
1. Introduction
Greenland is the largest island in the world whose land area spans over 20° in the central angle of the Earth. 
The surface-exposed rocks have preserved ∼4 billion years of Earth’s history in the oldest part (Henriksen 
et al., 2009). However, the Greenland Ice Sheet (GrIS), covering 80% of the land area, has long hindered the 
geological study in the inland area. Greenland itself has low seismic activity and no known active volcanoes, 
but there are several hot springs on the east and west coasts of Greenland (Hjartarson & Armannsson, 2010) 
that coincide with Tertiary basalt outcrops. The Mid-Atlantic Ridge (MAR) is located on the eastern side of 
Greenland, where the North American plate and the Eurasian plate separate from each other, inducing very 
active seismicity. There are also three major hotspots (Iceland, Jan Mayen, and Svalbard) along the MAR, 
highlighting the tectonic activity of this region. Turing our eyes to the western side of Greenland, Baffin Bay, 
Davis Strait, and Labrador Sea separate Greenland and Canada (Figure 1).

Abstract We present the first 3-D images of P-wave radial anisotropy (RAN) and azimuthal 
anisotropy (AAN) down to 750-km depth beneath Greenland and surrounding regions. Three P-wave 
velocity models (isotropic, RAN, and AAN) are determined by applying a regional tomographic method to 
simultaneously invert P wave arrival times of 1,309 local events and P wave relative traveltime residuals of 
7,202 teleseismic events, which were recorded mainly by the latest GLISN network. A high-velocity body 
located beneath northeast Greenland (NEG) exhibits a strong negative RAN and a strong AAN with N-S 
to NE-SW oriented fast-velocity directions (FVDs). The FVDs are generally consistent with the direction 
of the fold axis of the Caledonian fold belt, which outcrops in NEG. Beneath the Iceland, Jan Mayen, and 
Svalbard hotspots, a strong positive RAN and a negligible or weak AAN are revealed, which may reflect 
effects of upwelling mantle plumes. Among the three hotspots, a weak AAN with a constant FVD is only 
revealed beneath Iceland, which may reflect the existence of background mantle flow. The RAN and AAN 
features beneath the Labrador Sea, Davis Strait, and Baffin Bay suggest the following scenario on breakup 
between Greenland and Canada: the breakup was initiated at the Labrador Sea due to local mantle 
upwelling, but the northward propagation of the breakup was blocked by a strong high-velocity anomaly 
beneath Davis Strait; the opening of Baffin Bay might be caused passively by far-field plate forces.

Plain Language Summary Seismic anisotropy is a feature of the Earth’s material whose 
seismic velocity changes with direction. Studying seismic anisotropy improves our knowledge on the 
Earth’s dynamics because anisotropy provides a unique constraint on deformations. Since a full expression 
of anisotropy requires many unknown parameters, two assumptions of hexagonal symmetry are often 
made: radial anisotropy (RAN) and azimuthal anisotropy (AAN) when the symmetry axis is vertical and 
on a horizontal plane, respectively. In this work, we present the first 3-D images of P-wave RAN and 
AAN down to 750-km-depth beneath Greenland and surrounding regions. A high-velocity body beneath 
northeast Greenland exhibits strong RAN and AAN, which may reflect the effects of ancient lithospheric 
collision. Our RAN and AAN results suggest the existence of upwelling mantle plumes beneath the 
Iceland, Jan Mayen, and Svalbard hotspots. The RAN and AAN beneath the Labrador Sea, Davis Strait, 
and Baffin Bay suggest a possible scenario on breakup between Greenland and Canada. The breakup was 
initiated at the Labrador Sea due to local mantle upwelling, but the northward propagation of the breakup 
was blocked by a strong high-velocity anomaly beneath Davis Strait. The opening of Baffin Bay might be 
caused passively by far-field plate forces.
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Currently, 34 seismic stations, including four on the GrIS, are in operation in and around Greenland by 
the Greenland Ice Sheet Monitoring Network (GLISN) launched in 2009 (Clinton et al., 2014; Toyokuni 
et al., 2014). The GLISN seismic waveform data have been used widely by various seismological studies so 
far (e.g., Darbyshire et al., 2018; Lebedev et al., 2017; Levshin et al., 2017; Mordret, 2018; Mordret et al., 2016; 
Pourpoint et al., 2018; Rickers et al., 2013; Toyokuni et al., 2015, 2018, 2020a, 2020b, 2021).

1.1. Isotropic Structure

Isotropic seismic velocity structure of the upper mantle beneath Greenland and surrounding regions 
has been studied by many researchers using seismic tomography (Antonijevic & Lees, 2018; Darbyshire 
et al., 2004, 2018; Jakovlev et al., 2012; Lebedev et al., 2017; Levshin et al., 2017; Mordret, 2018; Pilidou 
et al., 2004; Pourpoint et al., 2018; Rickers et al., 2013; Toyokuni & Zhao, 2021; Toyokuni et al., 2020a, 2020b). 
Here we briefly review the previous tomographic studies. For a more complete review, including studies 
using other geophysical methods, see Toyokuni et al. (2020a). The previous tomographic studies include 
regional-scale surface wave tomography (Antonijevic & Lees, 2018; Darbyshire et al., 2004, 2018; Levshin 
et al., 2017; Mordret, 2018; Pourpoint et al., 2018), surface wave tomography of the North Atlantic region 
(Pilidou et al., 2004), regional-scale body wave tomography (Toyokuni et al., 2020a), body wave tomography 
of the whole Arctic region (Jakovlev et al., 2012), full waveform tomography of the North Atlantic region 
(Rickers et al., 2013), full waveform tomography of the whole Arctic region (Lebedev et al., 2017), and global 
tomography (e.g., Hosseini et al., 2020; Lei et al., 2020; Schaeffer & Lebedev, 2013; Toyokuni et al., 2020b; 
Toyokuni & Zhao, 2021; Zhao, 2001, 2004; Zhao et al., 2013). The studies using surface waves and full wave-
forms investigate the 3-D S-wave velocity ( SE V  ) structure (Darbyshire et al., 2004, 2018; Lebedev et al., 2017; 
Levshin et al., 2017; Mordret, 2018; Pilidou et al., 2004; Pourpoint et al., 2018; Rickers et al., 2013; Schaeffer 
& Lebedev, 2013), whereas the studies using body waves mainly investigate the 3-D P-wave velocity ( PE V  ) 
structure (Jakovlev et al., 2012; Toyokuni et al., 2020a, 2020b; Toyokuni & Zhao, 2021; Zhao et al., 2013).

A common feature on the lithospheric mantle beneath inland Greenland (from the Moho to ∼250  km 
depth) is that it is generally imaged as a high velocity (high-V) anomaly (Darbyshire et al., 2018; Jakov-
lev et al., 2012; Lebedev et al., 2017; Levshin et al., 2017; Mordret, 2018; Pourpoint et al., 2018; Toyokuni 
et al., 2020a). A major discrepancy between these models is on a low velocity (low-V) zone in the central part 
of Greenland, which has been considered as the ancient track of the Iceland plume. The previous studies 
suggested that the low-V zone is elongated in the E-W direction (Lebedev et al., 2017; Pourpoint et al., 2018; 
Rickers et al., 2013), in the NW-SE direction (Jakovlev et al., 2012; Toyokuni et al., 2020a), or exhibits a spot-
like feature (Levshin et al., 2017; Mordret, 2018). Toyokuni et al. (2020a) revealed that the low-V anomaly 
with a NW-SE trend spatially coincides with the high geothermal heat flux (GHF) areas (Artemieva, 2019; 
Martos et al., 2018; Rogozhina et al., 2016). Toyokuni et al.  (2020a) called it the central Greenland lith-
ospheric low-velocity zone (CGLLVZ), and suggested that it was formed not only by the ancient Iceland 
plume track but also by the Jan Mayen plume track.

A common feature of the upper mantle structure beneath MAR is the existence of low-V zones beneath 
the Iceland and Jan Mayen hotspots (Jakovlev et al., 2012; Lebedev et al., 2017; Pilidou et al., 2004; Rick-
ers et al., 2013; Toyokuni et al., 2020a). However, the vertical and lateral extents of the low-V zones from 
∼200 km depth to the mantle transition zone (MTZ) are different among the previous tomographic models. 
Toyokuni et al. (2020a) revealed low-V conduits not only beneath the Iceland and Jan Mayen hotspots but 
also beneath the Svalbard hotspot. They suggested that the three low-V conduits correspond to the Iceland, 
Jan Mayen, and Svalbard plumes, which extend almost vertically down to MTZ where the three plumes 
merge together.

Other features of the upper mantle structure revealed by the previous studies include a lobe of high-V anom-
aly off the coast of northeast Greenland (NEG) just beneath the Greenland Sea (Darbyshire et al., 2018; Jak-
ovlev et al., 2012; Lebedev et al., 2017; Toyokuni et al., 2020a). Toyokuni et al. (2020a) showed that this body 
seems continuous to the Caledonian fold belt in NEG and interpreted it as a remnant of oceanic lithosphere 
from the Iapetus Ocean, which closed due to the collision of Laurentia and Baltica between 490 and 390 Ma 
(Henriksen et al., 2009; Metelkin et al., 2015). This high-V body is located inside the bend of MAR that is 
thought to have existed at the time of the North Atlantic opening (Thiede et al., 2011); therefore, this body 
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Figure 1. Map of Greenland and its surrounding regions. White color denotes the Greenland ice sheet. Yellow 
triangles: seismic stations used in this study; red triangles: active volcanoes; red dots: hot springs. The red dashed line 
shows the Svalbard geothermal area (Dumke et al., 2016; Portnov et al., 2016). Main geological features in Greenland 
(Kumar et al., 2007) are also shown. NEG = Northeast Greenland; CFB = Caledonian fold belt; DB = Danmarkshavn 
Basin.
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may have restricted the mode of plate expansion. Furthermore, this high-V body seems to act as an obstacle 
separating the Jan Mayen and Svalbard plumes. Hereinafter, we call it the “NEG body.”

1.2. Anisotropic Structure

Now that the isotropic structure described above has been investigated, here we focus on the anisotropic 
structure of the region. Seismic anisotropy shows a direction-dependent nature of the Earth’s material on 
seismic wave propagation, which is widely revealed from the crust and mantle to the inner core (Long & 
Becker, 2010). Seismic anisotropy in the mantle is generally induced by the lattice-preferred orientation 
(LPO) of olivine. There are several olivine types (A-, B-, C-, D-, and E-types) in the upper mantle, which 
exhibit different relationships between the anisotropic structure and the dominant slip system. Howev-
er, these olivine fabrics except for B-type exhibit a fast axis parallel to the mantle flow direction (Karato 
et al., 2008). The B-type olivine only appears in an environment of high-stress, low-temperature, and wa-
ter-rich conditions (Katayama & Karato, 2006). Other factors causing seismic anisotropy in the upper man-
tle include, for example, fossil anisotropy originally possessed by the rocks and shape-preferred orientation 
(SPO) associated with the shape and texture of the medium.

So far, only a few studies have investigated seismic anisotropy in Greenland, Iceland, and surrounding 
regions. These studies used surface wave tomography (Darbyshire et al., 2018; Pilidou et al., 2004), global 
tomography (Schaeffer et al., 2016), shear-wave splitting (SWS) measurements (Bjarnason et al., 2002; Na-
than et al., 2021; Ucisik et al., 2005, 2008), and numerical modeling of mantle flow (Marquart et al., 2007). 
Darbyshire et al. (2018) investigated azimuthal anisotropy (AAN) of Rayleigh-wave group velocity in the 
crust and uppermost mantle beneath Greenland. In the period band (10–40 s) corresponding to the crustal 
depths, the amplitude of AAN is strong mainly in North Greenland with dominant fast-velocity directions 
(FVDs) of E-W to NE-SW. On the other hand, no significant AAN was observed at depths corresponding to 
the lithospheric mantle (with a period band of 60–70 s). The structure at depths greater than ∼100 km was 
not investigated due to the limited period band of the Rayleigh waves used. Pilidou et al. (2004) obtained a 
model of Sv-wave AAN beneath Greenland and surrounding regions down to 350 km depth. They revealed 
strong AAN with N-S to NE-SW FVDs at depths of 250–350 km beneath NEG. Schaeffer et al. (2016) investi-
gated global S-wave AAN in the upper mantle (<485 km depth) by inverting surface and S waveforms data. 
They detected strong AAN with E-W FVDs at depths of 200–330 km beneath South Greenland. Measuring 
SWS is a popular method to obtain the azimuthal fast-polarization orientation (FPO) and time delay of the 
medium directly beneath a station using, for example, SKS and SKKS phases that have rays close to the ver-
tical direction. The depth range of the medium that provides FPO can be estimated from the degree of time 
delay, but the depth resolution is not good. To date, there has been no study of the 3-D anisotropic structure 
beneath Greenland and its surrounding regions using P waves, whose arrival times are generally easier to 
observe and therefore provide much more data than those of S waves (e.g., Küperkoch et al., 2012).

Seismic anisotropy tomography using P wave data is the updated method to obtain 3-D images of both radial 
anisotropy (RAN) and AAN of the crust and mantle (e.g., Ishise & Oda, 2005; Wang & Zhao, 2008, 2013; 
Zhao, 2015). The RAN represents whether PE V  at a certain point of the medium is faster in the horizontal 
direction ( Ph PvE V V  ) or in the vertical direction ( Pv PhE V V  ), where PhE V  and PvE V  are PE V  values in the horizontal 
and vertical directions, respectively. Although it depends on the resolution of tomography, when interpret-
ed by LPO, horizontal flow is dominant when Ph PvE V V  , whereas vertical flow is dominant when Pv PhE V V  . 
The AAN represents which direction PE V  at a certain point of the medium is faster in the horizontal plane, 
which directly indicates horizontal mantle-flow direction.

This method has been applied to various regions in the world, for example, Japan (Ishise & Oda, 2005; 
Liu & Zhao, 2017; Wang & Zhao, 2021), Alaska (Gou et al., 2019), and Southeast Asia (Huang et al., 2015). 
However, it has been rarely applied to areas where a mid-ocean ridge or a mantle plume exists, except for 
the Erebus hotspot in Antarctica (Zhang et al., 2020). Toyokuni et al. (2020a) conducted, for the first time, 
the detailed P-wave tomography in and around Greenland to investigate the 3-D PE V  structure down to 700 
km depth. The purpose of this study, which is a continued work of Toyokuni et al. (2020a), is to determine 
three PE V  models (isotropic, RAN, and AAN) of the upper mantle beneath the study region (Figure 2a) by 
analyzing the GLISN data to improve our understanding of the subsurface structure and mantle dynamics 
of this region.
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Figure 2. Epicentral distribution of (a) local earthquakes and (b) teleseismic events used in this study. The panel (a) 
also displays longitudinal and latitudinal ranges of our study region. The coordinate transformation is applied (see the 
text for details). In (a), yellow stars: 1,288 events from the ISC-EHB catalog; red stars: 21 events whose arrival times 
were manually picked by the authors. In (b), yellow stars: 6,884 events from the ISC-EHB catalog; red stars: 347 events 
whose arrival times were picked by Toyokuni et al. (2020a) using a waveform cross-correlation method. The thick blue 
lines denote plate boundaries.
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2. Method
We apply a regional tomography method to P-wave travel-times from both local and teleseismic events 
(Toyokuni et al., 2020a; Zhao et al., 1994, 2012). The joint use of local and teleseismic data can significantly 
improve the vertical and lateral resolutions of the structure throughout the upper mantle because nearly 
horizontal rays from local events and nearly vertical rays from teleseismic events crisscross well. For the 
local events, we use travel-time residuals ( ijE t  ):

 OBS CAL
ij ij ijt T T (1)

where OBS
ijE T  and CAL

ijE T  are observed and calculated (theoretical) arrival times, respectively, from the i th 
event to the E j th station. For the teleseismic events, we use relative travel-time residuals ( ijE r  ):

r t t
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where iE n  is the number of recording stations of the i th event, and t
i
 is the average of travel-time residuals at 

the iE n  stations. Note that t
i
 includes the influence of structural heterogeneity outside the study volume as 

well as errors in the hypocentral parameters. In the tomographic inversion, we only consider the teleseismic 
ray segments that are located within the study volume.

We conduct tomographic inversions for 3-D P-wave RAN and AAN using the method of Wang & 
Zhao (2008, 2013). In a RAN medium, the symmetry axis is assumed to be in the vertical direction, and one 
parameter is added to express anisotropy. The total slowness (E S ) due to RAN can be written as
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where 0PE V  is isotropic P-wave velocity, E M is the strength of anisotropy, and E  is the raypath incident angle 
(Wang & Zhao, 2013). The RAN amplitude,  ,E  can be expressed as
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where PfE V  and PsE V  are P-wave velocities in the fast and slow directions, respectively.

We conduct a global coordinate transformation of the study region by moving its center to the equator (Tak-
enaka et al., 2017; Toyokuni et al., 2020a), so that we can set 3-D grid nodes for the tomographic inversion 
uniformly both in the longitude and latitude directions. Following Toyokuni et al. (2020a), we move the station 
SUMG (longitude, latitude)=(−38.461°, 72.574°) on the GrIS summit to a point on the equator  (90 , 0 )E  . We then 
arrange 2-D grid meshes in the area between 70° and 120° longitude and −20° and 20° latitude, after the coordi-
nate transformation (Figure 2a). For the isotropic 3-D PE V  structure ( 0PE V  ), we adopt a horizontal grid interval of 2° 
in both longitude and latitude directions, and the 2-D grid meshes are set at depths of 5, 20, 40, 60, 80, 100, 120, 
140, 160, 190, 220, 250, 280, 310, 340, 370, 400, 430, 460, 490, 520, 550, 580, 610, 640, 670, 700, 750, 800, 850, and 
900 km (Figure S1a in Supporting Information S1). For the PE V  anisotropic components (E M for RAN, or E A and E B 
for AAN), we adopt a horizontal grid interval of 3° in both longitude and latitude directions, and 2-D grid mesh-
es are set at depths of 5, 20, 60, 100, 140, 190, 250, 310, 370, 430, 490, 550, 610, 670, and 750 km (Figure S1b in 
Supporting Information S1). Note that, to solve the anisotropic components at the grid nodes, we need seismic 
rays from various directions with a sufficient density. Hence, we set the grid nodes for the anisotropy coarser 
than those for solving the isotropic component. Tomographic inversions for the 3-D RAN and AAN structures 
are conducted separately because of the different assumptions on the symmetry axis for RAN and AAN. The 
isotropic and anisotropic components are solved simultaneously by one inversion.

Theoretical travel times are calculated by using a 3-D ray tracing technique that combines the pseudo-bend-
ing scheme (Um & Thurber, 1987) and Snell’s law (Zhao et al., 1992). The initial 1-D model for the isotropic 
component is shown in Figure S2 in Supporting Information S1. The initial values of the anisotropic param-
eters are set to zero. The Conrad and Moho depths are fixed at 20 and 40 km, respectively. We conduct the 
tomographic inversions using the LSQR algorithm (Paige & Saunders, 1982) with damping and smoothing 
regularizations (Wang & Zhao, 2008, 2013; Zhao et al., 1992, 1994, 2012). After conducting many tomo-
graphic inversions, the number of iterations is set to three for both the RAN and AAN tomography, and the 
damping parameters in the first, second, and third iterations are set to be 20, 50, and 100, respectively. The 
smoothing parameter is set to be 1/20,000 for both the isotropic and anisotropic components in the RAN 
and AAN tomography. Figure S3 in Supporting Information S1 shows the trade-off curves used for deter-
mining the optimal damping and smoothing parameters.

3. Data
The data used in this study are the updated version of those used in Toyokuni et al. (2020a). We first down-
loaded all P-wave arrival time data of M ≥ 3 earthquakes observed at 33 GLISN stations and one temporary 
station (station code: IC-GL) on the GrIS during January 1964 to December 2016 from the ISC-EHB catalog 
(http://www.isc.ac.uk/isc-ehb/). To extract local earthquake data, the coordinate transformation (Section 2) 
is first applied to all the epicenters and station locations. Earthquakes that occurred between 70° and 120° 
longitude, and −20° and 20° latitude were then extracted as local earthquakes. All earthquakes recorded 
at one or more stations were extracted. As a result, 2,414 P-wave arrival times from 1,288 local events were 
obtained (Figure 2a). The magnitudes of these extracted events range from 3.1 to 7.1, with focal depths 
between 0.0 and 31.5 km. To extract teleseismic events, earthquakes with epicentral distances between 30° 
and 100° and recorded at five or more stations in the study region were extracted. As a result, 51,578 P-wave 
arrival times from 7,088 teleseismic events were obtained.

We then manually picked 781 P-wave and 541 S-wave arrival times from 43 local events recorded at 34 
GLISN stations from waveforms downloaded from the IRIS/DMC (https://ds.iris.edu/ds/nodes/dmc/) (Fig-
ures S4 and S5 in Supporting Information S1). We relocated the 43 events using both P- and S-wave arrival 
times, and extracted those events with five or more data with absolute travel-time residuals within ±3 s for 
both P- and S-wave data, and with uncertainty of the focal depth ≤20 km. After this processing, 407 P-wave 
arrival times from 21 local events remain in the data set (Figure 2a). The S-wave data are not used in the 
subsequent analysis.

We also added teleseismic P-wave relative arrival-time data picked by Toyokuni et al. (2020a), which contain 
7,573 picks from 347 teleseismic events that occurred from January 1, 2012 to July 15, 2019. When the event 
overlaps with those in the ISC catalog, the ISC data are removed. As a result, we obtained 56,498 P-wave arrival 

http://www.isc.ac.uk/isc-ehb/
https://ds.iris.edu/ds/nodes/dmc/
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times (51,578 − 2,653 + 7,573) from 7,231 teleseismic events (7,088 – 204 + 347; Figure 2b). We then applied crus-
tal correction to the teleseismic data according to the method of Jiang et al. (2009a, 2009b, 2015) and Toyokuni 
et al. (2020a). Figures S6a and S6b in Supporting Information S1 show the distributions of the relative travel-time 
residuals averaged at each station for all events, both before and after the crustal correction. During the process, 
any teleseismic data with relative travel-time residuals exceeding ±3 s are further discarded. As a result, the num-
ber of teleseismic events and the number of relative travel-time residuals are 7,202 and 55,917, before the crustal 
correction, and 7,202 and 55,768, respectively, after the correction. See Section 6 of Toyokuni et al. (2020a) for the 
differences in tomographic results with and without this crustal correction and its validity. The final dataset used 
for our tomographic inversions includes these teleseismic data and 2,821 P-wave arrival times (2,414 + 407) from 
1,309 local earthquakes (1,288 + 21) obtained from the ISC-EHB catalog and our manual picking. Figure S7 in 
Supporting Information S1 shows the distribution of the local and teleseismic rays used in this study.

4. Results
4.1. Radial Anisotropy

Figure 3 shows map views of the obtained RAN tomography. Focusing on the isotropic component, the 
NEG body is clearly imaged as the most prominent high-velocity (high- 0PE V  ) region at depths ≤490 km be-
neath the northeastern coast of Greenland to the northeastern offshore. High- 0PE V  anomalies are also visible 
from northwestern Greenland to Ellesmere Island at depths ≤490  km, and beneath the southern tip of 
Greenland at depths ≥430 km. The most prominent low-velocity (low- 0PE V  ) anomalies are related to hotspots 
beneath Iceland, Jan Mayen, and Svalbard from the surface down to 610 km depth. At depths ≤250 km, a 
low- 0PE V  anomaly is also visible beneath inland Greenland elongated in the NW-SE direction and extend to 
the Iceland and Jan Mayen hotspots (the CGLLVZ). These isotropic PE V  features are in very good agreement 
with the previous results of isotropic tomography (Toyokuni et al., 2020a and Section 4.3). However, the 
coarser grid interval and stronger smoothing (see Sections 2 and 4.3) adopted in the RAN tomography lead 
to wider smearing in the horizontal and vertical directions. For example, the horizontal smearing of 0PE V  
makes the Iceland and Jan Mayen plumes appear to be connected, and the vertical smearing of 0PE V  makes 
the CGLLVZ amplitude appear to be smaller than that in the isotropic PE V  tomography (Section 4.3).

Regarding the anisotropic features, reliable results are obtained at depths of 190–670 km according to the 
resolution tests (Section 5). The most prominent negative RAN (  0E  , i.e., Pv PhE V V  , as shown in vertical 
bars in Figure 3) can be seen beneath the NEG body. Weak negative RAN is also found along the coast of 
western Greenland at depths ≤310 km, but nothing else is prominent. In contrast, positive RAN (  0E  , i.e., 

Ph PvE V V  , as shown in horizontal bars in Figure 3) can be found at all depths and in various parts of the 
study region. The most notable ones are located in the low-V zones just beneath the Iceland, Jan Mayen, 
and Svalbard hotspots. We can also see remarkable positive RAN beneath Davis Strait and the Labrador Sea 
at depths ≤490 km, whereas no significant RAN appears beneath Baffin Bay. No significant anisotropy is 
observed in the low- 0PE V  zone running in the NW-SE direction beneath central Greenland at depths ≤250 km 
(the CGLLVZ), and in the high- 0PE V  zone beneath the southern tip of Greenland at depths ≥430 km.

Vertical cross-sections are shown in Figures 4 and 5. In the cross-sections through Iceland, Jan Mayen, and 
Svalbard (e.g., J-J’ and K-K’ sections in Figure 4a), a low- 0PE V  anomaly and a strong positive RAN ( Ph PvE V V  ) 
extending from MTZ to the surface are visible. A strong negative RAN ( Pv PhE V V  ) in the high- 0PE V  body in the 
upper mantle between Jan Mayen and Svalbard (the NEG body) is also characteristic. In the cross-sections 
from Iceland to central Greenland (e.g., C-C’ section in Figure 5a), the low- 0PE V  zone suddenly thins to a 
depth ≤250 km when entering the Greenland side beyond Denmark Strait, and a positive RAN ( Ph PvE V V  ) 
weakens in the thinned low- 0PE V  zone. The upper mantle beneath the Labrador Sea is characterized by a 
weak low- 0PE V  anomaly and a moderate positive RAN ( Ph PvE V V  ) (e.g., H-H’ section in Figure 4b).

4.2. Azimuthal Anisotropy

Figure 6 shows map views of the obtained AAN tomography. Regarding the anisotropic features, reliable 
results are obtained at depths of 190–670 km according to the resolution tests (Section 5). The regions with 
marked AAN at depths ≤430 km are the interior of the NEG body and the region beneath Davis Strait to 
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Figure 3. Map view images of PE V  radial anisotropy (RAN) tomography. The layer depth is shown at the lower-right corner of each panel. Blue and red colors 
denote high and low isotropic PE V  perturbations, respectively, whose scale (in %) is shown on the right. The length of black bars denotes the RAN amplitude, 
whose scale (in %) is also shown on the right. The horizontal and vertical bars denote positive RAN ( Ph PvE V V  ) and negative RAN ( Pv PhE V V  ), respectively. 
Areas with hit counts <5 are masked in white. The red triangles, red dots, black triangles, and the thin black line denote active volcanoes, hot springs, seismic 
stations, and a plate boundary, respectively. BB = Baffin Bay; BI = Baffin Island; DS = Davis Strait; EM = Ellesmere Island; GL = Greenland; IL = Iceland; 
JM = Jan Mayen; LS = Labrador Sea; NEG = Northeast Greenland; SB = Svalbard.
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Figure 4. Vertical cross-sections of PE V  radial anisotropy (RAN) tomography along (a) 11 N-S oriented profiles and (b) 
nine E-W oriented profiles. Locations of the profiles are shown on the inset maps. Blue and red colors denote high and 
low isotropic PE V  perturbations, respectively, whose scale (in %) is shown at the bottom. The length of black bars denotes 
the RAN amplitude, whose scale (in %) is also shown at the bottom. The horizontal and vertical bars denote positive 
RAN ( Ph PvE V V  ) and negative RAN ( Pv PhE V V  ), respectively. Areas with hit counts <5 are masked in white. The 410- 
and 660-km discontinuities are indicated by white solid lines. The thick black lines on the surface denote land areas. 
Active volcanoes within a ±2° width of each profile are shown as red triangles. BB = Baffin Bay; BI = Baffin Island; 
DS = Davis Strait; EM = Ellesmere Island; GL = Greenland; IL = Iceland; JM = Jan Mayen; LS = Labrador Sea; NEG = 
Northeast Greenland; SB = Svalbard.
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southwestern Greenland. The NEG body corresponds well to the strong 
AAN that exhibits N-S to NE-SW FVDs. On the other hand, the AAN 
in southwestern Greenland does not clearly correspond to the high- 0PE V  
anomaly, and the predominant FVDs are NE-SW to E-W. No significant 
AAN is seen in central Greenland, which appears to separate these two 
regions. Even at depths of 490 and 550 km, the overall characteristics do 
not change largely. The NEG body is obscured, but the AAN still remains, 
exhibiting N-S to NE-SW FVDs. The predominant FVD in southwestern 
Greenland is E-W. No strong AAN appears beneath the Iceland, Jan May-
en, and Svalbard hotspots. However, only beneath Iceland, a weak AAN 
with N-S to NW-SE FVDs occurs at depths of 190–550 km.

Vertical cross-sections are shown in Figures 7 and 8. The characteristics 
of the isotropic component are almost the same as those of RAN tomog-
raphy. In the cross-sections through Iceland, Jan Mayen, and Svalbard 
(e.g., J-J’ and K-K’ sections in Figure 7a), a weak AAN with N-S to NW-SE 
FVDs appears at depths ≤600 km beneath Iceland, but the AAN is hardly 
seen beneath Jan Mayen and Svalbard. The high- 0PE V  body in the upper 
mantle between Jan Mayen and Svalbard (the NEG body) has a remark-
able AAN with N-S to NE-SW FVDs. In the cross-sections from Iceland 
to central Greenland (e.g., C-C’ section in Figure 8a), the AAN weakens 
in the thinned low- 0PE V  zone beneath central Greenland (the CGLLVZ). In 
the cross-sections through Baffin Island and western Greenland (e.g., F-F’ 
section in Figure 7b), a moderate AAN with NE-SW FVD is predominant 
in the upper mantle beneath Davis Strait, which continues to a region 
beneath the west coast of Greenland. The similar AAN seems to extend 
to a region beneath Baffin Island, but here N-S FVDs are more predomi-
nant. Going further south and looking at the cross-sections through the 
Labrador Sea, the AAN weakens in and around the weak low- 0PE V  zone at 
depths ≤300 km, but a stronger AAN with E-W FVDs becomes prominent 
at depths of 300–500 km (e.g., H-H’ section in Figure 7b).

4.3. Isotropic Tomography

For comparison, we conducted another inversion for only the isotropic 
component with the same parameters and grid settings (Figures S8–S10 
in Supporting Information S1). The final root-mean-square (RMS) trav-
el-time residual is 0.647 s after the inversion for only the isotropic com-
ponent, 0.615 s for RAN, and 0.608 s for AAN, indicating that the 3-D 
velocity model fits the data better when anisotropy is included in the in-
version (Figure 9).

We further conduct a tomographic inversion for the 3-D isotropic PE V  
structure with exactly the same grid and parameter settings as Toyokuni 
et al. (2020a) using our new data set. We adopt a horizontal grid interval 
of 2° in both longitude and latitude directions, and the 2-D grid meshes 

are set at depths of 5, 20, 40, 60, 80, 100, 120, 140, 160, 190, 220, 250, 280, 310, 340, 370, 400, 430, 460, 490, 
520, 550, 580, 610, 640, 670, and 700  km. The damping and smoothing parameters are 40 and 1/5,000, 
respectively. Map views and vertical cross-sections of the results are shown in Figure S11 in Supporting In-
formation S1 and Figures S12 and S13 in Supporting Information S1, respectively. All the features described 
in Section 1, e.g., the CGLLVZ, the NEG body, and the three plumes beneath Iceland, Jan Mayen and Sval-
bard, are well visible in these results, confirming the robustness of the images obtained by the isotropic PE V  
tomography.

Figure 5. Same as Figure 4 but along (a) seven NW-SE oriented profiles 
and (b) seven NE-SW oriented profiles.
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Figure 6. Same as Figure 3 but for PE V  azimuthal anisotropy (AAN) tomography. The length of black bars denotes the 
AAN amplitude, whose scale (in %) is shown on the right. The bar orientation denotes fast-velocity direction (FVD). 
The other symbols are the same as those in Figure 3 except for displaying the meridian of the geographical coordinates 
so that the FVDs are more visible.
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5. Resolution Tests
5.1. Outlines and Input Models

We performed extensive resolution tests, including restoring resolution 
tests (RRTs) (Zhao et al., 1992), trade-off tests (TOTs), and synthetic res-
olution tests (SRTs), to evaluate the ray coverage and spatial resolution 
of our models. The RRT uses an input model highlighting the patterns 
of both isotropic and anisotropic components in the main tomographic 
results, and examines how much the input pattern is recovered in the 
output model. The TOT uses an input model similar to the RRT but only 
contains isotropic or anisotropic components, and examines leakage 
from isotropic to anisotropic components or from anisotropic to isotrop-
ic components. The SRT uses an input model with synthetic anisotropic 
anomalies, and examines the degree of recovery of the input pattern in 
both the vertical and horizontal directions.

For the RAN tomography, we performed one RRT (RAN-RRT) and two 
TOTs (RAN-TOT1 and RAN-TOT2) (Table  1). To create the RAN-RRT 
input model for the isotropic component, at grid nodes with 0PE V  anom-
alies >+0.6% or <−0.6% in the RAN tomographic results, constant 0PE V  
anomalies of +3% or −3% are assigned. For the anisotropic component, 
at grid nodes with E  >+1.0% or <−1.0% in the RAN tomographic results, 
constant E  of +2% or −2% are assigned. The isotropic PE V  perturbation and 
anisotropy at the other grid nodes are set to zero. The RAN-TOT1 input 
model contains only the isotropic component to examine leakage from 
the isotropic to anisotropic components. The RAN-TOT2 input model 
contains only the anisotropic component to examine leakage from the 
anisotropic to isotropic components.

For the AAN tomography, we performed one RRT (AAN-RRT), two TOTs 
(AAN-TOT1 and AAN-TOT2), and eight SRTs (AAN-SRT1−AAN-SRT8) 
(Table 1). Note that the SRTs were performed only for the AAN tomog-
raphy, because the AAN tomography is harder to determine due to more 
unknown parameters as compared with the RAN tomography. To create 
the AAN-RRT input model for the isotropic component, at grid nodes 
with 0PE V  anomalies >+0.6% or <−0.6% in the main AAN tomographic 
results, we assign constant 0PE V  anomalies of +3% or −3%. For the aniso-
tropic component, at grid nodes with E  >+1.0% in the AAN tomographic 
results, we assign constant E  of +2%. As for the FVD, at the grid nodes 
where FVD is in the range from −45.0° to −22.5°, from −22.5° to 22.5°, 
from 22.5° to 67.5°, from 67.5° to 112.5°, and from 112.5° to 135.0° in the 
main AAN tomographic results, we assign a constant value of −45.0°, 
0.0°, 45.0°, 90.0°, and −45.0°, respectively, in the RRT input model. The 
isotropic PE V  perturbation and anisotropy at the other grid nodes are set 
to zero. As in the case of RAN tomography, AAN-TOT1 and AAN-TOT2 
are performed to examine the leakage from isotropic to anisotropic com-
ponents and from anisotropic to isotropic components, respectively. The 
AAN-SRT1 to AAN-SRT8 are eight SRTs whose input models contain 
synthetic anisotropic anomalies. The purpose of the SRTs is summarized 
as follows: (a) examine where anisotropy weakens by giving an aniso-
tropy pattern in a wider range than that in the RRT; (b) examine hori-
zontal recovery by giving different anisotropic patterns in the north and 
south of the study region, and also examine whether the resulting pattern 
has any directional biases by assigning both a pattern close to the main 
tomographic results and a pattern orthogonal to that; and (c) examine 

Figure 7. Same as Figure 4 but for PE V  azimuthal anisotropy (AAN) 
tomography. The length of black bars denotes the AAN amplitude, 
whose scale (in %) is shown at the bottom. The bar orientation denotes 
fast-velocity direction (FVD): vertical bars denote N-S FVDs, whereas 
horizontal bars denote E-W FVDs. Note that the orientation is shown in 
the geographical coordinates. The other symbols are the same as those in 
Figure 4.
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vertical smearing by assigning different patterns at depths <400 km and 
>400 km.

Synthetic data sets for all the RRT, TOT, and SRT inversions for both the 
RAN and AAN cases are constructed by calculating theoretical arrival 
times for each input model but with random errors added, which range 
between −0.3 and +0.3 s with a standard deviation of 0.1 s.

5.2. RAN Test Results

Main features of the RAN test results are summarized in Figure 10. Map 
views of the results are shown in Supporting Information S1 for the RAN-
RRT (Figure S14 in Supporting Information S1), RAN-TOT1 (Figure S15 
in Supporting Information S1), and RAN-TOT2 (Figure S16 in Support-
ing Information S1). Regarding the RAN-RRT results (Figures 10a and 
S14 in Supporting Information S1), due to strong smoothing in the in-
version of this study, both isotropic and anisotropic components spread 
more widely than those in the input model. However, main features of 
both the isotropic and anisotropic components are generally recovered 
at depths of 100–750 km, although the recovery of anisotropic compo-
nent is slightly worse at depths of 670 and 750 km. Regarding the RAN-
TOT1 results (Figures  10b and S15 in Supporting Information  S1), the 
isotropic component is well recovered at depths of 100–670 km. On the 
other hand, leakage from the isotropic PE V  to the anisotropic component 
with an anisotropic amplitude greater than 1% can be confirmed mainly 
at depths of 190–550  km. However, the pattern of anisotropy is differ-
ent from that of the main RAN tomographic results (Figure 3), and the 
maximal amplitude of anisotropy is about 60% of those for the RAN-RRT 
case, so the influence of trade-off on the tomographic result is considered 
to be small. Regarding the RAN-TOT2 results (Figures  10c and S16 in 
Supporting Information S1), the anisotropy pattern is well recovered at 
depths ≤670 km, and there is almost no leakage from the anisotropy to 
isotropic PE V  .

5.3. AAN Test Results

Main features of the AAN test results are summarized in Figure  11. 
Map views of the results are shown in Supporting Information  S1 for 
the AAN-RRT (Figure S17 in Supporting Information  S1), AAN-TOT1 
(Figure S18 in Supporting Information  S1), AAN-TOT2 (Figure S19 in 
Supporting Information S1), AAN-SRT1 (Figure S20 in Supporting Infor-
mation S1), AAN-SRT2 (Figure S21 in Supporting Information S1), AAN-
SRT3 (Figure S22 in Supporting Information S1), AAN-SRT4 (Figure S23 
in Supporting Information  S1), AAN-SRT5 (Figure S24 in Supporting 
Information S1), AAN-SRT6 (Figure S25 in Supporting Information S1), 
AAN-SRT7 (Figure S26 in Supporting Information S1), and AAN-SRT8 

(Figure S27 in Supporting Information  S1). Vertical cross-sections of the AAN-SRT1 to AAN-SRT8 and 
AAN-RRT results along five profiles are shown in Figures S28–S32 in Supporting Information S1. Similar to 
the RAN case, the effect of smoothing can be seen in the AAN-RRT results (Figures 11a and S17 in Support-
ing Information S1), but the characteristics of both isotropic and anisotropic components can be recovered 
well at depths of 100–750 km. The AAN-TOT1 results (Figures 11b and S18 in Supporting Information S1) 
show that the isotropic components are well recovered at all depths. The leakage from the isotropic to ani-
sotropic components becomes significant at depths ≥250 km, but its amplitude is relatively weak compared 
to the AAN-RRT results, and the anisotropic pattern is also different from that of the main AAN tomo-
graphic results. Regarding the AAN-TOT2 results (Figures 11c and S19 in Supporting Information S1), the 

Figure 8. Same as Figure 7 but along (a) seven NW-SE oriented profiles 
and (b) seven NE-SW oriented profiles.
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Figure 9. Comparison of (a) isotropic PE V  tomography, (b) PE V  radial anisotropy (RAN) tomography, and (c) PE V  azimuthal 
anisotropy (AAN) tomography with the same 3-D grids, and the same damping and smoothing parameters. The layer 
depth is shown at the lower-right corner of each panel. The RMS P-wave travel-time residual for each model is shown at 
the top.



Earth and Space Science

TOYOKUNI AND ZHAO

10.1029/2021EA001800

16 of 26

anisotropic characteristics are well recovered at depths ≤670 km, and there is almost no leakage from the 
anisotropic to isotropic components. The AAN-SRT1 (Figures 11d and S20 in Supporting Information S1) 
and AAN-SRT2 (Figures 11e and S21 in Supporting Information S1) results show that the input isotropic 

PE V  pattern is slightly distorted by the strong artificial anisotropic components. However, the two-layered 
anisotropy and its FVDs are well recovered at depths of 190–370 km and 550–670 km, with a disturbance 
at depths of 430–490 km. In particular, the input FVDs in the AAN-SRT2 case at depths of 190–370 km are 
well recovered, although they have a sense that is orthogonal to the anisotropic pattern obtained by the 
main AAN tomographic results, confirming the reliability of the obtained FVDs. The AAN-SRT3 (Figure 
S22 in Supporting Information S1) and AAN-SRT4 (Figure S23 in Supporting Information S1) results show 
a better recovery of the input two-layered synthetic anisotropy, indicating that the azimuthal coverage of 
the rays used in our inversion are sufficient to reveal the AAN in this region. On the other hand, compari-
sons with the AAN-SRT1 and AAN-SRT2 results show that there are several regions where the anisotropic 
pattern is disturbed or weakened by the isotropic component. The AAN-SRT5 to AAN-SRT8 results (Figures 
S24–S32 in Supporting Information S1) show that the range of vertical smearing of the isotropic and ani-
sotropic features is from 100 km to a few hundred kilometers depending on the model characteristics (e.g., 
the distribution and strength of the anisotropic structure) and region. In the case of an anisotropic structure 
consisting of two layers with orthogonal FVDs and the same anisotropic amplitude, vertical smearing is 
relatively small (∼100 km). On the other hand, if the layers with strong anisotropy are unevenly distributed 
near the surface or the deep mantle, the vertical smearing becomes serious to several hundred kilometers. 
The vertical smearing is relatively serious beneath Iceland and Jan Mayen due to relatively sparse ray cov-
erage there. The vertical smearing of the isotropic PE V  model is less severe than the anisotropic model due to 
the finer grid interval for the isotropic component.

Name Description of the initial model

RAN-RRT Restoring resolution test. Highlights the pattern of actual RAN tomographic results. 
Isotropic component: Contains high- 0PE V  (+3%) and low- 0PE V  (−3%). Anisotropic 
component: Contains positive E  (+2%) and negative E  (−2%).

RAN-TOT1 Trade-off test. Similar to the RAN-RRT model, but without the anisotropic component.

RAN-TOT2 Trade-off test. Similar to the RAN-RRT model, but without the isotropic component.

AAN-RRT Restoring resolution test. Highlights the pattern of actual AAN tomographic results.
Isotropic component: Contains high- 0PE V  (+3%) and low- 0PE V  (−3%). Anisotropic 
components: E  = +2%, E  = −45°, 0°, 45°, or 90°.

AAN-TOT1 Trade-off test. Similar to the AAN-RRT model, but without the anisotropic components.

AAN-TOT2 Trade-off test. Similar to the AAN-RRT model, but without the isotropic component.

AAN-SRT1 Synthetic resolution test. The input model contains the following structures: Isotropic 
component: Same as the AAN-RRT; Anisotropic components: For a region in 
the latitude range 0°–20°, E  = +2%, E  = −45° at depths <400 km, and E  = +2%, 
E  = 45° at depths >400 km. For a region in the latitude range −20°−0°, E  = +2%, 
E  = 45° at depths <400 km, and E  = +2%, E  = −45° at depths >400 km.

AAN-SRT2 Synthetic resolution test. The input model contains the following structures: Isotropic 
component: Same as the AAN-RRT; Anisotropic components: For a region in 
the latitude range 0°–20°, E  = +2%, E  = 45° at depths <400 km, and E  = +2%, 
E  = −45° at depths >400 km. For a region in the latitude range −20°−0°, E  = +2%, 
E  = −45° at depths <400 km, and E  = +2%, E  = 45° at depths >400 km.

AAN-SRT3 Same as the AAN-SRT1 but without isotropic component.

AAN-SRT4 Same as the AAN-SRT2 but without isotropic component.

AAN-SRT5 Same as the AAN-SRT2 but the perturbation exists only at depths <400 km.

AAN-SRT6 Same as the AAN-SRT1 but the perturbation exists only at depths <400 km.

AAN-SRT7 Same as the AAN-SRT1 but the perturbation exists only at depths >400 km.

AAN-SRT8 Same as the AAN-SRT2 but the perturbation exists only at depths >400 km.

Table 1 
Information on the 14 Resolution Tests Performed by This Study
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6. Discussion
The resolution tests described in Section 5 show that our tomographic results are reliable at depths 190–
670 km. Hence, we focus our discussion on the structure at depths of 190–550 km where both the RAN and 
AAN results do not change significantly at any depth, whose characteristics are shown on maps at a depth 
of 310 km in Figures 12a and 12b. Table 2 summarizes the characteristics of isotropic component, RAN, 
and AAN for seven areas (NEG body, Iceland hotspot, Jan Mayen hotspot, Svalbard hotspot, Labrador Sea, 
Davis Strait, and Baffin Bay).

First, the main AAN features (Figure 12b) beneath Iceland and Greenland are compared with the SWS 
measurements in Iceland and Greenland (Figures  12c and  12d). The SWS measurements in Iceland re-
vealed N-S to NW-SE FPOs, which are interpreted to reflect anisotropy and background mantle flow at 
depths shallower than 200 km (Figure 12c; Bjarnason et al., 2002). Our tomographic results also show N-S 
to NW-SE FVDs beneath Iceland that are consistent with the SWS measurements, although the tomograph-
ic results reflect features in much deeper mantle portions. The SWS results in Greenland is considered to 
mainly reflect anisotropy in the upper mantle, but some contributions from the crust and lower mantle may 

Figure 10. Summary of the resolution tests for PE V  radial anisotropy (RAN) tomography. Map view images of the input (left panels) and output (right panels) 
models of the (a) RAN-RRT, (b) RAN-TOT1, and (c) RAN-TOT2 at depths of 310 and 550 km. The layer depth is shown at the lower-right corner of each panel. 
The scales and symbols are the same as those in Figure 3.
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Figure 11. Summary of the resolution tests for PE V  azimuthal anisotropy (AAN) tomography. Map view images of the 
input (left panels) and output (right panels) models of the (a) AAN-RRT, (b) AAN-TOT1, (c) AAN-TOT2, (d) AAN-
SRT1, and (e) AAN-SRT2 at depths of 310 and 550 km. The layer depth is shown at the lower-right corner of each 
panel. The scales and symbols are the same as those in Figure 6.
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be present (Figure 12d; Ucisik et al., 2008). The overall characteristics of the tomography and SWS results 
are quite similar. For example, the FVD along the coastline is dominant beneath the northeastern coast of 
Greenland, no apparent anisotropy occurs beneath the SUMG station in central Greenland, and a NE-SW 
FVD is dominant beneath the west coast of Greenland. Similar to the SWS measurements that have poor 
depth resolution, the vertical resolution of our tomography is not so high. In addition, small regions with 
weaker anisotropy may be masked by surrounding regions with stronger anisotropy. However, the resolu-
tion tests indicate that, if there are two layers with similar anisotropic amplitudes but completely different 
FVDs in the upper mantle (190–370 km depths) and MTZ (550–670 km depths), our tomography can distin-
guish them. In the following, we discuss the main features in each of the seven areas in Figures 12a and 12b 
and Table 2.

Figure 12. Main features of seismic anisotropy obtained by this study and comparison with shear wave splitting (SWS) measurements. Map view images of (a) 
PE V  radial anisotropy (RAN) tomography and (b) PE V  azimuthal anisotropy (AAN) tomography at 310-km depth obtained by this study. The scales are shown on 

the right. The major regions are numbered 1–7, whose features are summarized in Table 2. The other symbols are the same as those in Figures 3 and 6. (c) SWS 
measurements at 16 stations in Iceland (Bjarnason et al., 2002). The thick black bars denote the azimuthal fast-polarization orientation (FPO) whose length 
showing the time delay. (d) SWS measurements at 20 stations in Greenland (Ucisik et al., 2008). The thick red bars denote the FPO whose length showing 
the time delay, whereas the thin brown bars denote their 2E  uncertainties. The two yellow dots denote seismic stations where SWS is not observed. The green 
open circle is the location of the Iceland plume ∼60 Ma and the green arrows suggest the flow of plume material away from the upwelling. BB = Baffin Bay; 
DS = Davis Strait; GL = Greenland; IL = Iceland; JM = Jan Mayen; LS = Labrador Sea; NEG = Northeast Greenland; SB = Svalbard.
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6.1. The Northeast Greenland Body

The NEG body is characterized by a high- 0PE V  anomaly, a strong negative RAN ( Pv PhE V V  ), and a strong AAN 
with N-S to NE-SW FVDs. The NE-SW FVDs in the NEG body are also consistent with the Sv-wave model 
of AAN (Pilidou et al., 2004). This body is presumed as a remnant of the oceanic lithosphere that made 
up the Iapetus Ocean closed at 490−390 Ma (Toyokuni et al., 2020a). The causes of seismic anisotropy in 
such a cold rock body may be: (a) fossil anisotropy originally possessed by the oceanic lithosphere, (b) SPO 
associated with the shape and texture of the rock body, and (c) LPO accompanying with mantle flow. Since 
both the isotropic and anisotropic characteristics inside the NEG body are clearly different from those in 
the surrounding regions, we consider that (a) and (b) are likely responsible. The pressing of the NEG body 
against the land and the formation of the Caledonian fold belt occurred at the same time. Since the fold axis 
of the Caledonian fold belt on the surface is in the N-S direction, we expect that the FVDs due to SPO are 
likely to be dominant in the direction orthogonal to the compression axis at that time (Okaya et al., 2018). 
Furthermore, Danmarkshavn Basin with a thick sediment infill (Henriksen et al., 2009) is located just above 
the NEG body. The existence of the thick sediments suggests that the basement rocks beneath this basin are 
heavier than those in the surrounding areas. Therefore, we think that the heavier oceanic lithosphere in the 
NEG body causes greater vertical compression, resulting in Pv PhE V V  .

6.2. Iceland, Jan Mayen, and Svalbard Hotspots

The upper mantle beneath the Iceland hotspot is characterized by a strong positive RAN ( Ph PvE V V  ) and 
a weak AAN with N-S to NW-SE FVDs, which may primarily be associated with the Iceland plume. The 
Iceland plume is one of the strongest buoyant plumes in the world, and so is estimated that the rising rate 
of mantle material in the center of the plume is extremely fast. Possible causes of anisotropy in such plumes 
are (a) LPO associated with the flow of the plume and the surrounding mantle, and (b) SPO due to the shape 
of the plume and the heterogeneous distribution of mantle materials with different temperatures. Regard-
ing (a), the vertical LPO is dominant in the plume center, whereas in the surrounding regions, the mantle 
flow is drawn toward or diverges from the plume center, creating a radial flow field that dominates horizon-
tal LPO (Marquart et al., 2007). Regarding (b), low-V material continues in the vertical direction along the 
rising plume, whereas in the horizontal direction, the material properties change from low-V at the plume 
center to high-V in the surrounding regions, resulting in horizontal FVDs that are distributed radially from 
the plume center. Therefore, in both cases, the feature of Ph PvE V V  appears macroscopically, and a weak or 
negligible AAN is expected because the radial FVDs are canceled. Such an interpretation well explains the 
results of this study. Because there is no resolution for the narrow central conduit of the rising plume in the 
tomographic inversions in the current spatial scale, the feature of Ph PvE V V  is expected to be dominant in 
RAN, reflecting the properties in the surrounding wide areas.

The resolution test results suggest that the strong isotropic low- PE V  anomaly beneath Iceland weakens AAN, 
and the AAN with NE-SW FVDs is difficult to detect (Figure S29 in Supporting Information S1). Therefore, 
one should be careful when interpreting the weak AAN with NW-SE FVDs detected by this study. On the 
one hand, this result is in good agreement with the SWS results (Figures 12c and Bjarnason et al., 2002) as 
we mentioned above. The background mantle flow in the same direction is also reported to exist at 600 km 

Number Region Isotropic RAN AAN

1 NEG body High-V Strong Pv PhE V V Strong N-S to NE-SW

2 Iceland hotspot Low-V Strong Ph PvE V V Weak N-S to NW-SE

3 Jan Mayen hotspot Low-V Strong Ph PvE V V Negligible

4 Svalbard hotspot Low-V Strong Ph PvE V V Negligible

5 Labrador Sea Low-V Strong Ph PvE V V Negligible

6 Davis Strait High-V Strong Ph PvE V V  (South); Negligible (North) Strong NE-SW to E-W

7 Baffin Bay Average Negligible Negligible

Table 2 
Isotropic and Anisotropic Features in the Seven Major Regions in Figure 12
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depth (Ito et al., 2014). The weak FVDs we found are also in the same direction, supporting the existence of 
background mantle flow beneath Iceland.

Previous studies also suggested the presence of mantle plumes beneath the Jan Mayen (e.g., Elkins 
et al., 2016; Schilling et al., 1999) and Svalbard hotspots (Toyokuni et al., 2020a). In this study, a strong posi-
tive RAN ( Ph PvE V V  ) and a negligible AAN are found beneath these hotspots, and so the existence of mantle 
plumes is more conclusive according to the same interpretation as in the case of Iceland plume. In addition, 
unlike the case of Iceland plume, there is no weak AAN reflecting the background mantle flow beneath the 
Jan Mayen hotspot. The AAN-SRT1 and AAN-SRT2 results show that if AAN is originally present beneath 
Jan Mayen, it can be sufficiently detected (Figures 11d and 11e). Therefore, this result may suggest that the 
Iceland plume and the Jan Mayen plume may belong to different plume systems. The difference between 
the Iceland and Jan Mayen plumes was also pointed out by geochemical studies due to their difference in 
magma composition (e.g., Schilling et al., 1999). Toyokuni et al. (2020b) also suggested that the Jan Mayen 
and Svalbard plumes are tributaries of the Greenland plume rising from the CMB beneath Greenland, and 
so the plume system is distinguishable from the rather isolated Iceland plume. The results of this study 
reinforce such previous interpretations.

In the cross-sections of the RAN and AAN tomography passing through Greenland and Iceland, or Green-
land and Jan Mayen, CGLLVZ is clearly visible in the isotropic PE V  image inside the lithosphere beneath 
Greenland, whose thickness is estimated to be >200 km (Artemieva, 2019; Jakovlev et al., 2012). The origin 
of CGLLVZ is thought to be residual heat of the Iceland and Jan Mayen plumes (Toyokuni et al., 2020a). The 
RAN cross-sections show that the RAN amplitude, which is very large beneath Iceland, suddenly weakens 
when entering CGLLVZ. This may be due to that CGLLVZ is currently out of the mantle plumes, reinforcing 
the interpretation of Toyokuni et al. (2020a).

6.3. Labrador Sea, Davis Strait, and Baffin Bay

Breakup between Greenland and Canada is estimated to have occurred during the Late Cretaceous to early 
Cenozoic (Henriksen et al., 2009), but the cause of the breakup is currently under debate. So far, two con-
tradicting hypotheses have been proposed: active breakup caused by the rising Iceland plume beneath Davis 
Strait, and passive breakup caused by far-field plate forces. Peace et al.  (2017) refutes the mantle plume 
hypothesis by combining various observations, and proposed that the breakup began in the Labrador Sea in 
the south by far-field plate forces, but it was blocked by a thick continental keel beneath Davis Strait and did 
not propagate to Baffin Bay in the north.

Our results show that the Labrador Sea is characterized by a strong positive RAN ( Ph PvE V V  ) and a negli-
gible AAN, which is similar to the features of the mantle plume described in Section 6.2. In addition, the 
isotropic tomography shows a conduit-like low- PE V  anomaly at depths ≤300 km (Figure S7 in Supporting 
Information S1), suggesting the existence of local mantle upwelling. On the other hand, beneath Baffin 
Bay, there is no characteristic aspect because the isotropic component is average, and both RAN and AAN 
are negligible. The AAN-SRT1 to AAN-SRT8 results show that if AAN exists beneath Baffin Bay and the 
Labrador Sea, it can certainly be detected (Figures 11d and 11e, and S28 in Supporting Information S1). Da-
vis Strait, located between these two areas, exhibits a clear high- PE V  corridor extending from land at depths 
of 160–430 km (Figure S11 in Supporting Information S1), suggesting the presence of cold and rigid rock 
bodies as mentioned by Peace et al. (2017). The AAN is remarkably strong only in this area, showing NE-
SW to E-W FVDs that are continuous from the west coast of Greenland and Baffin Island, also supporting 
the existence of rock bodies. The E-W FVDs beneath Davis Strait are also consistent with the global SE V  
anisotropy model (Schaeffer et al., 2016). Such FVDs are considered to reflect fossil anisotropy of rock body 
and/or LPO by mantle flow. A positive RAN ( Ph PvE V V  ) continuing from the Labrador Sea is dominant in 
the south, but it becomes negligible in the north. Combining the above features, we suggest the following 
process of the breakup between Greenland and Canada: the opening of the Labrador Sea was initiated by a 
local mantle upwelling, but the rock body beneath Davis Strait prevented the northward propagation of the 
breakup, while the Baffin Bay opened by a passive rift due to far-field plate forces. This is in good agreement 
with the interpretation of Peace et al. (2017), but we suggest the existence of a local mantle upwelling be-
neath the Labrador Sea, which could be the driving force of the breakup.
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Traditionally, the Tertiary basalt province on the west coast of Greenland was thought to have been formed 
by the Iceland plume track. However, several recent studies do not support this interpretation (Martos 
et al., 2018; Toyokuni et al., 2020a). Locally enhanced magmatism due to the northward-propagating Labra-
dor Sea rift is blocked beneath Davis Strait may be a rational explanation for the Tertiary basalt province and 
existence of hot springs on the west coast of Greenland. In addition, Toyokuni et al. (2020a) suggested that 
the high GHF (Martos et al., 2018) and low- PE V  in the Archean block in southern Greenland were caused by 
a selective heat transfer from a hot mantle material beneath the Labrador Sea. The existence of local mantle 
upwelling suggested by this study reinforces this possibility. A recent tomographic study on Arctic region 
suggests that subduction-driven corner flow due to a giant stagnant slab beneath Canada and Greenland 
might be the origin of this local mantle upwelling (Toyokuni & Zhao, 2021).

Figure 13 shows a comparison of our RAN and AAN tomographic images with simulation results of the 
mantle flow field due to the rising Iceland plume (Marquart et al., 2007). The regions where the vertical 
flow is predominant in the simulation are narrow, which supports our interpretation that there is no reso-
lution for the narrow central conduit of the rising plume in our tomography, and so the feature of Ph PvE V V  
is dominant in RAN. The FVDs of AAN beneath Greenland are in good agreement with the directions of 
mantle flow, except at a depth of 680 km, where our tomographic resolution is relatively lower. Because the 
strong AAN areas correspond to the NEG body and another rock body beneath Davis Strait, the resulting 
anisotropy may be strongly influenced by the fossil anisotropy and SPO in these bodies. However, the good 
agreement of our results with the mantle flow model suggests that the LPO due to the rising Iceland, Jan 
Mayen, and Svalbard plumes is possibly detected by our anisotropic tomography.

7. Conclusions
The first 3-D P-wave RAN and AAN model beneath Greenland and its surrounding regions down to 750 
km depth is obtained by inverting a large number of high-quality P-wave arrival-times of local earthquakes 
and relative travel-time residuals of teleseismic events recorded by the GLISN and other seismic stations. 
The anisotropic features are well resolved at depths of 190–670 km. Our novel tomographic results reveal 
the following features.

 (1)  The NEG body distributed from Northeast Greenland to its offshore at depths ≤∼500 km exhibits a 
strong negative RAN ( Pv PhE V V  ) and a strong AAN with N-S to NE-SW FVDs. Because the NEG body 
is considered as a remnant of oceanic lithosphere of the Iapetus Ocean closed at 490−390 Ma when 
Laurentia and Baltica collided, the RAN and AAN might reflect fossil anisotropy inside the oceanic 
lithosphere, SPO associated with the compression, and/or LPO associated with mantle flow due to the 
upper-mantle plume system such as the Iceland plume

 (2)  Low- PE V  zones beneath the Iceland, Jan Mayen, and Svalbard hotspots are characterized by a strong posi-
tive RAN ( Ph PvE V V  ) and negligible or weak AAN, which may reflect horizontal radial LPO and/or SPO 
centered at the rising mantle plumes. The existence of Svalbard plume was first suggested by Toyokuni 
et al. (2020a), but this study confirms it more concretely from the perspective of seismic anisotropy. 
Furthermore, a weak AAN is revealed only beneath Iceland, which might reflect the background man-
tle flow. This locality might suggest differences of the Iceland plume system in the south and the Jan 
Mayen−Svalbard plume system in the north, as pointed out in Toyokuni et al. (2020b)

 (3)  The upper mantle beneath the Labrador Sea is characterized by isotropic low- PE V  and a strong positive 
RAN ( Ph PvE V V  ) and a negligible AAN, suggesting the presence of local mantle upwelling. On the other 
hand, the upper mantle beneath Baffin Bay has an average isotropic feature and no noticeable anisot-
ropy. Davis Strait, located between these two regions, is characterized by isotropic high- PE V  , a transitive 
RAN, and a strong AAN, suggesting the presence of cold rock bodies. These results suggest that breakup 
between Greenland and Canada might be caused as follows: the breakup started at the Labrador Sea be-
cause of local mantle upwelling, the northward propagation of the breakup was blocked at Davis Strait, 
and Baffin Bay was opened by far-field plate forces
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Data Availability Statement
Part of the arrival-time data are downloaded from the ISC (http://www.isc.ac.uk/). The waveform data are 
downloaded from the IRIS/DMC (https://ds.iris.edu/ds/nodes/dmc/). Part of the event data are also down-
loaded from the USGS (https://www.usgs.gov/). The 3-D P-wave velocity models obtained in this study are 
available in Toyokuni et al. (2021) (Zenodo, https://doi.org/10.5281/zenodo.5225854).

Figure 13. Comparison of the mantle flow field simulated by Marquart et al. (2007) (left) with PE V  radial anisotropy (RAN) tomography (middle) and azimuthal 
anisotropy (AAN) tomography (right) obtained by this study. The layer depth is shown above each map on the left. In the mantle flow field, horizontal flow is 
shown by arrows whose scales are displayed on the 440-km map for the upper mantle, and on the 680-km map for the lower mantle; vertical flow is shown by 
colors whose scale is shown at the bottom-left. The RAN and AAN tomographic images are the same as those in Figures 3 and 6, respectively, except that they 
are displayed in the Cartesian coordinates.

http://www.isc.ac.uk/
https://ds.iris.edu/ds/nodes/dmc/
https://www.usgs.gov/
https://doi.org/10.5281/zenodo.5225854
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