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Abstract: The Sichuan earthquake is quantified on the basis of its spectral magnitudes of the P- and of
the S-waves. The maximum spectral magnitudes of the two waves are seen to occur at different periods.
The tectonophysical significance of the finding is discussed, and it is deduced from it that the S-wave
energy radiated during the earthquake was drawn from unusually large volume, if compared to the
volume corresponding to the P-waves. The spectral features of the body waves of the Sichuan
earthquake are analysed on the background of the spectral features of a selection of worldwide
earthquakes. As a result it is concluded that the Sichuan earthquake fits well into the features of the
earthquakes in the surrounding regions.
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Earthquakes produce disturbances which propagate inside the solid Earth in the form of
longitudinal and transverse seismic waves. The spectra of the waves radiated from the focus and
arriving at the seismic station are a characteristic of the given earthquake. The spectra can be used
for retrieving information about the focal process itself, as well as about the physical properties of
the intervening medium. The spectral compositions of the P- and the S-waves recorded at the
seismic station for a given earthquake, are a subject of ongoing research. A better understanding
of the relation between the two spectra is however overdue.

Generally it has been realized since long that, in addition to earthquakes with a normal,
average radiation, some earthquakes feature a radiation emphasizing shortperiodic seismic waves,
while other earthquakes feature a particularly strong longperiodic radiation. In analogy to visual
impressions of sources of light, the earthquakes belonging to the last two classes are sometimes
called “blue” and “red” , respectively. Red earthquakes, with a preponderance of longperiodic

radiation, are also referred to as  “slow” earthquakes.

The recognition of spectral differences between earthquakes has been substantially fostered
by the introduction of broadband seismographs, recording practically the entire spectrum of
seismic waves arriving at the point of observation.

At variance with this situation, old, conventional seismographs are recording as a rule only
part of the spectrum, i.e. the seismographs act as relatively narrow bandpass filters, having
features controlled primarily by the frequency characteristic (magnification curve) of the
instrument. This was the situation at the time when the concept of the earthquake magnitude was
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introduced into seismological practice. Thus, the definition of the earthquake magnitude is based
on observations made on narrowband instruments, with all the consequences for the application of
the magnitude concept in science, engineering, and other fields. E.g. according to the original
definition, the body wave magnitude (my) is based on P-wave observations in the period range
0.1s to 3s (see below), and the surface wave magnitude (Ms) - on 20s surface waves (an
unspecified combination of Love- and Rayleigh-waves). Generally, the Ms-magnitudes do not
correlate well with the m,-magnitudes, and siginificant deviations from some average regression
line between the two magnitudes are recognized for large groups of earthquakes. Indeed, it is
difficult to expect one and the same ratio of the radiation intensities at short periods and at 20s,
for all earthquakes.

To overcome the difficulty, and to make better use of the broadband recordings of seismic
waves, the concept of “spectral magnitudes” of earthquakes was introduced. Accordingly, the P-
and S-wave magnitudes are found from bandpass seismograms, by way of numerical filtering,
with the help of a well-defined system of digital bandpass filters. Thus, from the bandpass
seismograms of P- and S-waves, a multitude of P- and S-wave magnitudes is obtained for a given
earthquake.

The method of obtaining spectral magnitudes is decribed by Nortmann and Duda (1982,
1983). Accordingly, a sequence of one-octave filters with center periods ranging from 0.25s to
256 s (11 octaves) is applied to the broadband seismograms. See also Duda (2007), and Duda and
Jansky (2008). From each one of the bandpass seismograms the P-wave and the S-wave
amplitudes are found (if measurable), and the corresponding spectral magnitudes m(7) determined
for the event.

For the purpose of obtaining the so defined spectral magnitudes for both kinds of body waves,
new magnitude calibrating functions were obtained. The functions compensate the amplitudes of
body waves not only for epicentral distance and focal depth (as do the calibrating functions for the
body wave magnitude my), but also for the frequency-dependent absorption of the waves during
the propagation along the ray path from the source to the receiver (Duda and Yanovskaya, 1993,
1994; Yanovskaya and Duda, 1994; Lyskova et al., 1998).

The concept of spectral magnitudes is understood as a generalization of the concept of body
wave magnitude my, introduced originally by Gutenberg and Richter (1956). Both, the
conventional body wave magnitudes, my, and the spectral magnitudes, m(T), are estimates of the
spectral densities of P- and S-waves. While the conventional body wave magnitudes apply to an
estimate at a largely unspecified period of the wave, the spectral magnitudes apply to specific
periods, which are the center periods of the corresponding bandpass filters, applied separately to
P- and to S-waves. The spectral magnitudes are thus always given together with the period of the
respective body wave.

In the present investigation the spectral magnitudes of the Sichuan earthquake of 12 May
2008 are obtained. They are compared to the the conventional magnitude of the earthquake, and
they are analyzed on the basis of spectral magnitudes of other significant earthquakes. Special
attention is given to the volume of the Sichuan earthquake and to its tectonphysical relevance, on
the background of global seismicity.

1 Body wave magnitudes and spectral magnitudes of the Sichuan earthquake

Table 1 presents at first the earthquake parameters of the Sichuan earthquake, as they have
been published by NEIS and USGS. As it is seen, the body wave magnitude, m,, amounts to 6.9
(see Fig.1), and the surface wave magnitude, Ms, - to 8.0. Included are the maximum values of the
spectral magnitudes for P-waves and for S-waves. The maximum spectral magnitudes amount for
P-waves to 8.1 at the period of 9 s, and for S-waves to 8.3 at the period of 25 s.
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In addition, Table 1 presents the magnitudes for two other earthquakes, with epicenters in the
Kurile Islands and in Mexico. The two earthquakes have been investigated earlier by Duda and
Jansky (2008). The earthquakes are examples of extreme events showing a clear preponderance of
shortperiodic radiation (Kurile) on one side, and of longperiodic radiation (Mexico) on the other.
This is seen even more clearly in Fig.1 showing for all three earthquakes the distribution of the
spectral magnitudes of P- and S-waves, displayed as function of the period. The period of the
maximum spectral magnitude is the corner period of the spectrum radiated from the focus,

respectively.

Table 1 Earthquake parameters of the Sichuan earthquake 12 May 2008, and of two reference earthquakes. See text.

Region parameters
12 May 2008; 06:28:00.1; Lat.:31.11N; Long.:103.32E; & = 10 km NEIS; m;, = 6.9; Ms=8.0 USGS
SICHUAN mp™X(T)=8.1atT=9s ms"*(T)=83 atT=25s; from Fig.1
6 Dec 1978; 14:02:01.0; Lat.:44.59N; Long.:146.58E; & = 91 km NEIS; m;, = 6.3; Ms=7.1 ISC
KURILE mp™N (1) =6.8 ms"™(1)=78 atT=35s; from Fig.1
29 Nov 1978; 19:52:47.6; Lat.:16.01N; Long.:96.59W; h = 18 km NEIS; my, = 6.3; Ms = 7.6 ISC
MEXICO

mp™N(T)=8.8 ms"™™ (=90 atT=28s; from Fig.1
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Fig.1 Spectral P-wave and S-wave magnitudes of the Sichuan earthquake and the Kurile and Mexico
earthquakes, as function of mid-band periods corresponding to one-octave bandpass
seismograms. x indicates the m,-magnitude of the Sichuan earthquake, and + indicates the
my-magnitudes of the Kurile and Mexico earthquakes (see text). The earthquake parameters are
given in Table 1. The uppermost line shows the mid-band periods and the period ranges of the
one-octave filters applied to the broadband records of the P-wave and S-wave.

The body wave magnitude, my, is being determined by NEIS from observations in the period
range 0.1 s to 3 s. The measurements are made however in most cases from P-waves with periods
near 1s. Note in Fig.1 that the m,-values of the three earthquakes are close to the respective
spectral P-wave magnitudes for the period of 1s. But this period is in all cases lower than the one
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for which the spectral density of the wave attains its maximum value. Consequently, the
conventional body wave magnitude my, samples the spectrum at an incidental period, usually less
representative for the earthquake spectrum than the period at which the spectral density attains its
maximum.

From Fig.1 it can be seen that the spectral magnitudes of the Sichuan earthquake have a
tendency to be akin to the Mexico rather than to the Kurile earthquake. Both, the Sichuan and the
Mexico earthquake, feature a preponderance of longperiodic radiation, especially for S-waves.
The two earthquakes differ from each other though in the sense that the maximum P- and S-wave
spectral magnitudes of the Sichuan earthquake occur at two different periods (9 s and 25 s, resp),
while they occur at one and the same period for the Mexico earthquake (28 s), (as also for the
Kurile earthquake (3.5 s)).

We interpret the equality of the periods of the maximum spectral magnitudes for P- and
S-waves as signifying a normal relation between the earthquake volumes of P- and S-waves. See
below. It can be said already now though that the S-wave corner period for the Sichuan
earthquake found to be larger than the P-wave corner period, signifies an anomalously large
S-wave volume for this earthquake. Eventually, the S-wave energy radiated during this earthquake
was drawn from an anomalously large region inside the Earth, if compared to the region from
which the P-wave energy originated.

2 P-wave corner period of the Sichuan earthquake

In an earlier study Duda and Xu (1988) have investigated the global distribution of P-wave
corner periods for nearly 300 earthquakes. On the basis of broadband seismograms they found
that earthquake regions can be indentified with systematically shorter and systematically longer
corner periods, if compared to ,,normal regions (Fig.2). The Kurile and the Mexico earthquakes
considered in Fig.1 and in Table 1 have epicenters in the Region la and Region 7 of Fig.2,
respectively. Though not included in the investigation of Duda and Xu (1988), the two
earthquakes feature spectral properties well reflected by the spectral characteristics of the
earthquakes in the two regions. Namely, in Region la the earthquakes have generally lower than
normal, and in Region 7 - higher than normal corner periods of P-waves.

In Fig.2 the epicenter of the Sichuan earthquake is added. If the P-wave corner period of this
earthquake (9 s) is related to the average corner periods for all ca 300 earthquakes in the figure, it
is found that the corner period matches well with the averages found in Region 9 (9.6 s), Region 8
(9.5 s) and in the nearby Region 4 (6.9 s). The Regional 9, 8, and 4 fetaure thereby normal P-wave
corner periods.

At the same time the P-wave corner period of the Sichuan earthquake is seen to be larger
than the average corner periods in the Region 1a, b (3.9 s and 4.8 s), and smaller than the average
corner periods in the Region 2 (11.8s) and Region 3 (15.7s), the Regions 1, 2, and 3 being
located in the immediate vicinity of the epicenter of the Sichuan earthquake.

The P-wave corner periods of the earthquakes in the 11 regions of Fig.2 were earlier
interpreted in terms of the stress drops associated with the earthquakes, and the stress drops in
turn were considered as expressions of the ambient stress prevailing in the respective regions
(Sarkar and Duda, 1985). Thus, based on P-wave corner periods, the Sichuan earthquake qualifies
as an earthquake with a normal stress drop. No analysis of stress drops based on S-waves is
available for the earthquakes in Fig.2 thus far.

To investigate the relation between the corner periods of P- and S-waves in greater detail, the
relation is shown for a selection of about 100 shallow and deep-focus earthquakes distributed
worldwide (Fig.3). The my- and Ms-magnitudes of the earthquakes range from 5.1 to 6.6 and from
4.8 to 7.7, respectively. The data are taken from Duda and Xu (1988).
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Fig.2 Regions featuring corner periods with normal (white), shorter than normal (blue) and longer
than normal (red) values. Included is the epicenter of the Sichuan earthquake of 12 May 2008.
The P-wave corner period of the Sichuan earthquake amounts to 9s (Table 1).
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Fig.3 Relation between corner periods of S-waves (TS) and P-waves (TP) for earthquakes recorded
at teleseismic distances (data from Duda and Xu (1988)). Included are the Sichuan earthquake,
as well as the Kurile and Mexico earthquakes of Table 1. Earthquakes located within the sector
one octave wide feature identical (within error limits) corner periods for both waves. The
numerals indicate the region number from Fig.2.
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From Fig.3 it is seen that the corner periods of P- and S-waves show only a weak correlation.
The number of earthquakes with the two corner periods being equal to within one octave (as it is
the case for the Kurile and Mexico earthquakes), is practically the same as the number of
earthquakes with deviating corner periods (as for the Sichuan earthquake). Earthquakes with
identical corner periods (within the limits of resolution) are considered as ‘“normal”, and
earthquakes with deviating corner periods — as “anomalous”. In this sense the Kurile and Mexico
earthquakes fall in the first, and the Sichuan earthquake — in the second group. From Fig.3 the
Sichuan earthquake is seen a priori to feature an abnormally large S-wave corner period, for the
given P-wave corner period, or an abnormally small P-wave corner period for the given S-wave
corner period.

Due to the fact however that in Fig.2 the P-wave corner period of the Sichuan earthquake is
found to match well the worldwide average, it is the S-wave corner period which must be
considered as abnormally large for the earthquake. At the same time the maximum spectral
P-wave and S-wave magnitudes agree to within 0.2 magnitude units (Table 1). It may be
concluded that the S-wave energy was drawn in this case from the unusually large S-wave volume,
as opposed to the P-wave energy drawn from the smaller P-wave volume. The conclusion is valid
for all earthquakes in Fig.3 located to the left of the sector containing the “normal” earthquakes,
as long as the P-wave corner period matches the worldwide average.

Theoretical source models have been proposed predicting P-wave and S-wave corner periods
equal to each other, as well as such having a ratio larger or smaller than one (Aki and Richards,
1980). All models rely on assumptions concerning the elasticity moduli at the source. The
assumptions introduce uncertainties, as the wavefield of body waves even in a homogeneous
medium is controlled by three independent parameters: the radius of the respective source volume,
the (longitudinal or shear) stress acting at its surface as function of time, and the respective
elasticity modulus (Wielandt, 2001). If the source volume is found independently of assumptions
about the source process, a constraint is imposed on the generation of the wavefield, eventually
facilitating the inversion of the wavefield.

3 The volume of the Sichuan earthquake

In the past various attempts have been made to estimate the volume of an earthquake. In a
recent study Duda and Jansky (2008) define the earthquake volume on the basis of broadband
observations of body waves. Accordingly, the earthquake volume is the region inside the Earth in
which the body waves radiated from the focus produce dynamic strains exceeding a critical value.
The critical value is thereby related to the strength of the material surrounding the focus. In the
following reference is made to the paper by Duda and Jansky (2008). The paper describes in
particular the method of converting the body wave amplitudes measured at the Earth surface into
the respective amplitudes inside the Earth near the focus.

For the purpose of estimating the earthquake volume, the body wave amplitudes of the given
earthquake, as measured at the Earth surface at a particular epicentral distance, are projected
computationally along the ray path back towards the earthquake focus (Cerveny and Jansky,
1983). At some critical distance from the focus the amplitudes of either the P- or the S-waves, and
the corresponding dynamic strains, become large enough to violate the applicability of the linear
theory of wave propagation. The critical distance defines the volume within which nonlinear
behavior of the material surrounding the focus prevailed during the earthquake. The dilatational
strain at the critical distance is found from P-waves, and the distortional strain - from S-waves.
The critical distances yield two volumes, which generally will differ from each other.

In the following the P- and S-wave volume of the Sichuan earthquake is presented, and
discussed on the basis of the Kurile and Mexico earthquakes, introduced above.
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Table 2 shows P- and S-wave displacement amplitudes 4 measured at the Earth surface, at
the reference distance taken as 80 deg. The amplitudes correspond to the corner periods of the
respective spectra. For the Sichuan earthquake the amplitudes amount to 158 p for the P-wave,
and to 912 p for the S-wave. A dynamic strain of e.g. 10 is seen to be generated at the distance D
of 0.9 km for the P-wave, and of 4.6 km - for the S-wave. The distances so found are taken as radii
of spheres with their volumes J being estimates of the P-wave and S-wave volume of the
earthquake.

The critical distance D defining the earthquake volume depends on both the maximum
radiation intensity of the given body wave (as expressed by the maximum spectral magnitude),
and the respective corner period. E.g. it is seen from Table 2 that nearly the same critical distance
D is found for S-waves of the Kurile and the Sichuan earthquake (4.6 and 5.4 km, resp.), even
though the S-wave corner period of the Kurile earthquake amounts to only 3.5's, and that of the
Sichuan earthquake — to as much as 25 s. But the radiation intensity of S-waves, as expressed by
the maximum spectral magnitude, ms™", is larger by 0.5 unit for the Sichuan earthquake (8.3 vs.
7.8, resp.), offsetting the effect of the different corner periods on critical distance, and eventually
on the volume. Consequently, one and the same earthquake volume may be found for an
earthquake with less intensive radiation at shorter periods, as for an earthquake with more
intensive radiation but occurring at longer periods. This applies for P-waves and for S-waves
separately.

Table 2 Maximum spectral magnitudes m™(T) of the Sichuan earthquake, and of the Kurile and
the Mexico earthquakes (see Fig.1), the corresponding displacement amplitudes A4 at the
Earth surface (vertical component for the P-wave, horizontal (radial) component for the
S-wave) and the distances D from the focus along the ray, for the periods and dynamic
strains as indicated, together with the corresponding earthquake volume ¥ (in m®). If D is
given in metres, then V' = (4/3)nD°.

Region m A at 80° D and V for strain 10™* D and V for strain 10”
mp™™ (9 8)=8.1 158 1 0.9 km/2.9x 10° 9 km/2.9x 10"
SICHUAN g™ (25 5)=8.3 9121 4.6 km/4.1x 10" 46 km/4.1x 10"
mp™ (3.5 §)=6.8 m 0.1 km/4.2 x 10° 1 km/4.2x10°
KURILE ms™ (3.5 5)=7.8 2p 5.4 km/6.6x 10" 54 knv/6.6x 10"
mp™ (28 5)=8.8 2800 p 3.1 km/1.3x 10" 31 km/1.3x 10"
MEXICO ms™ (28 §)=9.0 5600 p 16.5 km/1.9x 101 165 km/1.9x 106

For P-waves, on the other side, the critical distance D is seen in Table 2 to be nearly one
order of magnitude larger for the Sichuan earthquake (0.9 km), if compared to that of the Kurile
earthquake (0.1 km), i.e. the P-wave volume is much larger for the Sichuan earthquake than for
the Kurile earthquake.

It is known that explosive sources produce strong longitudinal waves, if compared to shear
waves. The volume determined from P-waves will be here larger than that from S-waves. In
analogy, one can imagine sources producing strong shear waves, if compared to longitudinal
waves (shearing source). Here, the earthquake volume determined from S-waves will dominate
that determined from P-waves. Consequently, earthquakes can be understood as a superposition of
the two kinds of sources, interacting with each other and generating the observed wavefield.

4 Discussion and Conclusions

The definition of the earthquake volume applied in the present paper involves a critical
dynamic strain produced by the body waves. The numerical value of the critical strain is a matter
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of assumption, as long as the mechanical properties of the medium surrounding the focus are not
known with adequate accuracy. In other words, as long as it is not known at which (dilatational
and distortional) strain the medium starts to behave non-linearly, any (reasonable) value for the
critical strain may be assumed. Thus, in Table 2 the critical distances D and the earthquake
earthquake volumes V" are given for two values of the critical strain. The critical distances and
earthquake volumes can be readily computed for other values of the critical strain.

Early estimates of the earthquake volume (of the main shock) were based on the spatial
distribution of aftershocks. Duda (1970) found that the aftershocks were located in a volume
within which dynamic P-wave strains of 10%° and larger must have prevailed. However, the
uncertainty in the location of the aftershock hypocenters may have resulted in an overestimate of
the earthquake volume, and thus in an overestimate of the critical distance. Consequently, the
critical strain at the boundary of the earthquake volume turned out to be too low. On the other side,
had the hypocenter coordinates been known without error, a smaller earthquake volume, and a
smaller critical distance would have been found, resulting in a higher critical strain at the
boundary of the earthquake volume.

Based on observations of nuclear explosions, Duda (1972) found the strain at the
elastic-non-elastic boundary to amount to as much as 10™.

For the Sichuan earthquake a critical strain of 10” is obtained, if the size of the rupture
process, as estimated by Nishimura and Yagi, 2008, is equated to the critical distance in Table 2 of
the present paper. The same critical strain of 10~ follows for the Sichuan earthquake from a
comparison of the results of the present investigation with these of Burchfiel et al. (2008).

The main conclusions of the investigation may be summarized as follows:

1. The Sichuan earthquake of 12 May 2008 is characterized by maximum spectral
magnitudes of P- and S-waves occurring at different periods.

2. The S-wave corner period of the Sichuan earthquake is found to be unusually large for the
given corner period of the P-wave.

3. The critical distances at which given dynamic strains are produced during the earthquake
indicate that the S-wave volume is clearly larger than the P-wave volume.

4. Methodically, the P- and S-wave volumes are found to be parameters quantifying the
earthquake size in addition to, and independently of other earthquake parameters.
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