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TRAVEL TIMES AND BODY WAVE MAGNITUDE

ABSTRACT

The Q-charts used presently for magnitude determina-
tions were obtained mainly from direct observations of
ground motion amplitudes of several components of selsmic
waves (e.g. PZ, PH, SH) as functions of epicentral distance.

After the compensation of the amplitudes of body waves
for the radiation pattern at the focus, the amplitude vari-
ation 1s caused mainly by geometrical spreading. No lateral
velocity heterogeneities are permitted. Indications are
given that the effect of anelasticity upon the amplitudes
is secondary for magnitude scales.

Amplitude observations alone can serve for the defini-
tion of a magnitude scale applicable to events at only one
particular focal depth. In order to assign the same magni-
tude to two earthquakes of identical "size" regardless of °
the focal depth, the velocity-depth and eventually anelas-
ticity-depth profile of the Earth must be known._\

A set of new Q-charts, obtained independently or direct
amplitude observations, for PZ-, PH-, and SH-waves 1s pre-
sented. A refinement in the magnitude definition warrants
the magnitude figures obtained with the new Q-charts to be
uniform with regard to focal depth. Examples show the new
Q-charts to decrease the scatter of magnitude determina-
tions between statlions,

Since the efficiency in generating longitudinal and
transverse waves 1s most probably not the same for all
events, separate P-wave and S-wave magnitudes are advo-
cated.






TRAVEL TIMES AND BODY WAVE MAGNITUDE
by Seweryn J. Duda

1. Introduction

The classification of selsmic events according to their
relative and absolute size is an obvious need. The magnitude
scale, originally proposed by Richter (1935), is the most
widely accepted means serving the purpose. Though it would
be theoretically more satisfactory to express the size of
seismic events in terms of the kinetic energy radiated across
the focal surface (sphere) during the event, practical diffi-
culties forbid at present the attempt to determine energy for
a large number of events, or on a routine base. The practi-
cal difficulty in determining the kinetic energy of an event
contributes to the continuing success of the magnitude scale.
The disturbing question, whether a unique relation exists
between the magnitude and the kinetic energy corresponding
to an event, 1s thereby left open, and will be answered most
probably in the negative with the increase »f observational
accuracy.

The magnitudes published presently by various stations
scatter, and differences of one magnitude unit between two
statlons are not rare. The scatter of magnitude determina-
tions can be caused by numerous factors. Gutenberg (1945)
realized the severity of the problem, and proposed correc-
tions to be applied to the individual magnitude determinations.
Station corrections compensating for the local structure be-
neath the observatory, and regional corrections compensating
for the prevailing mechanism and anomalies along the ray paths
between a given region and an observatory have been worked out
(see, e.g., Bith, 1956). The procedure of obtaining and
applying them 1s tedious, and it ‘1s not surprising that rather
few observers know the corrections applicable to their station
for earthquakes in a particular region. :Since horizontal
heterogenelties exist in the real Earth, regional and station
corrections will remain necessary for the decrease of scatter
of individual magnitude determinations. In addition, how-
ever, 1t seems worthwhile to check the consistency of the
presently used magnitude scale against evidence offered by
new observations.

The magnitude problem involves several aspects of seis-
mic wave generation and propagation. The most important ones
are the radiation pattern of the focus, the geometric spread-
ing and the absorption of selsmic waves along the ray path.
Recent work by Jarosch (1969) and Chandra (1969) has shown
that if a source model 1s postulated and a fault plane



solution obtained, the variation of amplitudes due to the
resulting radiation pattern can be accounted for, and the
scatter of magnitude figures obtained at different stations

1s decreased. This aspect of the magnitude problem shall

be omitted here. Consequently, we assume throughout the pres-
ent paper that the amplitudes of longitudinal and transverse
waves leaving the focus are already compensated for the radi-
ation pattern, and are virtually the same in all directions.

The elastic waves generated at the focus may be sup-
posed to cover a wide frequency spectrum. The lowest and
highest frequencies are the subject of only occasional re-
cording: louw frequency waves have small amplitudes which
usually escape detection and high frequency waves are attenu-
ated through scattering already at short distances from the
focus. Only waves in an intermediate frequency range are
eventually recorded at all possible eplcentral distances, and
thus are of interest e.g. for magnitude studies. Wichout
specifying 1t exactly we will 1imit ourselves 1n the follow-
ing to the latter frequency range of seismic waves,

During the passage from the focus to the observatcry
the amplitudes of selsmic waves are subject to change due
to two principal factors:

1) the velocity heterogeneity, and
2) the anelasticity of the Earth,

Amplitudes as a functlon of epicentral distance, when obtained
from direct observations, are then the result of both geo-
metrical spreading (frequency independent), and absorption
(in general frequency dependent). It is known that geometri-
cal spreading has a substantlally bilgger effect upon the
amplitudes of seismic waves than absorption. We will show
that the effect of the absorption is below the accuracy of
present amplitude measurements. The observed amplitudes of
selsmic waves can be, therefore, compared with those com-
puted under the assumptlion of a certain veloclity model for
the Earth.

Q-charts for magnitude determination from F- and S-waves
are obtained, absolutely independently of direct amplitude
observations.

II. P-waves

1. Amplitude varliation along the Earth's surface.

We consider the earthquake focus as a point source of
longitudinal and transverse waves. A polnt source, as used




also in other seismological problems, leads unfortunately to
some theoretical difficulties by producing a singularity at
the source 1itself,

. The earthquake focus 1s assumed to be situated inside
the Earth or at its surface, the focal depth under consid-
eration ranging from O km to 800 km. The (spherical) Earth
is assumed to have a radial velocity heterogeneity. No
horizontal velocity gradients are permitted. The velocity
distribution of P-waves as published by Herrin et al. (1968)
is here accepted (Fig. 1). The feature of the distribution
most important for the present study 1s the monotonic in-
crease of velcoclty with depth., Thus, the travel time curve
is continuous for all focal depths, and no extensive shadow
zones are possible,

The amplitudes, A, of selsmic waves along the surface
of the Earth are proportional to:

L4

sin 11’1 d 1h

A~ '
(1) Rod . 8in A . cos i,

d &

1h - angle of incidence at the focus
i, - angle of incidence at the Earth's surface

A - epicentral distance

Ry - radius of the Earth
(see e.g. Bullen, 1953).

Applying formula (1), the variation of the total P-wave
amplitude along the Earth's surface wgs computed for epicen-
tral distances ranging from 0° to 100, and for foci at 21
depths (0, 15, 40, 50, 75, 100, 125, 150, 200, 250, etc.,
through 800 km). Fig. 2-22 show the amplitudgs as a functilon
of epicentral distance relative to that at 80~ epicentral dis-
tance,

The choice of the amplitude at 80° as norm is due to the
comparative "quiescenceg of all amplitude variation curves in
the range from about 40~ to 80Y. It would have been improper
for the normalizing amglitude to be chosen from among dis-
tances shorter than 40° or larger than 80°, As seen from the
figures, the amplitudes become at those dlstances occasionally
very small, or even vanish., The shadow zones occur whenever
the slope of the travel time curve remains unchanged for two

adjacent eplcentral distances. However, the extent of the



shadow zones does not exceed about 0.5°.

A slight instability is visible on the amplitude varia-
tion curves (Fig. 2-22). We interpret this as due to the re-
quired twofold numerical differentiation of travel times given
at 0.5 degree distance intervals with an accuracy of 0.0l
sec. A higher accuracy in the travel times would presumably
result in a more stable amplitude variation curve. On the
other hand, it is conceivabie, though outside the scope of
the present paper, that if the amplitude variation curve
would be stabilized by some criterion, the travel times could
be obtained by inversion with a higher accuracy. For our
present purpose the instability 1s of only slight practical
importance.

In the Fig. 2-22 we see a bulge in the amplitude varia-
tion curves - esgecially for shallow focal depths. Theopeak
lies at about 18Y, and the preceding trough at about 12° epi-
central distance. As can be readily seen, e.g. trom Fig. 3,
thesgmplitudes increase by a factor of about 3 over a distance
of .

It is worthwhile to compare the amplitude variation in
this distance range with that reported by Gutenberg (1959) on
the base of direct amplitude observations. According to
Gutenberg's measurements, "the amplitudes of longitudinal
waves decrease about exponent&ally with increasing distance
and reach a minimum at @ = 15°. At this distance they in-
crease suddenly by a factor of more than ten." The graph
published by Gutenberg 1s seen on Fig. 23, and was used
originally by him as one of the evidences for the existence
of the low velocity layer in the upper mantle.

Comparing the observations with our calculations (e.g.
Fig. 3), we see that the amplitude behavior reported by
Gutenberg may also be in agreement with a velocity model not
containing a low velocity layer. Regardless of the interpre-
tation, it 1s reassuring that a characteristic feature of the
amplitude variation has been recognized earlier by direct
amplitude observation. This indicates that body wave ampli-
tudes are essentially capable of yielding information on
certaln details of the velocity-depth structure of the Earth.

For the surface focus, the amplitude at zero epicentral
distance tends to infinity. For foci at greater depths, the
amplitude at zero epicentral distance is finite and decreases
with the increase of focal depth.

Table 1 g the amplitudes at zero epicentral distance
for foci at dej between O km and 800 km, relative to the
amplitude at 80. The amplitudes decrease with increasing
focal depth and are affected basically by the velocity dis-
tribution down to the greatest focal depth.



As mentioned earlier the P-wave ampllitudes at the sur-
face of 8he Eargh remain fairly unchanged in the range from
about 40° to 80° epicentral distance, independent of focal
depth. Over most of the distance range, the amplitudes re-
main usually within 3 orders of magnitude for shallow foci,
and within 2 orders of magnitude for deep foci. For a focal
depth of 800 km, the ratio of the largest to the smallest
amplitude in the entire observable range is even less than
100.

The knowledge of the variation of seismic wave ampli-
tudes along the surface of the Earth is fundamental for any
magnitude scale.

As defined, the body wave magnitude, m, is computed
from the formula:

(2) m = log %Q +Q

where

A, - ground amplitude at station for a particular
component in microns

T = corresponding period, in seconds,
¢ - PZ, PH, PPZ, PPH, SH

Q - tabulated quantity depending on wave type, seis-
mograph component, and epicentral distance,

The log 1s to the base 10; for simplicity the regional and
station corrections are assumed to cancel each other. The
quantity ¥ (denoted by various authors as Q, q, A, 0, or @)
compensates the observed ratio of amplitude and period for
the general decrease with epiceatral distance. Thus, ¥ 1in-
creases usually with epicentral distance.

For m = 0, T represents the negative logarithm of the
amplitude/period ratio of any ziven epicentral distarce:
A
(3) T = - 1log 52

and the amplitude/period ratio is:

(4) ;g =109
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For an arbitrary magnitude the amplitude/period ratio 1is:

(5) ;2 = 10" * 1070

If Q is known, the amp.itude/period ratio as function of epi-
central distance can be readily computed from (4). Up to a
constant factor, the curve 1s representative for any magni-
tude. The curve 1s numerically equal to the amplitude vari-
ation of a 1 second wave, and 18 proportional to the amplitude
variation of a wave with an arbitrary period. Consequently,

10'_Q is proportional to the variation with epicentral distance
of any Fourier component of the ground motion.

Numerous investigators have published or modified Q
charts, especlally for shallow foci. For deep foci, the only
Q-values available seem to be those published by Gutenberg
and Richter (1956).

Using (4) we compute APZ/T and APH/I‘ as functions of

epicentral distance. Dividing by the cosine and sine of the
angle of incidence correspondingly, we obtain the variation
nf the total amplitude along the surface of the Earth (di-
vided by T). The total amplitudes so obtai.ed should be
equal.

The computations were carried out for the Q-values cor-
responding to P2 and PH for a shallow focus as published by
Gutenberg and Richter (1956), Van&k and Stelzner (1960), and
Van&k, et al. (1962)., From Fig. 24 it 1s seen that the total
amplitudes obtained from Q (PZ) and § (PH) respectively, di-
verge somewhat, indicating that the sets of Q-values are not
consistent.

Each of the curves represents an amplitude variation
of the P-wave along the Earth's surface, as resulting from
direct observations and averaging processes,

Obviously, the observed amplitude variation results not
only from geometrical spreading but also from absorption and
from possible lateral heterogeneities.

Comparing Fig. 24 with the Fig. 3, the latter represent-
ing the computed amplitude variation due to geometrical spread-
ing alone for a shallow focus, we see a general agreement.

The diffcrence between any of the curves in Fig. 24 and the
curve in Fig. 3 1s not greater than the differences between
the curves in Fig. 24 themselves. The agreement becomes poor
if detaills are concerned, apparently due to the scatter of the
observational amplitude data and possibly to regional differ-
ences in the velocity structure, 1.e. to lateral velocity
heterogeneities.



From the above we conclvde that the P-wave amplitude
variation along the surface of the Earth is principally due
to the vertical velocity heterogeneity in the Earth. The
share of anelasticity in causing the amplitude variation
seems to be below the present observational accuracy.

The conclusion permits one to use the amplitude varia-
tion curves based on the newest travel time tables (and the
underlying velocity model), as given in Fig. 2-22, for the
computation of a set of § values, independent of direct
amplitude observatlons.

2. Amplitude variation along interface inside the Earth.

A source of seismic waves situated at a particular focal
depth produces amplitudes at the Earth's surface, which vary
with epicentral distance. If the amplitudes are observed
and measured, they can be readily used as a base for a mag-
nitude scale for all seismic events at this particular focal
depth. The local magnitude scale for Callfornia earthquakes
may serve as an example. The amplitudes so observed will be
inapplicable to a different focal depth.

However, a workable magnitude scale must be uniform with
respect to focal depth, and, obviously, assign the same mag-
nitude to two events of identical "size," which occurred at
different depths. This 1s theoretically only possible if a
velocity~-depth and an anelasticity profile of the Earth is
assumed.

This difficulty was realized already by Gutenberg (1945)
who reported the computation of the amplitude variation at
the Earth's surface for sources at a few focal depths. The
compuctations served as a frame into which the amplitude vari-
ation curves obtained from direct observations were fitted.

Anelasticity inside the Earth is of secondary importance
for a magnitude scale even at the present level of routine
amplitude observations, and 1s neglected in the present paper.

But even with this simplification a certain ambiguity
remains in the definition of the magnitude scale, which can
be expressed through the question: When should two events
at different focal depths be assigned the same magnitude?

While Gutenberg's answer 1is not apparent from his paper,
we propose the following approach.

A point source of elastic waves inslde the Earth is
assumed to produce equal amplitudes in all directions. Due
to the veloclty heterogeneity, the amplitudes around the
focus vary in general in a different way than they would



whlle spreading 1n a homogeneous medium. Only in the hori-
zontal direction, where the velocity gradient vanishes, do
amplitudes change as if propagation would occur in a homo-
geneous medium (Duda, 1970). Consequently, we assign the
same magnitude to two events at different focal depths, if
the emplitudes produced at the levels of the focl at a con-
stant distance, d, are identical (see Fig. 25). A distance
of 111 km 1s assumed for the reason that the region within
which imperfect elastic processes occur during an earth-
quake has llnear dimenslions smaller than this distance for
most earthquakes, even with biggest magnitudes. The dis=

tance obviously coincides with the length of an arc of 1°
at the surface of the Earth.

A different distance would yleld slightly different
numerical values for the Q-charts presented below. We do
not see any way to avold this arbltrariness in the defini-
tilon of the magnitude. We belleve, however, that with our
assumption a possibly consistent and uniform set of Q-charts
for all focal depths 1s obtailned.

Thus, the amplitudes at a horizontal distance of 111 km
at the level of the focus must be known,

Our procedure 1s to reduce the travel times along the
Earth's surface for the focal depths, h, as functlon of
epicentral distance A, so as to obtain the travel times

alo the interface at depth h as function of the distance:
Aan%Fig. 25). The travel time > needed for the portion BA

of the ray path 1is given by:

o

T = r * dr
ré - (p*v)2

Ro

where v 1s the wave veloclty at distance r from the center of
the Earth, and p is the path parameter of the ray emerging at
distance . This travel time 1s subtracted from the observed
travel time, the difference beilng tg . The angular distance

between B and A is given by:

8 mp P dr
[ RS
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Subtracti 8 from the corresponding epicentral distance 4,
we obtain Ap . Knowing tg as a function of &p , the ampli-

tude variation along the interface at the depth h is com-

puted. At Apg = 0 a singularity in the amplitude curve is
observed for all focal depths.

The amplitudes along the interface are normalized with
respect to the amplitude at the surface of the Earth and at
the epicentral distance of 80°. The amplitude at the point
A, Ap , with epicentral distance A, is related to the am-
plitude at point B, A, with distance Agp by:

; 'd ih
B 2 Ro~ cos 1, sin(a-§) 'd ihl
A

the symbols being defined in Fig. 25.

Evidently, the same amplitude was used for normalizing
the amplitudes along the interface, as, previously, along
the surface of the Earth.

The amplitudes along *he interface decrease in general
monotonically with distance, and the variation is fairly
smooth, especially at greater focal depth. Fig. 26 shows
the variation in the distance range 0-14° for all 21 focal
depths considered. Each figure shows how much larger is tge
amplitude at the level of the focus, at distances up to 14",
as opposed 80 the amplitude observed at the surface of the
Earth at 80" epicentral distance.

The 1imit of 14° was assumed due to the fact that at
about this distance the amplitudes become larger by one
order of magnitude over those at the surface of the Earth
at 80° epicentral distance. It was unexﬁscted to find that
the amplitudes at distances from 0° to 14" along the inter-
face fall into four groups, depending on the focal depth.
The least square approximation by a formula

A=C .ixP (-D.1nA) =

(6) =C - 10D .10

with & 1in degrees is indicated on Fig. 26 by circles, and

the numerical values of the constants C and D are given for
the appropriate depth ranges. (Log denotes the logarithm to

the base 10, and 1ln - to the base e.) In the depth ranges

O - 40 km, and 50 - 125 km, the approximation was possible
only for the distance range (* - 10° , without producing an
excessive standard deviation; in the depth ranges 150 - 450 km,
and 500 - 800 km the approximation covers the distance range
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0° - 14° . Prom Fig. 26 it is seen that, e.g., at 1° dis-
tance from the focus the amplitudes are about 1.5 times
larger for a focus in the depth range 150 - 450 km, over

a focus in the depth range O = 14 km, if the amplitude at
the Earth's surface at 80° epicentral distance is equal

to one in both cases.

The knowledge of the amplitudes close to the focus at
any focal depth renders possible a magnitude definition
uniform for all focal depths.

3. Q-charts for P-waves,

According to Gutenberg and Richter (1956) "... a formal
definition for m may be phrased as follows,

(7) m-7.0=gq

at a distance of 90° for normal shallow focal depths, where
q = log T refers to PZ and the station constant 1s taken

as zero ..." This means that for a zero mnagnitude and a

shallow focus “PZ at 90° epicentral distance amounts to
10-7 ¢ /sec, and Q(PZ) at 90° 1s 7.0,

Knowing that f8r a shallow tocus the angle of ancidence
at 90° 1s 1, = 14.7°, and with tan 1, = Apy , at 90° Q(PH) =
70580 APZ

Accepting the formulation of Gutenberg and Richter, the
total amplitude (for a 1 sec wave) at a distance of 11l km
from the focus for zero focal depth and zero magnitude was
computed.

This amplitude was assumed to exist at a horizontal dis-
tance of 111 km from focl at any focal depth. For a magni-
tude different from zero, the corresponding amplitudes are
10" times larger.

Before the Q-values can be computed, a refinement is
necessary. We require in our magnitude definition that the
amplitudes at the point C, at a distance, 4, from the focus
be equal for all focal depths (see Fig. 25). The amplitudes
at a point D, after the wave has traveled (along the ray path)
the distance d in a direction other than horizontal, gener-
ally will be different for the given focal depths, due to the
vertical velocity heterogeneity in the neighborhcod of the
focus. We have computed the amplitudes at the points D for
angles of incidence 0°<1,<€90° . Whereas for foci in the
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Earth's mantle the amplitude diverges only up to 7% from the
amplitude in the direction perpendicular to the velocity
gradient, for foci in the crust a variation of up to 20% 1is
found. For detalls see Duda, 1970.

Consequently., for a given magnitude the amplitudes
along the ray path at a distance of 111 km from the focus
were taken such as to produce equal amplitudes in the
direction perpendicular to the velocity gradient at all
focal depths.

With the amplitude variatlon curves discussed earlier
(Fig. 2-22), knowing the angles of incidence at the surface
for all epicentral distances, and taking into account the
free surface effect at the station, it 1is possible to ob-
tain the sets of Q(PZ) and Q(PH). Fig. 27a, b, c, and 28a,
b, ¢, show the corresponding Q-values for 21 focal depths
as functions of epicentral distance.

The vertical arrows in the figures indicate a local
shadow zone: at the corresponding epicentral distances Q
is theorteically equal to infinity. We do not attribute to
the local shadow zones any practical significance; we inter-
pret them rather as the result of the finite accuracy of
tre travel time tables, as noted earlier. We interpret sim-
ilarly the slight instability in the Q-values, apparent usu-
ally at the second place to the right of the decimal point.

Fig. 29 and 30 present the Q-values of Figures 27 and
28 in the form of isometric maps, with the epicentral dis-
tance and focal depth as 1sometric parameters.

JII. S-waves.

1. Amplitude variatlion along the Earth's surface.

For magnitude determinations, various authors have
preferred the horizontal component of the shear wave over
the vertical (Gutenberg, Richter, 1956; Vanék, Stelzner,
1960, Van&k et al., 1922). The preference is based on the
fact that in the prevailing number of cases the horizontal
component of the S-waves is larger than the vertical.

Referred to as SH in magnitude studies, the horizontal
component of the S-wave is not identical with the horizontally
polarized component of the S-wave and referred to also as SH,
especially in focal mechanism studiles.

If the focus would produce only horizontally polarized
S-waves, both SH would be identical; if the focus would pro-
duce only vertically polarized S-waves, the second SH would
vanish, whereas, in general, the first would not. The blas
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in the nomenclature is perhaps symptomatic for the practical
difficulty in using S-waves for magnitude determinations.

The S-wave travel-time curve enables one to find the
amplitude variation along the Earth's surface, using formula
(1). The variation will apply to both the vertically and
horizontally polarized component of the S-wave, at least as
long as no veloclty anisotropy 1s permitted.

The computation was performed for the S-wave travel
times by Jeffreys and Bullen, 1967. The underlying velocity
model 1s shown in Fig. 1, according to Jeffreys, 1952. The
corresponding focal depths are 0, 33, 96, 160, 223, 287, 350,
413, 477, 540, 603, 667, 731, T9k km.

The amplitude variation curves show an instabllity.
This arises from the fact that over most of the eplicentral
distance range the S-wave travel times are given with an
accuracy of only 0.1 sec at distance intervals of 1.0 de-
gree, compared to 0.0l sec at 0.5 degree for P-waves. Con-
sequently the round-off error causes the slope of the S-wave
travel time curve to remaln constant over certain distance
ranges, resulting in an apparent local shadow zone, 1f the
necessary numerical differentiation 1s performed between two
ad Jacent slopes, corresponding to eplcentrali distances 1°
apart. In order to achleve a higher degree of stability,
the distance interval was increased. Fig. 31-44, correspond-
ing to a distance interval of 4° , show the amplitude of S-
waves along the surface of the Earth as functlons of eplicen-
tral distance, if referred to the amplitude at 80° epicentral
distance. It 1s clear that differentlation over a greater
distance interval results in the possible loss of some de-
tails. For the calculation of Q-charts, the smallest possi-
ble epicentral distance interval was chosen, producing,
however, a number of local shadow zones. (See below.

Agajin, the gmplitude curves of S-waves show a bulge be-
tween 157 and 20~ eplcentral distance, followeg by a rapid
decrease of the amplitude. Between 40° and 80° the ampli-
tudes change only slowly, as previously seen for the P-waves.

In Table 2 the S-wave ampllitudes at zero epicentral dis-
tance for focl at all 51ven focal depths are given, relative
to the amplitude at 80". A comparison with Table 1 reveals
that the corresponding P-wave amplitudes are generally larger,
indicating that the varlation range of P-wave ampllitudes is
greater than that for S-waves,

The amplitude variation corresponding to the Q-values
for SH published by various auyhors is shown in Fig. 45
(Gutenberg, Richter, 1956; Vanék, Stelzner, 1960; Vanék
et al., 1962). The underlying Q-values for shallow foci
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were obtained from direct observations and averaging. A
comparison of the amplitude variation with that based on
geometrical spreading alone (e.g. Fig. 32) ylelds a general
agreement, indicating that factors other than geometrical
spreading influence the amplitudes of S-waves to a lesser
degree than 1s observable with the present accuracy of ampli-
tude measurements.

2. Amplitude variation along interface inside the Earth.

In order to arrive at a set of Q-values for S-waves,
defining a magnitude uniform for all focal depths, again
the amplitudes must be known at short distances from the
focus,

Fig. 46 displays the S-wave amplitudes at the level of
the focus as g function of epicentral distance in the range
from 0° to_14°, keeping the amplitude at the Eartn's sur-
face at 80° equal to one. Similarly as for P-waves, the
amplitudes fall into several groups. The amplitudes for
focl between 413 and 794 km are smaller than for foci above,
and the amplitudes for foci in the crust are smallest. The
least square approximation by the formula (6) is shown in
Fig. 45 by circles, together with the numerical values of
the constants C and D. Unfortunately, the approximation
for a surface focus is crude, which makes the extrapolation
to epicentral distances smaller thsn 1° problematic. It is,
however, fairly certain that the amplitudes for a surface
focus are distinctly smaller than the amplitudes in the next
focal depth range. From the least square approximation 1t
can be seen that, e.g., at a distance of 19, the amplitude
for focl in the depth range 33-350 km is almost seven times
larger than for a surface focus.

Some complications are introduced by this result into
the Q-charts for S-waves. Namely, making the amplitudes of
S-waves equal at 111 km fsom the focus at all depths ylelds
an amplitude, e.g., at 80" seven times larger for a surface
focus than for a focus at 33 km depth. Consequently the
3$SH)-va1ue for a surface focus will be smaller by log
7(=0.8) than that for a focus at 33 km depth. A corresponding
complexity in the isometric form of the Q?SH)-chart, though
perfectly consistent and in agreement with the magnitude
definition, 1s seen for zero focal depth in Fig. 49.

3. Q-charts for S-waves,

When the body wave magnitude was originally defined, it
was supporsed that 1dentical magnitude figures can be obtained
from both P-waves and S-waves, for all earthquakes. This can
be so only if the relative efficiency of P-wave and S-wave
generation remains unchanged for all earthquakes. Neglecting

e ]
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the fact that such a magnitude scale would be inapplicable
to events other than earthquakes, the assumption seems
strong, even in the light of the present accuracy in indi-
vidual amplitude determinations.

Assuming a certain ratio of the efficiency in P-wave
and S-wave generation, one assumes simultaneously a certain
- not necessarlily known - earthquake mechanism., Attempting
to define a magnitude scale which does not discriminate be-
tween a P-wave magnitude and an S-wave magnitude, one pre-
supposes a certain earthquake mechanism common to all earth-
quakes.

We have tried to settle the problem as follows., The
magnitude charts, as published by Gutenberg and Richter
(1956) for PZ and SH are considered (see Fig.ug). The dif-
‘erence between the Q-values 1s computed at 10° distance in-
tervals and a number of focal depths, as seen in Table 3.
Averaging 1in lines and columns, and converting, the ratio of
amplitude/period for P-waves and S-waves, respectively, 1is
obtained. It is seen that in average the ratio is slightly
below one, and

Ag
Ts

(8) = 0.837 -

Pk

Here, T and Tg are the prevailing periods of P- and S-waves
reccrded at teleselsmic distances with the amplitudes Ap and
Ag , correspondingly. Putting

(9) g = 4T, ,

in accordance with observations, i.e., assuming the period of
S-waves to be four times longer than that of P-waves, we have:

(10) As £ 5 ¢ AP )

i.e., the S-wave ground amplitudes are about five times
larger than the P-wave ground amplitudes, recorded at tele-
seismic distances.

There 1s a substantial scatter in the ratio for indi-
vidual epicentral distances and focal depth as seen in
Table 3. No systematlc trend can be ascertained. It 1is
clear that (8) 1s a consequence of the focal mechanism, as
well as of differential absorption and scattering of P- and
S-waves along the ray path.
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A fairly widely accepted focal model of earthquakes
is a double couple point source (type II source). Accord-
ing to theory the ratio of the maximum S-wave amplitude to
the maximum P-wave amplitude on the focal sphere is propor-
tional to the cube of the ratio of the corresponding wave
velocities numerically equal to 5-6 (see Stauder, 1962, for
the formulae).

Consequently, at the focal sphere the S-waves should
have amplitudes 5-6 times larger than the P-waves, regard-
less of the wave period. As seen from formula (10), this is
also the amplitude ratio observed on the average at tele-
seismic distances, which indicates, if the differential ab-
sorption 1is excluded, that the double couple point source
mechanism is representative, on the average, of most earth-
quakes.

It seems, however, unwarranted to expect the ratio of
the maximum S-wave and P-wave amplitudes to be the same for
all seismic events. Yet the magnitude scale should be
applicable to seismic events with all possible focal mechan-
isms, Thus, S-waves and P-waves may not be able in all in-
dividual cases to yleld the same magni ude, and it seems more
appropriate to refer to the correspondingly determined S-wave
magnitude and P-wave magnitude, than to one and only bedy
wave magnitude, especially if the magnitudes determined from
P-waves and from S-waves show a systematic difference. This
probleu was discussed already by Vanek et al (1962). Because
of the general independence of S-wave and P-wave amplitudes
at the focal sphere, we are left with a certain liberty in
defining the S-wave magnitude.

In analogy with Gutenberg and Richter's formal defini-
tion for m in (7), we put

(ll) m - 6095 > q

at a distance of 90° f'or a normal shallow focus, with q =
log é referring to SH. The numerical value in (11) becomes

obvious by inspecting Fig. 47b. In (11) m refers to the
magnitude determined from S-waves,

Using the amplitude variation curves for S-waves (Fig.
31-44), taking the free surface effect into account and keep-
ing the S-wave amplitudes at a horizontal distance of 111 km
to be the same for focl at all possible depths, a set of Q-
values was computed and is presented in Fig. 48a, b. Fig. 49
shows the §-values on an isometric map.
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IV, Examples,

Five earthquakes were used to compare the magnitude
figures obtained by using Gutenberg, Richter's (1956)
Q-charts, and our new Q-charts. Each of the earthquakes
was recorded at 21-49 stations. The focal depths varied
between 181 and 639 km. Seismograms from WWSS stations
were used exclusively. The calculations were performed
and made avallable to the author by Dr. Umesh Chandra.

Table 4 identifies the earthquakes, and shows the P-
wave magnitude obtained with both Q(P2)-charts, together
with the resulting standard deviation (SD). An inspection
of the first two lines shows a decrease of the standard de-
viation in 4 out of 5 cases, a deterioration corresponding
to the earthquake in Fi1ji Island.

The second two lines in Table 4 show the two sets of
magnitudes and standard deviations, obtained from amplitudes,
compensated for the radlation pattern at the focus. Also
here the same 4 out of 5 earthquakes show a decrease of the
standard deviation, after the new Q(PZ)-charts were applied.

In all cases the application of the new Q-charts results
in magnitude figures larger than those obtained from the
Gutenberg-Richter (1956) Q-charts.

V. Discussion and Conclusions.

The original magnitude definition for local shocks in
California was based on the amplitude variation with epicen-
tral distance of a particular phase recorded on one kind of
instrument (Richter, 1935). When the body wave magnitude
for teleselsms was defined, the amplitude of P- and S-phases
was found to vary erratically, whereas the amplitude/period
ratio on which the definition was finally based, proved to
be a more stable quantity. From the point of view of the
wave propagation theory, the stability of the amplitude/period
ratio is not easily understandable (since the period remains
unchanged and the amplitude varies along the ray path).

We have found previously that the observed amplitude/
period ratio (Fig. 24) and the calculated amplitude (e.g.
Fig. 3) vary with epicentral distance in parallel. In addi-
tion, the periods of the phases used for the magnitude cal-
culations presented in Table 4 were found not to differ from
each other by more than 20%. Here the recordings were ob-
tained on one kind of instrument (WWSS, long-period). Thus,
it seems feasible that amplitudes of body phases alone can
serve as base of the magnitude scale, 1f only recordings of
one kind of instrument are used.
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A systematic difference exists in the magnitude figures
arrived at, using Gutenberg-Richter 1956 Q-charts, and the
new Q-charts, although the new Q-charts reduce the scatter
of magnitudes determined at individval stations, as compared
with those from the Gutenberg-Richter 1956 Q-charts., We con-
sider it satisfying that the new Q-charts offer the possibil-
ity to arrive at magnitude figures uniform for all focal
depths in accordance with the magnitude definition used here.
We have calculated the expected magnitude differences for a
number of epicentral distances and focal depths, by sub-
tracting the Gutenberg-Richter 1956 Q-charts from the new
Q-chart for PZ (Table 5) and SH (Table 6). Since we have
accepted the Gutenberg-Richter formal definition of the mag-
nitude (7), _the difference is zero for an epicentral dis-
tance of 90° and a shallow focus.

A negative difference in the Tables indicates that
Gutenberg-Richter Q-charts will yield a larger magnitude,
and a positive difference - that the use of the new Q-charts
will result in a larger magnitude. For PZ waves and a
shallow focus, the difference 1s seen not to exceed 0.20
units. With the increase of focal depth the difference
increases, reaching at its maximum O.77 units for 700 km
focal depth. The differences are mostly positive, suggest-
ing that the Gutenberg-Richter chart assigns P-wave magni-
tudes too small to earthquakes especlally at larger focal
depths.

For SH-waves and a shallow focus the difference does
not exceed 0.27 units. However, for a surface focus nega-
tive differences appear, due to the small amplitude at &
distance of 111 km from the focus, seen in Fig. 46. For in-
creasing focal depth, the difference becomes positive.
Again, we conclude that generally the Gutenberg-Richter
chart assigns S-wave magnitudes too small to earthquakes
with larger focal depth.

As already mentioned, the Gutenberg-Richter charts
are based mainly on direct amplitude observations, which
should include virtually the effects of both velocity heter-
ogeneity and anelasticity upon the amplitudes, whereas the
new Q-charts are obtained assuming that velocity hetero-
genelty is the principal factor affecting the amplitudes.
If the systematic difference in the magnitude figures were
due to the anelasticity effect, the Gutenberg-Richter Q-
charts should over-compensate the observed amplitudes, and
result in magnitude figures generally larger than those
based on the new Q-charts, Since the opposite is true, the
anelasticity effect cannot account for the observed differ-
ence, We interpret the difference between the magnitudes
obtained by using the Gutenberg-Richter (1956) Q-charts and
the new Q-charts seen in Tables 5 and 6 as due to the dif-
ferent velocity-depth profiles used in the construction of
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the Q-charts. Tables 5 and 6 indicate that earthquake

catalogues assign magnitudes which are consequently too
small to earthquakes at greater depths.

The result of Tables 5 and 6 is of tectonophysical
significance, if related to the strain energy release as
a function of focal depth. It has been found (Bath, Duda,
1963) that the maximum possible magnitude decreases with
focal depth. However, in view of Tables 5 and 6 deep focus
earthquakes may reach magnitudes at least equal to the mag-
nitudes of shallow focus earthquakes. Though there are
fewer deep than shallow focus earthquakes, the proportional
energy release 1n deep focus earthquakes 1s thus apparently
larger than hitherto belileved.
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Table 1

1. Focal depth, km

2. Total amplitude of P-wave at the surface of the Earth
for 4 = 0% if the amplitude is 1.0 at 4 = 80°

1 2 1 2 1 2

Okmn oo 150 km 109 500 km 29
15 610 200 85 550 25
40 380 250 - 62 600 23
50 320 300 52 650 21
75 212 350 43 700 18
100 162 400 38 750 17
125 131 450 33 800 15



Table 2
1. FPFocal depth, km.

2. Amplitude 8r SH-wave at the surface of the Eartho
for & = 0°, if the amplitude is 1.0 at a4 = 80°.

1 2 Pﬁf 1 2

Okm @0 413 km 33
33 140 - b7 28
96 g8 540 23

160 T4 603 20
223 58 667 18
287 48 731 16
350 39 ToU 14



Eplcentral

distance

Focal depth
T00 km
600
500
400
300
200
100

50

Ap /85
Tp 3

10 20

0.50 0.56
0.32 0.55
0.94 0.90
0.96 0.19
C.47 0.34
0.15 0.13
-0.31?2-0.31
-0.10? 0.09
0.00 0.30

30

0.860
C.43
0.40
0.02
0.16
¢.48
0.16
0.29
C.34

40

G.2¢
0.23
0.02
-0.12
-0.23
-0.09
0.06
-0,04
-0.20

0.472 0.472 0.455 1.02

Table

0.05
-C.11
-0.39
-0.65
-0.56
-0.36

0.05

C.10

C.07

1069

3

60

-0.20
-0.4&
-0.17
-0.02
0.00
0.06
0.26
0.2%

0.25%

s J

70

.00
G.28
C.Co
0.13
-C.05
-0.04
-C.05
-C.06
-0.01

&C

0.06
-0.30
-0.23

.22

0.18
-0.17
-0.40
-0.15

0.05

C.993 €.951 1.23

-0.16
-C.04
-0.05
0.11
0.14
-0.20
C.13
0.10
0.15

0.961 0.537

0.20
0.45
0.52
0.42
0.48
0.23
0.31
-0.Ct
-C.1C
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Epicentral distance

Focal depth
700 km
600
500
400
300
200

100

20

0.5C
.05
-0.10
0.14
0.15
-0.C9
-0.01
-0.09
c.02

30

0.13
0.13
0.29
0.56
0.52
0.33
0.29
0.20
0.10

Table 5

40

0.31
0.28
0.32
0.55
0.70
c.47
0.14
c.12
0.20

50

60

70

0.63
O.ne
0.4%
G.50
0.45
C.40
C.23
0.08
-0.17

80

0.61
0.0y
0.69
0.45
0.46
0.47
0.29
0.13
0.02

90

100

C.1n

0.06 ?

C.06 ¢

0.15

0.2C ?

.15
-0.10
-0.05
-0.10



Epicentral distance

Focal depth
700 km
600
500
400
300
200
100

50
0

20

0.71
0.42
0.7T4
0.33
0.54
0.34
.89
0.23
-0.35

30

0.94
0.54
0.61
0.52
0.61
0.82
0.41
0.51
-0.44

Table 6

40

0.62
0.-,0
0.37
0.47
0.57
0.49
0.26
0.13

-0.67

50

0.62
0.30
0.15
0.12
0.19
0.37
0.22
0.10

60

0.59
0.25
0.42
0.62
0.73
0.59
0.36
0.27

-0.45

70

0.64
0.23
0.49
0.67
0.53
0.54
0.33
0.13

-0.79

80

0.37
0.41
0.70
0.73
0.48
0.08
0.08

-0a57

90

0.29
C.16
0.25
0.53
0.65
0.31
0.36
0.05
-0.58

100

C.33 7

0.25
G.30
C.32
G.53
0.26
0.14
-0.18
-1.11
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Figure Captions
P-wave and S-wave velocities in the crust and
upper mantle.

Amplitudes of P-waves slong the Earth's surface,
relative to that at 80 epicentral distance.

Amplitudes of P-waves at short epicentral dis-
tances, according to Gutenberg.

Total P-wave amplitude variation (versus period),
as computed from Q-charts published by various
authors for PZ and PH.

Schematic representation of focus, ray path and
station,

Amplitudes of P-waves along interface at de “h
of the focus.

Q(P2)-charts.
Q(PH)-charts,
Isometric Q(PZ)-charts.
Isometric Q(PH)-charts,

Amplitudes of S-waves along the Earth's surface
relative to that at 80° epicentral distance.

S-wave amplitude variation, as computed from
Q-charts published by various authors for SH.

Amplitudes of S-waves along interface at depth
of the focus.

Q-charts for PZ, PH and SH from Gutenberg-
Richter, 1956.

Q(SH)=-charts
Isometric Q(SH)-charts.
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