Reports

Regional Differences in the Phase Velocity and the
Quality Factor Q of Mantle Rayleigh Waves

Abstract. The phase velocity and the quality factor (Q) of mantle Rayleigh waves
from the great Kurile Islands earthquake of 1963 have a close azimuthal correlation
with each other and differ considerably among different paths. Serious error may be
introduced in the interpretation of observed regionality in phase velocity if regional

differences in Q are ignored.

The earth is not a perfectly elastic
body. In an anelastic earth, the intrinsic
seismic velocities are dependent on fre-
quency (/). The attenuation of seismic
waves is usually represented by the qual-
ity factor, Q. Assuming a nearly constant
Q over the seismic frequency band and
solving Boltzmann’s aftereffect equa-
tion, Liu et al. (2) determined that the
fractional change in the phase velocity
due to Q is proportional to Q7! rather
than to Q2 and that the Q of surface
waves must be taken into account in a
simultaneous inversion of surface wave
and body wave data. Since the anelastic
properties of the earth are probably

determined by thermally activated pro-
cesses (3) and are strongly dependent on
temperature, inherent in the Q of a seis-
mic wave there is potentially much infor-
mation about the thermal state of the
earth’s interior.

Although numerous determinations
4-6) of the Q of surface waves and free
oscillations have been made, there are
significant differences in these values.
There are several reasons for the dis-
crepancies. First, the path coverage has
not been sufficient to establish a region-
ality of Q. Second, the theoretical treat-
ment for the lateral heterogeneities of
seismic wave velocity, which cause re-

fraction, reflection, and conversion of
surface waves (7), has not been devel-
oped. I report here large regional dif-
ferences in the surface wave Q which is
closely correlated with a regionality in
phase velocity.

The observational material consists of
digitized records of 33 vertical long-peri-
od seismograms from the World-Wide
Standard Seismograph Network (Fig. 1).
I analyzed the long-period Rayleigh
waves that were generated by the Kurile
Islands earthquake of 13 October 1963
(surface wave magnitude = 8.3). The
path coverage is more uniform than
those of any earlier studies. The seismo-
grams were ‘‘group velocity-windowed”’
with fixed group velocities of 3.45 and
3.9 km/sec.

The propagation of Rayleigh waves
along a great circle path can be formu-
lated as

Roypy1=Wx Ry, (1a)

or

Rypvo = Wx Ry, (1b)

where R,,., describes the Rayleigh
wave that propagates in the direction of
the minor arc and travels » times around
the world, R,, + » denotes the wave that
travels in the direction of the major arc,
and W is the unknown transfer function
of one circuit around the world. I used a
new technique of time series analysis (8)
to calculate the phase velocity and Q.
The procedure consists of (i) the deter-

Fig. 1. Station locations and azimuthal windows. Equidistant azimuthal projections of two hemispheres of the earth (A and B) are shown with the
Kurile Islands earthquake of 13 October 1963 located at one pole. The source and its antipode are indicated by the closed and open stars,
respectively. Circles indicate the station locations. Nine azimuthal windows are shown in both hemispheres and identified by numerals.
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mination of the optimum W in Wiener’s
sense based on the use of the Levinson
algorithm (8, 9) and (ii) calculation of the
phase velocity and Q through the Fourier
transformation of the optimum W.

Since the existence of a regionality in
phase velocity has been relatively well
established, all stations were grouped in-
to nine azimuthal windows according to
similarity of phase velocity. I then calcu-
lated the average phase velocity and Q
for each window in order to see if there
was any azimuthal correlation between
them. I describe below the results for
three typical windows (windows 2, 5,
and 8) (10).

Window 2 has the highest phase veloc-
ities and Q of all the windows. This win-
dow contains long paths over the Cana-
dian and Brazilian shields (Fig. 1). The
average phase velocity is systematical-
ly higher than that of model 5.08M
(C5.08M) (6) in the period range from 150
to 300 seconds, the velocity difference
being 0.011 km/sec at 200 seconds. The
Q for this window is higher than that of
model MMS8 (5) in the period range be-
tween 150 and 300 seconds. The average
Q at 200 seconds is 190, whereas the Q of
MMB8 is 170. This high Q indicates that in
the upper mantle under the shield region
seismic waves suffer relatively small at-
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tenuation and supports the idea that tem-
peratures are relatively low under the
shields. Window 5 has the lowest phase
velocities and Q of all the windows. It
contains long paths over such tectonic
regions as the Himalayas and the Rift
Valley of Africa. The average phase ve-
locity at 200 seconds is 0.016 km/sec
lower than that of C5.08M. The average
Q at the same period is 150, whereas the
Q of MMS is 170. This low Q indicates
that in the upper mantle under tectonic
regions seismic wave attenuation is large
and suggests that the temperatures are
relatively high under tectonic regions.
The average phase velocity and Q for
window 8 have values intermediate be-
tween those of windows 2 and 5. The av-
erage phase velocity at 200 seconds is
only 0.002 km/sec lower than that of
C5.08M. The average Q at the same peri-
od is 170, equal to the Q of MMS.

The deviations of the observed phase
velocity from C5.08M and the observed
Q are plotted as a function of azimuth re-
duced to the 180° range in order to clarify
the path dependence of the phase veloc-
ity and Q (Fig. 2). It is apparent that both
the phase velocity and Q are azimuthally
dependent and that their azimuthal de-
pendences are closely correlated with
each other.
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Fig. 2. Azimuthal variations of the phase velocity deviation from C5.08M and of Q as a function
of azimuth reduced to the 180° range: (A) at 250 seconds; (B) at 160 seconds. Standard devia-
tions of phase velocity and Q are indicated by vertical bars, and standard deviations of the
station azimuth are indicated by horizontal bars. When only one observation is available, the
bars are not shown. There exist regional differences in both phase velocities and Q, and the
azimuthal variations of Q are closely related with those of the phase velocities. Values of Q

calculated for MM8 are shown for comparison.
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This correlation between the phase
velocity and Q is seemingly reason-
able, but some caution is required to
interpret it. According to Liu et al. (2),
the correction of phase velocity for at-
tenuation is expressed as

ac=-S @)
wQ

where T is the period and C is the phase
velocity. The reference period is equal to
1 second. If we correct the observed
phase velocities by means of Eq. 2, using
the observed Q values, we find that there
are not any large regional differences
in phase velocity. As an example, the
deviations of the phase velocities, cor-
rected for attenuation, from C5.08M are
0.060, 0.061, and 0.064 km/sec at 160
seconds for windows 2, 5, and 8, respec-
tively. There appears to be no significant
azimuthal variation for the corrected
phase velocity. This result demonstrates
how one must interpret the observed re-
gionality of C carefully by taking region-
al differences in Q into account. The
above discussion does not, however,
necessarily mean the absence of a signifi-
cant regional difference in phase velocity
at 160 seconds, because a frequency-in-
dependent Q is the basic assumption of
Eq. 2.

The following conclusions may be
drawn from this work. (i) The Rayleigh
waves suffer small attenuation along
paths where the phase velocity is high
and large attenuation over regions where
the phase velocity is low. (ii) Although
the Q of MMBS is appropriate as an aver-
age representation of the observed Q in
the period range from 200 to 300 sec-
onds, the differences for different great
circle paths are very large; for example,
the maximum discrepancy at 250 sec-
onds is 140, 70 percent of the Q of MM8
(195). This lateral heterogeneity of Q
may be too large to permit one to con-
struct an average Q model of the upper
mantle. One should take into account the
regional difference in Q in order to cor-
rectly interpret the observed regional dif-
ference of phase velocity. (iii) All the
windows except window 2 have lower Q
than the Q of MM8 at periods below 200
seconds. I obtained Q values almost
equal to 100 at periods near 160 seconds.
This fact indicates that the low-Q zone,
which may be identical with the low-ve-
locity zone, in the upper mantle must be
wider than that of MM8 or that the in-
trinsic Q in this zone must be smaller
than that of MMS.
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Immunofluorescent Detection of Nuclear
Double-Stranded RNA in situ in Vero and Mosquito Cells

Abstract. Double-stranded RNA (dsRNA) was detected in situ by indirect immu-
nofluorescence with antibodies to dsRNA. It was seen in nuclei of Vero and Aedes
albopictus cells, but not in BHK cells, KB cells, chick embryo fibroblasts, or HeLa
cells. Reactive dsRNA was present in the nucleoplasm, but not in nucleoli or cyto-
plasm. Extracted RNA from the whole cell contained from 0.08 percent (BHK) to
0.46 percent (HeLa) dsRNA, as estimated by serological methods. This dsRNA,
Sfound in molecules having the size distribution of heterogeneous nuclear RNA, did
not renature rapidly after denaturation. The quantity of dsRNA in total extracted
RNA did not correlate with the presence or absence of nuclear staining in situ.

A number of reports have described
double-stranded RNA (dsRNA) in ex-
tracted nuclear RNA, particularly in the
large, heterogeneous nuclear RNA
(hnRNA) fraction (I -5). Interpretation of
the possible functional significance of
dsRNA from in vitro studies of extracted
RNA had been limited, since it is un-
known whether any double-stranded re-
gions exist in native intracellular struc-
tures. A significant portion of the dsSRNA
probably forms only during deproteiniza-
tion, and consists either of intermo-
lecular complexes (6) or of intrachain
complementary sequences that have an-
nealed during phenol extraction (6-8).
However, a small fraction of dsSRNA has
been identified in nuclear ribonucleopro-
tein particles prepared without depro-
teinization (7).

Antibodies that specifically recognize
dsRNA (anti-dsRNA) can be used to ex-
amine whether dsRNA exists in native
intracellular structures. Similar tech-
niques have served to identify reovirus
dsRNA (9) and Sindbis and dengue virus
replicative form RNA (10, 11) in infected
cells and in extracted RNA; the viral
dsRNA could be visualized in situ by im-
munofluorescence without extraction
and deproteinization (9, 10). In these ex-
periments, control or uninfected BHK or
KB cells showed little or no fluorescence
when tested with the combination of
anti-dsRNA prepared in rabbits (rabbit
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anti-dsRNA) and fluorescein-labeled
antibodies to the rabbit globulin pre-
pared in goats (goat anti-rabbit globulin)
(10). With these same reagents, we have
observed that other cell lines display a
striking nuclear fluorescence, specifical-
ly localized in the nucleoplasm. We re-
port here (i) the in situ demonstration of
dsRNA in the nucleoplasm of uninfected
Vero cells and the Aedes albopictus
mosquito cell line of Singh (I13) and (ii)
the size distribution and nuclear origin

Table 1. Serological estimation of dsRNA in
total RNA extracted from varying cell lines.
RNA was extracted (I2) from either whole
cells (2 to 5 x 108) or isolated nuclei. Varying
concentrations of RNA were tested with puri-
fied antibodies to dsRNA in quantitative com-
plement fixation assays (22). The amount of
dsRNA was estimated by comparison with
the amount of poly(I) - poly(C) required for a
standard reaction curve (/1, 12). The values
for total RNA from BHK, Vero, and A. albo-
pictus cells are averages of four separate ex-
periments.

Percentage of extracted
RNA reactive with

Cell line antibodies to dsRNA
Total Nuclear
BHK 0.08 = 0.027
Vero 0.29 + 0.1 0.51
A. albopictus 0.2 *=0.05 0.7
HeLa 0.46
KB 0.1

0036-8075/78/0623-1381$00.50/0 Copyright © 1978 AAAS

of extracted RNA that contains sero-
logically - reactive dsRNA. The anti-
bodies for these experiments recognize
dsRNA structure specifically (14, 15).
Both the gamma globulin fraction of
serum and antibodies that had been im-
munospecifically purified with hetero-
duplex molecules of polyinosinic acid and
polycytidylic acid [poly(I)-poly(C)] (10,
15) gave similar results.

When acetone-fixed Vero cells were
tested with purified rabbit anti-dsSRNA
followed by fluorescein-labeled goat
anti-rabbit globulin, there was diffuse
staining of the nucleoplasm in virtually
all cells; in contrast, the nucleoli and the
cytoplasm were unstained (Fig. la).
Vero cells, tested at varying times over a
period of several years, reacted similar-
ly. When normal rabbit immunoglobulin
was used instead of purified antibody, no
staining was seen. Unlike Vero cell nu-
clei, BHK cell nuclei were not stained by
the antibody reagents (Fig. 1b). Aedes
albopictus cells were stained with the
gamma globulin fraction from anti-
dsRNA (Fig. Ic¢), but not with gamma
globulin from normal serum. The specif-
ic fluorescence was confined to the nu-
cleoplasm. The reactive antigen in these
cells gave a speckled pattern, rather than
the more homogeneous pattern seen in
Vero cells.

The immunofluorescence reaction was
specific; it was blocked by poly(I)-poly(C)
(Fig. 1d), but not by total yeast RNA or
calf DNA. The appearance of faintly
stained nucleoli against the dark nuclear
background seen with poly(I)-poly(C)-
absorbed serum was not specific immune
fluorescence; it was also observed in
some cells stained with normal rabbit
gamma globulin.

As with BHK cells, the nuclei of chick
embyro fibroblasts and KB cells consist-
ently failed to stain with anti-dsRNA
and fluorescent anti-globulin. HeLa cells
were also negative in the one test done.
Occasionally, a few stained granules
were seen in the cytoplasm of these cell
lines.

Since different cell lines vary in their
immunofluorescent reactivity, the total
phenol-extracted RNA from several cell
lines was tested in quantitative com-
plement-fixation assays with purified
anti-dsRNA. Although positive reactions
were seen, the total amount of RNA re-
quired was from 200 to 1200 times the
amount of purely double-stranded
poly(I)-poly(C) that was reactive. From
these results, we estimated that from
0.08 percent (BHK) to 0.46 percent
(HeLa) of the total RN A behaved as if it
were double-stranded (Table 1). The
dsRNA represented a higher percentage

1381



