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[1] The Lehmann discontinuity in the upper mantle is
often interpreted as a boundary separating anisotropic and
isotropic media. We demonstrate, however, that seismic
anisotropy plays, if any, a minor role in the origin of the
Lehmann discontinuity. Our data are obtained with
S receiver function technique from recordings of the
MOMA seismograph array in the eastern USA. Part of the
data is processed with a new modification of this technique.
We observe Sp phase converted from the Lehmann
discontinuity at a depth around 200 km with comparable
amplitudes and similar polarities in two azimuths differing
by about 90�. Contrary to the observations, the polarity in
the synthetic seismograms for models with azimuthal
anisotropy is opposite for the azimuths differing by 90�.
Radial anisotropy with a slow vertical direction results in
the Sp phase with the polarity opposite to the observed one.
Citation: Vinnik, L., E. Kurnik, and V. Farra (2005), Lehmann

discontinuity beneath North America: No role for seismic

anisotropy, Geophys. Res. Lett., 32, L09306, doi:10.1029/

2004GL022333.

1. Introduction

[2] The seismic boundary at a depth between about
200 km and 250 km is often termed the Lehmann (or L)
discontinuity. Lehmann [1961] interpreted it as the base of
the low S velocity layer. Leven et al. [1981] argued that
the L discontinuity is an effect of azimuthal anisotropy.
Dziewonski and Anderson [1981] incorporated radial
anisotropy into the PREM model. Karato [1992] suggested
that the L discontinuity presents a rheological boundary
between dislocation creep in the upper medium and
diffusion creep in the lower one. Lattice preferred orienta-
tion of olivine which is responsible for seismic anisotropy in
the upper mantle can only be induced by dislocation creep.
Hence this model implies that the discontinuity separates
anisotropic and isotropic media. The idea of a rheological
boundary is supported in several studies [e.g., Gaherty and
Jordan, 1995; Gung et al., 2003; Deuss and Woodhouse,
2004], but the work of Leven et al. [1981] which initiated
the chain of papers on the L discontinuity as a rheological
boundary has never been verified by a demonstration of the

corresponding azimuthal variations in the properties of this
discontinuity.
[3] In this study we address the problem of nature of the

L discontinuity with a novel seismological approach:
S receiver function technique [Farra and Vinnik, 2000].
This method is applied to the recordings of the MOMA
array (Figure 1). P receiver functions for this array were
obtained earlier, and observations of Ps converted phases
from a discontinuity at a depth around 270–280 km were
reported by Li et al. [2002].

2. Method

[4] S receiver function is the response of the Earth in the
vicinity of a seismograph station to excitation by either
SVor SH components of a teleseismic S wave. To detect the
Sp phases, the 3-component seismogram is decomposed
into P, SV, T and M components [Farra and Vinnik, 2000].
The SV axis corresponds to the principal S particle
motion direction in the wave propagation plane. The P
axis is perpendicular to SV in the same plane and is
optimal for detecting Sp phases. The T axis is perpendicular
to SV and P. The M axis corresponds to the principal
motion direction of the S wave in the T-SV plane and is
characterized by the angle q with the SV axis. The P
components are deconvolved by their respective M com-
ponents. Combined processing of the deconvolved P
components of many seismic events yields Pc and Ps,
the response of the Earth’s medium to SV and SH
components of S, respectively.
[5] The solution for either Pc or Ps is equivalent to

stacking of the deconvolved P components of many record-
ings with weights depending on their respective q and
variance of noise. The procedure of record processing
involves evaluation of the rms value of the random noise
in the stack. To account for the difference in slowness
between the Sp phases and the parent phases, the estimates
of Pc and Ps are obtained by stacking the deconvolved
P components with moveout time corrections. The correc-
tions are obtained as a product of differential slowness (the
difference in slowness between the signal and the parent
phase) and differential distance (the difference between the
epicentral distance of the event and the average epicentral
distance). In this paper we consider only Pc(t), the
P component deconvolved by the SV component of the
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parent phase. The analysis of Ps(t) is more complicated, and
it cannot be presented in this short paper.
[6] The main problem of modeling the S receiver func-

tions stems from the fact that the S wave train in the
distance interval of interest consists of the S phase with
the slowness around 11.0 s/� and SKS and ScS with the
slowness around 6.0s/�. In the modeling satisfactory results
can be obtained with reflectivity synthetics by assuming that
the converted phases are generated by the S wave at
epicentral distances less than 90� and by SKS phase at
larger distances [Vinnik et al., 2004]. Another way to deal
with the S/SKS interference problem is to separate the wave
fields generated by the S and SKS by using a receiver array
and to calculate the receiver functions and stack them
separately for the S and SKS. This approach is proposed
and first time tested in the present study.

3. Data and Results

[7] The Missouri to Massachusetts Broadband Seismom-
eter Experiment (MOMA) array is around 2000 km long
(Figure 1). From the east to the west it crosses the Palae-
ozoic Appalachian orogen and the Precambrian craton of
North America. The Appalachian front bounding the Palae-
ozoic province in the west is located between station 7 and
8. S receiver function analysis requires seismic events in a
distance range from around 65� to 105�. During about
18 months of operation the array recorded a number of
seismic events in this distance range. The events are
clustered in the back azimuth intervals between 300� and
360� (the north-western Pacific, 34 events), between 10�
and 60� (Eurasia, 10 events) and between 140� and 210�
(South America and southern Atlantic, 21 events). The
recordings of these three groups were processed separately.
To attain the highest signal/noise ratio the raw recordings
were low-pass filtered with a corner at around 8 s. The
number of seismic events in every group was too small
for obtaining a sufficiently high signal/noise ratio at a
single station, and individual receiver functions of several
neighbouring stations were stacked as if they belonged to
the same station.
[8] A relatively large number of events of the first group

permits us to obtain useful results by stacking the receiver
functions of only three neighbouring stations. In the stack
for stations 1–3 (Figure 2a) we observe a clear Sp phase
with negative polarity from the Moho at a time near �5 s

and a phase with the same polarity at a time of �25 s and
the differential slowness of 0.2 s. Amplitude of this phase
normalized to the amplitude of SV is around 0.05, very high
relative to the rms value of noise (0.01). The negative
polarity means that this phase is converted from a positive
boundary (S velocity is higher at the lower side of the
boundary). The depth of this discontinuity is around 200 km,
and it can be interpreted as the L discontinuity. The phase
with positive polarity at a time around �40 s might be
converted from the top of a very deep low S velocity layer
[Vinnik and Farra, 2002]. The Sp phase from the ‘‘410 km’’
discontinuity is recorded at the time around �52 s, but the
signal is weak.
[9] A broadly similar wave field with the signals from the

Moho, L and ‘‘410 km’’ discontinuities is observed at

Figure 1. Map of the region with seismograph stations
(triangles). Average positions of the piercing points of
rays of the Sp phases at the Lehmann discontinuity are
shown by filled (events from NW) and open (events from
NE) circles.

Figure 2. Stacked receiver functions for NW seismic
events. Numbers on the left present the differential slowness
in s/�. The detected phases are marked on the traces with the
largest amplitudes. Labels M, L and 410 are for the
Sp phases from the Moho, Lehmann and ‘‘410-km’’
discontinuities. The average (reference) epicentral distance
is 86�. (a) Stack of 72 receiver functions of stations 1–3, rms
value of noise is 0.01; (b) stack of 96 receiver functions
of stations 7–9, rms value of noise is 0.007; (c) stack of
135 receiver functions of stations 1–6, rms value of noise is
0.007; (d) synthetic stack for stations 1–6 for the S velocity
model MOMA in Figure 3.

Figure 3. Preferred (MOMA) and standard (IASP91)
isotropic S velocity models.
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stations 7–9 (Figure 2b). The ‘‘410-km’’ signal arrives 2 s
later than at stations 1–3. This indicates higher velocities at
depths less than 410 km, which is consistent with other data
[van der Lee and Nolet, 1997; van der Lee, 2002]. The
signal from the L discontinuity arrives 1 s earlier. Taken
together with the indications of a higher velocity this
observation suggests a somewhat deeper (on the order of
10 km) L discontinuity. The number of useful recordings in
the western half of the array is smaller than in the east, and
in order to attain a sufficiently high signal/noise ratio for the
western (Precambrian) region we stacked the receiver func-
tions of 9 stations (10–18). No signals besides the Sp
phases from the Moho and the ‘‘410 km’’ discontinuity
were detected with confidence.
[10] The stack for stations 1–6 (Figure 2c) is represen-

tative for the eastern (Appalachian) region, and it demon-
strates the same features as stations 1–3 in Figure 2a. The
synthetic stack (Figure 2d) reproduces the times, amplitudes
and polarities of the main seismic phases in the observed
stack in Figure 2c. The related isotropic model (Figure 3) is
obtained by modifying by trial and error IASP91 global
model [Kennett and Engdahl, 1991]. The model differs
from IASP91 by a thicker crust and by a low S velocity
layer in the upper mantle. The bottom of the layer at a depth
of 190 km represents the L discontinuity, in agreement with
Lehmann [1961]. Considering the uncertainty of the
adopted P and S velocities, the error of this depth estimate
is on the order of ±5 km. The related S velocity contrast of
0.3 km/s yields the amplitude of the Sp phase similar to the
observed one in Figure 2c (0.037). The low velocity layer is
required not only in order to reproduce the amplitude of the
Sp phase from the Lehmann but also to obtain the right time
of the signal from the ‘‘410 km’’ discontinuity. The
assumption of a sharp L discontinuity in this model is
arbitrary, and the sharpness of the upper boundary of the
low velocity layer is not well constrained by the observa-
tions, as well.
[11] In the receiver functions of the southern events there

is no clear evidence of a signal from the L discontinuity, but
positive results are obtained for the events from the NE
(Figure 4). The average back azimuth of the NE events
(43�) differs by 80� from that of the NW events (323�). To
attain a high signal/noise ratio in spite of a relatively small
number of seismic events, we stacked the receiver functions

of 9 eastern stations. The surface projection of the piercing
point of the Sp phase at the converting interface is displaced
in the direction of the seismic event by a distance roughly
similar to the depth of the discontinuity. Hence the receiver
functions of 6 stations for the NW direction and of
9 stations for the NE direction sample roughly the same
region of the L discontinuity (Figure 1). The stack of the
NE receiver functions (Figure 4a) reveals a signal from the
L discontinuity at about the same time as in Figure 2.
The only significant difference is in the differential
slowness (�0.2 s/� versus 0.2 s/�).
[12] As we already mentioned, the receiver functions of

the NW events provide evidence of the L discontinuity
dipping to the SW and of the wave velocities rising in the
same direction. These phenomena should change the differ-
ential slowness of the Sp phase from the L discontinuity for
the NE events. In particular, ray tracing experiments
demonstrate that a tilt of 2� and the lateral S velocity
gradient in the upper mantle of 0.0005 km�1 with a constant
Vp/Vs ratio would reduce the differential slowness from
0.2 s/� to �0.2 s/�. In other words, the observed change
in differential slowness in Figure 4 is a predictable effect.
[13] For the NE events a difference in the epicentral

distance at the edges of the group of 9 stations is sufficient
for separating S and SKS phases by slant stacking the
recordings of several stations. The slowness of the S in
these experiments appears to be always lower than in global
Earth models by about 0.5 s/�. This is another indication of
the wave velocity rising from NE to SW. Within this
approach, first, we find the optimum slowness s0 of either
S or SKS for a seismic event and perform slant stacking of
the three components of recordings of this event for the
slowness values of s0 ± kds, where k = 0, 1, 2. . . and ds =
0.2 s/�. Second, we transform the stacked three-component
record for s0 into the receiver function exactly like we
process an individual three-component record. Third, the
stacked three-component recordings for k = 1, 2. . . are
transformed into the receiver functions by using the param-
eters of transformation that were obtained for s0. Finally the
receiver functions for different events are stacked for the
differential slowness sd = ±kds. The procedure can be
termed double stacking, because it involves, first, stacking
of recordings of the same event and, second, of the receiver
functions of different events. The result for the four S phases
(Table 1) thus obtained demonstrates (Figure 4b) the clear
Sp phase with negative polarity at the time appropriate
for the L discontinuity and at the differential slowness of
�0.4 s/�. The amplitude of the signal from the L disconti-
nuity in the stack for three SKS phases (not shown)

Figure 4. Stacked receiver functions of events from
the NE: (a) stack of 57 receiver functions for stations
1–9, average epicentral distance is 83�, rms value of noise
is 0.008; (b) stack of receiver functions of the events of
Table 1 for the S phase. Amplitude scales are similar in this
figure and Figure 2.

Table 1. Seismic Events Used for Double Stacking

Date
d:m:y

Lat,
deg

Lon,
deg

Depth,
km

Dist,
deg

Baz,
deg

Slo1,
a

s/deg
Slo2,

b

s/deg

23:02:95 35.0 32.3 150 76.9 51.8 9.5
13:05:95 40.1 21.7 13 70.2 53.6 11.0
16:05:95 36.5 70.9 190 96.8 25.6 5.0
15:06:95 38.4 22.3 140 72.2 54.3 11.0 7.2
01:10:95 38.1 30.2 33 73.6 51.1 10.0
22:11:95 28.8 34.9 10 85.7 54.8 6.5

aSlowness of S.
bSlowness of SKS/ScS.
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appeared to be anomalously large. It can be an effect of
noise.

4. Discussion and Conclusions

[14] We have detected the Sp converted phase from the
L discontinuity at a depth around 200 km with about the
same time and amplitude in the back azimuths differing by
nearly 90 degrees. The discontinuity is at the base of a well
pronounced low S velocity layer in the east of the MOMA
array. The low velocity layer was previously found near the
eastern end of the array [van der Lee and Nolet, 1997; van
der Lee, 2002], but our data require that it extends farther to
the SW. The change of depth of the L discontinuity
correlated with the change of the velocities along the array
is consistent with the global trend reported by Deuss and
Woodhouse [2004]. The failure to detect a similar signal in
the P receiver functions of the same stations [Li et al., 2002]
is a predictable effect of limitations of the P receiver
function techniques: the Ps phase from a depth of 190 km
arrives in the time interval dominated by crustal reverber-
ations. We don’t observe a signal from the discontinuity at a
depth of 270–280 km, reported by Li et al. [2002].
[15] Seismic data reveal in the Earth’s mantle two kinds

of anisotropy. A discrepancy in the SV and SH velocities in
the surface waves is interpreted in terms of radial anisotropy
(anisotropy with a vertical symmetry axis). Shear wave
splitting in the SKS phase is indicative of azimuthal
anisotropy (anisotropy with a horizontal or tilted symmetry
axis). The hypothesis of anisotropy can be tested with the
aid of synthetic seismograms of the Sp phase from a
boundary between anisotropic (top) and isotropic media
(Figure 5). The theoretical seismograms are calculated with
a code based on the Thomson-Haskell algorithm. Azimuthal
anisotropy is modeled by hexagonal anisotropy with a
horizontal axis of symmetry. Average velocities in the
anisotropic layer are equal to isotropic velocities beneath
the discontinuity. Coefficients of anisotropy (the difference
between the fast and slow velocities normalized to their
average) are 0.05 and 0.03 for the P and S waves, respec-
tively. The anisotropic layer is 190 km thick. Apparent
velocity is 10 km/s. The wave pattern shown in Figure 5
rotates in the azimuth domain, depending on the azimuth of
fast velocity. Negative polarity is observed around the slow
direction. For the adopted fast direction of 0�, negative

polarity of the Sp phase is observed in the back azimuths
between 60� and 120�. Contrary to the observations, the
synthetic Sp phase changes polarity when the azimuth
changes by 90�. This property is very general, and it is
preserved if the symmetry axis is tilted by several tens of
degrees.
[16] Numerical experiments with a radial anisotropy were

conducted for the parameters qualitatively similar to those
in PREM (slow vertical direction). For the coefficients of
the P and S wave anisotropy of 0.05 and 0.03 and apparent
velocities of 8–12 km/s, normalized amplitudes of the Sp
phase are between 0.01 and 0.02, of the same order as the
observed ones, but the polarity is opposite. The right
polarity can be obtained for anisotropy with a fast vertical
axis. This assumption, however, contradict seismic data
[Beghein and Trampert, 2003].
[17] To conclude, a purely anisotropic nature of the

L discontinuity is unlikely. The discontinuity presents the
base of the low velocity layer. A change of anisotropy
across this discontinuity still is possible, but as a minor
effect, and another explanation for its properties is required.
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