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3 TECHNICAL REPORT SUMMARY

i Preliminary estimates of the attenuation of high frequency crustal

>S§ body and surface waves have been obtained for Eurasian paths, principally

;?3 for regions which are geologically young and of relatively high topographic

y relief. Formulas for body-wave magnitude determination and curves showing the

3; attenuation of 1-Hz first-arrival P waves, 1-Hz Pg waves, l-Hz Lg waves, and

{: 0.3 to 0.5-Hz Lg waves in such reglons are presented. These studies indicate

52 that first-arrival P wﬁvés and 2 to 3-sec period Lg waves can be detected to

;1 approximately 2500 km for an mb=6.0 earthquake if the threshold of detection is

éi 1 millimicron. Only the 2 to 3-sec Lg waves will be seen if the threshold of

: detection is 10 millimicrons. For the older and geologically more stable regions
of Eurasia, there are less data. These data suggest that the Attenuation of the

;: high frequency seismic waves is less than in the geologically young regions of

< Eurasia, but greater than in eastern North America.

>$S Group and phase velocities of both Rayleigh and Love waves have been obtained

'é for numerous paths across the eastern United States. After correcting for the

-, initial phase at the source, 'the data were windowed according to source-station

; azimuth, amplitude, and distance to obtain high quality data over paths between

; 400 and 2000 km in length. An inversion of these data using modern stochastic

f: methods yields a model which is everywhere isotropic and does not require an

‘;f upper-mantle low-velocity zone.

ii A new method using amplitude spectra of higher-mode surface waves has been

ii developed to obtain Q models in various geologic regions. Initial results from

?. the application of this method have been obtained for the Colorado Plateau and
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Basin—-and-Range province. All of the data, to date, can be explained with a

model which has high Q values in the lower crust (~2000), and values in the
upper crust which are lower than those previously obtained for eastern North
America.

A study of complex and simple earthquakes off the southern coast of Mexico
has resulted in the observation that short-period P wave amplitudes are greatly
attenuated during travel to northeasterﬁ United State§ stations. T/Q values
between 3 and 4 would be required to explain those observations. Preliminary
calculations suggest that a low-Q region above the descending slab can explain
the observations. However, the possibility of defocussing due to a geometrical
effect of the descending slab is also being investigated.

P-wave spectra are presented for eight earthquakes, of Mg 5.3 to 7.9.
Using Brune's theory, seismic moments, source dimensions, and stress drops are
estimated from the long-period level of the spectrum and the corner period.

The mp:Mg values for six of the eight earthquakes satisfy the relation

proposed by Geller.
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TENTATIVE VALUES OF ATTENUATION OF HIGH-FREQUENCY

SEISMIC WAVES AT REGIONAL DISTANCES IN EURASIA

by

Otto W. Nuttli

INTRODUCTION
Detection, location, discrimination and yield determinations of under-
ground nuclear explosions all require a knowledze of the attenuation of the
amplitudes of seismic phases with distance. If measurements of these phases
are made at regional distances (less than about 2500 km) then the wave
attenuation will in general vary with geologic region, as the structure of the
earth's upper crust varies laterally. For example, Evernden (1967) has shown
that the P phases (Pn, Pg and P refracted in the upper mantle) are much more
strongly attenuated in the western than in the eastern United States. Nuttli
(1973) showed that short-period Lg waves in eastern North America (east of Rogky
Mountain front) have a low attenuation, whereas those for wave paths west
of the front are severely attenuated. On the basis of those attenuation studies
North America can be divided into two provinces, namely a Type-A region of
relatively flat topography and old surficial rocks and a Type-B region of more
rugged topography and young surficial rocks.
Physiographically, Eurasia also may be divided into a Type-A and a Type-B

region (Figure 1), Type-A includes France, Germany, Poland and the Soviet Union

east to about 90°E and 120°E longitude. Type-B includes the Mediterranean countries,

Iran, Afghanistan, Pakistan, China and the eastern part of the Soviet Union.
At present it is not known how the Ural Mountains or seas such as the Caspian,

Black or Baltic would affect the propagation of 1-Hz Lg waves, or of crustal body

phases or somewhat longer period surface waves.
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The WWSSN stations SHI (Shiraz, Iran), MSH (Mashad, Iran), KBL (Kaboul,
Afghanistan), and QUE. (Quetta, Pakistan) provided the basic data for this study.
The location of the stations is shown in Figure 1, from which it can be seen
that SHI, KBL and QUE are in Type~B regions and MSH is near the border of
Type-A and Type-B regions. For the present study only the short-period,

vertical-component seismograms were used. Future studies will also make use of

OFMAMNY M T ALE

short-period horizontal-component seismograms.

Froa the Bulletin of the International Seismological Centre (BISC)
earthquakes were selected which were within 2500 km distance of the stations
SHI, MSH, KBL and QUE and which had paths through Type-~A or Type-B structure.

The former were restricted to events in the Soviet Union to the north of MSH,

The latter consisted of earthquakes in Iran, Afghanistan, Tadzhikistan, Caucasus,
Turkey and Hindu Kush. For the period of study, August through December 1971,
the magnifications of the short-—period vertical seismographs at l-sec period
were 50,000 at SHI, 6,250 or 12,500 at MSH, 200,000 or 400,000 at KBL and 200,000
at QUE. Table 1 gives the dates, locations and body-wave magnitudes of the
events studied.

Zero~to-peak amplitudes and periods were read for the phases P, Pg and Lg,
all from the vertical-component seismograms. For Lg the maximum sustained motion
(defined as the largest amplitude equalled or exceeded by 3 cycles of motion),
rather than the peak amplitude, was read. All amplitudes were equallized to a
body-wave magnitude of 5.0, using the mp value given by the ISC. The amplitudes
were plotted on log-log paper as a function of epicentral distance for a

particular wave type of a given period.
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Figure 2 is an example of l-sec Lg wave motion from Iranian earthquakes

gi recorded at SHI and MSH, the Iranian stations. For. these earthquakes the paths
:; are through Iran, which is of Type-B structure. The data are fit reasonably

ii well by theoretical time-domain surface wave curves with a coefficient of

ii sbsorption between 0.004 and 0.005 ko~l. One can approximate these curves over

the distance range 200 to 800 km by the dashed-line curve in Figure 2, which

gives the equations

my = -1.73 + 2.56 log A + log A for 200 km < A < 800 km
and over the distance range 800 to 1500 km by

mp = —9.60_+ 5.25 log A + log A for 800 km < A < 1500 km
where

A is epicentral distance in kilometers

A is maximum sustained zero~to-peak amplitude of 1.0 sec (+ 0.3 sec) vertical-
component Lg ground motion, in microns. The attenuation of 1-Hz Lg waves in
Iran is so severe that these waves will not be measurable beyond 1500 km for an
m, = 5.0 event. Thus no m formula is given for greater distances.

Figure 3 presents the attenuation data for 1-Hz *.g waves for Type-B

Eurasian paths for a variety of source regions. As 1t be expected, the data

scatter more than that of Figure 2., However, for the most part the data are

bounded by theoretical curves of y = 0,003 and 0.006 kon~l. The dashed line,
which lies approximately midway between the y = 0.003 and 0.006 km™1 curves,

yields the equations
mp = -2,31 + 2.68 log A + log A for 400 km < A < 700 km

mp = -8.97 + 5.00 log A + log A for 700 km < A < 1500 km.
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Figure 4 shows the attenuation of 2 to 3-sec period Lg waves for Type-B
Eurasian paths. Most of the data points lie between the theoretical curves
of y = 0.003 and 0.005 kn~l. A median curve, shown by the dashed line, gives

the equations

-8.30 + 4.45 1log A + log A for 700 km A < 1200 km

my,
mb

Data for Lg waves traveling through Type-A Eurasian structure are few

ia

~16.90 + 7.20 log A + log A for 1200 km < A < 2000 km.

for the time interval studied. There were just two earthquakes and one under-
ground explosion, as shown in Figure 5. The two earthquake data points can be
joined by a theoretical attenuation curve of y = 0.002 kn~l. As expected, the
amplitude of the nuclear explosion ground motion is considerably less than that
predicted by the earthquake attenuation curve.

No magnitude formulas for 1-Hz Lg wave amplitudes in a Type-~A Eurasian
structure will be given, as the data are too few to justify presenting them.

The 1-Hz Pg amplitude data for Type-B and Type~A Eurasian paths are shown
in Figures 6 and 7, respectively. The former can be fit by a straight line of
slope -2.86, with a standard deviation of 0.3 magnitude units, as seen in
Figure 6. For comparison purposes the two data points for a Type-A path are
shown along with the attenuation curve for a Type-B path in Figure 7. From
Figure 6 the following magnitude formula based on the amplitude of the vertical
component of 1~Hz Pg motion for Type-B paths can be derived

m, = -2.40 + 2.86 log A + log A for 300 km < A < 1000 km.

Figure 8 is a plot of the amplitudes of 1-Hz P waves (Pn or P refracted

through the upper mantle) for Type-B paths through Eurasia, equalized to my = 5.0.

The data were divided into 200-km intervals, and the logarithmic average




determined for each interval. The average values are shown by solid lines.

The dashed lines indicate the standard deviations. In general the standard
deviations are large, which probably results from th? fact that no correction
was made for unequal azimuthal radiation and for the fact that there may be
lateral variations within the Type-B region.

From Figure 8 a tentative P-wave calibration function, log A, (4), can be
given te be used with the formula

m, = log A + log Ay(A)

where A is zero-to-peak, vertical-component ground motion of the Pn or P wave
in microns at distances of 400 to 2500 km. The values of log A, are given

in Table 2.

DISCUSSION AND CONCLUSIONS

This report presents tentative findings for the attenuation and excitation
of P, Pg and Lg waves (vertical component) for Eurasian paths. Much more data
need to be accumulated to minimize the effects of unequal azimuthal radiation
and to subdivide Eurasia into different tectonic provinces. However, the present
data are adequate to give some order-of-magnitude estimates of the ground motion
to be expected for various magnitude events in Type~A and Type-B Eurasian regionms.

The data can be summarized in a table (Table 3), which presents the
vertical-component ground motion for specific waves for Type-A and Type-B
structuves. An earthquake of body-wave magnitude equal to 4.0 was arbitrarily
selected for these calculations, because it corresponds to a low-yield explosion,
3caling can be readily carried out for other my values.

The values in Table 3 are tentative, and will be revised as more data are

gathered. In particular, much more data for Type-A structure are needed, Also,

S RIS T T K R TN SIS SR




as can be seen from the graphs, the scatter in amplitude values 1s large, some-
times as great as an order of magnitude. Thus the numerical values in Table 3
are to be taken as average values.

Consider first a 1 millimicron threshold of detection, which is probably an
optimistic one. For an my = 4.0 earthquake in Type-A structure the 1-Hz Lg wave
could be seen as far as 2500 km, but in Type-B structure only to 1500 km. The
2 to 3 sec Lg wave in Type-B structure could be seen to 2100 km, and the 1-Hz Pg
in the same structure to 1900 km. The 1l-Hz P wave in Type-B structure could be
seen to 2500 knm.

1f the threshold of detection is taken to be iO millimicrons, then for an
m, = 4.0 earthquake the 1-Hz Lg wave could be seen to 1500 km for Type-A structure
and to 1000 km for Type-B structure. For Type-B structure the 2 to 3 sec period
Lg wave could be seen to 1500 km, the 1-Hz Pg to 900 and the 1-Hz P would in

general be too small to be observed at all regional distances.

There are just 3 data points for 1-Hz P waves in Type-A structure, 2 for
earthquakes and 1 for an underground explosion, all recorded at MSH., They lie
within the scatter of the Type~B data, suggesting that there is no appreciable
difference in P-wave attenuation for the two regions. This is a surprising result,
which may just be due to the insufficiency of data. From Figure 7 we can see
that the 1-Hz Pg waves in Type-A regions appear to have approximately 5 times the
amplitude of similar waves in Type-B regioms.

Keeping in mind reservations relating to the incompleteness of the data,
particularly for Type-A Eurasian structure, we can make the following preliminary
conclusions:

1) 1-Hz Lg and Pg waves can be utilized in Type-A (geologically old, low

relief) regions to detect earthquakes down to mp = 4.0 for distances as large
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as 2506 km if the threshold of detection is 1 milliﬁicron. If the threshold

of detection is 10 millimicromns, the corresponding maximum distance is 1500 km.
2) 1-Hz P (Pn or P refracted through the upper mantle) and 2 to 3 sec

period Lg waves are best suited to detect earthquakes in Type-B (geologically

young, high relief) regions if the threshold of detecticn is 1 millimicron. The

P wave will be seen to 2500 km and the 2 to 3 sec Lg wave to 1900 km for an

mp, = 4.0 earthquake. However, the P-wave amplitude will be small, and easily

masked by noise. If the detection threshold is changed to 10 millimicrons an

m, = 4.0 earthquake will not produce identifiable P waves at regional distar-es.
3) 1-Hz Lg waves in Eurasian Type-B regions are strongly attenuated,

similar to the western United States.
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07
09
22
26
27
28
01
05
06
14
15
15
15
16
28
08
09
13
18
19
09
15
20
20
20
20
21
22
27
29

Date

Aug
Aug
Aug
Aug
Aug
Aug
Oct
Oct
Oct
Oct
Oct
Oct
Oct
Oct
Oct
Nov
Nov
Nov
Nov
Nov
Dec
Dec
Dec
Dec
Dec
Dec
Dec
Dec
Dec
Dec

71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71
71

71
71

Origin Time (UT) Lat (°N) Long (°E) h (km) m, (ISC)
17 07 25 38.87 29.91 20 4.6
02 54 35 36.27 52.81 12 5.2
17 54 16.7 30.08 50.75 51 4.9
06 55 08 30.06 50.83 42 4.7
05 20 15.3 30.12 50.73 56 4.8
16 34 42.9 37.75 56.16 33 4.8
16 27 47 38.72 69.74 21 4.9
18 31 18.7 27.24 55.88 44 5.1
23 43 23.1 37.72 72.19 38 4.8
21 55 52.9 36.50 71.15 82 _5.0
14 19 32.0 37.33 54.59 41 4,6
16 22 12.3 37.02 71.87 156 4.9
17 08 08.1 41.35 48.58 54 4.8
06 11 38.6 37.13 71.36 98 4.6
13 30 56.4 41.88 72.35 15 5.4
03 06 34 27.04 54.57 11 5.6
00 16 56 26.89 54,52 9 4,7
15 47 44 11.03 39.71 39 5.1
07 31 33 38.44 66.78 27 5.2
01 00 01.9 41.87 72.35 39 4.9
01 42 32 27.28 56.42 24 5.3
15 24 58.3 30.24 50.57 51 5.1
01 29 14 41.23 48.38 2 5.1
01 41 04 41.14 48.40 28 5.1
07 53 08 41.19 48.45 4 4.8
23 27 43.7 28.32 57.19 84 5.0
09 54 52 35.57 74.28 15 5.0
06 59 56.5 Expl. 47.90 48.07 0 6.0
20 59 39.3 34.98 73.02 55 5.2
21 12 40.0 29.54 52.74 34 4.9

-10-

TABLE 1

EVENTS STUDIED




400
600
800
1000
1200
1400
1600
1800
2000

2200

TABLE 2

CALIBRATION FUNCTION FOR P WAVES

(km)

- 600

- 800

- 1000
- 1200
- 1400
- 1600
- 1800
- 2000
- 2200

- 2400 .

log A,
6.45

5.84




o TABLE 3

WAVE AMPLITUDES FOR AN EURASIAN m, = 4.0 EARTHQUAKE

Type-A Type~B

A (km) 1-Hz Lg (u) 1-Hz Lg (u) 3-sec Lg (u) 1-Hz Og (n) 1-Hz P (u)
500 0.21 0.12 - 0.047 0.004
700 0.10 0.051 0.46 0.019 0.015
$00 0.055 0.016 0.15 0.009 0.007
1100 0.033 0.006 0.068 0.006 0.006
1300 0.020 0.0025 0.027 0.004 0.003
1500 0.011 0.001 0.010 0.0025 0.006
1700 0.007 * 0.005 0.002 0.002
1900 0.004 * 0.002 0.001 0.005
2100 0.003 * 0.001 * 0.003
2300 0.0015 * * * 0.010
2500 0.001 * * * -

*Ground motion less than 1 millimicron
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- IRAN EARTHQUAKES RECORDED IN IRAN -

— I-HZ Lg WAVE ATTENUATION —

- EQUALIZED TO my=5.0 -
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Figure 2. Attenuation of 1-Hz Lg waves (Z-component) for Iran earthquakes
recorded at SHI (S) and MSH (M), both in Iran. The dashed line is an
approximation to the attenuation relation which is used for deriving

magnitude formulas.
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Figure 3. Attenuation of 1-Hz Lg waves (Z~component) for Type-B paths
to SHI (S), QUE (Q) and MSH (M). The dashed line is an approximation
to the attenuation relation which is used for deriving magnitude
formulas.
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. Figure 4. Attenuation of 2 to 3-sec period Lg waves (Z~component) for

’- Type-B paths to SHI (S), QUE (Q), MSH (M) and KBL (K). The dashed

: line is an approximation to the attenuation relation which is used for
deriving magnitude formulas.
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Figure 5. Attenuation of 1-Hz Lg waves (Z-component) for Type-A paths
to MSH. E indicates earthquakes and X underground nuclear explosion.

A

"T

IS IRER
]




i : .lo.rll[[[[ AL BN RN T T3
: - TYPE-B EURASIAN PATHS .
: _ I-HZ Pg ATTENUATION -
. - _ EQUALIZED TO mu=5.0 -
"
o I — -
. N =
; i :
f-i? -— [ -
Ko
- 2 L
o ]
| .
L L :
g -
< ]
O.l— - -1
| _
- . . SLOPE=-2.86 - o -
0.0l Llllll' L i.l.ltlL[l Y T |

00 1000
A (km)

Figure 6. Attenuation of 1-Hz Pg waves (Z-component) for Type-B paths
to SHI (S) and QUE (Q). The solid line is an average straight-line
curve. The dashed lines are offset from the solid-line curve by one

standard deviation.
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Figure 8. Attenuation of 1-Hz P (Pn and P refracted through upper
mantle, Z-component) for Type-B paths to SHI (S), QUE (Q), MSH (M)
and KBL (K). The solid-line curves represent logarithmic averages
over 200 km intervals. The dashed lines are offset from the solid-
line curves by one standard deviation,
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;j‘_ SURFACE-WAVE DISPERSION IN THE
- EASTERN UNITED STATES

by

: Brian J. Mitchell

Ei We are currently implementing methods to investigate higher-modes and

g; the effect of crustal and upper-mantle Q values upon their amplitudes (see the
g following section of this report). Among the important preliminary inforﬁation
1% necessary for such studies, is a reasonably good knowledge of the shear wave
i? velocity structure in the region of study. The central United States is one
;: region where the method will be applied, since "at region can be considered

5‘ to be representative of relatively stable continental interior regions in
53 various parts of the world.
:‘ McEvilly (1964) determined shear velocity models for the central United
LS States using phase velocities obtained from observations at stations in Rolla,
QE Missouri, Manhattan, Kansas, Bloomington, Indiana, and Dubuque, Iowa. In order
| to fit both Rayleigh and Love wave observations, McEvilly found it necessary to
;z invoke a model which was anisotropic in its elastic properties in the upper
fi mantle and, possibly also, in the lower crust. He cautioned, however, that it
;; was possible that the Love wave observations could be adversely affected by
-i higher-mode interference, or that a more complicated isotropic model might explain
;E all of the data.
f A large body of group velocity data is now available for the eastern and
i central United States. These were obtained as a by~product of studies of earth-
é quake fault-plane solutions in the central United States (Herrmann, 1974)., The
> group velocities were determined by the multiple-filter method (Dziewonski,

2
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;{: et al., 1969). Application of that method permits us to avoid higher-mode
N
T interference, since spectral amplitudes associated with the fundamental mode

and higher modes are usually separated by group velocity or period. The group
velocities were corrected for group delays at the source (Knopoff and Schwab,
1968). This correction is especially important for epicenter-station paths
which are relatively short.

The available data (Figure 1) were taken from numerous paths across both
eastern and western North America. Factors whichproduce the great scatter in this
data are (1) regional differences in group velocity, (2) low signal~noise
ratios associated with some of the data, (3) possible misidentification of
energy maxima, and (4) possible inaccuracies in the obtained fault-plane
solution which would yield the incorrect initial phase at the source.

I have windowed the data in several ways in an attempt to reduce the scatter
in the group velocities of Figure 1. First, I have restricted the paths used .
to lie at azimuths between 350° and 130° (Figure 2). A model obtained from

these data will predominantly represent the crust and upper mantle for a region

of the United States, south of the Great Lakes and extending to the east coast.

Slower group velocities corresponding to paths to the west and south have been
removed. Second, I have required that all data have spectral amplitudes which

are at least one-fifth as large as the maximum amplitude for that event and period.
It is hoped that all data with a low signal-noise ratio will be removed in this
way. Third, all data for paths which are less than 400 km long have been removed.
This will minimize any inaccuracies associated with an incorrect initial phase

due to an erroneous fault-plane solution for the earthquake. Finally, I have

removed any isolated data points which depart greatly from the mean at any period.
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Such points, after removing low amplitude data, presumably correspond to

amplitude maxima which have been erroneously identified as fundamental Love
or Rayleigh wave energy.

The windowed Love and Rayleigh wave group velocity data appear in Figure 3.
It is clear that the above-mentioned windowing procedures have significantly
decreased the scatter which was apparent in Figure 1. Phase velocities were
also determined (by the single-station method) using the better seismograms
pertaining to the data of Figure 3. These phase velocities are about the same
as those obtained by McEvilly (1964), both for Love waves and Rayleigh waves.

The average group and phase velocities, along with their standard deviatioms
are plotted in Figure 4 and compared with theoretical curves for three models
from McEvilly (1964). The best-fitting model is one which is anisotropic, both
in the upper mantle and lower crust. It fits both sets of phase velocities
quite well, and also shows reasonable agreement with the Rayleigh wave group
velocities, except at the shortest periods. It fails, however, to even come
close to fitting the Love wave group velocities.

It is now possible, due to the development of modern inversion methods
(Backus and Gilbert, 1970), to invert sets of data directly, rather than use
the trial-and-error methods which were available to McEvilly (1964). These
methods allow us to investigate a wider range of models than had been previously
possible,

I first attempted to obtain an isotropic model which might fit all of the
data, phase and group velocities for both Rayleigh‘and Love waves. The fit to
the data achieved by obtaining such a model is shown in Figure 5. The fit is

reasonably good, failing to fall within the standard deviation bars for only one

data point. Separate inversions of the Love- and Rayleigh~wave data were also




performed in order to see if a significant improvement in the fit to the data
could be achieved. Although some improvement was obtained, the results indicate
that anisotropy is not required in either the lower crust of upper mantle of the
eastern United States.

The models obtained from these inversions are shown in Figure 6. The
differences in the dispersion results for the present study and that of McEvilly
(1964) appear to be due to the following features of the models in Figure 6 which
were not present in the esarlier model: (1) A low=velocity sedimentary layer is
required to fit the short-period group velocities, (2) lower velocities are
present in the upper crust, (3) the lower crust may include a decrease in velocity
with depth, and (4) a low-velocity zone, although possible, is not required
by the data. I plan to investigate item (3) further by computing multi-mode
synthetic surface wave seismograms for models with, and without, a decrease in
shear wave velocity in the lower crust.

Figure 7 presents the resolving kernels associated with the models of
Figure 6. It is clear that the resolution is reasonably good to depths as great
as those in the shallow portion of the upper mantle. At greater depths the

resolution becomes poorer.
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Figure 3. Group velocites used to invert for a shear wave model beneath the eastern
United States. These values were obtained after windowing according to
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Figure 4. Group and phase vglocities for Love and Rayleigh waves across
the eastern United States. Vertical bars indicate one standard

deviation. These are compared with theoretical values
an 1sotropic model and two anisotropic models of McEvilly (1964).
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Figure 5. Observed group and phase velocities for the eastern United States.
These are compared to theoretical values resulting from the models

- shown in Figure 6.

e, . R T e . . D . R R L.
AR et e Tttt C et S e, S e e Lo . i . RN . . < A
IR IO RSN AP RE ISP BRIy 2P SRR ORT SN GNP il W S0 W SR v v PR 1PN A WPV WA WP NP Wi i WP il YA A WA Wi WOy g S e




SAeA UFTOTAEY 3Y3 °(14¥) eIep
*£pnis juesaad ayl uy

14

‘9 2an814g

e

LI BLIR S LALIBL O LAY LS LI
| 1 1 !

T+ ¥

~{ 002

-1 06l

‘yydeqg

uy

ﬁ, S2uT Pa330p 3yl °(I) SUOTE® BIBP dABM 3A07T 3yl pue ‘(¥) auole elep

1 aaem Y3T3T4RY PuB 9407 pPIUTqUWOd Y3 uom pomio3jiad a19m suoysiaaur a3eaedsg
S PaUTe1qo SIFIFOOT3A @seyd pue dnoi3 3yl jJo UOFSIVAUT 2Y3 WOIy BurlTnsaa sTopow KIFOOTIA ABIYS
o oes/wy ‘A}jo0|9A 4DOYS _

5 S 14 e S 14 € ]

? -—j —-qnﬁ—--q-uﬁ-—-1«-—-‘um-—-~4—--~1—--—~ﬂ-|—-}-ﬁ-
4 . .

- - haa — .

s :
ﬁ. I~ - - :
3 :

. - t = p—— e
v., =3 I - - .”

: : P

g S - : R I
F - - -+
b L - : -

mu i ll%l B Mlllll ) lll@ v
W. - m - m - m

@

—a., ol - -

w.,\_ - - -

.u.

--‘ 5 - -

'”.

AN - =

. - -

‘...

2 - -

W.

1. o - -

“.. F»PP--—F--——F -IP-—-ELP--;--—- -h-L-b—b-L-\--—_-
- b g S b g€ g

-‘n

v,

.

14

PR U PR A SR

Py T |

S




........

-31-

Depth, km R+ L | R
04 L

4.0

175

355

L
)\

5-a.o’ z\/,\ . | . v .
-—ﬂuu/’:\~\\~_____,_-__.

79.0

\uﬂ\///‘\\\‘~__—_—____—
]
1250 ——r" | T e~ ——
m
i

197.0 ~~—

1 2 1 2 "W S WS SN 1

1 ' N '
250 O 250 0 250
Depth, km

Figure 7. Resolving kernels pertaining the three models of Figure 6.
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Q Structures of the Colorado Plateau
and the Basin and Range Province

from Higher-mode Surface Wave Observations.

by

Chiung-Chuan Cheng

A new method for studying the Q structure along a path between a single
earthquake and a single station was presented in the last report. In the past
few months, this method has been applied to obtain Q structures of the Colorado
Plateau and of the Basin and Range province. One path was used in the study
for the Colorado Plateau, and three paths were studied individually for the

Basin and Range province. Figure 1 shows these four paths.

Data Collection and Analysis

For each path, the long-period vertical component seismogram was digitized
over a time interval which included the entire Rayleigh wave train. These data
were then Fourler-transformed. The instrument response was removed and geometrical
spreading corrected to a distance of 1000 km. After the application of the
multiple filter technique (Dziewonski et al., 1969; Herrmann, 1973), the
amplitudes and group velocities for the fundamental mode Rayleigh wave were
extracted at periods of interest. Since the group velocities of higher modes
overlap among themselves, onlf the net results of the superposition of higher
modes. were obtained.

Group velocities of fundamental and higher-mode Rayleigh waves thus
obtained have been compared to values computed from P and S wave velocity models

given by Keller et al., (1976). Observed group velocities for the Colorado




Plateau path shows a good agreement with their "Northern Colorado Plateau" model,
whereas group velocities observed from all three Basin and Range paths are
systematically higher than those derived from their "Eastern Basin and Range"
model, with differences of not more than 10%Z. However, both these velocity
models have been assumed to be acceptable and used as true values in all
theoretical computations in this study.

At each period, every arrival in the filtered signal was identified as
either the fundamental mode wave or a higher mode wave if it traveled with a
velocity within 10% of the theoretical value, of either the fundamental mode
or a higher mode, respectively.

Figures 3(c), 4(c), 5(c), and 6(c) show the observed spectra for each path

plotted with amplitudes of identified arrivals.

Q Model Tests

Three Q models have been tested for agreement between the theoretical
and observed amplitude spectra. All models assume that values of Q, are twice
those of Qg at all depths. The models differ from one another only in the upper
part, from the surface down to a depth of 18 km, where they have QB values of
250, 150, and 50, respectively. At all greater depths, QB values are 2000 for
all three models (figure 2). The first model is similar to the simplified model
obtained for the stable interior of North America obtained by Herrmann and
Mitchell (1975).

In computing the theoretical amplitude spectra, fault-plane solutions used
were those given by Smith and Sbar (1974). The focal depths of all four events

were assigned to be 10 km when computing theoretical spectra shown in figures 3,

4, 5, and 6. These values were determined from comparisons of theoretical spectra

originally computed for various focal depths, and were in agreement with the
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depths favored by Smith and Sbar (1974).
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In figure 3, the observed amplitude spectra of the Colorado Plateau

path is compared with theoretical spectra computed by using Q model 1 and

Q model 2. It is seen that the fall-off of higher mode amplitides with

decreasing period is greater for the spectrum derived by using Q model 2 than

that by using Q model 1. The observed results are explained better by Q model 2.
Although the three Basin and Range paths were studied individually,

figures 4, 5, and 6 show that the comparisons are consistent among themselves.

Q model 2 has resulted in fall-off of higher mode amplitudes clearly slower

than that observed. On the other hand, Q model 3 has resulted in a fall-off

which is too fast.

Discussion
= Q model 2 has provided an adequate fit between the observed amplitude spectra
&é and the theoretical spectra for the Colorado Plateau path. A proper Q model
ﬁf to describe the observed amplitude spectra of the Basin and Range paths would be
F‘h a model having Q values between those of model 2 and model 3‘.
é: Based on these results, Q values in the upper crust in the Basin and Range

province are lower than those in the Colorado Plateau. Nevertheless, Q models
with various values in the upper crust as well as in deeper depths will be tested
" in further study.

Additional paths will be chosen and analyzed, especially for the Colorado
Plateau.

As the velocity model now being used for the Basin and Range province gives
a discrepancy between theoretical and observed Rayleigh wave group velocities,
knowiedge about the effect of velocity model used in applying this method is
desired. This will be studied by using various velocity models for the Basin and

Range province.
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"On the Existence of a Low-Q Region

Beneath the Southeastern Part of Mexico."

by

Jaime Yamamoto

Introduction

In a previous report (Yamamoto, 1977) the existence of a highly
attenuating region located somewhere beneath the southeastern part of Mexico
was suggested from the anomalously small P-wave amplitudes observed at a certain
range of distance and azimuth. In the present report a more detailed analysis of

the data is made in an attempt to reach more definitive conclusion on that matter.

Analysis of Data é

The largest foreshock (0T=11:22, h=45 km, Ms=6.3) and aftershock (0T=08:32,
h=16 km, Ms=6.4) associated with an earthquake sequence started on April 29, 1970
near the coast of Chiapas, Mexico (14.5 N, 92.8W) are used in the discussion.

Figure 1 is a plot of the observed P-wave amplitude (zero to peak) in cm as
measured on the long-period vertical component versus the amplitude measured on
the synthetic seismogram computed using a Haskell-Thomson method. From this
figure it is evident that amplitudes observed at the eastern United States
stations depart considerably from the expected amplitudes assuming a double couple
point source and a ratio T/Q = 1 (value that in general is a good approximation
to simulate the non-elastic attenuation along the ray-path, see Langston and
Helmberger, 1975). One way to reconcile these observations with the theory is
by assuming T/Q = 3 or 4 as shown in the figure (solid circles). In this case

synthetics were computed using a point source with the appropriate geometry
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strike.- 292°, Dip = 19°, slip = 72°) located at a depth of 10 km inside a
layered medium. The seismic moment (M,) was assumed to be 1026 dyne-cm and the
source function was represeﬁted with a trapezoid of unit area defined with
three time segments (2.5, 1.0, 2.5 seconds).

The same patﬁern is seen in the foreshock as shown in Figure 2. 1In that
figure values of 50 km for the source depth and 6 x 1025 dyne-cm for M, and a
ratio T/Q = 1 were assumed. All the other parameters were taken to be the same
as in the case of the aftershock.

In the previous report it was pointed out that foreshock shows a secondary
arrival approximately 8 seconds after the first arrival and that this secondary
onset (supposedly due to a multiple source) disappears for a narrow intervallof
distance and azimuth. Figure 3 is a polar plot centered at *he epicentral
region and shows with solid circ¢les statlons at which a clear secondary arrival
was recorded. Open circles denote stations at which no secondary arrivals are
observed. Semi-solid circles and encircled plus signs, stations with no clear
secondary onset and unreadable seismograms respectively. Examples of observed
seismograms are shown in the figure. Notice that the apparent period of the
P-wave recorded at WES is appreciably longer that the one at BKS even though
both stations have similar epicentral distance suggesting that the ray-path
corresponding to station WES has a higher value of T/Q as compared with BKS. The
disappearance of the secondary arrival is unlikely to be due a simple geometrical
effect since some European stations (ESK for example) show it. In addition,

their P-wave amplitudes agree reasonably well with the theory. Notice that WES

and ESK have practically the same azimuth.

P-wave form analysis also seem to lead to the same conclusion. Figure 4

shows the observed and synthetic seismograms. Two identical source functions

as described previously separated by 8 seconds were used. Most of the modelled
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stations are consistent with the value T/Q = 1 except the eastern U.S. stations
(see AAM and WES) for which T/Q = 4 is necessary to match synthesized and
observed signals. The agreement between synthetics and observed seismograms

is remarkably good taking into account that all the synthetics in Figure 4 were

computed with the same source function.

Discussion and Tentative Conclusion

From the analysis of the previous figures, it seems that the signals
recorded at eastern United States stations for these particular events have
crossed a region of high attenuation.
beneath the recording stations, near the source or in between.

Independent studies by Mitchell (1973) and Nuttli (1973) however, indicate

that eastern U.S. is characterized by a low attenuation as compared with the west.

Molnar and Oliver (1969) on the other hand, have concluded that the Gulf of Mexico

is a very stable region as transmission of shear waves is concerned.
Therefore, these results seem to indicate that the anomalous region, if

any, is likely to be located near the source and its Q-value is more than 4

times lower than the Q-value associated with the surrounding asthenosphere.

In Figure 5 a possible configuration for this zone is shown. Its shape,
dimensions and position are, however, highly conjectural.

An alternative explanation of the available data is that the abnormal
P-wave amplitude distribution is due to a defocusing effect produced by
refractions 1, a laterally heterogeneous upper mantle near the source. Molnar
and Oliver (1969) héwever, found that some paths traversing active volcanic
belts of Mexico (which is ocur case) and Central America show attenuation of

Sn waves (see their Figure 9). Molnar and Sykes (1969) observed when locating

earthquakes in Mexico and Central America, that stations located northeast from

This region, 1f it exists, may be located
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the epicenter at large distances show early arrivals. Conversely, arrivals at
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near stations were delayed. These two results seem to support our conclusion.
However, further work is planned to determine whether a defocussing effect can
be ruled out as a cause for the low amplitudes. One approach will be to analyze
S arrivals. If a T/Q value of 4 is required for P waﬁes, then the S waves

should show an extremely great attenuation if they pass through the same region.
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Figure 1. Comparison of observed and theoretical amplitudes for the aftershock.
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Illustration of attenuated multiple at station WES.

Figure 3.
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analysis.

Position of the low-Q region as inferred from the
Structural model including descending slab
boundaries taken from Seely et al. (1974).
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P-WAVE SPECTRA OF EARTHQUAKES
by: Huei-Yuin (Wen) Wang

Many authors have studied the scaling law of earthquakes. The scaling law,
by using the assumption of similarity, is the concept of relating earthquakes
of different sizes by a single seismic source parameter model. Aki (1967, 1972)
derived his w-square model by assuming all earthquakes produce a constant stess
drop independent of source size. For this model, the corner frequency is
inversely proportional to the fault lengch and the seismic noument is proportional
to the cube of the fault length. Further testing of the w2-law Aki (1972),
confirmed that it is valid only for large earthquakes (Mg > 6) and for periods
larger than 10 sec. The scaling relations may be more complicated for small
earthquakes. The stress drop of these earthquakes is in the range of 10 to 100
bars,

Later on, Chouet et al (1978) used the coda method to scale for small
earthquakes, for periods shorter than 10 sec. They found that the stress drop
increases with magnitude for small earthquakes.

Geller (1976) presented source spectra for P waves, based on a data set
of 41 earthquakes. He found that if effective stress and static stress drop
are equal and the fault length and width are related by L = 2W, the length can
be used as the sole free parameter in a Haskell model to derive a scaling law
for P-wave and surface-wave spectra.

P-wave spectra have been used to scale eight large and shallow Eurasian
earthquakes. Those spectra are all corrected for instrument response, anelastic

attenuation, geometrical spreading, radiation pattern, and equalized to a distance

of 30°, before obtaining the seismic moment M,.
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where t = transient time, Tmax = digitized length of record

is employed for smoothing of the observed ampiitude spectra of P-wave, so that
the spectrum contains most of the energy im the central lobe and an insignificant
portion in the side-lobes.

Data from WWSSN records have been studied. Table 1 is the list of earthquakes
studied. Most long-period records of earthquakes 6, 7, and 8 are off-scale.

Thus it is not generally possible to obtain reliable mp and Mg values. As such,
ISC values for m, and NEIS values for Mg are used as the average values.

The seismic moment is determined from the long-period level of the surface-
wave or body-wave ampiitude spectrum. Since long-period waves are less affected
by structural complexities than the short period waves used for the determination
of earthquake magnitude, the seismic moment can be considered as one of the most
reliably determined instrumental earthquake source parameters, For large earth-
quakes, the value of M, determined by different investigators seldom differs by
a factor of more than two (Kanamori and Anderson, 1975).

The seismic moment (M,), stress drop (Ac), source diménsion (ry)s and cormer
periods (Tg1, T12, To2) shown in Table 2 are calculated on the basis of Brune's

model (1970). The equations are:

My (P) = _gg% 4 T pRa’

= 2.34 a Tn1(P)
r°(P) 2w

7
Ao r) =1L Mo
(M09 16 r—og—

- .,
........




Inappropriate values of R8¢ (radiation pattern) can cause significant

errors in the determination of My. Especially, when the station is near the
node of P-wave spectral amplitude, its moment is overestimated by underestimating
R8¢. Accordingly, we only accept a moment determination when R6¢ is larger

than 0.05 (Nuttli and Gudaitis (1966), Hanks and Wyss (1972)). The best fault
plane solution is obtained by testing the P-wave spectra from all stations for
the event, and minimizing the difference between those spectral levels after they
are corrected for Re¢.

From myp-Ms values or mp—M, (P) values, two events could be considered to be
anomalous earthquakes, earthquake 1 and earthquake 6. The m, value of earthquake 1
is about 0.3 units larger, while its corner period (Tp1) and source dimension (r,)
are about the same as those for the other non—-anomalous earthquakes.

For earthquake 1, only four observations (COL, NUR, QUE, SHI) of the
available records have been studied. The average values are 5.91 and 5.63,
respectively, for mp and Mg. By the mp:Mg criterion, this event could be
considered to be non-anomalous.

The mp value of earthquake 6 determined by us is about 1.0 unit larger
than the value calculated by ISC. Our value is based on eleven observations
with standard deviation of 0.32 units. We prefer to use our m, value for
earthquake 6. From Table 2, it also tells us that this event has anomalous
characteristics, with a smaller corner period (6.67 sec) and source dimension
(17.15 km).

The P-wave spectra are characterized by three straight lines and two cormer
periods (TOI, T12). The shapes are similar to the idealized spectra derived from

Geller (1976) in that they show a gradual transition from T° to T3 asymptotes.




The estimated values of Ag in Table 2 seem to be low either for large

earthquakes (Mg > 6) or small earthquakes. This may result from an over-
estimation of r,, because Ao varies as r°‘3.

If an earthquake results in the complete releaselof the effective stress
at the time of occurrence, the effective stress must be equal to the stress drop
(Brune,'1970). Trifunac (1972) demonstrated that the effective stress 1s, on the
average, about constant for large earthquakes. Kanamori and Anderson (1975) found
that stress drops are 10 to 30 bars for most interplate earthquakes and 30 to 100
bars for most intraplate earthquakes. An apparent stress which is about half the
stress drop is accepted. Chinnery (1964) and Aki (1972b) calculated that the
stress drop in shallow earthquakes is 10 to 100 bars. But for smaller earthquakes,
the stress drop ranges from 0.5 to 300 bars (Wyss and Brune, 1968).

Figure 1 shows the relation between log M, and Mg. The solid lines of
constant apparent stress are taken from Kanamori and Anderson (1975) with slope
of 3/2. The dashed Hnes are from Geller (1976). The conclusion that larger
magnitudes correspond to larger apparent stresses is valid for all the events.
Earthquakes 7 and 8, whose Ms values are 7.6 and 7.9, have stresses of more than
100 bars. This observation is not in agreement with Aki's model. Earthquake 7
is an Aleutian earthquake. Considering the focal mechanism for this'earthquake,
one of the planes is nearly horizontal, dipping to the northwest, wheréas the .
other plane is nearly vertical. The fault motion is an underthrusting if the
horizontal plane is taken as the fault plane (Stauder, 1968). Aki (1972) also
found that the w-square model fails for two earthquake pairs in the Aleutianms.
The relations between M, and Mg obtained by Geller (dashed lines); that is

log M,"Mg for Mg < 6.76 and log My v 3/2 Mg for 6.76 < Mg < 8.12 are somewhat

consistent with our data.
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Figure 2 shows the m, values versus Mg values and compares them with
Geller's lines. From the mp-Mg relation and Mg-M, relation, we might say the
scaling laws relating Mp to m, and m, to Mg derived by Geller can be applied to
our data.

Figure 3 shows the observed spectra of the earthquakes studied. Figure 4
is the idealized spectra derived from Geller (1976). In general, the shape of
our spectra is similar to those. Actually, there are still some differences
between them. Thelr corner period increases with body-wave magnitude, whereas
our corner period is comnstant at about 10 seconds. Also, our intermediate portion
decreases with increasing mp value. Earthquakes 3 and 4 have the same my and Mg
values but have different shapes. The level of earthquake 1 from observed data

seems about 1 log scale unit lower.
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