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The depth distribution of azimuthal anisotropy in the

continental upper mantle

Federica Marone't & Barbara Romanowicz'

The most likely cause of seismic anisotropy in the Earth’s upper
mantle is the lattice preferred orientation of anisotropic minerals
such as olivine'”. Its presence reflects dynamic processes related to
formation of the lithosphere as well as to present-day tectonic
motions. A powerful tool for detecting and characterizing
upper-mantle anisotropy is the analysis of shear-wave splitting
measurements. Because of the poor vertical resolution afforded
by this type of data, however, it has remained controversial
whether the splitting has a lithospheric origin that is ‘frozen-in’
at the time of formation of the craton?, or whether the anisotropy
originates primarily in the asthenosphere, and is induced by shear
owing to present-day absolute plate motions®. In addition, predic-
tions from surface-wave-derived models are largely incompatible
with shear-wave splitting observations™®. Here we show that this
disagreement can be resolved by simultaneously inverting surface
waveforms and shear-wave splitting data. We present evidence for
the presence of two layers of anisotropy with different fast-axis
orientations in the cratonic part of the North American upper
mantle. At asthenospheric depths (200-400 km) the fast axis is
sub-parallel to the absolute plate motion, confirming the presence
of shear related to current tectonic processes, whereas in the litho-
sphere (80-200 km), the orientation is significantly more north-
erly. In the western, tectonically active, part of North America, the
fast-axis direction is consistent with the absolute plate motion
throughout the depth range considered, in agreement with a much
thinner lithosphere.

Shear-wave (SKS) splitting data provide estimates of the apparent
strength of anisotropy and the direction of the fast axis, representing
the integrated effect of anisotropy over the whole upper mantle,
assuming that the anisotropic tensor has a horizontal axis of sym-
metry and that anisotropy is weak’. Surface-wave data also have
sensitivity to azimuthal anisotropy and provide complementary
information. In particular, surface waves have much better depth
resolution compared to SKS splitting measurements, although their
lateral resolution is limited to long wavelengths. Yet, until now, SKS
splitting measurements predicted by surface-wave-derived models of
azimuthal anisotropy have not matched the observed SKS splitting
directions in many continental regions>®. This puzzling discrepancy
has been attributed to short-wavelength variations in anisotropy that
are not resolvable with presently available surface-wave data®. Here
we show that these two data sets can be largely reconciled when one
realizes that surface-wave inversions generally have reduced sensitiv-
ity to azimuthal anisotropy below a depth of 250 km, and, in fact,
underestimate the effect of deeper anisotropy with a different pre-
vailing orientation.

We have developed a tomographic procedure to invert three-com-
ponent long period fundamental and overtone surface waveforms for
both radial and azimuthal anisotropy (see Methods Summary). The

radial anisotropic part of this study confirms earlier global-scale
results’ and is presented elsewhere'®. Here we discuss the results of
inversion for lateral and depth variations in azimuthal anisotropy.
The waveform data allow us to resolve lateral variations in strength
and direction of the fast axis of anisotropy with a wavelength of about
1,000 km. Because we include overtones in our inversion, we are able
to resolve variations of anisotropy down to depths in excess of
400 km (see Supplementary Figs 2-5).

The three-dimensional model obtained using our waveform data
set alone (model A) presents several striking features (Fig. 1a, b, ¢). At
100 km depth, anisotropy is larger than 2% throughout most of the
continent and defines two distinct domains with different orienta-
tions of the fast axis. In the young, active western part of the contin-
ent, characterized by a thin lithosphere, we find good agreement
between the direction of the fast axis and that of absolute plate
motion (APM)" (see also Supplementary Fig. 1). In the old, stable
part of North America, to the east of the Rocky Mountains, azimuthal
anisotropy shows lateral variations in strength and the fast-axis
direction is not, on average, consistent with the APM direction.
Deeper than 200 km, the character of anisotropy changes signifi-
cantly beneath the stable part of North America, and the fast-axis
direction becomes coherent throughout the continent, and sub-
parallel to the APM direction (Fig. 1c, Supplementary Fig. 1).

We have also collected SKS splitting results for stations in North
America from the literature (see Supplementary Table 1) and
included these measurements as constraints in our inversion, using
an established formalism that relates the apparent splitting time and
fast-axis direction to the corresponding depth distribution of aniso-
tropy® (see Methods Summary). The model thus obtained (model B)
shows a distribution of fast-axis orientations very similar to that in
model A at shallow depth (Fig. 1d, e, f; Fig. 2). Moreover, the fit to the
waveform data is as good as in model A, while the fit to the SKS
splitting measurements is much improved (Fig. 3). The most striking
difference is the strength of anisotropy inferred in the deeper domain
(200-400 km), which is on average at least twice as large in model B
(Fig. 1c, f). This observation indicates that the surface-wave data
alone, even including overtones, rapidly lose sensitivity to the
strength of azimuthal anisotropy at depths greater than ~200—
250km. This is confirmed by synthetic tests, which show that the
direction of the fast axis is well resolved throughout the upper
mantle, as is the strength of anisotropy at shallow depths (Fig. 4,
Supplementary Figs 2-5), whereas at greater depth, amplitudes are
significantly underestimated, in spite of the inclusion of overtones.
Constraints from SKS splitting help to reduce this amplitude loss.

One striking feature of our models is the presence of two distinct
depth domains of anisotropy, characterized by different fast-axis
directions, under the stable part of the continent. Only the deeper
domain shows a fast-axis direction compatible with the APM direction
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Figure 1| Horizontal slices at three different depths showing azimuthal
anisotropy in the North American upper mantle. Model A (a—c) was derived
using uniquely fundamental mode and overtone surface waveforms. Model
B (d—f) was obtained by joint inversion of surface waveforms and SKS
splitting measurements. The length of the black bars is proportional to the
maximum amplitude of azimuthal anisotropy, and their azimuth is parallel
to the axis of fast propagation. Red arrows indicate the APM direction in a
hotspot reference frame''. We note the sharp transition in the fast-axis
direction of anisotropy at 100 km depth across the Rocky Mountain Front
and its agreement with APM at 300 km everywhere.

(Fig. 2). In contrast, under the tectonically active western USA, where
the lithosphere is thin, the fast-axis direction is stable with depth and
consistent with the APM direction throughout the uppermost mantle
(Fig. 2), while its strength is largest at 100 km and decreases with
depth. At 100km depth, we note a gradual rotation of the fast axis
from east to west (Fig. 1d, e), compatible with the difference in APM
direction between the North American and Pacific plates.
Horizontal shear in the asthenosphere due to the motion of tec-
tonic plates over the underlying mantle has been invoked to explain
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Figure 3 | Comparison of observed and predicted SKS splitting
measurements. Observations (red) are from the literature (see
Supplementary Table 1). Predictions (black) are from model A (left panel)
and model B (right panel). Green crosses represent observed null
measurements. The bottom panels show a magnification of the results for
the region comprised by the blue boxed area. Variance reduction (see
definition in Methods) is 0.71 in both models for surface waveforms and 0.11
in model A and 0.51 in model B for the SKS splitting data. Thus both models
provide equal fits to surface waves but model B provides a significantly better
fit to splitting data.

radial anisotropy at sub-lithospheric depths on the global scale’. The
agreement between the APM direction and the fast-axis direction
obtained in our models beneath the lithosphere—asthenosphere
boundary, lends additional strength to this interpretation. Under
oceanic basins, where the lithosphere is thin, surface-wave inversions
based on shorter-period fundamental modes'? also resolve the pres-
ence of two layers of anisotropy—Ilithospheric and asthenospheric—
and strong azimuthal anisotropy aligned with APM is found at astheno-
spheric depths'>'. Our results thus suggest that the deformation mech-
anism responsible for lattice preferred orientation in the asthenosphere
is the same beneath continents and oceans, despite different lithospheric
thicknesses. The average depth of the continental root' under North
America broadly agrees with the transition depth between the two
imaged anisotropic layers (Fig. le) where anisotropy strength is min-
imum, so we infer that the lithosphere—asthenosphere boundary marks
the limit between these two distinct anisotropic regimes, at varying
depths under cratons, tectonically active North America and under
oceans.

A recent global azimuthal anisotropic model® derived from funda-
mental-mode and overtone surface waves showed weak anisotropy at
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Figure 2 | Difference in azimuth between the axis of fast propagation in
model B and the present-day APM direction. The APM is given in a hotspot

reference frame'', and the same depths are shown as in Fig. 1.
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Figure 4 | Results of four resolution tests designed to assess the ability of
our data set to resolve several anisotropic layers. In the synthetic input
model, shown as a function of depth (dotted black line), azimuthal
anisotropy is organized in two (a—c) or three (d) laterally homogeneous
layers, with orthogonal fast-axis directions. Solid lines represent a variety of
recovered models: results obtained using only the surface-wave data set

depths greater than 200 km under cratons, except under Australia,
the fastest-moving continent. This result suggested a weak litho-
sphere—asthenosphere coupling beneath most continental regions,
but was difficult to reconcile with the observed strong radial aniso-
tropy at asthenospheric depths’. However, the present study shows
that, under the North American continent, weak azimuthal aniso-
tropy at asthenospheric depths is an artefact due to the reduced
sensitivity of surface waves and that part of the signal can be recov-
ered by including independent constraints. Thus, the North
American lithospheric plate shows at least some degree of coupling
with the underlying mantle.

The methodology used here to include SKS splitting constraints® in
the inversion also allows us to test how well our three-dimensional
azimuthal anisotropic model predicts SKS splitting observations, a
test which most existing models based on surface-wave data have
failed. We find good agreement between observed and synthetic
SKS splitting measurements for the tectonically active western US
independently of the inclusion of additional body-wave constraints
in the inversion (Fig. 3). As previously noted™, compatibility
between observed and predicted measurements is instead poor for
the central and eastern USA (Fig. 3), when only surface waveforms
are used to derive the model. In this case, the amplitude of the imaged
anisotropy at depth is small (Fig. 1c) because it is underestimated
(Fig. 4, Supplementary Figs 2—5) and therefore the predicted inte-
grated anisotropic effect over depth on vertically travelling SKS waves
is dominated by the shallow stronger signal, leading to the observed
discrepancy. In contrast, the model we derived using the joint data set
more accurately constrains the anisotropy strength below 200 km
(Fig. 4, Supplementary Figs 2—5). While our model B, as expected,
does not perfectly fit short-wavelength splitting variations such as are
found in the Colorado plateau, it does a remarkably good job in the

200

(black) or using surface waveforms and SKS splitting data together (other
colours), with the weighting given to the SKS data increasing progressively
from yellow to green. Model B was obtained with an intermediate weighting,
corresponding to the red solid line. These one-dimensional vertical profiles
have been extracted for alocation in the central/eastern USA (latitude 45° N,
longitude 95° W).

eastern part of the continent (Fig. 3). Thus, our new anisotropic
model, consistent with both surface- and body-wave data, at least
at long wavelengths, offers a resolution to the long-standing debate
on the depth, and hence the origin, of inferred azimuthal anisotropy
from SKS splitting measurements in continental environments. We
anticipate that a similar approach will help reconcile surface-wave
and splitting results in other continents, in particular Australia®".

The apparent splitting times and fast-axis directions of the SKS
compilations used here do not directly provide information on the
depth variation of anisotropy. That information is lost in the stand-
ard processing of raw SKS data, which averages out any azimuthal
variations of the splitting parameters at each station. In addition,
most studies so far do not have sufficient azimuthal coverage to
resolve more than one layer of anisotropy, and generally find a
fast-axis direction sub-parallel to the APM'*'® in the stable part of
the continent. It is possible that the effect of the deeper anisotropic
layer is dominant in these data because, in the lithosphere, the actual
orientation of the fast axis may not be completely horizontal'’, or
may show complex variations. However, indications that two layers
of anisotropy may be present have recently been emerging from
shear-wave splitting data in central and eastern North America®>*.
Additional SKS splitting measurements from high-quality data from
the Earthscope USArray deployment should shed additional light on
this question.

METHODS SUMMARY

Our surface-waveform inversions are performed in the framework of normal-
mode asymptotic coupling theory (NACT)*, a normal-mode perturbation
approach which takes into account coupling across branches, thus allowing us
to represent the body-wave character of overtones. We compare observed and
synthetic waveforms in the time domain. The effect of weak 3D isotropic and
anisotropic heterogeneity is expressed through the local frequency shift for a

©2007 Nature Publishing Group
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mode multiplet, and depends on the weighted integration over depth of 13 local
anisotropic parameters, of which we only consider four: the isotropic S-velocity
vs, the anisotropic parameter ¢, and the azimuthal 2-y coefficients G, and G
(subscripts ¢ and s indicate cosine and sine terms, respectively), where i is the
local azimuth. Assuming weak anisotropy with a horizontal symmetry axis,
station average SKS splitting parameters (apparent delay time 8¢ and fast-axis
direction ¥) can be expressed simply in terms of the parameters G. and G; for
periods longer than 10's (ref. 5). For each single station with azimuthally aver-
aged SKS splitting measurements, we add two equations, equally weighted, to the
inverse problem, where the data are combinations of §tand ¥ into dtcos2 ¥ and
Stsin2 ¥, which are linearly related to G, and G. These quantities are also used to
assess the goodness of fit of our models to observed splitting data (see Methods
for further details). We can apply different weighting schemes for the contri-
bution of surface waveforms and splitting data in the joint inversion. More
details about our data coverage are provided in the Supplementary Information.

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

Anisotropic parametrization. In a medium characterized by weak general

anisotropy, the local frequency shift for a multiplet pair kk’ can be described
asZ()—ZX:

3(ow (0.9)7) = JA%H(HJ)J)

+ Ak (0,0,7)cos(24) + Az, (0,0,r)sin(24)
+ A3, (0,0,7)cos(4) + Aty (0.¢,7)sin(4)dr

where a is the Earth radius, 0, ¢ and r describe the position in the Earth’s interior
and 1 is the local azimuth. The coefficients A’~A* are functions of the elements
of the elastic tensor®®. A° depends only on density and the Love parameters (A, C,
F, L, N)* and is required to describe the isotropic and radial anisotropic struc-
ture. A" and A” are linear functions of B, G and H, as defined in ref. 29, while
A’and A* depend on E. . The coefficients A'~A* describe the effects of azimuthal
anisotropy. To reduce the number of parameters in the inversion and keep only
those that are best resolved by our data set (L, Nand G_), we assume empirical
scaling relations for the remaining Love parameters as inferred from laboratory
experiments®’’. We do not consider B, H. and E_ because of non-existent
robust linear scaling relations and the insufficient sensitivity of our data set to
these parameters. Rather than inverting for L, N and G, we equivalently para-
metrize our model in terms of isotropic S-velocity v,=+/(2L+N)/(3p), the
anisotropic parameter £ =N/L and G.

Addition of constraints from SKS splitting measurements. Assuming the sim-
plest case of weak anisotropy with a horizontal fast symmetry axis, we express
station-averaged SKS splitting measurements (apparent delay time 8¢ and fast-
axis direction ¥) as a function of elastic parameters as’:

a

.. . 1
dtsin2¥ = JWGS(0,¢,Z)dz (2)
0
Stcos2 ¥ = ! G.(0,¢,2)d 3
tcos2¥ = [m (0,0,2)dz (3)
0

where the superscript 0 refers to the parameters of the one-dimensional reference
model. In the original derivation® the quantity L rather than L, is used in the
denominator. With the assumption of weak anisotropy, these expressions are
equivalent.

Equations (2) and (3) do not imply any assumptions on the number of
anisotropic layers, but they are valid for a horizontally stratified medium with
an arbitrary number of plane layers. These formulas are completely equivalent to
those for the case of several anisotropic layers derived in other studies®*.

Equations (2) and (3) have been derived using approximations valid only at
periods longer than 10's. Broad-band SKS waves have their peak energy around
10-15s and the splitting parameters used in this study (Supplementary Table 1)
have been measured at frequencies within the range of validity of the approxi-
mation underlying these expressions, so the use of equations (2) and (3) in this
context is justified.

For each single station with azimuthally averaged SKS splitting measurements
(Supplementary Table 1), two equations, equally weighted, are added to the
inverse problem, where the data are combinations of 8t and ¥ into dsin2¥
and dtcos2¥, as per equations (2) and (3).

Conversely, to calculate 6t and ¥ predicted by a given depth-dependent
anisotropic model, the expressions above can also, equivalently, be rewritten to:

T 2 a o 1/2
. 1 .
ot = ng(z)LO(z) Gs(H,¢,Z)dZ + J)\Vg(Z)LO(Z) Gc(0,¢,z)dz (4)
Gs(0,0,2)d

()

o G(0.9.2)dz

vg(2)L0(2)

Inversion. We first correct our waveform data for structure outside the region of
study using the global radially anisotropic model SAW642AN (ref. 35). This
model has no azimuthal anisotropy outside the target region. Because azimuthal
anisotropy inside the study region is constrained by a good azimuthal coverage
(Supplementary Fig. 6), the effect of not correcting the waveforms for the three-
dimensional azimuthal anisotropic structure outside the target region should

nature

have a minimal effect on the obtained model. We apply crustal corrections
computed using CRUST5.1 (ref. 36) for vertical and longitudinal component
data and the crustal portion of SAW24B16 (ref. 37) for transverse component
data. We solve the inversion problem iteratively using a least-squares approach®.

The addition of azimuthal anisotropy to the radial anisotropic problem'
strongly increases the number of unknowns. Stronger regularization needs to
be applied, where the choice of the damping parameters is rather subjective. For
instance, the radial and azimuthal anisotropic structures are known to be affec-
ted by strong tradeoffs, in which by tuning individual damping parameters one
can force the required anomalies to favour one or the other portion of the model
space. In addition, the amplitude of anisotropy strongly depends upon regular-
ization in the inverse problem. To minimize the subjectivity of the choices
required, we opted for an iterative solution in two steps.

In the first step, we consider only radial anisotropy and simultaneously invert
for vs and ¢, while keeping the azimuthal anisotropic portion of the model fixed
(that is, initially the azimuthal anisotropy terms are zero). The radial anisotropic
part of the problem is well understood, thanks to a variety of tests on resolution
and tradeoffs'’. In a second step, we keep the obtained radial anisotropic model
fixed and vary only the model parameters related to azimuthal anisotropy. In this
case we need to adjust only one damping parameter, mainly controlling the
amplitude of azimuthal anisotropy. Because only relatively small improvements
in variance reduction are afforded by decreasing damping, we guided our choice
on the basis of the theoretical expected amplitude of anomalies. However, the
recovered fast-axis direction is a robust feature, which is not influenced by the
choice of the damping parameter. The anisotropy strength is, in contrast, poorly
constrained, in particular at depths exceeding 200 km, and usually strongly
underestimated (>50%) (Supplementary Figs 2—4). The radial anisotropic
model can subsequently be updated keeping the azimuthal portion of the model
space fixed, although we have verified that adjustments due to the introduction
of azimuthal anisotropy are minor.

The model is parametrized laterally in level 4 spherical splines™ (equivalent to
a spherical harmonics expansion of about degree 24) and vertically in cubic
splines.

Goodness of the fit. We quantitatively assess the goodness of the fit of our model
to the surface-wave and SKS splitting data sets using the variance reduction
computed according to the following expressions.
For surface waves:

2 >y (di—s)*

Osurfacewave — 1— ENM dz (6)
i=1"%

where d and s are the observed and synthetic surface-waveform data, the index i
refers to a particular point of the time-domain surface waveform considered, and
the summation is over all the waveform data points in the data set.

For SKS splitting measurements:

A Py Q4 o 2 c N 2
S50 [ (100502 s~ 5502 )+ (05602 ) s = 05002 ) |

Nos . 7 7
ST (062 ) eveq + (01:€052 %) Ghervea

(7)

where ot and ¥ are station-averaged SKS splitting parameters (delay time and
fast-axis direction, respectively). The datum used in the inversion to describe
SKS splitting information is a combination of drand ¥ (see above), so we use the
same datum to compute the variance reduction for these measurements.

2
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