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Abstract We present a high-resolution shear wave velocity model of Greenland’s lithosphere from
regional and teleseismic Rayleigh waves recorded by the Greenland Ice Sheet Monitoring Network
supplemented with observations from several temporary seismic deployments. To construct Rayleigh wave
group velocity maps, we integrated signals from regional and teleseismic earthquakes with several years of
ambient seismic noise and used the dispersion to constrain crustal and upper-mantle seismic shear wave
velocity structure. Specifically, we used a Markov Chain Monte Carlo technique to estimate 3-D shear wave
velocities beneath Greenland to a depth of 200 km. Our model reveals four prominent anomalies: a deep
high-velocity feature extending from southwestern to northwestern Greenland that may be the signature of
a thick cratonic keel, a corridor of relatively low upper-mantle velocity across central Greenland that could be
associated with lithospheric modification from the passage of the Iceland plume beneath Greenland or
interpreted as a tectonic boundary between cratonic blocks, an upper-crustal southwest-northeast trending
boundary separating Greenland into two regions of contrasting tectonic and crustal properties, and a
midcrustal low-velocity anomaly beneath northeastern Greenland. The nature of this midcrustal anomaly is of
particular interest given that it underlies the onset of the Northeast Greenland Ice Stream and raises
interesting questions regarding how deeper processes may impact the ice stream dynamics and the
evolution of the Greenland Ice Sheet.

1. Introduction

As with most stable continental regions, Greenland has a long and complicated tectonic history. Most of
Greenland is dominated by crystalline rocks formed during a succession of orogenic events in the Archean
and early Proterozoic and stabilized as part of Laurentia. Subsequent developments, including late
Proterozoic to Phanerozoic rifting and basin formation in north-northeast Greenland and Paleozoic orogeny
(Ellesmerian fold belt in north Greenland and Caledonian orogenic belt in east Greenland), mostly occurred
along the margins of the Greenland shield (Escher & Pulvertaft, 1995; Dawes, 2009; Henriksen et al., 2008,
2009; Roberts & Bally, 2012, Chapters 5 and 11). Late Paleozoic toMesozoic rift basin formation and sedimentary
deposition along the north, east, and west Greenland margins were closely followed by continental breakup
and seafloor spreading of the Labrador Sea in the late Cretaceous to early Cenozoic and its abandonment
and the opening of the northeast Atlantic during the Paleocene-Eocene transition (Henriksen et al., 2008;
Roberts & Bally, 2012; Stemmerik et al., 2013; Surlyk, 1990; Tsikalas et al., 2005). Breakup and seafloor spreading
were accompanied by the passage of the Iceland plume beneath Greenland during the late Cretaceous to the
late Eocene and an increase inmagmatic activity inwest and east Greenland and offshore south Greenland, cul-
minating with a voluminous outpouring of basaltic lavas and the formation of the western and eastern Tertiary
flood basalt provinces as part of the North Atlantic Igneous Province (Chalmers & Pulvertaft, 2001; Henriksen
et al., 2008; Larsen & Saunders, 1998; Larsen et al., 1999; Peace et al., 2017; Roberts & Bally, 2012; Storey et al.,
2007; Upton, 1988). The long-term effects of the passage of the Iceland plume beneath Greenland remain
debated, and postulated plume tracks vary with plate reconstruction estimates (Doubrovine et al., 2012;
Lawver & Müller, 1994; Morgan, 1983; Müller et al., 1993; O’Neill et al., 2005; Steinberger et al., 2004), especially
in western Greenland. But it is commonly argued that the high geothermal heat flux (GHF) estimated in central
eastern and northeastern Greenland (Buchardt & Dahl-Jensen, 2007; Dahl-Jensen, Gundestrup, et al., 2003;
Fahnestock et al., 2001; Greve, 2005; Petrunin et al., 2013; Rezvanbehbahani et al., 2017; Rogozhina et al., 2016;
Rysgaard et al., 2018) is the result of long-lived effects of the passage of the Greenland lithosphere over the
Icelandmantle plume. Key regions and geologic features are identified in Figure 1.
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Active and passive geophysical experiments have been conducted both offshore and onshore Greenland to
better constrain the tectonic framework of its interior. A synthesis of geological (Brooks, 2011; Dawes, 2009;
Escher & Pulvertaft, 1995; Hamann et al., 2005; Henriksen et al., 2008, 2009; Koch & Haller, 1971; Larsen et al.,
2014; Roberts & Bally, 2012) and geophysical (Funck et al., 2017; Hermann & Jokat, 2016; Schiffer et al., 2015;
Schlindwein & Jokat, 1999; Schmirdt-Aursch & Jokat, 2005; Tsikalas et al., 2005; Voss & Jokat, 2007; Voss et al.,
2009) studies of the east Greenland margin and shelf identifies pronounced differences in the crustal struc-
ture and tectonic evolution north and south of the Kong Oscar Fjord (~73°N, Figure 1), including the presence
of magmatic underplating and limited extrusion in the north versus large flood basalt provinces and no
underplating in the south. Onshore and offshore active seismic profiles in south Greenland (Alsulami et al.,
2015; Chian & Louden, 1992, 1994; Dahl-Jensen et al., 1998; Holbrook et al., 2001; Hopper et al., 2003; Keen
et al., 2012; Larsen, 1990; Nielsen et al., 2002) also show contrasting styles of rifted margins from amagmatic
to the southwest to volcanic to the southeast.

Information on the crustal structure within the continental margin is available from receiver function and
gravity analyses, but the interpretations in some places conflict. P and S wave receiver function analysis
from Kumar et al. (2007) suggests thin crust along the continental margin (30 to 35 km) and fairly homo-
geneous and thick crust (40 to 45 km) within Greenland’s interior. P wave receiver function measurements
from Dahl-Jensen, Larsen, et al. (2003) point toward a SW-NE trending boundary separating Greenland
into two distinct Proterozoic blocks with crustal thickness estimates ranging from 40–42 km in the north
to 45–50 km in the south. Gravity models (Braun et al., 2007; Petrov et al., 2016; Schiffer et al., 2018;
Steffen et al., 2017) correlate well with the seismically suggested north-south divide with thicker crust
in the southeast and thinner crust in the north. Gravity-derived crustal thickness also tends to be rela-
tively large in central-eastern Greenland.

Previous P and S wave tomographic studies (Darbyshire et al., 2004; Jakovlev et al., 2012; Lebedev et al.,
2017; Pilidou et al., 2004; Rickers et al., 2013; Schaeffer & Lebedev, 2013, 2014; Shapiro & Ritzwoller, 2002)
of Greenland’s lithosphere have shown that the upper mantle can be broadly divided into two zones: a
high seismic velocity region in the north-northwest and central western Greenland and a lower seismic
velocity region to the south-southeast. A pronounced W-E trending upper-mantle low velocity corridor
across central Greenland has also been resolved by various tomography models (Lebedev et al., 2017;
Schaeffer & Lebedev, 2013, 2014). Other studies (Jakovlev et al., 2012; Rickers et al., 2013) show, however,
very differently shaped corridors with substantial NW-SE offsets. Constraints on crustal velocity structure
are limited, and general agreement on crustal structure remains a goal. Regional crustal shear wave tomo-
graphy models from earthquake or ambient noise data suggest the presence of a low-velocity anomaly in

Figure 1. Map of different regions andmain geological features referenced in this study (left) andmap of proposed Iceland
plume tracks relative to Greenland (after Rogozhina et al., 2016). Geological studies by Henriksen et al. (2008, 2009),
Dawes (2009) and, Roberts and Bally (2012) were used to delineate the boundaries of main tectonic units. We use the
topography of the region (Amante & Eakins, 2009) as our background map. Tectonic provinces: WFBP = Western Tertiary
Basalt Province; EFBP = Eastern Tertiary Basalt Province; KFB = Ketilidian Fold Belt; SAB = South Archean Block;
NFB = Nagssugtoqidian Fold Belt; RFB = Rinkian Fold Belt; CFB = Caledonian Fold Belt; EFB = Ellesmerian Fold Belt;
NEGM = North East Greenland Margin; Major regions: NE = Northeastern Greenland; NW = Northwestern Greenland;
CE = Central eastern Greenland; CW = Central western Greenland; SE = Southeastern Greenland; SW = Southwestern
Greenland; Seas: BB = Baffin Bay; DS = David Strait; LS = Labrador Sea; GS = Greenland Sea. Other areas of interest: Purple
circle—Kong Oscar Fjord. The blue star indicates the location of a cell in central Greenland (74°N and 44.3°W) for which we
present detailed results of a 1-D shear wave velocity inversion and MCMC analysis.
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northeastern and central eastern Greenland, but the amplitude and location of this anomaly differ
between studies (Darbyshire et al., 2017; Levshin et al., 2017; Mordret, 2018).

The earlier work described above has provided valuable constraints on the properties of the crust and upper
mantle underlying Greenland, which contribute to our understanding of the regional geologic history and
help characterize the modern geologic environment. As with all regions, the accumulation of new data pro-
vides opportunity to continue to explore the region’s subsurface building on earlier efforts. Recent evidences
that parameters such as mantle temperature, viscosity, and lithospheric thickness, which affect surface heat
flow and glacial isostatic adjustment, may influence ice sheet stability and glacier dynamics (e.g., Cuffey &
Patterson, 2010; Larour et al., 2012; Pollard et al., 2005; Rogozhina et al., 2016; Stevens et al., 2016) provide
impetus to continue our efforts to construct higher-resolution images of the subsurface beneath
Greenland. For instance, a region of particular interest is the subsurface beneath the onset of the
Northeast Greenland Ice Stream (NEGIS), which is unique among ice streams in that it originates far inland
in a region of high GHF. Remotely resolving such small-scale features requires good images of the shallow
and deep structure beneath the region. A decrease in seismic velocities in northeast Greenland, if observed,
could be an indication of a potential thermal anomaly (e.g., Artemieva et al., 2004; Cammarano et al., 2003;
Fullea et al., 2009; Goes et al., 2000; Priestley & McKenzie, 2006). But the fact that seismic velocities are sensi-
tive to temperature, pressure, and composition adds to the interpretational complications. Resolving the dif-
ferences remains a challenge, and the existence of unusual compositional variations in northeast Greenland
cannot be eliminated.

In this study, we combine both ambient noise and earthquake data to investigate the lithospheric structure of
Greenland with a focus on crustal structure. The high lateral resolution achieved by our earlier earthquake
tomography (ET) maps (Pourpoint et al., 2018) and the increased bandwidth from the ambient noise allow
constraints on the shear wave velocity structure as shallow as 10 km and down to 200 km. Model uncertain-
ties are estimated from a Markov-Chain Monte Carlo (MCMC) sampling of the model space and are used to
identify robust model features. We focus our discussion and interpretation on well-constrained features
and attempt to address key questions in terms of the tectonic evolution of Greenland and how underlying
geophysical processes may impact the ice stream dynamics and ice sheet stability.

2. Group Velocity Tomography

In this section, we briefly describe the procedures we used for processing earthquake and ambient noise
data, along with the results, focusing on the results from the ambient noise tomography (ANT) which com-
plement the ET results presented by Pourpoint et al. (2018). All the waveform data used in this study were
obtained from the IRIS Data Management Center.

2.1. Earthquake Tomography

A detailed description of the processing and inversion of earthquake-based group velocities is presented in
Pourpoint et al. (2018). A brief summary is provided here. We measured group velocities from seismograms
generated by both regional and teleseismic earthquakes with a magnitude Mw ≥ 5 and a focal depth
z ≤ 100 km that were recorded between 1994 and 2014 by the Greenland Ice Sheet Monitoring Network
(GLISN; Clinton et al., 2014). GLISN is an international collaborative project with a goal of installing a perma-
nent seismic and geodetic network in Greenland to provide data for multidisciplinary studies that monitor
changes in the ice sheet dynamics and to characterize subglacial properties. GLISN includes 33 broadband
seismic stations; of these, 4 are installed on the ice sheet and 15 are deployed on bedrock along the continen-
tal margins. The remaining stations are located in the Canadian Arctic, Iceland, Jan Mayen, and Svalbard. Most
stations have been continuously recording data over at least 5 to 10 years. The stations used for ET are plotted
as black and white triangles in Figure 2.

We used a multiple-filter analysis technique (e.g., Dziewonski et al., 1969) to estimate the group velocities of
fundamental mode Rayleigh waves between periods of 25 and 170 s. To accurately resolve the structure
within our region of interest, we incorporated corrections to account for the effects of heterogeneities in
the structure outside of our study region (i.e., from the earthquake to the bounds of the study region). To
do so, we used a group velocity correction based on the global dispersion model GDM52 (Ekström, 2011)
to build path-specific dispersion curves. Despite a sparse network and limited local seismicity, this
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technique allows us to improve the ray coverage and resolution of our study compared to studies using the
two-station approach because it does not impose constraints on the array geometry and azimuthal
distribution of events (Pourpoint et al., 2018).

To invert for ET dispersion maps, we discretized the model space using uniform velocity cells that are
111 km × 111 km (one-degree square). We used an iterative reweighted generalized least squares method
to invert for the slowness in each cell. At each iteration, we reweighted the data with residuals larger than
a fixed threshold by the inverse square of their residuals. Thus, data with large residuals were weighted less
and more consistent observations weighted more in the model estimation. To stabilize this mixed-
determined problem, we also applied a series of regularizations to the model perturbations. To find the best
model that balances data misfit and model roughness, we performed a series of L-curve analyses (Aster et al.,
2005) and assessed the model simplicity, lack of obvious artifacts, and resolution of known geologic features
in choosing the preferred solution. We estimated the uncertainties in the dispersion maps by computing the
root-mean-square (RMS) of the misfit between the observed and predicted group velocities at each period
(Ritzwoller et al., 2001).

2.2. Ambient Noise Tomography

To build the ANT maps, we used the 33 GLISN stations along with eight additional broadband seismic sta-
tions: one from the XF network (Nettles, 2014), four from the Hudson Bay Lithospheric Experiment (X5 net-
work; Bastow et al., 2013), and three from the Ellesmere Island Lithosphere Experiment (1E network;
Stephenson et al., 2013). Stations used for the ANT are shown in Figure 2. Because of the relatively sparse seis-
mic network across the study region and the two-station assumption required for measuring interstation
ambient noise dispersion, strong constraints on crustal velocity variations from ANT are available only within
Greenland, so we focus our MCMC inversion and analyses to Greenland.

We used continuous vertical component seismic data recorded from 2008 to 2016 and follow the
approach described by Bensen et al. (2007) to retrieve the empirical Green’s functions between station

Figure 2. Map of the seismic stations used in this study. The stations used for earthquake tomography are plotted as
triangles with black outlines. The triangles outlined in blue represent the additional stations used for ambient noise
tomography. The stations are part of the Greenland Ice Sheet Monitoring Network (Clinton et al., 2014), and the XF (Nettles,
2014), X5 (Hudson Bay Lithospheric Experiment; Bastow et al., 2013), or 1E (Ellesmere Island Lithosphere Experiment;
Stephenson et al., 2013) networks. The topography information is from ETOPO1 (Amante & Eakins, 2009).
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pairs. Since we use the vertical components only, the primary phases in the Green’s functions are Rayleigh
waves. The main processing steps include the following: segmentation of the continuous data into daily
seismograms; preprocessing of the daily signal; normalization of the daily signal in the time domain to
reduce the effects of transient signals like earthquakes, instrumental irregularities, and nonstationary noise
sources; whitening of the daily signal over the frequency band of interest to flatten out the frequency
content across all frequencies; cross correlation of daily signals between station pairs; and stacking to
improve signal-to-noise ratio (SNR). These processing steps were performed using the MSNoise program
(Lecocq et al., 2014).

Following Yang and Ritzwoller (2008), we estimate the characteristics of the ambient noise source based
on the azimuthal distribution of the SNR of the stacked signals at all station pairs. For each station pair,
we compute the SNR of the causal and acausal components of the stacked cross-correlation signal. Given
a station pair A-B, if the SNR is stronger in the causal part of the signal (A→B), we assume that the energy
is stronger at station A. Conversely, if the SNR is stronger in the acausal component (B→A), most of the
energy is assumed to come from station B. The results of this analysis are presented as polar plots of the
noise source distribution at each station and at discrete periods in Figure 3. At a given station, the direc-
tion from which the energy is coming is shown as a vector whose length is related to the SNR and whose
direction is toward the location of the noise source. At short periods (T ≤ 10 s), the strongest energy
arrives from the north-northwest. Likely sources include oceanic gravity-wave interactions in the shallow
water of Baffin Bay and along the north-northwestern margin of Greenland. At longer periods of 10 to
15 s, we observe a gradual shift in the noise source toward the north-northeast with more energy origi-
nating from the northeast margin of Greenland. At intermediate periods of 20 to 35 s, the noise sources
are more diffuse with no obvious patterns in the energy propagation direction. The azimuthal range
decreases at periods above 45 s, with stronger noise arriving from the northeast and possibly originating
from interaction of oceanic waves in the deep water of the Greenland Sea and with the shallow coastlines
of northeast Greenland.

We estimated group velocities for periods in the range from 8 to 65 s from the symmetric components using
a multiple-filter analysis similar to that used for ET. We apply a series of quality control selection criteria
including specifying a maximum period cutoff that depends on interstation spacing, a requirement that
SNR ≥ 10 at each period, and coherence across the measurements at each period. We obtained between
127 and 303 dispersion measurements per period (see Table 1). The ray coverage is best between periods
of 10 and 40 s, decreasing at shorter and longer periods (Figure 4). Because of the station distribution, the
coverage is also best in central western and central eastern Greenland, where we can resolve group velocity
averages as small as 250 km. The results of the tomographic checkerboard and spike resolution tests (Barmin
et al., 2001) are consistent with the ray coverage (Figure 4).

To invert for ANT dispersion variations, we again discretized the model space into 111-km × 111-km cells
of uniform velocity and used an inversion scheme similar to that used for the ET. The derived group velo-
city maps (Figure 5) suggest significant variations in crustal velocity structure across Greenland. Relatively
fast velocities are resolved in the south beneath the Archean cratonic block and along the
Nagssugtoqidian fold belt and in the north beneath the Ellesmerian fold belt. A low-velocity anomaly is
also observed beneath central Greenland at short periods (T ≤ 15 s), extending toward northeastern
Greenland at longer periods as Rayleigh wave group velocities sample the mid-to-lower crust. We discuss
the significance of the results later, following the description of the inversion for shear wave velocity var-
iations. As we did for the ET maps, we estimate the average uncertainty in the ANT maps using the RMS
misfit from the tomographic inversion.

2.3. Localized Dispersion Curves From ANT and ET

Before merging the dispersion estimates, a direct comparison of the ANT and ET maps in the overlapping
period band is valuable (Figure 6). Most velocity features are resolved by both ANT and ET, but differ-
ences are more pronounced in northern Greenland and at the southern tip where the ray coverage
and resolution of the ANT are lower. The amplitude of the velocity variations is also smoother in the
ANT maps. This discrepancy can be explained by differences in the smoothing applied for ANT and ET
(i.e., greater smoothing is required to stabilize the ambient noise inversion) and could also be due in part
to limited retrieval of empirical Green’s functions at some station pairs from inhomogeneous distribution
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Figure 3. Map of azimuthal distribution of ambient noise measurement directions at discrete periods. At a given station, each vector (red line) points toward the
location of the noise source. The length of each vector is signal-to-noise ratio dependent and normalized.
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of noise sources (Yang & Ritzwoller, 2008). But the overall agreement between the independently derived
dispersion maps confirms that the global correction approach is accurate enough to derive reliable
regional tomography models.

To construct a broader bandwidth and a more robust data set, we combined the ANT and ET dispersion esti-
mates. We selected group velocity measurements from ANT and ET for which the localized resolution is finer
than 400 and 600 km, respectively. For periods shorter than 25 s, dispersion measurements are taken solely
from ANT, and for periods ranging from 70 to 170 s, dispersion measurements are taken solely from the ET
results. In the overlapping period band of 25 to 65 s, each localized dispersion curve is the average of the
ambient noise and earthquake dispersions at the given cell, with the ambient noise measurements given
greater weight at shorter periods (T ≤ 35 s), and the earthquakemeasurements given greater weight at longer
periods. Absolute differences between the ambient noise and earthquake-derived group velocities in the
overlapping period band are typically in the range from 0.05 to 0.15 km/s. The discrepancies likely arise from
a decrease in the SNR of empirical Green’s functions at long periods (T ≥ 40 s) and a decrease in the stability of
the earthquake group velocity correction method at short periods (T ≤ 35 s) but are within the estimated
uncertainties in the dispersion measurements. Uncertainties in the combined, localized dispersion curves
are taken from the ANT and ET tomography results. No smoothing is applied to the joint dispersion curves.
Figure 7 illustrates the procedure, showing a localized dispersion curve and associated uncertainties as well
as the original ANT and ET group velocity estimates. The consistency of the tomographic estimates is
quite good.

3. Shear Wave Velocity Inversion

We followed a two-step approach to estimate the 3-D shear wave velocity structure of the lithosphere across
our study region. We first inverted for a reference 1-D shear wave velocity profile in each cell using the itera-
tive linearized least squares inversion method implemented in the Computer Programs in Seismology
(Herrmann, 2013). We then performed a MCMC resampling (Mosegaard & Tarantola, 1995) localized in the
region of model space surrounding the linearized solution to estimate uncertainties in the velocity model.
We limit the application of this Bayesian approach to cells within Greenland because tomographic resolution
decreases rapidly outside of Greenland.

3.1. Model Parameterization and Reference Model

The initial shear wave model is parameterized using estimates of the following: ice thickness from Bamber
et al. (2001), sediment and crustal thickness and velocity and density from CRUST1.0 (Laske et al., 2013),
and upper-mantle velocity and density from AK135 (Kennett et al., 1995). Estimates of anelastic attenuation
for both the crust and upper mantle are taken from PREM (Dziewonski & Anderson, 1981). Topography and
bathymetry are given by ETOPO1 (Amante & Eakins, 2009). Because Rayleigh waves are mostly sensitive to

Table 1
Number of Ambient Noise Dispersion Measurements Rejected at Discrete Periods

Dispersion measurement

Period (s)

8 9 10 15 20 25 30 35 40 45 50 55 60 65

Total waveforms 590 590 590 590 590 590 590 590 590 590 590 590 590 590
FTAN discrepancya 380 334 297 193 161 157 161 163 169 172 186 197 218 248
Interstation spacingb 0 0 0 5 9 14 21 35 35 39 40 43 41 36
SNR < 10 47 42 35 31 44 78 108 139 168 187 171 182 182 177
Visual inspection 12 11 24 61 63 43 31 22 9 2 2 2 2 2
Time residualc 2 7 9 9 10 6 6 2 1 2 2 3 0 0
Remaining measurementsd 149 196 225 291 303 292 263 229 208 188 189 163 147 127

Note. SNR = signal-to-noise ratio.
aFrequency time analysis (FTAN) measurement failure corresponds to the number of nonmeasured dispersion points at a given period because of the discrepan-
cies between the filter center period and the instantaneous period in the vicinity of a rapid change in the spectral amplitude of the signal. bAt a given period, we
reject any dispersion measurements with interstation spacing inferior to three wavelengths. cFollowing the inversion of a smooth initial group velocity model at
each period, we reject any badly fitting dispersion measurements (i.e., any travel time measurements with a residual superior to three standard deviations of the
travel time residuals). dRemaining dispersion measurements are used to derive the final ambient noise dispersion maps.
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Figure 4. Maps of the ray coverage (left column), checkerboard resolution (middle column), and resolution length (right column) at increasing periods for the ambi-
ent noise tomography. The seismic stations used to derive the ambient noise tomographymodel are plotted as white triangles. For the checkerboard resolution tests,
the input model has 444 km (latitude) by 555 km (longitude) checkerboard boxes. And, at each period, the starting model is given by the average of the estimated
slowness model at this period with a ±5% slowness perturbation in alternating regions. Resolution length across Greenland is estimated following the spike-per-
turbation test of Barmin et al. (2001).
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Figure 5. Rayleigh wave group velocity maps at increasing periods from ambient noise tomography. Velocity variations are
plotted only across Greenland, where we have good ray coverage and resolution. Note the different velocity scales.
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vertically polarized shear wave velocities Vsv, we ultimately invert for the average 1-D Vsv structure beneath
each cell, and we assume an isotropic structure. The thickness of each layer is fixed, and we use the
empirical scaling relation from Brocher (2005) to estimate P wave velocity, Vp, as a function of S wave
velocity, Vs, in the crystalline crust. We set the Vp/Vs ratio to 2.0 in the sedimentary layers and 1.79 in the
upper mantle (Kennett et al., 1995). We estimate the density in the sedimentary layer, crust, and upper
mantle from the polynomial regression fit of the Nafe-Drake curve (Brocher, 2005), which is a reasonable
approximation. Since the fundamental mode Rayleigh wave sensitivity to variations in shear wave velocity
decreases significantly below 200–250 km, the 1-D velocity models tie back to the global reference model
AK135 below 250 km; however, we still invert for shear wave velocity down to 550-km depth, to avoid the
smearing of deeper structures to shallower depths.

Once the reference 1-D models are estimated (see example in Figure 7), we simplify the parametrization for
MCMC analysis by using a sedimentary layer, three crustal layers, and five cubic B-splines to represent the
upper-mantle structure from the Moho discontinuity to a depth of 250 km. During the MCMC analysis, per-
turbations of both sediment layer thickness and velocity are allowed. The thickness ratio of the crustal layers
is fixed at 1:2:2, but total crustal thickness and velocity in each crustal layer may vary. Given that model para-
meterization, the total number of free parameters is 11. The use of cubic B-splines imposes a degree of ver-
tical smoothness and helps reduce the number of mantle depth parameters. The model parameterization
and range of perturbations applied to the reference model are fixed across the region of focus and are sum-
marized in Table 2.

3.2. Prior Distribution

Based on previous studies (Brocher, 2005; Dahl-Jensen, Larsen, et al. 2003; Kumar et al., 2007; Laske et al.,
2013; Lebedev et al., 2017; Levshin et al., 2017; Shapiro & Ritzwoller, 2002), we limit the sampled model space
to physically reasonable models, as summarized in Table 2. We apply the following a priori constraints to the
parameter space: monotonic increase in velocity in the sedimentary and crustal layers, positive velocity con-
trast across the Moho discontinuity, and velocity and thickness perturbations within allowed ranges. These
structural constraints help reduce model complexity and parameter trade-offs but also exert a significant
influence on the prior and posterior model parameter distributions. The list of accepted models and the
uncertainty estimates depend on the model parameterization and prior assumptions. First-order features
should remain well resolved, but details must be assessed in light of themodel parameterization, which limits
the character of structures that we explore.

Figure 6. Comparison between the ambient noise tomography (second column) and earthquake tomography (third column) maps in the overlapped period band
(25 to 65 s). Maps of resolution length from both ambient noise tomography (first column) and earthquake tomography (fourth column) are also plotted to explain
some of the discrepancies between the two tomography maps.
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We build the prior distribution by uniform sampling of reasonably
bounded model-parameter ranges (Table 2). We initiate the search at the
simplified 1-D reference model and set up the randomwalk by introducing
a random jump in the local space of plausible models. Model parameter
jumps are controlled by a step size and maximum jump size specific to
the parameter perturbed (Table 2). The step and maximum jump sizes,
respectively, control how densely a model parameter is sampled and
how much a parameter is allowed to change during an iteration of the
search. The step and maximum jump sizes were tested to ensure that
the model space is efficiently sampled and that local minima can be
escaped. All 11 parameters were perturbed simultaneously to propose a
new candidate model. If the proposed model exists in the plausible model
space and satisfies the a priori model constraints, the model is accepted,
and we reinitiate the uniform random walk at the most recently accepted
model. We repeat this sampling process 20,000 times for each cell. The
prior distributions of several sampled model parameters for a cell in cen-
tral Greenland (74°N and 44.3°W; see Figure 1 for location) are presented in
Figure 8. For each parameter sampled, the prior sampling of the model
space is plotted as a histogram. In general, the prior distribution of Vs in
the lower-crust layer tends to be more skewed toward its upper velocity
limit because of limited constraints on crustal thickness and the resulting
trade-offs between lower crust and upper most mantle velocities. Lack of
constraints on the thickness of the sedimentary and crustal layers across
Greenland is the direct result of limited a priori information on these para-
meters and limited sensitivity of surface wave dispersion to sharp
velocity discontinuities.

3.3. Posterior Distribution

We assume a Gaussian distribution of uncertainties in the data and define
the likelihood, L, as a function of the chi-square misfit, S, as follows:

L mð Þ ¼ e�
1
2 S mð Þ and S mð Þ ¼ ∑

N

i¼1

di
pre mð Þ � di

obs� �2
σi2

where N is the number of periods at which we measure dispersion, di
pre is

the predicted group velocity for model m at period i, di
obs is the observed

group velocity at period i, and σi is the uncertainty in the observed disper-
sion, di

obs, at period i.

We use the Computer Programs in Seismology package (Herrmann, 2013)
for the forward calculation of the predicted dispersion curves. To form the
posterior distribution, we define the probability of acceptance of a pro-
posed model according to the following Metropolis rule:

Paccept ¼
1

L mp
� �

=L mcð Þ
if L mp

� �
≥L mcð Þ

if L mp
� �

< L mcð Þ

(

where mc and mp are, respectively, the current (i.e., previously accepted)
and proposed models. That is, a proposed model is always accepted if
its likelihood is greater than that of the previously accepted model
and may still be accepted otherwise provided that its probability of
acceptance is greater than a uniformly distributed random variable gen-
erated between 0 and 1. We always perturb the previously accepted
model but keep a record of every proposed model and its associated
misfit, to build our posterior distribution. Following the MCMC search,

Figure 7. Localized group velocity dispersion curve (a, b) and derived 1-D
reference shear wave velocity model (c) at a cell in central Greenland (loca-
tion plotted in Figure 1). (a) The localized dispersion curves from ANT and ET
are, respectively, plotted as black and gray circles. At a given period, a dis-
persion measurement is selected based on the localized resolution. Selected
dispersion points are circled in red (ANT) or orange (ET). In this example, the
ANT dispersion point at 65 s is shown but was not used in further analyses
because of the lower localized ANT resolution. This plot shows the coherence
between the two independent data sets. (b) The combined ANT and ET dis-
persion curve is plotted as black triangles and is referred as our observed
dispersion curve. Uncertainties in the data are taken from the ANT and ET
maps. The red curve is the predicted dispersion curve from the linearized
inversion of the reference shear wave velocity model. (c) The 1-D initial and
reference shear wave velocity profiles. ANT = ambient noise tomography;
ET = earthquake tomography.
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we introduce an additional localized acceptance criterion based on the minimum misfit for all proposed
models at a given cell (Shen et al., 2012). We define this a posteriori criterion as follows:

χthreshold ¼ 1� lnχminð Þ�χmin

0:5þ 0:7�χmin

�
if χmin < 0:5
if χmin≥0:5

and χ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N
�S mð Þ

r

where χ is the variance-weighted RMSmisfit for all proposedmodels. Any proposed model with a misfit smal-
ler than that threshold is accepted. This criterion was defined to ensure that randomly rejectedmodels that fit
the observations within the data uncertainties are accepted and that the posterior distribution fully captures
variations in the shear wave velocity model needed to fit the data.

3.4. Data Fit and Model Uncertainties

Results of the MCMC analysis show that the chosen model parameterization and a posteriori selection criter-
ion allow us to effectively sample a posterior distribution of models that fit the data within the estimated

Table 2
Model Parameters, Associated Ranges, Sampling Steps, and Maximum Jumps in Perturbation

Model parameters Range Sampling Reference

Sediment thickness mref
a ± 0.250 km Step 0.01 km—Max jump 0.1 km [1]

Vs sediment mref
a ± 0.20mref (km/s) Step 0.01 km/s—Max jump 0.05 km/s [1] and [2]

Crustal thickness mref
a ± 10 km (1:2:2 ratio) Step 0.01 km—Max jump 0.1 km [1], [3], and [4]

Vs crust #1 2.6–3.8 km/s Step 0.01 km/s—Max jump 0.05 km/s [1], [2], [5], and [6]
Vs crust #2 3.0–4.0 km/s Step 0.01 km/s—Max jump 0.05 km/s [1], [2], [5], and [6]
Vs crust #3 3.2–4.2 km/s Step 0.01 km/s—Max jump 0.05 km/s [1], [2], [5], and [6]
Vs mantle 4.0–4.9 km/s Step ±5% coefra

b—Max jump ± 10% mra
c (km/s) [7]

Note. [1], Laske et al. (2013); [2], Brocher (2005); [3], Dahl-Jensen, Larsen, et al. (2003); [4], Kumar et al. (2007); [5], Levshin et al. (2017); [6], Lebedev et al. (2017); [7],
Shapiro and Ritzwoller (2002).
aReference model. bB-spline coefficients of most recently accepted model. cMost recently accepted model.

Figure 8. Prior and posterior distributions of several sampledmodel parameters at a cell in central Greenland (location plotted in Figure 1). The posterior distributions
are plotted as blue histograms against their prior (gray histograms). In each panel, we specify the median and standard deviation of the posterior distribution as well
as the reference model at which we start the Markov-Chain Monte Carlo search, the best fit model, and the range of accepted models. (a, b, c) Posterior and
prior distribution of Vs in the upper, mid, and lower crust. (d, e, f) Posterior and prior distribution of Vs in the upper mantle at increasing depth (50 to 150 km).
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uncertainties across most of Greenland. To identify a model representative
of each distribution, we computed the median model (constructed using
the median of each model parameter for all acceptable models). Since
the problem is nonlinear, a median model is not guaranteed optimal in
any way, but in our case, the models generally lie near the center of the
model distributions at all depths and fit the observations as well as other
acceptable models. As shown in Figure 9, the RMS misfit of the median
models typically ranges from 0.2 to 0.6 (i.e., fit of the median models to
the observations lies well within the data uncertainties). Cells for which
the median model has a RMS misfit function as large as 1.0 are few and
are mostly located in northwestern Greenland where we observe a rela-
tively large data misfit (~25 to 75 m/s outside of data uncertainty range)
at intermediate periods (80 to 110 s) and a shift in the distribution of
uppermost mantle velocity toward the upper limit of the model space
which may be a result of strong mantle anisotropy in that region (Pilidou
et al., 2004). Short period (T< 15 s) data misfit is larger in regions with thick
sedimentary basins (e.g., offshore western and northeastern Greenland),
which suggests that the model parameterization should be changed in
those regions; data fit could be improved by adding another sedimentary
layer or considering a linear velocity gradient in the top layer.

An example of the posterior distribution of all accepted models for a cell in central Greenland is shown in
Figure 10 (cell location in Figure 1). The accepted models and their fit to the observed dispersion curve are
plotted as light gray curves (Figures 10a and 10b). Trade-off between model parameters and limited variabil-
ity in the predicted dispersion curves suggests that a good fit is not a strong indicator of a robust velocity
model. The nonuniqueness of well-fitting models is illustrated in Figures 10c and 10d. We use the median
of the ensemble of acceptable models as our representative model (Figure 10a—red curve) and the standard
deviation of all accepted models around the median model as our uncertainty estimate (Figure 10a—dark
gray corridor). Histograms of the posterior distributions for a set of model parameters at the same cell are pre-
sented in Figure 8 and plotted with their prior distributions. Velocities in the upper and midcrustal layers
(Figures 8a and 8b) are well constrained due to the addition of ambient noise data to the study, but the lack
of short-period (T < 8 s) dispersion measurements prevents good resolution of sedimentary thickness and
velocity. Trade-offs between lower crust and uppermost mantle velocity result in a more spread-out distribu-
tion of velocity across the discontinuity (Figures 8c and 8d). Long-period dispersion observations from earth-
quake data and a model parameterization that requires simplicity combine to produce relatively narrow
distributions of the velocity in the upper mantle (Figures 8e and 8f).

Estimates of model uncertainty may be strongly influenced by the model parameterization. In a nonunique
inversion, the greater the number of model parameters considered, the more complexity and trade-offs may
be introduced and uncertainties may increase. Our model parameterization was chosen to identify simple
models that match the data—our uncertainties are certainly conservative, and the models should only be
interpreted in light of complementary geophysical and geologic information. Spatial variations in our esti-
mated model uncertainties are summarized in Figures 11 and 12. In general, estimated uncertainties in Vs
across Greenland are small and near uniform for the upper and midcrustal layers. The average uncertainty
in these layers is roughly 30 m/s, which is almost certainly more optimistic than the true uncertainty. These
are the layers covered by the short-period Airy phase and the initial trend of the strong intermediate-period
gradient in dispersion. The data uncertainties at these periods (T ≤ 25 s) are low (~20 to 30 m/s) and most
likely underestimated leading to some underestimations of the uncertainties in Vs in the upper and midcrus-
tal layers. Uncertainties increase with depth and are largest (~125 to 175m/s) near the crust-mantle boundary
depths where changing crustal thickness makes for a broad mix of crustal and mantle wave speeds. Large
uncertainties in velocity near the Moho discontinuity are expected from the limited sensitivity of surface
waves to velocity discontinuities; these uncertainties could be reduced by incorporating additional observa-
tions to the inversion (e.g., receiver function measurements and controlled-sourced imaging). Estimated
uncertainties in the upper mantle are relatively small, roughly 60 m/s, as indicated by the sample probability
density function in Figure 8. Parameterization again plays a role here; these numbers reflect the simplest

Figure 9. Map of RMS data misfit of the median models across Greenland.
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structures that match the observations. Some exceptions to the general trends are notable. At shallow depth
(≤ 20 km), relatively large uncertainties along the northern and southern margins of Greenland are likely a
result of a lack of short-period (T < 25 s) dispersion measurements in this region. Uncertainties in crustal
thickness estimates are large, and the value at any single location is subject to at least ±5 km. Constraints
on this depth range arise from the rapid increase in speed at periods from about 20–25 s to 40–60 s,
which integrates contributions from the structure of entire crust and uppermost mantle.

4. Results and Discussion

We constructed a representative 3-D shear wave velocity model using the median of all acceptable models
corresponding to each cell across Greenland and the 1-D reference models outside of Greenland. Each med-
ian model was checked to ensure that it fits the observations. Such approach can only resolve first-order fea-
tures in the subsurface. Small variations in themedianmodels are susceptible to variations in the initial model
used in each cell’s inversion, nuances associated with the model search sampling, nonlinear influences asso-
ciated with the simple model parameterization, and the use of 1-D inversion results to construct a 3-D model.

Despite the large uncertainties, an interesting parameter in the model is crustal thickness. We estimate crus-
tal thickness in each cell across Greenland as the sum of the thickness of the three crustal layers from the
median model and define the depth to the crust-mantle boundary (Moho depth) as the crustal thickness
minus topography (Figure 13). Since the range of crustal thickness is large, some general patterns are

Figure 10. The model ensemble (a, c) at a cell in central Greenland (location plotted in Figure 1) and their fit to the
observed dispersion curve (b, d). The light gray envelope in (a) and (b) shows the ensemble of accepted models and
their predicted dispersion curves. The dark gray shaded area (a) represents the standard deviation of all accepted models
around the median model (red curve in (a)). To highlight the nonuniqueness of the inversion and show that various Vs
models can predict the data with the same level of fit, we color coded the ensemble of accepted models (c) and the
modeled dispersion curves (d) based on their associated data misfit. The uncertainties in the observed dispersion curve are
given by the RMS of the ANT and ET group velocity misfits as a function of period.
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Figure 11. Crustal shear wave velocity model (left and middle columns, same color scale) and associated uncertainties (right column) at increasing depths. The mid-
dle column maps provide a zoom on the shear wave velocity variations across NE Greenland. The extent of this zoom is shown by the dotted black box on the
left column velocity maps. In the middle column velocity maps, we plot the outline of NEGIS, contours of high GHF (after Rogozhina et al., 2016) and location of
localized GHF measurements and gravity low (after Gradmann & Ebbing, 2015) to highlight that the ice stream is underlied by a shallow and relatively low
velocity anomaly (NELVZ) and to point out spatial correlations between our study and previous geophysical studies. Uncertainty variations are only plotted
across Greenland where we performed a MCMC resampling of the model space. NEGIS = Northeast Greenland Ice Stream; GHF = geothermal heat flux;
NELVZ = northeastern low-velocity zone; MCMC = Markov-Chain Monte Carlo.
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worth noting. The results suggest thicker crust in the north, south
central regions and thinner belt stretching east-west across central
Greenland. The thinnest crust is along the central east margin. Still,
we must consider potential trade-offs between uppermost mantle
and lower crust and complexities not allowed in the inversion’s
model parameterization when interpreting our Moho depth model.

Horizontal slices of the composite 3-D velocity model are presented in
Figures 11 (crust) and 12 (upper mantle) along with the estimated
model uncertainties. In Figure 11, we overlay NE Greenland with
GHF contours (Rogozhina et al., 2016; Rysgaard et al., 2018) to investi-
gate a potential spatial correlation between regions of elevated heat
flow, low gravity, and what we will refer to as a crustal northeast
low-velocity zone. Vertical velocity transects across Greenland are also
presented in Figure 14. The different regions, geological features, geo-
physical experiments, and velocity anomalies that are discussed
below are located and labeled on Figures 1, 11, 12, and 14.

4.1. Lithospheric Structure

In this section, we present the main crustal and upper-mantle features
imaged across Greenland and attempt to correlate our model with
prior information on crustal thickness, margin segmentations, and

Figure 12. Upper mantle shear wave velocity model and associated uncertainties at increasing depths. We plot several predicted tracks of the Iceland plume
relative to Greenland to show how they correlate with the W-E trending corridor of relatively low velocities across central Greenland. See Figure 1 for the
full extent of these tracks as well as their color code. Uncertainty variations are only plotted across Greenland where we performed a Markov-Chain Monte Carlo
resampling of the model space.

Figure 13. Map of Moho depth across Greenland. To point out correlations
between Moho depth variations and tectonic provinces, we plot major terrane
boundaries (dotted black lines). See Figure 1 for more details on the different
tectonic units delineated by these boundaries.
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known terrane boundaries. Although we did not extend the MCMC search outside of Greenland, we also
provide context for the large-scale features resolved by the reference models in the upper mantle.
4.1.1. Crustal Thickness Variations
Our representative 3-D shear wave velocity model of Greenland includes substantial variations in crustal
thickness across Greenland, from roughly 25 to 45 km, with estimated uncertainties as large as 5 to 6 km

Figure 14. Cross sections through the velocity model for several profiles across Greenland. The location of the profiles is shown on the upper-right corner map.
We present two panels per cross section, one focusing on the crust and uppermost mantle (top panel) and one presenting the whole velocity model
(bottom panel). Note the different color scale used for each panel to emphasize small-scale velocity variations in both the crust and upper mantle. The
color scales are the same for all cross sections. We contour the northeastern low-velocity zone (red dotted line—transects A-A0 , B-B0, and E-E0) and the W-E
trending upper mantle low-velocity corridor (blue dotted line—transect A-A0) to highlight their extent. The dotted black line marks the transition from crustal
to upper-mantle velocity structure (Moho depth).
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(Figure 13). This range is generally consistent with previous geophysical studies including surface wave tomo-
graphy studies (Darbyshire et al., 2017; Mordret, 2018), receiver function analysis (Artemieva & Thybo, 2013;
Dahl-Jensen et al., 2016; Dahl-Jensen, Larsen, et al., 2003; Kumar et al., 2007), and gravity studies (Braun et al.,
2007; Petrov et al., 2016; Steffen et al., 2017). We describe regions where our crustal thickness estimates agree
with other studies and present regions where our model significantly differs from other models and why that
could be. But in light of our crustal thickness uncertainty, we focus only on first-order discrepancies (~10 km)
we have with earlier estimates of crustal thickness.

Variations in the model crustal thickness correlate with some Precambrian terrane boundaries, notably in
southern Greenland where the crust gets thicker as we transition from the Ketilidian Fold Belt to the South
Archean Block. The thickest crust in our model is along the SW margin of Greenland (~67.5°N) where the
collision between the South Archean Block and the Disko craton during the early Proterozoic produced
the Nagssugtoqidian orogen (Ramberg, 1949; van Gool, Alsop, et al., 2002; van Gool, Connelly, et al.,
2002). In this region, our model agrees well with crustal compilations such as CRUST1.0 (Laske et al.,
2013) and receiver function studies (Artemieva & Thybo, 2013; Dahl-Jensen et al., 2016; Dahl-Jensen,
Larsen, et al., 2003; Kumar et al., 2007). Gravity results from Petrov et al. (2016) and surface wave tomogra-
phy results from Mordret (2018) also suggest thickened crust in this region. From this region, relatively
thick crust extends southward and eastward and coincides with part of the South Archean Block,
Eastern Archean Block, and Nagssugtoqidian orogen. In northern Greenland, our model does not indicate
crustal thinning as suggested by gravity-based models (Braun et al., 2007; Petrov et al., 2016; Schiffer et al.,
2018; Steffen et al., 2017) but is relatively consistent with surface wave-based crustal thickness models
(Darbyshire et al., 2017; Mordret, 2018). The high degree of heterogeneity in crustal thickness estimates
in northern Greenland may be the result of the limited sensitivity of surface waves. But differences
between the northern and the central/southern parts of Greenland could also suggest greater crustal com-
plexity in northern Greenland than in the south.

Compatibility between our model and more localized thickness estimates is variable along the continental
margins. Crustal thickness variations along the SW and SE margins are in relatively good agreement with
seismic refraction and reflection profiles that estimate thickness ranging from ~30 km in the southwest
(Chian & Louden, 1992) to 30–35 km in the southeast (Funck et al., 2017; Hopper et al., 2003; Korenaga
et al., 2000). Our model is also in relatively good agreement with the receiver function estimates of
Schiffer et al. (2015) in the Central Fjord Region of East Greenland (73°N) where crustal thickness is
thought to increase from ~25 km (22°W) to ~40 km (29°W) toward the center of the Caledonian high topo-
graphy. Similar crustal thickness variations are also found in this region along different active source pro-
files including the lines AWI-94360 and AWI-94320 (Schmidt-Aursch & Jokat, 2005) and the line AWI
20030400 (Voss & Jokat, 2007).

In central eastern Greenland south of the 72°N lineament, our model suggests significant crustal thinning,
which is inconsistent with results of seismic profiles to the order of 10 km (line AWI 94320—Schlindwein &
Jokat, 1999; line SIGMA 1—Holbrook et al., 2001; and lines AWI-90300/310, AWI-94400, AWI-90380, and
AWI-94410—Schmidt-Aursch & Jokat, 2005). The lack of a pronounced Caledonian crustal root south of
72°N in our model is also inconsistent with gravity-based models (Braun et al., 2007; Petrov et al., 2016;
Steffen et al., 2017) but is overall in better agreement with receiver function studies (Artemieva & Thybo,
2013; Dahl-Jensen, Larsen et al., 2003; Kumar et al., 2007) and the recent surface wave study of Darbyshire
et al. (2017). The discrepancy between our crustal thickness estimates and the active seismic profiles could
be attributed to the presence of high-velocity lower crustal (HVLC) layers from magmatic underplatting dur-
ing continental breakup and the later passage of the Iceland plume beneath CE Greenland (Hermann & Jokat,
2016; Holbrook et al., 2001; Schiffer et al., 2015). The presence of these magmatic accretions could complicate
the crust to mantle transition and bias our model results. But it is worth noting that the possible presence of
HVLC layers south of 72°N is still a matter of debate (Schlindwein & Jokat, 1999; Schmidt-Aursch & Jokat,
2005). Discrepancies between the gravity models and our thickness estimates could reflect differences
between seismic and isostatical Mohos as they are indicative of different subsurface property discontinuities.
On the other hand, thin crust in CE Greenland (our model; Artemieva & Thybo, 2013; Dahl-Jensen, Larsen
et al., 2003; Darbyshire et al., 2017; Kumar et al., 2007; Laske et al., 2013) could be the result of extensive
stretching of continental crust during rifting and spreading of the North Atlantic Ocean and may also reflect
interactions of the North Atlantic rifting with the Iceland plume ~56 to 35 Ma.
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4.1.2. Velocities in the Crust
We begin with a Greenland-wide discussion, then focus on velocity features along the continental margins,
and conclude with an exploration of the model characteristics in northeast Greenland, an area of special
interest given previous estimates of relatively high heat flow in a region of rapid ice flow (Figure 11). In the
depth range from 10 to 25 km, the velocity model includes a roughly 0.15–0.25 km/s velocity increase from
the north to the south, where average crustal velocities are more consistent with other cratonic shields (Chen
et al., 2015; Christensen & Mooney, 1995; Kao et al., 2013; Gu & Shen, 2015; Yuan, 2015). In the 10- to 15-km
depth range, the model suggests a SW-NE trend to the velocity transition. Geographically, the transition
roughly separates the Nagssugtoqidian and Rinkian orogens in western Greenland and trends northeastward
to a region north of the Kong Oscar Fjord (~73°N). A likely tectonic and structural boundary has been pre-
viously identified in western (van Gool, Connelly, et al., 2002; Wardle et al., 2000) and eastern Greenland
(Brooks, 2011; Escher & Pulvertaft, 1995; Hamann et al., 2005; Henriksen et al., 2008, 2009; Koch & Haller,
1971; Larsen, 1990) where the crystalline crust is composed primarily of Archean and reworked Archean rocks
to the south of this boundary and Paleoproterozoic rocks to the north. The importance of this boundary on
the eastern margin is also suggested by persistent differences in geological evolution, including in late
Paleozoic and Mesozoic rift basin formation and sediment deposition (Henriksen et al., 2008; Stemmerik
et al., 2013; Surlyk, 1990; Tsikalas et al., 2005) and in styles of magmatic emplacement (Funck et al., 2017;
Schlindwein & Jokat, 1999; Schmidt-Aursch & Jokat, 2005). A similar SW-NE boundary separating regions of
different crustal thickness has also been inferred from receiver function and gravity studies (Dahl-Jensen,
Larsen, et al., 2003; Petrov et al., 2016; Steffen et al., 2017). The velocity transition is absent in the 35-km depth
slice where our model uncertainty increases substantially because of resolution issues described earlier.

Our model includes heterogeneity in crustal structure along the margins of Greenland. Between roughly 66
and 70°N and from 10- to 20-km depth, a succession of relatively high velocity zones in our model appears to
follow the transition from the southern, central, and northern tectonic segments of the Nagssugtoqidian oro-
gen (van Gool, Alsop, et al., 2002; van Gool, Connelly, et al., 2002). The orientation of this succession of high
velocity zones is also similar to the WSW-ENE trending linear belt characteristics of the Nagssugtoqidian oro-
gen. In southernmost Greenland, between roughly 60.5 and 62°N and from 10- to 30-km depth, our crustal
velocities are consistent with the seismic refraction model of Chian and Louden (1992) who imaged the crust
along the SW boundary separating the South Archean block and the Ketilidian fold belt. The boundary
between the two terranes is marked by relatively low crustal velocities within the Ketilidian fold belt. Our
model does not include HVLC layers under the western margin of the Ketilidian fold belt, which is in good
agreement with a study by Keen et al. (2012) suggesting that the SW Greenland margin transitions from a
volcanic to a nonvolcanic margin at about 62°N (from north to south; see also Alsulami et al., 2015). The asso-
ciated changes in crustal properties (from magma rich in the north to magma poor in the south) could also
explain the gradual decrease in velocity that we observe between 10 and 30 km along the southwestern mar-
gin of the South Archean block (from north to south). Along the southern tip of the Ketilidian fold belt, the
transition from nonvolcanic margin and relatively thin crust (~30 km) to the SW to volcanic margin and rela-
tively thick crust (~35 km) to the SE (Larsen, 1990) may be reflected by the model transition from relatively
fast to relatively slow from west to east at 35-km depth. This velocity pattern agrees with evidence of under-
plated material beneath the SE Greenland margin from magma accumulation during Tertiary rifting of the
North Atlantic (Dahl-Jensen et al., 1998). In CE Greenland, between 20- and 35-km depth, we find velocities
as high as 4.1 to 4.3 km/s that could indicate magmatic underplating of the lower crust or relatively thin crust
in this region. As outlined in the previous section, general disagreement in crustal thickness estimates in CE
Greenland and the increasing trade-off betweenMoho depth and lower crustal velocity in this depth range in
our model make it difficult to favor a particular scenario.

An intriguing feature in the velocity model is the relatively low velocities imaged in NE Greenland and
hereinafter referred to as the northeastern low-velocity zone (NELVZ). The feature (Figure 11—middle col-
umn) becomes more anomalous and spreads out at midcrustal depths (15 to 25 km). Potential trade-off
between crustal thickness and lower crustal velocity, however, prevents any clear estimates of the extent
of this anomaly below 20- to 25-km depth. This limitation is illustrated (Figure 11—25- and 35-km hori-
zontal transects) by relatively high uncertainties in velocity in NE Greenland. Darbyshire et al. (2017) also
imaged a relatively low velocity anomaly in NE Greenland with more spatial variability. The differences
likely result from the significant differences in short-period dispersion estimates (T ≤ 20 s), which arise
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from the different data sets used at short periods (i.e., ambient noise in this study vs. earthquake data in
their study). We believe that the ambient noise provides more accurate information on the shortest per-
iod dispersion. But the spatial extent and position of our NELVZ differs somewhat from the location of a
similar anomaly estimated in a recent ANT study by Levshin et al. (2017). In that study, the low-velocity
anomaly is more centrally located and of smaller magnitude. The location of the NELVZ is in better agree-
ment with the ANT model of Mordret (2018) at 10-km depth, but discrepancies in magnitude and in the
spatial extent of the anomaly at 25-km depth exist. The low-velocity anomaly imaged in that study is
reduced in amplitude and more spread out in the mid-to-lower crust. Although more work is required
to resolve these differences, we proceed with an assumption that our study using ambient noise and
earthquake data (a broader bandwidth) provides an accurate view of the region. A first-order explanation
of the NELVZ would be to attribute the relatively low crustal velocities to a local increase in crustal
thickness in NE Greenland. Crustal thickness may change in the region, but at least the upper half of
the low-velocity anomaly is too shallow to be a result of variations in crustal thickness alone. An intri-
guing possibility is that the NELVZ is the signature of a thermal or compositional heterogeneity. We
explore this idea and the correlation of this feature with other geophysical anomalies in NE Greenland in
section 4.2.
4.1.3. Velocities in the Upper Mantle
Our model (Figure 12) suggests that a cratonic keel extends from SW to NW-NE Greenland that is separated
by a corridor of relatively low velocity across central Greenland. This low-velocity feature is consistent with
the upper-mantle model of Lebedev et al. (2017) but not present in the model of Darbyshire et al. (2017).
However, the latter model only extends to a depth of 90 km and has limited ray coverage and resolution
at these depths. A similar feature is contained in the global models SL2013sv and SV2013NA of Schaeffer
and Lebedev (2013, 2014) and the regional model of Mordret (2018). This low-velocity corridor is especially
interesting because it appears to connect the western and eastern Tertiary basalt provinces. The feature is
about 200 km wide and includes a relative velocity reduction in the range of 3% to 6% (Figure 14—
Transect A-A0). Two leading explanations for this feature are a tectonic boundary or long-lived effects of
the passage of the Iceland plume beneath Greenland. The low-velocity corridor could be the signature of a
tectonic boundary between two cratonic blocks as it more or less aligns with the surface geological boundary
and upper-crustal velocity contrast described earlier (Lekic & Romanowicz, 2011; Schaeffer & Lebedev, 2014).
Alternatively, this anomaly could indicate lithospheric modification or delamination related to the passage of
the Iceland plume beneath Greenland. Uncertainties in paleoreconstructions of the Iceland plume track
beneath Greenland are large and increase the further we get from the current location of the Iceland hotspot
(Figure 1—right column; also see Rogozhina et al., 2016). But the low-velocity corridor matches several of the
proposed plume tracks. The two potential explanations are not mutually exclusive. From Sleep (1997), buoy-
ant plumematerial preferentially flows toward regions of thinner lithosphere. Thus, thermal erosion and thin-
ning of the cratonic lithosphere from the Iceland plume may have focused in preexisting zones of
lithospheric weakness, leaving the high-velocity cratonic keels in NW-NE and SW Greenland relatively unal-
tered (Sleep et al., 2002).

Below ~150 km, relatively low velocity anomalies are observed in CE and southern Greenland (Figures 12
and 14—transects C-C0 and D-D’). The CE low-velocity anomaly underlies the eastern Tertiary Basalt
Province and is most likely associated with lithospheric thinning from upwelling of asthenosphere mate-
rial during the rifting of the North Atlantic Ocean and subsequent passage of the Iceland mantle plume
beneath CE Greenland, with plume interactions continuing to ~5 Ma or more recently (Japsen et al., 2014;
Schoonman et al., 2017; Steinberger et al., 2015). Present-day upwelling, if originating from the lower
mantle, would probably have a signature in the mantle transition zone (i.e., reduced width; see Kraft
et al., 2018). Thin lithosphere in central eastern Greenland could, alternatively, further delineate the extent
of a possible tectonic boundary between north and south cratonic blocks. In both cases and independent
of potential temperature, thin lithosphere would cause elevated GHF in the region (e.g., Rogozhina et al.,
2016; Rysgaard et al., 2018). The low-velocity anomalies from CE Greenland are consistent with previous P
and S waves tomography (Jakovlev et al., 2012; Lebedev et al., 2017; Mordret, 2018; Rickers et al., 2013;
Schaeffer & Lebedev, 2013, 2014) and with indications of lithospheric thinning in this region (Kumar
et al., 2005; Schiffer et al., 2018). The presence of this mantle low-velocity anomaly in a region of docu-
mented postrift uplift (Anell et al., 2009; Døssing et al., 2016; Japsen & Chalmers, 2000) and unusually
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high GIA uplift rates (e.g., +10 mm/year; Khan et al., 2016) could also be an evidence of low upper mantle
viscosity and explain the mechanism for isostatic compensation in a region with no deep crustal roots.
The lack of a similar velocity low beneath the western Tertiary Basalt Province in this depth range could
indicate limited lithospheric modifications from the failed rifting of the Labrador Sea. In southern
Greenland, low upper mantle velocity could also be attributed to lithospheric thinning during rifting of
the Labrador Sea and North Atlantic Ocean and subsequent continental breakup of North America from
Europe during the late Cretaceous to early Tertiary.

In the upper mantle, low velocities are also imaged along the Mid-Atlantic ridge, with anomalies centered
beneath Iceland and the Knipovich Ridge. Both anomalies are clearly resolved and distinguishable from
80- to 170-km depth, but the Knipovich Ridge anomaly becomes stronger and more elongated with increas-
ing depth (≥130 km), extending toward Svalbard. The elongated aspect of this low-velocity zone along the
North Atlantic mid-oceanic ridge has been imaged by most tomography models and is characteristic of
the modeled plume-ridge interaction from channeled flow of plume material along the ridge (Pilidou et al.,
2004). A gradual increase in velocity with increasing distance from the Mid-Atlantic ridge is also resolved
and is consistent with cooling and thickening of oceanic lithosphere away from the ridge. At depths of 110
to 130 km, our model reveals a low-velocity finger extending from the Iceland hotspot to southern
Scandinavia; similar anomalies have been previously imaged (Rickers et al., 2013) and modeled
(Schoonman et al., 2017). The high-velocity lids beneath the Canadian and Baltic Shields are clearly visible
to ~150- to 170-km depth, but the limited resolution of our model in these regions prevents accurate esti-
mates of lithospheric thickness. At 110 km and deeper, a well-defined boundary separates the Canadian
and Greenland shields, with seismic velocity transitioning from relatively fast beneath the thick cratonic litho-
spheres to relatively slow beneath the tectonically younger Labrador Sea and Baffin Bay. The velocity hetero-
geneity across the Labrador Sea and Baffin Bay may suggest lateral variations in lithospheric thickness, with
thicker oceanic lithosphere to the north of the Davis Strait. These variations are consistent with regional
tomography models (Lebedev et al., 2017; Schaeffer & Lebedev, 2014) and the lithosphere-asthenosphere
boundary depth model of Schiffer et al. (2018).

4.2. Northeast Greenland Low-Velocity Anomaly

Given the fact that the NELVZ underlies NEGIS, which drains more than 20% of the Greenland Ice Sheet (GIS;
Zwally et al., 2012), and that the potential source of the low velocities could impact the ice stream dynamics
and the ice sheet evolution, we spend the remainder of the discussion focusing on the origin and significance
of the NELVZ (Figure 11—mid column). We emphasize that the NELVZ is an anomaly with respect to typical
crustal velocity for stable cratonic regions and that our velocity model precludes any ongoing and wide-
spread partial melt in NE Greenland. But in light of previous evidences of elevated GHF, high basal melting
rate and gravity low in the region, it is worth further exploring the nature of this velocity anomaly. We start
this section with a review of relevant literature and how the NELVZ correlates with the results of those studies.
We then integrate the evidence to develop a coherent and geologically plausible scenario for the emplace-
ment of the NELVZ.

A prominent gravity low (i.e., 500 × 200 km large and 100 mGal in magnitude) has been identified along
the northeastern margin of Greenland between ~76 and 80°N (Gradmann & Ebbing, 2015). This gravity
anomaly is matched by a similar, but smaller, gravity anomaly on the conjugate margin in Northern
Norway (NN). Based on available geophysical and geological data and 3-D modeling of the lithospheric
and sublithospheric mantle, Gradmann and Ebbing (2015) investigated the source of this anomaly in
NN and concluded that a shallow crustal source would be most consistent with geophysical observations
and isostatic considerations in Fennoscandia. The nature of this shallow source is difficult to constrain
given the different regional geology of Fennoscandia and Greenland, but the authors suggest a thick
layer of low-density granitic rocks as a plausible source for the NN gravity low. This low-density rock layer
would have to be up to 20 km thick to explain the gravity low observed in NN (Olesen et al., 2002).
However, a 20-km-thick granitic layer would elevate heat flow (Pascal et al., 2007) to a level incompatible
with the relatively low GHF in NN (~50 to 60 mW/m2) but more consistent with relatively high GHF esti-
mates for NE Greenland. Rogozhina et al. (2016) estimated that GHF values range between 68 and
88 mW/m2 in NEG and that the largest anomaly is located beneath the onset of NEGIS where high basal
melting has been estimated (Fahnestock et al., 2001). In addition, GHF values ranging from 90 to

10.1029/2018JB015490Journal of Geophysical Research: Solid Earth

POURPOINT ET AL. 7870



160 mW/m2 have been estimated around the NorthGRIP ice core site (Buchardt & Dahl-Jensen, 2007;
Dahl-Jensen, Gundestrup, et al., 2003; Greve, 2005; Rezvanbehbahani et al., 2017). A recent study by
Rysgaard et al. (2018) also reported a GHF of 93 mW/m2 in the Young Sound-Tyrolerfjord, a few degrees
south of the strong gravity low, and suggested, based on the distribution of high GHF, that a geothermal
heat source may exist beneath the central and northeastern parts of the GIS. The spatial extent, relative thick-
ness, and shallow nature of the NELVZ (Figure 11—middle column and Figure 14—vertical profiles A-A0, B-B0,
and E-E0) are compatible with evidence of elevated heat flow in central northern-northeastern Greenland and
the potential presence of a thick and shallow low-density layer along the northeast Greenlandmargin, andwe
argue that the aforementioned geothermal heat source is most likely within the crust of NE Greenland.

Based on the above evidence and similarities (i.e., relative thickness and amplitude of the LVZs, high regional
heat flow, and tectonic settings) between our study and previous tomography studies reporting evidence of
midcrustal LVZs in stable cratonic regions (Chen et al., 2015; Gu & Shen, 2015; Yuan, 2015), we suggest that a
thick,midcrustal, and regional-scalegranitic layer formedunder compressional tectonic settingsduring theclo-
sure of the IapetusOcean, and collision of Baltica and Laurentia is a potential source for the imagedNELVZ. The
existence of granitic intrusion is supported by Vp/Vs ratio measurements from receiver function studies (Dahl-
Jensen, Larsen et al., 2003; Kumar et al., 2007) favoring an overall felsic granitic crustal composition across NE
Greenland (Christensen, 1996 – Table 3) and by field observations of glacial erratic suites across the
Proterozoic-Phanerozoic platform of North Greenland that are characterized among other associated rocks
by granitoid and gneiss clasts (Dawes et al., 2009). The averaged shear wave velocity within the NELVZ (from
~10- to 25-km depth) is consistent with shear wave velocities for granite-gneiss to granite-granodiorite rock
types in thisdepth range (Christensen, 1996; Table2). Thishypothesis provides a commonsource for thegravity
low observed in both NE Greenland and NN and could explain regional measurements of elevated heat flow if
we consider the relative thickness of this granitic layer (Pascal et al., 2007) and the presence of high heat-
producing granitoid rocks in NE Greenland as found in other Proterozoic terranes (Carson et al., 2014;
Goodge, 2018; McLaren et al., 2003).

The reported extent of similar LVZ (Chen et al., 2015; Gu & Shen, 2015; Yuan, 2015) suggests, however,
that this midcrustal granitic body does not extend far inland and is most likely concentrated along the
northeast extent of the Caledonian fold belt. The localized scale of this granitic layer could explain why
the strongest low-velocity anomaly is along the NE Greenland margin (~75 to 79°N and ~30 to 19°W)
and is also consistent with the isolated nature of the NE Greenland gravity low. However, the hypothesis
of a localized granitic source does not reflect the large scale of the NELVZ nor the spatial extent of high
GHF in NE Greenland. But if we consider that the presence of an ~20-km-thick granitic layer in a crust of
Paleoproterozoic tectonothermal ages can lead to crust-mantle boundary temperatures close to the melt-
ing point (Pascal et al., 2007), an argument can be made that an initially localized region of partial melt in
the lower crust could have been enlarged by melt-rock interaction and melt intrusion inland and later
crystallized/recrystallized to form a granite-rich midcrustal layer (Chen et al., 2015). The time frame of such
a process remains, however, unclear. Another hypothesis, which could be developed further to test its via-
bility, is that the migration of melt inland was facilitated through subsequent episodes of decompression
melting in response to lithospheric unloading during deglaciation periods of the GIS (Stevens et al., 2016).
These multiple episodes of crustal remelting and inland melt migration may also have led to a progres-
sive fractionation of the crust in NE Greenland and regionally enhanced the migration of heat-producing
elements to shallower depths (Korhonen & Johnson, 2015; Yuan, 2015). Variations in radiogenic heat gen-
eration and concentration could explain some of the variations in GHF across NE Greenland (Bachu, 1988;
Carson et al., 2014; Goodge, 2018; McLaren et al., 2003). Similarly, local variations in the degree of granitic
intrusions could contribute to the spatial variations in shear wave velocity observed in NE Greenland and
explain the isolated nature of the NE Greenland gravity low.

While this scenario does not identify the detailed tectonic processes leading to the emplacement of a mid-
crustal granitic layer nor does it include the possible contribution of the Iceland plume to the NELVZ and ele-
vated heat flow in NE Greenland, it strongly motivates more targeted studies in this region to better constrain
the crustal composition, amplitude, and extent of the NELVZ. A higher-resolution model of the lithospheric
structure beneath NE Greenland would also help better understand the mechanisms that are initiating
NEGIS flow and controlling the glacier dynamics, helping reduce uncertainties in ice flow and ice
sheet models.
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5. Conclusion

We have combined ambient noise and earthquake dispersion measurements to derive broadband high-
resolution group velocity maps from 8 to 170 s that we used to construct a 3-D shear wave velocity model
of the lithospheric structure beneath Greenland and the surrounding regions. A Markov Chain Monte Carlo
approach was used to explore the model space beneath Greenland and to estimate model uncertainties,
which are used to identify robust velocity features. Resolution in the upper-to-mid crust and the upper man-
tle is good, but trade-offs between lower crust and uppermost mantle properties reduce model resolution in
the 10 or so kilometers above and below the crust-mantle transition. Prominent features in themodel include
an upper-crustal SW-NE trending velocity change separating Greenland into two blocks of different tectonic
history and crustal properties and a midcrustal low-velocity anomaly in NE Greenland underlying NEGIS and
coincident with regions of elevated GHF. The spatial extent and amplitude of the NELVZ combined with pre-
vious geological and geophysical results in NE Greenland suggest that an important source of this crustal
anomaly is most likely compositional. Deep and fast cratonic roots extend from southwestern to north-
northwestern Greenland but are separated by a west to east oriented corridor of relatively low velocities
across central Greenland. Relatively low upper mantle velocity also underlies the eastern Tertiary Basalt
Province. Themodel suggests thinner lithosphere across central and central eastern Greenland, possibly from
the passage of the Iceland plume, but limited thermal erosion of highly depleted cratonic keels in southwes-
tern and north-northwestern Greenland.
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