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[1] S-to-P (Sp) scattered energy independently confirms the existence of a seismic
velocity discontinuity at the lithosphere-asthenosphere boundary that was previously
imaged using P-to-S (Ps) scattered energy in eastern North America. Exploration of the
different sensitivities of Ps and Sp scattered energy suggests that the phases contain
independent yet complementary high-resolution information regarding velocity contrasts.
Combined inversions of Ps and Sp energy have the potential to tightly constrain associated
velocity gradients. In eastern North America, inversions of Sp and Ps data require a
strong, 5–10% velocity contrast that is also sharp, occurring over less than 11 km at
87–105 km depth. Thermal gradients alone are insufficient to create such a sharp
boundary, and therefore another mechanism is required. A boundary in composition,
hydration, or a change in anisotropic signature could easily produce a sufficiently
localized velocity gradient. Taken separately, the magnitudes of the effects of these
mechanisms are too small to match our observed velocity gradients. However, our
observations may be explained by a boundary in hydration coupled with a boundary in
depletion and/or anisotropy. Alternatively, a small amount of melt in the asthenosphere
could explain the velocity gradient. The tight constraints on velocity gradients achieved by
combined modeling of Ps and Sp energy offer promise for defining the character of the
lithosphere-asthenosphere boundary globally.
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1. Introduction

[2] To understand what makes a tectonic plate ‘‘plate-
like,’’ the lithosphere-asthenosphere boundary must be
investigated globally through detailed local and regional
studies that span different tectonic environments. In partic-
ular, the seismic gradient associated with the boundary must
be constrained to determine the physical and chemical
properties that define the boundary. In this study we focus
on a region of eastern North America where previous P-to-S
(Ps) imaging [Rychert et al., 2005] located a velocity drop
at depths consistent with the base of the seismically fast
lithospheric lid [Li et al., 2003; van der Lee, 2002]. The
high-resolution capabilities of Ps inversions provided tight
constraints on the sharpness of the velocity gradient,
requiring a 3.1–11% velocity drop that occurs over 11 km
or less. These results narrow the range of possible physical
and chemical mechanisms that may define the boundary.
For instance, the lithosphere-asthenosphere gradient in

eastern North America is too sharp to be defined by thermal
gradients alone [Rychert et al., 2005]. In this study we further
examine the properties of the lithosphere-asthenosphere
boundary in this region by exploring the new information
provided by combined analysis of Ps and S-to-P (Sp) phases.
[3] Although a discontinuity associated with the litho-

sphere-asthenosphere boundary has not been observed
globally [Shearer, 1991], relatively sharp velocity gradients
have been observed regionally using a variety of methods.
Discontinuities associated with a transition from a fast
seismic lid to a deeper, slower low-velocity zone have been
observed by several reflection and refraction experiments
[MONA LISA Working Group, 1997; Morozova et al., 1999;
Ryberg et al., 1996; Steer et al., 1998a, 1998b; Thybo and
Perchuc, 1997]. Regional imaging of discontinuities in the
lithosphere-asthenosphere boundary depth range has also
been accomplished using reflected teleseismic body wave
phases [Revenaugh and Jordan, 1991; Revenaugh and
Sipkin, 1994], and recently, progress has been made using
Ps and Sp scattered phases [Bostock, 1998; Chen et al.,
2006; Collins et al., 2001; Farra and Vinnik, 2000; Kumar
et al., 2005a, 2005b, 2006; Li et al., 2000, 2004; Mohsen et
al., 2006; Oreshin et al., 2002; Rychert et al., 2005; Sodoudi
et al., 2006; Vinnik and Farra, 2002; Vinnik et al., 2003,
2004a, 2004b, 2005b].
[4] One of the advantages of using Sp instead of Ps

phases to consider deeper discontinuities such as the litho-
sphere-asthenosphere boundary is that Sp imaging avoids
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complications due to reverberations from shallower discon-
tinuities which are present in Ps data [Kumar et al., 2005b;
Oreshin et al., 2002; Vinnik and Farra, 2002; Vinnik et al.,
2003, 2004a, 2005b]. In Ps imaging, both the direct
conversion from a discontinuity as well as the phases which
reverberate between the discontinuity and the surface arrive
after the incident P wave, with the reverberations arriving
later than the direct conversion (Figure 1). In Sp imaging,
reverberations are avoided because reverberations and direct
conversions are completely separated, the former arriving
after the incident S wave, and the latter arriving before the
incident S wave.
[5] Sp imaging has illuminated decreases in velocity with

depth beneath several continental regions, including the
Southwest German Basin (80 km depth) [Farra and Vinnik,
2000], the Dabie Shan in central eastern China (60–72 km
depth) [Sodoudi et al., 2006], the region from the Dead Sea
Transform (65–80 km depth) to eastern Turkey (90 km
depth) and the Arabian Shield (160 km depth) [Mohsen et
al., 2006], the central Himalayan-Tibetan orogen (160–
220 km depth) [Kumar et al., 2006], and the region from
the Tien Shan orogenic belt (90–120 km depth) to the
Pamir and Karakoram orogenic belts (120–270 km)
[Kumar et al., 2005b; Oreshin et al., 2002; Vinnik et al.,
2004b]. Sp imaging has also been used to infer the litho-
sphere-asthenosphere boundary in hot spot regions, for
example beneath Hawaii [Li et al., 2004] and Iceland, Green-
land and Jan Mayen at depths that vary from 40–60 km to
100–120 km [Kumar et al., 2005a; Vinnik et al., 2005b].
[6] Sp phases have also been modeled to determine the

magnitude and sharpness of the associated velocity gradient.

Where a discontinuity in the 50–160 km depth range has
been imaged using Sp scattered energy and the velocity
gradient has also been modeled, the gradient has been
strong, 6.9–8.9% [Oreshin et al., 2002; Vinnik et al.,
2004a, 2005b], and as sharp as 21 km [Vinnik et al., 2005b].
[7] In the locations where Ps imaging and Sp imaging

have both been performed, Sp imaging has served to
independently confirm the existence of discontinuities
which were observed in Ps data [Farra and Vinnik, 2000;
Li et al., 2000, 2004; Sodoudi et al., 2006; Vinnik et al.,
2004b; Yuan et al., 2006]. In this study we invert both Sp and
Ps data to exploit the independent, yet complementary
information contained in the phases. Such combined analysis
has the potential to tightly constrain the velocity gradient
associated with the base of the lithosphere, and thus the
physical and chemical properties that define the boundary.
[8] Our study region spans the Paleozoic Appalachian

orogen and the eastern coastal margin of the United States
(Figure 2). 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 Ocean [Hatcher, 1989], and passage of the litho-
sphere over a plume �100–120 Myr ago [Heaman and
Kjarsgaard, 2000].
[9] Lithosphere-asthenosphere boundary investigations in

this region include our Ps study which images a seismic
velocity discontinuity at 90–110 km depth that dips grad-
ually northwest [Rychert et al., 2005]. Surface wave studies
also image a seismically fast lithospheric 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 east [Li et al., 2003; van der Lee, 2002].
[10] Here we confirm the existence of a discontinuity

associated with the lithosphere-asthenosphere boundary in
eastern North America. We also invert the Sp data from the
same stations that were used in Ps inversions, and combine
our results with a new, expanded set of Ps inversions to
explore the sensitivity of the two phases. This analysis
allows us to verify previous inversion results, to place
tighter constraints on the associated velocity gradient, and
to further explore the mechanisms required to explain the
sharp velocity gradient.

2. Data and Imaging

2.1. Data

[11] We focus on describing the Sp data here since the Ps
data and much of the Ps modeling has already been
published [Rychert et al., 2005]. In the Sp analysis, we
analyze the SV and P components from our best stations in
eastern North America, HRVand LMN (Figures 3c and 3d).
The stations have been operating for over 10 years, and we
model data recorded at the two stations between 1988–2002
and 1993–2003, respectively. We focus on our best two
stations because Sp imaging requires higher data quality
than Ps imaging due to greater noise content in Sp wave-
forms. In Sp imaging it is also necessary to avoid possible
inference with unwanted phases such as SKS, pPPP, pPPPP,
and sPPPP [Wilson et al., 2006]. We minimize interference
from these phases by rejecting events from depths >300 km

Figure 1. Ps and Sp raypaths. Raypaths of the direct Ps
and Sp phases and the first-order Ps reverberations are
shown. Thick black lines show the raypaths of Ps (PLs) and
Sp (SL p) direct conversions from the base of the lithosphere.
Grey lines indicate the Ps (PM s) and Sp (SM p) direct
conversions from the Moho, and the first-order Ps
reverberations that also appear in the data: PMpps, PMpss,
and PMsps (dashed black line for clarity). Note that PMpss
and PMsps arrive simultaneously.
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