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Abstract

Difference of @, specific quality factor, for P waves in the upper
and the lower mantle is determined around the period of 1sec by
the spectral analysis of P, PcP, pP and pPcP phases from nine after-
shocks of the Alaska earthquake of March 28, 1964. The effects of
crustal layerings are removed by Haskell’s method. From relative
spectral ratios P/PcP and pP/pPcP, the maximum of the average Q
for P waves, Q., is estimated as 800. The ratio of the average Q
for the upper 870 km of the mantle, Q., to that for the rest of the
mantle, @/, cannot be larger than 0.3. The probable range of Qs
', Q! and Q./Q! can be determined as 410< Q. <630, 180< Q% <240,
1600 < @Y <6000, and 0.04<QL/QY <0.12 respectively, when the pre-
viously determined relation between Q. and Q./Qp (Qp; average @
for shear), and the range of the ratio 1.8=Q./@p=2.5 suggested by
surface wave studies are used.

Introduction

The attenuation of seismic waves which is a manifestation of the
earth’s anelasticity has an important bearing on the state and the tem-
perature of the deep interior. A variety of techniques have been applied
in order to determine @, the specific quality factor, of the earth. The
quality and the significance of the individual result differ widely. Some
of the results depend greatly on various assumptions which do not at
first seem reasonable. In some other cases, although the involved assump-
tions are reasonable, the quality of the data is not good enough to permit
an accurate determination of Q.

Our present knowledge of seismic wave attenuation in the earth’s
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interior is not sufficient to establish the frequency dependence and the
distribution with depth of @, which are most pertinent to many geo-
physical problems.

The purpose of the present work is to determine the difference of
Q for P waves in the upper and the lower mantle at periods around 1
sec. Although short-period waves are suited to the study of the earth’s
attenuative property, they are easily affected by various source effects,
irregularities in the structure and noise. Therefore I attempted here to
minimize these effects statistically by using a number of earthquakes
from almost the same locality. Nine aftershocks of the Alaska earth-
quake of March 28, 1964 are used to determine the spectral difference
between P and PcP phases and then to estimate the difference of @, in
the upper and the lower mantle,

Data

Nine aftershocks of the Alaska earthquake of March 28, 1964 re-
corded at Tonto Forest Seismological Observatory, Arizona (4=35°) by
the short-period Johnson-Matheson seismograph are used. The instrument
constants are; Ts=1.25 see, As=0.54, Tg=0.33 sec, Ag=0.61, and ¢*=0.09.

Table 1 lists all the earthquakes used for the present analysis. The
identification of the phases is based on the travel times. Fig. 1 shows
all the pairs of P-PcP and pP-pPcP reproduced from the seismograms.

Table 1. List of earthquakes

No| bate | Tme | Let Lows. |Focal| Meg |40 P Arvival Pob pPer
|
hms | hms |ms | ms

1 | 28 Mar. '64 06 08 44.260.1N‘1 148.6W| 20 km 5.6 135.4°/06 15 41.6]2 27.92 28.4
2 2 Apr. '64 11 41 10.758.8N 149.6W) 20 5.4 135.2 |11 48 06.22 29.42 29.7
3 5 Apr. '64 19 28 18.160.2N. 146.7TW| 15 5.8 [34.6 119 35 10.42 32.22 32.3
4 |10 Apr. 64 101 08 00.258.4N: 150.6W| 15 5.5 |35.5 01 14 58.92 27.62 28.4
5 | 17 Apr. '64 ‘09 09 07.857.7TN 151.4W| 20 5.4 35.8 09 16 06.92 26.9
6 |16 May '64 ‘14 44 54.0:57.6N 151.0W| 33 5.4 35.4 (14 51 49.6'2 28.0
7 |30 May ’64 03 18 08.3|59.5N 143.5W| 15 5.5 135.1 |03 25 04.22 29.4
8 |11 July '64 |20 25 40.3|59.7N‘ 146.2W| 40 5.6 134.2 20 32 24.62 35.0
9 |23 July '64 |19 08 06.6i59.9N, 149.2W| 55 5.4 [35.6 19 15 01.0|2 27.2
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Fig. 1. Vertical component of P, PcP, pP, and pPcP phases
reproduced from TFSO seismograms. Numbers are referredto
those in Table 1.

Method of Analysis

The method is essentially the same as that discussed in the previous
paper [Kanamori, 1967a]. The frequency spectrum of P phase at the
station is

P(f)=kS(f) T(f)I(f) exp (—2mifr) exp[—nfgop Qdf, ] @
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where S(f), T(f), and I(f) are the source spectrum, crustal transfer
function and instrument response respectively. k% is the amplitude diminu-
tion factor. exp (—2mifr) represents the propagation delay, where ¢ is

the travel time. exp [—rcf g ds ] represents the effect of absorption
op Qa VP

by the medium, where @, and V, are the specific quality factor and
velocity for P waves as a function of depth. The integration is per-
formed along the P phase path Cp. Similarly, the spectrum of PcP

phase is,
PeP(f)=k'S(F) T'(F)I(f) exp (—2mifz’) eXp[—ﬂfSUPP stv ] @

where k', T'(f) and ¢’ are the corresponding quantities for the PcP
phase. We assumed that the relative spectrum at the source is isotropic,
and that the reflection at the core boundary does not affect the spectral
structure. Since the angles of incidence at the base of the crust of P
and PcP phases are about 37° and 11.7° at 4=35° respectively, the
crustal effects which are represented by 7T(f) and T'(f) are significantly
different. Following Haskell [1962] we calculate the crustal.transfer
functions for two crustal models given in Tables 2 and 3.

Table 2. Crustal model used for the calculation
of the transfer correction,
Standard continental crust

Thickness P wave velocity | S wave velocity Density
1st layer 11.0 km 6.10 km/sec 3.50 km/sec 2.70 g/em?
2nd layer 9.0 6.40 3.68 2.90
3rd layer 18.0 6.70 3.94 2.90
Half space o 8.15 4.75 3.30

Table 3. Crustal model used for the calculation
of the transfer correction.
Standard continental crust with sediment

Thickness P wave velocity | S wave velocity Density
1st layer 2.0 km 3.00 km/sec 1.66 km/sec 2.35 g/em3
2nd layer 9.0 6.10 3.50 2.70
3rd layer 9.0 6.40 3.68 2.90
4th layer 18.0 6.70 3.94 2.90
Half space 3 8.15 4.75 3.30
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In order to correct for the crustal effect the following procedure is
adopted. From (1) and (2) we have

NPDITNO _ koo nrs 3
PPy T de P TEE) )
_ s  ds
loav s av, N

Here S represents the differential effect of attenuation on P and PcP
phases which is to be determined. In order to estimate | P(OY T |,
and | PeP(f)/T'(f)| we first define the inverse crustal transfer responses
¢7(t) and t'~'(t) by taking the inverse Fourier transform of 1/7(f) and
1/T'(f) respectively. The inverse transfer response is such that, when
applied to the bottom of the cust, it gives rise to an impulsive displace-
ment at the surface after the transmission through the crust. The

INVERSE CRUSTAL TRANSFZZ RISPONSE

STANCARD CRUST

Iy =11.7°

STANDARD CRUST

im=37°

TANDARD CRUST WITH SEDIMENT

im=11.7°

STANDARD CRUST WITH SEDIMENT

im=37°

1sec

Fig. 2. Inverse crustal transfer responses with an arbitrary
vertical scale for two crustal models given in Tables 2 and 3.
1y is the angle of incidence at the base of the erust. 1 =37°
and 1y =11.7° correspond to P and Pc¢P phases respectively. Cut-
off frequency is 2 cps.
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inverse transfer responses t~'(t) (1, =37°) and ¢'~}(t) (i,,=11.7°) calculated
for two crustal models with a high frequency cut-off at 2 cps are shown
in Fig. 2. For the standard crust, no distortion of waveforms occurs,
while for the standard crust with sediment the main pulse is followed
by reverberations which are presumably due to the sedimentary layer.
We convolve t7'(¢t) with the P phase on the seismogram to remove the
crustal effect. We then Fourier analyse a portion of the convolved P
phase using the time window

w(t)=0.5440.46 cos —;t , [t|=T,

m

=0, > T,

centered at the arrival of the main pulse. The width of the window
2T, is set at 5sec. We denote the amplitude spectrum thus calculated
by | P'(f)| and use it as the estimate of | P(f)/T(f)|. The estimate of
| PeP(f)/T'(f)] is similarly calculated and denoted by |PcP'(f)|. We
now have

AP N ket n

Bopipy = o XL ST (5)
The amplitude spectrum ratio | P'(f)|/| PeP'(f)] is calculated for the nine
pairs of P and PcP phases given in Fig. 1 and Table 1. For the four
pairs of pP and pPcP phases, the same procedure is used, but the crustal
effect at the reflection near the source is ignored. The average of the
thirteen spectral ratios will be used for the determination of S through
(5).

Although all the earthquakes have about the same focal depth and
distance to TFO, the amplitude diminution factor k/k’ differs from one
earthquake to another, because it entirely depends on the radiation
pattern at the source. Hence, the absolute amplitude ratios cannot be
used. In order to determine the average frequency dependence of the
spectral ratios we normalize them at the frequency of 0.8 cps before
taking the average. Fig. 8 is the result with the crustal effect ignored.
Figs. 4 and 5 are the results when corrections are made for the standard
crust (Table 2) and for the standard crust with sediment (Table 3).
Although the major features are about the same, the points are better
aligned on a straight line when the correction is made for the sedimen-
tary layer. In any case, the crustal structure does not greatly affect
the results. The standard deviation of the averaged ratios at specific
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Fig. 8. Normalized spectral ratios P/
PcP and pP/pPcP. The crustal effect is
ignored.
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Fig. 4. Normalized spectral ratios P/
PcP and pP/pPcP. The crustal effect is
corrected for the standard crust given in

Table 2.
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Fig. 5. Normalized spectral ratios P/PcP and pP/pPcP. The
crustal effect is corrected for the standard crust with sediment

given in Table 8.

Slopes corre-

sponding to several values of S are shown for the sake of comparison
Although the standard deviations are fairly

with the observed slope.

large, the slope corresponding to S=0.4 sec fits the data reasonably well,

Interpretation

The value of S thus determined ecan be interpreted in terms of the
difference of Q in the upper and the lower mantle. We define the average
Q@ over the paths of P and PcP phases by
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Qr(d)=t /ﬂb—@% ,

@a==\, ot

(6)

Similarly, we let Q., @, and Q7 be the average Q along the vertical path for
the whole mantle, for the upper mantle

A above the deepest point of the P phase,
B, and for the lower mantle below B
DEPTH D’ respectively (see Fig. 6). The depth
of B is about 870 km when 4=35°,
CORE BOUNDARY We may write

3 (DEPTH D)

S Qr=(1+e¢
Fig. 6. Schematic illustration of Qe={1+¢)Qx(4),

_ 7)
ray paths of P and PcP phases. Qoe=(1+&)Qr.»(4) (

where ¢, and ¢, are small quantities which represent the effect of the
curvature of the ray path. For uniform @ distributions ¢, and ¢, are zero.
Since the curvature of the ray path of the PcP phase is small at 4=385°,
g, is extremely small for any reasonable @ distribution. ¢, depends only on
the shape of the @ distribution within the upper mantle. Its dependence
on the @ distribution is not very large. For example, ¢, is about —0.23
for a group of @ models characterized by the MMS8 model given by
Anderson et al. [1965]. Hence, we will consider two cases; (1) ¢,=¢,=0
(uniform @ for the upper mantle), and (2) &=—-0.23, =0 (MM8 for
the upper mantle). In view of other evidence from surface wave studies
[Anderson et al., 1965], a preference should be given to the latter where
only a general pattern of the @ distribution within the upper mantle is
assumed. The former in which the @ distribution is assumed to be uni-
form within the upper mantle will be considered only for the purpose
of comparison.
From (4), (6) and (7) we have

Q=1 +e)7Qu/[QuS+(1+&)7'] (8)

For 4=85°, =416 sec and z'=568sec. The relation between @, and Q.
calculated from (8) for S=0.4sec is gizen by solid curves in Fig. 7.
From the definition of Q., Q. and @7 the relation

@ 10 B Tt T )] (9)
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Fig. 7. Relations between @« and Q« (solid curves and left
ordinate) and between Q. and Qu./Q. (dotted curves and right
ordinate) for S=0.4sec. Curves designated by MMS8 are the solu-
tions when the MMS8 @ distribution is assumed for the upper

mantle. Curves designated by UNIFORM @ are those when @ is
constant with depth in the upper mantle.

holds, where T.,,, T,;, and T,, are travel times of P waves from 4 to
O, A to B, and B to O in Fig. 6 respectively. The relation (9) is plotted
in Fig. 8 for various depths of B. Combining (8) and (9) we can derive
a relation between @, and Q,/Q” which is plotted by dotted curves in
Fig. 7. If the MMS8 type @ distribution is preferred for the upper

100

T T T T T T T |

1554 870 603 ]
413

27 1

10} D= o6 kn/

1 2 3 ~_J _ 5 6 7 8 9
Co/ Qo

Fig. 8. Relation between Q%/Q% and Qa/Q for various D’
D' is the depth of the boundary of the upper and lower mantle.
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limit of Q, is 800. That is, it is impossible to explain the spectral dif-
ference between P and PcP phases even with a non-attenuating lower
mantle (i.e. Q7= co) unless @, is smaller than 800. @./Q increases with
decreasing Q,., but it cannot be larger than 0.3. Thus the conclusions,

QR.<800, Q./Qr=<0.3

immediately follow.

We can go a step further with one additional assumption. In the
previous work by Kanamori [1967b] a relation between @, and 7=Q./Qs
was determined. If we use 1.8<%<2.5 which is suggested by Anderson
et al. [1965], we have 410<Q,<630 from Table 5 of Kanamori [1967b].
Combining this with the present result leads to

0.04<Q./Q<0.11,
180< Q<240 ,
1600 < Q7' <6000 .

Thus we can conclude that @ is about one order of magnitude larger in
the lower mantle below 870 km than in the upper mantle, This sub-
stantiates the conclusion arrived at by Anderson and Kovach [1964], and
Kovach and Anderson [1964] from long-period shear wave studies. The
large Q" implies that the mantle below 870 km is almost perfectly elastic.

Although the uniform @ model for the upper mantle is probably not
a good approximation, it may be worthwhile to take it for comparison.
From Fig. 7, we then have a slightly larger ratio

0.22<Q./QY<0.32

corresponding to 410<@,<630. This still favors the high @ lower mantle
model.

Discussions and Conclusions

Two major assumptions are made in the present analysis. First of
all we assumed that the relative spectrum at the source is the same for
all directions. The wavelength concerned here is about 10 km while the
dimension of the earthquake volume and the fault length is probably of
the order of 1km since the magnitude of the earthquakes used here is
around 5.5. Therefore, this assumption is probably reasonable. How-
ever, since all the earthquakes used here are shallow and occurred at a
continental margin where the crustal structure is laterally inhomogene-
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ous, the possibility of the anisotropic source spectrum cannot be totally
excluded.

Secondly we assumed that no spectral distortion other than those
due to the attenuation and crustal layerings occurs during the trans-
mission. A major possible source of the spectral distortion is the core
boundary. If we have a detailed model of the core boundary, it can be
taken into account in the analysis by the method described in the previous
paper [Kanamori, 1967a]. However, uncertainties about the core bound-
ary are as yet too great for detailed discussions to be meaningful. It
is evident that any core boundary model which has any transitional
nature whatsoever will increase the value of S and therefore shift the
curves in Fig. 7 downward.

The crustal effect on the spectrum is small if the spectral analysis
is made with a reasonably short time window. This justifies the analysis
of the pP and pPcP phases which ignores the crustal effect at the re-
flection near the source because of the uncertainties of the focal depth.

The result obtained here is consistent with that obtained in the
previous analysis of P and PcP phases [Kanamori, 1967a]. There it
was shown that the MMS8 @ distribution is one of the Q@ models
which are compatible with the observed spectrums of P and PcP phases.
However, to begin with, the shape of the @ distribution was assumed.
Specifying the shape of the distribution is almost equivalent to assigning
the value of Q'/Q”. The MMS8' Q distribution gives Q'/Q"=0.09. Thus
the previous result can be compared with the particular solution of the
present result with Q’/Q”=0.09. From the dotted curve in Fig. 7, we
immediately have Q,=470 which is in good agreement with Q,=435-+120
obtained in the previous study from an independent set of data.

The maximum value of 800, and the probable range from 410 to
630 of average @ for P waves for the whole mantle at the period of 1
sec are now compared with those estimated hitherto. Press[1956] obtained
the value of 500 for Q; (T=11sec) from multiple core phases, Otsuka
[1963] estimated Q; at 800 (T=5sec), Anderson and Kovach [1964]
obtained @Q;=440 and 510 (T=25sec), and Kovach and Anderson [1964]
found that an average Q; of 600 for the mantle is compatible with the
multiple S¢S and sScS data over the period range of 14 to 70sec. Teng
[1966] used spectrums of long-period P waves in order to estimate Q,
within the mantle. From the comparison of P and pP phases he esti-
mated the average @ for the mantle between the earth’s surface and a
depth of 430 km as 60~190. He also suggested a @, model which has
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low-@ regions in the upper mantle and near the core boundary.

The present result is in general agreement with these estimates.
However, in view of the fairly abundant high frequency components
contained in teleseismic signals, the present estimate of the lower limit
of @ for the upper mantle (Q,=180) seems a little too small for a re-
presentative value of the upper mantle @. It should be noted that the
present result may reflect the regional difference of Q distribution as
recently suggested by Utsu [1966]. Utsu suggested that the abnormal
distribution of seismic intensities observed in Japan may be explained in
terms of regional differences in seismic wave absorption. He pointed out
that a tenfold regional variation of @ in the upper mantle is possible.
Asada and Talano [1963] also suggested regional differences of Q. Since
low @ layers contribute more to the average value of @ than high Q

Q layers, even a thin low @ layer in
50 100 500 1000 the mantle can appreciably reduce

S Ay T ' the average @. Because all the
earthquakes used here are from the
same locality and recorded at the
-] same station, an existence of a
local low @ zone may have system-
—  atically lowered the observed Q.
Dr. Don Anderson [personal com-
-1 munication] informed me that the
mantle under TFO which is in the
basin and range province is found
to be more attenuating than other
areas in the United States. In the
basin and range province there
exists evidence of low P, velocity
| and high heat flow, and this is sug-
gestive of higher mantle tempera-
—  tures [Birch, 1966], which in turn
Lol Q61800 Q=6000 | guooests higher attenuation. It

Fig.9. Minimum and maximum @ distri- would be interesting if the region-
butions Qm and Qu for the caleulation of ality of @ distribution could be
T/Q of Carpenter and Flinn [1965]. The revealed in relation to various tec-
averages of Qm model are 180, 1600, and 410 tonic activities. A slightly larger
for the upper, the lower and the whole value of @ for the upper mantle may

mantle respectively. Corresponding aver- . - .
ages for the Qy model are 210, 6000, and 630. be appropriate for “normal” areas.

100

200

300

9200
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— Carpenter and Flinn [1965]
Qn (0410852190, 3;+1600) | suggested that, for short-period
P waves, the ratio of travel time
to the path-average of @ is
almost constant, about 1sec at
teleseismic distances. For com-
parison, we calculated the ratio
A\ - for two Q models Q. and Q
4 (Fig. 9) which represent respec-
tively the minimum and maxi-
1 mum @ distributions suggested
S0, here. The distribution in the
Distance,  Degree upper mantle is similar to that
Fig. 10. The ratio of travel time to the of the MM8 model but is con-
path-average of Q, T/Q, calculated for the two giderably smoothed. The lower
@ models given in Fig. 9. Solid and. dotted lines mantle Q is assumed to be con-
are for P and PcP phases respectively.
stant at 1600 and 6000 for the
Q.. and Q, models respectively. The ratios thus calculated are almost
constant at 4>60° and are 1.5 and 1sec for the Q. and Q, models
respectively (Fig. 10). This is consistent with the result by Carpenter
and Flinn, and a slight allowance for the relatively attenuating mantle
under TFO would make the agreement even better.

The most severe limitation of the present method is the difficulty of
removing the disturbing signals superposed upon P and PcP phases. This
difficulty may be overcome by using as much data as possible at various
stations. Records from stations having different epicenter distances will
provide valuable information on the distribution of @ with depth, since
P rays arriving at stations of different distances have different depths of
penetration,

L=

sec
B
L A R
]
)
{
\
\
\
TTTr———a
LI I
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