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Plate tectonic theory hinges on the concept of a relatively rigid
lithosphere moving over a weaker asthenosphere, yet the nature of
the lithosphere–asthenosphere boundary remains poorly under-
stood. The gradient in seismic velocity that occurs at this bound-
ary is central to constraining the physical and chemical properties
that create differences in mechanical strength between the two
layers. For example, if the lithosphere is simply a thermal bound-
ary layer that is more rigid owing to colder temperatures, mantle
flow models1,2 indicate that the velocity gradient at its base would
occur over tens of kilometres. In contrast, if the asthenosphere is
weak owing to volatile enrichment3–6 or the presence of partial
melt7, the lithosphere–asthenosphere boundary could occur over a
much smaller depth range. Here we use converted seismic phases
in eastern North America to image a very sharp seismic velocity
gradient at the base of the lithosphere—a 3–11 per cent drop
in shear-wave velocity over a depth range of 11 km or less at 90–
110 km depth. Such a strong, sharp boundary cannot be reconciled
with a purely thermal gradient, but could be explained by an
asthenosphere that contains a few per cent partial melt7 or that is
enriched in volatiles relative to the lithosphere3–6.

Precise determination of the thickness of the continental litho-
sphere and the magnitude and depth range of the velocity gradient at
its base has proved challenging with existing seismic techniques.
Discontinuities in the 80–210 km depth range have been observed on
a regional scale in continental settings by reflection and refraction
experiments and by teleseismic body-wave phases4,8–16, and in
some cases these features have been interpreted as the lithosphere–
asthenosphere boundary11–15. Yet, perhaps because of significant
variations in the depth of the discontinuity, an omnipresent dis-
continuity has yet to be illuminated in global or continental stacks of
seismic phases17. More significantly, even where the base of the
continental lithosphere has been identified11–15, constraints on the
velocity gradient at this boundary have been too loose to permit a
clear assessment of its physical and chemical properties.

In this study, we imaged the base of the lithosphere in eastern
North America using P-to-S (Ps) conversions produced by scattering
of teleseismic P waves at this discontinuity. Ps arrival times may be
used to determine discontinuity depths. For example, Ps and S-to-P
(Sp) conversions recorded on and near the Hawaiian Islands
have successfully identified the base of the lithosphere at depths of
50 km to 110 km (refs 18–20). Furthermore, Ps amplitudes as a
function of wave period directly reflect the gradient of velocity with
depth, allowing us to probe the mechanisms responsible for the
lithosphere–asthenosphere boundary.

Our study region spans the Palaeozoic Appalachian orogen and
the eastern coastal margin of the United States (Fig. 1). Following the
collision of the proto-African and proto-North American plates, the
last major tectonic events to affect the lithosphere in this area
were Triassic and Jurassic rifting in the east related to the opening

of the Atlantic Ocean21, and passage of the lithosphere over a plume
,100–120 Myr ago22. Surface waves image a seismically fast litho-
spheric lid in eastern North America that extends to roughly 200 km
depth beneath the craton just to the west of our study region, and
thins to 80–90 km depth at the continental margin in the east23,24.

We analysed SV components of Ps conversions recorded by six
permanent broadband stations that have been operating for over
5 years (Fig. 1). For each station, the recorded waveforms were
decomposed into P and S components using a free-surface trans-
formation matrix and then simultaneously deconvolved in the
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Figure 1 | Three-dimensional view of the lithosphere–asthenosphere
boundary and surface topography. Red box in the inset map highlights the
location of the study region within North America. Shading on the top
surface indicates topography. Yellow arrow points in the direction of
absolute plate motion; plate velocity is 2.5 cm yr21. Red triangles denote
station locations. The lower surface represents the location of the base of the
lithosphere interpolated from migrated Ps waveform images at the six
labelled stations. The larger text corresponds to the stations (HRV, LMN,
BINY) where this phase is most clearly observed. This surface ranges from
90 km (orange) to 110 km (pink) depth. Each colour band covers 2 km in
depth. Blue circles on the discontinuity surface indicate the conversion
points of the Ps phases. Black lines connect piercing points to the station at
which the conversion is observed.
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frequency domain and migrated to depth, thus illuminating the shear
component of energy scattered from velocity discontinuities8.

A negative phase from depths comparable to the base of the
lithosphere is clearly observed at stations HRV, LMN and BINY,
and is also apparent at stations PAL, SSPA and LBNH (Fig. 2;
Supplementary Information, section 1.1). Synthetic seismograms
calculated for the crustal models that best fit the Moho and the
first Moho reverberations confirm that crustal phases and their
interference cannot mimic the apparent arrival from the base of
the lithosphere (Supplementary Information, section 1.1). In
addition, the arrival time of the phase at different stations does not
consistently correlate with variations in crustal thickness, as would be
the case if this phase were related to Moho reverberations. For

example, the Moho at station LMN is ,10 km deeper than the
Moho at HRV, yet the phase from the base of the lithosphere at LMN
migrates to a depth ,7 km shallower than the phase at HRV (Fig. 2).
Although variations in the character of the phase occur between
stations, they correspond in general to the character of the entire
impulse response, and much of this variation is unrelated to the
velocity gradient at the discontinuity (Supplementary Information,
section 1.1).

The depth of the observed discontinuity ranges from 90 km
(LMN) to 110 km (LBNH), increasing to the northwest beneath
the Appalachian orogen (Fig. 1) with a landward rather than a
seaward25 dip. Uncertainties on the absolute depth of the disconti-
nuity at each station are less than 1.6 km (Supplementary Infor-
mation, section 1.1). We associate this phase with the base of
the lithosphere, because its depth lies within the transition from
fast seismic lid to slow low-velocity zone seen in surface wave
tomography23,24 (Fig. 2).

The Ps phase scattered from the base of the lithosphere requires a
very sharp transition between the lithosphere and the asthenosphere.
The velocity gradient at the lithosphere–asthenosphere boundary
was determined by inverting the migrated waveforms at stations
HRV and LMN using a damped least-squares method, assuming a
linear gradient (Supplementary Information, section 2). Shallower
discontinuities were also modelled to avoid biasing estimates of the
lithosphere–asthenosphere gradient, and trade-offs between the
absolute depth, depth extent, and magnitude of the lithosphere–
asthenosphere gradient were carefully assessed (Supplementary
Information, section 2 and Supplementary Table 1). The data at
HRV resolve a 3.1–5.7% drop in shear-wave velocity over 5 km or less
centred at ,97.0 km depth. The best-fitting models for LMN
indicate that the gradient occurs over 5 km or less and the velocity
contrast ranges from 6.8% to 7.4% centred at ,90.7 km (Sup-
plementary Table 2). However, thicknesses of almost 11 km cannot
be ruled out by 95% confidence limits at LMN, and a thickness
of 10 km implies a velocity contrast of 10.7%. Although the
depth ranges over which these strong velocity contrasts occur are
surprisingly sharp (,11 km), they are well-resolved owing to the
relatively short-period energy that dominates the scattered waves
(Supplementary Information, section 2).

At station HRV, in addition to the phase from the base of the
lithosphere, we observe a phase that is consistent with a negative
velocity contrast of 5.4 ^ 0.6% at 60.9 ^ 0.4 km depth (Supplemen-
tary Information, section 2), whereas no discontinuity internal to the
mantle lithosphere is observed at LMN. If the observed phase does in
fact originate from a discontinuity at 61 km depth below HRV, it may
be explained by greater hydration or chemical depletion in the lower
lithosphere at HRV than at LMN. However, because the existence of a

Figure 2 | Imaging discontinuities with waveforms from individual
stations. Blue lines show SV waveforms deconvolved and migrated in single
bins for stations LMN, HRV, PAL, LBNH, BINY in two back-azimuth bins,
and SSPA. A positive phase corresponds to a velocity increase with depth,
while a negative phase indicates a velocity decrease with depth. Coloured
arrows indicate phases from the base of the lithosphere (green), the Moho
(dark blue), crustal reverberations (yellow and magenta), and, for station
HRV, a discontinuity at 61 km depth (light blue). Error bars corresponding
to two standard deviations (grey lines) were calculated with bootstrap tests
in which a random 20% of the events in the bin were randomly replaced by
another 20%, and the deconvolved, migrated waveforms were recalculated
100 times. Horizontal black lines correspond to the lithosphere–
asthenosphere boundary as determined by surface wave models, defined as
the greatest negative velocity gradient (LMN23, all others24). Synthetic
waveforms corresponding to the models obtained by inverting the data are
shown for HRV and LMN (red lines). Crustal phase amplitudes were not
included in these inversions and are therefore the one aspect of the synthetic
waveforms that do not match the data (Supplementary Information,
section 2).
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61 km discontinuity is ambiguous (Supplementary Information,
section 1.2), we modelled the velocity drop at the lithosphere–
asthenosphere boundary beneath HRV with and without a 61 km
discontinuity, and found that a similar velocity contrast is required
(3.3–5.7% and 3.1–4.9%, respectively; Supplementary Table 2).

At the lithosphere–asthenosphere boundary, the shear-wave velo-
city contrasts that best fit the Ps scattering (3.1–7.4%) are compa-
rable to surface wave studies in which the total drop in velocity from
the lithospheric lid to the slower asthenosphere varies from 3% to
11% across the region23,24. However, these same surface wave studies
cannot clearly resolve the difference between sharp velocity gradients
and those that occur over ,40–50 km. Our results require that the
velocity contrast occurs over less than 11 km. In addition, the shear-
wave velocity drop at the base of the lithosphere in this continental
orogen/margin environment is similar to that found in old Pacific
oceanic lithosphere using joint surface-wave and body-wave inver-
sions (6.4%); yet, again the Ps scattering requires a sharper gradient
(,11 km versus,30 km; ref. 4). Reflection studies in localized zones
at the base of the continental or passive margin lithosphere have
invoked gradients over comparable depth ranges15, but they did not
model the magnitude of the velocity drop. Another Ps study26 that
included station HRV did not notice a phase from the base of the
lithosphere because the elimination of higher frequencies in the study
caused crustal reverberations to destructively interfere with the phase
from the base of the lithosphere (Supplementary Information,
section 1.1).

What mechanisms could be responsible for the strong, sharp
velocity gradient associated with the base of the lithosphere? Experi-
mental studies27 suggest that if the velocity gradient is caused solely
by temperature, temperature increases of at least 220 8C and 120 8C
are required to explain the velocity contrasts at LMN and HRV,
respectively (Supplementary Information, section 3). However,
numerical models of mantle flow in which viscosity depends only
on temperature and pressure indicate that the thermal gradient at the
base of the lithosphere is typically less than 5 8C km21, and definitely
less than 10 8C km21 (refs 1, 2). These models are not able to match
the greater than 20 8C km21 temperature gradient that would be
required at the base of the lithosphere at LMN and HRV, and another
mechanism besides temperature is required to explain the observed
velocity contrast.

Avertical variation in mantle chemical composition—for example,
a lithosphere dehydrated and depleted in Fe, Ca and Al owing to past
melt extraction versus an undepleted, volatile-rich astheno-
sphere3–6—could produce a sharp enough discontinuity. Here we
assume that mantle temperatures are sub-solidus. The maximum
possible shear-wave velocity variation due to depletion is ,1.5%
(ref. 28). Because hydration reduces velocity primarily by increasing
attenuation5, its effect is limited by reasonable attenuation contrasts
between the lithosphere and asthenosphere and is no more than
roughly 4.3% (Supplementary Information, section 3). Depletion
and hydration are therefore individually too small to explain the
6.8–7.4% velocity drop inferred from the best-fitting models at LMN.
However, a velocity contrast caused by the combination of dehy-
dration and depletion encompasses the HRV values (3.3–5.7%) and
could reach the LMN range with a modest contribution from
temperature. A sharp decrease in grain size with depth could also
reduce velocity27, but because grain size, like hydration, affects
velocity via attenuation, the total contribution from hydration and
grain size still cannot exceed ,4.3%.

Another possibility is that the strong, sharp lithosphere–astheno-
sphere boundary is produced by the presence of small amounts of
partial melt in the asthenosphere, which could easily produce the
roughly 7% velocity drop inferred for the best-fitting LMN models
and even the 11% velocity drop associated with the largest gradient
thickness permitted by the LMN data29 (Supplementary Infor-
mation, section 3). In this scenario, the lithosphere–asthenosphere
boundary is defined by the solidus, preventing melt from rising into

the lithosphere. One mechanism for generating melt beneath eastern
North America is decompression of mildly hydrated3 (an atomic
ratio of 800–1,000 H per 106 Si) asthenospheric material as it flows
upward along the contours of the more rigid, shallowing lithosphere
in response to the west-southwest absolute motion of the North
American plate30 (Fig. 1). Melt would be continually regenerated by
rising hydrated asthenosphere, replacing any melt carried out of the
region by solid mantle flow or lost via melt migration and cooling.
Alternatively, temperatures may exceed the damp-solidus within
the asthenosphere without the need for decompression. In these
scenarios involving asthenospheric melting, or those in the preceding
paragraph at sub-solidus conditions, temperature will also contri-
bute to the observed velocity gradient, and because melt and/or
compositional boundaries would produce rapid decreases in vis-
cosity with depth3, temperature gradients could be sharper than
in models where viscosity depends solely on temperature and
pressure1,2.

In the future, comparing well-resolved velocity gradients at the
base of the lithosphere between a variety of tectonic environments
should help to isolate the relative roles of temperature, hydration,
depletion and melting. On the basis of the present study, however, we
are able to conclude that the strong, sharp lithosphere–asthenosphere
boundary beneath this continental region cannot be defined solely by
temperature, but is consistent with a rapid rheological transition
produced by melt or volatiles in the asthenosphere.
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