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Abstract: The propagation of seismic body waves is a linealfgtic process in most of the Earth
body. Only in the region surrounding the earthquidaais nonlinear processes may be expected to
take place as the result of the radiation and maipen of the waves. The investigation is concerned
with the estimation of the dimension of the regiomvhich nonlinear processes prevail.
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The earthquake volume can generally be understedtearegion inside the Earth affected
most intensively by the process taking place aratnedfocus. If for earthquakes the volumes
were determined individually and independently, ¢éaethquake volume would eventually prove
to be a parameter of formidable tectonophysicahi@nce, along with other parameters
expressing the “size” or “strength” of the earthkpia

First estimates of the earthquake volume were basdtle connotation that the hypocenters
of aftershocks delineate the volume of the maircklud the earthquake sequence (Benioff, 1955).
The earthquake volume so defined was determinech&in shocks with magnitudes ranging for
several orders. The approach led to volume estimageful for a number of purposes (Bath and
Duda, 1964). However, the interpretation of thigheguake volume in physical terms is not easy,
even if the locations of the aftershocks were knoampletely and with highest accuracy.

In the present investigation the estimate of ththgaake volume is based on seismographic
observations of body wave signals radiated from #athquake focus. The practical
implementation of this approach is facilitated bye tavailability of modern broadband
seismographs. The amplitudes measured from thensgiams yield the ground motion at the
point of observation in absolute units with highecuracy than it was ever possible before.

For the purpose of the present investigation ththgaake volume is defined as the region
inside the Earth in which the amplitudes of bodyves (together with the dynamic strains
generated by them) exceed a critical value. Thearivalue of the body wave amplitude (or the
corresponding value of the dynamic strain) defilees a closed surface containing the
earthquake focus. The region inside this surfaaeled here the earthquake volume. A priori,
any reasonable critical value can be assumed éoanhplitude (or the dynamic strain). In practice,
the critical value depends though on the knowledféhe physical properties of the medium
controlling the propagation of the seismic signaing the ray path between the focus and the
point of observation at the Earth surface. Als@ #vailability of a wave propagation theory
enabling one to project the amplitude observeti@aBarth surface along the ray path towards the
focus is of paramount importance for the problem.

The present investigation is based solely on thesali theory of wave propagation. Thus, for
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the critical amplitude (or dynamic strain) a valgplies such that the wave propagation outside
of the earthquake volume can be considered as@dyplimear elastic process, while inside the
volume nonlinearity prevails. No adequate obseovetiare available which would permit to
elucidate the process inside the so defined eal®uolume, and the application of non-linear
theory of wave propagation would be of only limitealue. In addition, exact information is
lacking on when deformations of the Earth mategs&@i be considered as “small” to warrant the
application of linear theory of elasticity. Conseqtly, only critical amplitudes assumed as
reasonable (or corresponding critical dynamic stacan define a surface separating the regions
with linear and nonlinear behaviors in course efriddiation and propagation of seismic waves.

It is not difficult to imagine that the large amplies of the motion in the immediate vicinity
of the focus will generate dynamic strains excegdhre strength of the material. Thereby two
strengths have to be given consideration: suchofagitudinal and such for transverse oscillations.
Close to the source both dynamic strains act samathusly, as parts of the near-field and far-field
displacements. Only after the near-field displac#sdecome negligible with respect to the
far-field displacements, the dynamic dilatationataim and the dynamic shear strain act
guasi-independently of each other and at diffetiemgs.

Generally the strength of materials for dilataticsteains is larger than the strength for shear
strains. Consequently, for a fixed amplitude andogleof the body waves, the earthquake volume
estimated from longitudinal oscillation®-(vaves) will differ from the volume estimated from
transverse oscillationsSfvaves). The ratio of the two volumes becomes thesn additional
parameter characterizing individual earthquakes.

In an earlier investigation Duda et al. (2000) preed isolines oP-wave amplitudes in the
Earth mantle. The present investigation is theinaation in the sense that now the amplitude-
and strain-regime at closer distances from theddegiven consideration. The two investigations
are thus complementary with respect to each other.

Similarly as before, the amplitudes of body wavesasured at the surface of the Earth are
projected along the ray path in the direction ef élarthquake focus, employing the zero order ray
theory of wave propagation. From the amplitudes dyeamic strains are computed with
emphasis on short distances from the focus. Distamee determined, at which — largely by
assumption — the linear wave propagation startsmRhis very distances the earthquake volume
is estimated.

1 Method of computation

The dynamic strain produced by the oscillatory owtdf seismic waves is time-variable, in
accordance with the time-variability of the wavetion. Only the maximum value of the dynamic
strain is deemed significant for the present pwepds the case of a monochromatic wave the
maximum dynamic strain is (Duda, 1970)

4A  4A
E=—=—
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HereA is the displacement amplitude of the wale, its period, — its wave length, and— P- or
Swave velocity at the poit¥l along the given ray path (Fig.1).

The P- or Swave signal seen on seismograms is understoocheassuperposition of
monochromatic waves, in accordance with Fourierisiciple. In practice, the superposition
principle applies outside the earthquake volumejedmed above, i.e. in the region where linear
elasticity prevails during the wave propagation.this region the displacement amplitudes, as
well as the corresponding dynamic strains can pergposed, provided phase shifts are taken into
account.
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Fig.1 Structure of the Earth with ray paths®fvaves (heavy lines) an8waves generated at the
foci F (40 km and 700 km depth) and observed &t &icentral distanceR — distance from
the centre of the Earth. Major discontinuities sinewn in agreement with the IASP91-model
(Kennett et al., 1995).

Referring to Fig.1, from the amplitude at the pdihton the ray path the dynamic strain at
this point is computed. In theory, the computatibreither the amplitude or the dynamic strain is
permitted at any poir¥l on the ray path (with the exception of the fo€)sif only the Earth
material at the point obeys Hooke's law. Practjcafiowever, the computations become
successively doubtful for pointd approaching the sourée In the strict sence the linear theory
of wave propagation is valid only at poifisat which the amplitudes or dynamic strains remain
below the critical value. Whatever critical valgesissumed, its significance remains formalistic as
long as no respective measurements can be perfofnethis reason volume estimates are given
for a range of critical values considered not to bwealistic on the basis of laboratory
experiments.

For the computation of the-wave andS-wave amplitudes along the ray path we apply the
two-point tracing zero-order ray methodefveny and Jansky, 1983). The amplituidlat the
pointM is then:

AM) = gVGqL‘lexp[—g] (2)

Here,g characterizes the distribution of the displacenanplitudes on the unit sphere with its
centre at the sourde, whereby symmetric radiation from the source isuased.V andG are

given by the relations:
v [ MSAS) v(Q) A0} @)
V(M) p(M) H(k’ v(G,) p(O,)

G=|_|(k>yk “)

The products correspond successively to the indatittansmission poin®; - Oy at which



4 1 Duda et al: The Earthquake Volume from Body Waves 35

the ray intersects the boundaries on its way betwhee sourcé& and the poinM. In (3)v(Oy) and
p(Oy) give the velocity and density at the pdditon the side of the incident ray, avilO,) and
p'(0y) - the same quantities on the other side of theabary. Similarlyw(F) andp(F) correspond
to the source ang(M) andp(M) to the pointM on the ray path. The symbgl denotes the
transmission coefficient at the poidt. N is the total number of intersections of the rathpaith
the discontinuities. The quantitydepends on the position of the pdit if it is situated at the
Earth’s surfaceq is the relevant conversion coefficient, and ifstsituated inside a layeris
equal to one. Finally, the quantityrepresents the geometrical spreading of the wave.

The period-dependent absorption of the body waesssimed to have the form

Tt
exp[—T] (5)

\ 1 Yo
t = = — ds (6)
0.6366tan* (1.5928 )} vQ

Here,t* is given by the relation

whereT is the period of the wav€) is the quality factor as function of the distanf¢he pointM
from the Earth center, and the integral is caledatlong the ray from the sourego the pointM
in Fig.1 (Duda and Yanovskaya, 1993; Yanovskayalundh, 1994; Lyskova et al., 1998).

Amplitudes of body waves at the Earth surface araitrary teleseismic epicentral distance
(no consideration is given in the paper to shortexyral distances, due to the generally complex
nature of P- and Swave signals in this distance range) can be ctedero the respective
amplitudes at a particular distance, applying thegmitude calibrating function for the given
wave type (Duda and Yanovskaya, 1994). Thus, ificesf to make the computations of the
amplitude variation along the ray path for a pattic epicentral distance. This distance is taken in
the following as equal to 80°, and the resultslbfmplitude computations are shown relative to
the amplitude at this particular epicentral distanc

The results of the amplitude computation along réne path are shown for two, in a way
extreme, focal depths: 40 km and 700 km. Also, mormuohtic radiation of the body waves is
assumed, and the results are presented for bodg werrods of 0.5s, 4s, and 32s. The two
extreme periods correspond to the periods obsefiredoth P- and Swaves from earthquakes
recorded on broadband seismograms (see Fig.9 hetmly direct body waves are taken into
consideration, and eventual interference with waeflected from discontinuities is disregarded.
In view of other uncertainties, interpolations éher focal depths and wave periods are estimated
to be permissible.

In the computations the spherically symmetricabei#} model forP- andS-waves IASP91
is used (Kennett and Engdahl, 1991), together thighspherically symmetrical anelasticity and
density models AK135 (Kennett et al.,, 1995; Montrgand Kennett, 1996; Lyskova et al.,
1998).

Under these conditions the relative amplitudeshef hody waves along the ray paths are
obtained.

2 Results of computations

Figs.2 and 3 refer t&- andS-waves respectively. The diagrams show the variatiothe
amplitudes of the waves along the ray paths astibmof the angular distance between the
sourceF and the poinM (Fig.1). As reference amplitudes, the vertical congnt of theP-wave
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and the horizontal part of radial component of $wgave are used. No consideration is given to
SH-waves. The amplitude variation along the respeqgtiaths is shown for the focal depths and
wave periods as indicated. The epicentral distamagsfrom near the source up to 80°.

It is evident that the amplitudes Bfwaves increase by 3-4 orders of magnitude from the
point at 80° epicentral distance to near the fd€ig.2). For theSwaves the respective increase
amounts to factors ranging from 3 to 7 orders ofjnitaide, the most dramatic increase occurring
for the Swave with a period of 0.5s. The increase of theldaodes along the ray paths is due to
the compensation for geometrical spreading andhferabsorption of the waves, short-periodic
Swaves showing the strongest effect.
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Fig.2 P-wave amplitudes along the ray path as functioangfular distanc® at the pointM (Fig.1),
in the distance range fron® 8to near the sourdé. Source depth: 40 kmsolid line, 700 km
—dashed line. Wave periods: @=0.5s, b)T=4s, ¢)T=32s. As reference amplitude is
taken the amplitude of the vertical component efRfwave at 80° epicentral distance.
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Fig.3 Swave amplitudes along the ray path as functioangfular distanc® at the pointMM (Fig.1),
in the distance range fron® 8to near the sourdé. Source depth: 40 kmsolid line, 700 km
—dashed line. Wave periods: @=0.5s, b)T=4s, ¢)T=32s. As reference amplitude is
taken the amplitude of horizontal part of the rad@mponent of th&wave at 80° epicentral
distance.



4 1 Duda et al: The Earthquake Volume from Body Waves 37

Figs.4 and 5 show the amplitude variation as fonctf the linear distance along the ray, in
the range from near the focus to 100 km. The reésrenamplitudes are the same as before. The
large numerical values of the amplitudes suggestribnlinear behavior of the material will start
at some distance from the focus, and that the gttneof the material will be exceeded, at even
shorter distances. The aim of further computatign® estimate the distances from the focus
within which non-linear behavior prevails. Onlydistances larger than the critical one will the
linear theory of wave propagation apply and thevalmmputations of the amplitudes be valid.
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Fig.4 P-wave amplitudes as in Fig.2, as function of thedir distance of the poikt from the source
F along the ray path. The numerals give the coefici® in the equation log(relative
amplitude) =A + B log(distance),B = 1; see text).
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Fig.5 Swave amplitudes as in Fig.3 as function of thedindistance of the poiM from the source
F along the ray path, in analogy to Fig.4.
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It must be borne in mind that at short distancesnfthe focus the near-field term of the
displacement field becomes significant, and frandS-wave generated dynamic strains will not
be separated in time (see above): the materidteoEtarth will be subjected here to dilatational
and shear strains simultaneously.
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Fig.6 Dynamic longitudinal strains generated BPywaves from Fig.4. The referend@wave
amplitude (vertical component) is taken agml Source depth: 40 kmsolid line, 700 km-
dashed line. Wave periods: B¥F 0.5, b)T=4s, ¢)T=32s. The numerals give the coeficient
A'in the equation log(strain)A+ B log(distance),B = 1).

1E+002
1E+001
1E+000
1E-001
1E-002
1E-003
1E-004

STRAIN

1E-005
1E-006
1E-007
1E-008

1E-009

1E-010 | I IIIIIIII I IIIIIIII I IIIIIII| I IIIIIII|

0.01 0.1 1 10 100
DISTANCE FROM SOURCE ALONG THE RAY (KM)

Fig.7 Dynamic shear strains generated waves from Fig.5 in analogy to Fig.6. The refeeenc
Swave amplitude (horizontal part of radial compajéntaken as im.
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Fig.8 Shear strains as function of period, for sourcettdepnd distances along the ray path as

indicated. Source depth: 40 knsolid line, 700 km-dashed line. The reference amplitude is
taken as im. Compare with Fig.7.

For all practical purposes observations at teleseisdistances correspond to only the
far-field term of the displacement field. Thus, titistance from the focus found in the present
computations for a particular value of the dynamimain will be smaller than the distance
applying for the same strain value but for amplsidesulting from the superposition of both the
far-field and the near-field of the disturbance. The earthquakeme estimated from dynamic
strains corresponding to the far-field only - as@dere - (near-field observations as a rule not
being available), will consequently be thaver limit for the factual value of the earthquake
volume.

Fig.6 and 7 give the dynamic strains generated theasource by thB-waves and&-waves
respectively. The strains are computed from (1) famah the amplitudes as given in Fig.4 and 5.
Again, the numerical values of the strains at gspristances from the source are significant only
as long as Hooke's law underlying the computati@n®t violated.

In the figures the least square approximation efdbrves are shown for the distance range
as indicated. The dynamic strains (as also the \aayaitudes) are seen to decrease with the first
power of the distance from the sourte=(l). Such a decrease is theoretically expectedhior
far-field amplitudes in a homogeneous medium. Tdgre@ment (within error limits) is due to the
small variability of the structural constants of ttnedium surrounding the focus, together with the
relatively highQ-values of the medium.

Finally, Fig.8 shows the dynamic shear strain astfon of the period of th&wave, with
the distance from the focus as parameter. (The mdindongitudinal strains show a less
pronounced behavior). At a given distance fromftwmais it is seen that the dynamic shear strain
is increasing by orders of magnitude with decreagieriod. As mentioned earlier, it is assumed
that the body waves have a displacement amplitgdleo lum at the Earth surface at 80°
epicentral distance. For tiwave amplitudes actually observed at the Eartfaser the shear
strains may be computed from the figure utilizihg Fig.5. (See next chapter.)

The critical dynamic strain separating regions Mitlearly elastic and non-linearly elastic
behavior is not known, as the elasticity constatshe depths of the earthquake foci are not
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accessible for measurements. Consequently, indil@nving discussion values for the critical
strains can only be postulated.

3 Discussion of results of the strain computations

In Table 1 and 2 the relative amplitudes and theadyic strains are shown for the focal
depths of 40 km and 700 km, respectively, with theoggeof the wave and the distance along the
ray path as parameters. E.g. for the focus at 48éqith at a distance of 10 km, the amplitude of
the P-wave with a period of 4 s inceases by a factor30d, and that of th&wave - by a factor
of 11000 with respect to that at the Earth surfatc®0° epicentral distance. If the amplitude at the
reference distance at the Earth surface is takehpas the dynamic strains generated at the
distance of 10 km from the focus amount to 1.6%&Ad 2.4x10, respectively. Such strains may
be considered to be small enough for the linearevwmepagation to prevail at the distance chosen,
and at all larger distances.

Table 1 Amplitudes and dynamic strains IBf andSwaves as a function of periddand distanc® from
the sourcd~ The source is located at the depth of 40 km. Asreefce, the vertical component of the
P-wave and the horizontal (radial) component of $heave is used, respectively. TRe and Swave
velocities at this depth are 8.0 km/s and 4.5 kneispectivelyl gives the corresponding wave length.

P-waves H Swaves

Relative amplitudes fdf at the depth of 40 km

A(T=0.55) A(T=45s) A(T=325) A(T=0.55) A(T=45s) A(T=325)
D (km) (A=4km) (A=32km) (A=256 km) (A=2.3km) (A=18km) (A=144km)
(Fig.4) (Fig.5)
0.1 8.3x10° 1.3x16 7.2x1d 2.2x16 1.1x16 1.0x16
1 8.3x1d 1.3x1d 7.2x16 2.2x16 1.1x16 1.0x1d
10 8.3x108 1.3x16 7.2x16 2.2x10 1.1x1d 1.0x16
100 8.3x16 1.3x16 7.2x10 2.2x10 1.1x16 1.0x16

Dynamic strains for reference amplitude qfrh

¢(T=0.55) e(T=45s) £(T=325s) ¢(T=0.55) &(T=45s) £(T=325s)
D (km)
(Fig.6) (Fig.7)
0.1 8.3x1d' 1.6x10° 1.1x10° 4.0 2.4x10 2.9x10°
1 8.3x10° 1.6x10° 1.1x10° 4.0x10" 2.4x10° 2.9x10
10 8.3x10 1.6x10° 1.1x10° 4.0x10° 2.4x10° 2.9x10°
100 8.3x10 1.6x10° 1.1x10° 4.0x10° 2.4x10 2.9x10°

For P-wave andSwave displacement amplitudes at the Earth sur&tc80° epicentral
distance taken as equal tard, the P-wave magnitudes amount to 7,1, 6.2, and 5.3 apeheds
of 0.5s, 4, and 32 s, respectively. The magnitigleds are obtained thereby on the basis of the
Gutenberg and Richter (1956) calibrating functigeserally used in seismological practice. The
functions are known though to apply in the striehse only tdP-waves with periods around 5s
(andSwaves with periods around 10 s; see below). We hete that the calibrating functions of
Gutenberg and Richter (1956) are routinely apghedEIS toP-wave observations in the period
range 0.1s ~ 3s, which is lower by several octae®mpared to the period for which the
Gutenberg and Richter calibrating function was iogtly designated. This fact must introduce
inconsistencies in the routine estimates of bodyewaagnitudes.

For the focal depth of 700 km the corresponding ritades amount to 6.6, 5.7, and 4.8. The
difference of the magnitudes at 0.5 s, and 32 ses sebe 1.8 units for both focal depths.
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On the other side, the application of period-depaddmagnitude calibrating functions
(Duda, Yanovskaya, 1994) yields for the amplitude qinlat the Earth surface at 80° epicentral
distance spectral magnitudes amounting to 7.8%, &8d 4.35 for the focal depth of 40 km, and
spectral magnitudes amounting to 7.40, 5.70, &bl #or the focal depth of 700 km at the periods
of 0.5s, 4s, and 32 s, respectively. The differendeke (spectral) magnitudes are here seen to be
3.50 and 2.80 units.

Table 2 Values as in Table 1, but for the souFcsituated at the depth of 700 kR andSwave velocities
at this depth are 10.9 km/s and 6.1 km/s, respeytivel

P-waves H Swaves

Relative amplitudes fdF at the depth of 700 km

A(T=0.55) A(T=45s) A(T=325s) A(T=0.55) A(T=45s) A(T=325s)
(A=5.4km) (A=44km) (A=345km) (2=3.0km) (A=24km) (A=195km)
D (km)
(Fig.4) (Fig.5)
0.1 2.3x16 5.3x1d 3.4x1d 1.1x18 2.9x16 4.5x1d
1 2.3x14 5.3x10 3.4x16 1.1x10 2.9x1d 4.5x16
10 2.3x10 5.3x16 3.4x16 1.1x16 2.9x16 4.5x16
100 2.3x10 5.3x10 3.4x10 1.1x%0 2.9x16 4.5x10
Dynamic strains for reference amplitude gfrh
¢(T=0.55) &(T=45) £(T=325s) ¢(T=0.55) &(T=45) £(T=325s)
D (km)
(Fig.6) (Fig.7)
0.1 1.7x1¢ 4.9x10° 3.9x10 1.5x10 4.7x10° 9.3x10’
1 1.7x10° 4.9x10 3.9x10° 1.5x10° 4.7x10° 9.3x10°
10 1.7x106 4.9x10° 3.9x10° 1.5x10° 4.7x10" 9.3x10°
100 1.7x10 4.9x10° 3.9x10%° 1.5x10" 4.7x10° 9.3x10'°

Needless to say, that real earthquakes do not peodd the Earth surface identical
displacement amplitudes at periods ranging frons0:532 s, a range of 6 octaves. Rather, the
amplitude distributions as function of the waveipaiare a characteristic feature of the particular
earthquake, requiring proper quantification (Nonimand Duda, 1982, 1983).

To illustrate the point, two particular earthquala® given consideration. The relevant
source parameters of the earthquakes are shownalte T3. Accordingly, the body-wave
magnitudesam,, as published by ISC, are identical for both eprékes, i.e. on the basis of the
my—values both earthquakes have identical strengths.surface-wave magnitud&sS for the
two eartquakes differ by 0.5 units, the smallt3-value for the Kurile earthquake likely to be due
to the greater focal depth of the earthquake.

Table 3 Parameters of earthquakes from two regions. Thenpeters are taken from sources as indicated.

KURILE MEXICO
6 Dec 1978; 14:02:01.0 29 Nov 1978; 19:52:47.6
NEIS NEIS

Lat: 44.59N; Long: 146.58 H1=91km Lat: 16.01N; Long: 96.59\WWh=18km
my,=6.3;MS=7.1 ISC m,=6.3;MS=7.6 ISC
me"{(T) =6.8,mg™(T) =7.8 me"{(T) =8.8,ms™{(T) =9.0
atT=3.5s atT=28s

from Fig.9 from Fig.9
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For a more consistent characterization of the gthenof the two earthquakes the broadband
seismograms of the body-waves are utilized. Thensmjrams were obtained at the Central
Seismological Observatory of the Federal RepulliGermany at Erlangen. Fig.9 displays the
spectral magnitudes(T) for P- and for Swaves, as function of the wave period. For the
determination of the spectral magnitude€l) the broadband seismograms of te(vertical
component) and th&wave (horizontal component) were utilized. A setpge of one-octave
filters with center periods ranging from 0.25s ~8%2(10 octaves) was applied to the
seismograms. From each of the 10 band pass seiamsgheP-wave andS-wave amplitudes
were found (if measureable), and the correspondipgctral magnitudesn(T) determined.
Thereby the period-dependent calibrating functi@nsda, Yanovskaya, 1994) were applied. The
spectral magnitudes so obtained are displayechéotvio earthquakes in the figure as function of
the center period of the one-octave filters.

It is found that the maximum spectral magnitudesuo@t largely different periods, namely
at 3.5s for the Kurile earthquake, and at 28s ftwe Mexico earthquake. The periods
corresponding to the respective maximum spectrginimades forP- andS-waves are seen to be
identical. (This is not found to be the case inegah the maxima oBwaves for particular
earthquakes occurring at either longer or shoieiods than these &fwaves).

The display of the spectral magnitudes in Fig.9wshdhat the strengths of the two
earthquakes are different, if the radiation ateltvant periods is taken into consideration. Also,
m, reflects only the radiation intensity around 1 singean unspecified average of tRewave
(Swave are not taken into account in the seismoldgicactice.) in the period range 0.1s — 3s
(see above).
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Fig.9 SpectralP-wave andS-wave magnitudes for two earthquakes as functiomidfband periods
corresponding to one-octave band pass seismogidmsearthquake parameters are given in
Table 3. The uppermost line shows the mid-bandogsriand the period ranges of the
one-octave filters applied to the broadband recofdee P-wave andS-wave. The cross at 1s
shows themy-value for the two earthquakes: according to ISEmnthvalues are identical for
both earthquakes. See Table 3.

Evidently, the difference in the periods at whibk tmaximum spectral magnitudes are found
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indicates a dramatic difference of the focal preesduring the two earthquakes. In particular, the
earthquake volumes of the two earthquakes may pecead to differ significantly from each
other.

The volumes are estimated from tRe and Swaves at periods revealing the strongest
radiation intensity, i.e. from the amplitudes & teriod of 3.5 s for the Kurile earthquake and of
28 s for the Mexico earthquake. In Table 4 the amnbis at the Earth surface at 80° epicentral
distance are shown for the respective maximum ggentagnitudes, the Mexico earthquake
featuring clearly the larger amplitudes. Also, tlistances are shown at which strains were
attained, as indicated. Regardless of which stralne is taken as the critical one, the distance at
which linear elasticity starts to prevail is larder the Mexico earthquake, than for the Kurile
earthquake. Qualitatively it may be said that theteuake volume of the Mexico earthquake is
larger than that of the Kurile earthquake, if ttwdume is determined for the period at which the
maximumP-wave orS-wave radiation occurs.

Table 4 Spectral magnitudas(T) from Fig.9, the corresponding amplitudkeat the Earth surface (vertical
component for th@-wave, radial component for ti®wave) and distances from the foduslong the
ray, for the periods and dynamic strains as inditat

Region m(T) Aat 80° D for strain 10° D for strain 10* D for strain10®
m"%(3.55)=6.8 [ 0.01km 0.1km 1km
mg™{(3.55)=7.8 22 0.54km 5.4km 54km

KURILE
mp(28s)=6.1 1R 0.001km 0.01km 0.1km
m(28s)=6.7 14y 0.004 km 0.04km 0.4km
m"*(285s)=8.8 280Q 0.31km 3.1km 31km
mg"(285)=9.0 560Q 1.65km 16.5km 165km

MEXICO
mp(3.58)=7.7 260 0.04km 0.4km 4km
mg(3.55)=8.3 148 3.60km 36.00km 360km

* from extrapolation; see Fig.9

Also, Table 4 shows that for the two earthquakegeuronsideration the distance at which a
particular strain is attained is larger féwaves than foP-waves. Consequently, the earthquake
volume depends on the wave type utilized for itsedmination. And so, explosions and
explosion-type earthquakes feature as a rule azMeqvolumes larger if determined from
P-waves. This is evident already from the fact fratave magnitudes for such events exceed the
Swave magnitudes. And vice versa, “slow” or “silearthquakes with barely measurable
P-wave amplitudes, feature earthquake volumes lafgietermined fronswaves.

The above conclusion is valid under the assumgtiah the amplitudes of the waves have
been compensated for the geometrical effect dtleetoadiation patterns of both wave-types.

Based on Fig.9, Table 4 shows also the spectrahitetgs of the Kurile earthquake at the
period corresponding to the maximum magnitudes®Mexico earthquake (28 s), as well as the
spectral magnitudes of the Mexico earthquake atpiwod corresponding to the maximum
magnitudes of the Kurile earthquake (3.5s). As tegfthe distanceB are found for both wave
types to be larger for the Mexico earthquake.

As mentioned before, Figs.6 and 7 apply for a esfee amplitude of lm at the surface at
80° epicentral distance. If for a particular eandke the amplitude at the reference distance will
be different by a factor &€, the distance found in Figs.6 and 7 for a giveaistvalue has to be
multiplied by the factok, in order to obtain the distance correspondinthéoearthquake. E.g. if
the observed amplitude is larger (or smaller) by order of magnitude at the given period of the
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wave, the respective strain value will be attaiaed distance 10 times larger (or smaller) than is
the distance from Figs.6 and 7. Also, if the stiaifrigs.6 and 7 at a given distance has a certain
value, it will bek times larger (or smaller) at this distance, if theserved amplitude at the
reference distance of 80° epicentral distancé mes larger (or smaller). In this way the
distances from the source for a given strain, rairst at a given distance from the source may be
found from Figs.6 and 7 for an arbitrary valuets amplitude at the respective period and at 80°
epicentral distance.

Table 5 Earthquake volum& (in m®) estimated from the distances at which the givemadhic strains
were produced. The dynamic strains resultated fra®- andS-waves at periods corresponding to the
maximum amplitudes (3.5 s for the Kurile earthquake 28 s for the Mexico earthquake).

Region m V for strain 10° V for strain 1¢* V for strain 10°
me"®{(3.55)=6.8 4.2x10 42x10 42x10
KURILE ; .
m"™(3.55)=7.8 6.6x1d 6.6x1¢ 6.6x1¢
me"¥(285)=8.8 1.3x1d 1.3x1d* 1.3x1d*
MEXICO . .
m™(285)=9.0 1.9x1Y 1.9x1d 1.9x1d

4 Conclusions

The distances at whidwaves and-waves produce a given dynamic strain generalfedif
from each other. Consequently, the earthquake wloha given earthquake has different values
for the two kind of body waves. Also, assuming titel (for all periods) displacement
amplitudes at the Earth surface at the referenstartie, the above distances show a clear
dependence on the period of the given body wawedittances and the volumes being as a rule
larger for shorter waves.

E.g. from Fig.6 it is seen that the Psvave having an amplitude ofuln at 80° produces a
strain of 10" at a distance of about 20 m from the focus. Theesponding 0.5s wave however
generates the same strain at a distance of abont ard the 32 s wave - at a distance of less than
1 m. If the critical distance is taken as the radifia sphere, the volume of the sphere will be
largest for the 0.5s wave, and negligible for tt&s3wvave. In other words, the 32s wave
propagation will be a linearly elastic processraicfically all distances along the ray path, while
the 0.5s wave propagation will be a non-linear gsscat small, and linear process at larger
distances.

From Fig.7 in turn it is seen that for the 8svave the strain of IDis attained at a distance
of 150 m, and for the 0.5Swave — at a distance larger than 100 m. The distédoicthe 32 s
Swave is negligibly small again. It is concludedttmon-linear behavior of the Earth material
results primarily from the action of shortperiodiaves, notablys-waves.

In particular it is found for the Kurile earthquakable 4) that the strain of e.g. 1vas
produced at the distances of 0.1 km and 5.4 km byPthendS-waves respectively, both having
the period of 3.5s. The corresponding distancestter Mexico earthquake are 3.1km and
16.5 km, but for the period of 28 s. The computatonfirms that the earthquake volume of the
Mexico earthquake was larger than that of the I€wedrthquake. Also, the computations quantify
the difference of the volume.

In addition, the computations quantify the desiuectess of the body waves in the period
range observed at teleseismic distances. Herelefteuctiveness is understood as the potential of
the wave to induce non-linear behavior of the Earthterial. For constant displacement
amplitudes at the Earth surface, the destructivenéS-waves is as a rule higher than that of
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P-waves, and foB-waves the destructiveness is as a rule highesthifmt periods.

It is known though that shortperiodiewaves are often not observed at teleseismic distan
a fact attributed to the higher absorption in thgion of the Earth where linear wave propagation
prevails.

In the region of non-linear wave propagation thergwn carried by shortperiod8waves is
additionally used to shatter the material in thgioe surrounding the focus. On this basis the
process of faulting during “normal” earthquakes rhayunderstood as a progression of non-linear
behavior of the material primarily caused by shenilic S'waves. Accordingly, the starting
point of faulting radiates waves which cause dymastiear strains at neighboring points. At
predisposed point, usually located on the faulbglahe strains cause the strength of the material
to be exceeded and the points will in turn radiaséeres causing dynamic shear strains in the
surrounding medium. In this way the fault planeadivated, embedded in a region in which
further non-elastic processes prevail during theseveadiation and propagation. The region
merges eventually into the one in which the waapagation takes place in accordance with the
linear theory. The above picture is in agreemett wbservations of the faulting velocity, which
generally does not exceed the velocitysafaves.

In case of seismic events not producBigaves with sufficient intensity, as e.g. explosion
the non-linear behavior of the material around fiwus is produced primarily by shortperiodic
P-waves. Due to the higher strength of the matefdal longitudinal strains however the
dimensions of the non-linear region around the $oaill prove in this case to be smaller for a
given amplitude at the Earth surface.

Disregarding the geometrical effects of the radrafattern, the intensity ¢Fwaves and of
Swaves radiation at a particular period do varyainmeasurable way from earthquake to
earthquake. To measure the differences requiresnttependent determination Bfwave and
Swave magnitudes. In other wordB;wave magnitudes may be expected to correlate with
Swave magnitudes at a given period only in veryadréerms. Modern observations of body
wave radiation make it possible to quantify thepeesive radiation characteristics of earthquakes.
Thereby, the maximun®P-wave and the maximurBwave magnitudes reflect the size of the
non-elastic region surrounding the earthquake focus
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