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Abstract. The increasing anthropogenic CO2 forcing of the climate system calls for a better understanding of
how polar ice sheets may respond to accelerating global warming. The sensitivity of the Greenland ice sheet to
polar amplification, changes in ocean heat transport, and deteriorating perennial sea ice conditions makes the
Northeast Greenland margin a pertinent location with respect to understanding the impact of climate change on
ice sheet instability and associated sea level rise. Throughout the Cenozoic, ocean heat fluxes toward and along
Northeast Greenland have been controlled by water mass exchanges between the Arctic and Atlantic oceans.
A key element here is the current flow through oceanic gateways, notably the Fram Strait and the Greenland–
Scotland Ridge. To gain a long-term (million-year) perspective of ice sheet variability in this region, it is essential
to understand the broader context of ice–ocean–tectonic interactions. Coupling between the ice sheet, the subsur-
face, the ocean, and sea ice are readily observable today in Northeast Greenland, but geological records to illumi-
nate long-term trends and their interplay with other parts of the global climate system are lacking. Consequently,
the NorthGreen workshop was organized by the Geological Survey of Denmark and Greenland in collaboration
with Aarhus (Denmark) and Stockholm (Sweden) universities in November 2022 to develop mission-specific
platform (MSP) proposals for drilling the Northeast Greenland margin under the umbrella of the MagellanPlus
Workshop Series Programme of the European Consortium for Ocean Research Drilling (ECORD). Seventy-one
participants representing a broad scientific community discussed key scientific questions and primary targets that
could be addressed through scientific drilling in Northeast Greenland. Three pre-proposals were initiated during
the workshop targeting Morris Jesup Rise, the Northeast Greenland continental shelf, and Denmark Strait.

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



34 L. F. Pérez et al.: NorthGreen: unlocking records from sea to land in Northeast Greenland

1 Introduction

The Greenland ice sheet is ∼ 1.7×106 km2 with a maximum
thickness of 3 km. During the past few decades, it has been
a major contributor to global sea level rise (van den Broeke
et al., 2016; Shepherd et al., 2020; Christ et al., 2023), and
if melted completely, the Greenland ice sheet would repre-
sent a sea level rise equivalent to ∼ 7.5 m (e.g., Dutton et al.,
2015; Morlighem et al., 2017). Numerical models suggest a
present negative ice mass balance and a marked increase in
ice sheet runoff as a consequence of polar amplification in
the Arctic (Rignot et al., 2011; Golledge et al., 2019; Hofer
et al., 2020). In addition, sea ice cover in the Arctic Ocean
has substantially shrunk over the last few years, with ice
models suggesting a high probability of an ice-free Arctic
Ocean in late summer by 2050 (Notz and SIMIP Community,
2020). However, predictive models on extended time frames
are often working outside of the limits in which they have
demonstrable skill. The projections of future scenarios under
the current trend of global climate change demand a better
understanding of long-term ice–ocean–tectonic interactions
(IPCC, 2019). This broad achievement requires access to pa-
leodata that are hidden in the sedimentary successions of po-
lar margins.

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

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

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

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

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

3 Workshop scope and objectives

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

al., 1996). However, the Northeast Greenland margin rep-
resents a major knowledge gap in the Cenozoic climatic–
oceanographic–tectonic evolution of Earth, and key scien-
tific uncertainties remain with respect to three major topics:
sea ice history, Greenland ice sheet evolution, and oceanic
gateways. With respect to sea ice history, the following ques-
tion remains: “When did a perennial sea ice cover develop
in the Arctic Ocean, and how often did sea-ice-free con-
ditions occur?”. Regarding Greenland ice sheet evolution,
the following questions are put forward: “When did glacia-
tion in Greenland begin, and how did the ice sheet evolve
over the Cenozoic?”, “Did past warm climates (e.g., super-
interglacials, Eemian) cause whole or partial deglaciation
in Northern Greenland (Schaefer et al., 2016; Christ et al.,
2023)?”, and “Alternatively, is glaciation of Northeast Green-
land a relatively pervasive feature in the climate system, with
the ice sheet being preserved during peak warmings (Bier-
man et al., 2016)?”. Finally, with respect to oceanic gate-
ways, the following questions remain: “What is the timing
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and progression of the opening of Fram Strait?”, “What is
the subsidence history of the conjugate Morris Jesup Rise
and Yermak Plateau?”, “How did their formation and subsi-
dence influence the oceanographic development of the Arc-
tic Ocean from isolated to fully ventilated (Jakobsson et al.,
2007; Poirier and Hillaire-Marcel, 2011)?”, and “When did
the Denmark Strait open, how was its cross-sectional area
subsequently influenced by Icelandic mantle plume activity,
and what were the relative roles of gateway tectonics and ice
sheet/sea ice evolution in controlling the AMOC?”.

Paleorecords proximal to Greenland and across the land–
ocean boundary can address these fundamental questions that
have far-reaching implications for our understanding of how
the climate system operates now as well as how it operated in
the past. Data required to illuminate these questions are po-
tentially contained in the sedimentary successions offshore
and onshore in Northeast Greenland (Bennike et al., 2002,
2010). While harsh environmental conditions have limited
the geophysical data acquisition needed to define drilling tar-
gets, data collection in these remote and ice-filled waters has
increased substantially over the last 2 decades. The Atlantic
margin of Northeast Greenland (Area A in Fig. 1) is now
well covered by high-quality industry seismic data (Chris-
tiansen, 2021). In addition, the collection of shallow seismic
data, gravity cores, and shallow industry boreholes demon-
strates the possibility of mission-specific platform (MSP) op-
erations. Hence, sufficient data are available to start devel-
oping a MSP proposal on the northeastern continental shelf
(Area A). Although far less explored, new seismic data from
icebreaker-led expeditions to the Arctic margin of North and
Northeast Greenland (Area B in Fig. 1) as well as novel ap-
proaches to data collection from drifting ice stations (Kristof-
fersen et al., 2021) have revealed exciting new scientific
questions and potential drilling targets that can be exploited
using MSP drilling capabilities. Along the remote north-
ern coast of Greenland, ice conditions have rapidly become
more amenable in recent years, facilitating logistically fea-
sible work, as proven by the 2018 I/B Polarstern expedition
that collected deep seismic data north of Peary Land (Damm,
2019). Based on the data availability, the key objectives of the
NorthGreen MagellanPlus workshop were as follows:

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

2. to define specific Cenozoic drilling targets based on ex-
isting data;

3. to identify the data gaps in key research areas, e.g.,
along shelf to fjord transects;

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

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

Country No. participants

Denmark 21
Germany 13
US 8
Norway 5
UK 6
Sweden 6
Canada 4
South Korea 3
Ireland 1
Italy 1
New Zealand 1
Poland 1
The Netherlands 1

Total 71

4 Workshop structure and outcomes

4.1 Workshop attendance

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

4.2 MSP proposals in Northeast Greenland

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

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

4.2.1 Morris Jesup Rise: resurrecting an old
pre-proposal

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

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

The Atlantic water that enters the Arctic Ocean through
the eastern Fram Strait and across the Barents Sea continues
a cyclonic circulation along the continental slopes of the in-
ner Arctic Ocean and reenters the Norwegian–Greenland Sea
after passing the Morris Jesup Rise. Therefore, sedimentary
archives from the Morris Jesup Rise would provide an inte-
grated picture of water masses as they exit the Arctic Ocean
and complement past (ODP Leg 151) and planned (IODP Ex-
pedition 403) expeditions to the eastern Fram Strait. Further-
more, the Morris Jesup Rise lies at the eastern edge of what
has recently been termed the “Last Ice Area” (Newton et al.,
2021), a region that hosts the oldest, thickest, and most per-
sistent sea ice cover in the Arctic, making it an ideal target to
recover long-term proxy-based insights into the persistence
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Figure 3. Geographic setting of Morris Jesup Rise (MJR) and Yermak Plateau flanking the Fram Strait. Seismic data crossing the MJR exist
from three previous cruises (shown by the colored lines). Bathymetry is from the International Bathymetric Chart of the Arctic Ocean v.3.0
(Jakobsson et al., 2012). The right-hand panels show satellite images that illustrate examples of how the sea ice cover over MJR and the
northern Greenland margin broke up in August 2018 (bottom) and August 2021 (top). Georeferenced satellite images were downloaded from
https://worldview.earthdata.nasa.gov/ (last access: 24 July 2023).

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

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

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

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

4.2.2 Northeast Greenland continental shelf: IODP
1011-Pre

The Greenland margin has the widest continental shelf along
Northeast Greenland (Fig. 4), where the shelf edge is lo-
cated up to ∼ 300 km from the coastline and gives way to the
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Figure 4. Proposed drilling sites in IODP proposal 1011-Pre “Northeast Greenland Glaciated Margin” on the continental shelf and slope of
Northeast Greenland. The high-resolution bathymetric map of Arndt et al. (2015) is overlaid on the International Bathymetric Chart of the
Arctic Ocean v.3.0 (Jakobsson et al., 2012).

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

The first emergence of a stable Greenland-wide ice sheet
is usually related to the initial cooling phase of the Northern
Hemisphere glaciation during the Quaternary (e.g., Bailey
et al., 2013). Nevertheless, ephemeral ice sheets have been
tracked back to the late Eocene (e.g., Maslin et al., 1998;
Darby, 2014), and identified ice-rafted debris from ODP Sites
913 and 918 has been interpreted as originating from a per-

manent ice sheet covering east Greenland during the late
Eocene and middle Miocene (e.g., Tripati et al., 2008; Thiede
et al., 2010). However, both ODP sites are located on the
abyssal plain away from the present-day Greenland coastline
and, thus, do not record initial ice sheet inception. Determin-
ing the timing of the initial cross-shelf glaciation on North-
east Greenland would constrain the environmental conditions
of the transition from land-based to marine-based ice sheets
in the Northern Hemisphere.

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

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

4.2.3 Denmark Strait gateway: DenGate proposal
outline

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

Community effort has been requested to resolve which com-
ponents and pathways of the AMOC have altered, how, and
why (Ceasar et al., 2021).

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

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

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

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

5 Concluding remarks and future work

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

Data availability. No data sets were used in this article.
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