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Figure 2. Reconstruction of the northeast Atlantic at 55 Ma with the distribution of dated (57-53 Ma) onshore and offshore sample locations
(red filled circles) for the North Atlantic Igneous Province, the location of the Iceland Plume with respect to Greenland (Torsvik et al., 2015),
and rift basins developed from the late Palaeozoic to the Palacocene (Faleide et al., 2010). The inset map demonstrates the extensive sill and
hydrothermal vent complexes in the Vgring Basin off the shore of Norway (see white box in main map) and the location of the 6607/5-2
Utgard borehole, where magmatic sills intruding organic-rich sediments are dated to 55.6 and 55.3 Ma (U-Pb zircon; Svensen et al., 2009).
From a database of many hundreds of dated volcanics and intrusions there are only six U-Pb ages, ranging from 62.64+0.6 Ma (Antrim lower
basalt in Ireland) to 56.02 Ma (Skaergaard intrusion in eastern Greenland).

than the surrounding mantle, can produce large quantities of
melt (White and McKenzie, 1995; Hole and Millett, 2016;
McKenzie and Bickle, 1988). Larsen and Saunders (1998)
proposed that the opening of the northeast Atlantic rift al-
lowed a sheet of hot plume material to spread along the rift
for as much as 2700 km from south of Greenland to the Bar-
ents Sea. Recent seismic tomography confirms that the Ice-
land anomaly extends to the lower mantle (e.g. French and
Romanowicz, 2015; Jenkins et al., 2016).
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2.1.2 Hypothesis 1b: active upwelling without a thermal
anomaly

Active mantle upwelling without a thermal anomaly provides
an alternative mechanism for excess magmatism at volcanic
rifted margins involves. Active upwelling is defined as up-
welling of mantle at a rate higher than the half spreading rate
of the rift zone (Holbrook and Kelemen, 1993). Mutter et
al. (1988) first suggested that small-scale convection induced
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Figure 3. Breakup volcanism in the North Atlantic resulted in extrusion (pink and orange colours) and intrusions (red) of magmas into the
sediments basins and led to the development of lower crustal bodies with particularly high seismic velocities called underplating (not shown)

(Abdelmalak et al., 2016).

by lateral temperature gradients may provide an enhanced
flux of material into the region of partial melting, thereby
increasing magmatic activity in the absence of mantle po-
tential temperatures elevated by an external influence. While
this hypothesis has attracted considerable attention (Mutter
et al., 1988; Boutilier and Keen, 1999; Keen and Boutilier,
2000; Nielsen and Hopper, 2004; Simon et al., 2009), the rel-
ative importance of active upwelling in the evolution of rifted
volcanic margins is still debated (Holbrook et al., 2001; Ko-
renaga et al., 2000, 2002).

2.1.3 Hypothesis 1c: excess magmatism owing to an
enriched mantle source

Major element source heterogeneity may also contribute
to anomalously high melt production during continental
breakup (Davies, 1983; Zindler et al., 1984; Allegre and Tur-
cotte, 1986; Allegre and Lewin, 1995; Morgan and Mor-
gan, 1999; Kellogg et al., 2002; Meibom and Anderson,
2004; Albarede, 2005). The mantle is characterised by signif-
icant chemical and isotopic heterogeneity and appears to be
a heterogeneous assemblage of depleted and enriched peri-
dotite, as well as recycled subducted oceanic crust, the litho-
sphere, and sediments. Inherited enriched domains in the
sub-lithospheric mantle with anomalously low melt temper-
atures may therefore deliver more melt during their ascent
beneath the extending lithosphere and at the ridge axis.
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These end-member processes have distinct characteris-
tics and diagnostic features that may be used to differen-
tiate their relative roles during volcanic margin formation.
Plume-related anomalous high mantle temperatures will re-
sult in high melt fractions, high-pressure melting, and dis-
tinct geochemical characteristics (e.g. He and Sr—-Nd isotope
anomalies). Active upwelling (small-scale convection), con-
versely, without a thermal anomaly will result in a low av-
erage pressure of melting (Holbrook et al., 2001; Korenaga
et al., 2002), low degrees of melting, and geochemical sig-
natures closer to mid-ocean ridge basalt (MORB). Further-
more, the plume mechanism predicts that the largest excess
magmatic productivity will occur close to the plume centre
and there will be local structural control on melting. Ac-
tive upwelling caused by small-scale convection on the con-
trary is completely controlled by the local geometry of rift-
ing, its consequences for local perturbations in thermal struc-
ture, and the local viscosity and density structure of the man-
tle lithosphere and sub-lithospheric mantle. A fertile source
should result in a high average pressure of melting and dis-
tinct isotope geochemistry of the melts indicating an enriched
source. Information on the temporal and spatial variations of
the mantle potential temperature and active upwelling can
be used to constrain models of rift dynamics, rift-related
convection, and plume-rift interaction (Brown and Lesher,
2014).
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In spite of 30 years of research into the reasons for ex-
cess magmatism during the breakup of continents, it has not
been possible to determine which of the three competing hy-
potheses (1a—Ic) is correct. Therefore, we propose a new ap-
proach to test the hypotheses that goes beyond the largely
geochemical approaches that have been employed in the past.
By drilling the various breakup related volcanic facies units,
we will produce the information on the timing, the rates of
volcanism, and the vertical movements of the Norwegian
margin necessary to feed geodynamic models that are able
to distinguish between the competing hypotheses.

We concluded during the workshop by affirming that it is
important to test a further hypothesis that will deal with the
consequences of breakup magmatism.

2.1.4 Hypothesis 2: voluminous emplacement of
magma in organic-rich sedimentary basins and
basaltic eruptions may trigger global warming

The magma volume, eruption duration, and emplacement en-
vironment are critical parameters for the palacoenvironmen-
tal implications of LIPs. Svensen et al. (2004) proposed a
new hypothesis to explain how LIPs could trigger global en-
vironmental crises. The basic feature of this hypothesis is that
magma emplaced into organic-rich sedimentary sequences
leads to heating of the host rock and generation of large vol-
umes of greenhouse gases, most importantly CHy and CO»
(Aarnes et al., 2010, 2011). The gas generation may cause an
overpressure build-up and formation of so-called hydrother-
mal vent complexes (Svensen et al., 2004; Reynolds et al.,
2017), releasing fluids and sediments to the hydrosphere and
atmosphere (Aarnes et al., 2015). This hypothesis may be
tested by collecting climate proxy data and sampling prox-
imal Palaeocene—Eocene deposits both in the Vgring Basin
and in Denmark (e.g. Svensen et al., 2004; Frieling et al.,
2016). The proximal nature of the Vgring Basin to the vol-
canic and magmatic sequences of the North Atlantic Igneous
Province (NAIP) could allow for the differentiation between
volcanic and thermogenic origins of gases, as differences be-
tween sub-aerial and subaqueous emissions of key magmatic
tracers such as tephra and mercury have a primary control
on their subsequent dispersal (Jones et al., 2019). Compar-
isons of this proximal dataset with distal sedimentary sys-
tems would then offer insights into the relative timing of ex-
trusive and intrusive magmatic activity and its temporal re-
lationship to climate change events. The sedimentary record
may also provide insight into the long-term Palaeocene cli-
mate variation in a proximal setting during the early phase of
the NAIP and potential palacoclimate links to basaltic explo-
sive and effusive eruptions.

2.2 Effects of volcanism on climate change

Volcanoes play a key role in many global element cycles,
helping to replenish and regulate atmospheric and oceanic
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chemistry over time. However, volcanism is episodic and
stochastic in nature, and elevated periods of activity in Earth
history will impact the carbon cycle (Jones et al., 2016). Pe-
riods of elevated volcanism such as the emplacement of the
NAIP often coincide with considerable environmental per-
turbations such as the PETM (Fig. 4), suggesting a possible
causal relationship (Bond and Wignall, 2014). The total vol-
ume of magma emplaced during the Paleogene is estimated
to be 6-10 x 10% km?3 (Saunders et al., 2007). NAIP activity
is interpreted as occurring in two main pulses of activity:

1. A pre-breakup phase of continental flood basalt volcan-
ism was largely erupted through and onto continental
crust.

2. The main, more-voluminous phase of thick lava flows
and widespread intrusions is closely associated with the
breakup of the northeast Atlantic Ocean (Saunders et al.,
2007; Storey et al., 2007b; White and McKenzie, 1995).

The formation of the NAIP delivered considerable volumes
of greenhouse gases to the atmosphere, both in the form of
direct volcanic degassing and explosive discharge of ther-
mogenic gases generated by contact metamorphism around
magma intrusions into sedimentary basins (Svensen et al.,
2004). Therefore, the NAIP is one of the primary contenders
for causing the steady warming and, potentially, also numer-
ous hyperthermal events in the Paleogene (e.g. Cramer et al.,
2003; Lourens et al., 2005), either by direct forcing and/or as
an instigator of positive climate feedbacks such as methane
hydrate melting (e.g. Lunt et al., 2011).

The relationship between the NAIP and Paleogene climate
remain a topic of intense debate. The extreme greenhouse
conditions of the PETM occurred at ca. 55.8 Ma (Charles
et al., 2011), which coincides with the second major pulse
of activity from the NAIP (Storey et al., 2007a). However,
there are significant gaps in our understanding of the tim-
ing and volumes of greenhouse gas fluxes from both vol-
canic and intrusive NAIP activity. A robust geochronology of
the NAIP activity is currently hindered by the limited num-
ber of accurate radiometric ages and relatively limited ability
to trace LIP volcanism in sedimentary archives. At present,
the available modern geochronological data are restricted to
40 Ar/39 Ar mineral ages and a few U-Pb ages for subvolcanic
intrusions (Larsen et al., 2016; Storey et al., 1998, 2007b;
Svensen et al., 2010; Wilkinson et al., 2016). Significant hia-
tuses can be observed in between the two phases of mag-
matism in the late Palacocene (Larsen et al., 1999; Storey
et al., 2007b), although the apparent timing of these repose
periods seems to vary across the NAIP. In eastern Green-
land there is corroborating evidence that voluminous volcan-
ism occurred in the late Palaeocene and early Eocene. The
initial emplacement of the Skaergaard intrusion occurred at
56.02Ma (Wotzlaw et al., 2012), and a geobarometer study
using amphiboles suggests that the intrusion was buried by
5.3-6.342.7 km of flood basalts as it crystallised (Larsen and
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Figure 4. Eocene global climate evolution (redrawn from Cramwinckel et al., 2018). (a) Compiled atmospheric CO; based on boron isotope
and alkenone stable carbon isotope fractionation data. (b) High-latitude (green) and tropical (purple and pink) sea surface temperature records
based on organic (TEXgg) and various carbonate-based (Mg/Ca, oxygen isotope, and clumped isotopes) inorganic geochemical proxy data.
(c) Ice-free deep-ocean temperature based on high-resolution oxygen isotope data of benthic foraminifera.

Tegner, 2006). This estimate equates to around 100-300 kyr,
representing a huge outpouring of lava that began ~ 200 kyr
before the PETM (Charles et al., 2011). Moreover, a distinc-
tive tephra layer in the uppermost part of the East Greenland
flood basalts (Heister et al., 2001) is indistinguishable in both
chemistry and age to a prominent tephra horizon found in the
North Sea and in Danish strata (Storey et al., 2007a). The
corrected Ar/Ar radiometric age is ~ 55.6+0.12 Ma for this
tephra (Lars Augland, personal communication, 2019), indi-
cating a 400 kyr time interval for the East Greenland flood
basalts that encompasses the PETM.

There is also mounting evidence for considerable mag-
matic intrusions during this time interval. Vent structures
form at the edges of sill intrusions due to overpressure gener-
ated by pore fluid boiling and/or gas generation from contact
metamorphism (Aarnes et al., 2015). The resulting explo-
sions are capable of ejecting gases into the atmosphere, even
from submarine vents (Svensen et al., 2004). Many subma-
rine hydrothermal vent complexes have been identified in the
Norwegian Sea (Planke et al., 2005), in the Faroe—Shetland
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basin (Hansen, 2006), and on the northeastern Greenland
margin (Reynolds et al., 2017), which suggests that these
features were widespread along the proto-northeast Atlantic
margins. The majority (~ 95 %) of the vent complexes in the
Vgring and Mgre basins terminate at the horizon between
Palacocene and Eocene strata, with the remainder terminat-
ing within the Palaeocene sequence (Planke et al., 2005),
with some examples penetrating through earlier volcanic
events (Angkasa et al., 2017). The only drilled vent complex
is dated to within the PETM (Frieling et al., 2016), whereas a
zircon U-Pb age from a sill in the Vgring Basin was dated to
ca. 55.6 Ma (Svensen et al., 2010). It therefore appears likely
that the emplacement of sills led to considerable hydrother-
mal venting of gases around the time of the PETM.

While both volcanism and contact metamorphism de-
gassing appear to coincide with the global warming events
of the late Palaecocene and early Eocene, there remain con-
siderable unknowns in terms of temporal development and
potential gas fluxes from these sources. Moreover, it is cur-
rently difficult to separate the effects of volcanism and con-
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tact metamorphism in order to assess their relative forcing
on the climate system. There are a number of possible ways
to improve the geochronology and relative importance of
each flux in the Paleogene. The acquisition of core mate-
rial through continuous strata in close proximity to the NAIP
would be an invaluable asset in deciphering the relative im-
portance of these two processes. While both volcanism and
contact metamorphism release greenhouse gases, gases from
the latter are partly produced from sedimentary organic mat-
ter and therefore have much more depleted 8'3C values. The
eruptions from hydrothermal vent complexes are also more
likely to transfer co-erupted metals such as mercury to the
overlying water column, so large variations in metal concen-
trations in sediments proximal to vent complexes would sug-
gest periods of elevated degassing driven by sill intrusions
(Jones et al., 2019).

3 North Atlantic Igneous Province

While many continental margins may be considered volcanic
rifted margins (e.g. South Atlantic, Arabian Sea, and north-
western Australia) the northeast Atlantic is by far the most
intensely studied volcanic rifted margin. As an early fron-
tier for hydrocarbon exploration this margin attracted also
scientific attention and for the past seven decades an enor-
mous amount of geophysical and drilling data were collected
culminating in five DSDP and ODP legs: Leg 38 (1974) —
Vgring (Talwani and Eldholm, 1977); Leg 81 (1981) — Rock-
all (Roberts et al. 1984); Leg 104 (1985) — Vgring (Eldholm
etal. 1987, 1989); Leg 152 (1993) — southeastern Greenland
(Larsen et al. 1994; Larsen and Saunders, 1998); Leg 163
(1995) — southeastern Greenland (Larsen et al., 1999; Dun-
can et al., 1996). Apart from the enormous amount of avail-
able data and a priori information, the North Atlantic Igneous
Province also lends itself to the study of breakup volcanic
processes because both conjugate margins can still be stud-
ied and because rifting occurred over a wide area trapping
terrestrial sediments. This results in a situation in which the
breakup volcanic successions are nearer to the seafloor than
on other volcanic margins, which makes it easier to study
them by geophysical methods and drilling.

The northeast Atlantic rift system developed as a result of
a series of rift episodes succeeding the Caledonian orogeny
that ultimately led to continental breakup and passive mar-
gin formation in the Palacocene—Eocene (e.g. Talwani and
Eldholm, 1977; Eldholm et al., 1989; White and McKenzie,
1989; Skogseid et al., 2000). The conjugate Norwegian Jan
Mayen—Greenland margins are now very well covered by 2-
D and 3-D reflection and refraction seismic surveys, by po-
tential field and heat flow data, and by borehole data that al-
low a refined structural and stratigraphic framework (Figs. 1,
2, and 3) (e.g. Gudlagusson et al., 1988; Lundin and Doré,
1997; Brekke, 2000; Raum, 2000; Tsikalas et al., 2001, 2005;
Osmundsen et al., 2002; Gernigon et al., 2003; Ren et al.,
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2003; Hamann et al., 2005; Mjelde et al., 2005a; Breivik et
al., 2006).

The Norwegian margin is segmented along strike by the
northwest-trending Jan Mayen Fracture Zone and the Bivrost
Lineament, which separate from south to north the Mgre,
Vgring, Lofoten—Vesteralen, and Barents Sea margin seg-
ments on the Norwegian side and their conjugates at the
Jan Mayen microcontinent and off of northeastern Green-
land (Figs. 1 and 2). Margin segments are characterised by
strongly different tectonomagmatic styles and sediment dis-
tributions (Fig. 4) (Doré et al., 1999; Berndt et al., 2001; El-
dholm et al., 2002). The largest magmatic accumulation is
observed in the Vgring segment with decreased volumes to
the south and north. In the southern segment, passive mar-
gin formation and oceanic spreading were accommodated by
the Aegir Ridge between the Mgre and Jan Mayen (at the
time still connected to Greenland) conjugate margins in the
Palaeocene—Eocene. The Aegir Ridge was abandoned in the
late Oligocene and the Jan Mayen micro-continent separated
from Greenland during the development of the Kolbeinsey
Ridge (Talwani and Eldholm, 1977; Nunns, 1982; Skogseid
et al., 2000; Miiller et al., 2001).

Rifting and passive margin formation in the northeast At-
lantic was accompanied by strong volcanic activity (White
and McKenzie, 1989; Eldholm et al., 1989; Eldholm and
Grue, 1994; Larsen and Saunders, 1998). Along the north-
east Atlantic rifted margins, evidence for extensive magma-
tism is provided by SDRs, magmatic intrusives, and high-
velocity bodies at the base of the continental crust underly-
ing the ocean—continent boundary which in the distal margin
are unequivocally interpreted as a magmatic underplate (Tal-
wani and Eldholm, 1977; Roberts et al., 1984; Eldholm et al.,
1989; Larsen and Saunders, 1998; Berndt et al., 2001; Mjelde
et al., 2005b; Planke et al., 2005).

The ODP drilling of the Vgring Margin (Leg 104) and off
of southeastern Greenland (Legs 152 and 163) recovered vol-
canic rock successions that erupted during the initial stages
of the opening of the northeast Atlantic (Fig. 5). The drilled
rocks (Legs 152 and 163) range from pre-breakup conti-
nental tholeiitic flood basalt, through syn-breakup picrite, to
oceanic-type basalt that form the main part of the SDRs (Fit-
ton et al., 2000). The oceanic-type lavas show an increas-
ing degree of melting and contribution from asthenospheric
mantle sources with time (Fram et al., 1998; Fitton et al.,
1998). The thickness of igneous crust accreted at the south-
eastern Greenland continent—ocean boundary increases from
about 18 km in the south to about 30 km near the Greenland—
Iceland Rise (Holbrook et al., 2001). Similarly, geochemi-
cal enrichment of volcanics of the East Greenland Margin
(e.g. chondrite-normalised (Ce/Y)N and isotopes; Fram et
al., 1998; Fitton et al., 1998; Tegner et al., 1998; Brown and
Lesher, 2014) increases from south to north. The correlation
of crustal thickness and compositional enrichment suggests a
combination of changes in source composition, source tem-
perature, and/or melting dynamics. It is not known if a sim-
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Figure 5. Volcanic seismic facies unit sketch (after Planke et al., 2000) showing schematic location of potential drill sites (top) and modern
seismic reflection data showing sites proposed in IODP proposal 944 resulting from the workshop. In sequence (grey panels: left to right, top
to bottom) these will test the landward flows, hydrothermal systems linked to sill intrusions, the host rock, the seaward dipping reflectors,
the outer high facies, and the outer seaward dipping reflectors (data courtesy of TGS, more information at https://www.tgs.com/, last access:

17 November 2019).

ilar correlation of crustal thicknesses and magma composi-
tions exists along the Norwegian margin. To establish the re-
lationship between the chemistry of the volcanics and crustal
configuration would be a milestone of the proposed inves-
tigations. Geochemical data (Fig. 5) show strong chemical
and isotopic similarities between the “Upper Series” from the
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Vgring Plateau and southeastern Greenland. In contrast, the
“Lower Series” from both areas are fundamentally different
from each other in many aspects. These differences point to
substantial differences in either the pre-breakup lithosphere
composition at the two localities or to different styles of
mantle—crust interaction.
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4 Drilling strategy and potential sites

During the workshop discussions focused on a potential
drilling strategy to maximise knowledge gain from a new
drilling campaign. The mid-Norwegian margin is well suited
for scientific drilling of Palaeocene and lower Eocene se-
quences as the post-breakup sediment cover is thin (com-
monly less than 200 m), and abundant new 2-D and 3-D seis-
mic data exist. The conjugate northeastern Greenland margin
and the Jan Mayen Ridge have much thicker post-breakup
sediment packages (commonly 1-2km) and regional 2-D
seismic coverage, but several deep drilling sites have been
identified. Few basement drilling targets were identified in
the northwest Atlantic due to kilometre-thick post-breakup
sediment units. The Limfjorden region, on the shore of
Denmark, is however a promising complementary onshore
drilling area, as Palacocene and lower Eocene sediments and
ash layers are outcropping here and accessible for sampling
by boreholes of 500-800 m.

On the mid-Norwegian margin the most promising ap-
proach would be to drill 5 to 10 shallow holes along one
along-strike and one cross-strike margin transect, including
volcanic and high-resolution Paleogene sedimentary sites.
The temporal and spatial sampling of volcanic rocks is im-
portant to constrain melting conditions and plume influence
on magmatism. The holes should provide samples of the
main volcanic terrains and ages (61-50 Ma). Geochemical
data can provide proxy data for the melting temperature
and dynamics in space and time. Furthermore, the data can
be used to assess mantle heterogeneities, lithospheric struc-
tures (e.g. transform margins), and lithospheric contamina-
tion. Geochronological data combined with geophysical data
are essential to provide constraints on how magma fluxes
vary along the strike and across the margin. These are all
crucial parameters required to model melting processes.

To determine the relative vertical movement of the margin
we propose to test the nature of volcanic seismic facies units.
The seismic volcanostratigraphic interpretation suggests that
the emplacement environment can be determined from the
seismic data (Planke et al., 2000; Berndt et al., 2001; Ab-
delmalak et al., 2016). Previous drilling on the Vgring Mar-
gin (Hole 642E) has documented that the inner SDR and
landward flows represent sub-aerially emplaced lava flows.
However, to date, no SDR reflections have been drilled by
IODP or its predecessors. Furthermore, the nature of the in-
ner flows, lava delta, outer high, and outer SDR has not been
documented by scientific boreholes. In the model of Planke
et al. (2000) the outer SDRs are emplaced in a deep marine
environment; the outer high is in a shallow marine environ-
ment; the lava delta is in a coastal environment; and the inner
flows are in a deep marine environment. The landward flows,
lava delta, and inner flows are thought to represent a transi-
tion from the sub-aerial to subaqueous domains (Abdelmalak
et al., 2016). The documentation of the emplacement envi-
ronment of the different facies units will provide important
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control on the vertical motions of the volcanic eruption cen-
tres in space and time, which are important parameters for
modelling margin dynamics.

Direct observation of the palaecoenvironment by the sam-
pling of Paleogene sediments will help to determine the re-
lationship between magmatism and the palacoenvironment.
Several potential drilling sites have been identified along
the Vgring Transform Margin and on the shore of Denmark.
Analyses will include the radiometric dating of tephra layers
and collection of volcanic proxy data such as metal enrich-
ments and evidence of hydrothermal vent complex ejecta.
These volcanic proxies will be integrated with palynology
and organic molecular proxies to reconstruct palaeo-sea-
surface and palaeo-land-air temperatures and palaeoenviron-
mental changes.

An across-strike margin transect is proposed in the central
Vgring Margin segment, and it could consist of four sites.
This transect is located in a typical volcanic rifted margin set-
ting and will cover the entire age range of breakup volcanics
to understand syn- and post-breakup volcanism, melting, and
margin dynamics. The inner two sites are located on modern
3-D seismic profiles, whereas the outer two sites are located
on 2-D seismic profiles. The holes are complementary to the
existing DSDP and ODP holes in the region.

The aim of the along-strike transect is to sample volcanic
rocks in the northern part of the Mgre Margin, the Kolga
High. This structure has recently been covered by high-
quality 3-D industry seismic data, and it documents very thin
basalt above a non-reflective structural high. The two sites
aim at sampling the sub-basalt and initial basalt deposits on
this margin segment. The along-strike profile will include the
existing deep ODP 642 Site on the southern Vgring Mar-
gin, DSDP Sites, and the two proposed site on the Vgring
Marginal High.

Two high-resolution Paleogene sediment sites are pro-
posed along the Vgring Transform Margin. The Paleogene
is within the 200 mb.s.f. limit in two places, the northern
Kolga High and the Mimir High. Two holes are proposed on
the northern Kolga High to ensure relatively complete cover-
age of the sequence. Four slightly offset holes are proposed
on the Mimir High. Here, the Palacocene and lower Eocene
sediments are dipping gently northwards and offset drilling
may provide a more complete sampling of the succession.
In addition, two boreholes in the Limfjorden area, northern
Denmark, targeting Palaeocene and lowermost Eocene sedi-
mentary strata and ash layers, are proposed in a complemen-
tary ICDP proposal.

5 Secondary objectives

5.1 The role of oceanographic gateways on the onset of
Atlantic meridional overturning circulation

A significant consequence of the tectonic opening of the
northeast Atlantic during the Paleogene and Neogene is the
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creation of ocean gateways linking the Arctic Ocean to the
Atlantic through the Greenland, Iceland, and Norwegian seas
(Nordic Seas). This process has been central to or part of pre-
vious scientific drilling expeditions in the northeast Atlantic
region, and the results strongly indicate that these connec-
tions played a significant role in causing, or amplifying, en-
vironmental changes during the Cenozoic through their in-
fluence on water mass circulation (Laughton, 1975; Miller
and Tucholke, 1983; Jakobsson et al., 2007; Boyle et al.,
2017; Coxall et al., 2018; Vahlenkamp et al., 2018). Cur-
rent questions are focusing again on the role and timing of
mantle upwelling beneath Iceland in dynamically support-
ing regional bathymetry and the depth of oceanic gateways
that control the strength of deep-water flow over geologic
timescales (Miller and Tucholke, 1983; Poore et al., 2006;
Parnell-Turner et al., 2014; Stérz et al., 2017), yet existing
records are insufficient to move forward. The recovery of
early Cenozoic sediments overlying Palaeocene volcanics on
the Vgring Plateau, which are captured impressively in seis-
mic profiles, will provide improved constraints on the evolv-
ing oceanic environment of the Nordic seas, especially the
transition from non-marine to marine facies. Moreover, we
suggest drilling a specified core in the trough “Judd Fall
Drift”, situated in the Faroe Bank Channel (one of the deep
intersections of the Greenland—Scotland Ridge) (850 m water
depth; Hohbein et al., 2012). Judd Fall Drift contains a thick
sedimentary section (up to 900 m) of early middle Eocene to
late Miocene (or early Pliocene) sediments and is interpreted
from industry seismic evidence to contain a history of Nordic
Seas overflow extending back to the middle Eocene (Hohbein
et al., 2012). IODP coring of the sequence will be critical
for testing this and competing hypothesis about the timing
of Greenland—Scotland Ridge subsidence and associated on-
set of the formation of deep water in the North Atlantic in
the early Cenozoic (Via and Thomas, 2006; Hohbein et al.,
2012; Boyle et al., 2017; Coxall et al., 2018; Vahlenkamp et
al., 2018). These palaeo-ocean gateway objectives will pro-
vide an older and more northerly perspective on the links be-
tween plume activity and ocean circulation to complement
an existing IODP proposal focused on similar questions in
the Neogene, i.e. IODP proposal 892 Full (Reykjanes Man-
tle Convection, Parnell-Turner et al., 2014).

5.2 Groundwater systems in breakup basalts and
carbon storage

Submarine groundwater discharge is a global phenomenon
contributing 3 %-30 % of the fresh water budget in various
locations (Taniguchi et al., 2002; Post et al., 2013). In re-
gions covered by glaciers and/or permafrost in the past, the
circulation of meteoric water has been shown to relate to a
large hydraulic head contrast as a result of the excess weight
from glaciers (DeFoor et al., 2011). Signs of meteoric water
circulation have been detected from the stable isotopes (8'30
and §D) of water from ODP Leg 104 Sites 642 and 643 at the
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Vgring Plateau. Such observation is unexpected as these two
drill sites are ca. 500 km from the shelf edge, where the max-
imum extent of glacier ice was during the Last Glacial Max-
imum (Patton et al., 2016). Similar signs of meteoric water
were also observed along the continental shelf of the Nor-
wegian margin (Egeberg and Aagaard, 1989) and more re-
cently documented by Hong et al. (2019) from the Lofoten-
Vesterilen continental slope (~ 800m water depth and ca.
100 km from the Lofoten Archipelago). Similar groundwater
anomalies were also documented ca. 100 km southeast of the
Greenland shelf (DeFoor et al., 2011).

The presence of meteoric water from the Norwegian and
Greenland margins may be associated with the thick basaltic
formation as a result of the breakup volcanism in the North
Atlantic Ocean. Large-scale basaltic formations serve as
quality aquifers at many places around the world. For exam-
ple, the Columbia River Basalt Group from the western USA,
one of the large igneous provinces, is a 163 687 km? aquifer
that supplies fresh water to three states (Vaccaro, 1999). In
addition to the potential for storing fresh water, basaltic for-
mations are also good candidates for permanent CO; seques-
tration. Alteration of basaltic rocks can release calcium ions,
which are one of the most essential ingredients for carbon-
ate mineral formation. By injecting solutions into the basaltic
formations, the dissolved CO; can be sequestrated in the for-
mation as carbonate minerals. For example, the investigation
of fluid geochemistry around Hekla, Iceland, has shown that
the dissolution of basaltic materials can stimulate carbonate
mineral precipitation and the drawdown of inorganic carbon
content in the solution (Flaathen et al., 2009).

The observations of meteoric water and high dissolved
calcium concentrations from the bottom of ODP Sites 642
and 643 have shown that the Vgring Plateau is an ideal
place to study the circulation of fresh water within such a
large basaltic formation and to assess its potential for CO;
sequestration. However, what was not answered from the
early studies is the origin of the meteoric water and the trig-
ger(s) for such large-scale circulation. Furthermore, this will
have repercussions on the role of meteoric-water circulation
and water—rock interactions on carbon cycling and deep mi-
crobial ecosystems. The dating of the water samples from
the borehole with tracers such as 4C, 36Cl, and 234U/ 238y
(IAEA, 2013) and a systematic analysis of fluid geochem-
istry (Inagaki et al., 2015) will shed light on some of these
questions.

6 Relationship to the IODP Science Plan for
2013-2023 and beyond

The breakup of the continents is a fundamental component
of the plate tectonic cycle and major episodes of the agglom-
eration of crustal blocks into supercontinents and their sub-
sequent rifting, and the formation of new oceans has punctu-
ated Earth’s evolution since the Archean. Rifting episodes
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result in major changes in the surficial conditions of our
planet impacting Earth’s atmosphere, climate, ocean circula-
tion and chemistry, and life on land and in the oceans. Some
of these events have resulted in the development of the major
energy resources that have powered the world’s economies
for the past century. Consequently, the mechanisms and con-
sequences of continental breakup and the nature of the still
poorly defined transitions from continents to oceanic crust
have been important targets for scientific ocean drilling since
its inception in the Deep Sea Drilling Project 50 years ago.

The current phase of ocean drilling, the International
Ocean Discovery Program, is guided by the community-
derived science plan llluminating Earth’s past, present, and
future: exploring the Earth under the sea (IODP Science Plan
for 2013-2023). This document comprises 14 challenges
within four major themes:

— “Climate and ocean change: reading the past, informing
the future”;

— “Biosphere frontiers: deep life and environmental forc-
ing of evolution”;

— “Earth connections: deep processes and their impact on
Earth’s surface environment”; and

— “Earth in motion: processes and hazards on human time
scales”.

A number of the challenges can be directly or indirectly re-
lated to the magmatic and tectonic processes occurring dur-
ing continental rifting and the formation of passive margins.
These include aspects of the composition, structure, and dy-
namics of Earth’s upper mantle (Challenge 8), how seafloor
spreading and mantle melting links to ocean crustal archi-
tecture (Challenge 9), and the chemical exchanges between
the oceanic crust and seawater (Challenge 10). Continental
breakup, whether accompanied by large-scale magmatism
or principally tectonic, may have major impacts on global
chemical cycles and the elemental and isotopic composition
of seawater, but to date these effects remain poorly quan-
tified for either volcanic or non-volcanic margins. Passive
margins host major potential hazards from submarine land-
slides and resulting tsunamis (Challenge 12), offer possibili-
ties for the industrial-scale storage of carbon dioxide (Chal-
lenge 13), and the loci for the flow of sub-seafloor fluids
and consequent tectonic, thermal, and biogeochemical pro-
cesses (Challenge 14). Although the climatic drivers and ef-
fects of magmatism and igneous sill intrusion on the Nor-
wegian margin remain debated (see Sect. 3.3), the tempo-
ral coincidence of magmatism, northeast Atlantic breakup,
and the major, geologically short-lived, carbon isotopic ex-
cursion of the PETM indicate that the sedimentary sequences
bordering the northeast Atlantic margins are compelling tar-
gets to test models of sedimentary or igneous gas release,
gas hydrate de-stabilisation, or thermogenic methane produc-
tion during contact metamorphism. Direct, sub-seafloor ob-
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servations of purported gas escape structures may be of di-
rect relevance to anthropogenic-scale industrial carbon diox-
ide storage. These geological records could directly address
ongoing scientific debates regarding the Earth’s response to
elevated atmospheric pCO; (Challenge 1) and other green-
house gases, in particular methane, and the resilience of the
oceans to chemical perturbations (Challenge 4). The science
plan also includes a number of cross-cutting topics, a number
of which can be partly addressed by a campaign of expedi-
tions to the northeast Atlantic region, including hydrocarbon
and other resources needed for the 21st century, the calibra-
tion of climate models through core observations and analy-
ses, and serpentinisation, which is a major process on some
rifted margins.

7 Conclusions

The North Atlantic Igneous Province is as thrilling a drilling
target as ever. During the MagellanPlus Workshop an im-
pressive amount of new data and ideas were presented. They
showed that since the last drilling campaign in 1996 science
has moved on, and new industry data do reveal drilling tar-
gets that would allow for testing two sets of hypotheses that
had not been around for consideration when the last ODP
drilling campaign took place. New IODP and ICDP cam-
paigns would lead to a fundamental understanding of the pro-
cesses that lead to large-scale breakup volcanism and to a
better understanding of the consequences that breakup vol-
canism may have for climate evolution.
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IODP beyond 2023

The International Ocean Discovery
Program (IODP) has successfully
entered its second phase of drill-
ing, with the current IODP Science
Plan scheduled to conclude in 2023.
Central to the IODP endeavours in
this phase is the multi-drilling plat-
form approach to be able to drill in a
wide range of environments. Many
geoscientists from IODP member
nations will have the unique oppor-
tunity to experience the sense of sci-
entific discovery through sailing on
one of the drilling platforms.

How about IODP beyond 2023?
One of the IODP Forum consen-
sus items (September 2018; Chair
Jamie Austin) was visionary: “Mul-
tiple planning efforts underway to
continue scientific ocean drilling
beyond 2023 will eventually require
coordination, both to reconsider the
extant decadal Science Plan and to
evaluate the envisioned mix of drill-
ing platform capabilities, that will
be necessary to respond to the ex-
pected continued flow of high-qual-
ity proposals. The Forum, or its
successor, should play an important
role in this.”

The above Forum consensus has
inspired the international scientif-
ic community to work on the first
step of a post-2023 programme: the
whirlwind of writing a new Science
Plan. Several international work-
shops were organized this year—
in Yokohama, Vienna, Canberra,
Denver, and Shanghai—to discuss
scientific priorities and possibilities
for post-2023. Early- and mid-ca-
reer scientists played prominent
roles during all of these workshops,
with the Canberra workshop set-
ting aside a special session for early
career researchers alone. An inter-

national working group of IODP
scientists, representing all IODP
nations and consortia, then met in
New York in July to summarize and
integrate results of the workshops
and to form the skeleton of a very
ambitious Science Plan for post-
2023, with a timeframe of having
the final product available by June
2020.

In September 2019, the Forum del-
egates had the opportunity to dis-
cuss, scrutinize, and alter where
necessary the proposed skeleton of
the new Science Plan during a very
well-attended meeting in Osaka, Ja-
pan. The Forum delegates were very
impressed with the Plan’s progress
and enthusiastically endorsed its
development while suggesting it be
renamed a “Science Framework”,
which better expresses the IODP
community’s long-range vision for
taking scientific ocean drilling into
the mid-21st century.

The Forum delegates thank the
leaders and members of the New
York working group for their hard
work in developing this Science
Framework for post-2023 and ap-
plaud the speedy formation of the
writing and editing teams. We are
looking forward to the final prod-
uct in mid-2020, as it is necessary
for long-range deliberation on the
structure of a post-2023 scientif-
ic ocean drilling programme. The
Forum delegates also recognize
that the concept and design of the
current IODP structure has proved
highly successful and provides a
powerful possible model to take
forward into the next phase of sci-
entific ocean drilling post-2023.
There will be challenges, but these
can and will be overcome through
international collaboration among
all member countries.

The Forum applauds the efforts of
IODP and ICDP to streamline and
simplify the Amphibious Drilling
Proposal (Land to Sea Proposal)
review process. This should be im-
plemented as soon as possible in
the current programmes of IODP
and ICDP. For now, few details
need to be worked out in the com-
ing months. This simplification of
the review process coordinated by
IODP and ICDP supports scientific
drilling endeavours along transects
from land to shallow waters that
cross-cut multiple disciplines, re-
quiring interdisciplinary efforts to
address specific science questions
and specific societal challenges.
IODP and ICDP are enthusiastic
about working closely together im-
plementing land to sea proposals.
The land to sea drilling efforts will
be specifically mentioned in the ap-
propriate chapters of the new IODP
Science Framework and the new
ICDP Science Plan, both to be pub-
lished in 2020.

Finally, on behalf of the Forum
delegates, I would like to thank
the organizers and participants in
the many planning workshops that
were held earlier this year. Their
hard work has positioned scientific
ocean drilling to flourish for many
years to come.

Sincerely,

Dick Kroon
Chair, IODP Forum

The open-access ICDP and IODP journal

www.scientific-drilling.net
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ECORD Research
Grants 2020 for
Early Career Scientists

CALL FOR APPLICATIONS
DEADLINE: 31 January 2020

The European Consortium for
Ocean Research Drilling (ECORD)
is sponsoring merit-based awards
for outstanding young scientists to
conduct innovative research related
to the International Ocean Discov-
ery Program. The research may be
directed toward the objectives of
completed DSDP/ODP/IODP expe-
ditions and should utilize available
core material and/or data from ex-
peditions. The ECORD Grants will
cover travel and laboratory expens-
es or other approved costs related to
the study.

More information: https:/www.
ecord.org/education/research-grant/

Training and Education

ECORD
SUMMER SCHOOLS 2020

A major goal of ECORD is to train
the next generation of scientists
from member countries and pro-
mote [ODP-motivated science.
Several summer schools are spon-
sored every year by ECORD to fur-
ther foster the education of young
scientists in marine-related scienc-
es and to train a new generation to
participate in future ocean drilling
expeditions. The ECORD Summer
Schools in 2020 will be:

* ECORD Summer School 2020:
Downhole Logging for IODP Sci-
ence. 4-10 July 2020, Leicester, UK

* ECORD Summer School Bre-
men: Sea level, climate variability
and coral reefs. September 2020,
Bremen, Germany

* URBINO Summer School: Title
and Place TBD

More information including call for
scholarships will be posted here:
https://www.ecord.org/education/
summer-schools/

Innovative Exploration
Drilling and Data Acquisition

(I-EDDA) Research School

Innovative Exploration Drilling and
Data Acquisition (I-EDDA) is a net-
work of infrastructures funded by
EIT Raw Materials (European Insti-
tute of Innovation & Technology).
I-EDDA brings together drilling
engineers and geoscientists in order
to develop new field measurement
technologies and drilling methods.
Field testing of innovative down-
hole, core, and sampling analyses
are combined with environmental
studies and novel boring technolo-
gy in order to advance the state of
the art of integrated data analysis.
This will serve to improve explo-
ration methods as drilled boreholes
will have greater value, as the data
get integrated into the interpretation
chain. There will be a need for few-
er boreholes.

The I-EDDA Research School
(I-EDDA-RS) consist of a series of
different courses for PhD and MSc
students, which focuses on themes
of technologies and entrepreneur-
ship in mineral exploration. Topics
addressed by I-EDDA-RS include
scientific methods applied to deep

mineral explorations, exploration
engineering, and the life cycle of
exploration data. The first cours-
es will take place in spring 2020.
Scholars in scientific drilling are
invited to apply (https://www.iedda.
eu/material/I-EDDA-RS.pdf) from
January 1, 2020 on.

The open-access ICDP and IODP journal

www.scientific-drilling.net



Schedules

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

DISCOVERY PROGRAM

USIO operations Platform Dates Port of origin
@ Exp. 378: South Pacific JOIDES Resolution | Jan 3-Mar 4, 2020 Fiji

Paleogene Climate

B Exp 387: Amazon JOIDES Resolution | Apr 26-June 26, 2020 | Recife
Continental Margin

icdp |
ICDP - Project schedule http://www.icdp-online.org/projects/ A
ICDP project Drilling dates Location
1 GRIND June 2019-June 2020 Namibia, Brazil, China
2 Trans-Amazon April-December 2020 Brazil (multiple locations)
3 JET March 2020-June 2020 | Cheshire Basin, UK
Locations

Topographic/Bathymetric world map with courtesy from 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
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Data Center, NOAA. doi:10.7289/V5C8276M).





