Bulletin of the Seismological Society of America, Vol. 85, No. 6, pp. 1665-1678, December 1995

Why the L, Phase Does Not Traverse Oceanic Crust

by Tian-Run Zhang and Thorne Lay

Abstract It has long been recognized that L, waves are not observed on paths
traversing oceanic crust, but this has not yet been fully explained. Using normal-
mode analysis and finite-difference simulations, we demonstrate that (1) the overall
thickness of the crustal wave guide affects the number of normal modes in a given
frequency range; in general, thinner crust accommodates fewer modes; (2) 6-km-
thick oceanic crust does not allow L, to develop as a significant phase in the frequency
band 0.3 to 2 Hz because of the limited number of modes that exist; (3) in continental
crust thicker than 15 km, there are usually sufficient modes that L, is stable; (4) the
shallow sediment layer plays important roles in crustal-guided wave propagation,
trapping energy near the surface, separating L, and R, waves; (5) a 100-km-long
segment of oceanic structure on a mixed ocean/continent path can block P-SV type
L, propagation. The primary reason why L, does not travel through oceanic crust
thus lies in the structure of the crustal wave guide, with the decisive factor being the
crustal thickness. The detailed shape of ocean-to-continent crustal transitions can
influence L, blockage, but the general inefficiency of L, propagation in the oceanic

structure is the dominant effect.

Introduction

Early observations detected L, extinction when the
propagation path included an oceanic portion with length
greater than 100 to 200 km (Press and Ewing, 1952). How-
ever, the reason why L, only propagates in continental crust
still remains unclear after four decades, and the basis for
characterizing crustal structure using L, propagation effi-
ciency has been questioned (Regan and Harkrider, 1989a).

Ewing et al. (1957) hypothesized that the disappearance
of L, in oceanic regions might be due to the effect of prop-
agation across a continent-ocean margin. Kennett (1986) has
illustrated this hypothesis with ray diagrams. There is no
doubt that initially trapped L, energy will radiate out of the
crust when passing through a tapered wave guide, as the
varying geometry allows some postcritical raypaths to be-
come precritical (e.g., Kock, 1965; Bostock and Kennett,
1990). If this is the main reason, the structure of the conti-
nental margins would play a more important role than the
structure of the oceanic crust itself in disrupting L, propa-
gation. However, there have been observations along purely
oceanic paths in the Atlantic and Pacific (for earthquakes at
trenches and receivers on small islands) that show no short-
period L, arrivals (Knopoff et al, 1979). Knopoff er al.
(1979) found that clustering of higher-mode group velocity
minima (the generally recognized cause of the L, phase (e.g.,
Knopoff et al,, 1973)) is absent in simple oceanic crustal
structures. This suggests that the reason for L, not being
observed on paths with mixed continental and oceanic crust
may lie in the structure of oceanic crust, rather than in the

details of the continental margin. We will explore this issue
using synthetic seismograms for both one-dimensional
crustal models and two-dimensional continent-ocean tran-
sitions in this study.

The importance of understanding crustal wave-guide
controls on L, has prompted several modeling studies of
blockage, but the observations have been hard to simulate
(Maupin, 1989; Regan and Harkrider, 1989a, 1989b; Cam-
pillo et al., 1993; Chazalon et al., 1993; Gibson and Cam-
pillo, 1994). These authors argue that unmodeled small-scale
heterogeneity is needed to account for the blockage rather
than large-scale wave-guide structure. Recently, Cao and
Muirhead (1993) used a two-dimensional P-SV finite-dif-
ference method to explore L, blockage. Because the reduc-
tion of L, obtained in models that involve a segment of
thinned crust is not as strong as required by observations,
they introduced a water layer overlying the thinned crust that
further reduces the energy they identify as L. We perform
finite-difference calculations similar to those of Cao and
Muirhead (1993) and draw somewhat different conclusions
in this study by taking care to separate the effects of wave-
guide structure on L, and R,.

In this article, we consider the basic nature of L, in
oceanic and continental wave guides along with further in-
vestigation of L, blockage for the P—SV component. We use
normal-mode analysis and a two-dimensional fourth-order
elastic wave finite-difference method (Xie and Yao, 1988)
to construct dispersion curves and synthetic velocity seis-
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mograms for L, in one- and two-dimensional crustal models.
Our basic objective is to improve our understanding of the
relative efficiency of L, excitation and propagation in oce-
anic and continental structures.

Crustal Thickness and the Number of Normal Modes

To first order, we can view the crust as a low-velocity
layer over a higher-velocity half-space. In such a simple sys-
tem, the L, phase can be visualized either as trapped post-
critical reflections (e.g., Campillo, 1990) or, equivalently, as
Rayleigh and Love wave overtones (e.g., Kovach and An-
derson, 1964; Knopoff et al., 1973). In the latter interpre-
tation, it is necessary to consider a substantial number of
overtones to produce the complexity and interference char-
acterizing the L, phase. It is well known that as wave-guide
thickness and/or frequency decrease, the number of surface-
wave overtones reduces (e.g., Marcuse, 1991, p. 12). Aki
and Richards (1980, p. 264) give the traditional formula for
calculating the cutoff frequency of the nth higher-mode w,,
for the case of Love waves in a simple layer over a half-
space model:

nnf,

M

w,

where H is the thickness of the crustal layer (wave guide),
B, is the shear-wave velocity in the wave guide, f, is the
shear-wave velocity in the half-space, n is the order number
of that higher mode. This expression is commonly used for
fixed H and n. Alternatively, if we specify a maximum fre-
quency and the layer thickness, we can express the maxi-
mum number of viable overtones in the system, n,, as
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with truncation to an integer value being assumed. Equation
(2) shows that the maximum number of normal modes up to
a particular frequency is determined by the wave-guide
thickness and the wave velocities. The corresponding solu-
tion for the number of Rayleigh wave overtones up to a
certain frequency is similar but more complicated. Fewer
normal modes exist as thinner wave guides are considered.
The existence of the Rayleigh wave fundamental mode does
not depend on the wave-guide thickness, and even when the
thickness is so small that no higher modes can propagate in
the wave guide, the fundamental mode will still exist (e.g.,
Brekhovskikh, 1980, p. 64).

To further explore the dependence of number of modes
on crustal thickness, we calculated the Rayleigh wave dis-
persion curves for a simple one-layer crustal model like that
in Figure 1a. We assign the crustal layer the density, S-wave
velocity and P-wave velocity values corresponding to “ba-
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salt,” and the half-space the parameters corresponding to
“mantle,” given in Table 1. These parameters follow those
used by Cao and Muirhead (1993). Group velocity disper-
sion curves were calculated in the frequency range of 0.0 to
2.0 Hz for varying crustal thickness, using the codes devel-
oped by Herrmann and Wang (1985). For a 32-km-thick
crust (Fig. 2a), the group velocity minima (or Airy phases)
concentrate within a narrow group velocity range between 3
and 3.5 km/sec. The concentrated L, phase develops by con-
structive interference of these higher-mode Airy phases. The
fundamental-mode Airy-phase group velocity is slightly
lower than that of any of the overtones, so there will be some
separation of the L, phase and the R, phase, but not very
much for this model.

As the thickness decreases, the cutoff frequencies for
the dispersion curves shift to higher frequencies, reducing
the number of overtones. For the 0- to 2-Hz band, there are
24 modes for a 32-km-thick crust, 19 modes for a 25-km-
thick crust, 12 modes for a 15-km-thick crust, and only 5
modes for the 6-km-thick (oceanic) crust (Fig. 2). With the
velocities of crust and mantle being held fixed, the Airy-
phase group velocities do not vary significantly. The num-
ber-of-modes versus layer thickness behavior of Rayleigh
waves for constant velocity models clearly exhibits a quasi-
linear relationship. As expected from equation (2), Love
waves display a similar behavior.

This simple calculation holds no surprises, but it does

@ (b)

(c) (d

Figure 1. Four categories of crustal model used in
this study including (a) a layer over half-space model;
(b) a two-layer crust model, with a sediment layer
added on top of model (a); (c) a model with a segment
of thin crust; (d) a model with a segment of thin crust
and a sediment layer.

Table 1

Model Parameters Used in Finite-Difference Simulation

S-wave velocity P-wave velocity

Density (gm/cm?) (km/sec) (km/sec)
Sediment 22 2.60 4.50
Basalt 2.8 3.58 6.20
Mantle 34 4.73 8.20
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Figure 2. Dispersion curves for Rayleigh waves in layer over half-space models with
crustal thickness of (a) 32 km, (b) 25 km, (c) 15 km, and (d) 6 km. U stands for group
velocity. The number of normal modes in the 0 to 2 Hz range decreases for thinner

crust.

focus attention on the issue that the development of the L,
phase will depend on the number of interfering modes,
which is strongly influenced by crustal thickness. To some
extent, this issue has not been carefully considered in many
of the investigations of wave-guide effects on L,.

L, Synthetics for 1D Models

In this section, we explore further the effects of gross
one-dimensional homogeneous wave-guide structure on L,
wave propagation. We do not introduce intrinsic attenuation
or small-scale scattering in our calculations, although these
are undoubtedly important effects for L, in the Earth. Fol-
lowing Xie and Lay (1994), a Gaussian derivative source-
time history, (t — £)exp[— (z — 1,)%7?], is used for all of the
finite-difference calculations, where ¢, is a reference time and
7 is the characteristic width of the source pulse. We use
= 0.5 sec in all the calculations. The main energy of this
source-time history is between 0.1 and 1.0 Hz, which is the
frequency band relevant to the majority of observational
studies of L, propagation. Press and Ewing (1952) originally

defined L, within the 0.17- to 2.0-Hz band, and many of the
applications of L, for magnitude measures (e.g., Nuttli,
1986) use 1-Hz L, amplitudes. Many early theoretical studies
of L, (e.g., Knopoff et al., 1973; Panza and Calcagnile, 1975)
compute synthetics for the frequency range less than 1 Hz,
similar to the calculations given in the following section.

Layer over Half-Space Models

In the previous section, we showed that wave-guide
thickness influences the number .of modes in a given fre-
quency band. While it makes sense that there will be a cor-
responding effect on the time-domain amplitude of L, it is
important to assess how strong this effect is. We perform
finite-difference calculations for the same crustal models
used for the earlier dispersion calculations, in order to con-
struct complete seismograms for a realistic source. Normai-
mode calculations could have been used to produce the syn-
thetic seismograms, but the finite-difference approach has
the advantage of readily including all of the body-wave
phases that provide references for the L, amplitudes. For all
models explored in this article, the source is located at the
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left end of the model at a depth of 5 km. The source is a 45°
dip-slip dislocation for all finite-difference calculations.
Synthetic seismograms are calculated at 18 locations with
spacing of 20 km on the free surface, starting 100 km away
from the source and ending at 440 km. In this distance range,
L, evolves from discrete crustal reverberations to a complex
interference pattern.

Figure 3 shows synthetic seismograms for both radial
and vertical components for a constant velocity (“basalt”
parameters), single-layer, 32-km-thick crust model. The two
reference lines indicate the group velocity window 3.7 to 3.1
km/sec, which is commonly used for RMS L, calculation
(e.g., Israelson, 1992; Zhang and Lay, 1994a, 1994b; Zhang
et al., 1994). This is called the “L, window,” although in a
strict sense, it may only be valid for typical continental crust,
given that overtone group velocities in oceanic structure may
differ from those in the continents. The two major regional
surface-wave phases, R, and L,, overlap within the L, win-
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dow because the group velocity of the fundamental mode
Airy phase is only slightly lower than that of the higher
modes (Fig. 2a). The R, phase is dominated by lower-fre-
quency energy and has the largest amplitudes in the L, win-
dow, with the vertical component being stronger than the
radial component. The mix of Rayleigh wave arrivals in the
L, window has amplitudes comparable to the P, phase on
the radial components.

To verify the coexistence of the two phases (L, and R,),
we consider particle motions for the arrivals within the L,
window (Fig. 4). Figure 4a shows waveforms of the two
components in the L, window. Treating the radial amplitudes
as x coordinates and vertical amplitudes as y coordinates, we
convert the (x, y) pairs to (r, §) polar coordinates and show
the variation of € with time in Figure 4b. If the particle
motions are retrograde ellipses, the phase angle § must in-
crease monotonically from 0 to 27, then wrap around. The
early part of the seismogram segment shown in Figure 4a
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Figure 3.  Synthetic seismograms for a layer over half-space model with 32-km-thick

crust. Both radial and vertical components are shown. Two lines mark the group velocity
window 3.7 to 3.1 km/sec used for calculation of RMS L, amplitudes (called the L,
window). The RMS amplitude values in the L, window are shown for each waveform.
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Figure 4.

Particle motions in the L, window for the waveform at 380-km distance

in Figure 3: (a) shows the radial and vertical components in the L, window. The asterisk
marks a transition in characteristic particle motion, and (b) is the polarization angle as
a function of time (see text). Both (c) and (d) are the particle motions of the early part
of the L, window before the asterisk and the late part of the L, window, respectively.
R, dominates the late part, while higher modes dominate the early part.

exhibits complex phase, while the later part is predominantly
retrograde elliptical, with smoothly increasing phase (Fig.
4b). The asterisk on Figure 4a marks the approximate tran-
sition between the two domains. The particle motions for the
two separate waveform intervals are shown in Figures 4c
and 4d. The later part is predominantly the R, arrival, but
there is some higher-mode energy present, which makes the
ellipses itregular. The early part shows complex, interfering
motions that imply the presence of the multiple arrivals con-
stituting L,, but there is some elliptical motion indicating
contribution from the fundamental mode within the L, win-
dow. We calculate RMS amplitudes for the L, window, rec-
ognizing that in some models, there is contamination by R,.

We constructed synthetic profiles for models with
crustal thicknesses of 25 and 15 km, finding that although
the reduction of number of Rayleigh wave overtones is con-
siderable (Fig. 2), the RMS amplitude values within L, win-

dow are not much different than for the 32-km-thick model.
The reasons are (1) R, dominates in. this window, and (2)
the most important contributions to the L, phase come from
the first few modes (Knopoff et al., 1973). There may be a
tendency for the lower modes to enhance in strength when
fewer modes fit into the system, but the overall overtone
energy must begin to drop off when the number of modes
becomes very small. This appears to occur as the crustal
thickness becomes as small as for oceanic structure. The
synthetics for a 6-km-thick crustal model (model I in Table
2) shown in Figure 5 illustrate this effect. There is almost
no energy in the L, window. Only five modes and three
overtone Airy phases exist in the 0- to 2-Hz frequency range
(Fig. 2d), and only one overtone has an Airy phase in the
band 0 to 1 Hz. The arrivals just after the L, window are R,
which does not stay in the L, window in the 6-km-thick crust
case. The short-period fundamental mode energy has be-
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Table 2
Six Crustal Models Used in This Model*

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6

@V, @) @Y, (HIV,) @y @)
I 6.0/62 /8.2
o 20/4.5 4.0/6.2 /8.2
oI 1.02.10 5.0/641 /8.1
IV 034/2.10 1.21/5.15 4.57/6.82 /8.15
V  0572.08 095446 1.15/6.0 1.70/6.74 2.90/747 /8.28
VI 10.0/6.06 20.0/6.35 20.0/705 0/8.17

*H is the layer thickness in kilometers, V, is the P-wave velocity in km/
sec. Model I stands for a single-layer oceanic crust; Il is the oceanic crust
model with a 2-km-thick low-velocity layer on the top; IIl is the worldwide
ocean crust model from Meissner (1986); IV and V are two Pacific crust
models from Shor ez al. (1970) and Hussong (1972); VI is the worldwide
continent model from Meissner (1986).

come stronger relative to the body waves compared to the
thicker crustal models due to the shift of the Airy-phase fre-
quency (Fig. 2). However, with a group velocity of about
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2.8 km/sec, most of this energy is now outside the L, win-
dow. This calculation demonstrates that a thin uniform wave
guide, approximating the oceanic crust, is very inefficient
for the transmission of 0- to 1-Hz L, waves, relative to the
body wave and fundamental mode energy. We obtain this
result without introducing a continent-ocean transition.

The RMS L, amplitudes along profiles from 200 to 440
km for several different models are summarized in Figure 6.
The solid circles and squares indicate the results for the 32-
and 6-km-thick crustal models, respectively. The L, signal
is very weak in 6-km-thick crust, especially when the dis-
tance is greater than 300 km. The beating of the fundamental
mode and overtones in the thicker crustal models causes the
fluctuations with distance.

Crustal Models with a Sediment Layer

The presence of R, in the L, window, as in the synthetics
in the previous section, is rarely observed. When present at
all, R, is typically significantly later than L,, with a charac-
teristic continental path group velocity of 3.05 *+ 0.07 km/
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Figure 5. Synthetic seismograms for a layer over half-space model with 6-km

crustal thickness. The arrivals within the L, window are weak. The R, waves are de-
layed, and most of their energy is outside the L, window.
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sec (Press and Ewing, 1952). This low group velocity is
largely due to layering of the crust, in particular the presence
of low-velocity surface layers. To include this in the syn-
thetics, we add a 2-km-thick low-velocity layer at the top of
each crustal model, as illustrated in Figure 1b and model 11
in Table 2. The velocities and density of the “sediment” layer
are listed in Table 1.

The low-velocity surface layer has two effects on the
Rayleigh wave modes. First, it lowers the group velocities
of the Airy phases of all the modes. Second, it tends to trap
shorter-period fundamental-mode energy within the shallow
crust, slowing it down considerably. The dispersion curves
of the fundamental mode have two minima for these three-
layer models (Fig. 7). The low-frequency Airy phase is ba-
sically the same as for the single-layer crust, with a slight
reduction in group velocity, because the average crustal ve-
locities are reduced (see Fig. 2 for comparison). The second
Airy phase involves the energy trapped in the surface layer
and has quite low velocity over a range of periods from 2 to
1 sec. The short-period R, amplitudes are now quite strong,
as illustrated by the synthetic seismograms for a 32-km-thick
crustal model shown in Figure 8. From the dispersion curves
for different crustal thicknesses (Fig. 7), we find that the first
higher mode has a similar double minima at higher fre-
quency, but other modes do not change much compared with
models without the sediment layer in the 0 to 2 Hz range.
As a result of the low-velocity layer, L, and R, are separated
in the time domain. This separation eliminates the overlap
of L, and R, in the L, window. Analysis of the particle mo-
tions now shows complex interfering motion throughout the
L, window (Figs. 9b and 9c), implying the clustering of
higher modes. The R, arrival, concentrated in the following
time interval, shows stable retrograde elliptical motion (Figs.
9b and 9d). Aside from this delay of R,, the behavior of the
RMS L, amplitudes as a function of overall wave-guide
thickness is very much the same as described for the single-
layer crust. Using synthetic profiles computed for each of the
crustal thicknesses in Figure 7, RMS L, amplitudes were com-
puted at each distance and are shown by open symbols in
Figure 6. While RMS amplitudes in the L, window are sys-
tematically reduced relative to the single-layer crustal mod-
els, the result of R, being delayed out of the window, the L,
amplitudes are still much higher (by a factor of 4 to 5) for
the thicker crusts than for the oceanic-type crust. Figure 7
suggests that the reason for this is still the reduction of the
number of overtones with which to build up the L, phase.
The beating patterns with distance are reduced in Figure 6
because there is much less interference between L, and R,.

The oceanic crustal model with 2-km-thick sediment
and 4-km-thick basalt layers generates strong R, but almost
no L, (Fig. 10). It is apparent from Figures 7 and 10 that this
is in part due to the absence of Airy phases in the 3.1- to
3.7-km/sec L, window, but it is also clear that what over-
tones are present do not have clustered Airy phases as do
the thicker crustal models. This means that the absence of
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L, is not just for the conventional window, but there is sim-
ply little possible oceanic L, phase as a result of the wave-
guide structure. The large amplitude of R, implies an effect
of trapping most of the fundamental mode energy in a nar-
row low-velocity layer, with the energy flux being much
greater than that in the continental cases. In these theoretical
calculations, which lack attenuation and scattering, R, is pre-
dicted to be a dominant arrival for both oceanic and conti-
nental paths. In actuality, near-surface heterogeneities and
attenuation tend to greatly reduce the short-period funda-
mental mode energy. Some of the R, energy is probably
scattered into the L, phase (e.g., Gupta et al., 1992), but even
for the large amplitude R, in the oceanic crust, this is not
expected to significantly enhance L, because the overtone
modes simply do not exist to accommodate the scattered
energy. For the oceanic structure, the S, phase before the L,
window is very strong, especially for the radial component.
We put in much effort to distinguish between L, and R,
phases, because some researchers have neglected this prob-
lem in their simulations of L,.

More Complex 1D Crustal Models

We have so far only considered the variation of crustal
thickness and the effects of a single sediment layer. While
we do not desire to be exhaustive in our analysis of complex
wave-guide structures, it is instructive to consider somewhat
more realistic models than used earlier. This is done using
the normal-mode method for stratified media, with the wave-
forms filtered with a 0.3- to 1-Hz bandpass filter, so our
synthetics are consistent with those of the finite-difference
method.

First, we consider the “average” continental and oceanic
models of Meissner (1986, p. 40), simplified to omit layering
in the upper mantle. The corresponding continental P-wave
velocity model is labeled model VI in Table 2. The wave-
forms calculated for this crustal model (Fig. 11a) have pulse-
like L, for vertical and tangential components with almost
the same arrival time. Almost all of the guided wave energy,
including fundamental-mode Rayleigh and Love waves, ar-
rives within the L, window. This is because there is no low-
velocity surface layer in this model. The average oceanic
model (Meissner, 1986) is shown as model III in Table 2,
with the water layer being omitted. The energy distribution
in the waveforms calculated for this model (Fig. 11b) is very
different from that for the continental model. Because the
sediment layer is thin (1 km) and has a very low velocity (v,
= 1 km/sec), significant energy is trapped in this layer. As
a result, there is a very dispersed, complex fundamental
mode signal for this structure. The wave train is very long.
While our synthetics do not include attenuation, much of
this short-period fundamental mode will be strongly atten-
uated in actual oceanic crust. There is no impulsive L, phase
in the conventional L, window for the vertical component.
For the SH component, there is considerable energy in this
window, which involves the first two Love wave overtones.
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Figure 6. RMS amplitudes in the L, window for vertical components for various

models. The solid symbols are for the layer over half-space models. Circles and squares
are for crustal thicknesses of 32 and 6 km. The open symbols are for the corresponding
two-layer crustal models with low-velocity surface layers. The results of crustal thin-
ning models are shown with other symbols. The open circles with solid triangles are
for the 100-km-long oceanic segment model, measured in 3.7 to 3.2 km/sec window.
The solid circles with white diamonds are for the 50-km-long oceanic segment model.

The group velocities are such that this energy does not sep-
arate clearly from the fundamental-mode Love wave.

We also considered oceanic crustal models with addi-
tional layers, to determine whether more complex structures
could enhance oceanic L, arrivals. Two models for the Pa-
cific Ocean are shown as models IV and V in Table 2. The
waveforms computed for these structures are shown in Fig-
ures 11c and 11d, identified as Pacific 1 (the four-layer
crustal model of Shor ef al., 1970) and Pacific 2 (the five-
layer crustal model of Hussong, 1972). The dispersion of
low-velocity fundamental-mode energy is not as dramatic as
for model III. The basic characteristics of the waveforms are
similar: there is relatively little energy in the L, window for
the vertical component. However, the energy in this window

for the SH component is substantial. The greater relative
strength of the Love wave overtone energy in the oceanic
crust may be part of the reason why transverse component
calculations tend to underpredict L, blockage, which is usu-
ally based on vertical component recordings.

These calculations with more complex crustal models
indicate that the number of modes is not simply controlled
by the layering of the structure. What is most important is
the strength of velocity contrasts in the wave guide, and
additional modes can be introduced by including larger in-
ternal velocity contrasts. If the deepest boundary has the
strongest velocity contrast, the maximum number of normal
modes is determined by the phase difference between a ray
that has not suffered reflection and a ray that has suffered



Why the L, Phase Does Not Traverse Oceanic Crust

5.0

26 MODES

32 km crust

U(KM/SEC)
25 3.0 35 4.0 45

20

5.0

U(KM/SEC)
35 40 45

3.0

0.0 Ol.5 1I.0 1l.5 (C) 20

F (Hz)

1673

5.0

21 MODES

25 km crust

1

4.5

4.0

a5

U(KM/SEC)
3;0

25
)

2.0

o

5.0

45

4.0

U(KM/SEC)
as .

3.0
1

25
1

2.0

00 05 10 15 20
d
F (Hz) @

Figure 7. Dispersion curves for Rayleigh waves in two-layer crustal models with
total crustal thicknesses of 32, 25, 15, and 6 km, with each model having a 2-km-thick
low-velocity surface layer. Notice the additional Airy phase for the fundamental mode

relative to Figure 2.

two total internal reflections. The relation is (Marcuse, 1991,
p- 6)

(s, — spk + &, + ¢, = 2Nm, 3)

where s, is the distance traveled by the direct ray and s, is
the distance traveled by the reflected ray, & is the wavenum-
ber, ¢, + ¢, is the phase change resulting from the two total
reflections, and N is the ordinal number of a normal mode.
If the maximum phase difference increases to more than 27,
the number of modes will increase. The addition of extra
layers could increase or decrease the maximum phase dif-
ference, so it may increase or decrease the number of normal
modes. We calculated Love wave phase velocity dispersion
curves in the frequency range 0 to 5 Hz for the four oceanic
crustal models that we used to generate the synthetic seis-
mograms in Figures 10 and 11. The numbers of crustal layers
for each used model are 2, 2, 3, and 5. The corresponding
numbers of normal modes are 19, 16, 13, and 15. Thus, there
is not a simple increase in number of modes associated with
more detailed layering.

The Effect of Crustal Thinning along a Path

In the previous section, we demonstrated that there is a
fundamental difference in the modal structure for crust of
different thickness, and this prevents stable propagation of
L, over long paths in oceanic structure. However, this leaves
unclear the effect of a limited segment of thin oceanic crust
along a continental path. We will explore this using the same
two-dimensional finite-difference program used for the one-
dimensional models considered previously.

We consider a crustal thinning model like that shown
in Figure 1c. This model is almost the same as in Figure 1b
of Cao and Muirhead (1993), except that our total model is
shorter (450 km versus 600 km). The crustal thinning starts
50 km from the left of the model and reaches a minimum
thickness of 6 km at 150 km from the left. The thin crust
persists for the next 100 km. From 250 to 350 km, the thick-
ness of the crust gradually increases to its original value of
32 km.

The finite-difference synthetics for a 5-km-deep source
on the left side of this model are shown in Figure 12. If we
compare this figure with Figure 3, the calculations for a uni-
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Figure 8. Synthetic seismograms for a two-layer crustal model with a thickness of

32 km, including a 2-km-thick sediment layer at the surface.

form 32-km-thick crust, and with Figure 5, the calculations
for a uniform 6-km-thick crust, we find that the synthetics
for the laterally varying structure are somewhat intermedi-
ate. There is slightly more energy within the L, window in
the laterally varying crustal model than for the purely oce-
anic structure, but not as much as for the uniform 32-km-
thick model. For this single-velocity crustal model, R, over-
laps the latter part of the L, window, especially within the
stretches of thick crust. One has to carefully recognize the
effects of R, when assessing L, blockage. If the window is
slightly adjusted to avoid the R, arrival (from 3.7 to 3.1 km/
sec to 3.7 to 3.2 km/sec) the L, amplitude reduction is seen
to be stronger. There is about a factor of 4 reduction in the
L, amplitudes relative to the uniform 32-km-thick crust (Fig.
6). Cao and Muirhead (1993) correctly indicate that in a
similar model, “higher modes of L, are muted by the mantle
uplift while the fundamental mode is left almost unchan-
ged.” However, they proceed to introduce a water column
that effectively damps out R, and indicate that this enhances
the blockage of L,. There is no need to introduce the water

layer to affect L,, because L, has been largely disrupted by
the crustal thinning alone. The dramatic effect on the overall
waveform of scattering or attenuating R, is easily misinter-
preted as an affect on L,. Using polarization analysis and
frequency filtering allows the effects on L, to be isolated.

As found in the last section, we can separate the L, and
R, signals by introducing a low-velocity layer at the top of
the crust. We consider models like Figure 1d, with a 2-km-
thick sediment layer along the entire structure. In the zone
of thinned crust, the basalt is 4-km thick. As expected, the
R, waves separate from the L, window, L, is blocked, and
the resulting seismogram profile is quite similar to Figure 10
(the two-layered oceanic crustal model), so it is not shown
here. If the segment of oceanic crust is only 50 km in length,
there is much less attenuation of L,, as shown by the RMS
amplitudes in Figure 6 for a corresponding model. Since our
results are quite consistent with those of Cao and Muirhead
(1993), we do not explore the additional models that they
considered, such as including a water layer.

It is clear that a 100-km-long segment of oceanic path
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Figure 9.  Particle motions of surface-wave arrivals for the waveforms at 380-km
distance in Figure 8: (a) shows the waveforms of radial and vertical components. The
asterisk marks a transition in characteristic particle motion. The L, window is marked
by two T symbols, and (b) is the polarization angle as a function of time. Both (c) and
(d) are the particle motions before and after the asterisk. The latter shows almost perfect
retrograde ellipse motion (R,). The early window contains higher modes (L,), charac-

terized by the complex motion.

along an otherwise continental path can block P-SV type L,
rather efficiently.

Conclusions

Finite-difference and normal-mode calculations for sim-
ple crustal models clearly demonstrate that wave-guide
structure, especially the overall thickness of the crust and the
presence of any low-velocity surface layer, strongly affect
the propagation of regional waves like L, and R,. For oceanic
crust, due to the thin wave guide, the number of overtones
is limited to only a few in a given frequency range. As a
result, L, is weak in oceanic structure because the higher-
mode Airy phases do not cluster in group velocity to the
extent that they do in thicker crust. The contribution of low-
order overtones is somewhat higher for SH L, than for P-

SV L, in the 0- to 2-Hz passband. Our calculation shows
that for crustal thicknesses in the range 15 to 32 km, L,
amplitudes are rather stable despite the variation of number
of modes.

The presence of a low-velocity surface layer has several
important effects. Because much of the short-period funda-
mental mode energy can be concentrated in a low-velocity
surface layer, the R, phase tends to separate from L, for both
oceanic and continental crusts with a sediment layer. Atten-
uation-free synthetics tend to be dominated by the strong
dispersion and large amplitudes of R,, but actual seismo-
grams tend to show much weaker R,. This is attributed to
combined effects of strong attenuation and scattering in the
shallow layer. While the scattered continental R, phase may
contribute to the L, phase, this will not work very efficiently
in an oceanic structure since the overtones are sparse.

Our calculations indicate that the lack of L, signals for
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Figure 10.  Synthetic seismograms for a two-layer crustal model, an overall 6-km

crustal thickness including a 2-km sediment layer at the surface. The arrivals within
the L, window are weak. The R, waves are delayed more for the two-layer model in

Figure 5.

oceanic paths is primarily a gross structural effect, intrinsic
to the thin wave guide. If frequencies higher than 2 Hz are
considered, the presence of more overtones in the oceanic
crust does allow L, to develop, but there have not been very
many observations of high-frequency oceanic L, with which
to assess the actual propagation efficiency. Two-dimensional
models show that a 100-km-long segment of oceanic crust
can reduce L, amplitudes significantly, whereas a 50-km-
long segment does not. This is consistent with previous mod-
eling of SH L, and indicates that there is a minimum path
length required for the stabilization of the crustal modal
structure, with the 100-km-long path being sufficient to act
as a high pass filter on the regional signals.
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