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The deployment of USArray during the last decade has produced dense sampling of the central part of the 
North American continent with broadband seismic data. Regional tomography is now mapping the deep 
structure of the continent in great detail, in particular beneath the western US where USArray initiated. 
At the scale of the entire continent, however, the resolution of seismic imaging is uneven, much poorer 
away from the footprint of the array than beneath it. Important questions regarding the deep structure, 
lateral extent and evolution of the North American Craton, most of it not covered by USArray, thus 
remain difficult to answer. Here we present a new model of the upper mantle beneath North America 
constrained by waveform fits of 717 thousand vertical-component, broadband seismograms, of which 
over 228 thousand are from the Transportable Array component of USArray, a few tens of thousands from 
other USArray-affiliated stations, and the rest from global networks and arrays. Automated, multimode 
waveform inversion was used to extract structural information from surface and S waveforms, yielding 
resolving power from the crust down to the transition zone. Our unprecedentedly large waveform 
dataset, with highly complementary USArray and global-network subsets within it, produces improved 
resolution for a variety of features in North American upper mantle, compared to other available models. 
The internal structure of the North American Craton is resolved in detail. The lithosphere beneath the 
1 Ga failed Mid-Continental Rift shows wavespeeds not as high as beneath surrounding cratons; it was 
probably altered. The sharp northern boundaries of the cratonic lithosphere closely follow the coastlines, 
with North America’s and Greenland’s lithospheric roots clearly separate. Sharp velocity gradients in 
western Canada indicate that the craton boundary at depth closely follows the Rocky Mountain Front 
at the surface. High velocities between the Great Bear Arc and Beaufort Sea provide convincing evidence 
for the recently proposed ‘MacKenzie Craton’, unexposed at the surface.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The lithosphere beneath North America preserves a record 
of the tectonic evolution of the continent, from the Archean–
Proterozoic assembly of its core (Fig. 1), to subsequent episodes 
of large-scale rifting within it, and to the current deformation 
and re-shaping of its western and southern parts (Hoffman, 1989;
Whitmeyer and Karlstrom, 2007). The large North American Cra-
ton forms the stable core of the continent, occupying the central, 
northern and much of the eastern parts of the landmass. Near the 
boundary between the stable core and the deforming western and 
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southern parts of the continent, portions of cratonic lithosphere 
appear to have been modified and thinned.

The seismic velocity structure of the lithosphere is related to 
its temperature and composition at depth and to its thickness. 
The contrast between high seismic velocities beneath the sta-
ble North American Craton and low velocities beneath tectonic 
western North America is a long-established, first-order feature 
of the deep structure of the continent, seen both in early re-
gional studies and in global tomographic models (e.g. Grand and 
Helmberger, 1984; Masters et al., 1996, 2000; Grand et al., 1997;
Mégnin and Romanowicz, 2000; Gu et al., 2001; Shapiro and Ritz-
woller, 2002).

Thanks to the expansion of global and regional seismic net-
works, increasingly detailed models of the North American upper 
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Fig. 1. Large scale Precambrian architecture of North America. Colours indicate ages of different regions, as defined in the legend (after Whitmeyer and Karlstrom, 2007). The 
stable cratonic core is defined by the Rocky Mountain Front to the west (dashed black line, defined by the surface trace of deformation), and the continental margin (episodic 
rifting beginning ∼650 Ma) to the east (solid red line). The solid blue line demarcates the westward extent of the Grenville/Llano Front. Abbreviations are as follows: RW, 
re-worked; GBA, Great Bear Arc; BHT, Buffalo Head Terrane; Tl.A, Talston Arc; RA, Rimbey Arc; NA, Narajusaq Arc; Tn.A, Torngat Arc; LBA, Little Belt Arc; LRA; La Ronge A; 
Pnk., Penokean Province; NQB, New Quebec Belt; THO, Trans-Hudson Orogen; RGR, Rio Grande Rift; Kwn.R, Kewanowan Rift; Sask, Sask Craton; WY, Wyoming Province; MHB, 
Medicine Hat Block; Grt. Rhy, Granite–Rhyolite Province; Grenv., Grenville Province; and Lbrdn., Labradorian Province. In the western United States, features resulting from 
Phanerozoic deformation are indicated by superimposed cross-hatching: Cas, Cascades; CHS, Columbia River Plateau, High Lava Plains, Snake River Plains; B&R, Basin and 
Range; and CP, Colorado Plateau. Light green lines indicate major plate boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
mantle have been obtained in global (e.g., Ritsema et al., 1999,
2011; Mégnin and Romanowicz, 2000; Shapiro and Ritzwoller, 
2002; Nettles and Dziewónski, 2008; Kustowski et al., 2008;
Lebedev and van der Hilst, 2008; Panning et al., 2010; Lekić 
and Romanowicz, 2011; Debayle and Ricard, 2012; Schaeffer and 
Lebedev, 2013), continent-scale (e.g., Grand, 1994; van der Lee 
and Nolet, 1997; Godey et al., 2004; van der Lee and Frederik-
sen, 2005; Marone et al., 2007; Bedle and van der Lee, 2009;
Yoshizawa and Ekström, 2010; Tian et al., 2011; Sigloch, 2011;
Yuan et al., 2011) and many regional-scale studies in the US (e.g., 
Li, 2003; Gaherty, 2004; Yang and Forsyth, 2006; Yang et al., 2008;
Deschamps et al., 2008; Buehler and Shearer, 2010; Schmandt and 
Humphreys, 2010; Lin et al., 2010; Calkins et al., 2011; Liu et al., 
2011, 2012; Porritt et al., 2011; Tian and Zhao, 2012), Canada (e.g., 
Bostock and Vandecar, 1995; Bank et al., 1998; Rondenay et al., 
2000; Frederiksen et al., 2001, 2007, 2013; Levshin et al., 2001;
Sol et al., 2002; Currie et al., 2004; Darbyshire et al., 2007;
Chen et al., 2007; Mercier et al., 2009; Villemaire et al., 2012;
Darbyshire et al., 2013), and Mexico (e.g., Wang et al., 2009;
Zhang et al., 2009; Stubailo et al., 2012).

The deployment of the large, broadband USArray, which has 
progressively covered the entire continental United States, has cre-
ated an unprecedented seismic data sampling across a large part of 
the North American continent. High-resolution tomographic mod-
els of the upper mantle beneath the footprint of the array, particu-
larly the western US (e.g., Schmandt and Humphreys, 2010; James 
et al., 2011; Sigloch, 2011; Obrebski et al., 2011; Shen et al., 2013;
Burdick et al., 2012; Becker, 2012; Pavlis et al., 2012), show an 
impressive agreement, even for relatively small-scale features of 
the lithosphere and underlying mantle (Becker, 2012). Outside the 
footprint of the USArray, however, there are fewer models, and the 
progress in the tomographic image resolution has been less signif-
icant, largely due to sparser station coverage.

In this paper, we present a new S-wave velocity model of the 
North American continent, computed using a very large set of 
waveform fits of both global and USArray seismograms. The use of 
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all the available data enables us to improve the resolution of imag-
ing, compared to other existing models, at the scale of the entire 
continent. Upon describing the model, we compare it with other 
available global and regional North American models and discuss 
some of the inferences from our results, with a focus on the struc-
ture and evolution of the North American Craton.

2. Data and methods

Our new model, SL2013NA, is an upper-mantle, global, shear-
wave speed model constructed using the same methods as the 
recently published SL2013sv (Schaeffer and Lebedev, 2013), but in-
corporating additional data, particularly in North America. In this 
section we describe the dataset and, for the sake of complete-
ness, include a brief summary of our multimode surface wave-
form tomography methods (for a complete description of the 
methods, we refer the interested reader to Lebedev et al., 2005;
Lebedev and van der Hilst, 2008; Schaeffer and Lebedev, 2013).

2.1. Dataset

In the construction of SL2013NA, we utilize a total dataset of al-
most one million vertical component seismograms successfully fit 
using the Automated Multimode Inversion of surface and S wave-
forms (AMI; Lebedev et al., 2005). The seismograms were recorded 
by more than 100 international, national, regional, and temporary 
arrays from the 1990’s until June 2012. The inclusion of the US-
Array Transportable Array can be expected to improve imaging 
resolution across the contiguous United States, as well as Canada, 
Mexico and adjacent oceans (due to the many paths sampling in 
the vicinity of the array).

From the master dataset, a subset of the most mutually con-
sistent seismograms were selected using outlier analysis (Schaeffer 
and Lebedev, 2013), yielding approximately 720 thousand seismo-
gram fits. Of these, ∼230 thousand were recorded by the USArray 
Transportable Array, with an additional ∼40 thousand from US-
Array affiliated (Reference and Flexible Array) stations. Centroid 
moment tensor (CMT) solutions for the ∼22 thousand events (mo-
ment magnitudes ∼4.5–8) were obtained from the Global CMT 
catalogue (Ekström et al., 2012). Fig. 2 shows the distribution of 
the stations and events data from which constrain our model.

2.2. Inversion procedure

The inversion procedure is split into three steps. We begin with 
the application of AMI (Lebedev et al., 2005) to almost five million 
pre-processed (filtered, quality-controlled, and response corrected) 
seismograms. AMI performs automated, accurate processing of 
large seismogram datasets, which is accomplished through an elab-
orate case-by-case selection of time–frequency windows and phase 
weighting, combined with enforcing strict data-synthetic misfit cri-
teria simultaneously across all the windows. The result of the 
waveform inversion of each seismogram is a set of linear equa-
tions with uncorrelated uncertainties (Nolet, 1990) that describe 
one dimensional (1D) average perturbations in S- and P -wave ve-
locity within finite-width sensitivity volumes between the sources 
and receivers; these perturbations are with respect to a 3D refer-
ence model (Lebedev and van der Hilst, 2008).

In the second step, the equations generated by AMI are com-
bined together into one large linear system and solved for the 3D 
distributions of P and S wavespeeds and the azimuthal anisotropy 
of the S-wave speed, subject to regularization and smoothing. 
In the final step, an outlier analysis of the dataset is performed 
(Lebedev and van der Hilst, 2008; Schaeffer and Lebedev, 2013) in 
order to select a posteriori the most mutually consistent equations, 
to be re-inverted for the final model.
Fig. 2. Station and event distribution, and the knots of the triangular model grid. 
The grey squares indicate the events and red triangles the stations, within the re-
gion around North America and globally (inset), that were used in constraining the 
model. The model-grid knots (light grey filled circles) are spaced at ∼280 km. (For 
interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)

Both AMI and the tomographic inversion utilize a 3D reference 
model, in order to accurately relate the phase information in the 
waveforms to perturbations in S and P velocity. The Earth’s surface 
was parameterized using a dense grid of knots (Wang and Dahlen, 
1995), with crustal structure at each knot assigned from Crust2

(Bassin et al., 2000), smoothed across its 2◦ cell boundaries and 
augmented with global topographic and bathymetric databases. Be-
neath the Moho, fixed to that of Crust2, a modified version of 
AK135 (Kennett et al., 1995) was used. We assume the quality fac-
tor (Q) profile of AK135, and minimize the errors associated with 
unknown lateral variations in attenuation by performing waveform 
inversions at a reference period of 50 s, approximately in the mid-
dle of the waveform-inversion total period range. By solving for 
perturbations in the crust as well as the mantle, errors in the 
Moho depth are compensated by changes in lower-crustal veloc-
ities, preventing artefacts in the underlying mantle (Lebedev et al., 
2013; Schaeffer and Lebedev, 2013). Lastly, a uniform (1D) cor-
rection was applied to the mantle profile, such that the reference 
model is close to the global average, as constrained by our dataset.

At no point is the approximation of 1D, path-average models 
used; rather, the phase of every mode at every frequency, as well 
as its derivatives, are computed as integrals over the sensitivity re-
gion in the 3D reference model. The perturbations to the phase ve-
locity averages, which are small in most cases, are linearized using 
the accurate average derivatives (Lebedev and van der Hilst, 2008;
Schaeffer and Lebedev, 2013) computed from the reference model. 
Synthetic seismograms are computed as a sum of the fundamental 
and first 30 higher spheroidal modes. The inclusion of the higher 
modes (which interfere constructively to make up S and multiple 
S waves) improves the recovery of the structure in the deep upper 
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Fig. 3. Data sampling at four depths within the model. Instead of path density, we use sums of the matrix columns, which yield a better measure of the relative sampling 
of each model knot, taking into account the variability in structural information provided by each waveform fit, the sensitivity volumes, and the path similarity weights. The 
four depths (A 75 km, B 200 km, C 350 km, D 500 km) are representative of the entire depth range, with sampling between these depths changing gradually. Dark green 
indicates zero sampling (none anywhere on globe), whereas dark red indicates the maximum sampling for each depth. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
mantle and transition zone, compared to imaging with the funda-
mental modes alone. The approximation of 1D path-average per-
turbations in seismic velocities, instead of full 3D sensitivity ker-
nels, does limit the attainable resolutions at these greater depths. 
We note, however, that our use of a very large dataset with both 
S and various multiple S waves included remedies this to a signif-
icant extent; the sensitivity volumes of S , S S , S S S , etc. effectively 
fill the upper mantle between the source and receiver, so that the 
validity of our 1D average perturbation approach is enhanced.

3. The model SL2013NA

SL2013NA is a global, azimuthally anisotropic, S V velocity 
model of the upper mantle and transition zone. Laterally the model 
grid is constructed from triangular knots (Wang and Dahlen, 1995)
with an average spacing of 280 km (same as SL2013sv), whereas 
vertically it is parameterized using triangular basis functions with 
apexes at 18 depths for S (between 7 km and 1000 km); the 
410 and 660 km discontinuities are fixed using two half trian-
gles. Although the inversion solved for perturbations in P and 
S velocity and S-wave azimuthal anisotropy, only the isotropic 
S-velocity component of the model is presented in this paper. The 
2Ψ azimuthal anisotropy terms were included to reduce errors 
due to trade-offs between isotropic and anisotropic heterogeneities 
(Lebedev and van der Hilst, 2008). Anisotropic heterogeneity itself 
will be the focus of a future study.

The ∼717 thousand successfully fit vertical-component
(Rayleigh-wave) seismograms span a total period range of
10–450 s, predominantly between 30 s and 350 s, and provide a 
total of 2.17 million data equations which, together with 1.47 mil-
lion smoothing and damping equations, constrain the 501,888 
model parameters (unknowns). Although the inversion is global, 
in this study we are targeting the structure of the North American 
continent, and therefore only show this portion of the model.

The incorporation of USArray data into the inversion increases 
data sampling not only beneath the footprint of the array, but also 
elsewhere across North America, as we utilize source-station pairs 
with sources distributed globally. The relative path sampling is il-
lustrated in Fig. 3 using the matrix column-sums, at depths of 75, 
200, 350, and 500 km. The matrix column-sums offer a more ac-
curate measure of model knot sampling, compared to path-density 
maps, as they also include the sensitivity kernel weights and the 
path re-weighting (used to reduce biases due to uneven azimuthal 
coverage and commonly sampled paths) (Lebedev and van der 
Hilst, 2008; Schaeffer and Lebedev, 2013). It is clear that the most 
densely sampled region at lithospheric depths lies beneath the 
footprint of the USArray (dark red), with good sampling (reds, 
yellows) extending northwards and southwards beneath Canada 
and Mexico, respectively.
We further examine the resolving capability of the model using 
synthetic spike tests, illustrated in Fig. S1. These tests are carried 
out using the same theoretical approximations as the inversion of 
the data, and therefore do not examine methodological inaccura-
cies (Qin et al., 2008; Schaeffer and Lebedev, 2013); we note how-
ever that AMI has previously been evaluated using two SEM-based 
benchmark datasets (Qin et al., 2006, 2008), and demonstrates a 
good recovery of synthetic structures, particularly within the up-
per 300 km. The results of the spike resolution tests show that in 
the upper mantle anomalies 500 km and smaller are well resolved 
in shape and amplitude, particularly in the upper 250 km.

At lithospheric (50–250 km) depths (Fig. 4), SL2013NA displays 
the sharp boundary between the low-velocity (red through black), 
actively deforming western North America (west of the RMF) and 
the high-velocity (blue through purple) stable continental interior. 
The cratonic lithosphere clearly extends northwards, incorporat-
ing many of the Arctic Islands of Canada, and is terminated quite 
sharply at the north-eastern coastline (Baffin Bay and the Labrador 
Sea). In the east, the highest velocities do not extend beyond the 
Appalachian Front, which roughly coincides with the rifted margin 
that pre-dated it.

The prominent high-velocity anomalies indicate that cratonic 
lithosphere extends to depths slightly greater than 200 km, with 
much weaker and more localized fast anomalies within the con-
tinental interior by 250 km depth. Beneath Iceland, a strong low 
velocity anomaly is clear, from 100 km to 250–300 km depth. Be-
ginning at 150 km depth, relatively high velocities associated with 
the shallow portion of the Cascadia Subduction zone are observed; 
this signature extends into the transition zone, where the highest 
velocities associated with the slab migrate eastwards. A separate 
high-velocity anomaly is observed to the north beneath Alberta 
and Saskatchewan.

4. Comparison of tomographic models in North America

4.1. Global models

We compare SL2013NA with seven recent global shear velocity 
models in Fig. 5, at 150 km depth (and 100 km and 500 km depths 
in Supplementary Figs. S2 and S3, respectively). The other mod-
els include: DR2012 (Debayle and Ricard, 2012), SEMum2 (French 
et al., 2013), S40RTS (Ritsema et al., 2011), ND2008 (Nettles and 
Dziewónski, 2008), LH2008 (Lebedev and van der Hilst, 2008), 
CUB (Shapiro and Ritzwoller, 2002), and S362ANI (Kustowski et 
al., 2008). The global mean at each depth was removed and the 
perturbations were plotted in percent relative to this value; the 
minimum and maximum perturbations within the plotted region 
are indicated beneath each map. For all models we plot the S V
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Fig. 4. Map views of SL2013NA at nine depths in the upper mantle and transition zone: 50, 100, 150, 200, 250, 300, 400, 500, and 600 km. Perturbations in S-wave velocity 
are plotted in percent with respect to the mantle reference velocity, indicated in brackets at the top right of each map. The same linear colour scale is used; the absolute 
minimum and maximum percentage and the saturation limit of the scale are indicated beneath each map. Major plate boundaries are plotted in green, and the boundaries 
of the Proterozoic stable continent as grey lines, with the western boundary being the Rocky Mountain Front (dashed) and the eastern boundary being the ancient rifted 
continental margin (solid), as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
component. In Fig. 6 (and Fig. S6), we compare the bulk veloc-
ity variations in the different models by plotting the histograms 
of their perturbations from the mean (at 150 and 100 km depth, 
respectively).

All the models were constrained by data from global seismic 
networks and regional broadband arrays; SL2013NA and DR2012 
also include substantial amounts of USArray data. DR2012 is an 
upper-mantle S V model constrained by multimode Rayleigh-wave 
seismograms. SEMum2 is a global, radially anisotropic model de-
rived from long-period seismic waveforms and group-velocity dis-
persion maps. S40RTS is an isotropic shear-velocity model of the 
mantle constrained by Rayleigh wave dispersion, teleseismic body 
wave traveltimes, and spheroidal mode splitting functions. ND2008 
is a global, radially anisotropic model constrained by fundamen-
tal mode Rayleigh and Love phase speed measurements. LH2008 
is a predecessor of SL2013NA (and SL2013sv) computed using the 
same methodology but with fewer seismograms and lower target 
resolution. CUB (CU_SDT1.0) is a crust and upper-most mantle radi-
ally anisotropic model computed from fundamental mode Rayleigh 
and Love group and phase speed measurements. Finally, S362ANI 
is a whole-mantle, radially anisotropic shear velocity model gen-
erated from surface wave dispersion measurements, mantle and 
body waveforms, and body wave traveltimes.

The models display substantial variability in the anomalies they 
recover. SL2013NA, DR2012, CUB, LH2008, and SEMum2 show 
the largest anomaly amplitudes (widest range in Fig. 6, top two 
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Fig. 5. Comparison of SL2013NA with seven recent global surface-wave-tomography models at 150 km depth: DR2012 (Debayle and Ricard, 2012), SEMum2 (French et al., 
2013), S40RTS (Ritsema et al., 2011), ND2008 (Nettles and Dziewónski, 2008), LH2008 (Lebedev and van der Hilst, 2008), CUB (Shapiro and Ritzwoller, 2002), and S362ANI 
(Kustowski et al., 2008). Major plate boundaries are plotted in green. Solid grey line in the east denotes the ancient rifted continental margin marking the limit of the stable 
Proterozoic North American cratonic core. The dashed grey line in the west denotes the front of recent deformation, extending from Alaska through the western US as the 
Rocky Mountain Front, and southwards through Mexico and Central America. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)
panels), whereas the other models recover amplitudes spanning 
a range ∼35% smaller. DR2012, CUB, SEMum2 and SL2013NA re-
cover very similar positive velocity anomaly amplitudes; how-
ever, SL2013NA recovers significantly higher amplitude of lowest-
velocity anomalies in the mantle beneath and near Iceland (100 
and 150 km depth, Figs. S2 and 5). At 500 km depth (Fig. S3), in-
stead S40RTS has the strongest low-velocity anomaly.

Aside from the amplitudes, the biggest difference between 
SL2013NA and the other global models is the higher gradients 
in V S across the craton boundaries; the gradients at 100 and 
150 km depth are plotted in Figs. S4 and S5. The higher gra-
dients more precisely define the central lithospheric core of the 
craton (highest velocities ≥4%). The westward extent is more de-
tailed in SL2013NA than in other models, and corresponds closely 
with known tectonic features, such as the Canadian part of the 
RMF. In the western US, the highest gradients remain near the 
RMF (at 100 and 150 km depth, Figs. S4 and S5), with greater com-
plexity in structure (smaller-scale heterogeneity and more complex 
gradients). Additionally, a secondary band of increased gradients 
appears further inland, reflecting the transition to higher veloci-
ties (≥4%) within the continent. The observed structure within the 
western US corresponds closely with the features in recent, high-
resolution regional models constructed using the USArray (Sec-
tion 4.2).

In the north of the continent, SL2013NA shows the sharpest, 
clearest definition of the northern cratonic boundary closely fol-
lowing the coastline, both in the gradient (Fig. S5) and veloc-
ity (Fig. 5). Additionally, SL2013NA resolves all of Baffin Island 
to be clearly within the craton, in contrast to the other models. 
A strong high-velocity anomaly is recovered beneath Greenland 
by several of the models (DR2012, SEMum2, CUB, and LH2008); 
SL2013NA, however, shows the anomaly extending further south-
wards through Greenland than in others (Fig. 5).

4.2. Continental-scale and regional models

We have also compared SL2013NA with eight continental and 
regional scale models of North America and the United States in 
Figs. 7 and 8 (and Supplementary Figs. S7, S8, and S9). The models 
constructed using body wave traveltimes predominantly from US-
Array stations provide high resolution within the footprint of the 
array but not over the rest of the continent. In order to improve 
the resolution of shallow lithospheric and crustal structure (not 
given by teleseismic body waves alone, due to the lack of crossing 
rays at relatively shallow depths), several joint-inversion and mul-
tiphase approaches (Obrebski et al., 2011; Shen et al., 2013) have 
been employed, as surface-wave data offer the best resolution in 
the shallow lithospheric depth range.

NA04 (van der Lee and Frederiksen, 2005) and NA07 (Bedle and 
van der Lee, 2009) are two continental-scale models, constructed 
using partitioned waveform inversion (Nolet, 1990; van der Lee 
and Nolet, 1997). NA04 was generated when USArray was in its 
infancy; NA07 incorporates some of the westernmost USArray data 
recorded up to the end of 2006. SAWum_NA2 (Yuan et al., 2011)
is a radially and azimuthally anisotropic continental scale model 
constructed using long period Rayleigh and Love waveforms and 
station-averaged SKS splitting measurements (some western USAr-
ray data included). SIG11-P (Sigloch, 2011) and MIT11-P (Burdick 
et al., 2012) are large-scale P -wave tomography models, both of 
which use USArray data to improve resolution beneath the United 
States. The models wUS-SH-2010-S (Schmandt and Humphreys, 
2010) and NWUS11-S (James et al., 2011) are S body wave relative 
arrival time tomography models. DNA10-S (Obrebski et al., 2011)
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Fig. 6. Comparison of the distribution of velocity perturbations for 150 km depth; 
the top two panels show global models whereas the bottom two panels show the 
continental and regional-scale models (except P -wave models). For each, perturba-
tions with respect to the mean absolute velocity are binned to generate a frequency 
(in percent, left axis), from which the standard deviation is computed (indicated by 
the diamonds near the top axis). Larger standard deviations or lower average am-
plitude frequency distributions (therefore more widespread across the perturbation 
range) indicate a model with larger variation in relative amplitudes. Colours indi-
cate each model, given by the legends on the right-hand-side. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

is a shear velocity model constrained by short-period surface wave 
phase velocities and body wave traveltime measurements. WCUS 
(Shen et al., 2013) is a vertically polarized shear-velocity model 
constrained by Rayleigh-wave phase velocity curves obtained by 
ambient noise and teleseismic measurements and by single-station 
P receiver functions.

For consistency of the comparisons, we plot NA04, NA07, 
and SAWum_NA2 using the global reference model of SL2013NA 
(in Figs. 7, 8, S7, and S8). For completeness, we also plot the same 
four models at 150 km depth using the mean absolute velocity of 
NA07 (Fig. S9).

Regardless of the reference values, at 100 and 150 km depth 
SL2013NA shows sharper, more clearly defined lithospheric bound-
aries, which coincide more closely with the coastlines in the north 
and northeast, from Baffin Bay southwards to the southern tip of 
Newfoundland. In western Canada, the high velocities extend right 
to the RMF, with a sharp contrast to the low velocities within the 
Canadian Cordillera. A more distinct separation between Greenland 
and North America is observed. In the western and central US, the 
highest velocities (>4%) are offset further eastwards than in NA04, 
NA07, or SAWum_NA2.

Fine-scale anomalies associated with the Snake River Plains vol-
canic belt and nearby High Lava Plains and Columbia River Plateau 
are clearly present in all the recent regional, western-US models 
(Figs. S7 and 7) constructed using USArray data. Such small-scale 
features had not been clearly observed in past global or continental 
scale-models; however, in SL2013NA, these are now also resolved, 
albeit with reduced resolution due to the greater grid spacing used. 
A band of low-velocity in SL2013NA located beneath the Snake 
River Plains, as well as a band of high velocity immediately to the 
south, extending south-westwards beneath the southern Rockies 
into the Colorado Plateau, are in agreement with the regional-scale 
models.

DNA10-S and WCUS, which incorporate surface wave phase-
velocity measurements, also image high velocities associated with 
the stable cratonic core beneath the United States at the very east-
ern boundary of the model domains. Both the location of the high-
est velocities and the region of elevated velocity between the RMF 
and the craton match between SL2013NA and these two regional, 
surface and body wave models.

At 150 km and 250 km (Figs. 7 and S8), the Juan du Fuca 
plate is clearly imaged in the western US models, as a north–
south trending band of high-velocities beneath the Cascades Range. 
In SL2013NA, a high velocity anomaly is present at 250 km, which 
spans the entire length of the Juan du Fuca plate, and extends 
inland eastwards beneath all of Washington, Oregon, and northern 
California. This broadening of the anomaly results, in part, from 
the significantly larger grid spacing used in the global model com-
pared to that of the regional models.

Within the transition zone (500 km depth, Fig. 8), there are 
more significant differences between all the models, both global 
and continental, as well as those of the western US only. Whereas 
NA04 and NA07 show high-velocity anomalies stretching from 
Central America to the northwestern US, SL2013NA has more iso-
lated, distinct high-velocity anomalies beneath west-central US, 
Mexico and Alberta, similar to the anomalies in SIG11-P. Compar-
ing all the continental and global S-wave models with MIT11-P 
and SIG11-P (Figs. 8 and S3), the biggest difference is the absence 
of the high-velocity anomaly beneath the eastern US, attributed to 
the uppermost portion of subducted Farallon plate (e.g., Pavlis et 
al., 2012).

5. Discussion

Our new model SL2013NA offers a detailed look at the upper 
mantle structure across North America as a whole. Figs. 9 and 10
show SL2013NA at 100 km and 150 km, respectively, and provide 
a clear illustration of the lithospheric structure of the continent.

5.1. The bounding oceans

The oceans that surround North America show pronounced dif-
ferences in lithospheric wavespeeds, consistent with the differ-
ences in the ages of the oceanic lithospheres adjacent to the conti-
nent on its different sides. For instance, the 30–70 Ma Labrador 
Sea, 150–180 Ma western Atlantic, ∼150 Ma Gulf of Mexico, 
100–150 Ma Beaufort Sea, and <40 Ma Pacific Ocean with the 
young, ∼15 Ma, Juan de Fuca and Gorda plates (Müller et al., 
2008).
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Fig. 7. Comparison of SL2013NA with nine regional and continental scale models of North America at 150 km depth. The models include: NA04 (van der Lee and Frederiksen, 
2005); NA07 (Bedle and van der Lee, 2009); SAWum_NA2 (Yuan et al., 2011); wUS-SH-2010-S (Schmandt and Humphreys, 2010); DNA10-S (Obrebski et al., 2011); WCUS 
(Shen et al., 2013); NWUS11-S (James et al., 2011); SIG11-P (Sigloch, 2011); and MIT11-P (Burdick et al., 2012). Tectonic boundaries are as in Fig. 5. Perturbations in NA04, 
NA07 and SAWum_NA2 are plotted with respect to the SL2013NA reference velocity for consistency of the comparison. The western US and P -wave models are plotted with 
respect to their individual means. Map projection scales are the same for all the maps. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
The northwestern Atlantic Ocean displays several regions of 
particularly high velocity. At 100 km depth, two main anomalies 
are evident. The first stretches immediately offshore the continen-
tal shelf from the southern tip of Florida northwards, as far as New 
York. Geographically this area correlates very closely with some of 
the oldest oceanic crust and lithosphere within the Atlantic (Müller 
et al., 2008). The landward boundary coincides roughly with the 
continental shelf boundary. Such high-velocities may also be re-
lated to remnant continental lithospheric fragments isolated during 
complex periodic rifting along the eastern margin of North Amer-
ica, as suggested by O’Reilly et al. (2009) off the coast of South 
America and Africa, or result from underplating of laterally flow-
ing lower cratonic mantle lithosphere (Huismans and Beaumont, 
2011).

The second anomaly is further north, off Newfoundland and 
Nova Scotia, south-eastwards across Grand Banks, a shallow 
continental shelf that juts further eastward than the rest of the 
Atlantic Margin. A region of non-anomalous velocity (i.e., white) 
appears to bisect these two high velocity anomalies. A possibly re-
lated low velocity anomaly is seen further offshore in the Atlantic, 
more evident at 150 km depth than 100 km. Previously, the low 
velocities here in NA04 were attributed to the Great Meteor hot 
spot (Eaton and Frederiksen, 2007).

In addition to the anomalies beneath the old western At-
lantic, we also observe a similar high-velocity feature within the 
Gulf of Mexico. The anomaly coincides spatially with the deep-
est bathymetry (Fig. 1) and corresponds to a fragment of an-
cient oceanic lithosphere (≥150 Ma, Müller et al., 2008). Lastly, 
high velocities underlie the Beaufort Sea at 50 and 100 km 
depth, corresponding to oceanic crust and lithosphere older than 
100 Ma.

5.2. Greenland and the Arctic Islands

In SL2013NA, we observe a very clear spatial separation be-
tween the high-velocity North American and Greenland cratons, 
with significantly lower (but still relatively high) and neutral (close 
to the global average) wavespeeds beneath the intervening Baffin 
Bay–Davis Straight–Labrador Sea (as also seen in some of the other 
recent global models, Fig. 5). In the recent geologic past, Greenland 
has moved as if a part of North America, but it is clear that the two 
cratons are separate. At 100 km depth, a band of relatively high 
velocities appears to connect North American with Greenland, be-
neath the eastern portion of the Innutian orogen; by 150 km, this 
connection is clearly absent.

The separation of Greenland from North America occurred in 
several phases, beginning in the early Cretaceous period with the 
opening of Baffin Bay, the northwestern terminus of the North 
Atlantic–Labrador Sea rift system. The process re-started in the 
latest Cretaceous and early Paleocene; by the late Eocene the 
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Fig. 8. Comparison of SL2013NA with nine regional models at 500 km depth. Models and tectonic features are as in Fig. 7. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
spreading ceased and Greenland has since remained a satellite 
component of the North American plate (Chalmers and Pulvertaft, 
2001). Comparing the Labrador Sea and Baffin Bay with other ma-
jor spreading ridges globally, it is clear there is little evidence in 
the mantle to suggest the presence of an active magmatic ridge; 
wavespeed anomalies are almost entirely neutral or positive from 
50–150 km.

In Greenland, the high velocities defining the craton extend be-
neath most of the landmass, with two localized maxima in its 
northern and south-central parts. The high-velocities do not extend 
to the east coast of Greenland. This may result from proximity to 
the relatively higher ambient mantle temperatures around Iceland, 
which drive mantle flow over a large area, and over time drive the 
erosion of the lithospheric root. This is supported by the very low 
velocities observed beneath Iceland, extending from 100 km to at 
least 300 km depth. Alternatively, the intrusion and emplacement 
of the North Atlantic Igneous Province (NAIP; Ganerød et al., 2010) 
may explain the reduced velocity (and, thus, thinner, warmer litho-
sphere) on both the western and eastern margins, where dated 
magmatic bodies from the NAIP have been mapped. Confirmation 
of such an explanation is difficult given the ice cap prevents di-
rect observation of the geology of almost all of Greenland’s interior 
(also why kimberlites are known only near the coasts).

5.3. Interior cratonic structure

The main lithospheric core of the craton, seen most clearly in 
the 100 and 150 km depth map views, encompasses almost the en-
tirety of Canada east of the RMF, as well as slightly less than half of 
the continental United States. The Archean-aged Rae, Hearne, Slave, 
and Northern Superior provinces contain within them lithosphere 
with the highest anomalies. There is no clearly apparent correla-
tion in wavespeed changes between the Archean-aged provinces 
and their intervening Proterozoic-aged orogenic belts and sutures 
zones. There does exist some heterogeneity in the highest ve-
locities within single provinces, though, several examples includ-
ing the west-to-east increase in velocity across the Slave Craton 
and the north-to-south decrease in velocity within the Superior 
Province. No clear boundaries between the different Archean cra-
tons are seen within the lithospheric mantle.

Several regions of reworked or altered Archean lithosphere 
are observed, including the Wyoming Province and Medicine Hat 
Block, which are underlain by moderate positive velocity anomalies 
(∼2–4%), instead of the ≥4% highest velocities we associate with 
the stable lithospheric core. Similarly reduced positive anomalies 
are also observed further south, beneath the western Yavapai and 
Mazatzal Provinces, where shear-wave speeds are lower than fur-
ther east beneath the same provinces.

Beneath the area around the northernmost portion of the 
1.2–1.1 Ga failed mid-continental rift (the Keweenawan Rift, cross-
hatched in Fig. 9), we observe a reduction in the strength of 
positive velocity anomalies. We stress that this is not a low-
velocity anomaly (the continental lithosphere here shows high ve-
locities of ∼3%), but it does represent a “hole” in the highest veloc-
ity cratonic core. At 100 km depth this feature is centred beneath 
Lake Superior; at 150 km depth, the anomaly is expanded north–
south. This was detected previously both in our model SL2013sv 
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Fig. 9. Shear speed structure of SL2013NA at 100 km depth with large-scale tectonic features of North America (large panel). Boundaries of the major Archean and Proterozoic 
terranes are plotted in light grey. Dashed light grey lines denote the 0% and +4% shear speed contours, whereas dash–dot light grey lines indicate the +2% contour. The Snake 
River Plains–High Lava Plains, Colorado Plateau, and Keweenawan and Rio Grande Rifts are plotted with cross-hatched patterns (see Fig. 1). The black dashed lines indicate 
the Rocky Mountain Front (in the west) and the Grenville–Llano Front (in the east). All other boundaries are the same as those plotted in Fig. 1. The green lines denote 
major plate boundaries. Approximate location of the MacKenzie Craton is indicated by MC. Small panel shows significant lateral velocity gradients, plotted in percentage per 
100 km; all gradients smaller than 0.5%/100 km are white, and the maximum value in the region is 4%/100 km (dark blue). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
and in the regional phase velocity study of the Superior Province 
by Darbyshire and Lebedev (2009). Resolution tests (Supplemen-
tary Fig. S1) confirm that our dataset does resolve this reduction 
in positive anomaly amplitude.

At 200 km depth (Fig. 4), the main core of highest velocities is 
located beneath central Canada, indicated by the dark blue colours. 
This is separated roughly into 4 lobes surrounding a middle re-
gion of slightly decreased high velocities. The southeastern high-
velocity lobe beneath central and southern Hudson Bay underlies, 
roughly, the Mesoarchean Hudson Bay Terrane (O’Neil et al., 2008;
Boily et al., 2009). To the east, another of the high-velocity lobes 
lies beneath the central Rae-Hearne Provinces, and stretches north-
wards across the Talston Arc into the northern Slave Province 
within Victoria Island. The central region of reduced velocity is ap-
parent at both 100 and 150 km depth in SL2013NA, as well as in 
the model of Faure et al. (2011) at 150 km depth. By 250 km depth 
(also Fig. 4), the anomalies weaken substantially (note the change 
in scale between 200 and 250 km depth), although somewhat ele-
vated velocities do persist down to depths of 250 km depth.

The lithosphere–asthenosphere boundary (LAB) is a first-order 
structural feature over which the relative motion between the 
rigid tectonic plates and the underlying mantle is accommodated. 
However, within the stable continents this boundary, a rheolog-
ical contrast marking the “base” of the thick continental litho-
sphere, has proven difficult to detect unambiguously. The thickness 
of the lithosphere has been inferred, in particular, from seismic 
velocities, electrical resistivity, and xenolith data (e.g., Kopylova 
and Russell, 2000; Jones et al., 2003; Snyder and Lockhart, 2005;
Muller et al., 2009; Eaton et al., 2009; Sodoudi et al., 2013).

In seismic tomography, a number of criteria have been em-
ployed to characterize this boundary (Eaton et al., 2009), includ-
ing the depth to the strongest negative gradient beneath the 
high-velocity lid (e.g., Priestley and Debayle, 2003), changes in 
the nature of lateral velocity heterogeneity (e.g., Bruneton, 2004), 
a specific absolute velocity (Li and Burke, 2006), or a specific 
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Fig. 10. SL2013NA at 150 km depth with large-scale tectonic features of North America. Plotting conventions follow those of Fig. 9. The location of kimberlites and lamproites 
from the World Kimberlite database of Faure (2010) are plotted for diamondiferous (green filled diamonds), non-diamondiferous (white diamonds), and those with unknown 
diamond content (dark-grey crosses). Approximate location of the MacKenzie Craton is indicated by MC; several kimberlite groups discussed in the text are labelled: LE, Lac 
Ellen; PC, Prairie Creek; SR, Sheep Rock; and AtKy, Attawapiskat and Kyle Lake. Inset panel showing velocity gradients is as in Fig. 9; maximum value in the region at 150 km 
depth is 5.5%/100 km (dark blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
deviation (often 1–2%) from a global reference (e.g., Frederiksen 
et al., 2001; Gung et al., 2003; Darbyshire et al., 2013). Alterna-
tively, Faure et al. (2011) used the mean velocity between 75 and 
200 km (6%) to define a shell describing the extent of the litho-
sphere. However, estimates based on each of these criteria may 
be biased due to the vertical smoothing in the tomographic in-
version (Jordan and Paulson, 2013), which can result in estimated 
lithospheric thicknesses that are larger than in reality. We do not 
quantitatively interpret the depth to the base of the lithosphere, 
leaving this for a future study where the effect of the vertical 
smoothing is addressed. However, the degree of vertical smoothing 
is relatively uniform laterally. Therefore, the lithospheric bound-
aries seen in seismic velocity contrasts in horizontal cross-sections 
at lithospheric depths are meaningful. In order to highlight the sta-
ble continental lithosphere (positive anomaly of ≥2%, light blue 
colours), and the lithosphere of the ancient cratonic core (≥4%, 
dark blue and purple colours), we draw the 2% and 4% contours in 
Figs. 9 and 10.
5.4. Craton boundaries

5.4.1. North and northeastern
Another dominant feature of SL2013NA is the clarity and sharp-

ness of the boundaries (high gradients) of the continental craton, 
especially at its northern and northeastern limits. In the north, 
the boundary of the craton closely follows the coastline, towards 
Baffin Bay in the east. The exception at 100 km depth is the 
high velocities extending northwards beneath the Canadian Arc-
tic Archipelago—the Innutian Orogen. The strong gradient in ve-
locity (the sharp craton boundary in the mantle) follows closely 
to the coastline of Baffin Island, across the Hudson Strait, then 
the Labrador and Newfoundland coastlines to the south. This ex-
tends further to the north and east than in previous global models 
(i.e., those presented in Fig. 5) and continental-scale models (i.e., 
those in Fig. 7, in addition to Faure et al., 2011; Yuan et al., 2011;
Nettles and Dziewónski, 2008, etc.); in the northeast, the highest 
velocities as imaged by Faure et al. (2011) are similar to those ob-
served in SL2013NA.
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5.4.2. West
The western margin of North America is a complex region 

that has been undergoing deformation for hundreds of millions 
of years. The subduction of large oceanic plates (the Kula, Faral-
lon, and Pacific plates, i.e. Engebretson et al., 1985; Atwater, 1989;
Pavlis et al., 2012; Sigloch and Mihalynuk, 2013) has driven the 
formation of the North American Cordillera and amalgamation of 
many allochthonous terranes to the continent’s margin. Deforma-
tion in western North America included extension in the Basin 
and Range Province and steady northward translation of Baja Cal-
ifornia and the rest of the Pacific-Plate part of the continent. 
The fine scale structures associated with the tectonic construction 
and deformation of this region is beyond the scope of this pa-
per. However, we do address the location of the stable-continent 
boundary, which has been shown to coincide roughly with the 
surface expression of the Cordilleran or Rocky Mountain deforma-
tion front within western Canada (e.g., Frederiksen et al., 2001;
van der Lee and Frederiksen, 2005; Mercier et al., 2009), but devi-
ate within the western United States.

In western Canada (British Columbia, Alberta, and the Yukon), 
we observe a very close match of the craton edge within the 
mantle lithosphere with the RMF at the surface, and the pres-
ence of the very high velocity cratonic mantle material right out 
to this boundary, beneath the Proterozoic juvenile arcs and oro-
gens (Fig. 1). In the Canadian Cordillera, there are few regional 
studies (e.g., Bostock and Vandecar, 1995; Frederiksen et al., 1998;
Mercier et al., 2009) to compare with (in comparison to the west-
ern United States), and those that are available do not have the 
high resolution as afforded by the USArray in the US. However, the 
overall distribution of positive and negative velocity anomalies is 
in general agreement, for example with the body wave tomogra-
phy model of Mercier et al. (2009).

The velocity gradient across the Canadian Cordillera transition 
is very high, with the transition from low velocities within the 
Cordillera to high velocities in the craton over a relatively short 
distance. This gradient gets gentler, with the zone of the transi-
tion broader, towards the south, in the western US (particularly 
at 150 km depth). This coincides with an eastward offset of the 
lithospheric core from the RMF; beginning in southern Alberta, 
the westward extent of the highest-velocity craton deviates inland 
with respect to the RMF, further and further with decreasing lati-
tude.

Although the Wyoming Province and Medicine Hat Block (MHB) 
are both Archean in their crustal age, they have reduced posi-
tive anomalies in the mantle lithosphere (∼2–4%) compared to 
the similar aged Hearne Province and younger Talston Arc to the 
north (≥5%). During the Trans-Hudson Orogeny (THO), regional 
metamorphism due to the juxtaposition of many different Archean 
cratons (Hoffman, 1989; Whitmeyer and Karlstrom, 2007) affected 
the Archean lithospheric root in this region, with the modification 
of the lithosphere probably reflected in the reduced wavespeeds 
within it today (van der Lee and Nolet, 1997; Snelson et al., 1998;
Gorman et al., 2002; Faure et al., 2011). The lower seismic veloci-
ties are likely to indicate thinner lithosphere, with higher tempera-
tures within it. At 100 km depth, only the eastern half of the MHB 
and a swath through the middle of the Wyoming Province are of 
significantly high velocity; by 150 km depth, the positive velocity 
anomalies are reduced in amplitude. This region extends well into 
the THO, south of the Sask Craton.

The southern stretch of the western craton boundary, within 
the Yavapai and Mazatzal Blocks, is more complicated than the 
northern part of the boundary. At 100 km depth, the western cra-
ton boundary extends southwards from the THO, approximately 
north–south in orientation, into Texas. However, at 150 km depth, 
the boundary moves further eastward, and in more of a south–
south-easterly direction from the Sask Craton through the THO. 
The reason for this stronger eastward deflection of the cratonic 
lithosphere is not easily attributed to known tectonic processes 
prior to 1 Ga, and possibly results from more recent deformation 
and modification of the lithosphere.

5.4.3. East
The eastern boundary of the high-velocity cratonic root (>4%) 

extends further eastward than the Grenville Front, such that it in-
cludes the Granite–Rhyolite Provinces in the south–east and the 
Labradorian Province in the northeast. Interestingly, the central 
part of the Grenville Orogen is not underlain by strongly anoma-
lous mantle lithosphere, which may be associated with the Great 
Meteor hotspot (Eaton and Frederiksen, 2007). The Appalachi-
ans and the rest of the eastern seaboard and continental margin 
are not a part of the main cratonic core of North America. The 
relatively weak positive anomalies (≤2%) along the eastern margin 
of the continent are in agreement with the reduction in the LAB 
depth reported by Rychert et al. (2007).

5.4.4. South
The highest-velocity core of the craton, the 4% contour, follows 

the rifted continental margin in the south–east at 100 and 150 km 
depth, and is contained predominantly within the Granite–Rhyolite 
provinces (which are overprinted by the Grenville and Ouachita 
orogens). At both 100 km and 150 km depth an embayment in 
the high amplitudes is observed beneath Arkansas and Mississippi. 
Furthermore, at 150 km depth, the western portion of the Granite–
Rhyolite provinces shows a lower anomaly amplitude (only 2–4%) 
than at 100 km depth (∼6%).

5.5. Evidence for the “MacKenzie Craton”

At the northern end of the RMF, straddling the Yukon–
Northwest Territories border (between the Great Bear Arc and 
Beaufort Sea in Fig. 1), is a block shrouded by thick sedimentary 
cover. Little is known about the age of the crust and mantle litho-
sphere beneath. In this region, the surficial expression of the RMF 
is further westward than in southern Northwest Territories, pos-
sibly indicating the presence of a subsurface rigid backstop (i.e., 
mechanically strong lithosphere) east of the RMF. This supports the 
hypothesis of a buried Archean continental fragment, the “Macken-
zie Craton”, previously postulated by researchers in the mineral 
exploration industry (Sanatana, 2007; D. Snyder, personal commu-
nication, 2013).

The high seismic velocities beneath this unit, as seen in 
SL2013NA, provide compelling evidence for the existence of this 
“hidden” craton. High velocities roughly beneath this block have 
also been seen in some of the earlier models (Figs. 5 and 7), con-
sistent with our interpretation. SL2013NA shows a close match of 
the boundary of the high velocity core with the RMF and the con-
tinental margin in the north (the Beaufort Sea). The occurrence 
of high seismic velocities characteristic of cratonic lithosphere and 
the close match of the boundaries of the high-velocity area with 
the boundaries of the tectonic unit suggest strongly that it is in-
deed an ancient craton. Resolution tests (Supplementary Fig. S1) 
confirm that our model is capable of resolving this feature reliably.

5.6. Western United States

In this section we do not focus on the interpretation of the 
features of the Western US upper mantle that have already been 
investigated in high-resolution, regional-scale studies using USAr-
ray data (Fig. 7). Instead, we highlight the features common to our 
global model and these regional models. The similarities demon-
strate the strides made in decreasing the resolution gap between 
global and regional-scale models.
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The entire margin is dominated by low velocities at 50–200 km 
depth. The strongest anomalies are associated with the arcuate 
Snake River and High Lava Plains in the north (beneath Oregon, 
California, Idaho, and Nevada), connecting to the Basin and Range 
province and the Rio Grande Rift, extending southwards, through 
Mexico, towards its western coast, and merging offshore with the 
low velocities associated with the northern-most portion of the 
East Pacific spreading ridge, which separates the Pacific and Co-
cos Plates. Beneath the Colorado Plateau, anomalies transition from 
negative in the southwest (Arizona) to positive in the northeast 
(Colorado); this transitional character also appears in the regional-
scale results. Broadly, the anomalies observed in SL2013NA appear 
to be a low-passed version of the anomalies seen in the regional 
models, which had much finer model grids.

Finally, we also observe high-velocity anomalies associated with 
subduction, both beneath Cascadia and the Aleutians. Beneath Cas-
cadia, the anomaly is not as narrow (east–west) as in the regional 
models, but rather, due to the greater grid spacing, a smoothed 
high velocity feature beneath northern California, Oregon, Wash-
ington, and southern British Columbia.

5.7. Distribution of kimberlites

In Fig. 10, the locations of known kimberlites and lamproites 
(from Faure, 2010) have been superimposed on the map of 
seismic-velocity anomalies at 150 km depth, where pressure and 
temperature conditions are the most favourable for the generation 
and preservation of diamonds in the cratonic mantle. Diamondifer-
ous kimberlites (and lamproites) are indicated by filled green dia-
monds; non-diamondiferous by open diamonds; dark-grey crosses 
mark the location of kimberlites and lamproites with an unknown 
(or unreported) diamond content. In general, diamond-bearing 
kimberlites tend to occur within or at the boundaries of regions 
of highest velocities (i.e., >4%, dark blue to purple) within the sta-
ble continental craton (e.g., Faure et al., 2011). However, there is 
no obvious correlation of diamond locations with the subdivision 
of different Archean provinces and their neighbouring suture belts. 
We also note the lack of clear correlation of diamond locations 
with strong gradients in the velocity field (e.g., O’Neill et al., 2005;
Fishwick, 2006).

West of James Bay, more than 500 km to the north of Lake Su-
perior, analysis of several nearby diamondiferous kimberlite groups 
(Kyle Lake at 1.1 Ga and Attawapiskat at 180 Ma; AtKy in Fig. 10) 
by Smit et al. (2014) provides further evidence on the effects of 
the mid-continental rift on the lithosphere, with Kyle Lake show-
ing a narrower diamond stability window due to increased tem-
perature. Analysis of peridotites from the same groups (Smit et 
al., 2014, submitted to Journal of Petrology) shows depleted com-
positions (harzburgite) at the syn-rift Kyle Lake group, whereas 
the Jurassic Attawapiskat group samples more fertile (lherzolite) 
compositions. Additionally, the geotherm evidenced by the Juras-
sic Attawapiskat group is more typical of a cool, cratonic region, 
as opposed to the ∼1.1 Ga Kyle Lake peridotites which show ele-
vated temperatures imparted during rifting.

The evidence from these peridotites and kimberlites indicates 
that the mid-continental rift had a much more wide-spread effect 
on the sub-continental lithospheric mantle (SCLM) than is sug-
gested by the surface expression of the rift alone (500 km to the 
south). The spatially large seismic anomaly displayed by SL2013NA 
represents convincing further evidence for this. Attawapiskat lies at 
the very northern edge anomaly, where a more lherzolitic compo-
sition could explain the small reduction in seismic velocity (∼1%). 
Further south, within the main body of the seismic anomaly—
closer to the rift—the reduction in V S of more than 2–3% is dif-
ficult to explain based on composition alone (Griffin et al., 2009). 
In this case, the increase in fertility (∼2–2.5% density increase; 
Griffin et al., 2009) would affect the thickness of the lithosphere, 
through reducing the compositional buoyancy, and, hence, the sta-
bility of the deepest portion of the root. The thinned lithosphere 
would then become warmer. The anomaly observed in SL2013NA is 
thus likely due to both thermal and compositional changes within 
the SCLM. Interaction with the Great Meteor Hotspot (Eaton and 
Frederiksen, 2007) may have further affected the lithosphere in 
this region, beginning at 140 Ma to the east of Lake Superior.

In the United States, most of the kimberlite pipes are non-
diamondiferous, with few exceptions: Sheep Rock (SR; Wyoming), 
Prairie Creek (PC; Arkansas), and Lac Ellen (LE; Michigan). Of these 
three, only Lac Ellen lies atop the high-velocity lithospheric root 
imaged by SL2013NA (i.e., >4%). The Prairie Creek kimberlite 
(∼100 Ma; Faure, 2010) lies just outside of the highest veloc-
ity lithosphere in Arkansas, and the Sheep Rock kimberlite in 
Wyoming (∼408 Ma; Faure, 2010) lies beneath the altered Archean 
Wyoming Province, also outside the highest velocity cratonic litho-
sphere.

Although both these diamondiferous kimberlites lie within the 
2% velocity contour, they are located well-outside the +4% con-
tour. As higher velocities are likely related to lower temperatures, 
conditions within the 4% contour are more favourable for the for-
mation and preservation of diamonds. This implies that the dia-
monds at Sheep Rock and Prairie Creek were either transported 
to the surface prior to the increase in lithospheric temperature 
evidenced by the shear speeds today (alteration of lithosphere), 
or that diamond-stability conditions were maintained with only 
slightly decreased relative lithospheric temperatures. For exam-
ple, the ∼408 Ma Sheep Rock kimberlites are significantly younger 
than the THO (∼1.9–1.8 Ma) which is suggested to have altered 
the lithosphere beneath the Wyoming Province. Therefore the 
presence of these diamonds at the surface suggests that either the 
relatively weaker temperature reduction (weak velocity increase, 
∼2%) was sufficient to maintain diamond stability following alter-
ation by the THO, or, that the THO-aged regional metamorphism 
was not the sole contribution to lithospheric alteration beneath 
Wyoming, but rather more recent (≤410 Ma) processes occurring 
after diamond emplacement have further reduced the observed 
seismic velocity anomaly.

The remainder of the kimberlites in the western US are non-
diamondiferous or of unknown diamond content, which is in gen-
eral agreement with the lack of a highest-velocity cratonic core in 
the southern states. Several confirmed non-diamondiferous kim-
berlite fields, in the central and eastern United States, lie within 
the presently imaged high velocity lithospheric root, such as those 
in the Yavapai–Mazatzal Province and following the eastern edge of 
the craton along the Grenville and Appalachian sutures. This sug-
gests that the ambient mantle conditions prior to and at the time 
of eruption of these kimberlite pipes may not have been favourable 
for the generation and preservation of diamonds. Although con-
straints on the age of most of these non-diamondiferous kimber-
lites appear unreported, it is clear that tomographic imaging and 
kimberlite data provide important, complementary information on 
the evolution of the deep lithosphere and on the origin of dia-
monds, which opens promising avenues for future work.

6. Conclusions

At the scale of the entire North American continent, the best 
resolution of the upper-mantle, seismic-velocity structure can be 
achieved through combining global network seismic data with 
that from USArray and other regional networks within the con-
tinent. Our new model SL2013NA offers significant improvement 
in resolution over previously published models at the scale of 
the continent. The model is a global one, an update of SL2013sv 
with more data, in particular in North America. The increased 
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data sampling has facilitated more complete recovery of the am-
plitudes of seismic-velocity anomalies within cratonic lithosphere 
and clearer definition of cratonic boundaries in North America, 
compared to past continental-scale and global models.

Our main observations and inferences regarding the North 
American Craton include:

• sharp cratonic lithosphere boundaries, particularly in Northern 
Canada;

• clear separation of the Greenland lithospheric root from that 
of North America, with no evidence of modern or recent ridge 
activity within the Labrador Sea and Baffin Bay;

• the western margin of the craton in western Canada closely 
follows the Rocky Mountain Front, including in the northern 
Cordillera;

• high velocities beneath northwestern Northwest Territories, 
between the Great Bear Arc and the Beaufort Sea, provide con-
vincing evidence for the recently proposed “MacKenzie Cra-
ton”;

• in western United States, deep lithospheric roots are ab-
sent beneath the Archean Wyoming Province and Medicine 
Hat Block, as far east as the boundary between the Trans-
Hudson Orogen and the Superior Province; the presence of 
∼408 Ma diamondiferous kimberlites within the Wyoming 
Province implies diamond-favourable conditions persisted af-
ter lithospheric alteration during the THO;

• lithospheric root of the North American Craton extends east-
wards as far as the western extent of the Appalachian orogenic 
zone; such deep root is absent beneath the Atlantic seaboard 
passive margin;

• cratonic lithosphere “hole”, spatially coincident with the failed 
mid continental rift, shows wavespeeds that are above global 
averages but substantially slower than beneath surrounding 
cratons; interpreted in combination with petrologic evidence, 
the present-day “hole” likely results from both compositional 
and thermal alteration of the sub-continental lithospheric 
mantle.
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