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We study a set of very high-quality records of first-order overtone Rayleigh waves from the deep-focus
carthquake of September 29, 1973, in the Japan Sea. Standard surface wave technigues are used with these
overtones, treated as individual seismic phases, to retrieve radiation pattern, @, moment and phase velocity, A
figure of My = (6.7 + 1.4} ¥ 1027 dyn-cm is obtained, in total agreement with peblished values computed
from cither P waves, or fundamental Rivieigh waves. We also demonstrate the feasibility of using overtones
as individual sefsmic phases in order to investigate their dispersion and attenuation properties.

1. Introduction

Much of our present knowledge of the long-period

mechanism of seismic sources, and of the seismic
properties of the upper mantle has come from the
study of mantle surface waves. These studies have
usually been restricted to their fundamental modes
fe.g. [1--4]), and only recently have they involved
greater depths, by a systematic use of all of the
Earth’s normal modes, most often through inversion
techniques [5,6]. Only very rarely has information
heen sought and obtained on any single overtone
branch, such as the first higher Rayleigh mode |R.
One reason for this may be the relatively low excita-
tion of overtones by most seismic scurces, and the
difficulty of retrieving their signals from a seismic
trace, which has necessitated the use of sophisticated
processing techniques {7],

However, under favorable source conditions, it is
possible to observe Rayleigh overtones of remarkable
quality, clearly separated in the time domain, and
behaving as individual seismic phases {Fig. 1a). The
purpose of this letter is to show that the seismic
moment of the source, and the attenuation and
dispersion properties of the overtones, can all be
easily and reliably retrieved from such records. By

studying an earthquake whose focal mechanism,
moment and source function are well documented
[8,9], we carry out a case study of the feasibility of
applying standard methods of data processing to
these phases, as a promising way of investigating
decper the properties of the mantle.
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Fig. 1. (2) Pasadena ultra-ong period record of the Japan Sea
event of 1973, Note the clearly individualized overtones 2Ry
and ;R preceded the longer period fundamental Ry. {b)
Observed trace filtered at 7' > 45 5. (¢) Synthetic obtained
from models 1066A and SL2.




2. Data

We use records of the deep-focus Japan Sea earth-
quake {also known as the Viadivostok earthquake) of
September 29, 1973 {(origin time 00:44:00.8 GMT).
The mechanism of this earthquake has been described
by Furumuto and Fukao [8], and by Koyama [9]. It
consists of a nearly pure verticat dip-siip ateng a quasi
north-south fault plane (strike 186°, dip 83°, rake
90° [8]). For such a simple geometry, the Rayleigh
wave radiafion pattern is basically two-lobed at all
frequencies and for all overtones,

The investigation of the behavior of the eigenfunc-
tions of the first higher Rayleigh modes at the depth
of the event (575 km) reveals that the excitaticn
cocfficient X characteristic of dip-stip geometry is
maximum around 100 seconds. 1t is therefore best to
use records from instruments having a good response
at very long periads, such as broad-band instruments
{Press Ewing) or ultra-long period systems (such as
the Pasadena ultra-long periods). Recerds used in the
present study are summarized in Table 1, the layout
of the stations being shewn on Fig. 2. Figs. 1 and 3
show the PAS record on the “ULP 33" {ow-gain
system, and the PPT record on the LDG broad-hand
instrument.

The strong arrival present at PAS around 01:18

TABLE ]

Seismic records used in this study

Fig. 2. Map of the stations used in this study, on an azi-
muthal equidistant projection centered on the epicenter. 18,
was used at AAL and NAL

with 2 maximum of energy at a period of 80 s (and
at PPT around 01:23}), which corresponds to a group
velocity of 4.5 kim/s, can be identified as the first
passage of the first higher mode Rayleigh wave {we

Code Station Iastrument Distance Azimuth to station
@) ©
OBN Obninsk, U.S.S.R. K.P. Tcha, 100 59.08 3i8.3
PAS Pasadena, California ULP 33 81.28 514
LUB Lubbeek, Texas WWSSN 15-1006 90.53 41.5
WEL Wellington, New Zealand WWSSN 15-100 91.86 148.4
PPT Papeete, Tahiti LDG broad-band G4.09 109.7
PAL Palisades, New York Press Ewing 30-90 94.34 18.5
BUL Bulawayo, Rhodesia WWSSN 15-100 112.22 2627
GRM Grabamsiown, South Africa WWSSN 15-100 121,30 251.9
BHP Balboa Heights, Canal Zone WWSSN 15-100 122.11 36.1
GIE Galapagos Islands, Ecuador WWSSN 15-100 12473 53.6
QuUI Quito, Ecuador WWSSN 15-100 130.69 40.1
ARE Arequipa, Peru WWSESN 15-100 148.15 43.4
AAE Addis-Ababa, Ethiopia WWSSN 15-100 85.63 7 278.3
NAI Nairobi, Kenva WWSEN 15-100 93,93 % 272.0

* This station recorded ; R,.
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Fig. 3. Papeete record of the Iapan Sea event on the LDG broad-band system.

witl write this ;R ). This phase can be followed contin-
uously at various stations, up to a distance of 148°

{at ARE). The phase ; R, {sccond passage of the first
higher mode) gives a distinet signal at some stations
{AAE, NAD in the lobes of the radiation pattern.

This phase was alse identified {(but only qualitatively)
by Okal and Geller {10}, on a PAS record of the
Colombian 1970 earthquake.

3. Radiation pattern of (B,

Records were digitized, filtered at T2 455, and
cqualized to a common instrument (in view of the
long-period nature of the signal, the PAS ultra-long
period system was chosen), and a common distance
{(90°, following the technique of Kanamozi {11,12].
The phase and group velocities used in the equaliza-
tion were derived from Gilbert and Dziewonski’s 51
model 1066A; the & model used was the SL2 model
of Anderson and Hart {13]. The cqualization was
performed only on the portion of record corre-
sponding to the first higher mode. Given that most of
the energy in the records is concentrated around 70—
80 s, and since the group velocities of the various
overtone branches are weli separated in this range of
periods, it was not necessary to use the “variable
filtering” techniques described by Cara [7].

Results are presented in Fig. 4. The data point
relative to OBN js only tentative, since the phase
response of the instrument was unknown to us, as
was its overall magnification {the relative frequency
response, or shape of the response curve was avail-
abie, and very similar to the response of the LDG
system at PPT). We used a comparison of the
amplitudes of the overtene and fundamental Rayleigh

waves at both stations, and assumed a phase response
similar to that of the LDG instrument. The resulting
equalized amplitude for OBN is probably accurate to
£50%.

The observed radiation pattern is in excellent
agreement with the previously published focal mecha-
nism. It is interesting to note that the departure of
the observed radiation pattern from the theoretical
one compares [avorably with that of fundamental
Rayleigh waves for the present earthquake [8,9], ot
other events of recent study [14,15]. The fact that
the agreement between observed and theoretical
radiation patterns of overtenes is somewhat better
than for fundamental Rayleigh waves might be due to
lateral heterogeneities playing a lesser role in the
propagation of overtones.
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Fig. 4. Radiation pattern obtained from time-domain ampli
tudes of equalized records of the R, overtones. The full line
is the theoretical radiation pattern for a momeni of 6.7 X
1027 dyn-cm, The data point at OBN is only tentative.




4.  and moment

In order to investigate the overtones quantita-
tively, our next step was to build a synthetic seismo-
gram of the PAS record for a perfectly elastic model
{( = =) by adding all normal modes with T3> 45 s.
Since Koyama [9] has shown that the rupture time of
the source was approximately 30 s, we use a step-
function source, as our results deal exclusively with
periods of 70 s or greater. By artificially “switching
off” the overtones |3y from the computation, we lost
the phase observed experimentally, and were thus
able to confirm its interpretation as R,.

{J. Since the moment of this earthquake is well
documented {8,9}, it is possible to use a comparison
of this synthetic with the observed record filtered at
45 s, to investigate directly the overtone O at the
predominant {requency involved. Using 2 moment of
6.7 X 107 dyn-cm, we obtain & = 160 for the first
overtone at T = 80 5. Previous direct measurements of
the s of overtones have vsually been constrained to
lower frequencies [16,17]. Jobert and Roult [17]
obtained values of J = 150220 in the range ;855 to
1959, corresponding to pericds of 100—120 s, We also
computed values of O by applying the same techni-
que to the phase R, well recorded at the two Afri-
can stations of AAE and NAT (Fig. 5), and obtained
2= 140 (NAD and 145 (AAE} at 70 s. Since the
travel time of the phase is about three times that of
1Ry, anelastic attenuation plays a greater role on the
amplitude of the recorded phase, and these vatues are
probably accurate to *10%. This puis our resulis in
good agreement with Anderson and Hart’s [13]
models SLI and SL2 (Fig. 6) which give O’s of
respectively 154 and 137 for {Sqo (7= 805s).

NA Jopan Sec 29 Sep 73

Fig. 5. Records of | R, at NAT and AAE: (a) original traces;
(b) filtered at T > 45 s,
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Fig. 6. Values of @ for the first higher modes obtained in this
stady, compared to theoretical values computed from SL2
£13], and to Jobert and Roult’s [17] experimental results at
longer periods,

For the second overtone (; R}, present in the PAS
record around 01:15 GMT, a tentative value of 0 =
230 at 80 s is proposed. This is somewhat higher than
expected from SL2 {¢ = 155), However, our signal is
much smaller, and this vaiue is probably much less
accurate than for the first higher overtone. Never-
theless, it is worth noting {see {13, table ViI]) that
the theoretical values obtained from SL2 (and SL1 as
well} are all low compared to experimental results
{(available only at lower frequencies). Our tentative
data seem to confirm this point.

Seismic moment. If, on the other hand, we now
assume that a ¢ mode] of the Earth is known,
synthetic seismograms including the effect of attenua-
tion can be used to compute the moment of the
event. We will now use model SL2 13} to build
synthetics of 1Ry and (R, at a number of stations.
The excellent agreement of the entire trace of the
record with synthetics is demonsirated for PAS in
Fig. 1. No synthetic was built for OBN, since the
instrument’s characteristics were not known
accurately, and the LUB fundamental, of very low
quality, was omitted from this study.

We computed the moment values resuliing from
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TABLE2

Walues of seismic moment obtained from overtone and
fundamental Rayleigh waves

Station Overtone Fundamental Ratio
moment moment overtone/f
{1027 dyn-em)  (10*7 dyncm)  fundamental

PAS 6.7 5.45 1.23

LUB §.32 NfA

WEL 4.78 5.58 0.86

PFPT 6.14 6.05 1.01

PAL 4.72 5.37 0.88

BHP 6.70 9.31 0.72

BUL 6.52 6.99 0.93

GRM 6.20 8.25 0.75

GIE, 9.36 7711 1.21

QUi 7.76 7.55 1.03

Average value and standard deviation
672214 692+ 1.32 0.6 = 0.17

comparison between synthetic and observed seismo-
grams, both for overtones and fundamentals, as listed
in Table 2. The fourth column lists the ratio of over-
tene to fundamental moment at the various stations,
This ratio remains very close to 1, which expresses
the relability of overtone determinations with
respect o the ones using fundamentals. The standard
deviation of the overtone moments is also totally
comparable to its counterpart lor fundamental waves.
The fact that overtone values are usually slightly
lower than fundamental ones is certainly not signifi-
cant, since Koyama [9] reported a value of only

5.2 X 1027 dyn-om from a different set of long-period
fundamental surface waves, The average overtone
vaive is also in full agreement with Furumoto and
Fukao’s [8] value, obtained from siill a third set of
fundamental waves.

5. Phase velocity

Finally, because of a favorable layout of stations,
it was possible to obtain & direct measurement of the
overtene’s phase velocity. As shown in Table | and
Fig. 2, the three stations LUB, QUI and ARE are
virtually aligned on a common great circle with the
epicenter, which makes it possible to use the two-
station method [4,18]. In order o maximize the
distance between the two stations, we used LUB and
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Iig. 7. Experimental phase velocily obtained by the two-
station method applied to (R between LUB and ARE.
The full line represents the dispersion curve computed from
modet (2,

ARFE. Results are shown in Fig. 7. The agreement
with miode! C72 is excellent and again demonstrates
the feasibility of using overtones as individual seismic
phases. The fact that the observed values are slightly,
but consistently, lower than predicted by €2, may be
due to a path of highly tectonic nature. However, this
interpretation will have to wait until more data on
the regional dispersion of | R becomes available.

6. Conclusion

A case study of overtones generated by the Japan
Sea earthquake of 1973 shows that, when freated as
individual seismic phases, overtones can be reliably
used to determine focal characteristics, such as radia-
tion pattern and moment. Estimates of Q for the &
branch at 70 and 80 s yield values of 140160, in
good agreement with the latest published models.
With the development of the IDA network of accel-
erometers, it should be possible to gather a large
amount of overtone data, and by making use of
standard dispersion techniques (such as the two-
station method, positively tested over one path}, to
gain new insight into the properties of the deep upper
mantle.
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