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Abstract

We study the 3-D P-wave velocity (Vp) structure of the lower mantle beneath Greenland and surrounding regions using the
latest P-wave arrival-time data. The Greenland Ice Sheet Monitoring Network (GLISN), initiated in 2009, is an international
project for seismic observation in these regions, and currently operating 35 seismic stations. We use a new method of global-scale
seismic tomography, which sets 3-D grid nodes densely in the study region to enhance the resolution. We invert ~5.8 million
arrival times of P, pP and PP waves from 16,257 earthquakes extracted from the ISC-EHB catalog, which were recorded at
12,549 stations in the world. Our results reveal a hot plume rising from the core-mantle boundary beneath central Greenland,
which is named “Greenland plume”. On the other hand, the Iceland plume rises from “1500 km depth in the lower mantle. At
depths < 1500 km, the Iceland plume might be supplied with hot mantle materials through narrow paths from a low-Vp region
beneath the North Sea and/or from possible branches of the Greenland plume. We deem that, after the two plumes are joined
together in the mantle transition zone (MTZ), the Greenland plume splits mainly into the Jan Mayen and Svalbard plumes in
the upper mantle, supplying magmas to the Jan Mayen volcano and the geothermal area in western Svalbard, respectively. Our
results also reveal a high-Vp body above the MTZ beneath northeastern Greenland. The lack of active volcanoes in Svalbard

is probably due to this body obstructing the flow of the Greenland plume.
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Key Points:

3-D P-wave velocity structure of the deep mantle beneath Greenland and surrounding

regions is investigated.

A hot plume rising from the core-mantle boundary beneath central Greenland is

discovered and named “Greenland plume”.

The Iceland and Greenland plumes might be interacting weakly and supplying magma to

Iceland, Jan Mayen, and Svalbard.
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Abstract

We study the 3-D P-wave velocity (Vp) structure of the lower mantle beneath Greenland and
surrounding regions using the latest P-wave arrival-time data. The Greenland Ice Sheet
Monitoring Network (GLISN), initiated in 2009, is an international project for seismic
observation in these regions, and currently operating 35 seismic stations. We use a new method
of global-scale seismic tomography, which sets 3-D grid nodes densely in the study region to
enhance the resolution. We invert ~5.8 million arrival times of P, pP and PP waves from 16,257
earthquakes extracted from the ISC-EHB catalog, which were recorded at 12,549 stations in the
world. Our results reveal a hot plume rising from the core-mantle boundary beneath central
Greenland, which is named “Greenland plume”. On the other hand, the Iceland plume rises from
~1500 km depth in the lower mantle. At depths < 1500 km, the Iceland plume might be supplied
with hot mantle materials through narrow paths from a low-Vp region beneath the North Sea
and/or from possible branches of the Greenland plume. We deem that, after the two plumes are
joined together in the mantle transition zone (MTZ), the Greenland plume splits mainly into the
Jan Mayen and Svalbard plumes in the upper mantle, supplying magmas to the Jan Mayen
volcano and the geothermal area in western Svalbard, respectively. Our results also reveal a
high-Vp body above the MTZ beneath northeastern Greenland. The lack of active volcanoes in

Svalbard is probably due to this body obstructing the flow of the Greenland plume.
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Plain Language Summary

Greenland and its surrounding regions have a lot of clues for understanding the global-scale
tectonics and history of the Earth. Seismic tomography is a well-established method to obtain 3-
D images of underground structure by inverting a huge number of seismic-wave arrival times. In
this study we apply this method to the latest data recorded by a new seismograph network, and
obtain detailed images of the whole mantle beneath these regions. Our high-resolution results
show that what was previously considered the Iceland plume could be a complex of a true
Iceland plume rising from 1500 km depth in the lower mantle and an unknown plume rising from
the core-mantle boundary. We call the latter “Greenland plume”. We deem that, after the two
plumes are joined together in the mantle transition zone, the Greenland plume splits mainly into
the Jan Mayen and Svalbard plumes in the upper mantle, supplying magmas to the Jan Mayen
volcano and the geothermal area in western Svalbard, respectively. We also reveal a thick rock
body with high seismic velocity in the upper mantle beneath northeastern Greenland. The lack of
active volcanoes in Svalbard is probably due to this body obstructing the flow of the Greenland

plume.
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1 Introduction

Greenland, located in the Arctic region, is the largest island in the world. Its land area
extends 2,675 km in N-S and 1,250 km in E-W [Henriksen et al., 2009], spanning over 20° in the
central angle of the Earth. However, at present, we can only know a small part of the island
because 80% of the land area is covered by thick ice called Greenland Ice Sheet (GrlS).
Geological studies of the exposure regions show that most of the crust is cratonic, which records
the Earth’s history of ~4 billion years since the Archean times. Therefore, the seismicity in
Greenland is very low, and there is no active volcano; distribution of hot springs only shows
geothermal activity in this island [Hjartarson and Armannsson, 2010]. On the other hand, the
Mid-Atlantic Ridge is located just east of Greenland, where the North American plate on the
Greenland side and the Eurasian plate on the opposite side exist and the seismicity is very active.
Along the ridge, there are the Iceland and Jan Mayen volcanoes known as hot spots and a
geothermal area of western Svalbard [Dumke et al., 2016], showing tectonic activity and
attraction of these regions (Figure 1). Especially, the Iceland hot spot is recognized as the surface
expression of the Iceland plume, which has the second largest buoyancy flux estimated among
all plumes on Earth, and its evolution is believed to have played a significant role in the complex

continental breakup history of the northeastern Atlantic [Barnett-Moore et al., 2107].

Before 2008, there were a few permanent seismic stations in Greenland, including only
one station on the GrlS (station code: SUMG). Recent global climate change has been causing
enhancement of cryoseismic activities mainly at the terminus of glaciers [e.g., Ekstrom et al.,
2003, 2006], which resulted in widespread attention to seismic monitoring of the GrIS. Under
such circumstances, in 2009, an international project “Greenland Ice Sheet monitoring Network

(GLISN)” was launched [Clinton et al., 2014; Toyokuni et al., 2014]. It is a project to deploy a
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broadband seismic observation network in Greenland and surrounding regions, and currently the
following eleven countries are collaborating: Canada, Denmark, France, Germany, Italy, Japan,
Norway, Poland, South Korea, Switzerland, and the USA. The practical purposes of the GLISN
project are to install and maintain new seismic and GPS stations, and to integrate the existing
permanent seismic stations that had been independently operated by each country. Currently, 35
GLISN stations are in operation (see Table S1 and Figure 2 of a companion of this paper
submitted at the same time to JGR; hereinafter “Paper-I"’). The high-quality seismic waveforms
from the GLISN network can be downloaded worldwide through the Data Management Center
(DMC), a branch of the Incorporated Research Institutions for Seismology (IRIS), USA.
Seismological analyses of Greenland and surrounding regions have been actively conducted
using the GLISN data [e.g., Rickers et al., 2013; Mordret et al., 2016; Levedev et al., 2017;

Levshin et al., 2017; Darbyshire et al., 2018; Pourpoint et al., 2018; Toyokuni et al., 2018].

Seismic tomography is a powerful tool to obtain detailed 3-D images of underground
structure. Attempt to reveal the shape and depth extent of the Iceland plume has been continued
mainly by global tomography. Bijwaard and Spakman [2000] and Zhao [2001, 2004] imaged the
Iceland plume as a vertical plume rising from the core-mantle boundary (CMB). Zhao et al.
[2013] showed that, under the Iceland and Jan Mayen volcanos, a prominent localized low-
velocity (low-V) zone is clearly visible from the crust down to ~500 km depth, whereas it
becomes wider in the lower mantle (750-1500 km depths) and less prominent in the lowermost
mantle (2300-2800 km depths). Rickers et al. [2013] identified two low-V conduits beneath
Iceland and Jan Mayen bending in the southeastern direction at a depth of ~1000 km, connected
to the same low-V zone in the lower mantle beneath the North Sea. Paper-1 conducted regional

tomography in this region from the surface to a depth of 700 km and revealed three low-V
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conduits in the crust and upper mantle beneath Iceland, Jan Mayen, and Svalbard. The low-V
conduits beneath Iceland and Jan Mayen correspond to the known Iceland and Jan Mayen
plumes [e.g., Schilling et al., 1999; Rickers et al., 2013]. However, the low-V conduit beneath
Svalbard was first discovered by them, and it was called “Svalbard plume”. They also imaged a
high-velocity (high-V) rock body beneath northeastern Greenland, considered as a remnant of
ancient oceanic lithosphere, and mentioned the possibility that the high-V body prevents the
magma flow to Svalbard and has caused the changes in the plate-spreading direction at the Mid-

Atlantic Ridge when Pangea started splitting.

As outlined above, the tomographic results on the Iceland plume to date show large
discrepancies. Furthermore, detailed structure in the lower mantle beneath Greenland has not
been revealed. The purpose of this study is to obtain a detailed 3-D P-wave velocity (Vp) model
from the mantle transition zone (MTZ) to the CMB beneath these regions by analyzing the data
recorded by the latest seismic observation network (GLISN), and to improve our knowledge on

the underground structures and tectonics in the study region (Figure 1).

2 Methods and Data

2.1 Global tomography

In this study we apply global tomography to reveal the whole mantle structure beneath
Greenland and surrounding regions. The global tomography is a method to obtain a global 3-D
seismic velocity structure by inverting a huge number of arrival-time data of earthquakes
distributed all over the world [Zhao, 2015]. Zhao [2001, 2004] developed a global tomography
method using the geographical grid that arranges grid nodes along latitudes and longitudes. Zhao

et al. [2013] proposed a method of flexible grid that can be freely arranged at almost equal
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intervals in the whole Earth, regardless of latitude and longitude. However, the conventional
global tomography methods do not have enough resolution to examine the detailed structure
beneath a specific region, because it uses the coarser grid spacing compared to the regional
tomography in order to save computational resources. Zhao et al. [2017] adopted a multiscale
grid that narrows the grid interval of the flexible grid in a target study region. As a result, despite
treating the whole Earth, they could obtain detailed tomography of the study region with a
resolution comparable to that of regional tomography. Theoretical arrival times are calculated
through 3-D ray tracing by combining the pseudo-bending scheme [Um and Thurber, 1987] and
Snell’s law [Zhao et al., 1992]. The tomographic inversion is conducted using the LSQR
algorithm [Paige and Saunders, 1982] with damping and smoothing regularizations [Zhao, 2001,

2004].

2.2 Coordinate transformation

In the multi-scale tomography program by Zhao et al. [2017], the horizontal extent of the
study region covered by a denser 3-D grid is specified in the range of latitude and longitude. In
addition, since the grid is specified in a loop for latitudes and longitudes, it is difficult to arrange
the grid nodes completely independent of the geographic coordinates. When we try to specify the
study region located in a high-latitude region such as Greenland using ranges of latitude and
longitude, an area shaped like a fan will be cut out in the horizontal direction. Therefore, in this
study, we apply the coordinate transformation [Takenaka et al., 2017]. It transforms all
earthquakes and seismic stations from the equatorial to ecliptic coordinates so that the location
(longitude, latitude) of a reference point at the center of the study region is transformed to be
(90°,0°). In this study, the position of the station SUMG (—38.461°, 72.574°) in the center of the

GrlS is defined as the reference point as in Paper-I. As a result, the study region is moved to the
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equatorial region, so when we specify the study region by ranges of latitude and longitude to
make the grid interval finer, we can cut out an area shaped like a square in the horizontal

direction.

2.3 Data

In order to improve the ray path coverage, we use not only the first P arrivals but also two
types of later-phase data, i.e., the depth-phases (pP) and surface reflected waves (PP), from the

earthquakes distributed all over the world (Fig. S1). Data are collected from the ISC-EHB

catalog at the International Seismological Center (ISC) site (http://www.isc.ac.uk/) and further
selected for analysis. The P, pP, and PP arrival times from 170,435 earthquakes that occurred

during 1960-2016 are obtained from the ISC-EHB catalog. The coordinate transformation is

applied to all the extracted latitudes and longitudes of the epicenters and the seismic stations. In
order to make the hypocentral distribution uniform, the whole crust and mantle are divided into
small blocks, and only one earthquake with the largest number of data in each block is extracted.
For extracting as many earthquakes as possible that occurred in Greenland and surrounding
regions, smaller blocks with a size of 0.1° (horizontal) x 5 km (depth) are assigned in the region
within a latitude range of [-20 °, 20 °] and a longitude range of [70 °, 110 °] after the coordinate
transformation (hereinafter called it “the study region”), and larger blocks with a size of 1.0°
(horizontal) x 20 km (depth) are assigned in other regions. The number of earthquakes extracted
finally is 16,257, and the total number of arrival time data is 5,801,577, which consist of
5,502,417 P, 174,125 pP, and 125,035 PP arrival times, recorded at 12,549 stations (Fig. 2). In
addition to the GLISN stations, temporal stations in the study region (Table S1) are also used in

this work.
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2.4 Calculation specifications
We conducted two tomographic inversions as follows.
Case 1: The denser 3-D grid is set up from the surface to the CMB beneath the study region.

Case 2: The denser 3-D grid is set up from the surface to a depth of 1500 km beneath the study

region.

In both calculations, the study region is specified by the ranges of latitude [-20°, 20°] and
longitude [—70°, 110°] after the coordinate transformation. The flexible grid is set with a smaller
lateral grid interval of 55.6 km (great circle distance of 0.5° on the surface) inside the study
region, and with a larger lateral grid interval of 222.39 km (great circle distance of 2.0° on the
surface) in other regions. The grid meshes in the vertical direction in Case 1 are set at depths of
15, 32.5, 50, 75, 100, 140, 180, 220, 260, 300, 340, 380, 420, 460, 500, 575, 650, 725, 800, 875,
950, 1025, 1100, 1200, 1300, 1400, 1500, 1600, 1700, 1800, 1900, 2000, 2100, 2200, 2300, 2425,
2550 and 2800 km inside the study region, and 15, 50, 100, 180, 260, 340, 420, 500, 650, 800,
950, 1100, 1300, 1500, 1700, 1900, 2100, 2300, 2550 and 2800 km in other regions (Fig. 3).

The number of horizontal grid nodes at each depth is shown in Table S2.

The grid meshes in the vertical direction in Case 2 are set at depths of 15, 32.5, 50, 75,
100, 140, 180, 220, 260, 300, 340, 380, 420, 460, 500, 575, 650, 725, 800, 875, 950, 1025, 1100,
1200, 1300, 1400, 1500, 1700, 1900, 2100, 2300, 2550 and 2800 km inside the study region. The
grid meshes in other regions are the same as in Case 1. The number of horizontal grid nodes at

each depth is shown in Table S3.

The IASP91 model [Kennett and Engdahl, 1991] is used as the 1-D initial Vp model for

the tomographic inversion (Fig. S2). In all calculations, the damping parameter A; = 15, the
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smoothing parameter in the vertical direction A,, = 1.05 x 1072, and the smoothing parameter

in the horizontal direction A, = 9 x 1073 are adopted.

2.5 Resolution tests and results

We conducted many resolution tests including checkerboard resolution tests (CRT)
[Humphreys and Clayton, 1988; Zhao et al., 2017], restoring resolution tests (RRT) [Zhao et al.,
1992, 2017], and synthetic resolution tests (SRT), to evaluate the adequacy of ray coverage and
spatial resolution. To conduct the CRT, we first make an input velocity model that contains
alternate positive and negative Vp anomalies assigned to the 3-D grid nodes; the amplitude of Vp
anomalies is 3% at all the nodes. The following two grid types are prepared and the inversion is
conducted for each grid type: (1) the lateral grid interval is 278 km (great circle distance of 2.5°
on the surface) inside the study region, and 556 km (great circle distance of 5° on the surface) in
other regions (Table S4), and (2) the lateral grid interval is 167 km (great circle distance of 1.5°
on the surface) inside the study region, and 334 km (great circle distance of 3° on the surface) in
other regions (Table S5). To conduct the RRT, we highlight the patterns of the real tomographic
result when constructing the RRT input VVp model, i.e., at the grid nodes with the Vp anomalies >
+0.6% or <—0.6% in the real tomographic model, we put constant VVp anomalies of +1.5% or
—1.5% for making the RRT input model. The VVp anomalies at the other grid nodes are set to zero.
To conduct the SRT, we construct an input model with a conduit-like —1.5% low-Vp region that
rises from the CMB beneath central Greenland and continues to the crust beneath Iceland. The
low-Vp region exists at depths < 250 km, whereas Vp anomalies at greater depths are set to zero.
The horizontal section of the low-Vp anomaly is circular, whose central position is (longitude,
latitude) = (90°, 2°) on the CMB, and (98°, —6°) in the crust beneath Iceland. The radius of the
circle is 3°. The Vp anomalies at the other grid nodes are set to zero. Dataset for the SRT

10
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221 inversion is constructed by calculating the theoretical arrival times for this input model, and
222 random noise (-0.2 to +0.2 s) with a standard deviation of 0.1 s is added to the synthetic data to
223 simulate picking errors of the data. Datasets for the CRT, RRT, and SRT inversions are

224 constructed by calculating the theoretical arrival times for each input model with random noise
225  as mentioned above. In the RRT and SRT, we use the same grid distribution in the Case 1

226~ computation (Section 2.4).
227 Figures S3—S6 show the CRT results with a lateral grid interval of 278 km inside the
228  study region. The recovery rate is defined as follows:

229

dVp at the ith grid of the output model
RR, (%) = (e 2t the th gnd of the output model) @
(dVp at the ith grid of the input model)

230

231 where dVp is the perturbation to Vp. On the map views (Fig. S3), the output patterns are biased
232 to either low-Vp or high-Vp, and the resolution is clearly poor at the shallow depths (15-140

233 km). As for the recovery rate, the black-to-grey areas with poor recovery are dominant at depths
234  of 15-260 km, but white areas are dominant from a depth of 300 km, and almost all areas deeper
235  than 500 km are in white. In the cross-sections (Figs S4-S6), depth extent of the areas with good
236 resolution can be confirmed more clearly. Similarly, Figures S7-S10 show the CRT results with

237 alateral grid interval of 167 km inside the study region. The areas showing good recovery are
238 dominant at depths > 300 km, as in the previous case, and can be seen in almost everywhere at
239 depths = 725 km. The two CRT results show that the resolution in our study region is ~200 km in
240  the horizontal direction and the distances comparable to the vertical grid interval in the depth

241  direction, from the MTZ to the CMB.

11
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Figures S11-S14 show the RRT results. Although the Vp amplitudes of the input model

tend to be smaller in the output model, and the structural ghost is more prominent in and around

the MTZ, the pattern of the input model is generally recovered.

Figures S15-S18 show the SRT results. Although the low-Vp amplitude is constant in the
input model at all depths, the output model shows remarkable amplitude decrease at depths < 140
km. Also, as in the RRT case, the structural ghost spreads more widely in and around the MTZ
(380—725 km depths). However, the pattern and amplitude of the input model are mostly
recovered except around the surface, and no spurious high-Vp anomalies are generated. Spurious
divisions of the plume do not appear either (e.g., C-C’ section of Fig. S18). These results show
that if the true plume structure has a constant low-Vp amplitude, it can be resolved well with the
current dataset. In other words, disruption of the plume in the lower mantle, which appears in our

tomographic results, is likely to reflect the true structure.

4 Results

In this section we describe the results obtained by our global tomography. The results of

Case 1 are shown mainly, and the results of Case 2 are shown briefly.

4.1 Case 1: Setting up a denser grid in the whole mantle

The map views of the Case 1 results are shown in Figure 4. At depths of 5-80 km, only

spot-like high-Vp and low-Vp zones are visible just below several stations, and in most regions,
the initial VVp perturbation is not updated from zero. This is because the structure at these depths
is not well resolved because the number of local earthquakes is relatively small, and so the

density of seismic rays crisscrossing in the shallow regions is quite low. At depths of 120-220

12
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km, low-Vp anomalies are remarkable beneath the Iceland and Jan Mayen volcanoes, hot springs
in eastern Greenland, and the geothermal area in western Svalbard. At a depth of 120 km, they
are shaped rather spotty, but at depths > 160 km, they are connected together forming a band-
shaped low-Vp zone. This low-Vp zone spreads further at depths of 280—490 km, and two vast
low-Vp anomalies are formed beneath Iceland—Jan Mayen—eastern Greenland and Svalbard. The
most remarkable high-Vp region at these depths exists off the northeastern coast of Greenland to
the northeast offshore. Especially, at depths of 310—490 km, the high-Vp region extends inside
the bend of the Mid-Atlantic Ridge, and seems to divide the two low-Vp regions as mentioned
above. At the same depths, the high-Vp region in southwestern Greenland is also remarkable. At
depth of 520—670 km, the low-Vp anomaly is prominent off the southern tip of Greenland, in
addition to the low-Vp beneath Iceland—Jan Mayen—eastern Greenland. The low-Vp anomaly
beneath Svalbard is also widened. These low-Vp regions seem connected together through low-
Vp corridors. The regions just beneath inland Greenland are generally imaged as high-Vp

anomalies.

At depths of 750—1050 km, significant low-Vp regions are confined only to those
beneath Iceland. As for high-Vp regions, we can find in a wide extent beneath Ellesmere and
Baffin Islands to southern Greenland, and other smaller areas beneath central Greenland and off
northern Greenland to the Mid-Atlantic Ridge at depths of 750—850 km. However, at greater
depths, these high-Vp regions become unclear except for that off northern Greenland. At depths
of 1100-1500 km, the low-Vp region beneath Iceland moves southeast as the depth increases.
There are also spot-like low-Vp anomalies beneath northern and central Greenland and
Ellesmere Island (at depths > 1350 km). The high-Vp anomaly is most prominent beneath

southwestern Greenland at depths of 1200—1450 km.

13
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At depth of 1600—1800 km, the low-Vp region beneath Iceland becomes inconspicuous,
and weak low-Vp areas appear in various places. Out of them, the low-Vp area beneath central to
eastern Greenland, and another one beneath Ellesmere Island are prominent. High-Vp anomalies
are hardly seen at these depths. At depths of 2000—2400 km, low-Vp anomalies located above
these depths connected together, forming a wide low-Vp region running NW-SE beneath
Greenland. Also at depths > 2200 km, a clear high-Vp anomaly appears beneath the northeastern
coast of Greenland. At depths of 2600—2880 km, the low-Vp anomaly beneath Greenland
becomes more compact as getting deeper. The high-Vp anomaly beneath the northeastern coast
of Greenland becomes inconspicuous, but larger amplitudes of high-Vp or low-Vp regions can
be seen in various places, indicating that the structural heterogeneity is stronger at these depths

compared to the shallower depths.

The vertical cross-sections of the Case 1 results and the corresponding distribution of ray
hit count (HC) are shown in Figures 5—7 and Figures S19-S21, respectively. The 250-km depth
line on these figures gives a guideline to the maximum thickness of the Greenlandic lithosphere
[Conrad and Lithgow-Bertelloni, 2006]. As for the HC distribution, the areas with HC <5, 5 <
HC <50, and HC > 50 are shown in black, gray, and white, respectively. The white color shows
the areas where the seismic rays pass well and the tomographic results are highly reliable. At
depths > 300 km, almost the entire study region is in white color, which displays almost the same

pattern of reliability shown by the CRT.

As for the sections in N-S direction (Fig. 5), the A-A’, B-B’, and F-F’ sections show
high-Vp anomalies tilting north or south from the surface to the mantle transition zone (MTZ).
However, at depths shallower than the MTZ, the regions with a better hit count are distributed

with the same slope as indicated in white color in Figure S19, so these high-Vp regions are likely

14
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to have artificial shape along the seismic rays just below the stations. In the F-F’, G-G’, and H-H’
sections through Greenland, the low-Vp anomaly that seems to be a hot plume extends from the
CMB to a depth of ~1500 km. On the F-F’ section beneath western Greenland, a high-Vp region

that seems to be a subducted slab can be seen at depths of 1000—1500 km. In the J-J* and K-K’

sections, a high-Vp region shaped like a nodule is imaged from the surface to the MTZ beneath
the northeastern coast of Greenland. In the K-K’, L-L’, and N-N’ sections in the eastern part, the
hit count near the surface is improved, so the tomographic patterns shallower than the MTZ can
be discussed to some extent. In these sections, clear low-Vp anomalies exist beneath the Iceland
and Jan Mayen volcanoes. These low-Vp anomalies are independent beneath the two volcanoes
near the surface, but are connected together in the MTZ, forming a widespread low-Vp region. In
the K-K” and L-L’ sections, the low-Vp anomaly beneath Svalbard is also remarkable, but the
anomaly seems separated from the low-Vp region beneath Iceland and Jan Mayen due to a high-

Vp body beneath northeastern Greenland.

As for the sections in E-W direction (Fig. 6), the H-H’ section passing through central
Greenland and Jan Mayen shows a clear plume-like low-Vp anomaly that rises from the CMB,
breaks shortly at a depth of 1000 km, and reaches the Jan Mayen volcano. A low-Vp anomaly
with a similar shape is also visible in the J-J° and K-K’ sections beneath Iceland, but the division
around 1500 km depth is remarkable, and continuity of the plume from the CMB cannot be
confirmed. The K-K’ section shows that the low-Vp anomaly beneath Iceland tilts eastward from

the surface to a depth of 1000 km and continues almost vertically to a depth of 1500 km.

In the B-B’, C-C’, and DD’ sections in NW-SE direction (Fig. 7), the plume-like low-Vp
anomaly rising from the CMB beneath central Greenland is prominent. It extends to the

northwest direction at the shallow depths, so the connection with the low-Vp anomaly beneath
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Iceland located in the southeast direction is unclear. The C-C’ and D-D’ sections in NE-SW
direction (Fig. 7), passing through central Greenland and Svalbard, clearly show a plume-like
low-Vp anomaly extending from the CMB to just beneath Svalbard. It seems to be interrupted

near the 410-km discontinuity due to the high-Vp body beneath northeastern Greenland.

The computation time for Case 1 was about 34 hours and 28 minutes using Xeon E5-
2660 v3 (2.6 GHz, 1 core). The root-mean-square (RMS) of the total travel-time residuals is 1.60

s for the initial 1-D Vp model, but it is reduced to 1.06 s for the final 3-D Vp model.

4.2 Case 2: Setting up a denser grid at depths < 1500 km

In order to investigate the effect of the grid spacing inside the study region, another
calculation is performed with the denser grid distributed only from the surface to a depth of 1500
km. The resulting map views and vertical cross-sections are shown in Figures S22 and S23-S25,
respectively. At depths < 1500 km, there are no significant differences in the amplitudes and
patterns of the tomographic results from those in Case 1, but at depths > 1500 km, a mosaic-like

structure due to the coarse grid distribution is dominant and thus the resulting structural patterns

are strongly restricted.

5 Discussion

5.1 Consistency between regional and global tomography results

Paper-1 determined a 3-D Vp model from the surface to the MTZ beneath Greenland and
surrounding regions using regional tomography. In this work we determine a 3-D Vp model from

the MTZ to the CMB by global tomography using a different data set and grid distribution. Since
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both tomographic models have a common study region in and around the MTZ, here we discuss

the consistency of the two results.

Regions with good recovery are from the surface to a depth of 700 km except around the
boundary of the study region in the regional tomography and from a depth of 300 km to CMB in
the global tomography. On the map views (Fig. 8 in Paper-1, and Fig. 4) for depths of 310-700
km where both results overlap, the most distinctive low-Vp anomalies beneath Iceland and Jan
Mayen show clear consistency between the two results that the two low-Vp anomalies have a
gap at depths of 310—370 km but merge at depths > 430 km, and the amplitude of the low-Vp
anomaly decreases at depths > 640 km. The high-Vp anomalies beneath northeastern Greenland
at depths of 310—490 km and those beneath southwestern Greenland at depths of 310—700 km
also show very good agreement. The difference between the two results can only be seen in the
areas where the advantages and disadvantages of both methods are strongly reflected, such as the
structure near the boundary of the study region, and the amplitude of VVp anomalies. Vertical
cross-sections in N-S direction through Iceland, Jan Mayen, and Svalbard also show similar
patterns (Fig. 8a). The fact that the general features agree even when using different methods and

datasets indicates the robustness of our tomography model.

5.2 High-Vp anomaly in the lower mantle beneath Greenland

Our results show a remarkable high-Vp anomaly at depths of 1200-1450 km beneath

southwestern Greenland (Fig. 4 and the F-F’ section in Fig. 5). This feature corresponds very
well to a possible slab remnant suggested by Shephard et al. [2016] using the existing global
tomography models. In this study, we have succeeded in imaging a much more detailed shape of

this high-Vp anomaly by enhancing the tomographic resolution beneath Greenland.
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5.3 Volcanic and geothermal activities along the Mid-Atlantic Ridge

The low-Vp anomaly beneath Iceland dips eastward to a depth of ~1000 km, then
continues vertically to a depth of 1500 km, but becomes indistinct below this depth. However,
there is a nearby plume-like low-Vp anomaly rising from the CMB beneath central Greenland. It
looks independent of the low-Vp beneath Iceland (Fig. 8b), but it might be connected with thin
low-Vp corridors that exceed the resolution of our tomography (see the J-J° and K-K’ sections in
Fig. 6). In order to examine the destination of the east-dipping plume, we show a vertical cross-
section of our results extending to outside the study region where the denser grid is distributed
(Fig. 9). We can see a low-Vp anomaly in the lower mantle beneath the North Sea, which might

also be weakly connected with the plume beneath Iceland.

The low-Vp anomaly beneath Jan Mayen is weakly inclined to the west and seems
connected with the plume rising from the CMB beneath central Greenland. The connection at

depths 1000—-1300 km seems rather unclear, but the similarity of the low-Vp slopes above and

below these depths strongly suggests the continuity of the plume (Fig. 8c). Figure S26 shows a
vertical cross-section expanding to outside of the region through Jan Mayen and the North Sea,
but we cannot see the low-Vp continuity to the eastward. Also we cannot see any route of the

low-Vp anomaly in the lower mantle beneath the Mid-Atlantic Ridge (Fig. S27).

The low-Vp anomaly beneath Svalbard is continuous with the plume beneath central
Greenland (C-C’ and D-D’ sections in Fig. 8d). However, in the upper mantle, it seems to be
interrupted by a remarkable high-Vp rock body beneath northeastern Greenland, as pointed out

by Paper-I.
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As described above, the low-velocity anomalies beneath the three regions might be
affected by the plume rising from the CMB beneath central Greenland. This feature had
sometimes been identified as the Iceland plume by previous studies, but is considered to be
independent from the high-resolution images obtained in this study. Therefore we call it
“Greenland plume”. Figure 10 shows a schematic diagram of the mantle structure and tectonics
beneath the study region revealed by this study. The Jan Mayen and Svalbard plumes in the
upper mantle [Paper-1] are roughly considered as branches of the Greenland plume. We think
that the Iceland plume is rather independent because the mixture of the Iceland and Greenland
plumes is not complete although they seem to be merged in the MTZ. Only Iceland has many
volcanoes, which probably due to the independence of the Iceland plume and the multiple

sources of hot mantle material in the deeper mantle.

The images obtained in this study support the results of Zhao et al. [2013] showing that
the Iceland plume is prominent at depths < 1500 km. On the other hand, our results also have
features indicating continuity of this plume from the low-Vp region beneath the North Sea as
suggested by Rickers et al. [2013], or the vertical rise from the CMB as suggested by Bijwaard
and Spakman [2000] and Zhao [2001, 2004]. We think that our results consistently integrate the

various features pointed out by previous studies as the resolution has improved.

6 Conclusions

A detailed 3-D P-wave velocity model from the MTZ to the CMB beneath Greenland and
surrounding regions is obtained by inverting a large number of high-quality P-wave arrival-time
data recorded by the latest seismograph network. The novel tomographic model reveals the

following new features.
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(1) The Iceland plume rises from 1500 km depth in the lower mantle. Another plume
rising from the CMB beneath central Greenland is discovered, and we call it “the Greenland

plume”.

(2) At depths below 1500 km, the Iceland plume might be supplied with hot mantle
materials through narrow paths from a low-velocity region beneath the North Sea on the east side

and/or from possible branches of the Greenland plume.

(3) The Iceland and Greenland plumes incompletely merge together in the mantle
transition zone to form a vast low-velocity region. In the upper mantle, the Greenland plume
splits mainly into the Jan Mayen and Svalbard plumes, supplying hot mantle materials to feed the

Jan Mayen volcano and the geothermal area in western Svalbard.

(4) A distinct high-Vp anomaly is revealed beneath southwestern Greenland at depths of

1200-1450 km, which may reflect a possible slab remnant suggested by a previous study.
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Figure 1. Greenland and its surrounding regions. The color scale for altitude and legends for
symbols are shown in the map. The white color denotes the Greenland ice sheet (GrlS). Red

triangles: active volcanoes; red circles: hot springs; yellow triangles: GLISN seismic stations.

Figure 2. Distribution of the 16,257 earthquakes (a) and 12,549 seismic stations (b) used in the
tomographic inversion. The red box indicates the target area. The thick black lines denote plate

boundaries. The coordinate transformation has already been applied (see text for details).

Figure 3. Map view at a depth of 15 km (a) and N-S vertical cross-section (b) showing the 3-D

grid nodes adopted for the tomographic inversion. In the target area (the red box in (a)), a denser
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grid is arranged, whereas a coarser grid is set up in the surrounding crust and mantle of the Earth.

The numbers atop (b) denote latitudes after the coordinate transformation.

Figure 4. Map views of Case 1 results. The layer depth is shown at the lower-right corner of
each map. The blue and red colors denote high and low P-wave velocity perturbations,
respectively, whose scale (in %) is shown on the right. Areas with hit counts < 5 are masked in
white. The red triangles, red circles, black inverted triangles, and thin black lines denote the

active volcanoes, hot springs, seismic stations, and plate boundaries, respectively.

Figure 5. Vertical cross-sections of Case 1 results along 15 profiles in the N-S direction.
Location of the profiles are shown on the inset map. The 250-km depth, the 410-km
discontinuity, and the 660-km discontinuity are shown in black solid lines. The thick black lines

on the surface denote land areas. Other labels are the same as those in Figure 4.

Figure 6. The same as Fig. 5 but along 15 profiles in the E-W direction.

Figure 7. The same as Fig. 5 but along seven profiles in the NW-SE direction and seven profiles

in the NE-SW direction.

Figure 8. Map views and vertical cross-sections showing main tectonic features in the study
region and comparisons between the global tomography (this study) and the regional tomography
[Toyokuni et al., 2020]. (a—d) Vertical cross-sections along four profiles as shown in map view
(e). The panel (a) shows both (top) regional and (bottom) global tomographic results. The map
view shows the regional tomography at 310 km depth. The symbols are the same as those in Figs.

4-8.
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Figure 9. A vertical cross-section of our tomographic model along a line with irregular shape
passing through Canada, Greenland, Iceland, and the North Sea. This image is generated using

the GPlates software [Miller et al., 2018].

Figure 10. Schematic diagram showing main tectonic features revealed by this study. The
Iceland and Greenland plumes exist in the lower mantle. The two plumes weakly merge in the
mantle transition zone (MTZ) and then rise as narrow plumes toward the surface. The Iceland
plume in the upper mantle is a continuation from the lower mantle. The Jan Mayen and Svalbard
plumes are considered to be mainly branches of the Greenland Plume. The high-Vp rock body
existing in the upper mantle beneath northeastern Greenland seems to be an obstacle to the flow

of the Greenland plume. The dotted arrows indicate possible connections between plumes.

Figure S1. Schematic illustration of ray paths of P, pP and PP waves. The star denotes a

hypocenter. The inverted triangles denote seismic stations.

Figure S2. The starting 1-D P-wave velocity model (IASP91) [Kennett and Engdahl, 1991]

adopted for 3-D tomographic inversions.

Figure S3. Map views showing the input model (left panels), output results (middle panels) and
the recovery rate (right panels) of the checkerboard resolution test with a lateral grid interval of
278 km. The depth of each layer is shown above the left panels. The open and solid circles
denote high and low Vp perturbations, respectively, whose scale is shown on the right. The color
scale of the recovery rate (in %) is also shown on the right. The red triangles, red circles, blue
inverted triangles, and thin black lines denote the active volcanoes, hot springs, seismic stations,

and plate boundaries, respectively.
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608  Figure S4. Vertical cross-sections of the recovery rate along 15 profiles in the N-S direction
609  obtained by the checkerboard resolution test with a lateral grid interval of 278 km inside the
610  study region. Location of the profiles are shown on the inset map. The 250-km depth, the 410-
611  km discontinuity, and the 660-km discontinuity are shown in black solid lines. The thick green

612  lines on the surface denote land areas. Other labels are the same as those in Figure S3.

613  Figure S5. The same as Fig. S4 but along 15 profiles in the E-W direction.

614  Figure S6. The same as Fig. S4 but along seven profiles in the NW-SE direction and seven

615  profiles in the NE-SW direction.

616  Figure S7. The same as Fig. S3 but for the checkerboard resolution test with a lateral grid

617  interval of 167 km inside the study region.

618  Figure S8. The same as Fig. S4 but for the checkerboard resolution test with a lateral grid

619 interval of 167 km inside the study region.

620  Figure S9. The same as Fig. S5 but for the checkerboard resolution test with a lateral grid

621 interval of 167 km inside the study region.

622  Figure S10. The same as Fig. S6 but for the checkerboard resolution test with a lateral grid

623 interval of 167 km inside the study region.

624  Figure S11. Map views showing the input model (upper panels) and output results (lower
625  panels) of the restoring resolution test. The depth of each layer is shown above the upper panels.

626  The blue and red colors denote high and low Vp perturbations, respectively, whose scale (in %)
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is shown on the right. The red triangles, red circles, blue inverted triangles, and thin black lines

denote the active volcanoes, hot springs, seismic stations, and plate boundaries, respectively.

Figure S12. Vertical cross-sections of the input model (left) and output results (right) of the
restoring resolution test along 15 profiles in the N-S direction. Location of the profiles are shown
on the inset map. The 250-km depth, the 410-km discontinuity, and the 660-km discontinuity are
shown in black solid lines. The thick black lines on the surface denote land areas. Other labels

are the same as those in Figure S11.

Figure S13. The same as Fig. S12 but along 15 profiles in the E-W direction.

Figure S14. The same as Fig. S12 but seven profiles in the NW-SE direction and seven profiles

in the NE-SW direction.

Figure S15. The same as Fig. S11 but for the synthetic resolution test.

Figure S16. The same as Fig. S12 but for the synthetic resolution test.

Figure S17. The same as Fig. S13 but for the synthetic resolution test.

Figure S18. The same as Fig. S14 but for the synthetic resolution test.

Figure S19. Vertical cross-sections of the ray hit count along 15 profiles in the N-S direction
obtained by Case 1 computation. Location of the profiles are shown on the inset map. The 250-
km depth, the 410-km discontinuity, and the 660-km discontinuity are shown in black solid lines.
The thick green lines on the surface denote land areas. The red triangles denote the active

volcanoes. The thin black lines in the inset map denote the plate boundaries.

Figure S20. The same as Fig. S19 but along 15 profiles in the E-W direction.
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Figure S21. The same as Fig. S19 but along seven profiles in the NW-SE direction and seven

profiles in the NE-SW direction.

Figure S22. The same as Fig. 4 but of Case 2 results.

Figure S23. The same as Fig. 5 but of Case 2 results.

Figure S24. The same as Fig. 6 but of Case 2 results.

Figure S25. The same as Fig. 7 but of Case 2 results.

Figure S26. The same as Fig. 9 but along a line with irregular shape passing through Canada,

Greenland, Jan Mayen, and the North Sea.

Figure S27. The same as Fig. 9 but along the Mid-Atlantic Ridge.

Table S1. List of 76 seismic stations in the study region. Stations with the red background color

are the GLISN stations.

Table S2. The number of lateral grids at each depth for Case 1 computation.

Table S3. The number of lateral grids at each depth for Case 2 computation.

Table S4. The number of lateral grids at each depth for the checkerboard resolution test with a

lateral grid interval of 278 km inside the study region.

Table S5. The number of lateral grids at each depth for the checkerboard resolution test with a

lateral grid interval of 167 km inside the study region.
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A Volcano

Plate ® Hot spring
Ice  boundary <7 Sati A

Figure 1. Greenland and its surrounding regions. The color scale for altitude and legends for
symbols are shown in the map. The white color denotes the Greenland ice sheet (GrlS). Red

triangles: active volcanoes; red circles: hot springs; yellow triangles: GLISN seismic stations.
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682

683

684  Figure 2. Distribution of the 16,257 earthquakes (a) and 12,549 seismic stations (b) used in the
685  tomographic inversion. The red box indicates the target area. The thick black lines denote plate

686  boundaries. The coordinate transformation has already been applied (see text for details).

687
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Figure 3. Map view at a depth of 15 km (a) and N-S vertical cross-section (b) showing the 3-D
grid nodes adopted for the tomographic inversion. In the target area (the red box in (a)), a denser
grid is arranged, whereas a coarser grid is set up in the surrounding crust and mantle of the Earth.

The numbers atop (b) denote latitudes after the coordinate transformation.
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694  Figure 4. Map views of Case 1 results. The layer depth is shown at the lower-right corner of
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each map. The blue and red colors denote high and low P-wave velocity perturbations,
respectively, whose scale (in %) is shown on the right. Areas with hit counts < 5 are masked in
white. The red triangles, red circles, black inverted triangles, and thin black lines denote the

active volcanoes, hot springs, seismic stations, and plate boundaries, respectively.
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715  Figure 4. (continued).
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716 Figure 5. Vertical cross-sections of Case 1 results along 15 profiles in the N-S direction. Location of the profiles are shown on the
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inset map. The 250-km depth, the 410-km discontinuity, and the 660-km discontinuity are shown in black solid lines. The thick black

lines on the surface denote land areas. Other labels are the same as those in Figure 4.
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731 Figure 6. The same as Fig. 5 but along 15 profiles in the E-W direction.
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732 Figure 7. The same as Fig. 5 but along seven profiles in the NW-SE direction and seven profiles in the NE-SW direction.
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734 Figure 8. Map views and vertical cross-sections showing main tectonic features in the study region and comparisons between the
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global tomography (this study) and the regional tomography [Toyokuni et al., 2020]. (a—d) Vertical cross-sections along four profiles

as shown in map view (e). The panel (a) shows both (top) regional and (bottom) global tomographic results. The map view shows the

regional tomography at 310 km depth. The symbols are the same as those in Figs. 4-7.
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749  Figure 9. A vertical cross-section of our tomographic model along a line with irregular shape
750  passing through Canada, Greenland, Iceland, and the North Sea. This image is generated using

751  the GPlates software [Muller et al., 2018].
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Figure 10. Schematic diagram showing main tectonic features revealed by this study. The
Iceland and Greenland plumes exist in the lower mantle. The two plumes weakly merge in the
mantle transition zone (MTZ) and then rise as narrow plumes toward the surface. The Iceland
plume in the upper mantle is a continuation from the lower mantle. The Jan Mayen and Svalbard
plumes are considered to be mainly branches of the Greenland Plume. The high-Vp rock body
existing in the upper mantle beneath northeastern Greenland seems to be an obstacle to the flow

of the Greenland plume. The dotted arrows indicate possible connections between plumes.
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