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ABSTRACT

Iceland and the encompassing Northeast Atlantic are characterized by abundant volcanism, anomalously
high topography and, in many places, anomalously thick basaltic crust. This has been attributed
to the Iceland Plume, rising from the deep mantle, though its structure and very existence are
debated. Using seismic waveform tomography with massive datasets, we compute a new, detailed
model of the crust and upper mantle beneath Iceland and the surrounding North Atlantic region. The
model reveals a large, low-velocity anomaly, indicative of high temperatures, at 400-660 kilometers
depth beneath eastern Greenland, where seismic receiver functions also indicate an extensive high-
temperature region. The anomaly rises upwards and eastwards toward Iceland, deflecting around the
thick lithosphere of Greenland’s cratons, which we also image in detail. We interpret the major
low-velocity anomaly as the Iceland Plume, ascending from under Greenland and captured by the
Mid-Atlantic Ridge. The ascent of the plume beneath the western Northeast Atlantic is consistent
with its thin lithosphere, documented by our tomography, and abundant seamounts. Our results
reconcile previously contrasting views on the structure of the Iceland Plume: while the plume is
clearly visible in the transition zone beneath Greenland, it is confined to the upper mantle beneath

Iceland.

© 2021 Elsevier B.V. All rights reserved.

The Iceland Hotspot is believed to have affected the Ceno-
zoic evolution of the entire Northeast Atlantic region, produc-
ing large volumes of thickened crust and the intraplate basalts
of the North Atlantic Igneous Province (NAIP) (Saunders et al.,
1997). Since the 1970s (Morgan, 1971; Schilling, 1973), these fea-
tures have been interpreted as the signature of the Iceland man-
tle plume, but the plume’s structure and very existence remain
uncertain until now. Seismic tomography is sensitive to the com-
positional and temperature variations of the mantle and can de-
tect the thermal anomalies expected within mantle plumes (Goes
et al., 2004). The sparse and uneven distribution of seismic sta-
tions in the Northeast Atlantic, however, has posed a challenge
for tomographic imaging. While early body-wave studies reported
evidence for a vertically elongated, low-velocity anomaly under
Iceland (Wolfe et al., 1997; Ritsema et al., 1999; Bijwaard and
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Spakman, 1999; Allen et al., 2002), there is little agreement on
how broad the inferred hot anomaly is (Allen et al., 2002; Pili-
dou et al., 2005; Rickers et al.,, 2013), where it rises from (Bi-
jwaard and Spakman, 1999; Foulger and Pearson, 2001; Shen et
al., 2002), whether it is a mantle plume at all (Foulger and Pear-
son, 2001; Keller et al., 2000; Foulger, 2002; Peace et al., 2020)
and if so, how many plumes there are (Pilidou et al., 2005; Rick-
ers et al.,, 2013; French and Romanowicz, 2015; GliSovi¢ and Forte,
2019).

Iceland is located on the only portion of the Mid Atlantic Ridge
(MAR) above sea level and is characterized by anomalously thick
crust (Bjarnason and Schmeling, 2009), high topography (Torsvik
et al., 2015; Hoggard et al., 2016) and flood basalts (Fig. 1)
with chemical signatures similar to the NAIP volcanics (Schilling,
1973; Fitton et al, 1997; Saunders et al., 1997; Korenaga and
Kelemen, 2000) that set them apart from the mid ocean ridge
basalts. Iceland’s anomalous features have long been related to
the ridge interacting with the anomalously hot mantle, attributed
to a mantle plume on the basis of geochemistry (Schilling, 1973;
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Fitton et al., 1997), seismic tomography (Wolfe et al., 1997; Bi-
jwaard and Spakman, 1999; French and Romanowicz, 2015) and
numerical modelling (Steinberger et al., 2019; GliSovi¢ and Forte,
2019).

The NAIP intraplate basalts are unevenly spread across a very
wide area and over a 20 Myr time span, with simultaneous mag-
matic episodes occurring, at times, thousands of kilometres apart
(Saunders et al., 1997; Ganergd et al., 2010; Wilkinson et al., 2016).
Additionally, the distribution of Cenozoic uplift in the Northeast
Atlantic shows similar complexity (Japsen and Chalmers, 2000),
with proposed pulsed, plume-related doming as far south as the
British Isles (White and Lovell, 1997). These observations have
been difficult to reconcile with the classical view (Morgan, 1971)
of a single, narrow, vertical plume, with recent work propos-
ing additional complexities in its structure to explain the data
(Schoonman et al., 2017; Steinberger et al., 2019). This, together
with the varying resolution (Keller et al., 2000) of available to-
mographic models, limited by the highly uneven data sampling,
lead to a variety of proposed models, invoking the contribution
of additional other plumes under Jan Mayen (Rickers et al., 2013)
and the Azores (GliSovi¢ and Forte, 2019), or an upper mantle,
non-plume origin of the Iceland anomaly (Korenaga and Kele-
men, 2000; Foulger and Pearson, 2001; Foulger, 2002; Peace et al.,
2020).

Recent tomographic images (Amaru, 2007; Rickers et al., 2013;
French and Romanowicz, 2015) show complex—and often mutu-
ally inconsistent—low velocity structures under Iceland that de-
part significantly from the classical plume view (Morgan, 1971).
In the upper mantle, asthenospheric fingers from the Iceland
Plume have been proposed to reach southern Norway and the
Irish Sea (Arrowsmith et al., 2005; Rickers et al., 2013) at present,
and Baffin Bay during the Paleogene (Steinberger et al., 2019).
In the deep mantle, the plume has been proposed to tilt to the
south-east with increasing depth (Shen et al., 2002; Rickers et
al., 2013; French and Romanowicz, 2015), possibly linking Ice-
land to the African Large Low Shear Velocity Province at the
core-mantle boundary (Torsvik et al., 2015). Anomalies in a num-
ber of tomographic images (Arrowsmith et al, 2005; Rickers et
al,, 2013) have been interpreted as consistent with a plume un-
der Iceland and reaching towards the Eurasian-Plate part of the
Northeast Atlantic. Yet, the distribution of recent intraplate volcan-
ism (Gaina et al., 2017) indicates that the majority of intraplate
seamounts have been forming, instead, on the North American
Plate.

In this paper, we use waveform tomography with a massive
dataset of regional and global seismic waveforms to compute a
new S-wave tomographic model of the crust and upper mantle
beneath the Northeast Atlantic. The increased resolution allows
us to image in detail the structure of the Iceland Plume and its
interaction with the lithosphere of Greenland and the MAR. Af-
ter discussing the main features of the model, we compare it
with recent tomographic models and other, independently derived
geophysical, geochemical and geological data to both validate our
new inferences on the shape of the Iceland Plume and discuss
its role in the complex evolution of the Northeast Atlantic re-
gion.

1. Waveform tomography

NAT2021 is an azimuthally anisotropic, S-wave tomographic
model of the upper mantle and transition zone (TZ) under the
North Atlantic region, computed using waveform inversion of
over 12 million global and regional seismograms from over
27000 events and 6000 stations (Fig. 2). The seismograms were
waveform-fitted using the Automated Multimode Inversion (AMI)
(Lebedev et al., 2005), which inverts the surface-, S- and mul-

Earth and Planetary Science Letters 569 (2021) 117048

Eurasian Plate

"

"

ia}tjffof

]

s/ ¥
an P

g Yy
k.. B’%.Z?‘»

,
Americ

,/‘4‘

ff;yl/of(%

Igneous features

4 O Archean < Hotspots
5olm Paleoproterozoic @ SDRs

[ Mesoproterozoic @ Sills

[ Caledonides M Lava Flows

[JN. Greenland belt M LIPs, Seamounts

i Proposed Cratons @ Volcanism -l

T T T
-50° -40° -30° -20° -10°

Fig. 1. Simplified tectonic map of the Northeast Atlantic region. A compilation of
continental bedrock geology (Whitmeyer and Karlstrom, 2007; Bogdanova et al.,
2008; Kumar et al., 2007; Dawes, 2009; Grocott and McCaffrey, 2017) (colored by
age) and igneous features (colored by type and facies) is plotted on top of topog-
raphy. Submerged volcanic facies (Horni et al., 2017) are shown in green colors
(SDRs: seaward-dipping reflectors). Other igneous features are shown in red: cir-
cles are on-shore volcanism (Parnell-Turner et al., 2017); polygons are SOIFs (Gaina
et al, 2017) and LIPs (Johansson et al., 2018). Hotspots are shown as yellow dia-
monds, past (dashed) and present (solid) mid-ocean ridges are plotted in green: AR,
Aegir; BR, Baffin Bay; KR, Kolbeinsey; KnR, Knipovich; LR, Labrador; MR, Mohns;
RR, Reykjanes. Mobile belts: Am, Ammassalik; In, Inglefield-Melville; Na, Nagssug-
togidian; Rk, Rinkian. (For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.)

tiple S-wave parts of the wave train. Long period fundamental
mode surface waves (provided by global measurements) con-
strain the deep upper mantle, while short periods (provided by
short, regional paths) carry the information on the fine-scale
details of the crust, mantle lithosphere and shallow astheno-
sphere. S and multiple S waves yield structural information
on the heterogeneity in the deep upper mantle and transition
zone. Although the model construction is global, NAT2021 is
optimized for the North Atlantic region. The data coverage in
the region was maximized by obtaining all freely available data.
The model’s parametrization and regularization are specifically
fine-tuned for the region. Meticulous, manual quality control in-
cludes the identification of imaging artifacts and the identifica-
tion and removal of the data from stations in the region that
cause them. Earthquake source parameters are taken from the
Global Centroid-moment-tensor (GCMT) catalogue (Ekstréom et al.,
2012) since 1994, with a distance-magnitude varying threshold
(Schaeffer and Lebedev, 2013). As a result, each node of the fi-
nal tomographic model is sampled by over 25000 fits in the
study area and at least 3807 globally (Fig. 2). Under the best-
sampled parts of the region (USA and western Europe), the num-
ber of waveform fits sampling each node can be as high as
213872.

After download, we quality-control the waveforms for clipping
and gaps, ensuring that the whole waveform—and especially the
surface wave train—is fully recorded; after that, each trace is re-
sponse corrected and downsampled to 1 Hz. The successfully re-
trieved traces undergo a three-step inversion procedure. At first,
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Fig. 2. Data coverage for the NAT2021 tomographic model. a, b) number of approximate sensitivity areas sampling each node both in the study region and globally. The
location of the study area on the globe is shown as black and white lines. The shape—and thus the counting—of the sensitivity areas is depth-invariant. Stations are shown
as red triangles, events as yellow circles. c-f) model sensitivity for NAT2021 at 56, 110, 330 and 485 km depth. The sensitivity is represented by the sums of the columns of
the sensitivity matrix (see Appendix A), in percentage from the max at depth (indicated on the top right corner). In all panels past and present-day plate boundaries area

shown in black.

we invert the seismogram using AMI (Lebedev et al., 2005). AMI
computes synthetic seismograms by modal summation and fits the
surface, S- and multiple S-waves to the observed ones within a
complex set of weighted time-frequency windows. By minimizing
the misfit in the time domain, AMI produces for each fit a set of
linear equations with uncorrelated uncertainties (Nolet, 1990) de-
scribing the average S- and P-wave velocity variations from a 3D
reference model within approximate sensitivity volumes (Lebedev
et al., 2005). In the second step, all equations are inverted jointly
for the distribution of P- and S-wave velocities and 2W¥ S-wave az-
imuthal anisotropy in 3D (Lebedev and van der Hilst, 2008) using
LSQR (Paige and Saunders, 1982) with smoothing and slight norm
damping (Nolet, 1990). We parametrize the tomographic model
using a dense triangular grid (Wang and Dahlen, 1995) with ap-
proximately 120 km lateral knot spacing and 18 and 10 triangular
radial basis functions for S- and P-wave velocities, respectively (S-
wave velocities: 7, 20, 36, 56, 80, 110, 150, 200, 260, 330, 410—,
410+, 485, 585, 660—, 660+, 809 and 1007 km; P-wave veloci-
ties: 7, 20, 36, 60, 90, 150, 240, 350, 485 and 585 km). Perturba-
tions of the model parameters are computed with respect to the
same 3D model used in AMI, which is a combination of a modi-
fied CRUST2 (Bassin et al., 2000) with added topography and our
own global 1D mantle average (Lebedev and van der Hilst, 2008).
In the third and final step of our inversion procedure, we iden-
tify and remove outliers, exploiting the substantial redundancy of
our dataset. Outliers are mostly related to errors in the source lo-
cation and origin time and station timing (Legendre et al., 2012).
In order to identify these outliers, we first compute an initial to-
mographic model m;, which will be polluted by such data errors.
We then compute the synthetic data dsy, (the equations describ-
ing the average P- and S-wave variations beneath the sensitivity

areas) by multiplying the initial model by the sensitivity matrix
A. Finally, we compare the original dops and synthetic dsy, data
and reject the ones with the largest misfit. This outlier-analysis
procedure identifies and retains the most mutually consistent data
and is effective in removing the data with large errors. Its effec-
tiveness is confirmed, for example, by the disappearance of many
obvious artifacts in the initial model, which often stand out as
high-amplitude anomalies beneath some of the sources and sta-
tions.

The final model NAT2021 (Figs. 3, 4) is constructed with global
data but is specifically developed for and optimized within the
North Atlantic region in terms of the dataset, parametrization and
regularization. Compared to our recently published model of the
South Atlantic region (Celli et al., 2020a), for example, NAT2021
has a much finer gridding and an adapted, spatially variable regu-
larisation scheme, introduced to utilize the denser but highly un-
even data sampling. Compared to the previously published models
of the Northeast Atlantic-Greenland region, constructed using sim-
ilar methods (Schaeffer and Lebedev, 2013; Lebedev et al., 2018),
NAT2021 is constrained by a significantly greater amount of new,
regional data in the study area, which yields a substantially higher
resolution. In NAT2021, the resolution is also explicitly variable
and changes, laterally and vertically, in concert with data sampling,
which is implemented for the first time in full using regularization
coefficients that scale in 3D with the variations of data sensitivity,
estimated using the sensitivity-matrix column sums (Appendix A,
Figs. S1, S2). Compared to body-wave tomography, waveform to-
mography is less dependent on the distributions of seismic stations
and the associated ray paths of the teleseismic body waves—highly
uneven in the NE Atlantic—and yields dense sampling of the re-
gion everywhere. Compared to models computed using spectral
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reference, are shown at 20, 36, 56, 80, 110, 150, 200, 260, 330, 410, 485, 585 km depth.

Depth is shown on the top left of each panel, reference velocity in the mantle on the top right. In the crust, the reference is the modified (Lebedev and van der Hilst, 2008)
CRUST 2.0 (Bassin et al., 2000). Past (dashed) and present (solid) plate boundaries are plotted in green.

element, waveform simulations (Rickers et al., 2013), our inver-
sion utilizes a dataset that is larger by orders of magnitude. The
large amount of data provides the dense sampling that is essen-
tial for the imaging of the North Atlantic Ocean and Greenland,
where, compared to the well-sampled continents, data coverage is
scarcer.

2. Results

At long wavelengths, NAT2021 is consistent with previous
global and regional models (Amaru, 2007; Rickers et al., 2013;
Schaeffer and Lebedev, 2013; French et al.,, 2013; Lebedev et al,,
2018), showing low velocities beneath the MAR—lowest close to
Iceland and the Reykjanes and Kolbeinsey Ridge—and high ve-
locities beneath the Baltic Shield and the North American and
Greenland Cratons (Figs. 3, 4). Under both the continents and the
ocean, however, our model brings into focus fine-scale, detailed

features within the lithosphere and underlying mantle that were
unseen or less clear in previous models.

Under the ocean, compared to recent waveform tomography
models (Schaeffer and Lebedev, 2013; Debayle et al., 2016; French
et al., 2013; Rickers et al.,, 2013) (Fig. 5), we identify more het-
erogeneous structure along the MAR close to Iceland. Strong low-
velocity anomalies under the Reykjanes, Kolbeinsey and Mohns
Ridges (Figs. 1, 4) stand out compared to mid-ocean ridges on
average (Fig. S3). The Vs anomaly beneath the MAR close to Ice-
land exceeds —8% and extends over a relatively broad region. Such
velocities are indicative of decompression melting over broad ar-
eas, unusual for a slow-spreading MAR (Niu and Hékinian, 1997)
but consistent with the presence of an upwelling of hotter mantle.
Under the Reykjanes Ridge, the very low velocities locate symmet-
rically around the ridge axis and are confined to depths smaller
than 300 km. Under the Kolbeinsey and Mohns Ridge and next to
Jan Mayen, velocity minima are located systematically west of the
MAR in the 36-330 km depth range, whereas to the east of the
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ridge we observe average Vs or mildly positive Vs anomalies. The
extinct Aegir-, Baffin Bay- and Labrador Ridge are not underlain
by low-velocity anomalies in the shallow upper mantle, in agree-
ment with the ceasing of seafloor spreading at 24 and 33 Ma,
respectively (Chalmers and Pulvertaft, 2001). In the TZ, the low-
est velocities locate under central eastern Greenland, from where
they connect to shallower low-velocity anomalies under the North
Atlantic and Baffin Bay.

In the lithosphere beneath Greenland, we image fine-scale
structure within the North Atlantic and Rae Cratons, only recently
imaged as separate (Lebedev et al., 2018). In the north, we identify
for the first time two, clearly separate high-velocity units within
the previously proposed boundaries of the Rae Craton (Fig. 4).
Because the smallest, western cratonic unit partially locates un-
derneath the extent of the Melville and Inglefield Belts (Fig. 1), we
identify it as the Inglefield-Melville Craton. In southern Greenland,
we image the North Atlantic Craton as a high velocity block be-
tween the coastal outcrops of the Proterozoic Nagssugtoqidian and
Ammassalik Belts, but notably not under its inferred inland extent
to the south. The Rae and Inglefield-Melville Cratons in the north
are separated from the North Atlantic Craton in the south by an
area with much smaller positive anomalies at 110-200 km depths
(3-5% vs. 8+% dVs at 150 km) under central Greenland. In cen-
tral eastern Greenland, geochemical data indicate the interaction
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of plume material and Archean crust in the Miocene (Storey et
al., 2004), but the adjacent fast lithosphere is thinner than most
cratons. We suggest that this thin—and possibly independent—
cratonic block may have been eroded by the Iceland Plume, simi-
larly to the ongoing erosion of the Tanzanian Craton in Africa (Celli
et al., 2020b), although we cannot rule out an earlier modification
of the craton’s lithosphere.

Under the Eurasian Plate, previous images from waveform to-
mography (Rickers et al., 2013) showed low-velocity “fingers”
reaching from Iceland towards the Irish Sea and Southern Nor-
way, either side of a high-velocity anomaly beneath the North Sea.
NAT2021 features a broadly similar pattern, with lower velocities
surrounding a fast North Sea Basin at 100-200 km depth (Fig. 4).
The differences between images are, in part, due to the differences
in the reference models and also to the horizontally polarized Vsy
values (Rickers et al., 2013) being different from the vertically po-
larized Vsy ones, imaged here, due to radial anisotropy. Regardless
of that, the models clearly agree that the low-velocity anomalies
beneath Iceland and the MAR are much stronger than elsewhere
within the ocean basin.

3. Discussion
3.1. Asymmetric low velocities in the NE Atlantic upper mantle

Our images indicate the presence of a large volume of anoma-
lously hot mantle, located under eastern Greenland in the TZ, de-
flected, as it rises, primarily to the east by the lithospheric keels of
the North Atlantic and Rae Cratons, and connecting to the anoma-
lously low velocities under Iceland and the MAR (Fig. 6).

North of Iceland, we observe low velocities in the 36-660 km
depth range (Fig. 4) that, at depths greater than 200 km, locate
mostly west of the MAR, under the North American Plate (NAP).
By averaging NAT2021 over oceanic lithosphere of the same age
under the oceanic portions of the North American and Eurasian
Plates in the Northeast Atlantic, we can see that, on average, the
lithosphere and asthenosphere under the NAP are slower at all
ages (Fig. 7). Subtraction of the global average, “normal cooling”
velocity anomaly (Fig. S3) from the local averages shows that the
mantle beneath the oceanic portion of the NAP is markedly hot-
ter than both the average oceanic lithosphere and the Eurasian
Plate oceanic lithosphere of the same age, except for the region
close to the ridge axis, where the upper mantle is anomalously
hot on both sides. Under the NAP, the upper mantle is anoma-
lously slow from the lithosphere down to the TZ, consistent with
the presence of the large low-velocity body we observe rooted in
the TZ beneath eastern Greenland. Thinner lithosphere and hot-
ter asthenosphere should result in more widespread decompres-
sion melting below the lithosphere-asthenosphere boundary (LAB)
and, indeed, recent compilations of intraplate volcanism show a
larger amount of seamount-like oceanic igneous features (SOIFs)
in the western Northeast Atlantic (Gaina et al.,, 2017). By count-
ing only the SOIFs on the oceanic lithosphere, 205 locate on the
NAP—including the Vesteris seamount, the largest in the region—
and only 104 are found on the Eurasian Plate (Fig. 7). This suggests
that the distribution of intraplate volcanism is influenced by the
upwelling of hot mantle we observe beneath the western part of
the basin.

South of Iceland, the Reykjanes Ridge shows a strong low-
velocity anomaly, symmetric relative to the ridge axis (Fig. 4). The
Reykjanes Ridge has long been considered an area of plume-ridge
interaction (Schilling, 1973; Morgan and Rodriguez, 1978; Mon-
tagner and Ritsema, 2001), with hot mantle flowing horizontally
from Iceland (Schilling, 1973). Our tomographic images suggest
that the plume material rises upwards and eastwards from under
Greenland and then follows the MAR southwards in the shallow
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50, 100, 300 and 485 km depth. Velocity anomalies are computed with respect to the global average at depth. Reference velocity is plotted on the top right of each panel.

Past (dashed) and present (continuous) plate boundaries are plotted in green.

upper mantle to under the Reykjanes Ridge. This indicates that
once the flow of the hot material reaches the shallow astheno-
sphere, it is captured by the ridge and, instead of proceeding fur-
ther east, flows southwards along the ridge axis, channelled within
the thinner lithosphere beneath it (Sleep, 1997; Whittaker et al.,
2015).

3.2. The Iceland Plume

The complex, low-velocity body that we interpret as the seis-
mic expression of the Iceland Plume differs from the schematic
image of a narrow, vertical mantle plume and, also, from many of
the tomographic images published previously. The plume conduit
comes into focus in our model thanks to the recently improved
data coverage in the region, which our tomography has utilized.
A signature of this anomaly, however, can be seen in other re-
cent models. The complexities of the plume-material flow that we
resolve can also account for other geophysical and geological ob-
servations.

Many seismic studies (Wolfe et al.,
Bijwaard and Spakman, 1999; Rickers et al.,

1997, Ritsema et al., 1999;
2013; Schaeffer and

Lebedev, 2013; French and Romanowicz, 2015) detected low ve-
locities in the mantle under Iceland, some interpreting them
as a deep mantle plume and others arguing, instead, that the
anomaly was confined to the upper part of the upper man-
tle (Keller et al., 2000; Foulger and Pearson, 2001; Allen et al.,
2002) and was not of plume origin. Our model indicates that
the morphology of the plume conduit has elements consistent
with both views: the main anomaly extends down to the bot-
tom of our model in the TZ, but its deep part is not beneath
Iceland.

In the TZ, we image the plume more than 900 km northwest
of Iceland, under eastern Greenland (Fig. 8b, c). P-wave tomog-
raphy studies showed low-velocities beneath eastern Greenland
as early as the 1990s (Bijwaard and Spakman, 1999), interpret-
ing them as one of many branches of the plume, and the same
feature can be seen in many recent P- and S-wave models (Fig.
S4). Most P-wave models that yield the highest resolution in the
NE Atlantic show pronounced low velocities in the TZ under east-
ern Greenland (Fig. S5), in agreement with NAT2021. Some, al-
though not all, body-wave models also show low velocities in
the TZ directly underneath Iceland. Body-wave models achieve
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Fig. 6. 3D plot of the Iceland Plume as imaged by NAT2021. The plume is shown us-
ing —0.75, —3 and —7.5% velocity anomaly contours between 56 and 550 km depth.
Topography is shown on top, with isopachs every km depth. The plot is underlain
by the depth slice at 550 km depth. Black outlines mark the 56 km depth and the
410 km discontinuity. Iceland is marked by the vertical black arrow.

the best resolution at depths sampled by crossing rays. In the
upper mantle, they can be strongly biased by ray-path geome-
try (Keller et al., 2000) and station distribution, which is char-
acterized by an isolated station cluster in Iceland. Seismic sta-
tions in eastern Greenland, on the other hand, are distributed
more evenly, especially if recent deployments are included, so
that the low velocities imaged beneath it—in agreement with
NAT2021—are not likely to be an artifact caused by ray path ge-
ometry.

TZ thickness (dHrz) is a reliable gauge of the TZ tempera-
ture, with thin TZ indicative of anomalously high temperatures
within it (Lebedev and Nolet, 2003). An area of thin TZ was de-
tected beneath southern Iceland by receiver functions (Shen et al.,
2002) and interpreted as evidence for a plume conduit. More re-
cently, a study using a much larger regional dataset (Jenkins et
al., 2016) revealed that the previously detected TZ thinning was
one part in a pattern of small-scale, dHyz variations around Ice-
land, changing from positive to negative over length scales of a
few hundred kilometers (Fig. 8b, c). Interestingly, similar dHrz
variations have been mapped beneath the Hawaii Hotspot (Agius
et al., 2017), suggesting that downwellings of portions of litho-
spheric mantle material may occur commonly in the vicinity of
an active volcanic hotspot (Burov and Guillou-Frottier, 2005). Be-
neath Greenland, both NAT2021 and receiver functions (Jenkins et
al., 2016) display broad, prominent anomalies indicative of high
temperature, with the lowest velocities and thinnest TZ collo-
cated beneath eastern Greenland. Here, the reported dHrz is up
to 10-12 km lower than global average—depending on the to-
mographic model used in converting the differential delay times
to the TZ thickness (Fig. S6, Appendix B). We correct the dHrz
anomaly computed in a global-average seismic velocity model by
using the mineralogical Clapeyron slopes of the phase transforma-
tions that give rise to the 410 and 660-km discontinuities (Lebedev
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and Nolet, 2003). Applying this correction, confirmed by seismic
data (Lebedev and Nolet, 2003), we estimate an excess temper-
ature of 120-140° K in the TZ under eastern Greenland. This is
consistent with independent petrological estimates for the tem-
perature anomaly in the asthenosphere beneath Iceland (Herzberg
and Asimow, 2008). Overall, the distribution of dHrz (Jenkins et
al., 2016) shows a strong similarity to that of S-wave velocities
in the TZ (Fig. 8c). NAT2021 is smoother than the distribution
of dHtz measurements, and shows no anomaly to a weak posi-
tive anomaly close to Iceland, likely reflecting an averaging out
of small-scale positive and negative anomalies evidenced by re-
ceiver functions. Evidence from receiver functions and tomography
is thus consistent and indicates that the largest thermal anomaly
in the TZ is located beneath eastern Greenland, not beneath Ice-
land. If a hot (and thus seismically slow) anomaly of comparable
size were present below Iceland, NAT2021 would be able to re-
solve it, as confirmed by structural resolution tests (Fig. S7, Ap-
pendix B).

The downward continuation of the plume anomaly into the
lower mantle is beyond the 660-km depth limit of NAT2021, but
we can compare our model with published whole-mantle mod-
els (Fig. 9). P- and S-wave whole-mantle models (Fig. S4) can
differ substantially in the region—and S-wave models especially—,
but beneath the Northeast Atlantic they consistently image a low-
velocity conduit that is strongly tilted in the NW-SE direction (Fig.
S5), with a pronounced kink at 1000 km depth that changes the
upwelling direction from SE to NW, pointing towards both Iceland
and Greenland in the TZ and upper mantle. In the shallow lower
mantle and TZ, above 1000 km depth, older and smoother mod-
els favour a slightly tilted conduit rising quasi-vertically beneath
Iceland, in agreement with early studies (Bijwaard and Spakman,
1999; Shen et al., 2002) and the vertical plume paradigm. More
recent and detailed models however show a strong tilt in the con-
duit, with many of the low velocities reaching eastern Greenland
in the TZ (Fig. S5), where NAT2021 maps the plume. Interestingly,
NAT2021 images a high velocity body in the deep upper mantle ex-
tending from Britain and Ireland to southern Iceland within the TZ
(Fig. 8b). This anomaly is also seen in most P- and S-wave mod-
els (Figs. 9, S4, S5), with its deepest point sitting directly above
the kink in the plume conduit at 1000 km depth. Its presence
and location may indicate a cold downwelling interfering with the
plume, possibly contributing to the observed change in the conduit
direction.

3.3. Mantle structure and NAIP magmatism

In the shallow upper mantle, the plume location imaged by
NAT2021 is consistent with the recent volcanism and seamount
distribution (Fig. 7). By rotating NAT2021 following plate recon-
structions (Torsvik et al., 2019), we can explain some of the com-
plexity of the NAIP by comparing the lithospheric structure, the
location of the plume stem in the TZ according to NAT2021 and
the distribution of volcanism over the past 60 My (Fig. 10). Dif-
ferent plate reconstructions and global hotspot reference frames,
however, can yield very different hotspot tracks, and the plume it-
self may have moved and tilted in time (Steinberger et al., 2019).
In NAT2021 we observe that the greatest tilt of the plume’s axis
is found in the sub-lithospheric upper mantle, where it interacts
with the complex topography of the LAB (Fig. 8b). For this reason,
we choose to reconstruct the location of the plume stem in the
TZ (identified as the TZ average -1% dVs), beneath this large tilt.
While the stem may also have moved in time because of mantle
wind, the conduit we image in the TZ is over 300 km in diame-
ter, and fits both static- and moving hotspot tracks within its area
(Fig. 10d); we assume its location as static for the purposes of this
reconstruction.
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Fig. 7. East-West asymmetry of the mantle structure and volcanism in the Northeast Atlantic. a) mapview of NAT2021 at 80 km depth. The boundaries of the NE Atlantic
oceanic portions of the North American Plate (NAm) and Eurasian Plate (Eu) are plotted in dark green and blue, respectively, with lithospheric age contours every 10 Myr. Past
(dashed) and present (solid) plate boundaries are plotted in green. Oceanic SOIFs (Gaina et al., 2017) are colored based on the plate they are located on. Other, continental
SOIFs are plotted in red. VS: Vesteris Seamount. b) age-average S-wave velocity anomaly under the oceanic portions of the North American and Eurasian Plates, within the
boundaries shown on the map. c) difference between the local- and global age-averages (Fig. S3), with histograms of the distribution of SOIFs on the oceanic lithosphere of
different ages on top. In all panels, green inverted triangles mark the location of the MAR at plot boundaries.

At 60 Ma, the plume was beneath the western Rae craton, prob-
ably causing the early NAIP volcanism in western Greenland. At
45 Ma, the plume stem was in the middle of the continent, be-
tween the North Atlantic and Rae cratons, with the flow of the
plume material west and east within the thinner-lithosphere cor-
ridor causing the quasi-simultaneous volcanism in western and
eastern Greenland (Wilkinson et al., 2016; Steinberger et al., 2019).
Later, with Greenland slowly moving north-west over the plume,
the volcanism in western Greenland waned, the plume material
now being deflected east by the continental lithosphere thick-
ness variations. Eventually, volcanism in Greenland mostly ceased
as the plume was captured by the spreading ridge, with the
only site of recent, post-breakup on-shore magmatism (Storey
et al., 2004) located directly above the plume stem imaged by
NAT2021.

The reconstructed positions of both the plume stem and the
Iceland Hotspot are far from the location of the British Tertiary Ig-
neous Province (BTIP), also attributed to the Iceland Plume activity
(White and Lovell, 1997; Arrowsmith et al.,, 2005; Rickers et al.,
2013), which prompts the question of why the plume could reach
the BTIP during the Paleocene but has remained at, and west of,
the MAR since then. Before the onset of the seafloor spreading, the
thick lithosphere of the Rae and Baltic cratons bordered the thin-
ner continental lithosphere of the Eurasian margin, which likely
had only mild variations in thickness, not obstructing and possi-
bly guiding the southeastward flow of the hot asthenosphere from
the plume. With the onset of seafloor spreading 56 Myr ago, the

strong thinning of the lithosphere along the ridge axis formed a
valley that captured the plume material and diverted its flow to
north and south along its axis. The plume was then captured by
the ridge, and the volcanism of the BTIP waned (Wilkinson et al.,
2016).

4. Conclusion

The uneven distribution of seismic stations in the Northeast
Atlantic region has long posed a challenge to tomographic imag-
ing, fuelling decades of debate on the nature and shape of the
Iceland Plume. With NAT2021, we collected all available data in
the region, including newly available data from Greenland, North
America and northwestern Europe, to constrain a new model of the
crust and upper mantle beneath it. Compared to previous global
and regional models, NAT2021 has a substantially higher resolu-
tion, resulting from the unprecedented data coverage and an adap-
tive regularisation scheme. In Greenland, the model reveals, for
the first time, three separate cratonic cores, with the Inglefield-
Melville Craton in its northwestern corner separated from the rest
of the Rae Craton by a belt of thinner lithosphere. In the shallow
upper mantle beneath the Northeast Atlantic Ocean, our model
displays in detail the complexity of the low-velocity anomalies
beneath the MAR and Iceland. It shows a generally hotter litho-
sphere west of the ridge, in agreement with the distribution of
recent intraplate volcanism. At greater depths, a large low velocity
body, located beneath central-eastern Greenland in the transition
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Fig. 8. Upper mantle and transition zone beneath Iceland and Greenland. a) map of
the cross-section. b) cross-section through the Iceland Plume anomaly in NAT2021.
The 410 km discontinuity is marked with a dashed black line. c) average S-wave ve-
locity anomaly in the transition zone (410-660 km depth range) from NAT2021, with
TZ thickness variations from receiver functions (Jenkins et al., 2016), smoothed (Fig.
S6) and superimposed as colored circles. The location of thinnest TZ from Shen et
al. (2002) is shown with a red cross. Past (dashed) and present (solid) plate bound-
aries are plotted in green.

zone, rises at an angle towards Iceland and the MAR, following the
gradient of the lithospheric thickness of the cratons in Greenland
and the cooling oceanic lithosphere. The vertical continuity of this
prominent anomaly identifies the low-velocity body as the Iceland
Plume.

Our novel view of the plume is in agreement with recent, in-
dependently derived data on seamount volcanism and with the
evidence from seismic receiver functions. We suggest that it rec-
onciles the alternative views which, until now, seemed mutually
exclusive: the pronounced low-velocity anomaly that we image
beneath Iceland itself extends down to 350-400 km depth only,
but this is because the plume conduit tilts to the NNW with
increasing depth, reaching to beneath eastern Greenland in the
transition zone. The tomographic images of the plume, together
with the geological and geochemical data on the NAIP magma-
tism, show how the morphology of the hot mantle upwelling is
formed by its interaction with the thick cratonic lithosphere of
Greenland and with the spreading MAR, which has captured the
plume.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Earth and Planetary Science Letters 569 (2021) 117048
Data availability

The tomographic model NAT2021 is available to download at
https://nlscelli.wixsite.com/ncseismology/models.

Acknowledgements

We thank Charlotte Schoonman, an anonymous reviewer and
the Editor, Rebecca Bendick, for constructive comments and sug-
gestions that helped us to improve the manuscript. We thank
Jennifer Jenkins and Ross Parnell-Turner for providing the re-
ceiver function and dated NAIP volcanism data, respectively. We
are grateful to the operators of the seismic networks in Green-
land, Iceland and elsewhere for collecting the seismic data and
to the Incorporated Research Institutions for Seismology (IRIS;
http://www.iris.edu), the GEOFON Global Seismic Network (https://
geofon.gfz-potsdam.de) and Observatories and Research Facili-
ties for European Seismology (http://www.orfeus-eu.org) for pro-
viding the data used in this study. All figures were imple-
mented with the Generic Mapping Tools (GMT, https://www.
generic-mapping-tools.org) and ParaView (https://www.paraview.
org). This work was supported by the Science Foundation Ire-
land (SFI) grant 13/CDA/2192, SFI grant 16/IA/4598, co-funded
by the Geological Survey of Ireland and the Marine Institute,
and SFI grant 13/RC/2092, co-funded under the European Re-
gional Development Fund. This work has been completed in
the framework of the project 3D Earth funded by the Euro-
pean Space Agency (ESA) as a Support to Science Element (STSE).
CG acknowledges support from the Research Council of Norway,
through its Centre of Excellence scheme, project number 223272
(CEED).

Appendix A. Adaptive regularization

The linear inversion is regularized by lateral and vertical
smoothing and a slight norm damping. Typically, a single coef-
ficient determines the amount of norm damping or smoothing
applied for each parameter, which will affect variously sampled
nodes differently. A choice of norm damping suitable for imaging
a well-sampled lithosphere will result in overdamping of deeper,
less sampled nodes, lowering the amplitudes of the anomalies;
conversely, the less sampled—and thus more susceptible to errors—
greater depths would benefit from more smoothing, undesired in
the well sampled lithosphere. This issue is prominent in global
tomographic imaging due to the very strong lateral and vertical
variations in sampling (Fig. 2).

In order to account differently sampled nodes, we scale reg-
ularization with data sampling in three-dimensions (3D). This is
implemented by scaling the norm damping and lateral smoothing
coefficients with the sums of the columns of the sensitivity ma-
trix. Column sums are quantities that contain information on the
number of sensitivity areas sampling the node, the sensitivity ker-
nel weights and the path-similarity weights (Lebedev and van der
Hilst, 2008), making them good indicators of data sensitivity. We
scale norm damping proportionally to the column sums, while lat-
eral smoothing is scaled inversely. This way, well sampled nodes
will be more damped and less smoothed while poorly sampled
ones will be less damped but smoothed more. The regularization
coefficients for both lateral smoothing and norm damping are sep-
arately scaled vertically and horizontally:

fa, j)= fox fov () * fsu(, j); (1)
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where f(i, j) is the regularization factor for the i-th node of
the model grid at the j-th depth layer. fop is the initial, un-
scaled regularization factor, fsy(j) and fsy(i, j) the vertical and
horizontal scaling and cs(i, j) the column sums. Vertical scal-
ing fsv(j) takes into account the change of the column sums
across depth layers, and is based on their j-th depth layer av-
erage CSgye(j), normalized to the global maximum cspq. Hori-
zontal scaling fsy(i, j) includes the lateral variations of column
sums at each i-th point within each j-th layer, normalized to
the layer maximum CSpay(j). The € values determine how much
each scaling is effective, and are chosen empirically. For € = 0,
the scaling factor is equal to the normalized column sums, yield-
ing the largest scaling. Increasing € will progressively reduce
the effect of the column sum scaling in a non-linear way (Fig.
S1).

While our intention is to make the regularization take sam-
pling into account, it is advisable to choose non-zero € values
for norm-damp scaling to tame the effect of data errors and
inconsistencies in the model. For smoothing scaling, the same
rule applies to prevent over-smoothing of greater depths and
least sampled areas resulting from the very large values of 1/ f;
(Fig. S1).

10

The effects of different € values for both vertical and horizontal
scaling are shown in Fig. S2 at 56, 150 and 485 km depth. Scaling
factor values are normalized to the global average to highlight the
variance. Lower € values allow for greater variation in the scaling
factor, while higher values produce almost no scaling. For low €y
and high ey, little scaling is visible for each depth layer, but the
coefficients change noticeably across depths. For high €y and low
€y, we observe strong lateral changes, while the coefficients vary
only mildly with depth, due to the average vertical variations of
the column sums.

For our final model, we chose mild vertical- and strong lateral
scaling values for both norm damping and lateral smoothing (Fig.
S1). We choose a mild vertical scaling to both avoid underregular-
ization of deeper, less constrained depths, and to account for the
vertical changes inherently present within the horizontal scaling
(i.e. there are less areas of highly sampled nodes at great depths).
Additionally, we introduce a layer-average manual scaling (Fig. S2d,
h): for norm damping, we reduce the coefficients at the disconti-
nuities, to account for the presence of adjacent node layers; for
lateral smoothing, we increase the coefficients at shallow depths,
to smooth high-frequency oscillations.

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2021.117048.
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Fig. 10. Lithospheric structure, plate positions, volcanism and hotspot locations in a mantle reference frame at 60, 45, 35 and 0 Ma. Present-day structure of the lithosphere
is assumed at all ages, regionalized using the 56-200 km depth average dVs from NAT2021. Dark blue indicates the coldest, thickest lithosphere (cratons; average dVs >
4%); yellow? thinnest, warmest lithosphere (tectonically active or thinned; dVs < —1%), and light blue?intermediate lithosphere (stable non-cratonic platforms or oceanic
lithosphere; dVs 1-4%). Grey polygons represent plate boundaries. The location of the plume stem in the TZ (computed as average —1% dVs at 410-600 km depth) is shown
as a dashed black contour, and is assumed to be stationary in the mantle. Dated extrusive igneous rocks (Wilkinson et al., 2016) are shown as red circles. LIPs are shown
as red polygons. Moving (Doubrovine et al., 2012) and static hotspot tracks for Iceland are yellow and cyan diamonds and lines, respectively. Reconstructions are performed

using rotations from Torsvik et al. (2019).
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