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We estimate crustal and uppermost mantle shear velocity structure beneath 30 stations in North America
by jointly inverting the high frequency scattered wavefield observed in the P wave coda, together with
long period surface wave phase and group dispersion data. Several features distinguish our approach
from previous such joint inversions. 1) We apply a cross-convolution method, rather than more standard
deconvolution approaches used in receiver function studies, and consider both Love and Rayleigh wave
dispersion, allowing us to infer profiles of radial anisotropy. 2) We generate probabilistic 1D radially
anisotropic depth profiles across the whole uppermost mantle, down to ~350 km depth. 3) The
inverse problem is cast in a trans-dimensional Bayesian formalism, where the number of isotropic and
anisotropic layers is treated as unknown, allowing us to obtain models described with the least number
of parameters. Results show that the tectonically active region west of the Rocky Mountain Front is
marked by a Lithospheric Asthenosphere Boundary and a Lehmann Discontinuity occurring at relatively
shallow depths (60-150 km and 100-200 km, respectively), whereas further east, in the stable craton,
these discontinuities are deeper (170-200 km and 200-250 km, respectively). In addition, in the stable
part of the continent, at least two Mid-Lithospheric Discontinuities are present at intermediate depths,
suggesting the existence of strong lithospheric layering, and a mechanism for lithospheric thickening by
underplating of additional layers as cratonic age increases. The Moho across the continent as well as
mid-crustal discontinuities in the craton are also imaged, in agreement with independent studies.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction Lithosphere-Asthenosphere Boundary (LAB), the Lehmann discon-
tinuity (L) or Mid-Lithospheric-Discontinuities (MLD’s). In order to
image such discontinuities, methods based on the analysis of the
scattered wavefield at shorter periods (10-30 s) have been devel-
oped. The most frequently considered method uses information
contained in phases converted at crust and upper mantle inter-

faces under single stations, the so-called receiver function method

Different seismological approaches have been used to image
crustal and lithospheric structure at continental scales, in partic-
ular in North America (NA). At long periods (20-250 s), surface
wave tomography provides resolution of volumetric heterogeneity
down to ~300 km depth, at scales down to ~500 km laterally,

and ~50 km vertically (van der Lee and Frederiksen, 2005; Nettles
and Dziewofiski, 2008; Yuan et al., 2014; French and Romanow-
icz, 2014; Schaeffer and Lebedev, 2014). However, surface waves
cannot uniquely resolve sharp interfaces, such as the Moho, the
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(RF, Vinnik, 1977; Ammon et al., 1990; Bostock, 1998).

The densification of broadband stations in NA (e.g. USArray) has
made it possible to construct dense RF profiles across much of the
conterminous US (e.g. Kumar et al., 2012; Hansen et al., 2015),
confirming the first order striking differences in deep structure
previously observed from tomography, between the tectonically ac-
tive western US and the central craton (Marone and Romanowicz,
2007; Nettles and Dziewonski, 2008), with a rather sharp transi-
tion between them that roughly follows the Rocky Mountain Front
(RMF, Fig. 1). West of this boundary, the crust is thinner, and a
prominent negative boundary at depths between 60-80 km is gen-
erally interpreted as the LAB (Abt et al., 2010). East of this bound-
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Fig. 1. Precambrian basement age in the North American continent simplified from
Whitmeyer and Karlstrom (2007). Red line marks the plate boundaries and black
dashed line indicates the Rocky Mountain Front (RMF). Green dashed line limits
the undeformed craton (UC) and brown dashed one the deformed craton (DC). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

ary, the crust is thick, and the lithosphere reaches 200-250 km
depth, as determined from global and continental scale seismic
tomography. Moreover, anisotropic tomography combining long pe-
riod waveforms with SKS splitting data has allowed the map-
ping of the LAB as a rapid change in the direction of the fast
axis of anisotropy with depth, towards the absolute plate motion
(APM) direction (e.g. Marone and Romanowicz, 2007; Yuan and
Romanowicz, 2010). On the other hand, the LAB has not been de-
tected consistently in the craton from RF studies, leading to its
interpretation as a relatively gradual transition of primarily ther-
mal nature (e.g. Abt et al., 2010), although recent studies based on
USArray data seem to resolve it more clearly (Kumar et al., 2012;
Hansen et al., 2015).

The presence of layering within the continental lithosphere has
long been known (e.g. Hales, 1969) and confirmed from the anal-
ysis of long range seismic profiles, which showed the presence of
a zone of scattering and lower seismic velocities starting at about
100 km depth in cratons, defining the so-called “8° discontinu-
ity” (Thybo and Perchuc, 1997). Layering has also been found in
scattering studies (e.g. Bostock, 1998) and the presence of neg-
ative discontinuities in the mid-lithosphere was clearly demon-
strated in recent RF studies across the NA craton (Abt et al., 2010;
Rychert et al,, 2010; Kumar et al., 2012; Hansen et al., 2015). In-
terestingly, an MLD with large topographic variations in the depth
range 100-160 km is detected by a rapid change in the fast axis
direction of anisotropy (e.g. Yuan and Romanowicz, 2010).

At depths greater than 200 km, regional studies suggest the ex-
istence of additional reflectors such as the discontinuity discovered
by Lehmann (1961). We refer to it as the “L” discontinuity in what
follows. Generally, it is attributed to a petrologically distinct chem-
ical boundary under continental cratons (Gu et al., 2001). Leven et
al. (1981) suggest that the L corresponds to a change in the orien-
tation of the fast axis of azimuthal anisotropy. However Vinnik et
al. (2005) argue that seismic anisotropy plays a minor role in its
origin.

The nature of the L, LAB and MLD(s) across NA remains a sub-
ject of vigorous debate, and different interpretations have been
proposed as to their significance with respect to the formation of
the cratonic lithosphere.

Although the RF approach provides information on fine-scale
structure, this method presents several drawbacks: 1) lateral vari-
ations in the depth of discontinuities trades off with that of volu-
metric heterogeneity in the shallow mantle and crust (e.g. Ammon
et al, 1990). Since the depth of discontinuities is generally de-
termined through migration in a 1D earth model, their topogra-
phy may be affected by unaccounted for velocity anomalies above
them; 2) the imaged lithospheric discontinuities, especially in the
case of P-to-s receiver functions, can be polluted by the strong sig-
nal from crustal reverberations, particularly in the depth of interest
for continental lithospheric studies.

Since surface wave data and RFs provide complementary con-
straints on shallow earth structure, it is natural to try and combine
them to obtain more robust models of the crust and uppermost
mantle (e.g. Julia et al., 2000). This approach has recently gained
momentum, in particular for constraining the depth of the Moho
(e.g. Julia et al., 2000; Shen et al., 2013; Agrawal et al.,, 2015).
Forward modeling approaches using a Monte Carlo Markov Chain
(MCMC) framework (Sambridge and Mosegaard, 2002) have been
developed for this purpose and applied in particular in NA (e.g.
Shen et al.,, 2013), where the density of USArray stations combined
with ambient noise tomography provides high-resolution 3D mod-
els of the crust and uppermost mantle.

In this work we apply a similar approach, albeit extended to a
larger depth range, and jointly invert a combination of body wave
data (scattered phases) and longer period surface wave dispersion
data, in order to simultaneously investigate lateral variations in
velocity and in the depth of upper mantle discontinuities in NA.
There are several original aspects to our approach: 1) we consider
both Love and Rayleigh wave dispersion data, allowing us to in-
clude radial anisotropy in our inversion; 2) instead of a standard
RF methodology, our body wave dataset derives directly from seis-
mic waveforms through a cross-convolution method (Bodin et al.,
2014), avoiding the instabilities arising from deconvolution, and,
importantly, allowing us to take into account crustal multiples
without ambiguity; 3) we use a trans-dimensional MCMC approach
in which the number of isotropic and anisotropic layers is treated
as unknown, allowing us to obtain models with the least number
of parameters compatible with the data (Bodin et al., 2014). In con-
trast to standard RF analysis, our approach allows us to constrain
not only the position of discontinuities, but also the isotropic and
anisotropic variations of shear velocity between them, in particu-
lar providing better constraints on the characteristics of the intra-
lithospheric layers. Furthermore, the trans-dimensional parameter-
ization allows us to account for the trade-off between layering, and
radial anisotropy when jointly inverting Love and Rayleigh waves
(Bodin et al., 2015).

Our forward modeling approach is based on a direct parameter
search where a large number of Earth models are tested against
the data, making it much more expensive computationally than
standard RF migration schemes. Furthermore, increasing the period
range of the surface waves data and the duration of the waveforms
to investigate deeper structure also increases the computational
burden with respect to other MCMC studies (e.g. Shen et al., 2013).
It is therefore impractical to apply it to every single USArray sta-
tion, at least for the moment. Instead, as a first step, we apply
it to a subset of ~30 selected stations that are representative of
the large-scale lateral variations of structure in NA. In order to se-
lect the stations to represent contrasted structures across NA, we
started from a recently developed high resolution global radially
anisotropic shear velocity model of the mantle, to which we ap-
plied a cluster analysis method, to objectively define three distinct
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Fig. 2. a) Geographic extent of the 3 regions (P1, P2 and P3) identified using k-means clustering with N =3 applied to model SEMUMCB-WM1 (French and Romanowicz,
2014). A-B and C-D are the locations of the profiles shown in Fig. 7 and Appendix 2. White dashed line limits the study region. The position and name of the stations used
to calculate the 1D probabilistic profiles are also shown. b) 1D Vg, profiles of SEMUMCB-WMT1 (colored lines) in the study region (inside the white line on map) and their
standard deviations (in black). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

regions across the continent, in which the shear velocity varia-
tions with depth are similar, to first order. As previously found in
the global case (Lekic and Romanowicz, 2011), these regions cor-
respond well with surface geology (Fig. 1 and Fig. 2a). We then
picked about 10 stations for which high quality data are available,
in each region, and performed our analysis at these stations.

In what follows, we successively present the results of clus-
ter analysis applied to the tomographic model, the forward mod-
eling approach used to derive 1D probabilistic layered radially
anisotropic structure, the datasets considered, and finally the re-
sults at each station. We compare structures obtained at different
stations, finding similarities within each region that justify the a-
priori regionalization based on the tomographic model. This brings
out characteristic features of lithosphere and asthenosphere layer-
ing across the continent, and in particular the presence of intra-
lithospheric layering beneath the craton. We discuss our findings
and their implications in the light of published results based on
either tomography or standard RF approaches.

2. Regionalization by cluster analysis

We applied cluster analysis (CIAn) over the region of interest
to a recent global radially anisotropic shear velocity model con-
structed using the Spectral Element Method (SEM) (SEMUCB-WM1,
French and Romanowicz, 2014). Fig. 1 shows a simplified geolog-
ical map of NA, displaying the undeformed part of the NA craton
(UC), the deformed one (DC), and the Rocky Mountain Front (RMF)
separating the tectonically active western US from the central cra-
ton, together with the age of the main units.

As shown in Lekic and Romanowicz (2011), cluster analysis
of upper mantle models provides an objective way to character-
ize regions of similar tectonic character, using a small number
of clusters (N ~ 3-8). In particular, at the global scale, the use
of k-means clustering of isotropic velocity-depth profiles down to
300 km brings out the global distribution of cratons, characterized
by thick (~200 km) and fast lithosphere, and a mildly marked up-
per mantle low velocity zone.

The k-means clustering with N = 3 applied to the region of
study (longitude 55-150W and latitude 10-78N, Fig. 2a), in the
depth range 50-350 km, yields contiguous regions that reflect well
what we know from geology: the NA craton is described by one
cluster (P2), and a second cluster includes the tectonic west and
the ocean region to the west of it (P1). The transition region across

the RMF, as well as the southern and eastern US fall into a third
cluster (P3).

We performed tests to assess the number of regions in which
the NA continent needs to be divided to obtain a first order de-
scription of the lithospheric pattern. We verified that, from N =3
to N =5, the cluster analysis provides similar information. A num-
ber of clusters larger than 3 adds details only in cluster P3. Only
when N is greater than 5, we obtain separation of the P1 and
P3 regions, providing second order details. Furthermore, in order
to assess the robustness of the regionalization, we applied the
ClAn to other global shear velocity models (Kustowski et al., 2008;
Ritsema et al., 2011; Lekic and Romanowicz, 2011), finding sim-
ilar regionalizations. We therefore consider the separation into 3
provinces as a robust and objective regionalization of the study re-
gion, to the first order.

Fig. 2b shows the shear velocity (V) depth profiles corre-
sponding to each cluster, as well as their averages by cluster and
the corresponding standard deviations. We recover: a) the well
known contrast between the thick (~200 km) and fast lithosphere
of the craton (P2) and, b) the thin lithosphere (<100 km) and
well developed low velocity zone in the western US and adjacent
ocean (P1), with a minimum around 100 km on average, c) a litho-
sphere of intermediate thickness, and a slightly marked, deeper
LVZ (around 125 km on average) in the intermediate cluster re-
gion (P3).

3. Method: inferring layered structure at a selected subset of
stations

Here, we describe our approach to jointly invert fundamental
mode Love and Rayleigh wave dispersion curves (SWD) and P-to-s
converted phase data beneath a given station.

3.1. Data

For each station we use the following datasets:

1) Rayleigh and Love group velocity dispersion curves in the
period range 16 s to 150 s, extracted from the global models of
Shapiro and Ritzwoller (2002) at the location of each of our sta-
tions.

2) Rayleigh and Love phase velocity dispersion curves in the
period range 25 s to 250 s, extracted from the global models of
Ekstréom (2011).
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Fig. 3. Left: ray paths of the events recorded at station SPMN to construct the average waveform. Right: single (green) and stacked (black) waveforms used for the MCMC
inversion. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

We recognize that these “data” are the result of global tomo-
graphic inversions, and hence are not free from artifacts due to
regularization and linearization that can partially bias the results
of the inversion.

3) Vertical and radial component body waveforms in the period
range 10-30 s recorded at each station. Instead of deconvolving
the vertical component from the radial one, as done in standard
RF analysis (Vinnik, 1977), here we directly invert the 2 compo-
nent seismograms using a cross-convolution method as described
in Bodin et al. (2014). The dataset consists of waveforms generated
after stacking records of at least 10 events of magnitude rang-
ing between Mw = 5.5 and Mw = 7.6 (Fig. 3), obtained from the
IRIS database. In order to avoid move-out and 3D effects, events
stacked at each station are selected within a narrow distance and
back-azimuth (<10°, Fig. 3). The spatial windows are selected for
station-cluster distances in the range 40°-88°.

During the selection procedure, we only kept events for which
the signal-to-noise ratio is higher than 15 (considering the maxi-
mum amplitude of the first P arrival). For the inversion, we con-
sider the first 32 s of the signal to isolate the response of the crust
and upper mantle down to 200-300 km depth. We also correct
for instrument response before rotating the horizontal components
to radial and transverse. Stacks are constructed by following the
approach of Shearer (1991). Seismograms are aligned to the max-
imum amplitude of the first P arrival, and summed in the time
domain (Fig. 3). We also perform a sign equalization to insure that
all events have the same polarity. Thus, the observations at each
station simply consist of two waveforms that can be written as:

V() =ZVit)=Z[v(m,t) xs;(t) + & ()]
=v(m,t) * Is;(t) + Xej(t)

H(t) = ZH;(t) = S[h(m, t) * 5;(t) + & ()]
=h(m, t) * Ts;(t) + S&;(t)

where V;(t), and H;(t) are the vertical and horizontal components
of individual events, which can be decomposed as the convolu-
tion of the impulse Earth responses v(m,t) and h(m,t), respec-
tively, with the source time functions s;(t). Since we choose events
coming from a narrow range in distance and back-azimuth, the
Green’s functions v and h are assumed to be similar for all events,

and can be taken out of the sum. This allows us to reduce the
amount of incoherent noise, as the term X¢;(t) tends to zero as we
add more events. The size of the distance-back-azimuth range for
which events are collected needs to be carefully chosen, as there is
a trade-off between theoretical errors due to 3D effects (as the bin
gets larger, the Earth response v(m,t) and h(m,t) for each event
changes), and random noise X¢;(t) which depends on the number
of events stacked.

An inherent problem is that the inverted structure only repre-
sents the volume sampled by the rays, and not the average struc-
ture immediately under the station. This can be addressed by aver-
aging data collected over a wide range of azimuths, via harmonic
decomposition (e.g. Girardin and Farra, 1998; Bianchi et al., 2010
and reference therein). However in Appendix 1 we show, through
tests performed at three stations, that the structure recovered us-
ing our simplified approach is only marginally biased by structural
variations between different azimuth/distance bins. Still, biases due
to limited azimuthal coverage could be present at some stations,
especially for anisotropy, a computationally demanding issue we
will investigate in the future, when we apply this methodology to
a larger dataset and also solve for azimuthal anisotropy (e.g. Bodin
et al,, 2016).

3.2. Inversion methodology for 1D layered depth profiles

The algorithm developed here consists in a joint inversion of
the different data types described in the previous section. At each
station, the solution is a probabilistic 1D profile of shear wave
velocity of vertically polarized waves (V) and radial anisotropy
(& = (Vsn/Vsy)?). Below, we briefly present the method. For a more
detailed description, we refer the reader to Bodin et al. (2012,
2014, 2016). In Appendix 1, we present synthetic tests showing
the ability of the method to resolve seismic structures down to
350 km beneath individual stations.

3.2.1. Model parameterization

We use a trans-dimensional Bayesian scheme where the num-
ber of layers is considered as variable in the inversion. Further-
more, instead of inverting for 2 parameters in each layer (i.e. Vg,
and &), we expand the trans-dimensional formalism a step fur-
ther and let the data decide whether anisotropy is required in
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each layer. That is, the number of parameters in each layer (1 for
isotropic layers and 2 for anisotropic layers) is also treated as an
unknown parameter. The parsimonious character of the Bayesian
inversion gives preference to models with the least number of pa-
rameters (i.e. least number of layers, and maximum number of
isotropic layers).

We assume a vertical transverse isotropic (VTI) medium, i.e.
with an elastic tensor with vertical axis hexagonal symmetry. The
level of radial anisotropy is thus described by & = (V¢,/Vs)2.
Under each station, the unknown seismic model [V, &] is pa-
rameterized in terms of perturbations [§Vsy = (Vsy — V3)/V0,
8¢ = (&£ — £0)/£°] from a fixed isotropic background model [V,
&9 =1]. These perturbations do not need to be small, as there is no
linearization involved in the inversion. The three other anisotropic
parameters and density are then obtained at each depth using
empirical scaling laws (e.g. Panning and Romanowicz, 2006 and
references therein). A stack of layers with constant seismic velocity
defines both the background model and the perturbed model. The
background model allows us to impose discontinuities that will re-
main fixed during the inversion (410, and 670 discontinuity, etc.).
The perturbed model is unknown in the problem; it has a vari-
able number of layers, and each layer can be either isotropic and
solely described by 8V, or anisotropic (and described by two un-
known parameters: 8V, and 8&). The thickness of layers is also
variable, and the bottom layer is a half-space. A reversible-jump
Monte Carlo algorithm is used to explore different parameteriza-
tions. A random walk explores the model space with five different
types of perturbations: 1) changing the depth of a discontinuity;
2) adding an isotropic layer; 3) changing the isotropic velocity of
a layer; 4) adding anisotropy to an isotropic layer; 5) changing the
amplitude of anisotropy of an anisotropic layer.

At each step of the random walk, a new model is proposed
and data are estimated for this model. SWD is computed in a fully
non-linear fashion by normal mode summation in a spherical Earth
with a Runge-Kutta matrix integration (Takeuchi and Saito, 1972).
For body waves, the impulse response of a model to an incom-
ing planar wave is computed with a reflectivity scheme (Levin and
Park, 1998).

3.2.2. Bayesian inference

The problem is cast in a Bayesian framework, where un-
known model parameters are treated as random variables, and
described with probability distributions. The solution to the prob-
lem is given by the Posterior Probability Distribution (PPD), defined
as the probability of model m, given the observations d. The
PPD combines data constraints (through the likelihood probabil-
ity density function) with prior information (independent of the
data):

p(m|d)=p@m)p(d|m)

posterior = prior x likelihood

3.2.3. The likelihood

Assuming that different data types are measured independently,
we can write the likelihood as a product of the likelihoods for each
data type:

p(d|m) = p(dsyg | m)p(dgr | m)

For SWD, the likelihood is simply given by a Gaussian probability
distribution around the observed data vector:

( —(dgyyd —dest(m)? )
201

1
d m) = ——eXx
p(dsyq | m) (\/EO'l)” D

where n is the number of data points, dest(m) the dispersion curve
estimated for a model m, and o7 the standard deviation of data
errors.

For converted waves, we use a cross-convolution misfit function
(Menke and Levin, 2003; Bodin et al., 2014) based on the following
vector of residuals:

@(t,m) = H(t) * v(t,m) — V (¢) x h(t, m)

where [H(t) V(t)] are components of the observed stacked seis-
mogram, and [h(t,m) v(t,m)] are the Earth’s impulse response
function (or green’s function) for model m. Assuming observa-
tions [H(t) V(t)] are normally distributed random variables, and
ignoring the correlation between components of vector &(t,m),
we define a likelihood function from the distribution of the vec-
tor of residuals @ (t, m):

1 (\¢<m2n2)
(dif | M) = ———exp 2
P (amoar ™

Here we acknowledge that this is not an exact likelihood function,
as it does not represent the distribution of the data, but rather
the distribution of a vector of residuals conveniently defined. For a
more rigorous approach, see Dettmer et al. (2015).

The variances of data errors 012 and 022 represent the level of
information brought by each data type, which in the case of RFs
and SWD can be difficult to quantify. In the case of a joint in-
version, noise levels determine the weight given to each dataset
in the inversion. Here we include 012 and 022 as unknowns in the
inverse problem, using the so-called ‘hierarchical Bayes’ approach
(Malinverno and Briggs, 2004).

3.2.4. The prior

In our trans-dimensional framework where the number of pa-
rameters is variable, the prior distribution penalizes overly com-
plex models, i.e. those with many layers, or many anisotropic lay-
ers. We assume a uniform prior distribution for parameters Vg,
and &. For a given dimension (i.e. a given number of unknowns),
the prior distribution integrates to one, and hence the a priori
probability of a model becomes smaller as we add layers and in-
crease the volume of the model space. This can be seen with the
prior distribution on velocity values.

k k
1
p(V)=pVi,Va, ...V =][pVD =] 7——

i1 i=1 Vmax — Vmin
—\Av

This shows that the prior probability decreases exponentially with
the number of layers k, and hence acts as a penalizing term for
overly complex models (and similarly for anisotropic parameters).

3.2.5. Sampling the posterior distribution

The PPD defined above is approximated by numerical integra-
tion with the reversible jump MCMC algorithm (Green, 1995). The
algorithm is based on a direct parameter search scheme, where a
large number of individual models with variable parameterizations
are tested against the data.

Tests preformed using data calculated on finely layered
anisotropic models show that the algorithm is suitable for jointly
SWD and RF to properly retrieve the 1D earth structure beneath a
station, and provide an estimation of the posterior error distribu-
tion (Appendix 1).
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top to bottom: Cross-convolution receiver function of the best model (black: Z(obs)xR(calc), red: Z(calc)*R(obs)), comparison of the phase and group SWD of Rayleigh and
Love Waves, posterior error distribution of the SWD and RF, and distribution of the number layers for all calculated models. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

4. 1D profiles beneath selected individual stations and the deepest negative above the L with the LAB. Discontinuities
(positive and negative) between the LAB and the Moho are asso-
The trans-dimensional inversion produces 1D probabilistic pro- ciated with MLD’s, whereas strong discontinuities above the Moho

files of Vg, and £ that allow us to identify several features of the are intra-crustal ones (e.g. the Conrad).
crust and upper mantle of the NA continent. We group the 1D

models according to the three provinces defined by the regional-  4.1. Tectonic West (P1)

ization described above (P1 - western NA; P2 - craton; P3 - Rocky

Mountain Front and southeastern US). We first show results at the Vv profiles in this region (Fig. 4, top) show: a) A positive dis-
two most representative stations of each province. Seismic profiles continuity with VG generally greater than 11% at depths ranging
under other stations will be shown later in 2D profiles (Fig. 7, from 28 km to 35 km that we interpret as the Moho; b) The
and Appendix 2) whereas the spatial distribution of discontinu- presence of at least one negative discontinuity (VG = —2.55%) at

ities picked on the profiles is displayed in map view (Fig. 8). The 50-60 km depth interpreted as the LAB. Note that this discon-
results for all the 30 stations are also shown in Appendix 2. For tinuity appears at greater depths beneath some other stations in
each station we show probabilistic depth profiles for Vg, and &, region P1 (down to 130 km depth, see Fig. 8 and Appendix 2); c)
as well as data fits for the best model in the ensemble solution, At 140-150 km depth, a positive discontinuity (VG = 3.7%) that we
the inferred posterior distribution of errors in SWD (o7) and body interpret as the L; d) In the depth range 100-200 km, some pro-
waves (03), and the distribution of the number of layers in the files exhibit complexity (e.g. 214A located near the Baja California
ensemble solution. The criteria for identifying discontinuities are rift), which could be due to the presence of strong 3D hetero-

the following: Only the discontinuities producing positive or nega- geneities in their vicinity, making it difficult to interpret individual
tive velocity gradients (VG) greater than 1%, as calculated across a 1D profiles.
depth interval of 5 km, are considered (see Table T1, Appendix 3). Although not very well resolved, the distribution of radial

The largest VG is associated with the Moho (VG > 8%), the deepest anisotropy (Fig. 4, bottom) shows consistent patterns, with & > 1
positive VG, where observed, is associated with the L discontinuity, reaching a maximum in the depth range 30-100 km (labels 1),
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Fig. 5. Vertical Vg, distributions (top) and & distributions (bottom) at stations SPMN and YKW3 located in region P2 (locations of stations can be found in Fig. 2). For

explanation of side panels, see Fig. 4.

& <1 in the depth range 120-250 km (labels 2), and & > 1 again
at greater depths (labels 3).

4.2. Craton (P2)

In this region, a deeper Moho with VG = 11.9% is found, rang-
ing between 38 km and 50 km (Fig. 5). At mid-crustal depths
(15-25 km), the profiles show at least one other positive disconti-
nuity (VG = 6.6%) that we interpret as the Conrad discontinuity
(Mueller and Landisman, 1966). Sometimes there is more than
one mid-crustal discontinuity. At mantle depths, two clear neg-
ative discontinuities are present in the velocity profiles, marking
the top of corresponding low velocity layers. The first one (MLD1)
is observed at depths of 80-130 km (VG = —2.1%), whereas the
second one (LAB) occurs at depths of 150-230 km (VG = —2.4%).
These features are in agreement with the depth estimates, respec-
tively, of the MLD and the LAB found by other authors (Abt et
al., 2010, Yuan and Romanowicz, 2010; Hansen et al.,, 2015 and
references therein). At intermediate depths (around 150 km), an-
other mid-lithospheric discontinuity (MLD2, Fig. 5), marked by a
positive jump in Vg, (HVD, High Velocity Discontinuity) is fre-
quently found in our profiles with VG of about 3.6%. Below the
LAB, not all the stations show a positive discontinuity that could
be associated with the L, and generally, when it is present, it ex-
hibits a VG = 2.0%, which is smaller than that observed in the
other provinces, which have on average a VG of 3.3% (stations

SPMN, ULM, FFC, Q43A, SCHQ). Interestingly, excluding the station
128A, we note the lack of an L discontinuity at stations located in
the northernmost and easternmost part of the NA continent (e.g.
YKWS3, FRB, VIMO).

The & profiles are generally marked by & > 1 at depths greater
than 30-60 km (labels 1). This pattern extends to variable depths,
from 150 km to 350 km for the different stations suggesting a
complex shape of the lower limit of the anisotropic layer, some-
times extending into the asthenosphere. This is in agreement with
the observations made by other authors using different techniques
(e.g. Nettles and Dziewonski, 2008; Yuan and Romanowicz, 2010).

4.3. Rocky Mountain Front and southeastern US (P3)

Stations located in this province show features that are inter-
mediate between those of the two previous regions (Fig. 6). The
Moho is observed at 35-45 km depth and several profiles show
mid-crustal discontinuities (i.e. Conrad). The upper mantle profiles
include one (e.g. E19A) or two (e.g. NBC4) discontinuities associ-
ated with the MLD and LAB. Some depth profiles also show the
presence of intra-lithospheric HVD at depths of 100-150 km, while
the L is found at 170-250 km.

Models of & also show mixed characteristics of P1 and P2. In
Fig. 6, we show two stations with a & distribution with depth
similar to that found in the craton, with positive values at depths
ranging from 30-50 km down to 160-300 km (labels 1).
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5. Lateral variations and 2D cross sections

Our probabilistic 1D profiles can also be grouped into 2D cross-
sections spanning different provinces across the NA continent,
along profiles A-B and C-D (Fig. 2), as shown in Fig. 7 and Ap-
pendix 2, respectively. The colored rectangles at the top of the
section indicate which province (P1, P2, and P3) the profile belongs
to. The positions of the main velocity discontinuities in depth have
been manually picked and connected laterally to highlight possible
trends in the topography of discontinuities.

5.1. Cross section A-B and spatial distribution of the major
discontinuities

In Fig. 7 (profile A-B in Fig. 2) the Moho deepens from 28 km
beneath station 214A (province P1), to ~50 km beneath SPMN
(province P2). The depth of the Moho beneath the other stations
falling in P2 is always greater than 35-40 km, reflecting the large
thickness of the crust in the craton. Furthermore, in P2, a mid-
crustal discontinuity (i.e. the Conrad) is always present, as well
as at least two velocity drops in the upper mantle. We interpret
the first drop in Vs, in the upper mantle as the expression of an
MLD, which ranges in depth from 75 km to 130 km (MLD1) and
is present mostly in regions P2 and P3. The deeper negative drop
is interpreted as the LAB, which is found at depths of 200-259 km
beneath the craton, and 60-150 km in the western region. Velocity

can be found in Fig. 2). For

profiles for stations located in the stable craton (SPMN, VIMO and
FRB) have a sharp HVD at ~150-170 km depth (MLD2), indicating
the presence of an intra-lithospheric low velocity zone of signifi-
cant thickness. The depth and extent of this low velocity zone is in
general agreement with that found in long-range seismic profiles
(Thybo and Perchuc, 1997). These authors also identified this zone
as a zone of intense scattering, the origin of which is not yet fully
understood. These mid-lithospheric features (MLD1 and MLD2) do
not extend to the border region P3 (e.g. Q30A).

Interestingly at station FRB, which is located near the core
of the NA craton (i.e. the Canadian shield), two additional intra-
lithospheric velocity jumps are detected, at 160 km (MLD3), and
200 km depth (MLD4), respectively. The last and stronger drop in
velocity occurs at 240 km depth and is interpreted as the LAB, in
agreement with other studies of this part of the craton (e.g. Bastow
et al., 2013).

In the stable part of the continent (P2), the corresponding depth
variations in & show a change from & > 1 to moderately & <1 in
the depth range 150-250 km.

In contrast, for stations in P1, there is no detected MLD, but
lithospheric thickness increases slightly from 60 km at 214A to
130 km in X23A, continuing to 170 km at Q30A (P3), which is
the first station on this profile exhibiting MLD’s and an intra-
lithospheric low velocity zone. As already described above, the
seismic structure at stations close to the Pacific coast shows com-
plexity at depths grater than 130 km, suggesting the presence of
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Fig. 7. 1D Posterior Density Distributions of Vg, (top) and & (bottom) at stations aligned along the profile A-B shown in Fig. 2. Dashed lines in Vs, connect the main variations
in depth observed on the models and discussed in the text. Dashed lines in PPD of & roughly indicate the depth of change from & > 1 to & < 1.

strong heterogeneities in the region. The transition from & > 1 to
& <1 in P1 and P3 occurs at shallower depths (120-150 km) than
in P2 as indicated by the dashed line in Fig. 7.

An increase in Vg, at depths of 150-230 km beneath P1 and P3
stations may represent the L discontinuity, which is not visible at
stations within the northeast part of the craton (P2).

In Fig. 8, we present maps showing the topography of the clear-
est and well-documented discontinuities (Appendix 3). We also
show the lateral variations in the depth of the transition from
&£>1to & <1 (Fig. 8). The maps are built from the results ob-
tained at each of the 30 stations, by interpolating the depth of
each discontinuity on a 1 x 1 degree grid using a weighted-distance
function. Fig. 8 shows that the trends discussed above can be gen-
erally extended to the whole NA continent and that the main
features observed in the three provinces correspond well with the
regionalization obtained from the tomographic model. The Moho
is shallow in region P1 and reaches 50 km depth in P2. MLD’s are
mostly observed in P2 and P3 with the largest depths in the core
of P2, for MLD1, and in northeastern part of the NA continent, for
MLD2. These discontinuities are generally not observed in region
P1, although they are observed at a pair of stations in the eastern-
most part of the RM front and in a portion of the northernmost
Canada/Alaska.

The LAB deepens from 60-80 km near the west coast of NA, to
240-250 km beneath the Quebec and Hudson Bay region. Like-
wise, the positive discontinuity, which we associate with the L,
starts at 120-150 km depth in P1, deepens to about 220 km in
the central part of P2 and south P3, and reaches 250 km beneath

the Quebec region. In contrast, it is not observed at stations lo-
cated near Hudson Bay and in the northernmost Canadian Shield.
Finally, the depth of the transition from & > 1 to & < 1 shows a
pattern that does not follow the regionalization of the V. Exclud-
ing the northernmost stations, stations falling in region P2 show a
similar trend for this transition, with a relatively constant depth at
about 190-210 km. The largest variations are observed in region
P1. Stations located inland in the region of the Juan de Fuca sub-
duction zone show that this change occurs at depths of at least
350 km, whereas it is between 100-150 km at the northernmost
and southernmost limit of the subduction zone.

6. Discussion

The probabilistic profiles obtained with our technique show
several interesting features in the NA upper mantle. In province P1,
the Moho is relatively shallow (28-35 km) and the LAB is identi-
fied at depths of 60-130 km (Fig. 5 and Appendix 2). Interestingly,
in Fig. 7, the 2D profile shows that the depth of the LAB increases
eastward, from the coast toward the RMF. Stations near the west
coast of NA show a complex pattern of the velocity profile with
depth below the LAB (e.g. 214A), probably due to strong lateral
variations in the deep structure. In contrast, stations located in-
land in P1 (X23A) present a relatively simple pattern at depths
greater than 150 km exhibiting both a clear LAB and a deeper pos-
itive velocity jump at depths ranging from 150 to 250 km that we
interpret as the L discontinuity. In contrast, when moving eastward
on profile AB (or northward along the profile CD, Appendix 2) to-
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Fig. 8. Maps showing the depth distribution of the major discontinuities detected on the PPD. Stations located in P1, P2, P3, are indicated by diamonds, dots and squares,

respectively. Crosses are the stations where no discontinuity is detected.

wards the craton through region P3, the L becomes deeper, and
is generally no longer detected in the northernmost and eastern-
most regions. The lithosphere progressively thickens towards the
craton interior (in profile AB, from 160 km at Q30A, and in pro-
file CD from 170 km at Q43A, to 200-250 km further south), and
one or more MLD’s are present within it. Other studies based on
the analysis of P-s and S-p receiver functions (Abt et al., 2010;
Wirth and Long, 2014; Hansen et al., 2015) show strong layering in
the first 200 km for longitudes east of 98°-95° W. Our profiles dis-
play similar features extending this pattern down to 300-350 km
depth and clarifying the presence of alternating layers of faster and
slower velocity within the mantle.

Some of the mechanisms proposed to explain the origin of
MLDs involve the presence of fluids and carbon dioxide, allowing
the presence of partial melt (e.g., Thybo and Perchuc, 1997). Oth-
ers suggest changes in chemical composition (e.g., Abt et al., 2010;
Yuan and Romanowicz, 2010; Foster et al., 2014), or sharp vari-
ations in the orientation of anisotropy (e.g., Rychert et al., 2010;
Yuan and Romanowicz, 2010) or a peak in attenuation due to de-
formation accommodated by grain boundary sliding (Karato, 2012),
or yet a remnant signature of old LAB formed when the lithosphere
was young and active (Rader et al., 2015). However all these mod-
els focus on the sharp decrease in seismic velocity at depths of
100-130 km, and do not discuss the possible existence of a posi-
tive velocity jump in the depth range 150-250 km.

The alternation of negative and positive discontinuities ob-
served in our models does not necessarily imply the presence of
melt at these depths in this cold and stable province (Hansen et
al., 2015). The increase in the number of layers in the north-central

and eastern parts of NA, where the lithosphere reaches the largest
thickness, suggests that the older the craton, the more layers there
are, implying that thickening of the continental lithosphere with
time occurred through some form of successive underplating, pos-
sibly via stacked slabs and/or arc accretion and underthrusting (e.g.
Wirth and Long, 2014).

On the other hand, the presence of a clear L only under the
western US is in contrast to the results of Gu et al. (2001), who,
using SS precursors, reported the detection of the L in central and
eastern north America, but not in the western tectonically active
provinces. This could be due to the unexpected shallow depth of
the L in the western region, or to the relatively small jump in ve-
locity associated with the L in the central craton, as shown in our
results.

Depth profiles of & show a transition from & > 1 to £ <1 at
somewhat shallower depths in P1 (~120-180 km), compared to
P2 (~200-300 km). In both provinces, & > 1 is generally found
across the whole lithosphere and the asthenosphere or at least the
upper part of the latter. The pattern observed for radial anisotropy
beneath the craton is in agreement with previous studies of the
region, with large variations in the depth extent where & > 1
(Yuan et al., 2014). In some cases, there are two maxima in ra-
dial anisotropy, a first one at crustal/Moho depths and a second
one much deeper (e.g. P04C, P15A, EO7A, K10A, for P1, FFC, 128A,
VIMO, for P2, 150A, Q30A, E19A, NBC4 for P3). However, we note
that the depth resolution in & is poorer than for Vg, since it is
only constrained by SWD data. Worth noting is the pattern ob-
served for & inland of the Juan de Fuca subduction zone. In this
region, we observe the largest depths of the £ transition suggest-
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Fig. 9. Sketch showing the main contrasted features of regions P1, P2, and P3. 1) The
crust thickens from P1 to P2, and a mid-lithospheric discontinuity appears in P3;
2) The LAB deepens from P1 to P2, with MLD's present in P3 but not in P1, and
a positive discontinuity (Lehmann?) is present below the LAB. Radial anisotropy is
characterized by & > 1 within the lithosphere and extending into the asthenosphere,
with a change to & <1 at depths ranging from 150-200 km in P1 to 200-300 km
in P2 and P3. Forked parts indicate regions where, within the same province, differ-
ences of & are observed.

ing that & reflects processes within or around the subducted plate
down to at least 350 km.

The main features that emerge from the analysis of the 30
1D profiles across NA are summarized in the form of a sketch in
Fig. 9, where the main discontinuities observed in each of the 3
provinces are compared, together with the depth distribution of
radial anisotropy.

7. Conclusions

We combined long and short period seismic observations in
a Bayesian inversion scheme, and constrained upper-mantle lay-
ering beneath 30 stations distributed across the north American
continent. Cluster analysis of a recent global velocity model pro-
vided an objective way to group stations into three provinces, ac-
cording to similar tectonic features. In the western province (P1),
the Moho is relatively shallow (25-35 km depth), as is the LAB
(60-130 km depth) and there is a marked Lehmann discontinuity.
In contrast, within the craton (P2), the crust is thick (up to 50 km)
and a positive mid-crustal discontinuity (Conrad) exists. The LAB
always occurs at depths greater than 170 km, in the craton, and
at least two MLD’s are found, at depths of about 100-130 and
150-170 km, marking the top and bottom of an intra-lithospheric
low shear velocity zone, respectively. We note the strong layering
in the lithosphere of the oldest part of the craton, suggesting thick-
ening of the craton through successive underplating.

The L discontinuity is generally found at depths greater than
200 km, except in the central core of the craton where it is no
longer observed. The RMF and southeastern US province (P3) show
intermediate features with the presence of MLD, LAB, and L discon-
tinuities. Many of these features have been previously observed in
different RF studies, but the addition of surface wave constraints
in a consistent Bayesian framework allows the construction of ab-
solute velocity (and radial anisotropy) depth profiles, and brings
out first order features with improved clarity, providing a proof-
of-concept for this approach, which we plan to extend to a larger
number of stations in the near future.
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