
Sci. Dril., 32, 113–135, 2023
https://doi.org/10.5194/sd-32-113-2023
© Author(s) 2023. This work is distributed under
the Creative Commons Attribution 4.0 License.

W
orkshop

W
hite

P
apersDeep-time Arctic climate archives: high-resolution

coring of Svalbard’s sedimentary record –
SVALCLIME, a workshop report

Kim Senger1, Denise Kulhanek2, Morgan T. Jones3, Aleksandra Smyrak-Sikora1, Sverre Planke3,4,
Valentin Zuchuat5, William J. Foster6, Sten-Andreas Grundvåg7, Henning Lorenz8, Micha Ruhl9, Kasia

K. Sliwinska10, Madeleine L. Vickers3, and Weimu Xu11

1Department of Arctic Geology, The University Centre in Svalbard, P.O. Box 156, 9171 Longyearbyen, Norway
2Institute of Geosciences, Kiel University, Ludewig-Meyn-Straße 14, 24118 Kiel, Germany

3Centre for Planetary Habitability (PHAB), University of Oslo, P.O. Box 1028 Blindern, 0315 Oslo, Norway
4Volcanic Basin Petroleum Research AS (VBPR), Blinderveien 5, 0361 Oslo, Norway

5Geological Institute, RWTH Aachen University, Wüllnerstraße 2, 52062 Aachen, Germany
6Institute for Geology, Universität Hamburg, 20146 Hamburg, Germany

7Department of Geosciences, UiT The Arctic University of Norway,
P.O. Box 6050 Langnes, 9037 Tromsø, Norway

8Department of Earth Sciences, Uppsala University, Villavägen 16, 752 36 Uppsala, Sweden
9Department of Geology and SFI Research Centre in Applied Geosciences (iCRAG), Trinity College Dublin,

The University of Dublin, College Green, Dublin 2, Ireland
10Geo-energy and Storage, Geological Survey of Denmark and Greenland (GEUS),

Øster Voldgade 10, 1350 Copenhagen K, Denmark
11School of Earth Sciences and SFI Research Centre in Applied Geosciences (iCRAG),

University College Dublin, Belfield, Dublin 4, Dublin, Ireland

Correspondence: Kim Senger (kims@unis.no)

Received: 24 April 2023 – Revised: 23 August 2023 – Accepted: 18 September 2023 – Published: 26 October 2023

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.
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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 ∼ 100 m length (4–6 sites) and (2) a larger platform that can drill deep
holes of up to ∼ 2 km (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 palaeoclimate
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

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 palaeoclimate.

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 OAE1a (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 CO2 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

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,
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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 palaeoclimate 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

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).

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
C27–C29 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
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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
boreholes

1950s–2013 Mostly Cenozoic Yes Yes (Charles et al., 2011;
Cui, 2010; Dypvik et al.,
2011)

Dypvik et al. (2011)

Petroleum
exploration
boreholes

1961–1994 Paleozoic to
Cenozoic

Limited, many
cores lost, some
cutting samples
available

Important for prediction of
stratigraphy and maturation

Olaussen et al. (2023),
Senger et al. (2019)

Uranium and coal
exploration
boreholes

1970s Paleozoic Partly No Senger et al. (2019)

Sysselmannbreen
(BH10-2008)

2008 Cenozoic Yes Some Johannessen et al. (2011),
Grundvåg et al. (2014),
Doerner et al. (2020)

Longyearbyen
CO2 lab

2007–2013 Mesozoic Yes Yes, mainly with δ13C
(Koevoets et al., 2016;
Midtkandal et al., 2016;
Jelby et al., 2020)

Braathen et al. (2012),
Olaussen et al. (2019)

Deltadalen 2014 Permian–
Triassic
boundary

Yes Yes (Zuchuat et al., 2020;
Schobben et al., 2020;
Rodríguez-Tovar et al., 2021)

Zuchuat et al. (2020)

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 CO2 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, Ishøgda, was drilled (but not cored) on the shore of Van Mijenfjorden using a 900 t petroleum exploration drill rig brought in
from Canada. Photo credits: Sverre Planke (Deltadalen), Geir Ove Titlestad (Longyearbyen CO2 lab), and Carl A. Wendt (Ishøgda, 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 (Montañez
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 pCO2
within the range proposed for the near future (Montañez
and Poulsen, 2013). The LPIA was characterized by discrete
periods of glaciations separated by warm periods (Isbell et

al., 2008; Gastaldo et al., 1996; Montañez 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
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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.

1a. 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 (∼ 283.5 Ma; Lee et al., 2022), the
Capitanian mass extinction (∼ 262 Ma; Bond et al., 2020),
and EPME (Wignall et al., 1998; Mørk 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 CO2) 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

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,
Parnaíba, and Solimoes basins in South America (Ruhl and
Kürschner, 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 (Mørk 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 Mørk, 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; ∼ 90 m
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-
lynological, 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

Sci. Dril., 32, 113–135, 2023 https://doi.org/10.5194/sd-32-113-2023



K. Senger et al.: Deep-time Arctic climate archives 121

∼ 234 Ma; 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
OAEs 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)?

4b. What are the mechanisms and drivers of the VOICE
and associated Weissert Event in the Valanginian
(∼ 133 Ma)?

4c. What is the impact of HALIP intrusions on global
carbon cycling and climate during OAE1a (∼ 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 ∼ 56 Ma (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 ∼ 26 Myr 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 Grundvåg, 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 (δ13C), indicative of large atmospheric fluxes
of CO2 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 CO2 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

Eocene–Oligocene transition from warm-house to coolhouse
conditions (∼ 34 Ma) may have been controlled by declining
atmospheric CO2 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 ∼ 20 m 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 palaeoceanographic 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 Tromsø), 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
Nordenskiöld 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 200 m 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
CO2 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

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
> 2 km target depth (Hypothesis 5); a third deep target
on the southeastern shore of Sassenfjorden (∼ 1.5 km;
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 2.5 km (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 CO2 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 (∼ 100 m)
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 1 km 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

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
(ACEX)

Paleocene and early
Eocene, with major
hiatus

central Arctic Ocean Completed in August–
September 2004

Backman et al. (2004)

IODP X377
(ArcOP)

Cenozoic Arctic Ocean Cancelled due to
geopolitics

IODP X396 PETM,
volcaniclastics

Norwegian Sea Completed in August–
October 2022

Berndt et al. (2019),
Planke et al. (2023)

IODP X403 Cenozoic Eastern Fram Strait Scheduled June–August
2024

Lucchi et al. (2023)

IODP X404 Cenozoic NE Atlantic Cancelled due to
JOIDES Resolution
decommissioning

NorthGreen Cenozoic NE Atlantic Workshop held in
November 2022

Pérez et al. (2023)

ICDP Deep Dust Permian part of the
LPIA

Paris Basin, France;
Oklahoma Basin, USA

Multi-phase drilling
planned, first in USA

Soreghan et al. (2020)

ICDP PVOLC PETM Northern Jutland,
Denmark

Ready to drill, waiting
for Denmark to become
ICDP member

Berndt et al. (2019)

Bighorn Basin Cor-
ing Project (BBCP)

PETM, ETM2 Wyoming, USA Completed Clyde et al. (2013)

PETM PETM mid-Atlantic US
coastal plain

Workshop held in 2022 NA

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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Appendix A

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 ×.

Name Institution Country ECR

In-person attendees

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

Albina Gilmullina University of Bergen Norway ×

Aleksandra Smyrak-Sikora UNIS Svalbard ×

Anders Dahlin UNIS Svalbard ×

Anja Frank Universität Hamburg Germany ×

Anna Filipova freelance artist France

Anna Marie Rose Sartell University of Helsinki Finland ×

Annique van der Boon University of Oslo Norway

Carl Lie UNIS Svalbard ×

Chanakan Boonnawa University of Bergen Norway ×

Denise Kulhanek Kiel University Germany

Erik Petter Johannessen Consulting Norway

Farah Gagnier University of Quebec in Montreal Canada ×

Felix Elling Kiel University Germany

Fenna Ammerlaan Utrecht University the Netherlands ×

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 ×

Jack Whattam University of Oslo Norway ×

Jan Inge Faleide University of Oslo Norway

Jennifer Galloway Geological Survey of Canada Canada

Jonas Liebsch Kiel University Germany ×

Juan David Solano Acosta Tallinn University of Technology (Taltech) Estonia ×

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 ×

Leandro Cesar Gallo University of Oslo Norway ×

Madeleine Vickers University of Oslo Norway ×
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Table A1. Continued.

Name Institution Country ECR

Mads E. Jelby University of Copenhagen Denmark ×

Marcos Tirado University of Bergen Norway ×

Maria Jensen UNIS Svalbard

Marjolaine Verret UNIS Svalbard

Matthijs Nuus UNIS Svalbard ×

Micha Ruhl Trinity College Dublin, The University of Dublin Ireland

Monica Alejandra Gomez Correa Universität Hamburg Germany ×

Morgan Jones University of Oslo Norway

Nickolas Bode RWTH Aachen University Germany ×

Nil Rodes UNIS Svalbard ×

Olaf Thiessen Equinor Norway

Peter Betlem UNIS Svalbard ×

Philippe Claeys Analytical, Environmental & Geo-Chemistry, Vrije
Universiteit Brussel

Belgium

Rafael Horota UNIS Svalbard ×

Sabina Kraatz UNIS Svalbard ×

Sara Cohen UNIS Svalbard

Snorre Olaussen UNIS Svalbard

Sten-Andreas Grundvåg UiT The Arctic University of Norway Norway

Stephen Hesselbo University of Exeter United Kingdom

Tatiana Sitnikova University of Ottawa Canada ×

Tereza Mosočiová UNIS Svalbard ×

Tom Birchall Consulting Norway ×

Tom Schaber RWTH Aachen University Germany ×

Valentin Zuchuat RWTH Aachen University Germany ×

Victoria Sjøholt Engelschiøn Natural History Museum, University of Oslo Norway ×

Weimu Xu University College Dublin Ireland ×

Digital attendees

Anna van Yperen University of Oslo Norway ×

Bas van de Schootbrugge Utrecht University the Netherlands

Boyang Zhao Brown University United States

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

Argentina

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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Table A1. Continued.

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
Resources (BGR)

Germany

Maayke Koevoets-Westerduin Geologische Dienst Nederland–Netherlands
Organisation for Applied Scientific Research (TNO)

the Netherlands

Maciej Jez Institute of Geological Sciences, Polish Academy of
Sciences

Poland

Malte Jochmann Store Norske Spitsbergen Kulkompani Svalbard ×

Marcello Gugliotta University of Bremen Germany ×

Marjorie Cantine Goethe University Frankfurt and University of
Washington

Germany and
United States

×

Matthew Staitis University of East Anglia United Kingdom

Matthias Sinnesael Paris Observatory France ×

Meng Wang Peking University China

Michel Crucifix Université catholique de Louvain Belgium

Mingsong Li Peking University China

Ricardo L. Silva University of Manitoba Canada

Rüdiger Stein MARUM – Center for Marine Environmental Sciences,
Bremen University

Germany

Salman Khan Birbal Sahni Institute of Paleosciences India

Simona Pierdominici Helmholtz-Zentrum Potsdam Deutsches
GeoForschungsZentrum – GFZ

Germany

Stella Buchwald Universität Hamburg Germany ×

Thomas Gibson University of Exeter United Kingdom

Valentina M Rossi National Research Council of Italy – Institute of
Geosciences and Georesources

Italy

Waliur Rahaman National Centre for Polar and Ocean Research, Goa India

Weiqi Yao Southern University of Science and Technology China

William Foster Universität Hamburg Germany

Yvonne Spychala Leibniz University Hannover Germany ×
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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
IODP 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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