliensbachian boundary, which supports the de-
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termination of a hiatus at 166.80 m c.c.d. based on sedimen-
tological and ichnological observations (Fig. 7). The fairly
prominent negative carbon-isotope excursion in Mochras at
about 1310 m in the lower part of the Raricostatum Zone may
be missing at another hiatus in Prees, possibly at the top of
the Prees Siltstone Member, where there is a very strongly
expressed transgressive surface.

Recognition of the Triassic—Jurassic boundary away from
the GSSP at Kuhjoch in Austria is currently challenging due
to the very rare occurrence elsewhere of the primary marker
taxon, Psiloceras spelae (von Hillebrandt et al., 2013). In
Prees, the lowest ammonite fossil in the succession, a pos-
sible psiloceratid fragment, lies at 583.57 mc.c.d., which
is 8.76 m above the lithostratigraphical base of the Lias
Group (Redcar Mudstone Formation), and there are no other
age-diagnostic fossils recovered yet from these basal Lias
mudstones. The presence of confirmed Psiloceras erugatum
(Phillips), however, only 0.07m higher at 583.50mc.c.d.,
represents the lowest Psiloceras species recorded in the UK
and Irish Jurassic (Bloos and Page 2000) — placing this latter
level in Prees definitely in the upper part of the basal Jurassic
Tilmanni Chronozone (Page, 2010a, equivalent to the Hn2
biohorizon in Weedon et al., 2017, 2019).

Recently, Jeram et al. (2021) reviewed correlations of
UK basal Jurassic successions with reference to a newly
published high-resolution carbon-isotope record from Larne,
Northern Ireland; these authors discuss three possible cor-
relations based on carbon-isotope stratigraphy. Here we fol-
low the practice of several recent authors (Korte et al., 2019;
Ruhl et al., 2020) who identify a secondary negative carbon-
isotope excursion lying between the “initial” and “main”
carbon-isotope excursions of Hesselbo et al. (2002). In lieu
of further biostratigraphic data from other fossil groups, this
correlation likely places the Triassic—Jurassic boundary in
Prees 2C close to the junction between the Lilstock Forma-
tion and Redcar Mudstone Formation (between 592.78 and
592.19mc.c.d., lithostratigraphically at 592.33 mc.c.d.), but
the possibility remains that the system boundary lies higher
in the succession (possibly as high as ~ 589 mc.c.d.) pending
study of higher-resolution carbon-isotope datasets and paly-
nology. We interpret the isotopically light 813C0rg values at
the top of the Cotham Member of the Lilstock Formation as
representing the “initial” negative carbon-isotope excursion
of Hesselbo et al. (2002). Records of lower ammonites in
the UK and Irish successions, including Neophyllites laver-
nockensis Hodges, as reported from the uppermost Lilstock
Formation in South Wales (Hodges, 2021), would likely be
of the latest Triassic age, lying as they do below the base
of the Lias and below those features of the carbon-isotope
curves generated from bulk organic matter samples that sig-
nify the base of the Jurassic (see e.g. Korte et al., 2019, and
references therein).
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4 Summary and research prospects

The data presented here provide the stratigraphic frame-
work and depositional context for multiple ongoing stud-
ies into Early Jurassic Earth history and Earth system pro-
cesses. The succession recovered in the Prees cores spans
the Late Triassic mass extinction event and its aftermath,
and each ammonite chronozone and subchronozone through
to the Early Pliensbachian Ibex Chronozone is represented.
The recovered Lias succession is predominantly argillaceous
and shows the greatest similarity to the lower Lias Group in
the Cleveland Basin, which lies ~200km to the NE. The
prospects of determination of orbital cycles look to be very
good based on clearly evident 1 m scale lithological cyclicity
(Figs. 6e, 7c), which finds strong expression in both the high-
resolution core-scanning data and the downhole log datasets
(Figs. 4, 5). The 1 m cycles likely represent precession and
form the principal building blocks for construction of an as-
trochronology.

A carbon-isotope curve based on bulk organic matter at
~ 1 m resolution presented here is used to correlate with the
Llanbedr (Mochras Farm) borehole in the adjacent Cardigan
Bay Basin. The generated carbon-isotope stratigraphy cor-
roborates curves at comparable resolution generated from
bulk organic matter and fossil wood at Mochras (Storm et
al., 2020) and from bulk organic matter, wood, and macrofos-
sil carbonate in adjacent north-western European basins (e.g.
Hesselbo et al., 2020b; Ullmann et al., 2022). The Hettan-
gian and Sinemurian stages are already notable for the paral-
lel progressive decrease in oxygen-isotope values of benthic
macrofossils whilst organic matter § 13C0rg increases, sug-
gesting that regional seawater temperature is not directly re-
lated to global carbon burial (e.g. Hesselbo et al., 2020c).
New environmental palaeo-proxy data to be generated from
the core can be used to test, amongst other hypotheses,
whether opening of the Hispanic oceanic corridor to the west
may have driven tropical Tethyan waters further north into
the north-western European basins (e.g. Ruvalcaba Baroni et
al., 2018).
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Appendix A: Organic matter characterization and
thermal maturity in Mochras, Prees 1, and Wilkesley

Pyrolysis data were generated using a Vinci Rock-Eval 6
instrument (Behar et al., 2001) at the Department of Earth
Sciences, University of Oxford, and the results are shown in
Fig. Al (see also Supplementary Data File 5).
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Figure A1. Rock-Eval 6 pyrolysis data. (a) Pyrolysis data presented in a van Krevelen diagram showing the organic matter types of the
studied Prees 1 cuttings compared to Wilkesley and Mochras core samples, with outcrop samples from St Audries Bay, south-western
England, used as standards. The Rock-Eval data for Prees 1 (n=11) and Wilkesley (n =5) indicate a Type-3 to mixed Type-2-Type-3
kerogen source (see e.g. Espitalié et al., 1977); one sample from the Wilkesley borehole plots is in the Type-1 zone. There is some uncertainty
as to the representative nature of this distribution due to the small sample set. In addition, the small sample set from the Prees 1 and Wilkesley
boreholes plots close to the large dataset (n = 910) from the Mochras borehole (Storm et al., 2020). (b) TOC box-and-whisker plots showing
organic matter quantity. The box plots for Prees 1, Wilkesley, and Mochras have comparable ranges in TOC, with a median value close to
1 wt %. (¢) Tmax box-and-whisker plots for thermal maturity (see Evenick, 2021, for a recent review). The range of Tmax values reported
across the three wells is narrow and the differences in average Tmax relatively small, indicating practically the same to very marginally
deeper burial for Prees 1 and Wilkesley compared to Mochras. The average Tmax recorded for Wilkesley just surpasses the Tmax =435 °C
mature-to-immature transition equivalent to vitrinite reflectance R values approaching 0.6.
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Data availability. Full core scan data (https://doi.org/10.5285/
91392£09-25d4-454c-aece-56bde0dbf3ba, BGS Core Scanning Fa-
cility, 2022) will be available after 1 November 2024 via the Nat-
ural Environment Research Council (NERC) National Geoscience
Data Centre (https://webapps.bgs.ac.uk/services/ngdc/accessions/
index.html#, last access: 12 October 2023). Downhole logging
data (https://doi.org/10.5880/ICDP.5065.001, Wonik, 2023) will be
made available via the ICDP (https://www.icdp-online.org/projects/
by-continent/europe/jet-uk/, last access: 12 October 2023).

The JET Operational Report is published as Hesselbo et
al. (2023); full information about the operational dataset, the log-
ging dataset, data availability and the explanatory remarks is avail-
able on the ICPD-JET project website: https://www.icdp-online.
org/projects/by-continent/europe/jet-uk/ (last access: 12 October
2023).

A subset of data, additional biostratigraphic tables, and vec-
tor graphics files for Figs. 3-5 are included as the Supplement.
Supplementary Data File 1 tabulates the corrected depth scale for
Prees 2C. Supplementary Data File 2 summarizes the ammonite-
based chronostratigraphy of the Prees 2 cores (ammonite identi-
fications by Kevin N. Page). Supplementary Data File 3 summa-
rizes the ammonite-based chronostratigraphy for the Hettangian to
Early Pliensbachian of the Llanbedr (Mochras Farm) borehole (up-
dated by Kevin N. Page). Supplementary Data File 4 tabulates the
organic carbon-isotope ratios, TOC, and carbonate content of low-
resolution samples taken at the Prees drill site; TOC and carbon-
ate data are calculated using calibration based on portable XRF
(Supplementary Data File 5) and a gas source isotope ratio mass
spectrometer (Supplementary Data File 6). Supplementary Data
File 5 tabulates portable XRF results for bulk rock powders of low-
resolution samples taken at the Prees drill site; uncertainties stated
in the table are given for the fit to the raw data and do not reflect
the true reproducibility of the data. Empty fields indicate values un-
der the detection limit. Sample SSK116001 acted as a repeat sam-
ple which was measured 70 times over the course of the data ac-
quisition to determine the repeatability and drift of the instrument.
LE stands for “light elements”. Supplementary Data File 6 tabu-
lates gas source isotope ratio mass spectrometry (GS-IRMS) data
(oxygen- and carbon-isotope ratios of carbonate as well as carbon-
ate content calculated as calcite) for a set of 24 samples covering the
entire core length and reflecting a representative spread of carbonate
content. Comparison of GS-IRMS data with p-XRF data was used
to create a calibration curve to calculate the carbonate (and TOC)
content of all low-resolution samples. Supplementary Data File 7
tabulates pyrolysis data (Rock-Eval 6) for Prees 1 well cuttings and
Wilkesley borehole samples. Supplementary Data File 8 contains
vector graphics files (.svg) for Figs. 3-5.

Sample availability. Samples will be available on request to the
British Geological Survey National Geological Repository after
1 November 2024.

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/sd-32-1-2023-supplement.
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Abstract. The modern Alpine landscape and its foreland were strongly impacted by the numerous glacier ad-
vance and retreat cycles during the Middle-to-Late Pleistocene. Due to the overall erosive character of each
glaciation cycle, however, direct traces of older glaciations tend to be poorly preserved within the formerly
glaciated domains of the pan-Alpine area. Nevertheless, sediments of older glaciations may occur hidden un-
der the modern surface in buried glacially overdeepened troughs that reach below the normal level of fluvial
erosion (fluvial base level). These sedimentary archives, partly dating back to the Middle Pleistocene period,
are of great scientific value for reconstructing the timing and extent of extensive Alpine glaciation, paleocli-
mate, and paleoenvironmental changes in the past and help to better understand ongoing and future changes in
the pan-Alpine area. Therefore, the International Continental Scientific Drilling Program (ICDP) project DOVE
(Drilling Overdeepened Alpine Valleys) targets several of these glacial overdeepened sedimentary basins to re-
cover their sedimentary infills. In the frame of the DOVE project, a 252 m long drill core of unconsolidated
Quaternary sediments was recovered in northern Switzerland from an over 300 m deep glacially overdeepened
structure (‘“Basadingen Trough”) formed by the former Rhine Glacier lobe system. The recovered sedimentary
succession was divided into three stratigraphic units on the basis of lithological and petrophysical characteristics.
The lowest unit, deposited below the fluvial base level, consists of an over 200 m thick succession of glacial to
(glacio)lacustrine sediments and contains remains of possibly two glaciation cycles. Overlying this lowermost
succession, an ~ 37 m thick fluvial-to-glaciofluvial gravel deposit occurs, which correlates to a locally outcrop-
ping Middle Pleistocene formation (“Buechberg Gravel Complex”). The sediment succession is capped by an
~ 11 m thick diamictic succession interpreted as the subglacial till from the later extensive glaciation, including
the regional glaciation during the Last Glacial Maximum. The recovered sediment succession thus supports the
proposed multi-phase origin of trough formation and its infill.

The global marine isotope records reveal the changes in the
global temperature and ice volumes during the Quaternary.
This geological period is dominated by glacial-interglacial
cycles, each including stadial-interstadial higher-frequency
fluctuations (Lisiecki and Raymo, 2005). Further, the marine

isotope records show a global shift in the periodicity from ca.
41 to 100ka and an increase in the amplitude of the temper-
ature and ice volume during the Middle Pleistocene climatic
transition (MPT) between 1250 and 700 ka (Ruddiman et al.,
1986; Clark et al., 2006). During each glacial-interglacial cy-
cle, ice sheets grew in the polar areas as well as in mountain-
ous areas (including the Alps), and glaciers advanced into
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the lowlands from where they retreated again with the onset
of the next interglacial. While the last glaciation left promi-
nent traces in the Alpine landscape (e.g., erratic blocks and
side and end moraines), traces of previous glaciations often
became obscured and eroded as advancing glaciers modified
the overridden landscape drastically.

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

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

Project DOVE

In the frame of the International Continental Scientific
Drilling Program (ICDP) project Drilling Overdeepened
Alpine Valleys (DOVE), the sedimentary infill of several
overdeepened troughs are targeted with the overarching goal
of quantifying the proposed asymmetry in the extent and tim-
ing of the Alpine glaciations in the pan-Alpine area and their
implications for the paleoclimate, paleolandscape, and pa-
leoenvironmental evolution back to the Middle Pleistocene.
A detailed overview of the DOVE project is provided in
Anselmetti et al. (2022). The project seeks to achieve these
goals by combining the following: (i) a series of new drill
cores, (ii) analyzing existing drill cores, and (iii) geophys-
ical surveys across overdeepened troughs. The project is
grouped into two phases: Phase I covers the northern and
northeastern parts of the Alps (Switzerland, Germany, and
Austria) and comprises three drill cores from the former
Rhine Glacier area (ICDP Site 5068_1, TANN, IGSN (In-
ternational Generic Sample Number): ICDP5S068EH70001;
ICDP Site 5068_2, BASA, IGSN: ICDP5068EH40001;
and ICDP Site 5068_6, GAIS, IGSN: ICDP5068EHG0001;
Fig. la), one from the former Isar-Loisach Glacier area
(ICDP Site 5068_3, SCHA, IGSN: ICDP5068EHC0001),
one from the former Salzach Glacier area (ICDP Site 5068_4,
FREI, IGSN: ICDP5068EHDO0001), and one from the for-
mer Traun Glacier area (ICDP Site 5068_5, BADA, IGSN:
ICDP5068EHEO0001) (Anselmetti et al., 2022). It is planned
to cover the southern and western parts of the Alps (Slovenia,
Italy, and France) in Phase II (Anselmetti et al., 2022). The
comparison and integration of data in Phase I will occur in
several steps: (i) the data of the individual drill cores will be
individually analyzed and integrated into the local context;
(i) the sites will be integrated into their extended regional
system, e.g., the individual glacier lobes; and (iii) an over-
all synthesis of Phase I in the northern Alps will be accom-
plished. Eventually, the same steps are planned for Phase II
for the southern and western areas. Finally, the overall DOVE
synthesis and integration over the entire pan-Alpine area will
be achieved. This study represents the first step on this path
and presents the results of the ICDP site 5068_2 (BASA),
where the first ICDP drill core was recovered on Swiss terri-
tory (Fig. 1a and b).

2 Study area

The study area is located in the southwestern part of the for-
mer Rhine Glacier lobe and inside the proposed Most Ex-
tensive Glaciation (MEG) during the Middle Pleistocene and
the Last Glacial Maximum (LGM, Fig. 1a). Previous stud-
ies have documented a dendritic pattern of overdeepenings
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Figure 1. (a) Overview of the overdeepened systems within the former Rhine paleoglacier lobe (modified from Ellwanger et al., 2011).
Extents of the Rhine Glacier during the Most Extensive Glaciation (MEG) and of the Last Glacial Maximum (LGM) and two DOVE
Phase 1 sites: 5068_1 (TANN), 5068_2 (BASA), and 5068_6 (GAIS) are indicated. (b) Regional overview of the overdeepened system of
the southwestern branch of the Rhine Glacier, including the thickness of the Quaternary sediments (Pietsch and Jordan, 2014), the postulated
local Middle Pleistocene paleochannels (Graf, 2009b), the indicated DOVE site 5068_2 (BASA), and trace of the seismic line. (c¢) Pre-
drilling interpretation of the seismic line across the Basadingen Trough (Brandt, 2020): M represents the molasse bedrock; the green line
represents the outline of trough; A—G represent the stratified unconsolidated Quaternary filling with indicated potential erosional (solid lines)
and internal boundaries (dashed lines); solid black lines in M represent prominent and potential continuous reflections; dashed black lines
represent assumed faults; the black vertical line represents drill hole 5068_2-A (BASA-A) with predicted bedrock at ~ 240 m depth. Note
that the final drilling depth of 252 m did not penetrate bedrock but ended in coarse (basal) sediments.
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within the footprint of the Rhine Glacier (Fig. 1a). Geomet-
rically, these overdeepened basins appear to have a common
root in the Alpine Rhine valley and the partially filled basin
of Lake Constance (e.g., Keller and Krayss, 1993; Cohen et
al., 2018; Ellwanger et al., 2011; Fabbri et al., 2021; Schaller
et al.,, 2022). From this root, several overdeepened basins
branch into side systems and even further distal overdeep-
enings (Fig. 1a). While the origin of this pattern is not fully
understood, regional studies indicate that the formation of
these overdeepenings did not all occur at the same time but
during different glaciations (e.g., Graf, 2009a, b; Ellwanger
et al., 2011; Miiller, 2013).

In the surroundings of the drill site, with a terrain eleva-
tion at the drill site of ~445m above sea level (ma.s.l.),
several parallel to partly cross-cutting bedrock overdeep-
enings have been detected in bedrock surface maps com-
piled from variably abundant drillings and geophysical data
(Fig. 1b; e.g., Miiller, 2013; Pietsch and Jordan, 2014). The
bedrock overdeepenings, including the Basadingen Trough,
reach over 300m below the modern topography and are
mainly incised into the Neogene siltstones and sandstones
of the Molasse basin (mainly Upper Marine Molasse, OMM,
and Lower Freshwater Molasse, USM; Hofmann and Han-
tke, 1964; Hofmann, 1967). The bedrock maps also re-
veal characteristic adverse slopes at the termini of the in-
dividual overdeepenings. At the surface, the considerable
bedrock relief due to overdeepening glacial erosion is buried
by younger glacial or glaciofluvial sediments (Graf, 2009b;
Miiller, 2013).

The transition from the overdeepened to non-
overdeepened (fluvial) domain is an important physical
process boundary for the interpretation of the erosional
and depositional processes. The lowest fluvial outlet of the
study area is the Klettgau fluvial paleochannel and lies at
~340ma.s.]l. just west of Schaffhausen. Considering this
minimal fluvial base level, the erosional and depositional
processes below ~ 100m core depth have occurred in an
overdeepened position and, thus, most likely in a subglacial-
to-lacustrine setting. Higher values for the fluvial base level
at the drill site — but with larger uncertainties — can be
estimated from the highest elevations reached by the adverse
slopes. Based on the base maps of the lowest fluvial gravels
(“Buechberg Gravel Complex”, Middle Pleistocene; Miiller,
2013), Graf (2009b) and Miiller (2013) convincingly show
that the lowest Pleistocene base (LPB) level gently rises
to the east and reaches ~370ma.s.l. at the lowest known
basal contact of the gravel formation. The base map reveals
a strong topography of this basal boundary surface, which
lies between 390 and 400 m a.s.1. around the drill site.

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

3 Methods

3.1 Drilling and downhole operations

Drilling operations were conducted by a private contractor
(Fretus AG, Bad Zurzach, Switzerland) between 25 May and
10 November 2021 (Fig. 2a—d). A final depth of 252 m was
reached using a combined approach of percussion drilling
(Diisterloh hammer) to a depth of 57 m and, below, a triple-
tube core-barrel system (CSK-146 wireline diamond-coring
system). Bedrock, initially predicted for ~240m (Fig. 1c¢),
could not be reached due to geotechnically challenging sedi-
ments, loss of drilling fluid in the hole, and related technical
difficulties at the final depth of 252 m. The > 12 m underesti-
mation of Quaternary sediment thickness is likely related to
uncertainties in (i) the seismic velocities and/or (ii) the inter-
pretation of the deeper reflections. A total of 278 core sec-
tions with a core diameter of 104 mm and lengths between
0.1 and 1 m were recovered in opaque PVC liners. The lin-
ers had a standard length of 1 m and were only cut if the
length of the nominal drilled section was < 1 m. The liners
were not cut in the case of core loss, and this space was not
compensated with filler material. Consequently, the quality
of those sections may have suffered due to some remobi-
lizations, especially in cases of low internal cohesion. How-
ever, since the main reason for the core loss was mobiliza-
tion and/or flushing during the drilling itself, those sections
were of poor quality anyway. A total recovery of ~ 94 %
was reached, from which ~ 11 % was disturbed to the degree
that it lost its internal structure. Water inflow was registered
at depths of 3—4 and 10-11 m. The local groundwater table
was reached at a depth of ~29.5m, which remained stable
during the entire drilling operation. Significant drilling-fluid
losses occurred in gravel-dominated sections between 93—
108 and 141-143m and below 250 m. They represent the
major technical and lithological challenges encountered dur-
ing the drilling operation. For stabilizing and reducing the
drilling resistance inside the drill hole, the drill hole was tele-
scoped several times by using different casing diameters and
a flushing agent consisting of water mixed with additions of
biodegradable polymers and bentonite. After the completion
of the drilling activities, a broad downhole wireline logging
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campaign was executed by the Leibniz Institute for Applied
Geophysics (LIAG). After completion of the wireline log-
ging, the drill hole was refilled with intervals of gravel, ben-
tonite, and concrete according to governmental regulations.
A detailed technical overview of the drilling and logging op-
erations; core quality; the technical parameters, such as bore-
hole geometry, used casings, and the applied refilling scheme
is provided in the DOVE operational report (DOVE-Phase 1
Scientific Team et al., 2023a).

3.2 Core handling, description, and analysis
3.2.1 On-site core-related workflow

After recovery, the liners were sealed and labeled with sec-
tion ID and driller depth. Each core section was weighed for
a preliminary approximation of recovery. In parallel to the
drilling campaign, p-wave velocity (will not be further con-
sidered due to poor quality), wet bulk density, magnetic sus-
ceptibility, and natural gamma radiation of each core section
were measured in the field laboratory (Fig. 3) with a Geotek
multi-sensor core logger (MSCL) (Geotek Limited, Daven-
try, Northants, UK) at a resolution of 5 mm. The core sections
were stored in labeled standard-sized wooden boxes for bet-
ter handling. Later, they were brought in batches to the Insti-
tute of Geological Sciences, University of Bern, to be stored
in the cooling room until the initial core description (ICD). In
parallel to recovering, the fine-grained and sandy sediments
were strategically sampled for noble-gas pore-water analyses
(16 samples) and microbiological investigations of the deep
biosphere (60 samples).

3.2.2 Off-site core-related workflow

During the ICD, each core section was cut, opened, and split
lengthwise into an archive half for non-destructive analyses
and a working half for invasive sampling. Complete process-
ing of the working half was performed under red-light con-
ditions to prevent light contamination, potentially hamper-
ing the use of optically stimulated luminescence (OSL) dat-
ing. The following work was conducted on each archive half.
A high-resolution line scan was obtained, and each section
was sedimentologically described and documented in a log
sheet. The focus of these descriptions was on the following:
(i) the dominant grain size, (ii) type and thickness of bed-
ding, (iii) color, (iv) contacts between different beds, (v) sec-
ondary sedimentary structure, (vi) quality of the core sec-
tion, and (vii) an overview of clast lithology and morphology.
Furthermore, where applicable, undrained shear strength (c},)
and undrained uniaxial compressive strength (g],) were mea-
sured at 25, 50, and 75 cm section depth with a pocket vane
shear tester and a pocket penetrometer. A final total depth
was defined based on the observations of core quality from
the ICD and the driller’s top depth of each section. Depth is
addressed as meters total depth (mtd) when discussing the
entire sediment succession or as centimeter section depth
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(cmsd) when aiming for individual core sections. Based on
the combined findings from the ICD, 14 sedimentary litho-
types were defined and described (Table 1). The whole sedi-
ment succession was assigned to the best-fit lithotype. Even-
tually, the stratigraphic succession was subdivided into three
main stratigraphic units (A-C).

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

Further, based on the line scans, samples were taken for
a first screening of pollen content (31 samples), lumines-
cence dating (22 samples), cosmogenic nuclide burial dat-
ing (2 samples), and geotechnical analyses (23 samples).
After completing the ICD and the sampling campaign, the
core halves were sealed in lightproof black foil, stored in
standard-sized wooden boxes, labeled according to the ICDP
guidelines, and brought to a commercial cooled storage facil-
ity, which serves as a temporary repository during the active
DOVE Phase I (Anselmetti et al., 2022). For further informa-
tion on the curated samples, analysis, and data, see the oper-
ational dataset (DOVE-Phase 1 Scientific Team et al., 2023b)
and explanatory remarks (DOVE-Phase 1 Scientific Team et
al., 2023c).

3.2.3 Carbon analysis (organic matter and carbonate
content)

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

3.2.4 MSCL data processing

MSCL data were processed in five steps: (i) data of empty
sections of liners, representing core loss, were removed; (ii) a
baseline correction was applied to the corresponding mag-

Sci. Dril., 32, 27-42, 2023




32 S. Schaller et al.: Drilling into a deep buried valley (ICDP DOVE)

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

Schaller).

Figure 3. Field lab near the drill site containing the MSCL scanner
(photo by Sebastian Schaller).

netic susceptibility data to correct potential systematic shifts
in the data (subtraction of the average of the calibration data
between 0.5 and 15 cm of each measurement cycle); (iii) low-
density data (< 1.5gcm™>), considered heavily disturbed
sections, were excluded from the density log; (iv) p-wave
velocity data with an amplitude of 0, representing poor data
quality, were excluded from the p-wave data (As the overall
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data quality of the p-wave data is low, p-wave-velocity val-
ues are not further presented or discussed.); (v) the depth of
the cleaned MSCL logs was corrected with the actual depth;
and (vi) the data from the uppermost and lowermost centime-
ter in each section were considered likely disturbed and thus
excluded.

4 Results

4.1 Core lithologies

The 252 m long sediment succession was divided into 14
sedimentological lithotypes (Fig. 4). Table 1 provides an
overview of these 14 defined lithotypes, including descrip-
tion and interpretation of the depositional environment, along
with a representative core-section line scan. Figure 5 displays
a composition of detailed line scans, CT scans, and the key
lithotypes of 10 selected core sections.

4.2 Lithostratigraphic units

Based on the succession of the 14 endmember lithotypes (Ta-
ble 1), the recovered succession (Fig. 4) was grouped into
three lithostratigraphic units (A, B, and C), with Unit A con-
taining five subunits (A1-AS5). These units are briefly char-
acterized from bottom to top.
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Table 1. Colors and lithocodes of the individual lithotypes with description and interpretations. The line-scan image shows a representative
core section (origin of line scan is indicated in the lower-right corner of core photos); scale is in centimeters.

Description

Interpretation | Core photo

Diamicts

Diim

Matrix-supported massive: Massive matrix-sup-
ported with 1solated fine to coarse gravel clasts in
a silty to sandy matrix with 1solated cobbles (0-40
% clasts. 60-100 % matrix). Crudely bedded in
decimeter- to meter-scale by a slight vanation m
matrix composition and/or in clast size and
number. Beige color, many fresh striations, poorly
sorted, subangular to subrounded.

1) Subglacial till (Evans et al.. 2006) or i1) terrestri-
al or subaqueous cohesive debris flows with
glacial sediment sources (Mulder and Alexander.
2001; Eyles et al., 1983).

=

Mce

Matriv-supported stratified diamict: Malnx
supported with fine to coarse gravel clasts in a
massive sandy to partly silty matrix (0-40 °
clasts. 60-100 % matrix), stratified into ceut].me—
ter- to decimeter-scale beds by oriented but mostly
isolated clasts. Beige to grey-beige color, few
striations, poorly sorted.  subangular  to
(sub)rounded.

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

Clast-supported  massive  diamict: Massive
clast-supported, fine to coarse gravel with 1solated
cobbles with a silty matrix with variable sand
content (60-80 % clasts, 20-40 % matrix). Some-
times crudely bedded by a slight vanation in
matrix composition and dominant clast size.
Poorly sorted, beige matrix color, striations,
subangular to subrounded.

1) subglacial below or above the fluvial base level
(Evans et al., 2006), or 11) glaciofluvial deposits | *
solely above the fluvial base level (Eyles et al.. | ,,
1983).

Mud-clast conglomerate: Nixture of beige to
beige-brown clay chips with a vaniable medium to
coarse gravel content (0-=50%) i a grey-beige to
browni‘;h medium sandy matrix (5-80 % clasts,
20-95 % matrix). Mud clasts show pamally
mternal structures and rounding of wvartous
degrees (subangular to rounded).

Fine lacustrine sediments, rounding indicates
transportation upon reworkng, eroded by
subaquatic mass movements or other subaquatic
events with high erosive potential (e.g.. L1 et al..
2017). The individual gravel content may indicate
the type of event, 1.e., a high content may mdicate
a delta collapse as source event.

-
=}

Gravels

Gms

4.21

Massive to cridely bedded sandy gravel: Massive
medium to coarse (partly fine) gravel, with few
isolated sand layers, with little to no silt and 1solat-
ed cobbles (75-80 % clasts, 20-25 % matnix).
Crudely bedded by ‘Lananon m clast size and
number and slight vanation in matrix composi-
tion, moderately to well sorted, beige to
beige-brownish matrix color. (sub)rounded to well
rounded

1) Fluvial to glaciofluvial deposits (over the fluvial
base level; Eyles et al_, 1983) or u) subglacial to | ?
ghcmlacus trine deposm; e.g.. high concentra-
tion channelized density flows in a subaqueous
glacial fan system (below the fluvial base level; | u -
Eyles et al., 1983).

Massive to crudely bedded silty samdy gravel:
Massive medium to coarse gravel, parily sandy.
silty with 1solated cobbles (75-80 % clasts, 20-25
% matrix). Crudely bedded by variations in clast
size and number and slight variations i matnx
composition, moderately to well sorted, brown-
ish-reddish to brownish matrix color, (sub)round-
ed to well rounded, with some cementations and
oxidations.

Fluvial to glaciofluvial deposits (Eyles et al.
1983). in the range of current groundwater fluctu-
ations, leads to cementation and oxidations of
clasts.

Fines

Massive clay/silt: Massive clay and silt, little
sandy, only very few 1solated gravel clasts (C: <1
%, M: =99 %). Partially laminated by intercalating
sand laminae resulting in a centimeter- to
decimeter-scaled bedding, rarely mottled by soft
clasts, with some 1solated drop stones, well to
very well sorted. beige to grey beige. partly
shightly browmsh.

1) Deposited in calm states of the lake, 1e.
(glacio)lacustrine  background  sedimentation
(Leemann and Niessen, 1994). 11) the very top of a
concentrated density flows event (Mulder and
Alexander, 2001); or ui) very distal from the
sediment source or low energy turbidity deposits
(Te, Bouma 1962).

Unit A: 252.00-47.75 mtd

can be distinguished and categorized into three types:
(i) stacked massive sandy beds with low clay and silt con-

Unit A consists of primarily sand-dominated sediments tent (Table 1; Sm and Sh), partially separated by clay caps
(Fig. 5c—j) intercalated by several-meter-thick gravel-  (Fm), and intercalated by isolated minor gravel beds (Gms)
dominated beds (Fig. 4). The sand-dominated successions or gravel-rich sections (SGm); (ii) fine-to-medium sand beds
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Table 1. Continued.
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Deseription

Interpretation

Core photo

Sands

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

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

Massive sand and gravel mix: Massive mix of
fine to mediuvm sand and gravel. with little to no
silt (5-60 % clasts, 40-95 % matrix). Partly
centimeter- to decimeter-scale bedded by oriented
clasts, moderately to well sorted, subrounded to
well rounded, greyish-beige to brownish-beige.

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

Bedded sand: Bedded fine to medinm sand. with
variable silt content and few 1solated gravel clasts
(=5 % clasts, =95 % matrix). Bedded 1 centime-
ter- to decimeter-scale by a variation in silt content
and dommant gramn-size fraction, fining up to a
massive appearance, well to very well sorted,
greyish-beige to brownish-beige.

1) (Massive) hyperconcentrated density flow
deposits (Mulder and Alexander 2001). more
distal to the source or with less energy, or 1)
(stratified) turbidity deposits (T Bouma, 1962;
Mulder and Alexander, 2001).

Ao 18

Si

Laminated sand: Lamnated fine to medium sand
with variable silt content, with few isolated clay
laminae and isolated gravel clasts (<1 % clasts,
99 9% matrix), lammated i millimeter- to
centimeter-scale by vanations m silt content and
dominant gramn-size fraction. Individual laminae
are fining-up to massive. partially mica-nich, well
to very well sort greyish-beige to brown-
1sh-beige. with partial retfdmh colors.

Distal or low-energy turbidite deposit (Tv, Ta;
Bouma, 1962).

Cross-bedded sand: Cross-bedded fine to medium
s.md, tparll'l]lf, silty, with isolated clay laminae and
ew 1solated gravel clasts (<1 % clasts, =99
% matrix). Cross-bedded in centimeter- to
decimeter-scale with mnternal millimeter-scaled
laminae, individual laminae are fining up, partly
mica-rich, well to very well sorted, greyish-beige
to brownish -beige, occasionally of reddish color.

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

2 A 159 1§

Irregularly bedded sand, silt, and clay: Silt and
clay to coarse sand, with individual gravel clasts
(0-10 % clasts, 90-100 % matm? Irregular 1n
centimeter- to sub-decimeter-scale bedded to
laminated, mdividual lamma/beds are mostly
well-sorted and are  massive to  partly
fining-up. partially deformed. with mternal
erosive contacts, with high contrast, greyish
beige to brownish beige.

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

Deformed mix of sand, silt, and clay: Strongly
folded and bent mix of ongmﬂll} laminated to
bedded sand. clay, and silt with i1solated gravel
clasts (<1 % clasts, =99 % matrix). Traces of
slumps and dehydration structures, ductile
deformed, beige to brownish beige.

1) Deformed syn- or postdepositionally by 1) rapid
loading and dewatering or, 1) mass movements, or
111) glaciotectonics (Evans, 2018).

with a higher clay and silt content, thin-bedded (S%) to lam-
inated (SI) and partially cross-bedded (Sc), and with isolated
clay laminae (Fm); and (iii) massive sand (Sm, Sh, SI, and
Sil) interbedded to intercalated with mostly centimeter-to-
decimeter-scaled partly stratified beds of sand and gravel mix
(SGm), massive gravel beds (Gms), and stratified (Dms) or
massive diamictic (Dmm) beds. The sandy successions, in
parts, show traces of ductile deformations (Table 1; Sd, e.g.,

Sci. Dril., 32, 27-42, 2023

boudinage, flame structures, folding, and dewatering struc-
tures) and some brittle deformation (e.g., small-scale faults).
The bases of the rather massive sandy or gravel-rich beds par-
tially show erosive contacts, which may contain rip-up clasts
(Mcc).

The gravel-dominated beds within Unit A can be fur-
ther divided into two types: (i) more diamictic beds (Ta-
ble 1; Dcm) with a silt-rich matrix, steeply inclined beds,
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Figure 4. Lithological and petrophysical data versus depth. Columns from left to right: depth-scale [mtd], stratigraphic units (labeled with
Al1-AS, B, and C; WT = water table; LPB = lowest Pleistocene base level), lithotypes, dominant grain size with indicated main lithotypes,
symbols of prominent observations, wet bulk density (g cm™3), magnetic susceptibility (SI x 10~>), natural gamma radiation (CPS, counts
per second), water content with indicated standard deviation (wt %), undrained uniaxial compressive strength (g;,) (kPa), undrained shear
strength (01/4) (kPa), organic matter content (wt %), carbonate content (wt %), and the recovery. Main lithotypes are indicated as semi-
transparent color codes over the plot’s entire width.
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Figure 5. CT and line scans of selected representative core sections with corresponding lithotypes. Each core section is labeled
at the top; the scale is in centimeter section depth (cmsd) and shows the following from left to right: line scan, CT scan, and
lithotypes. The color code for the lithotypes is given at the bottom. Shown core sections from left to right are the following:
(a) 5068_2_A_010_1 (9-10 mtd), (b) 5068_2_A_016_1 (15-16 mtd), (c) 5068_2_A_063_1 (58-59 mtd), (d) 5068_2_A_076_1 (74-75 mtd),

(e) 5068_2_A_090_1 (93-94 mtd), (f) 5068_2_A_111_1 (111-112mtd), (g) 5068_2_A_123_1 (122-123 mtd), (h) 5068_2_A_172_2 (182—

182.88 mtd), (i) 5068_2_A_186_2 (196-197 mtd), and (j) 5068_2_A_227_1 (249-250 mtd).
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and, in parts, including striated and bullet-shaped clasts and
(i1) gravel beds (Gms) with better clast rounding, low silt
and clay content, and a primarily sandy matrix. The base of
Unit A (> 249.7mtd) is built by a succession of diamictic
beds with a massive dropstone-rich ~ 0.5 m thick clay bed on
top (Fm; Fig. 5j). Several larger Molasse bedrock fragments
and clasts with glacial striations occur in this diamictic suc-
cession. Additionally, some coarse-grained sections have a
high permeability as large volumes of fluids were lost during
drilling.

Over the entire Unit A, the sandy sections generally show
lower density and magnetic susceptibility values and higher
natural gamma values than gravelly ones (Fig. 4). Organic
matter content varies between 0.5 % and 1% except from
some isolated peaks of up to 2 % in the sandy sections and
a drop to nearly 0 % below 217 mtd. The carbonate content
ranges between ~ 40 % and 50 %.

4.2.2 Unit B: 47.75-11.00 mtd

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

4.2.3 Unit C: 11.00—0.00 mtd

The uppermost unit consists mainly of a massive to crudely
bedded, poorly sorted, silty to partly sandy matrix-supported
diamict (Table 1; Dmm; Fig. 5a) with a clast-size range from
fine gravel up to cobbles and a frequent appearance of stri-
ated and/or bullet-shaped/flat-iron-shaped clasts. A general
fining-up trend occurs in the clast size together with a de-
crease in clast content from ~ 80 % to > 5 %, supported by
the up-core decreasing trend of the density values and the
negatively corresponding natural gamma log (Fig. 4). The
uppermost ~ 1 m shows an increasing level of organic mat-
ter, decalcification, signs of bioturbation, and a humus layer
on its very top.
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5 Interpretation and discussion

5.1 Interpretation of depositional environment

5.1.1 Unit A (252.00—47.75 mtd): overdeepened basin
fill

The sediments of Unit A were deposited in an overdeep-
ened setting in a clastic-dominated glacial, glaciolacustrine,
or lacustrine environment. The thick, stacked succession of
current and mass-movement-dominated lithotypes suggests
that the overdeepening was the depocenter and dominated by
fast accumulation forming deltaic or basin-floor fan systems
(Table 1). In such a setting, the observed lithotype associa-
tion with thick sandy successions (mainly Sm and Sh), in-
terbedded gravels (Gms), and gravelly diamicts (Dms, Dcm,
and Mcc) may be interpreted as an externally forced system
driven by allogenic or autogenic processes. In the case of
an autogenic endmember, the activity and proximity of the
sediment influx from the glacier or rivers exert the dominant
controls defining the primary sediment and energy source
(e.g., Lgnne, 1995; Fitzsimons and Howarth, 2018). Thus
the changes in the grain-size distribution and the thickness
of the bedding may represent changes in the glacier’s posi-
tion. However, since these energy changes are not instanta-
neous but occur gradually over a longer time, other processes
are needed to explain the frequently observed grain-size
variations. Alternatively, accumulation on proximal basin-
floor fan systems is associated with considerable lateral fa-
cies variability, reflecting allogenic changes of the deposition
on basin-floor fans (Lgnne, 1995; Fitzsimons and Howarth,
2018). This would partly suppress the sedimentary traces of
the glacial proximity-related long-term depositional environ-
mental changes, especially the potential shift from a glacio-
lacustrine towards a more lacustrine regime. Nevertheless,
with an increasing distance of the glacier, the dominant de-
positional environment will evolve from a direct glacial, via a
glaciolacustrine, to a lacustrine one, which may even develop
into a warm lake state until the next glacial advance will
reverse the evolution (e.g., Fitzsimons and Howarth, 2018;
Dehnert et al., 2012; Anselmetti et al., 2022). On the basis of
these processes, the succession of depositional environments
of Unit A is subdivided into five subunits (from bottom to
top, A1-AS):

— Subunit Al (> 249.7 mtd). The basal diamictic succes-
sion (Table 1; Dmm, Dcm, and Fm) is interpreted as
proximal, submarginal to possibly subglacial deposits,
emplaced in close proximity to a glacier grounded in the
deep trough. The interpretation is supported by the per-
vasive occurrence of striated clasts and the strongly in-
clined bedding, indicating glaciotectonic processes. The
large number of local bedrock fragments in the basal
succession indicates proximity to the bedrock surface.
The succession shows similar properties to the basal
sediments encountered by Dehnert et al. (2012), Buechi
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et al. (2017), and Schwenk et al. (2022). These de-
posits were also interpreted by them as ice-contact sed-
iments at the transition to glaciolacustrine deposition.
This transition is represented in the recovered sediment
succession by a massive clay bed (Fig. 5j).

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

— Subunit A3 (128.7-103.2 mtd). The succession of tightly
interbedded sand (Table 1; Sh) and gravel (Gms) beds
shows a partially diamictic character (Dms, Mcc, and
Sil). These gravel-rich beds possibly represent slumps
and subaquatic mass movements originating on unsta-
ble slopes of the rapidly infilling basin (e.g., deltas).
The collapse of these unstable slop deposits could be
linked to increased sediment flux caused by increased
fluvial activity (e.g., glacial outburst floods), an advanc-
ing glacial front, or even earthquake shaking. The sec-
tion shows traces of likely glaciotectonic overprinting
(8d, ductile and brittle deformation structures). Further,
the top contact of this succession is built by a strongly
ductile deformed and/or folded sand bed (Sd).

— Subunit A4 (103.2-91.0 mtd). This upper diamictic suc-
cession (Table 1; Dcm) is similar to the basal one of
Subunit A1 but lacks a massive clay bed on top (Fig. Se
and 5j). The upper diamict is also interpreted as sub-
glacial deposits, possibly representing another period of
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ice contact or at least ice proximity. The sharp and high-
frequency changes in grain size of the diamict’s top (Sil,
Dcm, and Fm) indicate a partially high-energy but un-
stable environment. This transition is possibly related
to pulsing channelized glacial meltwater outbursts that
prevented the deposition of a massive clay bed here.

— Subunit A5 (91.0-47.7 mtd). Subunit A5 is similar to the
lower glaciolacustrine section of Subunit A2. However,
the overall absence of the massive gravel beds indicates
a shift to a more glaciolacustrine-to-lacustrine environ-
ment where the depositional energy was lower. More-
over, the succession shows some sections enriched in
dropstones (Fig. 5c¢), pointing to a distal ice-contact lake
environment. The whole sediment succession of Unit A
is sharply cut off by the sediments of Unit B.

5.1.2 Unit B (47.75-11.00 mtd): fluvial gravel

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

5.1.3 Unit C (11.00-0.00 mtd): glaciogenic diamicts

The sediments of Unit C are interpreted as a subglacial
till and associated glaciogenic diamicts (Table 1; Dmm and
Dcm). This interpretation is supported by the following:
(1) the high density and consolidation; (ii) the diamictic tex-
ture (e.g., Evans et al., 2006; Evans, 2018); (iii) the abun-
dance of fresh traces of direct ice-contact transportation (e.g.,
striated and/or bullet-shaped clasts, e.g., Evans et al., 2006;
Evans, 2018); and (iv) the stratigraphic position. As the drill
site is located within the LGM extent of the former Rhine
Glacier (Fig. 1a), at least the upper part, if not all of Unit C,
was emplaced during the LGM glaciation (Birrfeld glacia-
tion). Alternatively, the lower parts of Unit C may have been
emplaced during earlier glaciations that reached the area,
e.g., during MIS6 (Beringen glaciation, e.g., Miiller, 2013;
where MIS represents marine isotope stage). However, a
clear unconformity was not observed in the recovered di-
amicts.

5.2 Implications for glacial history

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

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

In addition to the lack of fine-grained glaciolacustrine
deposits, the absence of the fine-grained interstadial/inter-
glacial lacustrine deposits is likely explained by the fol-
lowing: (i) the possibility that the lake never developed
such a state as it became rapidly filled in late glacial pe-
riods, (ii) by cold and/or short interstadials, or (iii) if de-
posited initially they were eroded during the next glacial ad-
vance. In the case of the proposed lower glacial cycle be-
low 103.2 mtd, the first or second case may apply since the
observed increased appearance of diamictic slumps and sub-
aquatic mass-movement deposits between 128.7-103.2 mtd
may indicate a rapid glacial readvance after a short intersta-
dial. However, in the case of the proposed upper cycle, the
third explanation might act since at least its top was eroded
to a certain degree by the overlying gravels of Unit B. Based
on these observations, the proposed lower cycle may be, even
if not completely preserved, at least more complete than the
proposed upper cycle.

However, the existence of such significant “cold” or
“warm” lacustrine deposits can not be ruled out for the whole
Basadingen Trough since (i) this observation is only based on
information from one drill hole; (ii) the assumed highly vari-
able depositional environment; and (iii) due to possible spa-
tial effects, which may impact the probability of local accu-
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mulation of such deposits (e.g., subaquatic channels or sub-
aquatic deltas).

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

6 Summary and outlook

The proposed complex based on seismic data, possibly multi-
phase sedimentary fill of the Basadingen Trough (Fig. Ic;
Anselmetti et al., 2022; Brandt, 2020), is fully supported
by the drilled and recovered succession, even though the
bedrock, predicted at ~ 240 m, was not reached with the fi-
nal depth of 252 m. It is currently unclear if this is due to an
inaccurate identification of the bedrock reflection or to an in-
accurate velocity model. Analyzing the vertical seismic pro-
file (VSP) will reveal more details on the bedrock’s location.
However, the appearance of cobble-sized freshwater molasse
fragments indicates the nearby occurrence of the bedrock
contact. A first correlation of the drilled succession with the
seismic interpretation indicates the coincidence of the glacial
depositional sequence at ~ 103 mtd or ~ 340 m a.s.l. with the
seismic sequence boundary (Figs. 1c and 4; Brandt, 2020),
indicating that the Rhine Glacier advanced over the upper
part of the Basadingen Trough at that time. This pattern fur-
ther supports the sedimentary succession’s proposed multi-
phase origin in at least two glacial cycles (Anselmetti et al.,
2022). Furthermore, the lacustrine (overdeepened) charac-
ter of the sediments of Subunit A5 indicates a higher fluvial
base level at that time, as was proposed by Graf (2009b) and
Miiller (2013).

Upcoming correlations of seismic, wireline, and core data
will help to establish a robust model of the evolution of the
Basadingen Trough. The systematical correlation and char-
acterization of the sedimentological core properties with the
extended geophysical and geochemical dataset will refine the
definition of glacial sequence stratigraphy that can eventually
be dated by the planned geochronological data. This will con-
tribute to the understanding of the local and regional glacia-
tion history, the formation of overdeepenings in the Alpine
foreland, and (within the context of DOVE) glaciation and
landscape evolution of the Alps.

Data availability. The DOVE operational dataset is published un-
der https://doi.org/10.5880/ICDP.5068.001 (DOVE-Phase 1 Sci-
entific Team et al., 2023b) together with the operational report
(DOVE-Phase 1 Scientific Team et al., 2023a) and the explana-
tory remarks (DOVE-Phase 1 Scientific Team et al., 2023c).
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Abstract. The International Ocean Discovery Program (IODP) JOIDES Resolution Science Operator typically
uses an advanced piston corer (APC) in soft ooze and sediments and an extended core barrel (XCB) in firm
sediments. The coring tool exchange typically occurs around the same depth in adjacent holes of the same site.
However, during IODP Expedition 356, the coring tool switch occurred at different depths: IODP Sites U1463
and U1464 are marked by a stratigraphic interval (> 25 m thick) that was XCB cored in one hole and APC cored
in other holes. Shipboard scientists remarked that APC-cored sediments were unlithified or partially lithified,
while XCB-cored sediments were fully lithified. This difference in sedimentological description of the same for-
mation seems to be an effect of coring technique. To provide further insight, we assessed the physical properties
(bulk density, porosity, and P-wave velocity), downhole wireline logging data, scanning electron microscope
(SEM) images, and micro-computed tomography (UCT) scans of those intervals.

We find systematic differences between the different coring techniques. XCB cores are characterized by sys-
tematically lower bulk density, higher porosity, and higher P-wave velocity than APC cores. Downhole logging
data suggest that the original P-wave velocity of the formation is better preserved in XCB cores, despite the
typical “biscuit-and-gravy” core disturbance (i.e. well-preserved core fragments surrounded by squelched core
material). In conjunction with SEM and uCT images, we conclude that the APC tool destroyed early lithification
by breaking cements between individual grains. Moreover, pCT images reveal denser packing and smaller pore
volumes in the APC cores. These sedimentary changes likely occur when the APC pressure wave passes through
the sediment. The destruction of grain-to-grain cements provides an explanation for the significantly lower P-
wave velocities in APC cores. Interestingly, the gravy sections in XCB drilled cores mimic the destruction of
early lithification and reduction of pore volume. We conclude that APC remains the tool of choice for recovering
soft sediments, especially for paleoclimate purposes. However, for the study of lithification, XCB biscuits pro-
vide a more representative image of the formation. For the study of early diagenesis, further studies are required
to ascertain the preservation of key sedimentary features using existing and new drilling tools.

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

Lithification is the process by which loose sediment is trans-
formed into solid rock. This transformation can involve bio-
chemical, physicochemical, and mechanical processes at dif-
ferent stages of burial, from cementation and dissolution-
reprecipitation at the seafloor to pressure-/temperature-
induced alteration in several hundreds of metres of depth
(Shinn, 1969; Garrison and Kennedy, 1977; Herbert, 1993;
Buryakovsky et al., 2012; Sample et al., 2017; Ge et al.,
2020; Sulpis et al., 2022).

In the case of carbonate sediment, the main lithification
pathway is cementation, in which minerals such as calcite,
aragonite, or dolomite precipitate from interstitial water and
fill the spaces between carbonate and detrital grains. Thereby,
a solid matrix originates, which binds together the grains.
Cementation can manifest in different forms: (1) the pres-
ence of cements that provide insights into the depositional
or diagenetic environment (Friedman, 1964; Bathurst, 1972,
1974, 1980; Fliigel, 1982); (2) the transformation of mud into
micrite during early diagenesis, a process known as micriti-
zation (Folk et al., 1965; Munnecke, 1997; Munnecke et al.,
2023); (3) late diagenetic transformations such as pressure
dissolution (Moore and Wade, 2013); (4) dolomitization, dur-
ing which dolomite replaces the original mineral composi-
tion (Budd, 1997; Mckenzie and Vasconcelos, 2009; Mavro-
matis et al., 2014; Reuning et al., 2022); and (5) the dia-
genetic transformation of any of the four cases mentioned
(Harris et al., 1985). Lithification and cementation modify
the physical properties of the sediment, including porosity,
density, and P-wave velocity (Fabricius, 2003). However, the
precise mechanisms behind these transformations remain a
topic of ongoing debate. However, it is clear that, when sedi-
ments undergo the process of cementation and mineral grains
bind together, and when compaction is caused by the pres-
sure of overlying sediments, loose sediments gradually trans-
form into a resilient and lithified carbonate rock.

Identifying and separating the processes that drive lithifi-
cation is crucial to infer original paleo-environmental infor-
mation. Doing so becomes exceedingly complicated as sev-
eral aspects of lithifying carbonate sediments are still not un-
derstood. Especially the early diagenetic transformation of
soft sediments into solid rock remains enigmatic (Reid et al.,
2000; Nohl et al., 2021; Tagliavento et al., 2021; Reuning et
al., 2022; Munnecke et al., 2023). What can be inferred is that
the microbial decay of organic matter causes variable geo-
chemical gradients impacting porewater alkalinity and pH,
which leads to the dissolution of aragonite and a reprecip-
itation of CaCQOj3 as calcite cement (Froelich et al., 1979;
Berner, 1980; Munnecke and Samtleben, 1996; Soetaert et
al., 2007; Wurgaft et al., 2019; Reuning et al., 2022). How-
ever, the exact processes leading to dissolution and precip-
itation of CaCOs3, the exact depth within the sediment col-
umn, and the source of both calcium and carbonate in inter-
stitial waters, remain largely unconstrained and thus under
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debate. The existence of this knowledge gap holds signifi-
cant implications, as the dissolution of substantial portions of
carbonate sediment, such as aragonite in modern sediments,
has the potential to be transported back into the seawater.
Furthermore, lithological alternations, such as between lime-
stone and marl, are often used for cyclostratigraphic pur-
poses, introducing interpretations in terms of past climate
change and new chronostratigraphic information (Sinnesael
et al., 2019). However, the robust identification of lithologi-
cal cyclicity and its attribution to Milankovic forcing requires
insights into the lithification process and the early diagenesic
history of sediments in different depositional environments.
Such insights start with correctly observing and pinpointing
the transition of unlithified into lithified sediment in modern
systems. Moreover, the degree to which sediment is lithified
has further implications for reconstructing faunal composi-
tion and abundance. Indeed, several processes involved in
lithification act as a taphonomic filter (Hendy, 2011; Nawrot,
2012; Nohl et al., 2019).

Scientific drilling within the International Ocean Discov-
ery Program (IODP) framework provides an opportunity to
identify and analyse the transition from unconsolidated to
lithified sediments beneath the current seafloor. Curiously
though, IODP Expedition 356 shipboard scientists noted that
the lithification description of a particular formation was de-
pendent on the coring technique employed (Gallagher et al.,
2017a). On this expedition, the RV JOIDES Resolution de-
ployed the four standard wireline coring tools: the advanced
piston corer (APC), the half-length advanced piston corer
(HLAPC), the extended core barrel (XCB), and the rotary
core barrel (RCB). In sedimentary layers of alternating hard-
ness, like on Expedition 356, a typical coring strategy is
to change back and forth between the use of the APC, the
HLAPC, and the XCB to best capture the full stratigraphy.
This coring strategy had the consequence that at multiple
sites, the same formation was cored by the XCB in one
hole and by the (HL)APC in other holes. Thereby, the same
stratigraphic interval, cored by different coring techniques,
yielded differently lithified sediments. Typically, the APC-
cored sediments in one hole were described as unlithified or
partially lithified, while XCB-cored sediments in the other
hole were assessed to be fully lithified. In this paper, we eval-
uate the effect of coring tools on lithification and physical
properties of marine sediments in order to obtain new in-
sights into the transition from soft sediment to lithified rock
in an IODP context, as well as to report a potential bias in-
troduced by the choice of coring tool.
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2 Materials and methods

2.1 |ODP sites at which the same formation was
recovered using different coring tools

2.1.1 Site U1463

Site U1463 (141 m water depth; Fig. 1) is situated on a flat
outer ramp, with a seabed that consists of poorly sorted
carbonate-rich sediment (bioclastic gravel, sand, and mud).
Site U1463 is subdivided into five lithostratigraphic units:
from top to bottom, Site U1463 consists of unlithified wacke-
stone and mudstone with abundant peloids (Unit I); alternat-
ing unlithified wackestone, packstone, and mudstone inter-
vals (Unit II); well-sorted homogeneous mudstone contain-
ing fine sand-sized grains (Unit III, both described as lithified
and unlithified); lithified grainstone with abundant macrofos-
sils (Unit IV); and lithified dolostone with sand-sized pyrite
and glauconite grains (Unit V). Unit III contains the strati-
graphic layers that were cored with different coring tools: this
interval of interest extends between 280—-400 m core depth
below sea floor (CSF-A). It was cored with the XCB in
Hole U1463B (U1463B 34X-46X), with the HLAPC in Hole
U1463C (U1463C 33F-61F) and with both the APC and the
HLAPC in Hole U1463D (U1463D 32H—47F). The different
holes of a single site can be considered as sampling the same
stratigraphic interval, as the research vessel was only offset
by 20 m between the different holes. Potential differences in
lithification and physical properties of the same formation
between the different holes can therefore only be explained
by the coring tools used.

2.1.2 Site U1464

Site U1464 is also situated within an outer ramp setting
(270 m water depth), about 100 km northeast of Site U1463
and 50 km southeast of the Rowley Shoals. The site is located
adjacent and shoreward to a drowned “fossil” reef/shoal
(~5km; Ryan et al., 2009). Site U1464 is divided into five
lithostratigraphic units: from top to bottom, Site U1464 con-
sists of unlithified sediments with peloids in varying abun-
dances (Unit I), unlithified homogeneous wackestone in-
cluding a packstone interval (Unit II), unlithified homoge-
neous mudstone (Unit III), dolomitic limestone and dolo-
stone (Unit IV, described as lithified and unlithified, and
V, described as lithified). The stratigraphic layers that were
cored with different coring tools belong to the bottom of Unit
IIT and the topmost part of Unit IV: the interval of interest ex-
tends between 285-315 m CSF-A. It was cored with the APC
and the HLAPC in Hole U1464B (U1464B 33H-35F), with
the RCB in Hole U1464C (U1464C 2R-3R) and with the
XCB in Hole U1464D (U1464D 33X-34X). Similar to Site
U1463, the vessel was offset by 20 m for coring the different
holes of Site U1464.

https://doi.org/10.5194/sd-32-43-2023

45

2.1.3 Site U1482

Site U1482 (IODP Expedition 363) is a further site offshore
northwest Australia that has a significant stratigraphic inter-
val cored by several coring tools. Between 340 and 380 m
CSF-A, Hole U1482A and U1482B were cored with the
HLAPC (U1482A 38F-45F and U1482B 41F-45F), while
U1482C was cored with the XCB (U1482C 39X-42X). Nev-
ertheless, this site is not discussed further in this paper be-
cause discrete bulk density, porosity, and P-wave velocity
measurements of these sediments were only measured in
U1482A in the interval of interest, and the shipboard sed-
imentologists did not explicitly report the degree of lithifi-
cation. These two factors result in the available shipboard
data not allowing for a detailed comparison of sediment
properties between different coring tools. The physical prop-
erty data obtained with the whole-round multisensor logger
(WRMSL) do not provide a suitable alternative because of
the difference in diameter between the APC and XCB cores.
The Expedition 363 shipboard scientists attempted to correct
for this effect by applying an XCB correction factor, but their
attempt was unsatisfactory as it introduced significant off-
sets between whole-round and discrete measurements further
downcore (Rosenthal et al., 2018).

2.2 Shipboard discrete moisture and density and
P-wave velocity measurements

We only consider shipboard physical property measurements
carried out on discrete samples (bulk density and porosity)
and directly on the split-core surface (P-wave). Hence, we
do not consider physical property measurements carried out
on whole-round sections because their results are strongly
affected by the extent to which the core liner is filled with
sediment.

Discrete samples were collected shipboard from the work-
ing halves to determine wet and dry bulk density, grain den-
sity, water content, and porosity. A detailed description of the
analytic procedure can be found in Gallagher et al. (2017b),
who followed the guidelines provided in Blum (1997). Here,
we provide a short summary of the applied methods. Sedi-
ment samples were placed in Wheaton glass or plastic vials
before wet and dry sediment weighing. The weights of wet
and dry sample masses (Myet and Mgry) were determined to a
precision of 0.005 g using two Mettler Toledo electronic bal-
ances, with one acting as a reference. A standard weight of
similar value to the sample was placed on the reference bal-
ance to increase accuracy. A computer averaging system was
used to compensate for the ship’s motion. The default setting
of the balances is 300 measurements (taking ~ 1.5 min). Dry
sample volume (Vg,y) was determined using a hexapycnome-
ter system of a six-celled custom-configured Micromerit-
ics AccuPyc 1330TC helium-displacement pycnometer. The
precision of each cell is 1 % of the full-scale volume. Volume
measurement was preceded by three purges of the sample
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chamber with helium warmed to ~ 28 °C. Three measure-
ment cycles were run for each sample. A reference volume
(set of two calibration spheres) was placed sequentially in
one of the chambers to check for instrument drift and sys-
tematic error. The volumes occupied by the numbered vials
were calculated before the cruise by multiplying each vial’s
weight by the average density of the vial glass. Dry mass and
volume were measured after samples were heated in an oven
at 105°C £ 5 °C for 24 h and allowed to cool in a desiccator.
The mass of the evaporated water (Myater) and salt (Mg,y) in
the sample are given by

Myater = Myer — M, dry

Ma1e = Myater [ : :I s

1—s
where s is the assumed saltwater salinity (0.035) correspond-
ing to the pore water density (opw) of 1.024 g cm ™3 and a salt
density (psair) of 2.22¢g cm~3. The corrected mass of pore
water excluding salt (M), the volume of pore water (Vpw),
the volume of salt (Via1¢), and wet volume (Viyet) are

M M yater
PV
Vow = pw
Ppw
M
Vsalt =
Psalt

Vivet = Vdry — Vsait + pr-
Wet bulk density (pwet) and porosity (¢) are calculated as

0 _ Mwet
wet Vwet
V
o=

wet

Moisture and density measurements during Expedition 356
were calculated with the MADMax shipboard programme,
set with the “Method C” calculation process.

2.3 Downhole logging

At Site U1463, downhole measurements were conducted in
Hole U1463B. The porosity and bulk density of the forma-
tions were measured with the Accelerator Porosity Sonde
(APS) and the Hostile Environment Litho-Density Sonde
(HLDS), respectively. Both tools were part of the triple
combo tool string that was run between 452 m wireline log-
matched depth below seafloor (WMSF) and the seafloor. The
results were judged to be of very good quality, based on the
systematic variation in the logs, the standoff distance be-
tween the tool and the borehole wall, and the consistency
with the discrete moisture and density measurements on
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Figure 1. Map of the studied sites on the North West Shelf of Aus-
tralia.

cores (Gallagher et al., 2017¢). Sonic P-wave velocities along
the borehole wall were determined by the dipole sonic im-
ager (DSI) mounted on the Formation Micro Scanner (FMS)-
sonic tool string. At Site U1463, the FMS-sonic string was
deployed between 444-122 m WMSF. The downhole sonic
velocities are considered to be of good quality because the
FMS made full contact with the borehole wall, and the FMS
resistivity images are generally of good quality (Gallagher et
al., 2017c¢). At Site U1464, the wireline tool became stuck
in the hole below the interval of interest on the first pass up
with the triple combo tool string. Unfortunately, the HLDS
and APS were turned off during the down pass, and down-
hole logging with the FMS-sonic was not attempted follow-
ing the recovery of the triple combo. These circumstances
imply that Site U1464 does not have wireline logging data
that can be used to groundtruth bulk density, porosity, and
P-wave velocity data from cores.

The HLDS contains a radioactive '>’Cs gamma ray source
(622 keV) and far and near gamma ray detectors mounted on
a shielded skid, which is pressed against the borehole wall
by a hydraulically activated decentralizing arm. Gamma rays
emitted by the source undergo Compton scattering, in which
gamma rays are scattered by electrons in the formation. The
number of scattered gamma rays that reach the detectors
is proportional to the density of electrons in the formation,
which is, in turn, related to bulk density.

The APS includes a Minitron neutron generator that pro-
duces fast (14.4 MeV) neutrons and five detectors positioned
at different distances from the Minitron. The tool counts neu-
trons that arrive at the detectors after being scattered and
slowed by collisions with atomic nuclei in the formation. The
highest energy loss occurs when neutrons collide with hy-
drogen nuclei, which have practically the same mass as the
neutron (the neutrons bounce off of heavier elements without
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losing much energy). In low-porosity formations, neutrons
can travel farther before being captured, and the count rates
increase at the detector. However, because hydrogen bound
in minerals such as clays or hydrocarbons also contributes
to the measurement, the raw porosity value is often overesti-
mated.

The DSI measures the transit times between sonic trans-
mitters and an array of eight receivers. It combines repli-
cate measurements, thus providing a direct measurement of
sound velocity through formations. Along with the monopole
transmitters found on most sonic tools, the DSI also has two
crossed-dipole transmitters that allow the measurement of
shear wave velocity in addition to compressional wave ve-
locity. Dipole measurements are necessary to measure shear
velocities in slow formations, with shear velocity less than
the velocity of sound in the borehole fluid. Such slow forma-
tions are typically encountered in deep-ocean drilling.

2.4 Micro-computed tomography (CT) scans

Six micro-CT scans were performed with the General Elec-
tric Phoenix V|tome| x S240 of the Palacontology section of
the Geozentrum Nordbayern at the University of Erlangen—
Niirnberg, Germany. The micro-CT was equipped with the
Phoenix 180NF x-ray source with a high-energy target (tung-
sten on diamond window) and the Phoenix DXR 250RT de-
tector at 200 um pixel size and 1.000 x 1.000 pixels. Scan-
ning was done with 100kV and 100 yA at a resolution of
10 um in a collimated cone beam and a 0.1 mm copper fil-
ter. Raw data were reconstructed with Phoenix Datos| x soft-
ware using a GPU-supported Feldkamp algorithm based on
filtered backprojection. CT data post-processing was per-
formed with the ORS Dragonfly software version 2023.2 on
a Windows 10 workstation. For noise reduction of the recon-
structed data sets within Dragonfly, a Gaussian filter (3-D
mode, kernel-size 3) was used. From all data sets, a central
cube-shaped volume of 4 mm edge length was selected as
a sample volume for the pore analysis. To detect the pores
from the material of the samples, a threshold was defined to
distinguish pore volume from material volume. To eliminate
noise and artefacts, all pores smaller than 27 voxels were ex-
cluded from the analysis. For visualization, the pore spaces
were rendered in 3-D with a colour scheme according to the
respective volume (number of voxels) of the pores.

2.5 Scanning electron microscope (SEM)

Six samples were imaged using a Zeiss Gemini DSM982
field-emission scanning electron microscope at the Univer-
sity of Graz, Department of Earth Sciences. For each sample,
several fracture pieces were mounted on a standard SEM stub
using conductive graphite tape before being coated with a
carbon/ platinum coating using a Leica EM ACE600 sputter
coater. We applied a combination of external and in-lens sec-
ondary electron (SE) detectors for high-resolution imaging
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(up to 100000x). External and in-lens SE signals were com-
bined using the DISS5 imaging software (point electronic
GmbH) and dynamically adapted to maximize image con-
trast for individual grains and early diagenetic features for
each image.

3 Results

This paper is motivated by the first remarkable observa-
tion that the degree of lithification reported for exactly the
same stratigraphic interval by the shipboard sedimentologists
varies depending on the coring technique used (as shown for
U1463 and U1464 in Figs. 2 and 3, respectively). At Hole
U1463B, the sediment became increasingly stiff at ~285m
CSF-A, which is where the drillers switched from HLAPC
to XCB coring. In the next hole, Hole U1463C, the strat-
egy was to use HLAPC cores until refusal, which happened
at ~ 292 m CSF-A. The XCB-obtained U1463B interval dis-
plays a type of core disturbance referred to as “biscuits and
gravy”. The XCB coring tool is designed such that the in-
ner core liner does not rotate together with the drilling bit.
Thereby the transfer of rotary torque from the cutting shoe
to the cored formation is reduced yet not entirely eliminated
(JOIDES Resolution Science Operator, 2014). This torque-
transfer phenomenon entails the fragmentation of the cored
material into distinct chunks, known as “biscuits”. The ro-
tary motion of the core barrel in XCB drilling causes the
biscuit fragments to rub against each other, resulting in the
formation of ground sediment. The slurry created by mix-
ing the ground sediment with drilling fluid and seawater
is what generates the “gravy”. Gravy is typically observed
in the core around and between the biscuits. Since biscuits
provide a more accurate representation of the cored lithol-
ogy, they are chosen for shipboard discrete physical property
measurements (as shown in Figs. 2 and 3) and used for the
sedimentological core description. Thereby, it is remarkable
that the U1463B XCB biscuits between 330400 m CSF-A
are described as “lithified”, whereas the HLAPC cores from
exactly the same stratigraphic interval in U1463C were re-
ported to be only partially lithified (Fig. 2). The same con-
trasting pattern can be observed at Site U1464. There, XCB
cores in Hole U1464D between 307-317 m CSF-A are de-
scribed as lithified, contrary to the (HL)APC cores in the
same stratigraphic interval, which were unlithified (Fig. 3).
This significant variation in sediment description is not due
to changes between night and day shifts but rather reflects a
systematic difference in the external appearance of sediment
cores from the same stratigraphic interval, depending on the
coring tool used.

3.1 Physical properties

At Site U1463, the physical properties (bulk density, poros-
ity, P-wave velocity) from discrete measurements show sys-
tematic differences between holes. The XCB cores from Hole
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on XCB cores. Discrete P-wave velocity measurements constitute an exception as both biscuits and gravy were measured from XCB cores,

with a bimodal distribution in the obtained velocities.

U1463B are characterized by systematically lower bulk den-
sity, higher porosity, and higher P-wave velocities (orange
data in Fig. 2) compared to the HLAPC cores from Hole
U1463C (blue data in Fig. 2). When compared to the in situ
downhole logging wireline data, it seems that the bulk den-
sity data from the HLAPC cores are in closer agreement with
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the wireline data. However, the offset in bulk density between
HLAPC and XCB cores is often smaller than 0.05 gcm™3,
which is of the same order as the variability in the wire-
line data. For porosity, the offset between coring techniques
is only a few percent. The HLAPC-XCB porosity offset is
thus dwarfed by the large variability that marks the wire-
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line porosity data. We note that the wireline porosity data
often reflect an overestimate of the true porosity of the for-
mation (see “Materials and methods”). This is especially the
case for clay-rich formations like the studied interval. How-
ever, despite this consideration, it is not possible to determine
whether HLAPC or XCB porosity data align more closely
with the downhole logging data. On the other hand, the P-
wave velocity data show a very clear picture, with the XCB
cores approaching the downhole logging data more closely
than the HLAPC data. This observation is independent of
a possible mismatch between depth scales. In this respect,
we note that core-based measurements are reported along the
CSF-A depth scale, whereas the wireline data use the WMSF
depth scale. The relation between both depth scales was de-
termined by the correlation of distinctive features in core-
based and wireline NGR (natural gamma radiation; Chris-
tensen et al., 2017; Gallagher et al., 2017c) and amounts be-
tween 3 and 6 m in the studied interval.

At Site U1464, downhole wireline logging attempts with
the HLDS, APS, and DSI were unsuccessful at Site U1464,
preventing any core—log comparisons. Nevertheless, one can
observe similar patterns in terms of physical properties at
Site U1464 compared to Site U1463. The XCB cores from
Hole U1464D generally display lower bulk density and
higher porosity (orange data in Fig. 3) compared to the
(HL)APC cores from Hole U1464B (blue data in Fig. 3).
Furthermore, and again similar to Site U1463, the highest
P-wave velocities at U1464 come from XCB cores. How-
ever, the pattern becomes more nuanced, with P-wave veloc-
ities obtained from XCB cores from Hole U1464D falling
into two distinct velocity end members. Low XCB P-wave
velocities correspond to fine-grained pseudo-laminar mate-
rial (gravy) that is considered to be drilling slurry, whereas
the higher velocities are from hard, coarser-grained semi-
lithified and less disturbed portions of the core (biscuits).
The low-velocity end member of the XCB cores neatly cor-
responds to the velocities observed in APC cores from Hole
U1464B. The high-velocity end member of the XCB cores is
offset by ~ 150ms~!.

The effect of the biscuit-and-gravy core disturbance is not
limited to P-wave velocity. Bulk density data obtained by
the whole-round logger for XCB-Core U1461B 86X clearly
show that gravy is characterized by higher bulk density com-
pared to biscuits (Fig. 4).

3.2 Micro-computed tomography (CT) scans

Micro-computed tomography (uCT) images were captured
of small cubes of sediment from three adjacent sections
from Hole U1463B, spanning the switch in coring tech-
nique from HLAPC to XCB. Samples come from sections
U1463B 33F2 and 33F3 (281.20-284.16 m CSF-A) and sec-
tion U1463B 34X1 (284.40-285.90 m CSF-A), all belonging
to the same lithostratigraphic subunit. The samples were de-
liberately chosen to be closely spaced stratigraphically on ei-
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Figure 4. The effect of the biscuit-and-gravy core disturbance on
bulk density in XCB cores. Gravy is characterized by a higher bulk
density compared to biscuits.

ther side of the HLAPC-XCB switch. This sampling allows
for an assessment of the impact of drilling technique while
at the same time limiting stratigraphic variability along the
depth axis. The only core disturbance recorded by the ship-
board sedimentologists in this interval is moderate gravy and
biscuits in section U1463B 34X 1. However, we note that core
pictures of section U1463 33F3 reveal a slight deformation of
the sediment, with uparching bed contacts and indications of
vertical flowage of sediment along the core liner (Jutzeler et
al., 2014).

The smallest micro-pores, which measure < 0.002 mm?,
appear as dark purple volumes in the images, while
foraminifera are shown in yellow, typically measuring
0.003-0.005 mm? (Fig. 5a—f). The comparison of uCT im-
ages according to drilling technique seems to suggest that
XCB samples are characterized by a greater abundance of
micro-pores in comparison to APC cores. The quantification
of Feret diameters of identified pores in the CT images sup-
ports this visual observation. The distribution of Feret diame-
ters is more right-skewed, with a higher mode for pores with
a ~ (0.1 mm diameter. The XCB cores thus appear to exhibit
a higher abundance of micro-pores (< 0.002 mm?) compared
to the APC cores.

3.3 SEM imaging of pore space and cements

SEM analysis allowed the state of pore space and cements
to be observed in great detail (Fig. 6a, b). The XCB-derived
samples exhibit calcite cements well attached to primary sed-
iment grains (Fig. 6¢) and build a cemented structure within
the sediment, indicative of early lithification. The HLAPC-
derived samples, on the other hand, also contain calcite ce-
ment crystals (Fig. 6b, d), though the cements are unattached
to sediment grains, and the pore volume seems reduced
(Fig. 6d). This detachment can also be observed for sediment
grains such as foraminifera, which are separated by a thin
gap from the formerly attached matrix (Fig. 6f).
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Figure 5. Micro-porosity as captured by uCT images of adjacent HLAPC and XCB cores at Hole U1463B. (a—f) XCB samples exhibit
slightly more abundant and slightly larger micro-pores (< 0.002 mm3, purple) than APC cores. However, we acknowledge that the difference
is hard to discern visually. Foraminifera and cracks within the samples are depicted in yellow. (g-h) The distribution of Feret diameters helps
to visualize the difference in micro-porosity, with a more right-skewed distribution and a higher mode for XCB cores compared to HLAPC
samples. Note that the samples are all from the same hole, closely spaced (1 m) on either side of the HLAPC-XCB switch in Hole U1463B.

4 Discussion

The data presented from Sites U1463 and U1464 indicate
that the (HL)APC technique utilized by IODP potentially
leads to the partial loss of lithification and a reduction in
P-wave velocity. Additionally, micro-porosity in APC cores
seems lower than equivalent XCB cores, resulting in notice-
able effects on bulk density and porosity. We suspect that the
hydraulic force exerted by the inner core barrel of an APC
core as it penetrates the sediment is the most probable expla-
nation for this observation.

The APC coring technique is known to produce high-
quality and high-resolution sedimentary records for paleo-
climate purposes, preserving original sedimentary structures
as well as soft-sediment deformations. However, the pressure
wave that is sent through the sedimentary formation exerts a
dynamic stress on the individual grains. The piston force of
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(HL-)APC coring can amount up to 125 kN (JOIDES Reso-
lution Science Operator, 2014). This stress can lead to a tem-
porary rearrangement of the grains. Essentially, the wave cre-
ates a temporary increase in pressure that pushes the grains
closer together, resulting in a more tightly packed arrange-
ment, i.e. condensation. The effect is often referred to as
“acoustic compaction” and could explain the changes in the
physical properties of the sediment, such as increased den-
sity and reduced porosity (Figs. 2, 3) and fewer micro-pores
(Fig. 5). Here, we illustrate this effect by means of SEM im-
ages, showing a much denser packing of carbonate grains
and clay minerals in the APC core (Fig. 6b) compared to the
adjacent XCB core (Fig. 6a).

Another potential effect of the APC-generated pressure
wave is the breaking of early cements in a carbonate sed-
iment. The XCB-core SEM images in Fig. 6¢ exhibit con-
tinuous, uninterrupted sparitic cements, connecting different
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Figure 6. Scanning electron microscope (SEM) pictures of adja-
cent HLAPC and XCB cores at Hole U1463B. (a) Loosely packed
matrix consisting of clay minerals and nanofossils, allowing for a
high abundance of micro-pores. (b) Densely packed matrix con-
sisting of clay minerals and nanofossils. (¢) Sparitic cement (high-
lighted in yellow) growing in a loosely packed matrix of clay min-
erals and nanofossils. (d) Disaggregated, broken sparitic crystal
(highlighted in yellow) in a matrix of clay minerals and nanofos-
sils. (e) Overview image showing a benthic foraminifer in a loosely
packed matrix. (f) Planktic foraminifer that is fully separated from
its densely packed matrix by a micro-crack. Note that the samples
are all from the same hole, closely spaced (1 m) on either side of
the HLAPC-XCB switch in Hole U1463B.

components of the carbonate mudstone and often overgrow-
ing the clay matrix. However, similar sparitic cements appear
broken and disrupted in Fig. 6d, which is from an adjacent
APC core. These images suggest that the APC-generated
pressure wave may have caused the cements to break apart
and become discontinuous. This effect likely constitutes the
underlying reason for the observed differences in lithifica-
tion of the sediment between XCB and APC cores. More-
over, the disruption of early cements could also explain the
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large offset in P-wave velocity measured between the APC
and XCB cores. A P-wave travels through the sedimentary
formation faster when it can use early cements as a path-
way between different components of the sediment. How-
ever, when these cements are discontinued, as in the case of
the APC cores (Fig. 6d), the P-wave needs to travel around,
leading to a lower velocity. It seems likely that the APC-core
sediments and XCB-core gravy exhibit similar P-wave veloc-
ities because both lack the connectivity of early cements. For
the first, inter-grain early cements, as well as possibly inter-
grain pressure-solution bindings, are destroyed by the APC-
generated pressure wave, whereas for the latter, the sediment
grinding by rotary drilling is responsible for the loss of sedi-
mentary strength and gravy production.

In addition to the breaking of early cements, another fac-
tor that might have contributed to the lower P-wave ve-
locities in APC cores is the detaching of components like
foraminifera and other bioclasts from the surrounding ma-
trix. For instance, the SEM image in Fig. 6f illustrates a
planktonic foraminifer that appears disconnected from its
densely packed micritic matrix. We suspect that this detach-
ment could have been the result of the hydraulic pressure
wave travelling through the sediment upon APC coring. In
contrast, we juxtapose this image with an image of a benthic
foraminifer in an XCB core that occurs in a loosely packed
matrix (Fig. 6e). The detachment and possible fracturing of
carbonate components might have contributed to a reduction
in inter-grain contacts and, as a consequence, a lower P-wave
velocity in APC cores.

The impact of coring technique on the physical appear-
ance of carbonate sediments poses a challenge to sedimentol-
ogists studying early diagenesis and lithification. APC coring
destroys early cements and causes an artificially increased
packing of sedimentary grains. Conversely, XCB cores de-
stroy large parts of the original sedimentary fabrics and tex-
tures by producing gravy, leaving only biscuits as snapshots
of the original sedimentary formation. The results of this
study thus highlight the necessity to keep developing new
scientific drilling techniques that are better aligned with the
scientific needs of sedimentological research towards lithi-
fication and early diagenesis. The extended nose sampler
could be such an option, whereby the core barrel is not fired
into the formation. Instead, the core barrel is pushed into the
formation, increasing the push force when hard formations
are encountered, and vice versa.

5 Conclusions

The results of this study demonstrate that there are significant
differences between the lithology and physical properties of
sediments recovered by APC and XCB techniques in carbon-
ate sediments. While APC coring remains the gold standard
for paleoceanography research due to its ability to provide
continuous, high-quality cores over long intervals, the data
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presented here suggest that XCB cores may give a more ac-
curate representation of the micro-porosity, inter-grain con-
nections, and P-wave velocity of the cored sedimentary for-
mation. Indeed, the hydraulic pressure wave generated dur-
ing the deployment of the APC-core barrel can cause acous-
tic compaction and can cause early sparitic cements to disag-
gregate, thereby destroying early lithification and the accom-
panying sedimentary features.

For that reason, we make researchers interested in study-
ing early diagenetic pathways in carbonate sediments from
IODP cores aware of this phenomenon and recommend the
use of XCB biscuits cores instead of APC cores in overlap-
ping intervals in carbonate sediments. Indeed, XCB biscuits
may provide more valuable insights into the microstructure
and lithification of the sedimentary formation in such cases.
Ideally, a combination of APC and XCB coring should be
applied to provide a complete picture of lithification and
sediment composition when studying early diagenetic path-
ways. To do so, it would be interesting to also experiment
with alternative coring tools, like the extended nose corer
(JOIDES Resolution Science Operator, 2014; Talalay, 2022).
This coring tool potentially offers an intermediate solution
between APC and XCB, whereby a core liner is pushed into
the sediment without the immense hydraulic pressure. To
date, it also remains unclear as to what extent this issue ex-
tends into other, more cohesive lithologies. Nevertheless, this
study highlights the importance of carefully considering the
choice of coring technique when planning sediment coring
programmes and when interpreting subsequent analyses.

Data availability. The physical property data, core pictures, and
downhole logging data presented in Figs. 2 and 3 are available
from the IODP LIMS database (https://web.iodp.tamu.edu/LORE/,
JOIDES Resolution Science Operator, 2023) and the IODP logging
database (https://mlp.ldeo.columbia.edu/logdb/, Columbia Univer-
sity, 2023). Raw data of micro-CT scans and SEM images are avail-
able from De Vleeschouwer et al. (2023).
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Abstract. The analysis and presentation of drill cores, an essential part of geoscientific research, requires the
acquisition of high-quality core photos. Typically, core photos are either taken by hand, which often results in
poor and inconsistent image quality and perspective distortions, or with large, heavy, and thus inflexible as well
as expensive line scan setups. We present a simple, portable “Poor Man’s Line Scan” setup that turns a customary
smartphone into a semi-automatic core scanner utilising its panoramic photo function while guided on a rail in
order to record undistorted core photographs at high resolution. The resulting images, although affected by some
minor artefacts, are clearly superior in quality and resolution to single photos taken by hand and are comparable
to images taken with commercial line scan cameras. The low cost (~EUR 100) and high flexibility, including
the potential for modifications, of our tool make it an interesting alternative to the classical line scan setup.

1 Introduction

Drill cores recovered from commercial or scientific bore-
holes are one of the most important tools in geoscientific re-
search but also in applied fields of work such as ground inves-
tigation. For the detailed description, presentation, and inter-
pretation of drill cores, high-quality core photos are essential
(Ettensohn, 1994; Dolgiy et al., 2015). In addition, employ-
ing state-of-the-art techniques, core photos can allow further
analyses such as automated grain size (Tran et al., 2022) or
lithological classification (Fu et al., 2022). However, the di-
mensions of drill cores, which are typically 5-20cm in di-
ameter and 1 or several metres long, make the acquisition of
suitable images challenging.

Whole-core photographs taken from a distance with a
handheld camera often lack detail and are affected by per-
spective distortions but can be improved by sophisticated
imaging setups (e.g. USBR, 1998). The best results are
achieved by line scan imaging, where an electric motor
moves a drill core past a fixed camera acquiring sequential
images that are subsequently automatically stitched together,
resulting in a full core photo (e.g. Geotek Limited, 2017).

However, such setups are not only expensive but also large,
heavy, and thus stationary.

Fortunately, current smartphones equipped with a
panoramic photo mode are capable of the same image-
stitching process that is used in classical line scan imaging
(Altaratz and Frosh, 2021). We present a simple and inex-
pensive (~EUR 100, excluding phone) setup we refer to
as “Poor Man’s Line Scan” (PML) that turns a customary
smartphone into a semi-automatic core scanner capable
of acquiring high-resolution, undistorted, top—down, i.e.
non-unrolled, bisected and whole-round drill core images.
Moreover, being portable, the PML can readily be taken into
the field, to construction sites, or to core repositories.

2 Setup and procedure

The PML setup consists of a 1 m long track, over which
a smartphone, in our case an Apple® iPhone SE 2020, is
guided along a drill core at a fixed distance of ~ 15 cm in or-
der to acquire a scan image in panoramic picture mode, with
a width / height ratio of > 4 and with the drill core in ques-
tion being recorded in great detail. As the track, we selected
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Figure 1. The “Poor Man’s Line Scan” setup for core photo acquisition. It consists of a guide rail (a) bolted to a steel frame (b) that can be
attached to a wooden core box (c). A ball-bearing-mounted slide block (d) moves a smartphone attached with a phone clamp (e) along the

rail in order to acquire a continuous image in panoramic picture mode.

an MGNI12H (12mm wide) linear guide rail that is com-
monly used, for example, in 3D printing (Fig. 1). This rail is
bolted to a square steel frame with a U-shaped seating that al-
lows placing it on the sidewall of a typical wooden drill core
box, to which a tape measure is attached for scale. A spring-
loaded phone clamp is fitted to a ball-bearing-mounted block
that slides over the rail with minimal play. With the smart-
phone clamped to the slide block and auto-focused on one
of the core ends, the panoramic photo acquisition is started,
and the phone is guided along the core by hand in order to
acquire a coherent scan image. Inconsistencies in acquisition
speed are accounted and corrected for by the phone software,
and a warning message notifies users if the scanning is done
too rapidly. For ideal results, we recommend photographing
in naturally or artificially well-lit surroundings but without
direct light on the drill core in order to avoid hard cast shad-
ows. Shadows from the core box can be avoided by propping
a bisected core up on its other half, so that the surface to be
imaged is level with the box edge. To ensure the compara-
bility of different images, we further recommend attaching a
colour correction card to the drill core or core box, allowing
for appropriate image editing afterwards.

The photos presented in the following were taken from
selected cores of the International Continental Scientific
Drilling Program (ICDP) borehole 5068_1_C in Tannwald,
southern Germany (Anselmetti et al., 2022). Line scan pho-
tos were recorded with a Geotek Core Imaging System
(Geotek Limited, 2017) in the laboratory of the University of
Bern. Further images were taken in daylight with the iPhone
SE 2020 and the PML setup as shown in Fig. 1 and, for com-
parison, with the same smartphone camera held by hand from
a distance. The length of the PML scan image is restricted by

Sci. Dril., 32, 55-59, 2023

the capabilities of the smartphone available (i.e. the maxi-
mum width of a panoramic picture). Here, 1 m core sections
had to be imaged on two separate photos and later stitched to-
gether manually using the freeware GIMP (GNU Image Ma-
nipulation Program). Apart from that, the smartphone photos
were not edited (e.g. contrast enhancement or colour correc-
tion).

3 Results

The aspect ratios of a photographed core are iden-
tical for all three imaging approaches (Fig. 2a-c:
width /length=1/9.5). However, while core photos
taken with a handheld camera suffer from major perspective
distortions, especially near the core ends, those acquired
with the PML are significantly truer to the original (Fig. 3).
With the presented setup, we acquired scan images with
a resolution of ~250px per core centimetre, which is
comparable to classical line scan images, and enable users
to zoom in on small-scale details such as individual clasts
(Fig. 4). The manual stitching-together of individual images
— here two per 1 m core section — takes a few minutes at
a time and on some occasions resulted in a minor artefact
in the image centre. Other minor artefacts may result from
vibrations during photo acquisition (Fig. 5).

4 Assessment and conclusion

The comparison of different imaging techniques reveals that
core photos taken individually with a handheld smartphone
camera from a distance are suitable for low-resolution illus-
trative purposes where small-scale details are not relevant

https://doi.org/10.5194/sd-32-55-2023
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Figure 2. Comparison of photos of different drill cores (10 cm diameter, 1 m length) from ICDP borehole 5068_1_C (Anselmetti et al.,
2022), taken with different imaging setups. (a—c) Pleistocene glaciolacustrine fines; bisected drill core with a mostly smooth surface. (d—
f) Pleistocene glacial diamicts; bisected core with a very irregular surface. (g—i) Oligocene to Miocene siltstone and sandstone; whole-round
core. Panels (a), (d), and (g) were taken with a classic Geotek line scan camera setup and artificial lighting in the laboratory in December 2022
(© Bennet Schuster, University of Freiburg and University of Bern); panels (b), (e), and (h) with a customary smartphone camera (Apple®
iPhone SE 2020) from a distance; and panels (c), (f), and (i) with the same phone camera using the PML setup, the latter both in daylight
in May 2023. Differences in colour appearance are mainly attributed to artificial vs. natural lighting, and some colour change may have also
occurred during storage after bisecting. For reference, the Pleistocene deposits were, in comparison to a Munsell colour chart, classified as
mainly yellowish grey (5Y 7/2) to light olive grey (5Y 5/2) directly after opening. The corresponding RGB colours after Centore (2013) are
provided in the top left corner. Note: cores in panels (b) and (c) and in (e) and (f) have surficial marks from in situ geotechnical testing; see
arrows in (b).

s

Figure 3. Comparison of the depiction of the large quartzite clast at the top of Fig. 2d—f, which sticks out several centimetres from the
bisected core surface and therefore appears differently when photographed with different focal lengths. The Geotek line scan (a, © Bennet
Schuster, University of Freiburg and University of Bern) as well as the PML (c) reproduce the clast shape true to the original, whereas it is
visibly distorted in the photograph taken of the full core from a distance (b).
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Figure 4. Detailed comparison of a selected interval from one of
the drill cores presented in Fig. 2. Shown is a bisected core with an
irregular surface resulting in high-contrast core photos. The same
interval has been imaged with different setups: (a) line scan (©
Bennet Schuster, University of Freiburg and University of Bern),
(b) handheld phone camera from a distance, and (c¢) phone camera
with the PML. Panels (d) and (e) show zoom-ins of (a) and (c),
respectively.

if the photos are taken meticulously to avoid distortions as
much as possible (Fig. 2). For detailed imaging of entire
drill cores, in order to archive or further analyse the sec-
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tions, this is not adequate as the limited image resolution
does not allow for sufficient magnification. Here, line scan
images are clearly superior due to their high resolution and
image fidelity (i.e. absence of perspective distortions). How-
ever, the comparison shows that scan images taken with our
PML setup and a smartphone allow a similarly high degree of
detail as well as image fidelity (Figs. 3, 4). The resolution of
~250px per core centimetre, corresponding to a pixel size
of ~40 um, is in the same range as the Geotek Core Imaging
System considered for comparison (Geotek Limited, 2017).

Thus, the results achieved with the presented core photog-
raphy setup are compelling. The image quality achieved with
our setup comes close to proper line scan images but at a
fraction of the cost (~EUR 100 excluding phone) and, as
a second major advantage, with the benefit of the flexibil-
ity of a portable setup. Therefore, it does not have to be set
up stationarily in a core laboratory but can be easily trans-
ported and utilised for example at a drill site or a core repos-
itory. Furthermore, it is straightforward to use and requires
only minimal training for the operator. Disadvantages of the
PML include minor image artefacts that could not be entirely
avoided (Fig. 5) as well as the inconvenience of transferring
the acquired photos from the smartphone to the computer
and of cropping and, if necessary, stitching individual pho-
tos together. In addition, the present setup depends on suit-
ably well-lit surroundings and, especially if light conditions
change over time, may require later manual image editing
(e.g. contrast enhancement or colour correction; note: PML
pictures are unedited in all figures). Like the Geotek line scan
it is suitable only for top—down and not for unrolled core pho-
tos; however the out-of-the-box image-stitching capabilities
of a smartphone might also be a suitable basis for an unrolled
core imaging setup.

As presented here, the PML is a very simple tool, and fur-
ther modifications can be made as desired. For instance, it
might be more convenient to mount the guard rail on a table-
top rack instead of a core box. We suggest further that im-
age quality can most likely be further enhanced by using a
newer smartphone with a more sophisticated camera. Also, a
multidirectional LED setup could be attached to the sliding
block allowing for more consistent and, where appropriate,
brighter lighting of the drill core. For wet or otherwise highly
reflective core surfaces, an additional polarising filter might
be helpful to reduce glare.

In summary, we argue that the PML tool may be an in-
teresting alternative to an inflexible and costly conventional
line scan setup, especially for working groups that only oc-
casionally deal with drill cores. While it is introduced here in
the context of drill core photography, it could of course also
be applied in other fields of work that are concerned with
objects of comparable length / width ratios.

Code and data availability. No code or data sets were used in
this article.
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Figure 5. Potential artefacts of core photos taken with the PML setup include (a) blurred bands as a result of vibrations during the panoramic
picture acquisition (highlighted by dashed lines and zoomed inset) and (b) minor misfits and/or colour changes where two separate images
are manually stitched together. Note: the latter could be improved if lens aperture and white balance of the phone camera could be adjusted

manually.
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Abstract. The Pliocene Epoch is a focus of scientific interest as a period of sustained global warmth, with
reconstructed CO; concentrations and a continent configuration similar to modern. Numerous studies suggest
that the Pliocene was warmer and largely wetter than today, at least in the subtropics, which contrasts with
the long-term hydroclimatic response of drying conditions predicted by most climate model simulations. Two
key features of Pliocene warmth established from sea surface temperature reconstructions could affect dynamic
changes that influence the hydrologic cycle: (1) a weaker Pliocene zonal gradient in sea surface temperature
(SST) between the western and eastern equatorial Pacific resembling El Nifio-like conditions and (2) polar-
amplified Pliocene warmth, supporting a weaker Equator-to-pole temperature gradient. The distribution of wet
conditions in western North America and the timing of late Pliocene—Quaternary aridification offer the potential
to evaluate the relative roles of these two external forcings of the climate in western North America, with broader
global implications for Mediterranean-type climate (MTC) regions. We convened a virtual ICDP workshop that
spanned a 2-week period in September 2021, to choose optimal drill sites and legacy cores to address the overall
scientific goals, flesh out research questions, and discuss how best to answer them. A total of 56 participants
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from 12 countries (17 time zones), representing a wide range of disciplines, came together virtually for a series
of plenary and working group sessions. We have chosen to study five basins (Butte Valley, Tule Lake, Lake Idaho,
Searles Lake, and Verde Valley) that span 7 © of latitude to test our hypotheses and to reconstruct the evolution of
western North American hydroclimate with special focus on the time ranges of 4.5-3.5 and 3-2.5 Myr. Although
individual Pliocene lake records occur in many areas of the world, the western North American basins are
unique and globally significant as deep perennial freshwater Pliocene lakes latitudinally arrayed in a MTC region
and are able to capture a response to Pacific forcing. We propose new drill cores from three of these basins.
During the workshop, we discussed the stratigraphy and subsurface structure of each basin and revised the
chronological frameworks and the basin-to-basin correlations. We also identified the best-suited proxies for
hydroclimate reconstructions for each particular basin and put forward a multi-technique strategy for depth—age
modeling. Reconstructions based on data from these sites will complement the SST reconstructions from global
sites spanning the last 4.5 Ma and elucidate the large-scale hydrological cycle controls associated with both

global warming and cooling.

1 Introduction

The Pliocene Epoch has become the focus of scientific in-
terest as a period of sustained global warmth. With recon-
structed CO, concentrations in the range of 350—450 ppm
and a continent configuration similar to modern, the Pliocene
is an appropriate analogue for testing the capabilities of nu-
merical models used to predict climate and ecological change
over the coming century. An array of geologic studies now
suggests that the Pliocene was warmer and largely wet-
ter, at least in the subtropics, than today, which contrasts
with the long-term hydroclimatic response seen in most cli-
mate models in response to elevated CO, (Molnar and Cane,
2007; Ibarra et al., 2018; Lepar and Firk, 2015; Lukens et
al., 2019). But what caused wetter conditions in subtropi-
cal Mediterranean-type climate (MTC) regions (Rundel et
al., 2016) in the Pliocene, when theory and model simula-
tions indicate that these regions become drier with global
warming? Where were those sources of precipitation in these
MTC regions (Rundel et al., 2016; Fu et al., 2022), and how
did the hydroclimatic regime change with the onset of Pleis-
tocene glacial-interglacial cycles? Answering these and re-
lated questions requires a spatial gradient of high-resolution
multiproxy terrestrial paleoclimate records that are central to
ICDP’s Research Plan for 2020-2030 in the focus area of
environmental change and water resources.

Understanding the Pliocene hydrological cycle is a target
of the PlioWest project, as our ability to predict future hy-
droclimatic conditions may be limited by how well we repli-
cate these conditions during Pliocene peak warmth. We con-
vened a virtual ICDP workshop that spanned a 2-week period
in September 2021, to choose optimal drill sites and legacy
cores to address the overall scientific goals, flesh out research
questions, and discuss how best to answer them. The over-
arching plan of this workshop, to bring together an inter-
national group of scientists to work collaboratively on how
best to approach the question of causal mechanisms of wet-
ter conditions in the Pliocene in MTC regions, was success-
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fully achieved despite the less-than-optimal, virtual meeting
format.

2 Workshop structure

The 2020-2021 global pandemic blocked our abilities to of-
fer an in-person international workshop in September 2020.
After a year’s postponement, we had hoped to offer a hybrid
workshop, with online sessions and an in-person component
to take place in Minneapolis, Minnesota, at the CSD Core
Lab facility. That model was also necessarily abandoned as
the pandemic persisted, and we embarked on an entirely vir-
tual workshop for 56 registrants from 12 countries, follow-
ing advertisement of the workshop with AGU and ICDP
(Fig. 1). The workshop took place as a series of meetings us-
ing Zoom and was completed over the month of September
2021 in 90 min sessions, co-chaired by Alison J. Smith (Kent
State University) and Emi Ito (University of Minnesota). The
workshop consisted of three plenary sessions, with the first
two plenaries each separated by 10 discussion group sessions
of 60-90min length. These discussion groups were sepa-
rately scheduled events, with no more than six discussants
in any session. Plenary sessions included a few invited pre-
sentations followed by verbal summaries. All notes, presen-
tations, site data, and other relevant material were accessible
to the registrants through a web-based communication site.
In the final plenary session, consensus was reached on the
overall strategy and drill sites to be studied, and a develop-
ment timeline and action items were summarized about the
next steps towards completion of a compelling full ICDP pro-
posal. Focus groups were then identified to continue specific
work via Zoom meetings towards the completion of a drilling
proposal for submission to the ICDP. Because a seismic sur-
vey for one of the basins needs to be done, we are working
toward the January 2024 drilling proposal deadline.

https://doi.org/10.5194/sd-32-61-2023
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Figure 1. Statistics of the PlioWest workshop participants showing (a) locations of participants (shown as percentage and as actual number)
and (b) the distribution of expertise by percentage. The total number of registered participants was 56 from 12 nations.

3 Hypotheses regarding a wet Pliocene

Why the Pliocene was warmer and, in some regions, wetter
than conditions predicted for the end of this century is a chal-
lenging question with many societal implications. The pri-
mary mechanism leading to future projected drying in South-
ern California, and other MTC regions, is a thermodynam-
ically driven increase in the moisture transport divergence
from these regions (Seager et al., 2010; Seager and Vecchi,
2010). This mechanism follows a simple thermodynamic ar-
gument for how the hydrological cycle might respond to in-
creases in global temperature given the Clausius—Clapeyron
relation, whereby warm air can hold more moisture than cold
air (Held and Soden, 2006) (Fig. 2a). While limitations exist
in this first-order argument over land (Byrne and O’Gorman,
2015), climate model projections (Seager et al., 2010; Sea-
ger and Vecchi, 2010), and near-equilibrium simulations in

https://doi.org/10.5194/sd-32-61-2023

which CO; is abruptly increased (Fig. 2a, c, e), do indeed
simulate the general drying of Mediterranean climate zones.

Substantial changes in atmospheric circulation (Burls
and Federov, 2017; Fu et al., 2021; Menemenlis et al.,
2022), which this simple thermodynamic expectation ne-
glects, could however act to counter subtropical drying and
lead to the opposite response — wetter subtropical conditions
(Fig. 2b, d, f). A paired latitudinal and longitudinal transect
of records as proposed here is the only research strategy able
to test these atmospheric circulation hypotheses by capturing
the north—south and east—west hydroclimatic gradients and
the temporal and spatial extent of these changes in moisture
delivery.

Pliocene surface temperature reconstructions show two
key features that climate models struggle to reproduce. These
have the potential to bring about atmospheric circulation
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Figure 2. An illustration of the competition between thermodynamically forced subtropical drying due to a global mean temperature increase
and the dynamically forced subtropical wetting due to weakening surface temperature gradients and hence atmospheric circulation, most
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most MTC regions (d, f) despite global warming. The superimposed circles in panel (d) indicate Early Pliocene sea surface temperature
reconstructions, portrayed on a surface consistent with Early Pliocene proxy data. Adapted by Natalie Burls from Burls and Fedorov (2017,

Figs. 1 and 4).

changes that could have supported wetter conditions in west-
ern and other MTC regions across the globe.

One such feature is a Pliocene zonal gradient in sea surface
temperature (SST) between the western and eastern equato-
rial Pacific that is weaker than the present day, resembling El
Nifio-like conditions (e.g., Chaisson and Ravelo, 2000; Wara
et al., 2005; Groeneveld et al., 2006; Lawrence et al., 2006;
Ravelo et al., 2006; Dekens et al., 2007; Herbert et al., 2016).
The atmospheric response to modern El Nifio events leads
to an equatorward shift and eastward extension of the sub-
tropical jet, a strengthened Aleutian Low, and heavier win-
ter rainfall over the southwestern but not the northwestern
USA (e.g., Schonher and Nicholson, 1989; Trenberth et al.,
1998; Seager et al., 2010), with a somewhat similar response
projected for the future in models that include a more El
Niflo-like mean state (Allen and Luptowitz, 2017). It follows
that lakes, at least in part of the southwestern USA, might
have resulted from atmospheric circulation patterns associ-
ated with a permanently warm eastern tropical Pacific during
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the Pliocene. Following the modern association, one might
predict that a permanent El Nifio-like Pliocene SST distri-
bution supported an enhancement of today’s winter rainfall
patterns (Molnar and Cane, 2002, 2007; Winnick et al., 2013;
Ibarra et al., 2018) but with more weighting towards central-
southern California and less over the Pacific Northwest, fol-
lowing the dipole nature of the modern climate teleconnec-
tion.

A second feature is polar-amplified Pliocene warmth, sup-
porting a weaker Equator-to-pole (meridional) temperature
gradient (Dowsett et al., 2012), specifically between the trop-
ics and the midlatitudes (e.g., Brierley et al., 2009; Fedorov
etal., 2015), as this scales with Hadley strength. The reduced
meridional temperature gradient during the Pliocene offers
a mechanism for creating wetter subtropics globally (Burls
and Fedorov, 2017); by supporting a weaker Hadley circula-
tion, it allows for a reduction in the divergence of moisture
from the arid subtropics that overcomes the thermodynamic
enhancement that occurs with global warming, giving rise
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to dry-gets-wetter conditions in the subtropics (Fig. 2b, d).
For the western USA, climate simulations with a strongly
reduced Equator-to-pole (and equatorial zonal) gradient sup-
port wetter conditions in Southern California through more
summer rainfall, as well as to the north through increased
winter rainfall (Fig. 2f, Burls and Fedorov, 2017). Thus
this mechanism might predict wetter conditions for both the
northern and southern sites in this proposed study.

Reconstructing the distribution and seasonality of wet
conditions in western North America and the timing of
late Pliocene—Pleistocene aridification offers the potential to
evaluate the role of these two mechanisms. Evidence sug-
gests that they were likely linked (Fedorov et al., 2015) and
therefore working in tandem. Our working hypothesis is that
the hydroclimate of western North America was, in addi-
tion to global warmth, dictated by changes in the strength
of Pacific zonal and meridional surface temperature gradi-
ents. We plan to drill cores from three of these basins (see
Sect. 4, “Proposed drilling sites”) in order to reconstruct the
evolution of the western North American hydroclimate, with
special focus on the time ranges from 4.5-3.5 and 3-2.5 Ma.
Focus on these time ranges will bring attention to the Early
Pliocene hydroclimatic conditions and also to the later onset
of the glacial-interglacial cycle and intensification of North-
ern Hemisphere glaciation.

We have created a synthetic time series of precipitation
estimates for the northern Butte Valley region (Fig. 3a) and
southern Searles Lake and Verde Valley region (Fig. 3b) to
explore how our working hypotheses can be tested. This ini-
tial analysis suggests that the precipitation history should
have varied to differing extents in the subtropical vs mid-
latitude portions of the study region and could be compared
with the multiproxy records from the proposed array of lake
coring sites.

Additional hypotheses to be tested include the following:

— Pliocene warmth led to systematic changes in precipita-
tion seasonality and extremes.

— Establishment and later disappearance of large freshwa-
ter ecosystems profoundly affected the establishment of
and subsequent dispersal, extirpation, or extinction of
fauna and flora.

— Marine Isotope Stages (MIS) M2 and KM2 events were
of sufficient magnitude and duration to be recorded in
these MTC lake sediments.

4 Proposed drilling sites

Although Pliocene lake basins occur in several subtropical
and MTC regions worldwide (Mediterranean Basin, South-
western Australia, Chile, California, China, and others),
western North America contains the only set of deep, per-
manent lake basins that span several degrees of latitude and
that existed during most of the Pliocene Epoch. Western
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Figure 3. Synthetic time series of (a) northwest (41-45°N, 122~
115° W) and (b) southwest (31-35° N, 118-114° W) annual mean
precipitation change relative to preindustrial (or 0-0.5 Ma) (in mm
per day) derived as a function of the zonal and meridional SST gra-
dient reconstructions presented in Fedorov et al. (2015) and Tier-
ney et al. (2019) (the light shading represents the full range and the
darker shading the 95 % uncertainty range provided for the gradient
estimates of Tierney et al., 2019), as well as the global mean surface
temperature reconstruction of Hansen et al. (2013). Synthetic time
series were generated using the relationships (statistically signifi-
cant at the 95 % confidence interval) between regional precipitation
and the zonal and meridional SST gradients, respectively, as well
as global mean temperature, across the 30, fully coupled, global
climate model experiments (Burls and Fedorov, 2017). These re-
sults suggest the southern drill sites should exhibit more Pliocene
“wetting” relative to pre-industrial than the northern sites (proposed
drill site and legacy cores included), as well as be more sensitive
to both zonal and meridional SST gradient changes (more dynami-
cally driven), as opposed to the northern site, which should display
more sensitivity to global mean temperature (more thermodynami-
cally driven). Figure created by Natalie Burls.

North America contains accessible and under-recognized pa-
leolacustrine records that hold the keys to understanding the
drivers of wetter conditions in Pliocene subtropical drylands
worldwide.

Going into the workshop, we had an array of pos-
sible drilling sites, identified during a smaller previous
EarthRates-funded workshop. These included Summer Lake,
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Proposed Drill Si
/s

Existing Cores

120°W

140°N

T P

Figure 4. Location map of proposed drill sites and sites with existing sediment core and outcrop material available for study from previous
drilling campaigns. Existing material from Blythe Basin and Verde Valley is from outcrop studies only. The Summer Lake records are
short cores. Searles Lake and Butte Valley each have a Plio-Pleistocene core (see Fig. 5). All sites were discussed and evaluated during
the workshop. The Cascade Range, Klamath Mountains, Sierra Nevada, and the Basin and Range are also shown. Figure created by Robert
Hatfield, made with GeoMapApp (http://www.geomapapp.org, last access: 29 December 2021)/CC BY (Ryan et al., 2009).

Oregon; Lake Idaho, Idaho; Butte Valley, California; Tule
Lake, California; Searles Lake, California; and Blythe Basin,
Arizona (Fig. 4). Discussion focused on the previous work at
these sites, the likelihood of recovering continuous sediments
reaching to at least 4.5 Ma, the presence/absence of carbon-
ates and organic biomarkers, site access, available subsurface
data for robust site characterizations, and the likelihood of
developing depth—age models and robust correlation mod-
els across the study region. We learned that Blythe Basin
was likely to capture only the Lower Pliocene, which led
to a discussion of possible replacement sites, leading us to
discuss Verde Valley, Arizona, a site in central Arizona that
had no drilling history but a record of outcrop studies. We
reached consensus towards the end of the workshop to drill
four sites which showed great promise: Lake Idaho, Butte
Valley, Searles Lake, and Verde Valley. This plan was later
altered to three drill sites, based on new dating information
from Lake Idaho, which indicated the paleolacustrine record
at Mountain Home drill site was no older than about 3.1 Ma
(Alexander Prokopenko, personal communication, Decem-
ber 2021). The older sediments of Lake Idaho are likely to
be found farther west and lie beneath thick layers of basalt
making site survey uninformative and costly. The final list
of drill sites for the project included Butte Valley and Sear-
les Lake, California, and Verde Valley, Arizona (Figs. 4 and
5). We also intend to study the existing USGS legacy cores
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from Butte Valley, Tule Lake, Lake Idaho (USGS—Bruneau
Core), and Searles Lake and to collaborate with the ICDP
HOTSPOT team that recovered the Plio-Pleistocene paleola-
custrine record from Mountain Home, Idaho (Figs. 4 and 5).
Combined, our sites comprise a north—south transect cover-
ing about 7° in latitude (1380 km), to capture the changing
hydroclimatic gradients over time. Both northern and south-
ern sites consist of lake records with ~ 600 km E-W distance
between them, enabling us to examine the extent and dura-
tion of westerly moisture transport across this north—south
transect.

5 Analytical strategy

Our science team will use an integrated strategy in analyzing
the complex story of paleoclimate and paleoecology in these
Pliocene and Plio-Pleistocene lake sediment records of west-
ern North America. The strategies are described in brief here.
The range of scientific expertise represented by our project
team is shown in Fig. 1b.

5.1 Chronology

We will combine multiple dating techniques to maximize
temporal precision and coverage, as well as robust corre-
lations between paleolakes. The underlying framework for
this chronology will be improved accuracy of depth and
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stratigraphic information. Core depths will be tied to log-
ging depth through common gamma ray data obtained during
downhole logging and from core-scanning measurements.
Where available, overlapping cores from multiple holes at
the same site will be correlated to generate a composite depth
scale and continuous stratigraphic section (e.g. Hatfield et
al., 2020). Using this foundation, depth will be mapped to
time using a suite of methods, primarily through paleomag-
netic polarity stratigraphy and tephrostratigraphy supported
by biostratigraphy (pollen and spores), radiometric dating
(uranium-thorium, argon—argon, beryllium-10), and, where
available, orbital and/or climatic tuning. The multiproxy in-
tegrated age—depth model will be generated using Bayesian
approaches (e.g. Lougheed and Obrochta, 2019) that allow
for realistic estimates of uncertainty.

5.2 Climate and environmental proxies

Paleobiological analyses, augmented by organic and in-
organic geochemical proxies, are key components of the
planned overarching post-coring scientific measurements.
We aim to reconstruct both the (i) paleoclimatic evolution
and (ii) biotic response to climatic and geological forcing.
Biological proxies include pollen, diatoms and ostracodes,
and geochemical/biochemical proxies include leaf-wax hy-
drogen isotopes, algal lipid *H, and §'3C and 6'80 from in-
organic and biogenic carbonates. Wildfire, an important part
of terrestrial ecosystems in the study region, will be studied
through analysis of such proxies as charcoal, PAHs (poly-
cyclic aromatic hydrocarbons), '3C in leaf waxes, and phy-
toliths. Analyses will be carried out at different temporal res-
olutions in order to identify both tectonic to orbital timescale
trends and suborbital to sub-millennial timescale variability
to produce datasets that are most relevant to present-day an-
thropogenic climate and ecosystem change.

6 Societal relevance

PlioWest has clear links to water security and landscape
change, which are ongoing topics of increasing interest to
all stakeholders in western North America, including Native
American tribal communities, watershed managers, and agri-
cultural planners. Development of educational outreach op-
portunities involving these topics will be an important aspect
of the NSF and other funding agency proposals. Although the
proposed drill sites are all situated on federal land (with the
exception of Searles Lake, on privately owned land), these
lands and the environments they represent are part of Native
American cultural heritage. We will involve key stakeholders
(local schools, colleges, public libraries, state and national
parks, museums, businesses, and tribal representatives) at the
early stages of project planning to learn what information we
can gather that is important for them and their communities.
This method, known as community-driven research (CDR;
Pandya, 2014, and the mission of AGU’s Thriving Earth Ex-
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change), has been shown to increase community buy-in and
trust in the results of the research. We will further develop
these plans in consultation with the CSD Facility and with
the Geoscience Alliance, an NSF-funded organization whose
goal is to broaden participation of Native Americans in geo-
sciences. This approach dovetails with a growing area of
co-production of research (Zurba et al., 2022), and we look
forward to opportunities to work collaboratively in this way
with tribal communities.

Additionally, by working with the public access commu-
nity database Neotoma (https://www.neotomadb.org/, last ac-
cess: 28 November 2022), data and educational tools will
become available to the public for use in educational set-
tings at many levels, from secondary education through
university level. Finally, we plan to create openly avail-
able educational videos throughout the project, follow-
ing in the path of impactful examples such as the AN-
DRILL project (https://www.wgtn.ac.nz/antarctic/research/
past-research-prog/andrill, last access: 28 November 2022),
which can serve secondary school and university students, as
well as the public.

7 Conclusion

By recovering continuous core records from the targeted
paleolake sites, we expect to gain insights into those step
changes that occurred during the Early Pliocene warm pe-
riod and subsequent Pleistocene cooling that accompanied
the hydroclimatic changes in this MTC region. The mecha-
nisms involved may have led to systematic changes in rainfall
seasonality and extremes and may have changed the ecology
of the entire region. Gaining new knowledge about these in-
terlinked changes will certainly impact those working in the
areas of climate change, water and food security, and ecolog-
ical and environmental sciences. Climate extremes, beyond
those of present-day climate, offer opportunities to test cli-
mate models used to predict future climate scenarios. The
possible mismatch of predictions of a drier future climate for
MTC regions, including the western USA, epitomizes how
understanding the wet Pliocene can show how paleoclimate
can be used to test and improve models and thus understand-
ing of the global system that has direct societal relevance.
The outcome of this study will benefit climate modelers,
policy makers, and the many communities that make use of
those models.

We also note that the virtual ICDP workshop format is
doable and can achieve completion of a full ICDP proposal
but is not the most desirable means of conducting a scien-
tific workshop. The weak point in this format is the difficulty
of generating an environment that produces spontaneous sci-
entific discussions and a spirit of camaraderie, as well as the
logistical challenges of drawing multiple individuals together
when subject to their individual commitments. We were able
to achieve our goals over a more expanded time frame (mul-
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tiple meetings over a 2-week period) and with meticulous
planning and constant adjustments to those plans by the two
convenors of the workshop (Alison J. Smith and Emi Ito).
Of course, the key benefit of a virtual workshop was much
reduced cost as we had no travel and accommodation costs,
but in the end, we found there is no substitute for in-person
scientific workshops, and we look forward to the imminent
return of such events.
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Abstract. An international, multidisciplinary research group is proposing the “NICA-BRIDGE” drilling
project, within the framework of the International Continental Scientific Drilling Program (ICDP). The project
goal is to conduct scientific drilling in Lake Nicaragua and Lake Managua (Nicaragua, Central America) to
obtain long lacustrine sediment records to (a) extend the neotropical paleoclimate record back to the Pliocene,
making it one of the longest continental tropical climate archives in the world, and to (b) provide geological
data on the long-term complex interplay among tectonics, volcanism, sea-level dynamics, climate change, and
biosphere.

The lakes are the two largest in Central America, and they are located in a trench-parallel half graben that
hosts the volcanic front, which developed during or prior to the Pliocene, as a consequence of subduction-related
tectonic activity. The lakes are uniquely suited for multidisciplinary scientific investigation as their long, con-
tinuous sediment records (several Myr) will facilitate the study of (1) terrestrial and marine basin development
at the southern Central American margin, (2) alternating lacustrine and marine environments in response to tec-
tonic and climatic changes, (3) the longest record of tropical climate proxies, (4) the evolution of (and transition
between) the Miocene to Pliocene/Pleistocene and Pleistocene to present volcanic arcs, which were separated
by slab rollback, (5) the significance of the lakes as hot spots for endemism, and (6) the Great American Biotic
Interchange at this strategic location, i.e., the N=S and reverse migration of fauna after the land bridge between
the Americas was established.

The planned ICDP project offers an opportunity to explore these topics through continent-based seismolog-
ical, volcanological, paleoclimatological, paleoecological, and paleoenvironmental studies, combined with an
International Ocean Discovery Program (IODP) drill project to explore its oceanic continuation.

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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In preparation of this drilling project, an ICDP workshop was held in Montelimar, Nicaragua, on 2-5 March
2020 to develop drilling strategies and refine scientific questions, objectives, and hypotheses. The workshop
was organized and hosted by the principal investigators and the Instituto Nicaragiiense de Estudios Territoriales
(INETER), with funding from the ICDP. Forty-five researchers from 12 countries participated in the workshop,
including representatives from ICDP. During the workshop, previous research data on the study lakes, including
new recent surveys, were reviewed, and a three-phase strategy for the proposed research was developed. The
aim of Phase 0 is to complement the pre-site surveys where we identified the need for further data. In Phase I,
with ICDP support, we will obtain sediment cores ~ 100 m long, which will allow us to investigate many of
the scientific questions. Based on the data from those drill cores, coring locations will be identified for a future
Phase II, which we envisage as a combined ICDP/IODP project to collect deep drill cores in the lakes and the
offshore Sandino Basin in order to extend Phase I results to much deeper time. The Sandino Basin is the oceanic
continuation of the depression in which the studied lakes are located, and complementary marine drilling will

improve the understanding of the evolution of this complex margin.

1 Introduction and study area

The two largest lakes in Central America, Lake Nicaragua
(Cocibolca) and Lake Managua (Xolotldn), are situated in
south-central Nicaragua and represent the largest sources of
freshwater in the region (Fig. 1). They are located in the cen-
tral part of the Mesoamerican Biological Corridor and host
numerous endemic species such as cichlid fishes (Kautt et
al., 2012). Given their proximity to the Isthmus of Panama,
their sediments probably record its closure, which is one of
the most important events in the diversification and extinc-
tion of late Cenozoic and modern species in North Amer-
ica, South America, and the Caribbean region (Montes et al.,
2015). The origin of the lakes, as well as the tectonic de-
pression hosting them, dates to at least the Pliocene, but the
origin of the tectonically related marine Sandino Basin can
probably be traced back even further to the Late Miocene
(Funk et al., 2009). The lakes cover a combined surface
area of ~ 9000 km? in the tectonically active Nicaraguan De-
pression, which hosts the Central American volcanic front
(Funk et al., 2009). The prominent 40 to 70km wide de-
pression extends for ~ 1000 km, from the Caribbean side
of Costa Rica in the southeast to the northern Gulf of Fon-
seca in El Salvador (Case and Holocombe, 1980; Funk et al.,
2009; Mann et al., 1990). Funk et al. (2009) and Ranero et
al. (2000) claimed that the two lakes possess at least 500 m
of Quaternary sediment and an additional 2000 m of Pliocene
sediment fill. Early reports on the geology and structure,
based on K/Ar-dated volcanogenic sediments at lakeshore
outcrops (McBirney and Williams, 1965; Weinberg, 1992),
suggested three major tectonic phases during the basin evo-
lution: (1) Miocene convergence, (2) Pliocene extension, and
(3) Pleistocene-to-present transtensional deformation. Dur-
ing that long time period, the position of the volcanic front
shifted in response to slab rollback, from a Miocene arc
along the eastern border of the Nicaragua Depression to the
Pleistocene-to-recent front that cuts through the lakes, mak-
ing the depression an intra-arc basin (Taylor, 1995).
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2 Scientific rationale

The following scientific motivations to initiate this project
were subjected to challenging discussions during the work-
shop.

2.1 Tectonics and volcanism

Geographic separation of areas of different ages in the Cen-
tral American volcanic arc (Fig. 1, Coyol and recent arc), to-
gether with the expected approximately continuous sedimen-
tation in the long-lived, coexisting tectonic basins, is a situa-
tion unique to Nicaragua. Therefore, in addition to providing
a very long paleoenvironmental record, sediment cores from
the basin will yield important data on the tectonic and vol-
canic evolution of the arcs, particularly during the period of
shift (how long, existence of volcanic hiatus), from the east-
ern Tertiary Coyol arc to the western Upper Pleistocene arc
(Funk et al., 2009), and provide information that can be used
to evaluate the three existing regional tectonic models for the
origin of the Nicaragua depression and therefore the deposi-
tional area of the lakes: (1) transform fault model, (2) pull-
apart model, and (3) bookshelf faulting model (Funk et al.,
2009). Abundant volcanic deposits in sediment successions
on land and in the Pacific Ocean prove the existence of ra-
diometrically datable time markers from recent to Miocene
(Kutterolf et al., 2007, 2008; Jordan et al., 2007; Schindlbeck
et al., 2016; Ehrenborg 1996). Dating methods for tephras
include '*C (< 50ka), 228U-23Th and (U-Th) / He dating
of zircon crystals (evolved tephras), and “CAr /3% Ar single-
crystal dating (K-rich minerals), which cover the expected
age range. Fauna-bearing sediments provide additional age
constraints through stable-isotope and micropaleontological
analyses.

The geographic position of the Nicaraguan lakes makes
them ideal for a “paleo-study” as they are upwind from the
modern, ~ 1 Ma, volcanic arc system and far downwind (50—
100km) from the ancient, > 1.5 Ma, Tertiary volcanic arc

https://doi.org/10.5194/sd-32-73-2023



S. Kutterolf et al.: Workshop on drilling the Nicaraguan lakes

Forearc
sliver

75

Pacific
Ocean

Caribbean

Figure 1. Overview map of the Central American subduction zone at Nicaragua, modified after Funk et al. (2009). Red lines outline the
Nicaraguan Depression that hosts Lake Nicaragua (LN) and Lake Managua (LM) in which red lines show seismic profiles from pre-site
survey. Triangles mark the Pleistocene-to-recent volcanic arc (CAVA), whereas purple and green areas outline the older Coyol arc. White
labeling inside the geological maps assists identification of units shown in the legend to the lower left. Fault lines on the submarine forearc
outline the Sandino Basin. Inset shows presumed ages of volcanic rocks since the Miocene.

system (Schindlbeck et al., 2016), thus potentially providing
a continuous record of tephras from both arcs but without
the risk of thick, impenetrable volcanic deposits. The long
tephra records will help decipher the frequency of explosive
eruption at the Coyol arc compared to the modern volcanic
front, the duration of the arc shift, the occurrence or not of
a volcanic hiatus during the shift, and associated changes in
magmatic compositions (which, in turn, reflect crustal stor-
age and mantle melting conditions). Accumulation rates of
sediment bracketed by dated primary volcanic deposits, com-
bined with sedimentological and geochemical analyses, can
yield time series of tectonic activity/subsidence and climate
changes, together with rates of volcanic activity, enabling us
to investigate possible cross-correlations.

2.2 Paleoclimate

The availability of abundant radiometrically datable volcanic
deposits in the sediment cores is an important advantage for
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obtaining a long, continuous paleoclimate record that will
extend much farther back in time than those retrieved from
Lake Petén Itza, Guatemala (~ 410 ka; Mueller et al., 2010;
Correa-Metrio et al., 2012; Kutterolf et al., 2016), and Lake
Chalco, central Mexico (~ 400ka; Brown et al., 2019). Sed-
iment cores from the Nicaraguan lakes and the analysis of
different proxies (stable isotopes, biomarkers, pollen, sedi-
ment geochemistry) have the potential to extend the neotrop-
ical paleoclimate record back to at least the Pliocene, which
would place them among the oldest archives of continen-
tal tropical paleoclimate in the world. They will be unpar-
alleled for study of the long history of Intertropical Conver-
gence Zone (ITCZ) oscillations and related changes in pre-
cipitation. The large Nicaraguan lakes, at ~ 12° N latitude,
are ideally located in the heart of the northeast trade wind
belt to record past variations in climate, driven by changes in
the El Nifio—Southern Oscillation (ENSO), i.e., fluctuations
in near-equatorial sea surface temperature and air pressure
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that affect precipitation on land, with consequences such as
floods, droughts, and wildfires (e.g., Cai et al., 2020). The
ENSO record of the cores may also serve as a record of en-
vironmental impacts, which may have been modified by dif-
ferent land—sea relationships in the past.

2.3 Paleoecology and biosphere

The two study lakes offer an opportunity to relate their pale-
obiological inventory to salinity changes through time and to
distinguish between ITCZ-controlled shifts in evaporation/-
precipitation ratio and salinity changes caused by tectoni-
cally controlled marine transgressions/regressions over the
last several million years. The combination of micropale-
ontological, stable isotope, and sedimentological data from
a suite of cores will help distinguish between tectonic and
climate controls on biotic shifts. The biological proxies we
have identified as most important include diatoms, ostra-
codes, foraminifers, and microbes. Diatoms, ostracodes, and
foraminifers are sensitive to changes in water level, salinity,
and ionic dominance, whereas a change in the abundance and
structure of the microbial communities might serve as evi-
dence of abrupt environmental and climate change (Moguel
et al., 2021). We expect that the dramatic environmental
changes in the lake region also affected proxy preservation,
and we will therefore use a multi-proxy approach (diverse
microfossils, biomarkers, and DNA) to provide a full record
of paleoenvironmental conditions. We will investigate the
hypothesis that there were repeated saltwater—freshwater in-
teractions that arose from marine transgressions and regres-
sions over the poorly known period when the ocean gate-
way closed. Repeated past connections with the marine en-
vironment presumably had substantial influence on lacus-
trine ecosystem biodiversity. This can be investigated, for
example, by using taxa and selected genomic signatures pre-
served in the sediments (e.g., fishes; Kautt et al., 2012) to
infer which taxa were present and how they responded and
adapted to environmental changes through time. This will
allow us to determine and compare evolution, diversifica-
tion, and turnover rates in freshwater, brackish, and marine
ecosystems. For example, diversification and turnover of di-
atoms appear to be more rapid in freshwaters (Nakov et
al., 2019). Moreover, the combination of pollen and aquatic
bioproxies will generate high-resolution information on re-
gional and local biota since the Pliocene. Repeated marine—
freshwater successions also provide a potential opportunity
to study non-steady-state geochemistry in a sedimentary sys-
tem and its effects on microbial community composition and
metabolic activity.

Our climate and environmental record (Sect. 2.2 and 2.3)
will be compared with other neotropical sediment records
with similar temporality. For instance, in Phase I (Sect. 3) we
will retrieve and study parallel pre-Holocene sediment cores
(~100m long), and multi-proxy results will be compared
with those from other late Quaternary records such as Lake
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Petén Itz4, Guatemala (Mueller et al., 2010); Lake Chalco,
central Mexico (Brown et al., 2019); and the Cariaco Basin
(Schneider et al., 2014). Deeper and older sediment records
from Lake Nicaragua will be compared with evidence from
ICDP (International Continental Scientific Drilling Program)
sites extending much further back in time, including Iza-
bal (Guatemala, ~ 10 Ma; Obrist-Farner et al., 2020) and
Colonia (Brazil, ~5Ma; Ledru et al., 2015). The previous
data will allow us to (1) infer changes in the composition
and structure of vegetation and aquatic communities since
the Pliocene and (2) study the interplay between ENSO and
the migration of the ITCZ. In addition, we will contribute
to the knowledge of regional biogeography, and multi-proxy
data will reveal the interactions between native terrestrial and
aquatic species and colonizers, especially since the Great
American Biotic Interchange and closure of the Isthmus of
Panama.

2.4 Hazards

Detailed investigation of the Nicaraguan lake histories, far
beyond the timescale previously studied in Central America
(i.e., late Pleistocene), is germane to socio-economic issues
of local, regional, and global significance, especially with re-
spect to persistent threats from natural hazards in Nicaragua
such as, for example, Managua’s large earthquakes in 1931,
1972, and 2014 and the eruptions of the Cerro Negro (1992,
1995, 1999) and Momotombo (2015/2016) volcanoes. In ad-
dition to these hazards, there is also evidence for seismogenic
and volcanogenic tsunamis in the lakes (Freundt et al., 2006,
2007) and in the near-shore Pacific region (Heesemann et al.,
2009), disastrous lahars (Casita Volcano killed > 2000 per-
sons in 1998), and massive landslides from the large, un-
stable volcanic edifices like Momotombo, Concepcidn, and
Mombacho, with the last one responsible for ~400 deaths
in 1570 (Vallance et al., 2001). Many of these hazardous
events will have manifested themselves as identifiable lay-
ers in the lake sediments; next to the obvious tephras, pos-
sible examples include turbidites, seismites, and storm lay-
ers. Long time series for these hazards, derived from the drill
cores, will shed light on the underlying processes that cause
them, their magnitudes, and the frequencies at which they re-
occur. Seismic monitoring by INETER and new seismologi-
cal research projects (TUCAN project; Harmon et al., 2008)
have documented the presence of active tectonic faults be-
low the lakes, and hydrothermal springs atop the faults are
observed on land. Downhole logging of drill holes for tem-
perature, in combination with measurements of thermal con-
ductivity from core samples, will provide further constraints
on tectonic activity and heat flux in and around the lakes.

2.5 Environment

In 2009, the Sandino wastewater-treatment facility was in-
stalled on the shore of Lake Managua, with the aim of im-
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proving lake water quality. This effort came after > 80 years
of uncontrolled cultural eutrophication and contaminant pol-
lution. Sediment and porewater, as well as microbial com-
munity analyses from cores taken in both lakes, will enable
us to determine the penetration depth of pollutants into the
lake deposits and their potential for being released back into
the water column. Such information will be critical for eval-
uating how the quality of lake water and deeper groundwa-
ter would be affected by continuous pollution and by large-
scale infrastructure projects in tropical lakes worldwide but
in Nicaraguan lakes specifically. It will shed light on the
potential impacts of the proposed construction of a canal
through Lake Nicaragua that would connect the Caribbean
Sea and the Pacific Ocean.

Sediment cores collected in 2006 from Lake Petén
Itza, Guatemala, revealed dramatic temperature and rainfall
changes during the last 85 kyr, which had profound impacts
on local terrestrial and aquatic environments, e.g., vegeta-
tion changes and lake water ion concentrations, respectively
(Hodell et al., 2012; Escobar et al., 2012; Cohuo et al., 2018;
Pérez et al., 2021). Much longer drill cores (and hence older
deposits) from the Nicaraguan lakes will provide insights
into the development of modern lake biodiversity, the im-
pacts of climate change and abrupt natural events (e.g., vol-
canic eruptions, tsunamis) on aquatic biota and their pos-
sible recovery, and the environmental consequences of hu-
man activities, both past (unconstrained discharge of sewage
and pollutants) and future (the planned canal through Lake
Managua). Results related to these recent and ongoing envi-
ronmental problems will be disseminated to the public and
agency officials through suitable outreach activities (e.g.,
school lessons, professional training, local workshops).

In summary, long, continuous sediment cores from mul-
tiple sites in Lake Managua and Lake Nicaragua will pro-
vide some of the oldest lacustrine records of paleoclimate
and paleoenvironment in the continental neotropics. The use
of an array of drill sites (in Phase I, Sect. 3) is important
for a continuous record, because possible gaps at one site
can be filled by correlations with the other sites. The cores
will thus enable us to (a) infer high-resolution neotropical
paleoclimate and paleoenvironmental conditions; (b) deter-
mine the times and rates of marine transgressions and regres-
sions, their aquatic and terrestrial ecological consequences,
and their tectonic and climatic controls, also in connection
with the timing, duration, and impacts of the closure of the
Isthmus of Panama; (c) identify linkages between long ter-
restrial and marine paleoenvironmental records; (d) investi-
gate the magnitudes and recurrence rates of natural hazards,
e.g., volcanic eruptions, landslides, tsunamis, earthquakes,
hurricanes; (e) constrain the timing of shifts of the volcanic
arc and associated changes in magmatic compositions and
volcanic activity; (f) understand the long-term basin devel-
opment and the deeper structure of western Nicaragua; and
(g) assess climatic, geologic, and (Holocene) anthropogenic
influences on limnological variables and lake biodiversity,
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e.g., past freshwater/saltwater phases initiated by tectonics
and consequent effects on micro-biota and macro-biota.

3 The workshop

The workshop on the NICA-BRIDGE project was held in
Montelimar, Nicaragua, from 2 to 5 March 2020, and it in-
cluded a field trip to Lake Nicaragua and nearby volcanoes.
The workshop agenda included plenary and working-group
discussions that covered themes such as scientific objectives,
specific drilling targets and respective challenges, and a pro-
posal strategy to achieve the project goals. Specific topics
discussed included issues related to drilling rigs to be de-
ployed, analyses to be completed on cores, priority sections
of the sediment sequences, and parallel in situ limnologi-
cal monitoring, as well as logistical considerations, such as
developing broad international scientific collaborations, ac-
quiring complementary research funding, defining outreach
activities, and obtaining permits. The consensus was that we
will develop a multi-phase project that will involve long-term
scientific engagement in the region, which will include scien-
tific contributions for the improvement of seismic, volcanic,
and tsunami monitoring and early warning by INETER.

Seismic profiles obtained in 2017 were presented at the
opening of the workshop and were the basis for the discus-
sions that followed. Twenty-seven seismic profiles were col-
lected in Lake Nicaragua along a NW-SE transect, with sev-
eral crosslines shot roughly NW-SE and ENE-WSW to the
mainline (Fig. 2). The seismic lines covered a total length
of ~ 320 km. Unfortunately, high gas content in surface sed-
iments often attenuated the signal, preventing the sound
source from penetrating deep into the sediments. We were,
however, able to collect good images from one region in the
central part of the lake, which revealed a > 300 m thick sedi-
mentary succession and provides evidence that long, contin-
uous sediment cores can be obtained from Lake Nicaragua.
The age at the base of the succession is unknown, but
based on the near-surface sedimentation rate (0.3 mkyr™')
an age of ~ 1 Ma at 300 m sediment depth can be hypothe-
sized. However, only long cores will provide data for a well-
grounded age estimate.

Short sediment cores obtained by Robert A. Dull (Califor-
nia Lutheran University, USA) from Lake Nicaragua provide
evidence for predominantly muddy lacustrine sedimentation
(gyttja), intercalated with centimeter thick volcanogenic sed-
iments in the topmost ~4 m (Fig. 2). Sediment accumulation
rates have fluctuated but display a mean of ~30cmkyr—!.
Preliminary geochemical and biological investigations of
these cores conducted by Robert A. Dull, Sabine Wulf, Jen-
nifer Slate, and Amy Bloom revealed variations within the
last 12 kyr (Dull et al., 2023). Robert A. Dull has granted us
access to the 35 short cores, which will be investigated to
supplement the pre-site survey data.
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Figure 2. Upper left: map of southern Mexico and Central America, showing the location of the Nicaraguan study lakes. Red box indicates
the area detailed in the map to the right and bottom left, and the stars are other ICDP drill sites in the region (black star represents Petén Itz4,
Guatemala; white star represents Chalco, Mexico). Shuttle Radar Topography Mission imagery of Lake Managua (upper right) and Lake
Nicaragua (lower left), and the Central America volcanic front in Nicaragua, modified from Funk et al. (2009). White lines show survey
lines conducted by Funk et al. (2009). Bathymetric data are from the Nicaraguan hydrographic department of the Instituto Nicaragiiense de
Estudios Territoriales (unpublished data of INETER collected in 1979) and were supplemented by bathymetric data collected by Funk et
al. (2009). Yellow stars indicate tentative locations of sites to be drilled to address scientific questions in Phases I and II of the project. Lower
right: upper photo, showing Lake Managua with Momotombito Volcano, and lower photo, showing Lake Nicaragua, with Ometepe island
with the Concepcién and Maderas volcanoes. Photos by Steffen Kutterolf.

After presentation of seismic survey data on the first morn-
ing of the workshop (2 March), each participant introduced
themselves and presented their respective expertise. This was
followed by contributed talks from a number of attendees
— presentations that covered multiple topics related to the
NICA-BRIDGE project scientific goals, with the objective of
honing old and new hypotheses, exploring drilling options,
and evaluating the objectives of our study in relation to simi-
lar projects carried out previously in Central America, in ad-
jacent areas and elsewhere. On 3 March we took a field trip to
familiarize workshop participants with the landscape and the
lakes. The trip involved a boat tour and a visit to the nearby
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Apoyo Caldera, which is the source of the largest eruption
in Nicaragua in the Late Quaternary (Fig. 3). On 4 March
we divided into subgroups to focus on six overarching scien-
tific themes: (1) paleoclimate; (2) paleoecology, biodiversity,
and deep biosphere; (3) magmatic and volcanic evolution;
(4) environmental impacts and physical limnology; (5) hu-
man occupation, migration, and archeology; and (6) basin
history and seismogenic hazards. We used the breakout ses-
sions to evaluate, update, modify, and consolidate the objec-
tives listed in the workshop proposal.
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Figure 3. Upper left: Shuttle Radar Topography Mission imagery of Lake Nicaragua and the Central American volcanic front in southern
Nicaragua, modified from Funk et al. (2009). Locations of seismic pre-site survey profiles from 2017 are shown with black lines. Seismic
profile shown in the lower left is marked in bold. Light orange dots show locations of shallow cores collected by Robert A. Dull and colleagues
in 2006. Sampling sites where the two cores in the right panels were collected are indicated by yellow stars on the lake map. Lower left:
air gun seismic profile (P.900) east of Ometepe island, showing the upper 400 ms TWT (> 300 m, where TWT represents two-way travel
time) of the sedimentary succession of the lake. Right panels: schematic profiles of two sediment cores from Lake Nicaragua (see upper
left for location), showing the first ~4 m and respective l4c ages of lacustrine sedimentation. The cores are composed mainly of gyttja and
intercalated tephra and sand beds, and they indicate an average sedimentation rate of ~30cm kyr_1 in the uppermost meters. Note that the
tephra in LC1 probably correlates to the ~ 6 ka San Antonio tephra from Masaya Caldera, Nicaragua.

3.1 The three-phase approach presently available. The main challenge for the seismic sur-
vey is to overcome the problem of gas-rich sediments, but
After reconvening on Wednesday afternoon, summaries of it is essential for selection of optimum drilling sites. Piston

the breakout sessions were presented and discussed by all cores > 10m long will be taken with a piston corer. Such
participants. It soon became clear that we had to give greater  cores will establish if pre-Holocene sediments that lie below

thought to our overall scientific strategy and phasing of pro-  presumably harder or more clay-rich sediments in seismic
posals to ICDP and IODP. We discussed the prerequisites for unit “U2” (Fig. 2) can be drilled by piston coring and if the
each stage of the project and before sunset the 45 participants sediments are suitable for the proposed investigations. Fund-
agreed we would adopt a three-phase approach. ing will be obtained from national funding agencies, and sub-
Phase 0 includes the completed pre-site surveys and will  mission of related proposals will start promptly to make it
include further (and adjusted) seismic surveys, as well as  possible to carry out the field campaign as soon as possible.

collection of cores that are longer (pre-Holocene) than those
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If Phase 0 is successful, i.e., it reveals feasible target loca-
tions for drilling and yields moderately long cores, Phase 1
will be addressed in the first full ICDP proposal. Phase I will
involve drilling of longer cores (~ 100 m) at several sites in
both lakes to achieve multiple objectives, which may, how-
ever, be limited to the Late Quaternary.

Results from Phase I will be crucial for the develop-
ment of Phase II, the deep-drilling phase, but will also yield
“stand-alone” data that will be important to address the sci-
entific topics listed above. Preparation of Phase I proposal
for the ICDP will begin after more site survey data are in
hand, but the proposal will probably not be submitted un-
til 2024 because of pandemic-related delays. In the longer
term, we anticipate that Phase II will be a combined ICD-
P/IODP proposal (L2S) that will involve plans to drill deep
into the lakes and into the associated Sandino Basin off-
shore of Nicaragua’s Pacific coast. The long records ob-
tained will ultimately enable investigation of such topics as
basin and magmatic evolution along the Nicaragua depres-
sion, the debate about timing of the closure of the Isthmus of
Panama, and paleoclimate extending back in time at least to
the Pliocene.

With this timeline in mind, discussion went on well into
the evening of 4 March, during dinner, and beyond, as each
group was tasked with presenting their major scientific ques-
tions and hypotheses for each phase, along with the means to
test them, by the next morning. On the morning of 5 March,
we assembled to discuss the refined hypotheses presented by
each group. We ultimately came up with a list of principal
questions and hypotheses that would be addressed under each
umbrella topic, and we decided in which phase of the project
each would be addressed.

3.2 Specific hypotheses and objectives to be addressed

— Deep drilling in the lakes (and eventually in the ocean)
will provide a unique window into the past, showing
how and over what timescale slab rollback works and
how it affects magmatic evolution and volcanic activity
during arc shift.

— Deep drilling in lakes of the Nicaragua depression (and
eventually the Sandino Basin) will reveal the basin’s
development history in the context of regional tectonic
evolution.

— The cores preserve a record of hazardous events that can
be compared with historic volcanic, tectonic, and cli-
mate events.

— Combination of long paleoclimate records from the
Nicaragua depression lakes and marine Sandino Basin
will enable us to recognize and better understand
possible mismatches between models and proxies (or
between proxies) that are controlled by the two nearby
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oceans and how they fit into modeled Northern Hemi-
sphere or Southern Hemisphere moisture reconstruc-
tions, as well as their response to periods of stability
vs. transition times (LIP, LGM, etc.).

— Coring and pre-site survey data will enable us to cali-
brate proxies for paleodata interpretations and to com-
pile a ground-truth database of past impacts and possi-
ble future anthropogenic impacts as well as related so-
cietal consequences.

— Repetitive abrupt and stressful environmental changes
are the main cause of high endemism in the lakes.

— Deposition of volcanoclastic event layers (e.g., ign-
imbrites) affected all trophic levels (microbes to fishes)
in the lake ecosystem. Where the system recovered, it is
different from before the ignimbrite deposition.

— Aquatic ecosystems surrounding Lake Nicaragua and
Lake Managua served as refugia for freshwater species
during marine intrusions in the large lakes.

— Changes in biodiversity during glacial-interglacial cy-
cles and/or caused by regional tectonic changes (e.g.,
Isthmus of Panama) can be identified.

— Sediments from the lakes preserve traces of the activi-
ties of early human settlers and will clarify their settle-
ment history.

This framework will guide us during the preparation of pro-
posals for the different drilling phases. The workshop ended
after lunch on 5 March, and the participants returned to Man-
agua, before departing that evening or the next day.

4 Summary and further impact of the project

The NICA-BRIDGE workshop participants decided to pro-
pose a milestone-driven three-phase project to ICDP (Phase O
(partially) and Phase I) and later to ICDP/IODP (Phase II).
Ultimately, the project will involve short- and long-core
drilling in the Nicaraguan lakes and in the Pacific Sandino
Basin to collect sediment profiles and generate data to (1) in-
fer tropical climate and environmental changes and their ex-
ternal controlling mechanisms over several million years,
(2) assess magnitudes and recurrence times of multiple nat-
ural hazards, (3) help develop guidelines for lake man-
agement and improvement of socio-economic conditions in
Nicaragua, and (4) provide “baseline” environmental data for
monitoring lake conditions in light of the planned Pacific—
Caribbean canal construction.

This multidisciplinary, international project will include
Nicaraguan colleagues, students, and professionals from
multiple disciplines who will participate in all aspects of the
endeavor. The project will therefore draw enormous attention
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to Nicaragua and its scientific community, and it will encour-
age future, socially relevant international research collabora-
tions in the country. Drilling of the Nicaraguan lakes, under
the broad umbrella of paleoclimate, paleoenvironment, and
paleoecology, will have broad scientific and socio-economic
impacts and contribute to three major societal themes ad-
dressed by ICDP: “Climate & Ecosystems”, “Deep Bio-
sphere”, and “Natural Hazards”.

Appendix A

Table A1. Workshop participants.
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Participant Affiliation Country

Expertise

Guillermo Alvarado Comision Nacional de Prevencion de Ries- Costa Rica
gos y Atencion de Emergencias (CNE)

Volcanology and stratigraphy

Greyving Argiiello Instituto Nicaragiiense de Estudios Territori-  Nicaragua
ales, Nicaragua (INETER)

Geodesy and surveying, hydrogeology,
volcanology

Rosario Avilés INETER Nicaragua Volcanology
Thorsten Bauersachs Christian-Albrechts-Universitit zu Kiel, Germany Organic geochemistry, biomarkers, paleodata,
Kiel (CAU) geomicrobiology

Melissa Berke University of Notre Dame USA Organic geochemistry, molecular
paleoclimatology

Jennifer Brandstitter University of Graz Austria Structural geology, hydrogeology

Mark Brenner University of Florida USA Paleolimnology, paleoclimate

Erik Brown University of Minnesota USA Geochemistry, paleoclimate

Margarita Caballero Miranda  Universidad Nacional Auténoma de México  Mexico Paleolimnology, paleoclimate, diatoms

(UNAM)

Cristiano Chiessi University of Sao Paulo Brazil Paleoclimate, paleoceanography

Leon Clark Manchester Metropolitan University UK Paleoclimate, stable isotopes

Robert A. Dull California Lutheran University USA Geoarcheology, land use history, natural
hazards, paleoecology

Paula Echeverria-Galindo Technische Universitidt Braunschweig Germany Paleolimnology, aquatic bioindicators

Alejandro Ferndndez University of Minnesota USA Paleoclimate, geochemistry

Ricarda Gatter University of Bremen Germany Rock mechanics, volcanic and subaqueous
landslide hazards

Carmen Gutiérrez INETER Nicaragua Geology, landslide mapping

Torsten Haberzettel University of Greifswald Germany Paleoclimate, sedimentology, paleomagnetism,
environmental magnetism

Walter Herndndez formerly at Servicio Nacional de Estudios El Salvador  Geology

Territoriales (SNET)

Lisa Hlinka Queens College, New York USA Volcanology, magma geochemistry, magmatic
processes
Jens Kallmeyer GFZ - German Research Centre for Germany Biogeochemistry, geomicrobiology

Geosciences, Potsdam

Sergei Katsev University of Minnesota USA

Physical limnology, sediment geochemistry

Sebastian Krastel CAU Germany

Hydroacoustics, seismic imaging
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Participant Affiliation Country Expertise
Steffen Kutterolf GEOMAR Helmbholtz-Zentrum fiir Germany Volcanology, tephrostratigraphy, marine
Ozeanforschung Kiel geology
Elodie Lebas CAU Germany Marine geophysics, seismology
Niklas Leicher University of Cologne Germany Tephrostratigraphy and tephrochronology
Marc-Antoine Longré Queens College, New York USA Volcanology, igneous petrology
Amy Myrbo University of Minnesota USA Outreach, sedimentology, geochemistry
Anders Noren Continental Scientific Drilling Facility USA Drilling logistics and core curation
(CSD)
Jonathan Obrist-Farner ~ Missouri University of Science and USA Sedimentology, tectonics, paleoclimate
Technology
Beatriz Ortega UNAM Mexico Paleoclimate, stratigraphy, sedimentology,
environmental magnetism
Liseth Pérez Technische Universitit Braunschweig Germany Paleolimnology, paleoclimate, aquatic
bioindicators (ostracodes)
Marino Protti Observatorio Vulcanolégico y Sismolégico ~ CostaRica  Geology, geophysics, subduction processes
de Costa Rica (OVSICORI)
Juanita Rausch Particle Vision GmbH, Fribourg Switzerland ~ Single-particle analysis applied to environmen-
tal sciences and volcanology
Pierre Rochette Aix-Marseille University France Rock magnetism, paleomagnetism,
petrophysics
Armando Saballos INETER Nicaragua Volcanology, remote sensing
Maria Sandoval Universidad de Costa Rica CostaRica  Micropaleontology, biostratigraphy
(radiolarians)
Ivan Savov University of Leeds, School of Earth and UK Volcanology
Environment
Julie Schindlbeck-Belo GEOMAR Helmholtz-Zentrum fiir Germany Tephrostratigraphy, physical volcanology,
Ozeanforschung Kiel climate—volcanism interactions
Byron Steinman University of Minnesota USA Paleoclimate, model simulations
Wilfried Strauch INETER Nicaragua Seismology, tsunami warning, landslides,
volcano monitoring
Emilio Talavera INETER Nicaragua Seismology, tsunamis
Virginia Tenorio INETER Nicaragua Seismology, tsunamis
Julian Torres-Dowdall ~ University of Notre Dame USA Ecological and evolutionary biology, genetics
and genomics
Kurt Wogau UNAM Mexico Geochemistry, environmental magnetism
Yuzuru Yamamoto Kobe University Japan Structural geology, tectonics, submarine

landslides

Data availability. Seismic data presented in this paper (Fig. 3)
were collected during different campaigns. The data were made
available for the workshop to identify potential drill sites. However,
all data are currently being used in ongoing projects and have not yet
been copied into public databases. The data can be obtained from
the authors upon reasoned request.
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Abstract. As Earth’s atmospheric temperatures and human populations increase, more people are becoming
vulnerable to natural and human-induced disasters. This is particularly true in Central America, where the grow-
ing human population is experiencing climate extremes (droughts and floods), and the region is susceptible to
geological hazards, such as earthquakes and volcanic eruptions, and environmental deterioration in many forms
(soil erosion, lake eutrophication, heavy metal contamination, etc.). Instrumental and historical data from the
region are insufficient to understand and document past hazards, a necessary first step for mitigating future risks.
Long, continuous, well-resolved geological records can, however, provide a window into past climate and en-
vironmental changes that can be used to better predict future conditions in the region. The Lake Izabal Basin
(LIB), in eastern Guatemala, contains the longest known continental records of tectonics, climate, and environ-
mental change in the northern Neotropics. The basin is a pull-apart depression that developed along the North
American and Caribbean plate boundary ~ 12 Myr ago and contains > 4 km of sediment. The sedimentological
archive in the LIB records the interplay among several Earth System processes. Consequently, exploration of
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sediments in the basin can provide key information concerning: (1) tectonic deformation and earthquake history
along the plate boundary; (2) the timing and causes of volcanism from the Central American Volcanic Arc; and
(3) hydroclimatic, ecologic, and geomicrobiological responses to different climate and environmental states. To
evaluate the LIB as a potential site for scientific drilling, 65 scientists from 13 countries and 33 institutions met
in Antigua, Guatemala, in August 2022 under the auspices of the International Continental Scientific Drilling
Program (ICDP) and the US National Science Foundation (NSF). Several working groups developed scientific
questions and overarching hypotheses that could be addressed by drilling the LIB and identified optimal coring
sites and instrumentation needed to achieve the project goals. The group also discussed logistical challenges and
outreach opportunities. The project is not only an outstanding opportunity to improve our scientific understand-
ing of seismotectonic, volcanic, paleoclimatic, paleoecologic, and paleobiologic processes that operate in the
tropics of Central America, but it is also an opportunity to improve understanding of multiple geological hazards

and communicate that knowledge to help increase the resilience of at-risk Central American communities.

1 Introduction

Drilling and coring in continental settings has provided an-
swers to compelling scientific questions and has enabled
us to better understand Earth and forecast how Earth Sys-
tems might behave in the future (Colman, 1996; Harms et
al., 2007; NRC, 2011; Soreghan and Cohen, 2013; NASEM,
2020). Long sediment records have allowed us to infer tec-
tonic, volcanic, climatic, environmental, and ecological pro-
cesses on long temporal scales (Soreghan and Cohen, 2013).
However, we still lack records from key regions around the
world, including continental Central America. Despite be-
ing a relatively small region, Central America has played
an outsized role in influencing several Earth System pro-
cesses through geologic time (Fig. 1). For example, a major
continental strike-slip fault system in Guatemala forms part
of the North American—Caribbean plate boundary (Lyon-
Caen et al., 2006; Authemayou et al., 2012; Ellis et al.,
2019; Guzman-Speziale and Molina, 2022) and has caused
devastating earthquakes in the past (Plafker, 1976; White,
1984, 1985). The area also possesses one of the most active
volcanic chains in the world along the Pacific coast (Kut-
terolf et al., 2008a) and hosts important biological hotspots
(Graham, 2010; Correa-Metrio et al., 2011). Central Amer-
ican mountains influence easterly winds that affect the El
Nifno—Southern Oscillation and regional precipitation pat-
terns (Baldwin et al., 2021). The closure of the Central Amer-
ican Isthmus that connects North and South America caused
one of the most important biotic interchanges in recent geo-
logic history (Bacon et al., 2015), modified global ocean cir-
culation patterns (Sentman et al., 2018), and may have helped
establish Northern Hemisphere glaciation (Haug et al., 2001;
cf. Molnar, 2008). The many geological processes that affect
the region expose a large proportion of the Central American
population to multiple hazards, some of which are not well
characterized and are poorly understood.

The Lake Izabal Basin (LIB) in eastern Guatemala is
an active pull-apart basin along the North American and
Caribbean plate boundary (Figs. 1, 2), with > 4km of sed-
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iment that likely began to accumulate during the Miocene
(~ 12 Myr ago; Obrist-Farner et al., 2020). Seismic strati-
graphic investigations indicate that the basin is deep and
asymmetric: it is the result of a complex interplay between
tectonics and sedimentation (Bartole et al., 2019). The ac-
cumulated deposits preserve potentially unrivalled continen-
tal paleoclimatic, volcanic, paleoseismic, and paleoecologic
records of the region. The location of the basin along a major
tectonic plate boundary, the thick and asymmetric sediment
record, and frequent eruption of tephras for chronology make
the LIB an ideal location for a project within the International
Continental Scientific Drilling Program (ICDP). Drilling in
the LIB will enable better quantification of seismic haz-
ards and coring the basin’s asymmetric infill will provide
a continuous Miocene-to-recent sediment record. Recovery
of such a long record will provide opportunities to investi-
gate the following: (1) the seismo-tectonic evolution of the
basin and of the North American and Caribbean plate bound-
ary; (2) neotropical hydroclimate from the late Miocene to
present, providing constraints on terrestrial hydroclimate re-
sponses to tectonic, greenhouse gas, and orbital variations;
(3) biological and ecological dynamics related to the period
during which the land bridge developed between North and
South America and related to glacial-interglacial cycles that
were established in the Quaternary; (4) the history of explo-
sive volcanism from the northern Central American Volcanic
Arc (CAVA); and (5) the diversity and abundance of life in
the terrestrial deep biosphere, as well as feedback dynamics
on nutrient cycles (e.g., carbon and nitrogen) through geomi-
crobiological processes.

2 The Lake lzabal Basin Research Endeavor (LIBRE)
project

In August 2022, we organized and held a workshop in the
city of Antigua, Guatemala, with 65 scientists from 13 coun-
tries and 33 institutions. Workshop discussions focused on
the rationale for the project and drafting of scientific ques-
tions and hypotheses that can be addressed using instru-
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processes that interact in the vicinity of the Lake Izabal Basin (yellow star). The basin is located at the boundary between the North American
and Caribbean tectonic plates, where devastating earthquakes have occurred in the past. The basin is also located at the transitional zone
between Nearctic and Neotropical provinces (Holt et al., 2013). Several ocean—atmosphere processes influence regional hydroclimate, such
as the position of the Intertropical Convergence Zone (ITCZ), the El Nifio—Southern Oscillation (ENSO), the North Atlantic Subtropical High
(NASH), and the Caribbean Low-Level Jet (CLLJ). Closure of the Central American Seaway (CAS closure) resulted in the Great American
Biotic Interchange (GABI) and in changes in the Atlantic Meridional Overturning Circulation (AMOC). Finally, the basin is located north of
one of the most active volcanic chains in the world, the Central American Volcanic Arc (CAVA).
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Figure 2. Topographic and tectonic map of southern Guatemala showing the main fault traces of the Polochic—Motagua Fault System and
the location of the Lake Izabal Basin. Inset map shows the tectonic and topographic map of the Caribbean region, highlighting the location
of the study area and the North American and Caribbean plate boundary. Modified from Obrist-Farner et al. (2020).

mented boreholes and drill cores from the basin, and chrono-
logical tools and outreach activities. With that in mind, the
group identified drilling targets and discussed logistics asso-
ciated with a drilling campaign. Key government and indus-
try collaborators in Guatemala donated data sets that were
discussed during the workshop. For instance, the Guatemalan
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government provided seismic data from the LIB that was ac-
quired by the Arco oil company in 1978 (Fig. 3), of which
332km was acquired in Lake Izabal and 127 km in the al-
luvial plain to the east. The Shell Oil Company reprocessed
all Arco lines in 1991 and acquired an additional 69 km of
seismic lines on land and 431 km in Lake Izabal. In addition,
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the Guatemalan government made available all data from the
Colorado-1 well, which was drilled in 1993 on the eastern
side of the LIB (Fig. 3) and provides information related to
lithologies, seismic velocities, and age of the basin fill. The
data sets are key to our understanding of the LIB and helped
us formulate hypotheses based on the potential geological
time intervals we expect to recover from the basin.

3 Current knowledge of the Lake Izabal Basin

During the workshop, participants discussed available data
from the LIB. The LIB is 80km long and 20km wide
(Fig. 2). The eastern side of the basin is occupied by Lake Iz-
abal (15°30' N, 89°10' W), whereas the western side contains
a wetland of international importance, the Ramsar site Bocas
del Polochic (Ramsar site no. 813). Lake Izabal is shallow
(zmax = 15 m) and polymictic, with a temperature difference
between surface and bottom waters of only ~ 2 °C (Brinson
and Nordlie, 1975). Mean annual precipitation in the region
is ~ 3300 mm (Duarte et al., 2021), and the climate is char-
acterized by a rainy season that extends from May through
December and a dry season from January to April (Duarte
et al., 2021). The basin is confined to the north by the Santa
Cruz Mountain Range, to the south by the Minas Mountain
Range, and to the east by the Mico Mountains (Fig. 3).
Outcrop studies, seismic stratigraphic analysis, and syn-
theses of industry well data provide constraints on the tim-
ing of basin formation and the basin’s stratigraphic archi-
tecture. Three formations make up the Tertiary stratigraphy
of the Izabal region (Fig. 4; Powers, 1918; Vinson, 1962;
Mota-Vidaure, 1989; Obrist-Farner et al., 2020). The old-
est formation is the Upper Oligocene to Lower Miocene Rio
Dulce Formation, which rests unconformably on top of ma-
rine Permian limestones (Vinson, 1962). The Rio Dulce For-
mation consists of marine limestones that are light buff, tan,
and cream-colored, with abundant coral and mollusk frag-
ments (Powers, 1918; Vaughan, 1919; Vinson, 1962). The
formation is overlain unconformably by the informally de-
fined terrigenous mid-Miocene Carboneras formation (Mota-
Vidaure, 1989). The lower part of the Carboneras forma-
tion is constrained to the Serravallian by zircon weighted-
mean 2%Pb /238U ages of 12.060 +0.008 Ma from a vol-
canic tuff ~30m above the Rio Dulce—Carboneras uncon-
formity (Obrist-Farner et al., 2020). The Carboneras forma-
tion is composed of claystone, siltstone, marl, sandstone,
conglomerate, and lignite beds (Mota-Vidaure, 1989; Obrist-
Farner et al., 2020). The uppermost formation is the Herreria
Formation, constrained to the Pliocene—Pleistocene based on
freshwater gastropod shells (Powers, 1918). The formation is
composed of claystone, siltstone, marl, sandstone, conglom-
erate, and lignite beds (Powers, 1918; Vinson, 1962). Corre-
lation between outcrop information and seismic profiles by
Obrist-Farner et al. (2020) indicates that the Carboneras for-
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mation forms part of the initial infill of the LIB, constraining
basin initiation to the mid-Miocene.

Seismic stratigraphic studies revealed that the basin is
asymmetric in both a north—south and an east—west direction.
In a north—south direction, the basin geometry resembles that
of a half-graben, resulting from transform-normal extension
along the Polochic Fault (Ben-Avraham and Zoback, 1992),
with the thickest sedimentary package occurring parallel to
the principal deformation zone (Bartole et al., 2019: Fig. 5).
In an east-west direction, basin asymmetry resulted from
a migrating depocenter similar in form to extant (Crowell,
2003) and young (Beeson et al., 2017) pull-apart basins along
the San Andreas Fault, California (USA). The LIB depocen-
ter has migrated ~ 70 km during Polochic Fault displacement
(Bartole et al., 2019), with a basin infill that thickens on the
western side (Fig. 5). Constraints on the basin stratigraphy
are based on the Colorado-1 industry well (Shell Oil Com-
pany, Exploradora y Productora de Guatemala: Informe fi-
nal de exploracién, unpublished report, 1993). Located on
the eastern side of the basin (Fig. 3), the well was drilled
through 1400 m of sediment before it was plugged and aban-
doned. Cuttings from the well indicate that the lowermost
strata (1400-500m) are composed of mudstone with thin
sandstone beds, with the appearance of coal from 1000 to
800 m and conglomerate from 600 to 500 m. Conglomerate
and sandstone content become more dominant from 500 to
~ 200 m, with an increase in mudstone and limestone from
200 m to the surface (Obrist-Farner et al., 2020). Correlation
among outcrops, seismic profiles, and the Colorado-1 well
indicate that the 1400 m drilled by the well is younger than
12 Ma (Obrist-Farner et al., 2020), and preliminary palyno-
logical results support this interpretation based on Tortonian-
age pollen (~ 8 Ma) found in cutting samples at ~ 1200 m.

Short sediment cores from Lake Izabal further constrain
the stratigraphy of the basin and reveal climate and environ-
mental change during the Holocene. Variations in elemental
abundances in a 7.6 m radiocarbon-dated sediment core ob-
tained from the northwest side of the basin (Loc5 in Fig. 3)
suggest a hydroclimate shift from drier to wetter conditions
from the early to the mid-Holocene and stable hydroclimatic
conditions thereafter until ~ 1000 years ago when drier con-
ditions returned (Duarte et al., 2021). Superimposed on this
long-term trend is a marine incursion during the 8.2 ka event
(Obrist-Farner et al., 2022), highlighting the sensitivity of
this low-lying lake to sea-level variations. This marine in-
cursion resulted in an ecosystem shift, modifying the low-
lying lake for ~4500 years. A shorter sediment core from
the southern side of the basin (PC in Fig. 3) spans the last
1400 years, revealing interesting hydroclimate changes dur-
ing the Little Ice Age (LIA). In contrast to many records from
Central America that suggest a drier hydroclimate during the
LIA, evidence from Izabal suggests increased runoff (Obrist-
Farner et al., 2023) and increased tropical forest cover af-
ter substantial human-mediated deforestation during ancient
Maya times, which ended ca. 1000 years ago (Mongol et al.,
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Figure 3. Topographic and bathymetric map of the Izabal region. White circles show existing coring locations discussed in the text. Yellow
and green lines show the location of the 1978 Arco seismic lines, and red lines show the location of the 1991-1992 Shell seismic lines. Major
faults are shown with thick dashed black lines. Inset shows a map of Central America and part of the Caribbean, with the location of the

Izabal region in eastern Guatemala indicated by the red box.

2023). In addition, a shorter sediment core obtained near the
Polochic Delta (EP core in Fig. 3) revealed several geochem-
ical variations that indicate human disturbance of Lake Izabal
during the last 100 years, including an increase in the lake’s
trophic status (Obrist-Farner et al., 2019) and metal contami-
nation caused by mining activities in the catchment (Hernan-
dez et al., 2020). Together, these data sets indicate that the
sedimentary archive of the LIB contains records of paleoseis-
mic, paleoclimatic, and paleoenvironmental changes across
various timescales.

4 The Lake lzabal Basin — a world-class scientific
drilling site

The LIBRE project is well positioned to address two sci-
ence priorities identified by ICDP (Anselmetti et al., 2020),
using an integrated scientific approach, as follows: (1) un-
derstanding the full chain from geologic hazard to risk
(Theme 02: geohazards), and (2) exploring sedimentary
archives to understand Earth’s evolution (Theme 04; environ-
mental change). Expanding on these two themes, the LIBRE
workshop focused on defining scientific priorities and ques-
tions, logistics, drilling targets, and education and outreach
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plans. The resulting discussions were synthesized into five
scientific motivations and an outreach and education plan.

4.1 Tectonic processes and seismic risk (ICDP Theme
02)

The LIB is an ideal scientific drilling site because it is a pull-
apart basin that developed along the Polochic—Motagua Fault
System (PMFS; Lodolo et al., 2009), a system comprised of
four sub-parallel faults that separate the North American and
Caribbean plates in Guatemala (Figs. 1, 2; Lyon-Caen et al.,
2006). Through geologic time, basin depocenter migration
and continued subsidence played a large role in the mor-
phology of the basin. For example, the depocenter migrated
~T70km at the speed of the transform (Bartole et al., 2019),
recording the complex interplay between tectonic deforma-
tion and sedimentation. The area is also subject to intense
seismic activity, as evidenced by the 1976 Motagua earth-
quake (Plafker, 1976) and by estimates of destruction and
shaking during the estimated M, 7.6 Polochic earthquake
in 1816 (White, 1985). In addition, high-resolution geophys-
ical surveys of Lake Izabal’s floor revealed contemporary
surface fractures (Fig. 6). Despite evidence of contempo-
rary deformation and potential for catastrophic earthquakes,
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Figure 4. Simplified stratigraphy of the Izabal region. Modified from Obrist-Farner et al. (2020).

knowledge of the tectonic and displacement history of the
main faults and their associated seismic hazard are largely
unknown and poorly characterized. A continental scientific
drilling project in the LIB, involving long sediment cores
and a borehole-based observatory (Sect. 5), will bridge tec-
tonic timescales and enable us to: (1) constrain paleoseismic
events and test whether earthquakes along the plate bound-
ary occur in a random, quasi-periodic, or clustered manner;
(2) estimate the speed of the transform by providing age
constraints for the basin’s stratigraphy (e.g., Beeson et al.,
2017); and (3) monitor and record earthquake processes in
very close proximity to active faults. Such information is
crucial to test hypotheses related to the tectonic role, seis-
micity, and seismic risk of the Polochic Fault and help inves-
tigate how fault networks interact via propagation, abandon-
ment, and reactivation across a range of spatial and temporal
scales. These field observations are also needed to improve
knowledge of seismic hazards and develop numerical models
aimed at understanding how fault networks evolve through
time and how seismic hazard is distributed (Huntington and
Klepeis, 2018; Tsai et al., 2021; Ben-Zion et al., 2022).
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4.2 Arich volcanic archive (ICDP Theme 02)

Tephra deposition in Central America is controlled by one of
the most active volcanic arcs in the world, which has been
responsible for several devastating Plinian and ignimbrite-
forming eruptions (Kutterolf et al., 2008a). Marine sedi-
ment cores (~ 10 m long) from the Pacific Ocean revealed a
tephra inventory of more than 400 individual layers that pro-
vide evidence of > 100 eruptions spanning the last ~ 400 kyr
(Drexler et al., 1980; Kutterolf et al., 2008a, b, 2016). Long
Deep Sea Dirilling Project (DSDP) and Ocean Drilling Pro-
gram (ODP) cores from 14 sites offshore of Guatemala and
El Salvador revealed single eruptive events from CAVA, dat-
ing back to the Miocene (Schindlbeck et al., 2018). Erup-
tive events are also evident in sediment records from the
Caribbean Sea, which recorded Miocene ignimbrite-forming
eruptions and explosive volcanic events from Central Amer-
ica (Sigurdsson et al., 2000; Jordan et al., 2007). Highly
resolved, long sediment cores from the LIB can thus pro-
vide long-term Neogene and Quaternary information to test
hypotheses related to the systematic changes in both the
frequency of volcanic activity and compositional variations
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Figure 5. Basement contour map in two-way travel time (TWTT) of the Lake Izabal Basin (LIB). Green fault is the main principal defor-
mation zone of the LIB. On the eastern side of the basin, the basement has been uplifted and is closer to the surface than it is on the western

side, an area where more than 4 km of sediment has accumulated.

Figure 6. Side-scan sonar profile from the southwestern side of
Lake Izabal showing a contemporary fracture trace. For location of
the profile, see the blue square in Fig. 7.

through time and possible external controls on CAVA activity
— information needed to better understand volcanic hazards
in the region.

4.3 Paleoclimatic reorganizations and analogs for
modern climate change (ICDP Theme 04)

The sediments of the LIB record the response of terrestrial
climate to tectonic, greenhouse gas, and orbital variations
over the last ~ 12 Myr, providing a unique opportunity to in-
vestigate a hydroclimate record from the Neotropics that ex-
tends back to the late Miocene. A continental drilling project
in the LIB will enable the study of climate evolution during
the late Miocene, Pliocene, and through the Quaternary.
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Expansion of C4 plants in regions such as North Amer-
ica, tropical Africa, and Indo-Asia during the late Miocene
and Pliocene points to major ecosystem shifts (Stromberg
and Mclnerney, 2011; Uno et al., 2011; Feakins et al., 2020).
However, the expansion appears to have been region-specific
(Stromberg, 2011) and likely the result of increased overall
aridity and changes in the seasonality of precipitation (Pa-
gani et al., 1999; Stromberg and Mclnerney, 2011). How-
ever, only sparse late Miocene to Pliocene paleoclimate data
exist from the Neotropics to determine the regional expres-
sion of these changes. In addition, the paucity of long Cen-
tral American paleoclimate records makes it difficult to re-
solve debates about the drivers of tropical climate change
during the mid-Pliocene, a time of higher atmospheric CO,
and global warmth, and a prospective analog for present-day
climate change (Burke et al., 2018).

Superimposed on long-term cooling, closure of the Cen-
tral American Seaway (CAS) spanned ~ 7 to 4 Myr, with
the last near-surface ocean connection closing by ca. 2.5 Ma
(O’Dea et al., 2016; McGirr et al.,, 2020). CAS closure
caused profound changes in the Atlantic Ocean, with a
strengthening of the Atlantic Meridional Overturning Circu-
lation (AMOC; Haug and Tiedemann, 1998; Auderset et al.,
2019). Impacts of CAS closure on global climate are debated
(Utescher et al., 2017 vs. Molnar, 2008) and model simu-
lations suggest that southern Central America and northern
South America became generally drier and colder (Fedorov
et al., 2013, 2015; Brierley and Fedorov, 2016). On glacial
and orbital timescales, the LIB offers an opportunity to ex-
tend paleoclimate records through the entire Quaternary; i.e.,
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the past ~2.6 Myr. The current lack of continuous Quater-
nary records precludes the evaluation of climate drivers dur-
ing key time intervals, such as before and after the Mid-
Pleistocene Transition (MPT) ~ 1.25-0.70 Ma, when global
ice age cycles intensified and moved from 41 to 100 ka pac-
ing (Chalk et al., 2017). Therefore, a long, continuous, and
high-resolution record from the LIB will provide an unri-
valled opportunity to reconstruct neotropical climate from
the late Miocene to the present, enabling testing of hypothe-
ses related to precipitation changes as a result of CAS clo-
sure, potential drying caused by reduced convection during
the mid-Pliocene, and changes in hydroclimate as a result of
the establishment of Northern Hemisphere glaciation.

4.4 Paleoecological evolution and the American biotic
exchange (ICDP Theme 04)

The LIBRE project offers the opportunity to explore the com-
position and structure of neotropical biological communities
from the Miocene to present. Closure of the CAS marked one
of the most important events in terms of the biogeography
of the Neotropics (Jaramillo, 2018). Although species inter-
change between the Nearctic and Neotropical biogeographic
realms started before the Miocene (Bacon et al., 2015), clo-
sure of the CAS accelerated migration rates, triggering eco-
logical dynamics of community rearrangement. Before the
complete emergence of the CAS, northern South America
and southern Central America were mostly occupied by
rainforests and mangroves, under a warm and wet climate
regime (Graham, 1998; Salzmann et al., 2008; Jaramillo et
al., 2020). A long sediment record from the LIB could help
constrain how climate change after CAS closure modified
the availability of environmental niches in the Neotropics,
leading to the synthesis of novel ecosystems in the region
(Correa-Metrio et al., 2012; Pérez et al., 2021).
Furthermore, a Quaternary record from the LIB can con-
tribute to our understanding of how regional vegetation
changed in response to glacial-interglacial dynamics. Paly-
nological data suggest that during the Quaternary, vegeta-
tion changes in the northern Neotropics were characterized
by relatively sparse forest cover, dominated by Nearctic el-
ements during glacials and dense Neotropical forests during
interglacials (Correa-Metrio et al., 2012). Thus, after the es-
tablishment of Northern Hemisphere glaciation, vegetation
changes were likely associated with the formation/disappear-
ance of corridors that promoted/impeded migration (Bacon
et al., 2016). Differing migration patterns, together with cli-
mate variability, probably resulted in the synthesis of novel
and “no-modern-analog” ecosystems in the region (Correa-
Metrio et al., 2012; Perez et al., 2021). Long Quaternary
records from the Izabal Basin will also enable us to un-
derstand vegetation changes in what is one of the currently
wettest areas of Central America, and one that is influenced
by climate drivers different from those that affect sites in the
drier northeast lowlands of Central America and Mexico. For
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instance, the Lake Izabal region is thought to have provided
a haven for biodiversity (refugia) during past periods of cli-
mate change (Prance, 1982), and long sediment cores from
the Quaternary will allow us to investigate the role of the re-
gion in maintaining regional ecosystems and biomes during
times of climatic turmoil. Furthermore, we will be able to
investigate relationships between the structure of aquatic and
terrestrial ecosystems and sea-level variability (Obrist-Farner
etal., 2022).

4.5 Life in the deep biosphere: a continental lacustrine
view (ICDP Theme 04)

The deep biosphere, microbial life that thrives in sediments
down to several kilometers of depth, plays a major role in
global biogeochemical cycles of carbon, nitrogen, and sul-
fur. Our knowledge of the community composition and abun-
dance of the deep biosphere relies largely on studies carried
out within the framework of the Integrated Ocean Discov-
ery Program (IODP) and its predecessors over the past 3
decades (Parkes et al., 1994; D’Hondt et al., 2004). Such
studies have provided a wealth of information on the nature
and abundance of microbial life, showing that life can exist
to ~ 10km below the surface and at temperatures that may
reach > 120°C (Inagaki et al., 2015; Heuer et al., 2020).
They have also demonstrated that the genetic diversity of
the deep biosphere and its abundance rivals that found in
the overlying ocean waters (Kallmeyer et al., 2012), but data
from continental settings are largely missing. In general, our
understanding of the composition, abundance, and evolution
of life in deeply buried lacustrine archives is sparse, hinder-
ing an understanding of the role of the continental deep bio-
sphere in global biogeochemical cycles. With a Miocene-to-
recent sediment record, Lake Izabal offers a unique oppor-
tunity to study the community composition of the continen-
tal deep biosphere at an unprecedented scale and resolution.
It will also provide key insights into the vertical zonation
and abundance of microbial cells. Given the generally higher
productivity and organic matter preservation of lake systems
compared to the marine realm, we expect that deeply buried
lacustrine sediment sequences are oases of life and hot spots
of microbial activity on the continents, but such deposits re-
main terra incognita. Furthermore, the sensitivity of Lake Iz-
abal to sea-level variability (Obrist-Farner et al., 2022) offers
an opportunity to understand how repeated marine incursions
into Lake Izabal may have influenced the development of hot
spots of microbial life in the deeply buried sediments.

4.6 Increasing public engagement with geology in
Guatemala

An important component of the LIBRE project is its educa-
tion and outreach plan. During the workshop, participants fo-
cused on several ideas to build public interest in the drilling
project. These include: (1) involvement of Guatemalan sci-
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entists who have been working in Lake Izabal and on seis-
mic hazard assessment in the country; (2) participation
of Guatemalan geoscience undergraduate and graduate stu-
dents; (3) collaboration with the Authority for the Sustain-
able Management of Lake Izabal (AMASURLI), the NGO
Defensores de la Naturaleza, which is in charge of protect-
ing the Izabal wetland, and the Guatemalan Institute for
Seismology, Volcanology, Meteorology, and Hydrology (IN-
SIVUMEH); (4) development of Earth Science stations at
museums in Guatemala City and in the offices of AMA-
SURLI and Defensores de la Naturaleza, near Lake Izabal;
and (5) production of a book targeted to 10—13-year-old chil-
dren that highlights the spectacular geology and environ-
ments of Guatemala, with the main focus related to the ICDP
drilling project.

5 The LIBRE scientific drilling plan and site
selection

The LIBRE workshop participants discussed drilling loca-
tions and operations within the framework of the scientific
questions and generated specific drilling targets and borehole
instrumentation plans. A consensus was reached on estab-
lishing a comprehensive three-component drilling plan that
involves a network of instrumented boreholes and collec-
tion of long sediment cores, both on land and in Lake Iza-
bal. These include a deep master borehole cored and instru-
mented onshore on the eastern side of the LIB, six instru-
mented seismic observatory onshore boreholes in the vicinity
of Lake Izabal, and two coring sites offshore in Lake Izabal
(Fig. 7). All drilling locations were selected and identified
based on: (1) seismic data from the LIB; (2) stratigraphic cor-
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relations between seismic lines and the reconstructed progra-
dational infill of the basin (Bartole et al., 2019), ensuring
stratigraphic overlap between coring sites and complete re-
covery of the sediment record to 8 Ma; (3) the velocity model
and preliminary palynological work for the Colorado-1 well;
and (4) the geologic map (Bonis et al., 1970) and revised
stratigraphy for the Izabal region (Obrist-Farner et al., 2020;
Fig. 4).

We discussed the drilling and coring of a master borehole
on the alluvial plain along the eastern side of the LIB. The
area is along seismic line 91-SF-50, 4 km from the location
of the Colorado-1 well (Fig. 8) and near two crossing lines
(lines 3 and 4; Figs. 7, 8). The master borehole will drill
through 500 m of sediment without core recovery because
this interval is most likely composed of sandstone and con-
glomerate, based on information from the Colorado-1 well.
We discussed the possibility of then collecting a core from
500 to 1300 m, avoiding drilling deeper because of logistical
challenges, available technology, and associated costs. Seis-
mic interpretation (Fig. 8), in combination with the veloc-
ity model from the Colorado-1 well and preliminary paly-
nological results, indicates that the 800 m core will contain
thick mudstone intervals with minimal sandstone and will at
least contain sediment from the Tortonian (~ 8 Ma) to the
Messinian and Pliocene (~ 5 Ma). The borehole will then be
used as a seismic observatory, with the installation of seis-
mometers and strainmeters at multiple depths.

We identified two coring locations within Lake Izabal. The
first site is in the eastern side of the lake, located along inline
91-SW-44 and near crossing line 91-SW-92 (Figs. 7, 9). The
location is ~ 5 km from the master borehole site and is in an
area where the lake is 15 m deep. A core will be collected to
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Figure 8. Interpreted seismic line 91-SF-50 showing the location and total depth of the master borehole (brown) and the proposed age of the
sediment package. The inset map shows the location of profile 91-SF-50 on the eastern side of the Lake Izabal Basin.
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a depth of ~750m and based on seismic interpretation will
contain sediments deposited from the Messinian (~ 6 Ma) to
the present. The second site is on the western side of Lake
Izabal, located along inline 91-SW-66 and crossline 91-SW-
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Figure 9. Interpreted seismic line 91-SW-44 showing the location and total depth of the eastern lake core (brown) and the proposed age of
the sediment package. The inset map shows the location of profile 91-SW-44 on the eastern side of the Lake Izabal Basin.

.

Tortonian

21 (Figs. 7, 10). We plan to collect a 1000 m core from this

site. Seismic interpretation indicates that the 1000 m core

will contain a record from ~ 2.5 Ma to the present, provid-
ing a highly resolved Quaternary record from the LIB.
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Basement

Key to investigating the long record preserved in the LIB,
obtained by drilling at three sites, is establishment of strati-
graphic correlations and a robust chronology. Availability of
industry seismic data provides the key to correlate the three
planned long sediment cores. Furthermore, workshop partici-
pants discussed several suitable chronometric techniques and
correlation strategies. We agreed that the LIBRE chronology
will combine multiple well-developed techniques. For exam-
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Figure 10. Interpreted seismic line 91-SW-66 showing the location and total depth of the eastern lake core (brown) and the proposed age of
the sediment package. The inset map shows the location of profile 91-SW-66 on the western side of the Lake Izabal Basin.

ple, presence of CAVA tephra in outcrops surrounding Lake
Izabal (Obrist-Farner et al., 2020) and in the broader region
(Kutterolf et al., 2016) suggests that the recovered cores will
contain sufficient tephra to establish anchor points for cor-
relations. We will also utilize radiocarbon, optically stimu-
lated luminescence, magnetic stratigraphy, U-series dating,
40Ar /3% Ar geochronology, and cosmogenic nuclide dating
to establish correlations between core sites and a robust
chronology for the LIB records.

Finally, workshop participants discussed the possibility of
creating a set of fault observatory boreholes in the vicinity of
Lake Izabal (Fig. 7). To establish a borehole-based observa-
tory, drilling in bedrock is necessary to achieve coupling be-
tween the cemented borehole and the host rock. Discussions
focused on drilling all boreholes in locations where bedrock
is exposed at the surface (Fig. 3). All boreholes will be drilled
to a depth of 200 m, cased, and instrumented with seismome-
ters and strainmeters. Establishing a borehole-based observa-
tory provides an excellent opportunity to monitor and record
earthquake processes in close proximity to active faults. In
particular, the borehole observatory will provide rich infor-
mation for investigating and monitoring microseismicity and
strain rates across the system (e.g., Prevedel et al., 2015) and
be used to determine fault activity and geometries, which are
essential input parameters for subsequent modeling studies
that aim to assess the long-term hazards of the plate bound-
ary.

Data availability. No data sets were used in this article.
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Abstract. Oceanic natural hazards pose threats to coastal communities worldwide. These include earthquakes,
tsunamis, submarine landslide, volcanic eruptions, and tropical cyclones. Scientific ocean drilling can contribute
to our understanding and assessment of these hazards through rapid response measurements of hazardous events,
learning from past hazard records, and sub-seafloor monitoring and observation. With the impending retirement
of the D/V JOIDES Resolution and operational limitations of the D/V Chikyu, it is important to consider other
options for achieving scientific ocean drilling goals. We convened a workshop in Lisbon, Portugal, in July 2022 to
identify locations where natural hazards, or preferably several different hazards, can be addressed with mission-
specific platform (MSP) drilling, with a consideration of further location-based workshops. Participants split into
three working groups to develop hypotheses surrounding climate and tropical cyclones, slope failure, and pro-
cesses at active margins that can be tested with MSP drilling and can be addressed using the unique capabilities
of these platforms. We produced 13 questions or hypotheses with recommendations on specific areas or locations
for drilling. Our hope is that the results of this workshop will lay the groundwork for future pre-proposals.

1 Introduction

Natural hazards associated with the ocean, including earth-
quakes, tsunamis, submarine landslides, volcanic eruptions,
and tropical cyclones, can have a direct impact on coastal
populations and even affect populations located far away
from the coast (Koppers and Coggon, 2020). These hazards
may interact, such as when tsunamis result in major direct
damage and loss of life and also trigger submarine land-
slides, which themselves can produce tsunamis and dam-

age subsea infrastructure like communications cables, oil
and gas pipelines, and offshore wind turbines. In addition
to these events, sea level rise and warming sea temperatures
are resulting in more damaging tropical cyclones (Walsh et
al., 2016), severe and nuisance coastal flooding (Morris and
Renken, 2020; Vega et al., 2021), and larger-scale disruptions
to ocean and atmospheric circulation (Caesar et al., 2018).
Tectonically and climatically driven hazards operate and in-
teract over timescales that are societally relevant, from sea-
sonal to decadal (Telesca, 2007), and their records are pre-
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served in the geological record. Natural hazards can be in-
vestigated in locations threatened by only one hazard, or lo-
cations where several different hazards are present. While
earthquakes and associated tsunamis more commonly orig-
inate on active margins, tsunamis triggered by submarine
landslides can occur on oceanic islands and passive mar-
gins as well (Fig. 1). Submarine landslides can themselves
be triggered by earthquakes even on passive margins (Schul-
ten et al., 2019) or through cyclic loading by large waves
during tropical cyclones, which primarily affect the tropics
but also the European Atlantic coast (Sainsbury et al., 2020).
The prevalence of various hazards throughout geological his-
tory could be investigated as well as linkages with longer-
term trends in climate, ocean circulation, and tectonics. The
paucity of warning systems for earthquakes and tsunamis
(Fig. 1) demonstrates a particular opportunity for devising
monitoring networks in other areas with a high natural haz-
ard prevalence.

The International Ocean Discovery Program (IODP) 2050
Science Framework (Koppers and Coggon, 2020) lists in-
vestigating natural hazards impacting society as a strate-
gic objective, with rapid response measurements of haz-
ardous events, learning from past hazard records, and sub-
seafloor monitoring and observation identified as areas where
scientific ocean drilling can contribute to understanding.
Assessing earthquake and tsunami hazards is specifically
identified as a flagship initiative in the Framework, while
climate-related hazards fall under the flagship initiative to
ground-truth future climate change. Mission-specific plat-
forms (MSPs) can provide a significant advantage over large
drill ships in investigating natural hazards as they can po-
tentially operate in shallower waters, in more restricted en-
vironments, or in sea ice; as MSPs can be specially tailored
for deployment or monitoring of instrumentation; and as they
have the potential for more rapid deployment in response to
new events or repeat deployment over months or years to visit
monitoring stations. They do have drawbacks as well, includ-
ing limitations on water and coring depths as well as a re-
stricted ability to perform shipboard analyses. MSPs are also
usually smaller than the IODP vessels but are always able to
carry out the minimum of IODP measurements. MSPs there-
fore have promise for advancing scientific ocean drilling, but
the circumstances in which they can be used require defini-
tion.

MSPs are chosen by IODP to fulfill specific scientific ob-
jectives in certain conditions where the use of IODP vessels
(D/V JOIDES Resolution or D/V Chikyu) is not appropri-
ate. Whereas the JOIDES Resolution and Chikyu are dedi-
cated drilling vessels, MSPs will be adapted to suit IODP
needs as far as possible. Approaches for sample recovery of
past MSPs include the use of wireline coring from geotech-
nical vessels or mining rigs on liftboats and of giant piston
corer or seabed drills deployed from research vessels. There
also exists the possibility of installing borehole observato-
ries, though this has not been tested on MSPs to date. The

Sci. Dril., 32, 101-111, 2023

H. Daigle et al.: MagellanPlus Workshop

ECORD Science Operator (ESO) typically provides the nec-
essary equipment for core curation and laboratory measure-
ments onboard, usually in containerized facilities that are
placed on deck for the length of the cruise. Overall, the sci-
ence party for an MSP expedition is oftentimes smaller than
on an IODP vessel and needs to be more flexible, as schedul-
ing is more variable due to contracting of MSP vessels. After
an MSP expedition, the majority of sampling and analysis
takes place at the Onshore Science Party (OSP) Facility in
Bremen, Germany, attended by the full science party.

MSP expeditions also aim at collecting in situ downhole
logs. There are multiple approaches to collect downhole logs,
with the standard one for MSP (and the JOIDES Resolution)
being wireline logging, where tools are sent downhole con-
nected to a cable, a winch, and acquisition equipment. Wire-
line logging allows real-time data acquisition against depth.
The datasets acquired with this method on MSP expeditions
can include borehole diameter, total and spectral gamma
rays, formation resistivity or conductivity, magnetic suscepti-
bility, acoustic velocity, borehole fluid properties, and bore-
hole wall images. As with the MSP expeditions’ flexibility
for drilling platform and strategy, the logging equipment can
be adapted to various operational setting and scientific ob-
jectives. For example, the European Petrophysics Consor-
tium (EPC), part of ESO, has a set of wireline logging tools
referred to as “slimline” and designed by ALT, Mount So-
pris, Antares, and Geovista. These tools are relatively short
(< 2.5m), lightweight (< 20kg), and narrow (4—-6 cm diam-
eter), and they can be run downhole as stand-alone sensors
or combined into toolstrings of up to four tools and less than
40kg. ESO-EPC provided wireline logging services on five
MSP expeditions (see the methods section in Camoin et al.,
2007; Mountain et al., 2010; Webster et al., 2011; Morgan
et al., 2017; McNeill et al., 2019). Wireline logging ser-
vices have also been provided by other service companies
(see the methods section in Backman et al., 2006; Andrén et
al., 2015). ESO also deployed logging-while-tripping slim-
line tools from seabed drills during Expedition 357 (see the
methods section in Friih-Green et al., 2017).

With the impending retirement of the D/V JOIDES Res-
olution and operational limitations of the D/V Chikyu, it is
important to consider other options for ocean drilling re-
search. To explore the potential to use MSPs to address nat-
ural hazards impacting society, we convened a workshop in
Lisbon, Portugal, in July 2022 that brought together 28 re-
searchers from around the world, including nine early-career
researchers, both in person and virtually (Daigle et al., 2022).

2 Workshop objectives
The objectives of the workshop were (1) to form working
groups that would develop plans to address key scientific

questions discussed at the meeting, (2) to identify locations
where tsunamis, submarine landslides, volcanic eruptions,
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Figure 1. Historic earthquakes 2150 BCE—present (NGDC/WDS, 2023a), along with tsunami events 2000 BCE—present (NGCD/WDS,
2023b), tsunami-capable tide stations (NOS/CO-OPS, 2023), and earthquake early warning (EEW) systems (Minson et al., 2015). Earth-
quakes shown meet at least one of the following criteria: caused at least USD 1 million in damage, resulted in 10 or more deaths, had a
magnitude of 7.5 or more, had a Modified Mercalli intensity of X or greater, or generated a tsunami.

and tropical cyclones, or preferably several of these hazards,
can be addressed with MSP drilling, with a consideration of
further location-based workshops, and (3) to develop a set of
hypotheses that can be tested with MSP drilling which would
lay the groundwork for future pre-proposals.

3 Working group discussions

During the workshop, we created three working groups that
developed hypotheses and questions focused on three main
topics: climate and tropical cyclones, slope failure, and pro-
cesses at active margins. These hypotheses and questions
can be used to develop drilling proposals for specific loca-
tions. Specific locations mentioned by the working groups
are shown in Fig. 2.

3.1  Working Group 1: climate and tropical cyclones

The climate and tropical cyclones working group agreed that
the northern Gulf of Mexico presents the best location to ad-
dress questions about climate change and its influence on
tropical cyclone frequency and intensity. The Gulf of Mex-
ico is ideal because of its overall thick sediment column
(up to 20 km; Galloway, 2008) and well-preserved sedimen-
tary sections in salt withdrawal minibasins, growth faults,
river deltas, and basin-floor fans (Martin, 1978). The group
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phrased two hypotheses of global significance that may be
addressed in the Gulf of Mexico.

3.1.1 Hypothesis 1

‘We hypothesize that past hurricane frequency and intensity in
the Gulf of Mexico have responded to changes in the strength
of ocean circulation patterns, most notably the strength of the
Gulf Stream and the Atlantic Meridional Overturning Circu-
lation (AMOC). Warm core eddies spun off the Loop Current
can cause rapid intensification of hurricanes (e.g., Hurricane
Katrina in 2005; Scharroo et al., 2005). The reconstruction of
sea surface temperatures (SSTs) and storm frequency from
sedimentary deposits in the Gulf of Mexico could be used
to understand how much influence the variability in the Gulf
Stream dynamics has on Gulf of Mexico storms.

Drill site needs and potential outcomes. MSPs could be
used to collect very high-resolution storm and SST records in
areas with continuous late Pleistocene to Holocene sedimen-
tary sections. These time intervals contain many episodes
of AMOC slowdown (Heinrich Events, Younger Dryas) that
would allow us to understand the impact of AMOC variabil-
ity on hurricane development in this region.

Potential drill sites. Salt withdrawal minibasins along the
Gulf of Mexico’s margin contain suitable deposits, typically
representing a sediment thickness of 100-200 m.
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Figure 2. Locations recommended in the workshop color-coded by working group.

3.1.2 Hypothesis 2

Storm frequency has a strong influence on precipitation and
streamflow in the western Gulf of Mexico and southwestern
United States. Hurricane Harvey (2017) dropped more than
1500 mm of rain in parts of southeast Texas in less than a
week and storm-related precipitation is expected to increase
as climate warms over the 21st century (Bacmeister et al.,
2018). Cores from the Gulf of Mexico have provided evi-
dence for past occurrence of large flood events on the Mis-
sissippi River (e.g., deglacial meltwater pulses; Clark et al.,
1996; Brown and Kennett, 1998).

Drill site needs and potential outcomes. Drill sites should
be located offshore of rivers that provide sedimentary flux
from catchments that are affected by tropical cyclones. These
locations can provide information on flooding events, partic-
ularly those during past climate intervals warmer than the
present day such as the mid-Holocene or previous inter-
glacials. MSP drilling could include long cores, which could
be combined with borehole or seafloor monitoring of the de-
velopment of mud flow events to establish modern deposi-
tional system analogs and seismic surveys of the continental
shelf to map potential sediment source areas.

Potential drill sites. Suitable locations can be found off-
shore of the mouths of the Rio Grande, Colorado River, Bra-
zos River, Sabine River, and other rivers on the western Gulf
of Mexico coast. Salt withdrawal minibasins offshore of the
mouth of the Rio Grande may make the best locations as they
tend to preserve more continuous sedimentary records.
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3.2  Working Group 2: submarine slope failure

3.2.1 Hypothesis 1: preconditioning factors cause

repeat landslides

We hypothesize that through the Neogene, the presence of
similar preconditioning factors has typically caused subma-
rine landslides to occur repeatedly at the same location. Pre-
conditioning factors can include sediment properties, pore
fluid pressure, fluid chemistry, mechanical stratigraphy, and
oversteepening/slope angle (Hampton et al., 1996). These
can be investigated with hydraulic piston cores (equivalent to
the JOIDES Resolution advanced piston coring (APC) tool)
down to 1000 m water depth in most cases. Required mea-
surements include core physical properties and pore fluid
chemistry, in situ pore pressure and heat flow measure-
ments, and anything that can provide evidence of changes in
stresses, e.g., borehole breakouts or drilling-induced tensile
fractures obtained from multi-axis caliper or borehole image
logs. In situ observatories can help establish trends in pore
pressure, heat flow, and stress over time.

Drill site needs and potential outcomes. Drill sites should
be located near the headscarp of a submarine landslide. Core
analysis, downhole measurements, and in situ observatories
will provide evidence of the presence or absence of precon-
ditioning factors, and how these change over time.

Potential drill sites. There are many locations that could
be targeted on both active and passive margins. The Cape
Fear Slide, Storegga Slide, and Sahara Slide are potential
targets on passive margins, while active margins such as the
Nankai Trough, the Sumatra Margin, and the Hikurangi Mar-
gin could be investigated.
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3.2.2 Hypothesis 2: landslides are externally triggered

Preconditioning factors are necessary but not sufficient for
submarine landslides, and in most cases an external trigger
is needed. Triggers include earthquakes, storm wave load-
ing, abrupt shifts in sedimentation, tectonic oversteepening,
changes in ocean temperature, gas hydrate dissociation, vol-
canism, and salt diapirism (e.g., Urlaub et al., 2013). This
hypothesis can be tested by recovering cores, fluid samples,
and pore pressures to demonstrate that slope failure could
occur in an area that would otherwise be stable. Note that, if
hypothesis 1 is true, then one initiation can cause the area to
be prone to failure for many years afterwards.

Drill site needs and potential outcomes. Ideal sites to test
this hypothesis should be locations with no evidence of slope
failure but near known submarine landslides. Measured prop-
erties could be used as inputs for models to predict conditions
for slope failure.

Potential drill sites. This hypothesis could be tested at the
same locations as the previous hypothesis, with the addition
of volcanic islands such as the Azores.

3.2.3 Hypothesis 3: retrogressive failure leaves a
signature

Retrogressive failure leaves a detectable perturbation of pore
pressure and heat flow. The pore pressure perturbation is re-
lated to failure propagation upslope, and the heat flow per-
turbation is a leftover signature of it. Anomalously high heat
flow also could be evidence of salt diapirism. This technique
can also be used to infer gas hydrate (in)stability. This hy-
pothesis would best be tested with in situ measurements and
longer-term monitoring with dense spatial sampling. One
particular location that should be targeted is the distal toe
of a submarine landslide, although this may be deeper than
MSP capabilities (~ 1700 m) in most locations. For example,
the toe of the Cape Fear Slide is at about 5.4 km water depth
(Popenoe et al., 1993), while that of the Storegga Slide is at
3-3.5 km water depth (Bugge et al., 1988).

Drill site needs and potential outcomes. Potential sites
should be located at submarine landslides with known ret-
rogressive failure. Long-term measurements of pore pressure
and heat flow can provide evidence of the current state of the
subsurface around submarine landslides and its response to
external perturbations.

Potential drill sites. The Cape Fear Slide is a well-studied
example of retrogressive failure that could be targeted to test
this hypothesis.

3.2.4 Hypothesis 4: active margins have more
earthquakes than landslides

Submarine landslides occur less frequently than earthquakes
on active margins because of (a) seismic strengthening and
(b) sediment accumulation rates. It is established that seis-
mic shaking tends to increase the shear strength of sediments

https://doi.org/10.5194/sd-32-101-2023

105

(Sawyer and DeVore, 2015), so slope failure on an active
margin would tend to require a large amount of sediment to
accumulate between earthquakes.

Drill site needs and potential outcomes. To test this hy-
pothesis, high-resolution seismic data, core data to under-
stand strength and sedimentation rate, and a good paleo-
seismological record are required. A drilling strategy to test
this hypothesis would consist of a transect across an accre-
tionary prism with perched basins that preserved mass trans-
port deposits.

Potential drill sites. The Nankai Trough or the Hikurangi
Margin make excellent candidates to test this hypothesis due
to the large volume of existing data.

3.3  Working Group 3: active margins
3.3.1 Hypothesis 1: major earthquakes have precursors

Transient events are observed at plate boundaries world-
wide, but we currently do not understand how these relate
to the timing of larger earthquakes. In a few cases, slow
slip events at subduction zones have been observed in the
weeks to months prior to great megathrust earthquakes (e.g.,
the Tohoku-oki 2011 and Iquique 2014 earthquakes) (Ito et
al., 2013; Ruiz et al., 2014). Resolving whether great earth-
quakes have precursors is a societally important question,
critical for more effective, short-term earthquake forecasting.
As most subduction zone earthquakes nucleate on offshore
megathrusts, detailed offshore monitoring of potential tran-
sient deformation is required.

Drill site needs and potential outcomes. Drill sites should
be located near active faults in areas with large earthquakes.
Due to the high-noise ocean environment, the most viable
tool to undertake this type of monitoring is borehole observa-
tories, specifically detecting volumetric strain using changes
in formation pore pressure as a proxy, as done in boreholes
offshore subduction margins in Costa Rica, Japan, and New
Zealand (Davis et al., 2015; Araki et al., 2017; Wallace et al.,
2019).

Potential drill sites. Highly active transform faults that are
the site of frequently recurring moderate to large-magnitude
earthquakes, such as the Gofar transform fault with quasi-
periodic M,, 67 events every 5-6 years (McGuire, 2008),
could be ideal targets to investigate potential precursors
through the installation of borehole observatories. Amphibi-
ous experiments complementing the already existing infras-
tructure could be developed in both the Chilean Margin (Bar-
rientos and the National Seismological Center (CSN) Team,
2018) and the Marmara Sea (MARSite; Ozel et al., 2017).
The Salton Sea and the Gulf of California may also be po-
tential sites, as a southward extension of the U.S. Geologi-
cal Survey Parkfield, CA, network, but are complicated by
transtensional deformation (Brothers et al., 2009). In addi-
tion, the Hikurangi Margin, Hellenic Arc, and Southwest
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Iberian Margin could be other locations targeted to test this
hypothesis.

3.3.2 Hypothesis 2: rupture barriers are persistent

Several hypotheses exist to explain rupture terminations
that appear to be persistent over the timescale of avail-
able earthquake records. These range from the presence
of plate boundary transitions (Wallace et al., 2012), to
changes in upper-plate/lower-plate properties and/or geo-
metrical changes (Collot et al., 2004), stress heterogeneity
(Huang, 2018), and the presence of positive relief structures
such as seamounts or ridges (Sparkes et al., 2010). However,
no conclusive evidence exists to confirm that these histori-
cal or recent rupture terminations are persistent over longer
timescales. Potential boundary-breaking earthquake ruptures
could lead to earthquakes that substantially exceed histor-
ical or instrumentally observed magnitudes (maybe even
M > 10) and that have recurrence intervals of several thou-
sands of years or more (Goldfinger et al., 2013). This is
much longer than the current length of available paleoseismic
records along any subduction zone around the world, mean-
ing we cannot reliably exclude their occurrence.

To evaluate the persistence of rupture/segment barriers
and unveil (or discard) the existence of these larger-than-
observed earthquakes, the available paleoseismic records
need to be extended back in time. Long-term paleoseismic
records are thus needed along the entire length of subduc-
tion margins. This requires sedimentary records in both the
onshore (coastal and lake) and offshore realm and relies
on the identification of secondary seismic effects such as
shaking imprints (e.g., turbidites, soft-sediment deformation)
and tsunami deposits. Identification of synchronous deposits
along an entire subduction margin could hint at these extreme
events, but the current limitations of dating accuracy do not
allow distinguishing single, large events from short-term suc-
cessions of ruptures (e.g., stress triggering). Therefore, key
records at locations that are currently believed to form rup-
ture barriers are essential to verify the existence of imprint
stacks, resulting from rupture cascades, while the presence of
a single deposit could hint at large, through-going ruptures.

Drill site needs and potential outcomes. Drill sites need
to have historic earthquake records that show earthquake
boundaries; a detailed understanding of sediment rout-
ing systems and several preferentially isolated depositional
basins spanning the entire margin and containing high-
resolution, continuous paleoseismic event deposit stratigra-
phies, for which sedimentary source areas can be well con-
strained to allow for the reconstruction of past rupture areas;
and a straight margin to avoid complications of changes in
fault geometry (unless testing the role of plate margin geom-
etry on arresting earthquake rupture is desired). The outcome
of drilling would ideally be a long-term extension of the pa-
leoseismic record.
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Potential drill sites. The South American subduction zone
is a potential target to investigate this hypothesis. It gener-
ated the largest known earthquake (magnitude 9.6, in 1960),
and it is potentially able to generate the largest earthquakes
of any subduction zone (Graham et al., 2021). In addition,
many lakes along the margin could be sampled by continen-
tal drilling to constrain the paleoseismic record (Bernhardt
et al., 2015). Other potential locations include the Marmara
Sea, the Salton Sea/Gulf of California, the Hikurangi Margin,
Cascadia, the Hellenic Arc, and the Calabrian Arc.

3.3.3 Hypothesis 3: fault coupling characteristics are
persistent in space and time

Subduction plate interfaces commonly have spatially vari-
able interseismic coupling, where strongly coupled segments
are most likely to produce large earthquakes and weakly
coupled segments tend to slip aseismically (Fagereng, 2011;
Saito and Noda, 2022). It is unclear whether geodetically
constrained coupling patterns persist over multiple earth-
quake cycles and also to what extent poorly coupled regions
may slip during earthquakes that nucleate in adjacent cou-
pled areas. Controls on coupling could include fluid pres-
sure (Moreno et al., 2014), downgoing plate roughness (Ruff,
1989; Wang and Bilek, 2011; van Rijsingen et al., 2018), or
rock physical properties at depth, including grain size, min-
eralogy, and fluid composition (Chen et al., 2013; Scholz,
2019).

Drill site needs and potential outcomes. Direct evidence
for temporal variation in locking may be sought from the
paleoseismic record by looking for evidence for past earth-
quakes and how their spatial pattern compares with current
geodetic locking. This would require a margin where the cur-
rent geodetic locking pattern is well characterized and where
there are appropriate sites for paleo-seismicity (e.g., Chilean
margin). The expectation, if coupling characteristics are per-
sistent in time and space, would be that in locked regions,
there is evidence for large earthquakes (where the meaning
of “large” should be calculated from the size of the locked
patch). These earthquakes should, however, not have propa-
gated into poorly coupled segments. Another direct measure
is variations in interseismic periods if observatories can be
installed and maintained over multiple earthquake cycles.

Potential drill sites. Sites with existing reflection seismic
and other data that could be used to test this hypothesis in-
clude the Chilean Margin, the Marmara Sea, the Hellenic
Arc, the Salton Sea/Gulf of California, Cascadia, the Nankai
Trough, the Hikurangi Margin, and Costa Rica Margin.

3.3.4 Hypothesis 4: subduction earthquakes are cyclic
at multiple timescales

The 2011 My, 9.0 Tohoku-oki Japan earthquake occurred
in an area where scientists thought large-magnitude earth-
quakes were less likely (Stein et al., 2012). In contrast, the
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2010 M,, 8.8 Maule earthquake in Chile was somewhat ex-
pected but extended beyond the boundaries of the seismic
gap that was believed to be present (Métois et al., 2012).
These recent, very high-magnitude earthquakes painfully
highlight how little we still know about megathrust earth-
quake recurrence along subduction zones, despite recent
advances and widespread paleo-seismological studies. The
concepts of seismic gaps and characteristic earthquakes are
simplified and need further refining.

Mapping the spatiotemporal behavior of megathrust earth-
quakes thus forms a crucial step towards validation of
physics-based earthquake cycle models but is currently not
possible on sufficiently long timescales and/or spatial ex-
tents along any of the subduction zones. Instrumental and
historical records are too short, and coastal records (tsunami
deposits, uplifted terraces or corals, subsided paleosols) are
affected by global eustatic sea level change and do not ex-
tend far beyond the last maximum sea level high stand of the
Holocene.

Drill site needs and potential outcomes. Scientific ocean
(and continental) drilling and coring of high-resolution ma-
rine and/or lacustrine paleoseismic archives extending well
into the late Pleistocene and further back in time are the only
reasonable approach to potentially deliver observational data
on timescales long enough to robustly test the earthquake
(super-)cycle hypothesis. Therefore, drill sites need to have
well-preserved, continuous sedimentary sections.

Potential drill sites. Drilling to test this hypothesis could
be conducted at the Chilean Margin, at the Hikurangi Margin,
and in Cascadia.

3.3.5 Hypothesis 5: fault slip rates vary over multiple
seismic cycles

Fault slip rates are critical for seismic hazard assessment and
can be calculated over a range of different timescales from
< 1 year to millions of years. Variations between short-term
and long-term slip rates have been recorded, bringing into
question the usefulness of slip rates calculated over a par-
ticular time period for seismic hazard assessment; i.e., are
geological rates relevant to apply to modern seismic hazard
estimates? Do modern satellite-derived slip rates (from GPS)
give a good indication of the areas most at risk from earth-
quakes (e.g., Bell et al., 2011; Cowie et al., 2012; Fagereng
and Biggs, 2019)? Our understanding of fault growth and
fault slip is least well-constrained in the 10*~10°-year range
(reviewed in Pan et al., 2022). There are a number of ways in
which we can assess slip rates in the range of 10*~10° years
using offshore MSP drilling/piston core data, including tar-
geted giant piston coring or short drilled sections on either
side of a fault (or one side of the fault only if horizons can
be confidently correlated) to calculate offset and slip rate: us-
ing submarine paleo-seismology to identify evidence of indi-
vidual earthquake slip events in high-resolution seismic data
with ground-truthing of age and timing or using an onshore—
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offshore approach for a comparison of slip rates over differ-
ent timescales on an active normal fault.

Drill site needs and potential outcomes. Potential loca-
tions to study slip rates through time would ideally have the
following: (i) high sedimentation rates, (ii) high slip rates
(to give the greatest chance of slip rate variations being re-
solved), (iii) a constrained onshore record of uplift rates to
compare with results of ocean/lake drilling, and (iv) high-
resolution seismic reflection data imaging basin stratigraphy
in the hanging wall and ideally also in the footwall.

Potential drill sites. Drilling to test this hypothesis could
be conducted at active rift zones and potentially at suitable
transform zones and subduction margins, e.g.,t the Corinth
Rift (Greece), the Salton Sea/Gulf of California, the Marmara
Sea, the Chilean Margin, and the Hikurangi Margin.

3.3.6 Hypothesis 6: faults grow rapidly to their full length

Seismological and geodetic data reveal that earthquake rup-
ture patterns are complex and variable, often with temporal
and spatial clustering of events (e.g., Wells and Coppersmith,
1994). In contrast, ancient normal faults commonly observed
in high-resolution 3D seismic reflection datasets reveal strik-
ingly consistent patterns of displacement accumulation along
strike, commonly described as the classic “bell-shaped” cu-
mulative displacement profile with greatest overall displace-
ment in the center of the fault decreasing toward the tips
(e.g., Cowie and Scholz, 1992). Other mature faults within
extended systems have consistent slip rates along strike, po-
tentially indicating linkage of segments at depth. Exactly
how faults evolve in terms of how multiple earthquake cy-
cles and aseismic slip accrue to produce the long-term fault
geometry is unknown. Most work on this problem has fo-
cused on normal faults, as they are associated with a conve-
nient marker of fault growth in the form of sediment thick-
ness increases in the hanging wall when a fault is active at
the Earth’s surface (i.e., it is a “growth fault”). Therefore,
to address the question of “how faults grow” will likely re-
quire observations from active continental rifts. Understand-
ing how faults develop has relevance to earthquake hazards
because of how we interpret fault slip rates over different
time periods (see Sect. 3.3.5 above) and how earthquake slip
builds up to fault slip over longer timescales. One category of
normal faults that is relatively understudied is outer rise nor-
mal faults at subduction zones. These faults, caused by flex-
ure of the downbending subducting plate, are a significant
tsunami hazard, and they are potential sites for investigating
the normal fault evolution of this hypothesis.

Drill site needs and potential outcomes. It may be possible
to investigate in detail how faults establish themselves and
evolve both laterally and in terms of displacement accrual by
identifying a study location where a very young fault exists
at a shallow depth, which is well imaged by 3D or pseudo-
3D high-resolution seismic reflection data. If age-constraints
are available from drilling/piston coring, the interpretation of
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high-resolution seismic reflection data will allow variations
in sediment thickness between the hanging wall and footwall
to be investigated at the millennial scale and hence how slip
has accrued along different parts of the fault. This timescale
links the supra-millennial scale of modern geological and
seismological observation and the million-year-averaged ob-
servations from seismic reflection data in rifts.

Potential drill sites. Drilling to test this hypothesis could
be conducted at the following locations: the Corinth Rift
(Greece) (McNeill et al., 2019; Nixon et al., 2016), the
Whakatane Graben (New Zealand) (Taylor et al., 2004), and
outer rise normal fault systems at subduction margins.

3.3.7 Hypothesis 7: tectonic activity is linked to the
timing of volcanic eruptions

Active submarine volcanoes are linked to several of the dead-
liest geohazards such as tsunami, earthquakes, landslides,
pyroclastic material, and gas release. However, they pose
difficult drilling conditions as they are covered by thin mi-
crobial crusts, and they have active hydrothermal systems
and unstable slopes. MSP drilling presents an ideal way to
sample these locations. Volcanic activity (frequency, volume,
magma flux) is affected by tectonic activity at large length
scales (e.g., plate tectonics) and smaller scales (e.g., devel-
opment of preferential pathways for magma ascent due to
local deformation). On the other hand, tectonic activity can
also be affected by volcanism, for example in the case of
magma ascent triggering localized seismic activity. This in-
terconnection can be investigated through a high-resolution
record of eruptive styles at individual centers that will give a
characterization of their evolution in time, their intensity, and
their spatial and temporal distribution. Large tectonic events
recorded in sedimentary basins, like onlap surfaces, seismo-
genic turbidites, and homogeneities, can correlate with acti-
vation/deactivation of different volcanic centers, changes in
eruptive style, and particularly large explosive eruptions.

Drill site needs and potential outcomes. Drilling should
be conducted at sites with a well-preserved record of vol-
canism and tectonic events. Integration of paleoseismic and
tephrochronological records need a good correlation between
onshore and offshore records. Offshore geodesy would also
be a priority to reconstruct the evolution of deformation
around and within these volcanic centers. Possible correla-
tions also exist with the paleoclimate record.

Potential drill sites. This hypothesis could be tested by
drilling at the Chilean Margin, the Kolumbo submarine
volcano northeast of Santorini (building on recent IODP
drilling), Etna, the Hikurangi Margin, the Hellenic Arc, and
the Calabrian Arc.

4 Conclusions

In this workshop, we defined questions and hypotheses about
natural hazards that could be tested specifically with MSPs.
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The unique characteristics of MSPs compared to IODP drill
ships require some shifts in our thinking about how to inter-
rogate the subsurface but also present opportunities in terms
of long-term monitoring, drilling in shallow water, and am-
phibious proposals. The workshop discussions recognized
the growing needs of highly populated regions along tecton-
ically active or hazardous settings for a better assessment of
earthquake, tsunami, volcanic, and climate hazards. A num-
ber of key questions/hypotheses, in combination with poten-
tial target locations and research strategies, were formulated
that need to be tested in order to mitigate future risks.

MSP missions have the potential to contribute to the de-
velopment of amphibious observatories, taking advantage of
well-monitored onshore regions and leveraging partnerships
with the continental drilling community. We considered that
this strategy could be prioritized in the near future. The flex-
ibility of an MSP and the relatively low costs in some cases
make it worth the community effort in building a long-term
infrastructure that allows us to monitor diverse geohazards
from such observatories. The climate and tropical cyclones
working group identified the Gulf of Mexico, where key
questions can be answered by MSP drilling. The submarine
slope failure working group identified areas on both passive
and active margins where hypotheses can be tested, includ-
ing the Cape Fear Slide, the Storegga Slide, the Sahara Slide;
the Nankai Trough, the Sumatra Margin, and the Hikurangi
Margin; and volcanic islands such as the Azores. Finally,
the active margins working group selected priority sites for
the near future including the Chilean margin, the Hikurangi
Margin, the Marmara Sea, the Salton Sea/Gulf of Califor-
nia, Corinth Rift, and outer-rise normal fault systems. Other
sites with high hazard exposure on active margins include re-
gions around the Hellenic and Calabrian arcs, the Southwest
Iberian, Cascadia, and the Sumatra and Hikurangi margins.
We hope that this work serves as the foundation for future
drilling proposals in the regions we identified or in other ar-
eas around the world.

Data availability. The datasets containing the historic earth-
quakes 2150 BCE—present (https://doi.org/10.7289/V5TD9V7K,
NGDC/WGS, 2023a), the tsunami events 2000 BCE—present
(https://doi.org/10.7289/V5PN93H7, NGDC/WGS, 2023b) and the
tsunami-capable tide stations (https://tidesandcurrents.noaa.gov/
tsunami/, NOS/CO-OPS, 2023) are available at the corresponding
websites of the NOAA National Geophysical Data Center/World
Data Service.
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Abstract. We held the MagellanPlus workshop SVALCLIME “Deep-time Arctic climate archives: high-
resolution coring of Svalbard’s sedimentary record”, from 18 to 21 October 2022 in Longyearbyen, to discuss
scientific drilling of the unique high-resolution climate archives of Neoproterozoic to Paleogene age present in
the sedimentary record of Svalbard. Svalbard is globally unique in that it facilitates scientific coring across multi-
ple stratigraphic intervals within a relatively small area. The polar location of Svalbard for some of the Mesozoic
and the entire Cenozoic makes sites in Svalbard highly complementary to the more easily accessible mid-latitude
sites, allowing for investigation of the polar amplification effect over geological time.

The workshop focused on how understanding the geological history of Svalbard can improve our ability to
predict future environmental changes, especially at higher latitudes. This topic is highly relevant for the ICDP
2020-2030 Science Plan Theme 4 “Environmental Change” and Theme 1 “Geodynamic Processes”. We con-
cluded that systematic coring of selected Paleozoic, Mesozoic, and Paleogene age sediments in the Arctic should
provide important new constraints on deep-time climate change events and the evolution of Earth’s hydrosphere—
atmosphere—biosphere system.

We developed a scientific plan to address three main objectives through scientific onshore drilling on Svalbard:

a. Investigate the coevolution of life and repeated icehouse—greenhouse climate transitions, likely forced by or-
bital variations, by coring Neoproterozoic and Paleozoic glacial and interglacial intervals in the Cryogenian
(““Snowball/Slushball Earth”) and late Carboniferous to early Permian time periods.

Published by Copernicus Publications on behalf of the IODP and the ICDP.
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b. Assess the impact of Mesozoic Large Igneous Province emplacement on rapid climate change and mass
extinctions, including the end-Permian mass extinction, the end-Triassic mass extinction, the Jenkyns Event
(Toarcian Oceanic Anoxic Event), the Jurassic Volgian Carbon Isotopic Excursion and the Cretaceous Weis-

sert Event and Oceanic Anoxic Event 1a.

c. Examine the early Eocene hothouse and subsequent transition to a coolhouse world in the Oligocene by
coring Paleogene sediments, including records of the Paleocene—Eocene Thermal Maximum, the Eocene
Thermal Maximum 2, and the Eocene—Oligocene transition.

The SVALCLIME science team created plans for a 3-year drilling programme using two platforms: (1) a
lightweight coring system for holes of ~ 100m length (46 sites) and (2) a larger platform that can drill deep
holes of up to ~2km (1-2 sites). In situ wireline log data and fluid samples will be collected in the holes, and
core description and sampling will take place at The University Centre in Svalbard (UNIS) in Longyearbyen.

The results from the proposed scientific drilling will be integrated with existing industry and scientific bore-
holes to establish an almost continuous succession of geological environmental data spanning the Phanerozoic.
The results will significantly advance our understanding of how the interplay of internal and external Earth
processes are linked with global climate change dynamics, the evolution of life, and mass extinctions.

1 Introduction

The rate and magnitude of current global warming is
unparalleled in the historical record and is forecast to
disproportionately affect the polar regions, a process known
as “polar amplification” (e.g. Holland and Bitz, 2003). Yet,
climate models are known to have difficulty reproducing
the latitudinal temperature gradients evidenced by deep-time
palaeoclimate studies (e.g. Evans et al., 2018; Price et al.,
2020), implying that this polar amplification effect may
be even more severe than climate models predict. Detailed
knowledge of Earth system dynamics is required to improve
these climate models, and the only way to understand
both long- and short-term feedback processes is through
examination of the geological record of palaeoclimate
change. Indeed, the Intergovernmental Panel on Climate
Change (IPCC) assessment reports note that palacoclimate
proxy records “extend beyond the variability of recent
decadal climate oscillations and thus provide an independent
perspective on feedbacks between climate and carbon cycle
dynamics” (IPCC, 2021), especially for times of global
climate and environmental change. Thus, there is a critical
need to study past climate archives in different parts of the
globe.

Both the International Continental Scientific Drilling
Program (ICDP) and the International Ocean Discovery
Program (IODP) science plans highlight the study of
past climate archives. Theme 4 (Environmental Change)
of the ICDP 2020-2030 Science Plan specifically targets
sedimentary archives to understand Earth’s evolution and
future climate change. In particular, one key question
addresses examining past greenhouse conditions to better
understand future climate change. The IODP 2050 Science
Framework (Koppers and Coggon, 2020) includes the
strategic objectives “Earth’s Climate System”, “Feedbacks in

Sci. Dril., 32, 113—-135, 2023

the Earth System”, and “Tipping Points in Earth’s History”,
as well as the flagship initiative “Ground truthing future
climate change”. Unfortunately with the plan to retire the
R/V JOIDES Resolution in 2024, scientific ocean drilling
will be limited to mission-specific platform and D/V Chikyu
expeditions to address the 2050 Science Framework, making
it even more critical to find alternative onshore targets,
including Svalbard, to constrain palacoclimate.

The Svalbard archipelago in the Norwegian high Arctic
(Figs. 1 and 2) offers a series of unique, continuous,
and high-quality sedimentary successions that include
numerous global palaeoclimate change events from the
last 650 million years (Myr). The outcropping geological
successions record both temporally and spatially changing
climatic and environmental conditions contemporaneous
with Svalbard’s drift from the Southern Hemisphere in the
Neoproterozoic to its current position at 78°N (Fig. 2).
Although Svalbard’s palaeolatitudinal position varied over
time, throughout the Phanerozoic it was located at the
northern margin of major landmasses, with a rock record
complementary to the more studied successions at lower
latitude positions. Because Svalbard drifted to its present
position during the Cenozoic, it naturally provides an
opportunity to constrain the polar amplification effect in the
geological past, e.g. during the Paleocene—Eocene Thermal
Maximum (PETM). Evidence of past climatic variations
include (i) tillites and carbonates related to the Cryogenian
and Ediacaran glacial events; (ii) deposits illustrating the
late Paleozoic tropical to subtropical climate transition
and eustatic sea-level fluctuations caused by Gondwana
glaciations; (iii) the record of the end-Permian mass
extinction (EPME); (iv) Mesozoic climate and carbon cycle
perturbations including the Dienerian Crisis, Carnian Pluvial
Event, end-Triassic mass extinction, Jurassic oceanic anoxic
events (OAEs), Weissert Event, Volgian Isotopic Carbon
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Figure 1. Location of Svalbard between the Arctic Ocean and the Nordic Seas and the position of scientific ocean drilling sites in the area.
Sites from the most recent IODP expeditions (ACEX, 396, 403, and the cancelled 404) are marked. Potential site positions of the ArcOp
and NorthGreen proposals are outlined with dashed white lines. Older DSDP and ODP sites in the Arctic Ocean and Nordic Seas area are
indicated with coloured circles. Map from IBCAO (Jakobsson et al., 2012).

Excursion (VOICE), and OAEla (Selli Event); (v) the
Paleogene succession including rapid climate warming such
as the PETM; and (vi) the remains of Quaternary to Holocene
glaciations (Fig. 3).

Well-exposed outcrops in Svalbard provide excellent
targets for analyses of past climate change, and several
boreholes have already been drilled and fully cored in
Svalbard (Fig. 1). Eight fully cored research boreholes were
drilled as part of a CO; storage project that offer a total of
4.5 km of Triassic—Cretaceous core material (Olaussen et al.,
2019), along with supplementary wireline logs. Hundreds
of coal exploration boreholes have been drilled mainly
within the Paleocene succession with a few providing high-
resolution data across the PETM (Dypvik et al., 2011;
Senger et al., 2019). Two shallow stratigraphic boreholes
from Deltadalen (Zuchuat et al., 2020), with cores of

https://doi.org/10.5194/sd-32-113-2023

almost 100 m each, allowed for multidisciplinary analyses
of the palaeoclimatic conditions across the Permian—Triassic
boundary and the accompanying EPME at a resolution not
yet undertaken elsewhere in the high Arctic. The Deltadalen
research drilling campaign proved that cost- and time-
effective stratigraphic drilling and full coring can be achieved
with minimal environmental impact. Overall, the core data in
combination with nearby outcrop data have formed the basis
of numerous spin-off studies, including a re-evaluation of the
global stratigraphic timescale. However, the large number
of cored boreholes is limited to only a few stratigraphic
intervals, have a small diameter (limiting sample material),
and are heavily biased by commercial interests and priorities
(see Fig. 3 in Senger et al., 2019, for an overview). In
addition, many of the existing cores have been poorly stored,

Sci. Dril., 32, 113—-135, 2023
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Figure 2. (a) Geological map of Svalbard, with locations of previous exploration and scientific wells, and proposed ICDP sites indicated.
(b) A local map of central Spitsbergen showing the location of potential ICDP sites (maps from the Norwegian Polar Institute).

making them unusable for palaecoclimate and environmental
proxy studies.

To take advantage of existing outcrop and core material
and to design future deep-climate research programmes in
Svalbard, we held a MagellanPlus ICDP/IODP workshop at

Sci. Dril., 32, 113—-135, 2023

The University Centre in Svalbard (UNIS) in Longyearbyen
from 18 to 21 October 2022. The main goal of the workshop
was to develop new scientific drilling proposals to access
Svalbard’s unique and well-preserved high Arctic rock
record. This overall goal was split into several specific
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Figure 3. Stratigraphic column and climate summary of Svalbard, highlighting the nearly continuous sedimentary record from the Devonian
to the Neogene (modified from Smyrak-Sikora et al., 2021). The stratigraphic coverage of research boreholes is indicated, with proposed

ICDP drilling targets at right.
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objectives related to the individual deep-time climatic events
that require dedicated drilling efforts to acquire relevant
drill cores, while others will benefit from pre-existing core
material already acquired by the SVALCLIME proponents
(Olaussen et al., 2019; Zuchuat et al., 2020).

The workshop (4 workshop days) was attended by 59
in-person participants (from 13 countries) and 33 virtual
attendees (from a total of 17 countries), representing
diversity in terms of expertise, career stage, gender, and
country (see participant list in Appendix A). The workshop
was organized with plenary presentations on the first
2 event days, followed by breakout group discussions
covering different geological time intervals to identify
knowledge gaps and objectives targeting globally significant
climate change events. Each represents an objective of
global significance that can only be fully achieved through
scientific drilling to utilize high-resolution geochemical and
non-destructive techniques (e.g. X-ray fluorescence (XRF)
core scanning, hyperspectral and computed tomography
(CT) imaging, multisensor core logger (MSCL) physical
properties) that are not possible with weathered outcrop
samples. Further work over the coming year, together with
feedback from the ICDP Science Advisory Group (SAG) on
a pre-proposal submitted in January 2023, will help to guide
which objectives will become the focus of one or more full
ICDP drilling proposals. The targets and objectives identified
during the MagellanPlus workshop are outlined below by
age.

The primary targets for potential future drilling include:

a. Cryogenian—Ediacaran tillites and carbonates deposited
during glacial or interglacial conditions,

b. Carboniferous—Permian transition from coal-rich
continental deposits to mixed carbonate—evaporite—
siliciclastic rocks that record a shift from a tropical
humid climate to an arid subtropical climate,

c. Permian-Triassic siliciclastic deposits that record the
EPME and its aftermath,

d. Jurassic and Cretaceous rocks that record environmental
changes associated with igneous intrusions of the High
Arctic Large Igneous Province (HALIP; Early Creta-
ceous) and other LIPs that generated massive quantities
of greenhouse gases through contact metamorphism,
and

e. Paleogene strata that record key climate perturbations
such as the PETM and gradual change from hothouse
to coolhouse conditions across the Eocene—Oligocene
transition (EOT).

Sci.
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2 Previous onshore drilling on Svalbard: a brief
synthesis

While some scientific boreholes under the auspices of DSDP,
ODP, and IODP targeted areas near Svalbard (Fig. 1),
no ICDP borehole campaign has yet been undertaken on
Svalbard. In addition, shallow stratigraphic boreholes were
drilled and fully cored off shore in the northern Barents Shelf
for petroleum exploration (Lundschien et al., 2024).

Many onshore boreholes have been drilled on Svalbard
for coal, petroleum, uranium, and gold exploration as well
as scientific research (Table 1; Senger et al., 2019). The
scientific boreholes provide drill cores suitable for deep-
time palaeoclimate research and were presented during the
SVALCLIME workshop. The deep petroleum exploration
boreholes provide important constraints on stratigraphic
thicknesses, lithology, and maturation and thus form an
important foundation for subsequent research drilling. The
Deltadalen campaign was undertaken using a helicopter-
transportable drilling rig (Fig. 4; Zuchuat et al., 2020)
and was completed in 1 week with minimal environmental
impact, thus representing a model for some of the proposed
sites within the SVALCLIME initiative.

3 Identified scientific drilling targets

During the workshop, we identified a number of climate
events to target through systematic scientific drilling of key
stratigraphic intervals on Svalbard. Here we outline these
events by age from oldest to youngest, including testable
hypotheses and supporting scientific questions developed for
the more mature targets.

3.1 Neoproterozoic and Paleozoic

The Cryogenian (720-635 Ma; all ages hereunder are from
the International Chronostratigraphic Chart June 2023) spans
two of Earth’s most extreme glacial intervals, the Sturtian
and Marinoan as well as their intervening interglacial
(Hoffman and Schrag, 2002; Rooney et al., 2015). Coring
this time interval will help to improve age constraints for the
Cryogenian using cyclostratigraphy and rhenium-osmium
(Re-Os) dating. It would also allow us to further assess the
Cy7-Cy9 sterane transition (to distinguish biogenic sources
of organic matter) that represents a major change in marine
primary production from cyanobacteria to eukaryotic algae
that occurred during the interglacial (Brocks et al., 2017).
There are few cores globally spanning the Cryogenian and
none from Svalbard, making this an important target to better
understand this period in Earth’s history when significant ice
existed in tropical regions, as well as how the transition out
of “Slushball Earth” impacted the evolution of life in the
Ediacaran (635-538.8 Ma). However, the potential drill sites
are in remote and largely protected sites; therefore, planning

https://doi.org/10.5194/sd-32-113-2023
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Table 1. Synthesis of past onshore drilling on Svalbard and its relevance to deep-time palaeoclimate research.

Campaign Time period  Stratigraphy Coring? Palaeoclimate studies? Key references
Coal exploration 1950s-2013  Mostly Cenozoic  Yes Yes (Charles et al., 2011; Dypvik et al. (2011)
boreholes Cui, 2010; Dypvik et al.,

2011)
Petroleum 1961-1994  Paleozoic to Limited, many Important for prediction of Olaussen et al. (2023),
exploration Cenozoic cores lost, some stratigraphy and maturation Senger et al. (2019)
boreholes cutting samples

available
Uranium and coal ~ 1970s Paleozoic Partly No Senger et al. (2019)
exploration
boreholes
Sysselmannbreen 2008 Cenozoic Yes Some Johannessen et al. (2011),
(BH10-2008) Grundvag et al. (2014),
Doerner et al. (2020)

Longyearbyen 2007-2013  Mesozoic Yes Yes, mainly with sl3c Braathen et al. (2012),
CO, lab (Koevoets et al., 2016; Olaussen et al. (2019)

Midtkandal et al., 2016;

Jelby et al., 2020)
Deltadalen 2014 Permian— Yes Yes (Zuchuat et al., 2020; Zuchuat et al. (2020)

Triassic Schobben et al., 2020;
boundary Rodriguez-Tovar et al., 2021)

Ishegda (1965)

Figure 4. Photographs of selected drill sites highlighting the large magnitude of the drilling operations The Permian—Triassic research drilling
in Deltadalen was conducted using a helicopter-transportable drill rig and took 1 week to finish. The Longyearbyen CO; lab boreholes in
Adventdalen were drilled and fully cored with coal exploration drill rigs and took about a month to complete. The deepest onshore borehole
on Svalbard, Ishggda, was drilled (but not cored) on the shore of Van Mijenfjorden using a 900t petroleum exploration drill rig brought in
from Canada. Photo credits: Sverre Planke (Deltadalen), Geir Ove Titlestad (Longyearbyen CO; lab), and Carl A. Wendt (Ishggda, kindly
provided by Svalbard Museum). Refer to Senger et al. (2019) for details on all the boreholes.

for drilling these targets is not as mature as for the Paleozoic
and younger sites.

The Late Paleozoic Ice Age (LPIA) was one of the biggest
climatic events of the Phanerozoic as it significantly altered
both climate and depositional systems on Earth (Montafiez
and Poulsen, 2013). It represents the only complete
greenhouse—icehouse—greenhouse cycle on a vegetated Earth
(cf. Isbell et al., 2008) and is considered a close analogue
to present climate conditions with sustained low pCO,
within the range proposed for the near future (Montafiez
and Poulsen, 2013). The LPIA was characterized by discrete
periods of glaciations separated by warm periods (Isbell et

https://doi.org/10.5194/sd-32-113-2023

al., 2008; Gastaldo et al., 1996; Montafiez et al., 2007). The
glaciations started during the Visean (346.7-330.9 Ma) and
extended into the, most probably, late Permian for more
than 100 Myr. During this time interval, Svalbard drifted
from a tropical position into the northern subtropical arid
zone (Torsvik and Cocks, 2019) and deposition gradually
shifted from humid terrestrial to semi-arid terrestrial and
finally to shallow marine (Steel and Worsley, 1984).
The impact of the glaciations and deglaciation during
the LPIA is most readily recognized in the Bashkirian
(323.2-315.2 Ma; Pennsylvanian) to Sakamarian (293.52-
290.1 Ma; Cisuralian) marine successions of the Gipsdalen

Sci. Dril., 32, 113—-135, 2023
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Group (Ahlborn and Stemmerik, 2015; Sorento et al.,
2020; Smyrak-Sikora et al., 2021; Cutbill and Challinor,
1965). Over 130 cycles of sea-level variations could reveal
the magnitude of glacioeustatic sea-level changes and
the dynamics of the LPIA, especially the early Permian
icehouse—greenhouse transition. Obtaining a fully cored
record through these > 130 cycles would contribute to
further development of the late Paleozoic timescale and the
sensitivity of the planet to external forcings and feedbacks.
Thus, we propose to collect ~ 1000 m of core through this
interval to address the following hypotheses and specific
scientific questions:

Hypothesis 1. The cycles present in the Gipsdalen Group
record orbital cyclicity and its imprint on Earth’s climate.

la. Does the cyclicity relate to a long eccentricity cycle
during the Pennsylvanian (Aretz et al., 2020, and
references therein), as is inferred for other locations
(e.g. China, United States, Ireland)?

1b. How do these cycles correlate with the North American
cyclothems (and records from other regions), and what
are the implications for the Carboniferous timescale?

Hypothesis 2. The far-field records of LPIA in Svalbard
cover the transition across greenhouse—icehouse—peak-
icehouse—greenhouse conditions.

2a. Does the gradual climate shift from humid to arid
conditions recorded on Svalbard in the Visean represent
the environmental and climatic far-field response to the
onset of icehouse conditions?

3.2 Mesozoic

The Permian was marked by major supra-regional envi-
ronmental perturbations including the Artinskian—Kungurian
faunal turnover (~283.5Ma; Lee et al., 2022), the
Capitanian mass extinction (~262Ma; Bond et al., 2020),
and EPME (Wignall et al., 1998; Mgrk et al., 1999). The
subsequent Mesozoic saw enhanced volcanism due to the
breakup of Pangea, resulting in major perturbations to the
global carbon cycle that led to dramatic and short-lived
global warming, significant changes in global hydrological
cycling at times, enhanced development of oceanic anoxia
especially in marginal marine basins, and extinction events
(Schlanger and Jenkyns, 1976; Erba et al., 2015; Herrle et
al., 2015; Jelby et al., 2020).

The environments and lithologies in which magmatic
emplacement occurs are key factors for atmospheric volatile
loading and global climate change. Svensen et al. (2004)
showed that emplacement of magma into organic-rich
sedimentary basins could create > 10 times the amount of
greenhouse gases (CH4 and CO;) than a comparable volume
of lava degassing subaerially. For instance, emplacement
of magma into the organic- and evaporite-rich Tunguska
Basin in Siberia released large volumes of toxic halocarbons
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through pipe structures called hydrothermal vent complexes,
resulting in the largest known Phanerozoic extinction event,
the EPME (Svensen et al., 2009). A similar scenario has
been proposed for the EPME, whereby massive quantities of
toxic and greenhouse gases were released from the Amazon,
Parnaiba, and Solimoes basins in South America (Ruhl and
Kiirschner, 2011; Heimdal et al., 2019).

The Svalbard stratigraphy provides a unique Arctic record
to study both the long- and short-term climate variations
associated with such global perturbations in the Mesozoic.
Indeed, most of what is known about the EPME is based
on records from China, southern Europe, and the Middle
East, which all represent subtropical, Tethyan successions
(e.g. China and central Europe; Jin et al., 2000; Farabegoli
et al., 2007). Yet, the fossil record and modelling studies
suggest that the impact of the climate crisis was greater
at higher latitudes and along the Panthalassan margin of
Pangea (Penn et al., 2018). During the late Permian and
Triassic, Svalbard was located on the northern margin of
Pangea between ~ 45 and 50° N (Elvevold et al., 2007). On
Svalbard, the Permian strata of the Kapp Starostin Formation
(Cutbill and Challinor, 1965) was deposited in a cold-water
ramp setting (Bond et al., 2018). The conformably overlying
Triassic succession consists of nine high-sedimentation-
rate, fining-up transgressive, and coarsening-up regressive
cycles (Mgrk et al., 1989; Vigran et al., 2014) associated
with progradational pulses of the “largest delta. .. in Earth’s
history” across the Barents Shelf (Klausen et al., 2019).
Svalbard is unique compared to the equatorial, Tethyan
successions in that it records diverse marine ecosystems but
also silicified fauna (Foster et al., 2017) and faunal groups
currently unknown from coeval shallow-marine settings,
including radiolarians (Foster et al., 2023), hexactinellid
sponges (Foster et al., 2023), red algae (Wignall et al.,
1998), and bryozoans (Nakrem and Mgrk, 1991). The
absence of these groups from intensely studied equatorial
shallow-marine successions from the Tethys and Panthalassa
oceans suggests that their absence in these equatorial settings
represents a biological signal and more habitable conditions
in the Boreal Realm that can only be studied in difficult-to-
access locations, including Arctic Canada, Greenland, and
Russia.

The Permian—Triassic boundary succession was cored
in two boreholes at Deltadalen (DD1-2; Fig. 2a; ~90m
each), providing a good record of the mass extinction event
and its aftermath. However, the glauconitic, chert-rich, and
often thoroughly bioturbated sandstone facies of the upper
Permian Kapp Starostin Formation prevented detailed pa-
Iynological, geochemical, and palaeoenvironmental analyses
of pre-EPME conditions (Zuchuat et al., 2020). In addition,
because of the high sedimentation rates, the 90 m core only
covers the entire Induan (251.902-251.2 Ma) and the lower
part of the Olenekian stages of the Lower Triassic. Therefore,
most of the climatic events of the Triassic (including the
Dienerian Crisis (upper Induan) or the Carnian Pluvial Event
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~234Ma; Ogg et al.,, 2016) are yet to be investigated
(Fig. 2). We therefore propose to core a ~ 700 m succession
spanning from the Upper Triassic strata into the Permian
Kapp Starostin Formation from the top of and at the foot
of Kropotkinfjellet, Friedrichfjellet, or Roslagenfjellet in
Agardhdalen (Fig. 2b) to address the following hypothesis
and key questions:

Hypothesis 3. The Svalbard sedimentary sequences record
environmental changes from the Permian through Late
Triassic associated with global perturbations in the carbon
cycle resulting from major tectonic events, including the
eruption and emplacement of the Siberian Traps Large
Igneous Province (LIP) and the breakup of Pangea.

3a. How is the EPME expressed at higher latitudes relative
to the equatorial regions?

3b. Are subsequent Triassic environmental perturbations
and associated carbon isotope excursions (CIEs) present
in low-latitude sections also found in Svalbard,
suggesting a global nature?

3c. How do the progradational pulses of the delta migrating
over the Barents Shelf recorded in the Triassic strata
of Svalbard tie to concomitant global environmental
perturbations, such as changes in regional or global
hydrological cycling?

Mechanisms for the formation of Jurassic and Cretaceous
OAE:s are still debated, but the synchronicity between LIP
emplacement and these events implies either a direct causal
link (e.g. similar to the scenario above) or that greenhouse
gas emissions from these LIPs drove global temperatures
beyond a tipping point, and massive methane release from
continental shelves drove extreme global climate change
and ocean stratification (e.g. Hesselbo et al., 2000). Recent
work from outcrops on Svalbard suggest that the subaerial
HALIP volcanism may have played a more important role
for at least the Northern Hemisphere changes than the
larger, but submarine, Greater Ontong-Java Plateau LIP in
the Pacific (e.g. Percival et al., 2021; Vickers et al., 2023).
Furthermore, a heterogeneously distributed Upper Jurassic
CIE (the VOICE event) was recently identified in Arctic
regions and corroborated with one South American site;
the causes and effects of this event are poorly understood
(Jelby et al., 2020; Weger et al., 2022). We propose to core
Triassic, Jurassic, and Cretaceous strata suitable for high-
resolution proxy studies in key localities near the east coast
of Spitsbergen where the thermal effects of the Paleogene
fold-and-thrust belt are less severe than in the west to address
the following hypothesis and specific questions:

Hypothesis 4. LIPs played a major role in global climate
change and biotic crises during the Jurassic and Early
Cretaceous.

4a. What are the Arctic climate responses to the Karoo LIP
(~ 182 Ma) and the central Atlantic LIP (~ 201 Ma)?
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4b. What are the mechanisms and drivers of the VOICE
and associated Weissert Event in the Valanginian
(~133Ma)?

4c. What is the impact of HALIP intrusions on global
carbon cycling and climate during OAEla (~ 120 Ma)?

3.3 Paleogene

The Paleogene is a key interval for understanding the role
of boreal environments in a changing global climate. This
time interval is marked by fluctuations between warm-
house and hothouse conditions from the Paleocene to mid-
Eocene, followed by gradual cooling that culminated in the
establishment of a coolhouse climate by the early Oligocene
(Westerhold et al., 2020). The hothouse conditions included
periods of transient hyperthermal events such as the PETM
at ~56Ma (Cramer et al., 2003). There is evidence of
polar amplification for periods of extreme warmth, with
temperate to subtropical flora identified in both marine
(Sluijs et al., 2020) and terrestrial archives in the Arctic
(Suan et al., 2017; Weijers et al., 2007; West et al., 2015;
Willard et al.,, 2019). Despite the importance of polar
regions in understanding global climate evolution through
the Paleogene, the marine palaeoclimate record for the Arctic
is severely underrepresented in global datasets. Integrated
Ocean Drilling Program Exp. 302 (Arctic Coring Expedition,
ACEX) to the Lomonosov Ridge (Backman et al., 2004)
is currently the only scientific ocean drilling conducted in
the Arctic Ocean to date. ACEX sites provide key marine
archives for the Paleocene and early Eocene (Sluijs et al.,
2020), but there is a considerable hiatus of ~26Myr in
ACEX cores (~44-18 Ma) that extends onto the Barents
Shelf (Backman et al., 2008; Sangiorgi et al., 2008). An
alternative age model by Poirier and Hillaire-Marcel (2011)
suggests that the “hiatus” succession is heavily condensed.
Subsequent efforts to redrill in the High Arctic (International
Ocean Discovery Program (IODP) Expeditions 377 and 404)
have recently been cancelled. As such, there is a major
palaeoclimate data gap in this region, with no current drilling
opportunities planned in the coming decade. The Svalbard
archipelago is an ideal locality to address this knowledge
gap. It has been located within the Arctic Circle during the
last 60 Myr and contains an expanded and well-preserved
succession of shallow marine to deltaic sediments of
Paleocene (< 62 Ma) to Oligocene (~ 25 Ma) age (Helland-
Hansen and Grundvag, 2021). Continuous coring in strategic
locations will allow us to test several critical hypotheses and
pivotal research questions in Paleogene climate research.
The PETM is marked in the geological record by a
large CIE (8'3C), indicative of large atmospheric fluxes
of CO; that caused 4-6 °C of global warming (e.g. Inglis
et al., 2020; Zachos et al., 2008). The sources of carbon
required to instigate the PETM are intensely debated (e.g.
Dickens et al., 1995; Lourens et al., 2005; Svensen et al.,
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2004; Gutjahr et al., 2017). One potential candidate was
the emplacement of the North Atlantic Igneous Province
(NAIP). There is good temporal agreement between peak
NAIP activity and the PETM, and both volcanic and contact
metamorphic degassing are large potential carbon sources
(Svensen et al., 2004; Jones et al., 2016). However, the exact
relationship between the NAIP and the PETM is complicated
by a lack of expanded successions that contain both
volcanic and climatic proxies. The Central Spitsbergen Basin
succession outcropping is an ideal candidate for resolving
some of these uncertainties, as the ~ 2.5 km thick sequence
represents near-continuous deposition during the formation
of a foreland basin. The relative proximity of Svalbard to
the NAIP resulted in the co-preservation of multiple volcanic
and climatic proxies. The PETM is within an expanded
record of homogeneous siliciclastic mudstone deposited in
a shallow to moderately deep marine setting (Dypvik et al.,
2011). The lithological homogeneity and lack of extreme
variations in sedimentation rates make the Svalbard strata
an invaluable locality, as the vast majority of global PETM
sites are affected by these factors. The relatively consistent
sedimentation rates, high-latitude setting, and presence of
some tephra layers mean that a robust geochronology can
be attained by cyclostratigraphy, magnetostratigraphy, and
radiometric dating. To date, only a single borehole (09/2005)
has been studied in detail from the Central Spitsbergen Basin
(e.g. Dypvik et al., 2011; Charles et al., 2011; Harding et
al., 2011; Cui et al., 2021). Coring a new PETM interval at
a location southeast of Longyearbyen (Fig. 2b) will allow
for the implementation of state-of-the-art techniques, such
as downhole imaging and logging that were unavailable for
studies on core 09/2005, and also provides a detailed record
of the cessation of elevated magmatic activity into the early
Eocene. This new drill core will allow us to address the
following hypothesis and key questions:

Hypothesis 5. NAIP activity was a potential driver of rapid
and severe global climate change.

5a. Can a high-resolution record from Svalbard improve our
understanding of what caused the initiation and long
duration of the PETM hyperthermal?

5b. Can refined geochronology distinguish between various
carbon sources, such as NAIP eruptions and thermo-
genic degassing from intrusions, during the evolution of
the PETM?

The primary driver of global cooling beginning in the late
Eocene is uncertain, with declining atmospheric CO, and
opening of tectonic gateways being the leading hypotheses
(e.g. Hutchinson et al.,, 2021). Unlike the opening of
the Tasman Gateway and Drake Passage (e.g. Toggweiler
and Bjornsson, 2000; Stickley et al., 2004), there are
significant uncertainties in the timing and nature of the
opening of the Fram Strait (e.g. von Appen et al., 2015;
Hossain et al., 2021). Recent studies suggest that the
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Eocene—Oligocene transition from warm-house to coolhouse
conditions (~ 34 Ma) may have been controlled by declining
atmospheric CO; concentration, with changing bathymetry
of the northern gateways playing a secondary role (e.g.
Hutchinson et al., 2019; Straume et al., 2022). The onset of
glaciation on Antarctica at ~ 34 Ma marked the beginning
of the icehouse world at one pole. However, the onset of
glaciation in the northern high latitudes is uncertain, with
some studies arguing for the presence of Arctic sea ice from
as early as the mid-Eocene (Stickley et al., 2009; Tripati
and Darby, 2018). The lack of marine sedimentary archives
from the high Arctic region due to the ~26 Myr data gap in
the ACEX core precludes further testing of this hypothesis,
along with a host of palaeoenvironmental data that would
place Arctic climate evolution in a global context. Therefore,
the recent cancellation of IODP Expedition 404 due to the
planned decommissioning of the R/V JOIDES Resolution in
2024 dashed the hopes of the scientific community to acquire
much needed data from the high Arctic; therefore, alternative
targets must be sought.

The Eocene to Oligocene Forlandsundet Graben is a
key locality for addressing this knowledge gap. Oblique
extension and normal faulting on the western Svalbard
margin formed a series of N-S trending basins, of which only
the Forlandsundet Graben is, in part, subaerially exposed
(Steel et al., 1985; Blinova et al., 2009; Kristoffersen et al.,
2020; Schaaf et al., 2021). The activation of faulting and
extension may represent a precursor of the Fram Strait and
is therefore a key area to unravel the timing and sequence
of events that established the seaway. The thickness of the
Forlandsundet Graben infill is poorly constrained due to the
tectonic complexity of the area and scattered outcrop sections
but exceeds 4 km in places (Dallmann, 1999). Age estimates
are also uncertain but ages as young as middle-to-late
Oligocene have been proposed (Schaaf et al., 2021; Feyling-
Hanssen and Ulleberg, 1984). An exploration well drilled
near the centre of the graben penetrated > 1 km of mostly
marine mudstones and sandstones of Eocene and Oligocene
age before reaching metamorphic basement (Senger et al.,
2019; Schaaf et al., 2021). Unfortunately, only ~20m of
the entire borehole were cored. Nevertheless, this borehole
acts as a proof of concept that a continuous core of the
Forlandsundet strata can be obtained to address the following
hypothesis and key questions:

Hypothesis 6. The opening of the Fram Strait played a
major role in global thermohaline circulation and the cooling
of Earth’s climate.

6a. Can the use of palaecoceanographic tracers in the
Forlandsundet Graben establish when the deep-water
connection from the Arctic to global oceans was
initiated?

6b. Can drilling in the Forlandsundet Graben provide the
first ever Eocene-to-Oligocene marine palaeoclimate
archive in the high Arctic region?
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4 From vision to drilling

Svalbard is the optimal logistical location for coring the
Phanerozoic stratigraphy of the Arctic. Longyearbyen is a
well-developed and accessible settlement (population 2400)
with a university centre (UNIS), tourism infrastructure (e.g.
hotels, boats, snowmobiles), and a natural polar logistics
centre. Daily scheduled flights connect Longyearbyen to
Norway (Oslo and Tromsg), and a mostly ice-free harbour
serves weekly transport vessels arriving from the mainland.
The archipelago has a more than 100-year-long record of
year-round geological exploration and drilling with relatively
limited impact on the environment.

Svalbard’s legal status is governed by the Svalbard Treaty
signed in 1920 and ratified in 1925. The Svalbard Treaty
grants Norway full sovereignty over Svalbard, but it also
prohibits discrimination against companies from outside
Norway accessing Svalbard’s natural resources. This is
particularly reflected in the diverse international group of
companies involved in petroleum exploration in Svalbard
from the 1960s to the early 1990s (Senger et al., 2019).

However, environmental regulations have since become
much stricter, with large-scale environmental protection
implemented in 1973 (establishment of major natural parks
and reserves in eastern Svalbard and the full protection
of polar bears) and 2001 (through the passing of the
Svalbard Environmental Protection Act), constraining the
type of activities that are possible and their location. In the
context of research drilling, coal exploration drilling around
Nordenskiold Land, deep drilling near Longyearbyen, and
shallow drilling at Deltadalen in 2015 all illustrate the
feasibility of acquiring high-quality cores with minimal
environmental effects.

4.1 Existing data and site selection

An extensive geophysical and geological database exists for
Svalbard, called Svalbox (Senger et al., 2022; http://www.
svalbox.no/map, last access: 4 October 2023; Betlem et
al., 2023; Fig. 5). Data available for SVALCLIME include
(a) nearshore marine reflection seismic lines, covering almost
all fjords, much of Spitsbergen’s shoreline, and parts of
the adjacent shelf; (b) onshore seismic reflection lines at
key localities, such as Adventdalen, where they extend the
offshore seismic lines to image the succession of the Central
Spitsbergen Basin; (c) hydrocarbon exploration wells at a
number of sites throughout Svalbard, between 200m and
> 3 km deep, mostly uncored; (d) ore exploration boreholes,
mainly short intervals cored for coal and concentrated
on relevant stratigraphic intervals; and (e) Longyearbyen
CO; lab and Deltadalen drill cores and data (important
for operational planning, including lessons learnt from
drilling through permafrost and pressurized sections). The
SVALCLIME coring targets are primarily stratigraphy that
is (1) poorly or not exposed or is highly weathered where
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exposed, (2) located away from outcrop localities, (3) less
altered due to intrusive activity, and (4) is not already fully
cored in an optimal location (considering thermal maturity,
lithologies, sedimentation rate, basinal position, etc.).

4.2 Drilling platforms

During the workshop, we discussed drilling platforms and
their suitability for the proposed SVALCLIME drilling
targets, which can be divided into two groups: shallow,
with a target depth of up to a couple of hundred metres,
and deep. Deep targets include the Forlandsundet Graben
at Sarstangen with > 1 km target depth (Hypothesis 6)
and the Central Spitsbergen Basin near Longyearbyen with
>2km target depth (Hypothesis 5); a third deep target
on the southeastern shore of Sassenfjorden (~ 1.5km;
Hypothesis 1) can possibly be covered by multiple shallow
holes. All other targets belong to the shallow group.
Suitable drilling platforms are capable of continuous core
drilling to target depth in at least N size (47.6 mm core
diameter, 75.7 mm hole diameter with NQ drill bit) and
sufficiently adaptable such that all required components
can be mobilized to drill sites in comparatively remote
Arctic environment without significant negative impact on
the local environment. Certain sites for shallow boreholes are
located on mountaintops and slopes, which requires transport
by helicopter. We identified several potential drilling rigs
that meet these requirements: (1) The University Centre in
Svalbard (UNIS) operates a drill rig that can be used for
short, uncomplicated coring down to 130 m. (2) SNSK (Store
Norske, formerly Store Norske Spitsbergen Kulkompani
AS, the Norwegian coal and service company on Svalbard)
has used a drill rig operated by Arctic Drilling Company
Oy Ltd for exploration locations that are only accessible
by helicopter. The successor of this rig is expected to
have a depth capacity of 200-300 m. (3) Other lightweight
platforms for drilling to ~ 500 m (NQ: drill bit size; gives
47.6 mm core diameter) exist (e.g. underground exploration
drill rigs) and could possibly be adapted to the requirements.
(4) The Swedish National Research Infrastructure for
Scientific Drilling “Riksriggen” can be used for deep core
drilling in complicated, challenging environments. This
platform is well known from previous ICDP projects (Eger
Rift; Collisional Orogeny in the Scandinavian Caledonides
(COSC); Lorenz et al., 2022; Fischer et al., 2022) and has
a maximum drilling depth of 2.5km (NQ). Riksriggen is
comparatively large and heavy but still easily mobilized
when compared to conventional rotary drilling equipment.

4.3 Operational and science planning and safety
considerations

SVALCLIME operational planning is being done in
collaboration with Riksriggen and SNSK, which became
involved in the project during the MagellanPlus workshop.
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Figure 5. Database of existing geoscientific material including existing boreholes, seismic data, and high-resolution digital outcrop models as
integrated in the Svalbox platform (Betlem et al., 2023; Senger et al., 2022). The interactive map is accessible at http://www.svalbox.no/map.

Major safety concerns, in addition to those expected in
sedimentary basins, are linked to permafrost and the
highly sensitive Arctic environment. Potential dangers, in
particular during deep drilling, are fluid and gas overpressure
below permafrost and at certain stratigraphic levels, semi-
consolidated sediments and swelling clays in certain
stratigraphic intervals, and the complications of drilling
through multiple fault and décollement zones related to the
West Spitsbergen Fold and Thrust Belt. Gas is also present
regionally as shale gas in shale-dominated successions such
as the Agardhfjellet and Botneheia formations, and this
is well characterized in Adventdalen (Ohm et al., 2019).
Much can be learnt from the analysis of the drilling reports
from previous drilling projects, e.g. hydrocarbon exploration
drilling and the Longyearbyen CO; lab.

In our ICDP pre-proposal submitted in January 2023, we
proposed a 3-year drilling campaign using two different
platforms. In the first year, shallow boreholes (~ 100m)
will be drilled with a lightweight drilling platform near
Longyearbyen. With a similar approach but slightly deeper
targets, four sites in more distal locations towards the east
coast of Svalbard will be drilled during the second year.
Finally, a large rig will be used at 1-2 sites during the third
year, with expected drilling depths of between 1km and
more than 2 km. Final scheduling will depend on permitting,
logistic, and economic considerations. On-site science will
most likely be limited to producing knowledge required for
managing the drilling and tasks that cannot be delayed.
Scientific work on the drill core, such as high-resolution
lithological descriptions, core scanning and logging, and
initial sampling and analyses, will be conducted at existing
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facilities in Longyearbyen. The downhole logging, testing,
and sampling plan will ensure that the boreholes will be
documented during the drilling phase to secure a maximum
of information in case of an unexpected loss of the borehole
and that a full scientific coverage to total depth is achieved
with post-drilling surveys.

Of paramount importance is timely and sustained contact
with the office of the governor of Svalbard, to inform them
about the project, discuss targets, and get advice about
regulations and restrictions, thus preparing for the permitting
process and outreach to the local community.

5 Synergies to ongoing ICDP and IODP projects

The SVALCLIME initiative is ambitious in its multi-event
approach while geographically constrained to Svalbard itself.
As such, it is important to highlight how this broad approach
is linked and complementary to other ongoing initiatives on
deep-time climate in the region and globally (Table 2).

6 Outcomes and future plans

The outlined SVALCLIME workshop (Fig. 6) fulfilled its
main objective by bringing together a broad, multidisci-
plinary, enthusiastic group of researchers spanning from
MSc students to senior scientists and by formulating specific
research questions that Svalbard’s rock record can contribute
to answering. An ICDP pre-proposal was submitted in
January 2023 as a direct result of the workshop. A full
ICDP drilling proposal will be developed during 2023
and submitted in January 2024, incorporating comments
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Table 2. Summary of thematically or geographically complementary scientific projects with relevance to SVALCLIME.

Project Stratigraphic target ~ Location Comment Reference
IODP X302 Paleocene and early  central Arctic Ocean Completed in August— Backman et al. (2004)
(ACEX) Eocene, with major September 2004
hiatus
10DP X377 Cenozoic Arctic Ocean Cancelled due to
(ArcOP) geopolitics
10DP X396 PETM, Norwegian Sea Completed in August— Berndt et al. (2019),
volcaniclastics October 2022 Planke et al. (2023)
1I0DP X403 Cenozoic Eastern Fram Strait Scheduled June—August ~ Lucchi et al. (2023)
2024
IODP X404 Cenozoic NE Atlantic Cancelled due to
JOIDES Resolution
decommissioning
NorthGreen Cenozoic NE Atlantic Workshop held in Pérez et al. (2023)
November 2022
ICDP Deep Dust Permian part of the  Paris Basin, France; Multi-phase drilling Soreghan et al. (2020)
LPIA Oklahoma Basin, USA  planned, first in USA
ICDP PVOLC PETM Northern Jutland, Ready to drill, waiting Berndt et al. (2019)
Denmark for Denmark to become
ICDP member
Bighorn Basin Cor- PETM, ETM2 Wyoming, USA Completed Clyde et al. (2013)
ing Project (BBCP)
PETM PETM mid-Atlantic US ‘Workshop held in 2022 NA

coastal plain
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Figure 6. Group photograph of the SVALCLIME participants taken during an optional extended lunch break while walking from UNIS to
outcrops exposing the Lower Cretaceous Carolinefjellet Formation on the road connecting Longyearbyen with Svalbard Airport.
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from ICDP’s Scientific Advisory Group on the pre-
proposal and through further engagement of the international
geoscientific community. In addition, we foresee systematic
use of existing drill cores in research projects and in
relevant courses at UNIS and other involved institutions to
complement work on cores obtained through future ICDP
drilling.
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Table A1. Participant list of the SVALCLIME workshop. Early-career researchers (ECRs) — representing MSc or PhD students and recent

PhD graduates <7 years from PhD defence — are highlighted with an x.

Name Institution Country ECR
In-person attendees

Aisha Al Suwaidi Earth and Planetary Science Dept. Khalifa University UAE

Albina Gilmullina University of Bergen Norway X
Aleksandra Smyrak-Sikora UNIS Svalbard X
Anders Dahlin UNIS Svalbard X
Anja Frank Universitidt Hamburg Germany X
Anna Filipova freelance artist France

Anna Marie Rose Sartell University of Helsinki Finland X
Annique van der Boon University of Oslo Norway

Carl Lie UNIS Svalbard X
Chanakan Boonnawa University of Bergen Norway X
Denise Kulhanek Kiel University Germany

Erik Petter Johannessen Consulting Norway

Farah Gagnier University of Quebec in Montreal Canada X
Felix Elling Kiel University Germany

Fenna Ammerlaan Utrecht University the Netherlands X
Gerald Dickens Trinity College Dublin Ireland

Grace Shephard University of Oslo Norway

Greg Price University of Plymouth United Kingdom
Henning Lorenz Uppsala University Sweden

Isabel McDonald University of Helsinki Finland X
Jack Whattam University of Oslo Norway X
Jan Inge Faleide University of Oslo Norway

Jennifer Galloway Geological Survey of Canada Canada

Jonas Liebsch Kiel University Germany X
Juan David Solano Acosta Tallinn University of Technology (Taltech) Estonia X
Kasia K. Sliwinska GEUS Denmark

Katrine Husum Norwegian Polar Institute Svalbard

Kim Senger UNIS Svalbard

Kristin Diane Bergmann Massachusetts Institute of Technology USA

Lauri Malinen University of Helsinki Finland X
Leandro Cesar Gallo University of Oslo Norway X
Madeleine Vickers University of Oslo Norway X
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Name Institution Country ECR
Mads E. Jelby University of Copenhagen Denmark X
Marcos Tirado University of Bergen Norway X
Maria Jensen UNIS Svalbard
Marjolaine Verret UNIS Svalbard
Matthijs Nuus UNIS Svalbard X
Micha Ruhl Trinity College Dublin, The University of Dublin Ireland
Monica Alejandra Gomez Correa  Universitit Hamburg Germany X
Morgan Jones University of Oslo Norway
Nickolas Bode RWTH Aachen University Germany X
Nil Rodes UNIS Svalbard X
Olaf Thiessen Equinor Norway
Peter Betlem UNIS Svalbard X
Philippe Claeys Analytical, Environmental & Geo-Chemistry, Vrije Belgium

Universiteit Brussel
Rafael Horota UNIS Svalbard X
Sabina Kraatz UNIS Svalbard X
Sara Cohen UNIS Svalbard
Snorre Olaussen UNIS Svalbard
Sten-Andreas Grundvag UiT The Arctic University of Norway Norway
Stephen Hesselbo University of Exeter United Kingdom
Tatiana Sitnikova University of Ottawa Canada X
Tereza Mosociova UNIS Svalbard X
Tom Birchall Consulting Norway X
Tom Schaber RWTH Aachen University Germany X
Valentin Zuchuat RWTH Aachen University Germany X
Victoria Sjpgholt Engelschign Natural History Museum, University of Oslo Norway X
Weimu Xu University College Dublin Ireland X
Digital attendees
Anna van Yperen University of Oslo Norway X
Bas van de Schootbrugge Utrecht University the Netherlands

Boyang Zhao Brown University United States

Cecilia Benavente IANIGLA-CONICET, Facultad de Ciencias Exactas y ~ Argentina
Naturales UNCuyo, University of Mendoza

Christian Zeeden Leibniz Institute for Applied Geophysics Germany

Clemens V Ullmann University of Exeter United Kingdom

Anne-Christine Da Silva Liege University Belgium
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Name Institution Country ECR
Leon J. Clarke Manchester Metropolitan University United Kingdom
Huguet Arnaud CNRS/Sorbonne University France
Ke Zhao Camborne School of Mines, University of Exeter United Kingdom
Lara F. Perez Geological Survey of Denmark and Greenland (GEUS)  Denmark
Lutz Reinhardt Federal Institute for Geosciences and Natural Germany
Resources (BGR)
Maayke Koevoets-Westerduin Geologische Dienst Nederland—Netherlands the Netherlands
Organisation for Applied Scientific Research (TNO)
Maciej Jez Institute of Geological Sciences, Polish Academy of Poland
Sciences
Malte Jochmann Store Norske Spitsbergen Kulkompani Svalbard X
Marcello Gugliotta University of Bremen Germany X
Marjorie Cantine Goethe University Frankfurt and University of Germany and X

Washington

United States

Matthew Staitis University of East Anglia United Kingdom
Matthias Sinnesael Paris Observatory France X
Meng Wang Peking University China
Michel Crucifix Université catholique de Louvain Belgium
Mingsong Li Peking University China
Ricardo L. Silva University of Manitoba Canada
Riidiger Stein MARUM - Center for Marine Environmental Sciences, =~ Germany
Bremen University
Salman Khan Birbal Sahni Institute of Paleosciences India
Simona Pierdominici Helmholtz-Zentrum Potsdam Deutsches Germany
GeoForschungsZentrum — GFZ
Stella Buchwald Universitidt Hamburg Germany X
Thomas Gibson University of Exeter United Kingdom
Valentina M Rossi National Research Council of Italy — Institute of Italy
Geosciences and Georesources
Waliur Rahaman National Centre for Polar and Ocean Research, Goa India
Weiqi Yao Southern University of Science and Technology China
William Foster Universitidt Hamburg Germany
Yvonne Spychala Leibniz University Hannover Germany X
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Appendix B: Abbreviations

ACEX Arctic Coring Expedition (Integrated Ocean
Drilling Program Exp. 302)

ArcOP  Arctic Ocean Paleoceanography

BBCP Bighorn Basin Coring Project

CIE carbon isotope excursion

COSC Collisional Orogeny in the Scandinavian
Caledonides

CT computed tomography

DSDP Deep Sea Drilling Project

EOT Eocene—Oligocene transition

EPME  end-Permian mass extinction

HALIP  High Arctic Large Igneous Province

ICDP International Continental Scientific Drilling
Program

I0DP International Ocean Discovery Program

IPCC Intergovernmental Panel on Climate Change

LIP large igneous province

LPIA Late Paleozoic Ice Age
MSCL  multisensor core logger
NAIP North Atlantic Igneous Province

OAE oceanic anoxic event
ODP Ocean Drilling Program

PETM Paleocene—Eocene Thermal Maximum

PVOLC volcanic forcing and Paleogene climate
change

Re-Os rhenium—osmium

SAG Science Advisory Group

SNSK Store Norske (formerly Store Norske
Spitsbergen Kulkompani AS, the Norwegian
coal mining company on Svalbard)

UNIS The University Centre in Svalbard

VOICE  Volgian isotopic carbon excursion

XRF X-ray fluorescence
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Benefits of U.S. Scientif-
ic Ocean Drilling Include
Science, Policy, and

Economy
Beth Christensen, Rowan
University, Department of

Environmental Science

The International Ocean Discovery
Program (IODP) will end in 2024 and so
far, the US has not committed to formal-
ly continuing the international collabora-
tion that has allowed global geoscience
to flourish for decades. Scientific ocean
drilling has been uncovering the mys-
teries of Earth’s operating systems for
more than 50 years, and the global earth,
atmosphere, ocean, and microbiological
scientific communities have developed
a visionary science planl to continue
to unravel the fundamental workings of
earth systems at a time when scientific
guidance to society is more critical than
ever. Over its ~50 years, 12,262 papers
related to scientific ocean drilling have
been published, with more than half in
high impact journals2. Yet IODP de-
livers much more than high- impact
science. IODP discoveries inform de-
cision-makers about some of the most
important environmental issues facing
society today while building intellectual
capacity through the promotion of inter-
national collaboration, education, and
training across universities and govern-
mental agencies in 21 different nations.
This scientist- driven endeavor takes a
lean approach to facility science, draw-
ing great minds from around the world
to study Earth together and leverage
global talents for mutual benefit. How-
ever, only ECORD and Japan are ac-
tively engaged in collaborative planning
for the next iteration of this scientist-led
and globally significant endeavor. The
U.S. geoscience community may soon
be isolated from the global collaboration
that has for decades provided invaluable
scientific insights with practical applica-
tions, societal and policy benefits, and
desirable economic impacts.

The U.S. operates a globally- ranging re-
search vessel and, in collaboration with
Japan and Europe, who operate their

own platforms, drives a global network
of ocean drilling capability that great-
ly benefits U.S. scientists and its citi-
zens.2,3 U.S.-IODP supports research-
ers and institutions across the U.S. and,
like a James Webb Space Telescope for
Earth, delivers spectacular discoveries.
IODP results support U.S. science and
policy goals such as leveraging inter-
national collaboration to provide other-
wise inaccessible samples and data to
U.S. scientists and improving gender
and race balance in the field sciences.
The research that can only be performed
using scientific ocean drilling materials
aligns with the Ocean Policy Committee
2022-2023 Action Plan4, providing spa-
tial data necessary for ocean stewardship
and management; ensuring a diverse
community of ocean drilling scientists
and widening opportunities to broaden
participation; and, closing knowledge
gaps around U.S. EEZ resources such as
gas hydrates and freshwater aquifers5,6.
Scientific ocean drilling has for over 50
years, connected “scientists from more
than 600 U.S. institutions, community
colleges, industry partners, government
labs, museums, and more, representing
50 states...”2 Since 2015 alone, it di-
rectly supported research by scientists
and universities in 46 states. Education
and outreach connects scientific ocean
drilling across the U.S. reaching ~12,500
students annually in ~40 colleges, 100
high schools, and 100 middle schools. In
just 2013-2021, 286 different U.S. sci-
entists ranging from graduate students to
senior scientists sailed on IODP expedi-
tions with excellent gender balance.

The U.S. further benefits from job cre-
ation and other positive economic im-
pacts. The U.S.-IODP, funded by NSF,
creates jobs and economic activity across
the country.7 The roughly $37 million
annual budget for U.S.-IODP program
activities (separate from the cost of a
$37 million contract for research vessel
operation) likely generated an estimated
$66 million of direct, indirect, and in-
duced labor-related economic benefits in
2021 and nearly 900 direct, indirect, and
induced jobs across the U.S. Consider-
ing further economic impacts associated
with additional transactions by related
businesses, the near-term value added
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by ocean drilling could rise to more than
$100 million. Moreover, these estimates
do not reflect additional long-term ben-
efits associated with allied scientific in-
vestigations or potential jobs and impact
arising from construction of a new ves-
sel. Nor do these estimates include the
jobs arising from federal R&D spending
on post-expedition investigations.
Through its international cooperation in
IODP, the U.S. benefits from enhanced
global research opportunities and data
needed to build a full understanding of
earth systems and the potential impacts
on the U.S. and the lives of its citizens.
NSF-funded U.S. scientific ocean drill-
ing using its unique research vessel will
cease operations in September 2024.
While NSF is developing plans for a
U.S.- only program, there is not yet any
clarity on how that program will oper-
ate, or a commitment or planning for a
replacement vessel. The discontinuation
of the U.S. partnership in global IODP
will have far-reaching impacts on U.S.
science and society including economy,
policy, planning, and scientific outreach
and education.
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ICDP 25+2 years
International Continental
Drilling Program

Almost for three decades drilling
related to international Earth sciences
on the continents is being coordinated
by the ICDP. Accordingly, it is time to
re-consider accomplishments, look into
future scientific targets, and to critically
examine the organizational structure of
the ICDP.

The IV. International Conference of
Continental Scientific Drilling “ICDP
in the Second Quarter of its First Cen-
tury” was convened at the German Re-
search Center for Geosciences GFZ in
Potsdam, Germany, July 21-23. 139
invited attendees from 23 countries
took part representing the entire range
of Earth science disciplines and ca-
reer stages, including PIs of complet-
ed, ongoing and future ICDP drilling
projects, members of ICDP panels,
representatives from partner organiza-
tions and funding agencies, as well as
30 international early-career research-
ers. Highlights of the past years were
presented and the future scientific and
programmatic orientation of ICDP was
discussed.

The conference program was divided
into nine sessions with a mixture of
contributions on the four core research
themes of the ICDP (Geodynamics,
Geohazards, Georesources, Envi-
ronmental Change) with outlines of
achievements and short presentations
on new plans and projects, as well as
five ‘cross-topics’ on the future organi-
zational direction of the ICDP, funding
of major drilling projects, organization
of operational support, major new re-
search initiatives related to ICDP, and
outreach activities with a focus on early
career researchers.

The conference aimed to highlight
achievements of the past years and to
discuss the scientific outlook and the
organization of our program, which
included 1) actions to implement the
objectives defined in the ICDP Science

Plan 2020-2030, 2) strengthening and
expanding ties among member coun-
tries and partner organizations, and 3)
initiating new measures for a better in-
tegration and involvement of early-ca-
reer researchers in [CDP.

The recommendations of the confer-
ence discussions are currently being
compiled so that critical suggestions
such as improving involvement of ear-
ly career scientists will be considered
and decided on at forthcoming ICDP
board meetings.

Ocean Drilling Legacy
Assets Projects (LEAPs):
New Proposal
Opportunity

Ocean Drilling Legacy Assets Pro-
jects (LEAPs) are a new type of project
for international and interdisciplinary
collaborations under the umbrella of
the scientific ocean drilling programs.
They are standalone research endeav-
ors that: (1) address at least one aspect
of the 2050 Science Framework, and
(2) have objectives that maximize the
return on the legacy assets of current
and past scientific ocean drilling pro-
grams without new drilling. Examples
of legacy assets are cores, samples,
data, open boreholes, and downhole
observatories from current and past sci-
entific ocean drilling programs.
Avenues of LEAP research could in-
clude, for example, the production of
new data from samples, integration of
data across multiple expeditions and/
or multiple boreholes, incorporation
of legacy borehole data with new data,
application of a new method or tech-
nology that was not available when the
legacy assets were collected, or meas-
urements in legacy drillholes to address
new problems in innovative and crea-
tive ways.

LEAPs do not replace other research
mechanisms (e.g., individual proposals
to funding agencies for sample requests
or data analysis); instead, they are in-
tended to provide a new avenue to facil-

itate collaboration at scales larger than
conventional single or multi-proponent
research projects. The definition for
LEAPs is deliberately broad to provide
flexibility for new approaches, integra-
tions, and technology uses that foster
coordinated multidisciplinary and in-
ternational research efforts. LEAPs
also provide an opportunity through
which researchers can increase the visi-
bility of their research and results.

The proposal deadline is November 1,
2023. For more information on LEAPs
and the proposal process, please visit:
https://www.iodp.org/call-for-leap-pro-
posals.

Workshop on the future
of Scientific Ocean Drill-
ing: Towards submission
of drilling proposals for
IODP?

ECORD and Japan, the current IODP
platform providers and core members
in IODP3, have initiated a process of
information on the development of
IODP3 and encouragement of new
scientific collaborations among the sci-
entific communities of ECORD and Ja-
pan together with international partners
through a 2-phase Workshop including
all Scientific Ocean Drilling partners
and covering all scientific themes de-
scribed in 2050 Science Framework.
The Phase-1 Workshop, conceived as a
scientific brokerage event, was held on-
line-only in January 2023, with a par-
ticipation of up to 191 scientists from
all over the world. Break-out session
discussion addressed the themes Cli-
mate Change and Ocean Health, Deep
Earth, Geohazards, Deep Life. It result-
ed in identification of a large number of
scientific topics suitable for new MSP
and Chikyu scientific drilling proposals
(https://www.ecord.org/workshop-on-
the-future-of-scientific-ocean-drill-

ing/).
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The Phase-2 Workshop will be held in
person and virtual (hybrid) from 18 to
20 March 2024 in Nachikatsuura, Kii
Peninsula, Japan, jointly organized by
J-DESC and ESSAC, and hosted by
J-DESC.
https://www.ecord.org/workshop-on-
the-future-of-scientific-ocean-drilling-
with-msps-and-chikyu-phase-2/

The aim is to gather researchers rep-
resenting promising drilling ideas that
emerged during and after Phase-1
Workshop to present and discuss their
scientific and operational plans to pre-
pare for MSP and Chikyu drilling pro-
posals to be submitted to IODP3.

The Workshop is open to ~100 in-per-
son participants from any country. The
involvement of researchers with pro-
ject ideas for Land-to-Sea drilling pro-
posals to be implemented jointly with
ICDP is particularly welcome.
Pre-registrations are open. Follow the
ECORD and J-DESC web pages for
updates.

https://www.ecord.org/
https://j-desc.org/eng/

Angelo Camerlenghi and Masa Kinosh-
ita (Co-Chairs)

Sanny Saito and Hanno Kinkel (ES-
SAC and J-DESC PMO representa-
tives)

The whole Steering Committee

The International Ocean
Drilling Programme
(IODP?3)

The International Ocean Drilling Pro-
gramme (IODP3) will start on January
Ist 2025, soon after the conclusion of
the current International Ocean Dis-
covery Program.

IODP3 will consist of a fully interna-
tional scientific collaboration inspired
by the ‘2050 Science Framework: Ex-
ploring Earth by Scientific Ocean Drill-
ing’.

IODP3 will adopt a transparent, open,
flexible and international modus oper-
andi, adopting program-wide standard

policies and guidelines, sustainable
management and publicly accessible
knowledge-based resources.

IODP3 will be open to participation
of any entities that can access [ODP3
through three membership levels in-
volving various financial contributions:
- Core Members that are represent-
ed by platform providers (currently
ECORD and JAMSTEC).

- Associate Members that will make
regular cash contributions to IODP3
(= 1 M€) and not regularly provide
scientific ocean drilling platform(s) to
IODP3; Associate Members may in-
crease their participation rights by pro-
viding additional cash and/or in-kind
contributions.

- Temporary Members that will pro-
vide cash and/or project-based in-kind
contributions (minimum = 0.5 M€) to
access IODP expedition(s) and/or other
service(s), and not regularly providing
scientific ocean drilling platform(s) to
10DP3.

IODP3 will conduct offshore expe-
ditions of flexible duration that will
be implemented by the ECORD Sci-
ence Operator (ESO) and/or JAMS-
TEC-MarE3, following an expand-
ed Mission Specific Platform (MSP)
concept. A wide array of drilling and
coring technologies (riser and riserless
drilling, lift boats/barges deploying
land-based drilling technology, seabed
drilling, long piston coring) will be
applied to all drilling environments,
as determined by scientific priorities,
operational efficiency and better value
for money. Offshore operations will
include land-to-sea transects that will
be implemented in collaboration with
the International Continental scientific
Drilling Program (ICDP).

IODP3 will also fund Scientific Pro-
jects using Ocean Drilling ARChives
(SPARCs) that are international and
multidisciplinary large-scale research
projects that may address any aspect of
the 2050 Science Framework and have
objectives originating from, or that are
based on ocean drilling archives (i.e.,

cores, samples and data).
Drilling/coring and SPARC proposals
will be evaluated by the Science Eval-
uation Panel before being potentially
selected and scheduled by the MSP Fa-
cility Board.

The overall size of the Science Parties
for offshore expeditions and SPARCs
will be flexible and be adapted to pro-
ject needs, thus providing additional
scientific and participation opportuni-
ties.

Gilbert Camoin,

Director of the ECORD Managing
Agency

Nobu Eguchi,

Director of Operations Dept MarE3
JAMSTEC

On behalf of the

ECORD-Japan Scientific Ocean Drill-
ing Working Groups

The open-access ICDP and IODP journal

www.scientific-drilling.net



Schedules

INTERNATIONAL OCEAN
DISCOVERY PROGRAM

g{; IODP

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

USIO operations Platform Dates Port of origin
@ Reykjanes Mantle Convection JOIDES Resolution | Jun 12—Aug 12, Ponta Delgada
and Climate (Exp 395) 2023
@B NW Greenland Glaciated JOIDES Resolution | Aug 12—0ct 12, Reykjavik
Margin (Exp 400) 2023
@ Hawaiian Drowned Reefs MSP Aug 29-Oct 31, Honolulu
(Exp 389) 2023
@ Mediterranean-Atlantic JOIDES Resolution | Dec 10, 2023— Amsterdam
Gateway Exchange (Exp 401) Feb 9, 2024
icdp |

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

£A™\

ICDP project

Drilling dates

Location

1 Trans-Amazon Drilling Project (TADP)

Jun 2023-Feb 2024

Brazil (Acre and
Marajo Basins)

2 Drilling the Ivrea-Verbano ZonE (DIVE)

Oct-Dec 2023

Northern Italy (Megolo)

3 Sensitivity of the West Antarctic Ice Sheet
to 2 Degrees Celsius (SWAIS 2C)

Dec 2023—Feb 2025

Western Antarcitca
(Ross Ice Shelf)

4 Bushveld Drilling Project (BVDP)

Nov 2023—-Aug 2024

South Africa
(Mpumalanga, Limpopo)

5 Eger Rift Drilling Project (EGER)

Spring 2024

Germany (Neualbenreuth)

Locations

180°  150°W 120°W 90°W 60°W 30°wW

150°E 180°

180°  150°W 120°W 90°W 60°W 30°wW

0° 30°E 60°E 90°E 120°E

150°E 180°

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).



	papers_SD_32_2023.pdf
	Abstract
	Introduction
	Late Triassic and Early Jurassic Earth and solar system history
	Site selection, related borehole records, and regional context

	Methods
	Drilling and logging
	Seismic reflection data
	Core processing at the drill site
	Core processing and scanning at the National Core Repository and Core Scanning Facility (multi-sensor core logger, XRF, optical imagery, photography)
	Macrofossil sampling and identification
	Carbon isotopes, total organic carbon, and calcium content
	Core depth scales
	Visual core description

	Results and initial interpretation
	Tectonic context
	The Late Triassic, Early Jurassic, and Quaternary successions at Prees and regional correlation
	Mercia Mudstone Group, Branscombe Mudstone Formation
	Mercia Mudstone Group, Blue Anchor Formation
	Penarth Group, Westbury Formation
	Penarth Group, Lilstock Formation
	Lias Group, Redcar Mudstone Formation
	Quaternary diamict
	Quaternary clay, sand, and gravel

	Fractures
	Hydrofractures in the Lias Group
	Subvertical fractures in the Mercia Mudstone and Penarth Group

	Stratigraphic correlation and depositional history

	Summary and research prospects
	Appendix A: Organic matter characterization and thermal maturity in Mochras, Prees 1, and Wilkesley
	Data availability
	Sample availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References
	Untitled
	Blank Page
	sd-32-27-2023.pdf
	Abstract
	Introduction
	Study area
	Methods
	Drilling and downhole operations
	Core handling, description, and analysis
	On-site core-related workflow
	Off-site core-related workflow
	Carbon analysis (organic matter and carbonate content)
	MSCL data processing


	Results
	Core lithologies
	Lithostratigraphic units
	Unit A: 252.00–47.75mtd
	Unit B: 47.75–11.00mtd
	Unit C: 11.00–0.00mtd


	Interpretation and discussion
	Interpretation of depositional environment
	Unit A (252.00–47.75mtd): overdeepened basin fill
	Unit B (47.75–11.00mtd): fluvial gravel
	Unit C (11.00–0.00mtd): glaciogenic diamicts

	Implications for glacial history

	Summary and outlook
	Data availability
	Sample availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

	sd-32-43-2023.pdf
	Abstract
	Introduction
	Materials and methods
	IODP sites at which the same formation was recovered using different coring tools
	Site U1463
	Site U1464
	Site U1482

	Shipboard discrete moisture and density and P-wave velocity measurements
	Downhole logging
	Micro-computed tomography (CT) scans
	Scanning electron microscope (SEM)

	Results
	Physical properties
	Micro-computed tomography (CT) scans
	SEM imaging of pore space and cements

	Discussion
	Conclusions
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Review statement
	References

	sd-32-55-2023.pdf
	Abstract
	Introduction
	Setup and procedure
	Results
	Assessment and conclusion
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Review statement
	References

	Blank Page
	sd-32-61-2023.pdf
	Abstract
	Introduction
	Workshop structure
	Hypotheses regarding a wet Pliocene
	Proposed drilling sites
	Analytical strategy
	Chronology
	Climate and environmental proxies

	Societal relevance
	Conclusion
	Data availability
	Team list
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

	sd-32-73-2023.pdf
	Abstract
	Introduction and study area
	Scientific rationale
	Tectonics and volcanism
	Paleoclimate
	Paleoecology and biosphere
	Hazards
	Environment

	The workshop
	The three-phase approach
	Specific hypotheses and objectives to be addressed

	Summary and further impact of the project
	Appendix A
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

	sd-32-85-2023.pdf
	Abstract
	Introduction
	The Lake Izabal Basin Research Endeavor (LIBRE) project
	Current knowledge of the Lake Izabal Basin
	The Lake Izabal Basin – a world-class scientific drilling site
	Tectonic processes and seismic risk (ICDP Theme 02)
	A rich volcanic archive (ICDP Theme 02)
	Paleoclimatic reorganizations and analogs for modern climate change (ICDP Theme 04)
	Paleoecological evolution and the American biotic exchange (ICDP Theme 04)
	Life in the deep biosphere: a continental lacustrine view (ICDP Theme 04)
	Increasing public engagement with geology in Guatemala

	The LIBRE scientific drilling plan and site selection
	Data availability
	Team list
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

	sd-32-101-2023.pdf
	Abstract
	Introduction
	Workshop objectives
	Working group discussions
	Working Group 1: climate and tropical cyclones
	Hypothesis 1
	Hypothesis 2

	Working Group 2: submarine slope failure
	Hypothesis 1: preconditioning factors cause repeat landslides
	Hypothesis 2: landslides are externally triggered
	Hypothesis 3: retrogressive failure leaves a signature
	Hypothesis 4: active margins have more earthquakes than landslides

	Working Group 3: active margins
	Hypothesis 1: major earthquakes have precursors
	Hypothesis 2: rupture barriers are persistent
	Hypothesis 3: fault coupling characteristics are persistent in space and time
	Hypothesis 4: subduction earthquakes are cyclic at multiple timescales
	Hypothesis 5: fault slip rates vary over multiple seismic cycles
	Hypothesis 6: faults grow rapidly to their full length
	Hypothesis 7: tectonic activity is linked to the timing of volcanic eruptions


	Conclusions
	Data availability
	Team list
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

	Blank Page
	sd-32-113-2023.pdf
	Abstract
	Introduction
	Previous onshore drilling on Svalbard: a brief synthesis
	Identified scientific drilling targets
	Neoproterozoic and Paleozoic
	Mesozoic
	Paleogene

	From vision to drilling
	Existing data and site selection
	Drilling platforms
	Operational and science planning and safety considerations

	Synergies to ongoing ICDP and IODP projects
	Outcomes and future plans
	Appendix A
	Appendix B: Abbreviations
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

	Blank Page




