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ABSTRACT 
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statistics, and carthq uake hazard. 
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INTRODUCJION 

The most important recent seismological development relating to 
earthquake hazard is the understanding of the role of stress in 

.determining the character of near-source ground motion. This under-
standing allows us to make quantitative estimates of the peak 
acceleration·, nd velocities near ::.s and ;fr;,., to predict how these: 
motions are to vary with magnituc:(,. 

1\!·•�" ',.er n:,:ent seismological develc-;, •,e;;t comes from the New 
Globe, �i ectonics, the simplified t-:0.ct- •·ti{: model in which ec1.rtt 
deforrn:ition n:,sults primarily YI' the i:1:,,raction of a lir:,itv 
number of ui..i1ospheric plates movlng abom 011 a more or less weak 
substratum. This process has been called "plate tectonics". The 
knowledge of the long term motion of the plates combined with slip 
resulting from earthquakes allows a quantitative estimate of earth
quake potential at various points along a fault or plate boundary. 
Sections which have been "locked" for a long time while adjacent 
sections siipping present the greate�t 1::, < ;:ial for earthquak';:.;. 

\':,m impe-rt:,nt in estimation. p.:1rthquake hazard are rec,:r.' 
ir:;,,,n:wemen��- our understam:hn::o of what c.;:mstitutes an "active ' 
fault an:l of ;",e time scale necessary esdmation of long :,:trn 
seisnn: , :1,J.vior from a statistica.l stu<. :�arthquakes. The vs:' of 
si:,1ph: .:: .. <l.t�stical models leads ·�.:, rcE .. .)lc predictions conccmi:1g 
earthquake risk in a region for a given design period. The margin of 
uncertainty due to the restricted availability of data can also be 
estimated. 

STRESS AND NEAR-SOURCE STRONG GROUND MOTION 

\ :1rious over the past fr .. ·, y,.>ars h:1 .�d to better esfo,;c 
of the st� :,'.� changes involved in majo · , : thquakes. H appean r.hal 
fc, e;ci.rthquakes the strcs:: " 
nr:o:: .,.1.)urce grc nd motion are 

�rl:•:;;_·i_i.ab'ic for generating strong 
the same as the 

drop whi,..:h ·nologists have b,,T,; measurir. 1: c1t large distanceE , . 
earthquakes and which also can be estimated from permanent ground 
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deformation rtea:r the earthquake fault. These'stresses 'may be quite 
variable but are commonly of the order of 100 • bars (108 

dynes/cm2 ). Accepting this valüe for accelerating stress on the faults of 
large earthquakes, we can estimati the maximum values for ground 
velocity and acceleration. Following' the results of Brune (1970) these 
are given as follows: 

ü (max) = ..L _g_ v w 
1( µ s s 

' 
(1) 

(2) 

In these equations u, u, and ü are the particle displacement; velcicity . . 
and acceleration respectively; a is the stress, µ the shear modulus, u8 

the shear wave velocity and w
8 

the cutoff frequency above which the 
seisinic energy is either attertuated or becomes incoherently scatt�red. 
Inserting values of · 7í = 100 bars, u

8 
= 3 km/sec., µ = 3 x 10" 

dynes/cm2 and w
8 
= 10 cps we obtain: 

ü (max) = 100 cm/sec (3) 

ü (max) === 2 g (4) 

lf W
8 

is 5 cps: 

ü (max) = lg, (5) 

where g is the acceleration of gravity. 
These results compare surprisingly well with existing strong motiort 

observations. Peak v�locities observed from the Parkfield earthquake 
of June 27, 1966 were 7,6 cm/sec and those from the recent San 
Fernando earthquake of February 9, 1971 were about 125 cm/sec. 
Similarly peak accelerations recorded from the Parkfield earthquake 
were 0.5g and those from the San Fernando Earthquake about 1.25g. 
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Thus, the strong motion observations seem consistent wirn predic
tions based on the stress pulse model and give confidence that we 
understand the forces involved in earthquakes: 

There are sor:1e impo; tant ·onsequenc,:;::; 
earthquake h :::ard is concz r,ed 

this re�nH as far as 

1. Accderat�0m of grearer than 1 g a� high frequencies 1..·� l O cps) 
may be expected on hard rock (v

s 
"v 3 km/sec) near faults. 

·. Such accelerations could occur for quite small earthquakes although 
the volunw ::i ff,,,:,;ted by S'. high accc1er<.!, .. ms would 1:v.� much 
;;,nallcr for simdl earthqw"k 1.::s than for larg ones. Similarly, '.)rt thick 
deposits of ,;,::;r-rigidity the upper imit on :+,:ce lerations 
would be considerably smaller, perhaps 1/2 g. Of course, for hard 
rock a considerable distance away from the rock in which the fault 
occurs, the strong motion ·vm be less than fer adjacent softer rncks 
L,ecause of groucd amplific,Hir:n. 

2. Peak Pc rticle velocitk.; n,0 ar 100 cm/ S'', ar periods near ; l to l 
sec may be expected to be quite common near large earthquakes. 

3. The region affected by large ground. motions is determined by 

the length of the rupture and a width determined by the depth of 
faulting, bu+ 111,.: very higiw· ' ;,cceleraticns v.; be expect,,·d n, ar the 
fault plam,. 

PLATE TECTONICS AND EARTHQUAKE POTENTIAL 

/\ssuming '11at. as a re;;u: of tectonic and geologic we 
C:ctermine th, long-term 3tate velocities of two ad.r3cent plates 
and consequently the long-term rate of slip along a given fault zone 
we may set up the following simplified equation for earthquake 
potential slip: 

Potenth:1 Earthquah,· .-ljp - Ase<,rn;,. 
slip (6) 

The plate motion is given. Earthquake slip along a given zone may 
be determined by summing the moments of various earthouakes 
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(Bnm<:, l :0..1ument is an easily :::'.•.:�•�:l:JneJ parameter and i:s 
proportional to the areo, A, of a fault zone multiplied by the average 
slip, u, over that zone during the earthquake: 

M
0 

= µ A u � amplitudt' of long period waves (7) 

1mpor :, .c:ce h:,:c 
zones. 

Givei 
poten:j::1; 

only be detern,; ' 1::y di1, -� observation. Iii 
been establishc:,:' .ir; rwh,t s: allow earthquak 

sample of then estimate the 
irnd thus, estimate the 

seismi•: aazJr,.:. .·::Ile are a number ,:1eas 1: ··. te world where 3 
given section of a major fault has been "locked" for a long time and 
for which the long-term average motion is expected to be high and 
indeed for which adjacr,nt st:ctions of the fault h,rve been moving 
quite rapidly. Such areas obviously have a high potential slip and 
constitute a high seismic hazard 

The P1c1j0T r1;fficulty besetting such d�termi�"+;��s of potential sH� · 
is the : ,(,all u,:.is1 ical sample whic of quantitative 
earthc: recm'' 0, represents. Fo, an area such as· that 
describ d above w ;h is calculated to ;Jotential slip ma'/ 
in fact h:1 tl :.1 "✓ �ry large but umeconk,,; ::· 1 :CJquake just prior t 
the h isk,r: , ,,;crd and thus be co1:,/de1 r1. ·,:ss hazardous than 
expected. It is easy to verify that for most fault zones the historic 
record of seismicity does not give an adequate vie,v of long-term 
se1smicity. Major faults tend to b, relatively quiet for periods of the 
order of one to a few centuries and then have a period of high 
�.stivity. This is illustrated by the study of Davies and Brune O 971 ). 
Figures J and 2 show sums of seismic moment taken from their 
paper 1 c,r 1;·,; :d as a whole a . Hso f., ecific areas. It 
immediatd·i from these daL: , '\c•Jric record is rn ,, 

adequ., 
a whc, 
world •.'::,'s 
very low. 

the long term · her for the world a:': 
;,,�,-,,,Jd near 1900 trv 

as very high wh:, m fl':~� years it has bee;: 
lt is probatilr that 1000 years of seismic1ty data would b0 a 
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minimum sample for many areas. It nevertheless was shown by Davies 
and Brune that the slip rates  �etermined .by the historic sample are in . 
fairly good agreement with · slip rales predicted by· plate tectonics ; this 
is evidence that the historic record. of seismicity is not too unchar
acteristic of the long term pattern of seismici ty. 

INFERRING EARTHQUAKE HAZARD FROM 
SEISMICITY AND FAULTING 

Improved knowledge of faulting mechanism as well as better seismicity 
· d�ta allow us to s tate some . general principles regarding the 
estimation of earthquake hazard in regions for which we do not have 
an adyquate loryg-terrn seismic record: 

Faulting 

Although there are many faults that are inactive or "dead" , faulting 
is necessary to produce earthquakes and , as far as we know, all severe 
earthquakes have ocurred on pre-existing faults .  Logically , there must 
be occasions whert .  earthquakes occur in fresh rock not previously 
faulted ,  but the odds against this are so great that it represents a 
negligible hazard. We can assume that the existence of fault ing is a 
necessary but riot sufficient condition for high earthquake hazard. Of 
course ,  there .are many faults which are hidden by recent sediments 
or by water and we cannot necessarily assume , because no faults are 
mapped in a oertain area ,  that none exist. The tasks of finding hidden 
faults .and of determining which faults are active are of prime 
importance to the geologist working on  the problem of earthquake 
hazard. 

Sezsmicity 

Almost all of the world' s earthquakes occur in narrow. belts . Outside 
of these belts the earthquake hazard is low. We can assume that 
where there have been large earthquakes before there wil l be l arge 
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earthquakes again, and conversely, where there have been� no earth

quakes millio1r' of years 1 [;ere wm no east11,1uake:� in ·:he ne,;J 

future . 1�nfortt;;,at ,: 2y ,  th\.' .tistoric ,:ari.hquak:;:; r :cord a:.: not long 

enough to establish the pattern of seismidty in most areas . In some 
countrie�, such a<: Japan, a f:,fr record P.Xists for th_e last 1 400 years, 
but L :rn,)st rcgior  s the �1 ist:)ric e :utl quake :·ecc.rd is onl:1 a fes,,1 

hundred years old ,  and precise observations on magnitude, location 

and faulting have been available for only several decades. Consequently, 

we c,HlE {>. conch1 beca..1se ._:n arer, h;; •; had r, ,J h>toric earthquakt ; ,  
that th:re is no . ;:.::1sP1ic ha7, ;mJ. 

Use of smaller earthquakes 

Always ::.ssociated ,dth lar;;;; earthquaL;;:s are rn;lch mo,:e r.umero�s 

small ones,  roughly so that earthquakes one magnitude unit smaller, 

occur t�n time s ::7ore frequ�:11tly . In m::i ny area:; we can -:-p,:;ord mor:: 

than t, · redy snrn1 earthqu::kcs per Thi s  :::ugg,.,sts the ",ossibili:y 

that we might determine the seismic hazard of an area by counting 
the number of very small earthquakes and thus not having to wait  for 
the rr,,1 ·.: 1 i more : ':freque1d: : :"rge om" Unfonu; , 
work 0: : becau ,,;;; ·. e pattt;FJ of sei,rnL,ty is 

scale of the instrumental seismic record. For 

, tely tl:u s : : :Jes not 
,table on ihe tirn 

example, the . San 

Andreas faul t near PalmdaJP is one of the quietest seismic areas iP 
California for srna) l earthqu�k,,s althou :;h in 1 S:', Jne of rhe large,;t 
earthquakes in Caiifomia occurred there. This earthquake was certainly 

fol lowed and possibly preceded by � high rate of occurrence of small 

earthqu: . : :es .  
We :annot a .smr c� that ,ar,:;e earthqi: akes w U Le  prect' ,ied by cl 

increase in  seismic activity . Although this sometimes happens, many 
times i t  does not happen. The recent San Fernando , California, 
earth � occu.ncd with :·,ur  my \Vf, ; ning. Tr same is  ,.ie for the 

much ,arger Alaska earthq .... ake of 1 9G4. The area had been quiet for 
over a hundred years prior to the earthquake. The great Chilean 

earthq of 1 °60 althm e,h ,,reced,:d few t · ur:c and d . \IS by lan\( 
fores> :c;c, , had be�n aru e. , ,Jlously :u iet  for :0 recedin ,:c ;cars. fr 



�onclus ion, a lrhuugh high hist0rlc seismici ty is i:,robably a .suflid ent 
condition for high sei smi c hazard , it is not a necessary one . 

There seems to be fair evidence that in general , the recurrence 
probability i ,: de, reased by ;i · 1 arge earthq : . : , ;,; e .  That is, or> great 
e21rthquake lw <)ccurred in a gs·ir.m area ,  i t  ic ,,, ss likely tha t an )ther 
1vill occur o,)n : fter, be, . ., ausc ,he earth not have had enough 
time to store up the tremendous amounts of energy necessary ; but 
our knowledge i s  not yet quantitative enough to place great faith in 
such reasonbg. Of course, irntnediately after a grea t earthqua 1,:e, the 
f:dsrnic hazard , :ma ins higi1 fur ,,ome time. be(: ,;:;se of the 1c:currence 
of large aft,, hoc )(s . 

Statistical approaches to earthquake occurrence 

Tl : e  ma in :!iffic , ,  t ies in ap . '  
have been : 

stat is tic '' earthquake · •; irrence 

l .  Lack of a physical model which can bt: fo1mulated in s tati st ical 
terms . 

2. Lack of sufficient historical record and sufficient global cover
age, espec ;"'·' ty sma ll e ;n quakes. For reason ther, es I i  ttle  
, ··surance tha tatistical J"Jn1mc �rs derived frc,JT1 the prc,:,0:1 t hi:stori
cai record , , , ,i j  be extrapobt; cl h1to the fV:Lc-:: . 

Despite these l imitations
1 

many stati stical properties of the earth
quake process have been investigated. Recent advances in our u nder
standing of the .:earthquake JT = chanism and of rhte tectonics promise 
tc overcor:1.e 1n;;r1y of tl · d iff: :;ulties l ;-ev oudy i nhere, · in such 
studies .  Wit in mind we 1 scuss some n,.:er1 t result s  nf st , ·  stical 
approaches to earthquake occurrence. 

Statistical fluctuations of tectonic stress 

: i l e distrihuL , , ;  of earfr, , ua1c· magnitude',� . .. �, r a giver 
events may be wntten 

-� 

f(M) =-0 ;3 e p M 

of 
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Fluctuations in (3 have been obsenied in connection with the occµr

rencc l a rge ,:anl 1quah:: These E .;ctuations i ave been in terpreted 
in vc1nc s ways .  Suyehi -o J 966) puinted ut that the (3�va l  
increased after the 1 960  earthquake ;  he attribu ted thi s effect to the 

product ion of !"'anv sma ll a ftershock�. while the rat e of i ,..cidence of 

large · e ,1 :thqm.kcs was r1 huur the ·.,an, ,: befo, · tnd aLcr foe ma 1 1 

shock .  Mogi (1 962)  had suggested that ,6 depended on the "he tcro0 

gcneity" of  the mat eria l , thus explaining the stat ionarity of (3 within 

a given regi ons wli l e  Scholz ( 1 96 ;:) c ,)nnccff::l ;J with he state of 
stresY i : a sam,p , t hw c ·· phasi:'. in:::, the ,,aric: ,i l ity of ;3.  Th,· ,.,, 
observations may be explained by sta t ing that (3 i s the reciprocal 

value of M, the rne;in magnitude of th<) d istrib11 t1ons ( 8 ) . 
St ,1 twr arity o M with !n  a regio : ,  was fir;t dem i n st:-ated 

Lomn Hz ( 1 960, 1 966), and confirmed oy observations made rn d ifferent 
regions (Hamada  and Hagiwara , 1 967 ; Hamilton, 1 966 ;  Drakopoulos, 
1 97 1 , L:,p ez-A,ruyo and U:! fas , 1 972) Flu ctua · ons in Tvf must ):, e 

attribu t  i largei1 'o flucti, ,rti ons in tc tonic s ince th d istribH 

t ion of fau l t  sizes in a region may be considered i nvariant .  Hence the 
observed increase in the /)-value after a l arge earthquake foll ows 

direct ; from tile :1.ssump t,. tha t  Lie regi onal cctonic str .,ss drop,, 
to a lOwcr valuc.  We may therefore ;,;,sc the fi..,.ctuat ions cf the mt;a�; 
magnitude of earthqu akes in  a regi on a s  a convenient measure of 
tectoni c stress .  

G1 : .  ;wicz ( 1 J73  has fc : 1 d an  in1 re c c 1 tant d i  \:rence i : .  th e patt er, . 
• of fluctuat ions of (3 for swarms and aft ershock sequences. In swarms 

the /)- -value decays cont inu ously wi th time ; in aftershock sequences 
i t  fl:..11<: ,1ates a :  :.:,ut a stat ; ,)nary v:2 '  .: e ,  deca:,1 before '.each l ar1:;t' 
after ;\10r': and i:, _, re asinf ag in afte t ';, :ffds .  'Thes:� d ifLren, e s  mi ,, t 

correspond to entirely d ifferent stress patterns i n  t ime .  
As  a first aporoxirna tion . l arge earthquakes are independent ran

dom c·1ents .  J :ovi . ver , f)x I)Urpo: e s  f pred i'� c • ng the ec:rthqus i:c 

hazard <1t a specific locat ion it is important w understand the 
influence of the occurrence of previous event s in the region and in 
nei ghbmjng re  on t 1k prob: 11 i1 i '.:y o f  o ,>. urrenc cf futt rs: 
earth, ,u, , :es .  
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A 1;uita :mear model of  the process in a region is 
given by the Boltzmann Process: 

Prob (t, t + 1) = K a(t) + ft <.p (t-ri ) da (Ti)  
- 00  

(9) 

whe,·•c c.1 (t) iS fr, c: tectonic stress in :egion. Tiie: memory func :i,.:m 
'{) (C has the form 

( 1 0) 

Where H is Heaviside function, :.n , j  T is tJi,: ' i ,ne of occurrence o:' 
l 

the i-th event . 
The tectonic stress a(t) may be modelled by a birth-and-death 

process with continuous increments and , discrete decrements (Fig. 3). 
The decrements are the stress drops from earthquakes, which are 
obtained through a process derived from (8)  with {3 a function of 
a(t) 

F ' :te ' '' •Treccurrence time b,, 
ink ,.L,m m;,:, . neglected. In thi,: 
Pois,;u;; p: c,c, s ; .  Nith increments: 

ev.: r,ts is very large thei : 
•x,e obt,, :ns a quasi-stationar/ 

hv ,,,q .  ( 8) .  The prob: h i' -
ity of ,:-, . :  · ,, ,·, .:::,.' i::f an extreme event of ;•ritude M in a perio, ; 
D Y"rw by 

Prob (M, D) '"' J - exp (-a De- P M) _  (11 )  

The use o f  such statistical models, in good agreement with the 
observed recurrence patterns of ,:arthquakes, may lead to new insights 
intc � i 1e of estimating sei '�omnitz, 1974) .  
the otl�:: ,· . ce question of · ;ne and place of U< 
nex� : , , 1�1uake in a region ' ;·, a ,;. · , . ; inistic sense mus·, he 
att.: 1n a '/.ferent manner. ,:;i statistical-mechari <, 
appr• ;-iia:i · ·  ,resent the mos : ,_. •�nuc of researcl 
problems 0� ca.1 ,l,yu 2ke prediction . 
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CONCLUSIONS 

1. Recent seismological developments relating to earthquake hazard

have indicated that near-source accelerations of near l g and particle

velocities near 100 cm/sec are to be expected near faults of large

earthquakes, depending on rock type and geological conditions, and

that the region affected by these strong motions is closely related to

the dimensions of the faulting.

2. Plate tectonic theory offers the possibility of eventual estimation

of potential slip and thus potential hazard along a given section of a

fault.

3. For most areas the historie sample of seismicity, by itself, is not

sufficient to determine the long term pattern of seismicity.

4. In estima ting earthquake hazard in areas whcre the historie sample

in not sufficient to establish a long term pattern we conclude:

a) Faulting is a necessary but not sufficient requirement for

high seismic hazard. However, not all possihly active faults are

known"

b) Historical high seismicity is a sufficient but not necessary

condition for high seismic hazard.

5. Application of probability concepts may be used to determine the

statistical parameters of the earthquake process in a regíon. These

statistics may lead to estimates for the earthquake risk within a given
design period. A combined stahstical-rncchanical approach to earth

quake hazard may represent a promising avenue of rescarch in

earthquake predíction.
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