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Sismologia. — A  model fo r  the occurrence of the acceleration 
of the ground caused by earthquakes. Nota (*) del Socio M ic h e le  
C aputo .

RIASSUNTO. — L’analisi statistica di quindici insiemi di misure di rilassamento di sforzo 
elastico in quindici differenti insiemi di terremoti (sequenze, sciami, scosse successive o 
terremoti scelti a caso in una regione) per un totale di 926 eventi in Italia, Giappone, Isole 
Aleutine, Messico e California, conferma che il rilassamento di sforzo p è una funzione decre­
scente di p ed è quasi proporzionale a / “"1 (a <  o) come previsto da Caputo (1976).

Usando questa distribuzione statistica e quella delle dimensioni lineari delle faglie , si 
introduce una nuova formula per il periodo di ritorno n (a) della radice dell’accelerazione 
quadratica media maggiore di a causata dai terremoti di una regione sismica ad una distanza 
R; si trova che n (a) è quasi proporzionale a (R3/2 a)~à (8 =  3.5).

I n tr o d u c tio n

E arthquakes are described by a num ber of param eters which are esti­
m ated with an accuracy and frequency largely dependent on the com plexity 
of the m ethod used to m easure the param eter.

A t times the scale of some of these param eters has been changed, which 
is the case for intensity  and m agnitude (K anam ori and Hanks, 1979). 
A lthough these quantities are m easured to a satisfactory accuracy, their use 
in m odern seismic engineering is not of relevant im portance because of the 
lack of their correlation with the acceleration of the ground due to ea rth ­
quakes (Ambraseys, 1974).

For some of the param eters the analytic form for the density d istri­
bution function is also known, which is the case for the linear size of 
faults l  (Caputo, 1976; H anks, 1979) and also the stress drops p  (Caputo, 
1976, 1977; Caputo and Console, 1980). But direct inform ation on the 
statistical distribution of p  and I is still scauty, in spite of the im portance 
of this inform ation as regards the occurrence of ground accelerations caused 
by earthquakes.

In this paper we shall determ ine the statistical distribution of p  and 
use it to m odel the occurrence of the acceleration of the ground.

Statistical analysis o f the data.

Two recent papers by  Caputo (1980) and Caputo and Console (1980) 
reported the statistical analysis of seven sets of stress drops and one set 
of fault linear dimension.

(*) Presentata nella seduta dell’8 novembre 1980.
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In  this note we shall report in Table I the statistical distribution of p  
observed in fifteen different sets of earthquakes. These events were selected 
in earthquake sequences, swarms, aftershocks series, or just random  events 
which occurred in Japan , California, Mexico, Ita ly  and the A leutian Arc. 
W e shall present in Fig. 1 a ten tative num erical analysis of the sets of 
data  which are sufficiently num erous.

T able  I.

Statistical distribution of the stress drops computed by Basili et al. (1978) for a series 
of 24 aftershocks of the 1976 Friuli (Italy) earthquake (1); of the stress drops computed by 
Lee et al. (1979) for a series of 22 aftershocks of the 1979 Coyote Lake (California) earthquake 
(2); of the stress drops computed by Fletcher (1980) for a series of 26 aftershocks of the 1978 
Oro ville (California) earthquake (3); of the stress drops computed by Bakun et al. (1976) 
for the 1974 sequence of 26 earthquakes in Central California (4); of the stress drops com­
puted by Munguia et al. (1977-78) for a series of 25 aftershorks of the 1978 Oaxaka (Baja 
California, Mexico) earthquake (5); of the stress drops computed by Correig and Udias (1980) 
for 12 scattered earthquakes in the Oceanic ridges (6); of the stress drops computed by Ar- 
chambeau (1980) for 185 scattered earthquakes in the Aleutian and Alaskan regions (7); and 

for 123 scattered earthquakes in Japan (8).
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T he analysis is m ade using, in a first approxim ation, the em pirical 
laws (Caputo, 1976)

CO log N \ p )  =  o  —  (1 —  a) iog p  , log N ( i)  =="̂ 2 —  v log /

where N is the num ber of stress drops (or linear size of faults) in the range 
p  , p  +  dp  (or / ,  /  +  di'). cx , c2 , I — a and v are constants to be determ ined 
em pirically.

It has been shown th a t v can be retrieved from the formulae (Caputo, 1976)

( 0 v IOß+YM =  1\ k p  p *
2 [A
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where b is the coefficient of the Gutenberg R ichter em pirical law for earth ­
quakes statistics, 7] is the seismic efficiency, k  is a geom etric factor and p, 
is the rigidity.

One m ay im m ediately verify from Table I tha t the density d istri­
bution of the stress drops is a decreasing function of p \  Fig. 1 verifies 
satisfactorily the validity of (1).

A VICTORIA

Fig. I .  -  Linear regression for the stress drops of the 1971 San Fernando earthquake after­
shocks (Tucker and Brune, 1973), of Japan (Mikumo, 1979; Utsu, 1979), of the Brawley- 
Imperiàl Valley, 1975 swarm (Hartzell and Brune, 1977), of Southern California (Thatcher 
and Hanks, 1973), of the Imperial Valley, 1977 swarm (Adair et al., 1977), of scattered 
earthquakes in the Geiser (California) region (Peppin and Bufe, 1980) and of the 1978 

Victoria (Mexico) swarm (Munguia et al., 1978).

I t is im portan t to note th a t the stress drops com puted by  A rcham - 
beau (1980) for the A laskan-A leutian region and the Japanese region have 
been obtained by fitting the observed seismograms with the synthetic ones 
obtained from  source models of the events which have the observed source 
param eters.

T he stress drops of the set of data  of M ikum o (1979) and U tsu  (1979) 
have been com puted by  various m ethods including B rune’s (1972) formula. 
T hey  are m ostly different from the m ethod of A rcham beau (1979).

T he value of -— 1 -f  a resulting from the analysis of A rcham beau’s (1980) 
d ata  for Japan  is -— 1.2, th a t resulting from the data  of M ikum o (1979)
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and U tsu (1979) is — 1.5. Considering tha t the am ount of data  in both 
sets is relatively small the two values of — 1 +  a are in satisfactory 
agreement.

In  m ost cases it is difficult to m ake a good estim ate of the errors of the 
statistical analysis of the sets of data  on p  and /  reported here, bu t we 
m ay  say th a t the errors of log /  and log p  are of the same order as those 
of log M 0 and M.

Few authors report the precision of their data. Peppin and Bufe (1980) 
com puted the seismic m om ent and the stress drop for 41 earthquakes with 
m agnitudes in the range 0.4 to 2.3 recorded in the Geysers geotherm al 
area (California) and the near by active faults of the San A ndreas system. 
T hey  did not find large differences between the stress drops m easured from 
vertical P wave and horizontal S wave spectral corner frequencies. T hey 
also com puted the m om ent and stress drop using records of two or three 
different instrum ents. T he scatter of the data  is acceptable for the analysis 
m ade here; 65 % of their corner frequencies have a precision better th an  ïo  % .

T he values of oc determ ined for the sets of data  which are sufficiently 
num erous to allow a ten tative estim ate are in the range — 1 <  a <  o 
(Fig- I).

T he scattering m ay be due to the fact th a t the seismic regions exam ined 
are different or m ay be partly  due to the scarcity of data  in each set and 
to the consequently large and varied intervals used in the construction of 
the histogram es. V arying the size of the interval of the histogram es of each 
set m ay cause a scattering of the value of oc of almost 10 % in the range —  1 
to zero. However it seems th a t oc <  o.

Since the re tu rn  period T  (Jf) of the stress drops is inversely proportional 
to N (y>), we have (*)

(*) ( t w = 4 = i o " / ' “

from which it results th a t the tim e of accum ulation of the stress drop p  is 
not proportional to p .

This in tu rn  m ay have several implication. It is possible th a t creep 
takes place in the accum ulation of large stresses and/or th a t there is a 
particu lar distribution of the directions of the faults with respect to tha t 
of the m ajor tectonic force acting in the region (Caputo, 1977).

T he different values of v im ply different fracturation of the crust and 
m ay be associated with the length of tim e during which the crust of the 
region has been subject to tectonic forces and to the intensity of these 
forces. A  ten tative study of this correlation seems to confirm this hypothesis 
(Schettino, 1980).

In  a num erical study  M ikum o and M iyatake (1979) have investigated 
the space and tim e characteristics of earthquake sequences of a frictional 
fault model w ith non uniform  strengths and relaxation times which is



2 3 6 Lincei -  Rend. Se. fis. mat. e nat. -  Vol. LX IX  -  novembre 1980

subject to a tim e dependent shear stress. T hey  found good linear relations 
between the log of source area A and the cum ulative distribution N

(3 ) N =  +  £4 log A .

This is identical to relation (1).
M ikum o and M iyatake (1979) obtain C4 values ranging from —  1.1 

to — 1.4, which give values of v in the range from  3.2 to 3.8. T he associated 
v — I

values of b =  -—- y (Caputo, 1976) are somewhat larger th an  those

observed in the world, as noted by M ikum o and M iyatake (1979), but 
they  depend on the value of y =  1.5 assumed im plicity by M ikum o and 
M iyatake (1979) but not necessarely valid for the num erical model.

M odel o f occurrence o f the accelerations o f the ground.

L et us now apply  the results of the preceding sections to the determ i­
nation of the cum ulative distribution of the rm s-value of the acceleration 
of the ground caused by a seismic region.

A vailable seismological evidence suggests th a t co“ s (s =  2) represents 
the high-frequency spectral decay of the spectrum  of the far-held radiation 
of crustal earthquakes (H anks, 1979). This high-frequency rad ia tion  in the 
presence of anelastic attenuation Q is integrated as band  limited, finite 
duration, white noise in acceleration; its rm s-value <2, is (H anks, 1979)

,  \  P  "1 /  /m ax(4) a -  o . 3 H y
where p is the density, R  the hypocentral distance, / 0 the spectral corner 
frequency and / mx — Q $/n R  is determ ined by Q , R  and the velocity of 
the waves ß.

Substitu ting  (Brune, 1970)

/<> =  2-34 W
in (4) we find

(5) * =  K,y7 ;

T he cum ulative d istribution function n (d )  of a can be determ ined from 
the density distributions (1) of I  and p  as follows. If  Pi > Pz > l\ > 4  are 
m inim um  and m axim um  values of p  and /  of the seismic region following 
the m ethod of Caputo. (1976), by integrating in the dom ain of the plane / ,  p  
defined by  (5) and by the m inim um  and m axim um  values of p  and /, we 
find th a t the cum ulative distribution of a for a >  kpx ]/12 (or a >  kp 2 f  
whichever is larger) is

:(6) n (a) =
D

I — v

.a  /1—v
P% 12

7I—v—(a/2) a , 2v + a —2 2—2v \(2 V — 2) / 2 a pz a I
a (2 v +  ß — 2) k2~2v (2 v +  a —  2) j
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In  the crust it is reasonable to assume p =  2,8 and Q =  300 for the seismic 
waves of interest, this gives K — 1.02 R “ 3'2. If  we m easure a in units of 
kp% y /2 and set a* =  a\kp2 f7 2 form ula (6) is very simple

(7) n (a) -Dpi 4 ~ v i  ±
v — I \  a

2 v
a (2 v +  a — 2) 2 v +  a ■ -)■

Since a <  o , v >  2, it is seen th a t n (a) is an increasing function of p 2 
and decreasing function of a and R.

For small values of a in the range p x k f  /2 to p 2 k  f  4  like those 
considered here the second term  of (7) is small relative to the third. Since 
v ~  2.8, n(a )  is nearly  proportional to (æR3/2)~8 (8 ~  3.5).

It is im portant to note that, considering formula (5) and the density 
distributions of p  and I given by (1), a given pair of values of a and R 
correspond to an infinite num ber of values of M and that, of all the values 
of M associated with this pair, the m inim um  value of M is th a t which has 
the highest probability  of occurrence. In  tu rn  this implies th a t the return  
periods of the acceleration of the ground caused by earthquakes are m uch 
longer th an  previously estim ated through em pirical relations between M 
and a.

If  we w ant to take into account th a t the seismicity is not concentrated 
in a point at distance R  but covers an area which we assume here for 
sim plicity to be a sector of a circular ring defined by the angles % , &2 and 
by the radii R i and R 2, then n (a) is

„ , _  Dp i  l \ j  I 4 (v —  I) (ajp2 1Ä T  ( R f 2)œ+2 —  R f /2)*+2j
'tt \J%) » a o -

! v (oc (3/2 a +  2) a (2 v +  a — 2) (R 2 — Ri)

2 (a/p2 j x )*(1~v) (R3~3v —  R 5r 3v) \
(2 v — 2 +  a) (5 —  3 v) (R 2 —  RÎ) I

I
where R 3 is egual to R 2 or (p2 ^ /2 )2/3y whichever is smaller.

In  California v — 2.78 , a — 1 (Caputo and Console, 1980) a reason­
able value of p % is 500 bar as shown from the data  of T hatcher and 
H anks (1973); we m ay tentatively  consider a m axim um  linear dimension 
of a fault l2 — 5 • io 6. T he value of D can be deduced using the form ula (15) 
of Caputo (1976) with p 2 z= S*io8 , p x — 5 - io 5 and the data  of Epstein and 
Lom nitz (1966) on N orthern  California earthquakes: one obtains D =  io 16,35. 
For a =  50 g a l , R 2 =  8 Rj =  8.106, form ula (7) gives n  (50) — (17)"1 or a 
re tu rn  period of 17 years.

In  Fig. 2 we m ay also see th a t an earthquake with M — 5 could cause 
a rms  acceleration of 50 gal at 10 km  distance bu t it would have to be an 
earthquake w ith a stress drop of 500 bar and linear dimension of fault of 
100 m, which is extrem ely rare, which is w hy the return  period estim ated 
above is so long.
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Fig. 2. -  Isolines of magnitude and rms acceleration a in the plane of the linear dimension
of faults I and stress drops ft.

T he estim ate of v and a allows also to estim ate the spectrum  of the 
energy density; for interm ediate values of E the energy density is pro­
portional to C E 1-V 3̂ dE , for large values of E it is proportional to 
(K x E a/2 +  K 2 dE  , K j , K 2 and C are param eters depending on the
seismic region. It is im portant to note that, although most of the elastic 
energy of the crust is released in the large Earthquakes, the energy density 
release is larger in small E arthquakes.
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