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Lithospheric layering in the North
American craton

Huaiyu Yuan' & Barbara Romanowicz'

How cratons—extremely stable continental areas of the Earth's crust—formed and remained largely unchanged for more
than 2,500 million years is much debated. Recent studies of seismic-wave receiver function data have detected a structural
boundary under continental cratons at depths too shallow to be consistent with the lithosphere-asthenosphere boundary, as
inferred from seismic tomography and other geophysical studies. Here we show that changes in the direction of azimuthal
anisotropy with depth reveal the presence of two distinct lithospheric layers throughout the stable part of the North
American continent. The top layer is thick (~150 km) under the Archaean core and tapers out on the surrounding Palaeozoic
borders. Its thickness variations follow those of a highly depleted layer inferred from thermo-barometric analysis of
xenoliths. The lithosphere-asthenosphere boundary is relatively flat (ranging from 180 to 240 km in depth), in agreement
with the presence of a thermal conductive root that subsequently formed around the depleted chemical layer. Our findings
tie together seismological, geochemical and geodynamical studies of the cratonic lithosphere in North America. They also
suggest that the horizon detected in receiver function studies probably corresponds to the sharp mid-lithospheric boundary

rather than to the more gradual lithosphere-asthenosphere boundary.

Cratons are continental regions where the Earth’s crust has remained
largely undeformed since Archaean times'. How they were formed
and how they survived destruction over timescales of billions of years
remains a subject of vigorous debate. Interestingly, the cratonic
lithosphere (the crust and the uppermost mantle) presents several
distinctive and intriguing geological and geophysical features.
Diamonds are found only in cratons or at their borders®, seismic
velocities remain significantly higher than average down to at least
200 km depth®, and heat flow is low*, indicating that the cratonic
lithosphere must be thick and cold. Yet there is no observed positive
geoid anomaly above cratons®, whereas geochemical evidence from
mantle xenoliths indicates lithosphere depletion through melt
extraction®. This has led to the concept of the ‘tectosphere’”: that
the thick, chemically distinct cratonic lithosphere floats high above
the oceans and resists destruction by subduction, owing to its par-
ticularly low density and high viscosity, which result in part from
dehydration.

It remains a challenge for geodynamicists to explain why thick
cratonic keels have resisted progressive entrainment into the mantle
by convection®. The chemically depleted core may be underlain and
surrounded by a thermal, conductive boundary layer®'° that acts as a
buffer zone and shields the lithosphere from excessive deformation''.

Determining the thickness of the lithosphere is itself a challenge.
Thermally, the intersection of the conductive geotherm with the mantle
adiabat defines the base of the lithosphere®'*. However, the thickness
of cratonic roots remains poorly defined by seismic tomography.
Although thicknesses in excess of 300 km have been suggested, recent
estimates, taking into account the effects of anisotropy on seismic
velocities, indicate values no larger than 200-250 km (ref. 3), in agree-
ment with results from xenolith and xenocryst thermobarometry®",
heat flow measurements* and electrical conductivity data'®. Yet receiver
function studies, which are more sensitive to fine-scale structure, have
largely failed to detect the lithosphere—asthenosphere boundary (LAB)
at these depths, indicating that it may not be a sharp boundary under-
neath cratons. On the other hand, strong compressional-to-shear wave

(P-S) and shear-to-compressional wave (S—P) conversions have been
found recently at shallower depths (100-140 km) under stable con-
tinental regions'", leading some authors to infer that the cratonic
lithosphere may be considerably thinner than expected'>"’, contradict-
ing tomographic and other geophysical or geochemical inferences. The
simplest way to reconcile these results is to consider that the receiver
function studies detect an intra-continental discontinuity rather than
the LAB'®. Such a discontinuity is consistently found in the analysis of
long-range seismic profiles' and has been attributed to the presence of
a zone of partial melt and/or dehydration around depths of 100 km.
Evidence for continental lithospheric layering is well documented
from a variety of local and regional studies’*' (see also Supplemen-
tary section 1).

Finally, there are two classes of competing hypotheses on the forma-
tion of cratonic lithospheric roots'. The first one invokes underplat-
ing by one or more hot plumes and the other invokes accretion by
shallow subduction in either a continental or arc setting. The cratonic
cores were probably formed under the very different tectonic regime
ofahotter Archaean mantle, which would have evolved to present-day
plate tectonics sometime in the late Archaean era®®*’, as a con-
sequence of secular cooling.

Two-layered lithosphere in the North American craton

The North American continent is particularly well suited to the study
of the question of lithospheric structure and thickness as a function of
age of the overlying crust, because of the presence of a well defined
Archaean core surrounded by progressively younger Proterozoic and
Palaeozoic provinces"* (Fig. 1a). Here we present the results of a
study of azimuthal anisotropy in the upper mantle beneath North
America and illustrate how the change with depth of the orientation
of the fast axis of anisotropy provides a powerful tool for the detection
of layering in the upper mantle. Anisotropy in the upper mantle is
most probably caused by lattice preferred orientation® and holds clues
to dynamical processes responsible for past and present deformation.
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Figure 1| Precambrian basement age in the North American continent and
seismic depth profiles at selected locations. a, Precambrian basement age
(after ref. 23). The white triangles are the seismic stations used in b, and the
blue lines are the locations of profiles AA’, BB’ and CC’, discussed in the
text. Petrologic sample locations are from ref. 13. The thick dashed black line
shows the approximate boundary of the stable parts of the continent,
bounded by the Laramide deformation/Rocky Mountain front from the
west, and the Ouachita and Appalachian fronts from the south and east'. The
thick dashed grey lines indicate crustal shear zones'. GSL, the Great Slave
Lake shear zone; GFT, the Great Falls tectonic zone; TH, the Trans-Hudson
orogen; CB, the Cheyenne belt; NQO and Torngat, shear zones related to the
New Quebec orogen and the Torngat orogen, respectively. Blue two-letter
labels are Xenocryst sample site names. b—e, Seismic depth profiles at

This study further refines the methodology developed by Marone
and Romanowicz®, and is based upon the joint inversion of long-
period seismic waveforms and SKS wave splitting data, using here a
much larger data set, providing unprecedented lateral and depth
resolution throughout the continent (Supplementary Figs 1 and 2).
As shown in ref. 25, models obtained from surface waveforms with or
without constraints from SKS splitting measurements reveal the
same variations with depth in the orientation of the fast axis of
azimuthal anisotropy, but the strength of anisotropy recovered at
depths greater than 200 km is larger with the SKS constraints, with-
out degrading the fit to surface waves (see Methods and Supplemen-
tary Figs 3, 4 and 5).

In ref. 25, we found that the fast axis of anisotropy systematically
changes direction towards the direction of absolute plate motion
(APM, as defined in the hotspot reference frame*®) at a depth cor-
responding to the LAB, throughout the North American continent.
Here we confirm and refine these results, and we also find that, under
the craton, the fast axis of anisotropy changes direction significantly
with depth in the upper mantle, not only at around 200 km depth, but
also at a shallower depth between 50 and 160 km, depending on
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stations YKW3 (b), ULM (c), FFC (d) and SCHQ (e). Panels show, from left
to right, the direction of the fast axis of azimuthal anisotropy, isotropic
shear-wave velocity (Vs), radial anisotropy () and azimuthal anisotropy
magnitude (G), respectively. The green dashed lines indicate local maxima in
the fast-axis direction gradient as a function of depth, and also delimit three
anisotropic layers. The gradient itself is shown as a red line in the fast-axis
panels, and the vertical thin black lines denote the North American APM
direction®® at the station. (In ¢ and d, there are two black lines, which show
the same APM directions owing to 180° periodicity.) Regions of negative
gradients in Vg and ¢ are highlighted as thick blue rectangles. Changes in
anisotropy direction at depths shallower than 50 km (d, e) are probably
artefacts at the edge of our inversion domain.

location (Figs 1b—e, 2). This defines two boundaries, each of which
is well localized in depth (within about 15 km) and is accompanied by
a minimum in the amplitude of azimuthal anisotropy. We note that
around the depth of the deeper boundary, the depth profile of iso-
tropic S-wave velocity (V;) shows a pronounced negative gradient,
but, in contrast to azimuthal anisotropy, it does not allow us to locate
the transition to better than 50-100 km in depth. Likewise, the radial
anisotropy profiles show a gradual decrease with depth, but no loca-
lized transition is resolved. We thus define the LAB as the laterally
varying horizon marked by the change of fast axis with depth towards
the APM (Figs 1b—e, 2, 3a). We note that, east and southeast of the
craton, the lithosphere remains thick well into provinces of
Proterozoic age. West of the Rocky Mountain Front, on the other
hand, it becomes rapidly much thinner (Fig. 3a). We next focus on
the Proterozoic and Archaean parts of the continent, and defer further
discussion of the tectonically active western part of North America toa
separate publication®.

Interestingly, the shallower horizon detected within the craton is
often accompanied by a local minimum in the isotropic shear velocity
(Fig. 1b—e); this minimum generally falls within the depth range in
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Figure 2 | Upper-mantle layering defined by changes in the direction of
the fast axis of azimuthal anisotropy. Depth cross-sections across the
three profiles—AA' (a), BB’ (b) and CC’ (¢)—shown in Fig. 1a. The
direction of the fast axis is colour-coded as a deviation from the North
American APM (see scale)?®. The thick dashed line is our inferred LAB.

a, Yava/Mazat/G, the Proterozoic Yavapai, Mazatzal and Grenville
provinces; McR, the mid-continental rift. b, The profile is truncated to the
west at the Rocky Mountain front, where the lithospheric character changes
abruptly. NQO, Proterozoic New Quebec orogen. ¢, This profile follows the
sites where xenocryst samples have been obtained"’. Sample sites are
labelled (two-letter abbreviations) at the bottom of the plot as in Fig. 1. The
boundary corresponding to Mg#93 (ref. 13) is indicated by a grey line, and
the black line corresponds to Mg#92.
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which a negative velocity jump is detected in receiver function studies,
and is also consistent with the results of detailed local studies at the
locations where these are available (Supplementary Section 1). The
depth of this boundary is well resolved by our combined waveform
and SKS splitting analysis (Supplementary Figs 6, 7, 8 and 9). This
intermediate boundary and the LAB together define three distinct
anisotropic layers of variable thickness across the North American
craton. The top two layers (herein denoted layers 1 and 2) are contained
within the lithosphere, while the deepest layer (layer 3), where the
direction of fast axis is consistently sub-parallel to the APM (Sup-
plementary Fig. 11), corresponds to the sub-cratonic asthenosphere.
Continental-scale depth cross-sections (Fig. 2) show that layer 1 is
generally thicker in the oldest part of the craton and progressively
thins towards younger provinces, tapering out under the Palaeozoic
provinces of eastern North America. On the other hand, the litho-
spheric thickness is relatively constant throughout the Archaean and
Proterozoic domains. Studies of xenoliths and xenocrysts in the
North American craton have inferred the presence of two chemically
distinct domains under the Archaean crust'. The top layer is highly
depleted, as defined by the corresponding magnesium number
(Mg# = atomic Mg/(Mg+Fe); the higher the Mg#, the more depleted
the rock), and its thickness varies with the age of the overlying crust.
The variations of our layer 1 thickness are in excellent agreement with
those of the highly depleted layer as determined geochemically, and
roughly coincide with the Mg#93 horizon (Fig. 2¢c). We thus infer
that layer 1 may correspond to the ancient highly depleted Archaean
lithosphere, which we are able to resolve and map out across the
North American continent, using seismic anisotropy tomography.

Lateral variations in layer 1 and relation to geology

Lateral variations in the fast axis direction are well resolved in our
model (Supplementary Figs 8-10). Close inspection of the fast axis
direction in layer 1 reveals remarkable consistency with the surface
geological trends. For instance, the generally northeast-to-east fast
axis direction correlates well with the series of northeast- and east-
trending Proterozoic sutures that welded some of the pre-existing
Archaean cratons together*® (Fig. 3b, Supplementary Fig. 11).
Northeast of the Superior craton, the northwest-to-southeast fast-
axis direction is in good agreement with the northwest-trending New
Quebec and Torngat orogens. The change of fast-axis direction from
east—west in the western and central Superior to nearly north-northwest
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Figure 3 | Thickness and anisotropy of layer 1and LAB thickness across the
North American continent. The thick broken line indicates the borders of
the stable part of the continent as in Fig. 1. a, Lithospheric (LAB) thickness,
determined from changes in the fast axis direction towards the APM*®
beneath the Archaean and Proterozoic parts of the continent. The Rocky
Mountain front represents a sharp transition to a distinct anisotropic
regime, described elsewhere”’. b, Fast-axis direction and strength of
anisotropy at a depth of 50 km in layer 1 (blue bars) and correspondence
with main geological sutures. Black dashed lines are the major crustal

province boundaries (from Fig. 1). Suture zones (thick red dashed lines) are
inferred from figure 1 of ref. 1: the Great Slave Lake shear zone/Thelon
magnetic zone (between Slave and Rae), the Snowbird shear zone (Rae and
Hearne), the Great Falls tectonic zone (Hearne/Medicine Hat and
Wyoming), and the Cheyenne belt (Wyoming and Proterozoic Yavapai).
Thinner red dashed lines (from figure 1b of ref. 29) show approximate
subprovince boundaries in the Superior craton. Light grey shading indicates
regions outside stable North America; ¢, Map of layer 1 thickness. Light grey
shading indicates regions where no layer 1 has been detected.
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in the northeastern Superior craton also follows the trends of the geo-
logical sutures of the Superior province”. Fossil subductions, revealed
as strong mantle reflectors and high-velocity bodies from active and
passive seismic studies®* > are found beneath most of these suture zones
and generally indicate a subduction direction normal to the suture
trends. We note that the fast-axis directions in lithospheric layer 1
and in the asthenosphere (layer 3) are comparable, similar both to
surface geological trends and to the APM (Fig. 1b—e, Supplementary
Fig. 5). This suggests a resolution to the long-running controversy
surrounding the interpretation of SKS splitting measurements in con-
tinents in terms of frozen anisotropy™ versus anisotropy aligned with
the present-day flow’: azimuthal anisotropy in layer 1 reflects ancient
tectonic events dating back to the late Archaean era, whereas sub-
lithospheric anisotropy reflects present-day tectonics. They both con-
tribute to SKS splitting.

The thickness of layer 1 varies from about 50 km south of the
1.1-billion-year-old mid-continental rift to over 150 km beneath
the 1.8-billion-year-old Trans-Hudson orogen and the 1.9-billion-
year-old Wopmay orogen' (Fig. 3¢). We note that the thickest part is
not in the region of oldest Archaean crust, but corresponds to the
Trans-Hudson orogen, which has an arcuate shape, and may
have been formed as part of the continental collision between the
Superior craton to the southeast and the Hearne and Rae cratons to
the northwest'. Indeed, the collisional processes of the Proterozoic
era have been linked to those presently active in the India/Asia collision
zone along the Himalayas®, where the lithosphere is also thickened.
Thicker parts of layer 1 are also found in the northwestern corner of our
region, affected by the 1.9-billion-year-old Wopmay orogeny'. The
thickening oflayer 1 may thus reflect the results of continental collision
in thelate Archaean era. Layer 1 thins out and disappears on the eastern
borderlands of the continent, which have been subjected to Palacozoic
orogenies, and also west of the Rocky Mountain Front, which is subject
to even more recent and currently active tectonics. Within the
Proterozoic regions, layer 1 is thinnest near the 1.1-billion-year-old
mid-continental rift', suggesting that the original Archaean lithosphere
may have been perturbed subsequently by rifting. In the south, no
layer 1 is found in part of the Proterozoic Yavapai/Mazatzal province.
On the eastern border of the craton, layer 1 is present in regions where
the Proterozoic crust is underlain by Archaean upper mantle®,
suggesting that the Archaean lithosphere is probably more laterally
extensive at depth than near the surface, and, in places, may be wedged
into the more juvenile (Proterozoic province) blocks”. To infer more
completely the patterns of anisotropy, and in particular the dip of the
axis of symmetry, azimuthal anisotropy needs to be combined with
other information, including radial anisotropy®. Under the North
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Figure 4 | Relative thickness of layers 1and 2 along the depth cross-section
AA' shown in Figs 1a and 2a. a, Gradient of the fast-axis direction as a
function of depth along the profile. Gradient extremes mark the boundaries
between layers 1 and 2 (white dashed line) and the LAB (continuous white
line). The red dashed line is the prediction of LAB depth from the
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American craton, the velocity of horizontally polarized shear waves,
Vsn, exceeds that of vertically polarized shear waves, Vgy, in general,
indicating dominant horizontal shear’®. However, significant radial
anisotropy anomalies, with Vs < Vsy, coincide with the location of
some of the suture zones (such as the Rae/Hearne and Hearne/Trans-
Hudson zones; see Supplementary Fig. 12b, e), suggesting the local
presence of anisotropy with dipping axis possibly related to fossil
accretion processes®. Resolving the dip of the axis involves making
strong assumptions on the mineralogy, which is beyond the scope of
this paper.

The nature of layer 2

Comparison with the geochemistry studies (Fig. 2¢) suggests that
layer 2 may represent a younger, less depleted, thermal boundary
layer, possibly accreted at a later stage through processes influenced
by the presence of a stagnant, chemically distinct lid (layer 1). This
scenario is supported by the excellent agreement between the lateral
variations in the depth of the LAB inferred from our azimuthal
anisotropy study and the variations predicted from the thickness of
layer 1 (Fig. 4), when applying the geodynamically inferred relation-
ship between the thicknesses of the chemical and thermal litho-
spheres'®'?. Except for a few locations at the margins of the craton
where layer 1 thins out, the overall misfit between the observed and
predicted LAB is =15 km. While the thickness of layer 1 varies sig-
nificantly across the stable part of the continent, the lithosphere as
defined by the bottom of layer 2 is remarkably flat (depths between
180 and 240 km), including in the Proterozoic provinces where layer 1
has thinned out (Figs 3a, 4a), and as predicted by geodynamical
modelling'®. The flat LAB at the bottom of the thermal conductive
layer is also in good agreement with local seismic, petrologic and
magnetotelluric studies (Supplementary Section 2) and indicates
the lack of strong lateral variations in temperature at greater depths
below the stable continent, in agreement with the absence of signifi-
cant topography on the 400-km and 660-km discontinuities*'. When
combining azimuthal anisotropy and radial anisotropy results,
shorter wavelength variations within layer 2 are observed, which
probably hold additional clues on the formation of this layer (Sup-
plementary Fig. 12).

Implications for the formation of continental lithosphere

Here, by using an approach based on seismic azimuthal anisotropy,
we have documented the craton-wide presence of a mid-lithospheric
boundary, separating a highly depleted chemical layer of laterally
varying thickness, from a less depleted deeper layer bounded below
by a relatively flat LAB (Fig. 5). Alignment of the fast anisotropy axis
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geodynamic calculation'’, according to the relation between thickness of
chemical (layer 1) and thermal (layer 1 + layer 2) lithosphere (b), and using
as input our layer 1 thickness. This is in good agreement with the seismically
inferred LAB north of 38° latitude. The black dots indicate depth of
boundary detected by receiver function studies'>".
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Figure 5 | Cartoon illustrating the inferred stratification of the lithosphere.
Beneath the craton, three layers of anisotropy are present: two in the
lithosphere (layers 1 and 2), and one in the asthenosphere. Layer 1
corresponds to the chemically distinct, depleted Archaean lithosphere, and
layer 2 is the thermal root, separated from the asthenosphere by the LAB,
which is at relatively constant depth beneath the stable part of the continent,
but rapidly shallows between the tectonic part of the continent (in the
western USA) and in the oceans. The boundary between layers 1 and 2 is
seismically sharp but its fine-scale structure is likely to be complex. The
depth extent of the zone of present-day flow-related anisotropy is not tightly
constrained by our study. This figure was modified from ref. 3.

in layer 1 with the old geological sutures indicates that tectonic pro-
cesses active in the late Archaean era, involving continent—continent
collision, may have welded together old Archaean blocks. These
blocks may themselves have been formed in a very different tectonic
regime®. On the other hand, the fast-axis direction in layer 2 is
consistently northerly (Fig. 2 and Supplementary Fig. 11b), in agree-
ment with local studies®***, reminiscent of the trench parallel
direction observed in present-day subduction zones*. This suggests
that the thermal boundary layer might have been formed in a tectonic
context involving predominant east—west compression, or, alterna-
tively, that it was formed diffusively while responding to the northerly
APM prevalent during the Mesozoic opening of the Atlantic Ocean
following the Appalachian orogeny*'.

A plume hypothesis may be valid for the formation of the depleted
Archaean lithosphere'>**, provided the fast-axis direction recorded in
layer 1 merely reflects subsequent processes welding together the older
blocks. However, layer 2 anisotropy directions are not compatible with
a plume context for its formation, as we would then expect directions
of anisotropy that radiate from one or several central points rather
than the uniform north-to-south fast-axis directions we observe. The
well preserved and spatially consistent azimuthal anisotropy found in
the deep lithosphere under the craton, different from present-day
APM, should provide important constraints for future geodynamical
modelling of the continent’s formation and evolution.

Although the anisotropy modelling presented here cannot by itself
precisely determine the sharpness of the detected boundaries, it
allows us to reconcile recent receiver function and seismic velocity
tomography studies. In particular, we suggest that receiver functions
and long-range seismic profiles preferentially detect the transition
between the ancient Archaean lithosphere (layer 1) and the subse-
quently accreted thermal boundary layer (layer 2). The details of this
transition and its precise nature are beyond the resolution of our
study, but are likely to be complex, as indicated by the fine layering
documented by long-range seismic profile studies', and, as sug-
gested in these studies, may involve stacks of thin low-velocity layers
marking traces of partial melting and dehydration*®, possibly at the
top of oceanic lithosphere that had been welded onto the bottom of
layer 1. It could also result from kimberlite accumulation if the
strong, chemically distinct, Archaean layer 1 acts as a barrier to their
further ascent.

We note that this mid-lithospheric anisotropic boundary zone
must be a sharp high-to-low velocity horizon because it produces
converted phases seen in receiver function studies, but it is barely
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detectable by isotropic velocity tomography, although we have noted
the presence of a local minimum in the depth profile of shear velocity
in some parts of our model (such as Fig. 1b, ¢). On the other hand, the
LAB under cratons is probably more gradual, because it is hard to
detect with receiver functions, which is consistent with a largely
thermal, anisotropic boundary that probably does not involve any
significant compositional changes or partial melting. It is possible, in
particular, that the boundary detected by ref. 48 in the northeastern
USA from receiver functions may be the eastern border of the chemically
distinct layer 1, rather than the LAB, which is deeper in this region,
as determined by this and other tomographic studies. Further charac-
terization of the mid-lithospheric boundary holds the clue to our better
understanding of key geochemical and geodynamical processes of
Archaean and early Proterozoic times.

The change of fast-axis direction of azimuthal anisotropy with
depth is a powerful tool for the detection of lithospheric layering
under continents. Our study indicates that the ‘tectosphere’ is no
thicker than 200-240 km and that its chemically depleted part may
bottom around 160-170 km. Although the morphology of the North
American craton may be exceptionally simple, the application of this
tool to other continents should provide further insights into the
assembly and evolution of cratons worldwide.

METHODS SUMMARY

We consider three-component long-period time-domain seismograms, observed
at broadband seismic stations in the USA and Canada and low-pass-filtered at
periods longer than 60s. We separately weigh wavepackets corresponding to
fundamental modes and overtones, and apply weights to equalize density of paths.
The data set is considerably larger than that used in ref. 25 owing to the availability
of data from USArray, the Canadian National Seismic Network, and temporary
deployments (Supplementary Fig.1a). We also perform more accurate crustal
corrections®, accounting for nonlinear effects due to strong lateral variations in
crustal thickness, both of which allow us finer-scale depth and lateral resolution
(Supplementary Figs 6-10). We correct for propagation outside our target area
using a new global upper-mantle model developed using full waveform inversion
and a new global tomographic approach using the spectral element method (V.
Lekic and B.R., manuscript in preparation). The waveform data are first inverted
to obtain a reference continental-scale isotropic and radially anisotropic model
with lateral resolution of about 250 km (Supplementary Fig. 1b). We then com-
bine the waveforms with a significantly expanded data set of station-averaged SKS
splitting measurements (Supplementary Fig. 2), in a joint inversion for three-
dimensional variations in azimuthal anisotropy, using the formalism of ref. 50 for
the computation of SKS sensitivity kernels. The additional constraints from SKS
splitting data allow us to constrain the azimuthal anisotropy amplitude better
below 200 km without degrading the fit to surface waveforms, while explaining a
significant portion of the variance in SKS splitting observations (Supplementary
Fig. 4) owing to the better amplitude recovery from the combined data sets, as
illustrated in the comparison of depth profiles (Supplementary Fig. 5) and in the
synthetic tests (Supplementary Figs 6, 7, 8 and 9). Further technical details are
given in the online Methods.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

This study follows the methodology described in refs 25 and 39. We apply a full
waveform time domain tomographic inversion method in the framework of the
nonlinear normal model asymptotic coupling theory (NACT)?, to obtain three-
dimensional elastic and anisotropic continental-scale structure using the fun-
damental mode and overtones portion of the three-component seismograms,
filtered at periods longer than 60s. NACT takes into account coupling between
modes along and across dispersion branches, thus allowing us to represent the
body-wave character of overtones by means of two-dimensional finite frequency
kernels in the vertical plane containing source and receiver. We parameterize our
model in terms of isotropic Vs, radial anisotropy described by the parameter
&=(Vsu/Vsy)? and 2y azimuthal anisotropy, described by the coefficients G.
and G; (ref. 52), which refer to terms in cos(2y) and sin(2y), respectively.
Station-averaged SKS apparent splitting parameters, delay time 6t and fast-axis
direction @ can be expressed in terms of G, and G;, assuming weak anisotropy
and periods longer than 10's (ref. 50; also see Methods in ref. 25). We choose to
invert only for the isotropic shear-wave velocity Vs and the anisotropic para-
meters &, G. and G;, which are best constrained by the observations. We scale
density p, compressional-wave velocity Vp and the two other radial anisotropy
parameters ¢ and 7 (as defined for example in ref. 53) to V; and £ using empirical
scaling relations®. We do not consider the other coefficients (B, H.sand E_, as
defined in ref. 54) owing to the insufficient sensitivity of our data set to these
parameters.

We complemented the three-component teleseismic waveform data collection
of ref. 39 with recent data from permanent and temporary broadband stations in
North America, to achieve higher spatial resolution and improved azimuthal
coverage. We implemented a denser irregular triangular mesh than refs 25 and 39
had, with the minimum grid knot spacing at ~200 km and ~400 km for iso-
tropic Vs and anisotropy ¢ and G, and G;, respectively (Supplementary Fig. 1).
Vertically, the model is parameterized in terms of cubic splines® with a finer knot
spacing (3070 km) from 24 km to the transition zone and 100-150 km spacing
below 670 km. We also perform accurate crustal corrections®, accounting for
nonlinear effects due to strong lateral variations in crustal thickness, both of
which allow us finer-scale depth and lateral resolution (Supplementary Figs
6-10).

We first inverted the waveform data set simultaneously for the three-dimensional
isotropic V; and radial anisotropic ¢ structure in North America, after correcting
for propagation effects outside our study region using a newly developed three-
dimensional global Vs and ¢ model®. In the second step, the waveform data set,
corrected for the three-dimensional Vs and ¢ structure obtained in the first step, was

nature

jointly inverted with station-averaged SKS splitting data for three-dimensional
variations in 2y azimuthal anisotropy, using the formalism of ref. 50. We do not
apply any a priori constraints to the starting azimuthal anisotropy model. We used a
least-squares approach™ to solve the inverse problem at each step. The contribution
to the total waveform variance reduction from the three-dimensional Vg and &
structure (presented in ref. 58) is ~85%, and that of the azimuthal anisotropy part
of the model is ~15%. The total variance reduction in the waveform data set is 60%.

In ref. 25, we showed that inverting the waveform data alone or jointly with
SKS splitting data leads to models of azimuthal anisotropy with the same distri-
bution of fast-axis directions and the same fits to the long-period waveforms, but
the model based on surface waveforms alone does not predict the SKS splitting
directions well, as found by other authors when comparing surface-wave-
derived models of azimuthal anisotropy and SKS splitting data over continents™
(Supplementary Fig. 3). The addition of SKS splitting data allows us to constrain
better the amplitude of azimuthal anisotropy at depths greater than 200 km
without degrading the fit to surface waveforms, while at the same time explaining
a significant portion of the variance in SKS splitting observations (55% variance
reduction compared to 18% when using waveform data alone; see Supplemen-
tary Fig. 4 for example). We confirm these results here, but owing to the con-
siderably larger data set, we are able to attain higher resolution and map two
layers in the lithosphere throughout the craton. Further technical details and the
results of resolution tests are given in the Supplementary Information.
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