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ABSTRACT 

Maximum h o r i z o n t a l  a c c e l e r a t i o n s  and v e l o c i t i e s  caused by ea r thquakes  a r e  

mapped f o r  exposure  t imes  o f  10, 50  and 250 y e a r s  a t  t h e  90-percent 

p r o b a b i l i t y  l e v e l  of nonexceedance f o r  t h e  cont iguous United S t a t e s .  I n  many 

a r e a s  t h e s e  new maps d i f f e r  s i g n i f i c a n t l y  from t h e  1976 p r o b a b i l i s t i c  

a c c e l e r a t i o n  map by Algermissen and Perk ins  because of t he  i n c r e a s e  i n  d e t a i l ,  

r e s u l t i n g  from g r e a t e r  emphasis on t h e  geo log i c  b a s i s  f o r  s e i s m i c  sou rce  

zones. This  new emphasis i s  p o s s i b l e  because of ex t ens ive  d a t a  r e c e n t l y  

a cqu i r ed  on Holocene and Qua t e rna ry  f a u l t i n g  i n  t h e  wes te rn  Uni ted S t a t e s  and 

new i n t e r p r e t a t i o n s  o f  g e o l o g i c  s t r u c t u r e s  c o n t r o l l i n g  t h e  s e i s m i c i t y  p a t t e r n  

i n  t h e  c e n t r a l  and e a s t e r n  Uni ted S t a t e s .  

Earthquakes a r e  modeled i n  source  zones as f a u l t  r up tu r e s  ( f o r  l a r g e  

shocks) ,  as a combinat ion of f a u l t  r up tu r e s  and p o i n t  sources ,  and as po in t  

sou rce s  ( f o r  sma l l  shocks) .  The importance of f a u l t  modeling techn iques  is  

demonstrated by examples i n  t h e  M i s s i s s i p p i  Val ley.  The e f f e c t  of -parameter  

v a r i a b i l i t y ,  p a r t i c u l a r l y  i n  t h e  c e n t r a l  and e a s t e r n  United S t a t e s  i s  

discussed.  The s e i s m i c  s o u r c e  zones used i n  t h e  development o f  t h e  maps a r e  

more c l e a r l y  de f i ned  and a r e  g e n e r a l l y  sma l l e r  t h a n  t h e  s e i smic  s o u r c e  zones 

used i n  t h e  Algermissen and  Pe rk in s  (1976) p r o b a b i l i s t i c  a c c e l e r a t i o n  map. A s  

a r e s u l t ,  many a r e a s  of h i g h  s e i smic  hazard a r e  more c l e a r l y  de f i ned  on t h e s e  

maps t han  i n  t h e  1976 map, a l t hough  i n  l a r g e  a r e a s  o f  t h e  count ry  w e l l  de f ined  

geo log i c  c o n t r o l  f o r  t h e  seismic source  zones i s  s t i l l  l ack ing .  The s i x  

p r o b a b i l i s t i c  ground motion maps p resen ted  a r e  multi-purpose maps u s e f u l  i n  

bu i l d ing  code a p p l i c a t i o n s ,  l and  use  planning,  i n su rance  a n a l y s i s  and d i s a s t e r  

m i t i g a t i o n  planning. As f a u l t  s l i p  and r e l a t e d  geo log i ca l  d a t a  become 

a v a i l a b l e ,  t h e  f u r t h e r  re f inement  of p r o b a b i l i s t i c  ground motion maps through 

t h e  u s e  of t ime dependent  models f o r  ea r thquake  occurrence w i l l  become 

f e a s i b l e .  

1 



INTRODUCTION 

The use of p r o b a b i l i s t i c  ground motion maps t o  r ep re sen t  seismic hazard 

h a s  evolved from exper ience  w i t h  a number of o t h e r  map r ep resen ta t ions  and 

from a r ecogn i t i on  of t h e i r  drawbacks. H i s t o r i c a l  s e i s m i c i t y  maps a r e  f a c t u a l '  

and can  s e r v e  t o  warn t h a t  earthquakes occur  more widely t h a n  people usua l ly  

recognize. However, t h e i r  focus  i s  on e p i c e n t e r s ,  and hence t h e  maps l ack  two 

v i t a l  c h a r a c t e r i s t i c s :  (1) focus  on hazardous ground motion, and (2) 

g e n e r a l i z a t i o n  t o  l i k e l y  f u t u r e  a r e a s  of  se i smic i ty .  H i s t o r i c  maximum 

i n t e n s i t y  maps provide t h e  focus  on ground motion, bu t  a l s o  l a c k  

gene ra l i za t ion .  Algermissen's 1969 g e n e r a l i z a t i o n  of h i s t o r i c  maximum 

i n t e n s i t y  achieved widespread acceptance a s  a hazard map, and s l i g h t l y  a l t e r e d  

ve r s ions  of i t  s t i l l  remain i n  two important  bu i ld ing  codes. Shor t ly  a f t e r  

t h e  pub l i ca t ion  of  t h i s  map, i t  was recognized t h a t  such a map o v e r s t a t e s  t h e  

hazard i n  t hose  reg ions  where ear thquakes occur  w i th  g r e a t l y  reduced frequency 

compared t o  t h e  a c t i v e  a r e a s  of t h e  country. The Algermissen and Perkins 

(1976) map in t roduced  p r o b a b i l i t y  i n t o  t h e  ground-motion description--the.map 

dep ic t ed  ground motions having t h e  same p r o b a b i l i t y  of exceedance everywhere 

i n  t h e  U.S. (annual exceedance p r o b a b i l i t y  of 1/500). Thus, t h e  1976 map 

responded t o  some c r i t i c i s m  of e a r l i e r  maps, bu t  was perceived t o  have th ree  

new shortcomings: (1) l a c k  of s u f f i c i e n t  geo log ica l  information i n  t he  

g e n e r a l i z a t i o n  of  t h e  seismic h i s t o r y ,  (2) a focus  on only one l e v e l  of 

p r o b a b i l i t y ,  and (3) d e s c r i p t i o n  of se i smic  hazard i n  te rms 'of  on ly  one 

ground-motion parameter,  acce l e ra t ion .  The maps presented here a r e  designed 

p r i n c i p a l l y  t o  answer t h e s e  t h r e e  shortcomings, and t o  improve o u r  

understanding of  ear thquake hazard i n  t h e  United S ta t e s .  



Since t h e  i n t r o d u c t i o n  of a p r o b a b i l i s t i c  a c c e l e r a t i o n  hazard map of t he  

contiguous United S t a t e s  i n  1976 (Algermissen and Perkins,  1972, 1976), 

advances i n  t h e  understanding of  many of t h e  parameters i n  p r o b a b i l i s t i c  

hazard mapping have been s i g n i f i c a n t .  New information has become a v a i l a b l e  t o  

t h e  e x t e n t  t h a t  a r e v i s i o n  of  t h e  1976 p r o b a b i l i s t i c  map provides important 

advances i n  t h e  mapping of ground motion i n  t h e  United S ta tes .  Extensive 

mapping of  Holocene and Quaternary f a u l t s ,  i n t e r p r e t a t i o n s  of t h e  s i z e  of  

earthquakes represented  by such f a u l t s ,  and recurrence e s t ima te s  of l a r g e  

ear thquakes based on such f a u l t s ,  have become a v a i l a b l e ,  p a r t i c u l a r l y  i n  

Ca l i fo rn i a ,  Nevada and Utah. New geologica l  and se i smologica l  research  

programs i n  t h e  Miss i s s ipp i  Val ley,  New England, and t h e  Charleston,  South 

Carol ina,  a r e a  l a r g e l y  i n i t i a t e d  s i n c e  t h e  pub l i ca t ion  of t h e  1976 

p r o b a b i l i s t i c  ground motion map have provided important new d a t a  and 

se ismotec tonic  concepts.  

Earthquake ca t a logs  have s u b s t a n t i a l l y  improved during t h e  p a s t  f i v e  

years  through review and r e v i s i o n  of reg iona l  and n a t i o n a l  ear thquake 

ca ta logs .  ~ x a m ~ l e s  of improved ca t a logs  t h a t  we have made use  of a r e  t h e  Utah 

Catalog by Arabasz and o t h e r s  (1979), t h e  new ca t a log  of t h e  midwest by N u t t l i  

and Herrmann (1978) and t h e  USGS s t a t e  s e i smic i ty  maps and ca t a logs  t h a t  have 

now been publ i shed  f o r  27 s t a t e s  by Stover and o the r s  (1979-1981). 

Considerable  advances have a l s o  been made i n  t h e  technique used i n  t h e  

computation of p r o b a b i l i s t i c  hazard maps. The computer programs used i n  

hazard a n a l y s i s  have been completely r e w r i t t e n  s i n c e  1976 (Bender, 1982, 

Bender and Perk ins ,  1982) and a number of support  programs f o r  t h e  assembly of  

var ious  k inds  of d a t a ,  a n a l y s i s  of completeness of se i smologica l  da t a  and 

p l o t t i n g  r o u t i n e s  have been completed. Despite improvements i n  t h e  d a t a  base 



and computational t echniques  s i n c e  1976, a number of t h e  parameters  i n  hazard 

a n a l y s i s  remain troublesome. These w i l l  be d i scussed  a s  app rop r i a t e  l a t e r  i n  

t h e  t ex t .  

The d e c i s i o n  was made t o  develop maps of  a c c e l e r a t i o n  and v e l o c i t y  f o r  

t h r e e  exposure times: 10 ,  50 and 250 years .  These maps provide s i g n i f i c a n t l y  

more information f o r  t h e  e v a l u a t i o n  of ground motion f o r  engineer ing  purposes 

i n  t h e  United S t a t e s  than  can  be obtained from t h e  s i n g l e ,  50-year exposure 

t i m e ,  a c c e l e r a t i o n  map publ ished i n  1976. The v e l o c i t y  maps provide a u se fu l  

a d d i t i o n a l  measire of ground motion. The t h r e e  exposure time maps i n d i c a t e ,  

f o r  any po in t ,  t h e  n a t u r e  of t h e  change i n  ground motion f o r  v a r i o u s  exposure 

t imes of i n t e r e s t .  The a d d i t i o n a l  maps t oge the r  wi th  t h e  ref inement  of t h e  

parameters  used i n  t h e  development of t h e  maps should provide apprec iab ly  

improved ground motion e s t i m a t e s  f o r  bu i ld ing  codes and f o r  t h e  des ign  of 

s t r u c t u r e s  i n  general .  

CONCEPT OF HAZARD MAPPING 

The concept of hazard mapping used h e r e  i s  t o  assume t h a t  ear thquakes a r e  

exponent ia l ly  d i s t r i b u t e d  w i t h  regard t o  magnitude and randomly d i s t r i b u t e d  

wi th  regard t o  t i m e .  The exponent ia l  magnitude d i s t r i b u t i o n  i s  an  assumption 

based on empi r i ca l  observa t ion .  The d i s t r i b u t i o n  of ear thquakes i n  t i m e  is  

assumed t o  be Poissonian. The assumption of a Poisson process  f o r  earthquakes 

i n  t i m e  i s  c o n s i s t e n t  w i t h  h i s t o r i c a l  ear thquake occurrence i n s o f a r  a s  i t  

a f f e c t s  t h e  p r o b a b i l i s t i c  hazard ca l cu l a t i on .  Large shocks c l o s e l y  

approximate a Poisson process ,  while  smal l  shocks may d e p a r t  s i g n i f i c a n t l y  

from a Poisson process .  The ground motions a s soc i a t ed  wi th  smal l  earthquakes 

a r e  of only marginal  i n t e r e s t  i n  engineer ing a p p l i c a t i o n s  and consequently t he  



Poisson assumption s e r v e s  a s  a u s e f u l  and s imple model (Corne l l ,  1968). 

S p a t i a l l y ,  t he  s e i s m i c i t y  i s  modeled by grouping i t  i n t o  d i s c r e t e  a r e a s  termed 

se i smic  source  zones. The most gene ra l  requirements  f o r  a se i smic  source zone 

i s  a s  follows: (1) i t  have s e i s m i c i t y ,  and (2)  i t  be a reasonable  

se i smotec tonic  o r  seismogenic s t r u c t u r e  o r  zone. I f  a seismogenic s t r u c t u r e  

o r  zone cannot be i d e n t i f i e d ,  t h e  se i smic  source  zone i s  based on h i s t o r i c a l  

s e i smic i ty .  A s e i smo tec ton ic  s t r u c t u r e  o r  zone i s  taken  h e r e  t o  mean a 

s p e c i f i c  geologic  f e a t u r e  o r  group of f e a t u r e s  t h a t  a r e  known t o  be assoc ia ted  

w i t h  t h e  occurrence of  earthquakes.  A seismogenic s t r u c t u r e  o r  zone i s  

def ined  a s  a geo log ic  f e a t u r e  o r  group of f e a t u r e s  throughout which the  s t y l e  

o f  deformation and t e c t o n i c  s e t t i n g  a r e  s i m i l i a r  and a r e l a t i o n s h i p  between 

t h i s  deformation and h i s t o r i c  ear thquake a c t i v i t y  can be i n f e r r e d .  

The concept of  p r o b a b i l i s t i c  hazard mapping ou t l i ned  above w i l l  be 

d i scussed  i n  d e t a i l  i n  t h e  s e c t i o n s  t h a t  follow. 

Development of p r o b a b i l i s t i c  ground motion maps us ing  the  concepts  

o u t l i n e d  above invo lves  t h r e e  p r i n c i p a l  s t eps :  (1) d e l i n e a t i o n  of  seismic 

source a r ea s ;  (2 )  a n a l y s i s  of t he  s t a t i s t i c a l  c h a r a c t e r i s t i c s  of h i s t o r i c a l  

ear thquakes i n  each  se i smic  source  a rea ;  and (3) c a l c u l a t i o n  and mapping of 

t h e  extreme cumulat ive p r o b a b i l i t y  Fmax (a )  of ground motion, a ,  f o r  some 
9 

t i m e ,  t. These s t e p s  a r e  shown schemat ica l ly  i n  f i g u r e  1. The genera l  

technique used h e r e  i s  e s s e n t i a l l y  t h e  same a s  t h a t  p resen ted  by Cornell  

(1968) wi th  i n t e g r a t i o n s  rep laced  by d i s c r e t e  summations f o r  f l e x i b i l i t y  i n  

t h e  r e p r e s e n t a t i o n  of a t t e n u a t i o n  f u n c t i o n s  and source  a r ea s .  



Source 1 

MAGNITUDE ---- 

I- 

Distonce 

Accelero t ion Acceleration 

Figure 1 - Elements of t h e  p r o b a b i l i s t i c  hazard c a l c u l a t i o n s .  

( A )  Typica l  source  a r e a s  and g r i d  of p o i n t s  a t  which t h e  hazard 
is  t o  be  computed. - 

(B) S t a t i s t i c a l  a n a l y s i s  o f  s e i s m i c i t y  d a t a  and t y p i c a l  a t t enua t ion  
curves.  

(C) Cumulative c o n d i t i o n a l  p r o b a b i l i t y  d i s t r i b u t i o n  of acce l e r a t i on .  
(D) The extreme p r o b a b i l i t y  F  (a )  f o r  var ious  a c c e l e r a t i o n s  and 

max, t exposure t i m e s  (T) . 



Three i d e a l i z e d  seismic source  a r e a s  a r e  shown i n  f i g u r e  1A. The 

ear thquake wi th in  each  sou rce  zone can be modeled as :  (1) po in t  sou rces  i n  

a r e a s  (used t o  r e p r e s e n t  ear thquakes f o r  which t h e  f a u l t  r up tu re  l e n g t h  i s  

small  compared w i t h  t h e  map s c a l e  being used); (2)  f i n i t e  rup tu re  lengths ;  o r  

(3) a s  a mixed source ,  f o r  example p o i n t  sources  f o r  smal l  ea r thquakes  and 

f a u l t  (two dimensional)  sou rces  f o r  l a r g e r  earthquakes.  These source  a r e a s  

a r e  de l inea t ed  on t h e  b a s i s  of  h i s t o r i c a l  s e i s m i c i t y  t oge the r  w i t h  a n  

eva lua t ion  of a v a i l a b l e  geo log ica l  evidence r e l a t e d  t o  ear thquake a c t i v i t y  by 

methods t o  be d e t a i l e d  l a t e r .  

A f t e r  t h e  zones a r e  de l inea t ed ,  r e l a t i o n s h i p s  of t h e  form: 

l o g  N = a-bM 

a r e  determined f o r  each  sou rce  zone, where N i s  t h e  number of ear thquakes i n  a 

g iven  magnitude range pe r  u n i t  t i m e  and a and b a r e  cons t an t s  t o  be 

determined. M i s  t aken  a s  M, f o r  shocks g r e a t e r  t han  o r  equa l  t o  6.75 and is 

t aken  t o  be MT f o r  shocks less than 6.75. I f  t h e  s e i s m i c i t y  of  i n d i v i d u a l  

source zones i n  a r e g i o n  is  low, t h e  b va lue  (s lope)  i n  equa t ion  1 i s  

determined by cons ide r ing  t h e  s e i s m i c i t y  i n  a n  ensemble of source  zones. 

Research (Bender, 1982) has  shown t h a t  f o r  zones i n  which t h e  t o t a l  number of 

ear thquakes i s  less t h a n  about  40, s i g n i f i c a n t  e r r o r s  i n  t h e  computed b-values 

occur.  The a-value f o r  each  source  zone is  determined by f i t t i n g  a l i n e  wi th  

s l o p e  b through t h e  s e i s m i c i t y  d a t a  f o r  each zone. General ly  a minimum c h i  

square  r e g r e s s i o n  was used f o r  curve f i t t i n g  al though i n  t h e  wes te rn  po r t i on  

o f  C a l i f o r n i a  a weighted l e a s t  squares  technique was used (Thenhaus and 

o t h e r s ,  1980). The two techniques y i e l d  equ iva l en t  r e s u l t s  wi th  ear thquake 



sample s i z e s  of  about  40 o r  more. The d i s t r i b u t i o n  of ear thquakes  i n  each 

source  zone i s  t h e n  cha rac t e r i zed  by t h e  parameters  of equa t ion  1, up t o  some 

maximum magnitude which i s  ass igned  f o r  each zone. 

The f u t u r e  s p a t i a l  occurrence of ear thquakes i n  each source  zone i s  

assumed t o  be uniform throughout each  sou rce  a rea .  That i s ,  i f  each seismic 

source  a r e a  i s  d iv ided  i n t o  n smal l  d i v i s i o n s  (such a s  shown i n  f i g .  1A) and 

i f  t h e  number of ear thquakes  l i k e l y  t o  occur  i n  any magnitude range i s  N ,  then  

t h e  number of ear thquakes  l i k e l y  t o  occur  i n  t h i s  magnitude range i n  each 

sma l l  d i v i s i o n  o r  block of a sou rce  a r e a  i s  

I f  s e i s m i c i t y  i s  d i s t r i b u t e d  a long  a f a u l t  of l e n g t h  L, t h e  d i s t r i b u t i o n  of 

ear thquakes i s  somewhat more complicated. We have used t h e  r e l a t i o n s h i p  

between f a u l t  r u p t u r e  l e n g t h  (L) and magnitude (M) suggested by Mark (1977): 

l o g  (L) = .1.915 + 0.389 M (3) 

where L i s  t h e  average  f a u l t  r u p t u r e  l e n g t h  i n  meters and M i s  a s  a l ready 

def ined.  I f  t h e r e  a r e  NM ear thquakes  i n  t h e  magnitude i n t e r v a l  M2-M1 
2 - M1 

t h a t  have an  average  l e n g t h  of r u p t u r e  (determined from equat ion  3) of Lave 

and w e  a r e  modeling a f a u l t  of l e n g t h  X, t h e  ear thquakes are d i s t r i b u t e d  a t  

t h e  r a t e  of 



ear thquakes p e r  u n i t  of l e n g t h  a long  t h e  f a u l t .  I f  one end of a f a u l t  i s  

loca t ed  a t  X1 and t h e  o t h e r  end a t  X2, t h e  ear thquake rup tu re  c e n t e r s  a r e  

assumed t o  occu r  un i f  o n l y  

L 
ave  

L 
ave between X + - 

1 2 
and X2 - - 

2 
along t h e  f a u l t .  

Once t h e  d i s t r i b u t i o n  of ear thquakes l i k e l y  t o  occur i n  each  smal l  

d i v i s i o n  of t h e  source  o r  a long  a f a u l t  i s  decided upon, t h e  e f f e c t  a t  each 

s i t e  due t o  t h e  occurrence of ear thquakes i n  each smal l  d i v i s i o n  of  t h e  source 

o r  f o r  each f a u l t  can be computed us ing  s u i t a b l e  ground motion a t t e n u a t i o n  

curves  such a s  t hose  shown i n  Figure 1B.  I n  p r a c t i c e ,  t h e  d i s t r i b u t i o n  of 

ground motion i s  computed f o r  a number of sites loca t ed  on an  app rop r i a t e  g r i d  

p a t t e r n  ( f i g .  1A). 

From t h e  d i s t r i b u t i o n  of  ground motion a t  each s i t e  ( p a r t  C of f i g .  1)  it 

i s  poss ib l e  t o  determine d i r e c t l y  t h e  expected number of t imes a p a r t i c u l a r  

ampli tude of  ground motion i s  l i k e l y  t o  occur  i n  a g iven  per iod of years  a t  a 

g iven  s i te ,  and ,  thereby ,  t h e  maximum amplitude of ground motion i n  a given 

number of y e a r s  corresponding t o  any l e v e l  of p robab i l i t y .  The r e l a t i o n s h i p  

between r e t u r n  per iod  %(a ) ,  exposure t ime,  T ,  and p r o b a b i l i t y  of exceedance 

du r ing  t h a t  exposure t ime,  l-Fmax,t (a )  i s  b e s t  explained by t h e  fol lowing 

development. 

F i r s t ,  t h e  d i s t r i b u t i o n  of  t h e  expected number of occurrences of ground 

motion a t  each l o c a t i o n  i s  ca l cu l a t ed .  The peak ground motion, f o r  example, 

t h e  peak a c c e l e r a t i o n  corresponding t o  some extreme p r o b a b i l i t y ,  i s  then 

ca l cu l a t ed  from t h e  d i s t r i b u t i o n  of t h e  expected number of occurrences i n  t h e  

fo l lowing  manner. Let  t h e  peak a c c e l e r a t i o n  be a , t hen  



is t h e  p r o b a b i l i t y  t h a t  a n  observed a c c e l e r a t i o n  A i s  l e s s  than  o r  equa l  t o  

t h e  va lue  a ,  g iven  t h a t  a n  earthquake wi th  magnitude M y  g r e a t e r  than  some 

minimum magnitude of i n t e r e s t ,  has  occurred.  The c a l c u l a t i o n  a t  a  g iven  g r i d  

p o i n t  o r  a long  a  f a u l t  i s  performed f o r  every  a c c e l e r a t i o n  a  of  i n t e r e s t  

using:  

expected number of  occurrences wi th  A<a and M)M-,- 
IIU 11 = 

t o t a l  expected number of occurrences 

A t y p i c a l  F(a) i s  shown i n  f i g u r e  1C. 

Assume N independent even t s  w i th  accompanying a c c e l e r a t i o n s  Ai. The 

cumulative d i s t r i b u t i o n  of t h e  maximum a c c l e r a t i o n  of t h e  s e t  of N 

a c c e l e r a t i o n s  i s  g iven  by 

Fmax(a)=P[The l a r g e s t  of t h e  N a c c e l e r a t i o n s  i s  l e s s  than  o r  equa l  t o  a ]  

=P[each of t h e  N a c c e l e r a t i o n s  i s  l e s s  than o r  equa l  t o  a ]  

=P[Al(a] P[Afia] . . .P[A&a], s i n c e  t h e  events  a r e  independent 

=F(a lN,  i f  t h e  even t s  a r e  i d e n t i c a l l y  d i s t r i b u t e d  (6 )  



I f  N i t s e l f  i s  a random v a r i a b l e  

I f  N has  a Poisson  d i s t r i b u t i o n  wi th  mean r a t e  A ,  

F (a)  = ? F(a) 
j a j 2  

= e 
-A - (AF(a)) ' -X AF(a) 

j 1  j=6 j 1  
= e  e 

max j = O  

F (a )  = e -A (1-F(a)) 
max 

Now i f  X  = +t ,  where + i s  mean r a t e  of occurrence of ear thquakes  2 0  - sin 
p e r  y e a r  and t i s  number of yea r s  i n  a per iod of i n t e r e s t ,  then: 

F (a )  = e + t [ l -F (a ) ]  
max, t 

I n  t h e  program, a t a b l e  of  a c c e l e r a t i o n s  (a )  and F(a) i s  constructed.  For a 

p a r t i c u l a r  exposure t i m e  t = T ,  Fma,,t (a )  i s  c a l c u l a t e d ,  and t h e  va lue  of a 

f o r  a g iven  extreme p r o b a b i l i t y ,  say  FmaXst ( a )  =.go, i s  found by 

i n t e r p o l a t i o n .  

It i s  convenient  h e r e  t o  d e f i n e  t h e  term r e t u r n  per iod  as:  



where ~ ( a )  i s  t h e  average number of even t s  t h a t  must occur  t o  g e t  an  

a c c e l e r a t i o n  exceeding a. The r e t u r n  per iod i n  y e a r s  i s  g iven  approximately 

by 

R(a) 
= Expected number of even t s  p e r  year  (H)H > - min 

We o b t a i n  from (10) and (11): 

t hus ,  

from (9) and (12): FmaXst - t / R  (a )  ( a > = e  y 

and I n  (F 
t 

max, t (a ) )  = - 
Ry(a) 

For an  extreme p r o b a b i l i t y  of .90 and an  exposure t i m e  of t=10 yea r s :  

o r  lo = 94.9 years  Ry(a) ' .lo54 

Thus, t h e  average r e t u r n  per iod  f o r  t h e  a c c e l e r a t i o n s  w e  have mapped i s  about 

95 years .  For t h e  same extreme p r o b a b i l i t y  (.go), exposure times of 50 and 

250 yea r s  y i e l d  average r e t u r n  per iods  of 474.4 and 2371.9 years.  



It may be u s e f u l  t o  p o i n t  o u t  t h a t  us ing  equa t ion  (13) and s e t t i n g  t h e  

exposure t i m e  equa l  t o  t h e  average r e t u r n  per iod 5 ( a ) ;  t h a t  i s  

t = S ( a ) .  

- 
w e  have F (a )  = e '=0.37. 

max, t (15) 

Thus t h e  a c c e l e r a t i o n  w i t h  a r e t u r n  per iod  of %(a)* yea r s  has  a p robab i l i t y  
- 

of 

1 - Fmax, t (a )  = 1 - 0.37 = 0.63 o r  63% 

of being exceeded i n  t years .  The p o i n t  i s  t h a t  a c c e l e r a t i o n s  ( o r  any o the r  

.parameter)  w i t h  a p a r t i c u l a r  r e t u r n  per iod  have a 63-percent p r o b a b i l i t y  of 

being exceeded du r ing  an  exposure t i m e  equa l  t o  t h a t  r e t u r n  per iod.  Because 

t h e  a c c e l e r a t i o n  w i t h  a r e t u r n  per iod of  R yea r s  i s  o f t e n  i n c o r r e c t l y  

a s soc i a t ed  w i th  z e r o  p r o b a b i l i t y  of exceedance i n  less t h a n  R y e a r s ,  i t  i s  

p r e f e r a b l e  t o  e x p l i c i t l y  s t a t e  t h e  p r o b a b i l i t y  of exceedance and exposure t i m e  

T a s soc i a t ed  w i t h  a p a r t i c u l a r  ground motion. I n  a d d i t i o n  t h e  ear thquakes 

which produce t h e  R-year r e t u r n  per iod ground motion a t  a s i te  may have 

recur rence  i n t e r v a l s  i n  t h e  source  reg ion  of  one-third t o  one-tenth R, 

depending on  t h e  a r e a  of  t h e  source zone. Avoiding t h e  u s e  of r e t u r n  per iod 

w i l l  hopefu l ly  avoid  t h e  i d e n t i f i c a t i o n  of t h e  r e t u r n  per iod  of ground motion 

w i t h  t h e  r ecu r r ence  i n t e r v a l  of  earthquakes.  



Frequent ly ,  i t  i s  convenient  t o  express  t h e  maximum ground motion i n  

terms of t h e  annual  p r o b a b i l i t y  of exceedance. Let rT (a )  be t h e  p r o b a b i l i t y  

of exceedance of ground motion a i n  T years ;  then  

and 

For T = one y e a r ,  (17) becomes 

when 5 (a) i s  s u f f i c i e n t l y  l a r g e  ( s ay ,  g r e a t e r  t hen  t e n  yea r s ) ,  

' DEVELOPMENT OF THE PROBABILISTIC MODEL 

The development of a p r o b a b i l i s t i c  model f o r  ear thquake hazard a n a l y s i s  

r equ i r e s  d a t a  and assumptions concerning parameters such a s  t h e  ear thquake 

rup tu re  l eng th ,  t h e  magnitude d i s t r i b u t i o n  and t h e  sequence of occurrence i n  

t ime of t h e  ear thquakes ,  t h e  geometry of t h e  s e i smic  source  zones and t h e  

a t t e n u a t i o n  of s e i smic  waves. The gene ra l  concept and theory  of t h e  model 

have a l r eady  been discussed.  



Earthquake Model 

The ear thquakes were modeled i n  a very simple way. The ear thquakes a r e  

a l l  assumed t o  be sha l low shocks s i m i l a r  t o  t h e  C a l i f o r n i a  ear thquakes used i n  

t h e  development of t h e  Schnabel and Seed (1973) a c c e l e r a t i o n  curves ,  with t h e  

except ion of t h e  i n t e rmed ia t e  f o c a l  dep th  shocks i n  t h e  Puget Sound, 

Washington, a rea .  Earthquakes were modeled a s  (a )  p o i n t  sources ,  o r  a s  (b) 

l i n e  rup tu re  sources ,  t h e  l e n g t h  of f a u l t i n g  being obtained from equat ion  (3). 

Magnitude D i s t r i b u t i o n  

The magnitude d i s t r i b u t i o n  was taken  t o  be exponent ia l  and of  t h e  form 

given by equa t ion  1. The ear thquakes i n  each se i smic  source  zone were 

co r r ec t ed  f o r  completeness us ing  t h e  technique suggested by S tepp  (1973). As 

previously d i s cus sed ,  b-values were determined f o r  groups of s e i s m i c  source 

zones where t h e  h i s t o r i c a l  s e i s m i c i t y  was low i n  i n d i v i d u a l  zones. The a- 

va lues  f o r  each zone were then  obtained by a minimum chi-square f i t  through 

t h e  ear thquake d a t a  f o r  each zone, ho ld ing  t h e  &value constant .  For seismic 

source zones w i th  high h i s t o r i c a l  s e i s m i c i t y ,  b-values were of t e n  obtained f o r  

each se i smic  sou rce  zone independently.  The se i smic  sou rce  zones used i n  t h e  

prepara t ion  of t h e  maps a r e  shown i n  N g u r e s  2 and 3. The s lope ,  b, and t h e  

number of i n t e n s i t y  V ear thquakes per  year  i n  each zone a r e  l i s t e d  i n  Table 

1. Earthquakes wi th  magnitudes l e s s  than  ML=4.0 o r  i n t e n s i t i e s  less than V 

were no t  considered i n  t h e  computation of t h e  ground motion. For each seismic 

source zone t h e  maximum magnitude was determined from a cons ide ra t i on  of (1) 

t h e  l a r g e s t  h i s t o r i c a l  ea r thquake  t h a t  had occurred ( i n  zones w i t h  high r a t e s  

of a c t i v i t i e s ) ;  (2) t h e  t e c t o n i c  s e t t i n g  of any p a r t i c u l a r  zone; (3) t echn ica l  

op in ions  expressed a t  t h e  workshop i n  which t h e  source  zone was considered; 



Figu re  2 - Seismic  s o u r c e  zones i n  wes te rn  C a l i f o r n i a  and t h e  a d j a c e n t  
o f f s h o r e  area. The numbers i n  t h e  source  zones are used t o  i d e n t i f y  
each zone i n  t h e  d i s c u s s i o n  i n  t h e  t e x t  and i n  Tab le  1. Zones 1-39 
a r e  preceded by "c" i n  Table  1. 
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(4) and combinations of  t h e  above sou rces  of information. The magnitudes used 

i n  t h i s  paper have been obtained i n  two ways: (1) from earthquake ca ta logs  

con ta in ing  in s t rumen ta l ly  determined magnitudes, and (2) by computing t h e  

magnitude obta ined  from t h e  maximum i n t e n s i t y  I. using t h e  r e l a t i o n s h i p  M = 

1.3 + 0.6 I. (Gutenberg and Richter ,  1942). The magnitudes used by Gutenberg 

and Richter  i n  d e r i v i n g  t h e  above M - I. r e l a t i o n s h i p  were p r i n c i p a l l y  ML f o r  

shocks wi th  ML o f  about  6 314 o r  l e s s  and Ms f o r  l a r g e r  ear thquakes.  Since 

in s t rumen ta l  magnitudes a r e  no t  a v a i l a b l e  f o r  many important ear thquakes,  

e x t e n s i v e  use  was made of  t h e  M - I, re l a t ionsh ip .  Thus, t h e  maximum 

magnitudes used f o r  t h e  se i smic  source  zones a r e ,  i n  gene ra l ,  expressed a s  Ms 

magnitudes. Table 1 l is ts  p e r t i n e n t  in format ion  concerning t h e  magnitude 

d i s t r i b u t i o n  of ear thquakes  assumed f o r  each seismic source  zone. I n  t h e  

Nevada se i smic  zone, t h e  maximum magnitude was reduced t o  ML = 6.0 i n  zones i n  

which l a r g e  h i s t o r i c a l  earthquakes had occurred (zones 022, 032 and 033 i n  

F igu re  3). The assumption i s  t h a t  i n  t h e  Nevada se i smic  zone l a r g e  

ear thquakes a r e  n o t  l i k e l y  t o  reoccur  i n  t h e  same zones where they  have 

a l r eady  occurred '  h i s t o r i c a l l y ,  a t  l e a s t  i n  t h e  t i m e  per iod of  i n t e r e s t  of t h e  

hazard maps (up t o  exposure t imes of 50 years) .  This assumption i s  cons i s t en t  

w i t h  c u r r e n t  t h i n k i n g  concerning t h e  temporal and s p a t i a l  d i s t r i b u t i o n  of 

l a r g e  shocks i n  wes tern  Nevada (Wallace, 1977a, 1978c; Ryal l ,  1977; Ryal l  and 

o t h e r s ,  1966; Van Wormer and Ryall ,  1980; Rya l l  and Van Wormer, 1980). 

H i s t o r i c a l  ear thquakes  wi th  magnitudes g r e a t e r  than 6.0 i n  zones 022, 032 and 

033 were d i s t r i b u t e d  i n t o  t h e  surrounding zone. For example, t h e  earthquakes 

wi th  magnitudes g r e a t e r  than 6.0 i n  zones 032 and 033 were d i s t r i b u t e d  i n t o  

zone 031. The l a r g e r  shocks i n  zone 022 were d i s t r i b u t e d  i n t o  020. 



Occurrences of  Earthquake i n  Time 

The d i s t r i b u t i o n  of ear thquakes i n  t i m e  i s  assumed t o  be Poissonian. The 

southern C a l i f o r n i a  ear thquake ca t a log ,  a f t e r  removal of a f t e r shocks ,  has been 

shown t o  be Poissonian  (Gardner and Knopoff, 1974). The important  observat ion 

is  t h a t  t h e  bccurrence  of l a r g e  shocks tends  t o  be Poissonian while  small  

shocks o f t e n  a r e  not. However, t h e  ground motions a s soc i a t ed  w i t h  small  

shocks a r e  of on ly  marginal  i n t e r e s t  i n  engineering a p p l i c a t i o n s  (Cornel l ,  

1968). 

Seismic Source Zones 

- The p r o b a b i l i s t i c  ground motion c a l c u l a t i o n s  use a s  i npu t  a model of t h e  

f u t u r e  s e i smic i ty .  This model c o n s i s t s  of source zones and t h e i r  a s soc i a t ed  

r a t e s  of a c t i v i t y  f o r  ear thquakes of va r ious  magnitudes up t o  t h e  maximum . 

magnitude assumed f o r  each zone. Within each source zone, which may be a 

f a u l t  o r  an  a r e a ,  t h e  s e i s m i c i t y  i s  assumed t o  be uniformly d i s t r i b u t e d  

s p a t i a l l y .  The s i z e  of t h e  source  zone r e f l e c t s  t h e  following: 

(1) The amount and a p p l i c a b i l i t y  of  geo log ica l  and se i smologica l  information 

ava i l ab l e .  

(2) A reasonable  g e n e r a l i z a t i o n  from t h e  se i smic  h i s t o r y ,  based both on (1) 

and t h e  pe r iod  of i n t e r e s t  f o r  which t h e  r e s u l t i n g  p r o b a b i l i s t i c  maps a r e  

t o  apply. 

( 3 )  The s c a l e  of mapping. For a na t iona l -sca le  map, some of t h e  d e t a i l  

a v a i l a b l e  f o r  l o c a l  o r  r eg iona l  mapping would not  be usefu l .  



The s e i s m i c  source  zones used f o r  t h e  n a t i o n a l  map (Figs.  2 and 3) a r e  

t h e  r e s u l t  of a concerted e f f o r t  t o  in t roduce  more se i smotec tonic  information 

i n t o  t h e  development of  source  zones (Thenhaus and o t h e r s ,  1982a). Mgure 4 

i n d i c a t e s  a r e a s  considered i n  var ious  workshops and o t h e r  meetings concerned 

wi th  t h e  p re sen ta t ion  and d i scuss ion  of se i smotec tonic  d a t a  u s e f u l  i n  the  

development of se i smic  source  zones. The i n i t i a l ,  new mapping e f f o r t  was 

focused on Alaska and t h e  o f f  shore a r e a s  ad j acen t  t o  t he  e a s t e r n  and western 

contiguous United S ta t e s .  Liaison was maintained with Survey geo log i s t s  i n  

Menlo Park and Alaska dur ing  t h e  development of  t h e  west coas t  (Perk ins  and 

o t h e r s ,  1980; Thenhaus and o t h e r s ,  1980) and Alaska maps (Thenhaus and o the r s ,  

1982). As a r e s u l t ,  t h e  se i smotec tonic  b a s i s  f o r  t h e  se i smic  source  zones f o r  

t h e  new n a t i o n a l  map i n  a r e a s  A and B of Figure 4 r e l y  heavi ly  on d a t a  

developed and d i scuss ions  he ld  with a number of U.S. Geological Survey 

g e o l o g i s t s  and geophys i c i s t s  during t h e  p repa ra t ion  of t h e  o f f sho re  hazard 

maps. 

As t h e  work on t h e  n a t i o n a l  map proceeded, a more formal  s e r i e s  of 

meetings evolved'and f i v e  workshops were conducted t o  cons ider  f i v e  add i t i ona l  

regions: (1) t h e  Great  Basin ( a r ea  C,  Figure 4);  (2) t h e  no r the rn  and c e n t r a l  

Rockies ( a r ea  D, Figure 4); (3) the  southern  Rockies and t h e  southern  Great 

Basin ( a r e a  E, Figure 4);  (4) t h e  c e n t r a l  i n t e r i o r  ( a r ea  G,  Figure 4) ,  and (5) 

t h e  n o r t h e a s t  ( a r ea  H,  Figure 4). The se i smotec tonics  of t h e  southeas t  United 

S t a t e s  were d iscussed  a t  two U.S. Geological  Survey meetings conducted during 

t h e  p repa ra t ion  of e a s t e r n  o f f sho re  hazard maps. The workshops held f o r  a r eas  

D,  E, and G a l s o  considered some a spec t s  of t h e  se i smotec tonics  of a r e a  F 

( f i g u r e  4). 





The meet ings were ve ry  u s e f u l  a s  a forum f o r  o u t l i n i n g  seismotectonic  

i d e a s  and f o r  t h e  p re sen ta t ion  of  new hypotheses f o r  ear thquake occurrence i n  

t h e  v a r i o u s  reg ions .  Typ ica l ly ,  t h e  workshop p a r t i c i p a n t s  took one o r  a 

combination of  s e v e r a l  of  t h e  fo l lowing  approaches i n  o u t l i n i n g  t h e  

se i smotec tonics  o f  a region. The approaches may be  charac te r ized  (Thenhaus, 

1982a) a s  (1)  se i smotec tonic  zoning on i n d i v i d u a l  f a u l t s ,  o r  t h e  a r e a l  e x t e n t  

o f  f a u l t i n g  where t h e  f a u l t s  show l a t e  Quaternary o r  Holocene displacements,  

o r  have a d i s t i n c t  a s s o c i a t i o n  w i t h  t h e  h i s t o r i c a l  s e i smic i ty ;  (2) zoning 

pr imar i ly  on r e g i o n a l  s t r u c t u r a l  s t y l e ;  (3) zoning on t h e  b a s i s  of  t h e  s p a t i a l  

d i s t r i b u t i o n  of  s e i s m i c i t y  i n  t h e  absence of any a s p e c t s  of (1) and (2) t h a t  

could b e  used. The zones developed by t h e  p a r t i c i p a n t s  i n  these  meetings o r  

workshops provided a n  inva luab le  source  of in format ion  f o r  t he  development of  

t h e  zones used t o  prepare  t h e  p r o b a b i l i s t i c  ground motion maps. The zones 

t h a t  were developed a t  t h e  meetings could not  always be used d i r e c t l y  a s  

s e i smic  sou rce  zones i n  t h e  p r o b a b i l i s t i c  model. For example, a number of 

zones were o u t l i n e d  by t h e  workshops which had l i t t l e  o r  no h i s t o r i c a l  

s e i s m i c i t y  o r  geo log ic  d a t a  such  a s  f a u l t  s l i p  t h a t  could be used t o  e s t a b l i s h  

a r a t e  of seismic a c t i v i t y  f o r  t h e  zone, even though t h e  zone might be  

considered by t h e  workshop p a r t i c i p a n t s  t o  have ear thquake poten t ia l .  Thus, 

many of t h e  zones developed a s  a r e s u l t  of t h e  meet ings had t o  be a l t e r e d  o r  

d iv ided  i n  s u c h  a manner t h a t  i t  was poss ib l e  t o  develop r a t e s  of earthquake 

occurrence. A s  p rev ious ly  noted  t h e  f i n a l  s e i smic  source  zones a r e  shown i n  

F igures  2 and 3. The s e i s m i c  source  zones organized by a r e a  a r e  discussed i n  

t h e  fol lowing s e c t i o n  t o  provide  more d e t a i l  concerning t h e  techniques used. 



Coas ta l  and Southern C a l i f o r n i a  (Area A ,  Figure 4): In c o a s t a l  and southern 

Ca l i fo rn i a  (Figure 2) f a u l t s  of r eg iona l  e x t e n t  a r e  recognized a s  se i smic  

source zones i f  t hey  can  be a s soc i a t ed  wi th  h i s t o r i c  s e i s m i c i t y  o r  i f  they 

show evidence of  h i s t o r i c  o r  EIolocene s u r f a c e  rupture.  Although f a u l t  

displacements  a r e  da t ed  f o r  much of  c o a s t a l  C a l i f o r n i a  a r e a  (Ziony and o the r s ,  

1974; Buchanan-Banks and o t h e r s ,  1978; Pampeyan, 1979; Herd and Helley, 1976) 

w e  made no a t tempt  t o  zone segments of  f a u l t s  on t h e  b a s i s  of age of l a t e s t  

displacements.  In s t ead ,  w e  assume t h a t  Holocene o r  h i s t o r i c  r u p t u r e  on any 

segment of  a f a u l t  o r  f a u l t  zone i n d i c a t e s  t h a t  t h e  e n t i r e  f a u l t  o r  f a u l t  zone 

i s  a c t i v e ;  we a l s o  assume t h a t  ear thquakes a r e  equa l ly  l i k e l y  a long  t h e  e n t i r e  

f a u l t  l ength .  We recognize  major f a u l t s  i n  t h e  San Andreas f a u l t  system a s  

independent seismic source  zones (Figure 2). Large earthquakes (Ms>6.75) a r e  

modeled a s  r u p t u r e s  o f  app ropr i a t e  l e n g t h  on t h e s e  f a u l t s .  Small shocks 

(ML<6.75) a r e  modeled a s  p o i n t  sources  throughout a zone 10  km wide on e i t h e r  

s i d e  of  t h e  f a u l t .  The f a u l t s  a r e  (1) San Andreas f a u l t  (zone c24); (2) 

southern  San Andreas (zone c16); (3) San Jacinto-Imperial  Valley (zone c15); 

(4) E l s ino re  (zone c l4)  ; (5) Newport-Inglewood-Rose Canyon (zones c13, c l2 ,  

and c l l ) ;  (6) San Clemente (zone c3); (7) Agua Blanca (zone c l ) ;  (8) Santa 

Monica, Cucamonga and a s soc i a t ed  f a u l t s  of t h e  southern  margin of  t h e  Western 

Transverse Ranges (zones c23 and c41); (9)  San Gabriel-Eastern San Fernando 

(zone c26); and t h e  f a r  o f f sho re  (c10) and t h e  San Gregor i eHosgr i  (zone 

c32). Other zones which appear  somewhat broader ,  con ta in  p a r a l l e l  t o  sub-para l le l  

arrangement of  primary f a u l t s .  These a r e  (1) zone c33 conta in ing  t h e  Santa Ynez and 

Big Pine f a u l t s  of t h e  nor thern  block o f  t h e  Western Transverse Ranges; (2) zone c34 



I enclosing t h e  west margin of t h e  S a l i n i a n  Block and conta in ing  t h e  Rinconada 

and Nacimiento Fau l t s ;  (3) zone c38 conta in ing  t h e  Hayward and Calavaras 

f a u l t s  of t h e  San Franc isco  Bay area;  and (4) zone c39 conta in ing  t h e  Maacama, 

Rodger8 Creek, and Green Valley f a u l t s  no r th  of t h e  San Francisco Bay area.  

The source  zones of  c o a s t a l  C a l i f o r n i a  a r e  descr ibed more f u l l y  by 

Thenhaus and o t h e r s  (1980); however a  few po in t s  w i l l  be r e i t e r a t e d  here. 

Some source zone boundaries i n  t h e  c o a s t a l  Ca l i fo rn i a  reg ion  a r e  based s o l e l y  

on s e i s m i c i t y  where h i s t o r i c  s e i smic i ty  shows a  p e r s i s t e n t  nonuniform 

d i s t r i b u t i o n  i n  an  a r e a  of otherwise apparent ly  homogeneous geologic  

charac te r .  The b e s t  example is  t h e  Ventura Basin (zone c28) where h i s t o r i c  

s e i s m i c i t y  h a s  been concentrated i n  t h e  e a s t e r n  p o r t i o n  of t h e  Santa Barbara 

Channel (Hamilton and o t h e r s ,  1969; Lee and Vedder, 1973). Other a r e a s  

showing l i k e  geo log ic  c h a r a c t e r  but  d i s t i ngu i shed  by t h e  nonuniform geographic 

d i s t r i b u t i o n  of s e i s m i c i t y  a r e  t h e  San Pedro Basin (zones c20 and c21), t h e  

Newport-Inglewood-Rose Canyon f a u l t  t r e n d  (zones c13 and c12), t h e  margins of 

t h e  Sa l in ian  Block (zones c34 and c35)  and the  reg ion  from San Francisco Bay 

t o  Clear  Lake (zones  c38 and c39). 

Th i s  procedure of  d i f f e r e n t i a t i n g  zones on t h e  b a s i s  of d i s t i n c t i v e  r a t e s  

of s e i smic i ty  was n o t  followed f o r  t h e  San Andreas f a u l t  n o r t h  of t h e  

Transverse Ranges (zone 24). There a r e  s u b s t a n t i a l  d i f f e r e n c e s  i n  a c t i v i t y  

r a t e s  and s t y l e  of  deformation along segments of t h e  f a u l t ,  and equal ly  marked 

d i f f e rences  i n  i n t e r p r e t a t i o n .  On t h e  one hand, Bakun and o t h e r s  (1980) argue 

t h a t  t he  c e n t r a l ,  c reeping  s e c t i o n  of t h i s  f a u l t  cannot cause high 

a c c e l e r a t i o n s  o r  l a r g e m a g n i t u d e  even t s  i n  t h e  fu ture .  On t h e  o t h e r  hand, i t  

can be argued, on t h e  b a s i s  of t he  s i m i l a r i t y  of c reep  behavior t o  i n c i p i e n t  

f r a c t u r e  i n  me ta l s  and rocks ,  t h a t  t h i s  reg ion  i s  a  l i k e l y  reg ion  f o r  t h e  next 



l a r g e  earthquake t o  occur  ( see  f o r  example, S t u a r t ,  1979). Burford and Harsh 

(1980) have addressed t h i s  ques t ion  i n  terms of s t r a i n  accumulation and have 

concluded t h a t  between t h e  two hypotheses, a c o r r e c t  choice based on physical  

arguments i s  not  p o s s i b l e  a t  t h i s  time. Accordingly, w e  t r e a t  t h e  e n t i r e  San 

Andreas f a u l t  a s  one zone, which impl ies  t h a t  t h e  creeping s e c t i o n  i s  capable 

of generat ing a l a r g e  magnitude earthquake. This appears  t o  be prudent i n  

l i g h t  of t h e  c o n f l i c t i n g  phys ica l  arguments. 

Along t h e  coas t  of c e n t r a l  Cal i forn ia ,  w e  have def ined  the  San Gregorio- 

Hosgri f a u l t  zone (zone 32) a s  a s i n g l e  se ismic  source  zone. H i s t o r i c  

s e i smic i ty  r e loca ted  by Gawthrop (1975) shows an a s s o c i a t i o n  wi th  t h e  Hosgri 

f a u l t  zone. Although t h e r e  i s  considerable controversy about t h e  poss ib l e  

connection of t h e  Hosgri and San Gregorio f a u l t s ,  S i l v e r  (1978a,b) concludes 

t h a t  t h e  f a u l t s  a r e  l i nked  and t h a t  toge ther  they c o n s t i t u t e  t h e  longes t  

subs id iary  f a u l t  zone of t h e  San Andreas system. More r ecen t  work (Les l i e ,  

1981) shows a probable connect ion between t h e  Hosgri and San Simeon f a u l t  

zones t h a t  f u r t h e r  suppor ts  a probable connection between t h e  Hosgri and San 

Gregorio f a u l t s .  On t h e  b a s i s  of t h i s  model, we have extended zone 32 

northward t o  inc lude  t h e  San Gregorio f a u l t ,  which has  both geomorphic 

evidence and s t r a t i g r a p h i c  o f f s e t  t h a t  i n d i c a t e  Holocene movement (Buchanan- 

Banks and o t h e r s ,  1978). This model produces more conservat ive ground motions 

than  one i n  which t h e  f a u l t s  a r e  d i s t i n c t .  

P a c i f i c  Northwest (Area B ,  Figure 4) :  The mostly broad, genera l ized  se ismic  

source zones of  t h e  P a c i f i c  Northwest region shown i n  Figure 3 a r e  i n  s t rong  

con t ra s t  t o  the  d e t a i l e d  se ismic  source zones of t h e  c o a s t a l  Ca l i fo rn ia  

region. Whereas i n d i v i d u a l  seismogenic f a u l t s  and genera l  Cenozoic t e c t o n i c  



development a r e  w e l l  known i n  c o a s t a l  C a l i f o r n i a  on a r e g i o n a l  s c a l e ,  t h e  

P a c i f i c  Northwest l a c k s  a u n i f y i n g  r e g i o n a l  t e c t o n i c  model f o r  Cenozoic 

tectonism. I f  such  a model were t o  become a v a i l a b l e ,  i t  could  have 

s i g n i f i c a n t  r a m i f i c a t i o n s  f o r  d e f i n i n g  f u t u r e  r e g i o n a l  seismic s o u r c e  zones i n  

t h i s  region. R e s u l t s  of r e c e n t  paleomagnet ic  s t u d i e s  i n d i c a t e  l a r g e  post- 

Eocene r o t a t i o n s  of t h e  Cascade-Coast Ranges block of Washington and Oregon 

(Simpson and Cox, 1977; Mag i l l  and o t h e r s ,  1982). Also post-Miocene r o t a t i o n  

of t h e  Coast Ranges i s  i n d i c a t e d  w i th  perhaps  t h e  Cascade Range a c t i n g  as a 

t e c t o n i c  boundary between t h e  Columbia P l a t e a u  area and t h e  Coast  Ranges block 

(Magi l l  and o t h e r s ,  1982). An impor tan t  q u e s t i o n  r e l a t e d  t o  t h e  t e c t o n i c  

development of t h e  P a c i f i c  Northwest i s  t h e  o r i g i n  of i n t e r m e d i a t e  dep th  

s e i s m i c i t y  i n  t h e  Puget Sound a rea .  Two damaging ea r thquakes  i n  r e cen t  times 

had f o c a l  dep th s  of -40  km o r  g r e a t e r  w i t h  NNW o r i e n t e d  normal f o c a l  mechanisms 

(Algermissen and Harding, 1965). Riddihough (1977, 1978) ,  Riddihough and 

Hyndman (1977), Kulm and Fowler (1974), and Atwater (1970), among o t h e r s ,  

provided geophys i ca l ,  s t r a t i g r a p h i c ,  o r  t e c t o n i c  arguments a s  t o  why 

subduc t ion  c o u l d  be o c c u r r i n g  i n  t h e  nor thwest ;  however, o t h e r  se i smolog ica l  

(Crosson, 1972; H i l l ,  1978) ,  p e t r o l o g i c  (White and McBirney, 1978), and 

t e c t o n i c  ev idence  (S t acey ,  1973) can be used t o  a rgue  a g a i n s t  subduction.  

I n  l i e u  of a u n i f y i n g  r e g i o n a l  t e c t o n i c  model, obse rva t i ons  on t h e  

geog raph i ca l  d i s t r i b u t i o n  of  s e i s m i c i t y  a s  i t  r e l a t e s  t o  g e o l o g i c a l  f e a t u r e s  

a r e  u se fu l .  The youngest  o rogen ic  p rov ince  i n  t h e  r eg ion  i s  t h e  Cascade Range 

which has  l a r g e  volumes of Quaternary v o l c a n i c  rocks.  The range  i t s e l f ,  

however, has  no clear a s s o c i a t i o n  w i t h  a r e g i o n a l  s e i s m i c i t y  t r e n d  (Perkins  

and o t h e r s ,  1980). The d i f f u s e  s e i s m i c i t y  of t h e  n o r t h e r n  Bas in  and Range 

prov ince  i n  s o u t h e a s t e r n  Oregon a l s o  seems t o  c h a r a c t e r i z e  t h e  sou the rn  



Cascade Range. The bas in  and range s t r u c t u r e  of sou thern  Oregon and nor thern  

C a l i f o r n i a  merges w i t h  t h e  nor th-south  s t r u c t u r e  of t h e  sou the rn  Cascade 
* 

Mountains (Hammond, 1979; Magil l  and o t h e r s ,  1982; Lawrence, 1976). The 

Eugene-Denio Zone and M t .  McLoughlin Zone a r e  reg ions  of northwest- t rending 

r i g h t - l a t e r a l  s h e a r  t h a t  extend from t h e  nor thern  Basin and Range province and 

o f f s e t  t h e  Pleistocene-Holocene t r end  of t h e  southern  Cascades by about 10 t o  

20 km (Lawrence, 1976). The merging of t h e  Quaternary s t r u c t u r e  of t h e  Basin 

and Range province  w i th  t h e  southern  Cascades and t h e  c h a r a c t e r i s t i c a l l y  

d i f f u s e  s e i s m i c i t y  a c r o s s  both provinces  i n d i c a t e s  t h a t  perhaps both a r e  

w i th in  a s i m i l a r  se i smotec tonic  regime. The two a r e a s  a r e  combined i n t o  zone 

035. 

Pe rk ins  and o t h e r s  (1980) have noted t h a t  t h e  geographic  d i s t r i b u t i o n  of 

s e i s m i c i t y  i s  n o t  cont inuous a c r o s s  t h e  Northern Cascade Mountains of 

Washington. The ma jo r i t y  of t h e  ear thquake a c t i v i t y  i s  a long  t h e  extreme 

western edge of t h e  province and i s  probably r e l a t e d  t o  t h e  tectonism of t h e  

Puget Sound area .  On t h e  e a s t e r n  f l a n k  of  t h e  Cascades (zone P004) s e i s m i c i t y  

c l u s t e r s  around t h e  Lake Chelan a rea .  A d i s t i n c t l y  d i f f e r e n t  h i s t o r y  of 

Cenozoic t e c t o n i c  development between t h e  nor thern  Cascades and t h e  southern 

Cascades a c r o s s  a boundary co inc ident  w i th  t h e  Olympic-Wallowa lineament 

(Hammond, 1979),  a long  wi th  a d i s t i n c t l y  d i f f e r e n t  geographic  p a t t e r n  of 

h i s t o r i c a l  s e i s m i c i t y ,  s e r v e  a s  bases f o r  d i s t i ngu i sh ing  zone PO04 from 035. 

Within t h e  Puget Sound a r e a  i t s e l f  (zones P001, P002) zone boundaries a r e  

based on s e i s m i c i t y  a lone  a s  t h e r e  a r e  no known dominant f a u l t s  o r  known 

s p e c i f i c  g e o l o g i c  s t r u c t u r e s  t h a t  govern t h e  s p a t i a l  p a t t e r n  of se i smic i ty .  

The Puget Sound zones a r e  w i th in  a broad reg ion  t h a t  enc loses  t h e  Puget Sound- 

Willamette Depression. A zone enc loses  t h e  Port land,  Oregon, a r e a  (zone P018) 



and is based on a g e n e r a l  n o r t h e a s t x r e n d  of s e i s m i c i t y  through t h e  a r e a  

(Perk ins  and o t h e r s ,  1980). West of t h e  Puget Sound-Willamette Depression, 

zone PO14 i n c l u d e s  t h e  wes t e rn  Coast Ranges and ad j acen t  c o n t i n e n t a l  she l f  

a r ea .  On t h e  sou th ,  t h e  Puget Sound-Willamette Depression t e rmina t e s  a g a i n s t  

t h e  Klamath Mountains (zone  ~ 0 0 8 ) .  

I n  n o r t h e a s t e r n  Oregon and sou theas t e rn  Washington, zone PO05 has a 

northwest  t r e n d  s u b - p a r a l l e l  t o  t h e  Intermountain Seismic Bel t  i n  western 

Montana (Smith and Sbar ,  1974). Zone PO05 r e p r e s e n t s  a r eg iona l  nor thwester ly  

t r end  of s e i s m i c i t y  (10 - > V) noted by Perkins  and o t h e r s  (1980) and a l s o  

appears  t o  be  only p a r t  o f  a more r eg iona l  b e l t  of moderate s t r a i n  r e l e a s e  

t h a t  ex tends  t o  t h e  s o u t h e a s t  i n t o  t h e  western Snake River P l a i n  of Idaho 

(Algermissen, 1969, Fig. 2). There i s  a s t r o n g  northwest  t r end ing  s t r u c t u r a l  

c o n t r o l  of t h e  geo log i c  f e a t u r e s  i n  t h e  zone (Newcomb, 1970; Walker, 1977) 

most s i g n i f i c a n t  o f  which a r e  f e a t u r e s  of t h e  OlympieWallowa lineament I 

(Skehan, 1965) and t h e  V a i l  Zone (Lawrence, 1976). However, t h e  c o n t r o l  of 

t h e s e  northwest- t rending s t r u c t u r a l  zones on t h e  r eg iona l  d i s t r i b u t i o n  of 

s e i s m i c i t y  i s  no t  w e l l  understood. To d a t e  t h e  most r ecen t  s u r f a c e  

deformat ion (probably by f a u l t  movement) noted on t h e  Columbia P l a t eau  i s  

Holocene i n  age and occu r s  on t h e  f l a n k s  of t h e  Toppenish Ridge a n t i c l i n e  

(Campbell and Bent ley ,  1981); a member of t h e  east-west family of a n t i c l i n e s  

belonging t o  t h e  Yakima f o l d s  s e c t i o n  of t h e  Columbia P l a t eau  (Thornbury, 

1965). Also, t h e  l a r g e s t  ear thquake t o  occur  i n  t h e  Columbia P l a t eau ,  t h e  

1936 Milton-Freewater ea r thquake  (M, = 5.75), has  been r e l o c a t e d  from a 

l o c a t i o n  n e a r  t h e  OlympieWallowa lineament t o  a l o c a t i o n  nea re r  t h e  n o r t h e a s t  

t r end ing  Hite f a u l t  system (Woodward-Clyde Consul tan ts ,  1980). Both t h e  

Yakima f o l d s  s e c t i o n  and t h e  H i t e  f a u l t  system appear  t o  have some s t r u c t u r a l  



r e l a t i o n s h i p ,  a s  y e t  undefined however, t o  t h e  more r e g i o n a l  nor thwest  

s t r u c t u r a l  g r a in .  The e a s t - w e s t  t r e n d s  of t h e  Yakima f o l d s  d e f l e c t  t o  t h e  

s o u t h e a s t  a long  a broad northwest-southeast  zone co inc iden t  w i t h  t h e  Olympic- 

Wallowa lineament.  Southeas t  of t h e  H i t e  f a u l t  system, numerous northwest 

t r e n d i n g  normal f a u l t s  bounding t h e  La Grande Graben a l i g n  w i t h  t h e  s t r i k e s  of 

f a u l t s  of t h e  extreme wes t e rn  Snake River P l a i n  a rea .  A t  t h e  i n t e r s e c t i o n  

w i t h  t h e  H i t e  f a u l t  system, normal f a u l t i n g  i s  d e f l e c t e d  n o r t h  and then 

northwest  a long  t h e  more nor thwes te r ly  t r e n d  of t h e  Olympic-Wallowa lineament 

( s e e  Newcomb, 1970). Because of t h e  c u r r e n t l y  unc l ea r  n a t u r e  o f  s p e c i f i c  

seismogenic f e a t u r e s ,  t h e  a r e a  (zone P005) has  been modeled as a broad zone 

t h a t  emphasizes on ly  r e g i o n a l  t r e n d s  of geo log i c  s t r u c t u r e  and s e i smic i t y .  

Expression of more l o c a l  s t r u c t u r e  i s  a t  va r i ance  w i t h  t h e  o v e r a l l  t r end  of 

zone P005, y e t  l o c a l  s t r u c t u r e  e i t h e r  d e f l e c t s ,  o r  i s  d e f l e c t e d  by, t h e  

o v e r a l l  nor thwest  s t r i k e  of t h e  r eg iona l  t r e n d s  i n d i c a t i n g  g e n e t i c  

r e l a t i o n s h i p s  as y e t  undefined i n  a r e g i o n a l  t e c t o n i c  model. 

Great Basin (Area C ,  F igure  4) : The Nevada Seismic Zone (zone 031) has been 

. d i s t i n g u i s h e d  from a more r eg iona l  zone g e n e r a l l y  c h a r a c t e r i z e d  by Holocene 

f a u l t  d isplacements  (zone 34) (Wallace, 1977a,b; 1978a,b,c).  S imi l a r l y ,  t h e  

Southern Nevada Se ismic  Zone (zone 017) has  been s epa ra t ed  from a broad a r e a  

of t h e  sou thern  Great  Basin cha rac t e r i zed  by late Quaternary f a u l t  

d isplacement  (zones  017, 018 and 019). Zones 032 and 033 w i t h i n  t h e  Nevada 

se i smic  zone are based on t h e  a f t e r shock  zones of l a r g e  s u r f a c e  rup tu r ing  

h i s t o r i c  ear thquakes.  > 



Zones o u t l i n e d  a t  t h e  s e i s m i c  sou rce  zone meet ings  and def ined  only on 

geo log i c  c r i t e r i a  may d i v i d e  t i g h t  c l u s t e r s  of s e i smic i t y .  This i s  t h e  ca se  

i n  t h e  Reno-Carson City-Lake Tahoe a r e a  of wes te rn  Nevada. Boundaries of f o u r  

zones drawn a t  t h e  seismic sou rce  zone meet ings ,  based on f a u l t  in format ion ,  

j o i n  i n  t h i s  a r e a  and segment t h e  no r the rn  p a r t  o f  a r eg iona l  s e i s m i c i t y  t rend  

t h a t  fo l lows  t h e  S i e r r a  Nevada-Great Basin boundary zone (See Thenhaus and 

Wentworth, 1982). D i s t r i b u t i n g  t h i s  s e i s m i c i t y  i n t o  t h e  zones def ined  a t  t h e  

meeting would have r e s u l t e d  i n  zones of r e l a t i v e l y  low s e i s m i c i t y  t h a t  extend 

i n t o  n o r t h e a s t e r n  C a l i f o r n i a ,  wes te rn  Nevada and t h e  c e n t r a l  S i e r r a  Nevadas. 

This  would have r e s u l t e d  i n  a lower r a t e  of ea r thquake  occurrence i n  t h e  

immediate Reno-Carson City-Lake Tahoe area.  We have chosen t o  p r e se rve  t h e  

i n f l u e n c e  of t h e  S i e r r a  Nevada-Great Basin boundary on s e i s m i c i t y  i n  t h i s  

a rea .  For t h i s  r ea son  we have modif ied t h e  sou rce  zones def ined  a t  t h e  

meeting and extended zone 029 a long  t h e  S i e r r a  Nevada-Great Basin Boundary 

Zone n o r t h  t o  i n c l u d e  t h e  Reno-Carson City-Lake Tahoe area.  

Zones 037, 038, 039 and 040 encompass and i n c l u d e  t h e  Wasatch f a u l t  zone 

a t  t h e  e a s t e r n  margin of t h e  Grea t  Basin. The zones a r e  based on s t u d i e s  of 

ages  of la tes t  s u r f a c e  displacements  a long  f a u l t s  i n  t h i s  a r e a  a s  summarized 

by Bucknam and o t h e r s  (1980). The zones have been genera l ized  somewhat from 

Bucknam and o t h e r s  (1980) t o  r e f l e c t  t h e  r e g i o n a l  geographic  d i s t r i b u t i o n  of 

h i s t o r i c a l  s e i s m i c i t y .  Except f o r  zone 039, which i s  cha rac t e r i zed  by l a t e  

Quaternary f a u l t i n g ,  zones conterminous t o ,  and i n c l u d i n g ,  t he  Wasatch f a u l t  

(zone 040) a r e  c h a r a c t e r i z e d  by f a u l t s  having Holocene age  displacements.  



Northern Rocky Mountains (Area D, Figure  4): Se i smic  sou rce  zones  of t he  

no r the rn  Rocky Mountains (F igure  3) were drawn t o  s t r o n g l y  r e f l e c t  s t r u c t u r a l  

sub-provinces of t h a t  region.  Th i s  approach prov ides  a reasonable  

o rgan i za t i on  f o r  h i s t o r i c  s e i s m i c i t y  i n  t h e  region.  

Zone 064 i s  a n  a r e a  of  p r e l a t e  P l e i s t ocene  Bas in  and Range-type f a u l t i n g  

and i nc ludes  t h e  s e i s m i c a l l y  a c t i v e  Flathead Lake a r e a  of Northwestern Montana 

(Witkind, 1977; Sbar  and o t h e r s ,  1972). The zone i s  bounded on t h e  e a s t  by 

t h e  north-northwest-striking imbr i ca t e  t h r u s t  s h e e t s  of t h e  Disturbed Belt of 

wes te rn  Montana (zone 065) (Mudge, 1970). Both zone 064 and 065 a r e  bounded 

on t h e  sou th  by t h e  w e s t n o r t h w e s t  t rend ing  St .  Marys f a u l t  t r e n d  (zone 

057). A broad zone of  s e i s m i c i t y  extending from Helena t o  t h e  F la thead  Lake 

a r e a  (St ickney,  1978) i s  co inc iden t  wi th  t h e  o v e r a l l  west-northwest s t r u c t u r a l  

t r e n d  i n  t h i s  a r ea .  South of t h e  S t .  Marys t r end ,  zone 057 i s  cha rac t e r i zed  

by mixed n o r t h e a s t ,  nor thwes t  and east-west t r end ing  f a u l t s .  The 

In te rmounta in  Se ismic  Belt (Smith and Sbar, 1974) fo l lows  a broad n o r t h e r l y  

t r end  through t h i s  a r e a  bu t  h i s t o r i c  s e i s m i c i t y  appears  t o  concen t r a t e  i n  t h e  

Three  Forks  asi in a r e a  (Qamar and Hawley, 1979). 

Zone 055 i s  a n  eas t -wes t - t rend ing  zone t h a t  i nc ludes  t h e  h i s t o r i c a l l y  

a c t i v e  a r e a s  of Hebgen Va l l ey ,  Madison Val ley  and Centennia l  Val ley  of extreme 

southwestern Montana (Smith and Sbar, 1974). Zone 056 i s  t h e  volcano-tectonic  

a r e a  of Yellowstone Na t iona l  Park. 

The h igh ly  s e i s m i c  a r e a s  included i n  zones 056 and 055 a r e  i n  s t r o n g  

c o n t r a s t  t o  t h e  a s e i s m i c  n a t u r e  of t h e  e a s t e r n  Snake River P l a i n  (zone 054). 

Perhaps t h e  warm, t h i n  c r u s t  of t h e  e a s t e r n  Snake River  P l a i n  cannot  s t o r e  . 

enough e l a s t i c  s t r a i n  t o  g e n e r a t e  earthquakes.  The c o o l e r ,  t h i c k e r  western 

p a r t  of t h e  P l a i n  ( i nc luded  i n  zone 058) however, has  had h i s t o r i c  se i smic  



a c t i v i t y .  An i n t e n s i t y  V I I  was f e l t  a t  Shoshone, Idaho, on t h e  western p a r t  

of t h e  P l a i n  i n  1905 (Greensfe lder ,  1976). Zone 058 i nc ludes  a n  a r e a  of Basin 

and Range-type e x t e n s i o n a l  t e c t o n i c s  n o r t h  of  t h ~  Snake River  P l a i n  and on t h e  

wes te rn  edge of t h e  Idaho Batho l i th .  Except f o r  t h e  C h a l l i s  geothermal a r e a  

(zone 059), which i s  cha rac t e r i zed  by s w a r m  a c t i v i t y ,  t h e  Idaho B a t h o l i t h  

(zone 060) e x h i b i t s  ve ry  l i t t l e  ea r thquake  a c t i v i t y .  Southeast  of t h e  Snake 

River  P l a i n ,  t h e  Intermountain Seismic Belt c r o s s e s  t h e  Ove r th rus t  B e l t  of 

sou theas t e rn  Idaho and southwestern Wyoming (zone 052). Long normal f a u l t s  

w i t h  probable  Holocene movements (Thenhaus and Wentworth, 1982) a r e  

superimposed on t h e  o l d e r  Laramide age  t h r u s t s  i n  t h e  Overthrust  Belt .  An 

ear thquake  f o c a l  mechanism i n  t h e  Caribou Range of sou theas t e rn  Idaho 

i n d i c a t e s  normal f a u l t i n g  g e n e r a l l y  on s t r i k e  w i th  mapped normal f a u l t s  i n  

t h i s  a r e a  (Sbar  and o t h e r s ,  1972). 

I n  t h e  C e n t r a l  Rocky Mountains of Wyoming and no r the rn  Colorado, 

s e i s m i c i t y  appea r s  t o  be p r imar i l y  a s s o c i a t e d  w i th  t h e  f a u l t e d  Laramide age  

mountain u p l i f t s  (zone 045) whereas t h e  Laramide age  ba s in s  i n  t h e  a r e a  show 

very l i t t l e  s e i s m i c  a c t i v i t y  (Powder River Basin,  zone 049; Big Horn Basin, 

zone 047; Wind R ive r  Basin,  zone 048; Green River  Basin,  zone 051; and t h e  

Washaki Basin,  zone 046). I n t e r p r e t a t i o n s  of a deep c r u s t a l  se i smic  

r e f l e c t i o n  l i n e  from t h e  Green R ive r  Basin,  a c r o s s  t h e  sou thern  end of t h e  

Wind River Mountains and i n t o  t h e  Wind River Basin, i n d i c a t e  low angle  

t h r u s t i n g  a long  a narrow zone ex tending  through t h e  e n t i r e  c r u s t  t o  depths  of 

25 t o  30 km. (Smithson and o t h e r s ,  1978). S i g n i f i c a n t  deformat ion of t h e  

b a s i n  sedimentary sequence occu r s  where t h e  t h r u s t  ove r r i de s  t h e  basin ,  

however t h e  c e n t r a l  b a s i n  a r e a  shows no deformation of comparable s ca l e .  



Southern Rocky Mountains (Area E ,  F igure  4) :  I n  t h e  sou the rn  Rocky Mountain 

region,  a r e a s  of Holocene f a u l t  d isplacement  bound t h e  Sangre D e  C r i s t o  Range 

of  sou the rn  Colorado (F igu re  3, zone 043)  i irk ham and Rodgers, 1981) and t h e  

sou thern  margin o f  t h e  Albuquerque Basin on t h e  La J e n c i a  f a u l t  (Machette, 

1978) (zone 007). Areas of p o s s i b l e  Holocene age  d i sp lacements  are loca t ed  i n  

t h e  sou thern  Rio Grande R i f t  (zone 002) and extreme sou theas t e rn  Arizona (zone 

004) j u s t  n o r t h  o f  t h e  1877 Sonora ear thquake a r e a  (zone 004). Sanford and 

o t h e r s  (1979; 1981) cons ider  t h e  Rio Grande R i f t  (zones 042, 007 and 003) t o  

be t h e  most s e i s m i c a l l y  a c t i v e  a r e a  i n  New Mexico i n  h i s t o r i c  t imes  w i th  t h e  

ma jo r i t y  of s e i s m i c  a c t i v i t y  occu r r i ng  i n  t h e  Albuquerque Basin (zone 007). 

They a l s o  n o t e  t h e  apparen t  a s s o c i a t i o n  of s e i s m i c i t y  w i t h  t h e  Jemez Lineament 

(zone 008). The n o r t h e a s t  margin of t h e  San Juan Basin,  San Juan Volcanic 

f i e l d  and Uncompahgre u p l i f t  a r e a  (zone 041) e x h i b i t  a moderate l e v e l  of 

s e i smic i t y .  

The s t r u c t u r a l  c o n t i n u i t y  of t h e  southwest margin of t h e  Colorado P l a t eau  

i s  broken by no r theas t - t r end ing ,  Precambrian f a u l t s  which not  o n l y  have 

c o n t r o l l e d  t h e  n o r t h e a s t e r n  migra t ion  of  vo l can i c  a c t i v i t y  i n  t h e  San 

k a n c i s c o  Volcan ic  f i e l d ,  but  a l s o . a p p a r e n t l y  i n f l u e n c e  t h e  r e g i o n a l  

d i s t r i b u t i o n  of  s e i s m i c i t y  (zone 014) (Shoemaker and o t h e r s ,  1978). 

The c e n t r a l  p a r t  of t h e  Colorado P la teau  (zone 016) e x h i b i t s  

s i g n i f i c a n t l y  less ear thquake  a c t i v i t y  than  i t s  s e i s m i c a l l y  a c t i v e  margins. 

Great P l a i n s  and Gulf Coast (Area F, Figure 4): I n  t h e  no r the rn  Great P l a in s  

t h e r e  i s  a n  appa ren t  a s s o c i a t i o n  between a n o r t h e a s t - s t r i k i n g  t r e n d  of  

s e i s m i c i t y  th rough  South Dakota and western Minnesota and t h e  Colorado 

Lineament a s  d e f i n e d  by Warner (1978) (Figure  3 ,  zones 067, 068). I n  



Minnesota, s e i s m i c i t y  i s  a s soc i a t ed  w i t h  t h e  Great  Lakes Tec ton i c  Zone (Simms 

and o the r s ,  1980; Mooney and Morey, 1981). This zone i s  g e n e r a l l y  on s t r i k e  

w i t h  t h e  Colorado Lineament t o  t h e  southwest.  Elsewhere throughout  t h e  Great 

P l a i n s ,  s e i s m i c i t y  t ends  t o  be a s s o c i a t e d  w i th  basement h ighs  such  a s  t h e  

Sioux U p l i f t ,  ~ o u i x a n a  Arch, and Cambridge Arch (zone 070), c e n t r a l  Kansas 

U p l i f t  (zone 073) ,  Nemaha Ridge (zones 075 and no r th  p a r t  of zone 076), t h e  

Wichi ta  U p l i f t  ( a l s o  known a s  t h e  sou the rn  Oklahoma Aulacogen; sou thern  a r e a  

of zone 076) and t h e  Seminole Arch ( sou theas t  a r i a  of zone 076). In te rven ing  

b a s i n  a r e a s  of t h e  F o r e s t  C i ty  Basin (wes te rn  p a r t  of zone 069), Sa l i na  Basin 

(zone 074), Denver Basin (zone 071), and t h e  Wi l l i s t on  Basin (zone 097) show a 

much lower r a t e  of s e i s m i c  a c t i v i t y .  The Anadarko Basin (zone 072) i s  

somewhat of a n  excep t ion  having f o u r  I, > I V  ear thquakes,  - 
Large s e i s m i c  sou rce  zones enc lo se  t h e  Gulf Coast a r e a  (zones 078 and 

098).  The t h i c k  cover  of T e r t i a r y  sediments  i n  t h i s  r eg ion  obscures  t h e  

a s s o c i a t i o n  of s e i s m i c i t y  w i t h  what perhaps a r e  deeply bu r i ed  s t r u c t u r e s .  

Cen t r a l  ~ n t e r i o r '  (Area G, Figure  4):  A number of g e o l o g i c a l  and geophysical  

i n v e s t i g a t i o n s  have de f ined  r e a c t i v a t e d  zones of f a u l t i n g  a s s o c i a t e d  w i th  an 

a n c i e n t  c r u s t a l  r i f t  i n  t h e  no r the rn  M i s s i s s i p p i  bbayment  (Hildebrand and 

o t h e r s ,  1977; Hey1 and and McKeown, 1978; Russ, 1979, 1981; Hamilton and Russ 

1981; Zoback and o t h e r s ,  1980) (F igure  3, zone 087). The g r e a t  1811 and 1812 

New Madrid ea r thquake  s e r i e s  a r e  l o c a t e d  i n  t h i s  zone. Zone 082 extends 

southwest f rom t h e  New Madrid Zone. Regional g r a v i t y  and magnetic s t u d i e s  

- sugges t  t h a t  t h i s  a r e a  may be a p o s s i b l e  con t inua t i on  o f - t h e  r i f t  s t r uc tu r e .  

Another p o s s i b l e  i n t e r p r e t a t i o n  is t h a t  t h e  s e i s m i c i t y  of zone 082 may be 

a s s o c i a t e d  w i t h  s t r u c t u r e s  of t h e  Ouachi ta  Mountains where t hey  a r e  bur ied  



beneath Coas t a l  P l a i n  T e r t i a r y  sediments .  

Zones 086 and 081, a d j a c e n t  t o  t h e  main zone of t h e  Reelfoot  R i f t ,  a r e  

based on t h e  d i s t r i b u t i o n  of s e i s m i c i t y .  Zone 086 c o n t a i n s  a pronounced 

no r theas t  t r e n d  i n  s e i s m i c i t y  t h a t  ex t ends  a long  t h e  geo log i c  con t ac t  of 

Pa l eozo i c  s t r a t a  o f  t h e  Ozark ~ o m e  w i t h  T e r t i a r y  Coas t a l  P l a i n  sediments.  

This  s e i s m i c i t y  t r e n d  has  p e r s i s t e d  f o r  a l ong  span of h i s t o r i c  t ime ( s ee  

f i g u r e s  1-4 of Herrmann, 1981) bu t  c a u s a t i v e  s t r u c t u r e s  a r e  unknown. The 

t r end  appears  t o  be d i s t i n c t  from t h e  main zone of f a u l t i n g  w i th in  t h e  R i f t  i n  

zone 087. Zone 088 i s  a nor thwest  t r end ing ,  narrow zone having a r e l a t i v e l y  

h igh  concen t r a t i on  of s e i smic  a c t i v i t y .  Zone 088 bounds t h e  Ozark Dome on t h e  

n o r t h e a s t  and i s  c e n t r a l  t o  t h e  r e c e n t l y  def ined  St.  Louis  arm of t h e  Reelfoot  

R i f t  (B ra i l e  and o t h e r s ,  1982). Zone 089 i nc ludes  a l a r g e  p o r t i o n  of t h e  

I l l i n o i s  Basin,  t h e  Wabash Val ley  F a u l t  Zone and a p o s s i b l e  con t inua t i on  of 

t h e  Reelfoot R i f t  i n t o  Indiana ( B r a i l e  and o t h e r s ,  1980; 1982). The zone has  

been highly s e i s m i c  h i s t o r i c a l l y .  

The remaining zones of t h e  c e n t r a l  I n t e r i o r  fo l low t h e  theme ev iden t  i n  

t h e  Great P l a i n s  reg ion :  s e i s m i c i t y  appears  t o  be a s s o c i a t e d  w i th  h igh  

basement f e a t u r e s  and margins of Pa l eozo i c  bas ins .  Zones 084, 090, 094 and 

080 fol low t h e  t r e n d s  of t h e  Cen t r a l  Missouri  High, Mis s i s s ipp i  River Arch- 

Wisconsin Arch, C i n c i n n a t i  Arch and Nashv i l l e  Dome r e spec t i ve ly .  Zones 092 

and 095 a r e  a l o n g  t h e  g e n t l y  d ipp ing  margins of t h e  Wisconsin Basin (zone 091) 

and t h e  Appalachian Bas in  ( e a s t  p a r t  of zone 093). 

Northeast  United S t a t e s  (Area H,  Figure  4): The most n o t a b l e  change i n  t h e  

s e i smic  sou rce  zones i n  t h i s  r eg ion  from t h e  prev ious  source  zone map 

(Algermissen and  P e r k i n s ,  1976) i s  t h e  segmentat ion of t h e  d i f f u s e  northwest- 



t rending  zone of s e i s m i c i t y  previously assoc ia ted  wi th  t h e  Bos ton-Ot tawa trend 

(Diment-and o t h e r s ,  1972; Sbar and Sykes, 1973). An a r e a  of low seismic 

a c t i v i t y  (F igure  3, zone 106) about  100 km wide extending northward through 

e a s t e r n  Vermont and western New Hampshire se rves  t o  break t h e  Boston-Ottawa 

t r e n d  i n t o  two d i s c r e t e  segments. In eastern 'Massachuset ts  (zone 107), 

s e i smic i ty  has concentrated i n  the  Boston a r e a  and of fshore .  This seismic 

a c t i v i t y  co inc ides  wi th  t h e  e a s t e r n  Massachusettes t h r u s t  province 

charac ter ized  by northwest-over-southeast t h rus t ing .  The zone of t h rus t ing  i s  

nea r  t h e  western margin of t h e  Avalonian Platform, an i s l a n d  a r c  assemblage 

accre ted  t o  t h e  North American continent  perhaps i n  l a t e  Precambrian time .- 
(Ras t ,  1980). Zone 107 inc ludes  t h e  t h r u s t  province but a l s o  extends i n t o  t h e  

Avalonian Platform i n  e a s t e r n  Massachusettes t o  inc lude  an  a rea  of moderate 

s e i s m i c i t y  around Narraganset t  Basin. It i s  i n t e r e s t i n g  t o  note  t h a t  i n  

nor theas tern  Massachusetts t h e  s t r i k e  of t h e  t h r u s t  province i s  normal t o  t h e  

reg ional  maximum compressive s t r e s s  a x i s  ( ~ o b a c k  and Zoback, 1980). These 

f a u l t s  may be r eac t iva t ed  i n  the  cu r ren t  stress regime. 

Earthquake a c t i v i t y  i n  southern New Hampshire, previously considered p a r t  

of t he  Boston-Ottawa zone, i s  combined wi th  se i smic i ty  i n  e a s t e r n  Maine (zone 

108). The zone fo l lows t h e  Merrimack Synclinorium which i s  a reg ional  

t e c t o n i c  f e a t u r e  of no r theas t e rn  New England i n h e r i t e d  from compressional 

tectonism of t h e  Acadian Orogeny (Moench, 1973). 

Zones 105, 109 and 111 d i s t i n g u i s h  t h e  se i smica l ly  a c t i v e  regions of t h e  

S t .  Lawrence River  and t h e  western Quebec-northern New York area. The zones 

a r e  general ly. .s imilar  t o  those  of Basham and o t h e r s  (1979). Zone 113 encloses 

a n o r t b t r e n d i n g  zone of s e i smic i ty  p e r i p h e r i a l  t o  t h e  Adirondack Mountains 

(zone 112) and along t h e  Hudson River. 



The ClarendorrLi  nden f a u l t  and i t s  p o s s i b l e  n o r t h e a s t e r n  ex t ens ion  a c r o s s  

Lake Ontar io  (Hutchinson and o t h e r s ,  1979) comprise zone 115. Small 

ea r thquakes  have occur red  a long  t h e  f a u l t ;  some o f  t h e s e  are due t o  s o l u t i o n  

mining of s a l t  b u t  o t h e r s  appear  t o  be  of t e c t o n i c  o r i g i n  ( F l e t c h e r  and Sykes, 

1977). The 1929 i n t e n s i t y  VIII Attica ear thquake  i s  inc luded  i n  t h i s  zone 

a l t hough  i t  i s  n o t  e n t i r e l y  c l e a r  t h a t  t h e  ear thquake occur red  on t h e  

ClarendowLi nden f a u l t  . 
Zone 103 was drawn p r imar i l y  on t h e  d i s t r i b u t i o n  of h i s t o r i c  s e i smic i t y  

bu t  i n c l u d e s  t h e  Connect icut  Val ley graben ,  Newark Basin and Gettysburg 

Basin. The Ramapo f a u l t  (zone 104) h a s  been shown t o  be a l o c u s  of se i smic  

a c t i v i t y  i n  t h e  r eg ion  (Aggarwal and Sykes, 1978) a l t hough  o t h e r  f a u l t s  

p a r a l l e l  i n  s t r i k e  t o  t h e  Ramapo may a l s o  be a s s o c i a t e d  w i t h  s e i s m i c i t y  (Yang 

and Aggarwal, 1981). 

Sou theas t  Uni ted S t a t e s  (Area I, F igu re  4 ) :  Seismic sou rce  zones i n  t h i s  a r e a  

g e n e r a l l y  f o l l o w  t h o s e  of Perk ins  and o t h e r s  (1979). The r e g i o n a l  geo log i c  

b a s e s  o f  zones  a r e  (1) t h e  f o l d  b e l t  o f  t h e  Appalachian Mountains (zone 096); 

(2 )  t h e  t h r u s t  f a u l t e d  Appalachian t r e n d  (zone 100); and, (3) a broad zone 

i n c l u d i n g  t h e  Piedmont and C o a s t a l  P l a i n  (zone 099) t h a t  ex tends  o f f sho re  t o  

t h e  wes te rn  margin of t h e  l a r g e  J u r a s s i c  b a s i n s  of t h e  Cont inen ta l  Shelf (zone 

118). Zone 099 c a n  b e  c h a r a c t e r i z e d  a s  a Mesozoic e x t e n s i o n a l  t e r r a i n  

con t a in ing  g raben  and half-graben of T r i a s s i c  age  t h a t  were superimposed on a n  

o l d e r  compressional  t e r r a i n  du r ing  t h e  i n c i p i e n t  opening o f  t h e  A t l a n t i c  

Ocean. 

Wentworth and Mergner-Keefer ( 1  981) have suggested t h a t  perhaps e a r l y  

Mesozoic normal f a u l t s  a r e  r e a c t i v a t e d  i n  t h e  c u r r e n t  s t r e s s  regime w i t h  h igh  

a n g l e  r e v e r s e  movement ( a s  a long  t h e  Ramapo f a u l t )  and a r e  r e spons ib l e  f o r  t h e  



pre sen t  day s e i s m i c i t y  a long  t h e  e a s t e r n  seaboard i n c l u d i n g  t h e  1886, Modified 

Merca l l i  I n t e n s i t y  X, Char les ton ,  South Caro l ina  ear thquake.  A l t e r n a t i v e l y ,  

however, Armbruster and Seeber  (1981) sugges t  t h a t  t h e  1886 Char les ton  

ear thquake was t h e  r e s u l t  of b a c k s l i p  on a low-angle detachment i n d i c a t e d  by 

COCORP r e f l e c t i o n  p r o f i l i n g  (Cook and o t h e r s ,  1979; 1981). Recent 

r e i n t e r p r e t a t i o n  of COCORP p r o f i l e s  i n  t h e  r eg ion  sugges t ,  however, t h a t  t h e  

decol lement  zone might have r o o t s  beneath t h e  s o u t h e r n  Appalachians and 

t h e r e f o r e  does n o t  ex tend  i n t o  t h e  Coas ta l  P l a i n  ( Inverson  and Smithson, 

1982). 

The unreso lved  q u e s t i o n  of  t h e  o r i g i n  of  t h e  Cha r l e s ton  ear thquake  has  

l e d  u s  t o  r e t a i n  t h e  northwest- t rending zones (zone 101 and 102) as used i n  

t h e  1976 hazard map (Algermissen and Perk ins ,  1976), a l though  t h e  Charles ton 

zone (zone 101) has  been narrowed t o  i nc lude  on ly  t h e  l a r g e r  s i z e  events  i n  

t h e  zone. These northwest- t rending zones are c o n s i s t e n t  w i th  t h e  t r end  of 

h i s t o r i c a l  s e i s m i c i t y  i n  t h e  a rea .  

At tenua t ion  

Acce l e r a t i on  a t t e n u a t i o n  curves  developed by Schnabel  and Seed (1973) 

were used i n  t h e  wes te rn  United S t a t e s  (from t h e  Rocky Mountains westward). 

The Schnabel and Seed a c c e l e r a t i o n  w a s  a l s o  used i n  a modified form f o r  

a c c e l e r a t i o n  a t t e n u a t i o n  i n  t h e  c e n t r a l  and e a s t e r n  p a r t  o f  t h e  count ry  

(F igu re  5). The mod i f i ca t i on  of t h e  Schnabel and Seed curves  f o r  t h e  c e n t r a l  

and e a s t e r n  United S t a t e s  i s  t h a t  proposed by Algermissen and Perk ins  

(1976). I n  t h e  Puget Sound a r e a  f o r  t hose  ear thquakes  modelled a t  

i n t e rmed ia t e  dep ths ,  t h e  Schnabel and Seed curves  were modified t o  r e f l e c t  t h e  

g r e a t e r  dep th  o f  focus.  
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Figure  5 - Accele ra t ion  a t t e n u a t i o n  curves  (Algermissen and Pe rk in s ,  1976).  
The s o l i d  l i n e s  a r e  curves  used f o r  t h e  e a s t e r n  reg ion  ( s e e  t e x t  f o r  
d e f i n i t i o n ) .  The dashed l i n e s  t o g e t h e r  w i t h  s o l i d  l i n e s  a t  c l o s e  
d i s t a n c e s  a r e  t h e  a t t e n u a t i o n  curves  used f o r  t h e  western reg ion  and 
a r e  taken from Schnabel and Seed (1973) . 



The attenuation curves used for velocity were developed by D. M. Perkins, 

S. T o  Harding and S. C. Harmsen (Perkins, 1980) using the same general 

techniques and a portion of the ensemble of strong motion records used by 

Schnabel and Seed (1973) in their study of acceleration. Velocity attenuation 

curves were developed for the western United States (from the Rocky Mountains 

westward) and for the central and eastern United States (Figure 6). The 

velocity attenuation curves were developed such that they would satisfy three 

principal requirements: (1) they should have magnitude dependent attenuation 

shapes; (2) the magnitude dependence should be specified in terms of 

magnitudes present in the historical catalogs, ML for earthquakes less than 

6.75 and Ms for larger magnitudes; and (3) the velocity attenuation curves 

should be compatible with the Schnabel and Seed (1973) acceleration 

attenuation used for the acceleration hazard maps. That is, the curves should 

be derived by a similar technique for a similar set of earthquakes. 

A computer program was designed to attenuate observed strong motion 

records, taking into account both anelastic attenuation and geometric 

attenuation of bbdy waves in the manner similar to that of Schnabel and Seed. 

For anelastic attenuation, the observed strong motion velocity record was 

Fourie~analyzed into its constituent frequency components. The components 

were adjusted to standard distances, Ri, using the factor 

where Ro is the distance from the fault rupture at which the strong motion was 

recorded. Q is a regional characteristic of attenuation, as the frequency of 

the Fourier component and v is a shear wave velocity. At the standard 

distances the adjusted components were inverse transformed to produce an 
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Figure  6 - Veloc i ty  a t t e n u a t i o n  curves (Perk ins ,  1980). The s o l i d  l i n e s  
a r e  curves  used f o r  t he  e a s t e r n  region.  The dashed l i n e s  t oge the r  wi th  
s o l i d  l i n e s  ( i n  some in s t ances )  a t  c l o s e  d i s t a n c e s  a r e  t h e  a t t e n u a t i o n  
curves  used f o r  t h e  western region. 



/ 
a d j u s t e d  s t r o n g  motion record ,  from which a n  a d j u s t e d  peak v e l o c i t y  could be 

measured. Because the-ground motions due t o  d i f f e r e n t  magnitudes have 

d i f f e r e n t  predominant f r equenc i e s ,  t h i s  a n e l a s t i c  a t t e n u a t i o n  i s  i m p l i c i t y  

magnitude dependent. 

For geometr ic  a t t e n u a t i o n ,  t h e  a d j u s t e d  peak v e l o c i t i e s  were f u r t h e r  

a d j u s t e d  by t h e  f a c t o r  
1 

I E ( R ~ )  / E ( R ~ )  I Y 

where 

E ( r )  r e p r e s e n t s  t h e  a r e a  of a s u r f a c e  a t  a d i s t a n c e  r from a r ec t angu la r  

r u p t u r e  of l e n g t h  L and wid th  W. This s u r f a c e  i s  a r ec t angu la r  block whose 

edges  and c o r n e r s  a r e  c i r c u l a r l y  rounded w i t h  r a d i u s  r. This  s u r f a c e  

r e p r e s e n t s  a s u r f a c e  over  which t h e  ground motion energy i s  d i s t r i b u t e d .  The 

energy p e r  u n i t  s u r f a c e  dec rea se s  as t h e  d i s t a n c e  r i nc r ea se s .  Because t h e  

energy i n  a s i g n a l  i s  p ropo r t i ona l  t o  t h e  square  of t h e  ampli tude,  t h e  ground 

motion ampli tude should  de rea se  w i t h  t h e  square  r o o t  of t h e  energy and hence 

i n  i n v e r s e  p r o p o r t i o n  t o  t h e  square  r o o t  of t h e  s u r f a c e  E(r) .  

The r u p t u r e  l e n g t h  L, and t o  some e x t e n t  t h e  wid th  W ,  are a func t i on  of 

t h e  ear thquake magnitude, and hence t h e  sou rce  s i z e  e f f e c t  i s  magnitude- 

dependent f o r  d i s t a n c e s  o f  t h e  same o r d e r  as t h e  r u p t u r e  s i z e .  I n  t h e  f a r  

f i e l d ,  t he  s i z e - e f f e c t  f a c t o r  reduces  t o  Ro/Ri. 



This  dua l - f ac to r  p rocess  y i e l d e d  a s u i t e  of curves  t h a t  were smoothed t o  

produce average  v e l o c i t y  a t t e n u a t i o n  curves .  At tenua t ion  curves  f o r  t h e  

wes te rn  United S t a t e s  were de r ived  u s i n g  Q = 250. For t h e  e a s t e r n  United 

S t a t e s  t h e  same s o u r c e  c h a r a c t e r i s t i c s  were used but  t h e  Q was changed t o  

T h i s  p r o c e s s  gua ran t ee s  t h a t  t h e  a t t e n u a t i o n s  f o r  e a s t e r n  and western 

United S t a t e s  ea r thquakes  w i l l  produce t h e  same nea r - f i e ld  ground motions f o r  

t h e  same e p i c e n t r a l  i n t e n s i t i e s .  

Because t h e  i n v e r s e  t r ans fo rm p roces s  y i e l d s  r e s u l t s  t h a t  a r e  less and 

l e s s  l i k e  impuls ive  ear thquake  r eco rds  t h e  f u r t h e r  t h e  s tandard  d i s t a n c e  i s  

from t h e  recorded  d i s t a n c e ,  beyond 500 km t h e  i n d i v i d u a l  ear thquake curves  

tended t o  behave uns tab ly .  Therefore ,  f a r - f i e l d  a t t e n u a t i o n s  were cons t ra ined  

t o  have t h e  same s lopes .  Th i s  r e q u i r e d  f i nd ing  a s l o p e  i n  t h e  f a r  f i e l d  

c o n s i s t e n t  w i t h  t h e  smoothed behavior  o f  a l l  t h e  curves.  To f a c i l i t a t e  t h i s ;  

f a r f i e l d  cu rves  were r e c a l c u l a t e d  f o r  p o i n t  sources.  The f a r f i e l d  s lopes  

found were -1.77 f o r  t h e  wes te rn  United S t a t e s  a t t e n u a t i o n  and -1.46 f o r  t h e  

e a s t e r n  United S t a t e s  a t t e n u a t i o n .  

The development of t h e  v e l o c i t y  a t t e n u a t i o n  cu rves  i s  b r i e f l y  descr ibed 

i n  Perk ins  (1980). 



DISCUSSION 

A number of  f a c t o r s  r e l a t e d  t o  t h e  development and computations of t h e  

new n a t i o n a l  haza rd  maps were examined. The f a c t o r s  of  most importance t o  be 

d i scussed  h e r e  a r e  (1) t h e  i n f l u e n c e  o f  s e v e r a l  d i f f e r e n t  f a u l t  modeling 

techniques;  ( 2 )  v a r i o u s  a t t e n u a t i o n  f a c t o r s ;  (3) v a r i a b i l i t y  i n  f a u l t  r up tu r e  

l eng th-magni tude  r e l a t i o n s h i p ;  and (4)  v a r i a b i l i t y  i n  a t t e n u a t i o n  funct ions .  

F i n a l l y ,  t h e  new maps a r e  reviewed i n  o r d e r  t o  . po in t  o u t  s i g n i f i c a n t  

d i f f e r e n c e s  between t h e  new maps and t h e  Algermissen and Perk ins  (1976) map. 

F a u l t  Modeling 

It i s  a good d e a l  f a s t e r  i n  t h e  hazard  mapping program t o  model t h e  

e f f e c t s  of p o i n t  sou rce s  t han  l i n e a r  r up tu r e s .  Hence t h e r e  is  a n  advantage i n  

modeling ea r t hquakes  as  p o i n t  sources  when t h e  approximat ion does  n o t  g r e a t l y  

d i s t o r t  t h e  e f f e c t i v e  exceedance r a t e s  f o r  t h e  mapped a c c e l e r a t i o n s .  

Now, f o r  a g i v e n  a c c e l e r a t i o n ,  t h e  r a t e  o f  exceedance a t  a n  a r b i t r a r y  

p o i n t  i n  t h e  sou rce  r eg ion  i s  d i r e c t l y  governed by t h e  a r e a  over  which t h a t  

a c c e l e r a t i o n  i s  exceeded. Given a magnitude and a n  a r b i t r a r y  source ,  t h e  

a t t e n u a t i o n  f u n c t i o n  g i v e s  t h e  d i s t a n c e  from t h e  sou rce  w i t h i n  which a g iven  

a c c e l e r a t i o n  i s  exceeded. When a n  ea r thquake  i s  modeled as a p o i n t  source,  

t h e  a r e a  ove r  which t h a t  a c c e l e r a t i o n  i s  exceeded i s  a c i r c l e .  I f  t h a t  same 

ear thquake  i s  modeled i n s t e a d  a s  a r u p t u r e  sou rce ,  t h e  area i s  g i v e n  by two 

ha lves  of t h a t  point-source c i r c l e  j o ined  by a r e c t a n g u l a r  s e c t i o n  of width  

equa l  t o  t h e  d i ame te r  of  t h e  circle and l e n g t h  equa l  t o  t h e  r u p t u r e  length.  

Now when t h e  r u p t u r e s  are smal l ,  a s  w i t h  s m a l l  magnitude ear thquakes ,  o r  when 

t h e  r a d i a l  d i s t a n c e  i s  l a r g e ,  a s  w i t h  sma l l  a c c e l e r a t i o n s ,  t h e  a r e a  given by a 

po in t  sou rce  can  approximate  t h a t  g iven  by t h e  r u p t u r e  source.  On t h e  o t h e r  



hand, when a c c e l e r a t i o n s  a r e  l a r g e ,  a s  a r e  t hose  which a r e  c l o s e  t o  t h e  

sou rce ,  o r  when r u p t u r e s  a r e  l a r g e ,  as f o r  l a r g e  magnitude ear thquakes,  t he  

a r e a  o f  exceedance may be  many times l a r g e r  f o r  t h e  rup tu re  sou rce  than  f o r  

t h e  p o i n t  s o u r c e ,  t h e  u s u a l  r a t i o  i s  from 3 t o  10 times. 

Accordingly,  f o r  sou rce s  having low s e i s m i c i t y ,  f o r  which t h e  mapped 

a c c e l e r a t i o n s  a r e  low, we have used p o i n t  sou rce s  up t o  magnitude 6.4. For 

ve ry  a c t i v e  sou rce s ,  o r  f o r  sources  w i th  l a r g e  maximum magnitudes, w e  have 

used r u p t u r e  sou rce s  f o r  magnitudes over  5.8. 

Rupture l e n g t h s  were determined u s ing  t h e  equa t i on  developed by Mark 

(1977). This  equa t i on  depends heav i ly  on C a l i f o r n i a  s t r i k e - s l i p  f a u l t  da ta .  

A number of i n v e s t i g a t o r s  ( f o r  example, Evernden, 1975) have suggested t h a t  

t h e  f a u l t  r u p t u r e  l e n g t h s  f o r  ear thquakes i n  t h e  midwest and e a s t e r n  United 

S t a t e s  may be s u b s t a n t i a l l y  s h o r t e r  t han  f a u l t  r u p t u r e  l e n g t h s  i n  t h e  w e s t .  

We examined t h e  s i g n i f i c a n c e  of assuming a s h o r t e r  f a u l t  r u p t u r e  l e n g t h  i n  t h e  

midwest and e a s t  as compared w i th  t h e  west  by computing t h e  10, 25, and 250 

y e a r ,  90-percent extreme p r o b a b i l i t y  a c c e l e r a t i o n s  a t  t h r e e  ci t ies i n  t h e  

midwest ( ~ h a r l e s t o n  and  St.  Louis ,  Missouri ,  and Memphis, Tennessee) us ing  (1) 

Mark's (1977)"-equ3tio'n;'and (2)  f a u l t  r u p t u r e  l e n g t h s  of one h a l f  t h e  f a u l t  

r u p t u r e  l e n g t h  i n  (1). In both c a s e s  above, t h e  ear thquakes  i n  zone 087 

( f i g u r e  3) were modeled as occu r r i ng  on p a r a l l e l  f a u l t s  5 km a p a r t ,  f i l l i n g  

t h e  zone. The model f a u l t s  were g iven  s t r i k e s  p a r a l l e l  t o  t h e  northk-estern 

boundary of zone 087 ( f i g u r e  7). The r e s u l t s  a r e  shown i n  f i g u r e  8. The 

l a r g e s t  d i f f e r e n c e  ( l e s s  than  15  percent)  i n  a c c e l e r a t i o n  r e s u l t i n g  from t h e  

two f a u l t  r u p t u r e  l e n g t h  models occurs  a t  Char les ton ,  Missouri. Charleston i s  

o n  s t r i k e  and  n e a r  t h e  n o r t h e r n  end of s e i smic  source  zone 087 and could be 

assumed t o  r e p r e s e n t  a s i t e  t h a t  would r ece ive  t h e  maximum change i n  ground 



Figure  7  - Map of  s o u t h e a s t  Missour i  and a d j a c e n t  a r e a  showing r e c e n t  
s e i s m i c i t y  (1977-1980), f a u l t s ,  graben boundar ies , . and  p lu tons  (hachured).  
Adopted from Hamilton and Zoback, (1982). The heavy b lack  l i n e  o u t l i n e s  
s e i smic  s o u r c e  zone 087 ( s e e  F igu re  3) .  The heavy dashed l i n e  r e p r e s e n t s  
t h e  " s i n g l e  f a u l t "  model d i s cus sed  i n  t h e  t e x t .  The "mul t ip le  f a u l t "  
model d i s c u s s e d  i n  t h e  t e x t  c o n s i s t s  of f a u l t s  p a r a l l e l  t o  t h e  nor thwes t  
edge of  zone 087, spaced 5 km a p a r t  a c r o s s  t h e  zone. 
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Figu re  8 - Comparison of  a c c e l e r a t i o n  a t  Charles ton and S t .  Louis ,  
Missouri ,  and Memphis, Tennessee,  f o r  va r ious  exposure t imes wi th  
a 90-percent extreme p r o b a b i l i t y .  The s o l i d  l i n e s  i n d i c a t e  a c c e l e r a t i o n s  
r e s u l t i n g  from f a u l t  r u p t u r e  l eng th  modeling u s i n g  t h e  r e l a t i o n s h i p  
developed by Mark (1977). The dashed l i n e s  a r e  t h e  a c c e l e r a t i o n s  
r e s u l t i n g  from modeling t h e  f a u l t s  u s ing  one-half t h e  f a u l t  r u p t u r e  
l e n g t h s  given by Mark (1977). For a c c e l e r a t i o n s  a t  S t .  Louis,  t h e  s o l i d  
and dashed l i n e s  a r e  approximately t h e  same. See  t e x t  f o r  d i s cus s ion .  



motion a s  a r e s u l t  o f  t h e  two models. A t  Memphis, t h e  d i f f e r e n c e  i n  t h e  

a c c e l e r a t i o n  produced.by t h e  two models is  somewhat l e s s ,  about  t e n  percent.  

The d i f f e r e n c e  i n  a c c e l e r a t i o n  r e s u l t i n g  from t h e  two models i s  very smal l  a t  

St.  Louis, Missour i ,  a b o u t  190 km northwest  of t h e  n o r t h e r n  boundary of 

s e i smic  sou rce  zone 087. The conc lus ion  i s ,  then ,  t h a t  i n  an  a r e a  of moderate 

s e i s m i c i t y  (bu t  w i t h  a  p o t e n t i a l  f o r  very  l a r g e  ear thquakes) ,  reduc t ion  i n  t h e  

f a u l t  r u p t u r e  l e n g t h s  a s  g iven  by Mark (1977) ( equa t i on  3, t h i s  paper) of 50 

percent  r e s u l t s  i n  a  maximum decrease  i n  a c c e l e r a t i o n  of l e s s  t h a n  15  percent  

f o r  exposure t imes  g r e a t e r  t han  about  20 years.  For s h o r t e r  exposure times 

t h e  d i f f e r e n c e s  i n  a c c e l e r a t i o n  r e s u l t i n g  from t h e  two models are very small 

r e g a r d l e s s  of t h e  s i t e  se l ec t ed .  

The e f f e c t  o f  a n o t h e r  p o s s i b l e  v a r i a t i o n  i n  f a u l t  modeling i s  i l l u s t r a t e d  

i n  t he  M i s s i s s i p p i  Val ley a g a i n  u s i n g  se i smic  sou rce  zone 087. Recent s t u d i e s  

(Zoback and o t h e r s ,  1980) have shown t h a t  s e i s m i c i t y  du r ing  t h e  p a s t  few y e a r s  

ha s  been concent ra ted  i n  a  narrow zone w i t h i n  s e i smic  sou rce  zone 087. Using 

t h e  r ecen t  s e i s m i c i t y  a s  a  guide,  t h e  f a u l t  zone w i t h i n  zone 087 was modeled 

a s  two f a u l t s  p a r a l l e l  t o ,  and 2.5 km t o  e i t h e r  s i d e  of t h e  dashed l i n e  shown 

i n  f i g u r e  7. This  i s  e s s e n t i a l l y  a  " s i n g l e  f a u l t "  model. The a c c e l e r a t i o n s  

f o r  a range of exposure  t i m e s  a t  t h r e e  c i t i e s ,  Char les ton  and St.  Louis, 

Missouri  and Memphis, Tennessee r e s u l t i n g  from t h e  " s i n g l e  f a u l t "  model a r e  

compared w i th  t h e  a c c e l e r a t i o n s  computed a t  t h e  same t h r e e  c i t i e s  us ing  

m u l t i p l e  c l o s e l y  spaced  f a u l t s  throughout  zone 087 having s t r i k e s  p a r a l l e l  t o  

t h e  nor thwestern s i d e  of zone 087. This  second model is  t h e  "mul t ip le  f a u l t "  

model used t o  model t h e  s e i s m i c i t y  i n  zone 087 f o r  t h e  new n a t i o n a l  hazard 

maps. The comparison between t h e  " s i n g l e  f a u l t "  and "mul t ip le  f a u l t "  model i s  

shown i n  F igu re  9. As might be expected, t he  l a r g e s t  d i f f e r e n c e s  i n  ground 
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Figure 9 - Acceleration with a 90-percent extreme probability at Charleston and St. Louis, 
Missouri, and Memphis, Tennessee, for various exposure times resulting from the "single 
fault" model and the "multiple fault" model used in the computation of the national maps 
(see Figure 7). At St. Louis the accelerations resulting from both models are essentially the same. 



motion between t h e  two models occur f o r  t h e  l a r g e s t  exposure t ime considered, 

250 years .  S i g n i f i c a n t  d i f f e r e n c e s  between t h e  a c c e l e r a t i o n s  occur  only a t  

Charleston,  Missour i  and Memphis, Tennessee. The a c c e l e r a t i o n s  ove r  a f a i r l y  

wide range of exposure t imes i s  e s s e n t i a l l y  t h e  same a t  St.  Louis. The 

d i f f e r e n c e s  between t h e  a c c e l e r a t i o n s  genera ted  by t h e  two models a t  

Charleston and Memphis a r e  i n t e r e s t i n g .  Note t h a t  a t  Charleston,  Missouri ,  

t h e  a c c e l e r a t i o n  r e s u l t i n g  from t h e  " s i n g l e  f a u l t "  model i s  l a r g e r  than the  

a c c e l e r a t i o n  gene ra t ed  by t h e  "mul t ip le  f a u l t "  model by about 30 percent.  

Th i s  r e s u l t  occu r s  because Charleston,  Missour i  i s  loca t ed  a t  t h e  no r th  end of 

t h e  " s ing l e  f a u l t "  model. The "mult iple  f a u l t "  model d i spe r se s  t h e  s e i smic i ty  

around Char les ton  r e s u l t i n g  i n  a lower acce l e r a t i on .  Memphis, Tennessee i s  

near  t h e  e a s t e r n  boundary of se i smic  sou rce  zone 087 such t h a t  f o r  t h e  

"mul t i p l e  f a u l t "  model, some f a u l t s  occur  very  n e a r  Memphis caus ing  a higher 

a c c e l e r a t i o n  a t  Memphis t han  t h e  " s ing l e  f a u l t "  model, Memphis i s  about 70 km 

e a s t  of t h e  " s i n g l e  f a u l t "  model and consequent ly  t h e  ground motion a t  Memphis 

i s  less when t h e  " s i n g l e  f a u l t "  model i s  used. 

A s  a l r eady  mentioned, we used t h e  "mul t ip le  f a u l t "  model t o  model t h e  

s e i s m i c i t y  i n  zone 087 f o r  t h e  n a t i o n a l  maps because t h e r e  is ,  i n  our  opinion, 

i n s u f f i c i e n t  ev idence  t o  p o s t u l a t e  t h a t  f u t u r e  l a r g e  ear thquakes wi th in  t he  

t ime span of i n t e r e s t  i n  t h i s  i n v e s t i g a t i o n  (10 t o  250 years )  should be 

r e s t r i c t e d  t o  a s i n g l e  f a u l t .  From t h e  above examples i t  i s  c l e a r  t h a t  the  

"mul t ip le  f a u l t "  model i s  n o t  conserva t ive  f o r  a l l  sites. These r e s u l t s  show 

t h e  importance of  re f inement  of se i smic  source  zones through a d d i t i o n a l  

geo log ic  and geophys i ca l  research.  



Attenua t ion  

At tenua t ion  of a c c e l e r a t i o n  and v e l o c i t y  wi th  d i s t a n c e  is poorly known 

f o r  t h e  c e n t r a l  and e a s t e r n  United S t a t e s  because of t h e  l a c k  of record ings  of 

s t r o n g  ground motion and t h e .  r e l a t i v e l y  poor q u a l i t y  of t h e  a v a i l a b l e  Modified 

Merca l l i  i so se i sma l  maps. The l a r g e r  shocks i n  t h e  c e n t r a l  and e a s t e r n  United 

S t a t e s  occurred,  f o r  t h e  most p a r t ,  i n  t h e  19th century  before  t h e  development 

of ins t rumenta l  seismology and be fo re  t h e  c a r e f u l ,  sys temat ic  examination of 

ear thquake e f f e c t s .  Consequently, d i f f e r e n c e s  i n  a t t e n u a t i o n  curves  f o r  t h e s e  

a r e a s  may be l a r g e  and i t  i s  of i n t e r e s t  t o  examine t h e  e f f e c t s  of t he se  

d i f f e r ences .  F igu re s  10  and 11 show s e l e c t e d  a c c e l e r a t i o n  and v e l o c i t y  
' 

a t t e n u a t i o n  curves  r e c e n t l y  developed by N u t t l i  and Herrmann (1981) f o r  t h e  

midwest and e a s t e r n  United S t a t e s .  Also shown i n  Figure 10 and 11, f o r  

comparison, a r e  s e l e c t e d  a c c e l e r a t i o n  and v e l o c i t y  a t t e n u a t i o n  curves used i n  

t h i s  s tudy.  The N u t t l i  and Herrmann (1981) curves  have been redrawn wi th  

magnitudes a p p r o p r i a t e  f o r  comparison wi th  t h e  a t t e n u a t i o n  curves used by 

us.  The n a t i o n a l  a c c e l e r a t i o n  and v e l o c i t y  maps d i scussed  he re  were 

e s s e n t i a l l y  complete be fo re  t h e  N u t t l i  and Herrmann (1981) curves  were 

ava i l ab l e .  It i s  t h e r e f o r e  i n t e r e s t i n g  t o  compare ground shaking a t  s e l e c t e d  

po in t s  using t h e  two s e t s  of a t t e n u a t i o n  curves. Figures 12 and 13 show 

comparisons between a c c e l e r a t i o n s  and v e l o c i t i e s  computed a t  S t .  Louis,  

Missouri ,  and Memphis, Tennessee, using t h e  a t t e n u a t i o n  curves adopted f o r  

t h i s  study and us ing  t h e  curves  of N u t t l i  and Herrmann (1981). The 

a c c e l e r a t i o n s  computed a t  St .  b u i s  and Memphis us ing  t h e  two d i f f e r e n t  

a t t e n u a t i o n  curves  a r e  cons iderab ly  d i f f e r e n t  f o r  an exposure t ime of 10 

yea r s ,  p a r t i c u l a r l y  a t  S t .  Louis. This  e f f e c t  is  probably caused by t h e  

con t r ibu t ion  of s m a l l  t o  moderate earthquakes t o  t h e  a c c e l e r a t i o n  a t  St .  Louis 
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Figure 12 - Comparison of  50-year exposure time, 90-percent extreme 
probabil i ty acceleration a t  St. Louis, Missouri, and Memphis, 
Tennessee, computed using d i f f erent  acceleration attenuations. 
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Figure  1 3  - Comparison of 50-year exposure t i m e , '  90-percent extreme 
p r o b a b i l i t y ,  v e l o c i t y  a t  S t .  Louis, Missouri ,  and Memphis, Tennessee, 
computed us ing  d i f f e r e n t  ve loc i ty  a t t e n u a t i o n .  
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and the appreciable difference in the attenuation curves for small to moderate 

shocks. For longer exposure time (greater relative contribution to the ground 

motion from larger shocks) the agreement between the accelerations is somewhat 

closer. Velocity values for moderate exposure times (50 and 250 years) 

computed using the two different attenuation curves differ by a factor of 

about 1.5. For the 10-year exposure time the agreement is somewhat closer. 

This result comes from the fact that the two sets of attenuation curves are 

quite similar at large distances. At short return periods, a significant part 

of the exceedances of the mapped ground motions comes from distant 

earthquakes. At long return periods, high accelerations are mapped, these are 

governed by the nearfield ground motions of rare, high magnitude events. In 

the near field, the attenuation functions differ strongly. 

Another method of estimating uncertainty in the computed ground motions 

is to include parameter variability in the probabilistic ground motion 

calculation. Variances are not directly available for the Schnabel and Seed 

(1973) acceleration curves or the Perkins (1980) velocity attenuation 

curves. McGuire'(l978) has estimated the standard deviation a, for the 

Schnabel and Seed curves as 0.50, and the standard deviation aL of the Mark 

(1977) fault rupture length relationship as 0.60. For purposes of 

illustration, variances of 0.50 are assumed for the acceleration and velocity 

curves used in this study. A variance of 0.60 is assumed for the fault 

rupture length relationship of Mark (1977). Figure 14 is a map showing the 

location of representative profiles of velocity and acceleration computed two 

ways: (1) without variability in fault rupture length and attenuation; and 

(2) including variability in fault rupture length and attenuation. The 





p r o f i l e s  a r e  shown i n  F igu re s  15, 16, 1 7  and 18. Examination of t h e  fou r  

r e p r e s e n t a t i v e  p r o f i l e s  i n d i c a t e s  t h a t  account ing parameter v a r i a b i l i t y  using 

t h i s  technique r e s u l t s  i n  ground motion i n c r e a s e s  of from about  5 t o  50 

percent .  

Review of t h e  Nat iona l  Maps: 

The main f e a t u r e s  of  t h e  new maps ( P l a t e s  1-6) w i l l  be reviewed by region 

i n  t h e  fo l lowing  s e c t i o n s  t o g e t h e r  w i th  a d i s c u s s i o n  of t h e  d i f f e r ences  

between t h e  new s e t  o f  maps and t h e  Algermissen and Perk ins  (1976) 

a c c e l e r a t i o n  map. 

Coas t a l  and Southern C a l i f o r n i a  (Region A,  F igure  4): The major d i f f e r ences  

between t h e  Algermissen and Perk ins  (1976) map and t h e  new n a t i o n a l  maps 

r e s u l t  from t h e  g r e a t e r  d e t a i l  of t h e  s e i smic  source  zones used i n  t h e  new 

maps.. Considerably more geo log ica l  in format ion  was a v a i l a b l e  f o r  t h e  

development of  t h e  new maps (Thenhaus and o t h e r s ,  1980) t han  w a s  a v a i l a b l e  i n  

t h e  per iod 1972-1975 when t h e  Algermissen and Perk ins  (1976) map was 

prepared. This  i s  p a r t i c u l a r l y  t r u e  i n  southern  C a l i f o r n i a  and i n  t he  c o a s t a l  

a r ea s .  Comparison of t h e  1976 mapped ground motion wi th  t h e  new maps shows 

t h a t  t h e  l e v e l s  o f  ground motion along t h e  major f e a t u r e s  such as t h e  San 

Andreas f a u l t  a r e  approximately t h e  same f o r  t h e  1976 and t h e  new n a t i o n a l  

maps. The l e v e l s  o f  ground motion i n  t h e  c o a s t a l  a r e a  of southern  Ca l i fo rn i a  

a r e  considerably h ighe r  on t h e  new n a t i o n a l  maps t han  they a r e  on t h e  1976 

map; t h i s  r e s u l t s  from t h e  more ex t ens ive  d e l i n e a t i o n  of i n d i v i d u a l  f a u l t s  a s  

sou rces  zone f o r  t h e  new maps. Addit ional  d e t a i l s  of technique and of t h e  

mapped ground motion i n  c o a s t a l  and southern  C a l i f o r n i a  a r e a  are provided by 

Thenhaus and o t h e r s  (1980). 
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Figure 18 - Acceleration prof i l e  D-D' ( see  Figure 14  for locat ion) .  The accelerations 
are for  exposure times of 50 years with a 90-percent extreme probability. 



P a c i f i c  Northwest: H i s t o r i c a l l y ,  s i g n i f i c a n t  s e i s m i c  hazard i n  t h i s  reg ion  i s  

a s s o c i a t e d  w i th  t h e  l a r g e  ( f o r  example, Ms = 7.1 i n  1949) ear thquakes t h a t  

occu r  a t  dep ths  of 50-60 km i n  t h e  Puget Sound Depression. I n  t h e  1976 map, 

t h e s e  ear thquakes  make t h e  major con t r i bu t i on  t o  t h e  p r o b a b i l i s t i c  ground 

motion hazard. S ince  t h e  p r epa ra t i on  of t h e  Algermissen and Perk ins  (1976) 

map, t h e  importance of t h e  December 14,  1872 c e n t r a l  Washington ear thquake has  

become e s t a b l i s h e d  (Hopper and o t h e r s ,  1982). Also t h e  p o s s i b l i t y  of 

s i g n i f i c a n t  s u r f a c e  f a u l t i n g  has  been e s t ab l i shed .  As a r e s u l t  of modeling 

t h e s e  new i n f l u e n c e s ,  t h e  new n a t i o n a l  maps show s i g n i f i c a n t l y  h i g h e r  l e v e l s  

of ground motion i n  t h e  Puget Sound a r e a  than t h e  1976 a c c e l e r a t i o n  values .  

For  example, t h e  new 50-year exposure t i m e ,  90-percent extreme p r o b a b i l i t y  map 

shows a maximum a c c e l e r a t i o n  of 0.30 g i n  the .Puge t  Sound a r e a  a s  compared 

w i t h  a maximum of 0.15 g on t h e  1976 map. 

These i n c r e a s e s  r e s u l t  from a change i n  t h e  approach t o  modeling t h e  

ear thquakes  i n  t h e  Puget  Sound area.  Because of u n c e r t a i n t y  r ega rd ing  t h e  

p r o b a b i l i t y  of occur rence  of l a r g e  sha l low ear thquakes  (Ms > 6.4, dep ths  of 

t h e  o r d e r  o f  15  h) i n  t h e  Puget Sound area, 25 pe rcen t  of %he l a r g e  

ear thquakes were modeled as occur r ing  a t  shal low depth  and 75 pe rcen t  were 

modeled a s  o c c u r r i n g  a t  a dep th  of 50 km i n  t h e  computation of t h e  new 

n a t i o n a l  maps. Earthquakes smaller than  ML = 6.4 were modeled a t  shal low 

depth.  I n  t h e  computation of  t h e  1976 a c c e l e r a t i o n  map a l l  of t h e  l a r g e  

ear thquakes were modeled as occu r r i ng  a t  dep ths  of 60 km. A more conserva t ive  

p o s i t i o n  w a s  t aken  i n  t h e  p r epa ra t i on  of t h e  new n a t i o n a l  maps because t h e r e  

is some ev idence  t h a t  t h e  1872 shock may have occur red  a t  sha l low depths  and 

because of t h e  magnitude o f  t h e  1872 shock (M, - 7.0). Furthermore, t h e r e  is 

evidence of Holocene s u r f a c e  f a u l t i n g  i n  t h e  wes te rn  Puget Sound a r e a  (Gower, 



1978)  which may i n d i c a t e  t h e  occurrence of r e l a t i v e l y  l a r g e ,  sha l low 

ear thquakes i n  t h e  r e c e n t  geo log i c  pas t .  Figure  19 shows t h e  range  of ground 

motions p o s s i b l e  i n  t h e  c e n t r a l  Puget Sound a r e a  assuming v a r i o u s  percentages  

of ear thquakes Ms > 6.4  occu r  a t  sha l low depth  and modeling a l l  ear thquakes 

s m a l l e r  t han  Ms = 6.4 a t  sha l low depth. 
- 

A small i n c r e a s e  i n  t h e  l e v e l  of ground motions i n  c e n t r a l  Washington 

r e s u l t e d  from t h e  r e e v a l u a t i o n  of t h e  1872 ear thquake da ta .  The ground 

motions i n  c e n t r a l  Washington remain low, however, because of t h e  g e n e r a l l y  

low l e v e l  of h i s t o r i c a l  s e i s m i c i t y  p e r  u n i t  a r ea .  

Great Basin (Area C ,  F igure  4 ) :  The l e v e l  of ground motion i n  wes te rn  Nevada 

i s  gene ra l l y  somewhat lower ,  bu t  d i spe r sed  over  a broader  a r e a  t han  i s  shown 

on t h e  1976 a c c e l e r a t i o n  map. This r e s u l t  occurs  f o r  two reasons.  F i r s t ,  t h e  

g r e a t e r  g e o l o g i c a l  i n p u t  a v a i l a b l e  f o r  t h e  new maps, p a r t i c u l a r l y  i n  t h e  

wes te rn  Nevada - e a s t e r n  C a l i f o r n i a  a r e a  r e s u l t e d  i n  a n  e n t i r e l y  d i f f e r e n t  

t r e a tmen t  of t h e  sou rce  zones  f o r  t h e  new maps i n  t h i s  a r ea .  Second, t h e  

maximum magnitude i n  t h e  a r e a s  o u t l i n e d  by t h e  a f t e r shock  zones of t h e  major 

h i s t o r i c a l  ea r thquakes  i n  wes t e rn  Nevada were l i m i t e d  t o  ML = 6.0, whi le  t h e  

maximum magnitude of t h e  surrounding zones was Ms = 7.3.  This  approach was 

taken  because i t  i s  assumed t h a t ,  f o r  t h e  exposure t imes  considered,  l a r g e  

shocks a r e  l i k e l y  t o  occur  i n  t h e  Nevada Seismic Zone, bu t  no t  i n  t h e  a r e a s  

where major ea r thquakes  have  occur red  h i s t o r i c a l l y .  Th i s  view i s  cons i s t en t  

w i t h  what is p r e s e n t l y  known concerning Holocene f a u l t  movement i n  western 

Nevada. 



Figure  19  - Source zones i n  a  po r t i on  of t h e  Nevada Seismic Zone. 
The l o c a t i o n  of l a r g e  ear thquakes i n  1915, 1932,  1954 and 1959 
a r e  a l s o  shown. 



S p e c i f i c a l l y ,  t h e  maximum magnitudes o f . s e i smic  source  zones 022, 032 and 

033 were l i m i t e d  t o  ML = 6.0, because these  se ismic  source zones a r e  a reas  i n  

which l a r g e  earthquakes (and t h e i r  a f te rshocks)  a r e  known t o  have occurred 

h i s t o r i c a l l y  (Figure 3). The se ismic  source zones surrounding zones 022, 032 

and 033, namely zones 020 and 031, a r e  considered a s  more l i k e l y  l o c i  of 

f u t u r e  l a r g e  shocks ( a t  l e a s t  f o r  t h e  periods of i n t e r e s t  f o r  t h e  hazard 

mapping considered here). The maximum magnitudes f o r  zones 020 and 031 were 

set a t  Ms = 7.3. The h i s t o r i c a l  s e i smic i ty  ( f o r  ML > 6.0) i s  taken from zones 

022, 032 and 033 and used i n  t h e  development of magnitude d i s t r i b u t i o n s  f o r  

earthquakes i n  zones 020 and 031. The assumption i s  t h a t  l a r g e  earthquakes 

w i l l  occur i n  t h e  f u t u r e  i n  t h e  Nevada Seismic Zone wi th  about t h e  same 

frequency a s  i n  t h e  r ecen t  p a s t ,  bu t  they  w i l l  no t  occur i n  t h e  a reas  where 

l a r g e  h i s t o r i c a l  ear thquakes have occurred. It i s  f u r t h e r  assumed t h a t  they 

a r e  more l i k e l y  i n  t h e  seismic source  zones surrounding the  a f te rshock zones 

of  h i s t o r i c a l  ear thquakes (zones 020 and 031). 

The modeling process and t h e  r e s u l t i n g  d i s t r i b u t i o n  of ground motion can 

be more c l e a r l y  seen  i n  F igures  20 and 21 which shows a po r t ion  of t h e  Nevada 

Seismic Zone a l r eady  discussed.  Figure 20 shows seismic source zones 031, 032 

and 033 toge the r  wi th  t h e  e p i c e n t e r s  of l a r g e  earthquakes t h a t  occurred i n  

1915, 1932, 1954 and 1959. The r e s u l t i n g  250-year exposure t i m e ,  90-percent 

extreme p r o b a b i l i t y ,  v e l o c i t y  i s  shown i n  Figure 21. In  t h i s  type of 

modeling, t h e  a r e a  between se ismic  source zones 032 and 033 becomes a kind of 

s e i smic  gap w i t h  high expected ground motions i n  t h e  fu tu re .  



Figure 20 - Velocity (cm/sec) with an exposure time o f  250 years 
and an extreme probability of 90 percent i n  a portion of the 
Nevada Seismic Zone. The location of  large earthquakes i n  
1915, 1932, 1954 and 1959 are a l s o  shown. 



FRACTION OF E A R T H Q U A K E S  

M s  > 6.4 A T  A  D E P T H  OF 5 0  K M  

F i g u r e  2 1  - The a c c e l e r a t i o n  a t  S e a t t l e ,  Washington, f o r  a n  exposure  t ime o f  50 y e a r s  and a 
90-percent  extreme p r o b a b i l i t y  assuming t h a t  v a r i o u s  p e r c e n t a g e s  o f  t h e  l a r g e  e a r t h q u a k e s  
(Ms 2 6.7) i n  t h e  magnitude d i s t r i b u t i o n  occu r  a t  a dep th  o f  60 km. The remainder  are 
assumed t o  occu r  a t  a dep th  o f  1 0  km. 



Ground motion v a l u e s  a l ong  t h e  Wasatch f a u l t  a r e  h ighe r  on t h e  new 

n a t i o n a l  maps a s  compared w i t h  t h e  1976 a c c e l e r a t i o n  map. Recent work on t h e  

Wasatch f a u l t  t h a t  i n d i c a t e s  r e cu r r ence  rates o f  a few hundred y e a r s  o r  less 

f o r  ea r thquakes  i n  t h e  magnitude seven range (Swan and o t h e r s ,  1 9 8 0 )  has  l e d  

u s  t o  model t h e  Wasatch f a u l t  a s  an i n d i v i d u a l  s o u r c e  zone w i t h  f a u l t  r up tu r e ,  

r a t h e r  than  as a broad zone of  s e i s m i c i t y  a s  i n  t h e  1976 map. Modeling t h e  

Wasatch f a u l t  as a s e p a r a t e  zone t oge the r  w i t h  much improved g e o l o g i c  c o n t r o l  

f o r  t h e  seismic sou rce  zones surrounding t h e  Wasatch f a u l t  has  s u b s t a n t i a l l y  

changed t h e  o r i e n t a t i o n  of  t h e  ground motion c o n t o u r s  i n  c e n t r a l  Utah on t h e  

new maps. 

Nor thern  and C e n t r a l  Rocky Mountains (Area D ,  F igu re  4): The g e n e r a l  l e v e l  of 

ground motion th roughout  t h i s  a r e a  remains approximately  t h e  same as t h e  1976 

map w i t h  some l o c a l  excep t ions .  Considerable  a d d i t i o n a l  g e o l o g i c a l  i n p u t  was 

a v a i l a b l e  as a r e s u l t  of t h e  workshop conducted on t h e  s e i smo tec ton i c s  of t h i s  

a r e a .  The r e s u l t i n g  broadened seismic sou rce  zones  and seismic a c t i v i t i e s  i n  

e ach  of t h e  zones tended t o  reduce t h e  expected ground motion i n  t h e  Helena, 

Montana area, a s i t e  of  s e v e r a l  h i s t o r i c a l l y  damaging shocks and i n c r e a s e  t h e  

a c t i v i t y  i n  t h e  F la thead  Lakes a r e a  (zone 0 6 4 )  a r e c e n t l y  s e i s m i c a l l y  a c t i v e  

r e g i o n  (maximum Modified M e r c a l l i  i n t e n s i t y  V I I  ea r thquakes  i n  1952 and 1969) ;  

(Coffman and von Hake, 1 9 7 3 ) .  

Sou the rn  Rocky Mountains and Southern Basin  and Range (Area E ,  F igu re  4 ) :  

Desp i t e  e x t e n s i v e  r e v i s i o n  of seismic sou rce  zones  f o r  t h i s  area f o r  t h e  new 

n a t i o n a l  maps, t h e  g e n e r a l  l e v e l  and p a t t e r n  o f  ground motion remains 

approximately  t h e  same as f o r  t h e  1976 map. Exceptions a r e  a dec r ea se  (from 



t h e  1976 ground motion l e v e l s )  i n  t h e  ground motion i n  t h e  v i c i n i t y  of 

Socorro,  New Mexico, and on t h e  New Mexico-Arizona border  n e a r  33'N. 

l a t i t u d e .  The d e c r e a s e  i n  expec ted  ground motion i n  t h e  Socor ro  area r e s u l t s  

from a r e e v a l u a t i o n  of  t h e  c o n s t a n t s - a  and b i n  equa t ion  1. The decrease  i n  

expec ted  ground motion o n  t h e  Arizona-New Mexico border  r e s u l t s  from ex t ens ive  

r e v i s i o n  of t h e  seismic s o u r c e  zones. 

G r e a t  P l a i n s  and t h e  Gulf Coast  (Area F ,  F igure  4): The g e n e r a l  p a t t e r n  of 

expected ground motions  is much t h e  same on t h e  new n a t i o n a l  maps and t h e  1976 

a c c e l e r a t i o n  maps. The expec ted  ground motion a s s o c i a t e d  w i t h  t h e  Nemaha 

Ridge s t r u c t u r e  ( e a s t e r n  Kansas-Nebraska border  a r e a )  i s  lower  on t h e  new maps 

p r ima r i l y  because o f  a r e v i s i o n  o f  t h e  cons t an t s  a and b i n  equa t i on  1. The 

s e i s m i c i t y  is  low th roughout  area F and t h e  va lue  of t h e  c o n s t a n t  b i n  

equa t i on  1 w a s  ob t a ined  by grouping t h e  s e i s m i c i t y  i n  a number of  source zones 

t oge the r  t o  o b t a i n  a l a r g e r  s t a t i s t i c a l  sample (and more s t a t i s t i c a l l y  

r e l i a b l e  b value) .  The s e i s m i c i t y  a s s o c i a t e d  w i t h  t h e  zones  i n  t h e  a r e a  was 

n o t  grouped t o g e t h e r  t o  o b t a i n  a s i n g l e  b v a l u e  when t h e  1976 map was 

developed and t h e  b v a l u e s  i n  t h i s  area used i n  t h e  computation of  t h e  1976 

map a r e  probably less s t a b l e .  

C e n t r a l  I n t e r i o r  (Area G ,  F igu re  4):  The expected l e v e l s  of ground motion 

shown on t h e  new n a t i o n a l  maps are s i m i l a r  t o  t h o s e  on t h e  1976 a c c e l e r a t i o n  

map w i th  t h e  e x c e p t i o n  o f  t h e  h i g h e r  expected ground motions i n  t h e  v i c i n i t y  

of seismic sou rce  zone 087 i n  t h e  New Madrid, Missouri ,  region.  The ex t ens ive  

g e o l o g i c a l  and geophys i ca l  i n v e s t i g a t i o n s  program t h a t  h a s  been underway i n  

t h e  sou thea s t  Missour i  a r e a  f o r  t h e  p a s t  s i x  y e a r s  has  made i t  p o s s i b l e  t o  



improve our  d e l i n e a t i o n  of t h e  most important seismic source zone i n  t h e  

c e n t r a l  i n t e r i o r  (zone 087). The s ign i f i cance  of various earthquake modeling 

techniques i n  zone 087 has  a l ready been discussed. 

Northeast (Area H, Figure 4) :  The new na t iona l  maps do not use t h e  Boston- 

Ottawa t r end  a s  a source zone a s  was t h e  case  f o r  t h e  1976 acce le ra t ion  map. 

The Boston-Ottawa zone used i n  1976 has been segmented i n t o  a number of 

smal le r  zones and cons iderable  a d d i t i o n a l  d e t a i l  has been added t o  the  zones 

i n  the  Boston-New York City area.  The n e t  r e s u l t  f o r  t h e  Northeast on a 

r eg iona l  b a s i s  i s  t h a t  t h e  expected l e v e l s  of ground shaking have remained 

approximately t h e  same a s  those  derived f o r  t h e  1976 acce le ra t ion  map, but t h e  

genera l  o r i e n t a t i o n s  of t h e  contours  i s  now northeast-southwest. More 

d e t a i l e d  d e l i n e a t i o n  of s t r u c t u r e s  i n  t h e  Boston a r e a  and northwestern New 

York, and t h e  i s o l a t i o n  of s p e c i f i c  s t r u c t u r e s  such a s  the  Ramapo f a u l t  and 

the  Clarindon-Linden f a u l t ,  have r e s u l t e d  i n  about a 30-percent increase  i n  

expected ground motion i n  these  areas.  

Southeast (Area I, Figure 4): The l e v e l s  of ground motion f o r  t h e  new 

na t iona l  maps a r e  comparable t o  t h e  l e v e l s  of expected acce le ra t ion  shown on 
/ 

.. . - -  . 

t he  1976 a c c e l e r a t i o n  map. . The causa t ive  f a u l t  of t he  1886 Charleston, South 

Carol ina,  ear thquake has n o t  been i d e n t i f i e d  and consequently w e  h a ~ e  re ta ined  

the  philosophy of using h i s t o r i c a l  s e i smic i ty  t o  produce a source zone f o r  

t h i s  area.  The uniqueness of t h e  "Charleston zone" (zone 101) a s  a source of 

l a r g e  earthquakes i n  the  southeas t  United -States  i s  an unresolved issue.  I f ,  

however, t h e  h i s t o r i c a l  s e i s m i c i t y  of zone 101 i s  d i s t r i b u t e d  throughout a l l  

of t he  o the r  zones i n  t h e  southeas t  United S ta t e s ,  t he  l e v e l s  of expected 



ground motion would-be decreased s u b s t a n t i a l l y  f o r  t h e  "Charles ton zone" but  

would no t  i n c r e a s e  app rec i ab ly  throughout t h e  sou theas t  a r ea .  The n e t  r e s u l t  

o f  t h i s  approach i s  t h a t ,  f o r  moderate exposure  t imes (10 t o  100 years )  of 

i n t e r e s t  f o r  normal commercial cons t ruc t i on ,  t h e  expected ground motions 

a s s o c i a t e d  w i t h  ear thquakes  would be of on ly  marginal  i n t e r e s t .  Whether o r  

no t  t h e  expected ground motions f o r  long  exposure times us ing  t h i s  

d i s t r i b u t i o n  of s e i s m i c i t y  would be  s i g n i f i c a n t  remains a l a r g e l y  unresolved 

problem. The s e i s m i c i t y  of t h e  sou theas t  United S t a t e s  i s  low and because 

s p e c i f i c  seismogenic  s t r u c t u r e s  have n o t  been i d e n t i f i e d ,  we have chosen t o  

c o n s t r u c t  t h e  s e i smic  sou rce  zones l a r g e l y  on t h e  b a s i s  of t h e  s p a t i a l  

d i s t r i b u t i o n  of h i s t o r i c a l  s e i smic i t y .  

CONCLUSIONS 

The complet ion of t h e  s i x  n a t i o n a l  ear thquake hazard maps demonstrates 

t h a t  i n t e r d i s c i p l i n a r y  e f f o r t s  w i t h  t h e  o b j e c t i v e  of i n t e g r a t i n g  geo log i ca l  

and geophys ica l  d a t a ,  and i n t e r p r e t a t i o n s  of d a t a ,  t o  produce improved 

e s t i m a t e s  of expected ground motion a r e  pos s ib l e .  The l e v e l  of geo log i ca l  

i n p u t  i n t o  t h e  p r e p a r a t i o n  of  t h e s e  new maps is perhaps a n  o r d e r  of magnitude 

g r e a t e r  than  w a s  p o s s i b l e  i n  t h e  p r epa ra t i on  of  t h e  Algermissen and Perkins 

(1 976) p r o b a b i l i s t i c  a c c e l e r a t i o n  map. 

Where new g e o l o g i c a l  and geophys ica l  d a t a  were a v a i l a b l e ,  t h e s e  d a t a  

g e n e r a l l y  had a s u b s t a n t i a l  impact on t h e  ground motion maps. However, i n  

l a r g e  a r e a s  of t h e  United S t a t e s ,  p a r t i c u l a r l y  i n  t h e  east, i t  has  no t  been 

p o s s i b l e  t o  demonstrate  c l e a r  r e l a t i o n s h i p s  between s p e c i f i c  s t r u c t u r e s  and 

ear thquake occurrence.  A major problem i n  t h e  p r o b a b i l i s t i c  mapping of ground 

motion, p a r t i c u l a r l y  i n  t h e  c e n t r a l  and e a s t e r n  United S t a t e s ,  i s  t h e  pauci ty  

of d a t a  a v a i l a b l e  f o r  t h e  development of s u i t a b l e  a t t e n u a t i o n  curves .  



S t a t i s t i c a l  v a r i a b i l i t y  - i n  t h e  at tenuat- ion cu rves ,  and uncer ta in ty  a s  t o  which 

' curves  bes t  r ep resen t ' a t t enua t ion  a r e  t h e  major sources of uncer ta in ty  i n  t h e  

mapped ground motions. 

The new m a p s r e p r e s e n t  an.improvement i n  t h e  app l i ca t ion  of p r o b a b i l i s t i c  

ground motion t o  earthquake r e s i s t a n t  des ign  f o r  two p r i n c i p a l  reasons: ( I )  

t h e  development of - both  acce le ra t ion  and v e l o c i t y  maps makes poss ib le  . the 

es t imat ion  of a response spectrum a t  a s i t e  and comparison of response spect ra  

a t  any number of si tes under consideration. The response spectrum i s  t h e  

p r i n c i p a l  method of represent ing  ground motion f o r  earthquake r e s i s t a n t  design 

a t  t h e  present  time. The u s e  of d i f f e r e n t  a t t e n u a t i o n  r e l a t i o n s  i n  t h e  

cent ra l -eas tern  U.S. and i n  t h e  western U.S. proper ly  takes  i n t o  account, f o r  

des ign  purpose, t h e  s i g n i f i c a n t  high ampl i tude long  period ground motion i n  

these  p a r t s  of t h e  country. (2) The change i n  earthquake hazard with exposure 

t i m e  can  be es t imated  a t  any s i t e  because ground motion es t imates  f o r  th ree  

exposure times--10, 50, and 250 years  a r e  a v a i l a b l e  f o r  every s i te  i n  t h e  

country. It i s  much e a s i e r  t o  s e l e c t  a n  exposure time (and ground motion) 

appropr ia te  t o  t h e  bui ld ing  u&e (and c o s t  amort izat ion schedule where l i f e  

s l o s s  is not  a fActor)  when groun&motion es t ima tes  a r e  a v a i l a b l e  f o r  a range 

of exposure times. The p r o b a b i l i s t i c  a .ccelerat ion and v e l o c i t y  maps a r e  

m u l t i p l e u s e  maps t h a t  can n o t  only be used i n  bui ld ing  code appl ica t ions  but 

a l s o  f o r  r eg iona l  land use  planning, emergency preparedness, insurance 

analyses ,  and pre l iminary  inves t iga t ions  of sites f o r  c r i t i c a l  f a c i l i t i e s .  A 

simple a p p l i c a t i o n  of t h e  d a t a  contained i n  t h e  maps i s  shown i n  f igu re  22 

- - where t h e  maximum. acce le ra t ions  f o r  va r ious  exposure times . a r e  _compared f o r  

t h r e e  c i t i e s .  P l o t s  of t h i s  type f a c i l i t a t e  r ap id  a n a l y s i s  of t h e  r e l a t i v e  

hazard a t  any number of  loca t ions  of i n t e r e s t .  



EXPOSURE TIME (YEARS) 

Figure  22 - The est imated a c c e l e r a t i o n  a t  San Francisco ,  C a l i f o r n i a ,  S e a t t l e ,  Washington, 
and Char les ton ,  South Carol ina ,  f o r  exposure t i m e s  of 10, 50 and 250 y e a r s  wi th  a 90- 
percen t  extreme p r o b a b i l i t y .  



The p resen t  maps are t h e  l a t e s t  i n  a series beginning in.1969, Each new 

vers ion  has -been motivated by (1) t h e  need t o  represent  hazard i n  a more 

u s e f u l  manner; (2) improvements i n  t h e  model used t o  represent  ground motion 

from an earthquake source;  and- (3 ) - inc rease  i n  geologica l  information t o  

permit  more d e t a i l e d  source  zone descr ip t ions .  

The maps have n o t  only  m e t  s t rong ly  voiced u s e r  needs, but have a l s o  

challenged t h e  r e sea rch  community t o  develop information and techniques t o  

improve the  inpu t  t o  maps of  t h i s  s o r t .  The Algermissen and Perkins (1976) 
-- 

p r o b a b i l i s t i c  a c c e l e r a t i o n  map was c r u c i a l  t o  t h e  development of t h e  Applied 

Technology Council 's  se ismic  r egu la t ions  f o r -  bui ld ings  (1978). Much of t h e  

renewed i n t e r e s t  i n  Holocene and Quaternary geology has been sustained and 

j u s t i f i e d  by p o s s i b l e  use  i n  hazard maps. 

Fur ther  improvements i n  t h i s  sor t  of -hazard mapping w i l l  come from 

advances motivated, i n  p a r t ,  by t h e  p resen t  map. I n  some s t a t e s  o the r  than 

Ca l i fo rn ia ,  r e sea rch  i n  Holocene geology w i l l  soon make i t  poss ib le  t o  produce 

regional  maps a t  d e t a i l  approaching t h a t  of t h e  Cal i forn ia  hazard map 

presented i n  t h i s  paper. A Ca l i fo rn ia  map can today be begun a t  even g r e a t e r  

d e t a i l .  Through c a r e f u l  geologica l  inves t iga t ions  of recurrences of major 

f a u l t s  i t  should b e  poss ib le  within  t h e  next  two years  t o  provide hazard maps 

which r ep lace  t h e  Poisson assumption wi th  time-dependent d i s t r i b u t i o n s  f o r  

which t h e  hazard inc reases  wi th  time from t h e  l a s t  l a r g e  event o r  an event of 

i n t e r e s t .  



: T a b l e  -1 .--5e i.smic parameters .for s o u r c e  zone8 

Z o n e  
NO.* 

N o .  of M o d i f i e d  
Me r c a l l i  Maximum 

Intensity V ' s  
per year 

Maximum 
Magnitude 

M** 

pool  
Po02 
Po 03 
Po04 
PO 05 
Po06 
Po 08 
Po09 
Po 10 
pol 1 
Po 12 
pol3 
Po 14 
pol5 
PO 16 
Po1 7 
PO 1 8  

, Po19 
co 01 
coo2 
c0 03 
a 0 4  
c0 05 
COO 6 
c0 07 
d o 8  
c0 09 
d l 0  
cOll 
d l 2  
c0 13 
c014 
c0 15 
d l 6  
c017 ' 
c018 
c0 19 
0 2 0  
co 21 
d 2 2  
c0 23 
c024 
c0 25 
d 2  6 



Table 1.- -Se ismic parameters f o r  source zones--continued 

Zone. 
No.* 

No. o f  Modified 
Mercalli Max im 

Inten8it.y V ' s  - 

per year 

Maximum 

"1 Magnitude 
M* * 



Table 1 .--Seismic parameters f o r  source zones--continued 

Zone 
No.* 

No. of Modified 
Me r c a l l i  Maxirmm 

Intensity V ' s  
per year 

Maximum 

"I Magnitude 
M* * 



-Table 1 .--Seismic parameters f o r  source zones--continued 

No. o f  Modified 
Zone Mercalli Maxiuum Maximm 
No.* Intensity V'B b~ Magnitude 

per year M* * 

*The zones are shown i n  Figures 2 & 3 
* S e e  text  f o r  def in i t ion  of  M 
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