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Evolution of continental lithosphere during orogenies and the following periods of relative stability is poorly
understood, largely because of the lack of relevant observational constraints. Measurements of seismic
anisotropy provide such constraints, but due to limitations in the resolving power of available data sets and,
more generally, of various data types, detailed mapping of lithospheric anisotropy has remained elusive. Here
we apply surface-wave array analysis to data from the East-central U.S. and determine the layering of azimuthal
anisotropy beneath the Grenville–Appalachian orogen in the entire lithosphere–asthenosphere depth range.
Combined measurements of Rayleigh-wave phase velocities along 60 interstation paths constrain phase-
velocity maps with statistically significant anisotropy. Distinct anisotropy patterns in three different period
ranges point to the existence of three distinct layers beneath the orogen, with different anisotropic fabric
within each.We invert phase-velocitymaps and, alternatively, pairs of selectedmeasured dispersion curves for
anisotropic shear-velocity structure. The results confirm that three anisotropic layers with different fabric
within each are present, two in the lithosphere (30–70 km; 70–150 km depths) and another in the
asthenosphere beneath (N150 km). Directions of fast wave propagation in the upper lithosphere are parallel to
the Grenville and Appalachian fronts, suggesting that the region-scale anisotropy pattern reflects the pervasive
deformation of the lower crust and uppermost mantle during the continental collisions. The fast-propagation
azimuth within the lower lithosphere is different, parallel to the NNW direction of North America's motion
after the orogeny (~160–125Ma). This suggests that the lithosphere, 70-km thick by the end of the Appalachian
orogeny, gradually thickened to the present 150-km while inheriting the fabric from the sheared astheno-
sphere below, as the platemoved NNW. Below 150 km, the fast-propagation direction is parallel to the present
plate motion, indicating fabric due to recent asthenospheric flow. Anisotropy in narrower depth ranges
beneath the region has been sampled previously. Published results (from observations of Pn and SKS and
waveform tomography) can be accounted for and reconciled by the three-layered model of anisotropy for the
lithosphere–asthenosphere depth range constrained in this study. In particular, the anisotropywe detect in the
asthenosphere can account for themagnitude of SKS-wave splitting, with the fast wave-propagation directions
inferred from SKS and surface-wave data also consistent, both parallel to the current plate motion.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the course of the evolution of continental lithosphere, long
periods of relative stability are interrupted by episodes of intense
deformation. Many Precambrian cratons appear to have deformed
little since their stabilization in the Archean or Proterozoic, thanks to
the high viscosity, yield strength and compositional buoyancy of the
cratonic lithosphere (e.g. Sleep, 2005). Other continental units,

however, have been deformed, reworked and reshaped repeatedly in
the Phanerozoic.

Our understanding of the history of such deformation and the
dynamics of deforming continental lithosphere is still very incom-
plete. Current motions of the Earth's surface in regions undergoing
active deformation are now mapped in increasing detail using Global
Positioning System measurements (e.g. McClusky et al., 2000; Zhang
et al., 2004), and past tectonic activity can be inferred from the
geological record (e.g. Dickinson, 1971). Deformation in the deep
lithosphere, however, is poorly known, largely due to the insufficiency
of relevant observational constraints.

Continental collisions produce broad zones of crustal deformation
(Zhang et al., 2004). Whether deformation in the mantle lithosphere is
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also distributed over broad areas or, instead, occurs primarily at narrow
faults has been a matter of a controversy. According to one view,
continuous distributed deformation does occur in the mantle litho-
sphere and acts to accommodate the convergence of continental blocks
(Molnar,1988;Molnaret al.,1999). According to another view, the strong
mantle lithosphere is decoupled from the deforming upper crust, and
convergence in orogens is accommodated by the relative motions of
nearly rigid mantle-lithospheric blocks (Tapponnier et al., 2001).

Even thoughmuch of the debate is focussed on active collisions and
processes that disrupt the lithosphere, an equally important issue is
the post-orogenic lithospheric evolution and the dynamics of deep
lithosphere at times when the crust is relatively stable and undis-
turbed. One important question, in particular, is whether and how the
lithosphere heals after undergoing deformation in an orogeny.

Measurements of seismic anisotropy can offer the much needed
information regarding the past and present deformation in the litho-
sphere and mantle below. Finite strain within the crust and mantle
gives rise to the lattice preferred orientation (LPO) of anisotropicmajor
minerals, inparticular amphibole and olivine in the lower crust and the
upper mantle, respectively. The LPO results in the directional
dependence of seismic wavespeeds, or seismic anisotropy (Christen-
sen, 1984; Nicolas and Christensen,1987; Becker et al., 2006; Meissner
et al., 2006; Tatham et al., 2008). Azimuthal anisotropy of up to a few
percent (relative to the isotropic average shear or compressional speed
value) has been detected beneath both continents and oceans and
appears to be a commonproperty of both the lithosphere and astheno-
sphere. Beneath oceans, large-scale patterns of coherent azimuthal
anisotropy have been inferred from surface-wave observations, with
directions of the fastest S-wave propagation usually parallel to the
paleo-spreading direction within the lithosphere and to the current
plate motion within the asthenosphere. These patterns are consistent
with basic models of mantle deformation during the development of
the lithosphere near a mid-ocean ridge (in the remote past) and the
shearing in the asthenosphere beneath the base of themoving oceanic
plate (in the near past and at present) (Forsyth, 1975; Nishimura and
Forsyth, 1989; Smith et al., 2004).

On continents, higher density of seismic stations has enabled the
mapping of variations in azimuthal anisotropy with high lateral
resolution using teleseismic body waves, the most common approach
being with measurements of SKS-wave splitting (Vinnik et al., 1984;
Silver, 1996). Distributions of the splitting times and fast-propagation
azimuths measured at stations across continents display both large-
and small-scale variations (Becker et al., 2007). In some regions, the
SKS-inferred fast-propagation azimuths vary at small scales and
appear to follow tectonic trends, whereas in other regions, including
eastern North America, coherent patterns extend over broad areas,
characterized by fast-propagation azimuths parallel to those of the
absolute plate motion (APM) (e.g. Silver, 1996; Becker et al., 2007;
Fouch and Rondenay, 2006; Savage, 1999). Because of their poor
vertical resolution, however, SKSmeasurements are difficult to use for
constraining the depth distribution of anisotropy. Arguments have
been put forward for SKS-sampled anisotropy to occur predominantly
within the lithosphere or predominantly within the asthenosphere
(Silver, 1996; Becker et al., 2007; Fouch and Rondenay, 2006; Savage,
1999; Vinnik et al., 1992; Fischer and Wiens, 1996).

Surface waves can provide the necessary vertical resolution.
Continental-scale tomographic models constrained with surface-wave
observations have revealed distinctly different patterns of azimuthal
anisotropy within the continental lithosphere and asthenosphere (e.g.,
Marone and Romanowicz, 2007; Simons et al., 2002; Debayle et al.,
2005; Sebai et al., 2006). The lower lateral resolution of the large-scale
imaging, however, makes it difficult to map anisotropic layering at the
relatively small scale of tectonic units, so that the relationship of the
inferred lithospheric anisotropy to tectonic history and history of deep
lithospheric deformation is often unclear and open to debate. There is
no consensus, as well, regarding the occurrence of anisotropy in sub-

continental asthenosphere (e.g. (Marone and Romanowicz, 2007;
Debayle et al., 2005; Gaherty and Jordan, 1995; Gung et al., 2003).

Recently, data sets from dense arrays of broad-band seismic
stations have been growing in both their number and size. Applica-
tions of surface-wave analysis to array data have been producing
increasingly high imaging resolution, both lateral and radial (Li et al.,
2003; Pedersen et al., 2006; Yang and Forsyth, 2006; Yao et al., 2006;
Zhang et al., 2007; Deschamps et al., 2008). Array data enable the
mapping of anisotropic layering in the lithosphere and asthenosphere
at the scale of tectonic units, thus providing essential constraints on
the history of continental deformation.

In this paper, we use measurements of interstation surface-wave
dispersion in the East-Central U.S. and constrain the layering of
azimuthal anisotropy beneath the Grenville–Appalachian orogenic
region. We show that anisotropy beneath this Proterozoic–Phaner-
ozoic orogen is different from that beneath the neighbouring cratonic
platform of an older age. Three layers with different anisotropic fabric
within each occur beneath the orogen and characterize successive
stages of the evolution of its lithosphere.

2. East-central US: tectonic history and observations of anisotropy

The Grenville and Appalachian orogenic deformation fronts (Hoff-
man,1988) cross the region sampled by our data (33°–40°N, 83°–91°E)
at an approximately NE–SW azimuth (Fig. 1). The Grenville orogeny is
thought to be the last episode (1.3–1.0 Ga) of a major continental
accretion sequence along the southern edge of Laurentia that started
about 1.8 Ga ago (Hoffman,1988; Dalziel, 1991; Karlstrom et al., 2001).
The Appalachian orogen is associated with more recent collisions at
0.42–0.27 Ga (Ziegler, 1989). Parts of the Grenville lithosphere have
been reworked at that time. The plains to the west and north of the
Grenville front are largely within a Proterozoic cratonic platform, in
the Yavapai and Mazatzal provinces. These units were accreted during
the Yavapai andMazatzal orogenies (1.8–1.6 Ga) and have experienced
little tectonic activity since then (Hoffman, 1988) (one exception is the
Reelfoot Rift zone, a failed rift that was active 0.60–0.45 Ga ago (Ervin
and McGinnis, 1975)).

The Appalachian region remained in the interior of the super-
continent Pangea until about 180 Ma, at which time rifting started to
the East and the Atlantic Ocean began to open (Kazmin and Natapov,
1998; Beck and Housen, 2003). North America then began drifting
NNW, a motion that continued until ~125 Ma (Kazmin and Natapov,
1998; Beck and Housen, 2003). At present, the absolute plate motion
(APM) of North America is in the SE direction (azimuth 245°) at a rate
of 2.6 cm/yr in the hotspot reference frame (Gripp and Gordon, 1990).

Seismic anisotropy has been detected throughout the area (e.g.
Barruol et al., 1997; Fouch et al., 2000). The knowledge of the distri-
bution of anisotropy at depth can help us constrain the history of
deformationwithin the lithosphere and asthenosphere. The studies to
date, however, have each mapped anisotropy in parts of but not the
entire lithosphere–asthenosphere depth range, with results from
different studies and different types of measurements complementary
to one another in some instances but seemingly inconsistent with one
another in other instances.

Shear-wave splitting observations in the eastern U.S. display a
coherent large-scale pattern with the azimuth of fast wave propaga-
tion parallel to that of the APM (Fig. 2) (Barruol et al., 1997; Fouch et al.,
2000). This can be interpreted as evidence for anisotropy in the
asthenosphere due to the flow associated with the motion of the
North American plate (Barruol et al., 1997; Fouch et al., 2000). The
nearly uniform distribution of SKS-inferred fast-propagation azimuths
thus may not, by itself, offer any information on lateral variations of
anisotropy in the lithosphere.

Marone and Romanowicz (2007) combined surface-wave data and
shear-wave splitting to constrain azimuthal anisotropy in the upper
mantle beneath North America, and found two distinct anisotropic
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layers, one in the lithospheric mantle, and another in the astheno-
sphere. Fast-propagation directions in the asthenosphere are parallel
to the APM, in agreement with the inferences from SKS observations.
Debayle et al. (2005), however, map only weak anisotropy in the
asthenosphere beneath the eastern U.S. in their global model and
argue that the rate of motion of North America and other continents,
with the exception of Australia, is not sufficient to produce substantial
anisotropy in the asthenosphere.

Smith and Ekström (1999) mapped azimuthal anisotropy of Pn
waves which sample the uppermost mantle and found fast-propaga-
tion directions in the East-central U.S. that were roughly parallel to the
Appalachian front (Fig. 2). This observation is consistent with
pervasive deformation of the upper lithosphere (crust and uppermost
mantle) to have occurred at the time of the Grenville and Appalachian
orogenies. Marone and Romanowicz (2007) did not see this layer in
their model because of the lack of surface-wave measurements at
sufficiently short periods in their data set. Instead, they observed an
anisotropic layer in the East-central U.S. lithosphere with a NNW-
oriented fast-propagation azimuth, parallel neither to the APM nor to
the Grenville and Appalachian fronts.

In this study we use broad-band, interstation measurements of
Rayleigh-wave dispersion (Deschamps et al., 2008) and constrain the
stratification of azimuthal anisotropy beneath the East-central U.S. in
the entire lithosphere–asthenosphere depth range. Surface waves at

different frequencies sample Earth structure at different depths. The
frequency band of the measurements we use here is sufficiently
broad (periods as short as 10 s to as long as 200 s) to resolve the
layering of seismic structure and anisotropy from the crust down to
the asthenosphere.

3. Layering of anisotropy

In a previous study (Deschamps et al., 2008), we have measured
interstation phase-velocity curves for 60 pairs of stations in the East-
central U.S. (Fig. 1) and constructed and validated anisotropic phase-
velocity maps for the region. A robust phase-velocity curve was
derived for each station pair by averaging over tens (up to over a
hundred) of dispersion curves, each measured using the same station
pair and signals from different earthquakes, normally in a number of
different source regions (Meier et al., 2006). For all 60 paths, the period
range includes the interval 18–34 s. For 33 paths the dispersion curve
extends up to a period of 140 s, and for about 20 paths we could
measure the dispersion curve up to a period of 200 s. In the phase-
velocity maps, statistically significant azimuthal anisotropy with a π-
periodic (“2Ψ”) dependence of phase velocity on azimuthwas detected
(Smith and Dahlen, 1973). The resolution (averaging) lengths of the
phase-velocity maps were estimated (Lebedev and Nolet, 2003) at
~210 km for isotropic anomalies and ~280 km for anisotropic

Fig. 1. The region of study and the interstation path coverage. The seismic stations used for the analysis are from both permanent and temporary networks (Deschamps et al., 2008).
Red crosses show the grid knots at which we plot azimuthal anisotropy in Fig. 2; they belong to the grid used to parameterize the inversion for phase-velocity maps (Fig. 2). Grenville
and Appalachian orogenic fronts are shownwith a thick plain curve and a thick dashed curve, respectively. The Reelfoot Rift Zone is shown near the western boundary of the model
area. Blue arrows indicate the absolute plate motion (APM) in the hotspot reference frame predicted by HS2-NUVEL1 (Gripp and Gordon, 1990). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Rayleigh wave azimuthal anisotropy (yellow bars) at 28, 55, and 140 s. The orientation and size of the bar show the direction of fastest propagation of Rayleigh waves at the
period and the amplitude of the anisotropy, respectively. The isotropic average Rayleigh-wave velocities at 28, 55, and 140 s are 3.816, 4.053, and 4.337 km/s, respectively. Also plotted
are main tectonic boundaries, past and present absolute plate motion, and previous anisotropy measurements. (a) At 28 s, the Rayleigh-wave fast-propagation direction beneath
orogenic provinces is roughly parallel to the Grenville and Appalachian fronts, as well as to Pn fast-propagation direction (Smith and Ekström, 1999). (b) At 55 s, the fast-propagation
azimuth is close to the direction of the NNW drift of the North American plate during the Mesozoic (Beck and Housen, 2003). (c) At 140 s, the fast-propagation direction is parallel to
the current absolute plate motion (Gripp and Gordon, 1990), as well as to most fast-propagation directions inferred from shear-wave splitting observations in the area (Barruol et al.,
1997; Fouch et al., 2000).
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anomalies. Using Monte-Carlo sampling, errors in the amplitude of
anisotropy and the fast-propagation azimuth were estimated at 8–
10 m/s (i.e., 0.2–0.3% of the average isotropic velocity), and 15–20°,
respectively, depending on the period (Deschamps et al., 2008).

Comparisons of dispersion curves for station-station pairs oriented
at different azimuths strongly hinted at the occurrence of azimuthal
anisotropy (Deschamps et al., 2008). The curve variability, however,
also reflected isotropic heterogeneity. Inversions for phase-velocity
maps have enabled us to separate anisotropic and isotropic signal; the
presence of anisotropy in the models has been shown to be statis-
tically significant (Deschamps et al., 2008). In this studywe investigate
further the depth distributions of S-velocity anisotropy and invert
phase-velocity data for anisotropic point profiles as well as for region-
average and path-average profiles. The results of these targeted
inversions, together with the results of the phase-velocity analysis,
allow us to derive robust conclusions regarding the layering of aniso-
tropy and the evolution of the lithosphere–asthenosphere system.

3.1. Phase-velocity maps

Distributions of azimuthal anisotropy across the Rayleigh-wave
phase-velocity maps (Deschamps et al., 2008) change gradually with
the wave period. Within the period range 18–160 s they display dis-
tinctly different patterns in three period sub-ranges: 20–35 s, 50–60 s,
and 100–160 s (between these sub-ranges patterns of anisotropy
distributions gradually reshape one into the other). In Fig. 2 we plot
azimuthal anisotropy at three representative periods (28, 55, 140 s),
one within each of the three sub-ranges.

In the period range 20–35 s, phase-velocity azimuthal anisotropy
is relatively strong (~1% of the isotropic average velocity) beneath
the Grenville and Appalachian orogenic provinces, with the fast-
propagationdirection roughly parallel to the fronts (average azimuth is
Ψfast=32°). Beneath the cratonic part of the region (eastern Yavapai
andMazatzal provinces) anisotropy isweaker (~0.6%) andhas different
and less coherent fast directions. Rayleighwaves at the 20–35 s periods
sample primarily the lower crust and uppermostmantle.We infer that
the anisotropy we observe indicates the fabric created in the upper
lithosphere during the Grenville and Appalachian orogenies and
frozen into the lower crustal and upper mantle rock ever since.
According to Smith and Ekström (Smith and Ekström, 1999), the fast-
propagation azimuth of Pn waves in the region is also parallel to the
fronts, just as the Rayleigh-wave fast propagation azimuths mapped
here (Fig. 2). The agreement between the patterns of anisotropy of
Rayleigh waves (primarily sensitive to S velocities) around 28 s and Pn
waves— both sample the uppermost mantle— reinforces the evidence
for the occurrence of fabric oriented parallel to the orogeny fronts in
the Grenville–Appalachian uppermost mantle.

In the period range 50–60 s, phase-velocity anisotropy is smaller
(~0.5%), but the direction of fast propagation is laterally coherent. It is
clearly different (Ψfast=165°) from that at shorter periods. Rayleigh
waves at 50–60 s sample primarily mid-lower lithosphere, and we
infer that no fabric created during the Grenville–Appalachian
orogenies is apparent in this part of the lithosphere. Instead, the fast
propagation direction is close to that of the paleo-APM, the direction
of plate motion at 160–125 Ma according to plate-tectonic reconstruc-
tions (Beck and Housen, 2003). The anisotropy may thus indicate the
fabric frozen into the lower lithosphere at those times, 160–125 Ma.

Around 140 s, phase-velocity azimuthal anisotropy is, again,
stronger (N1%), and the direction of fast propagation is laterally
uniform (Ψfast=54°) and parallel to the present APM direction (Gripp
and Gordon,1990). The anisotropy thus appears to be due to the strain
associated with current and recent asthenospheric flow. Anisotropy is
weaker beneath parts of the cratonic area (eastern Yavapai and
Mazatzal provinces) in theNorth of our study region but is still present,
with the same direction of fast propagation. The fast-propagation
direction we mapped also matches the fast azimuths inferred from

shear-wave splitting observations (Barruol et al., 1997; Fouch et al.,
2000) (Fig. 2). This is consistent with an asthenospheric origin of most
of the shear-wave splitting signal.

The anisotropic phase-velocity maps (Fig. 2) indicate that
azimuthal anisotropy beneath the East-central U.S. is stratified into
three layers. Anisotropic fabric within each layer appears to be of a
different age, the age decreasing with increasing depth.

3.2. Inversion for shear-wave anisotropy

In order to investigate the stratification of shear-wave anisotropy
more quantitatively, we now perform a series of inversions of phase-
velocity data for anisotropic shear-velocity profiles. Using specific
properties of anisotropic layering in the East-central U.S., we avoid
complicated inversions for shear-velocity distributions with arbitrary
depth-dependent azimuthal anisotropy and, instead, set up simple
inversions for models that are approximate but sufficiently accurate
for our purposes.

We observe that the fast-propagation direction at long periods
(140 s) (Fig. 2) is nearly perpendicular to that at intermediate periods
(55 s) and nearly parallel to that at short periods (28 s, Appalachian
sub-region). We define a “fast” direction at an azimuth of 45°, close to
the fast propagation azimuth at the long and short periods, and a
“slow” direction perpendicular to it (135°, slow propagation at the
long and short periods). Rayleigh waves at intermediate periods (50–
60 s) will, in contrast to those at the long and short periods, travel
faster at azimuth 135°, and slower at 45°. For any point, we can extract
from the anisotropic phase-velocity maps a pair of “directional”
dispersion curves containing phase velocities of Rayleigh waves
propagating in the “fast” (45°) and the “slow” (135°) directions. At
short and long periods, phase velocities will be higher in the “fast”
direction, and at intermediate periods, higher in the “slow” direction.

A pair of such phase-velocity curves (the “fast” one and the “slow”

one) can be inverted for a pair of shear-velocity profiles. We param-
eterize the inversion so as to solve simultaneously for an isotropic
average profile and a profile of the amount of anisotropy, defined here
as the difference in the speed of the shear waves that propagate in the
“fast” and the “slow” directions. This inversion for the amount of
anisotropy is approximate because our “slow” direction (135°) is not
quite the same as the actual direction of fast Rayleigh-wave
propagation at intermediate periods (165°). Even though the cosine
function changes slowly near its maxima and minima, this difference
will have an effect of reducing somewhat the difference between the
fastest and slowest phase velocities at intermediate periods that go
into the inversion, and, thus, will result in an underestimation of the
amount of shear-wave anisotropy.

The inversion is non-linear and consists in a Gauss–Newton
gradient search (from MATLAB optimization toolbox) parameterized
with 15 boxcar and triangular functions that span a depth range from
the upper crust down to a depth of 650 km. At each iteration, synthetic
phase velocities are recomputed directly from shear-wave velocity
profiles (Schwab and Knopoff,1972) and compared to the ones accord-
ing to our regional maps (Deschamps et al., 2008). The inversion
minimizes the difference between the synthetic phase velocities and
those from our maps. Compressional- and shear-velocity perturba-
tions are coupled (δVP (m/s)=δVS (m/s)). Norm damping factor is
applied independently to the isotropic and anisotropic terms. The
Mohodepth is also a free parameter of the inversion, and its damping is
controlled by an independent parameter.

3.3. Anisotropic shear-wave profile at a point within the orogen

Fig. 3 illustrates the inversion and shows an anisotropic profile
obtained for a point located in the orogenic part of the region (35.1°N,
274.5°E). The inversion was for the isotropic average profile (dashed
black line, Fig. 3a) and for the profile of the amount of anisotropy,

493F. Deschamps et al. / Earth and Planetary Science Letters 274 (2008) 489–498



Author's personal copy

defined as the difference between shear speeds at the two azimuths,
45° and 135° (Fig. 3b). The blue and red profiles in Fig. 3a show the
resulting shear-wave velocities in the “fast” and “slow” directions,
respectively. Synthetic dispersion curves (Fig. 3c) computed for the
best-fitting anisotropic shear-wave profile fit the dispersion curves
extracted from the phase-velocity maps well within error bars (note
that for clarity the fast and slow dispersion curves are plotted using
vertical axes shifted with respect to one another, each plotted on one
side of the frame).

If shear waves propagate faster at the azimuth 45° than at 135°,
such anisotropy appears as positive on the profile in Fig 3b, if slower at
45° than at 135°, as negative. Three layers with distinctly different
anisotropy are present at depths of about 15–70 km, 70–150 km, and
below 150 km (beneath 250 km, the sensitivity of the phase-velocity
data decreases, and the magnitude of decrease in anisotropy below
this depth is not well constrained). The difference between the highest
and lowest S-wave propagation speeds reach 2–3% within each of the
three layers.

3.4. Region-average anisotropic shear-wave profiles

Taking Ψfast=45° and Ψslow=135°, we have inverted pairs of the
directional (at azimuths 45° and 135°) Rayleigh-wave phase-velocity
curves simultaneously for isotropic average VS profiles and profiles of
anisotropy at each point of themodel.We used phase-velocitymaps in

the period range 10–160 s (Deschamps et al., 2008). Fig. 4 shows the
sub-region average profiles of the isotropic VS (a) and of anisotropy (b)
beneath the orogenic and cratonic areas.

Three anisotropic layers, associated with the Rayleigh-wave
anisotropy observed at 20–35 s, 50–60 s and 140 s and higher, are
clearly present beneath the orogenic part. In the upper lithosphere
between the 30 km and 70 km depths, VS anisotropy reaches 2.5%
relative to isotropic VS. In the 70–150 km depth range, anisotropy is
with a direction of fastest VS propagation nearly perpendicular to that
in the layer above; the anisotropy reaches 2–2.5% and may be some-
what underestimated (see Section 3.2). Below ~150 km, anisotropy is,
once more, with a faster wave propagation at the 45° azimuth,
reaching 3–4% at 200–250 km. The pattern of anisotropy appears to
change from a “frozen”, lower-lithospheric one to an asthenospheric
one near 150 km, indicating that the lithosphere–asthenosphere
boundary (LAB), if it is identified to the mechanical boundary
separating the rigid lithosphere from the deforming asthenosphere
(Gung et al., 2003; Regan and Anderson, 1984), is currently located
around this depth. The vertical resolution of our model does not allow
us to estimate the sharpness of the LAB. A recent study using con-
vertedwaves (Rychert et al., 2007), has indicated that the LAB beneath
the Northeastern United States (NE of our study region) may be as
sharp as 10 km in thickness.

VS anisotropy averaged over the cratonic (Yavapai and Mazatzal)
part of the region appears to be weaker than that beneath the orogen.
In part, this is because of the greater variability in its fast-propagation
directions, especially in the upper lithosphere (Fig. 2). Due to the
smaller amplitude of anisotropy, it is difficult to estimate the depth of
the LAB beneath the cratonic part of the region, although the profile
(Fig. 4b) suggests that it may be somewhat deeper than beneath the
orogen.

3.5. Anisotropic shear-wave profiles constrained with measured dispersion
curves

The anisotropic phase-velocity maps (Section 3.1) are a result of
regularized inversions of measured interstation dispersion curves
(Deschamps et al., 2008). They are non-unique solutions of inverse
problems, and this translates into an additional uncertainty on the
shear-velocity profiles obtained in the following inversions (Section 3.2)
inwhichwe assume themaps to be data. In order to validate further our

Fig. 3. Inversion for an anisotropic shear-wave velocity profile at a location within the
orogenic partof the region (35.1°N, 274.5°E). (a) Thedashedblack curve shows the isotropic
average VS profile, the blue and red curves the speeds of the shear wave propagation in the
“fast” and “slow” direction, respectively. (b) Anisotropic anomalies (difference between
shear-wave propagation speeds at azimuths 45° and 135°) projected on the 45° azimuth.
(c) Synthetic dispersion curves computed for the “fast” (blue) and “slow” (red) profiles
(a). The gray shaded areas show the directional dispersion curves (extracted from the
anisotropic phase-velocity maps and indicating phase velocities of Rayleigh waves at
azimuths 45° and 135°) plus/minus the estimated error. (Note that the two dispersion
curves are plotted using vertical axes shifted with respect to one another, each plotted on
one side of the frame). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. (a) Average profiles of isotropic shear-wave velocity beneath the orogenic (orange
curve) and cratonic (eastern Yavapai and Mazatzal provinces; blue curve) parts of the
region. The black dashed curve is ak135 (Kennett et al., 1995). (b) Average VS anisotropy
beneath theorogenic (orange) and cratonic (blue) provinces (thedifferencebetween shear-
wave propagation speeds at azimuths45° and 135°). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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conclusions regarding the layering of anisotropy, we now also invert
selected measured dispersion curves directly for VS profiles. Adopting a
Monte-Carlo approach, we also aim to estimate the uncertainty of the
anisotropic layering detected.

We choose one pair of station-station paths sampling primarily the
orogenic part of the region (LRAL-MYNC and GOGA-WVT), and
another pair of paths located in the cratonic part (MPH-UTMT and
PVMO-OXF). The two paths in the orogenic part are nearly
perpendicular to each other, one striking close to the direction of
fast wave propagation at short and long periods, and the other close to
the direction of slow propagation at short and long periods (but fast
propagation at intermediate periods). The paths in the cratonic part
(which, similarly to those within the orogen, were chosen both for
their location and for the bandwidth of the corresponding dispersion
curves) are also at a steep angle to one another, although not quite
perpendicular. Of the four interstation paths, LRAL-MYNC and MPH-
UTMT are thus at azimuths close the direction of fast wave
propagation in the upper and lower anisotropic layers, and GOGA-
WVT and PVMO-OXF are at azimuths nearly perpendicular to this
direction.

In order to compute the average and standard deviation of the VS

profiles that fit the dispersion curves, we perform a Monte-Carlo
search, generating a large (107) number of random VS profiles. Each
profile is constructed by an addition of random perturbations (up to
10%) in four layers (30–70 km, 70–150 km, 150–310 km, and 310–
410 km) to the regional average profile. Computing a synthetic

dispersion curve for each of these profiles, we compare it to the
measured one and obtain the profile's probability p:

p VSð Þ ¼ ke−
χ2

2 ; ð1Þ

where

χ2 ¼
X

j

ΔC2
j

σ2
j

ð2Þ

and k is a normalization constant. ΔCj is the difference between the
calculated and measured phase velocity at period Tj, and σj is the
uncertainty of the measurement at this period. Using these prob-
abilities as weights, we then compute the weighted average and
standard deviation of VS, using the profiles that fit the data within
twice the error bars.

The differences between the profiles obtained for LRAL-MYNC and
GOGA-WVT and the profiles obtained for MPH-UTMT and PVMO-OXF
are shown in Fig. 5a and b, respectively. Beneath the orogen (Fig. 5a), a
three-layered profile of anisotropy with the direction of fast propaga-
tion in the intermediate layer nearly perpendicular to those in the
upper and lower layers, is required in order to fit the measured
dispersion curves. Beneath the cratonic part, anisotropy appears to be
required only in the asthenospheric layer (150–310 km).

3.6. Agreement with shear-wave splitting observations

The fast shear-wave propagation direction in the asthenosphere
derived from Rayleigh-wave data matches the fast-propagation
directions inferred from SKS-splitting observations (Barruol et al.,
1997; Fouch et al., 2000) (Fig. 2). This suggests that most if not all of
the splitting may originate in the asthenosphere. Anisotropy in the
upper lithosphere, where the fast-propagation directions in the
orogenic part of the region are similar to those in the asthenosphere,
may also contribute to the observed SKS-splitting signal.

In order to estimate the contribution of each anisotropic layer to the
observed SKS splitting, we computed the times of the shear-wave
splitting that would originate within each layer of our anisotropic
models following Montagner et al. (2000) and Simons et al. (2002). In
Table 1, we list the integrated splitting times (regional average and
variance) for the three layers beneath both the orogenic and cratonic
parts of the region. Beneath the orogen, the integrated shear-wave
splitting time in the layer 30–70 km is about 0.2 s. This signal, however,
may well be largely absent in the SKS waveforms due to anisotropy in
the layer 70–150 km. The fast-propagation directions within the two
layers are nearly perpendicular to one another, with similar ampli-
tudes of their integrated splitting. Their contributions to the observed
SKS splitting may thus balance one another. In the depth range 150–
400 km, the integrated shear-wave splitting time reaches 1.1 s, in the
range of the observed SKS-splitting values (Barruol et al., 1997; Fouch
et al., 2000). Shear-wave splitting in this region can thus be accounted
for by azimuthal anisotropy in the asthenosphere, the frozen fabrics in
the upper layers contributing to the splitting only slightly. Thus, the
conclusion that SKS splitting originates primarily in the asthenosphere
does not preclude the presence of anisotropy in the lithosphere.

Fig. 5. Azimuthal anisotropy in the orogenic (a) and cratonic (eastern Yavapai and
Mazatzal provinces) (b) parts of the region inferred from the inversion of selected pairs
of measured dispersion curves. Monte-Carlo sampling was applied to radial VS models
that fit measured dispersion curves along 4 specially chosen paths (top map; see
Fig. 1 for legend). The gray bands in plots a and b show probable anisotropy in the
orogenic and cratonic regions and were defined by two standard deviations around
the difference between a model obtained for a path striking near 45° and a model for a
path striking near 135°. (a) Orogen: the paths are LRAL-MYNC (fast direction) and
GOGA-WVT (slow direction). (b) Craton: the paths are MPH-UTMT (fast direction) and
PVMO-OXF (slow direction).

Table 1
Integrated shear-wave splitting that will originate in different layers beneath the
orogenic (Grenville–Appalachian) and cratonic (Yavapai–Mazatzal) parts of the study
region, according to the layering of anisotropy we have mapped 〈δt〉 and σreg are the
regional average and variance, respectively

Layer Orogenic terrains Central plains

〈δt〉 (s) σreg (s) 〈δt〉; (s) σreg (s)

30–70 km 0.18 0.09 0.03 0.08
70–150 km −0.20 0.08 −0.09 0.09
150–400 km 1.10 0.20 0.37 0.20
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Beneath the cratonic part, the integrated splitting time estimates
are smaller in all layers. Regarding the asthenospheric layer in
particular, this apparent reduction in the magnitude of anisotropy in
the northernmost part of our region may be surprising, given the fact
that the shear beneath the moving North American plate should occur
there as well as beneath the orogenic part, and the fact that the
observed shear-wave splitting just north of the region sampled by our
data is as strong as that in the east-central part of the region (Fig. 2).
Whether the weakness of anisotropy we resolve may be due to a
greater lithospheric thickness beneath the craton in the north of our
study region, or due to complexities of asthenospheric flow caused by
topography on the LAB, or simply due to the reduction in the resolving
power of our data set in the northernmost part of the region will
become clear in the future, when denser station coverage makes
possible additional measurements of both surface-wave dispersion
and SKS splitting.

4. Lithospheric evolution

The layered anisotropy beneath the Grenville–Appalachian orogen
reflects the history of deformation of its lithosphere over the last few
hundred million years. Anisotropic fabric in the upper lithosphere
(~25–70 km) with a direction of fast wave propagation parallel to the
Grenville and Appalachian fronts, as indicated both by S-wave
azimuthal anisotropy mapped in this study and by Pn-wave azimuthal
anisotropy (Smith and Ekström, 1999). This represents evidence for

pervasive deformation of the upper lithosphere, including litho-
spheric mantle, during the continental collisions, with front-parallel
extension (Silver, 1996; Meissner et al., 2002). After the end of the
Appalachian orogeny (~270Ma), the region has not experiencedmajor
tectonic activity, and the anisotropic fabric has remained frozen in the
upper lithosphere.

By the end of the Appalachian orogeny, the lithosphere is likely to
have been at least 70 km thick. The fabric within the 70-km thick
upper lithosphere is preserved to this day, whereas in the deeper
lithosphere the fabric is different, probably unrelated to the orogeny.
One may contemplate a scenario in which the lithosphere was thicker
than 70 km but was easily deformable and unable to preserve the
fabric below 70 km. Such behavior, however, would make this deep
deformable layer essentially asthenospheric, at least from a rheolo-
gical point of view.

The direction of fast wave propagation in the 70–150 km depth
range is parallel neither to the orogenic fronts, nor to the direction of
the present absolute plate motion (APM). Instead, it is parallel to the
direction of paleo-APM, the NNWmotion of the North American plate
at ~160–125Ma. The fabric in the 70–150 km depth rangemay thus be
of that age, 160–125 Ma.

In the recent times, the lower lithosphere beneath the Grenville–
Appalachian orogen in the East-central US must not have experienced
substantial deformation in the depth interval 70–150 km. It preserves
anisotropic fabric that is distinctly different from that found in the
asthenosphere below ~150 km depth. It thus appears likely that the

Fig. 6. A possible scenario for the origin of anisotropic layering beneath the East-central United States. During the Appalachian orogeny (up to 270 My), pervasive deformation
occurred in the lower crust and lithospheric mantle. By the end of the orogeny, the lithosphere was 70 km thick. The warm, deformable material below 70 km then cooled down.
Between 160 and 125 Ma, the lithosphere thickened. The lower lithosphere inherited the fabric from the asthenosphere below (of which it was forming); the fabric trended NNW,
parallel to the direction of then plate motion. The two episodes of deformation resulted in two layers of frozen seismic anisotropy beneath the orogen. Today, the motion of the North
American plate induces deformation giving rise to seismic anisotropy in the asthenosphere.
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lithosphere has grown in thickness, from 70 km thick immediately
after the Appalachian orogeny to 150 km thick at present. As it was
thickening, the lower lithosphere has inherited the fabric of the
sheared asthenosphere below (Fig. 6). This would explain why the
fabric frozen into the lower lithosphere is characterized by a fast
wave-propagation direction parallel to the azimuth of the plate
motion at 160–125 Ma.

To investigate this scenario further, we modelled the diffusive
cooling of a thickening lithosphere (Fig. 7). We solved the equation
of diffusion in one dimension with a constant thermal diffusivity
(κ=10−6 m2/s) using an implicit finite-differences scheme. At time
t=0, we imposed a temperature Tm=1300 °C everywhere between
z=70 and z=220 km. Between the surface and z=70 km, the initial
geotherm is computed following Chapman (1986) and a surface heat
flux equal to 60 mW/m2. The whole layer is then cooled down by
imposing the surface and bottom temperatures, Tsurf =0 and T220=
Tm=1300 °C, respectively. We have then computed the differential
stress (strength envelop) following the approach of Kohlstedt et al.
(1995). We assumed a non-Newtonian relationship between strain
rate and differential stress with stress exponent n=3.6, and activation

energy Q=535 kJ/mol. We neglected the effects of grain size and
water. According to this model, a 150 km thick layer that is initially at
mantle temperature will thermally relax in about 150 Ma. Interest-
ingly, the observed fast-propagation direction in the lower lithosphere
is roughly parallel to the reconstructed plate motion at 160–125 Ma,
i.e. up to 150 Ma after the end of the Appalachian orogeny. By the
end of this episode the material would have already cooled down
substantially, which may have limited the amount of any subsequent
deformation and preserved then existing anisotropic fabric frozen in
this layer. This scenario provides a coherent explanation for the
presence of two layers of frozen anisotropy, but is mainly qualitative.
In addition, it refers to the thermal lithosphere, which is only a good
proxy for the mechanical lithosphere if the root is not affected by
chemical depletion. Chemical differentiation may, however, have
played a key role in the lithospheric growth. Recent analogue experi-
ments and stability analysis (Jaupart et al., 2007) suggest that conti-
nental lithosphere is close to the instability of thermochemical
convection, and may have grown by successive episodes of oscillatory
convection. Further geodynamical modeling of root removal (or
extrusion) and lithospheric growth, including thermochemical con-
vection and an extensive exploration of the lithospheric-coolingmodel
space (initial geotherm, radiogenic heating, thermal diffusity) would
be needed to built a more quantitative scenario.

Anisotropy in the deepest anisotropic layer we detect, below 150 km,
appears to be due to current and recent asthenospheric flow. The
direction of fast wave propagation is parallel to the current and recent
APM. Simple shear in the asthenosphere due to the relative lithosphere–
asthenosphere motion deforms mantle minerals. Given sufficient finite
strain, olivine, themost abundantmineral in the uppermantle, develops
preferredorientation in thedirectionof theflow,which results in seismic
anisotropy (e.g. Karato, 1998). We have shown that the anisotropy we
detect can account for published shear-wave splitting observations, both
the fast-propagation directions and the splitting times. With continent-
scale tomography, Marone and Romanowicz (2007) have also recently
mapped asthenospheric anisotropy beneath easternNorthAmericawith
fast-propagationdirectionsparallel to theAPM, andalso pointedout that
surface-wave and SKS-splitting observations are compatible. This
consistency is further evidence for the plate-motion related anisotropy
in the asthenosphere.

5. Conclusions

Wehave constrained the stratification of azimuthal anisotropy in the
entire lithosphere–asthenosphere depth range beneath the Grenville–
Appalachian orogen in the East-central U.S. Anisotropic patterns in parts
of this depth range have been detected in the region previously,
displaying different directions of fast wave propagation: parallel to
tectonic trends, parallel to the current plate-motion direction, or not
parallel to either (Marone and Romanowicz, 2007; Barruol et al., 1997;
Fouch et al., 2000; Smith and Ekström, 1999).

Here we show that three distinct layers with different anisotropic
fabric within each are present. The upper lithosphere (30–70 km
depth range) is characterized by fast-propagation directions parallel
to the Grenville and Appalachian fronts. We interpret this anisotropy
as an indication of fabric frozenwithin the lower crust and uppermost
mantle since the time of the Appalachian orogeny (N270 Ma). The
lower lithosphere (70–150 km) displays fabric with a NNW fast-
propagation direction. This is parallel to the direction of the North
America plate motion at 160–125 Ma, and we infer that that is the age
of the lower-lithospheric fabric. The asthenosphere (N150 km) shows
anisotropic fabric with the direction of fast wave propagation parallel
to the direction of the current plate motion; this fabric, apparently, is
due to current and recent strain in the asthenosphere.

The layering of seismic anisotropy yields important new informa-
tion regarding the history of deformation and evolution of the
lithosphere. The front-parallel pattern of anisotropy in the uppermost

Fig. 7. (a) Diffusive cooling of a 150 km layer initially at mantle temperature. The
thermal diffusivity is constant and equal to 10–6 m2/s. For comparison, the dotted
profiles show Chapman's geotherms for surface heat flux equal to 40, 50, 60 and
70 mW/m2 (Chapman, 1986). The initial temperature profile is computed according to
Chapman with a surface heat flux equal to 60 mW/m2. At t=0, a temperature
Tm=1300 °C is imposed between z=70 km and z=220 km. The system then starts to
cool down, as shown by the series of temperature profiles. At t=150 My, the
temperature profile is close to the Chapman's geotherm for qs=50 mW/m2, which is
typical of stable platforms (Rohm et al., 2000). (b) Lithospheric strength envelopes
(differential stress) computed for each of the temperature profile in plot (a). Following
Kohlstedt et al. (1995), we assumed a non-Newtonian relationship between the strain
rate and the differential stress, with a stress exponent n=3.6, and an activation energy
Q=535 kJ/mol. Lithosphere gets stronger as it cools down.
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mantle and its occurrence at a scale of hundreds of kilometers (as
shown by both surface-wave and Pn analyses) are evidence for
pervasive, distributed deformation of the entire lithosphere at the
time of the orogenies. The lithosphere appears to have been 70 km
thick by the completion of the Appalachian suturing, because the
fabric that is, apparently, associated with the orogeny is found above
but not below 70 km. At present, the lithosphere is likely to be
~150 km thick, because below 150 km the fabric trends parallel to the
present plate-motion direction, probably an expression of current and
recent deformation in the asthenosphere, and above 150 km the fabric
is oriented differently and appears to be fossil.

Post-orogenic evolution of the lithosphere has thus included sub-
stantial thickening, likely to have occurred by “freezing” of astheno-
spheric material onto the bottom of moving lithosphere. Because the
fabric found in the lower lithosphere trends parallel to the plate motion
at 160–125 Ma, much of the thickening of the lithosphere must have
occurred at that time, with the new lithosphere inheriting the fabric
from the sheared asthenosphere below, fromwhich it was forming.
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