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In the classical concept, a hotspot track is a line of volcans, formed as a plate moves over
a stationary mantle plume. Defying this concept, intraplaé volcanism in Greenland and
the North Atlantic region occurred simultaneously over a wide area, particularly around 60
million years ago, and showing no resemblance to a hotspotack. Here we show that most of
this volcanism can, nonetheless, be explained solely by tleeland plume, interacting with sea
floor spreading ridges, global mantle flow and a lithosphere the outermost rigid layer of the
Earth — with strongly variable thickness. An east-west coridor of thinned lithosphere across

central Greenland, as inferred from new, highly resolved tonographic images, could have



21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

formed as Greenland moved westward over the Iceland plume Ib@een 90 and 60 million
years ago. Our numerical geodynamic model demonstrates hoplume material may have
accumulated in this corridor and in areas east and west of Grenland. Simultaneous plume-
related volcanic activities starting about 62 million yeas ago on either side of Greenland
could occur where and when the lithosphere was thin enough auto continental rifting and

sea floor spreading, possibly long after the plume reached éhbase of the lithosphere.

Around 62 million year ago (Ma), simultaneous volcanismtsthin Western Greenlafid
Baffin Islan&, Eastern Greenland and the British ISIé8ig. [, inset histogram). HighHe/*He
ratios in all these regio®$ are indicative of a mantle plume origin or contribution. Tamge
distribution of volcanics peaks around 55 Ma, and it remain®pen question whether this vo-
luminous and widespread volcanism was caused by a singheephueither the plume headr
a preexisting plunf&® — and, if so, where it was positioned, and how large it was. Wheeon-
structing plates to their location at 60 Ma (Hig. 2), it beesnevident that plume material would
still need to flow for more than 1000 km from a putative plumetoe beneath Eastern Greenland
to some of the locations where volcanism occurred. Altéraatto this single-plume hypothesis
could be that there are more than one plume responsible sutdnavayetf, Canary or Azoréd,

a more sheetlike upwelling extended in north-south dieefj or that excess volcanism is caused

by processes other than a mantle pl&fdé The subject has been extensively revielved

Presently, Iceland is an anomaly along the Mid-Atlanticd@idwith much thicker crust than

normal sea floor, caused by the more intensive volcanismsn#eitomography models show
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evidence for a hot upwelling in the upper ma#jsome tomography models also indicate a lower
mantle origif?22, with the position of Iceland near the northern tip of theiédn Large Low Shear

Velocity Province (LLSVP) a likely location from which théyme rise%.

To address the question how much of the widespread volcaaieomd 60 Ma can be ex-
plained by the Iceland plume as single source, we combirenteesults from plate reconstruc-
tions, seismic tomography and geodynamic modelling tosasadere the plume impacted and
how and where plume material could have flowed beneath theslithere so as to give rise to the
observed volcanism. The sub-lithospheric flow of hot astsphere is strongly influenced by the
location of the plume relative to spreading ricffesnd by variations in lithosphere thickn&ss
which can be estimated for the past by combining seismic twaphy with plate reconstructions.
We will discuss how combining these ingredients may helpitpiaely explain the distribution of

volcanics. The discussion will be supplemented by numksioaulations.

Conceptual model of plume-lithosphere interaction

The motion of the Iceland plume is controlled by large-sfial®, which tilts and distorts the plume
conduit as it rises through the slowly convecting mantle.ewthis motion is taken into account,
models typically predict that around 60 Myr ago the Icelahdnye was a few hundred km further
east in the mantle than its present location, and has movstvarl according to the predominant
flow direction at the top of the lower maritfé®. At shallower depth beneath the lithosphere, an

overall large-scale flow in a north-northwestern direci®oonsistent with the location of Iceland
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relative to the LLSVP, tomographic imagsnd shear wave splitting res#itse

When the plate and plume motions are added, it turns outltlediceland plume was most
likely located beneath eastéff® (Fig.[2) or centra? Greenland around 60 Ma. For comparison,
assuming a fixed plume has led to a predicted location in westeeenlang!, although even

earlier model®3*also predicted a plume location in eastern Greenland atithat

Present-day lithosphere thickness can be inferred froemseitomography or sea floor ages.
Using models of plate motion, past lithosphere thicknessbeareconstructed (see Methods). The
left panel of Fig[2 shows a 60 Ma reconstruction. Presentthizkness based on tomography

only is shown in the right panel, and Fig. S1 shows reconstmis for other times.

The qualitative scenario that emerges if we combine modegidume motion, lithosphere
thickness through time and large-scale mantle flow is sirtila/ink’s®2 in that the Iceland plume
has been close to the North Atlantic spreading ridge sine@ibiation of spreading, and therefore
the most voluminous volcanism did not occur directly abdwe plume but at the ridge location
closest to the plume. This first formed the Varing Plateashaffe Central Norway (Figl 1) and
later on the Greenland-Faeroe plateau. In contrast, the ge in between was never closest to

the plume (see Fig. S1), hence it has close to normal criustiiness.

Critically, where plume material is flowing to and where inoes close to the surface, and
hence where volcanism can be expected, is affected by smagje-flow and lithosphere thickness.

An east-west oriented thin-lithosphere corridor that we iseour models provides a simple yet
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elegant mechanism for how a single plume could feed roughiulsaneous volcanism on the east
and west coasts of Greenland. This corridor is evident wbekihg at the tomography model
AMISvVArc which shows significantly reduced seismic vel@stwhere the passage of the Iceland
plume has been inferred, indicative of relatively warmed #rinner lithosphef (Fig.[3). Hot
asthenosphere could flow westward following this corridied,afurthermore, the corridor itself
could have been created by the earlier Late Cretaceousgeast@reenland over the plume (Hig. 2
right), thus accumulating and trapping plume material is torridor underneath thick continental
lithosphere. Even earlier, the plume track follows the Westst of Greenland, where subsequently
Baffin Bay opened, and around 130-120 Ma, parts of the Highi&targe Igneous Province,
Ellesmere and Svalba®are reconstructed near the plume location, as is evidemt fne plume

track in Fig[2, and could therefore be causally linked tolttetand plume (see al$d.

Although the lithosphere thickness may have changed dhiegifting process, our recon-
struction indicates that there may have already been arreditbin lithosphere between Greenland
and Europe — even though they were much closer to each otlspreeially south of the plume, at
60 Ma. Material from the plume could then have been chamhelleng that corridor and led to

volcanism in the British Tertiary Igneous Provif€at ~ 60 Ma.

Plume melting below a moving lithosphere of variable thickress

In order to assess the spatial distribution and amount dltiasolcanism due to a plume inter-

acting with moving lithospheric plates of variable thickseand nearby spreading ridges, we set
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up a regional numerical model, using recently developedvatidated metho&84%. The plume

is initiated with a large plume head at the base of the uppetlmat either 64 Ma (Model64Ma)
or 115 Ma (Model115Ma). In Model64Ma we adopt the plume aratepmotions from ref?,
corresponding to the hotspot track in F[d. 5 right, whereablodell15 the plume location has
been modified, and displaced 300 km westward 70-60 Ma to mltaimoother track. A global
mantle flow model derived from tomography converted to dgresiomalies is used as boundary
condition for our regional model. The model is initiatedinét reconstructed lithosphere thickness

distribution. More details are described in the method§®®c

Fig.[4 shows results for 68 Ma and 59 Ma for Model115Ma. At 68 ldlate motions are
divergent between Greenland and North America. The plureespeead widely beneath the litho-
sphere, and trapped large amounts of hot material in thédooracross Greenland, above which
the continental lithosphere is relatively thin, but toathio enable melting. An arm extends to the
south along the rift between Greenland and North AmericiplaAt 59 Ma, accelerated rifting has
started beneath Greenland and Europe, and volcanic gaisturs simultaneously both east and
west of Greenland, as soon as the ponded plume materiale®aobas where thin lithosphere and
decompression along the mid-ocean ridges enable meltimg.nfarks the onset of intense plume-
ridge interaction, which is supported by plate motions arahthe flow, and continues until the
present-day state of the model. The resulting total amolpiumne-related melt in Modell15Ma
is shown in Fig[h (left) and compared with a crustal thiclevesp derived from gravity inversion
(Fig.[3 righ®?). Features that are common to both maps include relativitk trust along the

Iceland-Greenland Ridge, the Iceland-Faroe Ridge, thevlsigian continental margin, and on the
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Jan Mayen Microcontinent. The thickest oceanic crust acouthe southeastern part of Iceland

in both maps.

The distribution of melt produced in different time intels& shown in Figl. b and compared
to locations of dated volcanics of same age. For Model64Nt (& top left), where the plume
has always been beneath Eastern Greenland or the Atlaokignism only occurs within or near
the opening Atlantic. However, for Model115Ma, simultans@olcanism around 60-45 Ma also
occurs in Baffin Bay west of Greenland (Fig$. 6 ahd 5). Degphitemuch earlier impingement of
the plume beneath the lithosphere, the first plume-reladézhaics in this model only occur at 80
Ma in the Labrador Sea, and after60 Ma, somewhat later than observed, in the North Atlantic
and Baffin Bay. Before that, plume material spreads benéatk lithosphere, without any melt
generation. Only after 60 Ma, due to rifting and incipientegaling, the lithosphere in Baffin Bay
has sufficiently thinned such that the first melts are produd& the same time, Greenland has
moved westward, such that the plume is located sufficientlgecto the nascent North Atlantic
and can also produce melts there. Melting in Baffin Bay cagsuntil the time interval 55-45 Ma
in Modell15Ma. For melting to occur west of Greenland, it @ necessary to assume a plume
initiation as early as 115 Ma. For example, if Iceland plumi&ation occurs at 64 Ma beneath
central Greenland, 600 km west of Model64Ma the plume hesamlsgdreads across Greenland and

leads to volcanism on both sides (results not shown).
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Lateral flow and long delays from plume impact to volcanism

Interaction of a plume head or large pulse with a lithospludrstrongly variable thickness can
create a distribution of volcanics very different from asdi@al hotspot track. If the Iceland plume
was located near the Eastern continental margin of Gregrdeosund 60 Ma, a pulse at that time
would have caused volcanism mainly along the opening riftvben Greenland and Europe. Our
numerical model yields plume-induced volcanics along gdastretch of the rift that developed
into the North Atlantic — on the European side until the westaargin of the Rockall Plateau,
more than 1000 km towards the southwest of the plume. Thistisecessarily all plume material;
the plume also pushes material ahead and hence changesifielficelsewhere. This may lead to
melting where the asthenosphere flows from beneath thidkindithosphere. Assuming today’s
lithospheric thickness in Greenland, a plume head thatriggd near the East Greenland margin
around 60 Ma does not lead to volcanism west of Greenlandhdrthat time. However, if the
plume has pre-existed, a sufficient amount of hot plume nahteray have accumulated, partic-
ularly along a corridor of relatively thin lithosphere infed from tomography, across Greenland
towards Baffin Bay. After plate divergence thinned the Igploere in Baffin Bay around 60 Ma,
this could have led to volcanism. Southward increase ofrgamce would have caused southward
flow of plume material, consistent with Baffin Island bagadtsuth of the hotspot track. Compar-
ison with computed hotspot tracks indicates that the corratross Greenland could have been
created by the passage over the plume, heating and thinmenGreenland lithosphere by 50

km over a width of~ 300 kL. We cannot rule out that this corridor existed prior to thegzae

of Greenland over the Iceland hotspot. This would requiteydver, a coincidence of tectonic



158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

structure and plume track by pure chance. If the thin-lighese corridor is due to Greenland’s
passage over the plume at 60-80 Ma, the lithosphere witkigohridor could have been 50 km
thinne at 60 Ma than it is now, after cooling for 60 Myr. It is thus piiés that even more hot
asthenosphere of plume origin could have reached the wast odGreenland than predicted by

our model.

Compared to previous analytical and numerical m&8&f53%-45%his work takes advantage of
key new evidence yielded by new tomography, tomographiel@tithosphere thickness models,
and plate reconstructions, as well as improved numericaletfiag capabilities. Comparison of
detailed model predictions, including the present-daysla the plume, and the distribution of
volcanism in space and time with future seismological,oaditric and geochemical data can pro-

vide tests of the model and underlying hypothesis, and nayteits modification or abandoning.

Many previous tomography models included in a recent caatipii® show evidence for
thin lithosphere in eastern Greenland, near the supposédagplume location, but not further
west. Recently, thinned lithosphere beneath north-ce@Giraenland has been propo%tbased
on P-wavé and S-wav¥ tomographic models, as well as high geothermal flux infefirewh ice-
penetrating radar and ice core drilling data. The inferhgal lithosphere was linked to its passage
over the Iceland plume. The thin-lithosphere corridor seerur new tomography and lithospheric
models is likely to show the complete extent of lithospherdified by the Iceland plume, as
Greenland moved across it. It connects the locations ofddmirvolcanism at the west and east

coasts of Greenland, in contrast with previous tomograpbglet§?4445 which suggested cold,
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thick lithosphere beneath the volcanic areas on Greerdaméstern coast, difficult to reconcile
with voluminous volcanism in those areas. The improvemientsmographic resolution given by
our model is mainly due to waveform inversion of a very larggaget of fundamental and higher
mode surface waves that constrained it, using all availatadband stations in the region and

exploiting the high sensitivity of waveform data to lithdpic structuré@ (see Methods).

Compilation$## show that various proposed fixed and moving hotspot tracksadGreen-
land are substantially different. Our model considers amtf the Iceland plume from 60 Ma
onwards. For earlier times, we assume a fixed plume posifitus is presumably a reasonable
approximation, as the Iceland plume appears to be a neatiprsary upwelling from the north-
ern tif®e of the African LLSVP, and numerical mod&@&2 yield limited plume motion also after
60 Ma. Importantly, the corresponding hotspot tfgsrovides one of the best matches with the

East-West corridor across Greenland detected by tomograph

The calculated distribution of volcanism compares welhvaitcrustal thickness map inferred
from gravity inversion. However, the thick crust of the Qulmd-Iceland ridg€ and the Faroe-
Iceland ridg#8 are not being recreated in their rather narrow aseismieridgn, and some of the
thick crust may be due to continental material, includirapfnents in the middle of the océén
With the assumed size (500 km diameter) of the plume headlee puound 60 Ma, melt is not
produced as far into the continent as Scotland and Irelahdrevthe Tertiary Volcanics occurred
around this time. More generally, in our numerical modeltnehds to be produced in oceanic

regions with thin lithosphere, rather than on neighbougngtinents, where volcanics are also

10
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found. Given that the estimates 6f— 10 - 10° km?, compiled® for the volume of volcanics, are
very large compared to other LIPs, the 500 km diameter plueagl Imay be considered a conser-
vative estimate; it was more likely larger rather than seralAlso, a more sheet-like upwelling,
extending in a north-south direction, which occurs in gewdyic model¥ at the northern tip of
the African LLSVP could help explaining that the extent ehsitaneous volcanism around 60 Ma

was larger than modelled here.

The immediate cause of the British Tertiary Igneous Pravitmuld be lithosphere thinning,
triggered by mantle upwelling and laterally transportetidsthenosphere, and due to deformation
during the opening of the North Atlantic. The distributiohMorth Atlantic Igneaous Province
(NAIP) volcanism is a good proxy for thin lithospheres. Theh Sea may have been relatively far
from the plume, but locations of NAIP volcanism are scattdyetween them, and can be taken as
fingerprints left by hot asthenosphere flow at the time. Lsfifeere thickness variations lead to a
pattern of melting that is not radially symmetric. Howewbe dynamics of the plume itself may

lead to viscous fingerifté,

Our model provides support for the single-plume hypothesishelps to reconcile seemingly
contradictory older models: On one hand, it has been prajibse the large volcanic outpourings
in the incipient North Atlantic are caused by the initialloed plume head. On the other hand, a
much earlier origin has been proposed, perhaps linkingc#tlamd plume to volcanics in Ellesmere
and Svalbard. Here we find that even with a plume much older &83aVia, volcanism only starts

around 60 Ma, when plume material finally finds its way to regiof thin lithosphere east and

11
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west of Greenland. However, before that time, plume mdtkaa been accumulated at the base
of the lithosphere such that, when melting finally occurss tather massive. This resembles the
impinging of a plume head, even though plume material hadugidéy accumulated over tens of

millions of years. In this way, the amounts and distributtdiwvolcanism east of Greenland are in

fact rather similar in the cases where a plume head hits ahdr62 Ma, and where the plume has
continuously existed since much earlier. We suggest thad fbi@salts do not always represent the
arrival of plume heads from the deep maftiat may also occur due to interaction of a plume with

a lithospher& with thickness varying in space and time.
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Figure 1: Main volcanic facies linked to North Atlantic Ignes Province (NAIP), Iceland and
North Atlantic opening. Site locations for dated NAIP magisra shown as color-coded filled
circle$?. BI, Baffin Island; COB, Transition between continental anaanic crust; JMMC,

Jan Mayen microcontinent; SDRs, seaward dipping reflectwkanic facies drawn from many
sources, including ré€. Inset histogram based on a compilafibof 383 isotope ages from NAIP,
mainly “°Ar/3Ar and K/Ar ages, with 3% high-precision U/Pb a&e$2.6 Ma (Antrim basalt in

Ireland) to 55.5 Ma (Skaergaard intrusion in East Green)ldtl6 and 56.3 Ma (magmatic sills in

the Varing area, offshore mid-Norway).

Figure 2: Lithosphere thickness at 60 Ma and present-dayft: LE€ontinental lithosphere
thickness based on Arctic tomography model AMISV&rand backward-rotation using a plate
reconstructiof?; oceanic regions based on sea floor ages (see Methods). \Meiefor plate
boundaries, golden star for plume posifnRight: Lithosphere thickness from tomograghy
only. Reconstructed plume track on Greenf&is shown for 120-60 Ma. As mantle flow and
hence plume motion become increasingly uncertain backnie, tive assume a fixed hotsyét
for > 60 Ma. Regions labelled Ellesmere and Svalbard are partedfligh Arctic Large Igneous

Provincé®.
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Figure 3: Arctic tomography model AMISvA#¢ beneath Greenland and surroundings. The ref-
erence value of vertically-polarized S-wave speed in thatlaas 4.38 km/s. This value and
deviations from it are at the reference period 50 s. Plunuktaa in Fig[2. Fig. S4 shows resolu-
tion tests, indicating that the East-West reduced-velathiannel is well-resolved, and would not
manifest as an artefact without actual reduced seismicitads. Relatively low seismic velocities
in this channel are confirmed by recent regional tomograpitia$837 using smaller datasets but

with data from most of the new stations in Greenland that wegesl to construct AMISVArc.

Figure 4. Numerical model (Modell15Ma) of the Iceland plumepresented by the 100 K iso-
surface colored according to melt fraction. The plume igdted at 115 Ma and we show two
representative time frames in oblique and top view. Redslare plate boundaries, green arrows
represent absolute plate velocif&sThe top left panel also illustrates side boundary conditjo
based on plate motions and global mantle flow (see Methods.complete model development

is also shown in a supplementary movie.
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Figure 5: Computed excess crustal thickness produced bpltimee in Modell15Ma (left) and
crustal thickness based on gravity inverSibfright). Melt that is generated is immediately ex-
tracted to the surface and rotated to its present locatioording to the plate reconstruct@f.
The difference between two model runs with plume and witl®ahown. Yellow stars connected
with white line show the 60-0 Ma Iceland plume tr&2R® (modified in left panel, as described
in Methods). Red line is the North Atlantic spreading ridgkie lines are the Continent-Ocean
transition zoné<. IGR = Iceland Greenland Ridge; JM = Jan Mayen; JMM = Jan May&mo-

continent.

Figure 6: Computed plume-related melt produced in diffeiame intervals, represented as
present-day crustal thickness contribution (as in BiglibModel115Ma the plume has been dis-
placed 300 km westward at 70-60Ma (see Methods). Apart frmamesmelting in Baffin Bay and

Labrador Sea, results for the two models are rather simiilar 8 Ma, hence only Modell15Ma
results are shown for these later times. Correspondingglooation relative to Greenland at 60,
50, 40 and 30 Ma is shown as yellow stars. Color-coded dotw slaved volcanics in the same

time intervals for an updated compilatfoH.
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Methods

Geodynamic model Apart from minor modifications, the work flow essentiallyléa's the steps
described in Bredow et &%: The computations are carried out with the mantle conveatiude
ASPECTY52in a 3-D Cartesian box of dimensions length x width x height88@x 3300 x 660
km from an inital time (120 Ma or 80 Ma) until present. The teargiure field is prescribed at first
to take into account the reconstructed lithosphere thiskéstribution at the initial time and later
as time-dependent boundary conditions. Velocity boundanglitions at the surface and the upper
200 km of the side boundaries simulate plate motions andexreed! from a plate reconstruction
model (see next subsection). The global flow surroundingiibdel domain is derived from a
global mantle flow model (see below) and prescribed at the Isaindaries below 200 km and
at the base of the model box. All boundary conditions are 4il@gendent and prescribed at all
times. Since due to the transformation from spherical td&S&n coordinates the global flow and
plate velocities do not exactly correspond to each othey, #ie smoothly interpolated at 200 km
depth at the side boundaries. In addition, plume inflow atoibtéom of the box is prescribed at
a location inferred from a global model (see below). We ustume head radius of 250 km, an
excess temperature of 300 K and an inflow velocity of 20 crdgn{parable with recent models of
the Tristan da CuniRand Réunioff mantle plumes). The plume tail has an excess temperature of
250 K in agreement with literature estimates, which rande/een 186 K and 30038 a radius
of 140 km and an inflow velocity of 6 cm/yr. These values resuli pure plume buoyancy flux
of approximately 1150 kg/s, which is heightened by the difibe to a total range between 1250

kg/s and 2000 kg/s, in accordance with estimated v&l?&sTo maintain conservation of mass,
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every simulation runs twice and the net mass flux from the dirsulation is used to correct the
velocity boundary conditions for the second simulationistdorrection is rather small and results

with and without are visually very similar.

Global mantle flow is computed in terms of spherical harmsfie®, for a given 3-dimensional
mantle density structure, radial viscosity profile, préssl surface plate motions (see next sub-
section) and a free-slip core-mantle boundary (CMB). Theate motions include a net rotation
component, and in order to maintain this surface net ratatooit with strongly reduced net ro-
tation in the deep mantle, we use a fixed CMB for the toroidgree one flow component only.
Density anomalies are backward adve&led the flow field to 68 Ma, and kept constant before
that. The global flow model for present-day has been destiil$& The density model is based
on surface wave tomography mc&eh the upper 200 km and the 2010 update of a whole-mantle
modef? below that. For most of the mantle, we use a thermal scalirdptwsity (Figure 3A of
Steinbergé®), however, given that both continental lithosphere andLib®VP of the lowermost
mantle are likely chemically distinct, we use a differerdalstg there: Inside the continental litho-
sphere (see subsection below) shallower than 150 km depthstead set the density anomaly to
a constant 0.2%. Inside the LLSVPs, a density anomaly of 1/2a%been added. LLSVPs are
assumed to be in the lowermost 300 km of the mantle wherei@ngeanomalies are more than
1 % negative. For viscosity, we use the red profile in FigureoBSteinbergé?, with viscosity
increasing frome 10%° Pas in the asthenosphere to nedfly? Pas in the lower mantle, but again
decreasing to below0?! Pas at the CMB. In contrast to the global flow model, our regliomodel

considers temperature-dependent viscosity, which leattsater sublithospheric viscosity in the
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vicinity of the plume (see Fig. S3).

The motion of the plume is computed following the method filsteloped by Steinberger
and O’Connef® with parameters as in Steinberger €8%lThe plume conduit is assumed to be
initially (at 60 Ma) vertical and subsequently distortedbat also buoyantly rising through mantle
flow. A vertical plume conduit at 60 Ma corresponds to the agstion that the plume conduit was
established by a plume head rising comparatively fast tfinagbhe mantle. Alternatively, in case
a pre-existing plume is assumed, it may represent a largee piding through, and straightening
out the conduit. In this case, we had used an earlier tombgrapdef?, and somewhat different
viscosity and scaling from seismic velocity to der&itymodel 2b of that paper; scaling from
seismic velocity to density reduced by a factor 0.5 in theau#20 km) to compute flow. Since
this model fits the geoid well, we expect that it gives a réaligrediction of large-scale flow in
the lower mantle, which is relevant for plume motion. In cast, the model used to compute
inflow and outflow at the boundaries of the box gives a bettedigtion of dynamic topography,
therefore we expect that it realistically includes moreadsof upper mantle flow. From this global
model of plume motion, the plume position at depth 660 km tsaeted to prescribe the plume
influx into the regional model box. Since the regional modeinitiated at 64 Ma to allow for
rising of the plume head, a constant position is assumed@d& In Modell15Ma, it is kept in
the same position as the reference case until 80 Ma, is 30Qukimefr west 70-60 Ma, 150 km
further west and 100 km further south at 55 Ma, and in the saoséipn as the reference case
from 50 Ma, with linear interpolation. This is meant to compate for a kink in the plate motion

model, and should mimic the case where the plume moves inatine svay after 60 Ma and is
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fixed before that, with a smoothed-out plate motion modelthla way, the speed of Greenland
relative to the plume in the 80-70 Ma interval is reduced tae@hat more than half, instead of by
modifying absolute plate moti8%3%, approximately within uncertainties (see also Fig. S2yeBi

the increasing uncertainties in models of mantle flow andnglumotion further back in time, we

regard it as justified to revert to a model meant to represéréd plume before 60 Ma.

Melting in the geodynamic model depends on pressure andetatyse and is calculated
based on the parametrization for batch melting of anhydpmr&lotit®S. In a postprocessing
routine, the melt produced in each time step is instantlyaektd to the surface and moved with
the according plate motions. As in Bredow e#&lwe employ a dehydration rheology and a

depletion buoyancy in our models.

Plate reconstructions Where the plume was located relative to the overlying lifhese depends
on both plate motions and the motion of the plume in the sareeerece frame. Here we adopt
absolute plate motions in a global moving hotspot referdramme (GMHRF$2. This reference
frame is aimed at optimally fitting geometry of and age pregien along several hotspot tracks
while taking plume motion into account. Since the Icelandy does not show a classical hotspot
track, it is not included in devising this reference frameotstot reference frames that are only
for the Indo-Atlantic hemisphetesomewnhat differ from a global reference frame that alsogake
hotspot tracks in the Pacifitinto account. In particular, around 60 Ma, in an Indo-Atiaméf-
erence frame the Iceland plume is located further westiveltd Greenland — beneath central to

eastern Greenland rather than beneath its eastern coast.
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Relative plate motions and plate boundaries in 10 Myr irglsrare initally from Torsvik et
al®8, put plate boundaries are transferred with a routine desdrin that paper to the GMHRE:
Plate motions are converted to cartesian coordinatessgmneling to the center of the model box
at 17 W 64° N. A Lambert azimuthal equal-area projection is used to edrplate boundaries
and the models of large-scale mantle flow, plume motion ahddphere thickness described in
this methods section to box coordinates. Interpolationlatepboundaries from 10 Myr intervals
to 1 Myr is done using a semi-automated procedure where gbecorresponding features in
the plate boundaries (ridge segments, transform faukspantified and matched by eye, and then

automatically interpolated.

Mantle Tomography model AMISvArc AMISVArc is a new upper-mantle shear-wave speed
model of the circum-Arctic regié¥. It is constructed as a global model using the same methodol-
ogy and similar datasets as the recently published mod204.6svA4?, SL2013NAE, and SL20135,

but with substantially more data in the Arctic.

The inversion procedure comprises three steps. First, th@eated Multimode Inversion of
surface and S wave-forms (A% is applied to a pre-processed dataset of displacememaseis
grams. AMI performs accurate, automated processing ofieagslumes of broadband waveform
data, applying elaborate case-by-case selection of tiggptency windows and relative weighting
of the fundamental and higher mode arrivals (S and mulipleaves), while enforcing a strict
misfit criterion across all windows. Each successfully fissegram yields a set of linear equa-
tions with uncorrelated uncertainties that describe 1Qupkations in S- and P-wave velocities

within approximate finite-width sensitivity volumes be®vethe source and receiver, with respect
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to a global 3D reference model. The 3D reference model campithe crustal model CRUSH2
smoothed across it® cell boundaries and augmented with global topographic athkyimetric
databases and, beneath the Moho, the global 1D referencel mii@i357, recomputed at a refer-
ence period of 50 s. Crustal structure, i.e., the deviatimra the 3D reference model at the 3-4
crustal grid knots (depths of 7, 20, 36 and 56 km) are solvethfthe inversion, instead of adopt-
ing the common assumption of fixed crustal structure or oftadicorrections. Errors in the Moho

depth are compensated primarily by changes in the lowestarand uppermost mantle velocities

m-

In the second step, linear equations from all seismogramsessfully fit by AMI (for a
detailed overview of the results of waveform fitting, see &xffer and Lebed&) are combined
into a single linear system and solved for the 3D distribuiioisotropic P- and S-wave speeds
and 2F azimuthal anisotropy of S-wave velo&fywith respect to a modified 3D reference model
that now comprises CRUST?2 in the crust and the 1D upper mamdeage taken from our own
tomograph¥S. The inversion is performed with the LSQR metidsubject to regularization

(norm damping, lateral and vertical smoothing).

The third step of the procedure is the outlier anafifsi$aimed at selecting only the most
mutually consistent seismogram fits for the final model. Emalysis exploits the substantial re-
dundancy of the dataset in order to remove the data mostedfdxy errors (coming from event
mislocations, etc). The starting dataset used in constigaiAMISVArc includes waveform fits
from the models SL2013NA and SL2013sv, and additional,mizeecorded or recently made

available, data from stations in the Arctic regirT he total dataset includes more than one million
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vertical component seismograms successfully fit using A®ttprded at more than 4600 stations
globally. Outlier analysis was used to select a subset of, B8most mutually consistent wave-
form fits for an initial inversion; a final step of outlier agals reduced the number of waveform

fits to 817,200.

Lithosphere Thickness Present-day lithosphere thickness on continents is cadplodsed on
tomography model AMISVAR? (see previous section) using the same procedure and pammet
as in the reference case of Steinbéf§eiConceptually, this model is based on the assumption
that, in the global average, the temperature profile in thehiermal boundary layer of the mantle,
which includes the lithosphere, follows an error functiawofple. It is further considered that
compositional anomalies also contribute to seismic vefamomalies. We assume that, on global
average, this additonal contribution has a depth depeedtrat also follows an error function
profile with the same scaling depth. Further, we assume twapositional anomalies only occur
inside the lithosphere and not at the LAB. Under these assang) we can now convert seismic
velocity anomalies to absolute temperature, and we set i2tb a constant temperature such
that the temperature difference between LAB and surfacd.i®%8=erf(1) of the total difference
between (adiabatic) mantle potential temperature anédseiemperature. Scaling depth of the
error function and the compositional contribution to thelgll average of seismic velocity are two
free parameters in this model, and they are adjusted (foremdomography model) such that the

oceanic depth versus age curve (assuming isostasy) isaftimatched.

Present-day continental lithosphere thickness gridsreme assigned to four different plates

North America, Greenland, Jan Mayen and Eurasia. Lithagphmay become thicker with age,
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or thinner due to the influence of the pluffié&®”® However, here we simply backward-rotate
continents, using our reconstructfnfor the respective plates. In the oceans (wherever the age
gridis defined), present-day lithosphere thickness is comgdtetsea floor age with a diffusiv-

ity 8- 10-"m?s~!. Lithosphere thickness in the past is again determined béttkward-rotation,

but also taking into account that age and hence thicknessesast past times. Past lithosphere
thickness determined in this way is applied to the numericadel at the inital time (either 80 Ma

or 120 Ma) for the whole box, but afterwards only at the sigdsre material moves into the box.
Elsewhere, the thickness of lithosphere that either mavesthe box or gets created at the ridge
is computed self-consistently, such that in effect theobtbhere thickness in our numerical model

is very similar to, but not exactly the same as in Eig. 2 left.

Code Availability The version of ASPECT we used to run our models is availabie®(https://

github.com/ebredow/ aspect/tree/ reuniplmmemode).
Data Availability All of the input files that are required to reproduce this gtace provided upon

request.
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Widespread volcanism in the Greenland-North Atlantic
region explained by the Iceland plume
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Supplementary movie: Top view of numerical model development showing the extént o
the plume, melt fraction, lithosphere thickness, plat®eitles and plate boundaries through time.

Further details as in Figure 4.



0 50 100 150 200 250
lithosphere thickness [km]

Figure S 1: Lithosphere thickness, ridge location and plpo®tion as in Figure 2 (left), but also

shown for 50 Ma, 40 Ma and 30 Ma.
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Figure S 2: Absolute angular velocities)(for North America, Greenland and Eurasia since the
Early Cretaceous (145 Ma). Based on a true polar wanderated@alaeomagnetic reference
framé before 120 Ma and a global moving hotspot reference frameHBR) thereafter,
interpolated to 5 Ma. The latter is based on five hotspot saickluding the New England
Seamount Chain that directly link North America to the GMHRBnversely Greenland and
Eurasia are linked to the GMHRF by relative plate circuitse Targest uncertainties in the
relative fits are in the Cretaceous which include estimaitpsaadrift extension between North
America-Greenland and Greenland-Eurasia from the EagyaCeous (white circle marked 1) to
the Early Eocene (blue circle marked 3) when seafloor spngamas initiated between Greenland
and Eurasia. Seafloor spreading between North America agehnd (Labrador Sea and Baffin
Bay) probably started in Late Cretaceous (blue circle ntaeor possible Early Palaeocene
time, and terminated in the Early Oligocene (white circleked 4) when Greenland once again
became part of the North American plate. In our preferreteptaodel, the North Atlantic
continents show velocity accelerations during the Cetaseath peak velocities in the Late
Cretaceous and pronounced deceleration during the Palaeothe Late Cretaceous peak is not
seen in the model of Matthews et3dbut in this model they used an older GMH{Fack to 70

Ma and then linearly interpolated (smoothed) this GMHRFHd®ard to the true polar wander
corrected palaecomagnetic reference ffaatel00 Ma (stippled grey line in diagram). It is also
worth noting that this older GMHR¥did not include the New England Seamount Chain and
based on four hotspot tracks linked to the Hawaiian and Milleéshotspots (Pacific Ocean) and

to the Reunion (Indian) and Tristan (Atlantic) hotspots.
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Figure S 4: Results for resolution tests carried out for tMi@vArc Model. The left column
shows the three different input models, from top to bottortiirae-by-three knot checkerboard, a
structure test for a completely high velocity Greenlandi fmally a structure test for Greenland
dissected by a low-velocity channel. For each synthetic ties high velocity anomalies in the
synthetic modemg are set at 250 m/s and the low velocity anomalies at -250 mvssa the

depth range 80 to 260 km. Using these (noise-free) synthttiing models (left panels),
synthetic datals are computed through multiplication with the kernel maﬁxasds = Xms
(e.g). The resulting data]s, are inverted using the identical parametrization andlegipation

as the AMISVArc inversion. The recovered structures at 160, and 200 km depth are
illustrated in the righthand three columns. In all casestélis a slight reduction in overall
amplitudes, however, the shape of anomalies remains veeiVezed. Critically, we note that in
the structure tests we clearly differentiate with our dettéise existence of the reduced velocity
channel crossing central Greenland from east to west. Ihaormel is present (row 2), we recover
a model which shows no indication for a reduced velocity clehnFurthermore, when imposing
a channel in the starting model (row 3), we clearly recovat #ame channel. In the checkerboard
test, the three-by-three checkers are almost perfectbvezed, though amplitudes decrease

slightly at greater depths (200 km).



Synthetic

8 4 > 8| |

N Y v

't % 1§

2 ) i ) 2= IS 2

% 1 i % 1
- |3 2 2 e 1 2 2 = [ 3
3 e 3 /8 = 2

8Y 8
i e £ 4 i ¢
| A 1 2 Tl
I

-100 0 100 200
m/

-200



Figure S 5: Additional resolution tests carried out for thdI&vArc Model with Noise added to
the synthetic data. As with Figuré 4, the left column shovesitiput models: two versions of
three-by-three checkerboard and two versions of the straidiest for Greenland dissected by a
low-velocity channel. Each of the synthetic tests wereiedrout identically to those in Figute 4
above, except that prior to inverting the synthetic dateeBioch modehng, random noise was
added. The inversion procedure utilized here combinessthdts of the AMI waveform fitting
procedure; as each waveform fit is orthogonalized onto iddal basis functions, the resulting
synthetic data vector in the inversion is not cast in unitsits, and therefore difficult to add a
specific and quantifiable amount of noise to in m/s Eéér more information). Therefore, we
instead compute the standard deviation of the synthet&c\dattoro s, then draw a Gaussian
distribution of random noise with a standard deviation d¥l&nd 75% obs. The synthetic
inversions are then carried out on these noisy data, in the standard manner as for the
noise-free case, with the results indicated by the rows5'0ahd “0.75.” The results demonstrate
that for relatively small amounts of noise (15%6), the input solution is recovered almost exactly
for both the three-by-three checkerboard and the low-Wglicbannel due in large part to the
robust over-sampling of the study region. In the case of thatgr amount of noise (75%%), the
shape of the input solution is recovered accurately, ajhdbhe amplitudes are reduced due to the

noise-induced inconsistency of the data.
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