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Rayleigh wave group velocities

and attenuation coefficients

Joseph M. Mills, Jr

The analysis of group velocities and attenuation coefficients for

Rayleigh waves in the period range 50 to 600 seconds provides

information on the average elastic and anelastic properties of the earth.

The Direct Filtering Method has-been developed which provides estimates of

group arrival times and spectral amplitudes from gaussian filtered

seismograms. Two estimates of the standard error of the group arrival time

are based on the regression statistics of parabolas which are fitted to

each envelope maximum. One estimate reflects the quality of the fit to the

maximum while the other is determined by the half amplitude width of the

maximum. Estimates of the period at the envelope maximum are also

available in order to estimate the purity of the filtered signal at the

envelope maximum. Estimates of group velocities and spectral amplitudes

determined by the Direct Filtering Method are comparable to those provided

by other multiple filter analyses, but the Direct Filtering Method provides

objective estimates of the standard errors of group velocity measurements.

Spectral amplitudes and attenuation coefficients determined from

seismograms filtered with narrow band-pass gaussian filters do not require

a correction for geometric spreading if filters are sufficiently sharp.

The Direct Filtering Method has been applied to seismograms of k

Kurile Island earthquakes ranging in magnitude from 6.6 to 8.3 . These

events are all located within a small region so that Rayleigh waves from

all events traverse the same great circle paths. All events have focal

mechanism solutions which show that the fault motion is predominantly dip-

slip.
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Great circle group velocities have been determined for the surface

wave magnitude 8.3 event by averaging of group velocities of Rayleigh

phases arriving after i?., . Errors in the great circle group velocities

caused by averaging group velocities of arrivals later than R are much

smaller than the standard errors of the estimates for individual Rayleigh

phases. These group velocities extend from 100 to 600 seconds in

period. Kanamori's [S] estimates for the same great circle paths are in

good agreement with these estimates. Attenuation coefficients have also

been determined from spectral amplitude ratios estimated by 2 methods:

1. from the rate of decay of envelope maxima of gaussian

filtered Rayleigh phases, and

2. from the rate of decay of spectral amplitudes taken as the

sum of products of a pure sine wave with segments of each

Rayleigh phase within a group velocity window.

Both methods provide attenuation coefficients which agree well with

attenuation coefficients derived from Kanamori's [S] group velocities and

Q's , but those derived from the envelopes of the filtered seismograms

show less scatter.

Group velocities and spectral amplitudes determined for the smaller 3

Kurile Islands earthquakes have extended the range of accurate measurements

to periods as short as 50 seconds. These measurements, taken with those

for the larger event, provide averages for-group velocities and attenuation

coefficients for 9 great circle paths. These 9 paths are. evenly

distributed in azimuth at the source. The averaging of the path group

velocities and attenuation coefficients over all paths provides a reliable

estimate of global average group velocities for periods between 50 and

600 seconds and attenuation coefficients for periods between 50 and 1*50

seconds. Global average phase velocities, determined by integration of the

global average group velocities, agree well with oceanic phase velocities

determined by Weidner [72] for periods between 50 and 120 seconds. The

global average group velocities are in good agreement with oceanic

velocities determined by Forsyth [4] and Landisman, Dziewonski, and Sato

[9]. These group velocities are, however, much lower than those predicted

by several recent earth models.
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Equivalent spheroidal oscillation periods derived from the global

average phase velocities are also progressively shorter in period, for

periods less than 150 seconds, than fundamental spheroidal mode periods

calculated for model QM2 (Hart, Anderson, and Kanamori [5]) which

incorporates corrections for anelastic dispersion for free oscillation

periods. In the future, data sets for average earth models should include

equivalent free oscillation periods or surface wave phase or group

velocities in the period range 50 to 150 seconds since body wave

travel times together with free oscillation data for periods in excess of

lUO seconds do not adequately constrain the upper mantle structure of such

models.

Qn which are calculated.from global average attenuation coefficients
n

and group velocities are similar to the largest Qn computed from
n

fundamental mode spheroidal osci l lat ions by Jobert and Roult [7] and are

lower than those predicted by model MM&> of Anderson, Ben-Menahem, and

Archambeau [ / ] . Qn from Ben-Menahem's [2] measurements l i e between the
n

global average Q_, and those predicted by model MM8 for periods between

50 and 100 seconds. In this period range, attenuation

coefficients of Mitchell, Leite, Yu, and Herrmann [7J] for Pacific Ocean

paths and by MitcheI I [10] and Hermann and MitchelI [6] for the central

United States are all within a factor of 2 of the global average

attenuation coefficients. From the agreement of the global average

attenuation coefficients and group velocities with other long and short

period measurements it is concluded that these measurements are estimates

of global average properties.

The global average group velocities and attenuation coefficients

provide a basis for modelling the shear velocity and attenuation structure

of the average earth. Shear velocity models for the upper mantle which fit

50 to 300 second global average group velocities within one standard

deviation require the presence of a low velocity zone. Models have been

produced from the global average group velocities alone which have the top

of the low velocity zone at depths of both 70 and 100 km , so that the

average thickness of the lithosphere (taken as the depth to the top of the
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low velocity zone) cannot be determined with precision. Global average

models for shear wave attenuation \Qn indicate that a zone of high

attenuation is coincident with the low velocity zone. Models for

attenuation which have lithospheric thicknesses of 70 km place the

highest attenuation layer in the lower half of the low velocity zone, which

indicates that on the average the lithosphere is thicker than 70 km .

Average <Jft for the lithosphere, low-velocity zone, and sub-low velocity

layer (asthenosphere) are approximately 200, 85 to 110 , and 170 to 200 ,

respectively. Although losses caused by elastic scattering have not been

taken into account, they are small compared to anelastic attenuation in the

50 to 300 second period range.

Pure path averages for group velocities and specific attenuation have

been calculated from path averages and from individual observations for 2

regionalization schemes, one original to this study and the other devised

by Wu [73]. Both regionalization schemes are based on k upper mantle

provinces: continent, ocean basin, island arc, and mid-ocean ridge. Pure

path group velocities and specific attenuation have also been calculated

for combinations of regions, namely, ocean basin plus mid-ocean ridge and

continent plus island arc provinces. Several of these regionalizations

have provided well separated regional group velocities for such composite

regions. Results of regionalizations using Wu's [7 3] choice of regions

have given pure path group velocities for continent, ocean basin, continent

plus island arc, and ocean basin plus mid-ocean ridge provinces which are

in good agreement with group velocity dispersion observed at periods

shorter than 100 seconds and which also agree with the pure path group

velocities derived from great circle measurements of Dziewonski [3] and Wu

[73]. Dziewonski 's pure path group velocities for shields lie at most less

than one standard error above continental group velocities derived in this

study, while his oceanic group velocities lie slightly more than one

standard error below ocean basin plus mid-ocean ridge province group

velocities. Shear velocity models derived from pure path group velocities

for pure and combined regions indicate that low velocity zones are required

beneath the oceans, but are not required beneath the continents, although

3 and k region separations produce a range of models which include low

velocity zones at depths greater than 200 km . A regional study of group
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velocity dispersion and thrust faulting in eastern Australia shows that a

low velocity zone is required at depths greater than 1^0 km and probably

greater than 180 km in order to fit observed fundamental and higher mode

Love and Rayleigh waves and SeS travel times.

Specific attenuation for shear waves, Qo , determined from path

p

average group velocities and attenuation coefficients has also been

regionalized successfully for 2 and 3 region combinations. The

resulting pure path specific attenuation for continents is much lower than

that for ocean basins and ocean basin plus mid-ocean ridge provinces.

Island arc and mid-ocean ridge provinces both show higher attenuation than

ocean basins for periods shorter than 100 seconds for the it region

separation, but results deteriorate at longer periods due to multipathing

and defocusing. Models derived for ocean basin plus mid-ocean ridge

province specific attenuation show that the sub-oceanic mantle has an
average Qo of about 80 to 100 for the upper 200 km . The results of

p

the attenuation studies show that with additional data it will be possible

to obtain significantly higher precision estimates of the differences

between different types of upper mantle provinces.
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