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Abstract

This study focused on the tectono-magmatic reconstruction of the Jan Mayen microcontinent
(JMMC) and Iceland Plateau Rift (IPR) in context to the breakup and opening processes of the
Northeast Atlantic region. Joint interpretation of densely spaced reflection seismic data and other
geophysical and geological datasets, has illuminated the complex rift relocations associated with
the formation of the JMMC, a narrow section of continental crust that was detached from the
central East Greenland margin during the opening of the Northeast Atlantic and activation of the
Iceland Plateau Rift. The IPR represents an igneous domain consisting of four distinct stages of
rifting (IPR-I to IV) each corresponding to a structural domain. A tectonic-kinematic model was
constructed by utilizing structural, volcano-stratigraphic and igneous-province-mapping based
on vintage and new geological, geophysical, and geochemical datasets (1960s—2017). Eleven
Cenozoic seismic-stratigraphic units, define the stratigraphic framework, bound by ten
unconformities and disconformities. Six of these boundaries are regional and reflect discrete
tectonostratigraphic phases in the evolution of the Northeast Atlantic region. Eocene to Miocene
overlapping ridge segmentation developed during seven distinct tectono-magmatic phases,
initially along the Agir Ridge and subsequently along the northward propagating Iceland Plateau
Rift, that interlinked the microcontinent with the anomalous Greenland-Iceland-Faroe ridge,
prior to the subaerial formation of Iceland: (1) Pre-breakup to initial breakup phase during
Paleocene (~63-56 Ma), characterized by extension, fracture and rift zone formation, followed
by plateau basalt emplacement of the North Atlantic igneous province; (2) Syn-breakup during
Early Eocene (~55-53 Ma), with stepwise north-to-south development of seaward-dipping
reflectors along the microcontinent’s north-eastern margin and NV-SE striking fracture zone
segments, prior to spreading at the ZAgir ridge; (3) Full breakup along the microcontinent’s
eastern margin and initiation of IPR-I during Early-Mid Eocene (~53-50 Ma); (4) Rift-transfer
during Eocene (~49-36 Ma), characterized by SW to NE magmatic propagation within the
JMMC domain and forming of the IPR-II segment intersecting IPR-I, contemporary with
cessation of spreading at the Egir ridge; (5) Ridge transfer and tectonic re-arrangement during
Late Eocene to Oligocene (~36-25 Ma) was associated with the formation of segment IPR-III,
the south-western Jan Mayen igneous province, and the Jan Mayen trough, separating the Jan
Mayen southern ridge complex from the main Jan Mayen ridge through SW-NE rift propagation.
These events were accompanied by large scale intrusion and flood basalts, in clear proximity to
the Iceland hotspot. (6) Final breakup during Late Oligocene (25-22 Ma) with emplacement of
a second igneous breakup margin along the western flank of the microcontinent in conjunction
with the formation of the IPR-IV and the proto-Kolbeinsey ridge, and the initiation of the proto-
Iceland shelf region. (7) Full separation of the JIMMC-IPR domains from the central East
Greenland margin during Miocene (22-0 Ma) and spreading along the Kolbeinsey ridge. In
summary, the initiation of the fanned-shaped Iceland Plateau Rift and the Jan Mayen
microcontinent’s southern ridge complex was accompanied by crustal breaches and melt
incursions that formed several axial rift systems and volcanic ridges. The JMMC-IPR igneous
domains portray the complexity of a long-lived (Eocene to Miocene) volcanic margin within an
unstable rift-transfer tectonic setting. This region represents a unique analogue Iceland-type
crust; the systematic build-up of up to 10-14 km thick oceanic crust and reactivation of pre-
existing structural complexes by mantle anomalies; rift-transfer processes; and overlapping sub-
aerial and sub-surface igneous activity in conjunction with microplate formation.






Utdrattur

Meginmarkmid pessa verkefnis var ad auka skilning okkar & uppruna og préun Jan Mayen
svadisins (JIMMC) og rekbelta {slandssléttunnar (Iceland Plateau Rift, IPR), i samhengi vid
opnunarferli og reksdogu NA-Atlantshafssvadisins, nordan Islands. Myndunarsaga JMMC er
tviskipt; rek eftir Agishrygg, vid opnun Atlantshafsins, klauf midhluta Austur-Grenlands fra
Noregi, og IPR-rekbeltid innan Islandssléttunnar, vestan ZEgishryggjar, klauf IMMC fra Austur
Grenlandi. [PR-rekbeltid skiptist i fjogur adskilin svadi, 1 tima og rimi. Endurskodad og
itarlegra likan af jardlagafredi, eldvirkni og jardskorpuhreyfingum svadisins byggir &
samtulkun jardfraedilegra, jardedlisfredilegra og jardefnafredilegra gagna sem aflad var &
arunum 1960 til 2017; fjolgeislamalingum; endurkast- og bylgjubrotsgégnum; pyngdar-, og
segulmalingum, borholugbgnum og bergsynum, sem og samanburdi vid adleg svadi.
JarOlagastafli tertier- og kvartertimans skiptist i ellefu jardlagasyrpur sem afmarkast af tiu
mismunandi mislegjum. Sex tengjast sterri, jardsdgulegum atburdum i rekségu Nordur-
Atlantshafssvadisins, énnur svadisbundnari rofmislaegjum. Reksaga svadisins skiptist 1 sjo
timabil eldvirkni og skerhreyfinga, sem endurspegla 6stédugleika i jardskorpuhreyfingum yfir
30 milljon éra timabil, fra pvi Atlantshafid opnadist um Zgishrygg og innan framsakna,
skastiga, IPR rekbeltisins. Upprunalega tengdist IPR rekbeltid Granlands-(islands)-
Fereyjahrygg en ferdist sidan til nordurs, og hof ad éta sig inn i meginlandsskorpu Jan
Mayenhryggjar. Samhlida proun IPR-rekbeltisins, minnkadi rekhradi 4 sunnanverdum
ZAgishrygg. 1 hnotskurn er préunarsagan eftirfarandi: (1) Glidnun innan Laurasiuflekans hofst 4
paledsentimabilinu (fyrir ~63-56 milljonum éra). Upphaflega myndadist mikill sigdalur nordan
og austan JMMC, sem samanst6d af laegum brotabeltum. Aframhaldandi tog vard til pess ad
meginlandsskorpan slitnadi og uthafsskorpa myndadist vid 6flugt uppstreymi mottulefnis og
mikil fleedigos sem myndudu stor basaltsvaedi (North Atlantic Igneous Province). (2) Byrjun
edsentimans (fyrir ~55-53 milljonum éra), einkenndist af myndun mikilla fleedibasaltlaga, innan
skastigra gosbelta sem proudust fra nordri til sudurs eftir nordausturbrin JMMC.
Fledibasaltlogunum (seaward dipping reflectors) hallar 1 att a0 Agishrygg i Noregsdjupi.
Svadid opnadist eftir med NV-SA-legum brotabeltum, hraun runnu 4 landi og i sj0, med
mobergsmyndunum og mobergssetlogum 4 grunnsevi. (3) I kjolfar pess ad Agishryggur
adskilur Grenland fra Noregi snemma & edsen (~53-50 Ma), proast framsaekid rekbelti (IPR-I)
vid sudurenda hryggjarins, og nordurbrin Islands-Fareyjahryggjarins. (4) Gosbeltaflutningar 4
mid og seinni hluta edsen (~49-36 Ma) og myndun Islandssléttunnar. Landrek med
innskotavirkni fra SV til NA eftir IPR-I og sidan IPR-II rekasunum innan {slandssléttunnar,
yfirtekur sudurhluta Egishryggjar, par sem glidonun og jardskorpumyndun minnka til muna. (5)
Eosen-oligosen (~36-25 Ma): IPR-III rekasinn med SV-NA stefnu klifur sudurenda Jan Mayen
frd Lyngvahrygg vid Hlésund og Sudurhryggir Jan Mayen verda til. Timabilinu fylgdi aukid
uppstreymi kviku til nord-nordausturs, undir dhrifum fra {slands heita reitnum med tilheyrandi
aukningu 1 innskota- og eldvirkni samfara myndun fledigossyrpna medfram sigdélum
gosbeltanna. (6) Sid-0ligdsen (~25-22 Ma): Landrek medfram vesturbrun JIMMC innan [PR-IV
rekdssins med fledisgossyrpum, IPR-IV er fyrirrennari Kolbeinseyjarhryggjar sem markar
upphaf nordausturlandsgrunns Islands. (7) Midsen til nitima (22-0 Ma): Med myndun
Kolbeinseyjarhryggjar slitnar JMMC endanlega fra Grenlandi og uthafsskorpa verdur til.
Verkefnid hefur varpad nyju 1j6si & 30 milljon é&ra préunarsogu JMMC, og hvernig
sudurhryggirnir urdu til, i framsaeknu gosbelti innan {slandssléttunnar, undir ahrifum af fslands
heita reitnum, sem yfirtok rek 4 sunnanverdum Agishrygg. Oflug innskotavirkni og eldvirkni
innan skéstigra goskerfa, einkenna innvidi Islandssléttunnar og endurspegla fjolpzttar
glidnunar- og skerhreyfingar eftir flekaskilunum sem rekja ma i endurkastsgdgnunum. Tektonisk
préun rannsoknarsvadisins er i morgu lik Islandi i dag, badi einkennast af éstodugum,
framsaekum rekbeltum, med innskotavirkni 1 gegnum eldri jardlagastafla.
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Preface

Understanding the geological evolution of an area of interest is the basis for any exploration
assessment and decision making for the Icelandic government tied to their offshore licensing
activity. The Jan Mayen microcontinent study was initially focused on the tectonic and
volcanic development of the central part of the microcontinent — the Lyngvi ridge and the
Jan Mayen southern ridge complex areas. To properly understand their formation, a
comprehensive study of the Jan Mayen microcontinent and the Iceland Plateau rift region
became necessary, in order to place the local region within the complex setting of the
Northeast Atlantic. Consequently, a research project was proposed, which formed the basis
for this doctoral work. The resulting project presents an in depth understanding of the
microcontinent’s structural and magmatic foundation, and the establishment of a tectono-
and volcano-stratigraphic framework that enables a clear link to the area’s complex
geodynamic development. These objectives were achieved through detailed geological and
geophysical mapping of the Jan Mayen microcontinent and the Iceland Plateau rift regions,
including seismic-stratigraphic analysis of the sedimentary and igneous succession and their
correlation to the study area’s conjugate margins. Kinematic modelling of the northeast
Atlantic region has enabled the Cenozoic evolution of the Jan Mayen microcontinent and the
Iceland Plateau rift region to be reconstructed and placed within the context of continental
breakup, subsequent plate reorganization, and interlinkage of the Northeast Atlantic rift
system to the Iceland mantle anomaly.

This research project was established and its dissertation was written in collaboration
between the Institute of Earth Sciences (IES) of the University of Iceland, the Iceland
GeoSurvey (ISOR), the Centre for Earth Evolution and Dynamics (CEED) at the University
of Oslo, the British Geological Survey (BGS) and successively the University of Adelaide.
The start of the project ran concurrent with the NAGTEC project, which was a collaboration
between the NW European geological surveys, including {SOR, and oil companies that
produced a tectonostratigraphic atlas of the Northeast Atlantic as well as a comprehensive
geological and geophysical database. During that work, the primary database for the project
was established by the candidate, who played a key role to assemble and compile data
packages for several working groups (WP1: Tectonostratigraphy; WP3: Crustal Structure;
WP4: History of Igneous Provinces; or WP5: Data) within the NAGTEC project that
concerned matters of the Jan Mayen microcontinent, the Iceland Plateau rift areas, and their
links into the conjugate margins. Parallel to the NAGTEC and collaboration projects, was
the candidate managing and initiating the first digital offshore database of for Icelandic
waters, with the focus on the JMMC-IPR region, a database that is now being steadily
expanded for the Icelandic shelf area by a small Icelandic offshore research community.
Collaboration projects were pursued at the same time, as it was imminent and necessary to
increase data coverage and understanding of the JMMC-IPR area’s regional ties to its
conjugate margins and oceanic domains. These concerned a high-resolution magnetic survey
and analysis of the Egir ridge by the Norwegian Geological Survey (NGU), and a detailed
mapping project of the Jameson Land basin in collaboration with the Geological Survey of
Denmark and Greenland (GEUS) and are both specifically acknowledged here. Both,
enabling a good data-based comparison the study area and its oceanic domains, and provided
a better understanding of the central East Greenland onshore and shelf margin areas.
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Introduction

1 Introduction

This research study aims to increase the understanding of the formation and tectono-
magmatic evolution of the Jan Mayen microcontinent (JMMC) and Iceland Plateau rift (IPR)
regions (also referred here as the JIMMC-IPR) throughout the Cenozoic and in context to the
breakup and opening of the Northeast Atlantic Ocean (73°N — 60°N and 5°E — 35°W)
(Figures 1.1; 1.2). The JMMC represents a narrow section of continental crust that was
detached from the central East Greenland margin during breakup and opening of the
Northeast Atlantic since Early Eocene (~55 Ma) (Table 1.1a), described in chapter 2. This
chapter provides an outline of the project area, highlights aims and objectives, previous
research, primary results and synopsis of this study.

Central East
Greenland

Fracture zones & lineaments
JMMC COB

COB (Hopper et al., 2014)
Active mid-ocean ridge,

rift system

Extinct mid-ocean ridge,

Rift system

Iceland Plateau rift

(IPR-I, IPR-II, IPR-lll and IPR-IV)
Iceland Plateau rift

central segments

30°W

20°W

Figure 1.1. Overview and reference map of the NE-Atlantic region, including active and
extinct mid-oceanic ridges, fracture zones and tectonic elements based on Talwani et al.,
1977, Einarsson and Sceemundsson (1987); Einarsson (2008); Gernigon et al. (2015), and
result presented in papers I, Il and III of this dissertation. Bathymetric map from IBCAO
3.0, (Jakobsson et al, 2012). Abbreviations are listed on p.xix-xx.
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1.1 Research aims and objectives

The primary research objective of this study was to establish a comprehensive
tectonostratigraphic understanding of the Jan Mayen microcontinent and Iceland Plateau Rift
areas. This included addressing sediment-stratigraphy related to tectono-magmatic events
and geodynamic processes, since Early Eocene, along the southern half of the JMMC and
IPR and how they are related to kinematic modelling of the central East Greenland’s
Blosseville Kyst, and the Iceland—Faroe fracture zone.

The project was structured around five key tasks, briefly listed below but addressed in detail
in the data and methods chapter 4 of the dissertation.

1.

3.

4.

5.

Establish a comprehensive regional geological, geophysical, and petrochemical
database and compile a bibliography to provide a detailed overview of existing data
and interpretations.

Define and establish a detailed tectono-magmatic and stratigraphic framework for
the JIMMC-IPR region; specific sub-tasks include:

a. Tie borehole, seafloor samples, and seismic refraction data to vintage and
newly acquired seismic reflection data sets.

b. Establish a general Cenozoic sedimentary and igneous seismic-stratigraphic
framework for the JMMC-IPR region.

c. Conduct a stratigraphic comparison with conjugate margins of central East
Greenland, SW Norway, Faroe-Shetland, Iceland, and oceanic ridges.

d. Model the pre-breakup setting of the JIMMC-IPR region in relation to the
central East Greenland and Norwegian margin domains.

e. Document the different types of igneous activity within the JMMC-IPR and
construct a detailed timeline of igneous events.

Develop a detailed kinematic reconstruction of the Northeast Atlantic showing the
evolution of the JMMC in relation to the general pattern of continental breakup from
pre-breakup time to the present day.

Investigate the timing and style of igneous activity observed in the JIMMC-IPR region
in relation to the opening processes of the Northeast Atlantic; particularly the effects
of igneous processes on the pre-breakup domains of the JIMMC.

Assess the interconnection of the IMMC-IPR domains with the IFFZ and the GIFRC
in relation to the mantle anomaly — mid-oceanic ridge interlinked systems.
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1.2 Outline of the dissertation

The thesis is based on two peer-reviewed and published journal papers (Paper I and II) and
one manuscript (Paper III), listed below.

I. Blischke, A., Gaina, C., Hopper, J. R., Péron-Pinvidic, G., Brandsdéttir, B.,
Guarnieri, P., Erlendsson, O. and Gunnarsson, K. (2017). The Jan Mayen
microcontinent: an update of its architecture, structural development and role during
the transition from the Agir Ridge to the mid-oceanic Kolbeinsey Ridge. Geological
Society, London, Special Publications, 447, 299-337. doi.org/10.1144/SP447.5

II. Blischke, A., Stoker, M. S., Brandsdottir, B., Hopper, J. R., Peron-Pinvidic, G.,
Olavsdéttir, J. and Japsen, P. (2019). The Jan Mayen microcontinent’s Cenozoic
stratigraphic succession and structural evolution within the NE-Atlantic. Marine and
Petroleum Geology, 103, 702-737. doi.org/10.1016/j.marpetge0.2019.02.008

III. Blischke, A., Brandsdéttir, B., Stoker, M. S., Gaina, C., Erlendsson, O., Tegner,
C., Halldorsson, S. A., Helgadottir, H. M., Gautason, B., Planke, S. and Hopper,
J. R. (in preparation). Seismic volcanostratigraphic characteristics of the Jan Mayen
microcontinent and Iceland Plateau Rift system. To be submitted to Geochemistry,
Geophysics, Geosystems, Wiley AGU publications.

A regional overview of the study area is presented in Chapter 2, including a summary of its
geodynamic evolution. The data and methods section of Chapter 3 provides an overview of
the dataset, data interpretation approaches and uncertainties. A summary of the main
contributions of each paper, is presented in Chapter 4, along with a summary and conclusions
section in Chapter 5, and ongoing and future work outlook in Chapter 6.

A first-author conference paper has been included in Appendix 1, as it shows a smaller-scale
structural analysis for the Jan Mayen southern ridge complex that is important to understand
the crustal and structural development within an oblique rifting scenario, and highlights
further needed work and analysis, specifically in comparison to similar structures and
processes across Iceland and the Icelandic shelf region.

Blischke, A., Erlendsson, O., Brandsdéttir, B., Hjartardottir, A.R. and
Gautason, B. (2021). The Iceland Plateau — Jan Mayen volcanic breakup margin:
An analogue for axial rift and transfer zone North Iceland. Proceedings World
Geothermal Congress 2021, 11175, 12.

The two published papers and conference paper are presented in printed format, whereas the
third paper (Paper III) is in a manuscript format along with a supplement material section.
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1.3 Previous research and analogues

The study area encompasses the Northeast Atlantic (64° N to 72°N and 32°W to 5°E)
including the JIMMC's continental and igneous conjugate margins of central East Greenland;
the central Norwegian shelf with the More and Vering margins; the Faroe-Shetland region
and the Greenland-Iceland-Faroe ridge (Figure 1.1). Interpretation of selected sub-areas
within the JMMC and their relationship to their conjugate margins became necessary in
reference to chronological time and geographical location and are summarized in chapter 2.
Table 1.1 provides a detailed list of primary data sets and key research points from the
beginning of this project, including joint data analyses, collaboration and co-authored
publications.

1.3.1 Previous research

Previous research on tectono-magmatic processes north of Iceland associated with the
opening of the Northeast Atlantic show that the tectonic evolution of the IPR and the IMMC
regions since Paleocene (Thanetian) has been considerably more complex than along the
Reykjanes ridge south of Iceland, or the Mohns ridge north of the Jan Mayen fracture zone
(EJMFZ & WIMFZ) (Johnson and Heezen, 1967; Vogt and Avery, 1974; Talwani and
Eldholm, 1977; Gairaud et al., 1978; Vogt et al., 1980; Eggen, 1984; Myhre et al., 1984;
Srivastava and Tapscott, 1986; Skogseid and Eldholm, 1987; Gudlaugsson et al., 1988;
Larsen and Jakobsdottir, 1988; Akermoen, 1989; Gunnarsson et al., 1989; Eldholm et al.,
1990; Kuvaas & Kodaira, 1997; Hopper et al., 2003; Scott et al., 2005; Breivik et al., 2003;
2008; 2012; Brandsdottir et al., 2008, 2015; Erlendsson, 2010; Peron-Pinvidic et al.,
2012a,b; Gernigon et al., 2012, 2015, 2019; Gaina et al., 2009, 2014, 2017a,b, accepted)
(Figure 1.1). The nature of the JMMC as a continental crustal block could until recently only
be inferred based on geophysical data, as existing borehole data control is too shallow.
Recent seafloor samples recovered rocks with a time range from Permian to Oligocene of
Paleogene volcanic, and old metamorphically altered and younger Cenozoic sedimentary
rocks (Polteau et al., 2019), which are believed to have been in-situ and not glacial drop
stones. Thus, placing the JIMMC firmly along the East Greenland conjugate margin with
directly comparable lithologies.

Previous studies on the JMMC region focussed on regional scale reconstructions of the NE
Atlantic, and were generally included in studies of its conjugate areas (Table 1.1). The
primary questions of how the JIMMC evolved based on its stratigraphic and volcano-
stratigraphic datasets and ridge — mantle interactions, were not thoroughly addressed. The
complex tectonics of this region, recorded in the stratigraphy, are linked to pre-existing
structural complexities, oblique spreading, crustal block segmentation, and rift propagation
within the JMMC-IPR and central NE Atlantic region. Some interpretations of the same
geophysical seismic refraction and reconstruction datasets have led to contradicting results,
specifically for the Iceland plateau area have been strongly debated. Some consider the
southern continuation of the microcontinent, or continental fragments, to lie underneath the
Iceland Plateau or even Eastern Iceland (e.g. Breivik et al., 2012; Torsvik et al., 2015; or
Gaina et al., 2017b), whereas others have evoked a complex rift system to have intersected
the JMMC based on reflection, gravity (Talwani and Udintsev, 1976b; Gairaud et al., 1978;
Gronlie et al., 1979) and refraction data (Brandsdottir et al., 2015).
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Table 1.1 Overview of selected key research conducted prior to this study for the Jan Mayen
microcontinent, Iceland Plateau, and Northeast Atlantic regions.

Year Reference Area Emphasis
(a) Seismic data and tectonic analysis studies
. . . Tectonic synthesis of Deep-Sea Drilling Project
1976 Talwani and Udintsev, 1976 Northeast Atlantic and IMMC
(DSDP Leg 38)
1978 Gairaud et al., 1978 JIMMC First data analysis.
1979 Gronlie et al., 1979 JMMC-IP
1984 Eggen, 1984 JIMMC Seismic reflection analysis.
1984 Myhre et al., 1984 JIMMC Seismic reflection and petroleum systems analysis.
1988 Gudlaugsson et al., 1988 JIMMC Seismic reflection and petroleum systems analysis.
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on stratigraphy chronostratigraphic chart
based on Gradstein et al. (2012) and
Cohen et al. (2013, updated).

Plate boundary complications associated
with cessation of rifting at the southern
Agir Ridge have not, until recently, been
studied in any detail. High-resolution
geomagnetic data collected for the Jan
Mayen fracture zone (EJMFZ) and the
Agir ridge areas reveal irregularities in
spreading rates within the Iceland plateau
and the ZAgir ridge in the Norway basin
(Gernigon et al, 2012, 2015). This
contrasts with the symmetric magnetic
anomalies that can be traced parallel to the
Reykjanes ridge and Mohns ridge back to
magnetic anomalies chrons C24n2r and
C22 respectively (Gaina et al. 2009),
highlighting the complexity of the study
area.

Prior research of the JMMC-IPR area
mostly relied on low coverage and large-
scale analysis of seismic data (Table 1.1a).
These studies showed the region to be
enigmatic and complex, prompting more
detailed data analyses, as denser line
coverage of seismic reflection and seafloor
data became available from 2001 (Table
1.1b).

constraints were also
published  regional
correlation charts, established
unconformities, and paleogeographic
interpretations for the northeast Atlantic
region (Table 1.1c). This included regional
reconstructions and changes in spreading
directions (Gaina et al., 2017b) (Figure 1.3)
that were essential to understand the
processes that affected the JMMC-IPR
arca. The Gaina et al. (2017b) model is a
key reconstruction within the global
framework.

Stratigraphic
obtained  from



Introduction

The model presented in this study is based on that model, filling in the reconstruction data
gap for the JMMC-IPR area, highlighting major tectonic events represented by five
regionally known unconformities within the JMMC-IPR region and identifying a total of 11
unconformities that reflect the local - sub-regional events that are unique to the central NE
Atlantic area.
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Figure 1.3. Correlation chart estimates by Gaina et al. (2017b) comparing plate motion
changes within the Northeast Atlantic (see line corresponding coloured points in key map)
to Cenozoic regional tectonic events. Seafloor spreading rates and directions. Grey
undulating lines indicate changes in spreading rates and/or directions that coincide with
postulated compressional dome formation along the Northeast Atlantic continental margins.
Abbreviations: AFR — Africa Plate; BAB — back-arc basins; EUR — Eurasia Plate; FAR —
Farallon Plate; GRN — Greenland Plate; IND — India Plate; KUL — Kula Plate; LIP S —
large igneous province subduction; Medit — Mediterranean region;, NAM — North America
Plate; PAC — Pacific Plate; Sboff — slab break-off; and VAN — Vancouver Plate.
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1.3.2 Microcontinents and potential analogue areas

Microcontinents are continental fragments that were detached from continental margins
during oceanic crust forming and sometimes are moved far out within an oceanic domain.
The processes that control microcontinent formations can relate to: (1) relocation of plate
boundaries; (2) the proximity of mantle plumes; (3) wrench tectonics; (4) or inherited
lithospheric  heterogeneities (Gaina and Whittaker, accepted). Often, submerged
microcontinents are bathymetrical features that can affected paleogeography, paleo-ocean
circulation or biogeography (Gaina and Whittaker, accepted). Nemcok et al. (2016)
described microcontinent formation as processes that resulted from: (1) competing wrench
faults or rift zones; (2) the presence of horse-tail structure elements; and (3) multiple
consecutive tectonic events controlled by different stress regimes, which focuses primarily
on the structural/tectonic processes along fracture and wrench fault zone systems.

Both studies mentioned above identified extensional and strike-slip motions, and mid-ocean
ridge/rift relocations as key elements for microcontinent formation. Previous studies also
suggested that some microcontinents formed close to mantle plumes/hot-spot areas (e.g.
Miiller et al., 2001) and therefore may be associated with Large Igneous Provinces (LIPs)
(Figure 1.4). As JMMC has a continental origin, is surrounded by oceanic lithosphere, but
also affected by igneous activity (see section 3.1.4), it can be considered a classical
microcontinent formed due to mid-ocean ridge relocation triggered by the proximity of a
mantle plume (e.g. Miiller et al., 2001). Similar examples may be the Seychelles and Elan
Bank in the West and South Indian Ocean, the East Tasman Plateau and Gilbert Seamount
Complex in the Tasman Sea, or the Wallaby and Zenith Plateaus in the East Indian Ocean
(Miiller et al., 2001; Gaina et al., 2003; Nemcok et al., 2016) (Figure 1.4).

Reflecting on the various microcontinent categories and formation processes described by
Miiller et al. (2001), Nemcok et al. (2016), or Gaina and Whittaker (accepted), the Jan Mayen
microcontinent structure and formation follow several general characteristics of a
microcontinent: (1) inherited lithospheric heterogeneities (located at the junction of Archean,
Caledonian and Mesozoic extensional structural elements); (2) wrench tectonics (located in
between the EJMFZ and the IFFZ); (3) competing rift zones (the Reykjanes ridge from the
south and the Agir ridge from the north); and (4) plume-ridge interactions, causing
asymmetries of oceanic crust formation and rift propagation (the interaction of the Iceland
plume with the IPR, Reykjanes ridge and the Kolbeinsey ridge).

The extensive dataset used in this study does not confirm the model of a Jan Mayen
microcontinent that formed as the result of rift transfers along a magma-poor rifted margins
(Peron-Pinvidic et al. 2012a), a suggestion based mainly on northern JMMC and its partial
Norwegian margin conjugate. A detailed analysis of JMMC western margin and its central
East Greenland conjugate margin, specifically the Blosseville Kyst (Larsen, L.M., et al.
1985, 1989, 1999, 2013, 2014; Table 1.1c) significantly contributed to a revised model that
confirmed the link to the JMMC formation through several magmatic events.
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Figure 1.4. Global view of present-day microcontinent locations (modified after Nemcok et
al., 2016, Gaina and Whittaker, accepted).

Other microcontinents may have formed due to extension triggered by subduction processes.
Some characteristic observed for microcontinent regions linked to passive margins, are also
observed in active margin settings. For example, asymmetries in the accretion of oceanic
lithosphere due to mid-ocean ridge relocations are observed for both the Jan Mayen
microcontinent and Agir ridge system, and the Corsica-Sardinia block and surrounding
oceanic basins (van den Broek et al. 2020). Results from numerical modelling suggest that
continental break-up and incipient microcontinent formation in a subduction setting is
facilitated by the existence of continental heterogeneities and weak zones, and a rotational
kinematic component (van den Broek et al. 2020). The rotational component has been also
described for the opening of the Norway Basin and detachment of JMMC from the
Norwegian margin (Gaina et al., 2009; Gernigon et al., 2015).

In the case of IMMC-IPR area, a gradual south to north propagation, has resulted in a gradual
detachment of IMMC from the main East Greenland margin from Late Eocene to Early
Miocene, while the Agir ridge was still propagating southward. This gradual northward
propagation of the IPR formed a narrow impinging wedge from the south into the JMMC
domain that caused a counterclockwise rotation of the JIMMC blocks away from the East
Greenland margin during Mid-Late Oligocene, until it was completely detached at its north-
western corner in Early Miocene. During that rotation did the JMMC push into the adjacent
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oceanic domain of the ZAgir ridge, which specifically can be confirmed by revers structures
in the south-eastern domain of the microcontinent and the western extent of the Agir ridge.

Potential analogues

The JIMMC-IPR area appears to be similar to the Elan Bank microcontinent (South Indian
Ocean), and Danakil incipient microcontinent (Borissova et al. (2003), Gaina et al. (2007),
Nemcok et al. (2016), and Gaina and Whittaker (accepted)). They could be direct analogues
since their structure, tectonic framework and history show similar conjugate young
continental margins close to a hot-spot within a complex tectonic and rift transfer settings.
For example, the Elan Bank has a crustal thickness of at least 16 km consisting of igneous
(2-3 km) and continental crust (14 km). It was affected by hot-spot magmatism during the
Gondwana breakup, and subsequent microcontinent separation from the Indian plate and
Antarctica via a mid-ocean ridge jump (e.g. Borissova et al. 2003) (Figure 1.4).

These key observations appear very similar to the JMMC by comparing the tectono-
magmatic development, crustal build-up, evidence of thick lava flows and plateau basalt
seen across the JMMC, and high-velocity bodies that appear to surround the microcontinent,
the mid-ocean ridge propagation and transfer along both sides of the microcontinent of the
Agir- and Kolbeinsey ridges respectively. A more definitive proof of a temporal plume-
related magmatic increase of breakup dynamics can only be given by petrologically
sampling the IPR’s time transition from IPR stages I to IV and would be part of future
research projects.

1.4 The JIMMC-IPR study synopsis

In order to address the tectono-stratigraphic and -magmatic processes of the IMMC, and
specifically the Iceland Plateau Rift within a spatial reconstruction framework, a
comprehensive compilation of different geophysical and geological datasets was necessary,
along with comparison with data from the conjugate Mid-Norwegian margin (Vering and
More), the Faroe Islands, the Greenland-Iceland-Faroe ridge complex (GIFRC), and
especially the north-eastern margin of the Blosseville Kyst, central East Greenland (Figure
1.1; Table 1.1c). This assemblage has not previously been demonstrated in such detail for
the JMMC-IPR region.

A comprehensive compilation of geophysical and geological data for the JIMMC-IPR area,
along with assessment and interpretation of structural-, stratigraphic, sedimentary and
volcanic development forms the basis of this dissertation. This was accomplished by
utilizing gravity- and magnetic anomaly data, multibeam bathymetric data, seismic
reflection and refraction data, and borehole and seafloor samples, summarized in detail in
chapter 3. Using these datasets, the detailed seismic-stratigraphic analysis of key
stratigraphic units, unconformities and other discrete strong reflectors were mapped from
vintage (1960°s — 2000) and more recent (2001-2012) high-resolution seismic reflection
data. These were calibrated with bathymetric seafloor mapping and deep-sea drilling project
(DSDP) and ocean drilling program (ODP) borehole, and seafloor sample data control. The
use of a dense seismic-reflection and refraction dataset provided a unique opportunity to map
intercalated igneous domains and rift zones of the JMMC in 3D, enabling to estimate the
volcano-stratigraphic types, their size, distribution and extent of these rift and volcanic
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systems, as well as large-scale igneous features, such as deeper-seated intrusions, volcanic
complexes, and rift valleys.

Furthermore, were the temporal developments of the IFFZ or the JMFZ key boundaries and
may directly relate to pre-exisitng crustal weak zone that coverned the opening of the NE
Atlantic in the JMMC-IPR domain. This is an important understanding for the forming of
the JMMC. In comparison did the De Geer Transform Fault develop parallel to the JMFZ
and its sheared corridor along upper crustal regional extension through strike-slip corridors.
This relates directly to the formation of weaker, more brittle crustal deformation zones, and
potentially to the reactivation of ancient crustal weakness zones. These weakzones develop
an array of opening crustal pathways that developed perpendicular to the at the time acting
minimum stress (63) as preferential openings for magmatic material to rise up within the
crust. This is seen as a broad corridor across the IFFZ, where several segments of NE-SW
en-echolon axial rifts opened up along several strike slip systems that as a whole form the
IFFZ (Paper I1I).

This led to a specifically focus on the IPR domain, as this area has not been clearly
represented within the reconstruction model. The IPR domain is located in between the
JMMC and the North Iceland shelf, and represents an igneous region consisting of four
distinct time stages and igneous domains (IPR-I to IV) between the Early Eocene (Ypresian)
and Early Miocene (Aquitanian) (see time scale for reference in Figure 1.2). Each stage
corresponding to a distinct igneous and structural domain. This study enabled me to shed
new light on the propagating rift domains within the JMMC-IPR region, and tectonic
similarities between the Eocene-Miocene rift structures and present-day Iceland became
more apparent (Figure 1.5a). Both are characterized by oblique rift systems that open in a
none-orthogonal direction where mid-ocean ridge segments are not aligned perpendicular to
adjacent transform or fracture zones. Highly obliquely spreading ridges have been
recognized globally in relation to slow, intermediate, and super-fast spreading centres. They
are described to have been related to reorganizations of plate boundaries and magmatic
overpressure, causing spreading obliquity generally up to ~10° and in a few cases even up
to ~30° (e.g. Zhang et al., 2018).

Oblique rift systems characterize present-day Iceland, within the dextral Tjornes Fracture
Zone (TFZ), between the Kolbeinsey Ridge and Northern Rift Zone and in particular along
the volcanic systems of the Reykjanes Peninsula, the on land extension of the Reykjanes
Ridge (e.g. Einarsson and Semundsson (1987); Murton and Parson, 1993; Taylor et al.,
1994; Hreinsdottir et al., 2001; Einarsson (2008); Karson et al., 2018, 2019; Einarsson et al.,
2018) (Figures 1.1; 1.5b,c). Surrounding areas respond to the build-up tectonic stresses
during oblique opening by brittle crustal fracturing, observed in outcrops (e.g. Karson et al.,
2018, 2019), but also in borehole breakout and tensile fracture analysis, as in borehole ARS-
39 located just 1 km south of the Dalvikur lineament, within the TFZ (Figure 1.5b) (Blischke
et al., 2017b). In the borehole, the resulting stress field orientation was aligned with the
regional stress-field orientation of the TFZ which governed the opening direction of fractures
and dykes along near vertical rift parallel strike slip fracture and fault sets.
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Figure 1.5. Comparison of present day Icelandic oblique rift and fracture / transfer zone
systems to the oblique opening systems for the greater JMMC-IPR region (Papers I and I11):
(a) Early Eocene (~49 Ma) reconstruction example during IPR-II rift activity (this study)
along the EJMFZ, the IPR-II-IFFZ, and the northernmost extent of the Reykjanes ridge at
reconstruction time; (b) Borehole scale structural comparison of the Dalvikur lineament (the
southern segment of the TFZ) (Blischke et al., 2017b); and (c) the Reykjanes Peninsula
transfer zone (Einarsson et al., in press). Displayed features: direction of the rift opening —
black arrows, direction of the minimum horizontal stress field (oimin) — red arrows; direction
of the maximum horizontal stress field (cHma) — purple arrows; general fracture zone
orientation and opening direction — blue; primary normal fault formation — black dashed
lines; and rift parallel strike-slip faults that correspond to each case’s locations (a-i —
orange, a-ii — pink, and a-iii — green) of insert (a). Abbreviations and label keys are
presented on p. Xix-xx.

Present-day mechanisms of fault and fracture development at small and regional scale
observations, strengthen the geodynamic reconstruction and interpretation of multiple
oblique opening scenarios within the JMMC-IPR region, between the Eastern Jan Mayen
fracture zone (EJMFZ) and the Iceland-Faroe fracture zone (IFFZ) (Figure 1.5a), during
Eocene to Early Miocene times, as documented in Papers I-II1, and Appendix 1. The oblique
opening scenarios are linked with documented changes in spreading direction within the NE-
Atlantic, throughout the Cenozoic (Paper I-I1I) (Figure 1.3), as spreading directions appear
to have changed since the initial breakup of the Northeast Atlantic ~56-55 Ma, influenced
by Cenozoic regional tectonic events (Gaina et al., 2009, 2017b) (Figure 1.3). Seafloor
spreading rates and magmatic emplacement also appear to have varied through Cenozoic
time based on crustal volume variations across the Greenland-Iceland-Faroe ridge complex
(GIFRC) and correlation with ridge transfers and tectono-magmatic changes around the
GIFRC (Hjartarson et al., 2017) (Figure 1.6).

This study describes the link between the segmented final rupture of the lithosphere around
the IMMC, along deep reaching fault zones, axial rift segments, or along fracture zones.
Specifically, where large igneous centres and seaward dipping reflector units (SDR) formed
along JMMC's north-eastern margin (SDR definition see Mutter et al., 1982; Larsen et al.,
1988; or Planke et al., 1994, 2000), close to fracture zone endpoints or interlinking fracture
zone segments. This oblique seafloor opening prompted an en-echelon volcanic ridge
emplacement (Paper III). Thus, the north-eastern volcanic margin of the JIMMC was formed
by a southward propagating ZAgir ridge system (e.g. Paper III).
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Figure 1.6. Greenland-Iceland-Faroe ridge complex crustal thickness estimates through
time, by comparing age grid data (Gaina 2014) to crustal thickness data, summarized as
cumulative datasets for 1 Ma increments since break-up. This crustal accretion vs. time plot
is then compared to the half spreading rate profiles for the Northeast Atlantic analysis by
Gaina et al. (2009), and for the southern part of the Norway basin of the Agir ridge by
Gernigon et al. (2015). It can be shown that the Greenland-Iceland-Faroe ridge complex
follows the Northeast Atlantic opening process until the rift reorganization and transfer from
the Agir ridge across to the IPR, and to the Kolbeinsey ridge. After the cessation of the Agir
ridge system, the GIFRC shows a good correlation of increased crustal volume to distinct
rift systems, such as the Westfjords, the Sncefellsnes—Hunafloi rift zone (SHRZ on Figure
1.1), or the Eastern Volcanic rift zone (EVRZ on Figure 1.1). Crustal volume decreases
during potential rift transfer periods.

Just as the IPR complex represents the southern igneous domain of the JMMC, the Jan
Mayen Island igneous complex (JMI), is interlinked with its northern igneous margin (Figure
1.1). Both represent long-lived volcanic margins tied to major fracture zone systems and
mantle anomalies within an unstable rift-transfer tectonic setting. Portraying the igneous
JMMC-IPR region as a prime example of what is commonly referred to as Iceland type crust,
i.e. the systematic build-up of thicker oceanic crust by rift-transfer processes, overlapping
sub-aerial and sub-surface igneous activities in conjunction with localized microplate
formation is the focus of Paper III.

In-tie with regional observations, the detailed analysis and reconstruction approach for the
JMMC-IPR area clarifies the links between structural and igneous domain segmentation
during breakup (Papers I-I11I). Highlighting the JMMC-IPR area as a unique case for a dual
breakup system of two rifting complexes that created the IMMC, linked to the oblique IPR
system as a precursor to present day Iceland (Paper III).
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2 The Jan Mayen microcontinent,
Iceland Plateau rift and conjugate
margins

The following chapter summarises the structural, stratigraphic and geodynamic setting of
the JMMC, it’s sub-domains, the IPR, and their conjugate margins to give a comprehensive
overview and description of the region.

2.1 Structural and stratigraphic framework of
the Jan Mayen microcontinent and Iceland
Plateau rift

The JIMMC — IPR area is approximately 400-450 km long and varies in width from 100 km
in the north to 310 km in the south (Figure 2.1). The microcontinent is subdivided into the
main Jan Mayen ridge (JMR) with its southern segment referred to as the Lyngvi ridge
(LYR), the Jan Mayen basin (JMB), the Budli block (BB) with the South-western Jan Mayen
igneous province, and the Jan Mayen trough (JMT) that separates the JMR from the Jan
Mayen southern ridge complex (SRC) (Figure 2.1; 2.2). The SRC complex consists of
several segments or blocks that were used within the reconstruction model, these are: the
main SRC block (MSRC); the Otur block (OB); the Hogni block (HB; the Langabru block
(LB), and the Dreki block (DB) (Figure 2.1). The main northern JMR is well defined,
continuous and flat-topped, whereas the SRC is comprised of several smaller ridges that
become indistinct towards the south.

Previous JMMC studies focused on mapping the general morphological, gravimetric and
magnetic signatures of the JMR (Vogt et al., 1970; Talwani et al., 1976a,b), as a steep-
flanked bathymetric horst with water depths varying between 200 and 2500 m that extends
south from the Jan Mayen Island (Fitch, 1964; Svellingen and Pedersen, 2003).

Later studies delineated the outline of the microcontinent further south and southeast,
primarily focusing on describing structural and tectonic features for geodynamic
reconstructions (e.g. Scott et al., 2005; Gaina et al., 2009; Peron-Pinvidic et al., 2012a,b;
Gernigon et al., 2012, 2015). However, based on the limited seismic reflection and refraction
data sets available at the time, these studies could not address the tectono-stratigraphic and
volcanic aspect of the region, in detail, including the excess extension across the
southernmost JIMMC.

This study focuses on the various segments of the IMMC, specifically addressing the poorly
understood area of the IPR. As a result, it became apparent that all of these domains contain
more voluminous intrusive and extrusive formations than previously described from seismic
reflection data, revealing igneous intrusive and axial rift systems within the wide corridor of
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the southernmost JIMMC-IPR area, not generated by hyper-extension but rather by extension
and the formation of a southern igneous margin (Papers I-11II).

Major fracture zone systems mark the boundaries of the JMMC: the eastern and western Jan
Mayen fracture zones (EJMFZ; WIMFZ) to the north, and the Iceland-Faroe fracture zone
(IFFZ) along the NE Iceland insular shelf and the northern Iceland-Faroe Ridge to its south.
These fracture zone systems are linked to the Jan Mayen Island igneous complex that
intersects the northernmost extent of the JMMC, at the junction of the eastern and western
segments of the Jan Mayen fracture zone system; and the southern Greenland-Iceland-Faroe
ridge complex between the north-eastern coastal shelf of Iceland and eastward across the
Norwegian Sea, towards the Faroe Islands plateau (FP).

T Normal fault
—A_  Reverse fault
— — Possible transform / fracture zone
—— Fracture zones & lineaments
Potential data lineaments
JMMC COB
m— |PR-l| rift segments.
= Active mid-ocean ridge rift system
= Extinct mid-ocean ridge
—— First magnetic chron
=== Possible magnetic chron
" Iceland shelf

Iceland fissure swarms

Ice on land
JMMC
Jan Mayen ridge

- Southern ridge complex

- Southern ridge complex - oceanic

JMMC basin or flank areas

- Early-Mid Eocene eastern
igneous breakup margin and IPR-|

IPR segments
Iceland central volcanoes

IPR-Il igneous domain
IPR-II/ JMT intrusive domain

IPR-IV - SWJMIP, western margin

Bathymetry Topegraphy
Om 3500 m
I -2000 m . 1500 m
-4000 m . om

Figure 2.1. Shaded bathymetry (IBCAO 3.0; Jakobsson et al, 2012) structural map of the
JMMC-IPR area, with faults, fracture zones and lineaments based on this study (Papers I-
1II; Blischke et al., 2019). Dark grey shaded area represents the 100 km wavelength filtered
Bouguer anomaly level at 95 mGal, by Haase and Ebbing (2014). Chron C24n3n is based
on Peron-Pinvidic et al. (2012a) and Gernigon et al. (2015). Western breakup chrons C7
and C6c¢ are from Paper I1I. Abbreviations are listed on p. xix-xx.
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2.1.1 Jan Mayen Island igheous complex

The JMI system, previously described by Kandilarov et al. (2012) as containing 15-25-km
thick Iceland-type oceanic crust, highlighted the anomalous nature of the JMI adjacent to the
JMR. The thickened JMI crust correlates with the area’s 15-21 km crustal thickness estimate
based on gravity inversion by Haase and Ebbing (2014) and magnetic highs (Nasuti and
Olesen, 2014) (Figures 2.1; 2.3a). These observations and the seismic reflection data analysis
of this study indicate that the JMI system is the igneous link between the EJMFZ and
WIMFZ domains and is accompanied by deep intrusive structures below the northernmost
JMR (Figure 2.3a). West of the JMI domain, a marked decrease in crustal thickness from 13
to 8 km across the Eggvin bank (EB) just south of the WIMFZ (Tan et al., 2017) indicates a
waning influence of the JMI along the WIMFZ (Figure 2.4).

The southern extent of the JMI differs in seismic reflection character from the JIMR domain
itself, where layered reflectors are visible together with typical faulted rift margin structures
(Papers II and III). The JMI domain has a poor seismic reflection data resolution, but clearly
can be see how younger volcanic structures cut through the thickened oceanic crust and
Neogene stratigraphic units (Figure 2.5). The heavily intruded northern end of the JMB and
NJMR can be seen on seismic reflection data, where a substantial increase of sills and dykes
are intruded into Eocene stratigraphic units (Paper III) (Figure 2.4). The observed increase
of dyke and sill intrusions here is substantially greater than along the north-eastern flank of
the JIMMC adjacent to the JMI.

Jan Mayen Jan Mayen ridge Lyngvi
H 800000 a
igneous complex 760000 "0 7800000 ridge Jan Mayen

720000 |
» 21thing (m) trough
L ] ..\ 7700000
04 - Neogene — present f Iceland
plateau rift
IPR-1
2500 \ " y volcanic

Pre-breakup strata ? (Tergl)

Easting (m) 680000

-
()
€
2 5000
v

Eocene plateau basalt equivalent ?

Oligocene-Miocene flood basalts

7840000 Mid-Eocene strata

7800000 Late Eocene to Oligocene strata

Seafloor TWT (ms) _ Miocene sediment drift strata
Elevation time [ms] 7760000

Ridge intrusion
= Seaward dipping

7720000
. Iceland plateau rift stage reflectors (SDRs)

IPR-IIl intrusives

7680000

Figure 2.2. Present day three-dimensional JMMC volcano-stratigraphic framework, based
on Papers Il and III.
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2.1.2 Jan Mayen and Lyngvi Ridges

The main JMR extends about 360 km south of the JMI. The Lyngvi Ridge forms the
southernmost 130 km of the JMR, just south of the intersection with the central Norway
basin fracture zone (CNBFZ on Figures 2.1; 2.3a). The northern end of the JMR is well
defined by the adjacent JMI and intersecting EJMFZ and WIMFZ (Figures 2.2; 2.3a).
Magnetic anomaly changes are apparent across the JMR in a north to south profile,
specifically at the intersection with fracture zones and the IPR-JMT domain. The ridge
intersections with the WIMFZ and the CNBFZ is marked by a negative magnetic anomaly,
in contrast to the slightly positive anomalies at the EJMFZ intersection. Changes in magnetic
polarities across the LYR under strong influence from younger igneous events, specifically
across the JIMMC’s southern boundary and the IPR domain.

Whereas the width of the JMR is 70-80 km, the LYR narrows to about 10 km at its southern
tip before disappearing beneath Upper Paleogene and Neogene sediments and lavas (Figure
2.2). The LYR has been more affected by faulting, igneous and rifting activities than the
JMR. Internal pre-breakup strata and layering is best observed within the northern segments
of the LYR and JMR ridges close to DSDP site 349, described in detail Papers I and II.

2.1.3 Eastern Jan Mayen igneous complex and fracture zone
corridor

The eastern margin of the JMR tilts steeply towards the Norway basin almost
undisturbed by faulting; in contrast to the western margin that is downfaulted towards the
JMB (Papers I and II). However, the eastern margin is intersected by three main fracture
zones in the Norway Basin, the EIMFZ, CNBFZ and the Southern ridge complex fracture
zone (SRCFZ) (Figures 2.1; 2.3; 2.4 2.6a,b). The main JMR has been periodically eroded
during the Cenozoic as recorded by the preservation of various unconformities, which have
contributed to the flat-topped character of the ridge (Paper II). The eastern margin is clearly
delineated by the increase in Bouguer gravity anomaly and a change in magnetic anomaly
pattern, from the relatively magnetically “quite” zone of the adjacent JIMR. The wide igneous
breakup margin of the JIMMC, is clearly distinguishable from the striped anomaly pattern of
the Agir ridge’s oceanic domain (Figures 2.3; 2.4). It is important to note that the significant
erosion and redeposition downwards the eastern marginal slopes, is not only the result of
structural segmentation and major tectonic movements but also the formation of igneous
complexes adjacent to fracture zones (Paper III), (Figure 2.6a). The CNBFZ, as an example,
terminates within a volcanic margin, seen on seismic refraction and reflection data, and by
an offset in the magnetic anomaly data (Figure 2.4). This could be described as a “leaky”
fracture zone, as the volcanic complex occupies a lateral space of up to 10 km (Figure 2.6a).

2.1.4 Jan Mayen basin

The JMB is divided into two sub-domains: northern segment (JMBN) west of the JMR, and
southern segment (JMBS) west of the LYR (Figures 2.1; 2.3). The entire western flank of
the JIMMC is strongly faulted into several westward-rotated fault blocks along fault segments
that partly extend into the JMB, forming half-graben and small graben structures. Most of
the faults and tilted blocks presently mapped have been influenced by post-breakup uplift
and tilting.
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Figure 2.3. Stratigraphic sections of the JMMC based on seismic reflection data (NPD, 2012
and 2013) tied to OBS, sonobuoy, ESP velocity profiles, and available boreholes from Paper
1II. Magnetic-, free air gravity data (Nasuti and Olesen, 2014, Haase and Ebbing, 2014),
and large fracture zone corridor intersections (e.g. Gaina et al., 2009; Kandilarov et al.,
2012; Gernigon et al., 2015; and Paper 1) plotted above the profiles highlight variations
associated with major tectonic and igneous events. Abbreviations are listed on p. xix-xx.

Within the JMB, the crustal thickness varies between 6-12 km based on seismic refraction
profiles (Kodaira et al., 1989; Olafsson et al., 1988; Papers II and III). Some traces of the
JMB strata can be seen and followed beneath the early Miocene flood basalts (Figure 2.3b
and F-Marker on Figure 2.4).

The early Miocene flood basalts represent a flat-lying and almost opaque reflector on seismic
reflection data, interpreted as extensive flood basalt lava units of up to 1,3 km thickness
within the low areas of both JMBN and JMBS (Paper III). The transition between the tilted
blocks of the IMBS and the JMBN is defined by an apparent change of seismic reflection
pattern characteristics and fault patterns that are typical for the western margin, where the
flood basalts can be seen. This seismic reflection character change is also apparent in more
detailed reflection and gravity data (Figures 2.3b,c; 2.4), and interpreted by seismic
refraction data analysis as oceanic crust (Paper III).

2.1.5 Jan Mayen trough

The JMT, separating the LYR and the SRC, widens towards the south and southwest with
one segment of the SRC embedded within (Figures 2.1; 2.4). Even with the most recent
seismic reflection data, it is difficult to clearly define and map underlying deeper structures.
A few fault blocks can be seen that are separated by intrusives that appear to align to distinct
change in magnetic anomaly, and a narrow south to north alignment of a decrease in Bouguer
gravity is apparent within the trough as well (Figures 2.3c; 2.4).

The JMT is covered by a flat-lying and almost opaque reflector in seismic reflection data
which is chrono-stratigraphically placed within the Late Oligocene and referred to as F-
Marker 2 (Paper III). The main source for this extensive flood basalt within the JMT
probably lies within the IPR-III corridor further south and is tied to volcanic complexes
and/or fissure zones that intersect the JMT in a north-south direction (Papers I and III)
(Figures 2.2-2.4; 2.6). This pattern is also illustrated by the EJIMFZ that links into a distinct
volcanic complex named (Figure 2.6a) that is clearly observed with similar pattern in seismic
reflection data, and magnetic anomaly responses.
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Figure 2.5. Regional chronostratigraphic summary chart emphasizing the relationship
between the volcano-stratigraphy of the JMMC in relation to its conjugate igneous margins,
sea level changes, and 0180 data by Van Sickel et al. (2004), Miller et al. (2008), and
Murray-Wallace and Woodroffe (2014), Paleogene East Greenland ice-rafted debris
occurrences by Tripati and Darby (2018), ocean gateway interpretations (Stoker et al.,
2005a,b; Stirz et al., 2017), Northeast Atlantic spreading direction changes modelled by
Gaina et al. (2017a,b), main igneous provinces and rift relocations based on Scemundsson
(1979), Hardarson et al. (1997, 2008), Saunders et al. (2013), Thordarson and Hoskuldsson
(2008), Brandsdottir et al. (2015), Geissler et al. (2017), Parson et al. (2017), Hjartarson et
al. (2017) and this study. Mid-oceanic ridge systems and orogeny’s were modified after
Lundin and Doré (2002). Time scale from Gradstein et al. (2012). Abbreviations are listed

On p. Xix-XX.

2.1.6 Southern ridge complex

The SRC is a collection of several ridges that were formed during extension and rift transfer
along the southern part of the microcontinent (e.g. Talwani et al., 1977; Gaina et al., 2009;
Peron-Pinvidic et al., 2012a; Gernigon et al., 2015) and this study (Figures 2.1; 2.2; 2.4).
The three northernmost SRC ridges appear similar to the eastern flank of the JMR and are
linked to the continental origin of the JMMC (Paper III). The SRC formed initially during
the Agir ridge breakup, by forming a wide igneous margin, which was subsequently broken
into several smaller segments.

Several smaller basins, formed in between these segments, are heavily intruded by post-
breakup IPR-II and IPR-III sills, dykes, and vent structures along fault and fracture zones
(Figure 2.6¢,d). These volcanic structures lie within the Lower to Middle Eocene igneous
and sedimentary strata and extend in places nearly up to the seafloor, possibly indicating a
longer duration of igneous activity (Figure 2.6c¢).

2.1.7 Iceland Plateau rift

The IPR formed an overlapping spreading system with the southernmost Agir ridge,
tectonically compensating the southwards decrease in spreading rate along the Agir ridge.
Hyper-extended slivers of IMMC crust were intersected by dyke and sill intrusions related
to the Mid-Eocene to Late Oligocene formation of the IPRI-IV volcanic ridges and flood
basalts (Figures 2.1-2.7). The oblique IPR rifting domain, formed a fan-shaped intersection
with the southern ridges of the JMMC by crustal thinning and breaching, where axial rift
systems and volcanic ridges would develop (Paper III). The IMMC-type crustal thickness
varies between 6 and 22 km, whereas across the IPR segments it varies between 7-15 km.
These estimates are based on seismic refraction data and gravity crustal thickness inversions
(Haase and Ebbing, 2014; Brandsdottir et al., 2015). The IPR, south and southeast of the
SRC, is primarily of oceanic origin based on the interpretation of seismic refraction velocity
data (Brandsdottir et al., 2015), and detailed seismic reflection, magnetic and gravity data
interpretations (Papers I — III).
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2.2 Conjugate margins of the Jan Mayen
microcontinent

A comparison of the JMMC-IPR region with the pre- and syn-breakup sequences along the
Voring plateau margin and Mere margin high (offshore Norway), the Blosseville Kyst
(onshore East Greenland), and the Faroe-Shetland region is mainly based on available
borehole and outcrop data. These north-eastern, southern and western conjugate margins
represent tectonostratigraphic regions that underwent a long rifting and basin formation
process prior to the breakup of the Northeast Atlantic (Figures 1.1; 2.8-2.10).

The JMMC’s north-eastern margin developed as the outermost part of the continental shelf
of central East Greenland and is characterized by eastward thickening of Paleogene strata
and basaltic lava flows that dip steeply towards the deeper Norway basin. This area is a direct
conjugate to the Vering plateau margin and Mere margin high (Papers I and II) (Figure 2.8).

The southern edge of the microcontinent is less defined and disappears beneath Upper
Paleogene to Neogene igneous strata and sediments into the IPR domain, described by
Brandsdottir et al. (2015) and mapped in more detail during this study (Papers I — III). The
area is bound by the IFFZ and the NE Iceland coastal shelf (Figures 2.6; 2.7). Previous
studies described the southern half of the microcontinent as being covered by extrusives
preventing seismic reflection imaging of underlying hyper-extended structures (e.g. Talwani
et al., 1976b; Scott et al., 2005; Gaina et al., 2009; Peron-Pinvidic et al., 2012a, b; Gernigon
et al., 2012, 2015). This study in contrast highlights the IPR domain as a volcanic margin
that intersects the southern JIMMC domain from south to north, accompanied by numerous
extrusive and intrusive volcanic formations (Papers I — III) that continued into the JMT
(Figures 2.6b; 2.7). Furthermore, that the JMMC-IPR region formed the northern-western
continuation of the Iceland-Faroe ridge and the Faroe—Shetland region at the time of
breakup.

The JMMC's western margin developed due to rifting within the central East Greenland
continental shelf with final separation during the formation of the Kolbeinsey ridge. The
central East Greenland margin is therefore a key area for understanding the formation of the
western margin. Here, the Palacozoic-Mesozoic sedimentary succession is best seen in the
Jameson Land basin and the Liverpool Land high. The Cenozoic succession has been
correlated directly to the Liverpool Land basin and Blosseville Kyst with its Paleogene
igneous province. The western margin is characterized by tilted extensional fault blocks that
formed mainly half-graben structures and a complex of sills or lava flows, which cover the
JMBN west of the JMR (e.g. Larsen, L.M. et al., 2013, 2014; Hopper et al., 2014; Blischke
and Erlendsson, 2018) (Figures 1.2; 2.8-2.10), and has been tied into the JMMC-IPR in this
study.

2.2.1 The Vgring plateau - northeastern ignheous conjugate
margin

The Vering plateau is part of the JMMC’s north-eastern conjugate margin, a well-studied
area of a continental pre- to syn-breakup domain during the Late Cretaceous to Early
Paleogene (66-55 Ma) that separated East Greenland from the Norwegian margin (Doré et
al., 1999; Faleide et al., 2010; Brekke, 2000; Abdelmalak et al., 2016) (Figures 2.5; 2.8;
2.10).
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The Vering margin igneous province is 100 — 150 km wide and comprises of substantial
volumes of submarine to subaerial flood basalts that were extruded prior to, and during
breakup and provide excellent analogues for the plateau-basalt-equivalents on the JMMC
(e.g. Planke and Eldhom, 1994; Blystad et al., 1995; Doré¢ et al., 1999; Brekke, 2000; Planke
et al., 2000; Berndt et al., 2001; Abdelmalak et al., 2016, 2017).

The Vering plateau contains pre-, syn- and post-breakup volcanics, which are summarized
in Figure 2.5 and Table 2.1. They are correlated to the deep plateau-basalt-equivalents of the
JMMC area. The pre-breakup sections consist of rhyolitic ignimbrites, tholeiitic basaltic
intrusions, basaltic andesite, and dacitic lava flows, which are believed to be the result of the
interaction between the continental crust and rising mantle or magmatic underplating that
are believed to have resulted in crustal melting (Parson et al., 1989; Meyer et al., 2009). The
syn-breakup volcanism was accompanied by the emplacement of large volumes of tholeiitic
lavas that coincides with the SDR formation, also correlated to the “Upper Series” and
increased sill and dyke emplacement into the nearby basin sediments.
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Figure 2.7. Volcanic facies and province map of the Jan Mayen microcontinent defined by
order of emplacement: Early-Middle Eocene,; Late Eocene — Oligocene; and Late Oligocene
— Early Miocene, showing the igneous units, such as intrusive and extrusive strata, plateau
basalt equivalent, igneous centres, SDRs, hyaloclastite volcanic strata, and flood basallts.
Green lines show profile locations in Figure 2.6. IPR phases are listed in detail in Table 2.1.
Abbreviations are listed on p. xix-xx.
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dligned with the Jameson Land basin axis and the main boundary fault ofthe
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—— HKnown regional strike-slip/ transform deformation systems  ____, Main JMMC —IFR - Faroe lslands regions forming fracture zones north tothe
_____ Regional strike-slip / trans form/ extensional detachment south.
systems from iterature d’ Extrusive volcanic, pre- and syn-breakup series
m— IMMC eastand possibly west flank igneous breakup margin
segments -1.. Possible onshore and offshore trend for obliquely opening fracture zone or
JMMC data contreland map-able area ‘= corresponding en-echelon volcanic systems.

Figure 2.8 Pre-break-up setting of the Northeast Atlantic region around 56-55 Ma based on
GPlates (Boyden et al., 2011), showing (a) reconstructed present-day bathymetry, (b) free-
air gravity, (c¢) magnetic anomaly, (d) and crustal thickness data. The JMMC-IPR area is
shown with major faults, fractures zones, and lineaments that are based on this study.
Bathymetry data is based on IBCAO 3.0, Jakobsson et al. (2012). Features displayed are
modified from data and interpretations by Larsen, L.M. et al. (1989, 1999); Osmundsen and
Andersen (2001); Torsvik et al. (2001); Foulger et al. (2005); Henriksen (2008), Le Breton
et al. (2013); Peron-Pinvidic et al. (2013, 2012a); Gasser (2014); Hopper et al. (2014);
Guarnieri (2015); Gernigon et al. (2015); Gaina et al. (2009, 2014, 2017a,b); and a Horni
et al. (2017). Abbreviations are listed on p. xix-xx.

This breakup volcanism is preserved as a complex build-up of inner and outer SDR sets and
marginal highs along the Vering continental margin and slope that overlie the lower pre-
breakup basalts (e.g. Planke et al., 2000, 2005; Jerram et al., 2009; Wright et al., 2012;
Abdelmalak et al., 2016). This complex igneous margin build-up is very similar to JMMC's
north-eastern volcanic margin.
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Following breakup, volcanic activity continued during the Ypresian (55-46 Ma) with
extensive extrusive volcanism and the formation of a subaerial lava escarpment along the
western margins of the Vering and Mere basins (Figures 2.5; 2.10). It also included
considerable igneous activity within the basins, accompanied by sills that intruded into the
pre-breakup strata (Skogseid et al., 2000; Planke and Eldhom, 1994). Thus, the Vering
margin emplacement model preserves petrological constraints for volcanic margin evolution
from Late Paleocene to Early Eocene pre-breakup to post-breakup (Eldholm et al., 1987a,b;
Vierick, L.G., 1988; Parson et al., 1989; Viereck et al., 1989; Planke and Eldholm, 1994;
Meyer et al., 2009; Abdelmalak et al., 2016) and forms a key potential analogue model of
volcanic margin evolution for the JMMC distinguished in four igneous stages (Table 2.1;
Figures 2.5; 2.9).

2.2.2 Central East Greenland - western igneous conjugate
margin

Central East Greenland, specifically the Blosseville Kyst and Jameson Land basin areas,
represent the closest conjugate margin analogue to the western margin of the JMMC prior
to the second breakup during Oligocene to Early Miocene (e.g. Pedersen et al., 1997; Larsen,
M. et al., 1999; 2002, 2005; Larsen, L.M. et al., 2013, 2014; Hopper et al., 2014; Papers II
and III) (Figures 2.5; 2.8-2.10). This area presents a prime onshore type-locality for
correlating the extensive pre- and syn-breakup flood basalts and intrusive rock formations
along the central East Greenland coast to the JMMC (Table 2.1 and Figure 2.5). Although a
substantial section is still visible onshore, the volcanic section is believed to have been
eroded by up to 2-3 km since its emplacement (Mathiesen et al., 2000). The present-day
estimated onshore record of up-to-6-km-thick Palacogene volcanics has been subdivided
into 4 stages of emplacement that very likely correlate directly across the JMMC and onto
the Faroe Islands platform (Larsen, L.M. et al., 1999; Storey Storey et al., 2007; Passey and
Jolley, 2009; Papers I and II) (Table, 2.1; Figures 2.5; 2.9).

The area’s substantial coastal exposures preserve a record of igneous activity from ~63 Ma,
which is referred to as the “Lower Basalt” series around the Kangerlussuaq Fjord region at
the southern tip of the Blosseville Kyst. The “plateau basalt” series from around ~56 Ma that
is correlated to the main breakup unconformity to a syn-rift volcanic series of the Mid-
Eocene (e.g. Nielsen, T.F.D., 1981; Larsen, L.M. etal., 1985, 1989, 2013, 2014; Holm, P.M.,
1988; Blichert-Toft, J., 1992, 2005; Pedersen et al., 1997; Tegner et al., 1998; Hansen and
Nielsen, 1999; Upton et al., 1995; Brown, 1996; Bernstein, 2000; Momme, 2002; Peate,
2003; Nielsen, T.F.D., 2006; Hoppe et al., 2014) (Figures 2.5; 2.9). The early and primary
plateau basalts of the Remer Fjord, Skranterne, Milne and Geikie plateau (GP) formations
represent massive extrusive flood basalts and lava piles that alternate with thin volcaniclastic
layers that covered most of the Blosseville Kyst, Milne Land and Geiki plateau areas
(Pedersen et al., 1997) (Table 2.1; Figures 2.8; 2.9). The Early- to Mid-Eocene syn-rift
basalts of the Prinsen of Wales Bjerge (~54 — 48 Ma) and Igtertiva formations (~49 — 43 Ma)
discordantly overlie the main plateau basalts.
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Table 2.1 Summary of the igneous phases of the JMMC-IPR and its conjugate margins.
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Large igneous complexes reside in younger than Eocene sediments alongside the offshore
Blosseville Kyst margin associated with the final breakup of the IMMC (Figures 2.5; 2.9).
On- and offshore observations have highlighted two younger volcanic phases (Table 2.1;
Figure 2.5): one is observed in the Traill @ (Figure 1.1) region during Late Oligocene to
earliest Miocene (~35-21 Ma), which became partially inverted by a syenite pluton, igneous
complexes, and dike intrusions that form the landward end of the WIMFZ system (e.g. Gaina
et al., 2017; Parsons et al., 2017; Geissler et al., 2017). The second and last volcanic phase
occurred during mid-Miocene (13-14 Ma) during another reactivation of the magmatic
system, creating the extrusive lavas of the Vindtoppen formation in the central part of the
Blosseville Kyst. This formation overlies the mid-Miocene unconformity of the upper
plateau and is possibly connected to an old tectono-magmatic reactivation through fracture
and fault zones that cross into the Geikie plateau area (Storey et al., 2004; Blischke and
Erlendsson, 2018; Paper III) (Figures 2.5; 2.9).

2.2.3 The Faroe Islands - southeastern ignous conjugate margin

The Faroe Islands basalt group (FIBG) which covers almost the entire continental margin of
the Faroe Islands, has an estimated stratigraphic thickness of more than 6 km, and comprises
a Paleocene — Lower Eocene succession of volcanic rocks that include extensive flood
basalts, volcaniclastics, and hyaloclastites (Passey and Jolley, 2009; Passey and Hitchen,
2011; Olavsdottir et al., 2017, 2019) (Table 2.1; Figures 2.5; 2.8; 2.10). The FIBG extends
westwards onto the Iceland-Faroe ridge, into the Norway basin, and eastwards into the
Faroe-Shetland basin and represents the direct conjugate and analogue area to the southern
and south-eastern extent of the JMMC-IP region interconnected by the IFFZ.

The volcanic phases of the FIBG were sub-divided into three major stages and stratigraphic
units (Table 2.1). The pre-breakup Lower FIBG consists of the Lopra (~1,1 km thick) and
Beinisverd (~3,3 km thick) formations. The Lower FIBG is dominated at its base by
volcaniclastic and hyaloclastic rocks that progressed into subaerial basaltic lava flows within
the Beinisverd formation, thus indicating a change from a marine to a subaerial environment.
Landward, subaerial flood basalts were extruded during the syn-breakup phase and represent
the emplacement of the Upper FIBG that consists of the Malinstindur (<4 km thick) and Enni
(>900 m thick) formations (Rasmussen and Noe-Nygaard, 1969, 1970; Berthelsen et al.,
1984; Ellis et al., 2002; Passey and Bell, 2007; Passey, 2009). These syn-breakup lava
successions dominated the area north and northwest of the Faroe Islands, passing laterally
into the seaward-dipping reflector succession that is associated with the initial opening of
the Norway basin and the formation of the ZAgir ridge spreading system. West and northwest
of the Faroe Islands, the emplacement of post-breakup subaerial basalts persisted onto the
Iceland-Faroe ridge (IFR) during the Mid-Eocene (Talwani et al., 1976f; Kharin et al., 1976;
Olavsdottir et al., 2017) (Figures 2.5; 2.10).
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Figure 2.9 Conjugate margin tectonostratigraphic type sections: (a) Liverpool Land basin;
(b) IMMC, (c) Milne land — Geikie plateau — Blosseville Kyst — Liverpool land basin; and
(d) Blosseville Kyst — Scoresby Sund — Liverpool Land basin. The sections are tied to ESP
velocity profiles, sonobuoy data and available borehole tie points. The pre-breakup section
is inferred to contain Paleocene, Mesozoic to Paleozoic strata by direct comparison with the
Jameson Land basin and the Blossevillle Kyst areas, and seismic refraction data (Hopper et
al., 2014; Blischke and Erlendsson, 2018; Papers I — IIl). Abbreviations are listed on p. xix-

XX.

2.2.4 The mid-oceanic ridge domains

The three oceanic domains adjacent to the JIMMC were formed by different segments of the
Northeast Atlantic mid-oceanic ridge system since the Early Eocene (~55 Ma). The Mohns
and Zgir ridge systems developed after breakup along the eastern and northern JMMC
flanks (Figures 2.5; 2.10), followed by the development of parallel and overlapping rift
systems during rift transfer across the southern end of the JMMC and the IPR since the Mid-
Eocene (Lutetian, ~49 - 43 Ma). The proto-Kolbeinsey ridge formed during Late Oligocene
to earliest Miocene time (~35 — 22 Ma). Between ~35 — 26 Ma, the Agir Ridge coexisted
with the proto-Kolbeinsey Ridge, which led to the final separation of the microcontinent
from the central East Greenland margin (e.g. Gaina et al., 2009; Gernigon et al., 2015; Papers
I and III). The cessation of spreading at the Agir Ridge is placed around 26 Ma (Kharin et
al., 1976).
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2.3 Geodynamic development of the JMMC-IPR
within the Northeast Atlantic

This chapter presents a summary of the geodynamic development of the IMMC and existing
key publications, addressing the influence of underlying structural trends on rifting and basin
formation, as well as the ensuing sedimentary and volcanic response to tectonism throughout
the evolution of the JMMC-IPR region (Papers I — III) (Figures 2.5, 2.8, 2.10, 2.11).

2.3.1 Pre-breakup regional setting

Prior to continental breakup, the proto-Northeast Atlantic region was affected by several
distinct rifting episodes during the Late Palaeozoic (e.g. Ziegler, 1988; Andersen & Jamtveit,
1990; Stoker et al., 2016). Paper I summarised this evolution within the JMMC region from
the post-Caledonian orogenic collapse to the pre-breakup setting in Early Eocene. The initial
rifting phases led to rotational block faulting and westwards-tilted half-graben formation
along East Greenland towards the JMMC domain, forming terrestrial to shallow marine
basins. Deep basins formed by significant crustal thinning along their axial regions include
the Jameson Land basin, which was separated by the Liverpool Land high from the IMMC
(Figure 2.8 and 2.11). In the latest rifting phase during the Cretaceous, crustal thinning might
have included hyperextension (Peron-Pinvidic et al. 2013), resulting in exhumation of deep
crust and possibly mantle, as suggested by Osmundsen et al. (2002) and Osmundsen &
Ebbing (2008).

The deep and hyperextended basins resulted in over-stretched and highly thinned continental
crust, pre-destined for crustal breaches and formation of axial rift segments, specifically
along deep reaching structural weak zones. The Norway basin along the JMFZ and along the
north-eastern flank of the IMMC domain, prior to the forming of the ZAgir ridge are examples
of such crustal breaches (Figure 2.8; 2.11) (Gernigon et al., 2019; Paper I). Early volcanism
associated with the North Atlantic igneous province (NAIP) during the Paleocene (~63-56
Ma) (Table 2.1), represents the initial attempt to break up the northeast Atlantic region along
such underlying structural weak zones. Major fracture zone systems are also related to
structurally weakened zones, for example the JMFZ north of the JIMMC or the IFFZ south
of the IMMC (Paper III).

These fracture zone systems and lineaments gradually developed into strike-slip structures
between individual segments that became connected through shearing processes as breakup
progressed. The lineaments are well-described by Cianfarra and Salvini (2015) for the
regional strike-slip corridor associated with Neogene trans-tensional opening along the “De
Geer Transform Fault” in northwest Spitsbergen, which forms the northernmost extent and
boundary of the northeast Atlantic. Similar observation can be made for the opening
lineaments / fracture zones of the JMFZ and IFFZ (Figure 2.8; 2.11).

Pre- to syn-breakup rifting was accompanied by regionally extensive landward flows of the
NAIP, consisting of subaerial and submarine lava flows that were emplaced onto adjacent
elevated margins (e.g. & Horni et al. 2017). Infilling of pre-existing basin type areas formed
escarpments and hyaloclastite deltas (e.g. Planke et al., 2000, 2005; Gernigon et al., 2012,
2015; Abdelmalak et al., 2016, 2017; Geissler et al., 2017; 4 Horni et al., 2017; Papers Il and
III). One area of magmatism was located just southwest of the JMMC, close to the
Kangerlussuaq basin and the southern extent of the Blosseville Kyst, affecting the entire pre-
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breakup region by connecting the central East Greenland, the southwestern Norwegian, and
the western Faroe Islands margins (e.g. Tegner et al., 2008; Brooks, 2011) (Figures 2.8).

An area that was interpreted by Mordret (2018) with present day seismic tomography data
that showed a 180 km deep reaching mantle anomaly. This mantle anomaly is inferred to be
placed right at the intersection of the Caledonian thrust belt and the Archean crustal terrane.
Thus, a region that intersects the extended and rifted central East Greenland margin at the
southern Blosseville Kyst and Kangerulussuaq region that lay adjacent to the southwest
corner of the IMMC-IPR area before breakup time. A juxtaposition area that has been highly
volcanically active since Late Paleocene to Early Eocene, and very likely represents one of
the focal areas predestined for developing a magma-rich margin, where breakup commenced
(Figures 2.7; 2.8; 2.11).

2.3.2 The JIMMC region at breakup

During the Early Eocene (56-55 Ma), plate breakup, ridge transfer and intense magmatism
occurred along the Kangerlussuaq and southern Blosseville Kyst of central East Greenland
(e.g. Tegner et al., 2008; Brooks, 2011; Larsen et al., 2014), including the emplacement of
the regionally extensive NAIP plateau basalts (Figure 2.8; 2.11; Table 2.1). The Blosseville
Kyst — Kangerlussuaq area has been modelled and linked by Doubrovine et al. (2012) to a
plume or hot-spot location between 60 and 55 Ma. This coincides with the starting point of
SW-NE-striking magnetic anomalies across the Geikie plateau (Paper III) that terminate at
the intersection point between the main Caledonian front and Archaen terrane boundaries.
This suggests that deep structurally weak zones might have facilitated the passage of
upwelling magmatic material.

In terms of volcanic activity, the pre-breakup phase of the JIMMC ended at about 55 Ma with
the emplacement of Lower Eocene plateau basalts, deep intrusive complexes, dyke and sills
across the microcontinent and the Blosseville Kyst region (Papers I — IIT) (Figures 2.5; 2.9;
2.11). Farther north, the JIMMC was juxtaposed with the Trail-@ volcanic igneous province
(TVIP) and Vering margin across the Proto-JMFZ to its north and northwest, (Figure 2.8).
This area was modelled as a mantle anomaly around 56-54 Ma by Gaina et al. (2017),
suggesting a strong fluctuation of the mantle anomaly and implying a much wider area of
influence of the mantle anomaly piercing into the overlying weakened structural framework
and instigating crustal rupture south and north of the JIMMC. It has further been suggested
that increased underplating and lower crustal body formations (e.g. Abdelmalak et al., 2017;
Gernigon et al., 2019) can be seen underneath the microcontinent, close to the COB’s and
along the igneous margins (Figures 2.3 and 2.9). Alongside the eastern flank of the IMMC,
igneous centres appear to align semi-en-echolon in a left-stepping direction, which would
require a linked right-lateral transfer system along the Proto-JMFZ (Figure 2.8). This would
explain why the initial breakup margin formed along the north-eastern edge of the
microcontinent, which later formed the obliquely opening ZAgir ridge and Norway basin,
with the Norwegian margin opening in an WNW-ESE direction along the NW-SE striking
proto-JIMMC fracture zone segments (Paper III) (Figure 2.8). Thus, forming an extensional
area south of the Proto-JMFZ with developing igneous centres and a gradually sub-siding
eastern JMMC margin, and a developing transpressional region north of the fracture zone
with a higher elevated Vering margin that links to the regionally observed top Paleogene or
top volcanic unconformity dated at ~55 Ma (Figure 2.11).
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2.3.3 Iceland Plateau rift propagation

As described in section 2.1.7, the IPR consists of a series of rift stages within a propagating
rift system with the formation of progressively-younger igneous crust from ESE to WNW
within the Iceland Plateau, as can be demonstrated by seismic volcano-stratigraphic analysis
of this study, and the variability of crustal thickness (Breivik et al., 2006, 2012; Brandsdottir
et al., 2008, 2015). Younger and overlying flood basalts have left little trace of the IPR rift
structures near the seafloor and pre-flood basalt structural features themselves. Except for
IPR stages II and III that are visible on seismic reflection data just south of the SRC and
within the JMT (Figure 2.11). Thus, the interpreted IPR subsurface structures compensated
for the lack of clear linear magnetic anomalies assigned to the IPR stages (I, II, III, and IV).

The IPR propagation and complicated tectonics of the IMMC was complemented by major
rift basin formation offshore its conjugate East Greenland margin, especially along the
Blosseville Kyst coastline and the Liverpool Land basin (e.g. Larsen, L.M. 1999; Surlyk,
1990, 2003; Stemmerik et al., 1993; Weigel et al., 1995; Butt et al., 2001; Seidler et al., 2004;
Larsen, L.M. et al., 2013, 2014) (Figure 2.11a). Rift basin development and IPR propagation
occurred in four stages (Figure 2.11b-e). The oblique IPR-I and II systems were linked to
the Blosseville Kyst of central East Greenland during the Eocene (52 — 36 Ma) (Figure 2.11a-
c). The separation of the JIMMC from the central East Greenland margin during Oligocene
to Early Miocene (~36 Ma — 21 Ma) (Figure 2.11d,e) was accompanied by extension, the
formation of distinct S-N-oriented volcanic ridges and final breakup margin along the
southwestern and western extent of the JIMMC. Igneous complexes, such as the southwest
Jan Mayen igneous province (SWJMIP), were emplaced along the southwestern-western
margin of the microcontinent. The IPR stretches into the Jan Mayen basin as part of a buried
western Late Oligocene breakup margin. The basin was then covered by regionally extensive
flood basalt coming from the west and southwest, probably sourced from the proto-
Kolbeinsey ridge system, but also from apparent point sources and potential volcanic
complexes within the JMB (Figures 2.1; 2.4; 2.6d; 2.7). The JMMC-IPR transition highlights
the complexity of a long-lived, active volcanic margin within an unstable rift-transfer setting,
exhibiting both lateral and vertical crustal accretion throughout its formation from Eocene
through Early Miocene times (Figure 2.5). This model infers that the anomalously thick
oceanic crustal domains formed by overlapping rift systems accompanied by deep and
shallow intrusive formations, similar to Iceland-type crustal formation.

2.3.4 The Cenozoic breakup, ocean and microcontinent
formation

Cenozoic northeast Atlantic breakup and opening processes have been described in previous
tectonic reconstructions, primarily based on geochronological work of magnetic anomalies
and sparse vintage seismic reflection data (e.g. Talwani and Eldholm, 1977; Nunns, 1982,
1983a,b; Lundin and Doré, 2005; Doré et al., 2008; Gaina et al., 2009; Peron-Pinvidic,
2012a,b; Gernigon et al., 2015) (Figure 2.5; Table 2.1). In this study, the reconstructed geo-
chronology of the Northeast Atlantic region and mapped igneous domains have been
substantially updated, and seven major phases influencing the JIMMC's breakup history have
been identified:
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(M

)

3)

4

6))

(6)

(7)

Early Paleogene: Possible pre-breakup magmatic intrusions underneath central
East Greenland — IMMC (~63-56 Ma). Initial breakup phase and rupturing of the
overlying lithosphere along WNW-ESE striking, pre-existing fracture zones south
of the microcontinent, i.e. proto-IFFZ, and along NW-SE striking fracture zones
north if the JIMMC, i.e. related to the proto-JMFZ system.

During the initial rifting and breakup phase, overlapping igneous systems
developed along the divergent plate boundary, with subaerial plateau basalt flows
across the Northeast Atlantic, including the JMMC region.

Early Eocene: North-to-south development of an inner, first set of seaward-dipping
reflectors along the eastern margin of JMMC. Another two sets of outer seaward-
dipping reflectors overlapped the inner SDR set, as a precursor to the formation of
the Agir ridge (~55-53 Ma).

Early-Mid Eocene: Formation of JIMMC's eastern volcanic margin that extended
into the IPR-I and southernmost extent of the Agir ridge system (~53-50 Ma).

Mid-Late Eocene: IPR-II segment intersects the IPR-I segment and the southern
extent of the SRC. Creation of an overlapping spreading system of the IPR segments
with the southern Agir ridge connecting into the northern extent of the Greenland-
Iceland-Faroe ridge complex; axial rift segments, intrusives, flood basalts (~49-36
Ma).

Latest Eocene-Oligocene: The formation of segment IPR-III and the Jan Mayen
southern ridge complex, alongside extensions within the Jan Mayen trough, and
separation from the main Jan Mayen ridge (~36-25 Ma).

Late-Oligocene: Formation of the western igneous margin of the JMMC,
representing the second igneous breakup margin in conjunction with the formation
of the south-western Jan Mayen igneous province, the IPR segment IV, the proto-
Kolbeinsey ridge, and the initiation of the proto-Iceland shelf region (~25-22 Ma).

Early Miocene to present day: Spreading along the Kolbeinsey ridge with complete
separation of the JMMC from the central East Greenland margin (since 22 Ma).

Figure 2.11. Reconstructed igneous provinces around Jan Mayen. The positions of Eastern
Greenland and the Jan Mayen main tectonic blocks are shown in an absolute position
(relative to the mantle) according to kinematic parameters that were computed by carrying
out visual fits (in GPlates 2.0.0; https://www.gplates.org) for four groups of basement ridges
mapped in this study. Five reconstruction stages are shown in (a) Early Eocene (~55-53
Ma); (b) main breakup phase (~53-50 Ma); (c) syn-breakup to rift propagation phase
throughout Eocene (~49-36 Ma); (d) intra rifting phase within the JMMC along the JMT
and initiation of the western igneous margin during Late Eocene to Oligocene (~36-25 Ma);
and (e) final breakup phase along the western JMMC margin (~25-22 Ma) and the full
formation of the Kolbeinsey ridge. Features displayed are modified from data and
interpretations by Larsen, L.M. (1985, 1989,1999, 2013); Larsen, H.C. (1990),; and Blischke
and Erlendsson (2018). Abbreviations are listed on p. xix-xx.
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3 Data overview and methods

The comprehensive database compiled during this study, was based on a larger-scale project
database encompassing the entire Northeast Atlantic (Blischke et al., 2017a; Papers I-III)
through participation in the NAGTEC project (Hopper et al. 2014). The database includes
vintage and new geological and geophysical information acquired between the 1960’s and
2017, which was incorporated into the NAGTEC Atlas and the Geological Society of
London special publication 447 (Paper I and co-authored publications). The database report
(Blischke et al., 2017a) includes a detailed overview of all implemented datasets on 1266
printed pages and is thus only partially included in this dissertation. Data preparations,
processing, and interpretations conducted within this study are specifically listed within each
data section and specifically flagged in column A of Table 3.1.

The construction of an integrated database involved data from a variety of institutions,
including: the National Energy Authority of Iceland (NEA, Orkustofnun); Iceland
GeoSurvey; the Marine Research Institute of Iceland (MRI-HAFRO); Spectrum ASA;
Tomlinson Geophysical Services - Norwegian Petroleum Exploration Consultants
International ASA (TGS-NOPEC); the University of Oslo (UiO); the Norwegian Petroleum
Directorate (NPD); the Bundesanstalt fiir Geowissenschaften und Rohstoffe (BGR); and the
Geological Survey of Denmark and Greenland (GEUS). Core samples were obtained from
IODP Bremen Core Repository (Germany). Petrological analysis of core samples was
undertaken at the Institute of Earth Sciences, University of Iceland and the Iceland
GeoSurvey. Core age analysis were carried out at the Argon geochronology laboratory at
Oregon State University (OSU, USA).

The seismic, borehole, analogue and interpreted datasets were implemented into the Petrel
E&P software platform © by Schlumberger. Petrel is an integrated and interactive
interpretation software within three-dimensional mapping tool for geophysical and
geological data. Geodynamic plate reconstruction parameters for the relative motion of the
JMMC and conjugate margins were calculated using the interactive fitting method of
GPlates (www.gplates.org; Boyden et al. 2011). ArcMap, the main component of the ©
ESRI's ArcGIS suite was used for final data interpretation compilations and database storage.

The geophysical datasets include seismic-reflection and -refraction profiles, gravity and
magnetic data, and multibeam bathymetric information. Offshore borehole and seafloor
sample data provide geological, geochemical, petrological and age data, whereas analogue
studies of the JMMC’s conjugate margins provide both onshore and offshore comparative
successions. The geophysical database forms the main foundation of this study, as deep
borehole data are not available within the entire study area; thus, the age and nature of the
geological succession older than Mid-Eocene on the JMMC remains conjectural. Thus,
integration of all data types is necessary in order to obtain as best an understanding as
possible of the geological succession.
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Figure 3.1 Regional project database (Table 3.1) showing seismic reflection (2D MCS
(multi-channel data blue lines); 2D SCS (single channel data — green lines)), seismic
refraction lines (red lines), borehole data (vellow points), shaded bathymetry (IBCAO 3.0;
Jakobsson et al, 2012), and ETOPO1 (Amante and Eakins, 2009).

3.1 Description of the data

This study is based on analyses and interpretation of geophysical datasets, including seismic-
reflection and -refraction profiles, gravity, magnetic and multibeam bathymetry data.
Offshore borehole and seafloor sample data helped constrain geological, geochemical,
petrological and stratigraphic age. However, the geological succession older than Mid-
Eocene on the IMMC remains conjectural.

3.1.1 Bathymetry

High-resolution multibeam bathymetry data obtained from the international bathymetric
chart of the Arctic ocean (IBCAO) Version 3.0 with a 500 m x 500 m resolution (Jakobsson
et al., 2012) was used for the regional grid maps (Figures 3.1; 3.2) and tied to ship-track
data, required for two-way-travel time-to-depth conversions of the 2D multi-channel seismic
(MCS) and single-channel seismic (SCS) data (e.g. Akermoen, 1989; Gunnarsson et al.,
1989; Papers I-11I).
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Figure 3.2 An overview of the Jan Mayen database on a hill shaded bathymetry map
(Jakobsson et al., 2012), showing (a) 2D MCS lines and cross-sections; (b) boreholes and
seabed sampling sites, (c) seismic refraction lines, and multibeam bathymetric maps. For
detailed survey information and references see Table 3.1. Abbreviations are listed on p. xix-
XX.
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Data from three high-resolution multibeam echo-sounder surveys, conducted across the
JMMC and IPR in 2008, 2010 and 2016 were merged with the IBCAO regional dataset
(Figure 3.2b). The A8-2008 and A11-2010 surveys were planned by NEA, NPD, and MRI-
HAFRO, using the research vessel Arni Fridriksson. These surveys provided 10,500 km2 of
50 m x 50 m resolution bathymetric data, between 790 m and 2210 m depth (Helgadottir,
2008; Helgadottir and Reynisson, 2010). The French Hydrographic and Oceanographic
Office (SHOM) conducted the NARVAL 2016 cruise using the R/V Beautemps-Beaupré
across the JMT, SRC and IPR, acquiring 35000 km2 of multibeam data with 50 m x 50 m
resolution, as well as sub-bottom profiles and magnetic data. The high-resolution
bathymetric data provided important information on structural trends and igneous features,
such as volcanic cones, axial ridges, and pockmarks interpretations, which combined with
the 2D MCS seismic reflection data, has constrained the location of normal faults, strike-slip
faults, and slump fault systems along the steep escarpments, in addition to sea-bed and
shallow sub-seabed expressions of volcanic activity across of the microcontinent’s ridges
(Blischke et al., 2017a; Papers I-I1I).

3.1.2 Gravity and magnetic data sets

Compilation of the extent and depth of sedimentary basins, major tectonic features and
variations in crustal segmentation across the study region was based on the NAGTEC gravity
data by Haase and Ebbing (2014). The magnetic data implemented in this study was
processed and compiled from various magnetic data surveys by Nasuti and Olesen (2014)
within the NAGTEC project. The magnetic data was used to constrain the subsurface
geology based on anomalies in Earth’s magnetic field that effected and preserved the field’s
orientation of the underlying rocks at its time of emplacement; for example, providing a
chronological mapping tool of magnetic anomalies across the ocean floor (see section 3.2.2).
The magnetic data also provided information on hidden geological structures, especially in
volcanic and metamorphic terrains and structures in non-magnetic sedimentary terrains that
were highlighted and described in more detail in the co-authored publication by Gaina et al.
(2017a). The potential field data in combination with the seismic data provided a useful
interpretive tool to significantly improve and validate the geological and structural
configuration, e.g. hidden igneous complexes (Figures 2.4; 2.6).

Gravity and magnetic anomaly mapping lend support seismic data interpretations. Detailed
magnetic anomaly datasets from the JMMC and Norway Basin region from surveys JAS-05
and NB-07 and JAS-15 (Gernigon et al., 2012, 2015) were included in the NAGTEC project
(Hopper et al., 2014), and combined with line-data acquisitions accompanying the seismic
reflection surveys (Blischke et al., 2017a). The magnetic data was crucial determining the
breakup boundary along the eastern flank of the JMMC. Traces of several substantial,
isolated anomalies can also be seen on the magnetic maps, representing igneous complexes
(Figure 2.4).
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3.1.3 Seismic reflection data

Analogue single-channel and two-dimensional multichannel seismic reflection data (2D
SCS and 2D MCS) constitute the main data analysed in this study (Figures 3.1; 3.2; Table
3.1) This data images the subsurface by recording seismic waves transmitted from a vessel
with a controlled sounding source. The transmitted waves, reflected and refracted from the
seafloor and layers below the seabed, are recorded by a string of seismic detectors that are
towed behind the vessel. As the source and detector positions, the line-up distances and
timings are known the data is displayed as two-way-travel time (TWT) along horizontal
distance. This data method has been applied since the 1920°s (Karcher, 1987; Téth, 2011).
Seismic reflection surveys are conducted from large seismic-acquisition vessels, including
2D single-channel acquisition to up-to-15-km-deep multi-channel recordings. All specific
data surveys acquisition details are summarized in an extensive database report by Blischke
et al. (2017a; Appendix 2).

Early north Atlantic regional 2D MCS surveys across the JMMC area, mainly BGR-75,
BGR-76 (Hinz and Schliiter, 1978), and RC2114 (Talwani et al., 1981; Mutter et al., 1982;
Talwani et al., 1978), constrained the transition from the JMMC into the oceanic domain.
Two-dimensional MCS and seismic refraction data in combination with onshore geological
maps and cross section profiles, together with elevation/bathymetry, gravity and magnetic
potential field data along the central East Greenland coast for direct data comparison of the
JMMC domain to its direct western margin analogue and are described in detail in Blischke
and Erlendsson (2018) (Figure 3.2).

Two-dimensional MCS surveys prior to 2001, available on paper or film had to be imported
as images and transferred into the standard segy-data digital format (Blischke et al., 2017a).
MSC data from the following surveys were used across the JIMMC-IPR study area: BGR75-
76, IM-85 and JM-88, IS-JMR-01 (2001), ICE-02 (2002), WI-JMR-08 (2008), NPD-11
(2011), and NPD-12 (2012). Acquisition and processing information by survey, year and
company are listed in Appendix 2. All seismic reflection data that covers the JMMC-IPR
area was pre-processed, line positions checked, and loaded into a common single
geographically projected database during this project. Prior to this project was the candidate
involved in the positioning and target prioritisation of the newer surveys of 2008, 2011 and
2012, and correcting the segy-data location and orientation of dataset JM-85 and JM-88 for
the Petrobank database system in Norway. Unfortunately, the CEPAN7S5 survey data could
not be imported due to the lack of navigation data.

The IMMC 2D MCS datasets acquired after 2008 are of a higher quality and image deeper
into the subsurface. The latest surveys in 2011 and 2012 undertaken by the Norwegian
Petroleum Directorate (NPD) considerably improved the imaging quality of the Cenozoic
section. These two surveys applied variation to higher-volume source signal, detector
streamer length, and separate processing of the long-wave frequency data partition for the
deeper sub-basalt sections. This resulted in much improved imaging for the eastern flank and
the main JMR and SCR domains but did not fully penetrate the youngest (Late Oligocene —
Early Miocene) flood basalt layers of the IPR-III and IPR-IV domains within the JMT and
along the southern to western flanks of the IMMC (Figure 2.1).
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3.1.4 Seismic refraction data

Seismic refraction-data acquisition is crucial to determine depth and velocity contrasts of the
sub-surface. The acquired data builds on the principle that seismic waves have differing
densities and thus velocities in varying rock types governed by Snell’s law (Kearey and
Brooks, 1984). As seismic waves are sent into the subsurface, a portion of its energy is
refracted as it crosses an interface between different rock types enabling the determination
of intersection time and offset; this further enables the determination of velocity information
necessary to convert the 2D MCS from two-way-travel time (TWT) into actual depth data,
and can provide information necessary to determine rock type.

Seismic refraction data were used in crustal domain interpretation, constructing seismic-
stratigraphic velocity ties to the seismic reflection data, and delineating the extent of the
JMMC in comparison with gravity and magnetic anomaly data. Seismic refraction data for
the GIFRC and Northeast Atlantic area, compiled within NAGTEC (Funck et al., 2014,
2017) and KRISE (Brandsdottir et al., 2015) projects, were also made available to this study.
For the central East Greenland conjugate margin, existing seismic refraction OBS data
interpretations were crucial in tying the seismic reflection data with the surface geology, as
described in detail by Blischke and Erlendsson (2018) (Figures 3.1).

Additionally, sonobuoys deployed during the JM-85 seismic-reflection survey and processed
by Olafsson and Gunnarsson (1989) were interpreted in order to obtain seismic velocities
within the upper layers of the JMMC microcontinent, and better constrain igneous crust with
the continent-ocean transition, especially the SDR’s along the eastern igneous margin of the
JIMMC (Papers I-III).

Unpublished expanding spread profiles (ESP-121 to ESP-128) (Figures 3.2a; 3.3) were
analysed and interpreted by travel-time-to-offset-ratio (T-X) analysis (e.g. Childs and
Cooper, 1978) and by the Tau-P velocity estimation methods of Diebold and Stoffa (1981).
The data was available as paper travel-time-to-offset and Tau-P plots only and had to be
scanned and interpreted using a high-resolution digitizing tool
(https://apps.automeris.io/wpd/). The ESP results are presented in Figure 3.3 and Table 3.2.
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Figure 3.3 The velocity structure of ESP-1235, see insert (a) in comparison with 2D MCS
data along the western igneous margin of the JMMC (location is shown on Figure 3.2b) and
(b) OBS crustal structure based on Kodaira et al. (1998), for horizon legend see Figure 2.3.
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Table 3.2 ESP-121 to ESP-128 Profile analysis (offset T-Z,; Tau-P analysis summary values
tied to 2D MCS data) of this study.

Vmin Vmax Vavg. Vavg. SD*

(km/s) (km/s) (km/s)  (km/s) Zone Comment

1,4 1,5 1,44 0,0 Sea water
1,4 1,7 1,54 0,1 Plio-Pleistocene = Unconsolidated water saturated sediment
1,4 2,7 1,85 0,3 Soft sediment
2,0 4,2 3,35 0,7 (3.4-4.0) basalt into soft sediment
2.4 3.8 3,03 0.4 Consolidated and.dzagenetzcally alter
sediment
34 4,4 3,77 0,3 SDR Same top pick, used average 4.3 for
3,9 5,8 4,60 0,6 PB typical basalt range
43 5.4 4,99 0.3 PrcBreakup Compacted.and metamo;jph ov.er—prmted
Mesozoic or Paleozoic sediments
5,3 6,7 5,73 0,5 ucC Caledonian
6,3 7,2 6,64 0,2 LC Lower crust
ile?
7.0 7.8 7.43 0.3 _ Lower crust (duc.’tfle.) to mantle
transition
4.8 5,3 5,07 0,3 OCL2 Oceanic basement
5,9 6,8 6,44 0,4 OCL3 Layer R1 on cross-sections
6,8 7,9 7,38 0,4 OC L4 Layer R2 on cross-sections
7,2 8,1 7,72 0,4 _ Lower crust to mantle transition

*SD — standard deviation

Seismic refraction velocity model and basement tie

As the JMMC is surrounded by igneous domains, delineating its boundary with the volcanic
domain was important. To better constrain this region, the 2D seismic reflection dataset was
analysed in combination with the available seismic refraction data and crustal velocity
models, as well as available borehole control along the ridges. This enabled an interpretation
of the nature of acoustic basement and different crustal type domains.

Furthermore, anomalously high 2D MCS-based stacking-velocities were compared to the
JMMC structural domains within a 3D grid compiled data set (Figure 3.4). Stacking
velocities from the various processed 2D MCS surveys (Appendix 2) were first not included,
as the data appeared anomalous and inconsistent by assessing each survey on its own.

However, as all the different vintage stacking velocity data set showed similar anomalously
high velocities (>4000 m/s) and normally increasing velocities with increasing depth, they
were reconsidered and compared with igneous centres located by other methods across the
JMMC, but specifically along the IPR (Figure 3.4). The >4000 m/s anomalies are narrow
and appear to align with possible deeper intrusive complexes and volcanic ridges mapped
within the SWIMIP, the IPR segments (Figure 3.4), towards the JMI and the
microcontinent’s northern extent.
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Figure 3.4 2D MCS stacking velocity data combined in a 3D grid compilation and

highlighted high velocity anomalous areas within the JMMC region. Abbreviations are listed
On p. XiX-XX.
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Similarly, high velocities (3,3 — 4,2 km/s) are present within the Jan Mayen basin suggesting
that the primary western volcanic margin was located right at the western edge of the JMR
and not along the western edge of the JMB (Papers I-11I) (Figures 2.1; 2.3; 2.7). This provides
a better explanation for an igneous source of the areal extensive flood basalts that cover the
entire JMB and southwestern region of the JMMC (Figure 3.1¢).

The volcanic margins and complexes east of the JMR and SDRs have a much higher velocity
range of >4 km/s than the surrounding sedimentary rocks (Figures 2.3b,c; 3.4); thus, being
part of the eastern volcanic margin that lies within the oceanic basement domain, covered
by a thin low-velocity sedimentary layer (< 2,5 km/s) (Papers II and III). The underlying
layer has a velocity range of 4,8 — 6,8 km/s, which most likely corresponds to the oceanic
layer 2 (R1-R2 on Figure 2.3; Table 3.2). Seismic reflectors off Norway basinward to the
continent ocean boundary and below the “R2” seismic reflection event (Vp >6,8 km/s) are
generally chaotic or opaque. These have been interpreted as higher-velocity layers connected
to underplating, or lower crustal bodies associated with volcanic margin formation of the
JMMC, East Greenland, SW Norway (Mere and Vering margins) (e.g. Weigel et al., 1995;
Breivik and Mjelde, 2003; Breivik et al., 2008, 2012; Faleide et al., 2010; Gernigon et al.,
2015; Mjelde et al., 2016; Theissen-Krah et al., 2017; or Zastrozhnov et la., 2018). These
higher-velocity layers delineate the transition from the JMMC to the oceanic domain within
the volcanic margin and can be observed all around the JIMMC domain with apparent
localized thickening around fracture zones see Figure 3.5.
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Figure 3.5 Variations in lower crustal velocity within the JMMC and thickness estimates
between lowermost seismic reflection event of the “inferred lower crust” and the “R2” event
indicate increased magmatic incursions within the IPR domain, SWJMIP, the western
igneous margin, NW-JMR — JMI, and close to the segments of fracture zone terminations.
Magnetic anomalies data from Haase and Ebbing, (2014). Abbreviations are listed on p.
XIX-XX.
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3.1.5 Offshore and onshore geological sample data

Offshore borehole and seafloor samples are sparse across the Northeast Atlantic region,
especially away from the active mid-oceanic ridges (Figures 3.1; 3.2; 3.6). Information from
twelve shallow boreholes of Deep-Sea Drilling Program (DSDP, Leg 38) and Ocean Drilling
Programs (ODP, Legs 151 and 162) were used in this study, specifically igneous samples in
the JMMC area. These boreholes include sites 336, 337, 342, 343, 345, 346, 347, 348, 349
and 350 of DSDP Leg 38 (Talwani and Udintsev, 1976a-j), site 642 of ODP Leg 104
(Eldholm et al., 1974, 1987a,b, 1989), and 985 for ODP Leg 162 (Jansen et al., 1996).

Seafloor sampling campaigns carried out by gravity coring in 1973 by Geodekyan et al.
(1980), in 2010 by the NEA, using remote operated vehicle (ROV) directed sampling by the
NPD in 2010-2012 (Sandsta et al. 2012), the Volcanic Basin Petroleum Research Group
(VBPR) and TGS in 2012 (Polteau et al., 2018) have provided additional data, though the
in-situ nature of some of these sample locations remains ambiguous. Dredges and gravity
cores acquired by XXX from targeted sites along steep flank areas of the JMMR s western
rim, the eastern flank of the Lyngvi ridge, and the north-western flank of the SRC were also
included (Figure 3.2).

Geochemical analyses of these JIMMC rock samples facilitated a chronostratigraphic and
paleo-environmental interpretation which together with the seismic reflection data, added
valuable information to the tectonostratigraphic model (Papers I-11I).

DSDP Leg 38 sites 348 and 350 were re-viewed and re-sampled from the IODP core data
repository in Bremen, Germany as part of this project. Recovered Middle Eocene basalts
from 350 at the southeasternmost extent of the SRC, and Lower Miocene basalts from site
348, at the western igneous margin of the microcontinent were reanalysed and “°Ar/**Ar dated
(Paper III), to better constrain the age and geochemical composition of these two boreholes.

Analogue sites comparisons

Data from sedimentary rocks and basement strata older than pre-Mid-Eocene on the JMMC
is lacking. Thus, a comparison between the JIMMC and its conjugate margins was conducted
in order to address interpretation uncertainties regarding the age and character of the basal
Cenozoic and pre-Cenozoic strata on the microcontinent. These conjugate areas include the
central East Greenland margin and onshore area, the oceanic domains surrounding the
JMMC, the mid-Norwegian margin, the Faroe—Shetland region, and the Greenland-Iceland-
Faroe ridge complex domain. Detailed reviews and correlations were conducted and
discussed in this study and Blischke and Erlendsson (2018).

The geology of the IMMC’s western conjugate margin is of importance for correlation
purposes as it was part of East Greenland until the Late Oligocene (Figures 2.9; 2.11; 3.1).
The Jameson Land basin and the Blosseville Kyst region of central East Greenland have
outcrop sites that provide a strong volcano-stratigraphic analogue for the deeper Cenozoic
and underlying succession. Along the Blosseville Kyst coastline, lower Palacogene plateau
basalts and shallow-marine deposits are preserved (e.g. Larsen, M. et al., 2002, 2005; Tegner
et al., 2008; Larsen, L.M. et al., 2013, 2014), which might represent a direct analogue for the
possible plateau basalt and pre-breakup strata of the JIMMC.
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3.1.6 Age analysis and petrochemical data

Published geochronology data were initially reviewed based on available offshore borehole
and onshore data records (e.g. Talwani and Udintsev, 1976a-j; Kharin et al., 1976; Tegner
et al., 2008; Larsen, L.M. et al., 2013, 2014; Ganerad et al. 2014). Large error margins and
age ranges in K/Ar dating from DSDP Leg 38 boreholes 348 and 350 (Kharin et al., 1976)
prompted resampled of their 21 core sections as part of this study (Figure 3.6).

40Ar/3°Ar analysis

As DSDP site 348 did not fit into the overall geochronologic model by Gaina et al. (2009,
2017b) with an approximate age range between 19,4 +2,2 Ma to 18,2 £2,4 Ma (total
uncertainty range: 21,6-15,8 Ma) (Kharin et al., 1976) falling outside the geo-chron of that
period, it was decided to resample igneous rocks from sites 348 and 350. Eight igneous rock
samples were selected and described at the core lab in Bremen (Germany), and sent to the
argon geochronology laboratory at the Oregon State University, accompanied by thin
sections that were prepared and analyzed at the Iceland GeoSurvey's petrology lab (see
supplement material of Paper III), The fine-grained, unaltered 115-513 mg whole-rock basalt
samples were analysed at the argon geochronology laboratory from groundmass, with the
“0Ar/*° Ar Heine resistance furnace on the MAP 215-50, through incremental heating. Three
samples from borehole 348 provided reliable results, and three out of five samples from site
350 could be used. *°Ar/*°Ar data from site 348 gave an age range between 23,19 +0,61 Ma
and 22,15 +£0,26 Ma (total uncertainty range: 23,8-21,89 Ma) providing a firm tie of the geo-
chron model to the core data (Paper III).

The K/Ar age range for site 350 displayed great variation, from 50,5 Ma +5,5 Ma to 33,5
Ma £2,8 Ma (total uncertainty range: 56-30,7 Ma) (Kharin et al., 1976). The core was thus
resampled, the “*Ar/*’Ar dating gave an age range between 49,28 Ma +0,3 Ma and 44,05 Ma
+0,21 Ma (total uncertainty range: 49,58-43,84 Ma), within the geochronological model of
IPR-I and IPR-II (Paper III).

Petrochemical data

Seven of the selected samples from the cored igneous section of DSDP sites 348 and 350
were sent and analysed at the University of Iceland ICP laboratory and is described detail in
Paper III with its supplementary sections. In addition, the JIMMC's conjugate regions were
investigated for published petrophysical datasets that would enable comparison between the
cored igneous sections and seafloor samples to the volcano-stratigraphic provinces.
Information on such datasets was obtained from a number of existing geochemistry
databases, including: PETDB (Lamont Doherty Earth Observatory, Columbia University,
New York, http://www.earthchem.org/petdb); the GEOROC (Max Planck Institute for
Chemistry, Mainz, http://georo~mpch-mainz.gwdg.de/georoc/); and published data by
Gronvold and Mékipad (1978), Kharin et al. (1976), Tegner, C. (unpublished), and Polteau
et al. (2018) (Figure 3.1). For a full reference list, the reader is referred to the geochemistry
data analyses and references in the supplementary data of Paper III.
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Table 3.3. An overview of existing DSDP and ODP boreholes and drilled igneous basement,
based on data summary in Hopper et al. (2014) and this study. Abbreviations are listed on

- XiX-XX.
Cored  1EE0
Site name Latitude Longitude Area section section Age
(m)
(m)
DODP T 63351667 7783333 Iecland-Faroe Ridge 515 30,5 Mid-Eocene
DOOPISE 64871667 5341833 Acgir Ridge 1325 195  Early Oligocene
DSDPLeg (9837167  -1237667 TanMayenFracture g, 40 Late Oligocene
38-345 Zone
DSDPLeg 5 09167  -8.685667 Jan Mayen 187 DNR Late Eocene
38-346 microcontinent
DSDPLeg 6071833 _8.696667 Jan Mayen 190 DNR Late Bocene
38-347 microcontinent
Do ar®  68.503000 -12462000  Kolbeinscy Ridge 544 17 Early Miocene
DIDPLCE 69206833  -8.096667 Jan Mayen 300 DNR  Late Eocene
38-349 microcontinent
DSDPLeg () 055667 8294667  Iceland Plateau 388 26 Early Mid
38-350 Eocene
DOPPTE 63649500 12471000 Iccland-Faroe Ridge 1225 DNR  Early Oligocene
O o 69249700 -12.698300  Kolbeinsey Ridge  224.1 8 Mid-Miocene
?]632}’_ 9Lgesg 66.941500  -6.450200 Acgir Ridge 588 DNR  Late Oligocene
?]632}’_ 9Lge7g 70.496450 -17.936467 Liverpool Land Basin ~ 859 ~ DNR  Late Miocene

* DNR — Did not reach
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3.2 Interpretation methods and applications

Mapped structural elements in the JMMC-IPR, NE Iceland shelf and IFR areas, including
rift zones, fracture zones are based on this study. Large-scale fault systems and lineaments
are based on published data (e.g. Gaina et al., 2009; Peron-Pinvidic et al., 2012a,b; Gernigon
et al., 2012, 2015; Hopper et al., 2014). The main mapped structural features for the JIMMC-
IPR (Figure 2.1) are based on parameters derived, or inferred, from at least two (preferably
three) different potential-field and/or seismic datasets (Papers I and II).

3.2.1 Structural elements analysis

Mapped structural elements include rift zones, fracture zones, large-scale fault systems and
lineaments in the JMMC area, which are based on published work (e.g. Gaina et al., 2009;
Peron-Pinvidic et al., 2012a,b; Gernigon et al., 2012, 2015; Hopper et al., 2014) and
interpretations of this study by delineation of onshore records, bathymetry, free-air gravity
anomaly and derivatives, magnetic anomaly, and seismic reflection and refraction datasets.
The main mapped structural features for the JIMMC IPR are shown on Figure 2.1, and are
based on parameters derived, or inferred, from at least two (preferably three) different
potential-field and/or seismic datasets (Papers I and II).

The seismic reflection datasets were used for mapping and identification of structural
elements, smaller-scale fault systems, and fault-parallel sill and dyke complexes. Multibeam
bathymetry data were used to map structural trends and features at the seafloor. High-
resolution bathymetry data in combination with seismic reflection data enabled the
differentiation between strike-slip and normal fault systems, and slump faulting along the
steep escarpments of the microcontinent’s ridges (Papers I-I11).

3.2.2 Kinematic reconstructions

Plate-tectonic reconstructions for the relative motion of JMMC with respect to its conjugate
margins were obtained using the interactive fitting method of GPlates (www.gplates.org;
Boyden et al., 2011; see also Gaina et al., 2009, 2014, 2017b) (Appendix 3). The GPlates
application works on the basis of the geographic information system (GIS) functionality by
implementing raster-data visualization that can be based on images or 2D grid, line or point
datasets, which enables combined interpretation and cross-correlation of various datasets
within both plate-tectonic and chronologic contexts. The “GPlates markup language”
(GPML) as a custom-designed format for geological and geographic data modified in a plate-
tectonic context. The GPML datasets are exported into ArcMap (GIS) compatible formats
that enable to interpret and adjust tectonic or paleo-environment maps at a selected
geological time, constrained geographically in a coordinate tied mapping project.

Input data for reconstruction of oceanic crustal spreading was primarily based on magnetic
anomalies and mapped fracture zones (Figure 3.7), in addition to gravity anomaly data and
structural mapping of the study area (Papers I-III). Geo-chron interpretation of the Agir
ridge system was based on the high-resolution magnetic data by Gernigon et al. (2015). The
large regional fracture zones are based on Gaina et al. (2014, 2017b) or Gernigon et al.
(2015). Larger scale plate-tectonic reconstructions for the relative motion of JIMMC were
fitted within GIS for each reconstruction stage, using rotation parameters for Greenland
relative to Eurasia based on Gaina et al. (2017b), (Appendix 3).
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Figure 3.7 GPlate reconstruction of the JMMC-IPR, modified after Gaina et al. (2017b).
The different segments and blocks of the JMMC-IPR (inset) were added in this study. Plate
boundaries are traced in yellow and isochron interpretations dotted in dark blue (Gaina et
al., 2014, 2017b; Nasuti and Olesen, 2014). The path of opening (spreading direction)
between the Eurasian plate and Greenland is indicated by green triangles, and across the
GIFRC in light blue, with time steps indicated as blue stars. Also shown are flow lines during
separation of the JMMC-IPR blocks from the Greenland margin based on this study (pink
between East Greenland and JMMC-IPR and in grey between JMMC-IPR and the western
Norway shelf margin). The JMMC-IPR block reconstruction and reconstructed time series
are listed in Table 3.4 with the corresponding reconstruction times in millions of years (Ma).

More detailed kinematic reconstructions for separate JMMC-IPR tectonic blocks (Figure
3.7; Table 3.4) were tied to the chronostratigraphic succession and best fitting fault and block
topography in chronologic order (Papers I-III). Reconstruction parameters used to restore
the JMMC blocks to pre-breakup and pre-extension positions are listed in detailed in Table
3.4 with reference to the East Greenland margin, where the JIMMC was attached prior to
breakup.

Magnetic anomaly picks refer to segments of formed oceanic crust that was magnetised with
different polarities of the magnetic field through time as the oceanic crust formed. The
temporal motion of the crustal blocks on the Earth’s surface follow a great circle path with
the axis or rotation pole following a fixed pivot point at the Earth’s centre. That is referred
to as an Euler pole and was described by Cox and Hart (1986) as the plate tectonic method.
Seafloor spreading occurs parallel to the ridges and forms the meridian that intersects at the
Euler pole.
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Table 3.4 Finite rotation parameters of various tectonic blocks relative to the Greenland
Plate (plate ID 102) (a) modified after Gaina et al. (2017b), (b) — (j) this study. Eastern
hemisphere longitudes have positive signs. Abbreviations and label keys are presented

On p. Xix-XX.
. Rotation
Age (Ma) Chron Reconstruction Id Plate / Block name - .
Latitude (+°N) Longitude (+°E) Angle (°)
Eurasia-Greenland (a)
6 C3A 301-102 Eurasia-Greenland 67,50 133,10 -1,42
1.1 Chr.r 301-102 Eurasia-Greenland 67,50 133,10 -2,62
21,56 Céb 301-102 Eurasia-Greenland 71,49 127,45 -5,61
33,1 C13n 301-102 Eurasia-Greenland 68,32 132,27 -7,64
43,3 C20n 301-102 Eurasia-Greenland 57,53 127,90 -8,58
47,3 C21n 301-102 Eurasia-Greenland 53,70 129,00 -9,27
49,3 C22n 301-102 Eurasia-Greenland 55,40 123,50 -10,29
53,36 C24n2r 301-102 Eurasia-Greenland 57,94 119,11 -12,50
55 C24r 301-102 Eurasia-Greenland 56,32 120,51 -12,62
Lyngvi Ridge-JMSWIP (b)
6 C3A 907 Lyngvi Ridge 67,50 133,10 -1,42
11,1 Chr.1r 907 Lyngvi Ridge 67,50 133,10 -2,62
21,56 Céb 907 Lyngvi Ridge 71,49 127,45 -5,61
33,1 C13n 907 Lyngvi Ridge 82,35 14,60 -16,73
43,3 C20n 907 Lyngvi Ridge 83,42 96,81 -10,47
47,3 C21n 907 Lyngvi Ridge 82,65 14,52 -17,16
49,3 C22n 907 Lyngvi Ridge 79,10 -0,52 -24,46
53,36 C24n2r 907 Lyngvi Ridge 79,95 3,23 -21,50
55 C24r 907 Lyngvi Ridge 81,17 3,23 -21,50
Jan Mayen - Southern Rige Complex - main block (c)
6 C3A 370 JM-SRC main block 67,44 133,06 -1,42
11,1 Chr.1r 370 JM-SRC main block 67,44 133,06 -2,62
21,56 Céb 370 JM-SRC main block 71,43 127,42 -5,62
33,1 C13n 370 JM-SRC main block 82,36 14,85 -16,73
43,3 C20n 370 JM-SRC main block 83,57 102,22 -10,51
47,3 C21n 370 JM-SRC main block 83,19 14,16 -17,19
49,3 C22n 370 JM-SRC main block 79,52 -1,17 -24,49
53,36 C24n2r 370 JM-SRC main block 80,57 0,63 -23,28
55 C24r 370 JM-SRC main block 81,75 4,25 -21,55
Jan Mayen - Southern Rige Complex - Budli block (d)
6 C3A 372 Budli - IMSWIP 67,50 133,10 -1,42
11,1 Chr.1r 372 Budli - IMSWIP 67,50 133,10 -2,62
21,56 Céb 372 Budli - IMSWIP 71,49 127,45 -5,61
33,1 C13n 372 Budli - IMSWIP 82,35 13,91 -16,83
43,3 C20n 372 Budli - IMSWIP 83,64 98,70 -10,48
47,3 C21n 372 Budli - IMSWIP 82,74 14,25 -17,17
49,3 C22n 372 Budli - IMSWIP 79,14 -0,55 -24,47
53,36 C24n2r 372 Budli - IMSWIP 79,97 -0,04 -23,23
55 C24r 372 Budli - IMSWIP 81,19 3,16 -21,50
Jan Mayen - Southern Rige Complex - Otur block (e)
6 C3A 375 JM-SRC Otur 67,55 134,04 -1,42
11,1 Chr.1r 375 JM-SRC Otur 67,54 134,04 -2,62
21,56 Céb 375 JM-SRC Otur 71,54 128,48 -5,62
33,1 C13n 375 JM-SRC Otur 82,51 14,07 -16,74
43,3 C20n 375 JM-SRC Otur 83,53 104,70 -10,53
47,3 C21n 375 JM-SRC Otur 83,38 15,01 -17,21
49,3 C22n 375 JM-SRC Otur 79,67 -0,83 -24,50
53,36 C24n2r 375 JM-SRC Otur 80,87 1,22 -23,31
55 C24r 375 JM-SRC Otur 79,07 -3,65 -27,81
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Table 3.4 continued.

Rotation
Latitude (+°N) Longitude (+°E) Angle (°)

Age (Ma) Chron Reconstruction Id Plate / Block name

Jan Mayen - Southern Rige Complex - Hogni block (f)

6 C3A 376 JM-SRC Hogni 67,58 136,07 -1,42
11,1 Cor.1r 376 JM-SRC Hogni 67,57 136,08 -2,63
21,56 Céb 376 JM-SRC Hogni 71,60 130,72 -5,64
33,1 C13n 376 JM-SRC Hogni 82,86 13,09 -16,75
433 C20n 376 JM-SRC Hogni 83,95 105,80 -10,51
473 C21n 376 JM-SRC Hogni 83,32 12,88 -17,19
493 C22n 376 JM-SRC Hogni 79,55 -1,65 -24,49
53,36 C24n2r 376 JM-SRC Hogni 80,46 -1,12 -23,26

55 C24r 376 JM-SRC Hogni 81,63 2,34 -21,53

Jan Mayen - Southern Rige Complex - Dreki block (g)

6 C3A 377 JM-SRC Dreki 67,44 133,06 -1,42
11,1 Cor.1r 377 JM-SRC Dreki 67,44 133,06 -2,62
21,56 Céb 377 JM-SRC Dreki 71,43 127,42 -5,62
331 C13n 377 JM-SRC Dreki 82,34 14,03 -16,86
433 C20n 377 JM-SRC Dreki 81,26 8,49 -18,96
473 C21n 377 JM-SRC Dreki 78,46 -2,42 -25,85
49,3 C22n 377 JM-SRC Dreki 76,72 -6,87 -33,24
53,36 C24n2r 377 JM-SRC Dreki 77,43 -6,57 -32,01

55 C24r 377 JM-SRC Dreki 74,89 -10,72 -44,03

Jan Mayen - Southern Rige Complex - Langabru block (h)

6 C3A 378 JM-SRC Langabru 67,44 133,06 -1,42
11,1 Cobr.1r 378 JM-SRC Langabru 67,44 133,06 -2,62
21,56 Céb 378 JM-SRC Langabru 71,43 127,42 -5,62
33,1 C13n 378 JM-SRC Langabru 82,58 15,72 -16,89
433 C20n 378 JM-SRC Langabru 81,98 8,69 -19,01
47,3 C21n 378 JM-SRC Langabru 79,01 -2,68 -25,90
49,3 C22n 378 JM-SRC Langabru 77,08 -6,36 -33,28
53,36 C24n2r 378 JM-SRC Langabru 77,97 -5,15 -32,08

55 C24r 378 JM-SRC Langabru 75,54 -9,47 -42,72

Jan Mayen Rige block (i)

6 C3A 379 JMR 66,48 135,19 -1,44
11,1 Cor.1r 379 JMR 67,02 134,01 -2,64
21,56 Céb 379 JMR 71,32 127,74 -5,63
331 C13n 379 JMR 82,42 15,26 -16,87
433 C20n 379 JMR 81,04 9,19 -18,99
473 C21n 379 JMR 78,53 -2,04 -25,90
493 C22n 379 JMR 76,69 -5,69 -33,29
53,36 C24n2r 379 JMR 76,98 -6,37 -32,03

55 C24r 379 JMR 75,88 -8,49 -38,87

Jan Mayen Rige - northern block (j)

6 C3A 380 N-JMR 66,55 134,22 -1,44
1.1 Cbr.1r 380 N-JMR 67,05 133,57 -2,64
21,56 Céb 380 N-JMR 71,33 127,60 -5,63
33,1 C13n 380 N-JMR 80,49 4,51 -20,59
43,3 C20n 380 N-JMR 81,05 9,09 -18,99
47,3 C21n 380 N-JMR 78,52 -1,83 -25,90
49,3 C22n 380 N-JMR 76,68 -5,68 -33,29
53,36 C24n2r 380 N-JMR 76,98 -6,36 -32,03
55 C24r 380 N-JMR 76,00 -8,30 -37,98
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Transform- or fracture zones move parallel to the direction of mid-oceanic ridge opening
and if reconstructed correctly should always aligned spreading centres of the same paleo-
age. These isochrone interpretations can be verified in some cases by borehole data, e.g.
DSDP Leg 38 Site 348 or 337. The magnetic anomalies database used in this study was
summarised and quality checked by Gaina et al. (2014) based on the geological time scale
by Gradstein et al. (2012) and corresponding geomagnetic polarity scale by Ogg (2012). For
the NAGTEC project, relative plate motions were considered, and the Eurasian plate was
fixed. During this study the NAGTEC regional model was implemented, whereas more
localized JIMMC-IPR reconstructions were referenced to the East Greenland margin. The
JMMC model was developed by finding poles of rotation of the reconstructed areas (whole
plates or smaller blocks) and by aligning them best fitting to relevant magnetic anomalies.

Asymmetric spreading along the ZAgir Ridge and rift rearrangements within the JMMC-IPR
region has complicated previous modelling of the IMMC region (Gernigon et al., 2015;
Hjartarson et al., 2017), (Appendix 3). Therefore, one of the main challenges for the JIMMC-
IPR reconstruction model was to explain this asymmetry, which required more detailed
modelling of the seismic, borehole and seafloor data, in order to build a chronostratigraphic
and volcano-stratigraphic framework, as regular magnetic anomalies are weak in this region,
especially in the IPR area.

A dense set of isochrons was constructed based on magnetic anomaly identifications,
mapped fracture zones and other structural elements, and the igneous domains of the JIMMC-
IPR within the limits of the continent-ocean boundaries (Gaina et al., 2014 regional; Papers
[-I JMMC-IPR and IFR) (Figure 3.7). Individual JMMC-IPR tectonic blocks were
reconstructed to pre-breakup and pre-extension positions, based on derived rotations at time
intervals shown in Table 3.4. They document the trajectory of East Greenland relative to
Eurasia, the trajectory for the GIFR region relative to Eurasia, and the path between JMMC-
IPR and East Greenland.

3.2.3Seismic stratigraphy

Correlation of stratigraphic information of available borehole, surface or seafloor sample
records, tied to seismic reflection data, form the basis for the seismic stratigraphy and
construction of the JMMC regional Cenozoic stratigraphic framework (Paper II). Eleven
seismic-stratigraphic units were identified, bound by regional unconformities (Figures 2.5;
2.9; 2.10), defined from discordant seismic reflector relations according to the criteria
established by Mitchum et al. (1977). The eleven seismic-stratigraphic units (JM-01-JM-70)
establish a stratigraphic framework, based on each unit’s characteristic seismic reflection
pattern. The correlation of each unit to borehole data, including lithological, biostratigraphic
or other stratigraphic data, enabled these seismic reflection units to be mapped across the
seismic grid (e.g. Owen, 1987; Vail, 1987; Heinz and Aigner, 2003) (Figure 3.8).
Stratigraphic information from DSDP Leg 38 borehole sites 346, 348, 349 and 350, and
seafloor samples retrieved by the NPD and VPBR-TGS in 2011, 2012 and 2013, extending
back to the Mid-Eocene, provides a controlled framework for seismic units JIM-01-JM-50
(Papers I and II) (Figure 3.2); thus, providing key constraints for tying to the seismic
reflection data (Papers I-III). This facilitates mapping of unconformities and post basalt
stratigraphy across the JMMC. The regional unconformities across the JMMC, which reflect
major paleo-environmental and structural changes in its evolution are delineated by mapping
key reflectors (Paper II). Major uncertainties in stratigraphic correlation persist in the basins
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between the dislocated southern ridge segments and along the collapsed western flank of the
JMMC, where borehole control for sections older than Mid-Eocene is lacking. The deeper
sub-basalt stratigraphic units are only visible in the central area of the JMMC and around
DSDP site 349. Stratigraphic correlation is improved by increased 2D MCS data coverage
and thus was substantially improved with the NPD2011 and 2012 survey data interpretation
during this study. However, major areas of uncertainty remain, including the JMT, JMB, and
the JMBS, where the correlation of stratigraphic units older than Miocene is hindered by the
regionally extensive flood basalts which largely obscure the underlying structure and
stratigraphic layering (Papers II and III). To reduce these uncertainties, onshore and offshore
stratigraphic relationships along the western conjugate margin (Blosseville Kyst in East
Greenland) and the Vering continental margin, to the east, provide information on the basalt
stratigraphy that can be inferred to the volcanic horizons on the JMMC's seismic reflection
dataset.

3.2.4 Seismic volcano-stratigraphy

Seismic reflection datasets were also used for detailed seismic volcano-stratigraphic
characterization, which facilitated mapping and identification of structural elements,
sedimentary sequences, SDR sequences, and sill and dyke complexes. Multibeam
bathymetry data were used to map structural trends and features at the seafloor. This high-
resolution bathymetry data in combination with seismic reflection data enabled us to
differentiate not just fault and fracture zone surface intersections, but also igneous complexes
and axial rift systems (Paper III). Seismic reflection interpretation utilized to build the
Cenozoic seismic-stratigraphic framework for the JMMC area (e.g. Gunnarsson et al., 1989;
Paper II), was expanded by more detailed chronostratigraphic appraisal of the igneous
succession specifically addressing the seismic volcano-stratigraphy to fully understand the
rifting processes within the region. A methodology for the seismic-stratigraphic
interpretation of igneous rocks has been systematically developed over the last 20 years, with
key papers by Symonds et al. (1998), Planke et al. (2000) and Bischoff et al. (2019), which
outline criteria for the recognition and interpretation of volcanic seismic facies. These
criteria have been employed in this project whereby seismic volcanic units have been
identified by their shape, reflection patterns and boundary reflection signals, and by placing
these units into a chronological context (Figures 2.5; 3.8) (Paper III). The JIMMC seismic
volcano-stratigraphic framework was then compared to conjugate areas and margins and
their volcanic seismic facies characteristics, as summarised by various studies, including
Larsen, L.M. et al. (2013), Hopper et al. (2014), & Horni et al. (2017), Gaina et al. (2017a),
Geissler et al. (2017) and Hjartarson et al. (2017). Key seismic volcanic facies include
landward flows, seaward dipping reflector (SDR) sequences, inner and outer SDRs, igneous
centres, sill/dyke intrusions, and volcanic vent structures (e.g. Hinz et al., 1981; Planke et
al., 2000) (Figure 3.9). These volcanic seismic facies units are summarised below.
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Landward flows

The layered landward-flow sections underlying the SDR wedges are also referred to as the
Early Eocene plateau-basalt-equivalent stratigraphic units that in places can be subdivided
into subaerial and submarine lava flows. These lavas have been observed to extend several
hundreds of Kilometers from their eruptive centres and close to coastal areas (Self et al.,
1997) form strong, relatively smooth and sheet-like seismic reflectors. Their internal
reflection character can vary locally but overall displays a sub-parallel character that is
commonly wedge-like towards elevated areas or depicts prograding reflectors toward basinal
areas. Flat-lying high-amplitude basaltic markers within the low areas in between the IMMC
ridges are referred to as F-Marker flood basalts.

Seaward dipping reflectors (SDR)

Seaward-dipping reflectors (SDR) form strongly reflective packages that comprise subaerial
to shallow-marine flood basalts alternating with rift basin sediments; this interbedding
provides good reflection coefficient contrasts. The external geometry of the SDR packages
is characterised by distinctive seaward-dipping wedges that commonly display a concave-
down form. The formation of SDRs is linked to the initial phase of continental breakup and
were first observed and defined by Hinz (1981), Larsen and Jakobsdottir (1988), and Planke
et al. (2000), and mapped for the JMMC in this study (Figure 3.9). These SDR packages
were a specific focus for this study as they are commonly associated with axial rifting along
the first line of breakup. The inner set of SDR’s is linked to an igneous centre referred to as
the outer high, which is generally located close to the continent ocean boundary; the
determination of the continent ocean boundary around the JMMC was a major objective of
this study. The inner SDRs are replaced seaward and in deepening marine conditions by
much thinner and poorer developed outer SDR sets that are commonly located at the
transition from breakup margin to ocean floor spreading; thus, seaward of the continent
ocean boundary (Planke et al., 2000).

Igneous and volcanic complexes

The outer highs are one group of igneous centres that are specified by chaotic internal
seismic reflection patterns capped by a strong top reflector. On seismic-reflection profiles,
they appear as mounded or sloping features, and can form circular bodies on magnetic or
gravity datasets (Figure 3.9). The term ‘igneous centre’ is also used as a generic description
for offshore seamounts, igneous and volcanic complexes that have been active throughout a
longer time interval, and which are often linked to faults or fissure zones. Seamounts shown
in this study have been mapped for the region and adjacent areas as documented by Epp and
Smoot (1989), Hopper et al. (2014), Gaina et al. (2017a) and in Paper III.

Intrusions

Smaller-scale igneous intrusions described in this study represent dykes, sills and connected
vent structures, and are generally recognized on seismic reflection data by their often-
irregular shape and their strong acoustic impedance contrast with the host sedimentary rocks.
These are primarily igneous formations for the JIMMC area that have intruded material into
the surrounding bedrock under pressure, either as semi-vertical dykes or as sills that are
semi-horizontal intrusions (Planke et al., 2005; Smallwood et al., 2001; Smallwood and
Maresh, 2002) (Figure 3.9). On seismic-reflection profiles, the sill intrusions within the JMR
commonly display relatively short, high amplitude reflections with abrupt terminations
(sharp edges) which lie semi-parallel with the stratigraphic layering or along fault planes
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(Figure 3.9). Some sills are more clearly discordant and crosscut the strata as “smiley-
shaped’’ features, interpreted by Planke et al. (2005) as sill intrusions. Sill intrusions can
transgress the host strata, i.e. move up or down in relationship to the bedding, sometimes
using pre-existing faults (Planke et al., 2005). The morphology of the sill intrusions can be
strongly influenced by fault blocks, older igneous formations and deformed strata. These
features were mapped consistently across the area, and their presence was used in the
determination of the various igneous domains.

Volcanic ridges — SRC-IJMT igneous complexes

Volcanic ridges are clearly visible south and southeast of, and within, the SRC and JMT,
where they form domal accumulations of volcanic material. These domal structures have
been described in the literature as representing passageways utilised by magma in a volcanic
system (Decker and Decker, 2005). In the SRC-JMT area, these structures appear on several
seismic-reflection profiles and are interpreted to form volcanic ridges that are related to the
rifting and associated volcanism that accompanied the formation of the IPR systems
described by Brandsdottir et al. (2015), this study (Papers I-1IT), and Erlendsson and Blischke
(2018). These volcanic ridges can appear as decentralized structures or along large faults or
fault blocks that serve as conduits of rising magma along the fault zones, which leads to
deformation and uplift of the fault block. Commonly, a general increase in intrusive activity
within the surrounding sedimentary strata is associated with these conduits, lateral to and/or
above the conduit structure.

3.2.5 Unresolved interpretation

Intrusive bodies intruded into sedimentary basins are generally very well-imaged by seismic
data because of significant acoustic impedance contrasts between the igneous material and
the surrounding sediments. However, complex seismic wave scattering and attenuation when
travelling through layers of extruded basalt lava flows remains a major issue for seismic
exploration (Smallwood and Maresh, 2002). Commonly, seismic signals below highly
reflective igneous material is of reduced strength which generally results in poor imaging.
This issue has consequences for the JIMMC where the widespread igneous activity across the
area has resulted in several locations where the image quality and resolution of the sub-basalt
geology remains poor or unresolved. This includes the JMMC inter-ridge and flank areas
where the Upper Oligocene—Lower Miocene basalts obscure the sub-basalt strata along the
southern and western extent of the microcontinent. Elsewhere, seismic reflection data
imagery and quality in the deeper parts of JMR are affected by multiple layers of igneous
bodies intruded or extruded at various times during the Cenozoic, including the pre-breakup
flood basalts, the SDR-basalts, and extrusive and intrusive volcanism associated with the
various phases of IPR development (Figure 3.9). In many cases the underlying structures are
totally obscured by the igneous strata, and the underlying structure and stratigraphy has had
to be interpolated; this is especially the case in those areas that affected by the F-Marker
flood basalts.
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Jan Mayen microcontinent area volcanic facies types examples:

(a) Seaward dipping reflector (SDR’s) / Inner SDR:
clearly visible wedge feature of eastward dipping reflectors into the Norway basin,
discordantly overlaying the JMMC breakup margin.

(b) Atypical seaward dipping reflector (SDR’s) / Outer SDR:
not clearly showing wedge shape units connected to the south-eastern SRC igneous
margin (IPR-1) that has been heavily affected by later faulting during the rift ransfer
across the IPR.

(c & d) Sill and dyke intrusions:
layer parallel, saucer-shaped, to fault parallel sill and dyke intrusions within the
Eocene to Early Miocene strata.

(e &f) Volcanic and igneous complexes:
build up onto the SDR’s and the firstly established oceanic crust along and east of
the continent ocean boundary (COB).

(g & h) Shallow rift basalt - F-Marker:
series of shallow intrusions and regional extensive lava flows, possibly in shallower
water, occurred in different IPR activity phases during Late Oligocene within the Jan
Mayen trough and during Early Miocene within the Jan Mayen basin. that relate to
the rifting and separation of the western flank of the JMMC from the main land.

Figure 3.9 Examples of volcanic facies types mapped across the JMMC.

69



Data overview and methods

70



Publication summary - Paper I

4 Summary

4.1 Paper I: The Jan Mayen microcontinent: an
update of its architecture, structural
development and role during the transition
from the Agir Ridge to the mid-oceanic
Kolbeinsey Ridge

4.1.1 Summary

The aim of paper I was to provide a detailed review of the tectonostratigraphic history of the
JMMC and the IPR region based on compilation of existing research projects and provide
answers to some of the outstanding research issues based on recently acquired data. The
initial phase of this work was based on numerous large scale, regional studies conducted in
since the 1960s. Available data was integrated into a kinematic reconstruction of the
Northeast Atlantic, including not just the Cenozoic development, but also the pre-Cenozoic
development of regional rift basins, remnants of which likely underlie the JIMMC. Complex
structural patterns along the microcontinent’s margins were analysed in comparison with the
conjugate East Greenland and Norwegian margins. The new model includes a description of
how the southern JIMMC structural elements were linked to tectonic features on the Iceland
Plateau and Greenland-Iceland-Faroe ridge complex. To establish this, mapping the pre- to
post-breakup primary sedimentary strata and igneous complexes was necessary as a first
iteration that facilitated a subsequent re-assessment and clearer definition of the igneous and
sedimentary domains of the JMMC area throughout its breakup history.

A detailed kinematic model was established explaining the Cenozoic evolution of the
JMMC-IPR region in relation to the surrounding oceanic crust. The model is comprised of
six main tectonic phases with inferred correlations to major stratigraphic boundaries and
unconformities. The initial version of the model is documented in Papers II and III.
Structures within the JMMC are consistently oriented similar to major structural lineaments
of the surrounding regions, prior to breakup. The main trends are also aligned with the
Jameson Land basin and Liverpool Land high, indicating that the JMMC likely forms the
southern extension of the Jameson Land basin. Furthermore, it can be demonstrated that the
hyper-extended southern domain of the IMMC-IPR region formed an overlapping spreading
system with the ZAgir ridge system during oblique rift transfer from SE to NW across the
Iceland Plateau. The total widening of the IPR domain from about 100 km to 400 km was
accompanied by crustal intersection of volcanic rift segments that reached into the north-
eastern margin of the Blosseville Kyst, where younger rift volcanics are present.
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4.1.2 Main findings

Interpretation of new and vintage geophysical data suggests that a significant part of the pre-
Paleogene stratigraphic history is preserved below the central area of the Jan Mayen ridge.
The conjugate Jameson Land basin, Vering and Mere basins are direct analogue areas for
the IMMC.

The stratigraphy of these basins is well constrained and contains a sedimentary succession
that includes Devonian continental sediments, Permo-Triassic continental and marine
sequences, Jurassic and Cretaceous shallow- to deep-marine sequences, and Lower
Paleocene alluvial to shallow-marine sediments. The breakup and post-breakup igneous
sequences have been separated into plateau basalts of likely Paleocene to Early Eocene age,
seaward dipping reflector successions, igneous complexes, and sill and dyke intrusions along
the flanks of the JMMC. A detailed reconstruction of the Cenozoic evolution of the JIMMC
and surrounding oceanic crust reveals six tectonic phases that include:

(1) A pre-breakup stage ending at 56-55 Ma and the emplacement of Lower Eocene
plateau basalts across the microcontinent and the Blosseville Kyst region, and
continuation into the Faroe-Iceland-East Greenland corridor.

(2) A first breakup phase that began at 55 Ma (e.g. Gaina et al. 2009) that was associated
with the formation of SDRs along the east flank of the JIMMC, followed by the
initiation of seafloor spreading in the Norway Basin along the ZAgir Ridge in the Early
Eocene (Chron C24n2r 53.36 Ma) (Gaina et al. 2009; Gernigon et al. 2015).

(3) An initial intra-JMMC rifting phase around Chron C22n (49.3 Ma) and the
establishment of a continuous spreading system in the Norway Basin and formation of
the eastern Iceland Plateau.

(4) The initiation of the southern JMMC rift transition at Chron C21n (47.33 Ma)
contemporaneous with oblique seafloor spreading east of JMMC, resulting in the
formation of transform systems and uplift along the southern flank of the JIMMC.

(5) A westward rift transfer and initial breakup along the western JIMMC around Chron
C13n - 33.1 Ma. Oblique mid-oceanic ridge relocation via a southeast to northwest en-
echelon rift system occurred along the southern edge of the microcontinent during the
Early Oligocene.

(6) A second breakup phase at Chron C6b (21.56 Ma) with complete cessation of seafloor
spreading in the Norway Basin (Gernigon et al. 2015) and the establishment of the
Kolbeinsey mid-oceanic ridge as the main mid-ocean spreading centre.
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4.2 Paper II: The Jan Mayen microcontinent’s
Cenozoic stratigraphic succession and
structural evolution within the NE-Atlantic

4.2.1 Summary

The paper explores the Cenozoic stratigraphic succession and its linkage to the tectonic and
structural evolution of the JIMMC-IPR, its conjugate margins as well as the wider Northeast
Atlantic region. The JMMC is a key area for stratigraphic correlations and geodynamic
development of the Cenozoic Northeast Atlantic and type location for microcontinent
formation. Paper II includes a detailed definition and description of the seismic stratigraphy
based on new and densely spaced seismic and seafloor sample data coverage; in particular,
the recognition of a number of major JMMC-IPR’s boundaries and unconformities.
Boundaries that correlate to key regional unconformities between the JMMC and adjacent
Northeast Atlantic conjugate margins, including onshore regions, such as central East
Greenland and the Faroe Islands. This facilitated the most comprehensive (to date),
observation-led, regional palacogeographical reconstruction, laying the framework for the
detailed volcanostratigraphic analysis of Paper III of this study.

Paper II addresses the structural evolution of the region between igneous areas of the
Greenland-Iceland-Faroe ridge complex in the south and the Jan Mayen igneous complex to
the north through tectonics and kinematics from regional and local unconformities. A set of
complex pre-existing structural elements, throughout the Cenozoic, and related to the
adjacent mid-oceanic ridge systems (Zgir-, Mohn- and Kolbeinsey ridges), the Jan Mayen
fracture zone to the north, and the Iceland-Faroe fracture zone to the south, are a testimony
to the differential uplift of the JIMMC-IPR area. The paper stratigraphically links the ZAgir
ridge across the IPR south to the Greenland-Iceland-Faroe ridge complex and west into the
Blosseville Kyst. The seismic-refraction data was used to compare the IMMC with its
conjugate margins, i.e. central East Greenland, the Vering- and Mere margins of western
Norway, and the Faroe-Shetland region, in order to verify and update pre-Cenozoic domains
along the continental, transitional and volcanic margins of the JMMC, adjacent oceanic
domains, and potential high-velocity lower-crustal features delineating the breakup
boundaries basin-ward of the mapped continent-ocean boundary.

This part of the study improved our understanding of the contemporary tectonic activity as
breakup ensued, including: rift transfer across the IPR from the Zgir ridge to form the
Kolbeinsey ridge system; the uplift processes that were caused by the increased igneous
activity and tectonic re-arrangement during the Oligocene, and linked to the formation of the
proto-Kolbeinsey ridge; the connection of the Reykjanes ridge to the Mohns ridge; and the
initiation of the proto-Iceland shelf by splitting the GIFRC into three segments - the
Greenland-Iceland ridge, the proto-Iceland shelf domain, and the Iceland-Faroe ridge.
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4.2.2 Main findings

Detailed mapping of the JIMMC'’s Cenozoic sedimentary succession provided a stratigraphic
framework revealing individual igneous and tectonic events within the JMMC. The mapping
serves as a correlation tool for comparing the geodynamic development of the IMMC with
its conjugate margins, as well as changes in sea level and climate. This seismic-stratigraphic
framework was based on 2D MCS reflection seismic data, seismic-refraction data, borehole
and analogue field data. The study identified ten unconformities and disconformities that
subdivide the JMMC's Cenozoic succession into eleven seismic-stratigraphic units (JM-70
to JM-01). The major bounding surfaces include five locally varying unconformities and
disconformities (TSDR, UEI1, UE2, TFM, MMU), and six regional unconformities (BPU,
TV, ME, MOU, TPU, INU). The stratigraphic succession was mapped across the project
area and tied to regional events within the northeast Atlantic region, confirming a strong
regional tectono-stratigraphic link. Paper II describes six regionally observed tectonic
phases have been tied to stratigraphic and major igneous events that include:

(1) Pre-breakup Paleocene (> 55 Ma) extension represented by seismic unit JM-70, is
comprised of terrigenous and marine sedimentary rocks and a thick plateau basalt
volcanic succession; no significant sea level changes were noted;

(2) Early Eocene (~55-52 Ma) syn-breakup (rift-to-drift) and first breakup phase along
the eastern margin represented by seismic unit JM-60 that comprises a mixture of
intrusives, subaerial lavas, hyaloclastites and non-marine to shallow-marine
sedimentary rocks;

(3) Early to Mid-Eocene (~52-43 Ma) syn-breakup (rift-to-drift) and rift-transfer across
the Iceland Plateau rift, represented by seismic unit JM-50 comprising of volcanics
and shelf-margin deltaic sediments;

(4) Late Eocene — Early Oligocene (43-30 Ma) ridge transfer and tectonic re-arrangement
in proximity of the Iceland hotspot. The preserved sedimentary record indicates
shallow-to deep-marine origin of deposits of stratigraphic units JM-40, JM-35, and
JM-30;

(5) Late Oligocene (30-22 Ma) second breakup phase along the western JIMMC igneous
margin, in conjunction with the formation of the south-western Jan Mayen igneous
province, the proto-Kolbeinsey ridge, and the initiation of the proto-Iceland shelf
region that is represented in the seismic stratigraphic records and intrusives between
units JM-20 and JM-15;

(6) Miocene-to-present-day separation phase of the JIMMC from East Greenland (since 22
Ma), reflected in seismic stratigraphic units JM-10, JM-05, and JM-01, which record
a general deepening and basin-ward shift of the microcontinent’s depositional
environment.
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4.3 Paper III: Seismic volcanostratigraphic
characteristics of the Jan Mayen
microcontinent and Iceland Plateau rift
system

4.3.1 Summary

Paper III addresses the seismic volcano-stratigraphy of the JIMMC-IPR, in order to constrain
the spatial and temporal evolution of the igneous processes associated with the second
breakup from the Greenland margin. It is based on the reconstruction framework presented
in Paper I and the detailed chronostratigraphic framework presented in Paper II. The paper
also includes more detailed comparison with the igneous successions preserved on the
central East Greenland margin (Jameson Land basin, Liverpool Land high and basin, and the
Blosseville Kyst), the Mid-Norwegian margin (Vering- and Mere margins), the Faroe
Islands, and the Greenland-Iceland-Faroe ridge complex. Smaller-scale movements of the
JMMC ridges in connection to tectono-magmatic processes between the Early Eocene and
Early Miocene are also addressed. The distinction of different volcanic facies in the IMMC-
IPR was accomplished based on 2D MCS seismic reflection profiles, seismic refraction data,
borehole and analogue field data. An investigation of available petrological datasets was
undertaken together with a revision of ambiguous age dating of DSDP Leg 38 boreholes
sites 350 and 348 to address igneous-province relationships and the timing of volcanic
events. Joint interpretation of this data provided a confident fit of the igneous record into the
reconstruction and stratigraphic model of the JMMC-IPR’s tectono-magmatic evolution,
through identification of seismic stratigraphic signatures, such as characteristic of landward
flows, SDRs, igneous and volcanic complexes, intrusions (sills, dykes, vent structures) and
volcanic ridges. A linkage between the obliquely opening IPR system and the Blosseville
Kyst igneous province during Eocene was established based on timing and geochemistry
data. Thus, confirming the IPR as an oblique rifting domain that interfingers with the
southern ridges of the JMMC due to deep crustal breaches and melt incursions that form
several axial rift systems and volcanic ridges.

The delineation and mapping of the second breakup margin along the JIMMC's southwestern
and western flank during Late Oligocene to Early Miocene portraits a more complex margin
than had been previously identified. The breakup was accompanied by emplacement of
igneous complexes, forming the Southwest Jan Mayen igneous province, the Proto-
Kolbeinsey ridge, and potentially westward dipping SDR units. The second breakup igneous
margin relatively wide and interlinked with the opening of the Jan Mayen basin, an igneous
domain with massive dyke and sill intrusives and covered by regionally extensive flood
basalts during the JMMC's final breakup phase. Deeper understanding of the magmatic
evolution of the JIMMC-IPR provided the last piece of its volcano-stratigraphic framework
puzzle, and in general, the issue of ridge — mantle anomalies that appear to develop along
pre-existing structural complex areas, such as the Greenland-Iceland-Faroe ridge complex,
where a mid-oceanic ridge systems did not fully develop until Late Oligocene to Early
Miocene and formed overlapping rift systems. The non-uniform formation is also
represented by the clear north-south asymmetry in SDR formation along the north-eastern
to eastern JIMMC breakup margin at the initiation of the ZAgir rift system. The overall IMMC
breakup system is thus preferentially linked to variations in the pre-rift lithospheric structure
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and very likely was located above or in vicinity of a thermal mantle anomaly. This
conclusion is supported by comparison with other microcontinent analogue areas seen
globally, close to mantle plumes, complex pe-breakup crustal configurations, and competing
rift systems. The conclusions of paper III have not previously been demonstrated in such
detail within the Northeast Atlantic region, where the JIMMC represents a key component
for understanding such a system in the past as does Iceland today.

4.3.2 Main findings

The paper provides new details on the Northeast Atlantic opening mechanism, based on
composite datasets that clearly delineate the JIMMC between two breakup centres, the
Greenland-Iceland-Faroe ridge complex to its south, and the Jan Mayen Island igneous
complex — Jan Mayen fracture zone system to its north. Seven tectono-magmatic and rift-
transfer phases were defined, in contrast to the six tectonic and stratigraphic phases described
in Papers I and II. These are linked to the rift propagation history of the IPR and are as
follows:

(1) An initial breakup phase characterized by anomalous magmatic activity that followed
a SW-NE opening fissure trend along WNW-ESE striking pre-existing fracture zones
south and west of the JMMC, here inferred as an oblique opening of the Geikie plateau
into the central JMR domain (~63-56 Ma);

(2) Multiple SDR sets formed along the JMMC eastern igneous margin during syn-
breakup in Early Eocene. SSW- NNE striking SDR rift segments propagating
northwards in direction represent a precursor for the Agir ridge mid-oceanic ridge
system’s development that opened along the NW-SE striking EIMFZ, CNBFZ, and
SRCFZ segments (~55-53 Ma);

(3) Forming of JMMC's eastern breakup margin, the Iceland Plateau rift (IPR-I), and
southernmost extent of the ZAgir ridge system (~52-50 Ma);

(4) SW- NE magmatic interaction of the Greenland-Iceland-Faroe ridge complex with the
JMMC domain. The IPR-II segment intersecting the IPR-I segment and the southern
extent of the SRC domains contemporary with the Agir ridge. Volcanism was
accompanied by axial rift segments, intrusives, flood basalts, shelf-margin deltaic
sedimentation within a shallow shelf marine depositional environment (~49-36 Ma).

(5) SW to NE magmatic incursion from the GIFRC into the JMMC systems creating the
IPR-III rift domain, severing the SRC from the main JMR (Lyngvi ridge) forming the
JMT and volcanic ridges within the SRC domain (~36-25 Ma);

(6) The final breakup phase of the JIMMC during the formation of the SWIMIP, the IPR-
IV segment and western JMMC igneous margin, the proto-Kolbeinsey Ridge and the
WIMFZ segments (25-22 Ma);

(7) Full separation of the JMMC and formation of the Kolbeinsey Ridge between proto-
Iceland and the WIMFZ — Jan Mayen island igneous complex at its northern end (since
22 Ma), accompanied by tephra deposits within the Neogene deep marine sediments
that possibly were sourced from both primary active volcanic systems.
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5 Conclusions

This study of the Cenozoic evolution of the JIMMC-IPR region has revealed a protracted
history of continental breakup in the Northeast Atlantic Ocean that continues to the present
day, constituting a direct link to the formation of Iceland. This contrasts with the hitherto
generally accepted model of the North Atlantic breakup and seafloor spreading occurring as
a primary event around 56-52 Ma and rifted Greenland from Eurasia.

Focusing on the geodynamic development of the IMMC and the IPR, as a propagating
oblique-rift system with associated processes of tectonism, sedimentation and volcanism,
has provided new constraints on the regional and sub-regional pattern of continental breakup
as a response to long-lived tectono-magmatic interactions, shown as:

Preserved data record of the sedimentary and igneous succession providing an
indicator of the area’s response to regional and local tectonic events that can be
calibrated with the development of the wider Northeast Atlantic region, not just as
the relatively simple west to east transect commonly portrayed, but as a clear north-
south asymmetry linked to multi-phased breakup and propagating rifting processes.

A detailed chronostratigraphic framework based on ten identified unconformities and
disconformities linked to tectonic, magmatic and environmental changes,
subdividing the Cenozoic succession into eleven seismic stratigraphic units. Five of
these are locally varying unconformities and disconformities and six are of regional
nature that are linked to the wider Northeast Atlantic region.

A clear link to JIMMC's western margin of the Blosseville Kyst along the central East
Greenland conjugate margin and correlation to the plateau basalt and several
magmatic events significantly contributed to a revised understanding of a multi-
phased igneous margins between the two areas, including their timing and
geochemistry suggests an overlapping tectono-magmatic system. A process affecting
both margins from the initial emplacement of the NAIP during the Late Paleocene —
Early Eocene to the final Oligocene-Early Miocene breakup.

The role and interlinkage of fracture and rift zone development, with anomalous
magmatic activity that followed the pre-breakup extensional structural fabric of the
region along weaker and more brittle crustal deformation zones. These weak zones
that often form wrench fault system, developed an array of opening crustal pathways
perpendicular to the acting minimum stress (63) which acted as preferential openings
for magmatic pathways into the crust. In this process en-echolon axial rift segments
were formed, which can be seen in these key boundary areas of the JIMMC-IPR
domain:

= Along the WNW-ESE striking pre-existing fracture zones south and west of
JMMC, accompanied by a SW-NE opening fissure trend fabric that linked to
the Faroe Islands, the Greenland-Iceland-Faroe ridge domains, and across the
IPR as it developed with time.
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= The WNW-ESE striking proto-EJMFZ linking the Mid-Norwegian margin to
the NE Greenland margin, the focal area for the JMI — initial NE-JMMC
development and the formation of large igneous centres and seaward dipping
reflector units (SDR) close to deep interlinking fracture zone segments, not
visible at the surface.

= The controversial SW-NE fracture zone, south of the GIFRC, that intersected
the WNW-ESE striking trends within the GIFRC domain, creating a crustal
weak zone still present across Iceland. Thus, setting the stage for an
asymmetric breakup margin right from the breakup of the NE-Atlantic.

e Providing insight into continental break-up, microcontinent formation, and
asymmetric oceanic crustal accretion along a passive margin in comparison with
active margin microcontinent formation, facilitated by the existence of continental
heterogeneities and weak zones, and a rotational kinematic component. These
oblique rifting scenarios were initiated by the formation of the ZAgir ridge, through
the IPR domains, and still exist in present-day Iceland, within the dextral Tjornes
Fracture Zone, the Reykjanes peninsula and South Iceland seismic zone.

e Delineation of the gradual northward propagation of the IPR in four stages (IPR-I to
IPR-1V) from Early Eocene to Early Miocene, prior to the formation of the
Kolbeinsey ridge. Formation of impinging wedges from the south into the IMMC
domain through deep crustal breaches and melt incursions within several axial rift
systems and volcanic ridges, representing the westward propagating crustal
extension associated with the receding southern &gir ridge. This process prompted
a counterclockwise rotation of the JMMC blocks away from the East Greenland,
generating reverse structures within the SRC and adjacent oceanic domain.

These key observations highlight the tectono-magmatic development, crustal build-up,
evidence of thick lava flows and plateau basalt across the JIMMC. The wedge-shaped
characteristics of the IPR suggest an asymmetric plume-ridge interaction within and north
of the Iceland region, in contrast to the Reykjanes ridge. High-velocity bodies that surround
the JMMC-IPR domain and similarities in the geochemistry of IPR basalts with the NVZ of
Iceland lend further support this theory. However, definitive proof of a temporal plume-
related magmatic increase in a plume-ridge development can only be confirmed by
petrologically sampling the IPR’s time transition from IPR stages I to IV and the ridge
propagation from the IFR across the IPR, in future research projects.

In summary, the JMMC-IPR study has substantially enhanced our knowledge regarding the
non-uniform formation of tectono-magmatic rifted margins and domains that developed
through processes not dissimilar to those observed in present-day Iceland. A more detailed
model of the initiation and evolution of the oblique IPR propagated rifting domain that inter-
fingers with the southern ridges of the JIMMC, has been obtained, consisting of several axial
rift systems and volcanic ridge formation along over-stretched and breached crustal weak
zones. The dual breakup scenario and its association to a series of volcanic zones with links
to transfer system has been imaged, and the full opening of the Jan Mayen basin revealed,
as an igneous domain with massive dyke, sill intrusive activities, and regionally extensive
flood basalts.
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6 Further work

One of the primary objectives in wake of this study would be to address propagating rift
formations across Iceland, by more detailed mapping of present spreading domains, oblique
structures and volcanic zones immediately offshore and within Iceland. The applied methods
and data compilations within this study could be used to improve the regional scale
understanding of Iceland’s onshore and shelf regions by focusing on:

e Acquire new seismic reflection and refraction data around Iceland in order to map in
detail subsurface structures with higher resolution than commonly used onshore
methods.

e Compilation of all potential field data to better outline the underlying deep intrusive
systems, thus adding new information to the tectonostratigraphic reconstruction puzzle
of the Northeast Atlantic region since Early Miocene.

¢ Structurally reconstruct the tectonic trends of key areas in order to distinguish between
older structural trends and dominant present-day trends.

e Focus on areas with direct volcanic rift influence vs. oblique rift systems along the
northern Icelandic shelf.

e The IPR-GIFRC domains should be investigated in regard to spatially reconstructing
hot-spot — ridge interactive domains, as the southern end of the JMMC terminates
abruptly against the NE Iceland shelf. Such future work would address hot spot/mantle
anomalous crust to ridge proximity interactions through time and observed or
modelled lateral and vertical crustal accretion.

e Kinematic investigation, specifically of rotational patterns of known micro-plate
onshore and offshore Iceland, could improve our understanding of structural and rift
transfer processes as well as the structural and rift fabric across the Iceland region.
Located at a hot-spot-rift junction, this region is a key location globally for complex
rift transfer zones.

The author of this thesis is a lead proponent on a recently submitted IODP project proposal
(IODP Full976) to drill the JIMMC-IPR region as an analogue case for axial rift and transfer
zone development in relation to the development of the Iceland plume and the greater
Northeast Atlantic region is founded on this thesis. The results of this thesis project also
strengthened another proposal (GPF 20-2 _044) by the Federal Institute for Geosciences and
Natural Resources (BGR) to the German Science Foundations to optain funding for marine
data surveying. The plan is to acquire new seismic reflection, refraction, high resolution
bathymetry, and potential field data to investigate the crustal fabric and tectonic development
of the southern continuation of the Iceland Plateau onto the Iceland Faroe Ridge.
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Primary future challenges lie in being able to conduct offshore data acquisition projects to
acquire seismic reflection and refraction, high-resolution magnetic, gravity, or bathymetry
data in regions with limited data coverage. Future seismic refraction and reflection data
acquisitions should target large scale crustal features of the GIFRC.

High resolution bathymetry (multibeam) data acquisition do give a detailed image of the
seafloor, highlighting erosional and substrate features, as well as structural elements that
reach up to the seafloor. These have to be tied into the subsurface dataset, such as seismic
reflection dataset to obtain a realistic structural 3-dimensional interpretation, and the basis
for any structural and kinematic modelling analysis.

Emphasising the structural-, volcano-stratigraphic-, and igneous-province-mapping of the
JMMC-IPR region, a conference paper (Appendix 1) summarises the complexity of the
project area, as a base case to define continued research to apply to the Icelandic margins
onto the onshore domains. Improving our understanding of the Iceland onshore and shelf
regions by focusing on:

(1) Primary use of all potential field data to better outline the underlying deep intrusive
systems, thus aiding detailed tectonostratigraphic reconstruction of the Northeast
Atlantic region and differentiation between observed dominant present-day trends vs.
older structural trends that only become apparent by detailed potential field, structure,
and age data reconstruction, which are spatially consistent;

(2) 3D imagery and reconstruction of propagating oblique rift systems, such as the
Iceland-Faroe ridge, the northern volcanic zone, or Tjornes fracture zone domains vs.
mid-oceanic ridges, such as Kolbeinsey ridge.
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Abstract: We present a revised tectonostratigraphy of the Jan Mayen microcontinent (JMMC) and
its southern extent, with the focus on its relationship to the Greenland—Iceland—Faroe Ridge area
and the Faroe—Iceland Fracture Zone. The microcontinent’s Cenozoic evolution consists of six
main phases corresponding to regional stratigraphic unconformities. Emplacement of Early
Eocene plateau basalts at pre-break-up time (56—55 Ma), preceded the continental break-up
(55 Ma) and the formation of seawards-dipping reflectors (SDRs) along the eastern and SE flanks
of the IMMC. Simultaneously with SDR formation, orthogonal seafloor spreading initiated along
the Agir Ridge (Norway Basin) during the Early Eocene (C24n2r, 53.36 Ma to C22n, 49.3 Ma).
Changes in plate motions at C21n (47.33 Ma) led to oblique seafloor spreading offset by transform
faults and uplift along the microcontinent’s southern flank. At C13n (33.2 Ma), spreading rates
along the /Egir Ridge started to decrease, first south and then in the north. This was probably com-
plemented by intra-continental extension within the IMMC, as indicated by the opening of the Jan
Mayen Basin — a series of small pull-apart basins along the microcontinent’s NW flank. IMMC
was completely isolated when the mid-oceanic Kolbeinsey Ridge became fully established and

A.BLISCHKE!*, C. GAINA2, J. R. HOPPER3, G. PERON-PINVIDIC#, B. BRANDSDOTTIRS,

the Egir Ridge was abandoned between C7 and C6b (24—21.56 Ma).

a Gold Open Access: This article is published under the terms of the CC-BY 3.0 license.

The Jan Mayen microcontinent (JMMC) is a struc-
tural entity encompassing the Jan Mayen Ridge
and the surrounding area, including the Jan Mayen
Basin, the Jan Mayen Basin South, the Jan Mayen
Trough and the Southern Ridge Complex (SRC)
(Fig. 1; Table 1). The JMMC is bordered to the
north by the east and west segments of the Jan
Mayen Fracture Zone and the volcanic complex of
Jan Mayen Island (Svellingen & Pedersen 2003).
To the south, it is bordered by the NE coastal shelf
of Iceland, to the east by the Norway Basin and to
the west by the Kolbeinsey Ridge. Early descrip-
tions of the JMMC considered only the Jan Mayen

Ridge (Vogt et al. 1970; Talwani et al. 1976a),
a steep-flanked bathymetric horst structure with
water depths varying between 200 and 2500 m
that extends south from Jan Mayen Island. How-
ever, based on modern datasets, it is now accepted
that the microcontinent is much larger than this
and encompasses a number distinct, structurally
controlled tectonic features that were formed by a
succession of tectonic and volcanic events (e.g.
Scott ef al. 2005; Gaina et al. 2009; Peron-Pinvidic
et al. 2012a, b; Gernigon et al. 2012). In total, the
IMMC is 400-450 km long, and varies in width
from 100 km in the north to 310 km in the south.

From: PERON-PINVIDIC, G., HOPPER, J. R., STOKER, M. S., GAINA, C., DOORNENBAL, J. C., FUNcK, T. & ART]NG, U.E.
(eds) The NE Atlantic Region: A Reappraisal of Crustal Structure, Tectonostratigraphy and Magmatic Evolution.
Geological Society, London, Special Publications, 447, http: //doi.org/10.1144/SP447.5

) 2016 The Author(s). Published by The Geological Society of London.
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Fig. 1. Overview map (a) of the study area with the location of structural elements identified on potential field data.
Structural elements map (b) for the JMMC study with mapped faults, fractures zones and lineaments based on this
study and modified after Peron-Pinvidic er al. (2012a) and Gernigon et al. (2015) (for label keys, see Table 1). The
background image is shaded bathymetry (IBCAO 3.0: Jakobsson ef al. 2012; Amante & Eakins 2009).
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Table 1. Explanation of structural element abbreviations and label key, modified after Gunnarsson

et al. (1989), Johannesson (2011), Hjartarson & Scemundsson (2014), Hopper et al. (2014) and Magnisdottir

et al. (2015)

Abbreviation and label key

General features:
COB Continent—ocean
boundary
SDR Seawards-dipping
reflector
Mid-oceanic ridges:

AR Agir mid-oceanic ridge

MR Mohn’s mid-oceanic
ridge

KBR Kolbeinsey mid-oceanic
ridge
RR Reykjanes mid-oceanic
ridge
JMI Jan Mayen Island System

Transfer systems and
fracture zones:
EJMFZ East Jan Mayen Fracture
Zone
IFFZ. Iceland-Faroe Fracture
Zone

MIRFTS Mid-Iceland Rift
Transfer System
SISZ South Iceland Seismic
Zone
TFZ Tjornes Fracture Zone
WIMEZ West Jan Mayen Fracture
Zone

Central East Greenland Margin:
BK Blosseville Kyst
JMLB Jameson Land Basin
KD Kap Dalton outcrop site

KB Kap Brewster outcrop
site

KgB Kangerlussuaq Basin

LVPL Liverpool Land High

ML Fm Milne Land Formation
outcrop site
SD Scoresby Sund
TG Trail @

Central NE Atlantic:
JMMC Jan Mayen
microcontinent
BR Budli Ridge

EFBN Jan Mayen East Flank
Basins North

EFBS Jan Mayen East Flank
Basins South

HC/IMWIP Hakarenna Channel/

Jan Mayen
West Igneous Province
South

HR Hogni Ridge

JMT/HT Jan Mayen Trough/
Hléssund Trough
JMB Jan Mayen Basin
JMRN Jan Mayen Ridge North

LYR Lyngvi Ridge

SFB/IMBS Sorlahryggur Flank

Basin/Jan Mayen Basin
South
SHR Sorlahryggur Ridge

WIPN Jan Mayen West [gneous
Province North

SRCCC Jan Mayen
microcontinent —
Southern Ridge
Complex (SRC) —
continental crust

FR Fifnir Ridge
OR Otur Ridge

SRCTC Jan Mayen
microcontinent—
Southern Ridge
Complex —
transitional crust

DR Dreki Ridge

LR Langabriin Ridge
ORS Otur Ridge southern
spur
TR Treitel Ridge

NIS North Iceland Shelf
IP Iceland Plateau
IPR Iceland Plateau Rift

IB Iceland Basin

GIFRC Faroe—Iceland—
Greenland Ridge
Complex

GIR Greenland—
Iceland Ridge
HFR Hunafléa Rift

ICE Iceland onshore

IFR Iceland—Faroe
[sland Ridge
NEVZ Northeast
Volcanic Zone

Central Norway Margin:

M@MA Mgre Marginal
High

MO@MB Mgre Basin

V@OMA Vygring Marginal
High
V@MB Vgring Basin

Faroe Islands Atlantic Margin:
FYR Fugloy Ridge
FP Faroe Platform
FSB Faroe—Shetland
Basin
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Fig. 2. Regional map showing shaded bathymetry (Amante & Eakins 2009; Jakobsson et al. 2012) and (a)
refraction and reflection seismic lines and boreholes. Legend see Figure 2b.

The microcontinent is bounded on all sides by
oceanic crust, although its southern limit remains
poorly constrained. This is due, in part, to sparse
data coverage south of 68° N (Fig. 2), but also to
the occurrence of numerous intrusive and extrusive
volcanic rocks that limit seismic imaging of the
underlying features. Previous interpretations of the
continent—ocean transition (COT) along the IMMC
margins were mainly based on magnetic and/or
gravity data (e.g. Vogt et al. 1970; Talwani & Eld-
holm 1977; Akermoen 1989; Doré et al. 1999; Lun-
din & Doré 2002; Rey et al. 2003; Gaina er al. 2009;
Gernigon et al. 2012) and seismic reflection data
(Gunnarsson et al. 1989; Scott et al. 2005; Peron-
Pinvidic er al. 2012a, b). Breivik et al. (2012) con-
sidered crustal velocity information from wide-
angle data with potential field data to derive the
location of the COT.

The purpose of this paper is to establish a
detailed tectonic and stratigraphic framework for
the JMMC based on a new regional database of geo-
logical and geophysical data. The analysis includes
interpretation of new seismic reflection data, as well
as recent geological findings, from on- and offshore
central East Greenland (e.g. Larsen er al. 2013;
Guarnieri 2015). This study has been facilitated by

108

the interpretation of recently acquired commercial
seismic reflection data that were made available
for the project, together with older seismic reflection
and refraction data collected offshore Iceland since
the early 1970s (Fig. 2). Revised **Ar—*"Ar dates of
East Greenland basalt samples (e.g. Tegner et al.
2008; Larsen et al. 2013), and an improved cover-
age of magnetic data and interpretations (CAMP-
GM: Gaina et al. 2011; Gernigon et al. 2015), are
also considered. Pre- and post-break-up sedimen-
tary strata and igneous complexes, together with
volcanostratigraphic seismic characterization, have
been revisited, together with a reassessment of the
seawards-dipping reflector sequences (SDRs), igne-
ous complexes, sill and dyke intrusions, and hydro-
thermal vent complexes.

The JMMC margins are compared to the conju-
gate margins: the central East Greenland margin and
the Mgre margin off Norway (Blystad er al. 1995).
The western JMMC margin is linked to central
East Greenland, where the Palaeozoic—Mesozoic
Jameson Land Basin is located (JMLB: Henriksen
2008) (Fig. 1). The segmentation and extent of the
southern area of the JMMC and its link to the obli-
que opening of the Norway Basin are also consid-
ered. Finally, the question of how the igneous
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Fig. 2. (b) seabed sampling sites (NEA, National Energy Authority, Iceland; NPD, Norwegian Petroleum
Directorate (2013); Spectrum ASA; TGS; SFS seafloor samples; VBPR, Volcanic Basin Petroleum Research AS).
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events along the southern half of the JMMC are
related to the Blosseville Kyst, the Iceland—Faroe
Fracture Zone system that forms the NE limit of
the Greenland-Iceland—Faroe Ridge Complex
(GIFRC) (Arting 2014), and the Iceland Plateau
(Fig. 1; Table 1) is addressed. The new interpreta-
tion has been used to model the detailed kinematics
of the JIMMC from pre-break-up time to the
present day.

Geological setting of the central
NE Atlantic

Several distinct rifting episodes and the subsequent
break-up of the supercontinent Pangea led to the
formation of a series of segmented rifted margins
along the North Atlantic Ocean (Ziegler 1988).
Extensional episodes are recognized from Devonian
and Carboniferous times, initiated by the collapse
of the Caledonian mountain belt (e.g. Andersen &
Jamtveit 1990). Devonian onshore rift basins along
East Greenland (Henriksen 2008) and SW Norway
(Osmundsen & Andersen 1994, 2001; Osmundsen
et al. 2002) are well documented, including their
complex relationship to large-scale transtensional
tectonics (Osmundsen & Andersen 2001). These
basins are interpreted to extend in the central and
northern part of the NE Atlantic during the Carbon-
iferous, and were not affected by the Variscan Orog-
eny (Hopper et al. 2014), which occurred at the
same time and influenced the NE and SE regions
of the NE Atlantic, the North Sea and northern
Europe (Pharaoh er al. 2010). During the Permian
and Triassic periods, the entire NE Atlantic region
was subjected to extension (e.g. Doré et al. 1999;
Brekke 2000). At that time, a first rifting phase led
to minor rotational block faulting and westwards
tilted half-graben along East Greenland (Seidler
2000), forming terrestrial to shallow marine basins
that discordantly covered the old Devonian—
Carboniferous basin (Stemmerik 2000). The entire
NE Atlantic system went through two major rifting
phases during the Late Jurassic and a major Creta-
ceous rifting phase from the late Early Cretaceous
(Aptian—Albian) to Late Cretaceous (Lundin &
Doré 1997, 2011; Stoker et al. 2016), leading to
significant crustal thinning in the central parts of
the corridor and forming deep basins. The Creta-
ceous rifting phase may have included a hyper-
extension (Peron-Pinvidic et al. 2013), resulting in

exhumation of deep crust and possibly mantle, as
suggested by Osmundsen e7 al. (2002) or Osmund-
sen & Ebbing (2008).

During Late Paleocene and pre-break-up time,
early volcanism associated with the North Atlantic
igneous province occurred. Regionally extensive
landwards flows consisting of subaerial and subma-
rine lava flows onto adjacent elevated margins were
emplaced during this time (Horni er al. 2016). Infill-
ing of pre-existing basin areas formed escarpments
and hyaloclastite deltas (Planke et al. 2000; Horni
et al. 2016). Intense magmatism occurred at this
time just SW of the JIMMC, close to the Kangerlus-
suaq Basin and the southern extent of the Blosseville
Kyst (e.g. Tegner et al. 2008; Brooks 2011). Magma-
rich margins formed during the Early Eocene (56—
55 Ma), in association with final rupture of the
lithosphere and the onset of seafloor spreading of
the NE Atlantic (e.g. Talwani & Eldholm 1977).
The resulting North Atlantic continental margins
contain SDR sequences observed on seismic reflec-
tion data (Hinz 1981). The break-up process was
also accompanied by the emplacement of sill and
dyke complexes into the margin flank areas. Oce-
anic crust was first formed in the Norway Basin
at the end of chron C25 or the beginning of C24r
(c. 55 Ma) forming the Agir mid-oceanic ridge
(e.g. Talwani & Eldholm 1977; Gaina et al. 2009).

The JMMC structure and stratigraphy observed
between its eastern and western margins is pro-
foundly segmented. A first-order boundary within
the microcontinent is between the Jan Mayen Ridge
and the SRC. Updated datasets suggest that the
JMMC internal segmentation is probably related to
the complex multistage seafloor spreading processes
on both sides of the microcontinent.

Published plate tectonic reconstructions indicate
a westwards migration of the plate boundary from
the Norway Basin towards the Kolbeinsey mid-
oceanic ridge (Nunns 1983, b; Nunns er al. 1983;
Lundin & Doré 2005; Doré er al. 2008; Gaina
et al. 2009), suggesting a gradual separation of the
microcontinent from East Greenland during the
Early Miocene (Talwani & Eldholm 1977; Gunnars-
son et al. 1989). Larsen et al. (2013) suggested that
early rifting between the IMMC and East Greenland
coast may have occurred from 49 to 44 Ma, with
a direction semi-parallel to the AEgir mid-oceanic
ridge system. This event generated increased igne-
ous activity and structural deformation along the
NE extent of the Blosseville Kyst (Fig. 1).

Fig. 3. The JIMMC stratigraphic summary chart, partly based on DSDP and ODP boreholes (Talwani ef al. 19764,
b; Manum & Schrader 1976; Manum et al. 1976a, b; Raschka et al. 1976; Nilsen et al. 1978; Thiede et al. 1995;
Jansen et al. 1996; Channell et al. 1999a, b; Butt et al. 2001). This is used to tie the known shallow Cenozoic
stratigraphy and unconformities to the seismic reflection data (see the type section in Fig. 4). The Pliocene—
Pleistocene correlation marker is based on sedimentary core records (Talwani et al. 19764, b).
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Data overview and methods

Geophysical datasets consist of magnetic and grav-
ity anomaly compilations (Haase & Ebbing 2014;
Nasuti & Olesen 2014) (Fig. 2), 2D multichannel
seismic reflection data (2D MCS data) and seismic
refraction data (Johansen er al. 1988; Olafsson &
Gunnarsson 1989; Kodaira et al. 1998; Brandsdottir
et al. 2015). Eight shallow Ocean Drilling Program
(ODP) and Deep Sea Drilling Program (DSDP)
boreholes (legs 38, 151 and 162) (Eldholm & Wind-
ish 1974; Talwani & Udintsev 1976; Eldholm ef al.
1987, 1989) provide some of the few samples from
the IMMC (Figs 2—5). Results from seafloor sam-
pling campaigns carried out in 1973 by Geodekyan
et al. (1980), in 2010 by the National Energy
Authority of Iceland (OS) and the Norwegian Petro-
leum Directorate (NPD), in 2012 by the NPD (Sand-
sta et al. 2012), and in 2012 by the Volcanic Basin
Petroleum Research (VBPR) and TGS (Polteau
et al. 2012) were also taken into account. Finally,
recently revised “’Ar—*°Ar dating of East Green-
land coastal basalts and onshore unconformities
within the igneous successions of the Blosseville
Kyst area are considered (Larsen er al. 2013).

Seismic reflection data includes only a few 2D
multichannel surveys from before 2001, of which
the JM-85-88 results were reprocessed in 2009.
More recent surveys include IS-JMR-01 (2001),
ICE-02 (2002), WI-JMR-08 (2008), NPD-11 (2011)
and NPD-12 (2012) (Fig. 2; Table 2). The repro-
cessed dataset was used for detailed volcanostrati-
graphic seismic characterization, which facilitated
mapping and identification of structural elements,
sedimentary sequences, SDR sequences, and sill
and dyke complexes. Multibeam bathymetry data
were used to map structural trends and features at
the seafloor. This high-resolution bathymetry data
in combination with seismic reflection data enabled
us to differentiate strike-slip from normal fault sys-
tems and slump faulting along the steep escarpments
of the microcontinent’s ridges.

There are no deep drill holes on the IMMC. For
this reason, the older history and stratigraphic corre-
lations are inferred by comparison to better-known
analogue areas along the conjugate margins, in par-
ticular the Jameson Land Basin (Surlyk et al. 1973;
Surlyk & Noe-Nygaard 2001; Surlyk 1977, 1978,
1990, 1991, 2003; Henriksen 2008), and the mid-
Norway Mgre and Vgring margins (e.g. Brekke
et al. 1999; Osmundsen et al. 2002; Faleide et al.
2010) (Fig. 1a; Table 1).

Correlation of stratigraphic information to
seismic reflection data

Information from DSDP Leg 38 (sites 346, 348, 349
and 350) and from seafloor samples retrieved by the

NPD in 2011, 2012 and 2013 (Fig. 2b; Table 2) pro-
vide key constraints for tying it to the seismic reflec-
tion data along the central part of the JIMMC (Fig.
3). This permits mapping of unconformities and
post-basalt stratigraphy across the IMMC (Figs 4,
5 & 6). Some uncertainties in local stratigraphic cor-
relations still exist, notably along the collapsed
western flank of the JMMC and between the dislo-
cated southern ridges. The sub-basalt sequences are
only visible in the central area of the JMMC and
around DSDP Leg 38 site 349. Seismic reflection
data in vicinity of this drill site has been interpreted
as possible Mesozoic and Palacozoic strata based on
comparisons to the Jameson Land Basin (Blischke
et al. 2014a).

In addition to the well ties, onshore and offshore
stratigraphic relationships along the western conju-
gate margin (Blosseville Kyst in East Greenland)
provide information on the basalt stratigraphy that
can be used for interpreting volcanic horizons on
the seismic reflection dataset. This will be discussed
in detail in the following section on ‘Stratigraphic
setting’.

Basement tie on reflection data using velocity
interpretations

Significant uncertainty surrounds the full extent
of the JMMC, primarily to the south but also to
the east and west. Of particular focus here is the
southern extent of the JMMC towards the Ice-
landic Shelf (Fig. 1). Talwani & Eldholm (1977)
and Brandsdottir ef al. (2015) suggested that the
IMMC terminates south of the SRC (Fig. 5). How-
ever, other studies propose severely stretched and
fragmented continental crust and/or exhumed
altered mantle for the southernmost part of the
JIMMC (Gaina et al. 2009; Breivik er al. 2012;
Peron-Pinvidic et al. 2012a; Gernigon et al. 2015;
Torsvik et al. 2015). Sparse data in combination
with the inherent non-uniqueness of geophysical
modelling and interpretation makes this particu-
larly challenging. To better constrain this region,
the 2D seismic reflection dataset was analysed
in combination with the available seismic refrac-
tion data and crustal velocity models, as well as
available well control along the ridges. This
enabled an interpretation of the nature of acoustic
basement and different crustal type domains (Figs
4 & 5).

Seismic refraction velocity model. Three ocean-
bottom seismometer (OBS) experiments have been
carried out for the larger JMMC area (Fig. 2;
Table 2). The IMKR-95 survey included east—
west- and SW-NE- orientated profiles (Kodaira
et al. 1998), with profile IMKR95-1L4 crossing the
Jan Mayen Ridge just south of DSDP borehole
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Leg 38 site 349. Line 8 of the OBS2000 survey lies
30 km south of that same borehole, crossing the SW
end of the JIMMC and the NW end of the EIMFZ
(Mjelde er al. 2002, 2007; Breivik er al. 2012).
The southern extent of the JMMC onto the Iceland
Plateau was investigated as part of the KRISE sur-
vey in 2000 (Brandsdottir et al. 2015) (L7 on
Fig. 2b). A third survey in 2006 focused on the
northern region of the JMMC, consisting of a
NW-SE (L1) and a north—south profile (L2) across
Jan Mayen Island (Kandilarov ef al. 2012). Refrac-
tion data from all these surveys were used to con-
strain the southern extent of the JMMC.
Sonobuoys deployed during a 1985 seismic
reflection survey provide velocity information for
the upper layers of the microcontinent (Olafsson &
Gunnarsson 1989). Based on these, we were able to
better constrain the igneous crust of the JMMC,
especially the area within the SDR sequences. Each
sonobuoy location was assigned to a velocity-profile
domain and incorporated into the volcanic facies
map (Table 2; Fig. 5). Distinct velocity-profile
domains are defined: layered, layered-intra-basalt,
layered-oceanic, oceanic basement and basement
of the microcontinent. The layered domain corre-
sponds to velocity layers within the range 1.7—
3.2kms ', which are interpreted as post-break-
up sediments; velocity layers between 3.9 and
5.5kms ' across the crest area of the IMMC, and
distinct velocity interval breaks, are, however, most
likely to correspond to pre-break-up sedimentary
sections that correlate directly to seismic refraction
data. The layered-intra-basalt domain corresponds
to 270—470 m-thick basaltic layers (4—5 km s7h
within the post-break-up sedimentary section
(1.8-2.5km s~ !) of the Jan Mayen Basin. A dis-
tinct velocity domain within the SDR area of the
eastern flank is termed the layered-oceanic domain.
The oceanic basement domain is characterized
by thin low-velocity sediment layers (<2.5 kms™ ")
on top of a high-velocity layer (4—5 km s~ ') that
gradually and smoothly increases towards the base
(5-6 km s~ '). These oceanic basement velocity
domains were also compared to seismic refraction
data interpretations (Breivik ef al. 2012). One veloc-
ity profile at the crest of the JIMMC is inferred
to represent continental crust, as an abrupt veloc-
ity layer increase to 5.5kms™' was recorded

below the thin post-break-up sediment cover (1.9—
22kms™h.

Seismic velocities derived from wide-angle data
were used as a basis for the depth and stratigraphic
thickness estimations across the JIMMC (Figs 4, 5,
6 & 7: Table 3). Relatively high-velocity values
(4.4-5.6 kms ') have been assigned to the deeper
layers above the acoustic basement where reflectiv-
ity is observed and interpreted as older pre-Ceno-
zoic sedimentary sequences. This is similar to
what is observed along the conjugate Norwegian
Shelf, where the Mesozoic—Palaeozoic sections
are usually interpreted to range between 4 and
5.5km s~ (Mjelde er al. 2008, 2009).

Stratigraphic setting

The following subsections summarize the interpre-
tations of the Palaecozoic—Cenozoic succession
over the JIMMC. The total thickness of interpreted
sediments is variable across the area and may
reach up to 18 km along the eastern flank of the
JMMC. The microcontinent contains several major
unconformities and related structures that are linked
to the complex tectonomagmatic processes on
both sides.

A type section was constructed to provide a
framework for mapping unconformity horizons
and stratigraphic geometries along the JMMC
(Figs 4 & 8). The section is based on bathymetric,
borehole and seismic refraction data, combined
with a dense grid of seismic reflection data. The sec-
tion is orientated north—south along the strike of the
Lyngvi Ridge, a central and stable block of the
JMMC (Fig. 4, LYR in Fig. 8; Table 1).

The presence of Palacogene volcanic rocks on
the JIMMC makes it difficult to interpret older strata
below on seismic sections. Some local uncertainties
in stratigraphic correlations still exist, notably along
the microcontinent’s collapsed western flank and
between the dislocated southern ridges. Sub-basalt
sequences are only visible within the central area
of the microcontinent in the vicinity of DSDP Leg
38 site 349, where seismic reflection and refraction
data have been compared to the Mesozoic and
Palaeozoic strata of the Jameson Land Basin area
of the East Greenland margin.

Fig. 5. Volcanic facies map based on the interpretation of seismic reflection and refraction data and information
from wells, in addition to free-air gravity anomaly data (DTU2010: Andersen 2010). Refraction information
includes velocity profile interpretations of wide-angle data and crustal-type interpretations (modified after Funck

et al. 2014), as well as sonobuoy velocity profile interpretations (Olafsson & Gunnarsson 1989). Magnetic anomalies
Co6b and C24n2r are from Gernigon et al. (2015), showing the onset of oceanic seafloor spreading east and west of
the IMMC. The extent of landwards flows labelled ‘subaerial possible’ refers to the pre-break-up plateau basalt
extent over the area. The areas labelled ‘submarine’ areas are interpreted primarily by mapping the F-reflector
(Gunnarsson et al. 1989) and are inferred as being related to the second break-up phase during Late Oligocene.
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The Palaeozoic

Sub-basalt structures and inferred velocities along
the JIMMC (Fig. 4) are comparable to the Upper
Palaeozoic—Lower Mesozoic rocks of the Jameson
Land Basin and Traill @ (Fig. la) areas onshore
East Greenland, as well as of the Mgre and Vgring
basins offshore Norway (e.g. Surlyk et al. 1973;
Surlyk & Noe-Nygaard 2001; Brekke ef al. 1999;
Osmundsen ef al. 2002; Surlyk 2003; Henriksen
2008; Faleide et al. 2010). The inferred Palaeozoic
section on the JIMMC is thinner and more condensed
in comparison to the East Greenland and Mgre—
mid-Norway areas. It can be inferred that the
JMMC was at that time in a structurally higher posi-
tion, corresponding to a shallow platform domain
between the adjacent Jameson Land and Mgre
basins. Small sub-basin structures below the Ceno-
zoic section are potentially linked to the region
south of the Jameson Land Basin (Fig. 4). It remains
uncertain whether older Palaeozoic, in particular
Devonian and/or Carboniferous rocks similar to
those that crop out along the NW edge of the Jame-
son Land Basin, underlie the northernmost part of
the JIMMC.

The Mesozoic

The interpreted Mesozoic—Paleocene interval of
the JMMC has a velocity range of between 3.9
and 5.0 kms ! (Table 3) (Kodaira et al. 1998; Kan-
dilarov ef al. 2012). These are similar to velocities
interpreted for Mesozoic sequences in the Mgre
Basin, where pre-Cretaceous— Lower Cretaceous
sections show a range of values between 3.85 and
535kms ' (Mjelde er al. 2008, 2009). Since sub-
units within the Mesozoic layers cannot be identi-
fied, an average value of 4.4 kms™ ' is used for a
time-depth conversion.

Although controversial, a seafloor sample has
been interpreted to contain evidence of a Jurassic
oil seep (Polteau er al. 2012) (NPD 2012) (Fig.
2b). Waxy bitumen samples from Cenozoic basalts
on the Faroe [slands and the Isle of Skye in Scotland
have also been associated with mature source rocks
(Laier et al. 1997; Laier & Nytoft 2004).

The Jameson Land Basin contains deltaic and
lacustrine facies of Early Jurassic age that became
increasingly influenced by marine processes during
Mid-Late Jurassic, including deposits of a black
organic-rich mudstone of the Hareelv Formation
(Surlyk 2003), which is consistent with the regional
setting of the NE Atlantic (Stoker ef al. 2016). Thus,
a trend towards a Mesozoic marine setting in the
JMMC area can be inferred from regional struc-
tural observations. That would suggest a phase
of southwards and eastwards crustal thinning dur-
ing the Jurassic, which, in turn, may have resulted

in a general subsidence of the region and the
development of marine conditions (Peron-Pinvidic
et al. 2012b).

The presence of a thin, Lower Cretaceous sedi-
mentary succession across the IMMC seems proba-
ble according to results from a structural and
stratigraphic comparison with the conjugate mar-
gins and the interpretation of the local seismic
refraction data (Figs 4—6). During the Cretaceous,
regional extension occurred throughout much of
the NE Atlantic region (Stoker er al. 2016). Thick,
deep-marine, sag-type basins formed during this
process, including the Danmarkshavn and Thetis
basins (Lundin & Doré 1997; Doré et al. 1999; Lun-
din & Doré 2011), the Traill @—Hold with Hope
area of NE Greenland, and the Norwegian Vgring
and Mgre basins (Brekke 2000; Osmundsen ef al.
2002; Faleide er al. 2010, 2010; Peron-Pinvidic
et al. 2012h). However, all of the above-mentioned
basins had their main extensional to hyperexten-
sional phase during the Mesozoic, whereas the
Jameson Land Basin had a main opening phase and
faulting during the Palaeozoic (Henriksen 2008).
Such hyperextension cannot be seen along central
Eastern Greenland or the JIMMC area, and possibly
formed the western shelf margin of the Vgring basin.

The Cenozoic

Cenozoic sedimentary succession. The pre-break-up
Cenozoic sedimentary succession was inferred by
comparing onshore geological data from East
Greenland to offshore areas of Scoresby Sund and
Blosseville Kyst and the seismic reflection data of
the JMMC. The post-break-up successions are
derived from borehole data and seismic reflection
data across the microcontinent, tied to the main
unconformity horizons of the post-break-up succes-
sion (Figs 3, 4, 6 & 7). Mapping thickness intervals
of the Cenozoic sequence along the ridge flanks and
in-between the ridge segments enabled us to indi-
cate areas of sediment deposition due to subsidence.
Depositional settings for the Cenozoic strata are
constrained by borehole data interpretations and
onshore analogue comparisons.

Pre-break-up Cenozoic strata. In situ Paleocene
dinoflagellate cyst assemblages were found in the
uppermost pre-volcanic /pre-break-up sequences at
the Blosseville Kyst area (Nghr-Hansen & Piasecki
2002) (Figs 4, 6 & 7), which is the closest conjugate
segment to the IMMC. This sequence corresponds
to the upper marine sections of the Ryberg Forma-
tion in the Kangerlussuaq Basin (KgB on Fig. 1a)
(Soper et al. 1976; Nghr-Hansen et al. 2002), repre-
senting a regional marker that most likely also
covered the JMMC area in the Paleocene. Dark
mudstones of the Kap Brewster site (KB on Fig. 1a)
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contain reworked Cretaceous dinoflagellate cysts,
indicating an age range between the late Danian to
early Selandian (Nghr-Hansen et al. 2002). Ana-
logue areas for Lower Paleocene deposits include
the Hold with Hope and Wollaston Foreland for-
mations in Northeast Greenland (Larsen et al.
1999; Nghr-Hansen 2003, 2012), and the Vgring
and Mgre basins offshore Norway (Brekke 2000;
Faleide et al. 2010).

Post-break-up Cenozoic strata. The post-break-
up Cenozoic sedimentary section is thickest along
the microcontinent’s eastern flank (Figs 5, 6 & 8),
but has been eroded to a large extent across the
highest sections of the ridges (e.g. the Lyngvi
Ridge). Based on data from DSDP Leg 38 boreholes
located on the northern Jan Mayen Ridge (Talwani
et al. 1976b; Talwani & Eldholm 1977), the Ceno-
zoic succession has been subdivided into a Lower
Paleocene—Lower Oligocene unit, unconformably
overlain by an Upper Oligocene—Quaternary unit
(Figs 6 & 7).

The stratigraphic thickness of post-break-up
sediments varies from 0 to 4200 m along the eastern
flank of the JMMC (Fig. 8). The Cenozoic units
consist predominantly of mudstone, whereas the
Lower Paleocene—Lower Oligocene unit includes
thin sand and muddy sand beds, which might have
been deposited by turbidity currents on the IMMC
shelf edge (Figs 3 & 7). The Upper Oligocene—
Miocene units probably represent erosional sedi-
ments from the JIMMC highs, redeposited into the
surrounding lows. This can be seen around the
highs of the SRC and its small sub-basins and in the
borehole records (Talwani ef al. 1976b; Talwani &
Eldholm 1977). Above the Mid-Upper Miocene hia-
tus, Pliocene—Pleistocene deep-marine sediments
are present across the microcontinent (Fig. 3). These
youngest sediments are cut by deep-sea current fea-
tures, causing localized erosion along the ridge seg-
ments, and were affected by gravitational slumping
and faulting from the steep ridge flanks.

During the Pleistocene, several glacial events
removed about 1 km of the Iceland Plateau basalts
(Walker 1964) and much of the IMMC. The eroded
sediments were likely to have been deposited
into newly formed basins within the Iceland Plateau
(Figs 5 & 9b), between the Iceland shelf and
the SRC.

The Cenozoic igneous sequence

The Lower Palaeogene volcanic succession proba-
bly includes two major units: the pre-break-up
plateau basalt sequence; and the break-up SDR
sequence along the eastern flank of the JMMC
(Planke ef al. 2000) (Figs 4, 6 & 7). The southern
and central part of the JMMC appear to be covered
by Early Eocene plateau basalts, with a layered
character of distinct lava-flow events interpreted
as landwards flows (Planke et al. 2000). Apparent
erosional effects at the top of these formations are
probably filled with Lower Eocene sediments.

The pre-break-up igneous formations. The plateau
basalt equivalent section on the JMMC is subdi-
vided into two major units and appears to increase
in thickness from north to south towards the SRC
(Fig. 7c). A possible base of the plateau basalts
was tied to the velocity model from refraction data
(Kodaira et al. 1998). From this, an igneous strati-
graphic thickness of approximately 1100 m is esti-
mated across the crest of the JIMMC. There are
indications that the plateau basalt sequence contin-
ues to be downfaulted towards the south (Fig. 4),
implying the formation of a topographical low
south of the SRC (Figs 10 & 11a). This would pos-
sibly correlate with the very thick basalt sections in
the Kangerlussuaq Basin, at the southernmost extent
of the Blosseville Kyst, and the NW area of the
Faroe Islands Platform (FP on Fig. 1a). In these
regions, the main pre-break-up to break-up phase
plateau basalts are well exposed onshore. The suc-
cession is estimated to be more than 6 km thick
towards the southern extent of the Blosseville Kyst
and the Kangerlussuaq area (Brooks 2011), but is
progressively younger and dramatically thinner to
the north in Scoresby Sund and Jameson Land
Basin (Larsen er al. 1999, 2014). Based on age dat-
ing of exposed dykes that have similar ages to the
plateau basalts (Larsen er al. 2014), it is inferred
that the plateau basalts covered the Jameson Land
Basin but were subsequently eroded away. The
thickness of the eroded section is estimated at
2-3 km (Mathiesen et al. 2000).

The break-up igneous formations. During break-up
(54—55 Ma), amagma-rich margin formed along the
eastern flank of the IMMC with thick sequences of
onlapping lava flows forming SDRs (Figs 4,5 & 7).

Fig. 6. JMMC tectonostratigraphic type sections that are based on seismic reflection and refraction data
interpretations, tied to shallow borehole data only. Possible Palaeozoic—Mesozoic formations of the IMMC are
inferred from the structural and stratigraphic setting in comparison to the East Greenland analogue areas (Hamann
et al. 2005). Seismic velocity models from refraction data are consistent with interpretation. Modified from
Peron-Pinvidic et al. (20124, b) and Blischke et al. (2014b. The volcanic margin is clear (see the sections in a—c)
along the eastern flank of the microcontinent. The magmatic anomaly poor western margin that was formed during
the second break-up (d) appears as a sharp boundary along the western margin of the microcontinent.
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Fig. 7. Tectonostratigraphic chart of the JIMMC region based on borehole data, seismic interpretation and analogue
studies (Talwani & Eldholm 1977; Akermoen 1989; Gunnarsson ef al. 1989; Rey er al. 2003; Hardarsson er al. 2008;
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These SDRs are considered to be subaerial lava
flows onlapping higher terranes, stacking onto previ-
ous flows as rifting and seafloor spreading initiated
along the margins (Hinz 1981; Mutter er al. 1982;
Planke er al. 2000; Berndt et al. 2001). The SDRs
along the eastern flank onlap westwards onto the
crest of the main ridge and the SRC: they are up to
4—6 km thick at the NE end of the IMMC, thinning
from north to south.

The Mid-Eocene—Neogene
volcanostratigraphy

The Eocene sedimentary succession is intruded by
many sills and dykes, especially along the eastern
and SE flanks, coinciding with the Early—Middle
Eocene time (49—-44 Ma). During this period, igne-
ous activity affected the entire southern extent of
the microcontinent. The occurrence of a series of
ridge jumps from east to west across the Iceland Pla-
teau have been suggested by several authors (e.g.
Gaina et al. 2009; Brandsddéttir et al. 2015) (Figs 5
& 9). The youngest substantial igneous event on
the JIMMC is expressed as a flat-lying, opaque
reflection in seismic data, the so called ‘F-Reflector’
(Gunnarsson et al. 1989), which covers most of the
northern Jan Mayen Basin, the western margin of
the JIMMC (Fig. 6b, ¢) and much of the Jan Mayen
Trough (Figs 5 & 6d). This reflection is believed
to correspond to regionally extensive composite
sheets of flat-lying lava flows and intrusive rocks
that covered the underlying structures in very shal-
low and unconsolidated wet sediment possibly dur-
ing the Late Oligocene (28—22 Ma) (Gunnarsson
et al. 1989). This corresponds to the time of plate
boundary relocation from the Agir mid-oceanic
ridge to the Kolbeinsey mid-oceanic ridge (Gaina
et al. 2009). No SDR type formations are observed
along the JMMC western margin. Since the com-
plete separation from the East Greenland margin,
only the northern extent of the JMMC has been

affected by volcanic activity, which is related to
the present-day Jan Mayen Island volcanic system.

Kinematic reconstruction of the central
NE Atlantic region

A series of detailed kinematic reconstructions
for the JMMC tectonic blocks and surrounding
areas is presented in Figures 10 and 11. Plate recon-
struction parameters for the relative motion of the
JMMC and conjugate margins were calculated
using an interactive fitting method using GPlates
(http: //www.gplates.org: Boyden et al. 2011; see
also Gaina er al. 2016). Rotation parameters for
Greenland relative to Eurasia are based on Gaina
et al. (2016). The geographical extent of the indi-
vidual JIMMC tectonic blocks was guided by the
interpretation of Peron-Pinvidic et al. (2012a) and
Gernigon et al. (2015).

The model includes six stages: (1) the pre-
break-up stage ending at 56—55 Ma; (2) the break-
up stage at chron C24n2r (53.36 Ma) equivalent to
chron C24B of Gunnarsson er al. (1989), associated
with the formation of a wide volcanic margin; (3)
an early intra-JMMC rifting phase around C22n
(49.3 Ma); (4) a fully established intra-JIMMC rift
phase and the beginning of rift transfer from east
to west around C21n (47.33 Ma); (5) westwards
rift transfer and the initial western JMMC margin
break-up phase around C13n (33.1 Ma); and (6)
the complete isolation of JIMMC by establishing
the Kolbeinsey mid-oceanic ridge around C6b
(21.56 Ma).

Structural elements included in plate tectonic
reconstructions

We combined magnetic and gravity anomaly data
interpretations with other structural, geological
and geophysical data for defining several distinct

Fig. 7. (Continued) Gilotti et al. 2008; Kalsbeek et al. 2008; Gaina et al. 2009; Erlendsson 2010; Gernigon et al. 2012,
2015; Peron-Pinvidic et al. 2012a, b; Stoker er al. 2016). The chronostratigraphic scheme is based on Gradstein et al.
2012. The pre-break-up stratigraphic section is inferred from seismic data and analogue comparisons, primarily the
Jameson Land Basin, East Greenland. (a) Greenland—JMMC—Norway rifting to break-up. (b) JIMMC-Norway
break-up I volcanism: emplacement of the plateau basalts, SDR, dyke complexes. (¢) Aegir spreading (C24-C21):
extension along the IMMC - mid-East Greenland rift. (d) JM southern ridge and NE-JMR flank volcanism. (e)

Regional inversion causing an erosional hiatus across the main ridges, localized erosion into surrounding lows as marine
fan—turbidite deposits, and minor reverse faulting. (f) JMR east and NE flank volcanism. (g) IMMC-mid-East
Greenland break-up II volcanism (C13; ¢. C7—C6): the formation of composite sheets of flat-lying, shallow intrusions
and lavas into shallow soft sediment (the F-reflector), and fault-connected dykes and sill intrusions simultaneously with
the establishment of oceanic crust from the Kolbeinsey mid-oceanic ridge and formation of the Jan Mayen Basin. At this
time, erosion along the Southern Ridge Complex occurred. (h) JIMMC subsidence and establishment of a deep-marine
environment. The Kolbeinsey mid-oceanic ridge continues to establish itself as the main spreading centre. Sedimentary
sequences include ash layers. The top Miocene hiatus was possibly caused by regional uplift in conjunction with west to
east migration of the main rift axis on Iceland.
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structural elements that constitute independent
kinematic model blocks (isochrons and rotation
model, see Gaina et al. 2016). Interpreted fault and
transfer systems are linked to stratigraphic thickness
changes, mapped unconformities, age data control
from borehole data and other geological informa-
tion. Reconstructions include the present-day coast-
line for better reference (Figs 10 & 11).

We have compiled a number of structural linea-
ments in the JMMC area, which are based on pub-
lished work, bathymetry, free-air gravity anomaly
and derivatives, magnetic anomaly (Hopper et al.
2014), and seismic reflection data. These proposed
structural lineaments (Fig. 1a) are based on features
that can be inferred from at least two, and preferably
three, different potential datasets.

We consider several observations that may give
information on how the JMMC evolved during the
multiphased break-up. Along the eastern margin,
Palaeogene rocks dip steeply towards the Norway
Basin (Fig. 6) and exhibit normal faulting associated
with rapid subsidence within the northern and south-
ern eastern-flank basin (EFBN and EFBS in Fig. 8;
Table 1), in association with SDR emplacement
and the early establishment of the Agir mid-oceanic
ridge system. The western margin, along the Jan
Mayen Ridge North, the Strlahryggur Flank Basin
and the Sorlahryggur Ridge (JMRN, SFB, SHR in
Fig. 8; Table 1), displays a more gentle west-facing
listric normal fault system (Fig. 6), where rotated
crustal blocks are downfaulted towards the Jan
Mayen Basin (JMB in Fig. 8; Table 1) along major
detachment faults. This indicates a distinct phase of
extension and basin formation before the final
break-up of the JMMC to the west. In addition,
some minor reverse faulting occurred along the
SE segments within the SRC, including the Fafnir
Ridge, the Otur Ridge, the Otur Ridge southern spur,
the Langabrin Ridge and the Dreki Ridge (FR, OR,
ORS, LR and DR in Figs 6 & 8; Table 1), as a result
of regional inversion during the Late Eocene—Early
Miocene.

Stratigraphic unconformities represent major
tectonostratigraphic markers. Several major and
small-scale unconformities in the JIMMC stratigra-
phy have been described (Figs 3, 4 & 7). Three
unconformities are present within Eocene sections:
(1) an Early Eocene main break-up unconformity
at C24 (56-53 Ma); (2) a main Middle Eocene
unconformity at C19-C20 (47-41 Ma) associated
with the initiation of ridge transition from the
Agir mid-oceanic ridge to extension concentrated
further west; and (3) an unconformity of the Late
Eocene age at chron C15 (¢. 35 Ma). Following
these Eocene events, two major erosional events
affected the microcontinent during the Oligocene.
An unconformity that marks a major truncation
surface at 33 Ma (C12—C11) can be observed across

all ridge areas of the microcontinent and correlates
to a change in the seafloor spreading direction
along the Agir mid-oceanic ridge axis before the
cessation of the mid-oceanic ridge (Gernigon et al.
2015) (Fig. 11d). This transtensional phase resulted
in small-scale reverse faulting across the SRC. A
second unconformity marks a major hiatus in the
Late Oligocene, which corresponds to the complete
cessation of the Agir mid-oceanic ridge. The micro-
continent was isolated completely, as the Kolbein-
sey mid-oceanic ridge became fully established
along the western margin at chron C6b (22-21 Ma)
(Fig. 11e).

Pre-break-up stage ending around 5655 Ma

Major structural elements and subdivisions of the
JMMC at pre-break-up time align fairly well with
published regional trends and lincaments inter-
preted on the NE Atlantic continental margins
(Hamann er al. 2005; Tsikalas er al. 2005, 2008;
Vogt & Jung 2009; Gaina et al. 2009, 2013; Gerni-
gon et al. 2012, 2015) (Fig. 10). Three main trends
are observed (Fig. 10): (1) a north—south trend sim-
ilar to the strike-slip fault systems of the Shetland
Islands, which is also aligned with the Jameson
Land Basin axis and the main boundary fault of
the Liverpool Land High; (2) an east—west trend
parallel to the strike-slip fault system proposed by
Guarnieri (2015), forming the northern limit of the
Faroe—Shetland region; and (3) a SE-NW trend
that separates the JMMC from the Vgring margin
to the north and the Faroe Islands region to the
south. The latter two subdivisions also form the
boundaries of several gaps in the reconstructions
shown by Gaina et al. (2016).

At pre-break-up time, the IMMC was most prob-
ably a 40-100 km-wide crustal fragment, with
stratigraphic and crustal geometries corresponding
to the conjugate central East Greenland margin
(Gaina et al. 2009; Gernigon et al. 2015) (Figs 1la,
10 & 11). The IMMC was bounded to the north by
the proto-Jan Mayen Fracture Zone (proto-JMFZ
in Fig. 10). The northern segment of the microcon-
tinent near the proto-JMFZ that could be mapped
shows stratigraphic and structural similarities with
the Scoresby Sund and Blosseville Kyst areas.

The NNW-SSE-orientated axis of the Jame-
son Land Basin terminates abruptly at the Blosse-
ville Kyst (Engkilde & Surlyk 2003), with no
major east—west-striking fault structures marking
its southern boundary in the Scoresby Sund area.
This indicates that a deep basin may continue
south underneath the Blosseville Kyst. The kine-
matic models here suggest that the central and
southern JIMMC were attached to that part of East
Greenland prior to break-up, with the NNW-
SSE-striking Liverpool Land high lining up with
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the northern Lyngvi Ridge, the central high of the
IMMC (Fig. 8).

The southern boundary is less clear, but was
probably influenced by the large-scale transform
system proposed by Guarnieri (2015). This, in turn,
was linked to the development of the Greenland—
Iceland—Faroe Ridge Complex, a subdomain of
the North Atlantic Igneous Province. The GIFRC
forms a complex WNW —-ESE-striking ridge struc-
ture that includes the Greenland—Iceland Ridge, the
entire Iceland shelf and the Iceland—Faeroe Ridge.

The southernmost part of the microcontinent,
where East Greenland links to the Faroe Platform
and the Hatton Bank, remains far more uncertain
owing to a lack of data constraints (Breivik et al.
2012; Brandsdottir er al. 2015; Gernigon et al.
2015; Torsvik er al. 2015). Still, the stratigraphic
mapping of the IMMC (event B in Fig. 7) suggests
a potential link between the southern extent of the
JMMC and the pre-break-up/break-up successions
along the Blosseville Kyst of central East Greenland
margin, the NW margin of the Faroe Platform and
the northern edge of the Iceland Faroe Ridge (Figs
10 & 11a). The interpretation of seismic reflection
data across the central part of the JMMC indicates
two possible Early Eocene plateau basalt-equivalent
sections that appear to increase in thickness from
north to south (Fig. 4).

A gap in our pre-break-up reconstruction situ-
ated to the south of the JMMC is assumed to have
been filled by either stretched continental crust
(Torsvik et al. 2015) and/or pre-break-up forma-
tions of Palacozoic—Early Paleocene age, similar
to those known from onshore East Greenland and
the Norwegian shelf margin (Brekke 2000).

Break-up stage around C24n2r (53.36 Ma)

The break-up stage (Fig. 11a and event (C) in Fig. 7)
is marked by large-scale extrusive volcanism lead-
ing to the formation of the plateau basalts onshore
East Greenland (Storey er al. 2007a, b). The plateau
basalts mapped extend from East Greenland and
across the Faroe Islands area. They have an esti-
mated thickness of more than 6 km in East Green-
land (Brooks 2011 and over 7 km at the Faroe
Islands (Arting 2014).

The main structural elements of the JMMC are
parallel to the overall trends of the basins and
highs of the surrounding regions, except for the

east Jan Mayen Fracture Zone, which appears to
be linked to an initial rift centre just at the NW
edge of the IMMC, as proposed by Gaina et al.
(2009). This coincides with the formation of SDR
sequences along the eastern margin, which reach a
stratigraphic thickness of 4—6 km at the northeast-
ernmost flank (Figs 4 & 5).

Early Eocene (53.36 Ma) volcanism marks the
establishment of the Agir mid-ocean ridge system
at C24n2r (e.g. Gernigon et al. 2015), separating
the mid-Norwegian Vering and Mgre basins from
the Central East Greenland margin. Large igneous
complexes were mapped on seismic reflection data
along the eastern flank of the JMMC located close
to fracture/fault zones (Figs 7a, b & 9). These
complexes most probably formed after the initial
emplacement of SDR sequences, cutting through
that sequence and the initial oceanic crust, form-
ing a 40—80 km-wide volcanic margin (Fig. 5) as
Eocene sediments onlap and fill in those features.

Initial intra-JMMC rifting phase around
C22n (49.3 Ma)

The initial intra-JMMC rifting phase at chron C22n
(49.3 Ma; Fig. 11b) is marked by the southwards
propagation of the Agir mid-oceanic ridge and the
establishment of a continuous spreading system in
the Norway Basin. The EJMFZ extends from the
Mohn’s mid-oceanic ridge, which was established
to the NE of the IMMC at C24 and separated the
Vegring margin from the NE Greenland margin. A
distinct rift segment can be seen along the SE mar-
gin of the JIMMC, forming the eastern extent of the
Iceland Plateau, here referred to as Iceland
Plateau rift I (IPR-I: Fig. 11b, ¢). During the
Lower Eocene, thick sediment wedges formed
along the central eastern and NE flank of the micro-
continent (Figs 7 & 8).

An uneven north to south change in spreading
rate from intermediate to slow (Gernigon et al.
2015) led to oblique spreading within the Norway
Basin, initiating a V-shaped mid-oceanic ridge
structure and a counterclockwise rotation of the
JMMC. This resulted in extension of the entire
southern half of the microcontinent and the for-
mation of small ridge segments. This extension
widened the area across the southern half of the
microcontinent from the original 100 km to approx-
imately 150 km. This also explains the crustal

Fig. 8. Post-break-up stratigraphic thickness map includes estimates from the Lower Eocene (top SDR/flood
basalts) to present day. The main ridges are heavily eroded and have only a very thin sediment cover. The low areas
along the east flank show a very thick stratigraphic section. The thicker stratigraphic sections along the west flank of
the ridge are related to the Jan Mayen Basin, as well as to several lows between the main structural highs. The
stratigraphic thinning towards the Jan Mayen Island volcanic complex to the north and towards the south, and the
area of borehole 350, where the Iceland Plateau Rift is proposed. For an explanation of abbreviations, see Table 1.
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anomalies are linked to segments of older microcontinent transitional crust ‘Southern Ridge Complex transition’,
pre-break-up plateau basalts segments and youngest second break-up volcanics ‘F-marker’. The Iceland Plateau rift
1I was described by Brandsdottir ef al. (2015) based on interpretation of seismic refraction data. The sediment
wedges (sn and ss) correspond to observations on seismic reflection data (in b) and correlate to negative gravity

anomalies west of the COB. Interpreted profiles.

thinning trend from north to south that has been
observed on refraction data in the JIMMC area (Kan-
dilarov et al. 2012).

The Agir mid-oceanic ridge system did not
directly link up with the Reykjanes mid-oceanic
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ridge system to the south. Instead, the link to the
Reykjanes mid-oceanic ridge was marked by a com-
plex system of transforms and off-ridge volcanic
systems that formed an Iceland-type oceanic crust
within the proto-GIFRC (Arting 2014). In order to
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Fig. 9. (b) I-T' from Brandsdottir et al. (2015) and H-H' across the SRC. The H-H" profile based on TGS seismic
reflection data crosses the southernmost area where the SRC is clearly observed and ties to DSDP site 350. Section
H-H’ has several areas marked to explain the subdivision of the mapped structures: (1) The Dreki Ridge transfer
system (possibly active from the Mid-Eocene to Oligocene with Miocene infill). (2) A graben structure that
separated the Eocene ridges of the SRC. The strike of the graben is parallel to the Iceland Plateau rift IT structure.
(3) A sediment wedge that is thickest close to the COB. This is observed along the entire eastern edge of the IMMC
and helps to define the COB location. (4) Areas where deep faulting appears absent and structures are distinctly
different from elsewhere. A basalt cover is indicated, possibly equivalent to the plateau basalts. (5) A typical section
where the F-reflector is observed and is connected to IPR 1II. (6) A positive gravity anomaly that might be related to
another possible rift complex, but not confirmed on seismic reflection data. A clear signature on the magnetic
anomaly data (Fig. 9a) south of intersection H-H' is observed, however. Section I-I" shows the Iceland Plateau rift
between the Langabrun Edge and the Iceland Shelf. It includes a segment of thick crust between the C6 magnetic
chron just west of the youngest rift system on NE Iceland (the Eyjarfjardar Channel /Kolbeinsey mid-oceanic ridge).

maintain a spatial balance within the reconstruction,
the areas of the Iceland Plateau and East Iceland

Fully established intra-JMMC rift phase
and the beginning of rift migration around

must have been involved in this early stage of
break-up, forming new basaltic crust and possibly
SDR overlying older crust segments that remain
as segments in-between off-mid-oceanic ridge vol-
canic segments (Erlendsson & Blischke 2013;
Blischke et al. 2014b).

C2in: 47.33 Ma

The oblique seafloor spreading direction recorded
by the Norway Basin oceanic crust caused large
strike-slip/transfer fault systems that affected the
eastern flank of the microcontinent (event D on
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LEGEND:

-

continental crust

Liverpool Land high.

south.

Limits of the Caledonian deformation
Caledonian deformation — major thrust fault zones

Known regional strike-slip / transform deformation systems

Regional strike-slip / transform / extensional detachment
systems from literature

First oceanic crust in the Norway Basin

JMMC data control and map-able area

Reconstruction gap, possible area of additional

N-S trend similar to the strike-slip fault systems of
Shetland Island that is also aligned with the Jameson
Land Basin axis and the main boundary fault of the

SE-NW trend that separates the JMMC from the V@ring
margin to the north and the Faroe Islands region to the

Fig. 10. Pre-break-up setting of the central NE Atlantic region, showing reconstructed present-day bathymetry,
magnetic, gravity and crustal thickness data. Crustal thickness is based on the gravity inversion (Funck ef al. 2014).
The reconstruction is at pre-break-up stage ending at 56—55 Ma and is fixed to the European Plate. Features
displayed are modified from data, and interpretations by Osmundsen & Andersen (2001), Torsvik er al. (2001),
Foulger er al. (2005), Henriksen (2008), Gaina et al. (2009), Boyden et al. (2011), Peron-Pinvidic et al.

(2012a, 2013), Gasser (2014), Hopper ef al. (2014), Gernigon et al. (2015), Guarnieri (2015) and Torsvik et al.
(2001, 2015). Regions marked are: BK, Blosseville Kyst; FP, Faroe Plateau; FSB, Faroe—Shetland Basin;

HR, Hatton—Rockall margin and basin; JLB, Jameson Land Basin; MB, Mgre Basin; NS, North Sea; VB,

Vgring Basin.

Fig. 7) and subdivided the JMMC into the northern
Jan Mayen Ridge and the SRC. The Zgir mid-
oceanic ridge appears to terminate at the GIFRC
(Fig. 11c).

A series of en echelon magnetic anomalies
across the Iceland Plateau, referred to as the Ice-
land Plateau Rift System (Fig. 11¢), is interpreted
as marking the onset of a propagating rift system
towards the Agir mid-oceanic ridge (Figs 5 & 9),
A NW-SE-striking fault system that links up to
the Iceland—Faroe Fracture Zone and terminates
the north—south fault trend of the SRC, marks the
southern extent of the microcontinent. The NW—
SE-striking fault system is in direct alignment with
the volcanically active area of the Blosseville Kyst
(F on Fig. 11c), where a major coast-parallel dyke
swarm belonging to the Igtertivi Formation mag-
matism is thought to have been caused by a regional
extensional event at 49—44 Ma (Larsen et al. 2013).

This event is also marked by a distinct uncon-
formity, where the base consists of sediments that
are dated to 49.09 + 048 Ma and the top is
formed by sediments intercalated with lava flows
of the Bopladsdalen Formation, which are dated to
43.77 + 1.08 Ma (Larsen et al. 2013). This Late—
Middle Eocene time interval (49—44 Ma) coincides
with an increase in observed sills and intrusions
within the sediment stratigraphy (Fig. 8) of the
JMMC area.

Westwards rift transfer and the initial

western JMMC margin break-up phase
around Ci3n: 33.1 Ma

By chron C13n (33.2 Ma), the Norway Basin sea-
floor spreading had changed from slow to ultra-
slow spreading (Gernigon et al. 2015), while, on
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GPlates (www.gplates.org): Boyden et al. 2011

Plateau Total
basalt magnetic
thickness intensity
estimate anomaly (nT)
(km)

Data references:

(a)=(d) Elevation (m) ETOPO1: Amante et al. 2009; Total magnetic intensity anomaly (nT) CAMP-GM: Gaina et al. 2011
(a)—(d) Geochronology reconstruction based on magnetic anomalies data, modified after Gaina et al. 2009 and Torsvik et al. 2015
(a)—(d) Major Cenozoic fracture / transfer zones: Vogt et al. 2009; Gaina et al. 2009; Peron-Pinvidic et al. 2012a; Gernigon et al. 2015;

Guarnieri 2015

(A) Late Paleocene — lower Eocene; the Kangerlussuaq dome - estimated height of the original basalt surface in kilometers. (modified
after Brooks, C.K., 2011)

(B) Iceland Plateau rift location modified after Brandsdottir et al. 2015

(C) Initial Palecgene rifting north and along the NE JMMC: Gaina et al. 2009

(D) Seaward dipping reflectors (SDR): Thordarson, T. & Larsen, G. 2007; Bernd! et al. 2001

(E) Regional strike - slip fault / transfer system: Gaina et al. 2009; Guarnieri 2015

(F) Intrusive rift activity within the Blosseville plateau basalt formations at Kap Dalton (49 — 44 Ma) and alkaline sill intrusions (36 — 34
May): Larsen et al. 2013

(G) Possible initial Paleogene rifting location and structural lineaments: Tegner et al. 2008

(H) Rift location at ca. 25 Ma: Hardarsson et al. 2008

@  c2anzr

53.36Ma

Igneous activity
 (56-52 Ma)

100 km

Fig. 11. Central NE Atlantic plate reconstructions relative to the European Plate: (a) break-up stage around chron

C24n2r (53.36 Ma).

the western part of the IMMC, the proto-Kolbeinsey
mid-oceanic ridge was forming. Two igneous com-
plexes were identified on seismic reflection and
gravity data, and are here referred to as the Iceland
Plateau rift IT and III systems (Figs 9 & 11d). Ice-
land Plateau rift 1I is located parallel to magnetic
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anomaly C19n (40.32 Ma) and forms the eastern
shelf limit of Iceland (Brandsdéttir er al. 2015).
Iceland Plateau rift III is observed on seismic
reflection, gravity and magnetic anomaly data, and
appears to have affected the nearby Hakare-
nna Channel (HC in Fig. 9). This area of the
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C22n
49.3Ma

100 km

C21n
47.33Ma

100 km

Fig. 11. (b) initial intra-JMMC rifting phase around chron C22n (49.3 Ma); (¢) fully established seafloor spreading
east of JMMC rift phase and beginning of intra-JMMC rift migration around chron C21n (47.33 Ma).

microcontinent was located parallel to the offshore  2014). This is interpreted as clear evidence that
Blosseville Kyst region at chron Cl3n, and lines  the rift transition had reached the SW corner of
up with observed offshore igneous centres (Arting  the JMMC by chron C13n.
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C13n
33.1Ma

100 km

Fig. 11. (d) further westwards rift transfer and initial western JMMC margin break-up phase around chron C13n
(33.1 Ma); and (e) complete isolation of the IMMC through the establishment of the Kolbeinsey mid-oceanic ridge
around chron C6b (21.56 Ma). The kinematic reconstruction considers the JMMC as several independent tectonic
blocks. Plate reconstruction parameters for the relative motion of the JIMMC and conjugate margins were calculated
using an interactive fitting method in GPlates (http://www.gplates.org: Boyden er al. 2011; see also Gaina er al.
2016). The reconstructions include data interpretations for fault and transfer systems linked to stratigraphic thickness
changes, mapped unconformities, age data from magnetic anomalies and borehole data. Present-day topography is
included in the displays for a better reference to today’s coastline.
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During this phase, the Jan Mayen Basin and
Jan Mayen Trough (HT in Fig. 8; Table 1) both
developed as a consequence of Middle Eocene
and Late Oligocene—Early Miocene extension prior
to the establishment of the Kolbeinsey mid-oceanic
ridge (Peron-Pinvidic er al. 2012b). The Jan Mayen
Basin was initiated as a series of small pull-apart
basins along the NW flank of the JMMC (Fig. 11d,
e). These small basins spatially compensated for
the rapid extension occurring during this second
break-up phase (Fig. 6a, b). Rotation and compres-
sion along the SE JMMC, initiated in the previous
phase, probably continued until the cessation of sea-
floor spreading in the Norway Basin. This resulted
in inversion structures that are also observed in
the stratigraphic record in the form of the Lower
Oligocene unconformity across the microconti-
nent’s ridges (Figs 3 & 6, event E in Fig. 7).

Extension of the SRC widened the area to about
310 km. The nature of the basement at depth still
remains unconstrained, but can be interpreted in
terms of highly stretched and probably very thin
continental crust. This thin crust is covered by
thick basalt formations emplaced since break-up.
During rift transfer, the area was intersected by the
Iceland Plateau rift systems that separated the
stretched composite crust into segments, forming a
transitional crust between continental crust and the
oceanic crust of the Iceland Plateau. These basalt
formations are probably Late Oligocene—Early
Miocene and filled the topographical lows between
the main structures along the Jan Mayen Ridge.
They are indicated by the F-Marker on seismic
reflection data (Figs 5 & 6).

Complete isolation of the JMMC by
establishing the Kolbeinsey mid-oceanic
ridge around C6b: 21.56 Ma

The final separation of the JIMMC occurred around
Cob at 21.56 Ma (e.g. Gernigon er al. 2015)
(Fig. 11e), when the Kolbeinsey mid-oceanic ridge
reached the JMFZ and the plate boundary in the
Greenland Sea. This phase coincides with the initi-
ation of Iceland as an insular province and the for-
mation of the GIFRC by increased igneous activity
(Hardarsson et al. 2008). The offshore area NW
of Iceland, and the onshore and offshore areas of
East Iceland, began to form the Icelandic Plateau
basalts continuously throughout the Late Miocene
(Walker 1964; Semundsson 1979; Thordarson &
Larsen 2007).

Rift propagations have been shown to occur in a
NW direction within the Iceland Plateau—GIFRC
area up to the Late Miocene (7.2-5.3 Ma). At
around 7 Ma, a northeastwards oceanic rift reloca-
tion occurred (Johannesson & Samundsson 2009)
from the Hunafléa rift centre (HFR on Fig. 1) in

the NW of Iceland to the NE volcanic zone. As a
consequence of substantially increased volcanic
activity, new land formed and the GIFRC has been
documented to have been located above or close
to sea level (Denk et al. 2011). Well data from the
highest ridges of the IMMC show a Mid-Late Mio-
cene hiatus with marine sedimentation continuing
only from the Pliocene onwards (Fig. 3).

During the Quaternary, the JIMMC has only been
affected by occasional volcanic activity of the Jan
Mayen Island volcanic system, located at the north-
ern edge of the IMMC, and gravitational erosion
from the escarpment areas of the steep ridge flanks.
In the Pleistocene, several glacial events removed
about 1 km of the Iceland Plateau basalt (Walker
1964). The opposite occurred for the area between
the Iceland Shelf and the SRC, indicating that the
JMMC was subsiding during this last phase, pre-
sumably due to lithospheric cooling.

Discussion

The central focus of this contribution is the detailed
development of the Jan Mayen microcontinent and
its relationship to the surrounding areas to enable
a better understanding of the full extent of the con-
tinental crust and its age and history. Central goals
include:

(1) Establishing a detailed tectonic and strati-
graphic framework for the JMMC:

(a) the pre-break-up section and the IMMC
relationship to the surrounding areas, in
particular the East Greenland and Nor-
way margins;

(b) the stratigraphic and igneous record dur-
ing first break-up;

(c) the stratigraphic and igneous record dur-
ing mid-oceanic ridge transfer.

(2) To develop a detailed kinematic model of the
JMMC from pre-break-up time to the present
day, in particular with respect to the second
break-up phase and the formation of a
microcontinent.

(3) To assess the Iceland—-Faroe Fracture Zone
(IFFZ) and the southern extent of the IMMC,
in particular the connection to the Greenland -
Iceland—Faroe Ridge Complex along the
IFFZ, and the Iceland Plateau.

(1a) Stratigraphic records of the
pre-break-up section

Where the JIMMC type section intersects the seismic
refraction profile line 4 of Kodaira er al. (1998)
(Fig. 4), the pre-break-up sedimentary section,
defined as the interval between the basalt and acous-
tic basement, is approximately 6 km thick. The
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velocity model indicates that this interval is charac-
terized by velocities of 3.9-5.3 km s~ (Kodaira
et al. 1998). Palacozoic—Mesozoic sequences in
the Jameson Land Basin along East Greenland
also show seismic velocities in the range between
3.5and 5.5 km s~ ! (Fechner & Jokat 1996), assum-
ing similar velocities along the central eastern
flank of the microcontinent, where the pre-break
sections appear thickest and may reach up to
9 km thick.

Overall, the Lyngvi Ridge seismic profile is
similar in structural character to the Jameson
Land Basin, which is 3—5 s deep at its centre and
contains up to 12—16 km of pre-break-up sedimen-
tary sequences (Henriksen 2008) with multiple
unconformities, complex faulting patterns and deep
intrusive events (Blischke er al. 20145b).

(1b) Stratigraphic and igneous records
during first break-up

The Early Eocene flood basalts, SDRs and igneous
centres along the eastern flank of the JMMC are
located within an interpreted volcanic-transitional
crust consisting of stretched continental crust mod-
ified by significant volcanism. The earliest clear
oceanic crust produced by the ZEgir mid-oceanic
ridge spreading centre is indicated by the onset
of regular magnetic anomalies (chron C24n2r in
Fig. 5) (Gernigon et al. 2015). The average thick-
ness of oceanic crust in the Norway Basin is about
5.3 km + 1 km (Breivik & Mjelde 2003), in con-
trast to the much thicker 6—10km (Kandilarov
et al. 2012) oceanic crust close to the Jan Mayen
Island volcanic complex (JMI) and the west Jan
Mayen Fracture Zone (WIMFZ in Fig. 5). The
crustal thickness of the central area of the microcon-
tinent (Fig. 6b) is 15—-18 km based on refraction
data (JMKR-95 in Figs 2 & 5), whereas the conti-
nental crust under the main Jan Mayen Ridge,
close to wells 346 and 347, reaches up to 20 km
(Kandilarov et al. 2012).

The break-up-related basaltic layers interpreted
here along the JIMMC are assumed to be correlative
to the central East Greenland margin. Nghr-Hansen
(2003) and Larsen et al. (2013) reported that the
landwards flows (Planke et al. 2000) of the pla-
teau basalts overlie Lower Paleocene sediments at
Kap Brewster and Kap Dalton (KB and KD on
Fig. 1a), and mark an erosional horizon interpreted
here as equivalent to the break-up conformity of
the central IMMC (Figs 3 & 4).

Further to the west, the Milne Land Formation
(56.36 + 0.25 Ma) of the main plateau basalts dis-
cordantly overlies Precambrian gneiss (Storey
et al. 2007b), marking the break-up unconformity
for the north Blosseville Kyst and Scoresby Sund
region. At break-up time (c. 55 Ma). this region
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was located approximately 400 km to the NE of
the Faroe Island Plateau basalts.

The Faroe Islands, which have been covered by
more than 7 km-thick landward basalt flows (Passey
& Jolley 2009; Passey & Hitchen 2011; Arting
2014), is conjugate to the Kangerlussuaq Basin,
located at the southernmost extent of the Blosse-
ville Kyst. This plateau basalt succession has often
been assumed to have had a similar stratigraphic
thickness across the entire area further to the
north, which would have included the proto-Jan
Mayen microcontinent area. Seismic reflection
data (Fig. 4; Table 3), however, indicate a thinner
basaltic section of approximately 1.1-1.5 km over
the central part of the IMMC. As noted earlier, the
Jameson Land Basin may have been covered by
thick flood basalts and 2—3 km of basalt may have
been removed (Mathiesen et al. 2000). The same
may have occurred here. By inference, the flood
basalts associated with SDR formation probably
covered the entire IMMC and may have been con-
tinuous with the flood basalts of the Blosseville
Kyst area.

(1c) Stratigraphic and igneous records during
mid-oceanic ridge transfer

Along the Blosseville Kyst area, the lower Igtertiva
Formation (C22: ¢. 49 Ma) coincides with the
beginning of rift transfer away from the AEgir mid-
oceanic ridge (F in Fig. 11b), which is followed by
a hiatus between the lower (C22—-C21: 49-47 Ma)
and the upper Igtertivda Formation (C20: ¢. 44 Ma)
(Larsen ef al. 2014). As only the Mid-Eocene (chron
C20) unconformity (Fig. 3) is observed along the
eastern flank of the microcontinent, it is assumed
that the area was again above sea level from 49
to 44 Ma, eroding all pre-chron C22 deposits.
The rift transfer processes may have contributed
to some thermal uplift along the SW and southern
flanks of the microcontinent, accompanied by
emplacement of igneous complexes and sill intru-
sions primarily into the Lower Eocene strata along
the NE and SE flanks of the IMMC. This is also
seen in borehole data (DSDP 38-350: Fig. 3), and
on seismic reflection and refraction data (Figs 4—6).

Along the southern flank of the microcontinent,
increased magmatism most probably coincided with
volcanism within the Greenland—Iceland—Faroe
Ridge Complex region. The Eocene sediment suc-
cession shows many intrusive sills and dykes, espe-
cially along the eastern and SE flanks. These
intrusions are primarily located within the Lower
Eocene sediment sequences, possibly coinciding
emplacement within the Mid-Eocene time interval
(49—44 Ma). This time interval correlates well
with the increased igneous activity observed along
the East Greenland coast (Larsen er al. 2014) and
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may indicate a regional event, and, furthermore,
may explain the major unconformity that has been
observed along the JMMC in the Mid-Eocene
(Figs 3,4 & 7).

(2) The second break-up phase and the
formation of a microcontinent

This second break-up phase between the western
edge of the IMMC and the central East Greenland
margin is most probably a magma-starved break-up
due to the lack of SDR sequences and large-scale
magmatic activity. A gradual rift propagation is
observed beginning at chron C21 (Fig. 11¢) accom-
panied by large-scale extension of the SRC, crustal
thinning across the Iceland Plateau and a listric nor-
mal faulting along the western flank (Fig. 5). Exten-
sion rates were probably very small, consistent with
a reduced magma supply. Lundin et al. (2014) sug-
gested that this is likely in areas near the tip of a
propagating rift and eventual normal oceanic-crust
accretion.

The youngest regionally extensive igneous event
indicated on seismic reflection data on the JMMC
(Gunnarsson et al. 1989) is referred to as the
‘F-Reflector’, and covers an area of approximately
18 400 km? along the western and the SW to south-
ern flanks of the Jan Mayen Ridge and within the
Jan Mayen Trough (JMT in Fig. 5). This igneous
formation is interpreted as shallow-marine land-
wards flows emplaced during chrons C13-C6b
(33-21.56 Ma), possibly sourced from fissure-type
volcanic complexes south and west of the micro-
continent. Small lava deltas located on the SW
extent of the JIMMC on seismic reflection data indi-
cate south—north to SW-NE flow directions.

During the second break-up event, the central
East Greenland region was most probably the
main sediment source, along with the Jan Mayen
ridges and highs. The Jan Mayen Basin, including
local low areas along the SW flank of the micro-
continent, was filled with sediments sourced from
the west as the microcontinent separated from the
East Greenland margin (Fig. 8; Table 1). The south-
ern area of the microcontinent towards the Iceland
Plateau must have been elevated from the Mid-
Oligocene, as the overall sediment stratigraphic
thickness decreased from north to south and the
Late Oligocene unconformity (Fig. 3) is observed
on highs of the SRC (Fig. 6¢).

After the Kolbeinsey mid-oceanic ridge had
completely separated the microcontinent from
East Greenland, the sediment supply was greatly
reduced. Intra-Neogene unconformities within the
oceanic sediments are observed away from the
JMMC, and the occurrence of mounded onlapping
sediment packages are observed on the flanks of
the Jan Mayen Ridge. These attest to processes of

erosion and deposition associated with deep-water
bottom currents, which were common around the
NE Atlantic region from the Mid-Miocene onwards
(e.g. Bohrmann ef al. 1990; Howe et al. 1994,
Davies et al. 2001; Stoker et al. 2005). Borehole
information (Talwani et al. 1976b; Talwani & Eld-
holm 1977) and interpretation of seismic reflection
data show that these sediment sequences are very
thin, deep marine, and form thick contourite depos-
its. Beginning in the Mid-Miocene, the sediment
supply direction was from the North Iceland Shelf
(NIS) area to the south. Sediment was supplied
into the Agir to Kolbeinsey rift transfer corridor
of the Iceland Plateau (Fig. 5) and into the Hléssund
Trough (HS in Fig. 8; Table 1), the southernmost
extension of the Jan Mayen Trough.

(3) The Iceland—Faroe Fracture Zone and
the southern extent of the JMMC

To understand the development of the southernmost
part of the IMMC, the present-day development of
the onshore areas of Iceland are considered, where
complex transfer zones link the Reykjanes and
Kolbeinsey mid-oceanic ridges to the main spread-
ing axis (Szmundsson 1974; Magnisdottir et al.
2015). These transfer systems result in en echelon
orientated volcanic ridge segments, here referred
to as flank systems (e.g. the Snzfellsnes and Orzfa-
jokull volcanic zones: e.g. Hards et al. 1995; Pre-
stvik ef al. 2001; Einarsson 2008; Jakobsson ef al.
2008). The present-day spreading axis is apparently
migrating east via ridge jumps (Arting 2014). These
observations serve as an analogue to understand
how the left-lateral Greenland —Faroe Transfer Sys-
tem described by Guarnieri (2015) might have
developed in time (Figs 10 & 11).

This transfer system between the Norway Basin
and Kolbeinsey mid-oceanic ridge system that
passes south of the JMMC and north of the Ice-
land—Faroe Ridge has been described previously
(e.g. Vogt & Jung 2009; Gernigon et al. 2015).
The interpretations of the wide-angle data along
KRISE Line 7 (Brandsdottir et al. 2015) (Figs 2 &
5), which extends from the Kolbeinsey mid-oceanic
ridge to the Aegir mid-oceanic ridge, are important
in this context. The western part of the profile
crosses the Kolbeinsey mid-oceanic ridge and the
NIS, which is part of the GIFRC. The crustal thick-
ness ranges from 12 to 14 km near the Kolbeinsey
Ridge, increasing gradually across the Iceland
Shelf up to 25 km. Crustal thickness decreases
abruptly down to around 8 km across the Iceland
Plateau corridor and across the NIS shelf break,
with a major fault escarpment dipping NE. Within
the volcanic transitional area of the Iceland Plateau
Rift (IPR), the crustal thickness again increases
to 12km. The oceanic crust towards the Aegir
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mid-oceanic ridge is relatively thin, at only 4—5 km
thick. A domain characterized by velocity variations
in lower-crustal structures across the Iceland Pla-
teau is interpreted as an extinct spreading centre
that is part of the Iceland Plateau Rift, which was
active at the same time as the Aegir Ridge prior to
the initiation of the Kolbeinsey Ridge. The spread-
ing rate during that time decreased along the Aegir
Ridge, as more and more of the extension was
being taken up further west.

From the Iceland Plateau to the JIMMC, a clear
change in fault and lineament trends occurs based
on the bathymetry and potential field datasets.
These trends range from a north—south direction
on the JMMC to a NW-SE trend on the Iceland
Plateau. The latter trend is in alignment with the
structural trend of the Iceland—Faroe Fracture
Zone (IFFZ in Figs 1a & 5) and both trends corre-
late with magnetic anomalies. The junction of
those two trends is suggested to mark the most likely
southern boundary of the microcontinent as a struc-
tural entity. The boundary is probably a volcanic
transitional-type crust that incorporates slivers of
continental crust along with formed new volcanic
crustal accretion. Gernigon et al. (2015) proposed
amajor SE-NW regional dextral strike-slip system
from the ZAgir mid-oceanic ridge to the centre of
the microcontinent at the northern limit of the
SRC. This system lies parallel to the Iceland Plateau
corridor and the Iceland—Faroe Fracture Zone. In the
Dreki Ridge area (Fig. 9a, b), where the seg-
mentation of the SRC is clearly visible, a subdivision
of the lineaments can be made. Here, distinct seg-
ments are likely to relate to pre-break-up segments
of continental crust. Segments of possible Lower
Eocene plateau basalts are intersected by possible
oceanic crust. If the Iceland Plateau corridor repre-
sents a broad dextral SE-NW strike-slip fault zone,
then the minimum horizontal stress lies approxi-
mately east—west, allowing faults to open and prop-
agate in a north—south direction, which is parallel to
the magnetic lineation in that area. These transten-
sional oblique rift systems were volcanically active
and may be similar to the oblique rift segments
observed today where the Reykjanes Ridge connects
across Iceland to the Eastern Volcanic Zone (Clifton
& Schlische 2003; Clifton & Kattenhorn 2005), and
within the Northeastern Volcanic Zone (Khodayar
2014) on Iceland (NEVZ on Fig. 1a).

Conclusions

The objective of this study was to construct a
detailed tectonostratigraphic history of the Jan
Mayen microcontinent with a focus on the southern-
most area. This was then integrated into kinematic
reconstructions of the central NE Atlantic to better
understand the Cenozoic development and the
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implications for the pre-Cenozoic development of

regional rift basins, remnants of which probably

underlie the IMMC. Complex structural patterns are
observed along the microcontinent’s margins, as well
as the conjugate East Greenland and Norwegian

margins on either side. The new model includes a

description of how the southern JMMC structural

elements were linked to tectonic features on the Ice-
land Plateau and Greenland—Iceland—Faroe Ridge

Complex.

Mapping the pre- to post-break-up sedimentary
strata and igneous complexes together with volca-
nostratigraphic seismic characterization has facili-
tated a reassessment and clearer definition of the
igneous v. sedimentary domains of the IMMC area
throughout its break-up history. The main results
include:

e Interpretation of new and vintage geophysical
data suggests that a significant pre-Palaeogene
stratigraphic history is preserved. However,
without deep borehole data, the age of possible
sedimentary successions are speculative. Never-
theless, the conjugate Jameson Land and Mgre
basins are considered to be direct analogue
areas for the JMMC. These basins are well
constrained, and contain a sedimentary succes-
sion that includes Devonian continental sedi-
ments, Permo-Triassic continental and marine
sequences, Jurassic and Cretaceous shallow- to
deep-marine sequences, and Lower Paleocene
alluvial to shallow-marine sediments.

e The break-up and post-break-up igneous se-
quences were separated into plateau basalts
of probable Paleocene—Early Eocene age, sea-
wards-dipping reflector sequences, igneous com-
plexes, and sill and dyke intrusions along the
flanks of the IMMC.

* A consistent kinematic model for the Cenozoic
evolution of the JIMMC and surrounding oceanic
crust that consists of six main phases is proposed.
The boundaries between these phases correlate
to major unconformities and related structures.
Important events include:

(1) A pre-break-up stage ending at 56—55 Ma
and the emplacement of Lower Eocene
plateau basalts across the microcontinent
and the Blosseville Kyst region, with an
apparent thickening of the basalt sequences
to the south, possibly continuing into the
Faroe—Iceland—East Greenland corridor.
The structures of the IMMC are consis-
tently orientated with major structural line-
aments of the surrounding regions prior
to break-up. The main trends are aligned
with the Jameson Land Basin and Liver-
pool Land high. The JMMC probably
forms the southern extension of the Jame-
son Land Basin.
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(2) A first break-up phase that began at 55 Ma
(e.g. Gaina er al. 2009) and was asso-
ciated with the formation of SDR along the
east flank of the IMMC, followed by the
initiation of seafloor spreading in the Nor-
way Basin along the ZEgir Ridge in the
Early Eocene (chron C24n2r 53.36 Ma)
(Gaina ef al. 2009; Gernigon et al. 2015).

(3) Aninitial intra-JMMC rifting phase around
chron C22n (49.3 Ma) and the establish-
ment of a continuous spreading system in
the Norway Basin and forming the eastern
extent of the Iceland Plateau, here referred
to as Iceland Plateau rift I (IPR-I: Fig. 11b,
¢). Initial extension of the entire southern
half of the microcontinent occurred, widen-
ing it from originally 100 km to approxi-
mately 150 km. This eventually lead to
early stage break-up in the Iceland Plateau
area, forming new Lower Eocene volcanic
formations (volcanic breccia, intrusions
and SDR sequences) along the SE flank of
the Southern Ridge Complex (SRC).

(4) The initiation of the southern JIMMC rift
transition at chron C21n(47.33 Ma) contem-
poraneous with oblique seafloor spreading
east of the IMMC, causing the formation
of transform systems and uplift along the
southern flank of the JMMC. Volcanic
activity occurred along the NE margin of
the Blosseville Kyst (Larsen er al. 2014).

(5) A westwards rift transfer and initial break-
up along the western JMMC around chron
C13n-33.1 Ma. Oblique mid-oceanic ridge
relocation via a SE-NW en echelon rift
system occurred from the southern extent
of the microcontinent during the Early
Oligocene. Significant volcanism affected
the SW area of the IMMC, referred to
here as the Iceland Plateau rift III, which
can be linked to the Blosseville Kyst mar-
gin. Oblique extension occurred along the
NW flank of the IMMC, resulting in the
opening of the Jan Mayen Basin and a
series of small pull-apart basins and igne-
ous intrusions with little to no evidence of
SDR formation.

(6) A second break-up phase at chron C6b
(21.56 Ma) with complete cessation of sea-
floor spreading in the Norway Basin (Ger-
nigon et al. 2015) and the establishment
of the Kolbeinsey mid-oceanic ridge as
the main mid-ocean spreading centre.

The extension of the southern half of the

JMMC has been quantified from the original

40-100 km width up to a width of 310 km dur-

ing the Early Eocene. The SRC is overprinted

by volcanic extrusive complexes that consist

primarily of Early Eocene basalt flows, which
are interpreted as being similar to the plateau
basalts exposed along the Blosseville Kyst of
Greenland. These are onlapped by clear and
well-developed SDRs associated with the final
opening of the Norway Basin. Multiple phases
of intrusive events appear to have affected the
eastern flank of the microcontinent during the
Eocene and the southern part of the JMMC dur-
ing the Late Eocene—Early Oligocene.

e The Iceland—Faroe Fracture Zone across the
Iceland Plateau has been mapped as an en
echelon transfer system from the Agir Ridge to
the Kolbeinsey Ridge. Detailed mapping of the
southern extent of the JMMC supports the
Gaina et al. (2009) model in which mid-oceanic
ridge propagation occurred directly south of the
microcontinent, beginning in the latest Early
Eocene (49.3 Ma) and continuing throughout
the Eocene. This formed at least three rift-flank
systems on the Iceland Plateau. These rifts flanks
are referred to as Iceland Plateau rift IPR-I,
IPR-1I and IPR -III (Brandsdottir et al. 2015).
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ARTICLE INFO ABSTRACT

Keywords: Cenozoic seismic-stratigraphic units of the Jan Mayen microcontinent (JMMC) are presented in context with
Cenozoic kinematic modelling of plate reorganisation correlation with conjugate margins, and their chrono-stratigraphic
Dual-breakup correlations. Our model of development of the microcontinent, from continental breakup to present-day, is based
Hiatus

on the interpretation of new and legacy geological and geophysical data. From these data, we have established
eleven Cenozoic seismic-stratigraphic units (JM-70 to JM-01) separated by ten locally varying unconformities
and disconformities, six of which are regional and reflect discrete tectonostratigraphic phases in the evolution of
the Jan Mayen region. These six main phases are: (1) pre-breakup Paleocene (> 55 Ma) extension represented by
seismic unit JM-70, which comprises terrigenous and marine sedimentary rocks and a thick plateau basalt
volcanic succession; (2) Early Eocene (~ 55-52 Ma) syn-breakup (rift-to-drift) represented by seismic unit JM-60
and comprises a mix of intrusive igneous rocks, subaerial lavas and hyaloclastites, and non-marine to shallow-
marine sedimentary rocks; (3) Early to Mid-Eocene (~52-43 Ma) syn-breakup (rift-to-drift) and rift-transfer
across the Iceland plateau rift, represented by seismic unit JM-50 that comprises volcanic rocks and shelf-margin
deltaic sediment succession; (4) Late Eocene — Early Oligocene (43-30 Ma) ridge transfer and tectonic re-ar-
rangement in proximity of the Iceland hotspot represented in the rock record by shallow-to deep-marine deposits
preserved as units JM-40, JM-35, and JM-30; (5) in the Late Oligocene (30-22 Ma), a second breakup occurred
along the western JMMC igneous margin, together with the formation of the south-western Jan Mayen igneous
province, the proto-Kolbeinsey ridge, and the initiation of proto-Iceland all, of which, is represented in the rock
record by seismic units JM-20 and JM-15; and, (6) Miocene-to-present-day separation of the JMMC from East
Greenland (since 22 Ma), which is represented by seismic units JM-10, JM-05, and JM-01 that reflect a general
deepening of the microcontinent.

Kinematic model

Iceland plateau

Jan Mayen microcontinent
Seismic stratigraphy
Unconformity

1. Introduction

In previous studies of the Jan Mayen microcontinent (JMMC)
(Fig. 1), the main focus of research has been on the reconstruction of a
detailed tectonostratigraphic model based largely on its relation to its
conjugate margins, including the central East Greenland and Mere
margins, and the central Norwegian shelf (Talwani and Eldholm, 1977;
Akc:rmm:n‘ 1989; Gunnarsson et al., 1989; Henriksen, 2008; Peron-
Pinvidic et al., 2012a, b; Gernigon et al., 2012, 2015; Gaina et al., 2009,
2017; Blischke et al., 2017a). In this study, we focus specifically on the

Cenozoic stratigraphy preserved on the JMMC to generate a structural
and tectonic model of the microcontinent and surrounding oceanic
crust. Our seismic-stratigraphic mapping is based on new and vintage
geological and geophysical data, collected offshore Iceland since the
early 1970’s, including seismic reflection and refraction data, IODP
borehole control, seafloor samples, and multibeam seafloor data
(Figs. 2 and 3 & Table 1). Stratigraphic constraints are further provided
by published regional correlation charts, established unconformities,
and paleogeographic interpretations for the central northeast Atlantic
region (e.g. Pedersen et al., 1997; Larsen et al., 1999a,b; 2002, 2005;
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Fig. 1. Overview map (a) of the JMMC with mapped faults, fractures zones and lineaments based on this study and Blischke et al. (2017a). Background is shaded
bathymetry (IBCAO 3.0; Jakobsson et al., 2012). Abbreviations: CJMBFZ — central Jan Mayen basin fracture zone, CNBFZ — central Norway basin fracture zone,
EJMFZ - East Jan Mayen fracture zone segments, GR - Gjallar ridge, IFFZ - Iceland-Faroe fracture zone, JMB - Jan Mayen basin, JMBS - Jan Mayen basin south, JMI -
Jan Mayen Island complex, JMR - Jan Mayen ridge, JMT - Jan Mayen trough, MR — Mohn's ridge, KR — Kolbeinsey ridge, LYR — Lyngvi ridge, NVZ — Northern
volcanic zone, SRC - Southern ridge complex, SRCTFZ — Southern ridge complex transfer fracture zone, TFZ — Tjornes fracture zone, WIMFZ — Western Jan Mayen
fracture zone, £R — Zgir ridge. The pre-breakup setting of the central Northeast Atlantic region is shown on insert (b) with reconstructed present day bathymetry and
free air gravity data at around 56-55 Ma using GPlates (Boyden et al., 2011): BK — Blosseville Kyst, FP — Faroe Plateau, FR — Fugloy ridge, FSB — Faroe-Shetland basin,
HR - Hatton-Rockall margin and basin, JLB — Jameson Land basin, K — Kangerlussuaq, KB - Kap Brewster, KD - Kap Dalton, LLB - Liverpool Land basin, MB - Mere
basin, MM — Mgre margin, NS - North Sea, SD - Scoresby Sund, VB - Vgring basin, VM - Vering margin, VT - Vindtoppen formation. Features displayed are modified
from data and interpretations by Larsen, L.M. et al. (1989, 1999); Osmundsen and Andersen (2001); Foulger et al. (2005); Henriksen (2008); Le Breton et al. (2013);
Peron-Pinvidic et al. (2013, 2012a); Gasser (2014); Hopper et al. (2014); Guarnieri (2015); Gernigon et al. (2015); Blischke et al. (2016); Gaina et al. (2009, 2017a,b)
and 4 Horni et al. (2017).

Ritchie et al., 2011; Larsen et al., 2013, 2014; Olavsdéttir et al., 2013; 1970; Talwani et al., 1976b) as a steeply-flanked bathymetric horst
Japsen et al., 2014; Stoker et al., 2013; Ellis and Stoker, 2014; Bonow structure extending south from the Jan Mayen Island with a varying
et al., 2014; or Hjartarson et al., 2017). water depth between 200 and 2500 m. Later studies delineated the

The study area is approximately 400-450 km long and varies in outline of the microcontinent further south and southeast, describing
width from 100 km in the north to 310 km in the south, encompassing structurally controlled tectonic and volcanic features of the JMT and
the Jan Mayen ridge (JMR) and surrounding areas, i.e. the Jan Mayen SRC with the occurrence of numerous intrusive and extrusive volcanic
basin (JMB), Jan Mayen basin south (JMBS), Jan Mayen trough (JMT), rocks that limit seismic imaging of the underlying features (e.g. Scott
and the southern ridge complex (SRC) (Fig. 1). The northern boundary et al., 2005; Gaina et al., 2009; Peron-Pinvidic et al., 2012a, b; Gernigon
of the microcontinent is formed by the east and west segments of the et al., 2012, 2015; Blischke et al., 2017a).

Jan Mayen fracture zone (EJMFZ and WIJMFZ) and the Jan Mayen Is-
land volcanic complex (JMI) (Svellingen and Pedersen, 2003). The 1.1. Regional geological setting
north-eastern coastal shelf of Iceland, the Iceland-Faroe fracture zone

(IFFZ), and the Iceland plateau (IP) form the southern boundary, The structure and stratigraphy of the JMMC has been shaped by two

whereas the Norway basin (NB) limits the microcontinent to the east, separate rifting and breakup events on either side of the microcontinent

and to the west it is bounded by the Kolbeinsey ridge (KR). Earliest  related to a westward transfer of rifting process from the Agir ridge

interpretations of the JMMC describe the Jan Mayen ridge (Vogt et al., (&R), east of the JMMLC, to the Kolbeinsey ridge rift system, to the west
703
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Fig. 2. Structural and sedimentary features of the JMMC. Background image is shaded bathymetry (IBCAO 3.0; Jakobsson et al., 2012), and foreground 50 x 50 m
gridded multi-beam bathymetry data Iceland Marine Institute, Nation Energy Authority of Iceland, and Norwegian Petroleum Directorate in 2008 & 2010 (Blischke

et al., 2017b).

(Fig. 1a). During Early Eocene (56-55Ma) breakup and ridge transfer,
intense magmatism occurred along the Kangerlussuaq (K) and southern
Blosseville Kyst (BK) coasts of East Greenland (e.g. Tegner et al., 2008;
Brooks, 2011; Larsen et al., 2014), including the emplacement of the
regionally extensive plateau basalts that are part of the North Atlantic
igneous province (NAIP) (Fig. 1b). Seafloor spreading in the Northeast
Atlantic followed the final rupturing of the lithosphere around the end
of chron C25 or beginning of C24r (~55Ma) (e.g. Talwani and
Eldholm, 1977) and resulted in the formation of seaward-dipping

704

reflectors observed on seismic reflection data (Hinz, 1981; Planke et al.,
2000; Geissler et al., 2017; & Horni et al., 2017) along the continental
margins, and subsequently the formation of oceanic crust within the
Norway basin, forming the Agir mid-oceanic ridge (e.g. Talwani and
Eldholm, 1977; Gaina et al., 2009, 2017).

These processes have been described in various tectonic re-
constructions, primarily based on geochronological work (Nunns,
1983a, b, ¢; Lundin and Doré, 2005; Doré, 2008; Gaina et al., 2009).
More recently, higher-resolution reconstruction was generated by
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Fig. 3. Study database (Table 1) and shaded bathymetry map (Jakobsson et al., 2012) showing location of refraction and reflection seismic lines, boreholes and
seabed sampling sites (National Energy Authority of Iceland, Iceland; Norwegian Petroleum Directorate; Spectrum ASA; TGS; SFS seafloor samples; Volcanic Basin
Petroleum Research AS).
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Table 1
JMMC study database (Blischke et al., 2017a; Norwegian Petroleum Directorate, 2013), reviewed and selected data and studies (Fig. 3).

Year Survey ID Survey lead Country Platform name Data repository Data types
1974 DSDP Leg 38 DSDP Glomar Challenger I0DP Boreholes
1975 BGR-75 BGR Germany Longva BGR 2D MCS
1976 BGR-76 BGR Germany Explora BGR 2D MCS
1978 RC2114 L-DGO USA/Norway Robert Conrad MGDS Bathymetry; Magnetics; Gravity; 2D MCS2D MCS; ESP-5
1979 J-79 NPD Norway GECO alpha NPD Bathymetry; Magnetics; Gravity; 2D MCS
1980 PAH/SGC USSR Akademic Kurchatov Seafloor sampling
1985 JM-85 NPD/NEA Norway Malene @stervold NPD Bathymetry; Magnetics; Free Air Gravity; Bouguer

Gravity; Magnetic; 2D MCS
1986 UiO-86 uio Norway Hékon Mosby NPD 2D MCs
1986 ESP IFP France/Norway Polarbjorn & Odys CGG/UI0 Refranorge IV; ESP; Velocity; Gravity

Echo
1988 JM-88 NPD/NEA Norway Hékon Mosby NPD Bathymetry; Magnetics; Gravity; 2D MCS; Sonobuoy
1995 JMKR95 UiB/UiH/NEA Norway/Japan/ uUiB Seismic refraction & 2D MCS
NEA
1995 ODP Leg 161 L-DGO Norway/UK/USA  JOIDES Resolution I0DP Boreholes
2000 KRISE UiB Norway Héakon Mosby UiB Seismic refraction & 2D MCS
2000 OBS2000 UiB Norway Héakon Mosby UiB Seismic refraction & 2D MCS
2001 IS-JMR-01 InSeis Norway Polar Princess CGGVeritas 2D MCS
2002 ICE-02 TGS-Nopec Iceland Zephyr 1 TGS-NOPEC 2D MCS; Gravity
2006 OBS JM-06 UiB/Geomar Norway/Germany  G. O. SARS UiB Seismic refraction & 2D MCS, gravity, magnetics
2008 WI-JMR-08 Wavefield InSeis Norway Malene @stervold Spectrum 2D MCS
2008 A8-2008 HAFRO/NEA Iceland Arni Fridriksson HAFRO/NEA Multibeam
2009 JM-85-88 Spectrum Norway Re-processing Spectrum 2D MCS
2010 Al11-2010 HAFRO/NEA/NPD  Iceland Arni Fridriksson HAFRO/NEA/NPD/Fugro Multibeam; Seafloor sampling
Geolab

2010 B11-2008 HAFRO/NEA Iceland Arni Fridriksson HAFRO/NEA Bentic survey
2011 NPD-11 NPD/UiB Norway Harrier Explorer NPD/PGS 2D MCS; Seafloor sampling
2011 JMRS11 VPBR/TGS Norway TGS VPBR/TGS Seafloor sampling
2012 NPD-12 NPD/UiB Norway Nordic Explorer NPD/PGS 2D MCS; Seafloor sampling

implementing local structural and stratigraphic mapping results based
on denser spaced seismic reflection and refraction data sets as well as
potential field, borehole and seafloor data (Peron-Pinvidic, 2012a, b;
Gernigon et al., 2015; Blischke et al., 2017a). On this basis, the Cen-
ozoic tectono-magmatic evolution of the JMMC and surrounding
oceanic crust was divided into six main phases (Fig. 4), which are
summarised (in ascending chronological order) as follows:

1. The JMMC was affected by a pre-breakup stage ending at 56-55 Ma
with the emplacement of Lower Eocene plateau basalts across the
microcontinent and the Blosseville Kyst region (Blischke et al.,
2017a). The main structures of the JMMC were in alignment with
major structural lineaments of the surrounding regions prior to
breakup, with the Jameson Land basin and Liverpool Land high
along the central East Greenland coast, and with the IFFZ along the
southern extension of the JMMC.

2. The first breakup began around 55Ma along the north-eastern to
eastern flank of the JMMC and formed a series of seaward-dipping
reflectors (SDRs) that marked the initiation of seafloor spreading in
the Norway basin along the Zgir ridge in the Early Eocene (chron
C24n2r 53.36 Ma) (Gaina et al., 2009; Gernigon et al., 2015;
Blischke et al., 2017a).

3. A renewed phase of rifting during chron C22n (49.3 Ma) established
a continuous Agir ridge spreading system within the Norway basin
and formed the eastern margin of the Iceland plateau, southeast of
the JMMC.

4. The initiation of a rift transition occurred around chron C21n
(47.33 Ma) from the south-eastern to the southern extent of the
known JMMC, which is interpreted to have been caused by the
oblique seafloor spreading of the &gir ridge system to the east of the
JMMC. This oblique spreading system is believed to have caused the
formation of transform systems and uplift along the southern flank

of the JMMC that correspond to volcanic activity along the north-
eastern margin of the Blosseville Kyst (Larsen et al., 2014; Blischke
et al., 2017a).

. A westward shift of volcanic activity along the southern and south-

western JMMC initiated the second breakup phase focused along the
western margin of the JMMC during Early Oligocene (around chron
C13n, 33.1 Ma). The south-western area of the JMMC was heavily
affected by volcanism linked to the Iceland plateau rift (IPR) system
that was located adjacent to the conjugate Blosseville Kyst margin

with known igneous centres close to the continent ocean boundary
(Gaina et al., 2017a; Blischke et al., 2017a).

6. The onset of full spreading as a consequence of the second breakup
phase of the JMMC led to the establishment of the Kolbeinsey mid-
oceanic ridge system along the western margin of the micro-
continent, and the cessation of seafloor spreading in the Norway
basin between 30 Ma and 26 Ma (Gaina et al., 2009; Gernigon et al.,
2015) around chron C6b (21.56 Ma).

In this study, we investigate the stratigraphic and sedimentary re-
sponse to these key tectono-magmatic events, thereby enabling a re-
gional seismic-stratigraphic framework to be established across the
JMMC. The study is conducted at a scale that provides a primary
stratigraphic unit analysis, which are tied to units composed of a rela-
tively conformable succession of genetically related strata and bound
by either unconformities or conformities, reflecting tectono-strati-
graphic changes (Mitchum et al., 1977).

2. Data overview and methods
For this study, we have utilised an integrated dataset, including

bathymetry, seismic reflection, seismic refraction, onshore and offshore
sampling, magnetic, gravity, and crustal thickness (e.g. Vogt et al.,
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Fig. 4. Chronostratigraphic chart of the JMMC based on DSDP borehole data (Talwani et al., 1976a, b; Manum and Schrader, 1976; Schrader et al., 1976; Manum
et al., 1976a, b; Raschka et al., 1976; Nilsen et al., 1978; Thiede et al., 1995; Jansen et al., 1996; Channell et al., 1999a, b; Butt et al., 2001) summarised in Blischke
et al. (2017a), constrained by interpretation of the Jan Mayen seismic reflection and refraction data. The main igneous events are marked as (1) pre-breakup
extension forming of the NAIP flood basalts; (2) syn-breakup rift-to-drift to seafloor spreading and forming of the SDRs; (3) rift-transfer across the Iceland plateau rifts
south of the JMMC; (4) forming of the southwest Jan Mayen ridge igneous province, the proto-Kolbeinsey ridge, and initial stage of the West Iceland shelf; (5)
emplacement of the F-marker flood basalts during full breakup event 24-21 Ma; and (6) full forming of the Kolbeinsey mid-oceanic ridge, Iceland forming an insular
shelf, crustal cooling and subsidence of the JMMC, and most likely continuous activity of the Jan Mayen island igneous complex to present day. Time scale from
Gradstein et al. (2012), average sea level change and §'°0 data by Van Sickel et al. (2004), Miller et al. (2008), and Murray-Wallace and Woodroffe (2014).
Paleogene East Greenland ice-rafted debris occurrences by Tripati and Darby (2018), and borehole location reference see Fig. 3.

1970; Talwani and Eldholm, 1977; fikermoen, 1989; Doré et al., 1999;
Lundin and Dére, 2002; Rey et al., 2003; Gaina et al., 2009; Gernigon
et al., 2012; Hopper et al., 2014; Haase and Ebbing, 2014; Nasuti and
Olesen, 2014; Funck et al., 2016, 2017; Blischke et al., 2017a) in order
to establish a detailed Cenozoic stratigraphic framework for the JMMC
that documents its development from continental breakup to present-
day. In addition, we established plate reconstructions, tied into this
framework, which were calculated using an interactive fitting method
utilising GPlates (www.gplates.org; Boyden et al., 2011; see also Gaina
et al., 2017b) for the relative motion of the JMMC to its conjugate
margins. A summary of the database is presented below together with
our methodology for constructing the Cenozoic stratigraphic frame-
work.

2.1. Implemented data

2.1.1. Bathymetry

The international bathymetric chart of the Arctic ocean (IBCAO)
Version 3.0 with a 500 m x 500 m resolution (Jakobsson et al., 2012)
was overlain by the JMMC bathymetric map compilation based on two-
dimensional multichannel seismic reflection data (2D MCS) (Akermoen,
1989; Gunnarsson et al., 1989; Blischke et al., 2017a). The A8-2008 and
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A11-2010 multibeam echo-sounder surveys were planned by the na-
tional energy authority of Iceland (NEA), the Norwegian Petroleum
Directorate (NPD) and the Marine Research Institute of Iceland (MRI)
that surveyed on the MRI research vessel Arni Fridriksson. The resulting
10,500 km? bathymetric and seabed composition maps, in 50 m x 50 m
resolution and a depth range between 790m and 2210m (Fig. 2)
(Helgadéttir, 2008; Helgadéttir and Reynisson, 2010; Blischke et al.,
2017a), have illuminated structural trends and features at the seafloor,
which in combination with seismic reflection data enabled us to dis-
tinguish normal fault, strike-slip fault, or slump fault systems along the
steep escarpments of the microcontinent's ridges (Blischke et al.,
2017a).

2.1.2. Seismic reflection data

Seismic reflection data used in this study are listed in Table 1 and
their coverage is illustrated in Fig. 3. They include the following sur-
veys: JM-85-88, re-processed in 2009, IS-JMR-01 (2001), ICE-02
(2002), WI-JMR-08 (2008), NPD-11 (2011), and NPD-12 (2012). Some
early north Atlantic regional 2D MCS surveys that cross the JMMC area,
mainly BGR-75, BGR-76 (Hinz and Schliiter, 1978), and RC2114
(Talwani et al., 1981; Mutter et al., 1984), constrained the transition
from the JMMC into the oceanic domain. The 2D MCS JMMC datasets
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Fig. 5. Detailed tectonostratigraphic type sections of the JMMC based on seismic reflection data surveys NPD-2011 and NPD-2012, see Table 1, tied to ESP velocity
profiles, sonobuoy (SB) data and available borehole tie points. The pre-breakup section is inferred to contain Paleocene, Mesozoic to Paleozoic strata by direct
comparison with the Jameson Land basin and the Blossevillle Kyst areas and seismic refraction data (Hopper et al., 2014; Blischke et al., 2017a; ). The detailed
geoseismic sections present a clearer image of the internal structure of the Cenozoic sediments (Peron-Pinvidic et al., 2012a, b and Blischke et al., 2017a), and the
sub-basalt strata, indicating a much more significant volcanism along the northern and western margin of the microcontinent, (sections (b) and (c)), in line with pre-
2001 acquired seismic reflection datasets. Corresponding sequences and unconformities are listed. Corresponding seismic-stratigraphic units and unconformities are

listed in Fig. 4.

acquired and reprocessed since 2008, have higher data quality and
deeper section imaging. The latest surveys in 2011 and 2012, conducted
by the NPD improved the imaging quality of the Cenozoic section
considerably, but did not fully penetrate the youngest (Late Oligocene —
Early Miocene) flood basalt layers on the western and southern flanks of
the microcontinent (Fig. 5b and ¢).

2.1.3. Offshore and onshore geological sample data

Several shallow boreholes were drilled by the deep-sea drilling
program (DSDP Leg 38) (Talwani and Udintsev, 1976a-e) and the ocean
drilling program (ODP Leg 162) (Jansen et al., 1996) in the JMMC
region. DSDP sites 346, 347, 349 and 350 penetrated into the Cenozoic
section on the Jan Mayen ridge and Middle Eocene basalts on the
southern ridge complex. Oligocene and younger deposits were cored in
the adjacent basin at DSDP site 348 and ODP site 985 (Talwani and
Udintsev, 1976a-e; Jansen et al., 1996; Blischke et al., 2017a). Separate
seafloor sampling campaigns were carried out in 1973 by Geodekyan
et al. (1980), in 2010 by the NEA of Iceland and NPD, in 2012 by NPD
(Sandsta et al., 2012, 2013), and in 2012 by the Volcanic Basin Pet-
roleum Research AS (VBPR), and TGS (Polteau et al.,, 2012). These
operations targeted sample sites along steep flank areas of the JMMR's
western rim, the eastern flank of the Lyngvi ridge, and the north-wes-
tern flank of the southern ridge complex (Fig. 3).

The lack of samples from the older sedimentary strata and basement
of the JMMC prompted us to review the geology of the western con-
jugate margin of the JMMC, including the Jameson Land basin and the
Blosseville Kyst region of East Greenland, where outcrops provide a
potential stratigraphic analogue for the deeper Cenozoic and under-
lying succession. The lower Palacogene plateau basalts and shallow-
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marine deposits preserved along the East Greenland coastline (e.g.
Larsen et al., 2002, 2005; Larsen et al., 2013, 2014) might correlate
with the basal Cenozoic rocks of the JMMC (Blischke et al., 2017a).

2.1.4. Seismic refraction data

The structure and extent of the JMMC has been the focus of several
ocean bottom seismic (OBS) and expanded seismic profiling (ESP) re-
fraction surveys and experiments since 1985 (Johansen et al., 1988;
Eldholm and Grue, 1994; Kodaira et al., 1998; Mjelde et al., 2002,
2007; Breivik et al., 2012; Kandilarov et al., 2012; Brandsdoéttir et al.,
2015). Additionally, sonobuoys deployed during the JM-85 seismic-
reflection survey provided velocity information of the upper layers of
the JMMC microcontinent (Olafsson and Gunnarsson, 1989) (Table 2),
which better constrained the igneous crust of the continent-ocean
transition, and especially the area within the SDR's (Blischke et al.,
2017a).

The eastern and western extent of the JMMC is fairly well con-
strained by the east-west and southwest-northeast oriented profiles of
the JMKR-95 survey (Kodaira et al., 1998), and the southwest-northeast
profile of the OBS2000 survey (Mjelde et al., 2002, 2007; Breivik et al.,
2003; 2008, 2012) which crosses the south-western end of the JMMC,
and the north-western end of the EJMFZ (Fig. 3). The northern extent of
the JMMC is also well constrained by the OBS-JM2006 survey
(Kandilarov et al., 2012). The southern extent of the JMMC into the
Iceland plateau has been debated (Brandsdéttir et al., 2015) leading to
the suggestion that the termination of the JMMC south of the SRC,
which also coincides with changes in the character of the 2D MCS data
as well as the mapped structures for that region (Talwani et al., 1977;
Blischke et al., 2017a). A severely stretched and fragmented continental
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Table 2
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Reflection seismic interval velocity estimates used for building a time-depth conversion model based on refraction data interpretations. Displayed are the possible
stratigraphic velocity ranges across the highly variable mapped JMMC, based on OBS, sonobuoy, and ESP data estimates (modified after Johansen et al., 1988;
Olafsson and Gunnarsson, 1989; Kodaira et al., 1998; and Kandilarov et al., 2012) in comparison to the microcontinent conjugate margins (Eldholm and Grue, 1994;
Weigel et al., 1995; Morgan et al., 2000; Smallwood et al., 2001; Raum et al., 2002; Mjelde et al., 2008; Osmundsen and Ebbing, 2008; Parkin and White, 2008; White

and Smith, 2009; Ritchie et al., 2011; and Funck et al., 2014, 2016).

! OBS model estimates . g
OBS model estimates OBS modsl estimates | 1,1 ocon | and basin, | Vo106t data estimates | oo g 1o o) estimates | 0BS model estimates
" " JMMC & Jan Mayen JMMC (ESP &
JMMC & Kolbeinsey Ridge Liverpool Land High & Mere & Voring margins| Faroe-Shetland area
Fracture Zone Basin Sonabuoy)
Morgan et al. 2000;
Seismic intervals this study added fo Eldholm & Grue 1884, Smaliwood et al. 2601,
Weigel et al. 1995, Funck Olafsson & Gunnarsson Raum et al. 2002; Mielde Parkin & White 2008;
i, 1
Kodaira et al. 1998 Kandigrov et al. 2012 etal 2014, 2016b | 1989; Johansen et al. 1988; | et af. 2008; Osmundsen & | White & Smith 2009;
Eldholm & Grue 1994 Ebbing 2008 Ritchie et al. 2011; Funck
etal 2016b
P-wave Ve Ve Ve Ve Ve '
model layer (kim/s) (kmis) (km/s) (kmis) (kmis) (kmis)
Sediments
Seabed Water depth 16 144
Plio-Plei
o-Plelstocene 17-22 16-23 <18 18
Late Oligocene — Early-Miocene 18-25
Early Oligocene Cenozoic sediments 20-35 :
18-25 18-24
Late Eocene 22-32
Eaﬂx—Mld—EoﬁEne - 21-32 24-33 25-357
Ea'!ermM Paloocone Poss Lmra Z:\:ﬁcene— 29-47 39-50 e Cr;:ace:ozus
0ss. Mesozoic a4-57 .1 -4 35.577
50-55 Pre-Cretaceous
Poss. Paleozoic Poss. Paleozoic 50-53 50-5.5 Hi 4.2-5.35
Igneous
F-Marker poss. flood basalts and sediments — poss. Late Oligocene 46-50 R - 33-4.2 i
Poss. deep igneous intrusives — poss Eocene - 48-55
Basalts (SDRs) — Early Eocene 3.2-43
4.0-5. - 6 - -
Basalls (Plateau basalts) — Ear\x Eocene 0-50 3241 40-48 38-50 46-50 44-52
Crustal types
Poss. Calodonian Basement Cont. upper crust 55-6.7 55-65 58-68 57-6.7 6.1-6.5 60-6.3
Poss. continental lower crust — sub-basalt — Underplating Cont. lower crust 67-68 65-7.2 68-7.6 67-72 65-73 64-7.3
Poss. oceanic crust - Layer 2 (R1) Oceanic crust Layer 2 25-66 58-64 56-6.4 48-6.7 46-57 48-6.0
Pass. oceanic crust - Layer 3 (R2) Oceanic crust Layer 3 66-7.6 6.7-8.0 6.8-8.0 68-79 67-77 6.8-7.6

crust has been proposed for the southernmost part of the JMMC and its
continuation beneath Iceland (e.g. Gaina et al.,, 2009; Breivik et al.,
2012; Peron-Pinvidic et al., 2012a; Gernigon et al., 2015; Torsvik et al.,
2015).

The unpublished ESP velocity data (ESP-121 to ESP-128 on Fig. 3)
were analysed within this study by travel-time-to-offset-ratio analysis
(e.g. Childs and Cooper, 1978) and by the Tau-P velocity estimation
methods of Diebold and Stoffa (1981). The resulting average velocity
values were tied into the existing seismic-reflection correlation data-
sets, assigning associated velocity values to actual velocity-facies-do-
mains in combination with the compiled OBS survey and sonobuoy
velocity results, shallow offshore borehole, seafloor, and the JMMC 2D
MCS reflection database (Fig. 5 & Table 2). The velocity ranges of the
microcontinent and its adjacent areas were also compared to known
velocity structures of central East Greenland, the Norwegian shelf and
the Faroe-Shetland region (Table 2). These data provide the basis for
building a time-depth conversion model that has been utilised to cor-
relate the deeper stratigraphic levels of the JMMC (cf. Fig. 5).

2.2. Construction of the stratigraphic framework

The construction of a regional Cenozoic stratigraphic framework
was primarily based on interpretation of the 2D MCS reflection data.
We identified eleven seismic-stratigraphic units bounded by regional
unconformities (Fig. 4), which were defined from discordant seismic
reflector relations according to the criteria established by Mitchum
et al. (1977). These units, prefixed by the letters JM and numbered (in
descending stratigraphic order) from 01 to 70, are regarded as physical
units with informal stratigraphic status. Their temporal or genetic sig-
nificance remains open to interpretation based on correlation to litho-,
bio- or other stratigraphic data (e.g. Owen, 1987 or Vail, 1987). Cor-
relation of key reflectors bounding these seismic units indicates the
presence of regional unconformities that we interpret to represent
major changes in the evolution of the JMMC (Table 3). On the Jan
Mayen ridge and the southern ridge complex, the seismic-stratigraphic
scheme was geologically calibrated down to the Middle Eocene (units
JM-01-JM-50) through correlation with the DSDP and ODP boreholes
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(Blischke et al., 2017a). The stratigraphic interpretation of the pre-
Middle-Eocene succession is based on the integration of seismic-re-
fraction and -reflection data and outcrop information from the East
Greenland and the Vering continental margins. This includes specula-
tion on the lower Palaeogene volcanic stratigraphy (units JM-60 — JM-
70) based on its similarity to the Blosseville Kyst region of East
Greenland, as well as the possibility of Mesozoic and Palaeozoic rocks
beneath the Jan Mayen ridge using the proven succession in the Ja-
meson Land basin as an analogue.

Major uncertainties in stratigraphic correlations persist in the basins
between the dislocated southern ridge segments and along the col-
lapsed western flank of the JMMC, where borehole control for sections
older than Middle Eocene is lacking. Nevertheless, our proposed cor-
relations in these areas were substantially improved by the NPD2011
and 2012 surveys. In the Jan Mayen trough, Jan Mayen basin, and the
southern Jan Mayen basin the correlation of strata older than Miocene
is hindered due to the regionally extensive basaltic cover, below which
structures are only faintly visible (Fig. 5).

3. Results
3.1. JMMC's conjugate margins comparison

Although the focus of the study is the Cenozoic stratigraphy, and in
the absence of deep borehole control, it was essential to assess and
compare the geophysical datasets of the pre-breakup intervals of the
JMMC that form the base of all interpreted structures, to the known
conjugate margins of the microcontinent. A consistent correlation with
the conjugate margins was established using seismic-refraction velocity
data ranges, especially in relation to the upper and lower crust, where
the change in velocity data corresponds with a strong seismic reflection
event for the lower crust (Fig. 5 & Table 2). A good correlation exists
between East Greenland's Jameson Land basin, with a velocity range of
4.4-5.7 km/s for its Jurassic to ‘Caledonian’ stratigraphic section, and
the velocity range of 4.3-5.5 km/s for the Jan Mayen ridge area (Weigel
et al.,, 1995; Funck et al., 2014, 2016) (Table 2). The More & Voring
margin and basin velocity ranges corresponds to the deeper section of
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Summary of key Cenozoic dis- & unconformities on and around the JMMC.

Uneconformity Description Age & approximat time
range
Intra-Neogene (INU) Distinct reflector character change interface that is tied to borehole, seismic reflection, and offset area Messinian™ © © *
inference datasets. The disconformity overlies dipping and partially eroded Miocene drift sediment strata, ~5Ma = 2Ma

Intra-Miocene (MMU)

Top F-marker flood basalts (TFM)

Top Palaeogene (‘TPU")

Mid-Oligocene (MOU)

Eocene-Oligocene boundary (UE2)

Upper Eocene (UE1)

Mid-Eocene (ME)

Top Seaward-Dipping Reflectors
(TDSR)

and is overlain by infill, parallel primarily Plio-Pleistocene sediments.

Not as distinct visible boundary if reflector sequence changes of dip directions above and below the
disconformity that is primarily tied to borehole records and offset areas inference. The disconformity is
only partially visible along the eastern ridge flanks and across the top F-marker area of the western and
southwestern flank areas.

Strong reflector along the microcontinent's west and southwest flank areas, indicating an irregular to
planar, partially faulted and erosive surface with a distinct change in seismic refraction velocity. The
reflector is overlain by faulted, parallel to on- and down-lapping earliest Miocene infill sediments.
Distinct reflector sequence change alongside the Jan Mayen and Lyngvi ridges and main flank areas.
Angular erosion surface along the eastern flanks and often merged as a composite unconformity with the
Mid-Oligocene unconformity across the high ridge areas, and overlain Miocene sediment drift deposits that
on- and down-lap onto the unconformity.

Strong reflector across entire JMMC area. Forms an angular, planar, erosion surface on Jan Mayen ridge,
truncating older folded and dipping strata; irregular surface on flanks of ridge and in adjacent basins,
which is progressively buried beneath younger deposits.

Not as a distinct reflector sequence change alongside the Jan Mayen and Lyngvi ridges and main eastern
flank areas, but tied to borehole control and intermediate sea level change. The disconformity appears
eroded by the next following unconformity in high ridge but also reversed flank areas. Parallel infill
reflectors underlay the UE2 disconformity along the top region of the Jan Mayen ridge, but change into
irregular slumped patterns, and locally faulted slump erosion surface along the ridge flank areas.

Not as distinct reflector sequence change alongside the Jan Mayen and Lyngvi ridges and main eastern
flank areas. Parallel deltaic forest or infill reflectors overlaying the ME unconformity aleng the top region
of the Jan Mayen ridge, irregular, slumps, and locally faulted erosion surface truncating underlying Mid
Eocene strata along the ridge flank areas that are overlain by on- and down-lapping, or slumped strata of
the latest Eocene/possibly earliest Oligocene.

Strong and distinct reflector beneath Jan Mayen and Lyngvi ridges and main flank areas. Irregular and
locally faulted erosion surface truncating underlying Early Eocene strata; overlain by on- and down-lapping
Upper Eocene to Oligocene strata across the highest areas of the Jan Mayen & Lyngvi ridges.

Strong reflector along the eastern flanks of the Jan Mayen ridge and the northern extend of the southern
ridge complex. Angular erosion surface that on-laps onto the underlying Plateau Basalt sequence; onlapped

Serravallian-Langhian

ace
12Ma = 1 Ma
Aquitanian® ™ © % ¢
~22Ma *+ 2Ma
Upper Chattian™ “ *
23Ma = 3Ma

Chattian-Rupelian™ © ©
30Ma + 4 Ma

Rupelian-Priabonian

~34Ma * 1 Ma

Priabonian™ ©
36 Ma * 1 Ma

Upper Lutetian’
43 Ma + 3 Ma

Early-Mid Ypresian

b, ¢, d, e f

and down-lapped by easterly-pro-grading Eocene deposits.
Strong reflector beneath Jan Mayen and Lyngvi ridges. Angular erosion surface that truncates the
underlying plateau basalt sequence; progressively buried by westward pro-grading SDR's on eastern flank

Top Basalt (TV)

52Ma * 1 Ma
Earliest Ypresian™ ©*
55Ma = 1 Ma

of Jan Mayen ridge, onlapped and down-lapped by easterly pro-grading Eocene deposits.

Base Palaeogene (BPU)

Strong reflector beneath Jan Mayen and Lyngvi ridges. Irregular and locally faulted erosion surface
truncating underlying (inferred) Mesozoic strata; overlain predominantly by pre-breakup plateau basalts.

‘Paleocene’ undefined

¢, d, e

* DSDP-ODP borehole data.
P Magnetostratigraphic data.

¢ Inferred on basis of regional correlation, including outcrop and offshore observations (East Greenland, Vering continental margin and slope, Iceland, Faroe

Islands, or Faroe-Shetland basin areas).
4 Seismic refraction data.
¢ Seismic reflection data correlation grid.
f Distinct to intermediate sea level change.

the pre-Cretaceous with 4.2-5.35km/s (Raum et al., 2002; Mjelde
et al., 2008, 2009; Osmundsen and Ebbing, 2008). In the Scotland/
Faroe-Shetland area a velocity range of 3.5-5.77 km/s correlates with
the Devonian to Recent stratigraphic section (Morgan et al., 2000;
Smallwood et al., 2001; Parkin and White, 2008; White and Smith,
2009; Ritchie et al., 2011; Funck et al., 2016).

3.1.1. The Cenozoic

The shallowest sedimentary domain corresponds to the interval
velocity range of < 1.8 km/s, correlating to the section from the up-
permost part of the Upper Oligocene up to the seafloor, including the
topmost section of glacial sediments (Table 2). This interval corre-
sponds to the second breakup event for the JMMC region and its syn-
and post-breakup sediment cover. This is underlain by Upper Eocene to
Lower Oligocene rocks, with a velocity range of 1.8-2.5 km/s, which
represent the interval between about 43Ma to 30 Ma during the rift
transfer from east to west across the IPR south of the JMMC. The Zgir
ridge syn- and post-breakup deposits of Early to Mid-Eocene age have
slightly higher velocities of 2.1-3.2 km/s, corresponding to equivalent
rocks (with velocity range of 2.4-3.3km/s) in the Mgre basin
(Osmundsen and Ebbing, 2008). This sedimentary sequence is missing
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or not specified for the Jameson Land, Blosseville Kyst, and Scoresby
Sund regions, where onshore outcrops are primarily Jurassic and older,
overlain by very small patches of Lower Cretaceous and Paleocene
rocks, Lower Eocene volcanic strata, and younger sediments within the
Scoresby Sund and Liverpool Land basin (LLB) areas (Surlyk et al.,
1973, 1991; Weigel et al., 1995; Larsen et al., 1999a,b, 2002, 2005;
Larsen et al., 2013, 2014).

As the JMMC is surrounded by igneous domains, delineating the
microcontinental boundary with the volcanic domain is important. The
areas of SDRs along the east flank of the JMMC and the basaltic sections
that cover the JMR ridge area have a similar velocity range of
3.2-4.3km/s (Table 2), whereas the plateau basalts are slightly higher
with 3.8-5.0km/s. The volcanic margins and complexes east of the
JMR and SDRs have a much higher velocity range of 4.8-5.5km/s
(Figs. 5 and 6; Table 2). The eastern volcanic margin follows the
oceanic basement domain, which is characterised by a high velocity
layer of 4-5km/s that is covered by a thin low-velocity sedimentary
layer (< 2.5km/s). The section below, comprising both volcanic-
margin and oceanic domain has a velocity of 4.8-6.8km/s, which
might correspond to the oceanic layer 2 (R1-R2 in Fig. 5). Below the
“R2” seismic reflection event, velocities > 6.8 km/s are associated with
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Fig. 6. Northeast flank stratigraphic type section based the seismic reflection data (NPD, 2012) tied to the JMMC regional correlation grid. The Eocene shelf system
can be seen as a layered seismic pattern section with prograding delta system and basin floor fan like features in the lowermost part of the Early-Mid Eocene seismic
unit JM50, and within the uppermost preserved section of that unit indicating a regression of the system. The Mid-Late Eocene to Early Oligocene seismic units
(JM40, JM35 & JM30) are preserved as slumps along an instable shelf margin with slump faulting and entire blocks that moved downslope and chaotic seismic
patterns. Up to the Upper Oligocene a very distinct erosional surface can be observed at the top of the ridge, channel forming along the slope and rapid sediment
deposition across the basinal plain with features similar to submarine creep zones (Shillington et al., 2012 or Li et al., 2016). These units are than covered by layered
and sediment drift patterns within the Miocene unit JM20), and deep sea current channels and layered sediment patterns of the Plio-Pleistocene to present unit (JM10
to Seafloor). Corresponding seismic-stratigraphic units and unconformities are listed in Fig. 4.

irregular seismic reflectors adjacent to the continent ocean boundary
(COB), and these have been interpreted as higher-velocity layers con-
nected to under-plating, or lower crustal bodies (LCBs) associated with
volcanic margins of the JMMC, East Greenland, Mgre and Vgring
(Fig. 5) (e.g. Weigel et al., 1995; Breivik and Mjelde, 2003; Breivik
et al., 2008, 2012; Faleide et al., 2010; Gernigon et al., 2015; Mjelde
et al., 2016; Theissen-Krah et al., 2017; or Zastrozhnov et al., 2018).
The higher-velocity layers delineate the transition from the JMMC to
the oceanic domain within the volcanic margin (Fig. 5).

As similarly high velocities were observed within the Jan Mayen
basin (Fig. 5), this has implications for the western extent of the main
extended ridge segments of the JMMC, which had, in previous studies,
been extended across the JMB to the COB (e.g. Gunnarsson et al., 1989;
Peron-Pinvidic et al., 2012a; or Blischke et al., 2017a). The velocity
profiles however, imply that the JMB is primarily a volcanic margin
that correlates to observed flood basalt marker within the JMB, also
referred to as the “F-marker” (Blischke et al., 2016, 2017a). This marker
horizon is correlative with the second breakup event of the JMMC from
the central East Greenland mainland, and was emplaced into the sedi-
mentary section (1.8-2.5km/s) of the Jan Mayen basin, Jan Mayen
trough and along the southern extent of the JMMC. This layer corre-
sponds to a 270-470 m thick basaltic section with a velocity range of
3.3-4.2 km/s within the JMB (Fig. 5b and ¢; Fig. 6; Fig. 8 and Table 2).

3.2. The JMMC Cenozoic stratigraphic framework

Talwani et al. (1976a, 1977) originally divided the Cenozoic suc-
cession on the northern Jan Mayen ridge into a Lower Paleocene to
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Lower Oligocene unit and an Upper Oligocene to Quaternary unit se-
parated by an angular ‘Mid’-Oligocene unconformity (MOU), which was
caused by extensive erosion of the ridge, creating its characteristic flat-
lying topography (Figs. 5 and 6).

Based on the 2D MCS reflection data, we have identified eleven
unconformities and disconformities (Fig. 4; Table 3), thus subdividing
the Cenozoic succession into eleven (JM-01 — JM-70) seismic-strati-
graphic units: units JM-01 - JM-15 represents the Neogene succession,
whereas units JM-20 — JM-70 represents the Palaeogene strata (Fig. 4).
The characteristics and form of these boundaries are expressed as dis-
tinct erosion surfaces, or surfaces with onlap or downlap (Figs. 5 and 6).
The geometry and stratigraphic range of the Cenozoic succession
(Figs. 4-6) reveal a maximum thickness of the Eocene and younger
succession (JM-50-JM-01) of 4200 m along the eastern flank of the
JMMC (Blischke et al., 2017a).

3.2.1. Uncertainties

The greatest uncertainty concerns the age of the bounding surfaces
of the early Palaeogene volcanic rocks, i.e. the base of the Palaecogene
(BPU); the top of the plateau basalts (TV); and the top of the seaward-
dipping reflectors (TSDR) (Fig. 5). The TV unconformity is an important
seismic marker, as it is easily recognised on seismic reflection and ve-
locity data and can be correlated across the central Northeast Atlantic
region. The top of the SDR is an important marker for the JMMC and
marks the final opening stage of the &gir ridge spreading processes
(~52 Ma) (Gaina et al., 2009; Gernigon et al., 2015).

Other surfaces, such as the boundaries separating seismic units JM-
40/JM-35 and JM-35/JM-30, represent more localised events along the
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eastern flank of the JMMC, and might relate to episodic slumping.
Across the flat-topped areas of the ridges several unconformities con-
verge and/or are cut out by the MOU unconformity. In the Jan Mayen
Basin, the F-marker is a very strong, flat-lying, opaque reflective hor-
izon, which is interpreted as comprising composite sheets of lava flows.
This reflector hinders interpretation of the underlying Cenozoic basinal
stratigraphy.

3.3. The JMMC Cenozoic seismic-stratigraphic units

3.3.1. Unit JM-70 (Paleocene)

Seismic unit JM-70 is bounded by the Base Palacogene (BPU) and
Top Basalt (TV) unconformities (Fig. 5; Table 3). On seismic reflection
profiles, its internal acoustic character comprises a strong, laterally
continuous pattern of parallel-bedded reflectors, which are clearly
visible in the upper part of the unit and enables it to be mapped across
the microcontinent's ridges and along their flank areas. In the lower
part of the unit, localised half-graben structuration is observed espe-
cially on northwest-southeast-trending seismic reflection data (Fig. 6).
The unit is approximately 1100 m thick on the crest of the Jan Mayen
ridge thickening southwards to approximately 3300 m on the south-
ernmost extent of the Lyngvi ridge (Blischke et al., 2017a) (Fig. 5a). The
Lyngvi ridge appears to have been exposed the highest along the north-
south profile of the main Jan Mayen ridge, as the ridge has been af-
fected by the main MOU and no SDR or younger pre-Neogene sediments
sections preserved. Thus, the original stratigraphic thickness of unit JM-
70 is uncertain. To the north, the unit onlaps the Jan Mayen igneous
complex but thins into the Jan Mayen NE flank basin where it is eroded
beneath the Top Basalt unconformity and progressively onlapped and
buried by the westerly-prograding seaward-dipping reflectors of unit
JM-60 (Fig. 6).

Seismic-refraction velocity data for unit JM-70 (cf. Table 2) are
comparable to the plateau basalts that crop out along the East Green-
land coastline. This interpretation is supported by the acquisition of
vesicular olivine-rich silica-depleted basaltic rock samples recovered
from the seabed along the east flank of the Lyngvi ridge and the west
flank of the Jan Mayen SRC (Norwegian Petroleum Directorate, 2012;
Polteau et al., 2012, 2018; Sandsti et al., 2012, 2013; Blischke et al.,
2017b) (Fig. 3). Unfortunately, no dating of these samples has been
obtained as they are too altered for reliable results. Nevertheless,
Sandsta et al. (2012, 2013) have interpreted the entire succession as a
Paleocene (possibly Lower Eocene) basalt formation, whereas Polteau
et al. (2012, 2018) assigns these rocks to the Palaeogene-Cretaceous
boundary, which is located at the foot of the fault escarpment from
which the samples were obtained. Although the sampling profile lies
well within the outcrop area of the escarpment, marked by high-am-
plitude responses on the multibeam data, uncertainty remains re-
garding the in-situ nature of the samples as the entire block from which
the samples were recovered might well be allochthonous (Blischke
et al., 2017b). The presence of sedimentary rocks within unit JM-70,
deposited prior to the breakup and rifting event of the Zgir ridge
system across the JMMC remains unproven by borehole data. However,
comparing this interval with analogue sites of the central East Green-
land cost, e.g. Kangerlussuaq, Kap Dalton and Savoia Halve areas, or
seafloor samples of the western flank of the SRC, and the by seismic
reflection data well imaged parallel stratification, does underline the
presence of a by the TV unconformity truncated JM-70 unit of lower
impedance sediments and higher acoustic impedance landward flow
lavas (Larsen et al., 1999a,b, 2002, 2005; Larsen et al., 2013; or Polteau
et al.,, 2018) (Figs. 6 and 11). Whereas the upper part of the unit is
dominated by parallel-bedded plateau basalts (Fig. 9a), seismic-reflec-
tion profiles across the JMMC show the BPU and lower part of unit JM-
70 to be cut and offset by a series of faults which resulted in rotation of
fault blocks and local development of half-grabens (Fig. 6).
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3.3.2. Unit JM-60 (Early Eocene)

Seismic unit JM-60 discordantly overlies the plateau basalts of unit
JM-70, and forms a wedge-shaped deposit several kilometers thick that
onlaps and thins westwards, eventually pinching-out onto the Top
Basalt unconformity (TV in Fig. 4 and Table 3) on the Jan Mayen ridge
(Figs. 5 and 6). Its internal reflection configuration displays a hum-
mocky to lenticular pattern that represents a topographic build-up of
stacked deposits. These deposits have previously been interpreted as
primarily volcanic in origin comprising a stacked accumulation of
subaerial basaltic wedges that are alternating with primarily terrestrial
sediments, and often deepening into a marginal marine to shelf setting
and alternating lava flows and sediments. Examples of these have been
described or even drilled by Pdlmason (1980, 1986) or Larsen and
Saunders (1998) for the south-east Greenland margin and onshore
Iceland. Here specifically for ODP Leg 152 boreholes 915-918 show the
transition from terrestrial to marginal marine and shelf settings (Larsen
and Saunders (1998)). Furthermore, were SDR units described on
seismic reflection data by Hinz (1981), Mutter et al. (1982), Planke
et al. (2000) for the western Norwegian margin that are comparable
wedge shaped and dipping units flanking the eastern margin of the
JMMC.

The upper boundary of unit JM-60 is defined by the Top Seaward-
Dipping Reflectors unconformity (TSDR in Fig. 4 and Table 3), which
terminates at the intersection with the TV unconformity upslope and
the Early-Mid Eocene igneous complex downslope, close to the con-
tinent ocean boundary (Figs. 5 and 6). The TSDR surface is defined by a
strong seismic reflector, which is down-lapped by reflectors of the
overlying unit JM-50.

The SDRs are generally assumed to have been formed during initial
breakup (55-53Ma), based on magnetic anomaly geo-chronologic
analysis (Gaina et al., 2009), and the breakup unconformity along the
East Greenland coast (Larsen et al., 2014). The approximate timing of
the unconformity is set towards the end of the breakup volcanism,
synchronous with the first continuous magnetic anomaly of the Agir
rift system around 52 Ma, which is based on high-resolution magnetic
anomaly geo-chronological mapping of the Norway basin (Gernigon
et al.,, 2015).

The SDRs are best developed along the central eastern flank of the
microcontinent and have a slightly lower seismic-refraction velocity
range than the underlying plateau basalts of unit JM-70 (Figs. 5 and 6;
Table 2). These basalts are interpreted as subaerial lava flows that onlap
onto higher terranes and stack onto previous lava flows as rifting and
seafloor spreading progressed along the margins (Hinz, 1981; Mutter
et al., 1982; Planke et al., 2000; Buck, 2017). The basalt wedges are of
uneven thickness along the margin but appear to be thickest in the
vicinity of large igneous systems; up-to-4-6-km-thick basaltic wedges
are observed on the north-eastern flank, thinning and disappearing to
the south (Blischke et al., 2016, 2017a) (Figs. 5 and 6).

3.3.3. Unit JM-50 (Early- to Mid-Eocene)

Seismic unit JM-50 down-laps onto the erosion surfaces of the TV
and TSDR unconformities; its upper boundary is marked by the planar-
to-irregular Mid-Eocene (ME) unconformity (Figs. 5 and 6; Table 3).
The latter has been dated as 43 + 3 Ma based on seafloor samples
recovered from the north-western Jan Mayen ridge (NPD, 2012;
Sandsta et al., 2012), and the SRC (Talwani et al., 1976a-e; NPD, 2012;
Polteau et al., 2018). Unit JM-50 can be traced across the JMMC but is
best preserved on the eastern flank of the Jan Mayen ridge, where a
section thickness of up to 2.8 km is preserved (Fig. 7a), becoming in-
creasingly eroded across the JMMC ridges, especially the main Jan
Mayen and Lyngvi ridges (Fig. 8). To the east, the unit onlaps the ig-
neous complex of the Zgir ridge system (Figs. 5 and 6).

The internal acoustic character of unit JM-50 comprises a variable
configuration, including parallel/sub-parallel, prograding and
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Fig. 7. True stratigraphic thickness map series based on the regional JMMC correlation model for each mapped interval of the post breakup section of the Zgir ridge
and Iceland plateau rift transition (a)-(d), and the breakup and post breakup phase of the forming of the Kolbeinsey ridge (e)—(g). The time intervals are tied to offset
borehole data (Talwani et al., 1976a-e; Blischke et al., 2017a) and approximated for the top Early Eocene basalt series of SDR's and plateau basalts of the Blosseville
Kyst (Larsen et al., 2013, 2014). Well visible are the volcanic centres to the east and northeast during the opening of the Zgir ridge and increased extension along the
EJMFZ (East Jan Mayen fracture zone) north of the central Norway basin fracture zone (CNBFZ), and the slump and canons forming along the eastern flank during the
Mid-Late Eocene (JM40 & JM35) and Lower Oligocene (JM30). During the Kolbeinsey ridge breakup and post breakup phase, sediment depocentres are forming due
to rapid subsidence along the eastern ridge flank, and primarily forming towards the south with a possible infill of erosional volcanoclastics from the south and the
elevated Iceland terrain. Additional abbreviations: CJMBFZ — central Jan Mayen basin fracture zone, CNBFZ - central Norway basin fracture zone, Iceland plateau rift
system (IP), IFFZ — Iceland-Faroe fracture zone, JMI — Jan Mayen igneous complex, and SRCTFZ - Southern ridge complex transfer fracture zone.

mounded seismic-reflection patterns albeit disrupted by later faulting.
This combination of seismic facies units is interpreted collectively as a
shelf-margin system, which includes prograding packages and basin-
floor fan deposits which characterise the unit along the eastern margin
of the Jan Mayen ridge; the parallel/sub-parallel facies predominates
along the western flank of the JMMC and the southern ridges and
probably represents marine shelf platform sediments (Figs. 5 and 6). On
the basis of the upwards-repetition of prograding packages we infer that
during this interval a shelf-margin delta system formed along the cen-
tral eastern to north-eastern flank of the microcontinent (Fig. 7a).
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Evidence of instability along this palaeo-shelf-margin is indicated by a
significant slide or slump deposit characterised by contorted reflections,
which represents a partial collapse of the shelf-margin (Fig. 6). The
basal surface of the slide or slump is marked by a distinct reflection.
Sample data, including core samples from DSDP borehole 350 and
seafloor samples, include quartz-rich breccias, sandstone, and inter-
bedded shale and siltstone, together with slump deposits (Talwani
etal., 1976a-e,1977; Sandstd et al., 2012, 2013). The core data analysis
indicates a shelf-margin to basin floor environment during Early-Mid
Eocene that is interpreted by a sedimentary succession of a progression
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Fig. 8. Base Oligocene subcrop map at horizon
JM30. Well visible are the ridge highs with the
exposed Early Eocene SDR and possible plateau
basalts and the volcanic margins of the Iceland
plateau rift to the south, the Jan Mayen igneous
complex to the north, and the formation of the
Kolbeinsey ridge system and volcanic margin to
the west and northwest. The area of the southern
ridge complex is clearly elevated, so is the cen-
tral part of the ridge and the areas to the east-
northeast at the beginning of the Oligocene,
which fits well with the ridge transfer from the
ZEgir ridge via the Iceland plateau rift system to
the western margin of the JMMC. Additional
abbreviations: CJMBFZ - Central Jan Mayen
basin fracture zone, CNBFZ - Central Norway
basin fracture zone, EJMFZ - East Jan Mayen
fracture zone, Iceland plateau rift systems (IPR-1
to IPR-1V), IFFZ - Iceland-Faroe fracture zone,
JMI - Jan Mayen igneous complex, and SRCTFZ
— Southern ridge complex transfer fracture zone.

from relatively coarse-grained sediments at the base, to fine-grained
sediments in the centre, and a return to coarser grained deposits at the
top of that interval right above the basalts (Talwani et al., 1976b).
These were interpreted as slump deposits, succeeded by well-developed
proximal turbidites, grain-and boundary-flow deposits, which indicate
a relative proximity to the sediment source. The environment of
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deposition is considered to have been close to a steep submarine slope,
or in the vicinity of a submarine canyon (Nilsen et al., 1978).

Here it is suggested that the JMMC was probably topographically
high during the Paleogene and structurally instable, as the Eocene se-
dimentary section recorded contorted layering and faulting in the
mudstones underlying the turbidites, as well as within the lower
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turbidites sections (Nilsen et al., 1978). Thus, implying that the JMMC
originally was attached to the eastern Greenland continental margin,
and most likely formed a fault-bounded marginal basin such as the
inner Vering Plateau, underlain by transitional crust rather than clearly
continental or oceanic crust (Nilsen et al., 1978).

3.3.3.1. Early-Mid-Eocene igneous complex. Igneous sills and dykes are
locally intruded into the sedimentary succession of unit JM-50, derived
from igneous complexes along the eastern and south-eastern flanks of
the microcontinent (Figs. 5 and 6). The igneous complexes are
characterised by high-amplitude irregular seismic reflective patterns
and an increase in seismic velocities (Figs. 5-6 and Table 2). Both
extrusive and intrusive events are associated with these igneous
complexes: lava flows on the eastern flank overlap the SDRs of unit
JM-60, whilst sills and dykes are observed above these igneous centres,
along faults, or forming saucer-shaped seismic patterns within unit JM-
50 on the eastern flank of the Jan Mayen ridge (Fig. 5b and c and 6).

A little altered diabasic dyke intrusion encountered in borehole
DSDP 38-350, on the southern edge of the JMMC, provided an
YAr-*?Ar age range of ~49-44 Ma. This dyke was emplaced within a
highly altered basalt tuff breccia section, close to the Iceland Plateau
Rift II (IPR II) (Figs. 4-7a and 8) (Manum et al., 1976a, b; Blischke
et al.,, 2016, 2017a). The apparently much older basaltic tuff breccia
section has a high iron content, which is typical for the northern
Atlantic volcanic province, and are considered to be closely related to
the Paleogene-Neogene plateau-basalt of Fast Iceland and Faroe Islands
(Kharin, 1976). Schilling (1976) reported that the fresh basalt sample
from site 350 showed light rare earth enrichment and similarities to the
Vering Plateau, or to the basalt compositions of the lower and middle
Faeroe basalt series.

The apparent igneous re-activation of the Early-Mid Eocene igneous
complex indicate a more complex picture of the igneous activities in
this area with the older samples representing the “true basement” of
lava flows related to the initial sea-floor spreading, and the younger,
fairly unaltered samples give indications for later small intrusions that
occurred during the transition of the rift centre from the Aegir Ridge to
the Kolbeinsey Ridge during the Late Eocene to Early Oligocene
(Talwani et al., 1976b). The later igneous activity appears to coincide
with the alteration and partial lithification of the overlying sediment
that often occur during sill or dyke intrusions. Our studies age re-as-
sessment of the core data in combination with recent 2D seismic data
moved the igneous activity earlier into the Early-Mid Eocene and ties to
the mapped Iceland Plateau rift centres, as an intersecting spur into the
southern domain of the SRC (Figs. 7a and 8).

3.3.4. Unit JM-40 (Mid- to Late Eocene)

Seismic unit JM-40 is primarily preserved along the eastern and
western flanks of the Jan Mayen ridge, having been largely eroded from
the crest of the ridge (Figs. 5 and 6). The unit locally exceeds 1km
thickness, especially on the NE flank of the ridge (Fig. 7b) and is
bounded at its base by the irregular Mid-Eocene unconformity, and at
its top by the Upper Eocene (UE1) unconformity (Table 3).

The internal acoustic character of unit JM-40 is variable especially
on the NE flank of the Jan Mayen ridge where parallel-to-prograding
reflectors pass basin-ward into a more chaotic and contorted config-
uration (Fig. 6). This geometry and seismic-facies arrangement is
comparable to the underlying unit JM-50, and most probably represents
a renewed phase of shelf-margin progradation followed by its partial
collapse and slumping. On the western flank of the Jan Mayen ridge,
the continuity of unit JM-40 is strongly disrupted by faulting (Fig. 5),
though remnants of parallel-to-prograding reflections are locally ob-
served within the faulted half-grabens.

Lithological information for unit JM-40 is derived from boreholes
and seafloor samples (e.g. Talwani et al., 1976a-e, 1977; Sandsta et al.,
2012, 2013). DSDP sites 346 and 347 proved massive, extensively
bioturbated sandy mudstone that locally graded into conglomerate,
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breccia, sandstone and mudstone from the main Jan Mayen ridge and
its northern ridge segments (Fig. 5). The interval is locally calcareous
and turbiditic with ash lamination present within the section, indicating
volcanic activity at the time within shelf-margin sediments. Farther
south along the Jan Mayen ridge, DSDP site 349 sampled well-devel-
oped turbidite intervals consisting of abundant pebbly mudstones and
very thick turbidite deposits that displayed Bouma divisions, sedi-
mentary slumping structures, and prominent erosional interfaces
(Nilesen et al., 1978). The section comprising primarily of terrigenous
sourced material, is locally bioturbated, contains pyrite nodules and
calcareous layers are common as well, records of zeolites indicate in-
fluence of geothermal fluid circulation, which correlates to the intervals
harder composition and related drilling and core recover difficulties.

A mixture of bioturbated mudstone, claystone, limestone, breccia
and sandstone interbedded with ash and calcareous zones have been
recorded at DSDP site 350, within the Jan Mayen SRC. Moreover, pyrite
concretions are recorded within the fine-grained sediments, and prox-
imal turbitite deposits, comprising terrigenous material, and lithified
breccias.

3.3.5. Unit JM-35 (Latest Eocene / Earliest Oligocene)

The distribution of seismic unit JM-35 is largely confined to the
eastern flank of the Jan Mayen ridge, as well as downfaulted accumu-
lations within small grabens that underlie the crest of the ridge (Figs. 5
and 6). The unit is thickest on the NE flank of the Jan Mayen ridge,
where it locally reaches up to 1.1km thickness (Fig. 7c). Its base is
marked by the UE1 unconformity; its top is bounded by the UE2 un-
conformity (Table 3).

The internal acoustic character of unit JM-35 displays a parallel to
sub-parallel configuration below the crest of the Jan Mayen ridge,
which passes laterally into irregular contorted and chaotic patterns on
the eastern slope of the ridge, characteristic of slumping (Fig. 6). The
unit is locally cut by faults. A parallel, even-bedded, commonly wavy
reflection configuration is preserved in small basins or grabens beneath
the crest of the Jan Mayen ridge.

On the Jan Mayen ridge, DSDP borehole 346 indicates that this unit
consists primarily of massive, extensively bioturbated terrigenous
mudstone and sandy mudstone, with subordinate amounts of sandstone
and claystone, and minor amounts of volcanic ash towards the northern
part of the main ridge (Nilsen et al., 1978). The section was generally
unstratified, contained no visible sedimentary structures or trace fossils.
The lowermost interval consists of thinly parallel-stratified, very fine to
fine-grained sandstone, siltstone and mudstone. Thus, placing the area
within a shallow marine to terrigenous depositional environment.
Farther the south, DSDP borehole 350 proved mudstone, claystone,
limestone, breccia, siltstone and sandstone, with interlayered ash layers
and calcareous zones, indicating a change to a more distal deeper
marine depositional character with increased water depth, or decrease
in sediment transport energy (Talwani et al., 1976d-¢).

3.3.6. Unit JM-30 (Early Oligocene)

On the Jan Mayen ridge, seismic unit JM-30 is only sporadically
preserved as downfaulted accumulations in localised half-graben
structures. More extensive accumulations are present on the slopes of
the ridge, particularly the NE flank of the ridge where the unit is up to
950 m thick (Fig. 7d). The base of unit JM-30 is marked by the UE2
unconformity on the upper part of the slope on the NE flank of the Jan
Mayen ridge, though this boundary is less distinct farther basin-wards
(e.g. Fig. 6). The top of the unit is defined by the Mid-Oligocene un-
conformity (MOU); a pronounced, flat-lying, angular unconformity that
created the distinctive flat-topped topography observed on seismic-re-
flection profiles, that characterises the main Jan Mayen ridge as well as
the highest parts of the SRC (Figs. 5 and 6; Table 3). This major un-
conformity is also recognised in borehole and seafloor records (Talwani
et al., 1976a, 1977; Sandsta et al., 2012, 2013; Blischke et al., 2017a).
On the crest of the Jan Mayen ridge, the MOU truncates most of the
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underlying strata, the disposition of which is revealed in the sub-crop
map in Fig. 8. On the eastern flank of the Jan Mayen ridge, the MOU-
equivalent surface is marked by the top of unit JM-30 slumped deposits,
and can be traced towards the Z£gir Ridge; to the west, the continuity of
the MU is disrupted by numerous faults on the western flank of the Jan
Mayen ridge, and/or down-warped in the adjacent basins, e.g. Jan
Mayen basin (Figs. 5 and 6).

On the eastern flank of the Jan Mayen ridge, unit JM-30 displays
contorted to chaotic seismic-reflection patterns characteristic of
slumped deposits (Fig. 6). Elsewhere, subparallel, even patterns are
observed, though commonly disrupted on the western faulted margin of
the ridge. On the crest of the Jan Mayen ridge, DSDP borehole 349
recovered primarily massive mud and a few sandy mudstone layers
with significant amounts of volcanic ash and glauconite from unit JM-
30. This sedimentary unit's depositional environment is not clear, but
presumably located within a hemipelagic setting with some reworking,
as well as erosion of older strata that may have supplied most of the
detritus along a steeper and instable slope, as sediments were intense to
moderately deformed and locally mottled (Talwani et al., 1976a-e). In
the area of the SRC, DSDP borehole 350 proved mudstone, claystone
and limestone, with subordinate sandstone beds; however, an absence
of volcanic ash beds was noted (Talwani et al., 1976d; Sylvester, 1975,
1978). As proximal turbidite layer are described and are less frequent, a
changed in depositional character to a more distal environment is ap-
parent, which is supported by the finer-grained and layered character of
these sediments, and the abundance of benthic foraminifera species
belonging to the bathyal region close to the continental shelf (Moreno-
Vasquez, 1995). This indicates either a water depth increased, and a
decrease in transport energy setting, both preventing sediment influx.

3.3.7. Unit JM-20 (Late Oligocene)

Seismic unit JM-20 occurs primarily on the flanks of the Jan Mayen
ridge and in the adjacent basins, where it locally reaches up to 1 km
thick in the NE and in the far south; in contrast, a discontinuous veneer
is preserved on the top of the ridge (Fig. 7e). The base of the unit is
marked by the MOU; its top corresponds to the Top Palaeogene un-
conformity ("TPU’) (Figs. 5 and 6; Table 3). On the crest of the Jan
Mayen ridge, the TPU is marked by a flat-lying, angular, erosional
surface which locally merges with the MOU to form to a composite
unconformity across the highest parts of the ridge. On the eastern flank
of the Jan Mayen ridge, and towards the Zgir Ridge, its correlative
surface is marked by a deep-water erosion surface; on the western flank
of the ridge, it is locally disrupted by faulting (Figs. 5 and 6).

The internal acoustic character of the slope-to-basinal succession is
variable ranging from subparallel, even to wavy reflections, to hum-
mocky and progradational, as well as massive and opaque (Figs. 5 and
6). Internal faulting commonly disrupts the continuity of the reflections
to the east of the Jan Mayen ridge, but few faults seem to penetrate the
TPU (Fig. 6). On the crest of the Jan Mayen ridge, the unit comprises a
flat-lying, parallel reflection configuration, overlaying the MOU un-
conformity, which has been tested in DSDP borehole 346, whereas
boreholes 347 and 349 have missing sections for this interval. Site 346
proved to contain primarily as terrigenous to transitional interpreted
sourced mud and sandy mudstone that containing only trace amounts of
sponge spicules and a few ash layers. The mudstone and sandy mud-
stone were extensively and thoroughly bioturbated, and contained no
identifiable trace fossils (Talwani et al., 1976a-e, 1977). Siliceous mi-
crofossils were generally rare and poorly preserved, including a few
corroded foraminifera.

DSDP site 350 suggests that terrigenous-sourced clay and mudstone,
containing quartz, mica, chlorite- and kaolinite-rich clay, and silty and
glauconitic clay, were also deposited at the south-easternmost extent of
the SRC at this time (Talwani et al., 1976¢; Jansen et al., 1996). Tur-
bidite layers have been noted in the lower section of this unit and be-
came less frequent up-section, indicating a change to a more distal
deposition setting. The unit is interbedded with alternating layers of
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unconsolidated and indurated to lithified sediments together with
sporadic ash layers further up the borehole within this unit, where
bioturbations become less predominant (Talwani et al, 1976a-e;
Sylvester, 1978; Jansen et al., 1996). Difficult was the microfossil di-
agnostic, as this interval was practically barren of foraminifera, re-
cording only a few fish teeth, faecal pellets, and radiolarians (Schrader
et al., 1976).

Erosional channels were observed along the eastern slope of the
JMMC coinciding with slope instability and slumping of entire blocks
down-slope. This was accompanied by infilling into local lows along the
slope and onto the basin plain. Further down the slope, sediment de-
posits were piling onto the slope with seismic-reflection characteristics
suggestive of submarine creep zones (Shillington et al., 2012 or Li et al.,
2016). These creep zones are indicators of massive sedimentation of
divergent, partially prograding fills, and small-scale faulting, re-
presented by disrupted seismic reflectors, suggesting tilting of the mi-
crocontinent from west to east, with subsequent erosion of high areas
and re-deposition down the shelf slopes. The Jan Mayen trough and
basin possibly contain a mixture of terrigenous to shallow marine
platform sediments intersected by extrusive and intrusive rock forma-
tions that are poorly imaged due to the overlain younger flood basalt
strata of unit JM-15 (Figs. 4, 5¢, 7e and 10b).

3.3.8. Unit JM-15 (Early Miocene)

Seismic unit JM-15 is primarily represented to the extrusion of flood
basalts within the Jan Mayen basin, the top of which is marked by the F-
reflector (TFM) and can be traced over an area of approximately
18,400 km? (Gunnarsson et al., 1989). The TFM has a velocity range of
3.3—4.2kmy/s, and is expressed as a flat-lying, opaque reflective hor-
izon, which represents a regionally extensive igneous event, dated as
Early Miocene (Table 3), across the western-to south-western areas of
the JMMC (Figs. 5, 6 and 7f; Table 3). Correlative sedimentary deposits
have seismic reflection unit's regional extent is difficult to determine,
presenting rather localised thin parallel layered infill sections. The unit
has been sampled in DSDP boreholes 346, 348, 985, and partially in site
350. Boreholes 347 and 349 have no core recovery and missing sec-
tions. Borehole 348 is located west of the JMMC COB within the initial
oceanic domain of the Kolbeinsey Ridge. The basement basalt in the
well was re-dated by Ar*?/Ar*® dating for 21-22Ma (Blischke et al.,
2016) that corresponds much better to the magnetic anomalies inter-
pretations of anomaly C6a by Talwani et al., 1976b) and Gaina et al.,
(2009). Paleotologically the basalt overlying sediment interval corre-
sponds to the age Early Miocene to possibly Oligocene (Schrader et al.,
1976). However, the possible Oligocene interpretation is based on a
single foraminifera species marker, which makes the Oligocene age
interpretation quite uncertain, and possibly could have been from re-
worked sediment or contamination at this site (Talwani et al., 1976e).

The cored sediments in borehole 346 on the main JMR consists of
transitional siliceous mud, minor sandy mud, and a few ash layers. The
section contained primarily sponge spicules, which made an age as-
signment uncertain, but was placed within the Late Oligocene to Early-
Miocene cored section (Talwani et al., 1976¢) with known age de-
scription for the sections above and below to place the Oligocene to
Miocene boundary. Here specifically were used the Oligocene section
that is supported by a few corroded foraminifera and dinoflagellates,
and the Miocene diatoms section abundant in sponge spicules that was
interpreted as an indication for displaced sediments within a shallow
water environment (Schrader et al., 1976; Talwani et al., 1976¢).
Likewise, is the comparable interval in borehole 350 difficult to de-
termine regarding its age and consists of localised bioturbated clay and
mudstone with interlayered volcanic ash and streaks of muddy chalk.
(Talwani et al., 1976d). The cored section is barren of foraminifera or
siliceous microfossils and was just as for borehole 346 assigned as in-
termittent section around the Oligocene — Miocene transition placing
this section into the timeframe of JM-15.
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3.3.9. Unit JM-10 (Early to Mid-Miocene)

Seismic unit JM-10 is best developed in the Jan Mayen basin and
around the southern JMMC, including the Jan Mayen trough and the
SRC (Figs. 5 and 6). It is commonly variable in thickness between 100
and 400 m in the Jan Mayen basin, where the base of the unit is marked
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by the F-marker, and its top is marked by the Intra-Miocene un-
conformity (MMU); the latter being defined where there is a clear
discordance between underlying and overlying reflectors (Table 3).
Elsewhere the top and base of the unit is less well-defined. The F-
marker is not present south and east of the Jan Mayen ridge, and the
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Fig. 9. Central JMMC seismic reflection data (NPD, 2012) SE-NE line data reconstruction through the main ridge phases tied to offset ESP velocity data and
interpreted crustal type profiles that were compared to velocity data calibrations (Blischke et al., 2017a). The first phase (a) illustrates the initial breakup phase and
volcanic margin of the &gir ridge with an erosional plain towards the west. The second phase shown (b) refers to the opening of the &gir ridge and the forming of the
east flank basin during the Early to Mid-Eocene, and the apparent subsidence and graben forming along the western flank of the microcontinent. During (c) the time
of ridge transfer from the Agir ridge system to the Iceland plateau rift and initial forming of the western volcanic margin with flood basalts (F-marker), the entire
microcontinent tilts to the east and northeast forming an unstable eastern flank slope with slumps and erosion along the crest of the ridge. Volcanic activity moves to
the west in (d) forming a distinct volcanic margin and subsidence along the eastern flank due to the cooling of the Z£gir ridge area with rapid sediment transport
along that flank (also see in Fig. 7 (b)). During the last stage in (e) subsidence occurred for the basin areas, specifically within the Jan Mayen basin, and current
erosional features affected the ridge plateau top and flank regions. An uneven JMMC extend into the basin can be estimated for the sub-basalt (F-marker) areas for the

Jan Mayen basin area seen in (d) and (e).

=

MMU is difficult to interpret on the NE flank of the ridge. In the ocean
basin south-east of the SRC, unit JM-10 is of the order of 500 m thick
but it is generally thin-to-absent on the crest of the Jan Mayen ridge and
its NE flank (Figs. 5 and 6).

The internal acoustic character of unit JM-10 is variable, including
subparallel, even and wavy reflections, as well as lenticular and
mounded configurations (Fig. 5). On the western side of the Jan Mayen
ridge there is a hint of progradation into the Jan Mayen basin (Fig. 5¢).

On the Jan Mayen ridge and west of the COB, DSDP sites 346 and 348
proved siliceous, glauconitic, volcaniclastic mudstone to sandy mudstone
with subordinate interbedded ash layers that are interpreted to lie within
a transitional and deeper marine depositional environment This transi-
tional location also is reflected by a few thin consolidated sand banks
within the Miocene sediment series that are interpreted to most likely
have been sourced marine sediments (Talwani et al., 1976¢,e). Similarly,
to stratigraphic unit JM-15, were the samples near barren or poorly
preserved microfossils besides a few marine benthonic diatoms or radi-
olarian specimens that placed this uncertain or also as “unzoned” re-
ferred section into the late Early Miocene to early Mid-Miocene range
(Talwani et al., 1976c¢). Farther south, close to the SRC, DSDP site 350
recovered deeper marine interbedded, bioturbated mudstone and clays-
tone, interlayered with volcanic ash. The sediments of site 350 were
overall extremely poor in microfossils and samples contained a lot of ash.
The sampled Miocene section contained a few silicoflagellates that were
used to assign the age range (Talwani et al., 1976d).

3.3.10. Unit JM-05 (Late Miocene)

Seismic unit JM-05 occurs mainly on the flanks of the Jan Mayen
ridge and in the adjacent basins where it is up to several hundred
metres thick (Fig. 5); it is largely absent from the crest of the ridge
where this interval is marked by an erosional hiatus (Blischke et al.,
2017b). The base of the unit is marked by the MMU (where identified);
its top is bounded by the Intra-Neogene unconformity (INU), which is
an erosion surface over most of the area, including on shallow ridges
and in deeper water (Fig. 4; Table 3). In the basins, the internal acoustic
character commonly displays a subparallel, even-to-wavy, reflection
configuration; however, on the flanks of the basins, the unit is com-
monly mounded or plastered against the slope with the internal re-
flections displaying upslope progradation (Figs. 5 and 6). This seismic
reflection configuration is characteristic of contourite drift deposits (cf.
Stow et al., 2002), which reflect processes of erosion and deposition
associated with deep-water bottom currents, and which were strongly
developed in the NE Atlantic from the Mid-Miocene onwards (e.g.
Bohrmann et al., 1990; Howe et al., 1994; Stoker et al., 2005a; Davies
etal., 2001). DSDP borehole 348 and ODP site 985, west and east of the
Jan Mayen ridge, respectively, recovered predominantly mudstones
with subordinate thin sandstone, siltstone, calcareous beds, and an in-
crease of pelagic biogenic siliceous oozes (Talwani et al., 1976a, 1977).
The unit is interlayered with volcanic ash beds and calcareous nanno-
plankton and foraminifera are rare but present, indicating an open and
deeper marine environment.

3.3.11. Unit JM-01 (Plio-Pleistocene to present)
Seismic unit JM-01 forms a veneer (mostly < 100 m thick) across
most of the area, though it may locally be several hundred metres thick
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south of the SRC (Figs. 5, 6 and 7g). The base of the unit is marked by
the INU; its top is marked by the present-day sea-bed. On seismic
profiles, it commonly displays subparallel, even-to-wavy reflections in
the basins but - as with the underlying unit JM-05 - may develop a
mounded form around the margins of the basins, with internal reflec-
tions characteristically onlapping and locally prograding upslope. Lat-
eral variation in the thickness of the deep-water deposits (e.g. Fig. 6)
attests to the ongoing action of differential erosion and deposition due
to bottom-current activity. On the steeper slopes of the Jan Mayen
ridge, such bottom currents have caused localised erosion and
slumping. On the crest of the Jan Mayen ridge, the irregular topography
created by the INU was infilled and buried by unit JM-01. The layered
seismic reflectors are cut by deep-sea current features, causing localised
erosion along the ridge segments and by gravitational slumping and
faulting from the steep ridge flanks (Figs. 2 and 7g).

DSDP boreholes across the region, together with sea-floor samples,
prove a predominantly muddy, clayey to oozy lithology, with variable
amount of silty and sandy interbeds, volcanic ash, glauconite, glacial
drop-stones and manganese crusts (Talwani et al., 1976a, 1977; Sandsté
et al., 2012, 2013). The stratigraphic unit has good micro-paleontology
controls of radiolarians, globigerina, pachyderma, foraminifera, and
deep water benthonic species that support the deep marine setting for
the area.

The occurrence of reworked cold water nannoplankton and pollen
suggest that the more topographically elevated northern part of JMR
was located under permanent ice cover with low organic production
and receiving little ice-rafted material (Talwani et al., 1976¢;
Dzinoridze et al., 1978).

The submerged south-eastern extend of the SCR within the Norway
basin domain recorded in in borehole ODP Leg 162 site 985 (Jansen
et al., 1996) an uppermost section of this unit that ties to the glacial
events of the Quaternary. Good records of interbedded layers of grey
clay, nannofossil ooze with foraminifers, dark grey to brown nanno-
fossil clays that testify to the cyclicity and interbedded nature of the
sediments and their glacial to interglacial origin and milder conditions
in between the glacial phases. Additionally, were iceberg-derived drop-
stones of pre-Cenozoic erosive material good indicators for the glacia-
tion periods as well.

4. The JMMC's tectonostratigraphic framework

The stratigraphical observations presented above provide a basis
upon which to assess the tectonic effects on the Cenozoic succession in
the JMMC. In the following sub-sections, a summary of the tectonos-
tratigraphical framework is presented, with a focus on the following
time intervals (in ascending stratigraphic order): (1) the Early to Mid-
Eocene following the 1st breakup (—~52-43 Ma); (2) the ridge transfer
period and re-organisation in the Late Eocene-Early Oligocene (43-
30 Ma); (3) the formation of the western JMMC igneous margin and 2nd
breakup (30-22 Ma); and, (4) the separation stage of the microcontinent
from East Greenland (22 Ma to present). The description of this evo-
lutionary sequence of events is accompanied by a set of reconstruction
profiles across the JMMC (Fig. 9) together with a series of schematic
palaeogeographical maps (Fig. 10).
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(a) JM-50 — Early to Mid-Eocene (b) JM40 — Mid- to Late Eocene
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(c) JM35 — Late Eocene (d) JM30 - Early Oligocene

Legend:
| Predominantly land / terrestrial
Possible terrigenous / shallow marine

Deltaic system

Shelf margin & slope
(shallow to deep marine transition)

Trough / slope fill
Deep marine

Oceanic banks / sediment drifts
Poss. volcanic active area

Poss. partially active volcanic area

ENRRONOOL

Volcanoclastic - Shallow marine

Hiatus / missing section

Poss. Sediment transport fairway
direction

Poss. Early Oligocene rift volcanic
boundary

Borehole control

Fig. 10. Series of schematic paleo-geographical maps showing the inferred spatial and temporal development of the JMMC area during the Cenozoic era that are
primarily tied to borehole data control, seismic reflection, and stratigraphic thickness distribution map data interpretations (Fig. 7). The map series is tied to the
established JMMC seismic-stratigraphic framework (Fig. 4): (a) JM-50 — Early to Mid-Eocene; (b) JM40 - Mid-to Late Eocene; (c) JM35 - Late Eocene; (d) JM30 -
Early Oligocene; (e) JM-20 — Late Oligocene; (f) JM-15 — JM-05 — Miocene; and (g) JM-01 - Plio-Pleistocene. Abbr.: F - Lower Igtertiva formation and intrusives
(~49 Ma); JMB — Jan Mayen basin; JMI - Jan Mayen igneous complex; JMR - Jan Mayen ridge; JMT — Jan Mayen trough; KD - Kap Dalton; LLB — Liverpool Land

basin; LR — Lyngvi ridge; SW JMIP - southwest Jan Mayen igneous province.

4.1. Early to Mid-Eocene tectonostratigraphy (~ 52-43 Ma)

Igneous activity associated with breakup and rifting at the Zgir
Ridge spreading centre, characterised the northern, eastern and south-
eastern margin of the microcontinent during this time interval, with the
main direction of sediment transport being due northeast and east
(Fig. 10a). The northern extent of the microcontinent from the Jan
Mayen igneous complex, along the eastern EJMFZ, appears to have
been volcanically active throughout this period, represented by oceanic
crust of the £gir Ridge system, and increased igneous activity specifi-
cally along the northern and north-eastern edge of the JMMC (Figs. 5,
7a and 10a).

As the Agir Ridge developed (~52-43 Ma), the eastern flank of the
JMMC began subsiding. Accommodation space was created into which
an ENE to NE prograding delta system of unit JM-50 built-out into and
along the central north-eastern slope of the microcontinent.
Synchronously-formed graben and half-graben structures along the
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western flank of the JMMC is indicative of extension along the western
rim of the Jan Mayen ridge but also within the SRC (Figs. 7a and 9a,b
and 10a). Throughout this interval, the JMMC region appears to have
been a transitional terrestrial-to-shallow-marine environment, flanking
the deeper marine realm of the Norway basin to the east (Fig. 10a).

The south-eastern margin of the JMMC appears to have been near
the shoreline or in a shallow-marine environment as indicated by ter-
rigenous sediments with ash layers and hyaloclastite rocks in DSDP
borehole 350. This nearshore-to-shallow-marine embayment formed
part of a distinct volcanic margin, flanking the early Agir rift and
overlying the breakup SDRs section (Figs. 5 and 10a).

Mid-Eocene igneous activity along the southern JMMC is re-
presented by dyke intrusions in borehole DSDP 350 with an *°Ar->°Ar
age between ~49 and 44 Ma, emplaced within a highly-altered tuff-
breccia, close to the Iceland Plateau Rift IT (IPR II), observed as inter-
secting spurs within the SRC (Figs. 7a and 8) (Manum et al., 1976a, b;
Blischke et al.,, 2016, 2017a). The rift transfer and associated igneous
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activity appear to coincide with extension along the microcontinent's
western margin, with formation of listric half-graben structures in the
Jan Mayen basin and possibly small marine embayment areas (Figs. 9b
and 10a).

4.2. Ridge re-organisation during Late Eocene — Early Oligocene (43-
30 Ma)

As the Norway basin widened by spreading at the Zgir Ridge, the
eastern flank of the JMMC continued to subside and deepen to the east
and northeast. As a consequence of this process, a steep and unstable
shelf slope formed with large blocks detaching themselves from the
shelf and sliding downslope along slump fault detachment surfaces.
Contorted and chaotic seismic-reflection patterns are observed within
units JM40 to JM30, as a result of sliding and/or slumping, sediment
reworking and redeposition, submarine channelling, and canyon for-
mation (Figs. 5 and 7b-d). This slope failing process is especially well
visible at the north-easternmost edge of the JMMC (Figs. 2 and 7b),
where the slump-fault escarpments are still fully exposed at seafloor
today and slump deposits were mapped on seismic reflection data.

Higher-spreading rates between ~43 and 30Ma in the northern
domain of the oblique Zgir Ridge, north of the central Norway basin
fracture zone (CNBFZ) (Gernigon et al., 2015; Blischke et al., 2017a)
(Fig. 1), was associated with enhanced subsidence, reflected by the
thicker sediment cover and channel infills along the north-eastern and
eastern flank of the JMMC. The basin infill is thickest adjacent to the
EJMFZ, where rapid subsidence is represented by seismic reflectors
onlapping the JMR and volcanic centres (Fig. 7b—d and 9¢).

Throughout this interval, the JMR is interpreted to have formed an
elevated area. The relative planarity of the ME, UE1 and UE2 un-
conformities beneath the crest of the JMR (Fig. 6), prior to later tilting
and erosion, suggests a shallow shelfal setting, which is supported by
borehole data that proved terrigenous-to-shallow-marine deposits in
this part of units JM-40 to JM-30 (Fig. 10b—d). Relative sea level was
also generally lower during this interval (Fig. 4). The overall former
distribution of the JM-40 to JM30 units on the JMR is unclear, due to
their truncation by the MOU unconformity (Figs. 5, 6 and 9); however,
stratigraphic reconstruction of seismic profile data (e.g. Fig. 9) has
helped us to cross-correlate the stratigraphy and depositional environ-
ments between the flank areas across the ridges.

Along the collapsing western flank of the microcontinent the Jan
Mayen basin continued to deepen, represented by a progressive in-
crease in stratigraphic thickness in the half-graben structures near the
central Jan Mayen basin fracture zone (CJMBFZ) (Fig. 7b and c). These
half-graben structures can be seen on the Mid-Oligocene sub-crop
(Fig. 8) extending half way into the Jan Mayen basin, underneath the
younger, possibly Early to Late Oligocene, flood basalts and intrusive
rocks (Fig. 9¢). Although this interpretation is uncertain, an overall
thinning of the microcontinental domain from east to west is observed
suggesting a transition into a younger and igneous-dominated domain
within the western segment of the Jan Mayen basin (Fig. 5b and c; 8; 9¢
& 10d), thereby forming a transitional crustal segment in response to
increased igneous activity within the basin from the Early Oligocene
onward.

In contrast to the north-eastern flank, the southern domain of the
JMMC was uplifted in response to oblique spreading of the Zgir Ridge,
as well as its decreased spreading rates in its southern domain. The
oblique-spreading process was compensated by an anti-clockwise ro-
tation of the southern ridge system along the SRC transfer fracture zone
(SRCTFZ) (Gaina et al., 2009; Gernigon et al., 2015; Blischke et al.,
2017a). Extension within the Jan Mayen trough and the southern half
of the SRC generated compression in the northern part of the complex,
causing minor reverse faulting. The fan-like pattern of extensional
processes of the SRC and the Jan Mayen trough triggered a northward
propagation of volcanic activity across the Iceland plateau rift segments
(IPR-I to IV on Fig. 8) breaching the stretched and fractured crust of the
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SRC in numerous places (Fig. 7d). An overall thinning of the sediment
cover towards the south and southwest suggests that the SRC as well as
the main Jan Mayen ridge was probably uplifted. Increased igneous
activity is supported by frequent ash layers within the mudstone and
siltstone deposits in DSDP site 350 (Talwani et al., 1976a, 1977;
Blischke et al., 2017a).

4.3. Formation of the western JMMC igneous margin and 2nd breakup (30-
22 Ma)

The western volcanic margin of the microcontinent was developed
by spreading at the nascent Kolbeinsey ridge, fully separating the
JMMC domain from the central East Greenland shelf, as the ZAgir ridge
became extinct (~ 30-26 Ma) (Gaina et al., 2009; Gernigon et al., 2015).
Cessation of spreading within the Norway basin caused cooling and
subsidence along the eastern and south-eastern margins of the JMMC.

The increased igneous activity and formation of volcanic centres
along the western and south-western margins of the JMMC is placed
within the chronological time window of unit JM-20, specifically for
the area of the Jan Mayen trough, the southwest Jan Mayen igneous
province (SWIJMIP), and along the western margin of the Jan Mayen
basin (Figs. 4 and 5b,c, 7e and 9¢-d). The volcanic centres and probable
associated extrusive lava formations of this volcanic margin infilled the
topographical low areas along the Jan Mayen trough and the Jan
Mayen basin (Fig. 10e). The increase of igneous activity along the mi-
crocontinent's western edge probably caused a thermal anomaly, sub-
sequentially resulting in uplift of the area that can be seen on seismic
reflection and borehole data as the distinct MOU erosional surface
(Fig. 4; Table 3). A hiatus that spans across the top of the Jan Mayen
ridge, Lyngvi and most SRC ridges, and marks the acme of uplift
(Figs. 7b—d, 8 and 10e). The MOU erosional marker could represent a
combination event of both processes uplift and sea-level low changes,
as it is placed at 30 + 4 Ma which would include sea-level low changes
at about 28 Ma (Fig. 4; Table 3).

The uplift of the JMMC appears to correspond to an eastward tilt of
the main Jan Mayen ridge, as sediments were redeposited from the
truncated and eroded crest of the ridge into the Norway basin. The
south-western margin of the microcontinent, towards the SWJMIP, was
probably elevated as well from the Mid-Oligocene, as the overall sedi-
ment thickness decreased in contrast to the subsiding south-eastern IPR
segments, where an increase in sediment accumulation is indicated by
preserved fill within troughs and small basins across the south of the
SRC (Figs. 7e and 10e). Eastward tilting, erosion and redeposition along
the eastern slope of the JMMC is further suggested by the occurrence of
erosional channels, which may have acted as conduits for sediment
transport and apparent rapid sediment deposition across the basin
plain. These sediments show features similar to submarine creep zones
that indicate unconsolidated sediment emplacement onto an instable
and still subsiding slope (Shillington et al., 2012 or Li et al., 2016),
(Figs. 5 and 6).

The proto-Kolbeinsey ridge was fully established by approximately
22 Ma (e.g. Gaina et al., 2009; Gernigon et al., 2015; Blischke et al.,
2016). The F-marker flood basalts and associated intrusions (Figs. 7f
and 10f) most likely represent regionally extensive composite sheets of
flat-lying, lava flows and intrusive rocks emplaced along the western
JMMC margin and Jan Mayen basin, possibly during the latest Oligo-
cene to earliest Miocene (~ 25-22Ma), covering the underlying un-
consolidated, shallow-marine sediments (Gunnarsson et al., 1989;
Blischke et al., 2017a) (Fig. 4). This volcanic margin includes the
southwest Jan Mayen igneous province, which might be related to the
source of the F-marker, as well as internal igneous sources along fault or
fissure zones within the Jan Mayen basin (Fig. 5b and ¢, 7f and 9d,e).
However, there is currently no direct borehole evidence to confirm the
igneous origin of the F-marker; however, *“°Ar/*Ar dating of igneous
samples from DSDP borehole 348 indicates that a phase of volcanism
did occur between 23 and 22 Ma (Blischke et al., 2016, 2017a), which is
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well aligned to the geo-chron model of Gaina et al. (2009). Volcanic
activity of the Jan Mayen Island volcanic system also affected the mi-
crocontinent's northern and north-western margin at this time, which
formed an elevated volcanic margin with little-to-no sediment cover
(Fig. 7).

4.4. Spreading at the Kolbeinsey ridge (22 Ma to present)

Following the subsidence of the eastern flank of the JMMC and its
SRC into a deeper marine environment, caused by the cooling of the
Agir and IPR systems, the microcontinent itself started to subside in
response to the cooling of the more distal Kolbeinsey ridge system
(Fig. 10g). Unit JM-10 reflects a deeper-marine setting with decreased
sediment supply, localised erosional highs, and sediment accumulation
within the Jan Mayen basin and Jan Mayen trough, as well as distal
turbidite and sediment-drift deposits along the south-eastern flank of
the JMMC and SRC (Figs. 4 and 5b,c, 7f, 9e and 10f).

With the JMMC now occupying a central position within a newly
formed ocean, there was a shift of the overall drainage pattern from
west-east (Fig. 10e) to a more ridge parallel and ocean current domi-
nated north-south direction (Fig. 10f). The Miocene (JM-10-JM-05)
sediment thickness increases towards the southeast and south with an
indication of a distal source from the southwest, in the direction of the
newly-forming Iceland shelf area. Prominent ash layers within DSDP
boreholes 348, 349 and 350, and ODP site 985 indicate the presence of
continuous volcanic activity in the western and south-eastern part of
the region (Fig. 10f).

The most recent major environmental change relates to sea-level
drop associated with the onset of widespread glaciation during the Plio-
Pleistocene (unit JM-01 to seafloor) (Fig. 4). The stratigraphic record of
borehole 346 on the northern Jan Mayen ridge indicates terrigenous
sandy and muddy deposits interbedded with shallow-water siliceous
and glauconitic sandy mud, and volcanic ash layers most probably
derived from the Jan Mayen Island igneous system (Talwani et al.,
1976¢) (Fig. 10g). The occurrence of reworked cold water nanno-
plankton and pollen suggest that the northern JMR was located under
permanent ice cover with low organic production and receiving little
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ice-rafted material (Talwani et al., 1976¢; Dzinoridze et al., 1978).
High-resolution seabed bathymetry data show ice-sheet striation marks
across the northernmost section of the microcontinent and iceberg
plough marks across the main Jan Mayen ridge (Fig. 2). These ob-
servations suggest that the northernmost area of the JMR was located
either close to sea level and a local ice-sheet across the JMI existed with
sea-level curve data indicating a distinct drop at the time (Fig. 4); or the
area was located right at the edge of a thick ice-sheet at a deeper sea-
level that left the glacial striation marks. The JMI with the presently
active Beerenberg volcano (Fitch, 1964) related to the thermal uplift as
well, as an uplift process combination for the northernmost area of the
JMMC. The area being still active at present and juxtaposed to the inter-
junction of the EJMFZ and the JMI complex with at seafloor visible
subsea landslides and active graben faulting (Fig. 2).

Farther south along the Jan Mayen ridge and towards the SRC, the
JM-01 unit covers the underlying topography and its predominantly
parallel seismic reflection configuration suggests that it has not been
significantly disturbed by submarine glacial processes (Figs. 2, 6 and
7b). South of the SRC, sediment thickness increases into a topo-
graphically lower area (Figs. 7g and 10g). These sediments consist of
cyclical, interbedded units of glacial-marine mud and clays with ice-
berg-derived drop-stones, sandy mud and silt, scattered admixtures of
volcanic ash layers, and foraminiferal ooze indicative of intermittent,
milder conditions in between the glacial phases (Talwani et al., 1976a,
b; Jansen et al., 1996).

5. Regional correlation to JMMC

The Cenozoic stratigraphic framework of the JMMC is here com-
pared with equivalent successions in adjacent areas, including the East
Greenland margin, the Voring margin, Iceland, the NW Faroe margin,
and the Faroe-Shetland margin. Established stratigraphic schemes exist
for all these areas, and a stratigraphic-range chart for the Cenozoic
succession across this part of the NE Atlantic region is presented in
Fig. 11. The JMMC's adjacent margins are presented as summary sec-
tions of their specific tectono-stratigraphy in this section, followed by a
consideration of the potential implications for regional stratigraphic
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Fig. 11. Regional chronostratigraphic correlation chart of the JMMC in comparison to the Faroe-Shetland basin area (modified after Olavsdattir et al., 2013; Ritchie
et al., 2011; Stoker et al., 2013, 2018; Ellis and Stoker, 2014), the Vgring margin (Hjelstuen et al., 1997, 1999; Lundin et al., 2013), the East Greenland conjugate
margin area (Pedersen et al., 1997; Larsen et al., 1999a,b, 2002, 2005, 1989, 2013; Storey et al., 2004; Japsen et al., 2014; Bonow et al., 2014), and Iceland
(Seemundsson, 1979; Hardarson et al., 1997, 2008; and Hjartarson et al., 2017). Time scale used after Gradstein et al. (2012).
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correlation and palaeogeography across this region, including the
JMMC.

5.1. Adjacent NE Atlantic margins

5.1.1. Central East Greenland margin

A comparable structural setting for the JMMC exists along the
Blosseville Kyst area, central East Greenland, to which the micro-
continent was still firmly attached prior to breakup and represents the
closest analogue. Here specifically the onshore analogue site locations
of Kap Brewster, Kap Dalton, Jameson Land basin, Kangerlussuaq basin,
Milne Land, Savoia Halve, and Vintop are of interest and were sum-
marised (Pedersen et al., 1997; Larsen et al., 1999a,b; 2002, 2005,
2013; Hopper et al., 2014; Japsen et al., 2014; Bonow et al., 2014;
Rotevatn et al., 2018) (Figs. 1b and 11). Offshore central East Green-
land stratigraphic sections of marine to deep marine, and glacial de-
positional environments, are primarily based on seismic reflection data
interpretations and have very little age constrain (Hopper et al., 2014)
(Fig. 11).

Important sites, such as Kap Brewster show small rotated fault
blocks within the uppermost pre-volcanic/pre-breakup succession
containing possibly upper Danian to lower Selandian dark mudstones,
which correspond to the marine sections of the Ryberg Formation in the
Kangerlussuaq basin farther south-west (Soper et al, 1976; Nphr-
Hansen and Piasecki, 2002) (Fig. 11). Furthermore, are Lower Paleo-
cene deposits present at Hold with Hope and Wollaston Foreland in
Northeast Greenland (Larsen et al., 1999ab; Nghr-Hansen, 2003,
2012). Primarily preserved along the central East Greenland coast are
the extensive breakup flood basalts and intrusive rocks formations that
overlie the main breakup unconformity base plateau basalt (BPB) and
are exposed at surface marking the top plateau basalt unconformity
(TPB) (Larsen et al., 1989; Upton et al., 1995) (Fig. 11).

Syn-rift successions are known at Kap Dalton, such as the terrige-
nous to shallow marine Krabbedalen and Bopladsdalen Formation that
were preserved within the syn-breakup mafic and felsic Igtertiva ig-
neous outcrops (49-44 Ma) that form a local secondary top basalt un-
conformity (TIU) (Larsen et al., 1989, 2013) (Fig. 11). Offshore map-
ping indicates the continuation of a shallow shelf platform of syn-rift
units with a distinct Late Paleogene unconformity (Blischke &
Erlendsson, 2018) that could correspond the onshore upper planation
surface (UPS) described by (Japsen et al., 2014; Bonow et al., 2014).
The UPS formed as the result of an episode of late Eocene uplift and
erosion that affected the Blosseville Kyst region beginning between 40
and 35Ma (Japsen et al., 2014).

The Miocene (13-14Ma) and youngest igneous transitional to
mildly alkaline onshore outcrop of central East Greenland is the
Vindtoppen formation with isotopic evidence of Archaean contamina-
tions (Storey et al., 2004). The formation overlies the UPS and the
plateau lavas in the central part of the Blosseville Kyst (Figs. 1b and 11).

This UPS surface is overlain by a more than 2 s (TWT) thick Neogene
eastward-pro-grading sedimentary succession across the Liverpool Land
basin and Scoresby Sund offshore area (Larsen, 1990; Hamann et al.,
2005). Within the offshore succession, the Miocene-Pliocene boundary
was drilled by borehole ODP leg 162 site 987 that reached to about
~7,5Ma old sediments, but did not reach into the oceanic crustal
basement with an inferred age of ~10-11Ma (Jansen et al., 1996;
Channell et al., 1999a,b; Butt et al., 2001), closely located to magnetic
anomaly 5 (Vogt, 1986; Gaina et al., 2017b). This Mid-Late Miocene
unconformity is close to the base of the by Japsen et al. (2014) and
Bonow et al. (2014) described lower planation surface (LPS) onshore
(Fig. 11), an unconformity formed as the result of an episode of late
Miocene uplift and erosion that affected the Blosseville Kyst region
beginning at ~10 Ma (Japsen et al., 2014). A surface that is close to the
base of the youngest Neogene-Plio-Pleistocene primarily glacial sedi-
ment successions for the central East Greenland margin.
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5.1.2. Vpring margin

The Vering margin is part of the JMMC conjugate Norwegian
margin to the east and northeast and represents the best studied ana-
logue in comparison to the northeastern extend of the JMMC domain.
The area went through the same continental breakup processes around
the Paleocene and Eocene boundary that separated East Greenland from
the Norwegian shelf (Eldholm et al., 1987, 1989; Doré et al., 1999;
Faleide et al., 2010; Brekke, 2000).

Shallow to deep marine Paleocene sediments are present along the
Voring and Mgre margins that became increasingly deeper marine due
east into the basins Vgring and Mere offshore Norway (Breklke, 2000;
Faleide et al., 2010), and is bound by the base Paleocene unconformity
(BPU on Fig. 11). Clear evidence of volcanism with interbedded vol-
canoclastic tuffs and extrusive and intrusive rock formations are present
in borehole and seismic reflections records, such as seen in the Tare or
Tang formations along the Vpring continental margin and basin (e.g.
Dalland et al., 1988; Hjelstuen et al., 1999; Brekke, 2000; Lundin et al.,
2013) (Fig. 11).

Especially the Vgring continental slope consists of a complex record
of breakup volcanism and a complex build-up of seaward-dipping re-
flector's that show igneous activity from the pre-breakup extrusive rock
formations that are part of the NAIP during Thanetian (57-55 Ma) and
form the top plateau basalt breakup unconformity (Planke and
Eldholm, 1994; Blystad et al., 1995; Doré et al., 1999; Brekke, 2000;
Planke et al., 2000) (TP on Fig. 11). This was followed by post-breakup
volcanism of the earliest Eocene during Ypresian (55-46 Ma) of ex-
tensive extrusive volcanism and the forming of a subaerial lava es-
carpment along the western basin margins of the Voring and Mgre
basins, accompanied by considerable continued basin ward igneous
activity emplacing sill intrusive rock formations into the pre-breakup
strata (Skogseid et al., 2000; Planke and Eldholm, 1994) (Fig. 1b).

Uplift and faulting effected the V@ring margin, i.e. Gjallar ridge that
was located on-strike with the JMMC before breakup, into the
Paleocene time that can be seen as localised terrestrial platform areas
that most likely represented the sediment source areas for the sur-
rounding local graben areas and depositional centres of the western-
most Vering basin (Hjelstuen et al., 1999) (Fig. 11). The flank areas of
the Vering margin to the north and south, such as the outer Mgre
margin are covered with breakup volcanic rock formations that obscure
the pre-breakup stratigraphy of the Late Cretaceous to Paleocene.
However, it has been documented that the Paleocene stratigraphic
succession is thinning towards the westernmost Mgre margin high, or
even locally absent for its highest elevated areas, i.e. indicate strati-
graphic thickness mapping results of the Tang formation that locally
uplifted areas appear to be present, similarly to the locally exposed
Gjallar ridge area of the Vering margin (Hjelstuen et al., 1999; Brekke,
2000).

The post breakup Eocene to earliest Miocene succession is bound by
the regionally seen top basalt and the lower Miocene unconformities
(Hjelstuen et al., 1999) (TP and LM on Fig. 11). The succession is built
of primarily of deep and open marine depositions varying in thickness
with a general trend to thin across the underlying structural highs of the
margins that include compressional domes that are estimated to have
form during middle Eocene to early Oligocene (Doré et al., 2008). Thus
being the initial stage of localised forming of structural highs, as the
entire mid-Norwegian shelf margin was overall subsiding after final
breakup, but was locally affected by uplift that is believed to be asso-
ciated with doming events between mid-Eocene and mid-Miocene and
large scale tilting of the margins (Praeg et al., 2005; Doré et al., 2008).
Such a doming process appear to correspond to the locally seen hiatuses
across ridge areas of the Vgring margin and on-lapping successions at
the Eocene to Oligocene boundary (Brekke, 2000) (MO on Fig. 11).

Across the Vgring margin and basin the succession is represented by
the open marine Brygge formation primarily consisting of claystone,
siltstone, thin sandstone banks, limestone and marls (Dalland et al.,
1988) (Fig. 11). Increased deep water influences were observed along
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Fig. 12. Breakup reconstruction of the possible sediment-fairway maps for the central Northeast Atlantic for the (a) end of main breakup phase (~49Ma) and
beginning of final breakup (~30-22 Ma) phase of the JMMC. The maps are a compilation of this study for the JMMC area and modified after Blischke et al. (2017a,
2018). For the central Northeast Atlantic conjugate regions paleo-geographic map and interpretations were included and modified based on Eldholm and Windisch
(1974); Doré et al. (1999, 2008); Hopper et al. (2003, 2014); Berger and Jokat (2009); Gaina et al. (2009), Gaina et al. (2016), Gaina et al. (2017a,b); Roberts et al.
(2009); Eidvin et al. (2014); Ellis and Stoker (2014); Stoker et al. (2005a, 2013, 2018); Gernigon et al. (2015); Dassing et al. (2016); Kimbell et al. (2016); Mudge
(2015); Hjartarson et al. (2017) and Morlighem et al. (2017). Abbreviations: AR — Agir ridge, BK — Blosseville Kyst, COB — Continental ocean boundary, EICE — East
Iceland area, EJMFZ — East Jan Mayen fracture zone, FI - Faroe Islands, FSB — Faroe-Shetland basin, FSE — Faroe-Shetland escarpment, GIR — Greenland-Iceland ridge,
GIFRC - Greenland-Iceland-Faroe ridge complex, IB — Iceland basin, IFFZ — Iceland-Faroe fracture zone, IFR — Iceland-Faroe ridge, IP — Iceland plateau, JMB — Jan
Mayen basin, JMI — Jan Mayen igneous complex, JMR - Jan Mayen ridge, JMT - Jan Mayen trough, K - Kangerlussuaq, KB - Kap Brewster; KD - Kap Dalton; LLB -
Liverpool Land basin, MB — Mere basin, MM — Mgre margin, MGR — Munkagrunnur ridge, MR — Mohn's ridge, NB-Norwegian basin, NNS — Northern North Sea,
NWIRZ — Northwest Iceland rift zone, RIFZ — Reykjanes-Iceland fracture zone, RR — Reykjanes ridge, SD — Scoresby Sund, SRC — Jan Mayen southern ridge complex,
T@ — Trail @, TVIP - Traill @-Vegring igneous complex, VM - Vering margin, VB — Vering basin, VD - Vesturdjip, WIMZ — West Jan Mayen fracture zone, and WTR -
Wyville Thomson ridge.

the western extends of the Vering and Mere margins that are dominated estimated to have been active between 15 and 25 Ma and represents the
by calcareous ooze and stratigraphic thicknesses vary between 50 m oldest and Mid-Miocene known volcano-stratigraphic section of Iceland
and 1,3km passing the shelf edges (Dalland et al., 1988; Hjelstuen marked by a top hiatus at around 15 Ma (Hardarson et al., 1997, 2008)

et al., 1999). (NWIRZ on Fig. 11). Spreading activity shifted again from the Icelandic
The next following succession for the Vering margin is regionally northwestern shelf area to the Snafellsnes-Htinafléi rift zone that is
known as the middle Miocene to lower Pliocene succession, includes interpreted to have been active for about 8-10Ma until 7 Ma
the open marine Kai and Molo formations, and is bound by the lower (Hardarson et al., 2008) (HRZ on Fig. 11). This rift transition is well
Miocene and base Late Pliocene unconformities (Dalland et al., 1988; marked by an Iceland wide hiatus, also referred to as the 7Ma un-
Brekke, 2000; Eidvin et al., 2007) (LM and BP on Fig. 11). conformity (Szmundsson, 1979; Hardarson et al., 1997, 2008; and
The Kai formation forms a base unconformity (Stoker et al., Hjartarson et al., 2017). Subsequentially spreading shifted again at
2005a,b) that lines up with the lower Miocene hiatus across the margin around 7 Ma and formed the present day active Reykjanes-Langjokull-
that is believed to correspond to the mid-Miocene tectonic uplift and North-Iceland rift zone and the rift zone (NVZ on Fig. 11), indicating a
associated bottom-current erosional processes. In general does the for- broadly southeast shift of ridge centre activity by the process of rift-
mation vary in composition and depositional depth, and consists of jumps (Hjartarson et al., 2017). This process of rift transfer is ongoing
contourites deposits along the continental margin (Bryn et al., 2005; and can be observed in south Iceland, where a new rift propagation is in
Laberg et al., 2005; Stoker et al., 2005a; b). progress for the last 2-3 Ma, forming the eastern volcanic zone by
The Molo formation is time equivalent to the Kai formation but segmenting older pre-existing crust and forming micro-plates in the
represents the basin ward sandstone dominated formations of a deltaic process (Szemundsson, 1979; Einarsson, 2008).
system of longshore drift and coastal deposits from the east and The primarily onshore mapped stratigraphic record of Iceland for

northeast towards the Vgring margin that was caused by a regional the Mid-Miocene to Quaternary consists primarily of volcanic extrusive
uplift of mid-Norway during middle Miocene (Eidvin et al., 2007) and intrusive rock formations of primarily mafic composition and sec-

(Figs. 11 and 12b). ondarily felsic compositions that is emplaced within the Neogene strata

The uppermost succession across the Vgring margin and continental and close to central volcanic systems (Fig. 11). Onshore preserved se-
slope consists of the regionally extensive and up to 1.8 km thick pre- diment sections that are found locally in between volcanic strata can be
dominantly glacial Naust formation of a 150 km westward prograding up to 200-500 m thick and represent 5-10% of the total volcano-stra-
shelf systems (Dalland et al., 1988; Brekke, 2000; Rise et al., 2005, tigraphic section (Semundsson, 1979; Grimsson and Simonarson,
2010; Ottesen et al., 2009). The base of this succession is formed by the 2008). On- and offshore areas, where sediment strata reaches to at least
regional known hiatus between mid-late Pliocene (e.g. Brekke, 2000, up to 2km thickness, are specifically known along the north Iceland
2005; Stoker et al., 2005a; b) (BP on Fig. 11). Basin ward and west of shelf and the Flatey-Tjornes sedimentary stratigraphic sequence
the continental slopes are seen primarily hemi-pelagic sediments and (Fig. 11). The Tjornes peninsula onshore exposures are up to 500 m
contourites along the deep sea topographic rises (Rise et al., 2005; thick, consist of paralic-shallow marine sandstones that are interlayered
Laberg et al., 2005). by terrestrial mudstone, muddy sandstone and lignite, and are inter-

rupted by sporadic extrusive lava emplacement events (Eiriksson, 1981;
Simonarson and Eiriksson, 2008). Icelandic sedimentary rocks in gen-
eral are of mixed compositions from terrestrial to lacustrine-shallow
marine facie types (Grimsson and Simonarson, 2008) that are formed
by thin-bedded shale, mudstone, siltstone, or slump-turbiditic deposits,
and prograding coarser deltaic deposits of sandstone and conglomerate.
Leave imprints, seeds, stems, fossilised tree branches and rare faunal
remains can be found within the lacustrine beds (Grimsson and
Simonarson, 2008; Denk et al., 2011).

The Flatey-Tjones area is a good type location for the overlying
increased glacial sediment record (Fig. 11), marking the onset of
cooling towards the end of the Pliocene. During the Pleistocene, several
glacial events removed approximately 1 km of the Iceland plateau ba-
salts (Walker, 1964), the eroded deposits, of which, were likely de-
posited into newly formed basins off the Iceland shelf, such as the
Iceland plateau area to the north-east (Figs. 7g, 10g and 11).

5.1.3. Iceland

The forming of Iceland is directly related to the junction of multiple
rift systems across the Greenland-Iceland-Faeroes ridge complex and
increased volcanism that link the Reykjanes ridge to the south and the
Kolbeinsey ridge to the north, and forms the direct southern margin of
the JMMC domain.

The oldest (> 15Ma) known and dated onshore geological rock
record of Iceland have been found along the northwest coast of the
Westfjords, around 14 Ma along the Iceland's eastern coast, and about
12Ma in central north Iceland (Szmundsson et al., 1980; McDougall
et al., 1984; Hardarson et al., 1997; Pringle et al., 1997; J6hannesson
and Semundsson, 1998) (Fig. 11). Deeper rock formation can only be
implied, as they are buried underneath younger volcano-stratigraphic
sections, with the oldest provinces of present day Iceland consisting of
up to 35 km thick crust in East Iceland, and about 25-30 km thick crust
along West Iceland (Menke et al, 1996; Staples et al., 1997
Brandsdottir and Menke, 2008). 5.1.4. NW Faroe margin

The adjacent insular shelf margin to the north-west of Iceland was The Cenozoic succession on and around the Faroe Islands is domi-
very likely formed by the extinct Northwest Iceland rift zone, which is nated by the Faroe Islands Basalt Group (FIBG) which comprises a thick
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Fig. 13. Chronostratigraphic summary chart of the JMMC uncenformities (Fig. 4 and Table 3) in correlation to unconformities of adjacent margins (Fig. 11), sea level
changes and §'%0 data by Van Sickel et al. (2004), Miller et al. (2008), and Murray-Wallace and Woodroffe (2014), Paleogene East Greenland ice-rafted debris
occurrences by Tripati and Darby (2018), ocean gateway interpretations (Stoker et al., 2005a,b; Stérz et al. 2017), NE Atlantic spreading direction changes modelled
by Gaina et al. 2017a,b), main igneous provinces and rift relocations after Seemundsson (1979), Hardarson et al. (1997, 2008), Saunders et al. (2013), Thordarson and
Hoskuldsson (2008), Brandsdoéttir et al. (2015), Blischke et al. (2017a), Geissler et al. (2017), and Hjartarson et al. (2017), mid-oceanic ridge systems and orogenies
modified after Lundin and Doré 2002. Key of igneous provinces and rift relocations: GIFRC — Greenland-Iceland-Faroe ridge complex, IPR — Iceland plateau rift zone,
NAIP — North Atlantic igneous province, SWJMIP — Southwest Jan Mayen igneous province, TVIP - Traill @-Vering igneous complex; Iceland: EVZ — Eastern volcanic
zone, NWIRZ — Northwest Iceland rift zone, RLNRZ — Reykjanes-Langjokull-North Iceland rift zone, SHRZ — Snafelsnes-Htinafléi rift zone, SVB — Snafellsnes
intraplate volcanic belt, and OVB - Orafi intraplate volcanic belt. Time scale from Gradstein et al. (2012).

(> 6 km) succession of Paleocene-Lower Eocene volcanic rocks, which
covers almost the entire Faroese continental margin (Passey and Jolley,
2009; Passey and Hitchen, 2011). The FIBG extends westwards onto the
Iceland-Faroe Ridge (IFR) and eastwards into the Faroe-Shetland basin
(Fig. 11) and is juxtaposed with the former spreading ridge - the &gir
Ridge - just north of the area. The lower part of the FIBG, the Lopra
Formation, is dominated by volcaniclastic and hyaloclastic rocks that
contain microfossils indicative of a marine environment (Ellis et al.,
2002), whereas the middle and upper parts of the group are dominated
by subaerial basaltic lava flows assigned to the Beinisverd, Malinstindur
and Enni formations (Rasmussen and Noe-Nygaard, 1969, 1970;
Berthelsen et al., 1984; Passey and Bell, 2007; Passey, 2009). The ter-
restrial basaltic formations are separated by three sedimentary and
volcaniclastic units: the Prestfjall and Hvannhagi formations, which lie
between the Beinisvgrd and Malinstindur formations, and the Sneis
Formation, which separates the Malinstindur and Enni Formations
(Passey and Jolley, 2009). The Prestfjall Formation comprises a thin
coal-bearing sedimentary unit that correlates with the A-horizon; at
present, this is only regional seismic reflector identified within the FIBG
and separates the pre-breakup Mid-to Late Paleocene (Selandian-Tha-
netian, ~61-56 Ma) Lopra and Beinisverd formations from the over-
lying syn-breakup Early Eocene (early Ypresian, ~56-54.9 Ma) Mal-
instindur and Enni formations (Mudge, 2015; Olavsdéttir et al., In
Prep.). The A-horizon is broadly correlated with the Flett unconformity
(see section 5.5) in the Faroe-Shetland basin (Fig. 11).

North of the Faroe Islands, the syn-breakup lava succession passes
into the seaward-dipping reflector succession associated with the
former spreading system of the Zgir Ridge. To the NW, the FIBG ex-
tends onto the IFR, though its relationship to the volcanic rocks of this
ridge remains unclear as younger (Middle Eocene: dated as
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41.5 * 2.5Ma) subaerial basalts were proved at DSDP site 336 on its
northern flank (Talwani et al., 1976f; Olavsdottir et al., 2017) (Figs. 11
and 13). These basalts were subsequently transgressed by Upper Eo-
cene-Oligocene marine mudstones in a shelf-to-upper-slope environ-
ment, though the crest of the IFR likely remained subaerial; a scenario
that probably persisted into the early Neogene as evidenced by a sig-
nificant Miocene hiatus (Stoker and Varming, 2011; Ellis and Stoker,
2014). Northwards, beyond the drill site, a substantial Oligocene —
Pleistocene shelf-margin wedge prograded into the Norway basin
(Nielsen and van Weering, 1998).

5.1.5. Faroe-Shetland margin

The structural framework of the Faroe-Shetland margin is domi-
nated by the Faroe-Shetland basin, a semi-enclosed basin (to the south)
throughout much of the Palaeogene but developed into a through-going
deep-water conduit from the early Neogene (Stoker et al., 2005a)
(Fig. 12). The Cenozoic rock record in the Faroe-Shetland basin is
punctuated by a series of unconformities that reflect a persistent tec-
tonic instability throughout the Palacogene-early Neogene interval
(Stoker et al., 2018). It may be no coincidence that this interval spans
the prolonged history of breakup associated with the JMMC, as de-
scribed in section 4. Key phases of development are as follows:

e The Paleocene pre-breakup rifting phase (late Danian-Thanetian,
~63-56 Ma) was characterised by the formation of a series of sag
and fault-controlled sub-basins (Dean et al., 1999; Lamers and
Carmichael, 1999). Coeval borderland uplift events (rift-pulses) led
to an episodic influx of coarse clastic sediment preserved as un-
conformity-bounded cyclical accumulations of shelf, shelf-margin
and basinal deposits of the Shetland and Faroe groups (Ebdon et al.,
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1995; Goodwin et al., 2009; Mudge, 2015) (Fig. 11). Rifting and
extension was accompanied by volcanism associated with the Lopra
and Beinisverd formations of the FIBG (Mudge, 2015; Olavsdéttir
et al., 2017).

The latest Paleocene uplift, erosion and formation of the Flett un-
conformity (Fig. 11) at about 56 Ma marked a major regression that,
in the southern part of the Faroe-Shetland basin, was characterised
by a change from largely marine to coastal plain and terrestrial se-
dimentation of the Moray Group (Ebdon et al., 1995). This change
was coeval with the extrusion of flood basalts of the syn-breakup
Malinstindur and Enni formations of the FIBG, between about 56
and 55Ma (Mudge, 2015). Extensive tuffs in the upper part of the
Moray Group (Balder Formation) probably mark the instigation of
discontinuous sea-floor spreading along the northern margin of the
Faroe-Shetland region during chron C24r (early Ypresian,
55-54 Ma) (Passey and Jolley, 2009).

The syn-breakup phase continued during the Early-Mid-Eocene
(early/mid-Ypresian—early Lutetian, ~54-46Ma) and represents
the rift-to-drift transition (Stoker et al., 2018). An alternating, cy-
clical succession of coastal plain, deltaic and shallow-marine de-
posits preserved in the lower part of the Stronsay Group (Fig. 11)
attest to tectonic instability throughout this interval linked, in part,
to episodic uplift of the Munkagrunnur and Wyville Thomson ridges,
on the southern flank of the Faroe-Shetland basin (Olavsddttir et al.,
2010, 2013; Stoker et al., 2013) (Fig. 12).

The early Mid-Eocene (chron C21) instigation of continuous sea-
floor spreading in the Norway basin marked the onset of the post-
breakup phase on the Faroe-Shetland margin. In the Faroe-Shetland
basin, this change was marked by the initiation of a series of
Mid-Late Eocene (mid-Lutetian—Priabonian, ~46-35Ma) uplift
events linked to the continued growth of structures, such as the
Wyville Thomson and Munkagrunnur ridges, the instigation of in-
version domes within the basin, and the tilting of the West Shetland
margin (Ritchie et al., 2008; Olavsdéttir et al., 2010, 2013; Stoker
et al., 2013). This tectonic activity resulted in the formation of a set
of subaerial and submarine unconformities (T2d, i2¢, T2c, T2b) that
reflect the episodic uplift, erosion and re-deposition of the con-
temporary Eocene basin-fill (Stoker et al., 2013, 2018) (Fig. 11).
The late Palaeogene-early Neogene interval (~35-15Ma) wit-
nessed a major change in the shape of the Faroe-Shetland region,
and arguably marked the instigation of the present-day physio-
graphy of the continental margin (Fig. 12b). In the latest Eocene/
Early Oligocene, tectonic movements linked to compression and/or
rapid differential subsidence (sagging) led to the basinward collapse
of the Late Eocene shelf-margin, west of Shetland, and the general
disposition of the Eocene succession, which was folded about the
axes of the Wyville Thomson, Munkagrunnur and Fugloy ridges
forming the T2a unconformity (Stoker et al., 2013) (Fig. 11). This
regional surface was variably onlapped by Oligocene and Lower
Miocene basinal sequences, which were themselves deformed by
compressional stresses that persisted throughout this interval
creating the angular submarine discordances of the Top Palaeogene
unconformity and the Intra-Miocene unconformity; the latter
marking the early Mid-Miocene culmination of widespread inver-
sion and fold growth (Johnson et al., 2005; Stoker et al., 2005b;
Ritchie et al., 2008).

Mid-Miocene-Pleistocene sedimentation in the Faroe-Shetland basin
was dominated by deep-water sediment-drift deposits (Stoker et al.,
2005a). Early Pliocene uplift and tilting of the West Shetland and
East Faroe margins accompanied by basinal subsidence resulted in a
major seaward progradation of the shelf-slope wedges as well as
deep-marine erosion during a reorganisation of bottom current
patterns (Andersen et al., 2000; Stoker et al., 2005a; Olavsdéttir
et al., 2013). This late Neogene deformation formed the Intra-Neo-
gene unconformity (late Early Pliocene, ~4 Ma) (Fig. 11). Mid- and
Late Pleistocene sedimentation was dominated by shelf-wide
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glaciations which enhanced the shelf-slope prograding wedges
(Stoker et al., 2005c).

6. Regional stratigraphic correlations

Based on the above data, we are able to make some general regional
observations regarding the Cenozoic development of the JMMC and
adjacent areas in terms of regional stratigraphic correlation, palaeo-
geography, and structural development (Figs. 11-13).

Using the charts in Fig. 11, two palaeogeographic maps have been
constructed in Fig. 12 representing the two breakup phases for the
JMMC that are set within the wider context of the NE Atlantic: (1) End
of first breakup phase at ~49 Ma; and (2) Beginning of final breakup
phase at ~30-22 Ma. On the palaeogeographic maps, structural trends,
igneous complexes, fracture and rift zones, are based on present-day
features mapped on potential field data, and a detailed kinematic re-
construction model (Blischke et al., 2017b). Parallel rift-systems line-up
during reconstruction of anomalous magnetic trends in relation to the
Iceland Plateau Rift and the formation of the Greenland-Iceland-Faroe
ridge complex (GIFRC). The latter is specifically connected to lateral
crustal thickness changes, mapped subaerial rift systems based on the
distribution of SDRs for the region, and reconstructed igneous centres.
All observations and correlations were then summarised in Fig. 13 to
highlight the series of structural, magmatic, spreading directional
changes, and climate change events that affected the central NE
Atlantic area in correlation to JMMC during the Cenozoic.

6.1. Paleocene to earliest Eocene rifting and breakup time

The Cenozoic sedimentary record can be reconstructed based on the
compiled dataset and analogue comparisons from rifting to breakup
time during Paleocene and the earliest Eocene, primarily during the
emplacement of the plateau basalts and the SDR's, which both belong to
the NAIP (63-52 Ma) (Figs. 11-13). In the case for JMMC can this be
compared to the analogue area of onshore central East Greenland, the
offshore areas west and north of the JMMC, such as the conjugate
Vgring and Mgre basins of Norway (Brekke, 2000; Faleide et al., 2010),
and the analogue areas due southeast and east are the Mere and Faroe-
Shetland margins, where good seismic data and offshore deep well
control exists (e.g. Pedersen et al., 1997; Larsen et al., 1999a,b, 2002,
2005; Brekke et al., 1999; Ritchie et al., 2011; Stoker et al., 2013, 2018;
Ellis and Stoker, 2014; Larsen et al., 2013; Olavsdéttir et al., 2013;
Japsen et al., 2014; Bonow et al., 2014) (Figs. 4, 9a and 11 and 13).

The reconstructed microcontinent aligns adjacent to central East
Greenland's coastline during pre-breakup time: thus, similarities in the
overall stratigraphic succession should be expected (Figs. 10a, 11 and
13). The areas of the Jameson Land basin and Liverpool Land high
reconstruct adjacent to the northern section of the Jan Mayen ridge and
are believed to have been covered by pre-breakup and plateau basalt
sequences as well (e.g. Blischke et al., 2017b). The geology along the
Blosseville Kyst coast line serves as a direct analogue area for the mi-
crocontinent, specifically the Lyngvi Ridge area and the southern half of
the JMMC, as they realign parallel to each other (Fig. 1b).

6.1.1. Pre-breakup units and regional unconformities

The regionally known base Cenozoic unconformity BPU can be
observed in the JMMC data as well (Figs. 6, 11 and 13), where a paleo-
surface with seismic reflector dip changes of the possible Mesozoic
section below the unconformity and the overlying Paleogene section
creates a discontinuity across the JMMC, which has also been observed
in the Kap Brewster location (Soper et al., 1976; Nohr-Hansen and
Piasecki, 2002) (Figs. 4-6, 9 & 11). The unconformity is clearly visible
across the main Jan Mayen and the Lyngvi ridges and was confirmed by
velocity contrast of seismic refraction data profiles for OBS and ESP
datasets, as no borehole data exists to confirm this marker (Fig. 5 &
Table 2).
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The JMMC's pre-breakup unit JM-70 shows marked similarities in
seismic-reflection character that is dominated by parallel-bedded pla-
teau basalts across the JMMC (Fig. 9a), and to the velocity range to the
Blosseville Kyst area's Lower Paleocene plateau basalts (Table 2). Re-
viewing a JMMC example in comparison to the possible Early Eocene
pre-breakup plateau basalt with its underlying Paleocene sedimentary
section, small eastward dipping wedges above the possible Mesozoic
top marker can be seen (Fig. 6) that are similar to the Kap Brewster
analogue location. Here small rotated fault blocks in the uppermost pre-
volcanic/pre-breakup rocks are noted, reflecting the extension of the
area before breakup. The half-graben sediments consist of possibly
upper Danian to lower Selandian dark mudstones that correspond to the
marine sections of the Ryberg Formation in the Kangerlussuaq basin
(Soper et al., 1976; Nphr-Hansen and Piasecki, 2002).

Similarly, in the Faroe-Shetland region the occurrence of pre-
breakup rifting, subsidence and the formation of fault-controlled sub-
basins is documented to have occurred during the Paleocene (late
Danian-Thanetian, ~63-56Ma) (Dean et al., 1999; Lamers and
Carmichael, 1999). Furthermore, the presence of Lower Paleocene de-
posits have been reported at Hold with Hope and Wollaston Foreland of
Northeast Greenland (Larsen et al., 1999ab; Nphr-Hansen, 2003;
2012), and in the Vering and Mgre basins offshore Norway (Hjelstuen
et al., 1999; Brekke, 2000; Faleide et al., 2010). Considering that these
areas are the closest conjugated segments for the microcontinent, this
would imply that the Paleocene pre-breakup rocks also extend re-
gionally across the JMMC.

The upper-bounding unconformity of unit JM-70 — TV — represents
the main breakup unconformity for the JMMC. Regionally, several
latest Paleocene to earliest Eocene unconformities correlate well to this
breakup marker, i.e. TPB, TP, TV or BSU for the earliest Eocene (c. 55-
54 Ma) (Figs. 11 and 13). Here the regional breakup unconformity of
Early Eocene is described as top volcanics (TV), or top plateau basalts
(TP or TPB), which can be seen on seismic reflection, outcrop and
borehole data across the region, on the central East Greenland shore,
across the Vgring margin, JMMC, and the NW Faroe, and Faroe-Shet-
land margins (Fig. 11 and Table 3).

The base of these plateau basalt and pre-breakup volcanic rocks
(BPB on Figs. 11 and 13), mark the lower boundary of the main re-
gionally-observed igneous event of the NAIP. This pre-breakup base
unconformity is confirmed for the East Greenland margin, and can be
seen as a seismic reflection marker across the high and well imaged
areas of the JMR as well (Figs. 5 and 6). A chrono-stratigraphic areal
mapped distribution of the various units of the NAIP has not yet been
fully resolved, but differences in the timing of igneous activities for
each area can be seen from comparison of each conjugate margin area
of the microcontinent (Fig. 11). The pre-breakup plateau basalt section
can be seen consistently across the entire region (Figs. 1b and 11), al-
though the igneous activity was active longer in the Faroe-Shetland
region since c. 61 Ma, 57-55Ma along the Vering margin, and since
56 Ma for the central East Greenland margin marked by the BPB un-
conformity (Figs. 11 and 13).

In regards to the sub-aerial plateau basalts are those well exposed
along the central East Greenland coast of the Blosseville Kyst and
overlie Lower Paleocene terrigenous sediments that are visible at the
Kap Brewster and Kap Dalton locations, and Precambrian gneiss at the
Milne land location (KB, KD & ML on Fig. 1b) (Nehr-Hansen, 2003;
Storey et al., 2007 & Larsen et al., 2013, 2014). These sediment and
basalt units are believed to have subsequently been eroded by up to
2-3 km stratigraphic thickness, which is based on age-dating of basaltic
intrusions and burial depth-based apatite fission track analysis
(Mathiesen et al., 2000; Larsen et al., 2013; Japsen et al., 2014; Bonow
et al., 2014).

Across the JMMC the mapped central East Greenland pre-breakup
plateau basalt-equivalent section increases in stratigraphic thickness
towards the south. This is even noticeable as these rocks have been
more greatly affected by erosion across the Lyngvi ridge than across the
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JMR further north (Fig. 5a). Towards the north are the plateau basalts
on-lapping onto the Jan Mayen igneous complex that was closest lo-
cated to the Vpring margin via the Proto-JMFZ (Figs. 1b and 5a). This
north to south stratigraphic thickness increases of the plateau basalt
strata has been observed from the southern area of the Blosseville Kyst
to the Kangerlussuaq basin, and the north-western area of the Faroe
Islands platform (Brooks, 2011). The total plateau basalt succession is
estimated to increase to 6-7 kmm towards the Kangerlussuaq area, but
becomes younger and dramatically thinner to the north in Scoresby
Sund and Jameson Land basin due to regional on-lap to a high area and
subsequent erosion (Larsen et al., 1999a,b, 2014; Passey and Jolley,
2009; Passey and Hitchen, 2011; Arting et al., 2014). Thus, pinpointing
to the main initial focal points of initial breakup initiation areas be-
tween East Greenland and the Faroe margin, and the Proto-JMFZ -
Vering shelf margin with the JMMC located in between as an elevated
terrain.

6.1.2. Early Eocene syn-breakup

Prior to breakup, the area was uplifted along the microcontinents
eastern volcanic margin, with the plateau basalt section exposed to
erosion by forming a clear unconformity (TV on Figs. 4 and 11), but
reversed during breakup and gradually sub-siding along its eastern
margin during the formation of the SDR's and recorded shallower
marine Early to Mid-Eocene pro-grading deltaic systems that form unit
JM-60 (Figs. 6 and 10a). Initiation of seafloor spreading has been es-
tablished for the Traill @-Vgring- Mgre-Faroe-Shetland margin to lie
within chron C24r during early Ypresian (55-54 Ma) (e.g. Passey and
Jolley, 2009; Gaina et al., 2009; Gernigon et al., 2015). This time span
correlates with the JMMC's main breakup base unconformity (TV) to
the East Greenland top plateau basalt unconformities (TPB) and the
Vering margin top Paleocene - basalt unconformity (TP) (Figs. 11 and
13). In the Faroe-Shetland region, the initiation of the syn-breakup
phase is marked by the A-horizon and the FU, though the onset of
limited ocean spreading essentially correlates with the TV and BSU.

Full breakup along the eastern margin of the JMMC occurred from
55 to 52 Ma along an elevated eastern margin with the Z£gir ridge SDR's
units on-lapping onto the microcontinent's TV unconformity (Figs. 5
and 9a) (Gaina et al., 2009; Gernigon et al., 2015). The SDR's were
identified primarily for the central and northern part of the JMMC,
where most of the SDR forming occurred (Fig. 5) becoming more
complex towards the JMI with its counterpart along the Vering margin
(Fig. 11) (Blischke et al., 2016a). The modelled change of Eurasia-
Greenland’s spreading rate and direction (c. 54-52 Ma) by Gaina et al.
(2017a,b) corresponds to the JMMC's main mid-oceanic rift initiation
unconformity “TSDR” (c. 52 Ma) (Figs. 11 and 13).

6.1.3. Palaeostructural and geographical considerations

01d structural trends and their intersection create potential zones of
weak crust, where mid-oceanic ridge segments or hot-spot upwelling
are likeliest to break through (Schiffer et al., 2018), which in turn
causes localised thermal uplift of the affected area, such as the areas
south and north of the JMMC that are marked as the GIFRC, IPR
(Blischke et al., 2017b; Hjartarson et al., 2017), Traill @-Vering igneous
complex (TVIP) (Geissler et al., 2017; Gaina et al., 2017b), and the JMI
areas in Fig. 12a. These are the areas suggested to be the sites of initial
breakup that affected the surrounding regions by localised large ig-
neous activity, which overlay modelled Iceland hot spot locations for
breakup time Rogozhina et al. (2016) and Mordret (2018). These ob-
servations are based on hot spot track, heat flow, and 3-D shear wave
velocity modelling that indicate a broad lineament of magmatic intru-
sions in Greenland's crust. These regions are predestined for differential
uplift, which in turn cause linked structural processes and erosion,
changing sediment path-ways and distributions that are not correla-
table to global sea-level changes. Thus a detailed review of the sediment
record clearly functions as a gage, where and when igneous and
structural activities occurred around the larger JMMC region. As the
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JMMC is “sandwiched” in between these two active and uplifted re-
gions, the stratigraphic record does reflect this in the form of a strati-
graphic thinning towards the north and the south and the development
of a depositional low in the central part of the microcontinent (Figs. 5,
9a and 10a and 12a).

In comparison to global and North Atlantic region modelled sea
level changes and §'%0 data by Van Sickel et al. (2004) and Miller et al.
(2008) the top of the SDR's (TSDR on Figs. 4, 11 and 13) correlate best
with the maximum Eocene thermal optimum and flooding event
(~52Ma). Furthermore no significant sea level change could be seen
for the Paleocene-Eocene thermal maximum (PETM) event, which is
interpreted as a short lived but rapid warming event around ~55.5 Ma
(Bowen et al., 2015). Nevertheless, the data show a good correlation
between major extrusive volcanic activity and climate changes within
the NE Atlantic region for the pre-breakup and breakup phase.

6.2. Early to Mid-Eocene from breakup to rift-to-drift

The rift-to-drift transition of the Z£gir mid-oceanic ridge within the
Norway basin was forming an oblique spreading system by ~49 Ma
(Gaina et al., 2009; Gernigon et al., 2015; Blischke et al., 2017a)
(Fig. 12a), however, the first definitive and continuous spreading
anomaly was not achieved until chron C21 (late Ypresian—early Lu-
tetian, ~48-46 Ma) (Gaina et al., 2009; Ellis and Stoker, 2014; Blischke
et al.,, 2017b). Volcanic activity continued along the microcontinents
northern and eastern margins, and along the Iceland Plateau rift to the
southeast to south of the microcontinent. North of the JMMC, the ig-
neous system Traill @-Vering igneous complex continued to be active
(Geissler et al., 2017), connecting the East Greenland igneous province
to the Vering igneous domain between 52 Ma to 49 Ma. These areas
align side by side to the JMI at ~49 Ma and form the north-western
edge of the eastern Jan Mayen fracture zone located within a marginal
marine environment along the east Greenland shelf, into marine and
deeper marine depositional settings along the Vering margin. Along the
JMMC's western margin a transition to a shallow marine area devel-
oped, and south of JMMC forms the IPR and the GIFRC as subaerial
ridge complex that align with the terrestrial and subaerial margin of the
Faroe margin, and the terrestrial to shallow marine area of the Faroe-
Shetland margin (Figs. 11 and 12a).

6.2.1. Rift-to-drift units and adjacent margins

The JMMC's primarily shallow marine unit JM-50 includes marginal
marine to deltaic sections, and its shallow marine to subaerial volcanics
(Fig. 12a). Here specifically, the microcontinents top Mid-Eocene un-
conformity (ME; c. 43 = 3 Ma) aligns with the top of the Igtertiva ig-
neous formation and its unconformity (TIU) (Japsen et al., 2014), and
with a series of unconformities in the FSB within the 46-40 Ma time
span (T2c, i2¢, and T2d on Figs. 11 and 13), which reflect high-fre-
quency differential vertical motions and growth of inversion domes,
indicating that these areas were all variably and episodically exposed
above sea level during the Mid-Eocene (Lutetian-Bartonian) (Stoker and
Varming, 2011; Stoker et al., 2013, 2018). In the western part of the
FSB, Olavsddttir et al. (2013) identified a ‘Mid-Eocene’ hiatus which
they tentatively correlated with T2c. The Vering margin did not show a
correlation for that distinct ME unconformity within a time range of
46-40 Ma except small high ridge areas along the outermost continental
slope crest (Hjelstuen et al.,, 1997, 1999).

Strong similarities can be seen by comparing the seismic char-
acteristics of the JMMC's unit JM-50 with the FSB terrestrial to shallow
marine deposits of the Stronsay Group with alternating succession of
deltaic and shallow-marine sediments (Figs. 4 and 11). The Munka-
grunnur Ridge Delta is part of that group and prograded northwards
into the Faroe-Shetland basin (Olavsdéttir et al., 2010), as the JMMC
deltaic system prograded in an easterly to north-easterly direction into
the Norway basin, being located at the opposite end of the newly
forming ocean basin. Several phases of prograding deltaic systems
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within the JM-50 might also relate to short-lived global cooling episode
(c. 50.3Ma) that occurred abruptly and has been recorded in many
regions as a low-stand and re-sedimentation deposition period (Payros
et al., 2015).

Along JMMC's western margin a transitional to shallow marine area
developed (Figs. 9b and 10a,b), which can be tied to small infill grabens
preserved along the northernmost part of the Blosseville Kyst, at Kap
Dalton and Savoia Halve. A transgression from terrestrial to shallow
marine sediments can be observed within the Bopladsdalen formation
of the Kap Dalton Group which correlates to the same age range of the
JMMC Early to Mid-Eocene deposits (Larsen et al., 2005) (Figs. 11 and
12a), suggesting that the paleo-shoreline lay on top and across parts of
the Blosseville Kyst region which probably served as the main source
area for the JMMC Lower-Mid Eocene delta system (Fig. 12a). The
higher parts of the Blosseville Kyst and the southern flank of the mi-
crocontinent formed an embayment, where increased magmatism along
the IPR's is observed as well as increased igneous activity of the central
East Greenland coast (Larsen et al., 2014). Here the microcontinents
southern extend corresponds to the lower part of the Igtertiva forma-
tion, mapped at Kap Dalton (KD) (~49Ma) on the conjugate East
Greenland margin (Larsen et al., 2014) (Fig. 11), and coincides with the
initiation of rift-transfer from the ZAgir Ridge to the IPR (F on Fig. 10a).
A rift transfer that is located within a phase of an overall change in
spreading direction and decrease in seafloor spreading rate within the
NE Atlantic domain, which is described by Gaina et al. (2017a,b)
(Fig. 13), and does correlate to the main mid-Eocene hiatus and un-
conformity ME.

To the south of JMMC, the GIFRC links the Agir and Reykjanes
Ridge systems through a complex fracture zone region and off-ridge
volcanic systems, connecting the ZAgir Ridge with the Iceland plateau
rift segments, onto the Blosseville Kyst, including segments of present
day East Iceland (Fig. 12a). The seismic reflection characteristics for
this area indicate SDR's, igneous complexes, and older crustal segments
that formed an Iceland type oceanic crust within the proto-GIFRC
(Arting et al., 2014; Blischke et al., 2017a; Hjartarson et al., 2017). The
area has been shown as a sub-aerial volcanic region, corresponding to
the terrestrial depositional environment of the Faroe Islands (Stoker
et al., 2005a, 2018) (Fig. 11). The actively expanding GIFRC and IPR
areas thus appear to have had a direct effect on the basin development
within the JMMC and the FSB throughout the Early to Mid-Eocene in-
terval (Figs. 11 and 12a).

6.2.2. Palaeogeography

Even though the central northeast Atlantic region went through an
active igneous (e.g. GIFRC or IPR on Fig. 13) and structural re-
arrangement during the formation of the active spreading systems, is it
not certain that the formation of the regional ‘Mid-Eocene’ un-
conformity was solely due to local or regional uplift processes. A global
sea level drop of nearly 60 m occurred during the Mid-Eocene (Fig. 4)
(Van Sickel et al., 2004); thus, the possibility that the ‘ME’ un-
conformity is at least in part a response to this drop in sea level, as well
as other factors, such as a cooling climate after the Eocene thermal
maximum (45-42Ma: as supported by ice-rafted debris (IRD) in the
Northeast Atlantic region: Tripati and Darby, 2018) (Fig. 4)), cannot be
discounted.

Still a structural alignment of the palaeogeography appears rea-
sonable, as paleogeographic reconstruction of the Faroe-Shetland basin
(FSB) illustrates an en-echelon NNE orientation of the JMMC embay-
ment area across the central Northeast Atlantic with NE sediment
transport direction and primary sediment influx from the east and south
into shallow seas (Andersen et al., 2000; Stoker et al., 2013, 2018)
(Fig. 12a). The main local uplift and source areas are related to episodic
uplift of the Munkagrunnur Ridge (Olavsdéttir et al., 2010, 2013) in
line with the structural direction of the Faroe Islands and the Iceland
plateau rift zone. The Wyville Thomson Ridge grew during this time as
well (Ritchie et al., 2008; Tuitt et al., 2010) following the structural
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grain of the developing fracture zones of the Reykjanes ridge (RIFZ on
Fig. 12a). This being part of the extensive terrestrial region south of the
FSB is part of the terrestrial and subaerial North Atlantic land bridge
between Greenland and Scotland (Denk et al., 2011; Stoker et al., 2013,
2018), which is supported by paleo-current modelling of lagoon cir-
culation conditions for the areas north of the land bridge in the
Greenland and Norwegian seas during middle to upper Eocene (Stirz
et al., 2017).

Furthermore, base-Eocene paleo-bathymetric modelling results by
Roberts et al. (2009) represent the differentiation from coastal plain to
deep marine environment for the Vgring and Mgre basins and the
Norwegian shelf, where the traditionally used structural segmentation
of the area was not used, as that reflects the underlying pre-Cenozoic
conditions (Brekke, 2000; Hopper et al., 2014). Unsurprisingly, the
Vering and Mgre basins follow the structural trend segmentation of the
EJMFZ separating the two basins, with the Mpre basins indicating a
much broader shallow marine margin.

6.3. Central NE-Atlantic rift-transfer and re-organisation phase

Mid-Eocene to Early Oligocene (43 + 3Ma to 30 + 4Ma in
Table 3) indicates a period of instability and change within the central
NE Atlantic that is imprinted within the stratigraphic record of the
JMMC and manifested by structural tilting and slope instability and
down-slope slumping along the microcontinents eastern slope (Figs. 9¢
and 10c,d, 11 and 12b). This is accompanied by several unconformity
events not just for the JMMC (UE1, UE2, and MOU on Figs. 11 and 13)
but also along the adjacent margins, including: the T2b and T2a un-
conformities in the Faroe-Shetland region, which reflect tilting of the
West Shetland margin and subsidence of the FSB, respectively (e.g.
Stoker et al., 2013, 2018); the onshore upper planation surface (UPS), a
composite unconformity along the central East Greenland coast (Japsen
et al., 2014; Bonow et al., 2014) that is correlating closest to the MOU
of JMMC; and the mapped MO hiatus of the central Vering continental
margin (Hjelstuen et al., 1997, 1999; Lundin et al., 2013).

6.3.1. Rift-transfer units and adjacent margins

The microcontinent units JM-40, JM-35, and JM-30 consist of
shallow-marine to slope, and deep marine deposits intruded by volcanic
rocks, and are indicative of a gradually-deepening Norway basin to-
wards the east and northeast, accompanied by slump deposits down an
increasingly unstable shelf (Figs. 9c and 10b-d, 11). Especially apparent
is the increased volcanic influence during the Late Eocene and Early
Oligocene along the southern and western JMMC margin into shallow
marine to transitional marine areas (Fig. 10b—d).

Several glaciation events have been recorded across East Greenland
and the Arctic during this period (Tripati and Darby, 2018); thus,
glacio-eustatic falls in sea level might, at least in part, be responsible for
the upper boundary of unit JM-35 (UE2). This was followed by ex-
tensive erosion across the area (Figs. 11 and 13) marked by the major
erosive boundary (MOU: top unit JM-30) of this period. Whilst the
JMMC's MOU correlates to the end of a glaciation period, it does not
correlate to as sharp a drop in sea level as for UE2 and may therefore,
reflect uplift caused by the increased igneous activity and tectonic re-
arrangement during the Early Oligocene.

6.3.2. Tectono-magmatic processes influencing palaeogeography

The mid-Alpine Pyrenean orogeny occurred at the same time as this
phase of the NE Atlantic opening; thus, the NW European plate margin
essentially formed a buffer zone under compressional stress between
the ocean spreading ridge to the northwest and the orogenic belt to the
southeast (Figs. 12b and 13) (e.g. Lundin and Doré, 2002; Ritchie et al.,
2008). At the same time, spreading activity ceased within the Labrador
Sea — Baffin Bay area (Lundin and Doré, 2002), accompanied by
changes in spreading direction, a decrease in seafloor-spreading rate
north of JMMC within the Mohn's ridge, and an increase south of the
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microcontinent within the northernmost extend of the Reykjanes ridge
that reached into the GIFRC (Gaina et al., 2017b). Around ~ 33 Ma,
spreading rates and direction between Greenland and the Eurasian plate
changed drastically from NNW-SSE to WNW-ESE also due to global
plate motion changes (Gaina et al., 2017b), forcing a rearrangement of
the active spreading centres. This observation correlates to the initia-
tion of the proto-Kolbeinsey ridge — south-western Jan Mayen igneous
province (SWJMIP on Fig. 10e and f and 11, 12b and 13) and time
period that is associated with the modelled linking of the Iceland hot-
spot with the mid-oceanic ridge system around 35-30 Ma as a distinct
event (Doubrovine et al.,, 2012). A time period, where terrestrial to
shallow marine conditions were dominating close to the central East
Greenland coast and very likely elevated area of proto-Iceland as well
(Fig. 12b) that formed elevated domains, whereas the Norway basin
and Mohn's ridge were dominated by open deep marine environment
conditions.

By way of contrast, Parnell-Turner et al. (2014) suggested that the
Iceland plume influenced the area periodically from 55 to 35 Ma by V-
shaped ridge formation every 3 Ma, and from 35Ma to present the
periodicity changed about every 8 Ma. However, even though it could
be attempted to tie these observations to the apparently regular oc-
curring changes in spreading directions for the NE Atlantic by Gaina at
al. (2017), simply pulsing does not explain the major changes and un-
conformities that are linked to regionally effecting tectonic and paleo-
climate change events (Fig. 13).

A change from terrestrial to shallower and open marine conditions
can be seen for the Faroe margin, specifically the IFR area as well
(Fig. 12b). According to Denk et al. (2011), the land-bridge from
Greenland to NW Scotland was probably mostly intact during the Oli-
gocene with small shallower marine pathways developing in between
islands. This can be supported by sea water circulation changes from
estuarine to an open bi-directional circulation around 33-32 Ma that is
based on ocean gateway modelling by Stirz et al. (2017), though
stratigraphic and structural evidence from the Faroe-Shetland region
suggests that a fully-connected deep-water gateway was not established
until the early Mid-Miocene (Stoker et al., 2005a,b). The GIR on the
other hand appears to have remained under terrestrial to shallow
marine influence (Fig. 12b), based on the complete hiatus onshore East
Greenland (Japsen et al., 2014; Bonow et al., 2014) (UPS on Fig. 11),
and on seismic reflection data well visible unconformities along the
central East Greenland shelf (Blischke & Ogmundsson, 2018).

6.4. Regional ties to JMMC's western margin breakup settings

The Kolbeinsey mid-oceanic ridge is known to have been fully es-
tablished by magnetic anomaly C6 (22-21 Ma) (e.g. Gaina et al., 2009;
Blischke et al., 2017a) finalizing the initial western JMMC margin
breakup phase that began earlier, around ~33-30 Ma (Figs. 10f and
12b) with an east to west rift transfer, as the Agir ridge went into ultra-
slow spreading and cessation mode (Gernigon et al., 2015; Gaina et al.,
2017b) (Fig. 13). This can be demonstrated by the emplacement and
increased activity of a string of igneous complexes along the micro-
continents western margin, such as the SWIJMIP (Fig. 10e and f and 11)
that was accompanied by increased dyke and sill intrusive formations,
and flood basalt within the JMB with its local TEM unconformity. That
time marks the full breakup of the JMMC from the central East
Greenland and ties nearly to the Lower Miocene (LM) unconformity of
the Vgring margin and the top Paleogene unconformity of the Faroe-
Shetland margin (Fig. 10e and f, 12b and 13). The Norwegian LM un-
conformity represents the lower Miocene hiatus across the margin that
is believed to correspond to the initiation of the mid-Miocene tectonic
uplift, changing the bathymetric layout that is associated bottom-cur-
rent erosional processes (Stoker et al., 2005a,b).

Whereas the western JMMC was influenced by the developing ig-
neous margin, the crest of the Jan Mayen ridge was subjected to erosion
and the formation of its characteristic flat-topped topography. This flat-
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lying, angular, erosional surface corresponds to the TPU, locally mer-
ging with the MOU unconformity, which lines up with broad hiatus of
the UPS along the central East Greenland coast (Fig. 13). In contrast
along the microcontinents eastern to southern flanks developed the
slope-to-basinal, turbidite succession of unit JM-20 that is the result of
rapid deposition of proximal eroded sediments due west (Fig. 10e), and
evidence of the eastward tilting of the JMMC due to localised tectono-
magmatic processes along its western flank.

6.4.1. Tectono-magmatic processes influencing palaeogeography

Global plate motion changes are also believed to have triggered
spreading rates and directions to change drastically from a NNW-SSE to
WNW-ESE between Greenland and the Eurasian plate (~ 33-21 Ma) just
before the onset of the late Alpine orogeny (Gaina et al., 2017b;
Blischke et al., 2017a) (Fig. 13). This process forced a rearrangement of
active spreading centres within the NE Atlantic domain, as well as
causing reactivation and compression along the south-eastern JMMC
domain, and generated inversion structures within the SRC highs that
may correspond to the MOU and the TPU unconformities. These may
broadly correlate to the UPS unconformity of central East Greenland,
and possibly to the '"MOU’ unconformities of the Faroe Islands and the
Faroe-Shetland margins (Figs. 1, 4 and 112b and 13).

Inversion structures occur across the IFR, the Faroe-Island plateau,
the FSB that most likely reacted to the movement along the IFFZ, the
expansion of proto-Iceland, and along the Jan Mayen fracture zone as
the Kolbeinsey ridge became connected to the Mohn's ridge system (e.g.
Ritchie et al., 2008; Hopper et al., 2014; Blischke et al., 2016; Stoker
et al.,, 2018). The Traill @ region became partially inverted, accom-
panied with syenite pluton and dike intrusions that form the landward
end of the WIMFZ system (Parsons et al., 2017) (Fig. 12b). Along the
EJMFZ, the inversion structures are aligned with the Vgring basin.

Reconstructed magnetic and gravimetric anomalies during the ~ 33
to 21 Ma period suggest that several rift and flank rift segment systems
were active across the GIFRC (Blischke et al., 2017a), possibly offset by
SW-NE striking fracture zone segments (RIFZ on Fig. 12b). Increased
igneous activity west and southwest of JMMC, from the north-western
Iceland rift zone (Hardarson et al., 2008) or the igneous complex of the
Vesterdjiip (Hjartarson et al., 2017) reconstruct in alignment with the
Reykjanes and proto-Kolbeinsey ridges, indicating breakup and rifting
across the GIFRC, separating the domain into three segments, the
Greenland-Iceland ridge (GIR), the proto-Iceland domain, and the Ice-
land-Faroe ridge (Fig. 12b). The reconstructed present-day western
shelf margin (Blischke et al., 2017a) aligns as being centred within this
rift zone, which is broader than the Mohn's ridge or the Reykjanes ridge
corridors, and close to the proposed initial proto-Iceland rift zone at
approximately 25Ma, suggested by Hardarson et al. (2008). Thus,
correlating to increased igneous activity from the Traill @ region, along
the Proto-Kolbeinsey ridge and the western JMMC margin, across the
GIFRC, and the Reykjanes ridge, where increased numbers of igneous
complexes and seamounts have been mapped (Gaina et al., 2017a),
including the EJMFZ, or Zgir ridge systems (Fig. 12b). This scenario of
active multiple igneous complexes and rift zones reflect a localised
anomaly effecting primarily the central NE Atlantic, and does tie well
into the modelled link of the Iceland hot-spot with the mid-Atlantic rift
zone, just as seen on Iceland today.

The reconstructed terrain includes northeast and east Iceland, thus
being the oldest terrains of present-day Iceland. The reconstructed
eastern Icelandic shelf edge aligns with segments of the NW-SE trending
IFFZ corridor, close to the extinct ~40Ma Reykjanes ridge rift zone.
The suggested SW-NE trending fracture zone (RIFZ) across the proto-
Iceland region appears to precede today's south Iceland and central
Iceland transfer system (Fig. 12b), whereas the NW-SE trend of the IFFZ
appears to precede the present day north Iceland fracture zone trends,
e.g. Tjornes fracture zone (TFZ on Fig. la).

With the establishment of a continuous mid-oceanic rift system west
of JMMC, its eastern flank, together with the Zgir ridge and the
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Norway basin cooled and subsided, creating a pre-dominantly deep
marine environment, e.g. seen in borehole data and slope parallel drift
deposits based on seismic reflection data (Fig. 12b). Similarly, the
‘structural highs’ of the FSB area that formed during Focene to Early
Oligocene had by Late Oligocene-Early Miocene subsided beyond 200 m
water depth (Stoker et al., 2005a, 2018), developing a part of a deeper-
water oceanic margin. The main structural process in the Faroe-Shet-
land region at this time involved an intensification of differential uplift
and subsidence, which had been developing throughout the whole
period of protracted JMMC breakup but culminated at the climax of full
breakup, creating its current bathymetric expression. Thus, the com-
bination of inferred land areas and areas of contractional uplift provide
a good indication of this ‘developing’ bathymetry (IFR and FI on
Fig. 12b). The IFR land-bridge started to subside during Late Oligocene
to early Neogene time, although some connectivity may have lasted via
a series of island stepping-stones prior to a fully developed deep-water
gateway in the early Mid-Miocene (Stoker et al., 2005a; Ellis and
Stoker, 2014), and full oceanic connectivity between the Norway and
Iceland basins (Fig. 12b).

6.5. Separation stage of the microcontinent from East Greenland

During the Neogene to Pleistocene the microcontinent subsided
after cessation and cooling of the Zgir and IPR systems, and moved
further away from the Kolbeinsey ridge (Fig. 10f and g), resulting in a
transition from marine to deep and open marine conditions across the
JMMC. This was followed by a dominance of newly formed ocean
current deposits, a shift of the overall drainage pattern from west-east
to north-south along the microcontinent ridge topography, accom-
panied by localised small to large slump erosion and deposits. Gen-
erally, changes of ocean current pattern across the central NE Atlantic
are reported during Mid-Miocene to Pleistocene that resulted in the
present-day bathymetric ocean basin and oceanographic systems.

In general, Miocene sediment thicknesses of units JM-10 to JM-05
increase towards the southeast and south, with an indication of a distal
source from the southwest that include tephra deposits within the deep
marine sediments, suggestive of consistent and ongoing volcanic ac-
tivity to the north and south of the JMMC with the formation of the
subaerial volcanic terrain of Iceland and the JML

During Plio-Pleistocene the JMMC's uppermost unit (JM-01) reflects
an influx of terrigenous materials, most probably due to continental-
glacial conditions of nearby land masses and localised erosional highs,
such as the northern Iceland shelf area at this time. A clear sea-level
drop can be seen that is associated with the onset of widespread gla-
ciation during the Plio-Pleistocene (unit JM-01 to seafloor) (Figs. 4 and
13). This correlates as well with erosional events across Iceland during
the Pleistocene, where several glacial events removed approximately
1 km of the Iceland plateau basalts (Walker, 1964), the eroded deposits,
of which, were likely deposited into newly formed basins off the Iceland
shelf, such as the Iceland plateau area to the north-east (Figs. 7g and
10g). A glacial ice shelf probably covered the northernmost JMMC with
well visible striation marks (Fig. 2), whereas overall the JMMC re-
mained under deep sea environment during glaciation with pre-
dominantly ice-berg scarp marks and drop stone in the uppermost
stratigraphic section and the seafloor.

6.5.1. Tectono-magmatic processes influencing palaeogeography

Regional Mid-Miocene unconformity development is represented by
the MMU across the JMMC, in Iceland ¢. 15 Ma, and the IMU (early
Mid-Miocene) in the Faroe-Shetland region. Thus, the regional marker
occurred in the interval from c. 17-13 Ma and may represent the cul-
mination of widespread inversion and fold growth (Johnson et al.,
2005; Stoker et al., 2005b; Ritchie et al., 2008), as well as the in-
stigation of the ‘modern’ deep-water oceanic circulation system in the
NE Atlantic as manifested by onset of deposition of major contourite
drifts (Laberg et al., 2005).
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Even though no basin wide Norwegian margin unconformity is re-
ported, a regional uplift of mid-Norway during middle Miocene is well
described by Eidvin et al. (2007) that was accompanied by longshore
drift and coastal deposits into a deltaic system towards the Vering
margin (Figs. 11 and 12b). These stratigraphically seen processes are
aligned with the Late Alpine orogeny, the last major change in overall
spreading direction within the NE Atlantic, and rift transfer from the
NWIRZ to the Snzfelsnes-Hiinafléi rift zone (SHRZ) (Fig. 13) as a tec-
tono-magmatic combined regional event. Interestingly enough this time
correlate with the youngest igneous transitional to mildly alkaline on-
shore outcrop of the Blosseville Kyst's Vindtoppen formation
(13-14 Ma) (Storey et al., 2004) as well, suggesting a more regional
pulse of increased igneous activity within the central NE Atlantic.

During Late Miocene-Pliocene (c. 7-3 Ma) a more regional line up
of locally seen unconformities is apparent from the INU (~5 + 2Ma)
of JMMC, to the LPS (~10-5Ma) of central East Greenland, the BP
(~5-4 Ma) of the Vpring margin, and the INU (~ 4 Ma) unconformity of
the Faroe Islands and Faroe-Shetland margin (Fig. 13). The INU hiatus
represents NE Atlantic-wide marker and reorganisation of the bottom-
current circulation pattern, which is expressed by a widespread deep-
water erosion surface followed by renewed growth of contourite drifts
(Laberg et al., 2005; Stoker et al., 2005a).

In the Iceland region, two unconformities are recorded from this
time interval: 1) the so-called 7 Ma hiatus that is tied to the rift transfer
from the SHRZ to the present day Reykjanes-Langjokull-North Iceland
rift zone (RLNRZ); and 2), a second rift transfer at ¢. 3 Ma that started to
form the eastern volcanic zone of Iceland (EVZ) (Fig. 13). However, no
unconformity has been located for the 5-4 Ma events that were seen in
the adjacent margins. No major orogeny or major shift in spreading
direction is noted for this time, indicating the Iceland igneous and hot-
spot system has a major influence on its surrounding margins and
central NE Atlantic topography. Thus possibly also relating to the
continued intra-plate developing volcanic zones across Iceland, such as
the Snafellsnes intraplate volcanic belt, or the OVB — Orzfi intraplate
volcanic belt (Fig. 13), which reflects the complexity of the multiple rift
systems across the Greenland-Iceland-Faeroes ridge complex at present
day and represents a prime example for the primarily sub-aerial vol-
canic processes active since the initial forming of the GIFRC. Still, in
order to fully understand these complex processes of plume-rift inter-
actions, Iceland-wide age dating has to be made available during future
research projects to set the various rift forming processes and related
hiatus events in chronologic order.

7. Conclusions

The importance of this study was to map out paleo-facies sedi-
mentary processes related to the development of the JMMC and their
stratigraphic correlation to sea level changes. In addition, we have at-
tempted to demonstrate, for the first time, a direct link between ob-
served regional unconformities and palaeogeographic development,
thereby highlighting the complexity of the multiple rift processes that
affected the central Northeast Atlantic region prior to the formation of
present-day Iceland.

Addressing a region that is “sandwiched” in between two active
igneous focal areas that were predestined for differential uplift through
time due to its location within a set of complex pre-existing structural
weak zones (i.e. JMFZ to the north; IFFZ to the south), mid-oceanic
ridges (i.e. Mohn's ridge to the north, Zgir ridge to the east, Reykjanes
ridge to the south, and Kolbeinsey ridge to the west), flank rift systems
(IPR, GIFRC and present day Iceland), and their link to the Iceland hot-
spot dynamics.

The project resulted in a good demonstration to compare and assign
JMMC's seismic refraction velocity data to its conjugate margin areas,
such as central East Greenland, Norway (Vgring and Mgre margin), and
the Faroe-Shetland region. Thus, verify and update the microcontinent's
pre-Cenozoic domains of continental, transitional to volcanic margins,
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oceanic domains, and potential high velocity lower crustal features
aligning the JMMC breakup boundaries to its Cenozoic stratigraphy.
Indicating that the volcanic margin within the JMB terminates the
JMMC domain close to its main western boundary faults, shows the
microcontinent's southern and south-western termination against the
IPR and SWJMIP, and its northern volcanic margin of the JMI.

Detailed mapping of the JMMC's sediment record functioned as a
gage to pinpoint, where and when igneous and structural activities
occurred on the JMMC and its conjugate margin, in comparison to sea
level and climate changes. This resulted in a seismic-stratigraphic
model, based on 2D MCS reflection, seismic refraction, borehole, and
analogue field data, identifying ten unconformities and disconformities
that subdivide the JMMC's Cenozoic succession into eleven seismic
units (JM-70 to JM-01).

Units JM-70 to JM-20 were identified for the Paleogene, and units
JM-15, JM-10, JM-05, and JM-01 for the Neogene succession that were
furthermore linked to 6 regional observed main igneous and tectonic
events, which are briefly described and tied to regional stratigraphic
events, within the central northeast Atlantic region:

(1) Pre-breakup extension succession of JM-70 of the Paleocene
(> 55Ma) and earliest Eocene (56-55Ma):

e Bound by the BPU and TV unconformities

# Consisting of terrigenous to transitional marine sediments and
plateau basalts of the NAIP.

e No significant sea level change could be seen close to the
Paleocene-Eocene thermal maximum (PETM), which is inter-
preted as a short lived but rapid warming event around
~55.5Ma.

® Plateau basalt section of the JMMC has increased stratigraphic
thickness towards the south, on-lapping onto the Jan Mayen ridge
northward similar to the Blosseville Kyst in East Greenland.

(2) Syn-breakup (rift to drift) phase of unit JM-60 during Early Eocene
(Lower Ypresian) (~55-52 Ma):

* Bound by the regionally seen TV (TPB, TP, or BSU) and locally on
the JMMC seen TSDR unconformities.

e SDR's and local igneous systems sourced intrusives, lavas and
hyaloclastites, terrestrial to shallow marine environment across
JMMC, regionally linked to GIFRC, and Vgring margin.

e Substantial global sea level rise during the Eocene thermal op-
timum (~52Ma) accompanied with increased marine deposi-
tional environment along the JMMC flanks.

(3) Syn-breakup (rift to drift) and rift transfer across the Iceland pla-
teau rifts south of JMMC, unit JM-50 during Early to Mid-Eocene
(~52-43 Ma):

e Locally bound by the TSDR and regionally seen ME (TIU) un-

conformities.

Volcanics and transitional, shallow to marine sedimentary suc-

cessions with well-established east to north-east prograding delta

system along the JMMC east flank.

Reconstructed en-echelon NNE orientation of the JMMC and

Faroe-Shetland basin (FSB) embayment areas with NE sediment

transport direction and primary sediment influx from the east and

south into shallow seas.

Extensive terrestrial region of the GIFRC as part of the terrestrial

and subaerial North Atlantic land bridge between Greenland and

Scotland, supported by paleo-current modelling of lagoon circu-

lation conditions for the areas north of the land bridge in the

Greenland and Norwegian seas during middle to upper Eocene

Around ~50.3Ma a global short-lived cooling episode occurred

abruptly that has been recorded in many regions as a low-stand

and re-sedimentation deposition period, which could account for
the top basalt (PB and SDR) unconformity across the high JMMC
ridge areas.

e The top (unit JM-50) bounding ME unconformity is not just re-

flecting the local igneous influence along the JMI and EJMZ
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(north of JMMC), or the IPR (south of JMMC), but rather an
overall regionally sea level drop at the end of a series of glacia-
tion event that has been recorded across East Greenland and
Arctic and effected the entire region.

(4) Ridge transfer and re-organisation, units JM-40, JM-35, and JM-30
during Late Eocene — Early Oligocene (43-30 Ma):
® Bound by regionally seen ME (TIU) and the MOU unconformities.
e Shallow marine to slope, and deep marine deposits intersected by

volcanic intrusives, gradually deepening into the Norway basin
towards east and northeast, accompanied by slump deposits
down an increasingly unstable shelf. Increased volcanic influence
during Late Eocene to Early Oligocene along the southern and
western JMMC margin into shallow marine to transitional marine
areas.

Several glaciation events have been recorded across East

Greenland and Arctic during this period, probably accounting for

the upper boundary of unit JM-35 (UE2), as a sharp drop in sea

level accompanies this boundary that was followed by extensive
erosion across the area.

The main erosional boundary (MOU: top unit JM-30) of this

period correlates to the end of a glaciation but does not correlate

to a sharp drop in sea level, and therefore reflects the uplift
caused by the increased igneous activity and tectonic re-ar-
rangement during Early Oligocene, also being linked to the

Iceland hotpot proximity to the GIFRC.

(5) Western JMMC igneous margin and 2nd breakup, forming of the south-
western Jan Mayen igneous province, proto-Kolbeinsey ridge, and initial
stage of the West Iceland shelf, unit JM-20 during Late Oligocene (30-
22 Ma):
® Bound by unconformities MOU, TPU as regional unconformities,

and TFB as a JMMC local unconformity.

Distinct depositional domain difference between the subsiding

deep marine Norway basin to the east, and the uplifting western

and southwestern region in reference to JMMC with much in-
creased volcanics, terrigenous, transitional to shallow marine
deposits, with accompanied mass sediment transport along

JMMC east flank.

® West to east structural tilt of the JMR, as probably for the GIFRC

area as well, as the GIR appears to have remained under terres-

trial to shallow marine influence.

Cessation of the Zgir ridge, formation of the proto-Kolbeinsey

ridge, connecting the Reykjanes ridge to the Mohn's ridge, and

initiation of proto-Iceland separating GIFRC into three segments,
the Greenland-Iceland ridge (GIR), the proto-Iceland domain, and
the Iceland-Faroe ridge.

Phase was accompanied by a change in spreading rates and di-

rection between Greenland and the Eurasian plate that caused

inversion structures across the region (IFR, FP, FSB), as proto

Iceland expanded.
® Western Jan Mayen fracture zone formed and connected the

Kolbeinsey with the Mohn's ridge, probably causing inversion and
intrusive activity along the northern JMMC and the Traill @ re-
gion. Along the EJMFZ, the inversion structures are aligned with
the Vgring basin.

(6) Separation stage of the microcontinent from East Greenland (22 Ma to
present)

e JMMC moved into deep marine environment, dominated by
newly formed ocean current deposits, shift of the overall drainage
pattern from west-east to north-south, localised small to large
slump erosion and deposits.

Cooling of the Zgir and IPR systems, JMMC area started sub-

siding, cooling with increased distance to the Kolbeinsey ridge

system.

® Tephra deposits within the deep marine sediments indicate con-

sistent volcanic activity to the north and south of the JMMC, and
increased sediment deposition into the low area between the
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Iceland shelf and SRC.

® Glacial ice cover across the northernmost JMMC, whereas overall
remained the JMMC under deep sea environment during glacia-
tion the Plio-Pleistocene times.

In summary there is not just one explanation and correlation that
can cause uplift or depositional settings changes, but different process
appears interlinked, such global climate and sea level changes, rift
tectonics, or the Iceland hot spot affecting rift propagations that in turn
affect the structural and igneous processes and the overlaying topo-
graphy with changing depositional and sedimentary processes.
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Key points:

e Detailed description of tectono-magmatic dual-breakup processes that created the
Jan Mayen microcontinent.

e Firm link of the Iceland Plateau axial rift systems propagating into the Blosseville
Kyst in age, geochemistry and tectono-magmatic processes.

e Explains the nature of the fan-shaped southern ridge complex as the interlink to the
propagating Iceland Plateau Rift domain.

e Proposes relationship of pre-breakup structural settings of main fracture zones to
mantle anomaly locations that govern rift relocations and overlapping rift systems.
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Abstract

Tectono-magmatic reconstruction of the Jan Mayen microcontinent (JMMC) and Iceland
Plateau Rift (IPR) during the Northeast Atlantic region’s dual-breakup process has been
established by tectonic-kinematic modelling. Utilizing structural, volcano-stratigraphic and
igneous-province-mapping that were based on vintage and new geological, geophysical, and
geochemical datasets (1960s —2017). A propagating rift system that developed from Eocene
to Early Miocene through seven distinct tectono-magmatic phases, interlinking the
microcontinent to its surrounding igneous provinces within the Northeast Atlantic setting,
specifically to the Greenland-Iceland-Faroe ridge complex (GIFRC) tectono-magmatic
anomalous region, and prior to Iceland’s subaerial formation. Primary findings are evidence
for non-uniform formation of tectono-magmatic rifted margins, with a clear north-south
asymmetry to seaward dipping reflector formation along the eastern JIMMC breakup margin
and the ZAgir rift system that formed preferentially linked to variations in the pre-rift
lithospheric structure and very likely above a thermal mantle anomaly. Defining the
formation of a second complex breakup margin along the JIMMC southwestern to western
flank during Late Oligocene to Early Miocene accompanied by emplacement of igneous
complexes, and full opening of the JMB as a pull-apart basin and igneous domain
accompanied by substantial dyke and sill intrusive activities, as part of a buried western Late
Oligocene igneous breakup margin. Here reflected by the regionally extensive flood basalts
during the final breakup phase and buried seaward-dipping formations and direct conjugate
to the central East Greenland shelf margin. Furthermore, by establishing a firm linkage
between the oblique IPR system and the Blosseville Kyst igneous province regarding their
timing and geochemistry data, as a propagating rift linked into the GIFRC. Thus, providing
a reasonable explanation for the initiation of the fanned-out appearance of the oblique IPR
rifting domain that interfingers with the JMMC's southern ridges due to deep crustal
breaches and melt incursions that form several axial rift systems and volcanic ridges.
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1 Introduction

This project is the final stage of a doctoral research project that combines the
established structural and tectonic framework of the Jan Mayen microcontinent (JMMC)
[Blischke et al., 2017a] with a firm tectonostratigraphic framework, tying it into the Iceland
plateau rift (IPR) [Blischke et al., 2019], to observed and mapped tectono-magmatic features
and processes. Aiming to provide a comprehensive understanding of the tectono-magmatic
processes that affected and formed the JMMC and IPR throughout the Cenozoic in context
to the opening of the Northeast Atlantic (73°N — 60°N and 5°E — 35°W) (Figure 1 and 2).
Addressing the tectono-magmatic processes and spatial reconstruction of the igneous
processes that interlink the study area to the Mid-Norwegian margin (Vering- and Mere
margins), the Faroe Islands, and the Greenland-Iceland-Faroe ridge complex (GIFRC), and
especially in comparison to volcanic activities along the north-eastern margin of the
Blosseville Kyst of central East Greenland [Larsen et al. 1989, 2014, Tegner et al. (2008)].

In order to improve our understanding of igneous-facies, province relationships, and
the timing of volcanic events of the JMMC-IPR area, a detailed interpretation was set out
based on 2D MCS seismic reflection, seismic refraction, borehole and analogue field data.
This enabled us to identify seismic stratigraphic signatures characteristic of landward flows,
seaward dipping reflectors (SDR), igneous and volcanic complexes, intrusions (sills, dykes,
vent structures) and volcanic ridges that were placed in their chronostratigraphic order,
improving the understanding of the magmatic records in the JMMC-IPR areas. An
investigation of available petrological datasets was undertaken together with the revision of
ambiguous age dating of DSDP Leg 38 boreholes sites 350 and 348. The new petrologic
analysis and age dating undertaken in this stage of the project provided a more confident fit
of the igneous record into the regional model of tectono-magmatic evolution. Furthermore,
was it important to address the issue of ridge — mantle anomalies that appear to develop
along pre-existing structural complexes, specifically within the IPR area in connection to the
GIFRC. Here, standard mid-oceanic ridge system could not easily develop, and rift jumps,
or transfers occurred across the IPR region [Blischke et al., 2017, 2019a]. Thus, reflecting
multiple-branched crustal accretion zones that appeared across the IPR and along the
GIFRC, details of which are the focus of this paper.

This has not previously been seen and demonstrated in such detail in the Northeast
Atlantic region, where the JMMC-IPR represents a key component for understanding such
a system. Research on tectono-magmatic processes north of Iceland associated with the
opening of the Northeast Atlantic show that the tectonic evolution of the IPR and the JMMC
regions has been considerably more complex than along the Reykjanes ridge south of
Iceland, and the Mohns ridge north of the Jan Mayen fracture zone (JMFZ) since the onset
of spreading in late Paleocene-early Eocene [Johnson and Heezen, 1967; Vogt and Avery,
1974, Talwani and Eldholm, 1977; Gairaud et al., 1978; Vogt et al., 1980, Eggen, 1984,
Myhre et al., 1984; Srivastava and Tapscott, 1986, Skogseid and Eldholm, 1987;
Gudlaugsson et al., 1988; Larsen and Jakobsdottir, 1988; Akermoen, 1989; Gunnarsson et
al., 1989, Eldholm et al., 1990; Kuvaas & Kodaira, 1997; Hopper et al., 2003, Scott et al.,
2005, Breivik et al., 2003; 2008, 2012, Brandsdottir et al., 2008, 2015; Erlendsson, 2010,
Peron-Pinvidic et al., 2012a,b; Gernigon et al., 2012, 2015; Gaina et al., 2009, 2014,
2017a,b; Blischke et al., 2017a; 2019]. Symmetric magnetic anomalies can be traced parallel
to the Reykjanes ridge and Mohns ridge back to magnetic anomalies chrons C24n2r and C22
respectively [Gaina et al. 2009], whereas even high resolution geomagnetic data collected
for the Jan Mayen fracture zone (EJMFZ) and the ZAgir ridge areas revealed irregularities in
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spreading rates within the Iceland plateau and the ZAgir ridge in the Norway basin [ Gernigon
etal, 2012, 2015] (Figure 1).

Results from early bathymetric, seismic reflection and refraction, magnetic and
gravimetric surveys, alongside DSDP leg 38 boreholes identified the Jan Mayen ridge as a
sliver of continental crust that is conjugated to the Mere margin of the Mid-Norwegian shelf
edge, and formed as a result of a westward rift jump that activated the Kolbeinsey ridge at
about 26 Ma (Chron C7) during Late Oligocene [Johnson and Heezen, 1967; Vogt et al.,
1970; Bott, 1971; Johnson and Tanner, 1972; Meyer et al., 1972; Pitman and Talwani,
1972; Eldholm and Windisch, 1974, Vogt and Avery, 1974, Talwani and Udintsev, 1976k,
Kharin et al., 1976, Talwani and Eldholm, 1977; Gronlie et al., 1979; Weigel et al., 1995;
Kodaira et al., 1998a; Gradstein et al., 2012]. Whether the initiation of the Kolbeinsey ridge
took place in a single event or multiple phases has been debated in the literature [Johnson
and Heezen, 1967, Johnson and Tanner, 1972; Talwani and Eldholm, 1977; Vogt et al.,
1980; Nunns, 1982, 1983a-c; Bott, 1985, Srivastava and Tapscott, 1986, Eldholm et al.,
1990, Kodaira et al., 1998a, 1998b, Jung and Vogt, 1997, Miiller et al., 2001, Mjelde et al.,
2002, 2008] and plate boundary complications associated with rifting along the ZAgir ridge
have not been studied in any detail.

1.2 Geological setting

Bathymetrically, the JIMMC comprises of a series of ridges with water depth ranging
between 200-2500 m [e.g. Vogt et al., 1970; Talwani et al., 1976b]. The microcontinent is
defined as a 400-450 km long and 100-310 km wide domain, between oceanic crustal
margins formed by the extinct ZAgir ridge to the east and the Kolbeinsey ridge to the west.
The JMMC has been subdivided into the main Jan Mayen ridge (JMR), the Lyngvi ridge
(LYR), the Jan Mayen basin (JMB), the Jan Mayen trough (JMT), and the Southern ridge
complex (SRC) (Figure 1 and 2). The main northern JMR is well defined, continuous and
flat-topped, whereas the SRC is composed of several smaller ridges, which become indistinct
towards the south. The volcanic complex of the Jan Mayen Island lies at the northern end of
the JMMC, linking the eastern and western segments of the JIMFZ [Svellingen and Pedersen,
2003]. The eastern margin of the JIMMC developed as the outermost part of the continental
shelf of central East Greenland and is characterized by eastward-thickening of Palacogene
strata and basaltic lava flows that dip steeply towards the Norway basin [e.g. Gairaud et al.,
1978, Skogseid and Eldholm, 1987; Akermoen, 1989; Gunnarsson et al., 1989; Erlendsson,
2010, Peron-Pinvidic et al., 2012b; Blischke et al., 2019]. The western margin of the JMMC
developed by rifting within the Greenland continental shelf, in association with the
Paleogene igneous province of the Blosseville Kyst and the Palaeozoic-Mesozoic Jameson
Land basin.

Figure 1. Structural map of the Jan Mayen microcontinent with mapped fractures zones and lineaments based on this study. Also shown
are gravity ridges defined by Talwani et al. [1976k]. Refraction velocity interpretations are based on wide-angle data (OBS) and crustal
type interpretations [Kodaira et al., 1998a; Mjelde et al., 2008; Kandilarov et al., 2012, Funck et al., 2014, 2017; Brandsdottir et al.,
2015; Tan et al., 2017], as well as sonobuoy interpretations [Johansen et al., 1988, Olafsson & Gunnarsson 1989, and Blischke et al.,
2017, 2018] and ESP interpretations of this study. The background is shaded bathymetry [IBCAO 3.0; Jakobsson et al., 2012] beneath the
(a) magnetic intensity anomaly data grid [Nasuti and Olesen, 2014] and (b) the Bouguer gravity anomaly grid data [Haase and Ebbing,
2014, 2017]. Abbreviations: CJMBFZ — Central Jan Mayen basin fracture zone; CNBFZ — Central Norway basin fracture zone; EJMFZ —
East Jan Mayen fracture zone segments; IFFZ — Iceland-Faroe fracture zone; JMB — Jan Mayen basin; JMBS — Jan Mayen basin south;
JMI — Jan Mayen Island complex; JMR — Jan Mayen ridge; JMT — Jan Mayen trough; KR — Kolbeinsey ridge; LYR — Lyngvi ridge; MR
— Mohns ridge; NVZ — Northern volcanic zone; SPFZ — Spa fracture zone; SRC — Southern ridge complex; SRCFZ — Southern ridge
complex fracture zone; SWIMBFZ — Southwest Jan Mayen basin fracture zone; SWIMIP — Southwestern Jan Mayen igneous province;
TFZ — Tjomnes fracture zone; WIMFZ — Western Jan Mayen fracture zone; AR — ZAgir ridge.
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This margin is characterized by tilted extensional fault blocks that form mainly half-
graben structures together with a complex of sills and/or lava flows, which cover the Jan
Mayen basin west of the IMR [e.g. Larsen et al., 2013; Hopper et al., 2014, Blischke and
Erlendsson, 2018; Blischke et al., 2018]. The southern extent of the microcontinent is largely
obscured beneath Upper Paleogene and Neogene igneous and sedimentary rocks of the
Iceland Plateau [Brandsdottir et al. 2015, Blischke et al., 2017b, 2019]. The southern half
of the microcontinent is generally described as a complex structural and volcanic domain
with numerous extrusive and intrusive formations, blanking seismic reflection imaging of
underlying structures, specifically within the JMT [e.g. Talwani et al., 1976b; Scott et al.,
2005; Gaina et al., 2009; Peron-Pinvidic et al., 2012a, b, Gernigon et al., 2012, 2015;
Blischke et al., 2017a].

Based on potential field and seismic data the broad fracture zones along the northern
margin of the JMMC are geo-dynamically interpreted to have been active since ~55 Ma. At
its centre lies the presently active Beerenberg volcanic system as the youngest part of the
Jan Mayen Island igneous complex (JMI) [e.g. Skogseid and Eldholm, 1987; Gaina et al.
2009; Geissler et al. 2017, Blischke et al., 2019] (Figure 1).

The broad eastern volcanic margin of the JIMMC, adjoining the Norway basin, which
developed during the Early to Mid-Eocene, is characterised by the formation of volcanic
escarpments and the emplacement of sills, larger-scale intrusive sections, and SDRs. The
SDRs have not yet been fully delineated in reference to their association with the initiation
of Early Eocene (chron C24n2r 53.36 Ma) seafloor spreading along the Agir ridge [e.g.
Skogseid and Eldholm, 1987, Gaina et al., 2009, Peron-Pinvidic et al., 2012a,b; Gernigon
etal., 2015; Blischke et al., 2017a, 2019].

The evolution of the south-eastern and southern margins of the JIMMC, SRC and IPR
in respect to the Iceland-Faroe fracture zone (IFFZ), along the Iceland-Faroe ridge and north
Iceland shelf remains ambiguous. Based on potential field data, the Iceland-Faroe ridge, and
Iceland region are anomalous within the Northeast Atlantic reconstruction model [Gaina et
al., 2014, 2017]. An area that has been affected by several igneous phases between Mid-
Eocene (C22n ~49.3 Ma) and Late Oligocene (C13 ~33 Ma) [Blischke et al. 2016, 2019].

The western and southwestern margins of the JMMC and the Jan Mayen basin
developed in response to the Late Oligocene (C13 ~33 Ma) to Early Miocene (C6 ~18.8 -
21,6 Ma) rift transfer and cessation of spreading along the Agir ridge between 30-26 Ma
[Kharin et al., 1976; Gaina et al., 2009; Gernigon et al., 2015]. This margin, encompassing
the JMB and SRC, has been defined as a starved magmatic breakup margin [Kodaira et al.
1998a]; a distinct Iceland Plateau igneous province [Talwani et al. 1977]; or a pre-
Kolbeinsey ridge igneous province and breakup margin characterized by extensive intrusive
and extrusive formations within four distinct Iceland Plateau rift segments just south of the
SRC [Blischke et al., 2017a, 2019].

The SRC consists of several smaller ridges created during extension and rift transfer
associated with the formation of the Agir ridge [e.g. Gaina et al., 2009, Peron-Pinvidic et
al., 2012a; Gernigon et al., 2015; Blischke et al., 2017a]. The SRC segments may contain
small, hyperextended pieces of continental crust between the volcanic ridges [e.g. Peron-
Pinvidic et al., 2012a; Blischke et al., 2017a, 2019], whereas the Iceland Plateau is
considered to be of primarily oceanic origin [Talwani et al., 1977; Brandsdottir et al., 2015]
with crustal thickness of 7-12 km based on seismic refraction and gravity data [ Brandsdottir
et al., 2015; Haase and Ebbing, 2014] (Figure 1b).
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2 Data and methods

Vintage and new geological and geophysical datasets (1970"s-2017) were used to build
a comprehensive database including seismic reflection and refraction profiles, gravity and
magnetic anomaly data, high-resolution multi-beam bathymetric imagery, borehole and
seafloor sample information. Data from previous studies were included as well to build on
to the volcano-stratigraphic interpretations [e.g. Vogt et al., 1970, 1986, Talwani and
Eldholm, 1977; Akermoen, 1989; Doré et al., 1999; Lundin et al., 2005; Rey et al., 2003;
Gaina et al., 2009; Gernigon et al., 2012; Hopper et al., 2014, Haase and Ebbing, 2014,
Nasuti and Olesen, 2014, Funck et al., 2016, 2017; Blischke et al., 2017a] (Figures 3 and 4;
Supplements 1-7).

2.1 Dataset

2.1.1 Seismic data

Seismic reflection and refraction data were the primary dataset for this study (Figure
3; Supplement 1), consisting of vintage and recent surveys (1975-2012). Recently acquired
and re-processed JMMC seismic reflection surveys (2008-2012) were included: JM-85 and
IM-88 (re-processed 2009), IS-JMR-01 (2001), ICE-02 (2002), WI-JMR-08 (2008), NPD-
11 (2011), and NPD-12 (2012). The 2011-2012 surveys were specifically useful, as they
have a higher data quality and improved resolution of the deeper sub-strata and post-igneous
strata. Still, these newest datasets did not improve the sub-basalt imaging for the youngest
(Late Oligocene — Early Miocene) flood basalt domain of IMMC’s western and southern
flanks. The transition from the JMMC into the oceanic domain was evaluated through north
Atlantic regional 2D MCS survey data that connect to the JIMMC area: BGR-75, BGR-76
[Hinz and Schliiter, 1978], and RC2114 [Talwani et al., 1981, Mutter et al., 1982; Talwani
etal., 1977].

Seismic-refraction datasets acquired since 1985 very summarized in Blischke et al.
[2017a; 2019] consisting of ocean-bottom seismic (OBS) refraction surveys and sonobuoy
experiments [Johansen et al., 1988; Olafsson and Gunnarsson, 1989; Kodaira et al.,
1998a,b; Mjelde et al, 2002, 2007; Breivik et al., 2012; Kandilarov et al, 2012;
Brandsdottir et al., 2015]. Seismic velocity data were compared to the central East
Greenland margin, Norwegian shelf and Faroe—Shetland regions in Blischke et al. [2019],
thereby enabling time-depth conversion and inferred correlations to deeper JMMC
stratigraphic units. Information on crustal structure from refraction data was correlated with
seismic reflection data, shallow offshore boreholes, and the seafloor database [Peron-
Pinvidic et al., 2012a; Blischke et al., 2017a; 2019] in order to define stratigraphic sections.
In this study expanded spread profile experiment data (ESP) was added to the velocity
model, such as the ESP-5-L-DGO survey data by Eldholm and Grue [1994] and interpreted
ESP data (ESP-121 to 128 on Figure 3). These profile datasets were analysed by travel-time-
to-offset-ratio analysis [e.g. Childs and Cooper, 1978] and by the Tau-P velocity estimation
methods of Diebold and Stoffa [1981]. The resulting average velocity values were tied into
the existing seismic-reflection correlation datasets, assigning associated velocity values to
the velocity facies domains of the JIMMC. Velocity facies domains that guided the seismic
volcano-facies interpretations on the seismic data distinguishing JMR domains versus
igneous domains (Figure 1 and 4; Supplements 2 and 6b).
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2.1.2 Geological data

Borehole and seafloor samples are sparse across the Northeast Atlantic, beyond the
active mid-oceanic ridges (Figures 1 and 3; Supplements 1-5). Borehole sites 336, 337, 342,
343, 345, 346, 347, 349 and 350 of the deep-sea drilling program (DSDP) Leg 38 [Talwani
and Udintsev, 1976a-j], site 642 of the ocean drilling program (ODP) Leg 104 [Eldholm et
al., 1976a,b], and 985 for ODP Leg 162 [Jansen et al., 1996] serve as control sites for the
overlying Cenozoic sediment cover, mapped unconformities and were tied into the
stratigraphic framework for the JMMC [Blischke et al., 2019] (Supplements 2-5). The
stratigraphic framework also includes interpretations based on seafloor sampling campaigns
by Geodekyan et al. [1980], Sandstd et al. [2012, 2013], and Polteau et al. [2012, 2018] that
were summarized in Blischke et al. [2017a, 2019].

2.1.3 Chronology

Igneous data controls are in DSDP Leg 38 boreholes 336, 337, 345, 348 and 350 and
were reviewed in this study and boreholes 348 and 350 were re-analysed. New “°Ar/*°Ar
dating was needed to further constrain the timing of the ridge transition along the southern
edge of the JMMC and the IPR due to K/Ar data analysis uncertainties. The radiometric
dates were obtained for DSDP site 350, which sampled Middle Eocene basalts from the
south-easternmost extent of the SRC, and site 348 that recovered Lower Miocene basalts
from the western igneous margin of the microcontinent (Figures 3; Supplements 2-5 and 6b).
Eight selected fine-grained, unaltered 115-513 mg whole-rock basalt samples were selected
for ground-mass analysis at the argon geochronology lab at the Oregon State University. All
samples were analysed from the DSDP core processed groundmass with the “°Ar/*° Ar Heine
resistance furnace on the MAP 215-50 through incremental heating. Three Early Miocene
samples from DSDP 348 provided reliable results, and three out of five samples could be
used for the Mid-Eocene core samples of DSDP 350 (Figure 5; Supplements 3 and 4). The
results are presented in chapter 4.

2.1.4 Geochemical data

In order to further constrain our igneous-seismic-stratigraphic provinces we compiled
available analyses of borehole and seafloor samples from geochemistry databases: PETDB
[Lamont  Doherty Earth  Observatory, Columbia  University, New  York,
http://www.earthchem.org/petdb], the GEOROC [Max Planck Institute for Chemistry,
Mainz, http://georo~mpch-mainz.gwdg.de/georoc/], with data from Gronvold and Mdkipdid
[1978], Kharin et al. [1976], and Tegner, C. [unpublished] (Supplements 3 and 5; see full
reference list under: Geochemistry data references).

Petrographic descriptions were used to constrain the volcano-facies environment
during the emplacement of the sampled igneous sections. Seven selected samples from
DSDP 348 and 350 were analysed at the University of Iceland (Supplement 5). Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) (SPECTRO CIROS) was used to
identify major (SiOz, AI203, FeO, MnO, MgO, CaO, Na>O, K>O, TiO> and P»0s). The
methodology adopted is similar to that described by Govindaraju and Mevelle [1987] and
additional details have been reported elsewhere [Halldorsson et al., 2008].
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Figure 3. Hill shaded bathymetry map [Jakobsson et al., 2012] of the Jan Mayen region, showing (a) 2D seismic reflection lines (b)
seismic refraction lines, OBS (ocean bottom seismic), and multibeam bathymetric maps [HAFRO — The Icelandic Marine and Fresh Water
Research Institute; National Energy Authority of Iceland; Norwegian Petroleum Directorate; Spectrum ASA; TGS, SHOM - Service
Hydrographique et Océanographique de la Marine]; (c) borehole and seafloor samples (SFS) [Volcanic Basin Petroleum Research AS].
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2.1.5 Bathymetry

Satellite, ship-track and high-resolution multi-beam bathymetry data was used (Figure
3), such as the international bathymetric chart of the Arctic ocean (IBCAO) Version 3.0 with
a 500 m x 500 m resolution [Jakobsson et al., 2012] for the regional grid maps that was tied
into the ship-track seafloor data, which was required for two-way-travel time-to-depth
conversions of the 2D multi-channel seismic (MCS). Two high-resolution multi-beam echo-
sounder surveys were conducted across the JMR and SRC areas in 2008 and 2010 with
surveys A8-2008 and A11-2010 [Helgadottir, 2008, Helgadottir and Reynisson, 2010]

These seafloor data surveys highlight structural trends and features at the seafloor,
which, in combination with seismic reflection data, enabled us to distinguish fault types,
escarpments of the microcontinent’s ridges, and volcanic features [Akermoen, 1989;
Gunnarsson et al., 1989; Blischke et al., 2017a; 2019].

Surveys A8-2008 and A11-2010 were planned and acquired by the National Energy
Authority of Iceland (Orkustofnun), the Norwegian Petroleum Directorate (NPD), and the
Marine Research Institute of Iceland (HAFRO). R/V Arni Fridriksson (HAFRO) conducted
these two surveys acquiring 10,500 km? of bathymetric and seabed composition data that are
available as 50 m x 50 m grid datasets with a depth range of 790-2210 m [Helgadottir, 2008;
Helgadottir and Reynisson, 2010; Blischke et al., 2017a, 2019]. The French Hydrographic
and Oceanographic Office (SHOM) conducted a hydrographic and oceanographic cruise
(NARVAL-2016) onboard R/V Beautemps-Beaupré in 2016 across the Jan Mayen trough,
SRC and the IPR (Figure 1; Supplement 1), acquiring 35,000 km? multi-beam bathymetry
data, available as a 50 m x 50 m grid dataset, alongside additionally sub-bottom profiles and
magnetic data [Dupuy and Sogorb, 2017]. This high-resolution dataset was important not
just for their 2D MCS data tie, but also for their seafloor imaging of structural trends and
volcanic axial ridges (Figure 1).

2.1.6 Reconstruction work

Plate reconstructions and projections were calculated using an interactive fitting
method utilizing GPlates [www.gplates.org; see also Gaina et al., 2017b], compared and
fitted within GIS for each reconstruction stage (~56-55 Ma; ~55-49 Ma; and 33-21 Ma).
Rotation parameters for Greenland relative to Eurasia are based on Gaina et al. [2017b] and
detailed kinematic reconstructions for the separate JMMC tectonic blocks are tied to the
chronostratigraphic succession and best fit of fault and block topography in chronologic
order are modified after Blischke et al. [2017a, 2019]. The geo-chron interpretation of the
Agir ridge system is based on the high-resolution magnetic data by Gernigon et al. [2015].

195



Paper III

(s)eseq pooj} ‘ssod) sjwy g'y - £°¢ _ S/ 8y -2°¢€ ﬁ g
suolsnJjul snoaubl deap "ssod) s/ GG - 8’1 — S/WY L°L-G'9 ﬁ S/ 2°€ - F.Nﬁ SNl / xelduiod snoaub SUGEHNEL/ e} ss0d s
anIsnul 3YAp / |iIs "ssod o\\
(29) s 8°9 < ﬁ SN €' - Z°€ — S/W4 G'9 -0 mﬁ S G -8) : onsnyui o /s

(19) sunt L9 - g% ﬁ SWN G- 8¢ _ S/ GG - 8 ﬁ sy g') > : — m

jleseq neaje|d dnyeaiqg-aid auaoo3 Aeg

Buiddip p. - dnyeaiq auao03 Aleg

ejel}s snoaubl aua003-pIy 0} Ale]

pajenuaiayipun I
jleseq neaje(d / ejel}s snoaubl sus00]

abpl Aasuiag|oy) pue
sjjeseq pooj} ‘19juad snoaubi

10}03|§1 BUOZ [eulsu| \.\

*
auoz j|ney /jne4 \
3SNI0 Jamoj “ssod - uoioas dnyeaiq-aid _H_

1snuo Jaddn ‘ssod - uonoas dnyeaig-aid .« ==l

010Z09|ed-010Z0Sa\
OWINE B 93 :(Anoojan jeassyur abesane) pusba| uonejodisyul Jutod gs-dS3-SH0 (syas) siopajjel I 8u9d03jed ‘ssod - uojjoss dnyeaig-aid
T 3US20T-PI - dUS20T AlE] |

U803 9)eT - U061 AT | m——

2u200B1I0 BjeT | T

o ——

ST pzi-ds3 ¥1

~ 5 \’\
- dnyeauq euly susool Aueg SUBD0IN - BUSVVJSIB|G-Olld [T
:ejesys snoaubj ‘EJeJ)S JUSWIPDS
e : ey TuoLT - g
........... abpry -
,,,,,,,,,,,,,,,,, Aasuiaqjoy

TRl
<z

91 -z
8661590 8661590
uiseg yue|d }se3 8661S80  SZ1-dS3
abpry uakey uep -
as T 800 abpry uakep uep uiseg uokew ver 805 MN e
- (q)
wm“u_._ N ulewop
N \ pue] joodianl]
Aasuiaqoy ejens pajney
e Buiuado-aid
N LAY Y
SRS e
..................................... z
......................................... o
e e R AR
a T
ali | i
0 N L'l : 0
aNg | Wy Sz 1 <802 uiseq pue-] [0odJaAIT] MSM (e)

and “d” of the Liverpool Land basin to JMMC transect type sections and

“p
detailed tectonostratigraphic type sections, tied to ESP velocity profiles, sonobuoy data and available borehole tie points. The pre-breakup

Figure 4. Tectonostratigraphic conjugate margin sections

section is inferred to contain Paleocene, Mesozoic to Paleozoic strata by direct comparison with the Jameson Land basin and the Liverpool

Land high areas and seismic refraction data [Larsen, L.M. et al., 1989; Hopper et al., 2014; Blischke et al., 2017a; 2019, Blischke and

Erlendsson 2018].
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3. The JMMC seismic volcano-stratigraphic framework

The JMMC-IPR igneous formations are addressed through seismic volcano-
stratigraphy interpretations, a method that has been utilized within the NE-Atlantic region
by e.g. Larsen and Jakobsdottir [1988]; Symonds et al. [1988] or Planke et al. [2000] to
define seismic volcanic units by their shape, reflection patterns and boundary reflection
signals, and by placing those into the chronological context. These seismic volcanic facies
are sub-divided into different types, such as landward flows, SDR sequences, inner and outer
SDRs, igneous centres, sills or dyke intrusive, and volcanic vent structures [e.g. Hinz et al.,
1981, Planke et al., 2000] (Figures 2; 4-6; Supplements 2 and 6a,b).

The volcanic stratigraphic framework was primarily based on interpretation of seismic
reflection data tied to seismic refraction velocity interpretations, geochemical analyses, and
by comparison with the volcanic seismic-stratigraphic framework of adjacent areas (Figure
4). The method utilized for the definition of volcanic seismic facies is based on the work by
Self et al. [1997]; Symonds et al. [1998] or Planke et al. [2000], who defined such units by
their shape, reflection patterns and boundary reflection signals, and by placing those into the
chronological context.

3.1 Volcano-stratigraphic facies

We defined six volcano-stratigraphic facies types: extrusive landward flows marking
the plateau basalt equivalent and Oligocene-Miocene flood basalts (F-markers) that infilled
low-lying topography of the JMT, the south-western basins and other low areas; igneous-
volcanic complexes along JMMC's breakup margins and close to fracture zone segments;
intrusive features, i.e. dykes, sills and connected vent structures across the JMMC; oceanic
crust seaward of the JMMC continent ocean boundary; seaward dipping reflector (SDR)
units that mark the initial breakup along the JIMMC's eastern and western flank; and volcanic
axial ridges that are visible south and southeast of, and within, the SRC and JMT, forming
domal structures of volcanic material (Figures 1; 5).

3.1.1 Landward flows

The evenly layered landward flow sections that underlie the SDR wedges are here
referred to as the Early Eocene plateau basalt equivalent stratigraphic units, which in places
can be subdivided into subaerial and submarine flows (Figures 5 and 6; Supplements 2 and
6). These lavas form strong, relatively smooth and sheet-like seismic reflectors. Internally
they vary locally but are overall sub-parallel in seismic reflection character. Prograding
reflectors can be observed towards the northeast flank and basin ward margin of the JMR
(Figure 6a-c). Younger and Early Miocene landward flow units related to the flat lying
basaltic markers (F-Marker) in the JMB and within the low areas in between the SRC ridges
and the JMT (Figures 5b-d; Supplements 2 and 6). These placed into the stratigraphic
sequence confirm the overlapping systems of the IPR domains IPRI through IPR-IV from
east to west (Figure 5c,d; Supplement 6)
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Figure 5. Examples of 2D seismic reflection profiles tied with magnetic (M) and Bouguer gravity anomaly (BG) data, outlining major
fault and fracture zones in relationship to structural and igneous domain elements. Abbreviations: EIMFZ — Eastern Jan Mayen fracture
zone, IPR — Iceland plateau rift, ME — Mid-Eocene unconformity, MOU — Mid-Oligocene unconformity, SRC — southern ridge complex,
and TPU — Top Paleogene unconformity (see Figure 2).
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3.1.2 Seaward dipping reflectors

SDR are subaerial to shallow submarine flood basalt units alternated with rift basin
sediments that allow good reflection coefficient contrasts. They built distinct seaward
dipping seismic reflector wedges that often have concave downwards shapes (Figures 5a and
6a,b; Supplement 2 and 6), are linked to initially forming volcanic rifted and breakup
margins, and were first observed and defined by Hinz [1981], Larsen and Jakobsdottir
[1988], and Planke et al. [2000].

Therefore, these seismic reflection data features were a specific focus for this study,
as they are commonly associated with rift axis and indicators for the first line of breakup
along their inner set of SDR’s that linked to an igneous centre located close to the continent-
ocean boundary (COB) (Figure 6a-c). These igneous centres are referred to as outer highs
by [Planke et al., 2000]. These outer highs are followed seaward by deeper marine, much
thinner and poorer developed outer SDR sets that are commonly located at the transition
from breakup margin to ocean floor spreading and are located seaward of the COB. For the
JMMC area a clear subdivision of Inner SDR — outer high — outer SDR appears well visible
along the NE flank of the microcontinent and form a wide breakup margin that corresponds
to the longer offset of the first clear magnetic anomaly and the location of the COB (Figure
6a). Towards the JMMC's south-east and southern extent the SDRs become indistinct and
appear to form one clear SDR set only (Figure 6¢). The seismic reflection pattern becomes
more plateau basalt (landward flows) in character at the SRC south-easternmost extent
(Figures 5b,c and 6c¢,d), and therefore are referred to as SDR-plateau basalt equivalent units.
The outer SDRs appear to be well developed in two sets along the north-easternmost flank
of the JMMC and align close to magnetic anomaly C24n.3n (~53.4 Ma) [Gernigon et al.,
2015; Gaina et al., 2017b] (Figure 6a,b).

3.1.3 Igneous and volcanic complexes

The outer highs are one group of igneous centres that are specified by chaotic internal
seismic reflection patterns, characterised by a strong top reflector, appear as mounded or
sloping shapes, and can form circular features on magnetic or gravity datasets, specifically
along the north-eastern JMR flank (Figure 6a,b; Supplement 6a). Here, such an igneous
centre appears to have been active throughout a longer time interval, and apparently is linked
to a segment of the EJMFZ zone and is part of the Jan Mayen eastern flank igneous complex
(Figures 5a and 6b) that are aligned with magnetic anomaly C24r (~55 Ma) [Gaina et al.,
2017b]. Another primary igneous complex is the Jan Mayen Island igneous complex with
its homogenous and chaotic seismic reflection patterns, apparent deep-seated strong
reflectors, and young volcanic cones that nearly reach up to the seabed (Figure 6a;
Supplement 2).

A younger volcanic centre is located right along the western JMMC boundary and has
a clear tie to seismic refraction data (Figure 4b; Supplement 2), relating to the Early Miocene
proto-Kolbeinsey ridge volcanic breakup margin. Just as the probably Neogene to
Pleistocene volcanic centres that can be seen along the north-western margin that cut through
apparent Eocene igneous section, forming volcanic cone structures that are near or even
above the seafloor (Figure 6a).
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Figure 6. Key igneous domains of the JMMC: (a) E-W profile from the Jan Mayen Island igneous complex, across the northern Jan Mayen
ridge and into the Eastern Jan Mayen fracture zone; (b) ENE-WSW profile across the eastern flank of the Jan Mayen ridge across the
Eastern Jan Mayen fracture zone and Eocene volcanic complex; (c) E-W profile from the southern Jan Mayen ridge across the northern
Jan Mayen trough across the southern ridge complex; and (d) N-S profile from the southern termination of the southern ridge complex
into the Iceland Plateau rift system. Bold red lines represent sill or dyke intrusives, refraction velocities as in Figures 1 and 3. The 2D
multi-channel seismic reflection data is based on NPD 2011, and 2009 reprocessed dataset of the JM-85, and WI-JMR-08 surveys. Base
map: Bouguer gravity [Haase and Ebbing, 2014], magnetic anomaly chrons *1 Gaina et al. [2017b] for C24 (~55 Ma) and C24n3n (53.4
Ma), and *2 Gernigon et al. [2015] for C24n2r (53.3 Ma).

3.1.4 Intrusives

Smaller scale igneous intrusives are described in this study as dykes, sills and
connected vent structures based on their seismic reflection data characteristics of their shape
and acoustic impedance contrast between the intrusion and the sedimentary host rock
(Figures 5 and 6; Supplement 6). The sill intrusion characteristics within the Jan Mayen ridge
stratum are generally of relatively short segments with high amplitudes, abrupt terminations
(sharp edges), and are often lying semi-parallel with stratigraphic layering or along fault
plains. Some are clearly discordant and cross-cut the strata as “smiley” shaped features,
specifically along JMMC's eastern flank, the SRC (Figures 5a,b; 6), the JMT and within the
JMB.

3.1.5 Volcanic ridges — axial rift zones

Volcanic ridges and axial rift zones are well visible structures south and southeast of
and within the SRC and the Jan Mayen trough domains. They form up-doming structures of
volcanic material, specifically close to fault or fracture zones, such as the IPR-II or along the
northern end of the JMT (Figures 1; 5b,c; 6b). They appear both as centralized structures
within the JMT and along large fault zones that serve as conduits of rising magma that leads
to deformation and uplift of the overburden. Similar structures are described in the literature
as a passage followed by magma in a volcanic system [Decker and Decker, 2005]. The
increase of smaller scale intrusions within nearby sedimentary strata appears to be associated
with these conduits. These up-doming structure are visible on seismic reflection data and
bathymetry data (Figures 1; 5b,c; 6¢,d). The volcanic ridges observed for the JIMMC-IPR
areas relate specifically to volcanic events and rifting during the IPR-II and IPR-III phases.
Here crustal thickness decreases abruptly to 7-10 km [Haase and Ebbing, 2014] within the
IPR rift graben structure in between and south of the SRC blocks, forming a southern
microcontinent boundary straight to the south of the SRC (Figure 6d). An event that aligns
with the on multibeam data identified fissure zones.
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4. JMMUC igneous sites

In order to constrain the established igneous framework, petrophysical parameters of
igneous cores from DSDP boreholes 348 and 350 were conducted alongside radiometric
dating (Figure 7-8; Supplements 3-5). The nearest onshore region of outcropping igneous
rocks that might be analogous to the JMMC is in central East Greenland, specifically along
the Blosseville Kyst coastline. These outcrops provide a potential stratigraphic analogue for
the deeper Cenozoic and pre-breakup strata, e.g. the lower Palacogene plateau basalt
succession represents a direct analogue for the JMMC [e.g. Pedersen et al., 1997, Larsen,
M et al., 2002, 2005; Larsen, L.M. et al., 2013, 2014, Blischke et al., 2017a, 2019].
Geochronological data from conjugate areas, compiled by Storey et al. [2007], Hald and
Tegner [2000], Tegner et al. [2008], or Ganerad et al. [2014] were also used for comparison.

4.1 DSDP site 348

DSDP site 348 penetrated 17,4 m into fractured but homogenous basalt section at
526,6 m below the sea floor. The drilled interval is located within the assumed initial oceanic
ridge basalt section of the Kolbeinsey ridge system and serves as a control site for
comparison to mid-oceanic ridge basalt (MORB) west of the JMMC (Figure 1, Supplement
3a).

Existing DSDP core analysis by Kharin [1976], Ridley et al. [1976] and Mohr [1976]
resulted placing site 348 within an abyssal tholeiites typical mid-oceanic ridge emplacement
setting, probably as a sill intrusive located just east of a volcanic ridge seen on the seismic
reflection site survey Raschka et al. [1976]. Core and thin-section analysis conducted as part
of this study showed similarily that the uppermost drilled portion of the basalt consisted
primarily of finely-crystalline olivine-tholeiite with volcanic glass (now replaced by
smectite) closer to the basalt/sediment contact that would confirm an intrusive nature of the
basalt into the sediments. In many cases, plagioclase crystals exhibit skeletal growth and
‘swallow-tail’-morphology, which combined with the apparent glass content suggests that
the basalt was rapidly cooled [e.g. Lofgren, 1974]. The basalt is slightly porphyritic, with
micro-phenocrysts of plagioclase and olivine (now pseudomorphed and altered to
iddingsite). Clinopyroxene and opaque minerals are unaltered but exhibit dentritic or feather-
like morphology deeper in the cored section, which is common for ocean floor basalts [e.g.
Lofgren, 1983]. The lowermost cored section consisted of fine- to medium-crystalline,
aphyric olivine-tholeiite with large vesicles, possibly indicating that the basalt may have
reached rapidly to the surface, as a sill or dyke intrusion, a conclusion also reached in the
original analysis by Kharin [1976] and White [1978], who argued that the absence of lava-
flow characteristics, including pillow structures and glassy rims, do not support a submarine
extrusion.

The cored basaltic section’s KoO and NayO content fall within the typical MORB
composition on the total-alkali-silica (TAS) classification diagram [Le Bas, 1989] (Figure
7a). It compares well to the MORB of the Agir, Kolbeinsey and Mohns ridges, as well as
the Tjornes fracture zone (TFZ) (see purple field in Figure 7a) with a TiO> range of 1,29 -
1,65 wt%, a K»O range of 0,02 - 0,08 wt%, and MgO range between 6,02 and 8,25 wt%.
This contrasts with samples from the JMFZ, NVZ, Vesteris seamount and Vering plateau.
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Previous K-Ar radiometric dating from DSDP 348 ranged between 19,4 +2,2 Ma and
18,2 +2,4 Ma [Kharin et al., 1976]. Our *°Ar/*° Ar dating of the selected core samples resulted
in three good cumulative **Ar release plateaus see Figure 8b, Supplements 3a and 4, with an
age range between 22,15 +0,26 Ma to 23,19 +0,61 Ma. These new dates would fit magnetic
anomaly C6b to C6c [Gradstein et al., 2012].

4.2 DSDP site 350

The sampled basalt section of DSDP site 350 located at the southern tip of the
easternmost SRC block (Figures 1; 7 and 8a; Supplements 3b; 4 and 5) was recovered from
an acoustically opaque layer between 362 m and 388 m below seafloor. The 26 m-thick-
section comprised a thick layer of highly altered tuff breccia with chlorite, zeolites, calcite,
and doleritic basalt at the base of the cored section [Raschka et al., 1976, Ridley et al., 1976];
Kharin, 1976].

The basalt breccia consists of 95% basalt with angular fragments of altered and phyric
hyalobasalt with plagioclase, pyroxene, altered olivine crystals, and possibly palagonite
[Raschka et al., 1976]. The basalt fragments have a thin chlorite-calcite-zoelite-smectite
edging evenly on all sides. Furthermore, is the breccia cut by white-yellowish calcite veins
with occasional pyrite occurrences. The calcite cement is layered, early formed calcite is
yellowish and later formed calcite is white [Raschka et al., 1976]. The during this study
analysed geochemical samples show an elevated level in titanium and potassium with TiO2
ranges between 2,09 — 3,09 wt%, a K»O ranges of 0,45 — 1,41 wt%, and MgO ranges between
6,17 — 6,51 wt% (Figure 7b,c). Interestingly, the altered samples for well 350 align mostly
within the geochemical trends for the Jan Mayen fracture zone, Jan Mayen island igneous
complex, northern JMR and Vesteris seamount in Figure 7b.

The deeper basalt section is very fresh, holocrystalline, fine to medium grained, with
rare plagioclase and pyroxene phenocrysts (2-5 mm), thin chlorite-calcite veins, and
slickensides. A homogenous appearance is described, still with various textures such as
micro-porphyritic and sub-ophitic, tholeiitic, and trachytoid [Raschka et al., 1976]. The
basalt core samples contain plagioclase (labradorite, twinned low-albite) interstitial
pyroxene, altered olivine phenocrysts, amphibole, and rare brown glass. Opaque minerals
are described as skeletal and sub-hedral crystals of magnetite that occur in a high
concentration (8-10%) in comparison to all other DSDP Leg 38 sites [Raschka et al., 1976].

Revisiting the core section during this study showed that the doleritic basalt intrusion
has a distinct chilled margin against the basalt breccia and was emplaced into the basalt
breccia seen in the core record, and as well as into overlying sediments, which can be seen
on seismic reflection data (Supplement 6b). This would confirm the hypotheses of a later
intrusion stated by [Raschka et al., 1976]. Furthermore, based on combine core and seismic
reflection data observations, does the stratigraphic unit directly overlying the basalt breccia
unit consists of turbidite sedimentary rocks that are hydrothermally altered and lithified as
well, clearly indicating igneous activity at different time and primarily after the emplacement
of the turbidite section.
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Figure 7. Geochemical composition of site 348 and 350 core samples (Figure 1; Supplements 3-5). (a) TAS classification diagram [Le
Bas, 1989] showing comparison of data from DSDP and ODP boreholes within the JMFZ, with the Vering and Blosseville Kyst igneous
margins; Zgir-, Mohns- and Kolbeinsey ridges; and Iceland (TFZ and NVZ). Diagrams (b) (TiO, vs. MgO) and (c¢) (K,O vs. MgO) show
regional igneous provinces, based on data from PETDB [Lamont Doherty Earth Observatory, Columbia University, New York,
http://www.earthchem.org/petdb]; GEOROC [Max Planck Institute for Chemistry, Mainz, http://georo~mpch-mainz.gwdg.de/georoc/;
Gronvold and Mikipdd, 1978; Kharin et al., 1976; and Tegner et al., unpublished]. Abbreviations: NK-ML — Blosseville Kyst Milne Land
formation; BK-PB — Blosseville Kyst main plateau basalt; BK-LB — Blosseville Kyst — Lower basalt series; FI-PB — Faroe Islands pre-
breakup series; FI-SB — Faroe Island syn-breakup series; IPR — Iceland plateau rift; JMFZ — Jan Mayen fracture zone; JMI — Jan Mayen
Island; MOR — mid-oceanic ridges; NJMMC — northern Jan Mayen ridge; NVZ — Northern volcanic zone; SRC — Southern ridge complex;
TFZ — Tjornes fracture zone; VP — Vering igneous margin; VSM — Vesteris Seamount.

The in this study analysed core samples resulted in a TiO> ranges between 2,34 — 2,75
wt%, a K,0 ranges of 0,27 — 0,37 wt%, and MgO ranges between 5,75 — 6,34 wt% (Figure
7b,c). The basalt intrusion is richer in plagioclase, which is reflected by the higher in K>O
and NaO content on the total-alkali-silica (TAS) classification diagram in comparison and
a typical MOR basalts of site 348 (Figure 7a). The samples fall within the same areas as the
Blosseville plateau basalts and in part the Vering margin sample ranges (Figure 7a;
Supplements 3b). Geochemically, the intrusive section compares mostly to the present-day
northern volcanic zone basalts and the Vering plateau-basalt samples that all exhibit higher
concentration of titanium and potassium than typical MOR basalts, as seen in the samples of
DSDP borehole 348. Thus, placing the IPR basalt-type closely within the present-day
Iceland rift-type and Vering plateau igneous complex domains in comparison.

Previous K/Ar age dating of DSDP site 350 produced highly unreliable results with an
age range between 33,5 Ma +2,8 Ma and 50,5 Ma £5,5 Ma for the same sill intrusion [Kharin
et al., 1976] (Figure 8a; Supplements 3b and 4). We therefore re-sampled and re-analysed
the sill intrusion. New *°Ar-*’ Ar radiometric age ranges from ~49,28 £0,3 Ma to 44,05 £0,21
Ma that would correspond to magnetic anomaly chrons C22n (age range 48,57 — 49,34 Ma)
to 20r (age range 43,43 — 45,72 Ma) [Gradstein et al., 2012] (Figure 8a; Supplement 4).

Although the core sample contained well visible plagioclase phenocryst in its matrix
and expecting a reasonable cumulative *°Ar gas release, did the recorded gas release not
form as stable a plateau, as seen for DSDP site 348 (Figure 8). Cumulative gas release
records that form a stable plateau for more than 50-70% of their heated interval over time
are considered robust [Swindle and Weirich., 2017]. Shorter gas release plateaus are
considered mini-plateaus resulting in a higher uncertainty. It has been discussed that if a rock
samples that has been disturbed by a thermal event after its emplacement, the ages of the
final steps are lower than the true original age [Swindle and Weirich, 2017]. Therefore, the
DSDP site 350 *°Ar gas release analysis has a higher uncertainty and age range than seen for
site 348 but has improved in comparison to its original K/Ar method from a range of 17 Ma
+5,5 Ma down to 5,23 £0,3 Ma, showing indications of later thermal events that affected the
cored section.

4.3 Dredged seafloor samples

During the dredging and gravity coring survey by Polteau et al., [2018] did dredges
number 7 (3% of total dredge content) and 8 (10% of total dredge content) return volcanic
rocks from 15 sampling stations and 11,11m of sampled section in total. The sampled
igneous rocks were described as freshly broken subaerial, vesicular, and altered basalt,
brecciated volcaniclastic and dolerite basalt fragments. [ Polteau et al., 2018].
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Geochemical analysis resulted in weak to moderately altered basaltic rocks, which is
based on their net weight percent losses of less than 0,7 - 3,8 wt% [Polteau et al., 2018].
Two of the little-altered (<0,7 wt%) samples are plotted in comparison to offset borehole
and seafloor samples on Figure 7. Both samples are magnesium-enriched basalts based on
the TAS classification [Le Bas, 1989] (Figure 7a). However, they are divided into two
different compositions based on their titanium and potassium content, one closer to the
MORB type, and the other closer to the Blosseville Kyst Milne Land or the Faroe Island
plateau basalt domains and syn-rift series (Figure 7b,c). This would be in line with the rare
earth element trend described by Polteau et al., [2018] to compare to the Enni formation of
the Faroe Islands youngest exposed basalt formation [Larsen, L.M. et al., 1989, Tegner et
al., 1998, Millett et al., 2017].

Age determination of basaltic rock material dredged from the escarpment along the
eastern flank of Lyngvi Ridge and the northwesternmost flank of the SRC has been
problematic due to the altered state of the retrieved samples. The samples consist of partially
unaltered vesicular basalt, volcaniclastic breccias and dolerite fragments. A varying degree
of alteration was observed for the primary micro-crystalline basalt with mineralized vesicles.
[Polteau et al., 2012, 2018, Sandsta et al., 2012, 2013). Polteau et al. [2018] suggest an age
range of basalt emplacement between ~59-47 Ma (Late Paleocene to Early Eocene), (Figure
2; Supplement 5a). The age is based on sediment dredge samples below and above the
basaltic dredge section. Uncertainty remains regarding the in-situ nature of these samples,
as allochthonous origin cannot be discounted [Blischke et al., 2017b].

5. The formation of the JMMC igneous provinces

Based on seismic-stratigraphic mapping we defined seven distinct igneous phases
within the JMMC region (Figures 2; 9; 10; Supplements 6; 7). The tectono-stratigraphy of
each phases is discussed in chronological order below. Whereas our mapping is based
primarily on the interpretation of seismic refraction and reflection data, we have also
compared the geochemical composition of seafloor and borehole samples within (i.e. DSDP
348 and 350) and adjacent to the JMMC regions (Figures 1; 7; 8 and Supplements 3-5).

5.1 The Jan Mayen ridge — pre-breakup phase

The primary JMR with its igneous records is associated with pre-breakup volcanic
activity during Late Paleocene to Early Eocene and relates to stratigraphic unit JM-70
(Figure 2). This unit onlaps the Jan Mayen igneous complex to the north and underlies the
inner SDR units along the eastern flank areas of the JMMC (Figures 4; 6; Supplement 2).
On seismic reflection data, this laterally continuous succession of parallel-bedded reflectors,
interpreted as stacked plateau-basaltic flows [Blischke et al., 2019], has been mapped across
the JMR, Lyngvi ridge, SRC and partially along the eastern edge of the Jan Mayen basin
areas (Figures 9 and 10). The uppermost 0,5 — 1,0 seconds of the sub-parallel-stratified
Early-Eocene pre-breakup basalts has a velocity range between 3.8 km/s and 5.0 km/s, based
on seismic refraction data, and a stratigraphic thickness close to 1,1 km across the central
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JMR, increasing southwards to approximately 3,3 km on the southernmost Lyngvi ridge
(dark grey layer in Figure 4b and Supplement 2a). As the JMMC has been subsequently
affected by major erosive events, the original stratigraphic thickness of this layer cannot be
determined. The Early-Eocene pre-breakup plateau basalts are comparable in stratigraphic
architecture to equivalent strata exposed on the conjugate central East Greenland coast, and
on offshore seismic reflection lines along its continental margin [Blischke and Erlendsson,
2018; Blischke et al., 2020a] (Figure 2a).

Locally disrupted zones of chaotic seismic reflection patterns, most likely representing sill
intrusions and smaller intrusive centres, are embedded within the plateau basalt strata within
the Lyngvi ridge and the northernmost segment of the SRC (Figures 6a-c; 9 and 10;
Supplement 2a,c). These intrusive bodies appear to be focused within the Jan Mayen and
Lyngvi ridge segments. They do not deform the post-break up formations and, thus, could
be related to the pre-breakup volcanism.

5.2 The JMMC eastern margin igneous domain — syn-breakup phase

This syn-breakup igneous phase is linked to the development of stratigraphic unit JM-
60, which comprises primarily of SDRs and is present along the eastern flank of the JMMC,
covering the JMR ridge area, where it discordantly overlies the plateau-basalt-equivalent
IM-70 strata [Blischke et al. 2017a, 2019] (Figures 2; 4-6; 9a-10; Supplements 2; 6; 7). The
JM-60 unit’s top surface (TSDR Figure 2) is a strong and continuous seismic reflector, which
enabled reliable cross-correlation between structures that offset the SDR unit across faults
or graben structures. Utilizing the denser seismic reflection data coverage these SDR units
were clearly mappable and were delineated into three sets of SDRs along IMMC's NE
margin and close to the EJIMFZ (Figures 9a; 10). The inner and two outer sets of SDR’s are
subdivided by an igneous complex that represents the primary volcanic breakup margin
(Figures 6a,b; 9a and 10), which is represents the conjugate outer high to the Vering margin
that is located eastward in reference to that structure (Figure 11a). The Vering is an analogue
area for these volcanic deposits and a key reference unit [e.g. Hinz, 1981; Mutter et al., 1982,
Skogseid and Eldholm, 1987, Planke et al., 2000] (Figure 11a; 12). Specifically, Skogseid
and Eldholm, [1987] noticed a widened volcanic breakup margin that linked the JMMC
across the EIMFZ to the Vering margin with distinct sets of SDR wedges forming along
both margins, during syn-breakup time.

The inner (older) SDRs — onlap westwards onto the JMR and SCR structural highs,
where they pinch out onto the plateau basalt unit and its top unconformity (TV on Figures
2; 6; 9a). The inner SDR units exhibit a parallel to eastward-prograding seismic reflection
as well as more local hummocky-lenticular patterns that tend to be thinner (< 1,5 km) and
related by definition [Hinz, 1981; Mutter et al., 1982; Planke et al. 2000] to landward,
subaerial lava flows (Figures 6a; 9a; 10; Supplements 2 and 6). Locally the SDRs increase
convexly up to 4,2 km in stratigraphic thickness towards the primary volcanic margin which
has been build up by igneous complexes (outer highs). The transition between the inner SDR
wedge and the outer high is commonly parallel to the interpreted continent ocean boundary
(COB) and limits the eastward extent of the JMR and SRC domains (e.g. Figure 6a,c;
Supplement 2).
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Traditionally, these volcanic margins have been mapped as continuous features [e.g.
Skogseid and Eldholm, 1987, Gaina et al., 2009, or Peron-Pinvidic et al., 2012a] but our
mapping suggests that they are formed by distinct igneous complexes and breakup segments
(Figures 9a; 10; 11a). The igneous complexes along the margins are characterized by chaotic
seismic reflection patterns, shallow sill and dyke intrusions, and possible sheeted dyke
features (Figures 6; 9a; 10; 11; Supplement 6). Multiple reactivation of an igneous complex
tied to fracture zones can be seen in Figure 6b, where deposits from several volcanic episodes
are stacked vertically, rather than in a typical seaward progression as in Figure 6a,c. Some
of these complexes appear semi-circular and have possibly formed volcanic cone structures
in shallow marine environment, as they are covered by pro-grading reflectors that could
relate hyaloclastite - volcanoclastic depositional patterns (Figure 10; Supplement 6).

The outer highs of the primary volcanic margin were correlated with the segmented
Early Eocene chron C24 magnetic anomaly (Figure 6a,b), previously defined as geochron
C24B (56-53 Ma) by [Skogseid and Eldholm, 1987]; or C24r (~55 Ma) by Gaina et al. [2009]
and Gernigon et al. [2015]. The first continuous magnetic anomaly is interpreted as C24 or
C24n3n (~53,4 Ma) by Gaina et al. [2009] and Gernigon et al. [2015] (Figure 6a-c). C24
straddles the two outer SDRs units (Figure 6a-c), which represent subsequent younger events
during breakup, as they are onlapping onto the primary volcanic margin and the older SDR
units. Close to the main segment of the EJMFZ the normally eastward pro-grading outer
SDR units appear to stack on top of each other, as a distinct and longer-lived volcanic system
developed right at the termination of that fracture zone (Figures 6b; 9a; 10). Typical SDR
wedges disappear towards the south and south of the CNBFZ, and recognizable only across
the northernmost two ridges of the SRC (Figures 6¢; 9a; 10).

The primary volcanic margin and oldest oceanic basement has a seismic velocity range
of 4,8 — 5,5 km/s, whereas the inner SDR units have a slightly lower velocity range of 3,2 —
4,3 km/s, comparable to the Vering and Mere margins [Blischke et al., 2019]. A high velocity
layer of 4,8 — 6,8 km/s between seismic reflection markers R1 and R2 might correspond to
the oceanic layer 2 with irregular seismic reflectors right next to the COB (Figure 4b; 6;
Supplement 2). Similar patterns and velocity ranges have been associated with lower crustal
bodies (LCBs) observed beneath volcanic margins of the JMMC, East Greenland, Mere and
Voring [e.g. Weigel et al., 1995, Breivik and Mjelde, 2003, Breivik et al., 2008, 2012;
Faleide et al., 2010; Gernigon et al., 2015; Mjelde et al., 2016; Theissen-Krah et al., 2017;
or Zastrozhnov et la., 2018].

Seafloor samples from the northern JMR have no age assignment but appear related to
younger volcanic activity as their basaltic to trachybasaltic composition (SiO2 45 — 49 wt%)
aligns them with the JMFZ, Vesterise seamount, or Early Eocene Blosseville Kyst (Prinsen
af Wales Bjerge formation) [Haase et al., 1996; Debaille, V., 2009;] (Figure 7). This
correlates well with syn-breakup volcanic activity during the formation of the Early Eocene
volcanic margin along the northern JMR domain and especially intrusive complexes within
the JMB (Figures 6a).

The SRC seafloor samples were placed in a stratigraphically consistent order along the
available dredge profile with an estimated age range between 59,2 and 47 Ma [Polteau et
al,, 2012, 2018]. This age range correlates the dredged igneous samples within the plateau
and SDR basalts (see JMT flanks on Figure 6¢) [Blischke et al., 2019]. Their geochemical
composition however is different from the Vering main SDR and Lower Series basalts, or
the Blosseville Kyst lower basalt and plateau basalt series within the TAS classification
diagram (Figure 7a).

209



Paper III

3
g 2 . =
2 B 5 £ ©
2 S 2 B © =
L2 e o 2 = s £ E (3
=S > c X S 3 O S
o 2 —~ B IS = 3 1=
EQ e 23 55 2 =
go £ R g g > T © £ Ogm ©
E= S o & = 5 = 0o » -
~2=n O o ggcgo'::-':g - 1P ]
523 2= SE8gag2z 838 2
EGZ o @ w = E Z o £ ®© s z . ®
o5 ° ~ 3 3 £ 5 ¥ 5 5 & i & E M
] L F E:c.‘zm-o%EEum . ., 9 = o
£5s8 82= c 0o £5 £ Eg= D 32 £ £ 3T g =
=0 = c 9 = =) Z— = 3 Z s ¢ O > 14
o N — s 222 T ©® S > e == 05 = e 1 = L2 90 = VA @
cC oo Ng_w £ € >.-00':|er“, =< mwgmws
®52 o =3 S 0 T X o ¥ 28 x 3 S8z =
2T 5 Q5 S E £ 2 o2 0 >0 =35 2 35 3 3 = 9 L
® o= Z2ER 5 o 5 3 7 = -9>°'E T T = c
c O 2 2] B e 1 9 | | & & E o 0 8 <
SE€02 85 2§ 8 ST - 2003w §E g8y 39
0ESoE 0 2 G O & = o5 ol 5 2 8 0 o500 2 ¢
POt 2 3 o 8 o LT wnw & ! 2o % 8 QG on i o
SESE=§2 0 0 FQ 3>, £=% >5 3 5 o e @ Sl 3
88T O S O X283 _ 83T 8 04% 03¢ 88 L mEy
82X S S g XL 330 s == g cs5c 3550 T+ -~
ro3¥a 38 S 520 d S JLed owB®E 000
i o |
: i
: L
N.99
( (
N
w
[+1]
Z
o
/ 7
N
-
=
©
-~
=
©0o
//
/1E
i N
H -~
4
3
- =
o
©
-~

210

Figure 9. Stratigraphic thickness
estimates of JMMC volcanic provinces
on a magnetic intensity anomaly data
grid [Nasuti and Olesen, 2014]. (a) Early
Eocene breakup SDRs volcanic margin.
(b) Thickness estimate of Eocene to
Early Miocene flood basalts within the
F-Marker region. Fracture zones
modified from Gernigon et al. [2015]
and Blischke et al. [2017a, 2019].
Abbreviations: CJMBFZ — central Jan
Mayen basin fracture zone; CNBFZ —
central Norway basin fracture zone;
EJMFZ — East Jan Mayen fracture zone
segments; IFFZ — Iceland-Faroe fracture
zone; JMB — Jan Mayen basin; JMBS —
Jan Mayen basin south; JMR — Jan
Mayen ridge; JMT — Jan Mayen trough;
MCOB - possible western
microcontinent ocean boundary; PKR —
proto-Kolbeinsey ridge; LYR — Lyngvi
ridge; SRC — Southern ridge complex;
SRCTFZ - Southern ridge complex
transfer fracture zone; SWIMIP —
Southwest Jan Mayen igneous province;
SWIMBFZ — Southwestern Jan Mayen
basin fracture zone; AR — Agir ridge.
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Figure 10. Jan Mayen microcontinent volcanic facies and provinces map in order of emplacement: Early-Middle Eocene; Late Eocene —
Oligocene; and Late Oligocene — Early Miocene, showing the igneous facies types and units, such as intrusive and extrusive strata, plateau
basalt equivalent, igneous centres, SDRs, hyaloclastite volcanic strata, flood basalts. Abbreviations: CIMBFZ — Central Jan Mayen basin
fracture zone; CNBFZ — Central Norway basin fracture zone; EIMFZ — East Jan Mayen fracture zone segments; IFFZ — Iceland-Faroe
fracture zone; IPR — Iceland plateau rift; JMI — Jan Mayen Island complex; JMB — Jan Mayen basin; JMBS — Jan Mayen basin southern
segment; MCOB — Western margin continent ocean boundary; JMR — Jan Mayen ridge; JMT — Jan Mayen trough; LYR — Lyngvi ridge;
MR — Mohns ridge; SRCFZ — Southern ridge complex fracture zone; SRC — Southern ridge complex; SWIMBFZ — Southwest Jan Mayen
basin fracture zone; SWIMIP — Southwest Jan Mayen igneous province; TFZ — Tjornes fracture zone; WIMFZ — Western Jan Mayen
fracture zone; £R — Zgir ridge.

The SRC seafloor samples are best placed into the later-stage volcanism during the
Early Eocene during the formation of the JIMMC eastern flank volcanic margin and SDRs,
and alike the northern JMR seafloor samples. Therefore, the placement of these samples
within the syn-breakup igneous strata is inferred, and tentatively assigned an age range
estimate in between ~55-52 £1 Ma (Ypresian, Early Eocene) within the SDR sequence JM-
60. This is correlative with the Prinsen of Wales Bjerge formation (54 — 53 Ma) of the
Blosseville Kyst [Larsen, L.M. et al., 1985, 1989, 2013], or the intrusive phase (5654 Ma)
described by Tegner et al. [2008] just south of the Kangerlussuaq Fjord southwest of the
JMMC (Figure 12). Based on this correlation, it seems probable that the SDR formations
originally reached across the southern extent of the JIMMC domain towards central East
Greenland, which has since been affected by several erosive events that influenced the entire
region by removing approximately 2-3 km volcanic section [Mathiesen et al., 2000, Japsen
et al., 2014; Blischke et al., 2019] (Figures 4; 11a; 12).
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5.3 The initial rift transfer phases of IPR-I and IPR-II

Along the eastern JMMC margin, a second and third phase of igneous activity coeval
with seismic units JM-50 and JM-40 that overly the igneous complexes (outer highs) of the
primary eastern volcanic margin, including the inner SDRs of stratigraphic unit JM-60. Here
this unit is referred to as the Early-Mid Eocene igneous strata (Figures 2; Sc; 6; 9a; 10). This
phase of igneous activity appears to represent a period of enhanced volcanism with post-
SDR lava flows, volcaniclastic extrusion and sill and dyke intrusion along the entire eastern
flank, around the SRC ridges, and specifically around the south-eastern and southern end of
the IMMC.

5.3.1 The Eocene igneous strata and Iceland plateau rift [ — IPR-1

The IPR-I rift system is considered to have formed the two southeasternmost blocks
of the SRC. Thus, forming a volcanic margin that onlapped onto the three northern SRC
blocks. A volcanic margin estimated to have been active during Early Eocene (52 to ~50
Ma) (lower JM-50 unit) (Figures 2; 6d; 9a; 10). This igneous phase included the extrusion
of lava flows, possibly interlayered with volcaniclastics, dyke and sill intrusions associated
with small scale faulting within the blocks of the JMR and SRC (e.g. Figures 5c; 6b,d;
Supplement 6a-iii,a-iv; b). The IPR-I domain forms the south-eastern end of the SRC (Figure
9) and is characterised by high-amplitude irregular seismic reflective patterns that dip
towards the ZAgir ridge domain that shows an increase in seismic velocities 4,8 — 5,5 km/s
within the basaltic strata [Blischke et al., 2019] (Figures 5c; 6d; Supplement 6a-ii; b). This
succession of the SRC volcanic margin overlyies the SDR (JM-60) and plateau basalt units
(JM-70) that would have been part of the original eastern breakup margin that is buried and
hard to see below the IPR-I volcanic (Figures 6d; 9a; 10; Supplement 6b).

5.3.2 The Iceland plateau rift Il — IPR-1]

This was followed by the axial rift IPR-II that intersected into the Jan Mayen SRC,
eastern volcanic margin, and the IPR-I domain during Early-Mid Eocene (~49 — 40 Ma)
(upper JM-50 and JM-40 units) by normal and transpressional faulting followed by oblique
extension, the forming of axial rift systems, wide spread dyke and sill intrusives into the
adjacent blocks and strata, and small scale lava flows into the adjacent graben areas (Figures
1; 2; 5¢c; 6d; 9a; 10). Sills and small intrusive bodies are seen on seismic reflection data
within the Early to Mid-Eocene sediment section that have deformed or uplifted the across
the area mapped Mid-Eocene unconformity (ME on Figure 2) and are place within this IPR-
IT igneous activity time frame. This is primarily seen along the south-eastern and southern
SRC margin, where the ME control marker is uplifted or deformed, and Late Eocene
stratigraphic units are infilling these small features later in time (Figure 6d).

The ME unconformity therefore serves as a control marker that has been dated around
43 +£3 Ma, which is based on seafloor samples recovered from the north-western Jan Mayen
ridge [Sandsta et al., 2012], the SRC [Talwani et al., 1976e; Polteau, et al., 2018], and tied
to the stratigraphic framework of the IMMC [Blischke et al., 2019]. IPR-II timed activity
occurred furthermore coeval with the production and accumulation of ash deposits that are
preserved in the sediment record of the surrounding DSDP boreholes [ Talwani et al., 1976a-

el.
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The IPR-II segment, located west of borehole DSDP site 350, is visible on gravity and
magnetic data as well, which shows structural trends that are aligned with a faulted graben,
with indications of increased volcanic activity of fault parallel dyke and shallow sill
intrusives (Figures 1; 5¢; Supplements 6b; 7). Across the same IPR segment high-resolution
bathymetry data confirm these visible trends as volcanic ridges. These volcanic ridges vary
in length between 20 km to about 40 km and up to 10 — 15 km in width, representing volcanic
conduits that were probably localised source areas for these volcanic events (Figures 1; 5c;
6d).

5.3.3 Age and petrology

The IPR-I and IPR-II activity was original placed combined into an age range between
50 — 33 Ma (Mid- to Late Eocene) based on the core data analysis of DSDP site 350 by
Kharin [1976]. Raschka et al. [1976] inferred that by considering the paleontological record
of the overlying sediments, the basalt most likely was emplaced no later than 40-44 Ma. This
narrowed the age range of this igneous event to at least 50 and 40 Ma and fits into the overall
volcano-stratigraphic framework for IPR-I and IPR-II combined.

The phase separation was assigned based on seismic reflection data records, where a
clearly visible intersection of the IPR-II into the older domains of the SRC could be seen
and DSDP site 350 was tied into that interpretation (Figures 7; 8; Supplements 3-5; 6b).
Here, the core records show an IPR-II timed sill or dyke intrusive that is in contact with an
apparently older and heavily altered basalt-breccia unit that is seismic stratigraphically
assigned to IPR-I.

The DSDP site 350 age results of ~49,28 +0,3 Ma to 44,05 +0,21 Ma is similar to the
intrusive activity described by Tegner et al. [2008] for the Kangerlussuaq Fjord area of 50—
47 Ma, or the Igtertiva formation emplacement age range (~49 — 43 Ma) at Kap Dalton
[Larsen, L.M., 2013]. Evidence that all three areas were volcanically active during the Early
to Mid-Eocene, when the oblique IPR-II and GIFRC systems formed (Figures 10b).

The sampled intrusive section of IPR-II compares geochemically to MOR basalts and
the Blosseville Kyst plateau basalts (Figure 6a). The MgO vs. TiO2 (wt%) and MgO vs.
K20 (wt%) comparison of the sill intrusion shows a good correlation to the data trends of
the Blosseville Kyst with its the Igtertiva formation, as well as more recent volcanics within
the Northern volcanic zone of Iceland, and the Faroe Island syn-breakup series compositions
(Figure 6b,c). The basalt breccia of the IPR-I is more influenced by alteration and aligns
within the Jan Mayen fracture zone and Jan Mayen igneous complex trend (Figure 6).

5.4 Rift transfer and magmatic incursion of IPR-III

Rift transfer to the west of Iceland plateau rift I and II along the Iceland-Faroe fracture
zone occurred between the Late Eocene and Late Oligocene in association with the formation
of the igneous domains that are referred to as the Iceland plateau rift III (IPR III), the Jan
Mayen trough, and the south-westernmost extent of the IMMC, also referred to as the south-
western Jan Mayen igneous province (SWIMIP) that coeval with seismic units JM-35 to JM-
20 (Figures 1; 2; 5b,d ; 6¢; 9b; Supplements 2; 6a,c).
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The IPR-III domain is aligned parallel to the JMT and SRC, specifically the JMT an
extensional graben structure that became massively intruded by volcanic ridges into the Late
Oligocene (Figures 5b; 6¢; 9b). The alignment of these volcanic ridges with the underlying
bouguer gravity anomaly implies that deeper intrusive activity extended from the Iceland
shelf to the SRC domain (Figures 9b; 10; Supplement 7b), which suggests extensive igneous
activity within the area during the rift relocation from east to west along the southern extent
of the microcontinent.

During this time interval, there was a substantial increase in sill and dyke intrusions.
Volcanic ridges close to major fault zones can be observed within the JMT and in between
the SRC block that align with bouguer gravity and magnetic anomalies (Figures 5b; 6¢; 9b;
10; Supplement 6a-viii), especially at the intersection of the Jan Mayen trough and the SRC
transfer fracture zone (SRCTFZ on Figures 1; 5b; 6¢).

Generally, the MOU is deformed by faulting and intrusive features and overlain by
extrusive strata that is located below the Top Paleogene unconformity event (TPU) (Figures
6¢; 9b). The Jan Mayen trough and the southern end of the Lyngvi ridge show increased
intrusive complexes that appear to expand and cut into the JMMC domain by separating the
SRC from the main ridge, thus forming the JMT and SWIMIP (Figures 8c, 9b; 10). This
opening of the Jan Mayen trough — IPR-III and SRC block domains occurred in an oblique
motion towards the southeast and parallel to the dextral SRC fracture zone that
accommodated the formation of north-southerly striking fault and graben zones internally
seen sinistral stike-slip faults that appear strike parallel to the volcanic ridges, as
demonstrated by Blischke et al. [2020b].

5.4.1 Correlating key unconformities and igneous features

Key extrusive and intrusive bodies were mapped in reference to the MOU and TPU,
as no age or petrological control from borehole data exists to otherwise correlate these events
to each corresponding volcanic domain (Figures 2; 5b,d; 6¢; Supplements 2; 6b,c). The
formation of both the MOU and TPU created distinctive flat-topped topography across the
main JMR as well as the highest parts of the SRC. Unconformities that were logged in
borehole and seafloor records and tied to seismic stratigraphic data [ Talwani et al., 1976a,
1977; Sandstd et al., 2012, 2013; Blischke et al., 2017a, 2019] (Figures 6-8).

Volcanic ash layers are present within Late Eocene to Late Oligocene (~43-30 Ma +4
Ma) sediments in DSDP boreholes 346, 347, 349 and 350. In contrast ash layers are absent
in the Oligocene sediment sections of DSDP350 sites above that (~35-23 Ma), which is
based on the core analysis by Talwani et al. [1976a-e, 1978] or Sylvester [1975, 1978]. This
suggests that primary volcanic and phreatic activity shifted from east to west during that
timeframe, which would also correlate to the third intrusive activity phase between ~37-35
Ma just south of the Kangerlussuaq Fjord area that was described by Tegner et al. [2008].

An east-to-west shift of igneous activity can be seen by tracing the extrusive horizons
in reference to the key unconformities, here referred to as flood basalt events. The first flood
basalt marker is called the “F-Marker 3”, a flat laying lava flow events within the Late
Eocene to mid-Oligocene interval. The next shallower flood basalt or flat laying intrusives
event is referred to as the “F-Marker 2” located within the mid- to Late Oligocene
stratigraphic interval that is widely seen within the JMT — IPR-III rifting domain (Figures 2;
5d; Supplement 6d-viii;c).
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F-Marker 3

Horizon “F-Marker 3” aligns to the undeformed MOU in between the SRC blocks and
overlies the Early-Mid Eocene strata of the SRC volcanic margin and IPR-I and IPR-II
domains but is obscured by younger igneous events within the JMT (Figures 2; 9b). Its
mappable extent covers approximately 1250 km?. On seismic profiles, F-Marker 3 is
characterised by a relatively flat-lying hummocky-to-irregular seismic reflection that locally
infills smaller graben areas connected to a series of small intrusive features. These grabens
contain up to 2.5 km of fill including igneous material (Figure 9b). Possible Late Eocene to
mid-Oligocene faulting, smaller-scale intrusions and vents can be observed within the
faulted southernmost SRC segments, IPR-I and IPR-II domains during the same time
interval, which implies that the [PR-III activity affected a wider area into the adjacent older
SRC segments by faulting, intruding and deforming the older domains.

F-Marker 2

The mid- to Late Oligocene extrusive and intrusive features of horizon “F-Marker-2”
(Figures 2; 5b,d; 9b; Supplement 6a-viii) spreads out within the JMT, and is manifest as a
strong seismic reflection event covering an area of approximately 8100 km?, which
terminates against the rotated fault blocks and structural highs of the Lyngvi ridge, SRC
western margin; and faulted blocks of the IPR-II (Figure 5b,d). The interval below F-marker
2 is almost opaque due to the strength of this reflector, masking most of the underlying
structure. The true stratigraphic thickness for this interval ranges mostly from 0,1 to 1,8 km
but increases up to 3,5 km close to possible igneous complexes or volcanic ridges within the
Jan Mayen trough (Figure 9b).

The in-part irregular and hummocky structure of the F-Marker 2 is possibly related to
flood basalt that were emplaced in a wet environment, or the flow intruded into
unconsolidated and wet sediments, flowing along a consolidated unconform surface below
it. As sub-basalt seismic reflection data imaging has not improved for this area, despite
various re-surveying of the area since 1978 and no borehole control exists either, does this
question remain unanswered. However, it is clear that this area forms its own seismic
stratigraphic igneous domain belonging to the IPR-III phase.

5.5 The western igneous margin, and IPR-IV to the Kolbeinsey ridge
transition

The last rift-transfer phase is tied to the western margin of the microcontinent and the
Iceland plateau rift system IV (IPR-IV) at the south-westernmost extent of visible JMR
segments. The western JIMMC margin was rapidly stretched during the Late Oligocene
which resulted in the formation of the northern and southern segments of the Jan Mayen
basins (JMB and JMBS on Figure 1). The formation of this igneous domain represents the
last rift-transfer phase between central East Greenland and the IMMC during Late Oligocene
and Early Miocene (Figure 2). Its western boundary is marked by the first clear magnetic
anomaly chron 6¢ (23,3-22,5 Ma), which is tied to DSDP borehole 348 (Figures 1; 7b; 10c;
Supplement 4). Within this domain, dyke and sill intrusives, igneous complexes and
regionally extensive flood basalts are identifiable on seismic reflection data (Figures 4b; 5d;
Supplements 6a-vii; 6b). The IPR-IV represents the largest of the igneous centres within the
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domain on seismic reflection data in comparison to gravity and magnetic anomalies that
occur right across to the central East Greenland igneous centre that has been mapped on
seismic reflection data, aligning with the igneous breakup margin along the Blosseville Kyst
shelf that is estimated to have been active around ~24 Ma [e.g. Talwani et al., 1977; Blischke
et al., 2017a; 2018] (Figures 1; 4; 9b; 10; 11; Supplement 7). The mapped flood basalts,
herein referred to as “F-Marker 1” that is coeval with seismic unit JM-15, and onlaps onto
the IMMC structures and older igneous domains (Figures 2; 4b; 5d Supplement 2b,c). These
basalts formed prior to the first MORB of the Kolbeinsey ridge that were drilled in borehole
348 but overlie the IRP-III — Jan Mayen trough domain and older strata (Figures 4b; 5d; 9b;
Supplements 2; 4; 5; 6b).

5.5.1 The western igneous domain

This domain is formed by the northern and southern Jan Mayen basin segments that
are subdivided by the central Jan Mayen basin fracture zone (CIMBFZ), which is in
alignment with the central Norway basin fracture zone (CNBFZ) (Figures 9; 10; 11). Both
segments form part of the JIMMC’s western breakup margin but are different in their
structure, crustal thickness, and igneous character (Figures 1; 4b; 6a; Supplements 2b,c; 6b;
7). The entire western flank of the JMMC is strongly faulted into several westward-rotated
fault blocks along fault segments that have partly slid into the Jan Mayen basin, forming
half-graben and small graben structures. Most of the faults and tilted features are overprinted
by intrusive strata [Blischke et al., 2017a, 2019] (Figures 4b; 6a). Within the Jan Mayen
basin, the crustal thickness varies between 6-12 km based on different seismic refraction
datasets [Olafsson and Gunnarsson, 1989; Kodaira et al., 1998a; Blischke et al., 2017a,
2019] and reflect a contrast to the JMR and the adjacent Kolbeinsey Ridge domain on gravity
and magnetic datasets as well (Figure 1; Supplements 6b; 7). This deep and extended basin
represents most likely a pull-apart basin that opened in between the nearly E-W striking
CJMBFZ and the western Jan Mayen fracture zone (WJMFZ) during this phase, which aligns
with the NE-SW stringing normal fault system and orientation of the north-western JMR
margin (Figures 10-12).

A larger contrast in seismic-refraction velocity data has been recorded (>6,8 km/s) just
beneath the heavily rotated and thinned western JMMC fault blocks within the southern
segment of the Jan Mayen basin (JMBS) (Figure 1; 4b; Supplement 2b,c) that aligns with a
negative magnetic anomaly change, and possible underplating underneath the JMMC's
western-southwestern flank. Additionally, there is an increase in bouguer gravity values
(>130 mGAL) in contrast to the JMR (Figures 1b; Supplement 2b,c). These changes in
geophysical properties outline an area of the JMBS that lies north of the IPR-IV and south
of the CIMBFZ, along the western margin of the SWJMIP and Lyngi ridge areas and across
the volcanic complexes of the initial Kolbeinsey ridge (Figures 10; Supplement 7). An area
that is bound by the nearly east to west striking CIMBFZ to its north and cross-cut by the
SW-NE striking southwestern Jan Mayen basin fracture zone (SWJMBFZ). That fracture
zone has the same trend as the Spa fracture zone (SPFZ) at the Kolbeinsey ridge at present
day and connected originally to the southern extend of the Blosseville Kyst at the time of
breakup during Late Oligocene to Early Miocene (Figures 1; 10; 11; 12).
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The flood basalts — F-Marker 1

The F-Marker 1 flood basalts mark the Early Miocene top of seismic-stratigraphic unit
JM-15 in the Jan Mayen basin (F-Marker 1 on Figures 2; 5d; 9b; Supplements 6a-vii,b).
These flood basalts were mapped on seismic reflection data as flat-lying and almost opaque
reflectors that filled the low areas of the Jan Mayen basin with a mappable aerial extent of
approximately 9400 km?. Lateral continuity of the flood basalts was subsequently disrupted
by faulting during further extension within the Jan Mayen basin and was filled with Lower
Miocene sediments. Seismic refraction data indicate a velocity range of 3.3-4.2 km/s across
the western- to south-western areas of the JMMC indicating a basalt layer thickness of 270-
470 m that varies across the basin (Supplement 6b). Thickness estimates increase up to ~4
km at locations where possible igneous centres developed and most likely served as source
areas for the F-Marker 1 flood basalts within the Jan Mayen basin as fissure or axial rift
segments could not be fount as is (Figures 4b; 9b).

The mapped distribution of the F-Marker 1 basalts represents a minimum extent based
solely on available seismic reflection data; the true limit of the basalts might lie farther west,
where the proto-Kolbeinsey ridge oceanic crust was first formed. The latter was drilled by
DSDP borehole 348 which recorded sub-aerial basaltic lavas of fine- to medium-grained
crystalline olivine-tholeiite composition (Figures 7;8; Supplement 3;5) that correlates to the
same petrological group of MOR-basalts as the Kolbeinsey ridge, ZAgir ridge and Tjornes
transfer zone sample data (Figures 8).

The initiation of the Kolbeinsey ridge

A wedge-shaped package comprising a sub-horizontal to inclined reflection character
is visible on seismic reflection data (e.g. Figure 4b) that appear to onlap onto the severely
extended and rotated fault blocks of the JIMMC's western margin. The correlation of the F-
Marker 1 to the top-most horizon of the wedge-shaped package might suggest that it
represents SDR units. The latter might have been sourced from igneous complexes along the
western breakup margin outlining a possible microcontinent ocean boundary (MCOB)
(Figures 4b; 9b). The flood basalts are better imaged on post-2011 seismic reflection data
and appear to be consistent across the central Jan Mayen basin, just south of the CIMBFZ
(Figures 9b; 10). Here, a volcanic centre probably formed approximately at the northern
extend of the SWIMBFZ intersection, right before, or during the first seafloor spreading on
the Kolbeinsey Ridge. This feature aligns with chron 6¢ (23,3-22,5 Ma) and has a confirmed
tie to an igneous complex system based on seismic refraction and reflection data (Figures
6b; 10; 11c). Furthermore, does the reconstruction to the central East Greenland shelf margin
fit as a conjugate well into the arched shape of the western JMR-JMB margin. Thus,
suggesting that the wide central East Greenland shelf margin represents a complex Eocene-
Miocene igneous breakup margin that would move the location of the COB by definition
eastward to the second breakup phase during Early Eocene (Figure 4).
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5.6 The post-breakup Neogene-Quaternary oceanic phase

The oceanic domain west of the JMMC formed with the establishment of the
Kolbeinsey ridge from the time of anomaly chron 6¢ (Figures 10; 11c). Igneous activity
decreased along the microcontinent, which established its present structural and
physiographic configuration (Figures 10; 11c). The record of Neogene volcanic activity is
preserved in the DSDP and ODP borehole sites in the JIMMC area, including interbedded
volcanic ash and tuff layers within the deep-marine sediments [7alwani et al., 1976a-e;
1977, Sandsta et al., 2012, 2013; Blischke et al., 2017a]. Seafloor basalt samples of the
northern JMR fall into the same geo-chemical trends for the JMFZ and JMI (Figure 8). As
no age data are available for these seafloor samples [Haase et al., 1996], it is difficult to
assign these to the youngest igneous domain. However, known seafloor sample age data for
the JIMMC'’s western-northwester breakup margin show an age range between 13,2-0,1 Ma
[e.g. Fitch et al., 1965, Campsie et al., 1990; Davis et al., 1996, Mertz et al., 2004]. The
provenance of these volcanic ash layers remains to be fully determined; i.e. whether they
originated from the Beerenberg volcano of the JMI [Fitch et al., 1964], the Kolbeinsey ridge
system, or the early sub-aerial volcanic systems of Iceland [Semundsson, K., 1979;
Hjartarson et al., 2017].

Even though the Iceland igneous system is by far more dominant than the JMI, the
northern igneous margin has had an impact on the JMMC throughout the Neogene and
Quaternary, e.g. cone-shaped volcanic systems breaking through the older Early to Mid-
Eocene igneous margin (Figure 6a). This continuous volcanic activity along the
microcontinents northern margin can also be noted along the north-western steep flank of
the JMR, where increased gravitational slumping and faulting from the steep ridge flanks
are observed, alongside up to the seafloor reaching present-day active transfer graben fault
systems [Blischke et al., 2019]. This segment of the northern JMR appears to be tied to the
bouguer anomaly area underneath the Jan Mayen Island igneous complex. An area that has
been interpreted as oceanic-Iceland type crust that reaches up to 22 km thickness, which is
based on gravity and seismic refraction data inversion [Haase and Ebbing, 2014, Kandilarov
et al., 2012] (Figures 1; 10; Supplement 7). The north-western igneous margin of the JIMMC
and the Eggvin bank areas all lie within that bouguer anomaly adjacent to the JMI, indicating
a variable domain in composition and crustal structure, with crustal thickness ranging
between 8-13 km, an elevated mantle temperature, and enriched mantle sourced that feeds
into the northern Kolbeinsey ridge area [Tan et al., 2017].

Interestingly does the highly extended northernmost section of the JMB rift graben
cross the lowermost Bouguer anomaly domain (50-60 mGAL) (Figure 6a). Such bouguer
anomaly variations have been investigated within spreading regimes elsewhere, such as the
East Pacific rise, where density variations have been analysed through 3D Bouguer gravity
anomaly modelling including the effects of variations in crustal thickness and structures
[Wang et al., 1996]. Significant changes in Bouguer gravity anomaly patterns were
interpreted as “subcrustal”, showing distinct gravity lows centred over axial rift segments.
Possibly such lower Bouguer gravity anomaly domains (<95 mGAL) could be located close
to younger axial rift areas for the JMI area in the north and the IPR anomalous areas in the
south of the JMMC study area that intersected older microcontinent and Early Eocene
plateau basalt and rift domains (Figure 10).
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6. The JMMC igneous development: implications for the
opening of the Northeast Atlantic

Seismic volcano-stratigraphy, tectonic and palaeogeographic reconstruction of the JIMMC
has unravelled complex igneous processes of parallel rift-systems within the Iceland plateau,
early Kolbeinsey ridge, and Greenland-Iceland-Faroe ridge complex. Three reconstructed
igneous-province maps linked to a regional stratigraphic correlation chart are illustrated in
Figures 11; 12 in order to outline the relationship, described below, between the JIMMC and
its conjugate margins during the breakup process, which spans the interval between ~55 Ma
to ~22 Ma. Structural trends, fracture zones, rift zones, igneous complexes, and hotspot
locations are based on present-day features mapped on potential field data, detailed
kinematic reconstruction models [Blischke et al., 2017b], and published work from adjacent
margins [e.g. Larsen, L.M. et al., 1989, 1999; Pedersen et al., 1997; Planke et al., 2000;
Skogseid et al., 2000, Henriksen, 2008; Doubrovine et al., 2012; Funck et al., 2014; Hopper
et al., 2014, Gernigon et al., 2015, Blischke et al., 2016, Gaina et al., 2009, 2017; Geissler
etal., 2017; Hjartarson et al., 2017 and Horni et al., 2017].

6.1 Pre-breakup phase

Pre-breakup and primary breakup igneous units have been mapped on both sides of
the NE-Atlantic region (Figure 11a and Figure 12). The “Lower series flows” along the
Voering conjugate margin formed by igneous activity from ~67 to 59 Ma [e.g. Planke et al.,
2000; Abdelmalak et al., 2016]; the “Lower Basalt” sections along the central East
Greenland margin between ~63 Ma and 56 Ma [e.g. Larsen, L.M. et al., 1989; Pedersen et
al., 1997]; and the pre-breakup Lower Faroe Island basalt group (FIBG) comprising the
Lopra and Beinisverd formations within the Faroe-Shetland region, from ca. 61 to 56 Ma
[e.g. Mudge et al., 2015; Olavsdottir et al. 2019]. The base of these pre-breakup basalt
successions is commonly poorly imaged or not visible in seismic reflection data and thus
difficult to constrain [e.g. Abdelmalak et al., 2016; Olavsdottir et al. 2019). The pre-breakup
section consists of a mixture of intrusive rocks, lavas, volcaniclastic and hyaloclastic units;
the latter can often be mistaken for prograding sedimentary successions on seismic-reflection
profiles.

Thick hyaloclastic units have been drilled on the Faroe shelf at the deepest levels of
the pre-breakup FIBG, which has hindered accurate recognition of the base of the FIBG
[Olavsdottir et al. 2019]. Such ambiguity is also reflected in the uncertainty across the main
JMR as to where to place the top of the pre-basalt and breakup section (Figure 4b; 6;
Supplement 2). Rocks from the conjugate areas fall into the alkaline, felsic-to-mafic
composition that suggests contamination with continental crust [Parson et al., 1989; Tegner
et al., 1998; Larsen, L.M. et al., 1999; Meyer et al., 2009; Kokfelt and Arting, 2014]. These
igneous units would lie within the JMMC's Paleocene — Early Eocene JM-70 chronologic
time interval, and similar volcanic units would be expected to be present within the pre-
breakup strata of the JMR. This cannot be confirmed as no drilling data exists, but velocity
contrasts, seismic reflection data characteristics, here specifically the intrusive dyke swarm
features along the eastern breakup margin within the pre-breakup sections of the JMR show
a close analogy based on geophysical data (Figures 4b; 8; Supplements 2; 6a-i).
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Palacogeographic reconstruction (Figure 11a), shows the JIMMC area aligned with
central East Greenland and pre-breakup structural trends as seen in the Jameson Land basin.
The IMMC was located 300-400 km NNE along-strike of the Faroe Islands region, and just
south of the Vering volcanic margin across the Pre-EJMFZ. The JMMC plateau-basalt-
equivalent section aligns with the Blosseville Kyst and appears to increase in stratigraphic
thickness towards the south, which includes the SRC block (Figures 6; 11a). In contrast, the
Blosseville Kyst plateau basalt section thins towards north and onlaps onto the Jan Mayen
igneous complex, just south of the JMFZ. This was also observed onshore by Brook [2011],
who described a south-westerly-increasing trend in plateau basalt thickness from the
Jameson Land basin, Scoresby Sund and Blosseville Kyst towards the Kangerlussuaq basin.
The inland and northern areas show regional onlap onto structural highs with subsequent
erosion, estimated at 2-3 km in central East Greenland [Larsen, L. M. et al., 1999, 2014,
Mathiesen et al. 2000; Passey, 2009; Passey and Hitchen., 2011; Arting et al., 2014].

The marked north-to-south increase in thickness of the pre-breakup lower series and
plateau basalt sections of the Blosseville Kyst, from ‘not present’ to up to 6-7 km might
represent a primary “source-centre” for the pre-breakup succession being located at the
intersection of the Blosseville Kyst and the pre-IFFZ (Figure 11a). As the initial area of
breakup between East Greenland, the Faroe Islands and JMMC has several NE-SW striking
magnetic lineaments aligned parallel to possible contemporary active onshore igneous
centres (Figure 11a). This focal area formed the first segment of the GIFRC, the onset of the
IFFZ, and would have covered the southern extension of the JMMC as well. An area that is
presently unresolved, as no seismic data coverage exists, but may lie beneath the northeast
Iceland shelf and eastern Iceland.

At the time of breakup, the JMR and Jan Mayen basin were juxtaposed with the
Blosseville Kyst and Scoresby Sund. Fault trends and a southwest-to-northeast magnetic
anomaly pattern across the Geikie plateau appear to terminate against the microcontinent in
an area of several possibly time -parallel or older intrusive complexes located within the pre-
breakup strata (Figures 8; 11a). One of those is a large igneous complex just north of Kap
Brewster and at the mouth of the Scoresby Sund area aligning with a strong magnetic
anomaly trend that was confirmed by seismic reflection mapping [Blischke and Erlendsson,
2018] (Figure 11a).

The Geikie plateau magnetic trends, although covered by massive lava fields and
glacial ice, are parallel to numerous magnetic anomalies between the Kangerlussuaq area
and the Faroe Islands, potentially marking deep-seated fracture systems that served as
pathways for upwelling magma. The right-stepping alignment of these anomalies and
potential fracture systems would correspond to a left-lateral opening of that area, as already
pointed out for the pre-IFFZ by Guarnieri et al. [2015], thus linking the tectonic fabric to
rising magma and emplacement processes for the initial breakup phase (Figure 12).

Such fracture-zone-influenced magma emplacement can be seen on seismic reflection,
gravity and magnetic anomaly data along the EIMFZ (e.g. Figure 5a; 6b), which was part of
the early Jan Mayen Fracture Zone (JMFZ) system during Early Eocene (Figure 11a). In
contrast to the south of JIMMC, here the pre-IFFZ aligns with the Kangerlussuaq area across
to the Faroe Islands platform and Fugloy ridge into the Mere margin. Associated with this
trend are several possible igneous centres that might have formed an initial volcanic breakup
margin that would have preceded the formation of syn-breakup SDR formations (Figure
11a,b).
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Figure 11. Reconstruction of the possible igneous province’s maps for the Northeast Atlantic, where the positions of Eastern Greenland
and the Jan Mayen main tectonic blocks are shown in an absolute position (relative to the mantle) according to kinematic parameters that
were computed by carrying out visual fits (in GPlates 2.0.0; https://www.gplates.org) for the (a) pre-breakup (~60-54 Ma), (b) syn-breakup
to drift phase (~55-49 Ma) and (c) final breakup phase along the western JMMC margin (~33-22 Ma) and the full formation of the
Kolbeinsey Ridge. Features displayed are modified from data and interpretations by Larsen, L.M. et al. [1989, 1999]; Pedersen et al.
[1997]; Planke et al. [2000]; Henriksen [2008]; Doubrovine et al. [2012]; Funck et al. [2014]; Hopper et al. [2014]; Gernigon et al. [2015];
Blischke et al. [2016]; Gaina et al. [2009, 2017], Geissler et al. [2017]; Hjartarson et al. [2017] and Horni et al. [2017]. Abbreviations:
ZR — Egirridge, CTMBFZ — central Jan Mayen basin fracture zone, CNBFZ — central Norway basin fracture zone, E-ICE — East Iceland,
EJMFZ — East Jan Mayen fracture zone segments, FI — Faroe Islands, FSB — Faroe-Shetland basin, GIFRC — Greenland-Iceland-Faroe
ridge complex, GIR — Greenland Iceland ridge, GP — Geikie plateau, IFFZ — Iceland-Faroe fracture zone, IFR — Iceland-Faroe ridge, JMB
— Jan Mayen basin, JMBS — Jan Mayen basin south, JMI — Jan Mayen island igneous complex, JMLB — Jameson Land basin, JMR — Jan
Mayen ridge, JMT — Jan Mayen trough, IPR — Iceland plateau rift, K — Kangerlussuaq, KB — Kap Brewster, KD — Kap Dalton, KR —
Kolbeinsey ridge, LLB — Liverpool Land basin, MR — Mohn s ridge, NJMR — northern Jan Mayen ridge, NWIRZ — Northwest Iceland rift
zone, RIFZ — Reykjanes-Iceland fracture zone; SD — Scoresby Sund, SRC — Southern ridge complex, SRCTFZ — Southern ridge complex
transfer fracture zone, SWIMBFZ — Southwest Jan Mayen basin fracture zone; TFZ — Tjornes fracture zone, TVIP - Traill @—Vering
igneous complex, VD — Vesturdjup rift zone; VSM — Vesteries seamount, VT — Vindtoppen formation, WIMFZ — Western Jan Mayen
fracture zone and WTRFZ — Wyville-Thomson Ridge fracture zone.
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Old structural trends and hyper-extended crust may represent potential zones of the
mantel reaching up shallow, alongside magmatic material rising up through weaker and
segmented crust, and thus may be preferred focal points for hot-spot upwelling and initial
areas for mid-oceanic ridge segment formation [Schiffer et al., 2018, 2019; Mordret et al.,
2018]. The plume or hot-spot locations modelled by Doubrovine et al. [2012] coincide with
the starting point of the SW-NE-trending magnetic anomaly zone (Geikie plateau trend) that
terminates right at the intersection point between the main Caledonian front and Archaean
boundaries. This could suggest a deep structural weak zone that the upwelling mantle would
have interacted with between 60-55 Ma [Doubrovine et al., 2012] (Figure 11a).

The Trail-@ region and Vering margin were linked through the JMFZ and the
northernmost area of the JIMMC (Figure 11a,b). The SW-NE-striking Geikie plateau trend
appears to align parallel to the magnetic trend seen at the Trail-@ volcanic igneous province
but is offset by the Proto-JMFZ. The modelled plume location for 54 Ma by Gaina et al.
[2017] suggests a strong fluctuation of the mantle anomaly, thereby implying a much wider
area of influence of the mantle anomaly piercing into the overlying weakened structural
framework, and initiation of crustal rupture to the south and north of the JIMMC. This being
an area that has been described to show increased underplating, lower crustal body (LCB)
formation, and large-scale fracture zone “magmatic leakage” [e.g. Abdelmalak et al., 2017,
Gernigon et al, 2019]. Possible underplating has been recorded underneath the
microcontinent as well adjacent to the projected microcontinent-ocean boundary and along
its igneous breakup margins (Figure 4b; 6; Supplement 2).

Mapped igneous centres along the eastern flank of the JIMMC appear semi-en-echelon
in a left-stepping direction, which would require a linked right-lateral transfer system along
the JMFZ (Figures 10, 11a). This could explain why the initial breakup margin formed along
the north-eastern edge of the microcontinent, which later developed into the obliquely-
opening Zgir ridge, with the Norwegian shelf margin moving south-eastward and the IMMC
north-westward along the JMFZ. Consequently, this led to the formation of an extensional
area south of the JMFZ with developing igneous centres and gradually subsiding eastern
JMMC margin (Figure 11a,b). This hypothesis would require a transpressional region north
of the JMFZ, which would be elevated just as the Vering igneous margin remained a
bathymetrically elevated area during Early Eocene, where the breakup unconformity of the
top volcanics has been recorded around ~55 Ma (Figure 12).

6.2 Syn-breakup to drift phase

The syn-breakup to drift phase is dominated by the formation of SDRs and ocean crust
along the Zgir ridge, within the Norway basin (Figure 11b). The eastern JIMMC flank is
onlapped by sets of SDRs and aligned by distinct igneous complexes that form the primary
breakup margin. The geochron estimate of chron C24r (~55 Ma) matches the mapped inner
SDR sets that are tied to the termination of one of the EJMFZ segments. The first oceanic
domain chron C24n.3n (~53,4 Ma) correlates to the outer SDR sets corresponding to the
onset of ocean forming spreading and drift phase within the Norway basin [e.g. Skogseid
and Eldholm, 1987; Gaina et al., 2009; Gernigon et al., 2015] (Figure 6a-c).
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These early Ypresian (55-52 Ma) syn-breakup volcanics are well known from the
conjugate areas of the microcontinent and have been confirmed by rock sample data of the
Voring plateau, and are mapped based on seismic reflection data for most breakup margin
areas for the Northeast Atlantic area [e.g. Planke et al., 1994, Passey and Jolley, 2009,
Gaina et al., 2009; Gernigon et al., 2015; a Horni et al. 2017, Geissler et al., 2017 (Figures
11b; 12).

The thickness variation of the JMMC’s SDRs stratigraphic unit reflects the initial syn-
breakup row of volcanic systems that formed along the eastern JMMC breakup margin and
close to fracture zone segments (e.g. EJMFZ or SRCFZ) that facilitated the segmented
separation of the microcontinent from the Norway basin (Figures 9; 10; 11b; 12). The
southernmost blocks of the SRC are overlain by a younger Early- to Mid-Eocene volcanic
margin, which obscures underlying igneous strata (Figures 5c; 6d; Supplement 2c). The
underlying lava flow units have semi-parallel reflector signatures and amplitude contrasts of
classic SDR’s or landward flow lava units. Thus, the SRC Early- to Mid-Eocene igneous
margin relates primarily to the formation of the southern ZAgir ridge interaction with the
developing IPR and southern JMMC. Furthermore, this area would have been the direct
conjugate igneous margin to the Blosseville Kyst (Figure 11b).

The SDRs along the East Greenland Traill @ coastline, the IMFZ, the northern Mere margin,
and the western Faroe Islands margin are less apparent, but formed a wide igneous margin
along the Fugloy ridge and the southern Mgre margin (Figure 11b), indicating a clear
asymmetry in the early opening of the Norway basin. Based on Norcliffe et al. [2019]
asymmetric SDRs form preferentially above a waning thermal anomaly in the mantle, or due
to variations in the pre-rift lithospheric structure, which clearly is the case for the eastern
JMMC breakup margin and the Zgir rift system. This implies that the process of the
JMMC’s rift transfer was in place from breakup time, reflected within its rifting asymmetry
and igneous activity across the IPR propagating into the central Blosseville Kyst region, and
formation of the Trail-@ volcanic igneous province north of the JIMMC.

These processes appear to coincide with a change in spreading direction of the
Northeast Atlantic system, i.e. a regional rather than a localized event [Gaina et al., 2017]
(Figure 12). The south-eastern extent of the Iceland-Faroe ridge that forms the eastern part
of the GIFRC is of interest in comparison to the south-easternmost extent of the IMMC’s
SRC, where indications of anomalous SDRs are marked by multiple stacked sets that
indicate a vertical accretion of SDRs or volcanic rift systems, rather than the classical inner
and outer SDR architecture during the same syn-breakup time interval [Erlendsson and
Blischke, 2013; Blischke et al., 2016, Hjartarson et al., 2017] (Figures 11b; 12).

Such anomalous rifting activity is possibly linked to mantle upwelling anomalies,
and/or pre-rift lithospheric structures, as seen in the complex pattern of magnetic anomalies,
potential fracture zones, or structural lineaments across the GIFRC (Figure 11b). Archaean
boundaries observed in East Greenland project into the GIFRC and connect directly into the
trend of the pre-IFFZ and Fugloy ridge structural domains, dividing two structural regions,
the Caledonian to its north and Archaean to its south. Thus, two primary structural trends
formed during this syn-breakup phase: a WNW-to-ESE trend across the main GIFRC; and a
NW-to-SE trend as the IPR and Proto-EJMFZ systems developed north of the GIFRC. The
IPR and GIFRC structural trends have been reactivated during later rift phases and possibly
have affected rifting in Iceland (Figures 11b,c; 12).
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Figure 12. Regional chronostratigraphic summary chart in relationship of the JMMC's volcano-stratigraphy to its conjugate igneous
margins in regards to Northeast Atlantic spreading direction changes modelled by Gaina et al. [2017a,b], main igneous provinces and rift
relocations after Semundsson [1979], Hardarson et al. [1997, 2008], Saunders et al. [2013], Thordarson and Héskuldsson [2008],
Brandsdottir et al. [2015], Blischke et al. [2017a, 2019], Geissler et al. [2017], Parson et al. [2017], and Hjartarson et al. [2017], mid-
oceanic ridge systems and orogenies modified after Lundin and Doré [2002]. Time scale from Gradstein et al. [2012]. Unconformity and
JMMC abbreviations see Figure 1, and conjugate igneous margins, provinces, and rift relocations: GIFRC — Greenland-Iceland-Faroe
ridge complex, IPR — Iceland plateau rift zone, NAIP — North Atlantic igneous province, SWIMIP — Southwest Jan Mayen igneous
province, TVIP — Traill @-Vering igneous complex; Iceland: EVZ — Eastern volcanic zone, NWIRZ — Northwest Iceland rift zone, RLNRZ
— Reykjanes-Langjokull-North Iceland rift zone, SHRZ — Snaefelsnes-Hunafloi rift zone, SVB — Sneaefellsnes intraplate volcanic belt,
SWIMIP — Southwest Jan Mayen igneous province, and OVB — Orzfi intraplate volcanic belt.

6.3 Rift-transfer phases

The rift-transfer phases involved the south-eastern JMMC igneous margin and the
developing IPR segments I and II that interacted with the oblique spreading system of the
Agir ridge (Figures 11b,c; 12). The oldest continuous magnetic anomaly chron C21 (late
Ypresian—early Lutetian, ~48—46 Ma) along the oblique spreading Agir Ridge [ Gaina et al.,
2009, Ellis and Stoker, 2014, Blischke et al., 2017] formed just prior to the emplacement of
the overlapping IPR-I volcanic succession (~52—50 Ma). The IPR-I is coeval with the JMMC
seismic-stratigraphic unit JM-50, and most likely overlaps the syn-breakup JMMC Early
Eocene igneous margin and SDRs (Figures 7d; 8d; 9; 11). The IPR domain segment “IPR-
IT” intersected the IPR-I segment and underlying JMMC Early Eocene igneous margin most
likely between ~49 — 44 Ma, establishing a direct chronological and geochemical correlation
with the Igtertiva formation (~49 — 43 Ma) of Kap Dalton and the central Blosseville Kyst
area. This overlap emphasises a tectono-magmatic connection between the areas along this
propagating Iceland plateau rift system and the southern extent of the JMMC (Figures 11
and 12).

Volcanism continued throughout the Early- to Mid-Eocene (approximately 43-40 Ma)
along the northern margin of the IMMC, EJMFZ, Jan Mayen Island, Trail-@ igneous
province, and within the GIFRC [e.g. Gaina et al., 2009; Geissler et al., 2017, Blischke et
al., 2019]. The Trail-@ igneous province connected along the EJMFZ directly into the
Voering and Mere igneous domains forming a distinct segment of a mafic-to-alkaline igneous
province that appears to have influenced the northernmost area of the JMR (Figures 11b;
12). Available geochemical data for the JMFZ, the JMI and the northern JMR suggest an
igneous and magmatic connection along these systems. South of the JMMC, the GIFRC
encompassed complex, parallel sub-aerial off-ridge volcanic systems connected by short
fracture zone segments, including failed axial rift system across the Iceland-Faroe Ridge
(~49-40 Ma) (Figures 11b,c; 12). Thus, the Agir- and Reykjanes ridge systems were linked
through a complex fracture zone region and off-ridge volcanic systems by the GIFRC. The
Reykjanes ridge could therefore connected with the Blosseville Kyst igneous domain and
the Agir Ridge formed an overlapping spreading centre with the IPR (Figure 11a,b).

The Early to Mid-Eocene IPR rift transfer is in phase with an overall change in
spreading direction, accompanied by decreased seafloor spreading rates within the Northeast
Atlantic [Gaina et al., 2017b] (Figure 12). As no major orogenic events occurred during this
time period, this rift re-organisation most probably reflects the influence of large-scale
magmatic processes, which resulted in regional uplift and development of the Mid-Eocene
unconformity (Figure 12) [Blischke et al., 2019]. This, most likely reflects processes of
substantially increased magmatic activity underneath region that affected the adjacent rift
system: the Reykjanes ridge to the south of the GIFRC, and the highly asymmetric Agir
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ridge and IPR system to the north. The IPR and Igtertiva formation areas were part of the
same rift system, indicating higher TiO; and K>O contents and more developed magma
sources in comparison to typical MORB (Figure 8). Thus, reflecting a mantle or hot-spot
anomaly right below the GIFRC.

Asymmetric rift propagation across on the GIFRC or better across Iceland continues
to present-day, specifically from the NVZ to the Kolbeinsey ridge and serves as an analogue
for a hot-spot/plume — ridge interactive zone, geo-dynamically but also geochemically.
Iceland-type basalts, as in the case of the NVZ, have a wide variation that could be linked to
changes in mantle source composition, variation in mantle melting conditions, or variation
in the extent of crustal assimilation. It is worth noting that the NVZ’s increased depletion in
comparison to other rift systems, reflecting heterogeneities in the Icelandic mantle that is
described as a large-scale regional magmatic source that produced the NVZ sub-alkaline
tholeiite basalts [e.g. Fitton et al., 1997; Chauvel and Hémond, 2000; Thirlwall et al., 2004,
Kokfelt et al., 2006]. Interestingly, these basalts are very similar in geochemical composition
to the IPR-II core samples and the Igtertivd formation, when compared geochemically in
terms of the MgO / K>O (wt%) and MgO / TiO2 (wt%) contents (Figure 8), suggesting a
similar hot-spot influenced tectono-magmatic setting.

Anomalously thick crust reflected by the bouguer gravity anomaly data are specific
for Iceland’s older pre-Neogene eastern and western crustal domains (20-40 km), adjacent
to younger volcanic zones and the plume locations, where crustal thickness decreases rapidly
(< 20 km) [e.g. Brandsdottir and Menke, 2008, Brandsdottir et al., 2015]. The IPR-IMMC
areas have, in contrast, a highly variable crustal thickness (6-22 km), including various ridge
blocks that are separated by graben, and half graben structures and intersecting rift segments.
This heterogeneity appears to reach far into the JMMC and especially the SRC, where the
IPR-II intersects the IPR-I domain causes abrupt thinning (Figures 1; 9; 10; Supplement 7).
In the case for the IPR-I area, a bouguer gravity anomaly that trends northwards possibly
overlie a heavily intruded crustal sliver and intrusive complexes that was linked to the
GIFRC across the pre-IFFZ domain northward into the SRC (Figures 9; 11b). The IPR-II
segment intersected the IPR-I and the SRC possibly due to the rapid extension of the
southern JMMC margin that counter acted the rapid extension of the Agir ridge [e.g. Gaina
et al., 2009]. Thus, due to this rapid extension, the SRC block started to be separated by
graben structures with highly thinned crust that was intruded by dykes and sills and
established axial rift segments as seen in IPR-II (Figures 11b,c). This represents a unique
example of a multi-lateral and vertical igneous-margin that formed through a propagating
rift system. A process that forms microplates along a complex igneous margin that can be
observed in present-day Iceland as well [e.g. Einarsson, 2008].

6.4 Final breakup along the western JMMC margin

The breakup along the western margin of the JMMC commenced initially with a
westward shift of IPR-III activity into the central graben that formed the Jan Mayen trough
during the Oligocene (~35-25 Ma) (Figures 1; 5b; 6¢; 9b; 11c; 12). This east-to-west rift
transfer occurred as the ZAgir ridge went into ultra-slow spreading and cessation mode
[Gernigon et al., 2015; Gaina et al., 2017b]. This period of activity is accompanied by
massive magmatic intrusive formations, such as the emplacement of volcanic ridges, dyke
intrusions and flood basalts (F-markers 3 and 2). The intrusive phase aligns an apparent
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Bouguer gravity anomaly trend within the JMT, the northern SRC, and the SWIMIP just
south of the Lyngvi ridge structural domains. The emplacement of these volcanic ridges
marks the complete breach of the fault and fracture zones that follow the Bouguer gravity
trends, implying forced upwelling of magmatic material into available crustal and structural
pathways, subsequently adding to the fan-shaped extent of the JMT and SRC domains
(Figures 5b; 6¢; 9b; 11; Supplements 7).

The final breakup phase (~25-22 Ma) occurred along the south-western and western
flank of the IMMC, where evidence for increased volcanic activity is preserved, including
the emplacement of igneous complexes, such as the IPR-IV or the formation of the Jan
Mayen basin, increased dyke and sill intrusive activity, extrusive flood basalts (F-marker 1),
and a possibly buried western SDR margin (Figures 4b; 9b; 10; 11c; Supplements 2; 6). This
activity represents a distinct western igneous margin that formed as the JIMMC fully
separated from central East Greenland along the proto-Kolbeinsey ridge during magnetic
anomaly C6c (23,3-22,5 Ma).

The eastern segment of the WIMFZ appears to have developed by forming /
interlinking with the Eggvin bank, the north-western edge of JMMC, and the JMI that
connected into the northernmost proto-Kolbeinsey ridge (Figures 8a; 11c; 12). The WIMFZ
linked the JMI and the Trail @ region that became partially inverted, with intrusion of a
syenite pluton and dykes around 30 Ma [Parsons et al., 2017, Geissler et al., 2017, Blischke
et al., 2019] (Figure 12). The eastern segment of the WIMFZ was also connected with the
Mohns ridge, forming a distinct igneous domain north of the JIMMC, just as the GIFRC and
Iceland formed as a larger counterpart to the south of the microcontinent.

Across the GIFRC, reconstructed magnetic and gravimetric anomalies suggest several
rift and rift-flank segment systems that were offset by SW-NE striking fracture zones during
the Late Oligocene to earliest Miocene interval (Figures 11c; 12). These aligned with the
microcontinent’s south-western and western volcanic margin just north of the GIFRC, and
with the Reykjanes ridge south of the GIFRC (Figure 11c) [Blischke et al., 2017a, 2019].
These anomalies correlate to known rift zones, such as the north-western Iceland rift zone
that is proposed to represent the initial proto-Iceland rift zone approximately ~33-25 Ma that
aligns with Iceland’s present-day western shelf edge [Hardarsson et al., 2008], and the
volcanic complex of the Vesturdjtip (~30 Ma) at its southern extent [Hjartarson et al., 2017]
(Figures 11c; 12).

Global plate motion reorganizations are also believed to have triggered changes in
spreading rates and directions from NNW-SSE to WNW-ESE between Greenland and the
Eurasian plate (~33-21 Ma), just before the onset of the late Alpine orogeny and after
cessation of ocean floor spreading within the Labrador Sea and Baffin Bay [Gaina et al.,
2017b] (Figure 12). The mid-Alpine Pyrenean orogeny occurred at the same time as this
final phase of the Northeast Atlantic opening, placing the NW European plate margin in
between the active ocean spreading ridges and the orogenic belt (Figures 11c; 12) [e.g.
Lundin and Dore, 2002, Ritchie et al., 2008].
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This process forced a rearrangement of active spreading centres within the Northeast
Atlantic region, as well as causing reactivation and compression along the south-eastern
JMMC domain, and generated inversion structures within the SRC highs and within the
Iceland-Faroe ridge area [Gaina et al., 2009; Blischke et al., 2016]. The modelled location
of the Iceland hot-spot with the Northeast Atlantic ridge around 35-30 Ma [Doubrovine et
al. 2012] correlates well with the apparent regional tilt of the entire GIFRC due east that
opened ocean gateways in between the central East Greenland shelf and the subsiding
Iceland-Faroe Ridge and Faroe-Islands plateau areas [Stdrz et al., 2017; Blischke et al.,
2019].

6.5 Iceland hot-spot and the JMMC igneous domains

Whether the Iceland and JMI mantle anomalies originate from a depleted upper mantle
[Mertz et al., 1991; Mertz and Haase, 1997; Hanan and Schilling, 1997, Hanan et al., 2000,
Stracke et al., 2003], or from an active upwelling mantle or mantle plume based on
geophysical and petrochemical data analysis [e.g. Fitton et al., 1997; Chauvel and Hémond,
2000; Kempton et al., 2000; Skovgaard et al., 2001; Breddam, 2002; Kokfelt et al., 2006,
Parkin and White, 2008], has been debated. However, it has been clarified that the Icelandic-
and JMI-type basalts are different to typical MOR basalts, and show mixing towards their
neighbouring ridge systems, giving proof to a petrochemical anomaly [e.g. Kokfelt and
Arting, 2014].

Parnell-Turner et al. [2014] suggested that the Iceland hot-spot was active periodically
from 55 to 35 Ma and that a pulsating plume has generated a V-shaped ridge every 3 Ma up
to 35 Ma, continuing every 8 Ma into present times. Their formation along the Reykjanes
ridge has been proposed to be influenced by axial rift propagation, which could be hot-spot
pulse-driven but which might not be its primary cause [Hey et al., 2010]. Deep-crustal melt-
rich incursions have been described for the V-shaped Reykjanes ridge that is suggested to
reflect the Iceland hotspot pulsing and influencing the ridge south of the GIFRC [ White et
al., 1995, Abelson and Agnon, 2001, Ito, 2001; Rychert et al., 2018].

A correlation of these interpreted regular hot-spot pulsing events south of the GIFRC
to apparently regular changes in spreading directions, as suggested by Gaina at al. [2017b],
do not line up in chronological time for the region north of the GIFRC [Blischke et al., 2019].
Here, such regular pulsing events do not explain the major changes and unconformities that
are primarily linked to regionally tectonic and magmatic events for the Northeast Atlantic
region, and distinct hot-spot ridge interaction that resulted in the IPR propagation from the
Agir ridge to the Kolbeinsey ridge. Furthermore, the reconstructed geochronology of the
Northeast Atlantic region, the mapped igneous domains of this study, in comparison with
known modelled hot-spot rift interactions, and opening of the JMMC-IPR structural fabric
suggest that the Iceland hot-spot influenced the IMMC-IPR domain system through 7
distinct tectono-magmatic phases, of which 5 are possible major phases that influenced the
JMMC'’s breakup history (Figure 12): (1) Early Paleogene, possible pre-breakup magma-
crust interaction underneath the central Blosseville Kyst — JMMC area (>55 Ma); (2) Early-
Mid Eocene forming of the GIFRC — IPR-I/IPR-II systems (~52-40 Ma); (3) the formation
of the IPR-III, north-western Iceland rift zone system — proto-Kolbeinsey — JIMMC western
breakup margin (~35-22 Ma); (4) the Mid-Miocene rift transfer across Iceland Snafellsnes-
Hunafloi rift zone (~15-13 Ma) with increased magmatic activity in central East Greenland
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(Vindtop Formation on Figure 12), the Eggvin bank — WIMFZ; and (5) formation of the
Iceland multi-rift zone and intra-plate rift zone system since ~7 Ma.

These phases describe large-scale events linked to deep crustal incursions that are
reflected as offset intrusive systems of neighbouring margins, similarly as described by V-
shaped ridge systems. Elsewhere, asymmetric oceanic domains and “V-shaped” breakup
development have been documented for the southernmost South Atlantic, which underwent
south-to-north propagation of an initial asymmetric segmented rift margin and SDR
formation, prior to the emplacement of the Parana Etendeka LIP and subsequent regular
ocean floor emplacement [Koopmann, H. et. al., 2016]. Thus, several scenarios are possible
that might explain deep intrusive incursions from one igneous domain into the other that
relate to the interaction of mantle anomalies, lateral melt pollution, and structural settings
that influence the complexity of a breakup margin.

Along the Early Eocene eastern JMMC breakup margin, a clear wedge shaped north
to south asymmetric SDR formation formed that might be linked to variations in the pre-rift
lithospheric structure and a thermal mantle anomaly. Connecting the second breakup, the
JMI - Eggvin bank areas form the JMMC's direct N-NW volcanic margin domains and have
a strong influence on the microcontinent that differ in crustal structure and geochemical
composition (Figures 1; 8; 10; 11c). Thus, this might reflect the JMI long-lived activity from
~55 Ma to present day.

The Jan Mayen island igneous geochemistry indicates more enriched and alkaline
compositions that are similar to the Icelandic volcanic flank zones [Debaille et al., 2009],
but primarily align with samples from the northern Jan Mayen ridge, the Jan Mayen fracture
zone, and in part with the Vesterise seamount (Figure 8). The Vesteris seamount’s origin has
been suggested as a Mid-Miocene to present-day feature [Haase and Devey, 1994]. Jan
Mayen island volcanism could have been developing around the northernmost WIMFZ
fracture zone segment from Early Miocene (Figure 8c). The origin of the different
compositions of this province is considered to either be related to a mantle plume or MORB
melts that have been contaminated by continental lithosphere [Hanan et al., 2000, Kokfelt
and Arting, 2014]. Apparent crustal anomalies are seen on Bouguer gravity, magnetic, and
refraction data around the JMI and the Eggvin bank along the WIMFZ (Figure 1; 9b; 10;
11c), with a thick crustal heterogenous segment along the northern extent of the JIMMC, the
JMI, and along the Kolbeinsey ridge [Tan et al., 2017, 2018]. Here, the Kolbeinsey ridge
might additionally function as a transitional conduit, as deeper levels of melting are
suggested to have been influenced by mantle anomalies, and variation along the
southernmost part of the ridge, indicated by geochemically-transitional signatures varying
between typical depleted MORB and Icelandic basalts [Hart et al., 1973; Sun, 1975;
Schilling et al., 1999; Thirlwall et al., 2004; Kokfelt and Arting, 2014].
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7. Conclusions

New details on the Northeast Atlantic opening mechanism have been mapped and
delineated based on composite datasets of the JMMC-IPR region that clearly delineate the
JMMC in between 2 breakup centres, the GIFRC to its south, and the JMI — JMFZ system
to its north. The JMMC's volcanic seismic-stratigraphic record is characterized by seven
separate tectono-magmatic and stratigraphic rift-transfer phases were defined as follows:

(M

)

3)

Q)

6)

(6)

(7)
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An initial breakup phase characterized by anomalous magmatic activity that
followed a SW-NE opening fissure trend along WNW-ESE striking pre-existing
fracture zones south and west of the JMMC, here inferred as an oblique opening
of the Geikie plateau into the central JIMR domain (~63-56 Ma);

Multiple SDR sets that formed along the JMMC eastern igneous margin during
syn-breakup in the Early Eocene. SDR rift segments propagating from north to
south in a general NNE-SSW strike direction represent a precursor for the Egir
ridge mid-oceanic ridge system’s development that opened along the NW-SE
striking EJMFZ, CNBFZ, and SRCFZ segments (~55-53 Ma);

Forming of JIMMC's eastern breakup margin, the Iceland Plateau rift (IPR-I),
and southernmost extent of the Egir ridge system (~52-50 Ma);

SW to NE magmatic interaction of the Greenland-Iceland-Faroe ridge complex
with the JMMC domain. The IPR-II segment intersecting the IPR-I segment and
the southern extent of the SRC domains contemporary with the ZAgir ridge.
Volcanism was accompanied by axial rift segments, intrusives, flood basalts,
shelf-margin deltaic sedimentation within a shallow shelf marine depositional
environment (~49-36 Ma).

SW to NE magmatic incursion from the GIFRC into the JMMC systems that
formed the IPR-III rift domain, severing the SRC from the main JMR (Lyngvi
ridge) that formed the JMT and volcanic ridges within the SRC domain (~36-25
Ma);

The final breakup phase of the JIMMC during the formation of the SWIMIP, the
IPR-IV segment and western JMMC igneous margin that resulted in the
formation of the proto-Kolbeinsey ridge and the WIMFZ segments (25-22 Ma);

Full separation of the JIMMC and formation of the Kolbeinsey ridge that is linked
to Iceland along its southern extent, and to the WIMFZ — Jan Mayen island
igneous complex at its northern end (since 22 Ma), accompanied by tephra
deposits within the Neogene deep marine sediments that possibly were sourced
from both primary active volcanic systems.
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The palaeo-geographic reconstruction clearly delineates the JMMC as the link between
two separate breakup centres, the GIFRC to its south and the Jan Mayen island igneous complex
— JMFZ system to its north. The key points are:

. A clear north-south asymmetric SDR formation along the eastern JIMMC breakup
margin and the Zgir rift system that preferentially formed in between pre-rift
lithospheric structures above a thermal mantle anomaly.

. A firm link of the obliquely propagating Iceland plateau rift system into the
Blosseville Kyst, in regard to timing and available geochemistry data,
emphasizing a tectono-magmatic connection.

. A reasonable explanation for the initiation of the fanned-out appearance of the
oblique IPR rifting domain that interfingers with the southern ridges of the
JMMC due to south-to-north directed deep crustal melt rich incursions that
formed several axial rift systems and volcanic ridges.

. The formation of a second, complex breakup margin along the JMMC
southwestern to western flank during Late Oligocene to Early Miocene, with
emplacement of igneous complexes, such as the SW Jan Mayen igneous
province; the full opening of the Jan Mayen basin as an igneous domain with
massive dyke and sill intrusion, possibly as part of a buried western Late
Oligocene SDR margin; and regionally extensive Miocene flood basalt.

. First observed and mapped dual breakup system of two opposed rifting
complexes that created the JMMC through rift propagation.

In conclusion, the Northeast Atlantic region has not previously been observed and
documented in such detail. Our study indicates that the JMMC is an important area for
understanding ridge — mantle anomalies that appear to develop along pre-existing
structurally complex areas. Our results suggest that rift relocations and the formation of
overlapping volcanic systems might be a characteristic of breakup regions where symmetric
mid-oceanic ridge systems cannot easily develop.
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Supplements

Supplement 1 JMMC study database summary table. JIMMC study database [ Blischke et al.,
2019], reviewed and selected data and studies (Figure 3).

Supplement 2. Updated stratigraphic sections of the JMMC based on seismic reflection data by Blischke
etal. [2019] tied to OBS, sonobuoy, ESP velocity profiles, and available boreholes, modified from Blischke
et al. [2019]. Magnetic-, free air gravity data [Nasuti and Olesen, 2014 and Haase and Ebbing, 2014], and
large fracture zone corridor intersections [e.g. Gaina et al., 2009; Kandilarov et al., 2012; Gernigon et al.,
2015; Blischke et al. 2017a] plotted above the profiles highlight variations associated with major tectonic
and igneous events.

Supplement 3. DSDP 38-348 & 350 Thin-section sample descriptions.
(a) Icelandic Plateau thin-section analysis for 3 samples of borehole DSDP 38-348.
(b) Icelandic Plateau thin-section analysis for 4 samples of borehole DSDP 38-350.

Supplement 4 “°Ar/*’Ar radiometric age estimate sample results for boreholes DSDP 38-
350 and 348.

Summary table of the *°Ar/*’Ar age spectra dating estimate of core samples of wells
DSDP-38-348 & 350 in comparison to the existing age K/Ar analysis (1) [Kharin et
al., 1976], the new *Ar/°Ar age analysis (2) [OSU Argon Geochronology
Laboratory], and the magnetic polarity chron age model (3) [ Gradstein et al. 2012].

Supplement 5 Geochemical database location map.

(a) Borehole and seafloor sample locations map. The sites are labelled by sub-region or igneous provinces
in comparison with geo-chronologic time zones and age dating model by Gaina et al. [2014].
Geochemistry data reference: PETDB [Lamont Doherty Earth Observatory, Columbia University, New
York, http://www.earthchem.org/petdb], and GEOROC [Max Planck Institute for Chemistry, Mainz,
http://georo~mpch-mainz.gwdg.de/georoc/]. Abbreviations: borehole numbers of DSDP Leg 38 sites
336 — 350, and Leg 104 site 642; BK — Blosseville Kyst; EJMFZ — East Jan Mayen Fracture Zone; FI —
Faroe Islands; GP — Geiko plateau; IFR — Iceland-Faroe Ridge; IPR — Iceland Plateau Rift; JMI — Jan
Mayen Island complex; JMLB — Jameson Land Basin; JMR — Jan Mayen Ridge; K — Kangerlussuaq
(central East Greenland); ML — Milne Land; NVZ — Northern Volcanic Zone; SRC — Southern Ridge
Complex; TFZ — Tjornes Fracture Zone; T@ — Trail @; VP — Vering Plateau and Margin; and WIMFZ
— West Jan Mayen Fracture Zone.

(b) Geochemical ICP-OES analysis data for DSDP Leg 38 Sites 348 and 350.

(c) Geochemistry data references.

Supplement 6 Mapped IMMC volcanic facies, stratigraphic horizons and igneous events.
(a) Jan Mayen microcontinent area volcanic facies types example.

(b) Data interpretation is based on 2D multi-channel seismic reflection data from surveys
NPD-2011, ICE-02 in 2009 and reprocessed data from the IM-85, IMR-01, and JMR-
08 surveys.

(c) Summary of interpreted stratigraphic horizons and main igneous events.

Supplement 7 Present day JMMC volcanic facies and province interpretations in comparison with magnetic
[Nasuti and Olesen, 2014], free air gravity and Bouguer gravity data [Haase and Ebbing, 2014].
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Supplement 1

JMMC study database summary table.
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Supplement 2

Updated stratigraphic sections of the JMMC based on seismic reflection data by Blischke
et al. [2019] tied to OBS, sonobuoy, ESP velocity profiles, and available boreholes,
modified from Blischke et al. [2019]. Magnetic-, free air gravity data [Nasuti and Olesen,
2014 and Haase and Ebbing, 2014], and large fracture zone corridor intersections [e.g.
Gaina et al., 2009; Kandilarov et al., 2012; Gernigon et al., 2015, Blischke et al. 2017a]
plotted above the profiles highlight variations associated with major tectonic and igneous
events.
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Supplement 3

DSDP 38-348 & 350 Thin-section sample descriptions.

The samples described here were used to selected samples for “°Ar/*?Ar age analysis of
unaltered plagioclase, which have been found in all 7 samples A-G, but are best seen in
samples C, D, E, F and G.

The reviewed thin sections were analysed with 5x magnification in both plane polarized light
(PPL) and with crossed polarized light (CP). A brief description of the selected thin sections
follows with each sample.
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(a) Icelandic Plateau thin-section analysis for 3 samples of borehole
DSDP 38-348
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Sampling summary

Site Summary

DSDP site 348 penetrated 17,4 m into fractured but homogenous basalt section at 526,6 m
below the sea floor. The drilled interval is located within the assumed initial oceanic ridge
basalt section of the Kolbeinsey ridge system and serves as a control site for comparison to
Mid-oceanic ridge basalt (MORB) west of IMMC. The uppermost drilled basaltic section
consisted primarily of finely-crystalline olivine-tholeiite with volcanic glass closer to the
basalt/sediment contact, which has been replaced by smectite. In many cases, plagioclase
crystals exhibit skeletal growth and ‘swallow-tail’-morphology, which combined with the
apparent glass content suggests that the basalt was rapidly cooled [e.g. Lofgren, 1974]. The
basalt seems somewhat porphyritic, with micro-phenocrysts of plagioclase and olivine
pseudomorphs that have fully altered to iddingsite. Plagioclase appears almost unaltered (~5-
10% alteration), excluding some minor smectite fractures. Clinopyroxene and opaque
minerals, such as augite, are unaltered but exhibit dentritic or feather-like morphology
deeper in the cored section, which is common for ocean floor basalts [e.g. Lofgren, 1983].
The lowermost cored section consisted of fine- to medium-crystalline, aphyric olivine-
tholeiite with rather large and well-formed, symmetrical vesicles with a porosity estimate of
5%. Considering the large vesicles, it is possible that the basalt may have reached close to
the surface either as a sill or dyke intrusion, or as a subaerial lava flow; a conclusion also
reached in the original analysis by Kharin [1976] and White [1978]. The absence of lava-
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flow characteristics, including pillow structure and glassy rims, does not support a submarine
extrusion.

Thin section sample BCR004907294 — Thin section A

Fine grained basalt, perhaps olivine-tholeiite (olivine in matrix, Fe-oxides both anhedral and
euhedral, therefore forming rather late in the crystallization) although the texture is not sub-
ophitic but rather intergranular. Glass, which has been replaced by smectite, seems to have
been rather common within the matrix. In many cases, plagioclase crystals exhibit skeletal
growth, represented e.g. by their centre filled with smectite altered glass, and also exhibiting
,swallow-tail“ morphology (Figure S 3-1). These plagioclase shapes combined with the
apparent glass content suggests that the basalt was rapidly cooled [e.g. Lofgren, 1974]. It
cannot be excluded, however, that some of the smectite filled areas may have been inter-
crystalline porosity, which is common in olivine-tholeiites. The basalt seems somewhat
porphyritic, with micro phenocrysts of plagioclase and olivine pseudomorphs (fully altered
to iddingsite). An example of this is shown in Figure S 3-2. The largest plagioclase crystals
have a length of around 500 um. It is highly likely that there was some glass content in this
sample, but it has been completely replaced by smectite. Olivine is fully altered to iddingsite,
but plagioclase seems almost completely fresh, excluding some minor smectite fractures
(~5-10% alteration). Clinopyroxene and opaque minerals are unaltered. Hardly any vesicles
are seen, but the few that are noted are filled with smectite and calcite.

in PPL.

Thin section sample BCR004907293 — Thin section B

Fine grained basalt, not fully holocrystalline. Clinopyroxene has crystallized fast in a cool
environment exhibiting dentritic morphology or feather-like shape (Figure S 3-3). This is
common for ocean floor basalts and has been described [e.g. Lofgren, 1983]. Plagioclase is
rather finely crystallized, also showing signs of fast cooling such as skeletal growth and
,swallow-tail“-morphology (Figure S 3-4). The sample is mostly aphyric, although some
plagioclase crystals and olivine pseudomorphs (fully altered to iddingsite — Figure S 3-5)
seem to be somewhat larger than the rest of the matrix (Figure S 3-6) indicating irregular
crystallinity or micro-phenocrysts. There does not seem to be any fresh olivine left in the
matrix of the basalt. The presence of olivine suggests that the basalt may be olivine-tholeiite,
although sub-ophitic texture is not noted.
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Figure S 3-2.  Plagioclase and olivine micro-phenocrysts. Olivine has been completely

altered to iddingsite and plagioclase is skeletal, with glassy (smectite) centres. View in
PPL.

& &M B, o, h: S
Figure S 3-3.  Augite that has crystallized fast in a cool environment commonly
becomes dendritic. Here exhibiting curved, branching dendrites. View in PPL.
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Figure S 3-4. Skeletal plagloclase suggesting fast coolmg View in PPL.

Flgure S 3-5.  To the left: skeletal ollvme pseudomorph — iddingsite. To the right:
olivine pseudomorph — iddingsite and calcite. View in CP.
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Figure S 3-6.  Olivine pseudomorphs and plagioclase crystals. View in CP.

Ny
&

& Palagonite rim (now smectite)

Figure S 3-7.  Altered glass in between plagioclase crystals. View in CP.

N

269



Paper III

Interstitial glass seems to be present, but it is fully altered to smectite and in some cases to
calcite. The existence of glass within the sample is further proved by the signature of
palagonite rims which are commonly exhibited on glass grains [e.g. Jakobsson and Moore,
1986, Crovisier et al., 1992; Helgadottir, 2006]. Both can be seen in Figure S 3-7. Olivine
is fully altered to iddingsite and in rare cases to calcite (Figure S 3-5). Some smectite
alteration in tiny fractures is present in plagioclase (around 5% alteration). Clinopyroxene
(augite) and opaque minerals are unaltered.

Thin section sample BCR004907296 — Thin section C

Fine- to medium grained, aphyric basalt with rather large and well formed (symmetrical)
vesicles (Figure S 3-8). Porosity is estimated 5% (vesicular porosity). Considering the large
vesicles, it is possible that the basalt may have reached surface and it may not have been
erupted on the seafloor, but rather on land as a thick lava flow. It is however, also possible
that this is an intrusive that may have intruded close to the surface, therefore releasing gas,
forming vesicles. In any case, it seems likely that there was not much water involved, since
the rock is well crystallized and if it were an intrusive the pressure would not have been
substantial, allowing gas release.

The rock is holocrystalline, with some inter-crystalline porosity, that has been filled with
smectite (Figure S 3-9). It seems rich in olivine pseudomorphs, especially in certain areas
within the sample (Figure S 3-8) and is therefore likely to be rather primitive in composition.
Although it is sometimes difficult to decide whether the supposed pseudomorphs are really
olivine or if some of them could perhaps represent inter-crystalline porosity filled with
smectite. The texture of the basalt is intergranular to sub-ophitic and opaque minerals are
both anhedral and euhedral. This suggests that the basalt is olivine-tholeiite although. The
largest plagioclase crystals are around 400 pm in length. No cross-cutting fractures were
noted in this sample.

If glass was present it is fully altered to smectite. Olivine is also completely altered to
iddingsite and plagioclase shows some minor alteration exhibiting smectite fractures or
spots. The spots could perhaps show altered glass inclusions within the plagioclase. Vesicles
are filled, or almost filled, with fine grained smectite.
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Figure S 3-8.  Vesicles in sample with olivine pseudomorphs. View in PPL.
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Figure S 3-9. Inter-crystalline porosity. View in CP.
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(b) Icelandic Plateau thin-section analysis for 4 samples of borehole
DSDP 38-350

Time
determination
uncertainties

K/Ar Dating:
33.5-50.5 Ma ?2??

Trace element
sampling

Kharin et al. (1976)

IODP / TAMU

Trace element
sampling
(Nb, Zr, Y, Sr, Rb, Zn,

Cu, Ni, Cr, V. Ba, Sc)
Godfrey Fitton (UoE)

2014/2015 Age dating
& trace element
sampling

Photo Source:

Possibly glassy
contact of younger
Middle Eocene
intrusion into an older
basalt breccia
formation.

Sampling summary

Site Summary

The sampled basalt section of DSDP site 350 at the southern tip of the easternmost SRC
block was recovered from an acoustically opaque layer between 362 m and 388 m below
seafloor. Samples from cores 14 and 16 were retrieved as the drilled section was heavily
fractured and core 15 was not recovered. The samples revealed two different petrological
units, a highly altered basaltic breccia and a basalt intrusion.

The younger intrusive basalt consists primarily of fine- to medium-grained holocrystalline
olivine-tholeiitic basalt, with the deepest cored section consisting of a sub-ophitic to
intergranular texture. Olivine is uneven in concentration and altered to iddingsite (75-80%),
and in small amounts to mixed clay layers, accompanied by few but large unaltered
plagioclase phenocrysts. Some inter-crystalline porosity can be seen in an otherwise dense
rock that is filled with smectite, calcite, mixed layered clay, and quartz. Clinopyroxene,
augite and secondary opaque minerals are unaltered in contrast to the inter-crystalline pores
that also exhibit needle like or acicular crystals that may be zeolites secondary mineralization
pore fills.

The breccia consists of dense, cryptocrystalline basalt with partially altered plagioclase,
olivine pseudomorphs and large plagioclase phenocrysts. The basalt is rich in olivine and
partially of picrite composition, which is also reflected by its geochemical composition for
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potassium, natrium and silicaoxids. A few notable fractures were observed, sometimes with
increased smectite and calcite alteration to in the adjacent rock. The glassy sample portions
appear fully altered, and olivine has been completely altered to iddingsite and calcite, and
plagioclase partially altered (around 50%) to calcite, perhaps mixed layer clay and probably
albite.

Thin section sample BCR004907313 from borehole 350 — Thin section D

Dense, cryptocrystalline basalt with partially altered plagioclase and olivine pseudomorph
phenocrysts (Figure S 3-10). Some fresh plagioclase phenocrysts are noted, around 500 pm
in size (Figure S 3-11). There are large plagioclase phenocrysts and then smaller micro
phenocrysts of plagioclase and olivine. The basalt is rich in olivine and is probably of picrite
composition (Figure S 3-12).

:, ~ Olivine _ ,

3'_ & Plagioclase — partially
altered S,
=

“
LR 250
N
4 . i

Figure S 3-10.  Olivine pseudomorphs and partially altered plagioclase in thin section
D. View in CP.
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Figure S 3-11.  Unaltered plagioclase phenocryst. View in PPL.

olivink pseudor
phenocrysts;*

Figure S 3-12.  Olivine rich basalt with olivine pseudomorphs (iddingsite and calcite),
both as phenocrysts and as part of the matrix. View in PPL.
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Plagioclase phenocryst~
albite altered
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Figure S 3-14.  Fracture with smectite and calcite filling. View in CP.
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A few notable fractures are seen, sometimes exhibiting increased alteration in the adjacent
rock. Plagioclase and olivine are the most prominent primary crystals but clinopyroxene is
very poorly crystallized and can therefore hardly be seen. The same applies to opaque
minerals.

It is hard to tell anything about the glass in the basalt since the glassy part is mostly black
but when the overall alteration of the sample is considered it is likely that all glass in the
sample is fully altered. Olivine is completely altered to iddingsite and calcite, and plagioclase
partially altered (around 50%) to calcite, perhaps mixed layer clay and probably albite
(Figure S 3-13). Alteration minerals in fractures (precipitation) are smectite and calcite
(sequence in that order) (Figure S 3-14).

Thin section sample BCR004907320 — Thin section E

Fine to medium grained holocrystalline basalt. Probably olivine-tholeiite (opaque minerals
have crystallized late and fill up in between plagioclases and clinopyroxenes). There is not
much olivine, however, the ones that are seen are pseudomorphs (fully altered to iddingsite).
In some areas the olivine seems a little bit more concentrated (Figure S 3-15). Large but few
plagioclase phenocrysts are present (1-3 mm) (Figure S 3-16). Plagioclase in the matrix is
also rather large (up to 400 pm). Some inter-crystalline porosity is noted (filled with smectite
— Figure S 3-17) and very few vesicles (1-2).

Olivine is almost completely altered (80%) to iddingsite (where a hint of mixed layer clay
(MLC) can be seen (Figure S 3-15). Some parts of olivine are still fresh, and plagioclase
seems unaltered. Clinopyroxene and opaque minerals are unaltered.

Smectite fills up inter-crystalline porosity but MLC seems to be associated with olivine
alteration (only a hint of MLC). The inter-crystalline pores also exhibit needle like or
acicular crystals that may be zeolites of some sort (Figure S 3-18). It is not clear if some of
the inter-crystalline pores show opal precipitation or if there are remains of fresh glass in
between crystals in some cases.

276



Paper III

277



Paper III

278

~

'/~ Suspected 19.951';85.

O v e

b P

the walls of the pores.

2

g

Suspected zeolites within inter-crystalline pores. View in PPL.
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Thin section sample BCR004907311 — Thin section F

Fine grained, holocrystalline basalt with plagioclase and clinopyroxene micro phenocrysts
(or just irregular crystallisation — perhaps seriate texture) and some plagioclase macro
phenocrysts (~700 pum, less than 5%). Opaque minerals are mostly euheudral but have
probably crystallised later than plagioclase. There is substantial inter-crystalline porosity in
some areas, filled with smectite. It is possible that some glass may have been present within
the sample, now altered to smectite and calcite (a hint of palagonite rim turned to smectite
is noted in one area within the sample — Figure S 3-19). Hardly any vesicles are seen, only
1-2 filled with calcite and smectite. Within the sample there is one large fracture with
precipitations of smectite followed by calcite (Figure S 3-20).

If glass was present in between the primary crystals, then it is fully altered to smectite and
in some cases to calcite. Olivine is also fully altered to smectite but other primary minerals
(plagioclase, clinopyroxene and opaque minerals) remain unaltered.

Alteration minerals (precipitations) can be seen in one large fracture: smectite followed by
calcite (including dogtooth calcite) and in the few vesicles.

o 'ﬁ!'t. . : x
Figure S 3-19.  Either inter-crystalline pores filled with precipitations or glass that has
altered to smectite and calcite. View in CP.
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Thin section sample BCR004907321 from borehole 350 — Thin section G

Sparsely plagioclase porphyritic basalt, one phenocryst exhibits skeletal growth with both
augite and opaque minerals crystallised in the gaps (Figure S 3-21). Plagioclase phenocrysts
are up to ~400 um in size. In between plagioclase crystals there are small clinopyroxene
crystals, but some larger ones are seen in between. The texture of the basalt could therefore
be described as sub-ophitic in some areas but in most cases, it is intergranular. Opaque
minerals form late and are mostly irregular in form (anhedral or subhedral). Olivine
(pseudomorphs mostly) is seen in the matrix and there are even some unaltered sections of
olivine present. This combined suggests that the basalt may be of olivine-tholeiite
composition. The rock is dense, no vesicles are seen but it does have some inter-crystalline
porosity. A fracture filling is seen on one edge of the sample (Figure S 3-22).

Olivine is almost fully altered (~75%), but some of the olivine crystals are only partially
altered to iddingsite. Plagioclase, clinopyroxene and opaque minerals are unaltered.

The fracture in the sample shows smectite, calcite, mixed layer clay and quartz (in that
sequence). A part of the fracture filling can be seen in Figure S 3-22. Inter-crystalline pores
seem to contain similar minerals as in thin section E, i.e. needle shaped suspected zeolites
along with smectite (Figure S 3-23).
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Skeletal plagioclase phenocryst. View in PPL.

Figure S 3-21.

filling from one edge of the sample. To the left: view in PPL. To

S 3-22. Fracture

igure

F

the right: view in CP.
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Figure S 3-23. Inter-crystalline pores with smectite and suspected zeolites. View in PPL.
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Supplement 4

“Ar/°Ar radiometric age estimate sample results for boreholes DSDP 38-350 and 348.
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Summary table of the **Ar/*°Ar age spectra dating estimate of core samples of wells
DSDP-38-348 & 350 in comparison to the existing age K/Ar analysis (1) [Kharin et al.,
1976], the new *°Ar/*°Ar age analysis (2) [OSU Argon Geochronology Laboratory], and
the magnetic polarity chron age model (3) [ Gradstein et al. 2012].

DSDP Core; Sambiad K/IAr age 40 Ar/ 3 Ar Polarity Comment
Well section P (1) Age (2) Chron (3)
BCR004907 18.2 Ma ~22.23 Ma
35-348 32;Sec. 4 271 124 Ma £0.31 Ma C6Bn.2n
BCR004907 18.2 Ma ~23.19Ma
35-348 33;Sec. 2 273 124 Ma +0.61 Ma C6Cn.2r
BCR004907 19.4 Ma ~22.15Ma
35-348 34;Sec. 2 276 122 Ma +0.26 Ma C6Bn.2n
Very fine -crystallineto
35-350 | 14:Sec.2 | DCR004907 No Age v e .
312 glassybasalt, segmentis
- - altered, and is part of the
bed rock for the intrusive
BCR004907
35-350 14;Sec. 3 314 No Age section justbelow.
BCR004907 ~49.28 Ma
35-350 16; Sec. 1 310 33.5Ma +0.30 Ma C22n New age dating connects
+2.8 Ma this igneous events
) BCR004907 ~44.05Ma caused by the Iceland
35-3%0 | 16:Sec.2 316 o £0.21 Ma c20r Plateau Rift
50.5 Ma (Brandsdottiret al. 2015
35.350 16: Sec. 3 BCR004907 +5.5 Ma ~46.58 Ma c21n & Blischke et al. 2017).
318 +0.30 Ma
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Supplement 5

Geochemical data location map, study data and database references
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(a) Borehole and seafloor sample location map.

The sites are labelled by sub-region or igneous provinces in comparison with geo-
chronologic time zones and age dating model by Gaina et al. [2014]. Geochemistry data
reference: PETDB [Lamont Doherty Earth Observatory, Columbia University, New York,
http://www.earthchem.org/petdb], and GEOROC [Max Planck Institute for Chemistry,
Mainz, http://georo~mpch-mainz.gwdg.de/georoc/]. Abbreviations: borehole numbers of
DSDP Leg 38 sites 336 — 350, and Leg 104 site 642; BK — Blosseville Kyst; EIMFZ — East
Jan Mayen Fracture Zone; FI — Faroe Islands; GP — Geiko plateau; IFR — Iceland-Faroe
Ridge; IPR — Iceland Plateau Rift; JMI — Jan Mayen Island complex; JMLB — Jameson Land
Basin; JMR — Jan Mayen Ridge; K — Kangerlussuaq (central East Greenland); ML — Milne
Land; NVZ — Northern Volcanic Zone; SRC — Southern Ridge Complex; TFZ — Tjornes
Fracture Zone; T@ — Trail @; VP — Vering Plateau and Margin; and WIMFZ — West Jan
Mayen Fracture Zone.
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Geochemistry data references:
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Mapped JMMC volcanic facies, stratigraphic horizons and igneous events.
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(a) w 7 Inner SDR E W Possible outer SDR E
25

TWT (s)

S Sills & Intrusions N W Sills & Intrusions E

TWT (s)

W Volcanic complex

Jan Mayen microcontinent area volcanic facies types example:

(i) Seaward dipping reflector (SDR’s) / Inner SDR:
clearly visible wedge feature of eastward dipping reflectors into the Norway basin,
discordantly overlaying the JMMC breakup margin.

(ii) Atypical seaward dipping refle (SDR’s) / Outer SDR:
not clearly showing wedge shape units connected to the south-eastern SRC igneous
margin (IPR-I) that has been heavily affected by later faulting during the rift transfer
across the IPR.

(iii & iv) Sill and dyke intrusions:
layer parallel, saucer-shaped, to fault parallel sill and dyke intrusions within the
Eocene to Early Miocene strata.

(v & vi) Volcanic and ig ple
build up onto the SDR’s and the firstly established oceanic crust along and east of
the continent ocean boundary (COB).

(vii & viii) Shallow rift basalt - F-Marker:
series of shallow intrusions and regional extensive lava flows, possibly in shallower
water, occurred in different IPR activity phases during Late Oligocene within the Jan
Mayen trough and during Early Miocene within the Jan Mayen basin. that relate to
the rifting and separation of the western flank of the JMMC from the main land.
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(b) Examples of volcanic and stratigraphic facies and related structures.

Data interpretation is based on 2D multi-channel seismic reflection data from surveys
NPD-2011, ICE-02 in 2009 and reprocessed data from the JM-85, IMR-01, and JMR-
08 surveys.

(a) Fracture zone intrusive, sill and dyke intrusive — JMMC northeast flank;
(b) Vent structures, sill and dyke intrusive — JMMC southeast flank;

(c) Eocene terrestrial to shallow marine transition from landward flows to
hyaloclastite delta and pro-grading sediment systems;

(d) Early-Mid Eocene IPR basalt breccia and Eocene to Oligocene sill intrusive;

(e) Oligocene F-Marker extrusive and intrusive.
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(C) Summary of interpreted stratigraphic horizons and main igneous events.

Horizon Epoch Igneous/ tectonic events
Strong reflector. Unconformity. Continuous seafloor
.t spreading on Kolbeinsey Ridge parallel to thermal
MI0 Plio-Pleistocene subsidence affecting the Jan Mayen Ridge (deep marine
environment).
Middle Unconformity. Probably formed during last step of
IM15 . rifting, right before or during the first seafloor spreading
Miocene . .
on the Kolbeinsey Ridge
2" breakup emplacement of Flood basalt (intrusive &
F-Marker 1 Early Miocene extrusive formations) during a breakup event (JMB —
west flank domain)
IM20 Top Paleogene Unconformity. Uplift and erosion
Voleanic Late Oligocene Rift transfer across IPR forming of large igneous
SW-W to Early . . .
) ) complexes and forming of volcanic margin.
margin Miocene
. Emplacement of Flood basalt (intrusive & extrusive
F-Marker 2 Late Oligocene formations) during IPR rift transfer (JMT domain)
IM30 Middle to Late Unconformity. Onset of deposition after the main
Oligocene breakup within the Greenland margin
F-marker 3 Middle Emplacement of Flood basalt (intrusive & extrusive
Oligocene formations) during IPR rift transfer (SE SRC)
Early to Middle | Unconformity. Onset of main rifting and breakup within
JM35 : )
Oligocene the Greenland margin.
IM40 Late Eocene Unconformity, intrusive complexes
. Seafloor spreading at the Egir Ridge and accumulation
JM45 Middle to Late of sediments at the Jan Mayen Ridge, derived from
Eocene .
Greenland highlands.
M50 Middle Eocene Rift transfer across IPR forming of large igneous
complexes and well-defined unconformity
V(I))l(; S;r'lic Early to Middle Rift transfer across IPR forming of large igneous
. Eocene complexes and forming of volcanic margin.
Conduit
M-60 SDR 1°" breakup extension between Greenland and Norway.
& poss. . . .
Forming of the plateau basalts and sub-joined with onset
Plateau Early Eocene . o i
of seafloor spreading at the Agir Ridge and forming of
Basalt ,
. SDR’s
equivalent
IM70 Paleocene Pre-rift strata
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Supplement 7

Present day JMMC volcanic facies and province interpretations in comparison with
magnetic [Nasuti and Olesen, 2014], free air gravity and Bouguer gravity data [ Haase and
Ebbing, 2014].
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The Iceland Plateau — Jan Mayen volcanic breakup margin: An analogue for axial rift and
transfer zone North Iceland.
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! Institute of Earth Sciences, Science Institute, University of Iceland, Askja, Sturlugata 7, 101 Reykjavik, Iceland
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Keywords: Jan Mayen and Iceland Plateau igneous complexes, kinematic model, plateau basalts, rift transition, seaward dipping
reflectors, seismic volcano-stratigraphy, dyke and sill intrusives, vent structures

ABSTRACT

Structural-, volcano-stratigraphic-, and igneous-province-mapping is a fundamental prerequisite for resource modelling and
management, such as geothermal exploration or mining. Our tectonic-kinematic model of the Jan Mayen region was constructed
utilizing gravity- and magnetic anomalies, multibeam bathymetric data, seismic reflection, and refraction data, borehole and seafloor
samples. The Jan Mayen igneous complexes and the Iceland plateau rift portray the complexity of long-lived volcanic margins within
an unstable rift-transfer tectonic setting from Eocene to Miocene times. Both regions are characterized by rift basins, en-echelon
volcanic ridges, sill and dyke intrusive structures, and geothermal fluid venting structures such as chimneys, cutting through pre-
existing crustal and sediment sections, commonly along re-activated fault planes. Using a dense seismic reflection dataset provides a
unique opportunity to map intercalated igneous domains and rift zones of the Jan Mayen microcontinent in a three-dimensional space,
enabling us to estimate the volcano-stratigraphic types, size, and extent of these rift and volcanic systems, as well as large-scale
igneous features, such as deeper-seated intrusions, volcanic complexes, or rift valleys. The igneous Jan Mayen and Iceland Plateau
regions represent a prime example of what is commonly referred to as Iceland type crust, i.e. the systematic build-up of thicker
oceanic crust by rift-transfer processes, overlapping sub-aerial and sub-surface igneous activities in conjunction with localized
microplates.

1. INTRODUCTION

Igneous complexes on the flanks of the Jan Mayen microcontinent (JMMC) and within the Iceland plateau (IP) constitute an analogue
area for present day Iceland. Based on offshore potential field data and seismic reflection-refraction analysis (Blischke et al., 2017,
2019a,b) (Figure 1), we are able to construct a three-dimensional map of the JIMMC-IP rift zones, including more detailed imaging
of the type, size, and extent of individual rift and volcanic systems, as well as smaller scale igneous features, such as sill, dyke, or
venting structures and their connection to deeper-seated intrusions that served as conduits for rising magmatic material and
geothermal fluids. Our insight into Eocene-Miocene structures offshore may thus serve as analogues for present day processes within
the volcanic rift zones of Iceland. Here we specifically address the complex volcanic and structural interaction represented in offshore
seismic reflection data which generally present major challenges for on land geothermal field exploration.

2. DATA AND METHODS

Vintage and new JMMC-IP geological and geophysical datasets (19707s-2017), including seismic reflection and refraction profiles,
gravity and magnetic anomaly data, high-resolution multibeam bathymetric imagery, and borehole and seafloor sample information
were used to build a comprehensive volcano-stratigraphic model (e.g. Vogt et al.,, 1970, 1986; Talwani and Eldholm, 1977;
f\kermocn, 1989; Doré et al., 1999; Lundin et al., 2005; Gaina et al., 2009, 2014, 2017a,b; Gernigon et al., 2012, 2015, 2019; Hopper
et al., 2014; Haase and Ebbing, 2014; Nasuti and Olesen, 2014; Funck et al., 2014, 2016, 2017; Haase et al., 2017; Blischke et al.,
2017a,b; 2019a,b). Datasets were processed using the Petrel software tool © Schlumberger, an integrated interpretation software for
3D mapping of geophysical and geological datasets, here specifically seismic reflection, borehole, or multibeam bathymetric datasets.
JMMC-IPR microplate reconstructions and projections were adapted from Blischke et al. (2017; 2019a,b) utilizing GPlates, an
interactive fitting method (www.gplates.org; Miiller et al., 2018; Gaina et al., 2017b). Newly acquired, high-resolution multibeam
bathymetric maps (Hégadéttir, 2008; Hélgadoéttir and Reynisson, 2010) were correlated with seismic reflection and potential field
data, in order to constrain structural trends and igneous features, such as volcanic cones, axial ridges, or pockmarks. This combined
with seismic reflection data enabled us to distinguish between normal and strike-slip faults, shallow volcanic activity, or slump fault
systems that are still active along the steep JMMC escarpments. Volcano-stratigraphic seismic units were characterized by
sedimentary and igneous stratigraphic units and seismic reflection characteristics in tie with available borehole and potential field
data. Seaward dipping reflectors (SDR), volcanic ridges, igneous complexes, or extrusives, such as flood basalt domains were primary
volcano-stratigraphic elements (Figures 1b; 2). Together this data formed the basis for establishing the three-dimensional stratigraphic
framework of the JMMC-IP (Figure 3).

Gravity and magnetic anomaly mapping are effective methods to study areas where few seismic reflection profiles exist. A joint
interpretation that combines seismic and potential field data thus produces a synergy that help to significantly improve and validate
the geological and structural interpretations of potential prospects (Nasuti and Olesen, 2014). Gravity data are normally used to study
the extent and depth of sedimentary basins, major tectonic features and to investigate variations in crustal thickness, segmentation
and density across a region (Haase and Ebbing, 2014, 2016).

313



Appendix 1

Blischke et al.

66°N
i3
g

i

i

Early-Mid Eocene eastemn
-l'mmmup

IPR segments

Ieeland central volcanoes

IPR igneous domain
PRI & Il / JMT intrusive domain
IPRAY - SWUMIP, westem margin

Bathymetry Topography
om 3500 m

l-am-n E 1500 m
4000 m ﬁ

63°N

20°W 15°W 10°W

Figure 1: Central NE-Atlantic tectonic map showing faults, fractures zones and lineaments based on Einarsson and

314

Szmundsson (1987), Einarsson (2008), Hjartardottir et al. (2013); Magnisdottir et al (2015); Blischke et al. (2017a,
2019a,b). The background is a hill shade bathymetry map (IBCAO 3.0; Jakobsson et al., 2012). Abbreviations:
CJMBFZ — Central Jan Mayen Basin Fracture Zone; CNBFZ — Central Norway Basin Fracture Zone; EJIMFZ — East
Jan Mayen Fracture Zone; EVZ — Eastern Volcanic Zone; HVZ — Hofsjokull Volcanic Zone; IFFZ — Iceland-Faroe
Fracture Zone; IPR — Iceland Plateau Rift; JMMC — Jan Mayen Microcontinent (JMB — Jan Mayen Basin; JMBS —
Jan Mayen Basin south; JMI — Jan Mayen Island igneous complex; JMR — Jan Mayen Ridge; JMT — Jan Mayen
Trough; LYR — Lyngvi Ridge; SRC — Southern Ridge Complex; SRCFZ — Southern Ridge Complex Fracture Zone;
SWIMBFZ — Southwest Jan Mayen basin fracture zone; KRB — Kolbeinsey Ridge Basin; NVZ — Northern Volcanic
Zone; OSVZ — Orzfajikull-Snzefell Volcanic Zone, proto-KR — proto Kolbeinsey Ridge, RPOR — Reykjanes Peninsula
Oblique Rift; SISZ — South Iceland Seismic Zone; SHRZ — Snafellsnes-Hiinafloi Rift Zone; SVFZ — Snaefellsnes
Volcanic Zone; TFZ — Tjornes Fracture Zone; WIMFZ — Western Jan Mayen Fracture Zone; WVZ — Western
Volcanic Zone.
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Figure 2: Present day JMMC. Volcanic facies and provinces map interpretations in comparison to magnetic anomaly data by
Nasuti and Olesen (2014), free air gravity anomaly and bouguer gravity anomaly grid data modified by (Haase and
Ebbing, 2014). Igneous domains and features are modified after Blischke et al. 2019b for the JMMC-IPR area, and
FEinarsson and Szzmundsson (1987), Einarsson (2008) and Sigmundsson et al., (2018) for Iceland.
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Magnetic data are used to investigate subsurface geology based on anomalies in Earth’s magnetic field that effected and preserved
the field’s orientation of the underlying rocks at its time of emplacement. Thus, providing a chronological mapping tool of magnetic
anomalies across the ocean floor (Gaina, 2014). Magnetic data also provide information on hidden geological structures, especially
in volcanic and metamorphic terrains and structures in non-magnetic sedimentary terrains (e.g. Gaina et al., 2017b; Blischke et al.,
2019b). Several extrusive and intrusive features can be seen on gravity and magnetic maps (Figures 2-4).

3. GEOLOGICAL SETTING

Understanding the geological setting of an area is the basis for any exploration or development field work. The IMMC study was
initially focused on the tectono-volcano-stratigraphic framework of the Lyngvi ridge and southern ridge complex (SRC), (Figure 3).
To understand their formation, a comprehensive study the microcontinent and IPR region became necessary, in order to gain an
understanding of the sub-areas and the forming of smaller scale volcano-stratigraphic features.

3.1 The Jan Mayen microcontinent (JMMC)

The JIMMC and IPR area is defined as a 400-450 km long and 100-310 km wide domain located in the central NE Atlantic, between
the extinct Egir ridge to the east and the Kolbeinsey ridge to the west (Figure 1). The northern boundary comprises of the Jan Mayen
fracture systems and the Jan Mayen island igneous complex, with leaky fracture zones, e.g. the eastern Jan Mayen Fracture Zone
(EJMFZ) (Figure 4a). The region’s southern boundary is formed by the Iceland-Faroe fracture zone (IFFZ) and the NE Iceland insular
shelf. The IMMC comprises a series of bathymetric ridges with water depth ranging between 200-2500 m (e.g. Vogt et al., 1970;
Talwani et al., 1977). The microcontinent has been subdivided into the main Jan Mayen Ridge (JMR), the Lyngvi Ridge, the Jan
Mayen Basin with a northern and southern segment, the Jan Mayen Trough, and the Southern Ridge Complex (SRC). The main
northern JMR is a well-defined, continuous and flat-topped structural feature. The SRC is comprised of several smaller ridges, which
become more indistinct towards the south, where the fan-shaped, oblique IPR-domain intersects the IMMC s southern ridges (Figures
1-4).

Jan Mayen Jan Mayen ridge Lyngvi
igneous complex 7oq000 00— 7300000 ridge Jan Mayen

720000
gasting (m) 680000 \ —— (m) trough
—— i T\ 7700000

0 . Neogene - present Iceland
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®
)
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Figure 3: Present day three-dimensional JMMC primary volcano-stratigraphic framework after Blischke et al. 2019a,b.
Abbreviations: SRC — Jan Mayen southern ridge complex.

These ridge structures resulted of microcontinent’s location within a dual-breakup scenario, first from the central Norwegian shelf
and the Vering-Mgre margin, and finally from the central East Greenland margin (e.g. Talwani et al., 1977; Gaina et al., 2009;
Gernigon et al., 2015, 2019). The reconstructed geo-chronology of the central NE Atlantic region and mapped igneous domains was
updated and indicates sex major phases influencing the JIMMC’s breakup history by Blischke et al. (2017, 2019a,b) (Figures 1a; 2):

(1) Early Paleogene: Possible pre-breakup magmatic intrusions underneath central East Greenland — JIMMC (~63-55 Ma). Initial
breakup phase and rupturing of the overlying lithosphere along SW-NE-striking, pre-existing fracture zones. During the initial
rifting and breakup phase, overlapping igneous systems developed along the divergent plate boundary, with subaerial plateau
basalt flows across the central NE Atlantic, including the JMMC region.

(2) Early Eocene: North-to-south development of an inner and first set of seaward-dipping reflectors along the eastern margin of
JMMC. Another two sets of outer seaward-dipping reflectors overlapped the first and inner SDR set, as a precursor to the
formation of the Egir ridge (55-52 Ma).
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(3) Early-Mid Eocene: Forming of JMMC’s eastern volcanic margin that continued into the IPR-L. IPR-II segment intersects the
IPR-I segment and the southern extent of the SRC. Creation of an overlapping spreading system of the IPR segments with
the southern /Agir ridge connecting into the northern extent of the Greenland-Iceland-Faroe Ridge Complex (GIFRC) (~52-
40 Ma).

(4) Late Eocene-Oligocene: The formation of segment IPR-III and the Jan Mayen southern ridge complex, alongside extensions
within the Jan Mayen trough and separation from the main Jan Mayen ridge (35-25 Ma).

(5) Late-Oligocene-Early Miocene: Forming of the western igneous margin of the IMMC, along the proto-Kolbeinsey ridge that
initiated the final breakup of the IMMC from Greenland (25-21 Ma).

(6) Early Miocene: Spreading along the Kolbeinsey ridge with complete separation of the JMMC from the central East Greenland
margin (since 21 Ma).

The JIMMC-IPR area represents a unique area for research related to a dual breakup system of the two rifting complexes that created
the Jan Mayen microcontinent, with a firm link of the oblique Iceland plateau rift system and the central East Greenland margin with
respect to timing, geochemistry and tectono-magmatic processes, specifically in the Southern Ridge Complex and Jan Mayen Trough
areas.

3.2 The Jan Mayen Southern Ridge Complex and Jan Mayen Trough

The Southern Ridge Complex (SRC) is a collection of several ridges that were formed during extension and rift transfer along the
southern part of the microcontinent (Figures 1-4) (e.g. Talwani et al., 1977; Gaina et al., 2009; Peron-Pinvidic et al., 2012a; Gernigon
et al., 2015; Blischke et al., 2017b). The SRC area initiated during the Agir Ridge breakup phase by forming a wide igneous margin,
which was broken into several smaller segments, forming several small basins with numerous post-breakup intrusives and vent
structures along fault and fracture zones. The three northernmost SRC ridges appear similar in seismic characteristics to the eastern
flank of the Jan Mayen ridge and are linked to the origin of the microcontinent. These blocks were not as much affected by post-
breakup volcanism as the three southernmost SRC ridges, which are segments of the original Early-Eocene volcanic breakup margin,
intersected by many intrusives (Figures la; 2; 3). Sill, dyke, and venting structures can be observed along fault- and fracture zones,
nearly up to the seafloor, possibly indicating igneous activity over a longer duration (Figure 4¢). The Jan Mayen Trough (JMT)
separates the Lyngvi ridge from the SRC and widens towards the southwest with one segment of the SRC embedded within it (Figures
1b; 2). The entire JMT is covered by a flat-lying and almost opaque reflector on seismic reflection data and is chrono-stratigraphically
placed within the Late-Oligocene flood basalts (Figures 2; 3; 4d). Even with the most recent, higher-resolution seismic reflection
data, it is difficult to clearly define and map underlying deeper structures, though fault blocks can be seen that are separated by
intrusives. These intrusives and fault blocks are correlated to the stratigraphic framework and to distinct changes in Bouguer gravity
and magnetic anomaly values, indicating a potential grouping of these intrusive in order of emplacement in between the fault blocks
(Figures 2-4).

3.3. Iceland Plateau Rift

The TPR formed an overlapping spreading system with the southernmost ZAgir Ridge, tectonically compensating the southwards
decrease in spreading rate along the Agir ridge. Hyper-extended slivers of IMMC type crust were intersected by dyke and sill
intrusions related to the Mid-Eocene to Late Oligocene formation of the [PR-I - IPR-IV volcanic ridges and flood basalts (Figures 2;
4c,d). The oblique IPR rifting domain, formed a fan-shaped intersection with the southern ridges of the JMMC, by crustal thinning
and breaches where axial rift systems and volcanic ridges would develop (Blischke et al., 2019b). The total IMMC type crustal
thickness varies between 7-12 km across the IPR segments based on seismic refraction data and gravity crustal thickness inversions
(Haase and Ebbing, 2014; Brandsdéttir et al., 2015). The IPR, south and southeast of the SRC, is primarily of oceanic origin based
on interpretation of seismic refraction velocity data (Talwani et al., 1977; Brandsdéttir et al., 2015), and detailed seismic reflection,
magnetic and gravity data interpretations (Peron-Pinvidic et al., 2012a; Blischke et al., 2017b, 2019a,b) (Figures 1b, 2; 4c,d). The
oblique IPR-I and II systems were linked to the Blosseville Kyst of central East Greenland during the Eocene (52 — 40 Ma). The
separation of the JMMC from the central East Greenland margin during Oligocene to early Miocene (~35 Ma — 21 Ma) was
accompanied by extension, the formation of a distinct S-N oriented volcanic ridges and final breakup margin along the southwestern
and western extend of the JMMC. The southwestern-western margin including the emplacement of igneous complexes, such as the
SW Jan Mayen igneous province. The Jan Mayen basin is possibly part of a buried western Late Oligocene breakup margin that
covered the basin with regionally extensive flood basalt (Figures 1b; 2; 3). The IMMC - IPR transition portraits the complexity of
long-lived, active volcanic margins within an unstable rift-transfer tectonic setting, exhibiting both lateral and vertical crustal
accretion throughout its formation in Eocene through Miocene times. Thus, accounting for some of the for oceanic type domain’s
anomalously thick crust due to overlapping systems and repeated reactivations that was accompanied by deep and shallow intrusive
formations that preceded the present-day NE Iceland rift transfer system.

4. IGNEOUS AND STRUCUTRAL FEATURES OF THE JMMC AND IPR

This section briefly summarizes the IMMC and SRC-IPR areas focusing on volcanic and structural examples from seismic reflection
data tied with potential field data (Figure 4), such as volcanic ridges — SRC-JMT igneous complexes, and structural examples of the
Southern Ridge Complex fracture zone (SRCFZ) (Figure 5). The integrated data analysis was specifically applied to the IMFZ, SRC
and IPR areas, focusing on volcanic ridges and other visible structures south, southeast and within the SRC and JMT, represented by
up-doming structures of volcanic material within the seismic records. Up-doming structures, visible on some of the seismic reflection
data (Figure 4b-d), are described in the literature as a crustal breach and passage followed by magma in a volcanic system (Decker
and Decker, 2005). These structures are clearly identified for the rifting of the IPR-II and IPR-III systems inferred by Brandsdottir et
al. (2015); and described by Blischke et al. (2017a,b, 2019a,b); or Erlendsson and Blischke (2019) (Figure 4b-d). The volcanic ridges
appear both as decentralized structures or along large faults or fault blocks that serve as conduits of rising magma along the fault
zones that leads to deformation and uplift of the fault block. Often, an increase of intrusion events within sedimentary strata is
associated with these conduits, lateral to and/or above the conduit structure.
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Figure 4: Examples of 2D seismic reflection profiles tied with magnetic (M) and Bouguer gravity anomaly data (Figure 2),
outlining major fault and fracture zones in relationship to structural and igneous domain elements. For profile
locations, see Figure 2 on the free air gravity map.
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Figure 5: Detailed multibeam bathymetric map with structural features map of the JMMC, within the extensional domain of
the Southern Ridge Complex Transfer Zone (SRCFZ), defining fault types, local fault patterns within a transfer
system, and stress-field location that served as pathways for igneous features, such as intrusive dykes, sills or volcanic
ridges, and seafloor extrusive lavas or build-ups. Viewing the depth dimension by seismic reflection profiles: (a) reverse
fault structures within a transfer system, and (b) extensional fault patterns and intrusions crossing a transfer system
modified after Blischke et al. (2017). Simplified stress field related fault type sketch modified after Lacazette, A. (2009).
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The SRC is a collection of several ridges that were formed during extension and rift transfer along the southern part of the
microcontinent in association with igneous activity along the IPR and the Southern Ridge Complex transfer zone (SRCFZ) (Figures
1b-5). The SRC area was created during the Agir ridge breakup phase by the formation of a wide igneous margin, which was
subsequently broken into several smaller segments, forming several small basins. The basins were heavily intruded by post-Eocene
breakup sill and dyke intrusions, and vent structures along fault and fracture zones (Figure 4b-d).

Fracture zone segments of a dextral strike slip system and associated igneous intrusive complex are clearly visible within the Jan
Mayen trough (JMT) and the northwesternmost segment of the SRCFZ (Figures 3; 4b). Structural elements, such as smaller scale
fault system and fault-parallel sill and dyke complexes, enabled us to differentiate strike-slip from normal fault systems and slump
faulting along the steep escarpments of the microcontinent’s ridges (Figure 5a,b). The normal extensional fault system of the SRC
blocks are aligned to the SRCFZ within an obliquely opening region. Parallel extensional and compression structural domains were
formed by oblique WSW-ENE opening of the SRC along the SRCFZ trend. Mapped seafloor and subsurface fault types fit these
systems and are linked with the minimum horizontal stress orientation of 75-80 deg. in an ENE direction that governs the direction
of opening of the extensional fault system. Secondary sinistral strike-slip fault zones compensate the fault block rotation within the
oblique opening along the SRCFZ, represented by pop-up structures within the center graben of the SRC (Figure 5). Our data
underlines the study by Cianfara and Salvini (2015), which identified large regional scale lineament structures and segmentation in
relationship to regional strike-slip corridors. Here, a comparison with the Tjornes Fracture Zone system is highly interesting, which
together with the connected Iceland oblique Northern Volcanic Rift Zone presents a striking similarity to the SRC — IPR area.

5. THE NORTHERN VOLCANIC RIFT ZONE OF ICELAND (NVZ) AND TJORNES FRACTURE ZONE (TFZ)

The Northern Volcanic Zone in northeast Iceland is a ~200-175 km long and ~50-100 km wide subaerial segment of the Mid-Atlantic
ridge and located 200-300 km southwest of the JMMC-IPR domain (Figure 1). The NVZ is one segment of the onshore Iceland plate
boundary that continues southwards into the Iceland hotspot, located beneath the Vatnajokull icecap and into the southward
propagating Eastern Volcanic Zone. The offshore-onland Tjornes Fracture Zone links the NVZ with the Kolbeinsey mid-oceanic
ridge. The TFZ consists of the Dalvik seismic zone (DSZ), Hisavik-Flatey transfer zone (HFF), and the Grimsey oblique rift system
(GOR) (Sa&mundsson, 1974, 1978; Einarsson and Se@mundsson, 1987; Brandsdottir and Menke, 2008; Einarsson, 2008; Thordarson
and Hoskuldsson, 2008; Magnusdottir et al., 2015; Brandsdottir et al., 2015; Hjartardottir et al., 2013, 2016, 2017; Drouin et al., 2017;
or Sigmundsson et al., 2018). The NVZ is believed to have started to develop 6-7 million years ago following an eastward rift jump
of the divergent plate boundary, towards the center of the Iceland hotspot (Smundsson 1978). The divergent NVZ is make up of 5-
6 volcanic systems, consisting of central volcanoes with transecting fissure swarms, which form overlapping en-echelon domains up
to 100 km in length and approximately 20 km in width. They have been subdivided and are monitored by seismicity activity, surface
structural, geological and geothermal expressions (Bjornsson et al. 1977; Sigurdsson and Sparks 1978; Einarsson 1991). Differences
in fissure swarm width and elevation are believed to have been influenced by increased magma supply from the Iceland hotspot,
which has a center below the western part of Vatnajokull glacier (Vogt 1971; Wolfe et al. 1997; Gaherty 2001). The hotspot can be
seen as magnetic and gravity anomalies (Figure 2), and as low P- and S- seismic velocities (Wolfe et al., 1997).

Rifted depressions, as seen on the Mid-Atlantic ridges, characterize slow spreading (<3.5 cm/yr) divergent plate boundaries, while
elevated volcanic edifices characterize fast spreading (>5 cm/yr) divergent plate boundaries (Mutter and Karson 1992). The structure
of the divergent plate boundary across Iceland is in that sense more similar to fast spreading, rather than slow spreading divergent
plate boundaries. Here reflected as well by the highly fractured and faulted fissure swarms and their episodic intrusives (Hjartardottir
etal., 2017). These indicate episodic deformation processes along fissure swarm zones and primarily along the central volcanoes that
are the deep crustal links, which can be seen as localized magnetic and gravity anomalies (Jonsson et al., 1991). During rifting
episodes, when magma is intruded into the fissure swarms as dike intrusions, the structural patterns changes abruptly, as intensive
earthquake activity is felt and measured directly both within the central volcanoes, as well as in distinct parts of the linked fissure
swarm (e.g. Brandsdottir and Einarsson 1979; Einarsson and Brandsdéttir 1980; Buck et al. 2006). Thus, causing subsidence along
grabens and accompanying fracture movements within the fissure swarms (Hjartardéttir et al., 2016, Sigurdsson, 1980). Detailed
mapping is ongoing to increase the understanding of fissure swarms, rift zones, exact locations of eruptive centers, orientation of
stress fields at eruption times, and their interaction with transform zones (e.g. Hjartardéttir et al. 2013, 2016, 2017; Magniisdéttir et
al., 2015; or Drouin et al., 2017). Here specifically transfer zones are complex structural systems that form complex sets of normal
and reverse faulting, which are associated to strike-slip fault systems and challenging to resolve with surface data alone (Khodayar
and Einarsson 2004; Gudmundsson et al. 2008). As detailed mapping works well for the present-day active parts of the NVZ, is it
challenging to locate and map dormant or old inactive volcanic systems, fissure swarms, and fracture zone systems. Thus mapping,
delineating, and timing those dormant volcanic systems and related structures with potential field and offshore seismic reflection data
become useful.

5.1 Potential field data observations

As potential field data had been crucial for delineating the IMMC domain, magnetic anomalies may be used to define major anomalies
on land Iceland as well (Figure 2), (Jonsson et al., 1991). The Pleistocene-Holocene boundary (2,6 Ma) correlates with a low negative
magnetic anomaly domain onshore along its western limit (Figure 2a). However, this low magnetic anomaly domain appears much
broader along the eastern Pleistocene-Holocene boundary that is based on surface geological exposures. The main positive magnetic
anomaly that reflect the main breakup zone and plate boundary within the Pleistocene-Holocene time domain, appear to be segmented
and subdivide by large scale, deeply buried transfer elements, as there are not clear at surface or seismicity data (Figure 2). Small
positive magnetic anomaly segments can be observed, straddling the main positive anomaly within the 2,6 Ma negative magnetic
anomaly domain. These small-scale anomalies possibly reflect blocks of older segments that are in-bedded within the Pleistocene
time domain, or alternatively relate to present-day small-scale flank rift systems that are part of the Holocene and active fissure swarm
within the NVZ. An apparent structural lineament trend appears across Iceland southwest to northeast that can be seen on magnetic
and gravity anomalies data (Figure 2). This lineament is not seen on surface but appears to be deeply buried and offsets anomalies
and aligns with Bouguer gravity trends. Interestingly does this trend align to the pre-breakup ridge trend that was present between
central East Greenland and the Fugloy ridge area, which kept dominating the opening history of the Greenland-Iceland-Faroe ridge
complex from Early Eocene onwards (Blischke et al., 2019b). Another well recognizable positive magnetic anomaly trend correlate
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to chron C5r (11,1 Ma; Gaina et al., 2014) (Figure 2a). This anomaly aligns with the northern extend of the Snefellsnes-Hunafloi rift
zone that is estimated to have been active between ~15 Ma to ~7 Ma (Hardarson et al., 1997, 2008). Simultaneously magmatic activity
reactivated in central East Greenland and the Kolbeinsey ridge had fully established as a mid-oceanic ridge system. East of the C5r
anomaly that abruptly terminates in the Hinafléi bay, small scale NW-SE striking positive anomalies can be observed (Figure 2a)
these appear to be linked by W-E trending anomaly signatures that align parallel to the present day active TFZ. A zone and trend that
is even dominant on Bouguer gravity anomaly data (Figure 2b). As such, these observations might prompt to revisit the northern shelf
area that has very limited seismic reflection or refraction data to be tied into potential field data or onshore geological field records.

6. REGIONAL COMPARISON

Apparent similarities between the JIMMC-IPR region and the Northern Volcanic Zone are apparent, both containing oblique rift
systems. Potential field data show good correlations to igneous centers and axial rift segments, structural offset of large-scale transfer
and fracture zones, and the forming of micro-plates in between rift zones. Both regions have proven strike-slip zone structures that
often are buried and difficult to assess. Many volcanic domains have been mapped across Iceland, such as axial and oblique rift
systems, pre-Pleistocene-Holocene flexure zones, regional unconformities, tectonostratigraphic ties of local areas across Iceland
indicating micro-plate and transfer zone formation. These are all features that also can be seen across the IMMC-IPR study area with
observed opening fabric and mechanism based on mapped data compositions that clearly delineate the IMMC, such as: (1) clear
north-south asymmetric SDR formation along the eastern JMMC breakup margin and the /Egir rift system that formed preferably
linked to variations in the pre-rift lithospheric structure and very likely above a thermal mantle anomaly; (2) establishing a firm link
of the oblique Iceland plateau rift system to offset margins in timing, geochemistry and tectono-magmatic connection; (3) reasonable
explanation for the initiation of the fanned-out appearance of the oblique IPR rifting domain that inter-fingers with the southern ridges
of the JMMC due to crustal thinning and breaching that allowed the formation of several axial rift systems and volcanic ridges; (4)
the presence of a pre-breakup complex breakup margin along the JMMC southwestern to western flank, with emplacement of igneous
complexes that precede the formation of the Kolbeinsey ridge system; (5) presence of dual breakup system of two opposed rifting
complexes that created the JIMMC; and (6) concentration of igneous centers, volcanic ridges, or flood basalts close to transfer zones
that are linked to a complex fabric of strike-slip and normal fault structures.

High-temperature geothermal areas appear to be confined to active central volcanoes along the divergent plate boundary of Iceland,
and most likely sustained by replenishment of shallow crustal magma chambers or intrusions, in form of sills, dykes, and venting
structures. As these central volcanoes are also closely located to rift transfer systems, a comprehensive volcano-seismic stratigraphic
mapping and sub-surface modelling approach would be highly important. This would increase the understanding of the internal rift
graben settings of an area, their major structural elements, such as transfer zones and igneous complex structures that are accompanied
by series of dykes and sills intruded at different time stages. As this is a challenging task onshore Iceland with limited seismic
reflection data functionalities, would the focus lie in future 2D multi-channel deep seismic reflection data acquisitions close to
Iceland’s coast and across the Iceland shelf, where deep subsurface imaging is feasible.

Specifically, for low temperature areas in Iceland, knowing how an area was placed within a rift setting and how often it was impacted
by consecutive volcanic activity is a crucial task for understanding geothermal systems and what fault fracture trends are most likely
active. The understanding of the sub-division of Iceland in time with future “°Ar/**Ar age data analysis of pre-Pleistocene strata is of
essence, in order to resolve tectono-stratigraphic reconstructions of onshore Iceland. Holocene tephrachronology can be used to
chronologically stratify the youngest areas, however age analysis of younger igneous systems, e.g. Pleistocene - Pliocene are
challenging, whereas would sequential stratigraphic analysis tied to subsurface structural segmentation and build-up be one approach
for subsurface structural modelling. This includes the subsurface delineation of structural domains based on detailed seismic
refraction, gravity and magnetic data acquisitions, which are feasibly option to improve subsurface imaging onshore Iceland.

7. CONCLUSION

The IMMC-IPR study portraits a none-uniform formation of tectono-magmatic rifted margins and domains that are in process
comparison not dissimilar to Iceland. Igneous and structural domains, such as the north-south asymmetric and segmented SDRs
formation along the eastern JIMMC breakup margin, or the firm link of the oblique Iceland plateau rift system to the central East
Greenland. A reasonable explanation was demonstrated for the initiation of the fanned-out appearance of the oblique IPR rifting
domain that inter-fingers with the southern ridges of the IMMC due to several axial rift systems and volcanic ridge formation along
over-stretched and breached crustal weak zones. The existence of a dual breakup scenario and the associated with a series of volcanic
zones (fissure swarms and their central volcanoes) that are linked to transfer system has been imaged, as well as the full opening of
the Jan Mayen basin as an igneous domain with massive dyke and sill intrusive activities and the regionally extensive flood basalt
before final its final breakup. These observed processes are seen onshore Iceland, and are easier imaged within the active NVZ, but
challenging for dormant volcanic systems and their fault and fracture trends. Thus, the applied methods and data compilations could
improve the understanding of the Iceland onshore and shelf regions by focusing on: (1) primary use of all potential field data to better
outline the underlying deep intrusive systems, thus aiding detailed tectonostratigraphic reconstruction of the central NE Atlantic
region; (2) enables to differentiate between older structural trends vs. dominating known present-day trends, which is information
that only becomes apparent by structural reconstructing an area; (3) focus on areas with direct volcanic rift influence vs. oblique rift
system, such as the NVZ vs. TFZ domains; and (4) use nearby offshore areas to acquire seismic reflection and refraction data to more
accurately map in detail subsurface structures that have much high resolution then commonly used methods onshore.
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Survey BGR75 RC2114 JM-85 (2009)

Date 30th August, 1975 - 29th September, 1975 8th Aug 1978 — 7th Sept 1978 17th July 1985 — 2nd Sept 1985

A Vessel: MA LONGVA M/V Robert D. Conrad M/ Malene @stervold

A done by: BGR LDGO, Marek Truchan Geco, D. Hill

Pr done by: BGR LDGO, Marek Truchan Spectrum (AS)
https://www.bgr.bund.de/EN/Themen/GG

References: Marine Geophysik/Seismik iete/arktis.html;js | http:/Avww- http://kortasja.os.is:8080/ge oserver
essionid=9F2592B04BDCA398C092CC9300607BF0.1 cid32 udc.ig.utexas.edu/sdc/cruise.php?cruisein=rc2114 |a/en/index.html

12nn=1541848#anker _bgr74

Type and frequency content of seismic
source

Airgun array

AirGun BOLT:1500C 1864 cu.in

Airgun array 3564 cu.in

Streamer length and channel interval

3000m/50m

3000 m/50 m

Sample rate, record length, filters applied
during recording

BGR - Federal Institute for Geosciences and
Natural Resources (BGR), Hannover, David Diel

Acquired by: BGR

Vessel: MV LONGVA

Date: 30th August, 1975 - 29th September, 1975
Source: 1

Streamer: 1

Record length: 4796 ms

Recording sample rate: 4 ms

Samples per trace: 1200

High CutFilter, all : 128 Hz (8-128 Hz)

Slope: 18-70 dB/octave

Number of channels: 48

Auxiliary traces/record: 5

SP interval: 50 m

Source: Air gun array

File type: File was converted using tif2segy,
netpbm, and Seismic Unix, author of tif2segy
script is Andrew MacRae (andrew.macrae at
smu.ca).
https:/Avww.bgr.bund.de/EN/Themen/GG_Geophy
sik/Marine_Geophysik/Seismik/Messgebiete/arkti
s.html;jsessionid=9F2592B04BDCA398C092CC
9300607BF0.1_cid321?nn=1541848#anker_bgr
74

LAMONT-DOHERTY GEOLOGICAL
OBSERVATORY OF COLUMBIA UNIVERSITY,
PALISADES, NY acquisition, Marek Truchan

Acquired by: LDGO

Vessel: M/V Robert D. Conrad
Date: 8th Aug 1978 — 7th Sept 1978
Source: 1

Streamer: 1

Record length: 12000 ms

Recording sample rate: 4 ms

Fold: 50

High Cut Filter, all : 10 Hz @ 70 dB/octave
Low Cut Filter, hydrophone : 3 Hz @ 6 dB/octave
Streamer length: 3000 m

Number of channels: 100

Numbers of phones per group: 24
Group interval: 50 m

Streamer depth: 10-12 m

SP interval: 50 m (20 s)

Source: Airguns - BOLT
Sub-arrays: 4

Source volume: 1864 in3

Source pressure: 1850 psi

Source depth: 10 m

Geco 2D acquisition
Acquired by: Geco

Vessel: M/V Malene Ostervold

Date: 17th July 1985 — 2nd Sept 1985

Source: 1

Streamer: 1 (Sercel Seal)

Record length: 7200 ms (JM-85-16) & 15300 ms
(JM-85-26)

Recording sample rate: 4 ms

Fold: 30 & 60

High CutFilter, all : 90 Hz @ 72 dB/octave
Low CutFilter, hydrophone : 3.5 Hz @ 18
dB/octave

Streamer length: 3000 m

Number of channels: 120

Numbers of phones per group: 40

Group interval: 50 m

Near offset: 111 m

Streamer depth: 10 (lowered to 12-13 m during
bad weather)

SP interval: 25 m & 50 m

Source: Air guns - Geco super wide
Sub-arrays: 6

Source volume: 3564 in3

Source pressure: 1900 psi

Source depth: 7.5 m +/~1 m

Shot interval, CDP interval, fold

50 m/Fold: 24 ?

50 m (20 sec) /Fold: 50

25m / Fold: 30; 50m / Fold: 60

Pr ludi

information on filters and gains applied
(at what stage, type filter flanks, type of
gain)

BGR 2D processing

Processed by: BGR

Date: 1975

Processing sequence:

1. ALL GAINS

2. CONSTANTS APPLIED/REMOVED

3. ALL CHANNELS WERE OUTPUT

4. OUTPUT 4796 ms

5. VARIOUS TIME LENGTHS

6. AUX CHANNELS (-1,-2,...,-5) AND SEIS 1-48
PERFIELD RECORD

7.NO TIME DELAYS WERE APPLIED OR
RECORDED IN TRACE HEADERS

LDGO 2D processing

Processed by: LDGO, Marek Truchan

Date: 1978

Processing sequence:

1. ALL TRACES USED

2. Burg decon (some lines)

3. Filter: 220 ms

4. White noise: 100

5. Band pass: Low cut width: 6, 3; High cut width:
70,10

6. Shade applied: 1 + 50

7. Times offset

8. Water velocity moveout

9. Moveout using vel analysis #1

10. Weiner filter: 200 ms

11. White noise: 0

12.PRED DIST: 0 ms

13. USE: 0 ms from O for filter

14.MIN DEPTH: 200

15: P SCALE FACTOR: 0.89

16.PRED DISTBASED ON SEA FLOORTIME
17.MINMUM DIST: 0 ms

18. DIFFERENTIAL MOVEOUT USING VEL
ANALYSIS # 1

19. TRACES STACKED

Geco 2D acquisition, D. Hill

Acquired by: Geco

Vessel: MV Malene Ostervold

Date: 17th July 1985 — 2nd Sept 1985
Source: 1

Streamer: 1 (Sercel Seal)

Record length: 7200 ms (JM-85-16) & 15300 ms
(JM-85-26)

Recording sample rate: 4 ms

Fold: 30 (JM-85-26) & 60 (JM-85-16)
High CutFilter, all : 90 Hz @ 72 dB/octave
Low CutFilter, hydrophone : 3.5 Hz @ 18
dB/octave

Streamer length: 3000 m

Number of channels: 120

Numbers of phones per group: 40

Group interval: 50 m

Near offset: 111 m

Streamer depth: 10 (lowered to 12-13 m during
bad weather)

SP interval: 25 m & 50 m

Source: Air guns - Geco super wide
Sub-arrays: 6

Source volume: 3564 in3

Source pressure: 1900 psi

Source depth: 7.5 m +/~1 m

Static corrections
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a/en/index.html

a/en/index.html

Survey IS-JMR-01 (2001) ICE02 1S-JMR-01 (2008)

Date July 20th 2001 — 12th Aug 2001 June 2002 July 20th 2001 — 12th Aug 2001

A Vessel: M/ Polar Princess MN Zephyr M/V Polar Princess

A done by: Multiwave Geophysical Company, Geir Valsvik TGS Multiwave Geophysical Company, Geir Valsvik
Pr done by: Geotrace 2D Processing, Richard Goodchild TGS, Tel:0044 (0)1234-272122 Geotrace 2D Processing, Richard Goodchild
References: http://kortasja.os.is:8080/geoserver/www/landgrunnssj [http://kortasja.os.is:8080/geoserver/www/landgrunnssj | http://kortasja.0s.is:8080/ge oserver/www,

a/en/index.html

Type and frequency content of seismic
source

Bolt Airgun 4240 in3 / xx

Bolt gun type 1900 LL-X 4120 cu.in/ xx

Bolt Airgun 4240 in3 / xx

Streamer length and channel interval

10000 m/12,5m

8081,5m/125m

10000 m/12,5m

Sample rate, record length, filters applied
during recording

MGC 2D acquisition

Acquired by: Multiwave Geophysical Company,
Geir Valsvik

Vessel: MV Polar Princess

Date: July 20th 2001 — 12th Aug 2001
Source: 1

Streamer: 1 (Sercel Seal)

Record length: 10000 ms

Recording sample rate: 2 ms

High CutFilter, all : 200 Hz @ 370 dB/octave
Low CutFilter, hydrophone : 3 Hz @ 12 dB/octave
SODD: 50 ms

Streamer length: 10050 m

Number of channels: 804

Group interval: 12.5 m

Near offset: 111 m

Streamer depth: 8 m +/- 1 m

SP interval: 25 m

Subarrays: Single source / 4 strings

Source volume: 4240 in3

Source pressure: 2000 psi

Source depth: 6 m +/-1 m

TGS-NOPEC 2D acquisition
#Acquired by: TGS-NOPEC,
#Vessel: MV ZEPHYR-1
#Date: June 2002

#Source: 1 (Tuned Bolt Array)
#Streamer: 1 (Syntrac 960-24)
#Record length: 10240 ms
#Recording sample rate: 2 ms
#High CutFilter, all :

#Low Cut Filter, hydrophone :
#Streamer length: 8000 m
#Number of channels: 636 + 12 AUX (144m)
#Group interval: 12.5 m
#Nominal Fold: 106

Near offset: 111 m

#Streamer depth: 9 m

#SP interval: 37.5 m
Subarrays: Single source / 4 strings
#Source volume: 4120 in3
#Source pressure: 2000 psi
#Source depth: 9 m

MGC 2D acquisition
Acquired by: Multiwave Geophysical Company,
Geir Valsvik

Vessel: M/V Polar Princess

Date: July 20th 2001 — 12th Aug 2001

Source: 1

Streamer: 1 (Sercel Seal)

Record length: 10000 ms

Recording sample rate: 2 ms

High Cut Filter, all : 200 Hz @ 370 dB/octave
Low Cut Filter, hydrophone : 3 Hz@ 12 dB/octave
SODD: 50 ms

Streamer length: 10050 m

Number of channels: 804

Group interval: 12.5 m

Near offset: 111 m

Streamer depth: 8 m+/- 1 m

SP interval: 25 m

Subarrays: Single source / 4 strings

Source volume: 4240 in3

Source pressure: 2000 psi

Source depth: 6 m +/-1 m

Shotinterval: 25 m/ Fold: 201

Shot interval: 37,5 m/ Fold: 106

Shot interval: 25 m / Fold: 201

Shot interval, CDP interval, fold

Pr - n -
information on filters and gains applied
(at what stage, type filter flanks, type of
gain)

Ensign Geophysics (AS) 2D processing
Processed by: Ensign Geophysics (AS)
Date: March 2002

Processing sequence:

1. Seg-d Reformat

2.80DD Correction -50ms

3. Amplitude Decay Recovery

4. Anit-Alias Filter

5. Resamp to 4ms

6.3Hz Low Cut Filter

7. Spatial Anti-Alias Filter

8. Alternate Trace Drop

9. Prelim Velocity Analysis - 2km
10.Spike Removal

11.2D CDP Sort- 201 fold

TGS 2D processing proprietary

Processed by: TGS
Date: JULY-SEPT02
Processing sequence:

Geotrace 2D processing

Processed by: Geotrace 2D acquisition, Richard
Goodchild

Date: March 2008 - Sept 2008

Processing sequence:

SEG-D reformat

3Hz. low cut filter

SODD

Shot & chan edits

AAF & resample to 4ms

Desig. to Zero Phase

T*T Sph. Div.

. Automatic Despike

TFD Swell Noise attenuation in receiver domain
10. SAAF & Alternate Trace Drop

CEND O RGNS

12.NMO Correction 11. SRME at25m
13.Multiple Attenuation - Radon 12. Preliminary NMO (1km)
14 Designature 13. FK dip filter on shots +/-12ms/tr
15.DMO Correction - 1500m/s 14. FX deconvolution in shot domain
16.Pre-Stack Stolt Migration - 1460 m/s 15. FDNA diffracted multiple attenuation
17 Final Velocity Analysis - 1km 16. TVF
18.Median Stack - 201 Fold 17. Migration velocity analysis (1km)
19.Demigrate 18. Removal of T*T Gain
20.AGC Correction - 1000ms iterative 19. 2D Kirchhoff PreSTM
21.W-X Migration 20. 1km residual velocity analysis
22 FK Filter - +/-5ms dip/trace 21. Radon demuitiple

Static corrections -50 ms -60 ms +10ms
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Survey WI-JMR-08 NPD-JM-11 NPD-1202

Date 21st June, 2008 - 28th Jun, 2008 8th June, 2011 - 03rd July, 2011 3rd June, 2012 - 10th Aug, 2012

A Vessel: MN Malene @stervold M/V Harrier Explorer M/ Nordic Explorer

A done by: Wavefield Inseis ASA, Finn-Uwe Strumke PGS 2DMCS, C. A. Syles PGS 2DMCS, Gabriele Jones

Pr done by: Geotrace 2D Processing, Richard Goodchild PGS Geophysical DP (Oslo), Jeam K. Larsen PGS Geophysical DP (Oslo), Jern K. Larsen
References: http://kortasja.os.is:8080/geoserver/www/landgrunnssj | http://kortasja.os.is:8080/geoserver/www/landgrunnssj [http://kortasja.os.is:8080/geoserver/www/landgrunnssj

a/en/index.html

a/en/index.html

a/en/index.html

Type and frequency content of seismic
source

Bolt Airgun 4100 in®

Bolt 1900 LLXT 4130 in® / Air pressure: 2000 psi

Bolt 1900 LLXT 4130 in®/ Air pressure: 2000 psi

Streamer length and channel interval

10050 m /12,5 m

8100m/12,5m

8100m/12,5m

Sample rate, record length, filters applied
during recording

WI 2D acquisition

Acquired by: Wavefield Inseis ASA, Finn-Uwe
Strumke

March to September 2008

Vessel: MV MALENE OSTERVOLD
Date: June 8th 2011 — 3rd July 2011
Source: 1

Streamer: 1 (Sercel Fluid Seal-ALS)
Record length: 10000 ms

Recording sample rate: 2 ms
Sample interval segy: 4 ms

Low CutFilter 3.0 Hz/ -6 dB IR = OUT
Hi Cut Filter 200 Hz@ 370 dB/Oct
SODD: 50 ms

Streamer length: 10050 m

Number of channels: 804

Group interval: 12.5m

Near offset: 216 m

Streamer depth: 12 m +/- 1 m

SP interval: 25 m

Source volume: 4100 in3

Source pressure: 2000 psi

Source depth: 10 m +/-1 m

Source first SP: 1001

Source last SP: 4814

PGS 2D acquisition

Acquired by: PGS 2DMCS, Gabriele Jones
Vessel: M/V HARRIER EXPLORER
Date: June 8th 2011 — 3rd July 2011
Source: 1

Streamer: 1 (Geostreamer)
Sensors: 2

Record length: 9216 ms

Recording sample rate: 2 ms

High Cuit Filter, all :

Low Cut Filter, hydrophone :

Low Cut Filt, match geosens :

Gain Setting, hydrophone :
Streamer length: 8100 m

Number of channels: 2 x 648

Group interval: 12.5 m

Streamer depth: 25 m

SPinterval: 25 m

Subarrays: 3

Source volume: 4130 in3

Source pressure: 2000 psi

Source depth: 7M

PGS 2D acquisition

Acquired by: PGS 2DMCS, Gabriele Jones
Vessel: MV NORDIC EXPLORER
Date: 3rd Jun 2012 — 10th Aug 2012
Source: 1

Streamer: 1 (Geostreamer)
Sensors: 2

Record length: 9216 ms

Recording sample rate: 2 ms

High CutFilter, all:

Low CutFilter, hydrophone:

Low Cut Filter, matched geosensor:
Gain Setting, hydrophone:
Streamer length: 8100 m

Number of channels: 2 x 648

Group interval: 12.5 m

Streamer depth: 25 m

SP interval: 25 m

Subarrays: 3

Source volume: 4130 in3

Source pressure: 2000 psi

Source depth: 7 m

Shotinterval: 25 m/ Fold: 201

25m/11traces=1CDP /162

25 m/ 11 traces = 1 CDP /162

Shot interval, CDP interval, fold
Pr il q i ludii g
information on filters and gains applied
(at what stage, type filter flanks, type of

gain)

Geotrace 2D processing

Processed by: Geotrace 2D Processing, Richard
Goodchild

Date: March 2008 - Sept 2008

Processing sequence:

1. SEG-D REFORMAT

2.3HZ. LOW CUTFILTER

3.80DD

4. SHOT & CHAN EDITS

5. AAF & RESAMPLE TO 4MS

6. DESIG. TO ZERO PHASE

7. T"TSPH.DIV.

8. AUTOMATIC DESPIKE

9. TFD SWELL NOISE ATTENUATION IN
RECENVER DOMAIN

10. SAAF & ALTERNATE TRACE DROP

11. SRME AT 25M

12. PRELIMINARY NMO (1KM)

13. FK DIP FILTER ON SHOTS +/-12MS/TR
14. FX DECONVOLUTION IN SHOT DOMAIN
15. FDNA DIFFRACTED MULTIPLE
ATTENUATION

16. TVF

17. MIGRATION VELOCITY ANALYSIS (1KM)
18. REMOVAL OF T*T GAIN

19. 2D KRCHHOFF PRESTM

PGS 2D proprietary

Processed by: PGS Geophysical DP (Oslo), Jorn
K.Larsen

Date: Aug 2011 - Aug 2012

Processing sequence:

PGS 2D processing proprietary

Processed by: PGS Geophysical DP (Oslo), Jom
K. Larsen

Date: July 2012 - Feb 2013

Processing sequence:

Static corrections

-15ms

PGS: Gun and cable static correction: +21.62 ms /

Recording system delay correction: -69.2 ms

PGS: Gunand cable static correction: +21.62 ms /

Recording system delay correction: -69.2 ms
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Appendix 3 Regional kinematic input
data

From Gaina et al. (2014, 2017b)
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Magnetic anomaly picks, fracture zones, and derived isochrons for the NAGTEC area. Additional picks and
fracture zones from surrounding areas also constrain the kinematic model by Gaina et al. (2014, 2017b).
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Half spreading rate grid for the oceanic crust based on the final kinematic model. Hachure regions around Jan
Mayen and the Faroe Islands are unconstrained and misleadingly high by Gaina et al. (2014, 2017b).
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Reconstruction of the residual bathymetry at Chron times C5 (11.1 Ma), C6 (19.722 Ma), C13 (33.16 Ma),
C18 (40.32 Ma), C21 (47.329 Ma) and C24 (53.93 Ma) by Gaina et al. (2014, 2017b).

335



336

Appendix 3




