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x i i 

SUMMARY 

Given a f i n i t e number o f P wave f i r s t motions there e x i s t s a 

domain o f v a l i d foca l mechanism s o l u t i o n s which s a t i s f i e s the r e q u i r e ­

ments set f o r t h by the theory o f the double couple w i t h o u t moment e a r t h ­

quake source . An a n a l y s i s techn ique , adapted f o r computer a p p l i c a t i o n , 

which determines the domain o f v a l i d foca l mechanism s o l u t i o n s in terms 

o f the or thogonal p ressure , t e n s i o n , and n u l l ax is d i r e c t i o n s is developed. 

Focal mechanism s o l u t i o n s using the proposed a n a l y s i s technique are 

determined f o r nine e p i c e n t r a l areas in the southeastern United States 

from publ ished and new f o c a l mechanism d a t a . Focal mechanisms are p r o ­

posed from the s o l u t i o n s and o t h e r geo log ic and geophysical d a t a . In 

g e n e r a l , the foca l mechanism s o l u t i o n s i n d i c a t e t h a t southeastern i n t r a -

p l a t e seismic a c t i v i t y does not appear t o be the r e s u l t o f a s i n g l e 

dominant s t r e s s d i r e c t i o n . Many o f the s o l u t i o n s support n e a r l y v e r t i c a l 

f a u l t planes suggest ing a low leve l compressfonal to t ens iona l environment 

f o r the Southeast . 
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CHAPTER I 

INTRODUCTION 

Earthquakes in the southeastern Uni ted States have been repor ted 

by i n h a b i t a n t s s ince the e a r l y 1700 's (see B o l l i n g e r (1975) and Moneymaker 

(195^>55>57))- However, accurate l o c a t i o n s and foca l mechanism s o l u t i o n s 

f o r these have not been p o s s i b l e u n t i l r e c e n t l y because o f a s p a r s i t y o f 

ins t rumenta l d a t a . Earthquake a c t i v i t y in the southeast is sparse , about 

one event per year o f i n t e n s i t y IV o r l a r g e r . Most o f the recent data 

comes from s t u d i e s made on i n t e n s i t y IV earthquakes o r microearthquakes 

recorded by p o r t a b l e seismometers. 

This paper is an a n a l y s i s o f f o c a l mechanism data (P wave f i r s t 

motions) obta ined from recent southeastern Uni ted States earthquakes. I t 

is a lso a review and a n a l y s i s o f publ ished foca l mechanism s o l u t i o n s and 

foca l mechanism data f o r the southeastern Uni ted S t a t e s . In g e n e r a l , the 

maximum number o f usable P wave f i r s t motions f o r an i n t e n s i t y IV o r 

l a r g e r earthquake in the southeast i s about twenty . Because o f t h i s 

s p a r s i t y o f f i r s t motion d a t a , a technique adapted f o r computer a p p l i c a ­

t i o n was developed. The technique f i n d s foca l mechanism s o l u t i o n s by 

d e f i n i n g the domain "of v a l i d pressure ( P ) , t e n s i o n ( T ) , and n u l l (B) 

axes over the foca l sphere. The o b j e c t i v e is t o c h a r a c t e r i z e f o c a l 

mechanisms in the southeast and perhaps d e f i n e the o p e r a t i v e s t r e s s f i e l d 

using the r e s u l t s from the computer adapted techn ique . 

Major areas o f earthquake a c t i v i t y such as the Circum P a c i f i c Be l t 

rece ive cons iderab le a t t e n t i o n s ince the numbers and magnitudes o f e a r t h -



2 

quakes a l l o w researchers from many seismic o b s e r v a t o r i e s wor ld -w ide t o 

study t h e i r se ismic i m p l i c a t i o n s . Focal mechanisms and t e c t o n i c t h e o r i e s 

may be cons t ra ined and t e s t e d w i t h data from such earthquake prone areas . 

For example, ac tua l ground breakage r e s u l t i n g from a magnitude M = 6.7 

( i . e . R ich te r magnitude sca le ) ear thquake, which occurred in the Var to 

area o f eastern Turkey, has been observed and r e l a t e d t o foca l mechanism 

data (Wal lace, 1968) . R e l i a b l e , c o n s i s t e n t , s t r e s s d i r e c t i o n s have been 

obta ined from foca l mechanism s o l u t i o n s i n v o l v i n g earthquakes o f i n t e r ­

mediate t o deep f o c u s . 

Focal mechanism s o l u t i o n s are d i f f i c u l t to o b t a i n i n the southeast 

because the number o f record ing s t a t i o n s and t h e i r d i s t r i b u t i o n are l i m i t ­

ed . Attempts t o determine f o c a l mechanism s o l u t i o n s o f t e n g i v e ambiguous 

r e s u l t s . Publ ished f o c a l mechanism s o l u t i o n s f o r the southeas t , a l though 

sparse , g e n e r a l l y are developed from composite f i r s t motion data due t o 

l i m i t e d s t a t i o n d i s t r i b u t i o n s around e p i c e n t e r s . The foca l mechanism 

s o l u t i o n s o f t e n show ambiguous f a u l t plane o r i e n t a t i o n s , d i r e c t i o n o f 

f a u l t i n g , and p r i n c i p l e s t r e s s d i r e c t i o n s , and hence are ambiguous in 

t h e i r t e c t o n i c i m p l i c a t i o n s . Focal mechanism s o l u t i o n s preceding o r 

contemporaneous w i t h t h i s study have not been r e l a t e d t o any known f a u l t s , 

a l though there are numerous f a u l t s near many o f the e p i c e n t e r s . The 

major f a u l t s in the Southeast are g e n e r a l l y be l ieved t o be ase ismic . 

Focal mechanism s o l u t i o n s are u s u a l l y determined from the d i r e c t i o n 

o f the P wave f i r s t onset as determined from v e r t i c a l component seismo­

meters and are o f t e n cons t ra ined w i t h S wave p o l a r i z a t i o n (McKenzie, 1969). 

Also foca l mechanism s o l u t i o n s may be obta ined from sur face waves (Brune, 
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1961) and from the ampl i tudes o f f r e e o s c i l l a t i o n s ( G i l b e r t and MacDonald, 

1961). However, according t o McKenzie (I969) these s o l u t i o n s are t y p i c a l l y 

less r e l i a b l e than s o l u t i o n s obta ined from P wave f i r s t mot ions . 

The a n a l y s i s o f f o c a l mechanism data presented here u t i l i z e s the 

P wave f i r s t motion as recorded by reg iona l o b s e r v a t o r i e s and by p o r t a b l e 

microearthquake recorders . New foca l mechanism data and publ ished f o c a l 

mechanism s o l u t i o n s from both macroearthquakes and microearthquakes are 

e v a l u a t e d . 

In t h i s study foca l mechanism s o l u t i o n s are determined f o r e a r t h ­

quakes in three physiographic provinces in the southeastern United States; 

the V a l l e y and Ridge Prov ince , the C r y s t a l l i n e Piedmont Prov ince , and the 

Coastal P l a i n Prov ince . Focal mechanism s o l u t i o n s are determined f o r 9 

e p i c e n t r a l areas; the Conasauga, Tennessee area (CTA), the M a r y v i l l e , 

Tennessee area (MTA), the F.nglewood, Tennessee area (ETA), the Clark H i l l 

Reservoir area (CHRA), the Jocassee Reservoir area (JRA), the Bowman, 

South Caro l ina area (BSCA), the Char leston-Summervi1 le , South Caro l ina 

area (CSSCA), the R e i d s v i l l e , Georgia area (RGA), and the B a r n w e l l , South 

Caro l ina area (BAS-CA) ( f i g u r e 1). 
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CHAPTER I I 

THEORY 

Ear ly Observat ions Concerning The P Wave F i r s t Motion 

In the e a r l y days o f seismology the f i r s t impulse o f a P wave 

was noted t o c o n s i s t e n t l y be e i t h e r upward o r downward on the record f o r 

earthquakes o c c u r r i n g in c e r t a i n r e g i o n s . According t o Stauder (1962b) , 

G a l i t z i n (1909) was probably the f i r s t t o s y s t e m a t i c a l l y use these motions 

as a method o f l o c a t i n g earthquake ep icen te rs by c o n s t r u c t i n g v e c t o r 

diagrams from motions read from three component seismometers. He noted 

t h a t an upward ground displacement was a compression and the r e s u l t a n t 

motion po in ted away from the e p i c e n t e r . I f the ground displacement was 

downward, the motion was a r a r e f a c t i o n and po in ted toward the e p i c e n t e r . 

Byer ly (1926) f i r s t proposed t h a t P wave f i r s t motions could be 

used t o determine the forces a c t i n g at an earthquake source . B y e r l y 1 s 

i n s i g h t is conf irmed byNakano's (1923) a n a l y s i s o f displacements and 

a c c e l e r a t i o n s in an i n f i n i t e , e l a s t i c , homogeneous medium due t o the 

a c t i o n o f va r ious types o f p o i n t sources. Nekano (1923) determined t h a t 

a source c o n s i s t i n g o f two o p p o s i t e l y d i r e c t e d fo rces would g i v e r i s e to 

a l t e r n a t e compressions and d i l a t a t i o n s in q u a r t e r spaces separated by 

two or thogonal n u l l p lanes . 

The i n i t i a l o b j e c t i v e o f f o c a l mechanism s t u d i e s was to determine 

nodal planes separa t ing regions o f compression and d i l a t a t i o n as resolved 

from P wave f i r s t motions and t o i n t e r p r e t the nodal planes r e l a t i v e to 
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the displacements or fo rces a t a g iven source (Stauder , 1962b). 

Mathematical Model o f Earthquake Foci 

The basic theory o f p o i n t sources was der ived by Love (1904) and 

has been p r o p e r l y adapted t o foca l mechanisms. The f o r m u l a t i o n o f a 

mathematical model f o r f o r c e systems, descr ibed below, f o l l o w s Stauder 

(1962b). 

S ing le and Double Force Systems 

Let r ( x , y , z , t ) be the r e s u l t a n t o f the body forces per u n i t mass 

a c t i n g w i t h i n a c e r t a i n region A o f an i n f i n i t e e l a s t i c space. The d i s ­

placement o f any p o i n t in space is some i n t e g r a l e f f e c t o f a l l the forces 

in A. I f the l i m i t concept is a p p l i e d by assuming a l l 1inear dimensions 

o f A reduce t o zero and a lso r increases w i t h o u t l i m i t such t h a t the i n ­

t e g r a l over A remains f i n i t e , then the f o r c e f u n c t i o n is 

R( t ) - L i m / / / p r ( x , y , z , t ) dx dy dz (1) 
A*0 

where p is the d e n s i t y o f the medium. The f u n c t i o n R( t ) represents the 

s imples t p o i n t source , a s i n g l e f o r c e a c t i n g a t a p o i n t in space. K e i l i s -

Borok e t a l . (1957)» in t h e i r a n a l y s i s o f p o i n t sources, chose a rec tangu­

l a r coord ina te system in which the focus co inc ided w i t h the o r i g i n and 

the f o r c e R( t ) acted along the p o s i t i v e X a x i s . The displacements o f the 

l o n g i t u d i n a l and t ransverse waves a t la rge d is tances are g iven by 

U ( q ) * R ( t - L / a ) 

l T q J = ^TrFfFaxaq R ( t - L / B ) 

(2) 
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where a , 6, q denote the P wave v e l o c i t y , S wave v e l o c i t y , ( x , y , z ) , and 

L = / x z + y z + z z . 

Sources o f h igher o rder may be obta ined from the f o r c e f u n c t i o n 
1 g 

R( t ) by l e t t i n g two forces +. / • 'R ( t ) ac t a t the p o i n t s (0 , + / , 0) as 

shown in f i g u r e 2a. Then the displacement a t any p o i n t w i l l be the sum 

o f displacements o f each f o r c e a c t i n g s e p a r a t e l y . As e -*• o the d i s p l a c e ­

ments may be w r i t t e n 

/ \ 3__ xq 
w - -C 3y { o ^ L 3 R ( t - L / a ) } U 

2, (3) / \ 3_ 1 3*L 
U J q ; = -C 3y {?F(ax3q R ( t - L / S ) } 
P 

where C is the constant from (2). Th is f o r c e system represents the d i p o l e 

w i t h moment or the type I f o r c e system o f Honda (1957) and requ i res two 

or thogonal nodal planes in i t s a p p l i c a t i o n . B y e r l y ' s method assumes the 

type I source in which the nodal planes represent two p o s s i b l e planes o f 

f r a c t u r e , an a u x i l i a r y plane and the ac tua l f a u l t p lane . The type I f o r c e 

system may be subdiv ided i n t o two groups depending on the moment d i r e c t i o n 

which produces e i t h e r c lockwise (Type la) o r counter c lockwise (Type lb) 

r o t a t i o n ( f i g u r e 2b). 

By superimposing two d i p o l e s o f o p p o s i t e moment the double couple 

w i t h o u t moment model or type I I f o r c e system o f Honda (1957) may be ob­

ta ined as shown in f i g u r e s 2c and 2d. The displacements are given by 

adding the c o n t r i b u t i o n from each d i p o l e as g iven below: 

(n\ 3 xq 3 yq 
V - C { - 3 y ( ^ n R ( t - L / a ) ) - " ^ ( O T l 3 R ( t - L / a ) ) } 

t \ 3 1 3 2 L 3 1 3 2 L K ' 
U ; q ; - C {-3y (F" Sx3q R ( t - L / B))-3x ( B T 3y3q R ( t -L/3))> 
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Figure 2. S ing le and Double Force Systems ( a f t e r Stauder, 1962). 



Q 
In the type I I source model the nodal planes separate regions o f compress­

ive s t r e s s from regions o f t e n s i l e s t r e s s . 

The order o f the source is determined by the number o f d i f f e r e n t i a ­

t i o n s . Then f o r n d i f f e r e n t i a t i o n s the o rder is n + 1. F igure 2e r e p r e ­

sents a t h i r d order source o r the double couple w i t h moment model. The 

displacements given by K e i l i s - B o r o k e t a l . (1957) a r e : 

/ x 9 2 xq 
lTq;- C W i*2^ R ( t -L /c t ) } a 

( \ 3 2 1 3 2 L ( 5 ) 

U Q

V q ; = C W {0 3x8q R(t-L/e)} 
p 

From t h i s and more invo lved work two basic quest ions concerning 

foca l mechanisms arose in the e a r l y 60's: 1) Which model, the type I 

or type I I f o r c e systems, i f e i t h e r , represents an earthquake focus? 

2) Assuming a type I source , which o f the two nodal planes is the f a u l t 

plane? Honda (1961) po in ted out t h a t the r a d i a t i o n p a t t e r n s from the 

two models were i d e n t i c a l f o r the P wave, but d i f f e r e n t f o r the S wave. 

Steketee (1958) has shown t h a t the mechanism o f f a u l t p r o d u c t i o n 

in analogous w i t h the theory o f d i s l o c a t i o n s on a much smal le r sca le 

( i . e . s o l i d s t a t e p h y s i c s ) . The fundamental concept o f d i s l o c a t i o n theory 

is t h a t there e x i s t s a l o c a l d i s c o n t i n u i t y in the displacement v e c t o r o r 

a center o f d i s l o c a t i o n . Two types o f d i s l o c a t i o n centers are found . The 

f i r s t type is a d i s c o n t i n u i t y in displacement normal to the s u r f a c e . The 

second type is a d i s c o n t i n u i t y in displacement p a r a l l e l t o the s u r f a c e . 

The f i r s t type is r e l a t e d to d i l a t a t i o n a l s t r e s s and the second type is 

r e l a t e d t o two shear ing couples (Gar land, 1971). The d i s l o c a t i o n theory 

requ i res t h a t the body be in s t a t i c e q u i l i b r i u m a t each p o i n t , before and 
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a f t e r f a i l u r e . There fore a two couple system is r e q u i r e d . According 

t o Garland (1971)» i t is t h i s s t rong reason t h a t the double couple model 

i s favored ever the s i n g l e couple model. In g e n e r a l , the double couple 

w i t h o u t moment model o f the earthquake source is used in the i n t e r p r e t a ­

t i o n o f P and S wave data (Herrmann, 1975)• A l l foca l mechanisms presented 

in t h i s t h e s i s assume the double couple w i t h o u t moment model. 
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CHAPTER I I I 

DISCUSSION OF COMPUTER METHODS 

A number o f computer techniques f o r de termin ing f o c a l mechanism 

s o l u t i o n s u t i l i z i n g body waves have been developed in recent y e a r s . Pro­

grams using P waves have been developed by Knopoff (1961), Kasahara (1963), 

Wickens and Hodgson (1967), and K e i l i s - B o r o k et a l . - ( 1 9 7 2 ) . Programs 

using S wave p o l a r i z a t i o n angles have been developed by Udias (1964), 

Hirasawa (T966), and Stevens ( I967) . Ke i1 is -Borok e t a l . (1972) developed 

a program which u t i l i z e s the d i r e c t i o n s o f the SH and SV f i r s t mot ions . 

Programs using P and S wave data have been developed by Udias and Baumann 

(1969), Chandra (1971) , and D i i l i n g e r , Pope and Harding (1972) . 

Of these methods, the technique descr ibed by D i l l i n g e r e t a l . (1972) 

is most s i m i l a r in concept t o the program presented here. Two main d i f f e r ­

ences, which a f f e c t the f i n a l s o l u t i o n s , e x i s t between t h e i r technique and 

the one presented here. The technique presented here uses o n l y P wave 

f i r s t motions whereas the technqiue g iven by D i l l i n g e r et a l . (1972) uses 

P and S wave d a t a . The second main d i f f e r e n c e i s t h a t the P and S wave 

observat ions are combined in the technique by Di 1 l i n g e r . .et 'a ' l . (1972) t o 

g i v e a maximum l i k e l i h o o d s o l u t i o n using the l i k e l i h o o d f u n c t i o n s g i v e n 

by Pope (1972) . According t o Pope (1972) the s o l u t i o n is determined by 

genera t ing l i k e l i h o o d s over a d i s c r e t e g r i d cover ing the parameter space. 

The l i k e l i h o o d values are then contoured t o show regions o f maximum l i k e ­

l i h o o d . By an a p p r o p r i a t e c a l i b r a t i o n o f the contours o f t h e r e g i o n s , 
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they may be I n t e r p r e t e d as f i d u c i a l regions which express the q u a l i t y 

o f the foca l mechanism s o l u t i o n . A good s o l u t i o n i s one in which the 

f i d u c i a l regions are s m a l l , and a poor s o l u t i o n i s one in which the 

f i d u c i a l regions are large and d i s t o r t e d (Pope, 1972). The method here in 

does not employ s t a t i s t i c a l r e l a t i o n s as does the technique g iven by 

D i l l i n g e r e t a l . (1972) or at tempt t o f i n d a s i n g l e s o l u t i o n , but r a t h e r 

maps out the domain o f v a l i d foca l mechanism s o l u t i o n s in terms o f the 

pressure , t e n s i o n , and n u l l ax is d i r e c t i o n s (PTB) as warranted by the 

f i r s t motion d a t a . 

The combination o f P wave first motions and S wave polarization 

data a t t e l e s e i s m i c d is tances g e n e r a l l y prov ides w e l l c o n s t r a i n e d f o c a l 

mechanism s o l u t i o n s . However, the e p i c e n t r a l d is tances i n v e s t i g a t e d in 

t h i s study are w i t h i n about 500 Km and as N u t t l i (1961) p o i n t s o u t , S wave 

p a r t i c l e motion a t d is tances less than M ° i s n o n l i n e a r , i . e . the v e r t i c a l , 

r a d i a l and t a n g e n t i a l components o f the S wave a t the f r e e sur face are 

not l i n e a r w i t h respect to one another due t o the f r e e sur face e f f e c t . 

D e s c r i p t i o n o f Ana lys is Technique 

The a n a l y s i s technique developed in t h i s study (see appendix 1 

f o r computer p r o g r a m - 1 i s t l n g ) i s an i t e r a t i v e search f o r the domain o f 

v a l i d foca l mechanism s o l u t i o n s al lowed by the P wave f i r s t mot ions . A 

5 x 5 g r i d o f B axes is generated and used t o cover the foca l sphere. 

For each B ax is p o s i t i o n p o s s i b l e s o l u t i o n s are tes ted in accordance w i t h 

the double couple w i t h o u t moment model. The spacing o f the g r i d depends 

on the increment angle employed. The B ax is and data are re ferenced t o a 

r igh t -handed rec tangu la r c o o r d i n a t e system which is de f ined such t h a t the 
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p o s i t i v e ( X | , x^ ) axes are n o r t h , east and down, r e s p e c t i v e l y . The 

B axes are then used t o d e f i n e new c o o r d i n a t e systems in which the x^ 

ax is corresponds t o the B a x i s . The f i r s t motions are then transformed 

t o the new system. The data are r o t a t e d about the x^ ax is o f the new 

system in increments and the data are s y s t e m a t i c a l l y checked in each i n ­

crement f o r the t o t a l number o f p o i n t s l y i n g the proper quadrants . The 

number o f i n c o n s i s t e n t f i r s t motions ( f o r each increment) Is de f ined in 

advance. A s o l u t i o n i s found when the t o t a l number o f f i r s t motions i n 

the proper quadrants is less than or equal t o t h i s predef ined v a l u e . Th is 

procedure is repeated f o r a l l o f the B axes in the 5 x 5 g r i d . F i n a l l y , 

a l l o f the s o l u t i o n s (PTB) are p l o t t e d on the lower h a l f o f the foca l 

sphere on a Wu l f f net p r o j e c t i o n . The r e s u l t i n g domain s i z e and shape 

depend on the d i s t r i b u t i o n and number o f o b s e r v a t i o n s . The dependence 

o f the domain on s i n g l e data p o i n t s may be determined by a l l o w i n g a d d i t i o n 

a l i n c o n s i s t e n t f i r s t mot ions . In so doing the r e l a t i v e change in the 

domain s i ze g ives an i n d i c a t i o n as t o how dependent the s o l u t i o n s are on 

one o r a few o f the o b s e r v a t i o n s . 

Method 

F i r s t motion data a re de f ined f o r input i n spher ica l coord inates 

assuming a f o c a l sphere rad ius o f u n i t y . The data are mapped i n t o r e f e r ­

ence coord ina te system by the f o l l o w i n g 

x° = R cos 0 s i n i , i n 

X2 = R s i n © s i n i ^ (1) 
o _ x - - R cos i , 
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where 0 is the azimuth o f the ray leav ing the f o c u s , i , is the angle o f 
h 

incidence o f the ray l e a v i n g the f o c u s , and R = 1 . The s u p e r s c r i p t zero 

denotes the re ference or geographic coord ina te system. 

The B ax is or n u l l d i r e c t i o n represents the i n t e r s e c t i o n o f the 

two nodal p lanes . The B ax is may be used t o form a new r igh t -handed 

c o o r d i n a t e system, X1 = ( x j , x^ , x ^ ) ^ , such t h a t the i t h B ax is co inc ides 

w i t h the i t h x„ a x i s . I f the f i r s t motion data are t ransformed w i t h r e s -

pect t o each new system, the d e t e r m i n a t i o n o f f o c a l mechanism s o l u t i o n s 

is s imply c a r r i e d out by measuring the number and s ign o f the f i r s t motions 

l y i n g in each quadrant . In the new system the, nodal planes are g iven by 
the ( x . , 0, x 0 ) and ( 0 , x _ , x 0 ) p lanes . A 3 x 3 t r a n s f o r m a t i o n m a t r i x 

I J 2 3 

which t ransforms data in the re ference c o o r d i n a t e system t o an i t h coor ­

d i n a t e system may be determined by knowing the t rend ( T ^ ) and plunge (<|>̂ ) 

o f any B ax is on the f o c a l sphere. Let 7T1 be the i t h t r a n s f o r m a t i o n m a t r i x 

f o r the i t h coord ina te system. Then in m a t r i x n o t a t i o n the t r a n s f o r m a t i o n 

is accomplished by 

X ' = A ' X ° (2) 

The r e l a t i o n which de f ines the d i r e c t i o n cosines A 1 as g iven by Herrmann 

(1975) is 

r i * 
c l 

i 

C2 

1/3J 

C O S ( T J ) . C O S (<J) , ) S I N ( T ) . C O S ( < J ) , ) S I N ( < \ > , ) 

C O S ( I ^ ) . C O S ( < F , 2 ) S I N ( X 2 ) . C O S ( 4 > 2 ) S I N ( < J > 2 ) 

C O S ( I ^ ) . C O S U ^ ) S I N ( X ^ ) . C O S O T ^ ) S 1 N ( < L > ^ ) 

f x ° 
1 

0 
*2 

O 

- X 3 . 

(3) 
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where is measured c lockwise in degrees from n o r t h and ^ is measured 

downward from the h o r i z o n t a l in degrees. The remaining arguments o f the 

m a t r i x are de f ined by; 

T = T ~ 7T 
1 3 

T = T - ?r/p 
2 3 

4> = TT/O - $ <|> = 0 
1 3 2 

T-i The t r a n s f o r m a t i o n m a t r i x A g iven in equat ion (2) and de f ined in equa­

t i o n (3) imparts a super f luous r o t a t i o n o f T ^ . The unwanted r o t a t i o n i s 

removed by a r o t a t i o n a l t r a n s f o r m a t i o n m a t r i x R1 and the r o t a t i o n c o r r e c t ­

ed t r a n s f o r m a t i o n m a t r i x A 1 i s found by m a t r i x m u l t i p l i c a t i o n 

a ' = R1 a 1 (5) 

where 

-cos(^) s i n ( ^ ) 0 

- s i n C T ) . - - C O S . ( T )' o (6) 

Grid Formulat ion 

The g r i d conta ins 25 B a x i s p o s i t i o n s arranged in an e q u i d i s t a n t 

5 x 5 a r r a y . In the search f o r v a l i d PTB axes the data are success ive ly 

t ransformed i n t o new c o o r d i n a t e systems w i t h the B ax is corresponding in 

each case t o the a x i s . F igure 3 shows the B a x i s g r i d f o r an angle in­

crement o f 5 , 10, 15 and 20 degrees. The d i s t o r t i o n is due t o the l i n e 

p r i n t e r d i s p l a y o f the g r i d . 

The t r a n s f o r m a t i o n m a t r i x , c\ t o get t o the f i r s t B ax is (corner ) 
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p o s i t i o n in the g r i d , i s determined f o r a x^ - TT /4 and ^ = T\/2-/% A , 

where A is the angle i n t e r v a l . The m a t r i x is computed i n the same man­

ner as m a t r i x A 1 ( cor rec ted f o r r o t a t i o n ) f rom ( 5 ) . The t r a n s f o r m a t i o n 

m a t r i x D m , which t ransforms the f i r s t motion vec to rs from the re ference 

c o o r d i n a t e system t o the f i r s t g r i d p o s i t i o n is g iven by 

Dm = cV ( m = i - l ) (7) 

Then the f i r s t motions are t ransformed t o the new system by 

X 1 = DmX° (m=I=l) (8) 

and searched f o r v a l i d P and T axes. The remaining f o u r B ax is coord ina te 

systems in the f i r s t row are reached by t r a n s f o r m i n g the data success ive ly 

t o coord ina te systems de f ined by a B ax is w i t h a t rend o f i r /2 and a plunge 

o f IT / 2 - A . D m , where m = 2 , 3 , 4 , 5 , represent the t r a n s f o r m a t i o n m a t r i c e s , 

c o r r e c t e d f o r r o t a t i o n , f o r the remaining f o u r p o s i t i o n s . Then the f i r s t 

motion data t ransformed to the l a s t g r i d p o s i t i o n in the f i r s t row has the 

form 

X 1 = D m X M (m=i=5) (9) 

Let be the t r a n s f o r m a t i o n m a t r i x , c o r r e c t e d f o r r o t a t i o n , which t r a n s ­

forms the f i f t h B ax is p o s i t i o n t o the s i x t h B ax is p o s i t i o n (second row) . 

Ê  is determined f o r a = 1 0 4 degrees and a ^ = *n7'2-/iy A . Then the 

t r a n s f o r m a t i o n m a t r i x F n , which t ransforms the f i r s t motion v e c t o r s from 

the c o o r d i n a t e system g iven in (9) t o the new system is g iven by 

F n = eV" 1 (n=6) (10) 
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and the f i r s t motions are t ransformed t o the f i r s t B ax is p o s i t i o n o f the 

second row by 

X1 - F n X M ( r i - 1 - 6 ) ( 1 1 ) 

The remaining f o u r B ax is p o s i t i o n s o f the second row are determined the 

same way as the f i r s t row o f 4 remaining B ax is p o s i t i o n s were determined. 

The next row is reached in the same manner as the second row was reached. 

The above procedure is repeated u n t i l a l l 25 B ax is p o s i t i o n s are found 

and a l l f i r s t motion data are t ransformed t o each new c o o r d i n a t e system. 

T e s t i n g Prpcedure 

A f t e r each t r a n s f o r m a t i o n o f f i r s t motion data to a new c o o r d i n a t e 

system as de f ined by the B a x i s , the data are t e s t e d f o r v a l i d foca l 

mechanism s o l u t i o n s . The t e s t is performed by r o t a t i n g the data in c y l i n ­

d r i c a l coord ina tes about the x^ a x i s in increments ( t y p i c a l l y 5 degrees) 

f o r a t o t a l o f 90 degrees. Since the nodal planes are o r t h o g o n a l , 90 

degrees o f r o t a t i o n is s u f f i c i e n t f o r t e s t i n g because o f the symmetry 

i n v o l v e d . The r e l a t i o n f o r t e s t i n g the f i r s t mot ion data is g iven by 

, NM : : 
S « | E sgn{arc tan(X ( L ) / X ' ( L ) + Ae}-sgn(Q) | (12) 

L - l 1 1 

where the s u p e r s c r i p t i denotes the stage o f t r a n s f o r m a t i o n , NM represents 

the number o f f i r s t m o t i o n s , L i n d i c a t e s the Lth f i r s t m o t i o n , AG repre ­

sents the cummulative va lue o f r o t a t i o n , and Q. represents the f i r s t motion 

d i r e c t i o n as determined from seismograms, Q = +1 f o r compression and 

Qr-1 f o r d i l a t a t i o n . For each i t e r a t i o n S is compared aga ins t NERR, the 

number o f e r r o r s a l l o w e d . I f S < NM -2 NERR then t h a t o r i e n t a t i o n does 
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not correspond t o a s o l u t i o n and the data are r o t a t e d 5 degrees and 

checked a g a i n . I f S >_ NM-2 NERR then t h a t o r i e n t a t i o n s a t i s f i e s the 

c r i t e r i a f o r a s o l u t i o n and a set o f P and T axes can be d e f i n e d . The 

P and T axes in the i t h c o o r d i n a t e system may be def ined by 

T* = (sin(G'), c o s ( O ' ) , 0) 

(13) 

P1 = (-cos(e') s i n ( O ' ) ,0) 

where 0' = sgn(S) ^ - AO. 

A f t e r the data have been r o t a t e d through 90° the P and T axes are saved 

in the i t h c o o r d i n a t e system. The P and T axes are t ransformed back t o 

the re ference coord ina te system by using the t ranspose o f the i t h t r a n s ­

f o r m a t i o n m a t r i x and forming the product 

p° - ( a ' ) V 

T° = ( a ' ) V 

The t r a n s f o r m a t i o n back t o the re ference c o o r d i n a t e system using 
i T i 1 (A ) is e q u i v a l e n t t o us ing the inverse (A ) s ince the t r a n s f o r m a t i o n 

f o r mutua l l y or thogonal normal vec tors is a u n i t a r y m a t r i x . 

The B ax is i s requ i red by theory t o be or thogonal t o the P and T 

ax is so t h a t the corresponding B axes may be found from the cross product 

B° « T° x P° (17) 

With a l l o f the P and T axes computed f o r the e n t i r e foca l sphere and 

saved, the corresponding B axes are then found and saved. The domain o f 

v a l i d foca l mechanism s o l u t i o n s ( the P T B axes) i s then p l o t t e d on the 

lower hemisphere o f a Wu l f f net p r o j e c t i o n . 
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Examples 

In order t o i l l u s t r a t e the method, f i c t i t i o u s data r e p r e s e n t i n g 

s t r i k e - s l i p f a u l t i n g were ana lyzed . The p l o t t e d data ( f i g u r e 4) c o n t a i n 

no i n c o n s i s t e n t readings and are designed t o a l l o w on ly one s o l u t i o n . The 

f o c a l sphere was searched f o r p o s s i b l e s o l u t i o n s . The domain o f v a l i d 

foca l mechanism s o l u t i o n s , determined f o r zero e r r o r s , is shown in f i g u r e 

5. This example i l l u s t r a t e s data t h a t are t i g h t l y c o n s t r a i n e d , a l l o w i n g 

o n l y one s o l u t i o n . In the next example the domain o f v a l i d f o c a l mechan­

ism s o l u t i o n s f o r the 16 f i c t i t i o u s data p o i n t s were determined f o r a 

maximum o f 6 e r r o r s ( f i g u r e 6 ) . This example i l l u s t r a t e s data t h a t are 

p o o r l y c o n s t r a i n e d , a l l o w i n g no meaningful i n t e r p r e t a t i o n . 

Another example is an earthquake which occurred i n the North 

A t l a n t i c on November 17» 1S63- The data f o r t h i s event ( f i g u r e 7) were 

taken d i r e c t l y from Udias and Baumann (19^9)• Th is example a l lows compar i ­

son o f two independent techn iques . Udias and Baumann (1969) found a s o l u ­

t i o n (see f i g u r e 7) by combining P and S wave data f o r one i n c o n s i s t e n t P 

wave f i r s t m o t i o n . They a l s o computed a s o l u t i o n using P wave data f o r 

no e r r o r s . The domain o f v a l i d f o c a l mechanism s o l u t i o n s f o r the P wave 

data f o r no i n c o n s i s t e n t readings is shown i n f i g u r e 8. The domain is 

de f ined by near ly f i f t y s o l u t i o n s . The small s i z e o f the domains i n d i c a t e s 

data which g i v e w e l l cons t ra ined r e s u l t s . The publ ished foca l mechanism 

s o l u t i o n ( f i g u r e 7) is seen t o be a member o f the domain. 
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• * • 

Figure 5. The Domain of Valid Focal Mechanism Solutions for 
No Errors for the Test Data. 
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Figure 6. The Domain of Valid Focal Mechanism Solutions for 
a maximum of Six Errors for the Test Data. An 
Example of Poorly Constrained Data. 
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Figure 7. First Motion Data and Focal Mechanism Solution for 
the North Atlantic Earthquake of November 17, 1963 
(after Udias and Baumann, 1.969) . 
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** . ********************* ** 
* ******* ******* * 

Figure 8. The Domain o f V a l i d 
Zero Er rors f o r the 
November 17. 1963 -

Focal Mechanism So lu t ions f o r 
North A t l a n t i c Earthquake o f 
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CHAPTER IV 

DISCUSSION OF DATA 

Data Prepara t ion 

The foca l mechanism data analyzed in t h i s study were accumulated 

from the l i t e r a t u r e from microearthquake surveys a t the CHRA and JRA, 

and from reg iona l seismic n e t s . 

In order to prepare the data f o r a n a l y s i s the f o l l o w i n g parameters 

must be determined; hypocentra l l o c a t i o n s , o b s e r v a t i o n s t a t i o n l o c a t i o n s , 

e p i c e n t r a l d i s t a n c e s , accurate f i r s t motion read ings , azimuths from e p i ­

c e n t e r s , instrument ground motion responses, and angles o f incidence, a t 

the sources. In g e n e r a l , a l l o f these parameters can be ob ta ined w i t h 

s u f f i c i e n t accuracy except f o r angles o f inc idence a t the sources . For 

l a rge e p i c e n t r a l d is tances the angles o f inc idence were taken from pub^ 

I s ihed tab les by Pho and Behe (1972). For in te rmed ia te e p i c e n t r a l d i s ­

tances (75 t o 600 Km) reg iona l t r a v e l times curves were used. For d i s ­

tances less than 75 Km loca l t r a v e l t ime curves were used, such as the 

one prepared by Dunbar (1977) f o r the CHRA. Angles o f incidence were 

a l s o est imated w i t h reasonable p r e c i s i o n from o t h e r geophysical survey 

methods. 

The Conasauga Tennessee Area 

On February 4, 1976 a t 19:53:54.6 Universa l Time an earthquake 

occurred in the v i c i n i t y o f Conasauga, Tennessee near the Georgia-Tennessee 

border . The event was located about 44 Km n o r t h o f the Carters Dam, Geor-
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g i a (CDG) seismic s t a t i o n . The main shock r e g i s t e r e d a loca l magnitude 

M^^ - 3-1 as determined from the ATL (WWSS) seismograms. The hypocenter 

was determined from seismic a r r i v a l t imes a t the CDG, CPO, and ORT 

o b s e r v a t o r i e s . The hypocenter , determined by several l o c a t i o n techn iques , 

was 35«01°N and 84.67° + 5 Km w i t h an approximate depth o f 4 Km. No f o r e -

shocks have been s a t i s f a c t o r i l y i d e n t i f i e d , however, th ree a f t e r s h o c k s 

c o n s i s t e n t w i t h the main event were detected on the CDG set.sinogram. An 

a f t e r s h o c k study was i n i t i a t e d using p o r t a b l e microearthquake r e c o r d e r s , 

but the survey y i e l d e d no data c o n s i s t e n t w i t h the main event . F igure 9 

shows the l o c a t i o n o f the February 4, 1976 main shock a long w i t h nearby 

seismic s t a t i o n s and i n t e n s i t y d a t a . The main event was f e l t in pa r ts o f 

northwest Georgia and southeast Tennessee. F e l t r e p o r t s obta ined from 

the sur rounding area i n d i c a t e d a maximum i n t e n s i t y o f VI (MM). A more 

d e t a i l e d account o f t h i s earthquake sequence has been presented by Long 

and Guinn (1976) , who inc luded a h i s t o r i c a l s e i s m i c i t y e v a l u a t i o n . From 

the e v a l u a t i o n i t was concluded t h a t the area was probably a c t i v e p r i o r 

t o t h i s event . 

The e p i c e n t r a t area is located In the Va l l ey and Ridge Province 

o f southeast Tennessee and northwest Georgia . The rock types range from 

Precambrlan e l a s t i c s t o lower Paleozoic marine sedimentary sequences. 

The Precambrian rocks c o n s i s t o f sandstone, graywacke, a rkose , and 

conglomerate , w h i l e the lower Paleozoic (Cambrlan-Ordovician) rocks con­

s i s t o f sequences o f sandstone, l imes tone , and s h a l e . The e p i c e n t r a l area 

i s cut by the Great Smoky Thrust F a u l t , where rocks o f Precambrian age 

were t h r u s t over O r d i v i c i a n r o c k s . The area conta ins numerous f o l d s and 

is cut by smal le r nor theast and northwest s t r i k i n g f a u l t s . The hypocenter 
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(MM) and Seismic O b s e r v a t o r i e s . 
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a t a depth o f k Km l i e s below the Precambrian Sandsuck Formation i n the 

v i c i n i t y o f the Great Smoky Thrust F a u l t . 

The P wave f i r s t motion data f o r the February k, 1976 CTA main 

event are g iven in t a b l e 1. The p l o t t e d f i r s t motions are shown in f i g u r e 

10. A l though on ly 8 f i r s t motions were obta ined the f i r s t motion p l o t shows 

data present in the 4 geographic quadrants . The domain o f v a l i d foca l 

mechanism s o l u t i o n s f o r zero e r r o r s i n d i c a t e s many s o l u t i o n s are v a l i d 

( f i g u r e 1 1 ) . However, the pressure axes or maximum p r i n c i p a l s t r e s s d i r ­

e c t i o n s are c o n s t r a i n e d t o nor theast t rends and vary in plunge from h o r i ­

Z O N T A L t o A B O U T 60° . T H E T E N S I O N A X E S O R M I N I M U M P R I N C I P L E S T R E S S D I R E C T ­

ions are seen t o vary more, but are more dense i n the southern quadrant . 

The B axes o r in te rmedia te s t r e s s d i r e c t i o n s occur in th ree zones. 

An S wave p o l a r i z a t i o n a n g l e , e, was a lso determined f o r the 

main event using the s h o r t per iod records f rom the ATL (WWSS) seismic 

s t a t i o n . The ampl i tudes , U, o f the S wave were read from the n o r t h (U ) , 

east (U^) and v e r t i c a l (u*v) component sei smog rams f o r the same i n s t a n t o f 

t i m e . However, due t o the f r e e sur face e f f e c t as discussed e a r l i e r the 

v e r t i c a l S wave component cannot be measured d i r e c t l y . Never the less , the 

p o l a r i z a t i o n ang le , e , can be es t imated using the r e l a t i o n employed by 

Stauder and B o l l i n g e r (1964), 

tan e - tan y c o s j Q (1) 

where tan y • ( - U T / U D ) and j is the S wave angle o f inc idence a t the 
I K O 

f r e e s u r f a c e . and U T are the r a d i a l and t a n g e n t i a l components o f the 

S wave motion and accord ing t o Herrmann (1975) they may be obta ined by 
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Table 1 . F i r s t Motion Data f o r the February 4 , 

1976 Conasauga, Tennessee Area Earthquake 

No. S t a t i o n Phase- • A r r i v a l Time D is t (Km) Azimuth Take Off < 

1 CDG PC 19:54:01.0 46.0 196.0 50.0 

2 CPO PC 19:54:11.1 115.0 306.0 50.0 

3 ORT PD 19:54:11.5 116.0 11.0 50.0 

4 ATL PC 19:54:21.3 178.0 175.0 50.0 

5 GSG PD 19:54:21.5 165.0 90.0 50.0 

6 JSC PNC 19:54:40.4 320.0 105.0 50.0 

7 CH5 PNC 19:54:30.5 258.0 125.0 50.0 

CO
 CH6 PNC 19:54:33.5 231.0 124.0 50.0 

Angle 
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Figure 11 . The Domain of Valid Focal Mechanism Solutions for 
Zero Errors for the Conasauga, Tennessee Area 
Earthquake of February 4 , 1976. The Arrow Indicates 
S Wave Polarization Angle and Circles Indicate 
Solutions Constrained by the S Wave Data. 
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the f o l l o w i n g t r a n s f o r m a t i o n s 

U • - cos c U - s i n a U_ r n E 
(2) 

I L = s i n a U -cos a U_ T n E 

where a is the azimuth from the s t a t i o n to the e p i c e n t e r and U and U are 
n e 

taken to be p o s i t i v e in the n o r t h and east d i r e c t i o n s . The p o l a r i z a t i o n 

angle was determined, using the above r e l a t i o n s , t o be 12° + 1 0 ° (see f i g ­

ure 11 ) . Since S wave p o l a r i z a t i o n angles converge a t the P and T axes 

and are normal t o the nodal planes the one determined f o r t h i s event p r o ­

v ides an a d d i t i o n a l c o n s t r a i n t on the p o s s i b l e s o l u t i o n s determined from 

the P wave d a t a . 

The p r e f e r r e d f a u l t p lane , as suggested by the S wave p o l a r i z a t i o n 

angle and P wave d a t a , is one which s t r i k e s t o the northwest w i t h reverse 

type movement. This o r i e n t a t i o n suggests recent f a u l t i n g may be perpend i ­

c u l a r t o the predominant nor theas t s t r u c t u r a l t rends o f the Appalachians . 

The M a r y v i l l e Tennessee Area 

The M a r y v i l l e , Tennessee area (MTA) is located in the Va l l ey and 

Ridge Prov ince , about 25 k i l o m e t e r s south o f K n o x v i l l e , Tennessee. Recent 

s e i s m i c i t y and h i s t o r i c a l earthquakes around the t w i n c i t i e s o f Alcoa and 

M a r y v i l l e have been researched in d e t a i l and compiled by B o l l i n g e r e t a l . 

(1976). The h i s t o r i c a l earthquake e p i c e n t e r s are shown in f i g u r e 12. The 

l a r g e s t known h i s t o r i c a l even t , i n t e n s i t y V I I (MM), occurred in the Knox­

v i l l e a rea , causing c o n s i d e r a b l e f r i g h t t o i n h i b i t a n t s and damage to 

s t r u c t u r e s (Moneymaker, 1957). B o l l i n g e r et a l . (1976) noted t h a t many 

o f the h i s t o r i c a l earthquakes occurred in m u l t i p l e s , several events per 
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year . From 1829 through 1969 58 earthquakes occur red i n the region o f 

which 22 were assigned t o the K n o x v i 1 l e - A l c o a - M a r y v i 1 l e a rea . These 

events are proposed by B o l l i n g e r (1973) t o be p a r t o f the general low 

leve l se ismic energy re lease associa ted w i t h eastern Tennessee and 

western North C a r o l i n a . 

The MTA geology , which i s s i m i l a r to the CTA geo logy , c o n s i s t s o f 

marine e l a s t i c s and carbonate sedimentary rocks ( d o l o m i t e , c h e r t , s h a l e , 

sandstone and l imestone) which range i n age from Cambrian through M i s s i s s -

i p p i a n . In g e n e r a l , the area is c h a r a c t e r i z e d by numerous t i g h t l y f o l d e d 

s y n c l i n e s , a n t i c l i n e s and t h r u s t f a u l t s which t r e n d and s t r i k e n o r t h e a s t -

southwest . Several t h r u s t f a u l t s cut through the MTA and a s e r i e s o f very 

t i g h t l y fo lded a n t i c l i n e s and s y n c l i n e s in Cambrian shale and l imestone 

are present in the Alcoa area (Cat termole , I962) . In c o n t r a s t t o the 

we l l -known nor theas t Appalachian t r e n d , two major northwest s t r i k i n g f a u l t 

zones, the Jacksboro and Emory River f a u l t zones are located about 50 Km 

northwest o f K n o x v i l i e , The Jacksboro f a u l t zone forms the southern 

boundary o f the Pine Mountain o v e r t h r u s t b l o c k . The Emory River f a u l t 

zone forms the nor theas te rn l i m i t o f the Cumberland Plateau o v e r t h r u s t 

(Rodgers, 1970). The sense o f motion on these f a u l t zones is s t r i k e - s l i p . 

Watkins (1964), using aeromagnetic d a t a , and Staub and Johnson (1970) , 

using g r a v i t y d a t a , have concluded t h a t basement rocks were not invo lved 

in Va l l ey and Ridge t h r u s t f a u l t i n g . 

On November 30, 1973 a t 07:48:41.2 Universa l Time an earthquake 

o f magnitude m b - 4.6 (U .S .G.S . , 1974) occurred in the MTA ( f i g u r e 13 ) . 

The main shock was preceded by one • 3.4 foreshock which came oh 

October 30, 1973 a t 22:58:39.0 Universa l Time. More than 30 a f te rshocks 
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Figure 13- Map o f Main Shock Ep icen te r , A f te rshock Epicenters 
and Geology ( a f t e r B o l l i n g e r ' e t al . , 1976). 
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were recorded and 342 f e l t r e p o r t s r e s u l t e d from the main event . 

Focal mechanism s o l u t i o n s f o r the November 30, 1973 main event and 

a f t e r s h o c k sequence have been prepared by B o l l i n g e r e t a l . (1976). Seven­

teen P wave f i r s t motions were obta ined f o r the main shock (16 o f Pn t y p e ) . 

An angle o f incidence o f 47° was used t o o b t a i n focal mechanism s o l u t i o n s 

f o r the MTA main event using the o b j e c t i v e technique o f D i l l i n g e r et a l . 

(1972) . The a n a l y s i s by B o l l i n g e r e t a l . (1976) i n d i c a t e d t h a t two e q u a l l y 

v a l i d s o l u t i o n s e x i s t e d f o r two i n c o n s i s t e n t read ings , and the s o l u t i o n s 

were i n t e r p r e t e d as a northwest s t r i k i n g reverse f a u l t and a nor theas t 

s t r i k i n g normal f a u l t . 

The f i r s t motion data f o r the main event were taken from the paper 

by B o l l i n g e r e t a l . (1976) and s o l u t i o n s were recomputed in order t o d e t e r ­

mine the domain o f v a l i d f o c a l mechanism s o l u t i o n s . The f i r s t motion p l o t 

f o r the main event ( f i g u r e 14) shows a minimum o f th ree f i r s t motions i n 

the 4 geographic quadrants . The recomputed f o c a l mechanism s o l u t i o n s i n d i ­

cate f i r s t o f a l l t h a t the e a r l i e r proposed s o l u t i o n s are members o f the 

domain o f v a l i d f o c a l mechanism s o l u t i o n s and secondly t h a t the PTB axes 

occur in d i s c r e t e zones ( f i g u r e 15 ) . The m a j o r i t y o f the pressure axes 

t rend west . The m a j o r i t y o f the tens ion axes t rend south and most o f the 

B axes t rend e a s t - n o r t h e a s t . The pressure and t e n s i o n ax is p o s i t i o n s are 

o n l y about 20° w ide . The recomputed f o c a l mechanism s o l u t i o n s i n d i c a t e 

a l a r g e r domain e x i s t s f o r the nor theast f a u l t plane i n t e r p r e t a t i o n , where­

as on ly one s o l u t i o n was found f o r the northwest f a u l t plane i n t e r p r e t a t i o n . 

Thus, the a n a l y s i s shows t h a t more than two p o s s i b l e s o l u t i o n s are v a l i d . 

The ambigu i ty as t o which f a u l t o r i e n t a t i o n is c o r r e c t remains, ye t the 

maximum and minimum p r i n c i p a l s t r e s s o r i e n t a t i o n s are v i a b l e i n d i c a t o r s 
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Two and Three Er rors f o r the MTA Main Shock o f 
November 30, 1973. 
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as t o p o s s i b l e f o r c e d i r e c t i o n s . B o l l i n g e r e t a l . (1976) on the basis 

o f e p i c e n t r a l t rends and hypocentra l c r o s s e c t i o n s have suggested the 

main event r e s u l t e d from reverse type movement on a northwest s t r i k i n g 

f a u l t . 

B o l l i n g e r e t a l . (1976), using composite a f t e r s h o c k f i r s t mot ions , 

found t h a t composite f o c a l mechanism s o l u t i o n s (CFMS) were not c o n s i s t e n t 

w i t h the main event foca l mechanism s o l u t i o n s . They proposed t h a t e i t h e r 

the c r i t e r i a f o r CFMS were not met or m u l t i p i e mechanisms r e s u l t e d from 

the energy re lease assoc ia ted w i t h the November 30, 1973 main shock. 

According t o B o l l i n g e r e t a l . (1976) the composite a f t e r s h o c k f i r s t motion 

data i n d i c a t e d d i p - s l i p f a u l t i n g along a near v e r t i c a l east -west s t r i k i n g 

f a u l t or s t r i k e - s l i p mot ion along a near h o r i z o n t a l n o r t h - s o u t h s t r i k i n g 

f a u l t . The a f t e r s h o c k f i r s t motion data f o r 14 a f t e r s h o c k s , taken from 

B o l l i n g e r e t a l . (1976) are shown p l o t t e d in f i g u r e 16. The domain o f v a l i d 

foca l mechanism s o l u t i o n s f o r the minimum o f k e r r o r s is shown in f i g u r e 

17. The s o l u t i o n s are t i g h t l y cons t ra ined by the f i r s t motion data and 

i n d i c a t e the p r e v i o u s l y pub l ished s o l u t i o n is a member o f the domain o f 

v a l i d foca l mechanism s o l u t i o n s . The domain o f v a l i d f o c a l mechanism 

s o l u t i o n s f o r a maximum o f 7 e r r o r s is shown in f i g u r e 18. The a d d i t i o n a l 

e r r o r s were int roduced to determine how dependent the s o l u t i o n s were on 

one or more P wave f i r s t mot ions . The s o l u t i o n s show a wider v a r i a t i o n 

in domain s i ze but are compat ib le w i t h the s o l u t i o n s shown in f i g u r e 17. 

The main r e s u l t is t h a t none o f the composite a f t e r s h o c k pressure axes 

over lap w i t h the main event pressure axes, suggest ing m u l t i p l e mechanisms 

may have been i n v o l v e d . 

With the p o s s i b l e except ion o f t h e nor theast f a u l t plane i n t e r p r e -
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Figure 16. Composite F i r s t Motion Plot of 14 Aftershocks 
Associated with the November 30, 1973 Maryv i l l e , 
Tennessee Area (MTA) Main Shock (af ter Bol l inger et a l . , 1976). 
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t a t ion f o r the MTA main event , the foca l mechanism s o l u t i o n s I n d i c a t e 

f a u l t planes which are not p a r a l l e l t o the s t r u c t u r a l t rends o f the 

Appalachians. 

The Englewood Tennessee Area 

The Englewood, Tennessee Area (ETA) is located in the Va l l ey and 

Ridge Province about 50 Km southwest o f the MTA and about 60 Km n o r t h ­

east o f the CTA. On J u l y 27, 1977 an earthquake o f magnitude M
L S E ~ 3 ' 5 

occurred a t 22:03:21.1 Universal Time near the Englewood, Tennessee a rea . 

The earthquake was located at 35°29'2V'N and 84 0 22 I 12"N a t an approximate 

depth o f 4 t o 5 Km. 

The P wave f i r s t motions are g iven in t a b l e 2 and are shown p l o t t e d 

in f i g u r e 19.. The f i r s t motion p l o t i n d i c a t e s a near absence o f data 

northwest and southwest o f the e p i c e n t e r . The domain o f v a l i d foca l mech­

anism s o l u t i o n s f o r no i n c o n s i s t e n t readings is shown in f i g u r e 20. The 

la rge domain s i z e i n d i c a t e s the need f o r data from the northwest and s o u t h ­

west . The pressure axes are const ra ined to n o r t h - n o r t h e a s t t rends and 

vary in plunge from h o r i z o n t a l t o near v e r t i c a l . The tens ion axes vary 

more but are in general const ra ined t o the southern quadrant . Although 

a v a r i e t y o f p o s s i b l e f a u l t plane o r i e n t a t i o n s e x i s t s , the s o l u t i o n s are 

q u i t e s i m i l a r t o the s o l u t i o n s given f o r the GTA ( f i g u r e 11) . Based on 

t h i s s i m i l a r i t y , a northwest s t r i k i n g f a u l t w i t h reverse movement f o r the 

ETA earthquake o f J u l y 27, 1977 may be v a l i d . 

The Clark H i l l Reservoir Area 

The Clark H i l l Reservoir area (CHRA) is located along the Savannah 

River at the Georgia-South Caro l ina border . The r e s e r v o i r extends from 



Table 2. F i r s t Motion Data f o r the Englewood, Tennessee Area 

Earthquake o f J u l y 27 , 1977 

No. S t a t i o n Phase D is t (Km) Azimuth Take Of f t 

1 ATL PnC 229.0 187.0 50.0 

2 CHF PnC 243 .0 131.0 50.0 

3 ORT P D 50.0 17.0 69.0 

4 PRM PnD 248 .0 128.0 50.0 

5 SRPM PnC 358.0 131.0 50.0 

6 HBF PnC 471 .0 126.0 50.0 

7 PBS PnC 457.0 120.0 50.0 

8 LHS PnC 353.0 108.0 50.0 

9 WDG PnC 266.0 153.0 50.0 

10 ETG PnC 265.0 157.0 50.0 

11 CPO P*C 109.0 277.0 60.0 

12 BH PnD 194.0 55.0 50.0 

13 RM PnD 194.5 54.0 50.0 

14 KTS PnC 144.0 115.0 50.0 
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* 

Figure 19- First Motion Plot for the Englewood, Tennessee 
Area (ETA) Earthquake of July 27, 1977. 
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Z E R O E R R O R S F O R T H E E N G L E W O O D , T E N N E S S E E A R E A ( E T A ) 
E A R T H Q U A K E O F J U L Y 2 7 , 1 9 7 7 -
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3 3 . 6 7 ° N , 8 2 . 1 6 V t o 3 4 . 0 ° N , 82 .6°N and is located in the C r y s t a l l i n e 

Piedmont Prov ince . 

The on ly earthquake repor ted as being f e l t i n the CHRA p r i o r to the 

August 2 , 1974 main shock occurred on November 1 , 1875 , w i t h an i n t e n s i t y 

o f VI(MM) ( B r i d g e s , 1 9 7 5 ) . According t o the Earthquake Data Reports 

(EDR NO. 6 2 - 7 4 , U.S.G.S.), an earthquake o f magnitude m, = 4 . 3 occurred 
b 

on August 2 , 1974 a t 8 : 5 2 Universal Time w i t h maximum i n t e n s i t i e s o f VI 

(MM) ( B r i d g e s , 1975 and T a l w a n i , 1 9 7 6 ) . The main shock was f e l t over 

3 6 , 0 0 0 square k i l o m e t e r s in the Piedmont (Benson and Fogle , 1974) and 

r e s u l t e d in s l i g h t damage t o the Bobby Brown State Park in Georgia. I n ­

v e s t i g a t i o n o f ATL (WWSS) sei smog rams from 1963 up t o the t ime o f the 

August 2 , I 9 7 4 event i n d i c a t e d numerous earthquakes c o n s i s t e n t w i t h the 

CHRA (Long, 1 9 7 4 ) . A d e t a i l e d a f t e r s h o c k study has been presented by 

Bridges (1975 ) f o r the August 2 , 1974 event . 

The geology o f the CHRA ( f i g u r e 2 1 ) is c h a r a c t e r i s t i c o f the 

C r y s t a l l i n e Piedmont Prov ince . The rock types are both metamorphic and 

igneous. The metamorphic rocks are Precambrian t o Paleozoic and c o n s i s t 

o f both metasedimentary and metaigneous r o c k s . The area has been i n t r u d e d 

by g r a n i t i c p lu tons and by smal le r gabbroic bod ies . The area conta ins 

numerous metamorphosed e x t r u s i v e f lows and northwest t r e n d i n g diabase 

d i k e s . In the August 2 , 1974 e p i c e n t r a l area the rocks are coarse gra ined 

gne isses . This e p i c e n t r a l area i s f u r t h e r c h a r a c t e r i z e d by many f r a c t u r e s 

or j o i n t s , and numerous pegmat i te , q u a r t z i t e , and diabase d i k e s . Many o f 

the dikes in the main event e p i c e n t r a l area have been d isp laced 2 t o 6 

cent imeters along f r a c t u r e s . The major j c i n t d i r e c t i o n s are N35°N and 

N55°N w i t h near ly v e r t i c a l d ips a t the s u r f a c e . The o v e r a l l s t r u c t u r a l 
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Figure 2 1 . Geology Map o f the Clark H i l l Reservoir Area. Geologic 
Map o f Georgia , Georgia Geological Survey, 1976. 



50 

t rend is n o r t h e a s t - s o u t h w e s t . 

Since the e a r l y 1970 1s numerous workers have i n v e s t i g a t e d the 

i m p l i c a t i o n s o f seismic a c t i v i t y in the CHRA. Denman (1974) and S c h e f f l e r 

(1976) have undertaken geo log ic and geophysical s tud ies o f the a rea . The 

petrography o f p a r t o f the area has been examined by Par is (1976). Secor 

(1974) c a r r i e d out d e t a i l e d geo log ic mapping in the e p i c e n t r a l a rea . The 

U. S. Corps o f Engineers (1977) has i n v e s t i g a t e d the area as p a r t o f the 

seismic e v a l u a t i o n f o r the Richard B. Russell Dam P r o j e c t . Dunbar (1977) 

has r e c e n t l y completed a c l o s e - i n v e l o c i t y survey o f t h e nor thern p o r t i o n 

o f the r e s e r v o i r a r e a , near the e p i c e n t r a l a rea . Marion (1977) has p r e ­

sented the s p e c t r a l c h a r a c t e r i s t i c s o f CHRA microear thquakes. Talwani 

(1976) has proposed p o s s i b l e foca l mechanism s o l u t i o n s from composite 

f i r s t motion data and suggested p o s s i b l e earthquake mechanisms f o r the 

CHRA. Deta i l ed g r a v i t y surveys have been compiled by Long e t a l . (1976). 

New foca l mechanism data have been c o l l e c t e d f o r t h i s a r e a , i n ­

c l u d i n g the August 2 , 1974 event . The new data and analyses are c o r r e ­

l a t e d w i t h prev ious work in o rder to f u r t h e r c o n s t r a i n any i n t e r p r e t a t i o n s 

made concerning earthquake mechanisms a t the CHRA. 

The r e s u l t s presented here f o r the CHRA represent one o f the most 

ex tens ive at tempts t o i n t e r p r e t foca l mechanism s o l u t i o n s f o r a s o u t h ­

eastern e p i c e n t r a l a rea . The s o l u t i o n s are g iven f o r the main shock o f 

August 2 , 1974, f o r a microear thquake , and f o r composites o f numerous 

events recorded f o r i n t e r m i t t e n t per iods o f n e a r l y 3 y e a r s . 

The f o c a l mechanism s o l u t i o n s presented f o r the August 2 , 1974 

main event represent the f i r s t a n a l y s i s not r e l y i n g on composite data f o r 

the CHRA. Sixteen P wave f i r s t motions were ob ta ined f o r the main event 
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(Table 3 ) . The p l o t t e d f i r s t motions are shown in f i g u r e 22. The domain 

o f v a l i d f o c a l mechanism s o l u t i o n s i n d i c a t e s t h a t more than one foca l 

mechanism s o l u t i o n e x i s t s f o r zero e r r o r s ( f i g u r e 2 3 ) . However, a l l the 

p o s s i b l e s o l u t i o n s are r e l a t e d t o one small set o f T axes which vary in 

t rend and plunge by about + 20° and 30° r e s p e c t i v e l y . The pressure axes 

occur in two dominant groups, one to the east and one to the s o u t h . The 

B axes are seen t o vary the most. Hence, two p o s s i b l e foca l mechanisms 

are i n d i c a t e d . The f i r s t f o c a l mechanism impl ies f a u l t planes s t r i k i n g 

northwest and nor theast d i p p i n g r e s p e c t i v e l y to the southwest and s o u t h ­

east and having reverse movement. The second f o c a l mechanism impl ies 

east -west s t r i k i n g f a u l t s , one having a n e a r l y h o r i z o n t a l d ip and o t h e r 

near v e r t i c a l . In the second case the v e r t i c a l plane is p r e f e r r e d and 

i n d i c a t e s normal or high angle reverse movement. 

Six f i r s t motions were obta ined f o r a CHRA micrceathquake which 

occurred on A p r i l 14, 1977 at 12:53:32.01 Universal Time. The f i r s t 

motion p l o t c o n s i s t s o f on ly d i l a t a t i o n a l readings which are d i s t r i b u t e d 

(one-sided) in the nor thern quadrant ( f i g u r e 2 4 ) . Even though the number 

o f f i r s t motions and t h e i r d i s t r i b u t i o n are l i m i t e d , the domain o f v a l i d 

foca l mechanism s o l u t i o n s can be de f ined ( f i g u r e 2 5 ) . The pressure axes 

are t i g h t l y grouped and have an o v e r a l l t rends t o the n o r t h . The s o l u t i o n s 

f o r t h i s i n d i c a t e s i m i l a r p o s s i b l e f a u l t plane o r i e n t a t i o n s t o those g iven 

f o r the August 2 , 1974 main event (see f i g u r e 2 3 ) . Al though s i m i l a r f a u l t 

planes appear v a l i d , the pressure and t e n s i o n axes are complete ly reversed . 

This i n d i c a t e s an oppos i te sense o f movement along the f a u l t p lanes . The 

p r e f e r r e d s o l u t i o n s f o r t h i s microevent and the main event are those which 

g i v e f a u l t planes s t r i k i n g northwest and n o r t h e a s t . 
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Table 3 . F i r s t Motion Data f o r the August 2 , 1974 

CHRA Earthquake 

No. S t a t i o n Phase D is t (Km) Azimuth Take Off Angle 

1 ATL (WWSS) IPND 180.0 252.0 50.0 

2 AMG IPND 264.0 217.5 50.0 

3 CPO PND 331.0 303-5 50.0 

4 EUR (WWSS) PC 3612 292.0 28.0 

5 ALQ. (WWSS) PC 2200 283.0 36.0 

6 OXF (WWSS) PNC 635.0 27&.0 50.0 

7 LASA ARRAY PC 2800 310.0 30.0 

CO PBS PND 224.0 111.5 5 C 0 

9 HBF PND 226.0 I I9 .O 50.0 

10 SMA PND 204.0 99.0 50.0 

11 SGS PND 201.0 113.5 50.0 

12 VCS PND 178.0 131-0 50.0 

13 OSC PND 160.0 IO5.5 50.0 

14 GBS PD 71-0 124.0 75.0 

15 TUC (WWSS) PC 2550.0 278.O 31.0 

16 PAL (WWSS) PNC 1100.0 40.0 50.0 
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* 
** ********************* ** 
* ******* ******* * 

F igure 22. F i r s t Motion P lo t f o r the August 2 , 1974 Clark H i l l 
Reservoir Area (CHRA) Main Shock. 
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* 

Figure 23. The Domain o f V a l i d Focal Mechanism S o l u t i o n s f o r 
Zero Er rors f o r the August 2 , 1974 CHRA Main Shock. 
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Figure 2 h . Fi rst Motion Plot 
Mi croearthquake. for an April I k , 1977 CHRA 
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F igure 25. The Domain o f V a l i d Focal Mechanism S o l u t i o n s f o r 
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F igure 26 and 27 show CHRA composite f i r s t motions p l o t t e d f o r 

the case 1 and case 2 taken from Taiwani (1976) . According t o Talwani 

(1976) the combinat ion o f the two; cases y i e l d e d no c l e a r separa t ion o f 

compressional and d M u t a t i o n a l m o t i o n , but instead supported two p o s s i b l e 

f a u l t plane i n t e r p r e t a t i o n s . T w o - t h i r d s o f the data supported case 1 , 

l e f t l a t e r a l s t r i ke -s l i p mot ion w i t l i nodal planes s t r i k i n g N20°E to N40°W. 

The remainder, case 2, supported d i p - s l i p motion w i t h nodal planes s t r i k i n g 

nor theast and d i p p i n g northwest and sou theas t . F igures 28 and 29 repre ­

sent the recomputed foca l mechanism s o l u t i o n s f o r case I and case 2. The 

recomputed s o l u t i o n s i n d i c a t e the i n i t i a l publ ished s o l u t i o n s are members 

o f the domain o f v a l i d foca l mechanism s o l u t i o n s . Since the f i r s t motions 

were composi tes , the recomputed s o l u t i o n s were determined f i r s t f o r a 

minimum number o f e r r o r s and then f o r a d d i t i o n a l e r r o r s in order t o check 

the dependency o f the r e s u l t s on one o r several P wave f i r s t mot ions . The 

r e s u l t s d i d not appear t o be dependent on severa l a d d i t i o n a l e r r o r s . The 

case 1 r e s u l t s are more cons t ra ined and appear s i m i l a r t o the s o l u t i o n s 

obta ined f o r the s i n g l e A p r i l 14, 1977 microearthquake and thus a s i m i l a r 

i n t e r p r e t a t i o n appears v a l i d . The case 2 s o l u t i o n s ( f i g u r e 29) support 

f a u l t planes s t r i k i n g n o r t h e a s t , but i n d i c a t e more v a r i a t i o n in t rend and 

p lunge. The r e s u l t s f o r case 2 do not agree w i t h the A p r i l 14, 1277 m i c r o -

earthquake f o c a l mechanism s o l u t i o n s . However, the case 2 s o l u t i o n s do 

appear s i m i l a r to the main shock s o l u t i o n s . The f i r s t motions and s o l u ­

t i o n s f o r the combination o f case 1 and 2 are shown in f i g u r e s 30 and 3 1 . 

Al though a maximum o f 34 e r r o r s out o f 103 f i r s t motions were a l l o w e d , the 

s o l u t i o n s in general show some over lap w i t h the s o l u t i o n s found f o r case 

1 and 2. This r e s u l t probably represents an averaging o f the two cases. 
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F igure 27. Composite F i r s t Motion P lo t (Case 2) f o r the CHRA 
( a f t e r Ta iwan! , 1976). 
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Figure 28. The Domain o f V a l i d Focal Mechanism So lu t ions f o r 
Case 1 f o r 9 to 13 E r r o r s . 
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Figure 30. Composite F i r s t Motion P lo t (Case 1 and Case 2) f o r 
the CHRA ( a f t e r T a l w a n i , 1976). 
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Based on the number o f i n c o n s i s t e n t data p o i n t s the separa t ion does not 

appear j u s t i f i e d . However, the case 1 s o l u t i o n s are s i m i l a r t o the s o l u ­

t i o n s obta ined f o r the A p r i l 14, 1977 microearthquake and the case 2 s o l u ­

t i o n s are s i m i l a r to the s o l u t i o n s obta ined f o r the August 2 , 1974 main 

event . On t h i s basis the separa t ion may be j u s t i f i e d . The main event 

and case 2 s o l u t i o n s g i v e p o s s i b l e f a u l t plane o r i e n t a t i o n s s i m i l a r to 

the numerous northwest s t r i k i n g j o i n t s observed in the e p i c e n t r a l area o f 

the main shock. The A p r i l 14, 1977 microearthquake and case 1 s o l u t i o n s 

in c o n s t r a s t g ive p o s s i b l e f a u l t plane o r i e n t a t i o n s s i m i l a r t o the n o r t h ­

east s t r i k i n g j o i n t s . 

The f i r s t motions f o r the 12 best recorded CHRA microear thquakes, 

which occurred on March 26, 1977» are g iven in t a b l e 4 and are shown in 

composite form in f i g u r e 32. The foca l mechanism s o l u t i o n s were obta ined 

from 36 f i r s t motions w i t h a maximum o f 10 e r r o r s ( f i g u r e 3 3 ) . The main 

r e s u l t is the apparent s i m i l a r i t y o f these s o l u t i o n s to the s o l u t i o n s 

obta ined f o r the August 2, 1974 main shock. 

Tables 5 conta ins composite f i r s t motion data f o r two events which 

occurred on A p r i l 14, 1977. S o l u t i o n s f o r one o f these events have a l ­

ready been shown (see f i g u r e 2 5 ) . Table 6 conta ins composite f i r s t motion 

data f o r two events which occurred on March 26* 1977. The f i r s t motions 

f o r these events were taken from those shown in f i g u r e 32. The composite 

f i r s t motion p l o t s are shown i n f i g u r e s 34 and 35 . The domains o f v a l i d 

foca l mechanism s o l u t i o n s f o r one e r r o r f o r both composites are shown in 

f i g u r e s 36 and 37« The main r e s u l t here is the d e f i n i t e change from March 

t o A p r i l in the maximum and minimum p r i n c i p a l s t r e s s d i r e c t i o n s . Th is 

suggests a t leas t two p o s s i b l e foca l mechanisms which are d i f f e r e n t . 
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Table 4 . F i r s t Motion Data f o r 12 CHRA Events 

Which Occurred on March 26, 1977 

Between 02:00 and 21:00 U.T. 

No. S t a t i o n Phase Di s t (Km) Azimuth Take Of f 

1 HMR PC 0.70 90.5 31.0 

CM COG PC 0.93 152.0 38.7 

3 CPL PD 1.88 90.0 58.3 

4 HMR PC 0.36 70.0 20.2 

5 GOC PD 0.69 175.0 35.0 

6 CPL PD 1.52 84.0 57.2 

7 HRC PC 2.80 305.5 70.7 

CO HRM PC 0.18 258.0 12.3 

9 GOC PD 0.96 208.0 49.3 

10 CPL PD 1.00 89.5 50.3 

11 HRC PC 3.16 297.0 75.3 

12 HMR PC 1.04 337.0 82.5 

13 GOC PC 0.70 281.5 79.0 

14 CPL PC 1.28 38.O 83.9 

15 HRC PD 3.88 310.0 88.0 

16 HMR PC 0.29 265.1 65.3 

17 GOC PC 0.87 214.0 81,3 

18 CPL PD .89 89.O 82.0 

19 HRC PD 3.15 296.5 87.6 

20 HMR PC 0.1.0 259.0 33.9 
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No. Station Phase Dist (Km) Azimuth Take Off 

21 GOC PD 0.92 205.0 
00 

22 CPL PD 1.08 90.0 82.5 

23 GOC PD 0.96 209.0 82.1 

24 CPL PD 1.00 90.0 82.4 

25 HMR PC 0.55 85.5 78 .8 

26 GOC PC 0.98 165.5 83 .6 

27 CPL PD 1.71 93.5 86.3 

28 HMR PC 0.04 168.0 13-9 

29 GOC PD 0.77 I98.O 79-3 

30 GOC PC 1.08 206.5 82.5 

31 CPL PD 1.00 105.0 82.0 

32 HMR PC 0.22 133.5 59.0 

33 GOC PD 0.95 187.5 82.2 

34 CPL PD 1.34 93.5 84.4 

35 GOC PC 0.43 244.0 72.5 

36 CPL PD 1.277 59.5 84.0 
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Figure 32. Composite F i r s t Motion Plot of 12 CHRA Microearthquakes 
Which Occurred on March 26, 1977. 
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Figure 33. The Domain of Va l id Focal Mechanism Solut ions for 
9 and TO Errors for 12 CHRA Microearthquakes Which 
Occurred on March 26, 1977. 
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Table 5. F i r s t Motion Data f o r Two CHRA Events 

Which Occurred on Apr i1 14, 1977 a t 

12:53:32.01 U.T. and 16:33:42.35 U.T. 

No. S t a t i o n Phase D is t (Km) Azimuth Take Off 

1 BAR PD 1.20 322.0 20.2 

CM GE01 PD 2.34 52.0 35 .7 

3 DKF PD 2.09 347.3 32.7 

4 CH5 PD 30.80 328.5 84.0 

5 CH6 PD 8.97 21.0 70.0 

6 RF1 PD 13.40 52.5 76.3 

7 MEQ PD 2.39 72.5 36.3 

CO GOC PC 0.82 157.0 42.6 

9 TD3 PC 0.70 210.0 38,1 

10 GE01 PD 1.79 57.5 63.6 

11 MEQ PD 1.97 86.0 65.7 



Table 6. F i r s t Motion Data f o r Two CHRA Events 

Which Occurred on March 26, 1977 at 

03:49:57.61 U.T. and 05 :28:25.81 U.T. 

No. S t a t i o n Phase D is t (Km) Azimuth Take Of f Angle 

1 HMR PC 0.36 70.0 20.2 

2 GOC PD 0.69 175.0 35.0 

3 CPL PD 1.52 84.0 57.2 

4 HRC PC 2.80 305.5 70.7 

5 HMR PC 1.81 258.0 12.3 

6 GOC PD 0.96 208.0 49.3 

7 CPL PD 1.00 89.5 50.3 

CO HRC PC 3.16 297.0 75 .3 
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Figure 3^. Composite First Motion Plot for Two CHRA 
Microearthquakes Which Occurred on April 14, 1977. 
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Figure 35. Composite F i r s t Motion P lo t f o r Two CHRA 
Microearthquakes Which Occurred on March 26, 1977. 
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Figure 3 6. The Domain o f V a l i d Focal Mechanism So lu t ions f o r 
0 and 1 Er rors f o r Two CHRA Microearthquakes Which 
Occurred on A p r i l 14, 1977. 
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Figure 37-
The Domain of Valid Focal Mechanism Solutions for 
0 and 1 Errors for Two CHRA Microearthquakes Which 
Occurred on March 26, 1977. 
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A s t r e s s drop and f a u l t radius has been computed f o r the August 2 , 

1?74 CHRA earthquake ( B r i d g e s , 1975) using several methods. A rupture 

v e l o c i t y o f 3 .5 Km/sec (S wave) was assumed by Bridges (1975) w i t h a spec­

t r a l corner frequency o f 1.4 h e r t z . From t h i s an e f f e c t i v e f a u l t radius 

o f 0.93 Km was obta ined and hence a s t r e s s drop o f about 12 bars . Bridges 

(1975) noted t h a t a s t r e s s drop o f t h i s magnitude is abnormal ly h i g h , s ince 

the norm f o r a s i m i l a r magnitude event is 0.74 ba rs . T h e r e f o r e , the s t r e s s 

drop was recomputed using a rup ture v e l o c i t y e q u i v a l e n t t o the compressional 

wave v e l o c i t y (P = 6.0 Km/sec). From t h i s assumpt ion, Bridges (1975) d e t e r ­

mined a f a u l t radius o f 1.60 Km and a s t r e s s drop o f 4 bars . This f a u l t 

radius (1.60 Km) was in agreement w i t h the est imated a f t e r s h o c k zone (1.54 

Km), suggest ing a rup tu re v e l o c i t y o f compressional magnitude was v a l i d . 

In the same study Bridges (1975) suggested t h a t f a u l t i n g in the 

CHRA occurs along two or more p lanes. The suggest ion was based on the 

s c a t t e r o f a f t e r s h o c k hypocenters . Talwani (1976), on the basis o f com­

p o s i t e foca l mechanism s o l u t i o n s , has p o s t u l a t e d t h a t more than one e a r t h ­

quake mechanism is o p e r a t i v e in the CHRA. 

A s p e c t r a l a n a l y s i s o f southeastern Uni ted States microear thquakes, 

presented by Marion (1977)» provides more evidence in support o f m u l t i p l e 

plane f a u l t i n g in the CHRA main e p i c e n t r a l a r e a . According t o Mar ion 's 

study the CHRA data show sharp , w e l l - d e f i n e d s p e c t r a l c o r n e r s , P and S 

wave corner frequency r a t i o s ( f p / f s ) g r e a t e r than o r equal to u n i t y , h igh 

frequency t rends f o r both P and S wave t h a t decay in ampl i tude as m , 

and the absence o f in te rmedia te t r e n d s . These c h a r a c t e r i s t i c s are good 

evidence in favor o f the t r a n s o n i c rup tu re model, which impl ies s l ippage 

along p r e e x i s t i n g planes o r f r a c t u r e s . The v a r i a t i o n s observed in the 
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spec t ra l and the hypocentra l data led' Marion (1977) t o conclude t h a t 

CHRA microearthquakes occur along m u l t i p l e p lanes . The spect ra f o r the 

CHRA i n d i c a t e a model which (1) has r u p t u r e n u c l e a t i n g a t a p o i n t (2) r e ­

s u l t s in high frequency content (3) ruptures t r a n s o n i c a l l y ( i . e . near P 

wave v e l o c i t y ) , and (k) is not conf ined t o one o r i e n t a t i o n (Mar ion, 1977). 

Stress a m p l i f i c a t i o n o f corners may e x p l a i n f r a c t u r e o f b r i t t l e 

rocks in the CHRA ( B r i d g e s , 1975) and hence e x p l a i n the observed high f r e ­

quency content but cannot e x p l a i n t r a n s o n i c rup tu re (Mar ion, 1977). 

The foca l mechanism s o l u t i o n s presented here add f u r t h e r c o n s t r a i n t s 

on any i n t e r p r e t a t i o n concerning seismic a c t i v i t y at the CHRA in t h a t they 

prov ide c lues t o f a u l t plane o r i e n t a t i o n s and a c t i n g s t ress d i r e c t i o n s . 

The overal1 p a t t e r n s suggested from al1 foca l mechanism s o l u t i o n s , whether 

composite or n o t , are those in which 1) the s t r e s s d i r e c t i o n s i n f e r r e d 

from foca l mechanism s o l u t i o n s are not f i x e d but ra the r migra te in t i m e , 

2) the p o s s i b l e f a u l t plane o r i e n t a t i o n s in many cases are in good agree­

ment w i t h f o l i a t i o n and j o i n t set d i r e c t i o n s as determined by the U. S. 

Army Corps. Engineers (1977) , (3) the mechanisms appear to be dominsnt ly 

on near ly v e r t i c a l f a u l t s w i t h no un i form preference f o r normal o r reverse 

type movement, and (k) the CHRA earthquake a c t i v i t y occurs along m u l t i p l e 

planes ra ther than on s i n g l e dominant shear zones. 

The abnormal ly high s t r e s s drop or suggest ion o f f r e s h rock break­

age appears dubious s ince s t resses invo lved in sha l low earthquakes and 

t h e i r occurrence along f a u l t planes suggest t h a t the earthquakes occur 

by f a i l u r e on weak p lanes , r a t h e r than by b r i t t l e f r a c t u r e o f a homogen­

ous mate r ia l (McKenzie, 1969). The shear s t resses associated w i t h shal low 

earthquakes are a t l eas t an order o f magnitude two small t o produce f r a c -
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t u r e (Chinnery, 1964, Brune and A l l e n , 1967, Wyss and Brune, 1968). The 

t r a n s o n i c r u p t u r e model proposed by Marion (1977) requ i res a w e l 1 - 1 u b r i c a t e d 

d i s l o c a t i o n s u r f a c e . The immediate e p i c e n t r a l area is h i g h l y j o i n t e d and 

f r a c t u r e d and, as Marion (1977) noted , such surfaces c e r t a i n l y s a t i s f y the 

c o n d i t i o n s requ i red f o r t r a n s o n i c s l i p in which s t a t i c f r i c t i o n or the 

normal s t ress component becomes less than the t o t a l s t r e s s . 

A model f o r the se ismic a c t i v i t y a t the CHRA may be proposed by 

the combinat ion o f mechanical processes suggested by Denman (1974) and 

Talwani (1976), the foca l mechanism s o l u t i o n s g iven here , and the s p e c t r a l 

characteristics g iven by Marion (1977)• The model for CHRA seismic activ­

i t y is one which appears to be the r e s u l t o f an ambient s t r e s s f i e l d coup­

led w i t h r e s e r v o i r impounding in which f l u c u a t i o n s in the water l eve l 

cause changes in pore pressure a t hypocentral depths o f 1 to 3 k i l o m e t e r s . 

The pore pressure changes p e r t u r b s t ress e q u i l i b r i u m c o n d i t i o n s and once 

a l t e r e d earthquakes w i t h t r a n s o n i c r u p t u r e v e l o c i t i e s occur along m u l t i p l e 

p r e e x i s t i n g planes o f weakness (not always p a r a l l e l ) . 

The Jocassee Reservoi r Area 

The Jocassee Reservoir area (JRA) is located on the Keowee River 

in northwestern South Caro l ina near the i n t e r s e c t i o n o f the Toxaway and 

White r i v e r s ( f i g u r e 38) . The JRA is near the nor thwestern border o f the 

Piedmont Prov ince , and the waters back up across the Brevard Shear Zone 

and a shor t d is tance i n t o the Blue Ridge Prov ince . Lake Jocassee, owned 

and operated by the Duke Power Company was f i 1 led between 1971 and 1974 

and has a maximum depth o f 107 meters w i t h a maximum capac i ty o f 1.4 x 

9 
10 cubic meters . 
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Figure 38. Geologic Map of the Jocassee Reservoir Area 
(af ter Fogle et a l . , 1976) 
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A case h i s t o r y o f r e s e r v o i r induced s e i s m i c i t y has been presented 

by Fogle et a l . (1976). According t o Fogle et a l . (1976) s i g n i f i c a n t 

seismic a c t i v i t y began 1.5 years a f t e r the lake reached maximum p o o l . 

Over 2,000 earthquakes w i t h loca l magnitudes between -2.0 and +3.2 were 

recorded by microearthquakes monitors over a pe r iod o f seven months. The 

ep icen te rs f e l l w i t h i n a crude nine k i l o m e t e r in diameter c i r c l e centered 

about the lake . Hypocentral depths v a r i e d from near sur face to about f o u r 

k i lomete rs below mean sea leve l (Fogle e t a l . 1976). In t h e i r study the P 

wave f i r s t motions f o r 65 o f the l a r g e s t even ts , out o f 200 l o c a t e d , were 

combined to o b t a i n f o c a l mechanism s o l u t i o n s . The publ ished foca l mech­

anism s o l u t i o n s were determined f o r a v a r i e t y o f small areas in which data 

from several events were combined in order t o o b t a i n a s o l u t i o n f o r each 

area . The r e s u l t i n g s t r e s s f i e l d was i n t e r p r e t e d t o vary s p a t i a l l y and 

t e m p o r a l l y , but was genera l i zed to be ex tens iona l below one k i l o m e t e r . 

A lso both ex tens iona l and compressional d i s t r i b u t i o n s were found above 

one k i l o m e t e r . According t o Fogle e t a l . (1976) these r e s u l t s are in 

agreement w i t h a r e p o r t by Hatcher (1976) which concluded t h a t an e x t e n ­

s iona l s t r e s s f i e l d is t o be expected in the southern Appalachians. 

The l o c a l geology as shown in f i g u r e 38 c o n s i s t s mainly o f meta­

morphic rocks and the o v e r a l l s t r u c t u r a l t rend in n o r t h e a s t . The dominant 

s t r u c t u r e and rock type are the Brevard Shear Zone and the Henderson 

Gneiss. The m a j o r i t y o f the recorded events a t the JRA occurred in the 

Henderson Gneiss. A more d e t a i l e d t reatment o f the geology i s g iven by 

Fogle e t a l . (1976). 

In t h i s study these 65 events are reanalyzed using the computer 

adapted method in order t o determine the domain o f v a l i d foca l mechanism 
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s o l u t i o n s . The f i r s t motions f o r a l l 65 events are combined to see i f a 

dominant p a t t e r n e x i s t s , an ana lys is not inc luded in the above s t u d y . 

Next, on ly events which occurred below the deeper p o r t i o n o f the r e s e r v o i r 

are analyzed. F i n a l l y , events which occurred o u t s i d e the bounds o f the 

lake are analyzed. 

The composite p l o t o f a l l P wave f i r s t mot ions , a t o t a l o f 177* is 

shown i n f i g u r e 39« The domain o f v a l i d f o c a l mechanism s o l u t i o n s f o r 60 

i n c o n s i s t e n t readings is shown in f i g u r e 40. The pressure axes are t i g h t ­

l y const ra ined to the nor thwest . The tens ion axes are const ra ined t o s o u t h ­

west t rends and the B axes t rend e a s t - s o u t h e a s t . The s o l u t i o n s i n d i c a t e 

nodal planes which s t r i k e east -west and n o r t h - s o u t h . The east -west planes 

have almost v e r t i c a l d ips and the n o r t h - s o u t h planes have shal low d ips to 

the e a s t . D i p - s l i p type movement is i n d i c a t e d by the s o l u t i o n s f o r eas t -

west s t r i k i n g p lanes . S t r i k e - s l i p movement is i n d i c a t e d f o r the n o r t h -

south s t r i k i n g p lanes . The s o l u t i o n s a l s o i n d i c a t e northv/est and nor theas t 

s t r i k i n g p lanes . The northwest planes have steep d ips to the southwest 

and the Ind ica ted movement is normal in which the southwest s i d e has moved 

down. The nor theas t planes have d ips o f about 45 degrees. The sense o f 

movement appears t o be l e f t l a t e r a l s t r i k e - s l i p . The domain o f v a l i d f o c a l 

mechanism s o l u t i o n s f o r the minimum o f 57 i n c o n s i s t e n t P wave f i r s t motions 

was a l s o determined. The domain cons is ted o f o n l y three s o l u t i o n s which 

occurred in the centers o f the p ressure , t e n s i o n , and n u l l ax is p o s i t i o n s 

shown in f i g u r e 40. The domain o f v a l i d foca l mechanism s o l u t i o n s was 

next determined f o r 65 i n c o n s i s t e n t read ings . The domain s i ze was much 

l a r g e r , but the p ressure , t e n s i o n , and n u l l axes remained in the same 

quadrants . 
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igure 39. Composite First Motion Plot (177 Data Points) for 
the Jocassee Reservoir Area (JRA) ( Data Courtesy 
of the Law Engineering Testing Company ) . 
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60 Errors Out of 177 First Motions for the 
Jocassee Reservoir Area (JRA). 
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The P wave f i r s t motions f o r events which occurred beneath the 

deeper p o r t i o n o f the r e s e r v o i r are shown in composite form in f i g u r e 41. 

A t o t a l o f 41 f i r s t motions were combined in t h i s computat ion w i t h o u t r e ­

gard t o foca l depth . The d o m a i n - o f v a l Id foca l mechanism s o l u t i o n s f o r 13 

i n c o n s i s t e n t readings i s shown in f i g u r e 42. The pressure axes are con­

s t r a i n e d t o nor thern t rends w i t h plunges t h a t vary from 40 t o 60 degrees. 

The tens ion and n u l l axes are less c o n s t r a i n e d , but the m a j o r i t y are s i m i ­

l a r t o those g iven in f i g u r e 40. The s o l u t i o n s f o r events which occurred 

beneath the deeper p o r t i o n o f the r e s e r v o i r are s i m i l a r enough t o the 

s o l u t i o n s g iven f o r a l l the composite data t h a t an almost i d e n t i c a l i n t e r ­

p r e t a t i o n is j u s t i f i e d . A much smal ler domain was determined f o r the min i ' 

mum o f 12 i n c o n s i s t e n t o b s e r v a t i o n s . S o l u t i o n s in t h i s domain were con­

f i n e d t o o n l y east -west s t r i k i n g nodal p lanes . D i p - s l i p type movements 

on the v e r t i c a l east -west planes are the p r e f e r r e d f a u l t p lanes . The 

domain o f v a l i d foca l mechanism s o l u t i o n s were a l s o found f o r 15 incon­

s i s t e n t read ings . The domain was as expected much l a r g e r , but the PTB 

axes remained in the same quadrants . 

The P wave f i r s t motions f o r earthquakes which occurred o u t s i d e 

the bounds o f the r e s e r v o i r are combined in f i g u r e 43. The domain o f 

v a l i d foca l mechanism s o l u t i o n s f o r 16 i n c o n s i s t e n t f i r s t motions is 

shown in f i g u r e 44. The s o l u t i o n s are s i m i l a r , w i t h a few e x c e p t i o n s , t o 

the s o l u t i o n s obta ined from the composite o f a l l the d a t a . The s o l u t i o n s 

are s i m i l a r enough such t h a t the i n t e r p r e t a t i o n is about the same. The 

domain o f v a l i d f o c a l mechanism s o l u t i o n s , determined f o r the minimum o f 

14 i n c o n s i s t e n t read ings , i n d i c a t e d on ly two s o l u t i o n s were v a l i d . The 

two s o l u t i o n s occurred in the center o f the l a r g e r domain. 
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Reservoir (42 Data Points) ( Data Courtesy of the 
Law Engineering Testing Company ). 
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Figure k k . The Domain of Valid Focal Mechanism Solutions for 
16 Errors Out of 55 First Motions for Events Which 
Occurred Outside the Bounds of the Jocassee Reservoir. 
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Reevaluat ion o f the composite JRA foca l mechanism data i n d i c a t e s 

t h a t s i m i l a r foca l mechanism s o l u t i o n s e x i s t f o r the two separate areas 

analyzed. The s o l u t i o n s in general support n e a r l y v e r t i c a l e a s t - w e s t , 

northwest and nor theast s t r i k i n g f a u l t p lanes . In a l l cases the pressure 

axes are conf ined t o small zones in the n o r t h - n o r t h w e s t quadrant . The 

m a j o r t i y o f the pressure axes have v e r t i c a l components which are g rea te r 

than the h o r i z o n t a l components. This may suggest a t ens iona l s t r e s s f i e l d . 

Marion (1977) noted the s i m i l a r i t y in s p e c t r a l c h a r a c t e r i s t i c s be­

tween the JRA and the CHRA. The JRA spect ra showed f p / f s r a t i o s o n l y 

g r e a t e r than u n i t y i n d i c a t i n g a p r e v a i l i n g t r a n s o n i c rup tu re v e l o c i t y f o r 

the microear thquakes. This r e s u l t suggests t h a t the microearthquakes. a t 

the JRA are o c c u r r i n g along p r e e x i s t i n g planes o f weakness. 

De ta i l ed geo log ic mapping in the JRA. revealed the presence o f 

several f a u l t s and a major j o i n t set (N45E and(N45W) which has near v e r t i ­

cal d ips a t the s u r f a c e . None o f the observed f a u l t s have been suggested 

as being a c t i v e (Fogle e t a l . , 1976). On the basis o f over 300 j o i n t 

measurements, Amick and Taiwani (1977) concluded t h a t the j o i n t s are s teep­

l y d i p p i n g and o u t s i d e the e p i c e n t r a l area t rend nor theast and southwest . 

They found j o i n t s w i t h i n the e p i c e n t r a l area had a predominant n o r t h ­

west t r e n d . The j o i n t s at the JRA do s a t i s f y the c o n d i t i o n s requ i red f o r 

t r a n s o n i c r u p t u r e . The j o i n t s can a lso e x p l a i n the s c a t t e r o f hypocenters . 

The p r e f e r r e d f o c a l mechanism s o l u t i o n s are those which g ive nodal planes 

which s t r i k e nor theast and northwest and have near ly v e r t i c a l d i p s . This 

preference s a t i s f i e s the observed geo log ic s t r u c t u r e and s p e c t r a l c h a r a c t ­

e r i s t i c s o f Jocassee Reservoi r area microear thquakes. 



The Bowman South Carol Ina Area 

The Bowman, South Caro l ina e p i c e n t r a l area (BSCA) i s located i n 

Orangeburg County in the Coastal P l a i n Province ( f i g u r e 1 ) . The geology 

c o n s i s t s o f e l a s t i c s and marine sequences u n d e r l a i n by dense rocks o f 

b a s a l t i c c o m p o s i t i o n . 

The se ismic a c t i v i t y in South Caro l ina has been i n t e r p r e t e d by 

B o l l i n g e r (1972) as one which forms a nor thwest -southeas t se ismic zone 

extending from Char leston t o the Appalachians. Th is proposed seismic b e l t 

is perpend icu la r to the reg iona l s t r u c t u r e , but p a r a l l e l s numerous Mesozoic 

diabase dikes and o t h e r l ineaments o f Mesozoic age and younger. According 

to B o l l i n g e r (1972) , a t o t a l o f 438 earthquakes have occurred in South 

Caro l ina between the years o f 1754 and 1971» o f which 402 were located in 

the Charleston-Summervi1le a rea . 

McKee (1974) has completed a geophysical study o f microearthquake 

a c t i v i t y in the Bowman a r e a . Deta i led g r a v i t y data in the Bowman area 

suggest a near ly l i n e a r h igh d e n s i t y basement s t r u c t u r e o f b a s a l t i c 

composi t ion t r e n d i n g n o r t h e a s t - s o u t h w e s t , u n d e r l i e s much o f the Bowman 

microearthquake e p i c e n t r a l area (McKee, 1974). Apparent i r r e g u l a r i t i e s 

in the g r a v i t y contours d e f i n i n g the l i n e a r anomaly s t r i k e n o r t h w e s t - s o u t h ­

e a s t , and from d e t a i l e d p r o f i l e s and modeling the nor thwest -southeast per­

t u r b a t i o n may be approximated as a f a u l t a t a depth o f ^ 0 . 3 2 Km (McKee, 

1974). 

The Bowman, South Caro l ina earthquake o f May 28, 1974 a t 05:01:36.2 

U.T. was a r e l a t i v e l y small event , M 'V, 2 . 5 , and hence the number o f f i r s t 



90. 

motions was l i m i t e d (Table 7 ) . The event occurred approximate ly 90 Km 

northwest o f Char les ton , South Caro l ina a t 33°22 1SS^N and 82°42'05"W. 

Although the number o f observat ions is i m p o r t a n t , the azimuthal d i s t r i b u ­

t i o n is the most important parameter as i n d i c a t e d by some o f the p r e v i o u s l y 

c i t e d s o l u t i o n s and by the f i r s t motion p l o t f o r t h i s event , shown in 

f i g u r e 45. This p a r t i c u l a r set o f f i r s t motions is remarkably we l l con­

s t r a i n e d . The take o f f angles given in t a b l e 7 may appear somewhat pecu­

l i a r , but a d e t a i l e d geophysical study o f the Bowman area (McKee, 1974), 

which included a c lose in microear thquake, g r a v i t y , and v e l o c i t y s t u d y , 

i n d i c a t e d hypocenters occurr ing at the boundary between a low v e l o c i t y 

(5 .8 Km/sec) m a t e r i a l to the northwest and a high v e l o c i t y (6.6 Km/sec) 

m a t e r i a l t o the southeast . T h e r e f o r e , the computed take o f f angles are 

s t r o n g l y dependent on az imuth . The domain o f v a l i d foca l mechanism s o l u ­

t i o n s was determined f o r zero e r r o r s ( f i g u r e 4 6 ) . The s o l u t i o n s i n d i c a t e 

f a u l t planes s t r i k i n g N35°W+10° w i t h the maximum p r i n c i p a l and minimum 

p r i n c i p a l s t r e s s d i r e c t i o n s located r e s p e c t i v e l y in the nor theast and 

southwest quadrants . The s o l u t i o n s i n d i c a t e probable d i p - s l i p (normal) 

f a u l t i n g , where the east s ide has moved up, and the less l i k e l y h o r i z o n t a l 

t h r u s t . The domain o f v a l i d foca l mechanism s o l u t i o n s was a l s o obta ined 

by a l l o w i n g one i n c o n s i s t e n t f i r s t mot ion . The s o l u t i o n s showed more v a r i a ­

t i o n , as expected, but the northwest v e r t i c a l o r i e n t a t i o n was preserved. 

The northwest f a u l t plane i n t e r p r e t a t i o n is compat ib le w i t h the hypothesis 

t h a t the nor theast s ide i s being u p l i f t e d (Hsaio , 1977). 

F i r s t motions were a l s o obta ined f o r the BSCA earthquake o f Novem­

ber 22, 1976 at 00:31:02.0 U.T. ( t a b l e 8 ) . The depth was assumed t o be 

from 1 t o 3 Km. The p l o t t e d f i r s t m o t i o n , which were a l l compress iona l , 

1 
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Table 7. F i r s t Motion Data f o r the Bowman, South 

Caro l ina Earthquake o f May 28, 1974 

No. S t a t i o n Phase D i s t (Km) Azimuth Take Of f Angle 

1 PBS PD 47.0 122.0 80.0 

2 NHS PD 94.0 112.5 80.0 

3 HBF PC 59.0 151.0 80.0 

4 SMA PD 44.0 52.0 80.0 

5 SGS PD 27.0 142.0 80.0 

6 VSC PC 65.0 211.0 61.0 

7 0SC PC 21.0 322.5 61.0 

8 JSC PD 110.0 330.0 58.0 
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Figure k 5 - F i r s t Motion P lo t f o r the Bowman, South Caro l ina 
Area (BSCA) Earthquake o f May 28, 1974. 
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Figure 46. The Domain of Valid Focal Mechanism Solutions for 
Zero Errors for the BSCA Earthquake of May 28, 1974. 
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Table 8. F i r s t Motion Data f o r the Bowman South 

Caro l ina Earthquake o f November 22, 1976 

No. S t a t i o n Phase D is t (Km) Azimuth Take Off Angle 

1 OSC PC 21.0 322.0 61.0 

2 SGS PC 27.0 142.0 80.0 

3 HBF PC 59.0 151.0 80.0 

4 VSC PC 65.0 211.0 61.0 

5 SRPN PC 84.0 265-0 61 .0 

6 SRPW PC 98.0 256.0 61.0 

7 JSC PC 110.0 330.0 58.0 

8 PRM PC 173.0 297.0 61.0 
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are shown in f i g u r e 47. The domain o f v a l i d foca l mechanism s o l u t i o n s 

f o r zero e r r o r s i s shown in f i g u r e 48. The wide v a r i a t i o n in s o l u t i o n s 

i n d i c a t e s poor ty cons t ra ined d a t a . The l o c a t i o n o f the pressure axes is 

s i m i l a r t o those obta ined f o r the May 28, 1974 BSCA earthquake, but a 

d e f i n i t i v e f a u l t plane o r i e n t a t i o n appears t e n t a t i v e . 

( 
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Figure h i . First Motion Plot for the 
Area (BSCA) Earthquake of 

Bowman, South Carolina 
November 22, 1976. 
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Figure 48. The Domain of Valid Focal Mechanism Solutions for 
Zero Errors for the Bowman, South Carolina Area 
(BSCA) Earthquake of November 22, 1976. 
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The Charleston-Summervi11e Area 

The Charleston-Summervi11e, South Caro l ina area (CSSCA), f i g u r e 1, 

has l e f t i t s mark in recorded h i s t o r y , having had several damaging e a r t h ­

quakes and the one l e t h a l August 31» 1886 ear thquake. Al though many e a r t h ­

quakes have been repor ted s ince 1886, the mechanism has not ye t been 

determined. As Champion (1975) p o i n t s o u t , the probable reason no mechan­

ism has been found i s t h a t the s t r u c t u r e i s hidden below 0.76 k i l o m e t e r s 

o f Post -Pa leozoic sedimentary and e x t r u s i v e r o c k , and is t h e r e f o r e unknown. 

Using on ly i n t e n s i t y d a t a , Taber (1914) at tempted to e x p l a i n the 

seismic a c t i v i t y in the Charleston-Summervi1 le area as being the r e s u l t 

o f an unobserved nor theast -southwest t r e n d i n g basement f a u l t located 8 Km 

southeast o f Summervil le (Long and Champion, 1977). 

W o l l a r d , e t a l . (1957) , and Poo ley e t a l . (I960) using w e l l data 

i n t e r p r e t e d by Cooke (1936) and l a t e r by Mansf ie ld (1936), proposed t h a t 

the s e i s m i c i t y might be r e l a t e d t o a topographic f e a t u r e o f the basement 

s u r f a c e , termed the Yamacraw Ridge, and the basement v a l l e y t o the n o r t h , 

r a t h e r than t o a T r i a s s i c basin (Long and Champion, 1977). B o l l i n g e r (1973) 

suggested t h a t the a c t i v i t y may be r e l a t e d t o reg iona l upl i f t and anc ient 

Appalachian s t r u c t u r e s . O l i v e r and I sacks (1972) and F le tcher e t a l . 

(1974) have expressed the o p i n i o n t h a t the s e i s m i c i t y in the C h a r l e s t o n -

Summervil le area is r e l a t e d to the landward ex tens ion o f a major t r a n s ­

form f a u l t associa ted w i t h the e a r l y opening o f the A t l a n t i c Ocean. 

Recent ly , perhaps the most d e t a i l e d g r a v i m e t r i c study o f any area 

in the southeast United States was c a r r i e d out by Champion (1975) f o r the 
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Charleston-Summervi1le a rea . From t h i s study and p r i o r d a t a , Long and 

Champion (1977) have proposed two large sca le s t r u c t u r e s which p o s s i b l y 

r e l a t e to the mechanism o f the 1886 Char leston earthquake. The l o n g , narrow 

nor theas t band shown in f i g u r e 49 represents the f i r s t s t r u c t u r e and may 

be i n t e r p r e t e d as a basement f a u l t s t r i k i n g , N 4 5 ° E a t the edge o f a T r i a s s i c 

b a s i n . This i n t e r p r e t e d s t r u c t u r e e s s e n t i a l l y agrees w i t h Taber 's (1914) 

f a u l t p r o p o s i t i o n , but i s d isp laced 6.0 Km t o the nor thwest . The second 

s t r u c t u r e or f e a t u r e proposed by Long and Champion is the apparent l i n e a r 

p o s i t i v e anomaly extending east from the p o s i t i v e h igh ( f i g u r e 49) , and 

is suggest ive o f a r idge o r d i k e - l i k e s t r u c t u r e o f high dens i ty m a t e r i a l 

in a depth range o f 1.0 to 6.0 k i l o m e t e r s . 

In b r i e f , these two la rge sca le f e a t u r e s a l l o w two independent 

exp lanat ions f o r seismic a c t i v i t y in the CSSCA, 1) the earthquakes r e s u l t 

from an a c t i v e nor theas t s t r i k i n g basement f a u l t , 2) the earthquakes r e ­

s u l t from f r a c t u r i n g o f m a t e r i a l associa ted w i t h the eastward p r o t r u d i n g 

anomaly by the mechanism o f s t r e s s a m p l i f i c a t i o n (Long and Champion, 1977). 

From t h i s study Long and Champion (1977) conclude t h a t the s t r e s s a m p l i ­

f i c a t i o n mechanism i s b e t t e r s a t i s f i e d by h i s t o r i c a l i n t e n s i t y and recent 

e p i c e n t e r d a t a . 

Table 9 conta ins the f i r s t : moti#h d a £ | f o r the Summervi l le , South 

Caro l ina earthquake o f A p r i l 28, 1975- The take o f f angles were computed 

using the s t r u c t u r a l i n t e r p r e t a t i o n presented by Long and Champion (1977) . 

The p l o t t e d f i r s t motions demonstrate inadequate s t a t i o n d i s t r i b u t i o n 

and i n d i c a t e one obvious i n c o n s i s t e n t observa t ion ( f i g u r e 5 0 ) . The do­

main o f v a l i d f o c a l mechanism s o l u t i o n s was determined f o r one e r r o r 

( f i g u r e 5 1 ) . Both northwest and nor theast f a u l t plane o r i e n a t i o n s appear 



Figure 49. Simple Bouguer Gravity Map of the 
Summerville, South Carolina Area 
( after Champion, 1975). 
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Table 9. F i r s t Motion Data f o r the Char 1eston-Summervi1le 

South Caro1i na Area Earthquake o f A p r i l 28, 1975 

No. S t a t i o n Phase D is t (Km) Azimuth Take Off Angle 

1 NHS PD 41.0 84.5 61.0 

2 PBS PC 16.0 334.0 61.0 

3 HBF PC 20.0 238.0 61.0 

4 SMA PD 69.0 351.0 61.0 

5 SGS PC 35.0 303.0 61.0 

6 OSC PC 82.0 315.0 61.0 

7 LHS PD 171.0 342.0 61.0 

CO JSC PD 170.0 325.0 61.0 

Q VSC PC 82.0 259.0 61.0 
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Figure 50. F i r s t Motion P lo t f o r the Charleston—Sumrnervi 1 l e , 
South Caro l ina Area (CSSCA) Earthquake o f Apri1 28, 1975. 
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Figure 51. The Domain o f V a l i d Focal Mechanism S o l u t i o n s f o r 
One Er ror f o r the CSSCA Earthquake o f A p r i l 28, 1975. 
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va1 I d . 

The pressure and tens ion ax is p o s i t i o n s f o r the A p r i l 28, 1975 

Summervil le event , a l though l a r g e r in a rea , show a marked s i m i l a r i t y t o 

those obta ined f o r the Bowman earthquake o f May 28, 1974* A nor theast 

s t r i k i n g f a u l t cannot be ru led o u t , but the m a j o r i t y o f the s o l u t i o n s 

favor northwest s t r i k i n g f a u l t plane o r i e n t a t i o n s . 

Recently Caver e t a l . (1977) publ ished f i r s t motion data f o r 

earthquakeswhich occurred i n the Char!eston-Summervi l ie a r e a . The f i r s t 

motions and l o c a t i o n s f o r events which occurred near the Summervi1le area 

were composited in order t o o b t a i n f o c a l mechanism s o l u t i o n s . The angles 

o f incidence were determined f o r a f i x e d depth o f 2 Km below the s u r f a c e . 

The composite f i r s t motions f o r a l l f i r s t motion readings g iven by Carver 

e t a l . (1977) are p l o t t e d i n f i g u r e 52. The domain o f v a l i d f o c a l mech­

anism s o l u t i o n s was determined f o r 11 e r r o r s out o f a t o t a l o f 34 f i r s t 

mot ions , but the s o l u t i o n s were found t o be s t r o n g l y dependent on one 

f i r s t motion ( f i g u r e 53 ) . Hence, the domain o f v a l i d mechanism s o l u t i o n s 

was determined f o r an a d d i t i o n a l e r r o r ( f i g u r e 54 ) . Since the domains o f 

PTB axes are so wide and v a r i e d , no one predominant f o c a l mechanism is 

apparent . The f a c t t h a t composited f i r s t motion data from the same area 

y i e l d e d no predominant PTB ax is t rend may i n d i c a t e t h a t the data d i s t r i b u ­

t i o n i s poor , t h a t the take o f f angles o r s t r u c t u r e are p o o r l y def ined or 

t h a t more than one foca l mechanism occurs in t h i s a rea . 

The f i r s t motion p l o t shown in f i g u r e 55 represents the f i r s t 

motion data f o r the November 22, 1974 main event and a f t e r s h o c k which 

occurred in the Summervi1le area a t 05:25:55-61 ' U.T. and 06:22:44.28 U.T. 

r e s p e c t i v e l y . The domain o f v a l i d foca l mechanism s o l u t i o n s was d e t e r -
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Figure 52. Composite First Motion Plot for the 
Charleston--Summervi1le, South Carolina 
Area (CSSCA), First Motion Data Excluding 
Angles of Incidence (after "Carver-et al. 
1977). 
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Figure 53. The Domain of Valid Focal Mechanism Solutions for 
11 Errors from Composite First Motions for the 
Charleston—Summervi1le, South Carolina Area (CSSCA). 
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F igure 54. The Domain o f V a l i d Focal Mechanism S o l u t i o n s f o r 
12 Er rors from Composite F i r s t Motions f o r the 
Char leston- -Summervi1 le , South Caro l ina Area (CSSCA). 



108 

* 

Figure 55. Composite First Motion Plot for the Novemver 22, 1974 
Charleston—Summervilie, South Carolina Area (CSSCA) 
Earthquake and Aftershock. 

** ***********:********* ** * ******* ******* * ***** *«« M **** **** **** **** *** *** ** ** ** ** * * ** ** ** ** ** ** 
** C C D * * * * 

* C * 
** D ** 

** C D D ** * * * * ** ** 
* D * 

* * D * * 
* * 

** C ** 
* ' * 
* c * * * * » 
* c » » * * * * * » * * ** ** * * ** ** * * ** ** * * * * ** ** 

** ** 
* * * » ** ** ** ** ** ** ** ** * * ** ** ** ** *** *** **** **** **** **** ***** ***** * ******* ******* * 

** ********** u********* ** 



109 

mined f o r a minimum o f f o u r i n c o n s i s t e n t readings ( f i g u r e 56) out o f a 

t o t a l o f 15 f i r s t mot ions . Even though on ly a few s o l u t i o n s were found 

f o r f o u r e r r o r s , the PTB axes show cons iderab le s c a t t e r . The domain s i ze 

becomes q u i t e la rge and v a r i e d when on ly one a d d i t i o n a l e r r o r is a l lowed 

( f i g u r e 57) • The s o l u t i o n s show some s i m i l a r i t y t o the s o l u t i o n s d e t e r ­

mined f o r the A p r i l 28, 1975 CSSCA earthquake. However, a predominant 

northwest f a u l t plane o r i e n t a t i o n s t i l l appears t e n t a t i v e . The p o s s i b i l i t y 

t h a t the November 22, 197^ event and i t s a f t e r s h o c k had d i f f e r e n t f o c a l 

mechanisms cannot be r u l e d o u t . 

The Re idsv l1 l e Georgia Area 

The on ly recent earthquake known t o have occurred in the Georgia 

p o r t i o n o f the A t l a n t i c Coastal P l a i n was the R e i d s v i l l e , Georgia e a r t h ­

quake o f December 27, 1976. The main shock, magnitude m, = 3.6 (U .S.G.S.) 
D 

occurred a t 06:58:11.49 U . T . and was located a t 32.046°N and 82 .31°W, w i t h 

an assumed depth o f 2 t o 3 Km ( f i g u r e 58 ) . The R e i d s v i l l e , Georgia area 

(RGA) earthquake was assigned a maximum i n t e n s i t y o f V (MM) as determined 

from i n t e r v i e w s and ques t ionna i res sent out the f o l l o w i n g day. The i n ­

t e n s i t y map ( f i g u r e 58) suggests an elongated f e l t c o n f i g u r a t i o n o r i e n t e d 

n o r t h e a s t - s o u t h w e s t . H i s t o r i c a l l y , Only f i v e earthquakes are known to 

have occurred in the south Georgia Coastal P l a i n and none has been r e p o r t ­

ed near the R e i d s v i l l e , Georgia a r e a . 

Basement gelogy is obscured by sur face Miocene t o P I iestocene 

t e r r a c e d e p o s i t s , which are u n d e r l a i n by Mesozoic and Cenozoic l imestones 

and sands, s i l t s and c l a y s . The basement rocks are probably gneiss or 

g r a n i t i c w i t h p o s s i b l e maf ic f lows i n t e r m i x e d . 
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Figure 56. The Domain of Valid Focal Mechanism Solutions for 
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and Aftershock. 
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The f i r s t motion data f o r the R e i d s v i l i e , Georgia earthquake are 

g iven in t a b l e 10. The f i r s t motion p l o t , f i g u r e 59, i n d i c a t e s inadequate 

s t a t i o n d i s t r i b u t i o n to the s o u t h . The domain o f v a l i d foca l mechanism 

s o l u t i o n s , based on one e r r o r , is g iven in f i g u r e 60. The s o l u t i o n s i n d i ­

cate f a u l t planes which s t r i k e HkO°E ••+ 10° and N15°W + 10° and d ip res ­

p e c t i v e l y 90° + 10° and 30° + 10°. The nor theas t f a u l t plane shows r e ­

verse to normal movement in which the southeast s i d e has moved up. So lu ­

t i o n s f o r the northwest s t r i k i n g planes i n d i c a t e l e f t l a t e r a l s t r i k e - s l i p 

m o t i o n . The s o l u t i o n s f o r two e r r o r s ( f i g u r e 61) i n d i c a t e the prev ious 

s o l u t i o n s are s t r o n g l y dependent on one data p o i n t . The domain o f v a l i d 

foca l mechanism s o l u t i o n s f o r two e r r o r s i s l a r g e r but i t preserves the 

c h a r a c t e r i s t i c s found f o r one less e r r o r . 

The Barnwell South Caro l ina Area 

The B a r n w e l l , South Caro l ina area (BASCA) i s located in the Coastal 

P l a i n Province about 65 Km southeast o f Augusta, Georgia and about 75 Km 

southwest o f the BSCA. 

On June 5 , 1977 a t 00:42:29.4 an earthquake o f magnitude M ^ ^ . O 

occurred between B a r n w e l l , South Caro l ina and A l l e n d a l e , South C a r o l i n a . 

The event , located from reg iona l se ismic a r r i v a l s , occurred a t 33.12°N 

and 8l.44°W w i t h an est imated depth o f 2 to 5 Km. The P o l i c e and F i r e 

departments o f A l l e n d a l e and B a r n w e l l , South Caro l ina were contacted the 

same day, but none o f the loca l i n h a b i t a n t s repor ted f e e l i n g the event . 

The f i r s t motion data are given in t a b l e 11. The angles o f i n c i ­

dence were determined from southeastern t r a v e l t ime curves . The p l o t t e d 

f i r s t motions show two obvious i n c o n s i s t e n t readings in the eastern qua-



114 

Table 10. F i r s t Motion Data f o r the R e i d s v i 1 l e , Georgia 

Earthquake o f December 27, 1976 

No. S t a t i o n Phase D is t (KIT.) Azimuth Take Off Angle 

1 ATL PNC 244.0 3 1 0 . 0 48 .0 

2 VSC PNC 148.0 53 .0 50.0 

3 OSC PNC 2 1 3 . 0 41.0 48 .0 

4 SRP1 PND 15C.0 26.5 5 1 . 0 

5 SRP2 PND 132.0 26.0 52.0 

e PBS PND 226.0 5 8 . 0 48 .0 

7 HBF PND 204.0 6 3 . 0 48 .0 

CO
 

CH5 PNC 185.0 1.0 48 .0 

9 JSC PNC 260.0 22.0 48.0 

10 MTT PNC 197.0 19 .0 48 .0 

11 CH6 PNC 205.0 3 5 5 . 0 48 .0 

12 AMG PNC 181.0 270.0 48 .0 

13 PRM PNC 234.0 0.0 48 .0 

14 SRP3 PNC 143.0 2 9 . 0 50.0 
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Figure 61. Domain of Valid Focal Mechanism Solutions for Two 
Errors for the Reidsvi 1 le,' Georgia Area (RGA) 
Earthquake of December 27, 1976. 
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Table 11. F i r s t Mot ion Data f o r the Barnwel1, South 

Caro l ina Area Earthquake o f June 5> 1977 

No. Stat ion Phase D is t (Km) Azimuth Take Off Angle 

1 NHS P*C 149.0 98.0 67.0 

CM HBF PD 100.0 103.0 75.0 

3 SGS PD 86.0 85.0 75.0 

V PRM P*C 138.0 323.0 67.0 

5 JSC PD 126.0 7 , 0 75.0 

6 PBS PC 110.0 82.0 7 5 . 0 

7 SRPN PD 29.0 329.0 75.0 

8 SRPD PD 26.0 279.0 75.0 

VO
 SRPW PD 17.0 302.0 75.0 

10 SVS PC 113.0 98.0 75.0 

11 CCS PC 116.0 106.0 75.0 

12 REG PND 179.0 282.0 50.0 
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drant ( f i g u r e 62) . The domain o f v a l i d foca l mechanism s o l u t i o n s , d e t e r ­

mined f o r a minimum of two e r r o r s , is shown in f i g u r e 63. The PTB axes 

are t i g h t l y const ra ined and i n d i c a t e f a u l t planes s t r i k i n g northwest w i t h 

t h r u s t i n g on southwest and nor theast d i p p i n g p lanes . Al though the domains 

are t i g h t l y c o n s t r a i n e d , they are seen to be dependent on the one compres-

s iona l motion in the northwest p o r t i o n o f the foca l sphere (see f i g u r e 62 ) , 

s ince the two i n c o n s i s t e n t f i r s t motion in the eastern p o r t i o n cancel four 

o f the read ings . 4 j . 
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CHAPTER V 

OVERALL DISCUSSION 

The d iscuss ion t h a t f o l l o w s compares the r e s u l t s obta ined from 

f o c a l mechanism s o l u t i o n s f o r the southeastern Un i ted States w i t h r e s u l t s 

obta ined from areas in o ther par ts o f the w o r l d . 

Mendiquren (1969) has demonstrated, us ing P wave f i r s t motion and 

the combinat ion o f P and S wave d a t a , t h a t f o c a l mechanisms f o r n o r t h e r n 

Argent ina have approx imate ly the same average c h a r a c t e r i s t i c s . Stauder 

(1962a) has a l s o shown t h a t , near Kamchatka, f o c a l mechanisms repeat them­

selves from earthquake t o earthquake. In such regions o f in te rmed ia te t o 

deep earthquakes assoc ia ted w i t h subduct ion zones, the above r e s u l t s are 

not s u r p r i s i n g s ince dominant d i r e c t e d f o r c e s o f l a rge magnitude e x i s t . 

Sbar and Sykes (1973) , from a combinat ion o f foca l mechanism s o l u ­

t i o n s , i n - s i t u s t r e s s measurements and geo log ic o b s e r v a t i o n s , have proposed 

t h a t much o f eastern North America is p r e s e n t l y exper ienc ing h o r i z o n t a l 

compressive s t resses g rea te r than those expected from the e f f e c t s o f 1 i t h o -

s t a t i c loading a l o n e . Accord ing t o Sbar and Sykes each o f the above methods 

f o r e v a l u a t i n g s t r e s s gaye near ly i d e n t i c a l d i r e c t i o n s f o r the p r i n c i p a l 

s t resses and t h e r e f o r e they concluded t h a t the maximum compressive s t r e s s 

t rends east t o nor theast over an area extending from west o f the Appalachians 

t o the middle o f the c o n t i n e n t , and from southern I l l i n o i s t o southern 

O n t a r i o . The i r work supports the hypothesis t h a t the compressive s t r e s s 

observed w i t h i n the North American p l a t e may be generated by the same 

mechanism t h a t d r i v e s the movements o f la rge l i t h o s p h e r i c p l a t e s . 
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The s t r e s s p a t t e r n i n the Appalachian Mountain System appears t o 

be d i f f e r e n t and p o s s i b l y a more complex s t r e s s d i s t r i b u t i o n e x i s t s as 

compared to the ad jacent reg ion to the wes t . From i n - s i t u ( s t r a i n r e l i e f ) 

s t ress measurements made in Piedmont g r a n i t e and gneiss near A t l a n t a , 

Georgia , Hooker and Johnson (1969) suggested t h a t the maximum p r i n c i p a l 

s t r e s s d i r e c t i o n may be a l i g n e d w i t h the t rend o f the Appalachian Mountains. 

Sbar and Sykes (1973) p o i n t out t h a t t h i s may be the case f o r New England 

and the Middle A t l a n t i c S t a t e s , but t h e southern data do not support t h i s 

h y p o t h e s i s . The measurements in the Georgia Piedmont may r e f l e c t the s t r e s s 

c o n d i t i o n s a t the t ime o f c r y s t a l l i z a t i o n (remnant s t r e s s ) ra the r than a 

contemporary p a t t e r n (Sbar and Sykes, 1973). Sbar and Sykes (1973) were 

unable t o f i t the d i s t r i b u t i o n o f observed s t resses in t h i s region t o a 

simple model w i t h a v a i l a b l e data and they concluded t h a t the s t r e s s d i s ­

t r i b u t i o n in the Appalachian system may be mod i f i ed by remnant s t r e s s , up­

l i f t , o r edge e f f e c t s r e l a t e d to c o n t i n e n t a l marg ins . According to Sbar 

and Sykes (1973) the c e n t r a l Uni ted States is p r e s e n t l y exper ienc ing a 

predominant ly h o r i z o n t a l compressive s t r e s s which t rends e a s t - n o r t h e a s t . 

S t ree t e t a l . (1974) p o i n t o u t t h a t the c e n t r a l United States earthquake 

a c t i v i t y , as r e l a t e d t o the s t r e s s model proposed by Sbar and Sykes (1973) 

should be a consequence o f high angle t h r u s t f a u l t i n g w i t h planes s t r i k i n g 

in a n o r t h - s o u t h d i r e c t i o n . However, from a d e t a i l e d study o f foca l 

mechanism s o l u t i o n s o f moderate s i z e earthquakes which occurred over a 

pe r iod o f t h i r t e e n years w i t h i n the area o f M i s s o u r i , Kentucky, Tennessee, 

I l l i n o i s , M i s s i s s i p p i and Arkansas, S t r e e t e t a l . (1974) have concluded 

t h a t such a simple reg iona l s t r e s s model is not a p p l i c a b l e . This r e s u l t 

was obta ined from the a n a l y s i s o f 38 foca l mechanism s o l u t i o n s obta ined 
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by two independent methods, one using the f i r s t P wave motion and the 

o ther using the ampl i tude spectrum o f sur face wave m o t i o n . Most o f the 

nodal planes were determined by a v i s u a l f i t w i t h an est imated e r r o r o f 

10° t o 20° (S t ree t e t a l . 1974). The i r r e s u l t s i n d i c a t e d , w i t h a few 

e x c e p t i o n s , t h a t the s t r i k e s o f the nodal planes could be grouped i n t o 

two t r e n d s . The most prominent t rend i s a n e a r l y n o r t h - s o u t h s t r i k e f o r 

events which occurred northward from Memphis, Tennessee through l a t i t u d e 

38.5°M. The second t rend c o n s i s t s o f nodal planes which s t r i k e east -west 

f o r events southeast o f M i s s o u r i . The remaining data apparent ly d i d not 

f a l l in e i t h e r t r e n d . Street et a l . (1974) concluded t h a t the compressive 

s t r e s s d i s t r i b u t i o n on a l o c a l i z e d sca le w i t h i n the i n t e r i o r o f a c o n t i n ­

en ta l p l a t e may be m o d i f i e d o r in f luenced s i g n i f i c a n t l y by loca l f e a t u r e s . 

For the c e n t r a l Uni ted States they proposed such f e a t u r e s as the M i s s i s s i p p i 

Embayment, the Ozark U p l i f t and p o s s i b l y the Quachita F r o n t . 

The foca l mechanism s o l u t i o n s f o r southeastern i n t r a p l a t e e a r t h ­

quakes do not imply a s i n g l e dominant s t r e s s d i r e c t i o n (see f i g u r e 64). 

In t h i s respect the i n t e r p r e t a t i o n f o r the southeast i s c o n s i s t e n t w i t h 

the r e s u l t s from the c e n t r a l United S t a t e s . The lack o f a s i n g l e dominant 

s t r e s s d i r e c t i o n in the southeast i s i n f e r r e d from the o r i e n t a t i o n s o f 

the pressure and tens ion axes and not from nodal plane o r i e n t a t i o n s . Appar­

e n t l y i n d i v i d u a l and loca l s t r e s s p e r t u r b a t i o n s a l l o w accumulat ion o f 

enough s t ress to produce the low leve l sha l low seismic a c t i v i t y . The 

foca l mechanism s o l u t i o n s presented f o r the southeast perhaps can be ex­

p l a i n e d by a combinat ion o f f a c t o r s i n c l u d i n g ; v e r t i c a l movement o f the 

c r u s t induced by i s o s t a t i c read justment , s t r e s s a m p l i f i c a t i o n in s t r u c t u r a l 

i r r e g u l a r i t i e s , and near sur face c o n d i t i o n s such as pore pressure changes 



Figure 64. Regional Map of Southeastern United States 
Showing the Domain of Valid Focal Mechanism 
Solutions for Nine Epicentral Areas. 
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and loading induced by r e s e r v o i r impounding. The foca l mechanism s o l u t i o n s 

f o r the Va l l ey and Ridge Province do in general support east to nor theast 

compression. Also the CHRA and JRA could be compat ib le w i t h east to n o r t h ­

east compression, but these data could be expla ined by o ther mechanisms. 

In a study o f t e c t o n i c s t r e s s and motion d i r e c t i o n f o r southern 

Europe and western A s i a , Scheidegger (1964) found t h a t some foca l mechan­

ism s o l u t i o n s were c o n s i s t e n t w i t h the p l a t e boundary mechanism, but many 

were n o t . More r e c e n t l y Tandon and Sr ivas tava (1975) found , using foca l 

mechanism s o l u t i o n s from 12 recent earthquakes which occurred along the 

n o r t h e r n b o u n d a r y o f the Indian p l a t e , t h a t some o f the s o l u t i o n s w e r e 

i n c o n s i s t e n t w i t h the p l a t e theory asserted f o r t h i s r e g i o n . I t is t h e r e ­

f o r e not unreasonable t h a t an area vo id o f p l a t e boundaries e x h i b i t s p a t ­

t e r n s s i m i l a r t o those presented f o r the southeast when compared t o at tempts 

t o c h a r a c t e r i z e s t r e s s d i r e c t i o n s i n v o l v i n g p l a t e boundaries in o t h e r 

areas. 
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CHAPTER VI 

CONCLUSION'S 

Based on the a n a l y s i s t echn ique , previous research , and i n t e r p r e ­

t a t i o n o f new data the f o l l o w i n g may be concluded: 

1 . Given a f i n i t e number o f P wave f i s t motions from a s i n g l e 

earthquake there e x i s t s a domain o f v a l i d foca l mechanism 

s o l u t i o n s which s a t i s f y the requirements set f o r t h by the theory 

o f the double couple w i t h o u t moment earthquake source . The 

computer adapted a n a l y s i s technique a l lows d i r e c t , rap id and 

o b j e c t i v e e v a l u a t i o n o f f a u l t plane s o l u t i o n s by f i n d i n g the 

domain o f v a l i d foca l mechanism s o l u t i o n s in terms o f the 

or thogonal p ressure , t e n s i o n and n u l l axes. 

2 . In g e n e r a l , the foca l mechanism s o l u t i o n s i n d i c a t e t h a t s o u t h ­

eastern i n t r a p l a t e se ismic a c t i v i t y does not appear to be the 

r e s u l t o f a s i n g l e dominant s t r e s s d i r e c t i o n . I f a dominant 

s t r e s s d i r e c t i o n e x i s t s , i t i s not v e r i f i e d by the foca l 

mechanism s o l u t i o n s . 

3. The i n t e r p r e t a t i o n o f m u l t i p l e p lanes , t r a n s o n i c r u p t u r e on 

e x i s t i n g planes perhaps c o n t r o l led by j o i n t s and the low 

leve l t o t e n s i o n a l s t r e s s environment are conc lus ions s u p p o r t ­

ed by both s p e c t r a l data and foca l mechanism s o l u t i o n s in the 

CHRA and JRA. 

4. Even though the data are l i m i t e d no one dominant mechanism 
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appears to be c h a r a c t e r i s t i c o f p r o v i n c i a l s u b d i v i s i o n s w i t h 

the p o s s i b l e except ion o f the BSCA and CSSCA. 

Focal mechanism s o l u t i o n s f o r the CHRA i n d i c a t e m u l t i p l e plane 

o r i e n t a t i o n s , many o f which correspond t o dominant j o i n t o r i e n ­

t a t i o n s . 

Focal mechanism s o l u t i o n s f o r the V a l l e y and Ridge Province 

support the hypothesis t h a t ances t ra l Appalachian s t r u c t u r e s 

are a s e i s m i c 

Ana lys is has shown t h a t f o r the area s tud ied the pressure o r 

t ens ion axes form a d i s c r e t e zone w h i l e the B axes form a less 

d i s c r e t e zone. 

Focal mechanism s o l u t i o n s f o r the BSCA were found to be com­

p a t i b l e w i t h the s t r e s s a m p l i f i c a t i o n model. 

The p o s s i b i l i t y t h a t a northwest v e r t i c a l plane mechanism may 

e x i s t f o r the BSCA and CSSCA cannot be ru led out a t t h i s t i m e , 

but more data are needed t o c o n f i r m such a p r o p o s i t i o n . 

In g e n e r a l , near v e r t i c a l f a u l t plane o r i e n t a t i o n s are shown 

as p o s s i b l e s o l u t i o n s . Th is may suggest a t e n s i o n a l s t r e s s 

environment f o r the southeas t . 
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CHAPTER V I I 

RECOMMENDATIONS 

1. Focal mechanism data should cont inue t o be c o l l e c t e d and 

analyzed to f u r t h e r e l u c i d a t e the contemporary s t ress p a t t e r n 

assoc ia ted w i t h southeastern se ismic a c t i v i t y . 

2. Displacement spec t ra and f o c a l mechanism s o l u t i o n s should be 

r e l a t e d in order to b e t t e r d e f i n e the source mechanisms assoc­

i a t e d w i t h southeastern ear thquakes. 

3. Attempts should be made t o u t i l i z e S wave p o l a r i z a t i o n data 

in c o n j u n c t i o n w i t h P wave data in o rder to c o n s t r a i n f o c a l 

mechanism s o l u t i o n s in the southeas t . 

4. Composite foca l mechanism data can g i v e ambigous r e s u l t s . 

S ing le event foca l mechanism s o l u t i o n s should be obta ined f o r 

the JRA in o rder to determine more d e f i n i t e l y t h a t earthquakes 

a t the JRA r e s u l t from s l ippage along j o i n t p lanes . 

5. Fau l t planes a t the CHRA may be d e f i n e d w i t h g r e a t e r p r e c i s i o n 

u t i l i z i n g data from the r e c e n t l y i n s t a l l e d th ree component s e i s ­

mometer in the e p i c e n t r a l a rea . A l s o , f i r s t mot ions may be 

read from p o r t a b l e microearthquake recorders w i t h grea ter r e l i ­

a b i l i t y i f the maximum r o t a t i o n r a t e is used and i f h igher f r e ­

quencies are e l i m i n a t e d from the record by s e t t i n g the band 

pass f i l t e r s f o r low frequency response (1 t o 5 H. ) . 



A r o u t i n e check on the p o l a r i t y o f the seismometers ( p o r t a b l 

or not ) should be made, s ince r e p a i r s do o f t e n reverse the 

p o l a r i t y . 
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INPUT STATEMENTS 

LAB: 50 charac te r d e s c r i p t i o n or t i t l e o f earthquake 

INDEX: Index = 1 P lo t f i r s t motions on lower hemisphere Wul f f net 

¥> 1 No P lo t 

N: Number o f f i r s t mot ions , up to 200 a l lowed 

AZM: Azimuth o f o b s e r v a t i o n s t a t i o n from e p i c e n t e r measured in degrees 

p o s i t i v e c lockwise from n o r t h . 

DIP: Angle o f inc idence measured i n degrees from v e r t i c a l upward (0° to 

180°). 

RANDOM: = 1.0 compressiona 1 f i r s t mot ion 

=-1.0 di l a t a t l o n a l . f i r s t mot-ion 

NERR: Number o f i n c o n s i s t e n t f i r s t motions 

NERR = 1000 Program is te rminated 

I WANT: IWANT=999 s i n g l e g r i d i s used (see note below) 

\* 999 f o c a l sphere is sys temat ica l l y searched 

GANG: Spacing o f B axes i n 5 x 5 g r i d , 10° recommended when I WANT ^ 999 

* NOTE 

INPUT READ WHEN IWANT = 999 

NERR: Number o f i n c o n s i s t e n t f i r s t motions 

TAUZ: Azimuth o f B ax is measured in degrees c lockwise from n o r t h 

PHIZ: Dip o f B a x i s measured in degrees from h o r i z o n t a l downward to 

v e r t i c a l 

GANG: Gr id i n t e r v a l ; d e t a i l e d r e s u l t s f o r small i n t e r v a l . 
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6 
Figure 65. Flowchart of Main Program. 
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C THIS PROGRAMt WRITTEN IN FORTRAN IV FOR A C CONTROL DATA CORPORATION CYBER (74)* IS AN C ITERATIVE TECHNIQUE WHICH DETERMINES THE C DOMAIN OF VALID FOCAL MECHANISM SOLUTIONS C FOR A GIVEN EARTHQUAKE USING P WAVE FIRST C MOTIONS. THE SOLUTIONS ARE GIVEN C IN TERMS OF THE PRESSURE <P)r TENSION (T)v AND C NULL AXIS <B> DIRECTIONS. THE ENTIRE FOCAL C SPHERE IS SEARCHED USING A 5 X 5 GRID OF B C AXES. THE RESULTS ARE WRITTEN OUT ON AN C AUXILLARY TAPE FOR FURTHER ANALYSIS OR C PLOTTING ON THE LOWER HEMISPHERE OF A C WULFF NET PROJECTION. ONCE THE DOMAIN C IS FOUND A SPECIAL GRID OF B AXES MAY C BE USED TO INVESTIGATE THE DOMAIN SIZE AND C SHAPE IN GREATER DETAIL. C C C PROGRAM MAINXINfINPUTrlRtOUTPUTrTAPE5=INPUTf 1TAPE6=0UTPUT rTAPE1 = IN v TAPE7=IR) DIMENSION AZC(2000)rRQEC(2000)rX(3*2000)fC(3*3)f % CA(3*3)fB(Zf3)\SENSE(2000)rPT(3r2000)yLAB(5)* 1 AZM(200)*DIP(200)*RANDOM(200)»D(3»3) REWIND 7 SRAD=0.01745329252 C SRAD IS THE CONVERSION FACTOR FROM DEGREES TO RADIANS. READ(1*910) LAB(l)*LAB(2)*LAB(3)*LAB(4)*LAB(5) C LAB STANDS FOR THE TITLE OR IDENTIFICATION C OF THE EARTHQUAKE. 910 FORMAT(5A10) WRITE(C>J>910) (LAB( I) J» 1 = 1 J»5) READ < 1 J» #) INDEX *N C INDEX IS A DEVICE WHICH ALLOWS AN OPTION TO C PLOT THE ORIGINAL INPUT (INDEX ~ 1) OR NOT C (INDEX NOT = 1). C N REPRESENTS THE NUMBER OF P WAVE FIRST MOTIONS. WRITE(6*903) INDEXrN 903 FORMAT (/ J» " INDEX="fI5f" : NUMBER OF DATA POINTS= 15) ENDFILE6 WRITE(6r957) 957 FORMAT(//y "AZIMUTH -TOA 1ST MOTION—) • ) DO 20 1=1fN READ (1 «»#) AZM( I) »DIP( I) J» RANDOM (I) C AZM IS THE AZIMUTH OF THE OBSERVATION STATION C AND IS MEASURED IN DEGREES FROM THE EPICENTER. C DIP IS THE CORRESPONDING TAKE OFF ANGLE AND IS C MEASURED IN DEGREES FROM THE VERTICAL UPWARD• C RANDOM IS AN INDEX WHICH CATALOGUES THE DIRECTION C OF FIRST MOTION AND THE SYMBOLS FOR THE 
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C PTB AXES EGf 
COMPRESSION 
DILATATION 

C 
C 
C 
C 
C 

B AXIS 
P AXIS 
T AXIS 

1 . 0 
1 . 0 
7 
8 
9 

W R I T E ( 6 » 9 5 6 ) A Z M < I ) » D I P ( I ) » R A N D O M < I ) 
956 F 0 R M A T ( 2 X Y F 7 . 3 * 7 X * F 7 . 3 * 8 X > F 5 . 2 ) 

I F ( D I P ( I ) . G E . O . O . A N D . D I P ( I ) . L E . 9 0 . 0 ) G 0 TO 111 
112 A Z M ( I ) = A Z M ( I ) + 1 8 0 

D I P ( I ) = 1 8 0 ~ D I P ( I ) 
111 I F ( A Z M ( I ) . G T . 3 6 0 . 0 ) A Z M ( I ) = A Z M ( I ) - 3 6 0 . 0 

D I P ( I ) = D I P ( I ) * S R A D 
20 A Z M ( I ) = A Z M ( I ) * S R A D 

I F ( I N D E X . E Q . l ) CALL PLOT(AZMr D IP >RANDOM> N) 
3 NPT=0 

C NPT REPRESENTS THE NUMBER OF PRESSURE 
C AND TENSION AXES. 

READ<5>*> NERRrIWANTtGANG 
C NERR I S THE NUMBER OF INCONSISTENT FIRST 
C MOTIONS AND I F NERR « 1000 THE PROGRAM 
C I S TERMINATED. 
C IWANT I S A DEVICE WHICH ALLOWS AN OPTION 
C TO SEARCH THE ENTIRE FOCAL SPHERE 
C (IWANT NOT = 9 9 9 ) OR EXAMINE A, PARf iCULAR 
C AREA OF THE FOCAL SPHERE (IWANT = 9 9 9 ) . 
C GANG I S THE INTERVAL BETWEEN B AXES 
C I N THE 5 X 5 GRID . 
C WHEN THE FOCAL SPHERE I S TO BE SEARCHED 
C 10 DEGREES I S RECOMMENDED FOR GANG. 

I F ( N E R R . E Q . I O O O ) GO TO 42 
ICOUNT=0 

C ICOUNT KEEPS A RUNNING SUM OF THE NUMBER 
C ITERATIONS I N WHICH NO SOLUTION WAS FOUND. 
C I F ICOUNT I S GREATER THAN OR EQUAL TO 12 
C NO SOLUTION EXISTS OVER THE ENTIRE 
C FOCAL SPHERE INDICATING NERR MUST BE MODIF IED. 

DO 600 I D I P = 2 2 r 6 5 * 4 3 
P H I Z = I D I P 
I S T E P = ( l + I D I P / 6 3 ) * 4 5 
DO 500 I A Z = 4 5 , 3 6 0 , I S T E P 

C THE GRID COORDINATES ARE DETERMINED 
C BY THE ABOVE LOOPS FOR SEARCHING OVER 
C THE FOCAL SPHERE. 

TAUZ=IAZ 
I F ( I W A N T . E Q . 9 9 9 ) R E A D ( 5 > * )NERR fTAUZ> PHIZ rGANG 

C A SPECIAL GRID MAY BE USED AT THIS POINT* 
C SUBJECT TO THE VALUE OF IWANT* TO INVESTIGATE 
C A PARTICULAR AREA OF THE FOCAL SPHERE. 
C WITH THE SPECIAL GRID THE NUMBER OF INCONSISTENT 
C OBSERVATIONS (NERR) ARE READ I N AGAIN ALONG WITH THE 
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C B AXIS COORDINATES* TAUZ AND P H I Z * AND THE NEW 
C GRID INTERVAL. 
C TAUZ I S THE AZIMUTH I N DEGREES OF THE B A X I S AND I S 
C MEASURED CLOCKWISE FROM NORTH. 
C PHIZ I S THE D IP OF THE B AXIS AND I S 
C MEASURED FROM THE HORIZONTAL DOWN TO 
C VERTICAL I N DEGREES. 

TAUZ1=TAUZ 
P H I l ^ P H I Z 

10 DO 40 I = l f N 
R O S I N » S I N ( D I P ( ' I > ) 
X < l v I ) = C Q S < A Z M < I ) ) * R O S I N 
X ( 2 f I ) = S I N ( A Z M ( I ) ) * R O S I N 
X < 3 * I ) = C 0 S < D I P < I ) ) 

40 SENSE<I )=RANDOM(I ) 
C THE FIRST MOTIONS I N SPHERICAL COORDINATES 
C ARE TRANSFORMED INTO VECTOR FORM I N A R IGHT-
C HANDED RECTANGULAR SYSTEM* WHERE 
C NORTH = +X 
C EAST « +Y 
C DOWN = +Z 

CALL A B < A r T A U Z r P H I Z ) 
C THE FIRST TRANSFORMATION MATRIX I S COMPUTED 
C USING DIRECTION COSINES. 

CALL A B < B r - T A U Z r 9 0 . 0 ) 
C A SECOND TRANSFORMATION MATRIX I S COMPUTED 
C TO CORRECT FOR UNWANTED ROTATION. 

CALL B A ( B r A ) 
C THE CORRECTION I S ACCOMPLISHED BY MATRIX 
C M U L T I P L I C A T I O N . 

P H I 2 - 9 0 . O - S Q R T < 8 . 0 ) * G A N G 
T A U Z = - 4 5 . 0 
CALL A B ( B y T A U Z r P H I 2 > 
CALL B A ( B f A ) 
CALL A B < B * - T A U Z * 9 0 . 0 ) 
CALL B A ( B f A ) 
CALL A X ( A r X f N ) 

C THE FIRST GRID POSITION I S COMPUTED AND 
C CORRECTED FOR ROTATION. 
C THE FIRST MOTIONS ARE TRANSFORMED WITH 
C RESPECT TO THE F I R S T GRID POSITION 
C OR FIRST COORDINATE SYSTEM. 

PHI2=90 .0~GANG 
T A U Z = 9 0 . 0 
CALL AB(BfTAUZ>PHI I2 ) 
CALL A B ( C r - T A U Z t 9 0 . 0 ) 
CALL B A ( C r B ) 

C THE TRANSFORMATION MATRICES ARE NEXT 
C COMPUTED FOR THE REMAINING 4 GRID POSITIONS 
C ALONG THE Y AX IS AND CORRECTED FOR ROTATION. 

T A U 2 = - 1 0 4 . 0 
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? :: P H I 2 = 9 0 . O - S Q R T ( 1 7 . 0 ) * G A N G 
CALL A B ( C , T A U 2 , P H I 2 ) 
CALL A B ( D , - T A U 2 T 9 0 . 0 ) 
CALL BA<D,C) 

C THE TRANSFORMATION MATRIX WHICH MOVES THE 
C GRID POSITION TO THE NEXT LINE I S FOUND 
C AND CORRECTED FOR ROTATION. 
C THE PROCEDURE I S REPEATED UNTIL THE 2 5 TH 
C GRID POSITION I S FOUND. 

41 DO AO M l = l , 5 
CALL TEST(X , N ,SENSE ,NPT , PT ,NERR * A) 

C EACH OF THE 2 5 GRID POSITIONS AND F IRST 
C MOTIONS ARE TESTED FOR POSSIBLE SOLUTIONS. 
C I F THE NUMBER OF P AND T AXES (NPT) I S 
C GREATER THAN OR EQUAL TO 250 THEN TOO MANY 
C SOLUTIONS EXIST INDICATING THE DATA INPUT 
C I S POORLY DEFINED AND CONTROL I S TRANSFERED 
C BACK TO 3 TO READ A NEW NERR ,IWANT ,GANG. 

DO 61 N l = l , 4 
I F < N P T . G E . 2 5 0 ) GO TO 101 
CALL A X ( B , X , N ) 
CALL B A ( B , A ) 

61 CALL TEST (X * N * SENSE , NPTV PT , NERR , A ) 
CALL A X ( C , X , N ) 

60 CALL B A ( C , A ) 
I F ( N P T . L E . O ) GO TO 100 

C I F THE NUMBER OF P AND T AXES I S LESS THAN 
C OR EQUAL TO ZERO ICOUNT I S INCREMENTED BY 
C ONE AND THE MESSAGE • NO SOLUTION FOUND FOR 
C NERR = 0 » 1 , 2 » . . . " I S WRITTEN OUT AND CONTROL 
C I S TRANSFERED BACK TO 3 . 

NPTl=NPT/2 
W R I T E ( 6 , 1 1 0 ) TAUZ1,PHI1,GANG;,NERR,NPT1 

C I F SOLUTIONS ARE FOUND A MESSAGE CONTAINING 
C THE AZIMUTH AND DIP OF THE CORRESPONDING GRID 
C POSITION* ANGLE INCREMENT, NUMBER OF ERRORS, 
C AND NUMBER OF SOLUTIONS I S WRITTEN OUT. 
110 FORMAT(" B AXIS AT " , F 8 . 1 , B AZIMUTH,DIPPING AT. " , F 8 . 1 , 

1 • ANGLE I N C . : - , F 8 . 1 , B NO. OF ERRORS. B r I 3 , 2 X r 
2 "NO. OF SOLUTIONS: * , I 3 ) 

24 CALL PPLOT(PT, NPT tSENSE, AZC tROEC) 
C THE SOLUTIONS FOUND ARE THEN PREPARED FOR 
C PLOTTING. 

I F ( I W A N T . E Q . 9 9 9 . A N D . N P T . G E . 1 . A N D . N P T . L T . 2 5 0 ) 
C I F THE SPECIAL GRID WAS USED THE SOLUTIONS 
C ARE PLOTTED, I F NOT THE SOLUTIONS ARE 
C WRITTEN ON TAPE 7 UNTIL THE FOCAL SPHERE 
C HAS BEEN TESTED FOR POSSIBLE SOLUTIONS. 

1CALL PLOT(AZC,ROEC,SENSE,NPT) 
I F ( I W A N T . E Q . 9 9 9 ) GO TO 3 
W R I T E ( 7 , 8 0 1 ) ( A Z C ( I ) , R O E C ( I ) , S E N S E ( I ) , I = 1 , N P T ) 
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8 0 1 F 0 R M A T ( 3 ( 3 X * F 1 2 . 5 > > 
GO TO 46 

101 W R I T E ( 6 r 3 4 ) NERR 
34 FORMAT(lOXr"TOO MANY SOLUTIONS FOR " r I 3 r " ERRORS") 

GO TO 8 8 8 
100 IC0UNT=IC0UNT+1 

W R I T E ( 6 r 3 3 ) NERR 
33 FORMAT<10X*"NO SOLUTION FOUND FOR " , I 4 r " ERRORS") 
46 NPT=0 

500 CONTINUE 
600 CONTINUE 

I F ( I C O U N T . G E . 1 2 ) GO TO 8 8 8 
I F ( I W A N T . E G . 9 9 9 ) GO TO 3 

700 LM=1 
REWIND 7 

9 0 1 R E A D ( 7 f 8 0 1 ) ( A Z C ( L M ) r R O E C ( L M ) r S E N S E ( L M ) , 1 = 1 r N P T ) 
C AFTER THE FOCAL SPHERE HAS BEEN SEARCHED 
C THE SOLUTIONS ARE READ FROM TAPE 7 AND PLOTTED. 
C CONTROL I S THEN RETURNED TO 3 FOR FURTHER 
C ANALYSIS OF THE SAME EARTHQUAKE DATA. 

I F ( E 0 F < 7 ) > 9 0 2 * 9 0 5 
905 LM=LM+1 

GO TO 9 0 1 
9 0 2 LM=LM-1 

CALL PLOT(AZCrROECfSENSErLM) 
888 CONTINUE 

REWIND 7 
GO TO 3 

42 STOP 
END 

C 
C 

SUBROUTINE A B ( A , T Z f P Z ) 
C 
C 
C THIS SUBROUTINE SETS UP THE NEW R IGHT-
C HANDED COORDINATE SYSTEM* WHERE THE 
C B AXIS OR NULL DIRECTION CORRESPONDS 
C TO THE Z AX IS AND COMPUTES THE TRANSFORMATION 
C MATRIX USING DIRECTION COSINES AS DESCRIBED BY 
C HERRMANN ( 1 9 7 5 ) 

DIMENSION A ( 3 r 3 ) 
T A U Z = T Z * 0 . 0 1 7 4 5 3 2 9 2 5 2 
P H I Z = P Z * 0 . 0 1 7 4 5 3 2 9 2 5 2 
T A U X = T A U Z - 1 8 0 . 0 * 0 . 0 1 7 4 5 3 2 9 2 5 2 
T A U Y = T A U Z ~ 9 0 . 0 * 0 . 0 1 7 4 5 3 2 9 2 5 2 
P H I X = 9 0 . 0 * 0 . 0 1 7 4 5 3 2 9 2 5 2 - P H I Z 
P H I Y = 0 . 0 
A ( 1 9 1 ) = C O S ( T A U X ) * C O S ( P H I X ) 
A ( l f 2 ) = S I N ( T A U X ) * C 0 S ( P H I X ) 
A ( l f 3 ) = S I N ( P H I X ) 
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A ( 2 , l ) = C Q S ( T A U Y ) * e O S ( P H I Y ) 
A ( 2 , 2 ) = S I N ( T A U Y ) * C 0 S ( P H I Y ) 
A < 2 , 3 ) = S I N ( P H I Y ) 
A ( 3 * 1 )=COS(TAUZ)#COS(PHIZ) 
A ( 3 , 2 ) = S I N ( T A U Z ) * C 0 S ( P H I Z ) 
A ( 3 , 3 ) = S I N ( P H I Z ) 
RETURN 
END 

C 
C 

SUBROUTINE PLOT(AZC,ROEC,SENSE,N) 
C 
C 
C THIS SUBROUTINE I S A SOMEWHAT MODIFIED VERSION, 
C TAKEN FROM WARNER ( 1 9 6 9 ) , OF A TERMINAL OUTPUT 
C PLOT FOR PROJECTIONS MADE ON A WULFF NET 

DIMENSION J M ( 7 5 ) * I M ( 7 5 ) , A Z C ( N ) , R 0 E C ( N ) , 
CCTPC ( 5 7 * 9 5 ) * SENSE (N) * DUMMY ( 3 0 ) 

DATA ( J M ( I > ,1 = 1 F 7 A ) / 9 5 . , 1 , 48 * 48 , 4 8 , 4 7 * 4 6 , 4 5 *44*4 3 * 
C 4 2 , 4 1 , 4 0 , 3 9 , 3 8 , 3 8 , 3 7 , 3 6 , 3 5 , 3 4 , 3 3 , 3 2 , 3 2 , 3 1 , 3 0 , 2 9 , 2 8 , 2 8 , 2 7 , 
C 2 6 , 2 5 , 2 5 , 2 4 , 2 3 , 2 2 , 2 2 * 2 1 * 2 0 * 1 9 * 1 8 , 1 7 , 1 6 , 1 5 , 1 4 , 1 3 , 1 2 , l l , 
C l l , 1 0 , 1 0 , 9 , 8 , 7 , 7 , 6 , 6 , 5 , 5 , 4 , 4 , 3 , 3 , 3 , 2 , 2 , 2 , 1 , 1 , 1 , 1 , 1 , 1 , 
C 2 , l / 

DATA ( I M ( I ) , I = 1 , 7 4 ) / 2 9 , 2 9 , 2 9 , 5 7 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 
0 1 , 1 , 2 , 2 , 2 , 2 , 2 , 2 , 2 , 3 , 3 , 3 , 3 , 3 , 4 , 4 , 4 , 4 , 5 , 5 , 5 , 5 , 6 , 6 * 6 , 
C 7 , 7 , 8 , 8 , 9 , 1 0 , 1 0 , l l , l l , 1 2 , 1 2 , 1 3 , 1 3 , 1 4 , 1 5 , l 6 , 1 6 , 1 7 , 
C 1 7 , 1 8 , 1 9 , 2 0 , 2 0 , 2 1 , 2 2 , 2 2 , 2 3 , 2 4 , 2 4 , 2 5 , 2 6 , 2 7 , 2 8 , 1 , 1 , 
C 2 / 

DATA ( D U M M Y ( I ) , 1 = 1 , 9 ) / l H , 1 H - , 1 H * , 1 H Z , 1 H C , 1 H D , 1 H B , 1 H P , 1 H T / 
DO 60 1 = 1 , 5 7 
DO 60 J = l , 9 5 

60 C T P C ( I , J ) = 0 . 0 
XN=N 
DO 107 1 = 1 , N 
R A D = T A N ( R 0 E C ( I ) / 2 . 0 ) 
X = R A D * S T N ( A Z C ( I ) ) * 1 4 2 . 5 + 1 4 2 . 5 
Y = R A D * C O S ( A Z C ( I ) ) * 1 4 2 . 5 + 1 4 2 . 5 

C THE DATA ARE CONVERTED TO PROJECTION FORM 
K = 5 8 . 0 - Y * 0 . 2 
M = X * 0 . 3 3 3 3 3 3 + . 5 
I F ( K . L T . 1 ) K = 1 
I F ( M . L T . 1 ) M = 1 
C T P C ( K , M ) = 5 . 
I F ( S E N S E ( I ) . L T . 0 . 0 ) C T P C ( K , M ) = 6 . 
I F ( S E N S E ( I ) . E G . 8 ) C T P C ( K , M)=8 
I F ( S E N S E ( I ) . E Q . 9 ) C T P C ( K , M ) = 9 
I F ( S E N S E ( I ) . E Q . 7 ) C T P ' C ( K , M ) = 7 

C THE ELEMENTS PLOTTED FOLLOW THE NOTATION BELOW 
C C = COMPRESSION 
C D = DILATATION 
C P = PRESSURE AXIS 



C T = T E N S I O N A X I S 

C B = B A X I S O R N U L L D I R E C T I O N 

1 0 7 C O N T I N U E 

X X X X = - 9 9 9 . 9 

D O 1 5 0 1 = 1 * 5 

K = I M < I ) 

M = J M < I ) 

I F < C T P C ( K y M ) . L E . 0 . 0 ) C T P C < K y M ) = X X X X 

1 5 0 C O N T I N U E 

D O 1 5 1 1 = 6 * 7 4 

I 1 = I M ( I ) 

1 2 = 5 8 - 1 1 

J 1 = J M < I ) 

J 2 = 9 6 - J 1 

I F < C T P C ( 1 1 f J l ) . L E . 0 ; 0 ) C T P C ( 1 1 y J l ) = X X X X 

I F ( C T P C < I l y J 2 ) . L E . O . O ) C T P C < I l y J 2 ) = X X X X 

I F ( C T P C ( I 2 y J 2 ) . L E . 0 . 0 ) C T P C ( I 2 y J 2 ) = X X X X 

I F ( C T P C ( I 2 r J l ) . L E . 0 . 0 ) C T P C ( I 2 y J 1 ) = X X X X 

1 5 1 C O N T I N U E 

D O 8 1 2 1 = 1 9 5 7 
D O 8 1 2 J = l y 9 5 

I F ( C T P C ( I y J ) . L E . - 9 9 9 . 9 ) G O T O 8 1 4 

I F ( C T P C ( I y J ) . L E . 0 . 0 ) G O T O 8 1 0 

I F ( C T P C ( I y J ) . E Q . 5 . ) C T P C ( I ? J ) = D U M M Y ( 5 ) 

I F X C T P C C I y J ) . E Q . 6 . ) C T P C ( I y J ) = D U M M Y ( 6 ) 

I F ( C T P C ( I y J ) . E Q . 7 . ) C T P C < I y J ) - D U M M Y ( 7 ) 

I F ( C T P C ( I r J ) . E Q . 8 . ) C T P C ( I f J ) = D U M M Y < 8 ) 

I F ( C T P C ( I y J ) . E Q . 9 . ) C T P C ( I y J ) = D U M M Y < 9 ) 

G O T O 8 1 2 

8 1 4 C T P C d y J ) = D U M M Y ( 3 ) 

G O T O 8 1 2 

8 1 0 C T P C ( I y J ) = D U M M Y ( l ) 

8 1 2 C O N T I N U E 

W R I T E ( 6 f l l 0 ) 

1 1 0 F O R M A T ( 1 H I y 5 1 X r 1 H # ) 

D O 1 1 1 1 = 1 v 5 7 

W R I T E ( 6 r l l 2 ) ( C T P C ( I y J ) y J = l y 9 5 ) 

1 1 2 F O R M A T ( 5 X r 9 5 A l ) 

D O 1 1 1 J = l r 9 5 

C T P C C I y J ) = 0 . 0 

1 1 1 C O N T I N U E 

R E T U R N 

E N D 

C 

C 

S U B R O U T I N E P P L O T ( P T r N y S E N S E y A Z C y R O E C ) 

C 

C 

C T H I S R O U T I N E P R E P A R E S T H E I N C O M I N G D A T A 

C ( I N V E C T O R F O R M ) F O R P L O T T I N G 

D I M E N S I O N P T ( 3 y 2 0 0 0 ) r S E N S E ( 2 0 0 0 ) y A Z C ( 2 0 0 0 ) y R O E C ( 2 0 0 0 ) 
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T W 0 P H I = 4 * 1 . 5 7 0 7 9 6 3 2 7 
SRAD==0.01745329252 
P H I = 2 * 1 . 5 7 0 7 9 6 3 2 7 
ISG=1 
IPT=8 
DO 40 1=1>N 
I P T = I P T + I S G 
ISG=~ISG 

40 S E N S E < I ) = I P T 
M=N-1 
DO 50 K = l , M r 2 
L=< < K + l ) / 2 ) + N 
SENSE(L )=7 

C SINCE THE P AND T AXES ARE ORTHOGONAL 
C I N THEORY AND ARE PROBABLY FAIRLY CLOSE NUMERICALLY 
C THE B AXIS MAY BE COMPUTED BY TAKING THE CROSS 
C PRODUCT OF THE T AND P AXES 

P T ( l » L ) * - P T ( 2 » K ) * P . T ( 3 f k + i ) - + P T < 3 » K ) * P T ( ' 2 f K + l ) 
P T ( 2 f L ) = ~ P T ( 3 r K ) > K P T ( l f K + l ) + P T < l r K ) ) K P T ( 3 r K + l ) 

50 P T < 3 > L ) = ~ P T < l r K ) * P T ( 2 > K + l ) + P T < 2 f K ) * P T < l f K + l ) 
N=N+N/2 
DO 6 0 I = 1 * N 
AZC( I ) = A T A N 2 ( P T ( 2 > I )>PT< 1 » I )•) 
I F ( A Z C d ) . L T . O . O ) GO TO 1 
I F ( A Z C d ) .GT.TWOPHI) GO TO 2 
GO TO 3 

1 A Z C d ) = A Z C ( I ) + T W O P H I 
GO TO 3 

2 A Z C d ) = A Z C d ) - T W O P H I 
3 I F ( P T ( 3 » I ) . L T . O . O ) GO TO 4 

GO TO 5 
4 R 0 E C ( I ) = P H I ~ A C 0 S ( P T ( 3 r D ) 

A Z C ( I ) = A Z C ( I ) + P H I 
GO TO 6 

5 R 0 E C ( I ) = A C 0 S ( P T ( 3 y I ) ) 
6 I F ( A Z C d ) .GT.TWOPHI) AZC( I )=AZC( I ) -TWOPHI 

C THE PTB SET I S CONVERTED BACK INTO SPHERICAL 
C FORM AND CORRECTED FOR THE LOWER HEMISPHERE 

60 CONTINUE 
RETURN 
END 

C 
C 

SUBROUTINE A X ( A r X r N ) 
C 

c 
C SUBROUTINE AX TRANSFORMS THE F IRST MOTION DATA 
C I N VECTOR FORM TO THE NEW SYSTEM BY MULTIPLING 
C THE TRANSFORMATION MATRIX TIMES THE COLUMN 
C VECTOR (F IRST MOTIONS) 

DIMENSION A < 3 * 3 ) > X < 3 * 2 0 0 0 ) , X X < 3 ) 
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no 40 I = I * N 
D O 1 0 J=l*3 

1 0 X X ( J ) = X ( J * I ) DO 30 J=l»3 
X( J * I ) = 0 . 0 D O 3 0 K=l*3 
X ( J * I ) = X ( J * I ) + A ( J * K ) # X X ( K ) 

3 0 C O N T I N U E 
4 0 C O N T I N U E 

R E T U R N 
E N D 

C 

c 
S U B R O U T I N E A T X ( A * X * N 1 * N 2 ) 

C 
C 
C T H E P T B A X E S A R E R E T U R N E D T O T H E O R I G I N A L 
C C O O R D I N A T E S Y S T E M B Y T A K I N G T H E T R A N S P O S E O F 
C T H E A P P R O P R I A T E T R A N S F O R M A T I O N M A T R I X A N D 
C MULTIPLING I N T H E USUAL MANNER 

D I M E N S I O N A ( 3 * 3 ) * X ( 3 * 2 0 0 0 ) * X X ( 3 ) 
D O 4 0 I = N 1 * N 2 D O 1 0 J=l*3 

1 0 X X ( J ) = X ( J * I ) D O 3 0 J=l*3 
X ( J * I ) = 0 . 0 D O 3 0 K=l*3 
X < J * I ) = X ( J * I ) + A ( K * J ) * X X ( K ) 

3 0 C O N T I N U E 
4 0 C O N T I N U E 

R E T U R N 
E N D 

C 
C 

S U B R O U T I N E T E S T ( X * N* S E N S E * N P T *PT* I T E S T * A ) 
C 
C 
C T H E T E S T R O U T I N E S E A R C H E S T H R O U T H AN A N G L E O F 
C 9 0 D E G R E E S I N S T E P S O F 5 D E G R E E S F O R P O S S I B L E 
C S O L U T I O N S A N D T H E N C O M P U T E S T H E V E C T O R C O M P O N E N T S O F T H E 
C P A N D T A X E S 

D I M E N S I O N A N G < 2 0 0 0 ) * X ( 3 * 2 0 0 0 ) t S E N S E ( 2 0 0 0 ) * P T < 3 * 2 0 0 0 ) * A ( 3 * 3 ) 
S R A D = 0 . 0 1 7 4 5 3 2 9 2 5 2 
I T N = N - 2 * I T E S T 

C ITN I S A V A L U E E Q U A L T O T H E T O T A L N U M B E R O F 
C O F F I R S T M O T I O N S M I N U S T W O T I M E S T H E N U M B E R 
C E R R O R S A L L O W E D 
C T H E T W O I S N E E D E D S I N C E O N E E R R O R R E S U L T S I N 
C T H E T O T A L * C O M P U T E D B E L O W * T O B E T W O D A T A P O I N T S 
C L E S S T H A N N ( T H E N U M B E R O F F I R S T M O T I O N S ) 

D O 6 0 0 1 = 1 *N 



600 A N G ( I ) = A T A N ( X < l f I ) / X ( 2 * I ) ) 
C ANG REPRESENTS THE FIRST MOTION DATA I N THE 
C PLANE Z = 0 
C ANG I S COMPUTED FOR TWO REASONS 
C <1) TO FORM PART OF THE SCORING METHOD AND 
C <2) TO ALLOW THE DATA TO BE ROTATED EASILY 

DO 605 I A = l / 9 1 r 5 
TOT=0 .0 
DO 610 1 = 1 r N 

610 TOT=TOT+SIGN<1.0pANG( I ) ) *SENSE( I ) 
I F < A B S < T O T ) . L T . I T N ) GO TO 20 

C THE VALUE OF TOTAL (TOT) I S FOUND BY THE SENSE 
C OF MOTION ( + 1 OR - 1 ) AND BY THE VECTOR COMPONENT 
C SIGNS I N THE SAME QAUDRANT 
C I F ALL THE F IRST MOTIONS L I E I N THE PROPER QUADRANTS 
C WITH THE CORRECT C OR D THEN TOT = N 
C THE ABSOLUTE VALUE OF TOT I S THEN CHECKED AGAINST 
C I T N AND I F TOT < I T N NO SOLUTION I S FOUND AND THE 
C THE DATA ARE ROTATED 5 DEGREES AND CHECKED AGAIN 

NPT=NPT+1 
I F ( N P T . G E . 2 5 0 ) RETURN 
S O N G = ( S I G N ( 1 . 0 1 T O T ) # 4 5 . 0 - I A + 1 ) * S R A D 

C I F THE TOTAL I S GREATER THAN OR EQUAL TO I T N 
C THEN A SOLUTION I S FOUND AND THE NUMBER OF P AND 
C T AXES <NPT) I S INCREMENTED BY 1 AND THEN 2 FROM 
C THE ORIGINAL VALUE OF NPT I N ORDER TO STORE THE 
C THE SOLUTIONS I N THE ARRAY <PT) 

P T ( l r N P T ) = S I N ( S O N G ) 
PT<2>NPT)=COS(SONG) 
P T < 3 » N P T ) = 0 . 0 
NPT=NPT+1 
P T < 1 ? N P T ) = S I N ( S O N G - 9 0 . 0 * S R A D ) 
PT(2 tNPT)=COS<SONG-90 .0 *SRAD) 
P T < 3 * N P T ) = 0 . 0 

C THE VECTOR POSITIONS FOR THE P AND T AXES 
C ARE COMPUTED 

NPTM1=NPT~1 
CALL ATX<ArPTrNPTMl *NPT) 

C THE PROPER TRANSFORMATION MATRIX I S PRESERVED 
C FROM THE MAIN ALLOWING THE P AND T AXES TO BE 
C TRANSFORMED BACK TO THE ORIGINAL COORDINATE 
C SYSTEM BY U T I L I Z I N G THE TRANSPOSE ROUTINE ATX 

20 CONTINUE 
C AT THIS POINT THE FIRST MOTION DATA ARE 
C REDEFINDED I N RADIAN MEASURE AND MAPPED 
C INTO THE LOWER HEMISPHERE I F NOT ALREADY 
C THAT FORM 

DO 605 I = l r N 
ANG( I )=ANG < I ) + (5 )#SRAD 
I A N G = A N G < I ) / < 1 . 5 7 0 7 9 6 3 2 7 ) 

605 A N G C I ) = A N G < I ) - I A N G * 3 . 1 4 1 5 9 2 6 5 4 



C ANG I S THEN INCREMENTED AGAIN AND THE TEST I S MADE 
C OVER UNTIL ALL OR NO SOLUTONS ARE FOUND 

RETURN 
END 

C 
C 

SUBROUTINE BA(B>A) 
C 
C 
C THIS SUBROUTINE TAKES TWO 3 X 3 MATRICES AND 
C MULTIPLIES THEM TOGETHER 

DIMENSION B ( 3 r 3 ) , A ( 3 i F 3 ) r A A ( 3 ) 
DO 10 1=1V3 
DO 12 J = l * 3 
A A < J ) = A < J * I ) 

12 A < J > I ) = 0 . 0 
DO 10 J = l > 3 
DO 10 K = l r 3 

10 A ( J f I ) = A ( J f I ) + B ( J f K ) * A A ( K ) 
RETURN 
END 
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