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Statistical Properties of Earthquake 'Quanta’
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It is shown that the concept of ’earthquake quanta’ proposed by Sacks and Rydeleck (1995) may be ex-
pressed in a more general form. The property that for large earthquakes the stress drop is approximately a
constant, while for small events the stress drop is proportional to the moment seems independent of the fail-
ure criteria of the earthquake quania. The physical significance of the concept of earthquake quanta is dis-
cussed in the perspective of 'seismon’.
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to the distribution of fault region in a self —similar

Introduction process. Observations indicate not only the linear

relation but also the relatively constant stress drop

It was observed that for large earthquakes the for large earthqdakes. Results from computer simu-

stress drop was approximately constant, while for lation seems consistent with observations from de-
small events with magnitude less than 3.5 the tailed seismicity studies. In this paper we try to
stress drop was proportional to the seismic moment show that the concept may be expressed in a more
(e.g., Dysart et al, 1988). To model this phenome- general way which is independent of the failure cri-

na, recently Sacks and Rydeleck (1995) suggested teria of the earthquake quanta.
a concept of earthquake quania. The linear relation
between the logarithm of the number of earth-
quakes and their magnitudes is commonly ascribed
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The Statistical Properties of
Earthguake 'Quanta’

Suppose that each earthquake quantum has the
seismic moment (Sacks and Rydelek, 1995)

where L is the size of the earthquake quantum and
Ad; the stress drop on the i—th quantum. The en-
ergy radiated by the quantum can be represented
by (Scholz, 1990)

AG,' 3
E'.= W‘MO‘-= ZL”- Ao% ........................... (2)

where # is the shear modulus. The energy radiated
by an earthquake being composed of many earth-
quake quanta is

E=2ﬁn'E‘ ....................... Garrssesarsarsnnnnnas (3)

in which »; is the number of quanta with energy E.,
N= 2‘ My wevevvemresrinn i (4)

is the number of quanta, which is not necessarily
fixed.

Suppose that for the quanta with energy E; there
are w; states, either discrete or continuous, to be
chosen. In this case the number of states accessible
to the system is

or in the logarithm form

InQ=InN -Z‘:]nn,-! +Z‘_:n,-]nw,-

Taking n»1, one has
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ot mn(Ing—]) --eeeeeesrenserssisennnenns 7
thus

anzMnN—zi:n,-lnn,»+Zi:n,-lnw,- --------- (8)
Maximizing In £ under the constraint of

E= z;: BE; oo (9)
leads to

31n9=—z,_:1n("2‘f)5n,~=0 .................... 0

SE= Ei:E‘é‘n;= D cerrverrererrrrnrirr e an
Therefore,

In %j FBE ;= ovveereriresisiissinsisssissinen, 2
or

= @@ P e a3

where £ is the Lagrange multiplier.

In fact it might be unnecessary to repeat the de-
ductions above, which are well known in statistical
mechanics. What we are trying to do is to point
out that here f, as a Lagrange multiplier, is a de-
scription of the 'macroscopic’ properties of the
system, but not necessarily the ‘temperature’ of the
earthquake quanta system which is hard to define.
In fact we prefer that the model be represented by
the percolation model, in which 2 becomes a func-
tion of the probability for the quanta to be ‘occu-
pied’.

The Stress Drop

Based on the ahove discussion, the energy of the



ARpare) BAY 43

earthquake can be represented by
. o,
E= Ziw‘.E‘e BE: i cee(id)
and the mean stress drop will be

2w doexp( ~B£‘—; 4c?)

do=
S wexp( —3-2]73 459

When the energy specira of the ‘earthquake
quanta’ is taken as continuous, the above summa-
tion turns into an integration. Assume that there is
a correspondence :

Zicu,-—nS’de,

in which S is the scaled area of the rupture surface
and dV,is the volumetric element in the x—space

dr D=1
de"'{xdx D=2
x%dx D=3

where D is the dimension of the x—space. Consider
the case that Ao is a scalar, i.¢., the one—dimen-
sional case, the mean stress drop will be

doy 3
L exp(— 15*2% x%)xdx

fu ”exp( —ﬁé‘—ﬂ 2%)dx

In the above expression Aoy 15 the maximum
stréss drop of the earthquake quanta in an earth-
quake, depending on the moment :

dou 3
My= S_I; Llexp( —Bé‘—”xz)xdx Foreeene(9)

As Aoy is small, one has
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s

Mo‘gsj; Laxdx—SLa%‘%l ............... @0
thus

dO'M= -ZS_A[l,g- ...... hebibassaimsseriessarrsnrrsvarees @])
therefore,

L\( 2M,/SLY
xdx [7
_ 1] 2M,
Ao-;g _m - .2_. .—SLT ............. m

That means for low magnitudes, the mean stress
drop is propotional to the moment density. As the
area S does not change very much, the mean stress
drop is proportional to the moment.

On the other hand, when Aom becomes large,
one has

being a constant.

In dynamics, the maximum stress drop on an
earthquake is confined by the size of the earth-
quake. Assume that such a relation may be repre-
sented as

Aoy SV2 il Y )

In this case, the number density of 'quanta’ which
may be accommodated in an earthquake with area
S will be

VS -gllg
N=["e 5 &

When S is large,



N= Lme

becomes a constanti. That means the probability for
any 'quanta’ to be a member of an earthquake
with size S is the same. In this case the occurrence
frequency of an earthquake with size S is reversely
propotional to S, leading to the well—known Gu-
tenberg —Richter’s relation. On the other hand, as
8§ becomes small, the number density of 'quanta’
which may be accommodated in an earthquake
with area 3 will be

Accordingly the probability for any 'quanta’ to
be a member of an earthquake with size S will be
proportional to N!. In this case the 'quanta’ has a
much higher probability to be occupled by an earth-
quake with bigger S, and seemingly there is a cut
—off of the size of earthquake. Such a cut—off
value of S may be regarded as the characterized
size of the Sacks—Rydeleck quanta. Furthermore,
because the earthquake quanta have a character-
ized size which does not change very much, for
each quanta the stress drop is proportional to the
moment itself rather than the moment density.

The ’seismon’

It may be noticed that the earthquake quanta
here are much smaller in size than the quanta pro-
posed by Sacks and Rydeleck (1995). The Sacks—
Rydeleck quanta may be regarded as being com-
posed of many quanta proposed in this paper. Also
it may be wondered why the energy of the system
does not include the term of the interaction of dif-
ferent earthquake quanta. In fact, to some extent,
the concept of earthquake quanta may be under-
stood in the way similar to phonons in physics, in
which we use a kind of quasi—particle to describe
the properties of the excited state. To show this
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concept consider a more general case, in which the
selsmic energy may be represented by

Es=—AUe_AUf—AUs

where AT, is the change in internal strain energy,
A Ur the work done.against friction, and AU, the
surface energy involved 'in the creation of the
crack. If we consider that the earthquake rupture
occurred along an existing fault so that the surface
energy may be negligible, and assume that during
the earthquake sliding the friction stress has some
constant value determined by dynamic f{riction,
and further assume that the dynamic friction e-
quals to the final value of the stress after the
earthquake (Kostrov, 1974 ;Husseini, 1977 ;Scholz,
1990), the radiated energy may be expressed by

Es= % L A DA PdS

in which Aog(r) is the stress drop, Ax(r) is the dis-
location, and the integration is over the rupture
surface 3. The stress drop Ad(r) and the disloca-
tion Ao(r) depend upon each other. Introducing
the dislocation —stress—drop Green’s function T(r
—1') s0 that

du(P) = L T(r—)40(¥)dS
one has
Es= % L AP dS L T(r— ')A ¥ )dS -8)

The coarse--grained version of the above integra-
tion may be represented by

Es= % 2‘2’ T‘"ﬂa.da,-

Since TV is real and symmetric, there exists a lin-
ear transform {Ag}—{&]} leading to
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In this case the radiated energy may be represeni-
ed by the contribution of ’seismons’ having the’
stress drop’ & and energy

E"=

B~
o,

and the 'seismons’ themselves may be regarded as
indenpendent on each other. Further more, the
Sacks —Rydeleck quanta are composed of many’
seismons’ proposed in this paper.

One problem of this approach is that in the real
case of earthquake rupture often the number of
earthquake quanta is not so large, so the fluctua-
tion is not negligible. In this case the computational
approach has its advantage in revealing the proper-
ties of the system. However, the statistical ap-
proach, on the other hand, can at least be used as
an aid of the computation and provide some clues
which might be useful in understanding the nature
of the complexity of earthquake.

This work was sponsored by the Joint Founda-
tion of Seismological Sciences of China (Project
9300008) and the STEPI of Korea. The research
was also partly financed by the Korean Ministry of
Education (BSRI—95—5420). One of the authors
(Z. L. W.) thanks the Institute of Seismology, Han-
yang University for its help and support during his
visit.

References

Dysart, P. S., J. A, Snoke, and L. S. Sacks, 1988.
Source parameters and scaling relations for
small earthquakes in the Matsushiro region,
southwest Honshu, Japan. Bull Seism. Soc. Am.,
78, 571 —589.

49

Husseini, M., 1977. Energy balance for motion
along a fault. Geophys. J. R. A. 8., 49, 699--714.

Kostrov, B., 1974. Seismic moment and energy of
earthquakes, and seismic flow of rock. Izv.
Acad. Sci, USSR Phys. Solid Earth, 1, 23 —40.

Sacks, 1. S., and P. A. Rydelek, 1995, Earthquake ’
quanta’ as explanation for observed magnitudes
and stress drops. Bull. Seism. Soc. Am., 85, 808
—813. .

Scholz, C. H., 1990. The Mechanics of Earthquakes
and Fouliing. Cambridge Univ. Pr., Cambridge,
163—189.

Zhoﬁgliang Wu

Deputy director of the Institute
of Geophysics,

State Seismological Bureau,
Beijing, P.R. China. 100081

S0 Gu Kim

Director and professor of the Seismological
Institute, Hanyang University

1271 Sa—1 Dong, Ahnsan—shi, Kyonggi—do,
425—791 Korea.

Tel : 82—345—400—-5532.



