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Abstract. Dispersion of Love and Rayleigh waves hﬁ-n computed for a model of the
suboceanic crust and mantle. An important feature of this model is a low-velocity layer in the
upper mantle. These calculations, which include the effect of ephesizity, are consistent with
oceanic Love wave digpersion data for periods from 10 and 800 seconds to withit o few
hundredths of a kilometer per second. The effect, of sphericity or oceanic Love waves is of great
importance for periods as short as 10 seconds becsuse of the penetration of these waves into the
low-velocity channel. Computations for the same model, which consists of homogeneous iso-
tropic layers, are also in accord with the oceanic Rayleigh wave data for periods from 30
to 150 seconds to within a few hundredths of a kilometer per second, The results can be
further improved by minor modifications of the model. Since the calcul
earth are consistent with oceanic Love and Rayleigh wave data, apparent
result from computations for flat layers are resolved without recourse to } difference in SH
and SV velocities in the suboceanic mantle. Recent calculafions and observalions of Love and
Rayleigh wave dispersion by Brune and Dorman for the mantle beneath the\Canadian shield
sirowed (1) that a low-velocity zone is required and (2) that ne difference between SH and SV
veiocibies i3 needed. Thus their study and this paper show that these two conclusions are appli-
cable to large areas of the world. The wave guide of the G wave for pericds from 60 to 300
saconds is the free surface and the steep gradient in shear velocity in the upper half of the
mantle. At shorter periods the fundamental oceanic Love mode exhibits large particle ampli-
tudes in the low-velocity channel. A comparison of the upper mantle beneath oceans and con-
tinentg confirms provious results which indicate that channel velocities are smaller beneath the
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oceans.

Introductior.. 'The physical properties of the
erust and mantic beneath oceanic arcas can be
investigated with the 2id of Love and Rayleigh
waves, In this study theoretical phase and
group velocities for a model which contains a
low-velocity layer are compared with experi-
niental data for a broad range of perieds. The
eflect of sphericity on Love and Ravleirh waves
has been taken into aceount in the thcoretical
calculations.

In this paper considerable emphasis has
been placed on the Love wave solution for
a spherical earth as compared with the result
for fiat layers. The effect of sphericity on
the phase and group velocities of oceanic Love
waves is not negligible, even for periods as short

1 Lamont Geological Observatory Contribution
578.

as 10 seconds, because of the peretration of the
wave disturbance into the low-velocity channel.
In fact, sphericity can resolve the apparent dis-
erepancies discussed by Ewing and Landisman
[1961] which resuli from computations of Love
and Rayleigh wave dispersion for flat layers.
When sphericity is taken inte account there is
no longer a necessity for a difference in SH and
SV velocities in the suboceane mantle.

Recently Brune and Dorman [1962], using
high-precision Rayleigh and Love wave data,
found that no difference between SH and SV
veloeitiez is needed for the mantle beneath the
Canadian shield. They slso demonstrated that
a low-veiocity layer is required for this region.
Thus their study and this paper show that these
two conclusions are applicable to Inrge areas of
the world,

For the caleulations used in this study, the
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distribution of velocities and densities for the
suboceanic crust and mantle was seleeted with
the aid of several different criteria. The physieal
parameters for the se-limentary and crustal lay-
crs of case 122 were cuosen to be in accord with
the resuits of sciemic refraction work at sea
and with the short-period oceanie surface wave
rosults of Oliver and Dorman [1961]. For the
mantle the distribution of physical parameters
for ease ‘122, which is consistent with data for
teleseismic body waves, is the same as that for
oceanic case 3099 of Dorman et al. [1960]. These
authors showed that case S099 was in accord
with the group velezity data for mantle Ray-
leigh waves determined by FEwing and Press
[1654a, b] and with the oceanic Rayleigh wave
observations of Sutton et al. [1959]. Onc of the
most important results demonstrated by Dor-
man et al. was the requirement of a low-velocity
channel for the mantle bencath continents and
oceans.

Recent observational work has produced ad-
ditional Rayvleigh wave data for the ceeans, some
of which includes phase velocities as well as
ar vip velocities [Aki, 1960a, b; Aki and Press,
1001, Kuo 2 ai., 1952]). Kue ot al. have shown
that case 8099 explains the major features of
oceanic mantle Rayleich wave dispersion. The
present study indicates that theoretical Love
and Rayleigh wave phase and group velocities
computed for case 122 satisfy available oceanic
dispersion data.

Long-period Love waves, especially G waves,
have been studied since 1926 by Gutenherg, By-
erly, Imamura, Wilson, $at5, and others. Love
wave calculations by Saté [1958], Landismar
ard Saté [1958], and Landisman ¢t al. [1959]
have contributed to the present knowledge of
the upper mantle. With the exception of those
of Saté [1958], these Love wave calculations,
studies of teleseismic body wave times and am-
plitudes, and the Rayleigh wave computations
cited above have shown that beneath the erust
the upper mantle has high-velocity material
which overlies a region of lower velecities. At
even greater depths higher velocities are also
required. This distribution of velocities is com-
patible with those inferred from body wave
studies by Gutenberg [1953] and Lehmann
[1955]. A general conclusion to be drawn from
these surface wave investigations is that the
channel velocities in the upper mantle are
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smaller beneath the occans than beneath the
continents.

The first studies in which observational group
velocity data were compared with caiculations
for flat layers were restricted either to Love
waves or to Rayleigh waves. Most of the result-
ing independent velocity distributions con-
firmed the existence of the low-velocity layer,
but they were quite dissimilar in detail. For ex-
ample, Dorman et al. [1960] demonstrated that
case 38 km-XII, which had besn shown by
Landisman and Saté [1958] to explain conti-
nental Love wave data, was not in accord with
continental Rayleigh wave data. Fwing and
Landisman [1961] discussed this problem fur-
ther, paying particular attention to the mantle
structure beneath oceans, and presented a fig-
ure showing the oceanic and continental shear
velocity distributiors derived from calculations
for flat layers. These authors emphasized that a
proper treatment of the problem must include
sphericity.

Theoretical studies have recently been made
which include allowance for sphericity, gravity,
gradients, and a liquid core. The sphcroidal os-
cillations have been treated thecrctically by Al-
terman ct al. [1961], Bolt and Dorman 11961],
and others. The torsional oscillations have Leen
investigated by Jobert [1959, 1960a, b], Saté
et al. [1960e, b], Pekeris et al. [1961], MacDon-~
ald and Ness {19611, and others. Jobert [1960b]
presented Love wave phase and group veloeity
curves for a modified Gutenberg mantle which
was considered appropriate for oceanic areas.
This ealculation for a spherical earth produced
a fairly flat group velocity eurve with a maxi-
murm of approximately 4.5 km/see at 30 seconds
and & minimum of approximately 44 km/sec
near 5 minutes. Although no comparison was
made with observed data, the maximum and
the minimum lie slightly cutside the range of
observed group velocitics for the fundamental
oceanic Love mode.

Some of the theorectical siudies cited above
were stimulated by the oceurrence of the preat
Chilear. earthcuake of May 22, 1950, which
excited the free vibrations reported bv Alsop
et al. [1961], Benioff ot al. [1961], Bogert
[1061], Ness et al. [1961], Brune, Beniof], and
Ewing [19611, and others. These studies of the
Chilean earthquake predn-od new and precise
determinations of the dispersion of long-period
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Love and Ravleizh waves, For periods groater
than several hundred seconds, the steep rise in
phase and group veloeities, which had been pre-
dicted by theory, was confirmaed by ohservations.
This steep rise 1= caused hy the penetration of
the wave disturbanee into the Jower half of the
muantle,

Computational procedures.  Love wave dis-
persion for a spherieal carth, consisting of a
large number of =pherieal shells, has been com-
puted using an IBM 7000 version of a nu-
merical iteration program deseribed by Satd
et al. [1960a, b}. This progran has been used
to calculate free periods of torsional oseil-
lation, vhase velocity, group velocity, particle
amplitude, and strain distribution as a func-
tion of depth for cach of the azimuthal mode
numbers n. Group veloeity, which is caleulated
by the polynomial method, ix ahout two orders
of magnitude more precise than the observa-
tional data. With this program dispersion can
be computed for a spherien! or a flai-layered
model; the same physical parameters and nu-
merical procedures can be used in both cases.
These caleulatisng for flat layers were compared
with those made with the aid of the Thomsor-
Haskell [Haskell, 1953] matrix program, PV7,
written by Dorman [Oliver and Dorman, 1961],
and the results agree at all perieds to better
than 0.0001 km/sec. In addition, the matrix
method was combined with the earth-flattening
approximation [Alterman ct ol., 1961] as a fur-
ther test of the caleulations for the spherical
model. All methods give very similar funda-
mental Love mode phase velocities for periods
horter than 8 seconds. For periods shorter than
50 seconds the ecarth-flattening approximation
agrees to hotter than 001 km /wee with the fun-
damental Love mode phase and group velocities
determined by the ealenlations for a spheriea
carth.

A program written by L. B, Alsop was used
in computing oceanic Ravieigh wuve free pe-
riods, phase and group velaeities, particle am-
ntitudes, and gravitational disturbanee for each
azimuthal mode of a gravitating, spherieal earth
with a liquid surface laver. This routine is stmi-
lar to one deseribed by Alsop [1062]. The
ocennic Rayleigh mode phase and group veloei-
ties which resulted were then used to eheek the
carrection for apherieity for econtinental Ray-
leighi waves reported by Bolt cnd Dorman
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119611, which was applied to Dorman’s oceanic
case 809G by Kue ct ol [16462].

For periods between 30 and 150 seeonds, the
phaze and group velocities ealeulated for case
122 agree with the theoretical values for case
8099S (spherical) of Kuo et al. to within 0.01
km/see. Rayleigh wave caleuiations for a flat-
layered version of case 122 also agree with Dor-
man’s published vaiues for case 8099 to within
0.061 km/sec over the same range of periods
For periods shorter than 50 seconds the earth-
flattening approximation for case 127 agrecs to
better than 0.01 km/see with the Rayleigh mode
phase and group velocities for a spherical carth.

A matrix pwgram for liquid and solid fiat
lavers was used in computing Rayleigh wave
particle amplitudes. The method is similar o
that reported by Dormaen and Prentiss [1960]
and Dormar. [1962].

Oceanic case 122 compared with other studies
of the crust and mantle. For the computations
of spherical Love and Rayleigh waves for the
model reported in this study, the velocities and
densities for the crust and mantle were chosen
to be in accord with recent geophysical studies
of oceanic areas. The velocities for the sedimen
tary and crustal layers of case 122 were indi-
cated by the recent work of Oliver and Dorman
r1961] and are censistent with seismic refrac-
tion work at sea as reported by Raitt [1956]
and Ewing and Ewing [1959]. Crustal densities
adopted for case 122 conform to the Nafe and
Drake empirical velocity-density curve reported
by Talwani et al. [1959]. The layer parameters
for the homogenecus isotropic layers which con-
stitute case 122 are given in Table 1. For the
crust, these lavers correspond clozely in both
thickness and veloeity te these indieated by
seismic refraction. Ewing and Ewing [1961],
using & seismograph on the occan floor, obtained
subserustal shear velocity measirements at smail
distances. These authors consider their measure-
ments to be appropriate only for the upper sur-

sce of the mantle, and for this reasen their
value of mantle shear veloeity was not wred for
eage 122,

For the mantle the layer parameter: for earn
122, preserted in Table 1, are identical to thowe
for oceanic ecase 8099 cf Tdorman et al. The
hoamoreneous lavers for the mantle were re-
auired by Dorman et al. heeavse of thetrreethod

1
of ealeplation. These layers wre 2 stepped ap-
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TABLE 1,
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Physical Parameters for the Homogeneous, Isotropie, Spherical Shelis of Case 122

Thickness (km), compressional velocity e (km/sec), shear velocity £ (km/sec), and density
P (g/_cm"). Earth radius = 6370 km and core radius — 3470 km for the calculations for the
spherical model. Deepest layer represents the half-space for calculations for the flat-layered

model.
LAYER  THICKNESS a B p

NO. KM KM/S KM/S GM/cc
; g.g ;.sg 0.,0000 1.0300
. .0 0.5000 1.9000

3 1.5 4,80 2.?000 2.%1&00
5.0 6.30 2.9 0 2.9000
2 49.0 é 2 .b12s 3,3400
160.0 .17 4,3000 3.4k25
g 0.0 8.u49 4,%000 3.2265
: gg.g 8,81 4, 8000 3. %ho
. .32 .192 . 7650
10 100.0 3.25 Vg,hgzg E.gigo
11 100.0 10. 2.7900 L.2300
12 100,0 10,85 .0300 4.4%00
1 100.0 11,12 6.2000 h.ghso
1 100.0 11.3 6.2150 L. 8400
1 - 100.0 11, % 6.5%000 4,7100
1 100,0 11.6 6.4650 h.ézoo
1 100.0 11,78 6.5370 4,8275
1 100.0 11,92 6.2§1o 4, 8825
19 100.0 12,06 6.6190 4.9400
20 09,0 12.19 6.70%0 5.0000
21 100.0 12.33 6. 7550 5.0550
22 100.9 12,55 6.3050 5. 1050
2 100,0 12.59 6.8525 5.1575
2k 100.0 12,72 6.8275 5.2075
2 100.0 12.85 6.9450 5.2650
2 100.C 12.97 0.9350 5.3150
2 100.0 13.09 7.0150 5.3650
2 100.0 13.27 Y,OZro 5.%150
29 100.0 13.33 7. 1425 5.4650
30 100.0 13,46 1.1875 5.5150
31 100,0 13.5 7.2325 5.2625
32 100.0 3.6 1.2775 5.6075
33 13,64 7.3000 5.6550

proximation to veloeities and densitic: whish are  eept for one observation of S near 17° [ Pomeroy,

hased on those orisinally determined from covth-
quake body wave studies. In the present siudy,
the homogenecus isotropic iayers of casc 8G09
of Dorman et al. have been retained for case
122,

Observations of the travel times of P and S
from nuelear explosions in the Pacific by Carder
and Bealey [1958], Kogan [1960], and others
have confirmed the teleseismie travel time curves
remarkebly well, For sources in the Pacifie and
recording sations on continents, I arrives 2 sec-
onds early and S is recorded 4 4 seconds late,
ag compared with the Jeffreys-Bullen tables. Ex-

15621, no travel-time data are available from nu-
ciear explosions in oceanic areas at distances
less than 347 for S and 31%° for P. The short-
peried S wave observaiion near 17° indicates a
minimum upper-mantle shear velocity of 4.7
km/sec beneath the ocean basin between Eni-
wetok and Guam. No oceanic refraction re-
sults cxist for distances greater than 1°. These
precise rosults must be further amplified in
order that they may give information about
the suboceanic upper mantle,

It is instructive to compare the mantle ve-
locities determined from surface wave studies
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of oceanic and continental areas. The sub-
oceanic mantle distributions to be considered
are case 122, case 8099 of Dorman et al. [1960],
and case 6EGHP1 of Aki and Press [1961].
These distributions are very similar; all contain
a channel with a minimum shear velocity of
430 km/sec. As noted above, cases 122 and
8099 sre identical in the mantle. The upper and
lower channel boundaries of case BEGHP1 are
not as sharp as those for cases 122 and 8099,
since case SEGHP1 was obtained by a modifica-
tion of a Gutenberg instead of a Lehmann con-
tinental distribution.

For the continents the Gutenberg-Bullen A
model, case 6EGH of Aki and Press [1961], and
the distribution CANSD determined from the
dispersion of Love and Rayleich waves across
the Canadian shield [Brune and Dorman, 1962]
will now be considered. The Gutenberg-Bullen
A model has been used to explain the observed
mantle Love and Rayleigh wave data from the
great Chilean earthquake and the southeast
Alaska shock of July 10, 1958 (e.g., Brune,
Benioff, and Ewing [1961] ; Pekeris et al. [1961],
c'a). Case 6EGH is a model based on one of
Cuwnleigs later veiceiiy distributions. The
principal difference between case GEGH and the
Gutenberg-Bullen A model occurs between 50
and 100 km, where case BEGII has lower shear
velocities. The Canadian shield case, CANSD,
is characterized by higher velccities than either
of these models. The shear veloeity from the
Mohorovicie discontinuity to a depth of 115 km
ie 4.72 km/zec. The low-velocity channel, which
is 200-km thick, consists of a 4.54-km/sec layer
overlying a 4.51-km/sec layer of equal thick-
ness.

In general, surface wave studies to date have
shown that the channel velocity is iower be-
neath the oceans than beneath the continents.
In addition, with the exception of the study
of Aki and Pressz [1961], several of these inves-
tigations have indicated that the oceanic chan-
nel velocities occur nearer the surface. Below
the M discontinuity, the physical parameters for
the continental model 6EGH and the ocesuic
model BEGHP1 of Aki and Press differ only in
the value of shear velocity chosen for the low-
velocity zone. Model 6EGH was compared with
oniy onc scismogram for periods near the econ-
tinental Airy-phase maximuem. Further study
and & comparison of various models with more
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continental data are needed in order to de-
termine whether channel velocities usually oc-
cur ai greater depths beneath the continents
than beneath the oceans.

Love wave phase and group velocities. Ex-
perimental and theoretical fundamental mode
phase velocities for oceanic Love waves of pe-
riods up to 800 seccnds are presented in Figure 1.
Experimental data appropriate for oceanic areas
have been taken from Saté [1958], as corrected
for the polar phase shift [Brune, Nafe, and Al-
sop, 1981; Brune, Benioff, and Ewing, 1961;
Benioff et al., 1961 ; MacDonald and Ness, 1961].
Of these, Satd’s data have the greatest per-
centage of oceanic path and hence his data are
congidered more reliable. Four theoretical curves
are shown; one is the result of a ealeulation for
flat layers, and the other three are for a gpherical
earth. Numerical results of the calculations of
Love waves for the spherical version of case
122 sppear in Table 2. For azimuthal mode num-
bers less than 360, the second and third layers
(shear velocity § = 0.5 and 2.77 kon/sec, respec-
tively) were deleted and replaced by a single 2-
km layer with a shear velocity of 2.77 km/sec
and a density of 2.54 g/em®. A detailed com-
parison of these computations with data will be
made in conjunction with the material presented
in Figure 2.

Calculated group velocities for two flat-layered
and two spherical models are compared with
group velocity data appropriate for oceanic
areas in Figure 2. The sources of these data are
indicated in the figure. In the long-period Chile
to Nafia data, those represented by stars are the
more reliable, according to Brune, Benioff, end
Fuwing [1961], because the effects of initial phase
at the source have been removed. The symbol
represents values which were picked from the
summary curve of Love wave data for the Pa-
cif2 in Figure 1 in the third paper of Gutenberg
and Richter 71936, p. 89]. The data indicated
Liv syuares are from a southeast Pacific shock
which cccurred on November 14, 1958, at O5h
04m 255 GCT at 36.0°S, 1062.8°W, as recorded
at Ballctt stuticn, Antarctica.

Several ohservations may be made from =
study of Figurcs 1 and 2. The eaiculation of case
122 for flat layers departs significantly {rom
the Love wave nhase and jgroup veloeity data
m Figures 1 and 2. In contrast, when the com-
putation is done for a spherieal carth, the phase



5262 SYKES, LANDISMAN, AND SATO
,\6'5 T TT S T T T TTTT T T
8 —  x CHILE TO ISABELLA (BRUNE,ET AL !96l)
L — - o ' JEF - Z
% L % CHILE TO NANA (BRUNE,ET AL) m%%sfm'm' -
s 6.0 = o NEW GUINEA TO RIG_AND MT TSUKUBA ~—SATO,ET ALY
< - {BRUNE,ET AL)
~ [ @ KAMCHATKA AND NEW GUINEA TO PASADENA
_k {SATO, 1958, CORRECTED FOR POLAR PHASE SHIFT)
Y E TORSIONAL  OSCILLATIONS; : _
o : A ALSOP, ST AL 7]
S — O BENIOFF, ET AL ; oo
L;n 5.0 E ¢ MACDONALD AND NESS “—]—PEKERIS, 1961—
= CASE 122, SPHERICAL EARTH :
‘;D-' 4.5 +- =
< — e N
T _.,,//l—'CASE 122, FLA/T7EARTH -
) ——
© 40 BT L L1 L i | | L 17
6 10 20 30 50 100 200 300 500 800
PERIOD IN SECONDS

Fig. 1. Phase velocities for fundamental-mode oceanic Love waves. Calculation for a
spherical earth (solid line) agrees more closely with observational data than calculation for
a flat-layered model (dashed line). Parameters for case 122 in Table 1.

velocities arree with available data for perinds
between 60 and 800 seconds to within a few
hundredths of a kilometer per second. The cor-
responding group velocities compare well with
existing data over an cven broader range of
neriods. The agreement of theoretical wave ve-
loeities for ease 122 with observational data over
such a brosd range of periods indicates that the
physical parameters chosen are close to the ac-
tual ones in the earth to deptlis of at least sev-
eral hundred kilometers heneath the ocean.
These results may be further improved by
minor modifications of the model. New and more
precise data are ales needed.

If no caleulations for a spherical carth were
available, one might tend to mocify the physisal
parameters of case 122 in order to evplain the
Love wave phase and group veloeity data. One
of the better Love wave calenlations for flat
layers is the ease markeq Oceans VIII [Landis-
man et al., 19597, The shear veloesty distribu-
tior: for this case was presented by Ewing and
Landismar. [1961]. The calealation of phase and
group velocities for this model was the first
quantitative atterapt to explain the dispersion
of oeeaniz Leve waves with a mathematicad
model containing a low-veloeity channei. This

model indicated that oceanic channel velocities
are smaller and come nearer to the surface than
contirental channel velocities. As was discussed
above, several recent studies rorroborate this
result. In comparison with eases 122 and 8099,
the shear velocity for Oceans VIII is higher by
several tenths of a kilometer per second in the
lower part of the channel. The differences be-
tween the shear velocity distributions for Oceans
VIII, derived from Love wave dispersion, and
case 8099 of Dorman et al., determined from
Rayleigh wave data, were one of the discrep-
ancies noted by Ewing and Landisman. Similar
discrepancies between Love and Ralyeigh wave
results kave been the basis of recent speculations
concerning anisotropy in the upper mantic {An-
derson, 1961, 1962; Anderson and Harkrider,
1962]. Since case 122 agrees with the data
when calculation for a spherical earth i per-
formed, no recourse to a difference in SH and
SV veloeities, ie. soistveny, 1= reauired. Thus
one distribution of homogenecus isotropie lav-
era can satisfy both Love and Rayleich wave
data,

In ¥ppures 1 and 2, the higher velorifies at
osger pericds have been measured using datz
from the great Chilean earthquake, The theorati-
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Fig. 2. Group velocities for fundamental-mode oceanic Love waves. Calculation for
sphe~ienl earth ease 122, comnared with observational data from 10 to 800 seconds period. For

divcussion see tert

cal curves for the Jeffreys-Bullen and Guten-
berg-Bullen A continental models shown in Fig-
ures 1 and 2 agree quite well with the results
of case 122 at long periods.

For periods shorter than i2 seconds the lower-
velocity oceanic crustal materials, in particular
the sediments, produce a sharp drop in group
velocity as the period decreases. For periods be-
tween 10 and approximately 50 sceonds, small
segments of continental path can lower the ob-
served group veloeitics, For the data {rom Hal-
lett sistion, & cerrcetion was appticd for the 6
per cent of the path that lies within the continent
of Antarctica.

The wave guide of the G wove. The well-
known pulselike character of the G wave, which
iz best ohserved for oceanie paths, is produeed
by the nearly constant group veloeity of the
fundamental veeanic Love mode for periods as
great as 300 seconds, as shown in Figure 2.
In hig study of the wave guide of the G wave,
Saté [1958] =aid that ‘this phase corresponds to
n Love wave itraveling in the mantle and con-
trolled by the gradient in <hear veloeity’ between

Gepths of 100 and several hundred kilometers.

We may further study the wave guide of the
@ wave with the aid of the Love wave particle
amplitudes comyputed for a spherical earth (Fig-
ure Z). For reference, the distribution of shear
velocity with depth is shown at the left. The
particle amplitudes are normalized ‘o unity at
the free surface. The particle amplitude for T
= 5907 seconds is representative of particle
amplitudes for the G wave for pericds between
60 and 300 seconds. For these periods the free
surface and the steep gradient in shear velocity
down to approvimately 900 km form the wave
guide of the G wave. For periods greater than
300 seconds, the particle motion penctrates the
high-speed lower mantle, and observed Love
wave phase and group veloeitics inerense sharply,
ag had been predieted by theory. Similarly, for
periods greaver ihan 250 geconds, observed and
theoretical Rayleigh wave phase and group ve-
locities rise even more abruptly than those for
Love waves. For these wavelengths, Rayleigh
waves penetrate more deeply into the earth.

In Figures 1 and 2, the phase and grovp ve-



MANTLE SHEAR WAVE VELOCITIES 5265
SHEAR  VELOCITY PARTICLE AMPLITUDE
(KM/SEC)
3.5 50 0O 1.0 O 10 O 10O O L.O
s . ! 20
= i
X
% i00 n={163
3 i T=8.020
™
C=4284 .
§ 200 y n= 878
o C=4404 § n= 593
g 3G0 | T=15.23"
3
o L CASE - C=4429
Laf - FIRST LOVE n= 149
r 400 | ‘ — MODE | T=59.07
}_ .
&l B C=4532
O ;B
56‘&)‘* i o toem. : 1 ! ! { 1 | ]

Tig. 3. Particle amplitude profiles as a function of depth for the fundamental Love mode
of case 122, calenlation for spherical model. Amplitudes normalized to unity at the free surface.
Secondary maximum develops when phase velocity C begins to exceed 4.3 km/sec, the chankel

velocity.

earth and for fiat layers, remain approximately
parallel for periods between 12 and 150 seconds.
For periods shorter than i0 seconds, the two
phase velocity curves converge; for periods
shorter than 8 seconds, they are indistinguish-
able. As discussed in the secticn on computa-
tional procedures, both numerical itcration and
the matrix method were used for nil these eal-
culations and were found tn be in good agree-
ment.

Within the period range where the phase and
group velocity curves are parallel, the difference
between the calculations for the spherical earth
and for the flat-layered vorsions of case 122 is
approximately 0.8 km/sec. In simplest terms,
this increase in velocity for the spherical earth
can be attributed to a shorter path. ¥er the
spherical earth, if we imagine that the waves
travel predominantly in the Jow-velocity chan-
nel instead of along the surface, the path is

shortened by a factor approximately equal to
the ratio of the effective channel depth to the
earth’s radius (M. Ewing, personal communica-
cation). Thus the velocity of the waves iz in-
creased by approximately (z/a) + V., where 2
is the effective depth to the channel, a the
radius of the earth, and V, the velocity in the
channel, In the present csse, with a channel ve-
locity of 4.30 km/see, the difference of 0.08 km/
sec in Figures 1 and 2 indicates an effective chan-
nel depth of 120 km. This depth lies well within
the channc! for ease 122. With this difference of
path length in mind, it iz easy to understaud
how a spherical model with a channe! velocity
of 43 km/sec deveiops the shserved G wave
velocity of approximately 4.4 km/sec. Press end
Ewing [1056] and Press [1959] have suggested,
without detailed calculation, that the compari-
son of the 4.7-km/sec mantle shear velocity, de-
rived from scismic refraction measuroments,
with the 4.4-km/scc G-wave velocity indicates



5266

the presence of a low-velocity channel in the
upper mantle.

To understand the reasons for the abrupt di-
vergence of the phase velocity curves for spheri-
cal and flat models near 10 seconds, we may
consider the diagrams of Love wave particle am-
plitude for a spherical earth shown in Figure 3.
At the shortest period, 8.03 seconds, the motion
ig confined to the crust and to the high-speed
layer just below the crust. In this part of the
spectrum, the calculations for spherical and flat
models give nearly identical phase and group
velocities and particle amplitides. When the pe-
riod becomes greater than 8 seconds, the phase
velocity increases and the waves penetrate
farther into the high-speed portion of the man-
tle. At the period where the phase velocity be-
comes equal to the channel velocity, drastic
changes in particle amplitude begin to ocecur.
Within a period range of approximately 1 sec-
ond, the wave which was confined above the
channel emerges as a disturbance trapped in
the entire low-velocity zone. This penetration
of the surface waves through the high-speed
mantle into the low-velocity channel is analogous
to many problems of barrier penetration in
quantum mechanics.

Near 10 seconds, - where the fundamental
oceanic Love mode penetrates the channcl, the
particle amplitudes for the spherical and flat-
layered versions of model 122 differ and the
phase velocity curves diverge. Calculations of
particle amplitudes for the flat-layered version
show more severe trapping. The lower phase ve-
locity and larger channel amplitudes for this
case may be attributed to a more effective low-
velocity channel.

The particle amplitude curves for the spheri-
cal earth version of case 122 at T’ = 10.34 and
15.23 seconds in Figure 3 illustrate trapping and
also exhibit secondary maximums. For case 122,
the largest secondary maximum occurs near 15
seconds when the calculation is performed for a
spherical earth. At these periods, the phase and
group velocities and the particle amplitudes
which result from the earth-flatiening approxi-
mation are extremely similar to those caleulated
for the spherical earth. Thus, for the spherical
earth, the simplified explanation discussed pre-
viously for the relation betweéen the channel
velocity and the G wave velgeity is justified by
the study of particle amplitude trapping and
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secondary maximums in the low-veloecity chan-
nel for case 122.

There are two requirements for the develop-
ment of secondary maximums in Love wave
particle amplitudes. First, the phase velocity
must be slightly higher than the channel ve-
locity but less than the velocity of the higher-
speed regions adjacent to the channel. Second,
the vertical wavelength must be less than or
comparable to the channel thickness.

In a study of oceanic Love waves, Jobert
[1960b6] showed that, for » = 600, the funda-
mental mode particle amplitude develops a sec-
ondary maximum, Saté et al. [1960b] also ob-
served that, for models with a low-velocity layer,
the higher-mode particle amplitudes can be much
greater in the channel than at the surface.

It is evident that secondary maximums will
play an important role in the problem of nor-
mal mode excitation by earthquakes at depth.
Caloi 1953, 1954] and Guienberg [1954, 1955]
reported that earthquakes within the low-veloe-
ity channel tend to excite the phases P« and
Sa quite easily. Bolt and Dorman [1961] calcu-
lated the group. velocity of the first shear mode
for a Gutenberg velocity distribution. They
found a maximum in the group velocity curve
at 4.54 km/sec for a period of 25 seconds which
agrees well with the period and velocity of the
phase Sa described by Caloi and Gutenberg and
the phase Sn of Press and Ewing [1955].

The fundamental oceanic Love mode for case
122 has a secondary maximum of particle
amplitude at short periods. For the Canadian
shield, Brune and Dorman [1962] have presented
a case, CANSD, for which the fundamental Love
mode is not associated with channel waves. A
secondary maximum does not develop in this
case, nor in the Gutenberg-Bullen A mogel, since
the phase velocity does not exceed the lowest
channel velocity until the vertical wavelength
is greater than the channel thickness. For these
models, however, the first shear and the serond
Love modes are much like the fundamental Love
mode for the bceans. in that a secondary maxi-
mum, which always characterizes these modes,
is confined to the low-velocity zone. All' these
modes: are associated with channel waves. The
higher modes offer a means of refining the knowl-
edge of the mantle beneath various regions.

The oceanic Rayleigh mode. Oceanic Ray-
leigh mode phase and group velocities as ob-
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served for Pacific paths for periods between 20
and 150 seconds have been presented by Kuo
et al. [1962]. All the data presented in Figures 27
and 28 of their study, with the exception of those
labeled P13 and P14, may be considered repre-
sentative of the dispersion for Pacific Ocean
basins. The paths indicated by data points P13
and P14 cross the Melanesia~-New Zealand re-
gion of the southwest Pacific and hence will not
be included in the present discussion. The scat-
ter of the data below 30 seconds can be at-
tributed to differences in water depth.

The observed phase and group velocities of
Kuo et al. were compared with theoretical
curves designated 8099S. These curves were
obtained by correcting the phase. velocities for
case 8099 of Dorman et al. [1960] according to
the spherical correction formula for the Ray-
leigh wave phase velocities reported by Bolt and
Dorman [1961] for the Gutenberg-Bullen A
continental model.

As was noted in the section on computations,

5267
a program written by L. E. Alsop of the Lamont
Geological Observatory was used to check this
correction. The exact calculation for case 122

.agrees with curves 80998 to. within 0.01 kimi/séc.

Thus, the observed oceanic Rayleigh mode. phase
and group velocities for Pacific paths are in close.
agreement with those calculated for case 122. In
the preceding section it was shown that this
case agrees with dispersion data fot oceanie
Love waves. These con narisons indicate that
case 122 must not depurt creatly from: the condi-
tions to be fow 1 in thc marntle beneath the
oceans, since it satisfies both Love and Ray-
leigh wave data.

Rayleigh wave amplitudes for case 122, com-
parable with the amplitudes for Love waves in
Figure 3, are shown in Figure 4, The distribution
of shear veleeity with depth is again given. at.the.
left side of the figure. The vertical displace-
ments are normalized to unity at the water sur-
face. Particle amplitudes for case 122 are shown
for one calculation for a spherical earth and three

SHEAR  VELOCITY PARTICLE  AMPLITUDES
(KM/SEC)
35 50
4 |
% 100}
FLAT FLAT EARTH |FLAT EARTH
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Fig. 4. Pa.rtwle arnphtude proﬁles as a functlon of depth for the Raylelgh mode of case

122, Vertical dlsplacement, V, normalized t6 unity at the free surface. H is honzontal dlsplace-»
ment. H and V of same sign indicate retrograde motion. For a given wavelength 2, particle
amplltudes are. the same for calculations for flat and spherical médels. To first order, the group
velacities are also the same.
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calculations for flat layers. No secondary maxi-
muin or channel wave develops in the low-veloc-
ity channel for the oceanic Rayleigh mode of
case 122,

When calculations uf Rayleigh mode particle
amplitudes for spherical and ﬂatrlayered versions
of case 122 are compa.red for a given wavelength

(Figure 4), it is found that the particle: amph-\

tudes are nearly the same. For pefiods shorter
than 100 seconds, the group velocities agree to
within 0.02 km/sec. Bolt and Dorman [1961]
also reported that the Rayleigh mode group ve-
locities calculated for spherical and flat-layered
versions of their models are nearly the same,
even though the phase velocities are different.
To extend the discussion of the relation between
phase and groun velocities as a function of
wavelength for a spherical and a flat-layered
medium, let us consider one of the well-known
expressions which relates the group velocity U
to the phase velocity C for a certain wave-
length A:

U, = C, — \dC,/d\ (1)

where the subseript s indicates a spherical earth.
Similarly, for a flat earth,

If the group velocities and wavelengths are ap-
proximately equal, we may subtract (15) from
(1e) and obtain

0~ (C, — C) — \dC,/d\ — dC,/dN\] (2)

This may be rearranged as

(C, — C)/A=d(C, — C/aA = m &)

where m is a constant, Alternatively, we may
write

C. =~ C/1 + T d(C, — Cp)/dA]

The last of equations 4 is identical to the em-
pirical formula (12) of Bolt and Dorman [1961].
These authors found that m = 0.00016 for the
Gutenberg-Bullen A continental model.

The curves 80998 of Kuo et al. resulted from
the application of the Bolt and Dorman spheric-
ity correction to the Rayleigh mode phase ve-
locities for Dorman’s oceanic case 8099. As was
previously stated, oceanic phase and group ve-

9
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locities for case 122 have been calculated using
a program for Rayleigh waves on a spliefieal

earth. These calculatlons agree w1fh the resulf.s

the correctlon for the effect of spherxcxty on
Rayleigh waves ig nearly identical for these: ge-
ologically teasonable models, oceanic and con-
tinental.

In contrast to the correstion for sphericity fof
Rayleigh waves, which is the same fot many
models, the corrections for sphericity for funda-
mental and higher-mode Love waves and for the
shear modes of the Rayleigh type afe quite de-

pendent on the choice of physical parameters

in the mantle. Calculations for cases 122 for
oceans, CANSD. for the Canadian shiéld, and
the Gutenberg-Bullen A model show quite dif-
ferent sphericity corrections: for the funda-
mental Love mode. The fundamental Love mode
for the oceanic model develops a channel wave,
the short-period components of the G wave; the
fundamental Love mode has no channel wave
for these continental models.

Future problems. Several problems remain
to be solved for the mantle beneath the oceans.
For example, the calculated phase velocities of
oceanic Rayleigh waves of Kuo et al. [1962]
are a few hundredths of a kilometer per second
high for periods greater than 80 seconds. Simi-
larly, the cslculated phase velocities for the Gu-
tenberg-Bullen A model [Bolt and Dorman,
1961] are slightly above the data for periods
greater than 150 seconds.

In addition, the calculated Love wave phase
velocities in' Figure 1 of this paper (spherical
model) are also several hundredths of a kilome-
ter per second too high for periods greater than
150 seconds. As & consequerice, the calculated
group velocities are somewhat low for periods
between 100 and 250 seconds. Thus both: Ray-
leigh and Love waves indicate that -small.changes
in either velocity or density must be made in
the theoretical models. Preliminary investiga-
tions show that either shear velocities or densi-

ties must be altered at depths in excess of 200

km,

Between 10 and 20 seconds, the calculated
Love wave group velocities in Figure 2lie above
much of the data. Adjustments of shear veloe-
ity in the crust and sediments may remove part
of this discrepancy. Changes may also be needed
in the shape of the low-velocity channel. Thegé
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adjustments will probably somewhat alter the
shape of the particle amplitude eurves for the
fundamental Love mode.

Cbservational date for higher modes were
not considered in the present study. These modes
should be observed and the ohservations ex-
plained by the model used to fit the fundamental
modes. Finally, we note that S wave data, stil!
unavailable for ocesaiic areas at epicentral dis-
tances between 1° and 17°, and betwecn 17°
and 34°, would be of great help in future studies.

Summary end conclusions. 1. Love wave dis-
persion for a spherical earth has been computed
for a model of the suboceanic crust and mantle,
case 122. This model, which is similar to case
8099 of Dorman et al. [1960], has a low-veloc-
ity channel. :

2. Theoretical Love wave velosities for case
122 explain phase and group velocity data for
oceanic Love waves over a broad range of pe-
riods to within a few hundredths of a kilometer
per second.

3. An oceanic Rayleigh wave program for a
spuedioa garth, written by L. B, lzop, hes baen
ased o confirm the spherically cusiceied phase
and group velncities for Dorman’s case 8099
(presented by Kuo et al. [1960] as case 809983).
These theorctical results explain the oceanie
Rayleigh wave data of Kuo et al. to within &
few hundredths of a kilometer per second. The
Love and Rayleigh wave results can be further
improved by minor modifications of the model.

4. The effect of sphericity on Love waves is
found to bhe of great importance and to be de-
pendent on the model under consideration. For
the oceans, the differences between the phase
velocities which result from caleulations for flat-
layered and spherical earth models extend to
periods as short as 10 scconds.

5. Thus, since a single isotropic cistribution
accounts for oceanic Love and Rayleigh wave
data, the discrepancy between calculations for
flat layera ig resolved by sphericity withcut the
nreed for o difference in SH and SV velocitios
in the mantle beneath the ceeuns.

6. Brune end Dorman [1962] found, for the
mantic beneath the Canadian shield; (1) that a
low-veloeity zone i8 required and (2) that no
aiiconen between S and SV velocities i3
needed. Thug their study snd thia paper show
that theze two conclusions are epniicable fo large

coes Al T
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7. Yor periods shorter than 60 seconds, the G
wave, which is the fundamental oceanie Love
mode in this range of periods, develeps a large
sezondary maximum of particle amplitude in the
low-velocity channel and may be considered
2 channel wave. For periods between 60 and
300 seconds, the free surface and the steep
gradient in ghenr velosity down to approximately
900 km form the wave guide of the G wave.
At longer perviods the partieis ruation penstvates
the high-speed lower mariiz, ~sidng rhose aud
group velocities to rise sharply.

8. Calculated higher-mode Love waves and
the shear modes of Rayleigh type also exhibit
secondary maximums in the low-velGeity ehen-
nel when their phase velocities are slightly
greater than the chanme! veloeitv aad their ver-
tical wavelengthg are inrss Than the eiannel thick-
ness. These secondary mazimums will be impor-
tant in the consideraticn of prebloms of eveita-
tion and source depth.

9. It is useful to compare the mantle veloei-
ties determined from surface wave data for
oceanic and continental areas. Examples include
cuse 152, case 8653 of Dorman et al. (19603, and
case BEGHP1 of Ak and Press [1961] for the
oceans and, for the continents, the Canadian
shield model, TANSD, of Brune and Dorman
[1962] and the Gutenberg-Bullen A model dis-
cussed in studies of the Chilean earthquake.
When this comparison is made, it is confirmed
that channel velocities are smaller benecath the
oceans. Further study is needed to determine
whether these channel velecities usually oceur at
shailower depths beneath ceean basins than be-
neath continents.

»
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