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S y n t h e t i c seismogramme models 

for No. 1289. 

( f i g s . 9.24 to 9.44) 



THICWISSS P-VS-OCITT S- ' /ELOCITr D E C ITT I /O l/Q 
W.) (M/S.) (H/S.) (G/'MU P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 1.430 0.010 1.65 0.01000 0.04000 

3.4 t . ? 3 4 0..S32 2.00 0.00100 0.03000 

3.4 I. =53 0.537 2.00 0.00100 0.03000 

3.4 l . ? 7 2 0.542 2.00 0.00100 0.03000 

3.5 t.?i>l 0.547 2.00 0.00100 0.03000 

3 .S 2.009 0.-553 2.00 0.00100 0.03000 

3 . S 2.023 0.55S 2.00 0.00100 0.03000 

3.0 2.047 0.563 . 2.00 0.00100 0.03000 

3.6 2.0<6 0.563 2.00 0.00100 0.03000 

4.700 2.550 1.98 0.01000 0.06000 
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F i g . 9.24. Model for No. 1289. 

Suggested model for seismogramme no. 1289/ constructed i n 
a wide frequency band (50 to 1000 Hz.). The p o s s i b l e 
v a l u e ranges for the parameters are discussed i n the t e x t 
and i l l u s t r a t e d by the models shown i n f i g s . 9.25 to 9.44 
(see volume 2 ) . 



THICKNESS p - v a o c i T T s - v a o c i T Y DENSITY I/O I /O 
m / s . ) IH/S.) IC/ffl.) P S 

7 H I. wo 0.000 1.03 0.00000 0.00000 

5 . ? t.lrOO 0.010 1.65 0.02000 0.04000 

3.9 0.533 2.00 0.00050 0.00)00 
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l,.0 2. ! ? 7 0.562 2.00 0.00050 0.00100 
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'1.700 2.550 1.98 0.lOOOO 0.20000 
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F i g . 9.25a. P - v e l o c i t y , l a y e r 1. 

L a y e r 1 i s b a r e l y r e s o l v e d , and no e x a c t f i t f o r 
p - v e l o c i t y i s p o s s i b l e on t h e b a s i s o f f i t t i n g a r r i v a l 
t i m e s . 



IHIIXNESS P-VELOCITY s - v a o c i T r DENSITT 1/0 I/O 
IH.) IH/S.t IH/S.) IG/MLI P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6 .3 1.550 0.010 1.65 0.02000 0.04000 

3.3 2.084 0.533 2.00 0.00050 0.00100 

3.3 2. 103 0.533 2.00 0.00050 0.00100 

3.5 2. 122 0.543 2.00 0.00050 0.00100 

3.9 2.141 0.543 2.00 0.00050 0.00100 

3.9 2. 159 0.552 2.00 0.00030 0.00100 

3 .9 2. 178 0.557 2.00 0.00050 0.00100 

4 .0 2. 197 0.562 2.00 0.00050 0.00100 

4.0 2.216 0.567 2.00 0.00050 0.00100 

4.700 2.550 1.93 0.10000 0.20000 
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F i g . 9.25b. P - v e l o c i t y , l a y e r 1. 

L a y e r 1 i s b a r e l y r e s o l v e d , and no e x a c t f i t f o r 
p - v e l o c i t y i s p o s s i b l e on t he b a s i s o f f i t t i n g a r r i v a l 
t i m e s . 



Il-i.'Cr.'feSS P - / a . O C l T Y S-VS.CCITY Oif.'JSlTY 1/0 • 1/0 
IM/S.I n/s.i IG/.tLl p s 
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F i g . 9.26a. S - v e l o c i t y , l a y e r 1. 

The model a p p e a r s i n s e n s i t i v e t o r e a s o n a b l e changes i n t h e 
s - v e l o c i t y i n l a y e r 1 between 1 and 200m./sec. 



P-VELOCITY S-VELOCITY DENSITY l/Q l/Q 
W.l W / S . l IM/S.) IG/HLl P S 
74. 4 1.460 0.000 1.03 0.00000 0.00000 
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F i g . 9.26b. S - v e l o c i t y , l a y e r 1. 

The model a p p e a r s i n s e n s i t i v e t o r e a s o n a b l e changes i n t he 
s - v e l o c i t y i n l a y e r 1 between 1 and 200m./sec. 



TH.'CKNfSS P -VE .OClTr s - v a o c i T T DENS ITT 1/0 l/Q 
m.i m/3 . ) m / s . ) IG/ML) P S 
74.4 1.460 0.000 1.03 O.OOOOO 0.00000 
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3. 9 2. 159 0..552 2.00 0.00050 0.00100 

3 .9 2. '79 0.557 2.00 O.OOOSO 0.00100 

4.0 2. 197 0.562 2.00 0.00050 0.00100 

4.0 2.216 0.567 2.00 0.00050 0.00100 

4. 700 2.550 1.99 0.10000 0.20000 
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F i g . 9.27a. D e n s i t y , l a y e r i . 

D e n s i t y a f f e c t s t h e o v e r a l l a m p l i t u d e o f r e f l e c t o r s , but 
ha s l i t t l e i n f l u e n c e on i t s r e l a t i v e v a r i a t i o n w i t h o f f s e t 
d i s t a n c e . 



P-VELOCITY S-VELOCITY DENSITY I/O l/Q 
M.) (M/S.t (H/S.) IG/KLl P S 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6.0 1.430 0.010 1.70 0.02000 0.04000 

3.3 2.094 0,533 2.00 0.00050 0.00100 

3.9 2. 103 0,539 2.00 0.00050 0.00100 

3.9 2. 122 0.543 2.00 0.OOOSO 0.00100 

3.'> 2. 141 0.S43 2.00 0.00050 0.00100 

3 .9 2. 159 0. .552 2.00 0.OOOSO 0.00100 

3 .9 2. 179 0.557 2.00 0.00050 0.00100 
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F i g . 9.27b. D e n s i t y , l a y e r 1. 

D e n s i t y a f f e c t s t h e o v e r a l l a m p l i t u d e o f r e f l e c t o r s , but 
ha s l i t t l e i n f l u e n c e on i t s r e l a t i v e v a r i a t i o n w i t h o f f s e t 
d i s t a n c e . 



THICKNESS p - v a o c i T Y S-VELOCITT DENSITr l/Q 1/0 
IH.I W / S . ) W/S.) IG/MU P s 
74.4 1.460 0.000 1.03 0.00000 0,00000 

6.1 1,480 0.010 1,65 0.00100 0,04000 

3.7 1.934 0,532 2.00 0.00100 0,03000 

3 .3 1,953 0.537 2.00 0.00100 0,03000 
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3 .9 2,047 0.563 2,00 0,00100 0,03000 
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F i g . 9.28a. 1/Qp, l a y e r 1. 

The e f f e c t o f a t t e n u a t i o n on r e f l e c t o r s r l and r 2 . 



TKICKHESS P-VELOCITY S-VELOCITY DENSITY l/Q l/Q 
m.i i n / s . ) IM/S.) IG/MLl P S 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 1.430 0.010 1.65 0.01000 0. 04000 

3.7 1.934 0.532 2.00 0.00100 0. 03000 

3 .9 1.953 0.537 2.00 0.00100 0.0,3000 

3 .9 . 1.972 0.542 2.00 O.OO'OO 0.03000 

3.9 1.991 0.547 2.00 0.00100 0.03000 

3. 9 2 .00? 0. 553 2.00 0.00100 0.03000 

3 .9 2, 028 0.559 2.00 0.00100 0.03000 

3.9 2.047 0. 563 . 2.00 0.00100 0.03000 

4.0 2.066 0.565 2.00 0.00100 0.03000 

4.700 2.550 1.99 0.03000 0.06000 
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F i g . 9.28b. .1/QP/ l a y e r 1. 

The e f f e c t o f a t t e n u a t i o n on r e f l e c t o r s r l and r2, 



THICKNESS P-VELOCITY S-VELOCITY DENSITT 1/Q l/Q 
W.) m / s . ) IM/S.) IG/HU P s 
74,4 1.460 0.000 1.03 0,00000 0.00000 

6, 1 1.480 0.010 1.65 0,10000 0.04000 

3,7 1,934 0.S32 2,00 0,00100 0.03000 

3,3 1, 953 0,537 2,00 0,00100 0.03000 

3.9 1,972 0.542 2,00 0,00100 0.03000 

3,3 1,99! 0,547 2,00 0,00100 0,03000 

3,9 2 ,00? 0,555 2,00 0,00100 0, -03000 

3 .9 2,028 0,539 2,00 0,00100 0,03000 

3,9 2,047 0,563 2,00 0,00100 0,03000 

4.0 2.066 0. .568 2,00 0.00100 0,03000 
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F i g . 9.28c. 1/Qp, l a y e r 1. 

The e f f e c t o f a t t e n u a t i o n on r e f l e c t o r s r l and r2 



••HICKNcSS p - v a o c i T Y S-VELOCITY DE.>ISITY l/Q l/Q 
IM/S.) m / s . ) (G/HLl P S 

. 74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 1.490 0.010 1.65 1.00000 0.04000 

3.7 1.934 0.532 2.00 0.00100 0.03000 

3. 3 1. 953 0.537 2.00 0.00100 0.03000 

3. 9 ; 972 0.542 2.00 0.00100 0.03000 

3. 3 1. 0.547 2.00 0.00100 0.03000 

3. 9 2.009 0.553 2.00 0.00100 0.03000 

3. ? -) nio 0.558 2.00 0.00100 0.03000 

3.9 2.047 0.563 2.00 0.00100 0.03000 

4.0 2. 066 0.569 2.00 0.00100 0.03000 

4.700 2.SS0 1.98 0.03000 0.06000 
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F i g . 9.28d. 1/Qp, l a y e r 1. 

The e f f e c t o f a t t e n u a t i o n on r e f l e c t o r s r l and r 2 . 



THICKNESS p - v a o c i T Y s - v a o c ! T Y OENSIIY l /U I/O 
m.) WS.) m/s.) IG/MLl P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 1.430 0.010 1.65 0.02000 O.OOIOO 

3.7 1.934 0.532 2.00 0,00100 0.03000 

3.8 1.953 0.537 2.00 0.00100 0.03000 

3.8 1.972 0 .54? 2.00 0.00100 0.03000 

3.9 1.99! 0.547 2.00 0.00100 0.03000 

3 .9 2.009 0, 553 2. 00 0.00100 0.03000 

3 .9 2.029 0,558 2.00 0.00100 0. 03000 

3 .9 2.047 0,563 2.00 0.00100 0.03000 

4 .0 2.066 0,569 2.00 0.00100 0,03000 

4.700 2,550 1.98 0.03000 0.06000 
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VŴ  

•20 ! 40 160 180 200 220 24 

S-ATTEN LAYER ! ! /QS = 0 . 0 ! NO. r282_ 

— 

— / y t - / y u — - ^ ~ / y v - — 

' y v y i r - - ^ — 

^•^^\rAJ\^ V^^ 

—''\}\fAj\^ — 

—/\jV \A w-̂ — 
fAj^ 

!00 !20 !60 180 200 220 24 

F i g . 9.29a 1/Qs, l a y e r 1. 



THICKNESS P -VaOC !TT 5 - v a o c i T r DE-JSUT I/O 
(H.) IN/S.) 01/S.) IG/MLI P s 

l . ' o O 0.000 1.03 0.00000 0.ooooo 

6. 1 0.010 1.65 0.02000 0.10000 

3.7 1.931. 0.532 2.00 0.00100 0.03000 

3.9 1.9.S3 0.537 2.00 0.00100 0.03000 

3 . S 1.972 0.5'.2 2.00 0.00100 0.03000 

3 . 3 1.091 0.5'.7 2.00 0.00100 0.03000 

3 . » 2.009 0.553 2.00 0.00100 0.03000 

3 .? 2. 023 0.558 2.00 0.00100 0. 03000 

3.9 2. W 0.563 2.00 0.00100 0.P3000 

4.0 2.066 0.563 2.00 0.00100 0. 03000 
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F i g . 9.29b 1/Qs, l a y e r 1. 



THICKNESS p - v a o c i i T s - v a o c i f T DENSITr I /O 1/Q 
IM.) tH/S.) m/s.i (G/MLI P S 

t.lloO 0.000 1.03 0.00000 0.00000 

6. 1 H 3 0 0.010 1.65 0.00100 0.04000 

3 . ? 0.532 2.00 0.00100 0.03000 

3 . S 3.003 0.537 2.00 0.00100 0.03000 

3.9 2.032 0.542 2.00 0.00100 0.03000 

3.3 3.0!;i 0 .5t7 2.00 0.00100 0.03000 

3 .9 2.059 0.553 2.00 0.00100 0.03000 

3 .9 2.078 0.558 2.00 0.00100 0.03000 

3 .9 2.097 0.563 2.00 0.00100 0.03000 

4.0 2. M(S 0.569 2.00 0.00100 0.03000 

4.700 2.550 1.93 0.03000 0. 04000 
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F i g . 9.30a. P - v e l o c i t y , l a y e r 2. 

The r e f l e c t o r r 2 i s w e l l - r e s o l v e d and a v a l u e f o r 
p - v e l o c i t y i s found by f i t t i n g a r r i v a l t i m e s . 



P-VELOCI j y S-VELOCITT UEMSTTT I/O I/O 
nvs.i W/S.. ' IG/HU P s 

74.4 1.460 O.OOO 1.03 0.00000 0.00000 

6. ' 1.490 0.010 1.65 0.00100 0.04000' 

3.7 1.334 0.531 2.00 0.00100 0.03000 

3. 3 1, 553 0.536 2.00 0.00100 0.03000 

• 3. ? 1. 372 0.S42 2.00 0.00100 0.03000 

3. 3 !. 991 0.547 2.00 0.00100 0.03000 

3.9 1.909 0. 553 2.00 0.00100 0.03000 

3.5 I.OJS 0.558 2.00 O.OOIOO 0.03000 

3. ' I. 947 0.564 2.00 O.OOIOO 0.03000 

4.0 I. »66 0.569 2.00 0.00100 0.03000 

4. 700 2.550 t .93 0.03000 0.06000 
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F i g . 9.30b. P - v e l o c i t y , l a y e r 2. 

The r e f l e c t o r r 2 i s w e l l - r e s o l v e d and a v a l u e 
p - v e l o c i t y i s found by f i t t i n g a r r i v a l t i m e s . 

f o r 



THI1X1ES3 P-VELOCITT S-VELOCITY DENSITY I/O 1/3 
IK.) S»/S.< IH/S.) IG/HU P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. I 1. 450 0.010 1.65 0.02000 0.04000 

3. 7 I . 934 0.09? 2.00 0.00100 0.00050 

3.9 1.953 0. 099 . 3 .00 O.OOlOO o.oooso 

3. 3 1.972 0.0?. ' 2 .00 0.00100 0.00050 

3.S ! . 9? ! 0. 100 2 .00 0.00100 0.00050 

3 .9 2 .009 0. ' 00 2 .00 0.00100 0.00050 

3 .9 2 .029 0. 101 2 .00 0.00100 0.00050 

3 .9 2.047 0. ' 02 3.00 0.00100 o.oooso 

4 .0 2.066 0. 103 2 .00 0.00100 0.00050 

4 .700 2.550 1.99 0.03000 0.06000 
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F i g . 9.31a. S - v e l o c i t y , l a y e r 2. 

Changing t h i s s - v e l o c i t y c a u s e s t h e m i g r a t i o n o f a l a t e r 
a r r i v a l " i " a c r o s s t h e model. T h i s a r r i v a l i s i d e n t i f i e d 
a s a p -s c o n v e r s i o n . (1/Qs, l a y e r 2 i s kept low i n f i g . 
9.31 so t h a t t h i s phenomenon may be seen.) 



TH.'KNESS p - v a o c n r s - v a o c i T r OE)(S!Tr I/O I/Q 
IH.I IM/S.) ws.; IG/MU P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 1.490 0.010 1.65 0.02000 0.04000 

3.7 1.934 0.39? 2.00 0.00100 0. 000.50 

3.9 I .9S3 0.391 3.00 0.00100 0.00050 

3. 3 1.972 0.394 2.00 0.00100 0.00050 

3.3 1.99! 0.398 2.00 0.00100 0.00050 

3. 9 2.009 0.402 2.00 0.00100 0.00050 

3.9 2.028 0.406 2.00 0.00100 0.00050 

3 . " 2.047 0.409 2.00 0.00100 0.00050 

4.0 2.066 0.413 2.00 0.00100 0.00050 

" 4 .700 2.550 1.98 0. 03000 0.O6O0O 
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F i g . 9.31b. S - v e l o c i t y , l a y e r 2. 

Changing t h i s s - v e l o c i t y c a u s e s t h e m i g r a t i o n o f a l a t e r 
a r r i v a l " i " a c r o s s t h e model. T h i s a r r i v a l i s i d e n t i f i e d 
a s a p - s c o n v e r s i o n . (1/Qs, l a y e r 2 i s kept low i n f i g . 
9.31 so t h a t t h i s phenomenon may be seen.) 



, T!-:ia-;)ess P - V E L O C I T T s - v a o c i T Y D E N S : T Y 1 / 0 I /O 

•n.> ( H / 5 . ! W / 5 . 1 (G/HL) p s 
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F i g . 9.31c. S - v e l o c i t y , l a y e r 2 

Changing t h i s s - v e l o c i t y c a u s e s the m i g r a t i o n of a l a t e r 
a r r i v a l " i " a c r o s s t h e model. T h i s a r r i v a l i s i d e n t i f i e d 
a s a p - s c o n v e r s i o n . (1/Qs, l a y e r 2 i s kept low i n f i g . 
9.31 so t h a t t h i s phenomenon may be seen.) 



« Th'.'OCMESS p - v a o c n y S-VELOCnr DEh^SlTY • I /O l /Q 
LM.) ( H / 5 . ! W/S. ) (G/HLJ p S 

74. 4 1. 460 0.000 1.03 0. 00000 0.ooooo 

6. 1 1.490 0 .010 1.65 0.02000 0.04000 

3 .6 . 1.934 1.044 2 .00 0.00200 0.00400 

3 .6 1.953 • 1.074 2.00 0.00200 o.oovoo 

3 .7 1 .9 /7 1.095 2 .00 0.00200 0.00400 

3. 7 1. 99; I.09S- 2.00 0.00200 0. 00400 
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3 .3 2.066 1. 136 2 .00 0.00200 • 0. 00400 
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F i g . 9.31d. s - v e l o c i t y , l a y e r 2. 

Ch a n g i n g t h i s s - v e l o c i t y c a u s e s t h e m i g r a t i o n o f a l a t e r 
a r r i v a l " i " a c r o s s t h e model. This, a r r i v a l i s i d e n t i f i e d 
a s a p-s c o n v e r s i o n . (1/Qs, l a y e r 2 i s kept low i n f i g . 
9.31 so t h a t t h i s phenomenon may be seen.) 



^ THICWKSS P-7fciaC!TT 5-VaOC!TT DESSITT I/O 1/Q 
w . ; (M/S.I IM/S.) IG/.IU P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 I. 430 0.010 1.65 0.01000 0.04000 

3.4 1.934 0. .532 1.90 0.00100 0.03000 

3.4 1.953 0.537 1.90 0.00100 0.03000 

3. A 1.972 0.543 1.90 0.00100 0.03000 

3.5 1.991 0.547 1.90 0.00100 0.03000 

3.5 2.009 0.553 1.90 0.00100 0. 0.3000 

3 .5 2.029 0.559 1.90 0.00100 0.03000 

3.6 2.047 0.563 1.90 0.00100 0.03000 

3.0 ?.. 066 0.569 1.90 0.00100 0.03000 

4.700 2.550 1.99 0.01000 0.06000 
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F i g . 9.32a. D e n s i t y , l a y e r 2. 

V a r i a t i o n o f d e n s i t y a f f e c t s t h e o v e r a l l a m p l i t u d e o f 
r e f l e c t o r s r l and r 2 but has l i t t l e i n f l u e n c e on v a r i a t i o n 
w i t h o f f s e t d i s t a n c e . 



'THJCKNe.5S P - / c L 0 C ! T Y 5 - v a O C I T Y DENSITY l/Q 1/0 

; H . ) I H / S . ! W /S . ) I G / H L ) P s 

74.4 1.460 0.000 1.03 0.00000 0.ooooo 

6. < 1.430 0.010 1.65 0.01000 0.04000 

3.4 1 .931 0.532 2.05 0.00100 0.03000 

, 3.4 ' . 9 3 3 0.537 2.05 0.00100 0.03000 

3.4 1.972 0.542 2.05 0.00100 0.03000 

3.5 ; . 39; 0.547 2.05 0.00100 0.03Q00 

3.5 2.009 0.553 2.05 0.00100 0. 03000 

3 .5 2.025 0.S59 2.05 O . O O I O O 0.03000 

3.6 2.047 0.563 2.05 O . O O I O O 0. 03000 

3.6 2.066 0 .56° 2.05 0.00100 0.0.3000 

4.700 • 2.550 1.99 0.01000 .0.06000 
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ŷ Ûyv —• 

-DENSITY LAYER 2 - RHO = 2.10 NO. !232_ 

—f^f^ 
— 

V ^ r — -

—-^Ay^jv^—v^.^—-

— — -

~J\f\rAJ\^ VV-

-^.^^lA^ V ^ r ~ 

V w — 

0 
-10 
-20 
••30 
-40 
-50 
-60 
-70 
-90 
-90 
-100 
-110 

0 
-10 
-20 
-30 
-40 
-50 
-cO 
-70 
••90 
-90 
- I C O 
- n o 

2. 4 3.6 4.3 

1.2 

0 
-10 0, 
-20 
-30 
-40 
-50 
-60 
-70 
-30 
"90 
-100 
- n o 

0 
-10 
-20 
-30 
••40 
-50 
-60 
-70 
-30 
-90 
-100 
- n o 

0 0.9 1.3 2.7 

S- ' /HQUTT 

1 /0.° 

160 220 

F i g . 9.32b. D e n s i t y , l a y e r 2. 

V a r i a t i o n o f d e n s i t y a f f e c t s t h e o v e r a l l a m p l i t u d e of 
r e f l e c t o r s r l and r 2 but has l i t t l e i n f l u e n c e on v a r i a t i o n 
w i t h o f f s e t d i s t a n c e . 



THICKNESS p-vaociTT s - v a o c i T Y DENSITY 1/0 1/0 
m.i l . i /S. 1 (H/S. l IG/MLI P S 

74.4 1.460 0.000 1.03 0.00000 0.00000 

6.1 l . ' S O 0 .010 1 .65 0.03000 0 .04000 

3.7 1.934 0 .532 2.00 0.00030 0 .03000 

3 .S 1 .953 0 .537 2 .00 0.00030 0.03000 

3.8 1 .972 0 .542 2 . 00 0.00030 0.03000 

3.9 1.991 0 . 5 ' 7 2.00 0.00030 0.03000 

3.9 2 .009 0 .553 2 .00 0.00030 0 .03000 

3.9 2.023 0.5S8 2.00 0.00030 0.03000 

3.9 2 .047 0 .563 2 .00 0.00030 0.03000 

4.0 2.066 0.569 2 .00 0 .00030 O.O3000 

4 .700 2.550 1.99 0 .03000 O.O60O0 
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F i g . 9.33a. 1/Qp, l a y e r 2. 
T 7 ^ r i ^ h i o n of 1 / Q P suggests an upper l i m i t for t h i s 
pframete?, above S E i c h ?he amplitude of the r e f l e c t o r r2 
i s seen to decrease. 



< T H i a n c s s P-VELOCITT S-VE.CC! TY DENSITY l /Q l /Q 

W.) IM/S.) M/S . ) IG/ML) P s 
74.4 1 .460 0.000 1.03 0.00000 0.00000 

6. 1 1 .490 0.010 1 .65 0.02000 0.04O0O 

3 .7 1 .934 0.532 2.00 0.00300 0.03000 

3 .9 I .9S3 0.537 2.00 0.00300 0.03000 

3. 9 1.972 0.542 2.00 0.00300 0.03000 

3. 9 1.991 0.547 2.00 0.00300 0.03000 

3 .9 2 .009 0..5S3 2.00 0.00300 0.03000 

3 .9 2 .029 0.553 2.00 0.00300 0 03000 

3 .9 2 .047 0.563 2.00 0.00300 0.03003 

4 .0 2 .066 0.569 2 .00 0. 00300 0.03000 

4 .700 2.550 1.98 0.03000 O.O6000 
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F i g . 9.33b. 1/Qp, l a y e r 2. 

v a r i a t i o n o f 1/Qp s u g g e s t s an upper l i m i t f o r t h i s 
p a r a m e t e r , above whi c h t h e a m p l i t u d e of t h e r e f l e c t o r r2 
i s s e e n t o d e c r e a s e . 



THICKNESS P - Y a O C l T Y S -YaOCITY DENSITY I/O 1/Q 
(M.I . (M/S.) W/S. ) IC/HU P S 
74.4 1.460 0.000 1.03 0.00000 0.00000 

i. 1 1.490 0.010 1.65 0.02000 0.04000 

3 .7 1.934 0.533 3.00 0.00200 0.03000 

3 .5 1. 953 0.537 2.00 0.00200 0. -03000 

3.9 1.972 0.542 2.00 0.00200 0.03000 

3 .9 1.991 0.5.'.7 2 .00 0.00200 0.03000 

3 .9 2 .009 0.553 2 .00 0.00200 0.03000 

3 . 9 2.023 0.5S3 2.00 0.00200 0.03000 

3 .9 2.047 0.563 2.00 0.00200 0.03000 

4 .0 2 .066 0.-565 2.00 0.00200 0.03000 

4 .700 2.SS0 1.98 0. 03000 0.06000 
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F i g . 9.33c. 1/Qp, l a y e r 2. 

V a r i a t i o n o f 1/Qp s u g g e s t s an upper l i m i t f o r t h i s 
p a r a m e t e r , above w h i c h t h e a m p l i t u d e o f t h e r e f l e c t o r r2 
i s s e e n t o d e c r e a s e . 



THICKNESS P-VELOCITY S-VEuOCITY DEf4SITY l/Q l/Q 
11.) IM/S.l OVS.I IG/m.) P S 
74.4 1.460 0.000 1.03 0.OOOOO 0.00000 

6. 1 1.490 0.010 1.65 0.02000 0.04000 

3. 7 1.934 0.532 2.00 0.03000 0.03000 

3.3 1.953 0.537 2.00 0.03000 0.03000 

3, 3 1.972 0.542 2.00 . O.O3000 0.03000 

3. 3 1.991 0.547 2.00 0.03000 O.O3OO0 

3 .9 2.009 0.553 2.00 0.O30OO 0.03000 

3.9 2. 0.29 0. 559 2.00 0.03000 0.03000 

3 .9 2. 047 0.563 2.00 0.03000 0.03000 

4.0 2. 066 0.563 2.00 0.03000 0.03000 

4.700 2. .550 1.98 0.03000 0.06000' 
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F i g . 9.33d. 1/Qp, l a y e r 2. 

V a r i a t i o n o f 1/Qp s u g g e s t s an upper l i m i t f o r t h i s 
p a r a m e t e r , above w h i c h t h e a m p l i t u d e of t he r e f l e c t o r r 2 
i s s e e n t o d e c r e a s e . 



THICKNESS P - Y a O C l T Y s - v a o c i T T DENSITY I/O I/O 
IM.) W / S . ) (M/S.) (G/m.) P S 
74.4 t .460 0.000 1.03 0.00000 0.00000 

6. 1 1.430 0.010 1.65 0. 02000 0.04000 

2 .9 1.563 0.430 2.00 0.00200 0.03000 

3.1 1.639 0. 464 2.00 0. 002O0 0.03000 

3.3 1.813 0. 493 2.00 0.00200 0.03000 

3 .6 1.939 0.533 2.00 0.00200 0.03000 

3.9 2.063. 0.567 2.00 0.00200 0. 03000 

4.0 2. 135 0.602 2.00 0.00200 0.03000 

4 .3 2.313 0.636 2.00 .0. 00200 0.03000 

4.5 2.438 0.670 2.00 0.00200 0.03000 

4.700 2.650 t .99 0. 03000 0.06000 
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F i g . 9.34a. 1/Qp, l a y e r 2 ( l i n e a r p - v e l o c i t y g r a d i e n t ) . 

The p r e s e n c e o f a g r e a t e r change i n p - v e l o c i t y above the 
r e f l e c t o r r 2 does not s i g n i f i c a n t l y a f f e c t p o s s i b l e v a l u e s 
f o r 1/Qp. The f i t w i t h r e f l e c t o r s r l and r 2 i s degraded. 



THIOCNhSS p - v a o c i T Y s - v a o c i T T DENSITY l /Q I/O 
IM.) W / 5 . ) W/5 .1 IG/NL) P s 
74.4 1.460 0.000 1.03 0. OOOOO 0. '30000 

6. 1 1.430 0.010 1.65 0.02000 0.04000 

2. 9 1.563 0. 430 2 .00 0.02000 0.03000 

3. 1 1.639 0.464 2. 00 0.02000 0.03000 

3 .3 1. 913 0. 498 2 .00 0.02000 0.03000 

3 .6 1. 9 3 3 0.533 2.00 0.02000 0.03000 

3 .3 2 .063 0.567 2 .00 0.02000 0.03000 

4 .0 2. 139 0.602 2.00 0. 0200D 0. 03000 

4 .3 2 .313 0.636 2.00 0.02000 O.O30OO 

4 .5 2. 439 0.670 2 .00 0.02000 0.03000 

4 .700 2.650 1.98 0.03000 0.06000 
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F i g . 9.34b. 1/Qp, l a y e r .2 ( l i n e a r p - v e l o c i t y g r a d i e n t ) . 

The p r e s e n c e of a g r e a t e r change i n p - v e l o c i t y above t h e 
r e f l e c t o r r 2 does not s i g n i f i c a n t l y a f f e c t p o s s i b l e v a l u e s 
f o r 1/Qp. The f i t w i t h r e f l e c t o r s r l and r 2 i s degraded. 
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F i g . 9.35b. 1/Qp, l a y e r 2 ( c u r v e d p - v e l o c i t y g r a d i e n t ) . 

T h i s t y p e o f g r a d i e n t h e l p s r e s t o r e t h e f i t w i t h r l , but 
s t i l l does n o t s i g n i f i c a n t l y a f f e c t p o s s i b l e v a l u e s f o r 
1/Qp. The f i t w i t h r e f l e c t o r r2 remains poor. 
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F i g . 9.35a. 1/Qp, l a y e r 2 ( c u r v e d p - v e l o c i t y g r a d i e n t ) . 

T h i s t y p e o f g r a d i e n t h e l p s r e s t o r e t h e f i t w i t h r l , but 
s t i l l does n o t s i g n i f i c a n t l y a f f e c t p o s s i b l e v a l u e s f o r 
1/Qp. The f i t w i t h r e f l e c t o r r 2 remains poor. 
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F i g . 9.36a. 1/Qs, l a y e r 2. 

V a r i a t i o n s o f t h i s p a r ameter c a n c o n t r o l t h e p-s c o n v e r t e d 
a r r i v a l shown i n f i g s . 9.31a-d. 
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F i g . 9.36b. 1/Qs, l a y e r 2. 

v a r i a t i o n s o f t h i s p a r ameter c a n c o n t r o l t h e p-s c o n v e r t e d 
a r r i v a l shown i n f i g s . 9.31a-d. 
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F i g . 9.37a. 1/Qs, l a y e r 2. 

v a r i a t i o n s o f t h i s p a r a meter c a n c o n t r o l t h e p-s c o n v e r t e d 
a r r i v a l shown i n f i g s . 9.31a-d. 
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F i g . 9.37b. 1/Qs, l a y e r 2. 

V a r i a t i o n s o f t h i s p a r ameter c a n c o n t r o l t h e p-s c o n v e r t e d 
a r r i v a l shown i n f i g s . 9.31a-d. 
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F i g . 9.37c. 1/Qs, l a y e r 2. 

V a r i a t i o n s o f t h i s p a r a m e t e r c a n c o n t r o l t h e p-s c o n v e r t e d 
a r r i v a l shown i n f i g s . 9.31a-d. 
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F i g . 9.37d. 1/Qs, l a y e r 2. 

V a r i a t i o n s o f t h i s p a r ameter can c o n t r o l t h e p-s c o n v e r t e d 
a r r i v a l shown i n f i g s . 9.31a-d. 



THICKNESS p-vaociTY S-VELOCITY OE.NSITY 1/6 l/Q 
IM.) . ffi/S.) (M/S.) IG/HL) P S 
74.4 1.460 0.000 1.03 0.99900 0.99999 

6. 1 1.430 0.010 1.65 0.02000 9.20999 

3.6 1.934 0.532 2.00 0.00209 9.20000 

3.6 1.953 9.537 2.09 9.99200 0.20090 

3.6 1.972 0.542 2.00 0.00209 9. 20000 

3.7 1.991 0.547 2.90 9. 99209 0.20909 

3. 7 2.099 0.553 2.00 0.00209 0.20000 

3.7 2. 928 0.553 2.00 0.00200 0.20000 

3.3 2. 047 0.563 2.00 . 0.09200 0.70909 

3.3 2.066 0..563 2.00 0.00200 9.20000 

4.700 2.650 1.99 0.03090 0.30090 
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F i g . 9.38a. P - v e l o c i t y , l a y e r 3. 

The main i n f l u e n c e o f t h i s p a r ameter i s on the o v e r a l l 
a m p l i t u d e o f t he r e f l e x i o n r 2 . Note f r e q u e n c y range i n 
t h i s f i g u r e i s 100-450Hz. 



I 

THICK.'*iSS P-VaOCITT 5 - V a O C I T Y OcNSlTT I/O l/Q 
(«..' I.M/S.) m/S.) IG/HL) P S 
74.4 1.460 0.000 1.93 0.00000 0.09900 
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F i g . 9.38b. P - v e l o c i t y , l a y e r 3. 

The main i n f l u e n c e o f t h i s parameter i s on the o v e r a l l 
a m p l i t u d e o f t h e r e f l e x i o n r 2 . Note f r e q u e n c y range m 
t h i s f i g u r e i s 100-450Hz. 



THICKNESS P-/aOCITT s-vaociTT DE^ITT 1/0 I/O 
m.t W5.I M/S.) mm.) P s 
74.4 1.460 0.000 1.03 0.OOOOO 0.OOOOO 

6. 1 1.480 0.010 1.65 0.02000 0.20000 

3.6 1.934 0..532 2.00 0. 00200 0.20000 

3.6 1.953 0.537 2.00 0.00200 0.20000 

3.6 1.972 0.542 2.00 0.00200 0.20000 

3.7 1.991 0.547 2.00 D.00200 0.20000 

3.7 2.009 0.553 2.00 0. 00200 0. 20D00 

3.7 2.023 0.558 2.00 0.00200 0. 20000 

3.9 2.047 0.563 2.00 0.00200 0.20000 

3.9 2. 066 0.569 2. 00 0.00200 0.20000 

4.500 2.650 1.93 0.03000 0.30000 
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F i g . 9.38c. P - v e l o c i t y , l a y e r 3. 

The main i n f l u e n c e o f t h i s parameter i s on the o v e r a l l 
a m p l i t u d e o f t h e r e f l e x i o n r 2 . Note f r e q u e n c y range i n 
t h i s f i g u r e i s 100-450Hz. 



THICKNESS p-vaociTT s-vaociTT DENSITY t/Q 1/9 
IM.) WSJ m/s.) lE/WJ P S 
74.4 1.460 0.000 1.03 0.00000 9.99999 

6.1 1.489 0.010 1.65 0.02000 9.20000 

3.6 1.934 0.532 2.00 0.09200 0.20000 

3.6 1.953 0.537 2.09 9.90200 0.20099 

3.6 1.972 0.542 2.90 0. 09200 0. 20000 

3.7 1.991 0.547 2.00 0.00200 0.20D00 

3.7 2.099 9. 553 2.00 0.00200 0.20990 

3.7 2.023 0.553 2.99 0.09290 0.20000 

3.3 2.947 0.563 2.00 9.90200 9.20000 

3.9 2.966 0.563 2.00 0.00290 0. 20000 

2.650 1.93 0.03000 0.3O00O 
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F i g . 9.38d. P - v e l o c i t y , l a y e r 3. 

The main i n f l u e n c e o f t h i s parameter i s on the o v e r a l l 
a m p l i t u d e o f t h e r e f l e x i o n r 2 . Note f r e q u e n c y range i n 
t h i s f i g u r e i s 100-450Hz. 



THICKNESS P-Va0C!TT S-VELOCUT DBiSITT 1/Q 1/Q • 
(M.) tM/S.l m/s.i IG/MU P S 
74.4 1.460 0.000 1.03 0. OOOOO 0.OODOO 

6. 1 1.490 0.010 1.65 0.02000 0.20000 

3.6 1.934 0.532 2.00 0.00200 0. 20000 

3.6 1.953 0.537 2.00 0.00200 0. 20000 

3.6 1.972 0.542 2.00 0.00200 0.20000 

3.7 1.991 0.547 2.00 0. 00200 0.20000 

3.7 2.009 0.553 2.00 0.00200 0. 20000 

3.7 2.029 0.559 2.00 0. 00200 0.20000 

3.8 2.047 0.563 2.00 0.002CO 0.20000 

3.8 2.066 0.563 2.00 0.00200 0.2O00O 

4.700 2.200 1.99 0.03000 0.30000 
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•-vN/̂ l̂ŷ /U AJ^ 
/ \ f l y ^ /yV-

^J\J\/\f\^—-'\J\/^— 

/\I\aJ^ Âr• 
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F i g . 9.39a. S - v e l o c i t y , l a y e r 3. 

V a r i a t i o n o f s - v e l o c i t y i n f l u e n c e s t h e change w i t h o f f s e t 
o f t h e a m p l i t u d e o f r 2 . Note f r e q u e n c y range i n t h i s 
f i g u r e i s 100-450HZ. 



THICKNtSS p-vaociTY S-VELOCITY DENSITY t /9 I/O 
l i . ) M/S.) WS.) IG/HU P c 

74.4 1.460 0.000 1.03 0.00000 0.00090 

6. ' 1.430 0.010 1.65 0.02000 9. 940OO 

3.6 1.934 9.532 2.99 0.99200 0.40999 

3.6 1.953 0.537 2.00 9.90209 9.40000 

3.6 I . ??2 0.542 2.00 0.09200 0.40999 

3.7 1. ?9t 0.517 2.00 0.90209 9.49009 

3. 7 2.099 0..553 2.00 0.00200 0. 40000 

3.7 2. 028 9..553 2.00 0.90209 9.40009 

3. 3 2.047 0.563 2.09 9.03209 0.40009 

3.6 2.966 0.569 2.00 9.90200 9.'0090 

4.709 2.250 1.98 0.03099 0.06000 
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F i g . 9.39b. S - v e l o c i t y , l a y e r 3. 

V a r i a t i o n o f s - v e l o c i t y i n f l u e n c e s t h e change w i t h o f f s e t 
o f t h e a m p l i t u d e o f r 2 . Note f r e q u e n c y r a n g e i n t h i s 
f i g u r e i s ' 1 0 0 - 4 5 0 H z . 



THICKNESS p-vaociTT s-vaociTY OENSlfT I/O I/O 
IM.) IH/S.I m/s.i 1G/(1U P S 
74.4 1.460 0.000 1.03 0.OOOOO 0.OOOOO 

6. I 1.430 0.010 1.65 0.02000 0.04000 

3.6 1.934 0.532 2.00 0.00200 0.40003 

3.6 • 1.953 0.537 2.00 0.00200 0.40000 

3.6 1.972 0.542 2.00 0.00200 0. 40000 

3.7 I .=9! 0.547 2.00 0.00230 0.40000 

3.7 2.009 0.553 2.00 . 0.00200 0.40000 

3.7 2.029 0.559 2.00 .0. 00200 0.40933 

3.9 2.047 .0.563 2.00 0. O02OO 0.40000 
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F i g . 9.39c. S - v e l o c i t y , l a y e r 3. 

V a r i a t i o n o f s - v e l o c i t y i n f l u e n c e s t h e change w i t h o f f s e t 
o f t h e a m p l i t u d e o f r 2 . Note f r e q u e n c y range i n t h i s 
f i g u r e i s 100-450Hz. 



THICKNESS p - v a o c i T Y s - v a o c j T Y DE.NSITT 1/0 1/0 
W.) m / s . ) M/S.) IG/ffU . P 5 
74.4 1.460 0.900 1.03 0.00000 9.99990 

6.1 1.490 0.910 1.65 9.02000 0.29009 

3.6 t .934 0. 532 2.00 0.00200 9.20000 

3.6 1.953 0. 537 2.00 9.90200 9.20000 

3.6 1.972 0.542 2.00 0.00200 0.20300 

3 .7 1.991 0.547 2.99 0.00200 0.20900 

3.7 2.909 9.553 2.00 0. 99299 0.20000 

3.7 2.023 0.553 2.00 0.00200 0.23900 

3 .3 2.947 0.563. 2.09 0.00200 0.20000 

3.5 2. 966 0.563 2.99 0.99309 0. 20000 

4.709 2. 300 1.98 0.03009 0. 30000 
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F i g . 9.39d. S - v e l o c i t y , l a y e r 3. 

V a r i a t i o n o f s - v e l o c i t y i n f l u e n c e s t h e change w i t h o f f s e t 
o f t h e a m p l i t u d e o f r 2 . Note f r e q u e n c y range i n t h i s 
f i g u r e i s 100-450Hz. 



THICKNESS p-ra.aciTT S -VaOCITT DENS ITT I/a 1/Q 
rn.i IH/S.) (n/s.i (G/HLI p s 
74.4 1.460 0.000 1.03 0.OOOOO 0.OOOOO 

6.1 1.490 0.010 1.65 0.02000 0.04000 

3.7 1.934 0. 532 2.00 0.00100 0.03000 

3.8 1.953 0.537 2.00 0.00100 0.03000 

3.9 1.972 0.542 2.00 0.00100 0.03000 

3.9 1. 99! 0.547 2.00 0.00100 0.03000 

3.9 2.009 0.553 2.00 0.00100 0.03000 

3.9 2.029 0.559 2.00 0.00100 0.03000 

3.9 2.047 0.563 2.00 0.00100 0.03000 

4.0 2.066 0.569 2.00 0.00100 0.03000 

4.700 2.550 1.90 0.03000 0.06000 
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F i g . 9.40a. D e n s i t y , l a y e r 3. 

As w i t h l a y e r s 1 and 2, d e n s i t y i s seen t o a f f e c t t h e 
o v e r a l l a m p l i t u d e o f a r e f l e c t o r ( h e r e , r 2 ) , but has 
l i t t l e i n f l u e n c e on i t s r e l a t i v e v a r i a t i o n w i t h o f f s e t 
d i s t a n c e . 



THICKNeSS p-vaoci7T S-'/aOClTT DENSnr l/Q I/Q 
IH/S. ) IM/S.) lE/MU P s 
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3.3 I . " 7 : O.W. 2.00 0.00100 0.03000 

3.3 ! 09' O.W 2.00 0.00100 0.03000 

3.? 2 .00? 0.S53 2.00 0.O0!00 0.03000 

3. 9 "> m o Q.553 2.00 0.00100 0.03000 

3.9 2. Ql? 0. S6Z 2.00 0.00100 0. 030OO 

l,.0 2.046 0.569 2.00 O.OOIOO 0.03000 

^.700 2.550 2.05 0.03000 0.06000 

0 
-10 2.4 3 .6 ii.g 
-20 
-30 
- « 0 p-YH nr .m 
-SO 
-60 
-70 
-50 
-90 \ -100 
-no 1 

0 
•!0 1.2 1.6 2.0 

-20 
-30 
-10 O i U I 
-SO 
•oO 
-70 
-50 
•90 
.100 
-t io 

0 
-10 0 
-20 
-30 
-"lO 
-50 
-60 
-70 
-30 
•90 
-100 
-no 

0 0.9 1.9 2.7 

5-Yfl5r.'.It 

0 
..10 
-20 
-.30 
- * 0 
-50 
-60 
-70 
-90 
•90 
-100 
-no 

To--' 10^ 

JZSE 

-DE.NSITY LAYER 3- RHQ 2.05 NO. !232_ 

- V | m ^ /\J\, 

- ^ . j ^ m f ^ . . - ^ — 

— J \ l \ ^ — 

— — — 

-^aJI/]/^ -AjK 

— V V A A -

160 180 200 220 2 i 

-DENSITY LAYER 3- R.HO 2 . ' 0 NO. I232_ 

''J\j[^ -Jf 
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F i g . 9.40b. D e n s i t y , l a y e r 3. 

As w i t h l a y e r s 1 and 2, d e n s i t y i s seen to a f f e c t t he 
o v e r a l l a m p l i t u d e o f a r e f l e c t o r ( h e r e , r 2 ) , but has 
l i t t l e i n f l u e n c e on i t s r e l a t i v e v a r i a t i o n vvith o f f s e t 
d i s t a n c e . 



TKlCiaftSS p-vaociTT s-vaociTr •HNSlTr 1/0 1/0 
m.) IH/S.) W/S.) P s 
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3.7 l.93i 0.532 2.00 0.00100 0.03000 
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3.5 1.091 0.5'.7 2.00 0.00100 0.03000 
3.9 2.009 0.5S3 2.00 0.00)00 0.03000 
3.9 2.028 0.553 2.00 0. 00100 0.03000 
3.9 2.0^7 0.563 2.00 0.00100 0.03000 

"i.O 2.066 0.563 2.00 0.03100 0.03000 
4.700 2.550 1.93 0.00100 0.06000 
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F i g . 9.41a. 1/Qp, l a y e r 3. 

H i g h e r v a l u e s f o r t h i s p a r ameter i n f l u e n c e r e f l e c t o r r 2 a t 
th e h i g h e r o f f s e t d i s t a n c e s . 



Th.'CXtiESS p-vaociTT S-'/a.OCITT OENSITT 1/Q 1/0 
m.1 W/S.l (M/5.t (G/ftU P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6.1 1.430 0.010 1.65 0.02000 0.04000 

3.7 I. 934 0.532 2.00 0.00100 0.03000 

3 .9 1.053 0.537 2.00 0.00100 0.03000 

3.9 1.972 0.542 2.00 0.00100 0.03000 

3. 9 1. 091 0.547 2.00 0.60100 0.03000 

3 .9 2. 009 0.553 2.00 0.00100 0.03000 

3 .» 2. 023 0.559 2.00 0.00100 0.03000 

3 .9 2.0'.7 0.563 2.00 0.00100 0,03000 

4.0 2.066 0.569 2.00 0.00100 0.03000 

4.700 2.550 1.99 0.01000 0.06000 
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F i g . 9.41b. 1/Qp, l a y e r 3. 

H i g h e r v a l u e s f o r t h i s p arameter i n f l u e n c e r e f l e c t o r r2 a t 
th e h i g h e r o f f s e t d i s t a n c e s . 



THlCt;!<E.$S p-vaociTT s-vaociTT DENSITY l/Q l/Q 
m.i M /S . ) W/5. ) (C/ML) P 5 
7*. 4 1,460 0.000 1.03 0.00000 0.00000 

6 . ! I. 480 0.010 1.65 0.02000 0.04000 

3.7 1.934 0.532 2.00 O.OOIOO 0.03000 

3 .9 1.9S3 0.537 2.00 0.00100 0.03000 

3 .9 1.972 0.542 2.00 0.001.00 0,03000 

3.9 1.991 0.547 2.00 0.00100 0.03000 

3 . 9 2.009 0..553 2.00 0.00100 0.03000 

3 .9 2.029 0.553 2.00 0.00100 0.03000 

3 .9 2.047 0.563 2.00 0.00100 0.03000 

1.0 2.066 0.563 2.00 0. 00100 0.03000 

. <,. 700 2.550 1.99 0.03000 0.04000 
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F i g . 9.41c. 1/Qp, l a y e r 3. 

H i g h e r v a l u e s f o r t h i s p a r a m e t e r i n f l u e n c e r e f l e c t o r r 2 a t 
th e h i g h e r o f f s e t d i s t a n c e s . 



TtilCKNi'SS p-vaociTT s-vaociTr BENSITT I/O 1/0 
M.) IH /S . l m/5.) tG/'MLl P s 
74. 4 1.460 0.000 1.03 o.ooooo 0.00000 

6. 1 1.490 0.010 1.65 0.02000 0.04000 

3.7 1.934 0. .532 2.00 0,00100 0.03000 

3.9 1.953 0.537 2.00 0.00100 0.03000 

3.9 1.972 0.542 2.00 0,00100 0.03000 

3.9 1. 991 0.547 2.00 0,00100 0,03000 

3 .9 2.009 0.553 2.00 0,00100 0,03000 

3 .9 2.028 0. =;53 2. 00 0,00100 0.03000 

3 .9 2.047 0. 563 2.00 0,00100 0.03000 

4.0 2.066 0.569 2.00 0.00100 0.03000 

4. 700 2..550 1 99 0.10000 0.O60O0 
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F i g . 9.41d. 1/Qp, l a y e r 3. 

H i g h e r v a l u e s f o r t h i s p a r ameter i n f l u e n c e r e f l e c t o r r 2 a t 
th e h i g h e r o f f s e t d i s t a n c e s . 



TKICfcVESS P-VfclOCITY S-VaOCITT DENSITr t/Q l/Q 
(H.l in /s . ) (M/5.1 IG/MLI P 5 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 1.490 O.OIO 1.65 0.02000 0.04000 

3.7 1.934 0.970 2.00 0.00100 0.03000 

3.9 1.953 0.879 2.00 O.OOIOO 0.03000 

3.3 1.972 0.937 2.00 0.00100 0.03000 

3.9 1.991 0.S96 2.00 0.00100 0.03000 . 

3 .9 2.009 0. 904 2.00 0.00100 0.03000 

3 .9 2.020 0.913 2.00 0.00100 0.03000 

3.5 2.047 0.921 2.00 0.00100 0.03000 

4.0 2.066 0.930 2.00 0.00100 O.O3OO0 

4.700 2.550 1.93 0.00100 0.06000 
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F i g . 9.42a. 1/Qp, l a y e r 3. 

When t h e s - v e l o c i t y i n l a y e r 2 t a k e s a h i g h v a l u e 
( 0 . 9 k m / s e c ) , 1/Qp i s r e q u i r e d t o be h i g h e r t o c o n t r o l t h e 
r i s e o f r e f l e c t o r r 2 a t the h i g h e r o f f s e t d i s t a n c e s . 



IHKKStSS p - v a o c i T T s - v a o c n r DENSITY I/O I/O 
IM.! W / S . I 01/S.) 1G/-MLI P s 
74.4 1.460 0.000 1.03 0.ooooo 0. ooooo 

6, 1 I. 480 0.010 1.65 0.02000 0.04000 

3,7 1. ' 34 0.970 2.00 0,00100 0.03000 

3 ,3 1.953 0.979 2.00 0,00100 0.03000 

3, 3 1. 972 0, 397 2,00 0,00100 0.03000 

3,9 1.991 0,996 2,00 0,00100 0.03000 

3 ,9 2 ,00? 0,904 2.00 0.00100 0.03000 

3, " 2,029 0,913 2, 00 0.00100 O.O30OO 

3.9 2,047 0,921 2.00 0,00100 0,03000 

4 .0 2,066 0,930 2. 00 0.00100 0.03000 

4.700 2,550 1.99 0.01000 0.06000 
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F i g . 9.42b. 1/Qp, l a y e r 3. 

When t h e s - v e l o c i t y i n l a y e r 2 t a k e s a high v a l u e 
( 0 . 9 k m / s e c ) , 1/Qp i s r e q u i r e d t o be h i g h e r t o c o n t r o l the 
r i s e o f r e f l e c t o r r 2 a t the h i g h e r o f f s e t d i s t a n c e s . 



THICKNSSS P - ' / a O C ! T T S - ' / a O C I T T DENSITT 1/Q 1/0 
m.) IM/S.l IM/S. 1 (G/-HL) P s 
74. 4 1.460 0.000 1.03 0.00000 0.00000 

6.1 1.480 0.010 1.65 0.02000 0.04000 

3 .7 1.934 0.370 2.00 O.OOIOO O.O300O 

3 .3 1.953 0.879 2.00 O.OOIOO 0.03000 

3 .9 1.972 0.937 2.00 0. 00100 0.03000 

3.9 1.99! 0. 396 2.00 O.OOIOO 0.03000 

3 .9 2.009 0. 904 2.00 0.00100 0. 03000 

3 .9 2.023 0.913 2.00 O.OOIOO 0.03000 

3 .9 2. 047 0, 921 2.00 0.00100 0.03000 

4.0 2.066 0.930 2. 00 0.00100 0.O30O0 

4.700 2. .550 1.93 0.10000 0.06000 
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F i g . 9.42c. 1/Qp, l a y e r 3. 

When t h e s - v e l o c i t y i n l a y e r 2 t a k e s a h i g h v a l u e 
{ 0 . 9 k m / s e c ) , 1/Qp i s r e q u i r e d t o be h i g h e r t o c o n t r o l t h e 
r i s e o f r e f l e c t o r r 2 a t the h i g h e r o f f s e t d i s t a n c e s . 



THICK.NESS p - v a c c i 7 Y s - v a o c i T T D E N s n r l/Q I/O 
!»1.J m / s , ! m / s . i re/HU P 5 
74,4 1.460 0.000 1.03 0,OOOOO 0,00000 

6, 1 1.430 0.010 1,65 0,02000 0,04000 

3, 7 1.934 0. 370 2,00 0.00100 0.03000 

3, 9 1,953 0.97? 2,00 0,ootoo O.O3000 
3, 9 I, =72 0.937 2, 00 0.00100 0.03000 

3, 9 f 00; 0.596 2,00 O.OOlOO 0.03000 

3, 9 2 .00? 0. 90'- 2,00 0,00100 0,03000 

3 ,9 2,029 0.913 2,00 0,00100 0,03000 

3 ,9 2,047 0.O21 2,00 0,00100 0, 03000 

4,0 2,066 0. =30 2,00 0,00100 0,03000 

4. 700 2,550 1,?9 1,ooooo 0,06000 
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i g . 9.42d. 1/Qp, l a y e r 3. 

When t h e s - v e l o c i t y i n l a y e r 2 t a k e s , a h i g h v a l u e 
{ 0 . 9 k m / s e c ) , 1/Qp i s r e q u i r e d t o be h i g h e r t o c o n t r o l the 
i s e o f r e f l e c t o r r 2 a t the h i g h e r o f f s e t d i s t a n c e s . 



THICKNESS p - v a o c i T T s - v a o c i T T OENSITT l/Q 1/0 
m / s . i m / s . ) IG/MU P 5 

74.4 1.460 0.000 1.03 0.00000 0.00000 

6. 1 1.490 O.OIO 1.65 0.02000 0.04000 

3 .5 1.913 0,526 2.00 0.00300 0.03000 

3.6 1.939 0.533 2.00 0.00300 0.03000 

3.6 1.962 0.540 2.00 0.00300 0.03000 

3. 7 1.939 0.547 2.00 0.00300 0.03000 

.3.7 2.012 0.553 2.00 0.00300 0.03000 

3 .9 2.033 0.560 2.00 0.00300 0.03000 

3.9 2.063 0.567 2.00 0.00300 0.03000 

3 .9 2.097 0.574 2.00 0. 00300 0.03000 

4.700 2.550 1.98 0.03000 0.00030 
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F i g . 9.43a. 1/Qs, l a y e r 3. 

T h i s p a r a m e t e r does not 
seismogramme. 

g r e a t l y i n f l u e n c e the 



THICKNESS p - v a o c i T T s-vaociTT De^^sITT I/O t/Q 
M.) W / S . ) (M/S.) IG/MU P 5 
74.4 1.460 0.000 1.03 0.OOOOO 0.ooooo 

6, 1 • 1.430 0.010 1.65 0.02000 0.04000 

3 . 5 1.913 0.526 2.00 0.00300 0.03000 

3.6 1.939 0.533 2.00 0. 00300 0.03000 

3.6 , 1.962 0.540 2.90 0.00300 0.03000 

3.7 1.988 0.547 2, 00 0.00300 0.03000 

3 .7 2 .012 0.553 2,00 0. 00300 0.03000 

3 .9 2.039 0.560 2.00 0.00300 0.03000 

3 .3 2.063 0.567 2.00 0.00300 0.03000 

3 .9 2.037 0.574 2.00 0.00300 0.03000 

4. 700 2.550 1.93 0.03000 0. 00300 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-30 
-90 
•100 

- n o 

0 
-10 
-20 
-30 
-40 
-50 
•60 
-70 
-90 
•90 
-100 
- n o 

2.4 3.6 4 .3 

p-vaocm 

1.2 1.6 2 .0 

0 
-10 0 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 
-100 
- n o 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
-90 
-100 
- n o 

0 .9 1.9 2.7 

s-vn nriTT 

1 

i /gp 

-40 

-30 

-120 

QS LAYER 3 - !/0S 0,003 NO. !28a. 
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F i g . 9.43b. 1/Qs, l a y e r 3. 

T h i s p a r a m e t e r does not 
seismogramme. 

g r e a t l y i n f l u e n c e the 



THICKNESS p- ' /aocny s -vaoc i r r D B B I T r I/O I/Q 
M.I m/s.) m/s.) IG/ML) P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6. I 1.490 O.OIO 1.65 0.02000 0.04000 

3 .5 1.913 0.526 2.00 0.00300. 0.0300O 

3.6 1.938 0.533 2.00 0.00300 0.03000 

3.6 1.962 0.540 2.00 0.00300 0.03000 

3.7 1.939 0.547 2.00 0.00300 0.03000 

3.7 2.012 0.553 2.00 0.00300 0.03000 

3.9 2.039 0.560 2.00 0.00300 0.03000 

3.9 2. 063 0.567 2.00 0.00300 0.03000 

3 .9 2.097 0.574 2.00 o;00300 0.03000 

4.700 2.550 1.99 0.03000 0.03000 
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F i g . 9.43c. 1/Qs, l a y e r 3. 

T h i s p a r a m e t e r does not 
seismogramme. 

g r e a t l y i n f l u e n c e t h e 



' TMICKNESS p-vaociTT s - v a o c i T T D&NSITT I/O 1/0 
m.) IM/S.) m / s . ) IG/ML) P S 
74.4 1.460 0.000 1.03 0.00000 0.OOOOO 

6.1 1.480 0.010 1.65 0.02000 0.04000 

3,5 1.913 0.526 2.00 0.00300 0,03000 

3.6 1.933 0.533 2.00 0.00300 0,03000 

3.6 1.962 0.540 2.00 0.00300 0,03000 

3 .7 1.988 0.547 2.00 0.00300 0,03000 

3 .7 2.012 0.553 2.00 0.00300 0,03000 

3.8 2.038 0.560 2.00 0.00300 0.03000 

3.9 2.063 0. .567 2.00 0.00300 0,03000 

3 .9 2.097 0.574 2.00 0.00300 0.03000 

4.700 2.550 1.93 0.03000 0..30000 
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F i g . 9.43d. 1/Qs, l a y e r 3. 

T h i s p a r a m e t e r does not g r e a t l y i n f l u e n c e t h e 
seismogramme. The odd ap p e a r a n c e of r 2 f o r 1/Qs=1.0 i s 
a t t r i b u t e d t o t h e b r e a k i n g down o f the t h e o r e t i c a l b a s i s 
o f t h e model f o r h i g h a t t e n u a t i o n . 



1 THICKNESS p - v a o c i T T s - v a o c i T Y DENS ITT 1/0 1/Q THICKNESS P-VaOCITT s - v a o c i T T D E S s n r I/O 1/0 

1 IH.) 
IH/S.) (H/S.) IG/HL) P s IM.1 M/S.I m/s.) IG/IIL) P 5 

j 74.4 1.460 0.000 1.03 0.00000 0.00000 74.4 1.460 0.000 1.03 0.00000 0.00000 

1 -̂ ' 1.430 0.010 1.65 0.02000 0.04000 6. 1 1.490 0.010 1.65 0.02000 0.04000 

] 3. 9 1.956 0. .533 2.00 O.OOIOO 0.03000 3.7 I . 9 I3 0.526 2.00 0.00100 0.03000 
1 3 .9 1.969 0.541 2.00 0.00100 0.03000 3.7 1.938 0.S33 2.00 O.OOIOO 0.03000 

1 1.991 0.545 2.00 0.00100 0.03000 3.3 1.962 0. 540 2.00 0.00100 0.03000 
1 3 .3 1.994 0.549 2.00 . 0.00100 0.03000 3.9 1.939 0.547 2.00 0.00100 0.03000 

1 2.006 0. .552 2.00 0.00100 0. 03000 3.9 2.012 0.553 2.00 0.00100 0.03000 

1 2.019 0.55S 2.00 0.00100 0. 03000 3.9 2.039 0.560 2.00 0.00100 0.03000 

1 2.031 0.559 2.00 0.00100 0.03000 4.0 2.043 0. .567 2.00 O.OOIOO 0.03D-30 ' 

1 2. 044 0.562 2.00. 0.00100 0.03000 4.0 2.09? 0.574 2.00 O.OOIOO 0.03000 
4. 700 2. .550 1.93 0. 03000 0.06000 4.700 2.550 1.93 0.03000 0.06000 
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F i g . 9.44a. V e l o c i t y g r a d i e n t s , l a y e r 2. 

A g r a d i e n t o f wide range ( c . f . f i g . 9.22) has a 
s i g n i f i c a n t e f f e c t on the a m p l i t u d e f o r l a r g e o f f s e t 
d i s t a n c e . G r a d i e n t s c o v e r i n g a narrower range of v e l o c i t y 
have a s i m i l a r but s m a l l e r e f f e c t . 



THICCNESS p - v a o c i T T s - v a o c ) T T DE.'JSITT 1/a I/O TtiiCKNeSS p - v a o c i T T s - v a o c i T T DENSITT 1/9 1/0 
M.) iM/s.; o f / s . ; IG/HLI P S W.) lH/5.) (M/S.) a/nu P s 
74, 4 1,460 0,000 1,03 0,00000 0,00000 74.4 1.460 0.000 1.03 0.OOOOO 0.ooooo 

6, 1 1, 450 0,010 1,65 0.02000 0,04000 6.1 1.490 0.010 1.65 0.02000 0.04000 

3,5 1, 325 0,502 2.00 0,00100 0,03000 3,3 1. 738 0.478 2.00 0.00100 0.03000 
3,6 1,373 0,516 2.00 0,00100 0,03000 3,5 1.313 0.498 2.00 0.00100 0.03000 
3, 7 1,925 0 , 5 2 ? 2,00 0,00100 0,03000 3.6 1. 387 0.519 2.00 0.00100 0.03O00 
3,9 1,975 0,543 2,00 0,00100 0,03000 3.9 1.962 0.5-40 2.00 0.00100 0.03000 

3, 9 2,025 0,557 2,00 0,00100 0.03000 3.= 2.033 0.560 2.00 O.OOlOO 0.03000 

4,0 2, 0 '5 0,571 2,00 n nniQrt 0.03000 4 . ! 2. 113 o..5gi 2.00 0.00100 0.03900 

4.1 2. '25 0,594 2,00 0,00100 0.03000 4.2 2. 133 0.602 2.00 9.00100 0.03000 

4.2 2. '75 0 ,5?3 2,00 0,00100 0.03000 4.4 2.262 0.622 2.00 0.00100 0.03000 
4, 700 2,550 ! , ? S 0,03000 0.06000 4.700 2..550 1.99 9. 03009 0.06000 
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F i g . 9.44b. V e l o c i t y g r a d i e n t s , l a y e r 2. 

A g r a d i e n t o f v/ide range ( c . f . f i g . 9.22) has a 
s i g n i f i c a n t e f f e c t on t h e a m p l i t u d e f o r l a r g e o f f s e t 
d i s t a n c e . G r a d i e n t s c o v e r i n g a narrower range of v e l o c i t y 
have a s i m i l a r but s m a l l e r e f f e c t . 



THICKNESS p - v a o c i T T s - v a o c i T T DE.NSITT I /O 1/0 THICKNESS P-VaOCITT s -vaoc iTT O L N S I T T 1/Q 1/0 
m.i IH/S.1 IH /S. I (G/-MU P s m.i lH/5.,' IM/S.l IG/MLI P s 
74.4 1.460 0.000 1.03 0.00000 0.00000 74.4 1.460 0.000 1.03 0,00000 0.00000 

6.1 1.490 0.010 1.65 0.02000 0.04000 4. I 1.490 O.OIO 1.65 0,02000 
1 

0.04000 1 

3 .7 1.934 0,510 2.00 0.00100 0.00100 i 3.7 1.934 0. 4 4 5 2.00 O.OOIOO O.OO'OO 

3.3 1.953 0. 520 2.00 0,00100 . 0.00100 3.9 1.953 0,475 2.00 0.00100 0.00100 

3.3 1.972 0.530 2.00 O.OOIOO 0.00100 3.3 1.972 0,505 2.00 0.00100 0.00100 ' 

3.9 1.991 0.540 2.00 0.00100 O.OOIOO 3.3 1.991 0. 535 . 2.00 0.00100 O.OOIOO 1 

3.9 2.009 . 0.550 2.00 0.00100 O.OOIOO 3.9 2.00? 0.565 2.00 0.00100 O.OOIOO .' 

3 .9 2.029 0.560 2.00 O.OOIOO 0.00100 ! 3.9 2.029 0.595 2,00 0.00100 0.00190 

3 .9 2. 047 0.570 2.00 0.00100 0.00100 3 .9 2. 047 0.625 2,00 0.00100 0.00100 

4.0 2.066 0.590 2.00 O.OOIOO 0.00100 4.0 2.066 O.o55 2,00 O.OOIOO O.OOIOO 

4.700 2.550 1.93 0.03000 0.06000 4.700 2.550 1,99 0. 03000 0.06000 
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F i g . 9.44c. L a y e r 2, s - v e l o c i t y g r a d i e n t . 

The i n t r o d u c t i o n o f s m a l l g r a d i e n t s i n t h e s - v e l o c i t y i n 
l a y e r 2 does n o t g r e a t l y i n f l u e n c e t h e seismogramme model, 
and when t h e v a l u e o f 1/Qs ( l a y e r 2) i s low, an a r r i v a l 
a t t r i b u t e d t o p - s c o n v e r s i o n i n l a y e r 2 c a n be se e n as a 
l a t e a r r i v a l . 



p - v a o c i 7 T s - v a o c i T r DENSITY I/O 1/C THICKNESS P-VELDCITT s - y a o c i T T DENS ITT l/Q 1/0 
iH.; m/s.i w / s . ; IG/MU P s IM/S.l tH/S.) P s 

74. 4 H 6 3 0. 000 1.03 0.00000 0.00000 74.4 1.460 0.000 1.03 0.00000 • 0.00000 

6.' ! . 'SO O.O'O ! . 65 0.02000 0.04000 6. 1 1.450 0.010 1.65 0.02000 0.04000 

3 7 I. ? 3 i 0.260 2.00 O.OOJOO 0.00100 3.7 1.934 0. ISO 2.00 0.00100 0.00100 

3.5 1.353 O.'OO 2.00 0.00!00 0.00100 3.3 1.953 0.250 2.00 0.00100 0.00'00 

3 o 0. -iO 2.00 0.00100 0.00100 3.S 1.972 0.350 2.00 0.00100 0.00100 

3.3 I. ? ? I 0.520 2.00 0.00100 0.00100 3.9 1.991 0. 450 2.00 0.00100 0.001 DO 

3 . ? 2 . M ? O.SSO 2.00 0.00100 0.00100 3 . ? 2.009 0.550 2.00 O.ODIOO O.OOlOO 

3 . ? 2.029 0.6'-3 2.00 0.00100 0.00100 3 . ? 2.029 0.650 2.00 0.00100 0.00100 

3. 0 0 •'io 2.00 0.001.00 0.00100 3.0 2.047 0.750 2.00 0.00100 0.00100 

4.0 2.060 C. ' i O 2.00 0.00100 0.00100 4.0 2.066 0.S50 2.00 0.00100 0.00100 

4. 7C0 2.530 I . ? 8 0.03000 0.06000 4.700 2.550 1.93 0.03000 0.06000 
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F i g . 9.44d. L a y e r 2, s - v e l o c i t y g r a d i e n t . 

When a more pronounced g r a d i e n t i n t h e s - v e l o c i t y o f l a y e r 
2 i s i n t r o d u c e d , t h e p-s c o n v e r t e d a r r i v a l i s s u p p r e s s e d 
( c . f . f i g s . 9.44c, 9.31b-d), but r 2 becomes too l a r g e a t 
h i g h o f f s e t . 



S y n t h e t i c seismogramme models 

f o r No. 1281 

( f i g s . 9.45 t o 9.73) 



Vi'.tK^tSS 

iZ.O 

P - ' / a O C I T Y 
• m/s.i 

!.<i60 

s - v a c c i T T 
M/S. ) 

0.000 

OENSlT'f 
IG/HLI 
1.03 

I/O 
p 

O.OOOO! 

I/O 
S 

O.OOOO I 

4.9 1.93^ 0.532 2.00 0.00200 0.02000 

4.9 I .9S3 0..S3? 2.00 0.00209 0.02000 

'1.9 l . 9 ? 2 0. 5li2 2.00 0. 00200 0.02000 

5.0 t. 99! 0. 5 i7 2.00 0.00200 0.02000 

S.O 2.009 0.5S3 2.00 0.00200 0.02000 

S. 1 2.025 0.SS8 2.00 0.00200 0.02000 

S. I 2.0'.7 0..S63 2.00 0. 00200 0.02000 

S . 3 0..';69 2.00 0.00200 0.02000 

2.300 1.99 0.02000 O.OiOOO 

0 
- ! 0 
-20 
-30 
-40 
-SO 
-60 
•?0 
-30 
•90 
- !00 

0 
-10 
-20 
-.•>o 
-40 
-50 
..40 
•70 

-30 
-90 
-100 

2.4 3.6 4.3 

p-YaQ:nT 

! . 2 ! . 6 2.0 

0 
-10 
-20 
-30 
-40 
-SO 
-60 
-70 
-30 
-90 
-100 

0 
-10 
-20 
-30 
••40 
-50 
-60 
-70 
•30 
-90 
-100 

1 2 3 

5-YfT.lir.lTT 

v^ffF i/i-s^ u 
r 10"' !0- ' I0--

I/OP 

mOEL FOR SeiSMOGR.^HflE NO. !28! 

— ^ V ^ -

•—v\--

-100 

-120 

^ 

— — 

— ^ 

120 180 220 

-40 

-30 

-120 

F I E L D RECORD NO. 1281 

1 ^ -

Y A y ^ ^ 

200 

F i g . 9.45. Model f o r No. 1281. 

S u g g e s t e d model f o r seismogramme no. 1281, c o n s t r u c t e d i n 
a wide f r e q u e n c y band (50 t o 1000 H z . ) . The p o s s i b l e 
v a l u e r a n g e s f o r t he p a r a m e t e r s a r e d i s c u s s e d i n t h e t e x t 
and i l l u s t r a t e d by t h e models shown i n f i g s . 9.46 t o 9.62 
( s e e volume 2 ) . 
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F i g . 9.46a. T h i c k n e s s o f top l a y e r . 

T h i s l a y e r i s u n r e s o l v e d . I t s t h i c k n e s s i n f l u e n c e s t h e 
a m p l i t u d e o f t he a r r i v a l " r 2 " . 
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F i g . 9.46b. T h i c k n e s s o f top l a y e r . 

T h i s l a y e r i s u n r e s o l v e d . I t s t h i c k n e s s i n f l u e n c e s t h e 
a m p l i t u d e o f the a r r i v a l " r 2 " . 
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F i g . 9.46c. T h i c k n e s s o f top l a y e r . . 

T h i s l a y e r i s u n r e s o l v e d . I t s t h i c k n e s s i n f l u e n c e s t h e 
a m p l i t u d e o f t he a r r i v a l " r 2 " . 
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F i g . 9.46d. T h i c k n e s s o f top l a y e r . 

T h i s l a y e r i s u n r e s o l v e d . I t s t h i c k n e s s i n f l u e n c e s t h e 
a m p l i t u d e o f t h e a r r i v a l " r 2 " . 
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F i g . 9.46e. T h i c k n e s s o f top l a y e r . 

T h i s l a y e r i s u n r e s o l v e d . I t s t h i c k n e s s i n f l u e n c e s t h e 
a m p l i t u d e o f t he a r r i v a l " r 2 " . 
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F i g . 9.47. L a y e r 1, p - v e l o c i t y . 

V e r y low v e l o c i t i e s , s u c h a s might be found i n a h i g h l y 
g a s i f i e d s e d i m e n t produce too g r e a t a r e d u c t i o n i n t he 
a m p l i t u d e o f r 2 . 
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F i g . 9.48a. P - v e l o c i t y , l a y e r 1. 

T h i s p a r a m e t e r i n f l u e n c e s t h e a m p l i t u d e of t h e deeper 
r e f l e c t o r r 2 . 
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F i g . 9.48b. P - v e l o c i t y , l a y e r 1. 

T h i s p a r a m e t e r i n f l u e n c e s t h e a m p l i t u d e o f t he deeper 
r e f l e c t o r r 2 . 



rH!C»:Nt3S 
W.) 
63 .0 

P - V a O C I T Y 
tM/3.! 
1.460 

3-VELOCITY 
W/3.) 

0.000 

DifNSITY 
(G/HLl 
1.03 

I / S 
P 

0.00001 

I/Q 
S 

0.00001 

4 .3 1.934 0.532 2.00 0.00200 0.02000 

4.9 I. 953 0.537 2.00 0.00200 0.02000 

4.9 I 972 0.542 2.00 0.00300 O.O3O00 

5.0 1.991 0 .5 i7 2.00 0.00200 0.02000 

5.0 2 . 0 0 ? 0.S53 2.00 0.00200 0.02000 

S. I 2. 023 0.553 2.00 0.00200 0. 02000 

5.1 2.047 0.563 2.00 0.00200 0.02000 

S . 2 2.066 0.569 2.00 0.00200 0.02000 

4.700 2.900 1.99 0.02000 0.04000 

0 
-10 
••20 
-30 
-40 
-50 
-60 
-70 
-90 
•90 

-100 

0 
-10 
-20 
-30 
-40 
-SO 
•60 
-70 
-30 
-90 
-100 

2.4 3 .6 4 .3 

P-YFuQCITt 

1.2 1.6 2.0 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
-90 
-100 

-20 
.-30 
-40 
-50 
-60 
-70 
-90 
-90 
-100 

I 2 3 

-5-vFi nr iTY 

)*"-^o-=^7o ̂  1 0 -

-90 

-120 

- S - LAYER 1 S = 0.001 NO. 1231 

J\l\r^ 

— ^ — 

- w y i 

r-

- ~ ^ s y y \ , ~ . ^ . • - ' V ^ r 

— A^~ 
-jyv~ w — 

•~̂ jyv~-— 
— 

j ^ l — 
— ^ / w — 

80 100 120 140 160 130 200 220 

-90 

- S - LAYER I S = 0.050 NO. 128! 

-J\l\r^ ^ 

~ — / \ ^ \ / — — 

— w ^ / ^ — -

.—v̂ W- Â— 
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F i g . 9.49a. S - v e l o c i t y , l a y e r 1. 



THICKNESS P-VcUOCITY s-vaociTY Dc.NSITY l/Q I/Q 
W.I m/s.) (M/S.) (G/HU P S 
63.0 1.4o0 0.000 1.03 0. 00001 0.00001 

4.9 1.934 0.S32 2.00 0.00200 0.02000 

4.9 1.953 0.537 2.00 0.00200 0.02000 

4.9 1.972 0.542 2.00 0.00200 0.02000 

S.O 1.991 0.547 2.00 0.00200 0.02000 

S.O 2.009 0.553 2.00 0.00200 0.02000 

5.1 2.029 0.553 2.00 0.00200 0.02000 

5.1 2. 047 0.563 2.00 0.00200 0.02000 

5.2 2.066 0.S68 2.00 0.00200 0.02000 

4.700 2.900 1.93 0.02000 0.04000 
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F i g . 9.49b. S - v e l o c i t y , l a y e r 1.-



THICKNESS p - v a a c i T Y s - ' / a o c i r r DENSITY 1/0 I/Q 
m.) tH/S.I (H/S.) (G/MU P S 
63 .0 1.460 0.000 1.03 0.00001 0.00001 

4 .3 1.934 0.532 2.00 0.00200 0.02000 

4.9 I . 9S3 0.537 2.00 0.00200 0.02000 

4.9 1.972 0.542 2.00 0.00200 0.02000 

5.0 1.991 O.S47 2 .00 0.00200 0.02000 

5.0 2.009 0.553 2.00 0.00200 0.02000 

5.1 2.023 0.553 2.00 0.00200 0.02000 

5.1 2. 04? 0.563 2.00 0.00200 0.02000 

S . 2 2.066 0.563 2.00 0.00200 0.02000 

4.700 2.900 1.98 0.02000 0.04000 
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F i g . 9.50a. D e n s i t y , l a y e r 1. 

T h i s p a r a m e t e r has l i t t l e i n f l u e n c e on the model, 



THICKNESS p-vaociTY s-vaociTT DENSITY l/Q I/O 
(M.) (H/S.) (H/5.) (G/HU P S 
63.0 1.460 0.000 1.03 0.00001 0.00001 

4.8 1.934 0.532 2.00 D. 00200 0.02000 

4.9 I . 9S3 0.537 2.00 0.00200 0.02000 

4 .9 1.972 0.542 2.00 0.00200 0.02000 

5 .0 1.991 0.547 2.00 0.00200 0.02000 

5.0 2.009 0.553 2.00 0.00200 0.02000 

5.1 2.028 0.558 2.00 0.00200 0.02000 

5.1 2.047 0.563 2.00 0.00200 0.020OO 

5.2 2.066 0.566 2.00 0.00200 0.02000 

4.700 2.800 1.98 0.02000 0.04000 
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F i g . 9.50b. D e n s i t y , l a y e r 1. 

T h i s p a r a m e t e r has l i t t l e i n f l u e n c e on the model 



THICKNESS P-VcLOC!TY S - V a O C ! T Y DENSITY I/Q I/Q 
(H.! W / S . ) W/S. I (G/HLI P S 
63 .0 1.460 0.000 1.03 0.00001 0.00001 

4.3 1.934 0.532 2.00 0.00200 0.02000 

4. 9 I . 9S3 0.537 2.00 0.00200 0.02000 

4.9 • 1.973 0.542 2.00 0.00200 0.02000 

5.0 1.991 0.547 2.00 0. O02OO 0.02000 

S.O 2.009 0..S53 2.00 0.00200 0.03000 

5. I 2.023 0.SS9 2.00 0.00200 0.02000 

S. 1 2.047 0.563 2.00 0.00200 0.02000 

5 .2 2.066 0. .569 2.00 •0.00200 0.02000 

4. 700 2.900 1.98 0.02000 0.04000 
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F i g . 9.51a. 1/Qp, l a y e r 1. 

V e r y h i g h v a l u e s i n f l u e n c e t h e a m p l i t u d e of r 2 . 



P-VELOCnr s-vaociTT •ENsnr t/0 I/O 
(M.) IM/S.) m/s.) (G/HU P S 
<3.0 1.460 0.000 ! . 0 3 0.00001 0.00001 

't.S 1.934 0.532 2.00 0. 00200 0.02000 

4.9 I . 9S3 0..S37 2.00 0.00200 0.02000 

4.9 1.972 0..S42 2:00 0.00200 0.02000 

S.O 1. 99! 0.547 2.00 0.00200 0.02000 

S.O 2.009 0.553 2.00 0.00200 0.02000 

s . : 2,023 0..559 2.00 0..00200 0.02000 

S. I 2.047 0.563 2.00 0. 00200 0.02000 

S . 2 2.064 0.563 2.00 0.00200 0. 02000 

4.700 2.900 1.93 0.02000 0.04000 
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F i g . 9.51b. 1/Qp, l a y e r 1. 

The model i s i n s e n s i t i v e to more r e a s o n a b l e v a l u e s over a 
wide r a n g e . 



TH.'fXNESS P-V=L3C!Tr s-vaociTY DE^^slTr I/O 1/Q 
IM.! w / s . ; m/s.) IG/W.I P S 
o3.0 ! . leO 0.000 ! . 0 3 0.0000! 0.0000! 

I.'=34 0.S32 2.00 0.00200 0.02000 

'1.9 l .?33 0.SZ7 2.00 0.00200 0.02000 

4.= l . ? ? 2 0..542 2.00 • 0.00200 0.02000 

5.0 1.99: 0.5.'.7 2.00 0.00200 0.02QOO 

5.0 2 .09? 0.5S3 2.00 0.00200 0.02000 

5. T 2.025 0.553 2.00 0.00200 0.02000 

S. ! 2.0'.7 0. .56.3 2.00 0.00200 0.02000 

5. J 2.06i O . K ? 2.00 0.00200 0.02000 

4. 7C0 2. 900 1.93 0.02000 0.04000 
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F i g . 9.52a. L a y e r 1, 1/Qs. 

The model a p p e a r s t o be independent o f t h i s parameter, 



THICKNcSS P-VfcXOC!TY s - v a o c i T T DENSITY I/O l/Q 
m.) (H/S.) (H/S.) IG/MLl P S 
63.0 1.460 0.000 1.03 0.00001 0.00001 

4 .3 1.934 0.S32 2.00 0.00200 0.02000 

4 . ? 1.953 0.537 2.00 0.00200 0.02000 

4,9 1.972 0.542 2.00 0.00200 0.02000 

S.O 1.99! 0. 547 2.00 0.00200 0.02000 

5.0 2.009 0.553 2.00 0.00200 0. 02000 

5.1 2.023 0.5S9 2.00 0.00200 0.02000 

S . I 2. 047 0.563 2.00 0.00200 0.02000 

5.2 2.066 0.569 2.00 0.00200 0.02000 

4.700 2. 300 1.93 0.02000 0.04000 
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F i g . 9.52b. L a y e r 1, 1/Qs. 

The model a p p e a r s t o be inde p e n d e n t o f t h i s p a r a m e t e r . 



'TH.'CK.NgSS P-VELOCITY S-VKLOC!TY Deisi ir l/Q 1/0 
(H.l IH/S.) W/S. ) lE/HL! P 5 
63.0 1.460 0.000 1.03 0.00001 0.0000! 

4 ,3 1.934 0.531 2.00 0.00200 0.02000 

4.9 I. 353 0.536 2.00 0.00200 0.02000 

4.9 1.972 0. 542 2,00 0.00200 0,02000 

5.0 1.991 0.547 2,00 0.00200 0,02000 

5.0 1. 90? 0.553 2,00 0.O02O0 0,02000 

5. 1 1.923 0.559 2, CO 0.002C0 0,02000 

5. ' 1.947 0.564 2,00 0.00200 0,02000 

5.2 1.966 0,569 2,00 0.00200 0.C3000 

4.700 2,300 1.99 0. 02000 0, o-.coo 
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F i g . 9.53a. L a y e r 2, p - v e l o c i t y . 

The f i t t i n g o f a r r i v a l s on t h e b a s i s o f t r a v e l t i m e s shows 
t h a t t h e p - v e l o c i t y i n t h i s l a y e r i s about 
2.00+0.05km/sec. T h i s v a l u e i s c o n f i r m e d by t he a m p l i t u d e 
v a r i a t i o n w h i c h c a n be s e e n i n t he models shown h e r e . 



• Th.'CKNbSS p-/z^oznt S-VELOCITY CENSITY l/Q l/Q 
IM.! m/s.} (H/S. ! (G/.fL) P S 
63 .0 1.460 0.000 1.03 0.0000! 0.00001 

4.5 0.532 2.00 0.00200 0.02000 

4.9 •2.003 0.537 2.00 0.00200 0.02000 

4.9 2. 022 0.542 2.00 0. 00200 0.02000 

5.0 2.0-1 0. 5,̂ 7 2.00 0. 00200 0.02000 

5.0 2 .05? 0.553 2.00 0.00200 0.92000 

5..: 2.075 0.553 2. 00 0.00200 0.02009 

5. ' 2. 0?7 0. 56.3 2.00 0.00200 0.02000 

5.2 2. Mo 0. 565 2.00 0.00209 0.02000 

4.700 2.900 !. ?3 0.02000 0.04900 
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F i g . 9.53b. L a y e r 2, p - v e l o c i t y . 

The f i t t i n g o f a r r i v a l s on t h e b a s i s of t r a v e l t i m e s shows 
t h a t t h e p - v e l o c i t y i n t h i s l a y e r i s about 
2.00+0.05km/sec. T h i s v a l u e i s c o n f i r m e d by t he am p l i t u d e 
v a r i a t i o n which c a n be s e e n i n t he models shown h e r e . 



THICKNESS P-VELOCITT s-vaociTT DENSITT 1/U 1/Q 
I H . ) IH /S.) IH /S.) IG/m.) P S 
63.0 1.460 0.000 1.03 0.00001 0.00001 

4.8 1.934 0. .•'90 2.00 0.00200 0.02000 

4.9 1.953 0.293 2.00 0.00200 0.02000 

4.9 1.972 0.296 2. DO 0.00200 0.0200D 

5.0 I. 991 0. 299 2.00 0.00200 0.02000 

5.0 2.009 0.301 2.00 0.00200 0.02000 

5. ! 2.023 0.304 2.00 0. 00200 0.02000 

S. 1 2.047 0.307 2.00 0.00200 0.02000 

5.2 2.066 0.310 2.00 0.00200 0.02000 

4.700 2.800 1.93 0.02000 0.04000 
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F i g . 9.54a. L a y e r 2, s - v e l o c i t y . 

As w i t h seismogramme No. 1289 ( s e e f i g . 9.31), t h e 
c h a n g i n g o f t h i s p a r a m e t e r c a u s e s the m i g r a t i o n a c r o s s t h e 
model o f a l a t e r a r r i v a l i d e n t i f i e d a s a p-s c o n v e r s i o n . 
The a m p l i t u d e o f t h i s a r r i v a l i s c o n t r o l l e d by the v a l u e 
o f 1/Qs ( l a y e r 2 ) , but f o r the h i g h e r v a l u e s of s - v e l o c i t y 
shown, i t s t i l l b r e a k s t h r o u g h . 



THICKN6SS p-vaociTT s-vaociTY DENSITY I/O 1/0 
W.t w /s . ) ws.i IG/HLI p S 

63.0 1.460 0.000 1.03 0.00901 0.OOQOI 

4.8 1 . 9 3 4 0. 484 2.00 0.00200 0.02000 

4 .9 1 . 9 S 3 0.483 2.00 0.09200 0.02000 

4 .9 1 . 9 7 2 0 . 4 9 3 2.00 0.00200 0.02000 

5 .0 1 . 9 9 ! 0 . 4 9 9 2.00 0.00200 0.02000 

5.0 2 . 0 0 9 0.SO2 2.00 0.00200 0.02000 

S . I 2.023 0.507 2.00 0. 00209 0.02099 

5. I 2.Q47 0 . 5 1 2 2.00 0.09209 0.02000 

5.2 2.066 0.516 2 . 00 0.90200 0.02000 

4 . 7 0 0 2 . 9 0 0 1 . 9 8 0.02000 
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F i g . 9.54b. L a y e r 2, s - v e l o c i t y . 

As w i t h seismogramme No. 1289 ( s e e f i g . 9. 3 1 ) , t h e 
c h a n g i n g o f t h i s p a r a m e t e r c a u s e s the m i g r a t i o n a c r o s s t h e 
model o f a l a t e r a r r i v a l i d e n t i f i e d as a p-s c o n v e r s i o n . 
The a m p l i t u d e o f t h i s a r r i v a l i s c o n t r o l l e d by t h e v a l u e 
o f 1/Qs ( l a y e r 2 ) , b ut f o r t h e h i g h e r v a l u e s of s - v e l o c i t y 
shown, i t s t i l l b r e a k s t h r o u g h . 



ThlCWSSS p - V E L O c n r S-VELOCITT 1/0 1/0 
m.) M /S . ) IH/S.) IG/HU P S 
63 .0 1.460 0.000 1.03 0. 00001 0,00001 

4.9 1,934 0.677 2.00 O.O02OO 0,02000 

4,9 1.9S3 0,694 2.00 0. 00200 0.02000 

4,9 1,972 0,690 2.00 0.00200 0.02000 

5,0 1. 991 0 ,69? 2.00 0. 00200 0.02000 

5,0 , 2 . 009 0,703 2.00 0.00200 0.92000 

5,1 2.023 0,710 2.00 0.90200 0.02090 

5, t 2.047 0,716 2.00 9.90200 0.92000 

5 .2 2.066 0,723 2.00 0.00200 0.02000 

4,700 2.900 1.99 0.02000 0.04000 
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F i g . 9.54c. L a y e r 2, s - v e l o c i t y . 

As w i t h seismogramme No. 1289 ( s e e f i g . 9 . 3 1 ) , the 
c h a n g i n g o f t h i s p a r a m e t e r c a u s e s the m i g r a t i o n a c r o s s the 
model o f a l a t e r a r r i v a l i d e n t i f i e d a s a p-s c o n v e r s i o n . 
The a m p l i t u d e o f t h i s a r r i v a l i s c o n t r o l l e d by t h e v a l u e 
o f 1/Qs ( l a y e r 2 ) , but f o r the h i g h e r v a l u e s of s - v e l o c i t y 
shown, i t s t i l l b r e a k s t h r o u g h . 



THICKNESS P-VaOGITT s - v a o c i T Y DENSITY l/Q 1/Q 

IH.I IH/S.) W / 5 . ) IG/HU P S 

< 3 . 0 1 . 4 6 0 0 . 0 0 0 1 . 0 3 0 . 0 0 0 0 1 0 . 0 0 0 0 1 

4 . 9 1 . 9 3 4 0 . 9 6 7 2 . 0 9 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

4 . 9 1 . 9 5 3 0 . 9 7 7 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

4 . 9 1 . 9 7 2 0 . 9 3 6 2 . 0 0 0 . 0 0 2 0 0 0 . 9 2 0 0 9 

5 . 0 1 . 9 9 1 0 . 9 9 S 2 . 0 O 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

5 . 0 2 . 0 0 9 ! . 0 0 5 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

5 . 1 2 . 0 2 3 1 . 0 1 4 2 . 0 0 0 . 0 9 2 0 0 0 . 0 2 0 0 9 

5 . 1 2 . 0 4 7 1 . 0 2 3 2 . 0 0 0 . 0 0 2 0 0 9 . 9 2 9 0 0 

5 . 2 2 . 0 6 6 1 . 0 3 3 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

4 . 7 0 0 2 . 3 0 0 1 . 9 3 0 . 0 2 0 0 0 0 . 0 4 0 0 0 
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F i g . 9.54d. 

As w i t h seismogramme 

L a y e r 2, s - v e l o c i t y . 

1289 « ^ ^ ^ v . . . _ No. 1289 ( s e e f i g . 9 . 3 1 ) , t h e 
ch a n g i n g o f t h i s p a r a m e t e r c a u s e s the m i g r a t i o n a c r o s s t h e 
model o f a l a t e r a r r i v a l i d e n t i f i e d a s a p - s c o n v e r s i o n . 
The a m p l i t u d e o f t h i s a r r i v a l i s c o n t r o l l e d by t h e v a l u e 
o f 1/Qs ( l a y e r 2 ) , b ut f o r t h e h i g h e r v a l u e s o f s - v e l o c i t y 
shown, i t s t i l l b r e a k s t h r o u g h . 



THICKNESS 
(H.) 
63.0 

p-vaociTT 
(M/S.) 
1.460 

s-vaociTT 
IM/S.) 

0.000 

DENSITY 
(G/ML) 
1.03 

1/0 
P 
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1/0 
S 

0.00001 

4. S 1.934 0.532 1.90 0.00290 0.020OO 

4 .9 1,953 0.537 1.90 0.00200 O.O200O 

4.9 1.972 0.542 . 1 . 9 0 0,00200 0.02000 

S.O 1.991 0.547 1.80 0,00200 9.02000 

5.0 2 .009 9.553 1.90 0.90200 0.02000 

5. ! 2.023 0,559 1.90 0,00200 0.02000 

5, 1 2.047 0,563 1.30 9.00200 0.02000 

5 ,2 2.066 0,569 1.90 0.00200 0.02000 

4.700 2. 900 1.99 0.02000 0, 04000 
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F i g . 9.55a. L a y e r 2, d e n s i t y . 

T h i s p a r a m e t e r i n f l u e n c e s t h e a m p l i t u d e o f r 2 a t the lower 
o f f s e t d i s t a n c e s . 



THICKNESS P-VELOCITY S-VELOCITY DENSITY 1/Q t/Q 
IH.) W/S.) Ui/S.) IG/WJ P s 
63.0 1.460 0.000 1.03 0.00001 O.OOCOl 

4.3 1.934 0.S32 2.10 0. 00200 0.02000 

4.9 1.953 0.537 2. 10 0.00200 0.02000 

4.9 1.972 0.542 2. 10 0.00200 0.02000 

5.0 1.991 0.547 2.10 0.90200 0.02000 

S.O 2.009 0.553 2. 10 0.00200 0.02000 

5.1 2.028 0.S58 2.10 0.09290 . 0.02000 

5. I 2.047 0. .563 2. to 0. 00200 0.02000. 

5.2 2.066 0.563 . 3. 10 0.00200 0.02000 

4.700 2.900 1.98 0.02009 0.04000 
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F i g . 9.55b. L a y e r 2, d e n s i t y . 

T h i s p a r a m e t e r i n f l u e n c e s t h e a m p l i t u d e o f r 2 a t the lower 
o f f s e t d i s t a n c e s . 



T.'iICK.NESS P- ' /ELOCUT s - v a o c i T T DENS ITT 1/0 1/0 
W.I (H/S.) IH/S.) I G / N L ) P s 
63.0 1.460 0.000 1,03 0.00091 0.00001 

4.3 1.934 0.S32 2.00 O.OOOSO 0.92999 

. 4 .9 1.953 0.537 2,00 0.00050 9.92000 

4.9 1,972 0.51? 2.90 0,00059 0.02000 

S.O 1,991 0.547 2.00 0,90950 9.02000 

S.O 2,009 0, 553 2,00 0, OOOSO 0.02000 

S. 1 2.029 0..5S3 2,00 0.00050 0.92000 

S. 1 2.047 0.563 2.90 0.00050 0.92000 

S . 2 2.066 0..563 2.00 O.OOOSO 0.02009 

4.700 2. 900 1.98 0.02009 9.04000 
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F i g . 9.56a. L a y e r 2, 1/Qp. 

H i g h e r v a l u e s f o r t h i s p a r ameter reduce t h e a m p l i t u d e o f 
r 2 i n an u n a c c e p t a b l e way. 



THICKNESS P-VELOCITT s-vaociTY DE.NStTY I/O 1/0 
ttl.l M/S.) m/s.) tG/NLI P S 
63.0 1.460 0.000 1.93 0.00001 0.00001 

4.9 1.934 0.532 2.00 • 0.00200 0.02900 

4.9 1.953 0.537 2.90 0.00200 O.O20OO 1 

4.9 1.972 0.542 2.00 0.00290 0.02000 

5.0 1.991 0.547 2.00 0.00200 0.02000 

S.O 2.009 0. 5S3 2.00 0.00290 0.02000 

5.1 2.028 0.559 2.00 0.00200 0.92900 

S. 1 2.047 0.563 2.00 0.00200 0.02000 

5.2 2.066 0.S69 2.00 0.00200 0.02000 '• 

4.700 2.390 1.93 0.92000 0.04000 
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F i g . 9.56b. L a y e r 2, 1/Qp. 

H i g h e r v a l u e s f o r t h i s p a r a m e t e r reduce t h e a m p l i t u d e of 
r 2 i n an u n a c c e p t a b l e way. 



THICKNESS P- /a0ClTT s-vaociTT DENSITY I/O I /a 
(H.) m/s.! M/S.) IG/HL) P s 
63.0 1.469 0.000 1.03 0.00001 0.09091 

4.9 1.934 0.532 2.00 0,00400 0.02000 

4,9 1.953 0,537 2.00 0,00400 0.02090 

4,9 • 1.972 9,542 2.09 0.00400 0.02900 

5.0 1.99! 0,547 2, 00 0.00400 0.92990 

5,0 2 ,95? 0.553 2,00 0.00400 0.0300O 

S, I 2.029 0.5S9 2.90 0.00400 0.92000 

S. 1 2.947 0.563 2,00 0.00400 0.02999 

S.2 2.966 0, 569 2,00 0.00400 0, 02099 
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F i g . 9.56c. L a y e r 2, 1/Qp. 

H i g h e r v a l u e s f o r t h i s p a r a m e t e r reduce t h e a m p l i t u d e o f 
r 2 i n an u n a c c e p t a b l e way. 



THICCNESS P - V a O C I T Y s - v a o c i T Y OE.NSITT I/O I /O 
m.) W/5.! CM/S.) IG/MU P S 
63.0 1.460 0.009 1.03 0.00901 0.90001 

4.9 1.934 0.532 2.00 0.00209 0.00950 

4.9 1.953 0.537 2.00 0.09200 0.00950 

4.9 1.972 0.S42 2.00 0.00200 0.OOOSO 

5.9 1.991 0.547 2.00 0.90200 0.99950 

5.0 2 . 0 0 ? 0.553 2.00 0.00200 0.00059 

S. 1 2.029 0.5S9 2.00 0.99200 0.OOOSO 

5.1 2.047 0.563 2.00 0.09200 0.09959 

5 .2 2.066 0.569 2.00 0.00290 0.OOOSO 

4.700 2.900 1.99 0.02000 0.04000 
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F i g . 9.57a. L a y e r 2, 1/Qs. 

T h i s p a r a m e t e r c o n t r o l s t h e a m p l i t u d e 
c o n v e r s i o n ( s e e f i g s . 9.36,9.37) 

of t h e p-s 



THICKNESS P-VaOCITT s-vaociTT DE.NSITY 1/9 1/0 
tH.! IH/S.) m/s.) IG/HL) P S 

63.0 1.1.60 0.000 1.03 0.99901 0.00001 

4. 3 1.934 0,532 2.00 0.00200 0.09500 

4,9 1.953 0,537 2.00 0,00200 9.00500 

4.9 1. 972 0 , 5 ' 2 2,09 0,09200 0.00500 

S , 0 1.991 0 ,5 i7 2.00 0, 00200 0.00500 

5,0 2.009 0.553 2.00 0.00209 0.00500 

5; I 2.029 0.SS3 2.00 9,90200 0.09500 

5 . ' 2.0'.7 0.563 2.90 0,00200 0.00590 

5, 2 2.066 0,569 2,09 , . 0,09200 9.99599 

4.700 2.399 1.93 0. 02000 9.94000 
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>̂yî — A/^— 

•\J\r-

.J\L— v w 

•Aj^— 

F i g . 9.57b. L a y e r 2, 1/Qs. 

T h i s p a r a m e t e r c o n t r o l s t h e a m p l i t u d e of t h e p-s 
c o n v e r s i o n ( s e e f i g s . 9.36,9.37) 



THIONESS p - y a o c ! T T s - v a o c i T r . D e t s i T r I / O I/Q 
(N.) W / S . ) (M/S.) (G /HU P S 
63.0 1.460 0.000 1.03 0.00001 O.OOOOl 

^.B l . ? 3 4 0.532 2.00 0.00200 0.02000 

4.9 1.95-i O . S j 7 2.00 0.00200 0.02000 

l,.9 1.972 O . S ' 2 2.00 0.00200 0.02000 

5.0 I . 991 0.5^7 2.00 0.00200 0.02000 

5.0 2.009 0.553 2.00 0.00200 0.02000 

5. I 2.028 0.SS3 2.00 0.00200 0.02000 

S. 1 2.047 0.563 2.00 0.00200 0.02000 

5 .2 2.066 0.568 2.00 0.00200 0.02000 

4.700 2.800 1.98 0.02000 0.04000 

0 
-10 
-20 
-30 
- ' 0 
-59 
-60 
-70 
-eo 
-90 
- ! 90 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 
- too 

2 .4 3.6 4.1 

1.2 1.6 2.0 

n!=N51T.r 

0 
- ! 0 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 
-100 

1 2 3 

ii-YFiaClTT 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-60 
-90 
-100 

i /np 

-120 

- Q S - LAYER 2 l /QS = 0 .02 NO. I 2 8 L 

' 
— f \ y 

— 

— 

—J\Y^ 

Jfr— 

-^4^— 

^ 

100 140 . 160 200 220 

- O S - LAYER 2 1/QS = 0 .03 NO. ! 2 3 L 

— ^ — 

— - — y y V -

-—'S^^r^— 

— ^ — -

^ 

—J\L\,— 

- j y i 

—jf.—~ 
— j y i — 

200 220 

F i g . 9.57c. L a y e r 2, 1/Qs. 

T h i s p a r a m e t e r c o n t r o l s t h e a m p l i t u d e 
c o n v e r s i o n ( s e e f i g s . 9.36,9.37) 

o f the p-s 



ThICKNHSS P - V S . O C l T r S - V E l O C I T T DENSITr I/O 1 / 0 
91.) (M/S.) m/s.) (G/.1L) P S 

6 3 . 0 1 . 4 6 0 0 . 0 0 0 1 . 0 3 0 . 0 0 0 0 1 0 . 0 0 0 0 1 

4 . 9 1 . 9 3 4 0 . 5 3 2 2 . 0 0 0 . 0 0 2 0 0 O . O ' O O O 

i i . 9 I . 9 5 3 0 . S 3 7 2 . 0 0 0 . 0 0 2 0 0 0 . 0 4 0 0 0 

4 . 9 1 . 9 ? 2 0 . 5 4 2 2 . 0 0 0 . 0 0 2 0 0 0 . 0 4 0 0 0 

5 . 0 ! . ? 9 I 0 . 5 4 7 2 . 0 0 0 . 0 0 2 0 0 0 . 0 4 0 0 0 

5 . 0 2 . 0 0 ? 0 . 5 5 3 2 . 0 0 0 . 0 0 2 0 0 0 . 0 4 0 0 0 

5 . I 2 . 0 2 3 0 . 5 5 9 2 . 0 0 0 . 0 0 2 0 0 0 . 0 4 0 0 0 

5 . ! 2 . 0 4 7 0 . .563 2 . 0 0 0 . 0 0 2 0 0 0 . 0 4 0 0 0 

5 . 2 2 . 0 6 6 0 . 5 6 9 2 . 0 0 0 . 0 0 2 0 0 0 . 0 4 0 0 O 

4 . ? G 0 2 . 5 0 0 1 . 9 3 0 . 0 2 0 0 0 0 . 0 ' ' 0 0 0 

0 
- ! 0 
- 2 0 
- 3 0 
- 4 0 
- 5 0 
- 6 0 
- ? 0 

- 9 0 
• 9 0 
- ! 0 0 

0 
- 1 0 
- 2 0 
- 3 0 
. 4 0 
- S O 
- 6 0 
- 7 0 
• 3 0 
. 9 0 
• 1 0 0 

2.4 3.6 4.8 

p-YFi nr.iTT 

1.2 1.6 2.0 

ffiitSiU 

0 
- 1 0 
- 2 0 
- 3 0 
- 4 0 
- 5 0 
- 6 0 
- 7 0 
- 9 0 
- 9 0 
- t o o 

0 
- 1 0 
• 2 0 

- 3 0 
- 4 0 
- 5 0 
- 6 0 
- 7 0 
- 3 0 
-90 
- 1 0 0 

I 2 3 

. i -vnnr . iTT 

u 
r 10" ' 10"^ 10"-

I/CP 

-90 

- t o o 

- O S - LAYER 2 I / Q S - - - 0 . 0 4 NO. I28I 

-J^\r^ ~J\j^ ' 
^ 

~ — • ^ / V — ^ 

—•J\^— 

— 

- T y v — — 

— — 

— 

1 4 0 2 0 0 

- O S - LAYER 2 I /QS 0.08 NO. 1281 

— - — ~ AA'~" 

— 

V ^ r ~ - ~ -

— A / ^ — 
— - V V -

F i g . 9.57d. L a y e r 2, 1/Qs. 

T h i s p a r a m e t e r c o n t r o l s t h e a m p l i t u d e o f t h e p-s 
c o n v e r s i o n ( s e e f i g s . 9.36,9.37) 



Th.'CK.IfSS p - v a o c n r •S-VaOCITY DcNSITT 1/0 1/0 
W.l IH/S. ) IH/S. 1 (G/ML) P 5 
63.0 1.460 0.000 1.03 0.00001 0.00001 

4 .3 . 1.934 0.532 2.00 0.00200 0. I60D0 

4 .9 1.953 0.537 2.00 0.00200 0. 16000 

4.9 1.972 0.542 2.00 0.00200 0. 16000 

5.0 1.991 0.547 2. 00 0.00200 0. 16000 

5 .0 2.009 0.553 2.00 0.00200 0.16000 

5.1 2.023 0.559 2.00 0.00200 0. 1600O 

5.1 2.047 0.563 2.00 0.00200 0. 16000 

5 .2 2.066 0.569 2.00 0.002O0 0.16000 

4.700 2. 900 1.98 0.02000 0.04000 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-BO 
-90 
-100 

0 
- ! 0 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
-90 
-100 

2 . ' 3 .6 4.9 

P-YHOr.lTT 

1.2 1.6 2.0 

0 
- 1 0 
-20 
-30 
-40 
-SO 
-60 
-70 
-90 
.90 

-100 

0 
-10 
-20 
-30 
-40 
-SO 
-60 
-70 
-90 
-90 
- t o o 

I 2 3 

s - Y a o c n r 

:jyB» j .uw ii'.'WF u 
10"' 10^ 10'^ 

t/OP 

-40 

-100 

-120 

- Q S - LAYER 2 l /QS = 0. !6 NO.1281 

. . y^/ l : 

^ 
~J\I\, 

— V ^ r ~ ~ 

Aji 

- " T ^ V ^ 

- ^ T ^ W 

j ^ L 

80 100 140 160 130 

- O S - LAYER 2 1 / 0 5 = 0 . 3 2 NO.1281 

— w / ^ ^ ^ o ^ - — 

—~-J^ 

-^•^J^ 

•J^\/~^ 

J\L\R^ 
•^^y\J\r~ 

J\L\^ 

Jjft 

100 120 140 160 200 220 

F i g . 9.57e. L a y e r 2, 1/Qs. 

T h i s p a r a m e t e r c o n t r o l s t h e a m p l i t u d e 
c o n v e r s i o n ( s e e f i g s . 9.36,9.37) 

o f t h e p-s 



THICKtftSS p - v E i o c n r s - v a o c n r DENS ITT 1/0 1/0 
M / s . ! IM/S.) i G / m P 5 

63 .0 1.460 0.000 1.03 0.0000! 0.00001 

4 .3 1.934 0. .532 2.00 0.00200 0.02000 

4.9 1.953 0.537 2.00 0.00200 0.02000. 

4.9 1.972 0.5'-2 2.00 0.00200 0.02000 

5.0 1.991 0. 547 2. 00 0.00200 0.02000 

5.0 2.009 0.553 2.00 0. 00200 0. 02000 

S . 1 2 .023 0.555 2.00 0. 00200 0.02000 

5.1 2. 047 0.563 2.00 0.00200 0.02000 

5 .2 2. 066 0. .569 2.00 0.00200 0. 02000 

1 . 9 3 0.02000 0.04000 

0 
-10 
-20 
-30 
-40 
-50 
•60 
-70 
-90 
-90 
-100 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-•-0 
-30 
-"0 
•100 

1.3 2.7 3.6 

_ 

.2 1.6 2.0 

QrNSlTT 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
-90 
-100 

0 
-10 
-20 
-.30 
-40 
..SO 
..60 
-70 
-90 
-90 
-100 

I 2 3 

5-Y|--i.lIClTT 

) : o 10 10'-

-100 

-120 

- P - LAYER 3 P = -5.9 NO. 128! 

—f\j\^ 

^ 

-^y^ 
— 

JP^^ 

— 

— ^ / w 

^ 

140 200 

-P - LAYER 3 P = 1 NO. 1281 

•SJ\L\, 

•^-Aij\r^— 

— 

-J\J\^ 

— 

^ 

J\ll 

140 220 

F i g . 9.58a. L a y e r 3, p - v e l o c i t y . 

T h i s p a r a m e t e r c o n t r o l s t h e a m p l i t u d e o f r 2 . Q u i t e a wide 
range a p p e a r s p o s s i b l e . 



THICKNESS p - v a o c i T T s - v a x i T T DcNSI FT I/O l/Q 
IH.I m / s . ) M/S. ) IG/ML) P S 
63 .0 1.460 0.000 1.03 0.00001 0.00001 

4.8 1.934 0.532 2.00 0.00200 0. 02000 

4.9 I .9S3 0.537 2.00 0.00200 0.02000 

4.9 1.972 0.542 2.00 0.00200 0.02000 

5.0 1.991 0.547 2.00 0.00200 0.02000 

5.0 2.009 0.553 2.00 0.00200 0.02000 

5.1 2.028 0. .553 . 2.00 0.00200 0.02000 

5.1 2.047 0.563 2.00 0.00200 0.02000 

S . 2 2.066 0.563 2.00 0.00200 0.02000 

4.300 2.900 1.99 0.02000 0.04000 

D 
-10 
-20 
-30 
-40 
-50 
•60 

-70 
-.30 
•90 
-100 

0 
-10 
-20 
-30 
-40 
• 50 
•60 
-70 
-90 
-90 
-100 

2.2 3.3 4.4 

P-YFlQr.lTT 

1.2 1.6 2.0 

n r N S l T T 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
•90 
-90 
-100 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
-90 
-100 

1 2 3 

•S-YFIOCITY 

l i s . r c w . 

-60 

-100 

-P - LAYER 3 P = 4 . 3 

Aj\r^— 

NO. 1231 

— v ^ ^ -

•y\J^ — 

—A/^— 

W W -

~^f\fi^— 
— 

— — 

'\Jl~ 

140 200 

-P - LAYER 3 P = 4 .5 NO. 128! 

J\L\R~-

—\Ar-

— j y v — 

^ — 

— — 

80 

F i g . 9.58b. L a y e r 3, p - v e l o c i t y . 

T h i s p a r a m e t e r c o n t r o l s t h e a m p l i t u d e o f r 2 . Q u i t e a wide 
r a n g e a p p e a r s p o s s i b l e . 
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i n t h e a m p l i t u d e o f r 2 w i t h i n c r e a s i n g o f f s e t . Lower 
v a l u e s l e a d t o an u n a c c e p t a b l y h i g h a m p l i t u d e f o r r 2 a t 
l a r g e o f f s e t . 
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F i g . 9.59c. L a y e r 3, s - v e l o c i t y . 

H i g h e r v a l u e s f o r t h i s p a r a m e t e r g i v e too r a p i d f a l l - o f f 
i n t h e a m p l i t u d e o f r 2 w i t h i n c r e a s i n g o f f s e t . Lower 
v a l u e s l e a d t o an u n a c c e p t a b l y h i g h a m p l i t u d e f o r r 2 a t 
l a r g e o f f s e t . 



THICKNESS p - v a o c i T T S-Vt lOClTT DENSITY I/O I/O 
m.i IH/S.) m / s . ) IG/HU P S 
63.0 1.460 0.000 1.03 0.00001 0.00001 

4 .3 1.934 0.532 2.00 0.00200 0.01000 

4.9 1.953 0.537 2.00 0.00200 O.O'OOO 

4.9 1.972 0.542 2.00 0.00200 O.O'OOO 

5 .0 1.99! 0.547 2.00 0.00200 0.01000 

S.O 2.009 0.553 2.00 0.00200 0.01000 

5. 1 2.029 0.553 2.00 0.00200 0.01000 

5.1 2.047 0.563 2.00 0.00200 0.01000 

5 .2 2.066 0.568 2.00 0.00200 0.01000 

• 4.700 3.300 1.93 0. 02000 0.04000 
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F i g . 9.59d. L a y e r 3, s - v e l o c i t y . 

H i g h e r v a l u e s f o r t h i s p a r ameter g i v e too r a p i d f a l l - o f f 
i n t h e a m p l i t u d e o f r 2 w i t h i n c r e a s i n g o f f s e t . Lower 
v a l u e s l e a d t o an u n a c c e p t a b l y h i g h a m p l i t u d e f o r r2 a t 
l a r g e o f f s e t . 



TH1CK.M£SS p - v a o c ) T T s - v a o c i T T DtWSITT 1/Q 1/0 
IM.) m / s . ) M/S. ) IG/HU P S 
63.0 1.460 0.000 1.03 0.90901 0.00901 

4.9 1.913 0.526 2.00 0.99200 0.01009 

4.3 1.938 0.533 2.00 0.00200 0.91090 

4.9 1.962 0.540 2.00 0.00200 0.01000 

S.O 1.999 0.547 2.90 0.90200 0.91000 
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F i g . 9.60a. L a y e r 3, d e n s i t y . 

V a r i a t i o n s i n d e n s i t y show up as v a r i a t i o n s i n the 
a m p l i t u d e o f r 2 . 



THICKNESS P - V a O C I T Y . s - v a o c i T Y DENSITY l / Q I / Q 
M.) I M / S . ) m / s . ) . IG/HU P S 
63.0 1.460 o . o o o 1.03 0.00001 0.00001 

4.3 1.913 0.526 2.00 0.00200 0.01000 

4 .3 1.939 0.533 2.00 0.00200 0.01000 

4 .9 1.962 0.540 2.00 0.00200 0.01000 

5.0 1.933 0. 547 2.00 0.00200 0.01000 

S.O 2.012 0.553 2.00 0.00200 0.01000 

5.1 2.033 . 0.560 2.00 0.00200 0.01000 
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F i g . 9.60b. L a y e r 3, d e n s i t y . 

V a r i a t i o n s i n d e n s i t y show up as v a r i a t i o n s i n the 
a m p l i t u d e o f r 2 . 



TK.'OCNcSS p - v a o c i T Y s - v a o c i T Y DEVSITY 1/Q 1/0 
31.) ••M/S.) W/5.) IG/HU P S 
63 .0 1,460 0.000 1,03 0.0000! 0.90001 

4.8 1,934 0. .532 2,00 0,90200 0.92000 

4.9 1,953 0.537 2.00 0,00200 0.02000 

4.9 1,972 0.542 2.00 0,00200 0.92990 

5.0 1,991 0.547 2.00 0,00200 0.02000 

S.O 2,009 9,553 2.00 0,00200 0.02900 

5. 1 2,929 0,559 2.0O 0,00200 0.02000 

5.1 2, 947 0,563 2.00 9.00200 0.92900 

5 .2 2.066 0,569 2.00 0.00200 0.02000 

4.700 2,999 1.99 0.00100 0.94099 
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F i g . 9.61a. L a y e r 3, 1/Qp. 

Lower v a l u e s o f a t t e n u a t i o n appear p o s s i b l e ; v e r y h i g h 
v a l u e s p r o d u c e too r a p i d a f a l l - o f f i n r 2 w i t h i n c r e a s i n g 
o f f s e t . 



THICKNESS P - V a 0 C ! T Y s - v a o c i T Y DENSITY l/Q l/Q 

W.I m/s.) (M/S.) IG/NLl P S 
63 .0 H 6 0 0.000 1.03 0.00001 0.00001 

4.3 1.934 0.532 2.00 0.00200 0.02000 

4.9 1.953 0.537 2.00 0.00200 0.02000 

4.9 1.972 0.542 2.00 0.00200 0.020O0 

S.O 1.99! 0.547 2.00 0.00200 0.02000 

5.0 2.009 0.553 2.00 0.00200 0.02000 

5.1 2.023 0.553 2.00 0.00200 0.02000 

5.1 2. 0'-7 0.563 2.00 0.00200 0.02000 

S . 2 2.066 0.569 2.00 0.00200 0.02000 

4.700 2.900 1.99 0.01000 0. 04000 
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F i g . 9.61b. L a y e r 3, 1/Qp. 

Lower v a l u e s o f a t t e n u a t i o n appear p o s s i b l e ; v e r y h i g h 
v a l u e s produce too r a p i d a f a l l - o f f i n r 2 w i t h i n c r e a s i n g 
o f f s e t . 
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p - v a o c i T Y .S-VaOCITY DE-elTY 1 /9 t/Q 
1)1.1 t(t/S.) W/S. ) IG/NU P S 

63 .0 1.460 0.000 1 .03 0.00001 0.00001 

4. 3 1.934 0.532 2.00 0.00200 0.02099 

4.9 1,953 0.537 2.00 0.00200 0.92990 

4.9 1,972 0.542 2.00 0.00200 0.02099 

5.0 1.991 0.547 2.00 0.00200 0. 02000 

5.0 2.099 0.553 2.00 0.00200 0.02000 

5 . : 2.923 0.558 2,90 0.09200 0.92099 

5. 1 2.947 0.563 2,00 0.00200 0.02909 

5.2 2.066 0.';69 2.00 0.09209 0.02000 

4.700 2. 990 1 .99 0.10000 0. 04000 
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F i g . 9.61c. L a y e r 3, 1/Qp. 

Lower v a l u e s o f a t t e n u a t i o n appear p o s s i b l e ; v e r y h i g h 
v a l u e s p r o d u c e too r a p i d a f a l l - o f f i n r 2 w i t h i n c r e a s i n g 
o f f s e t . 



TKICKNcSS P-V5.0CITT .5-VELOCITr DENSITY I/O I/O 
••».! i n /5 .? IM/S.) (G/NU p s 
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5. ! 2 . 0 i 7 0. .563 a. 00 0.00200 0.02000 

5 .3 2 .066 0.569 2.00 0.00200 0.02000 
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F i g . 9.61d. L a y e r 3, 1/Qp. 

Lower v a l u e s o f a t t e n u a t i o n appear p o s s i b l e ; v e r y h i g h 
v a l u e s produce too r a p i d a f a l l - o f f i n r 2 w i t h i n c r e a s i n g 
o f f s e t . 



THlCKMtSS P-Vt lDCITT . • i - z a o c i r T DrNSITr I/O I/Q 
W.) IN/S.) IM/S.) " IG/HLt P 3 
« 3 . 0 t . W O 0.000 1.03 0.00001 0.00001 

4. 3 0.532 2.00 0.00200 0.02000 
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S. I 2 .023 0.559 2.00 0.00200 0.02000 

5. ! 2. 01,7 0.563 2.00 0.00200 0.02000 

5 .7 2.066 o.5«e 2.00 0.00200 0.02000 
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F i g . 9.62a. L a y e r 3, 1/Qs. 

The model a p p e a r s independent o f t h i s p a r a m e t e r . E f f e c t s 
p r o d u c e d f o r v e r y h i g h v a l u e s a r e c o n s i d e r e d s p u r i o u s . 



Ili.'CHNcSS P-VE.OCITT s - v a o c i T T DENS ITT I/O I/Q 
m.) m / s . i Ci /S.) Km.) P S 
6 3 . 0 1.460 0.000 1.03 0.00001 0.00001 

4 .9 1.934 0.S32 2 .00 0.00200 0.02000 

4 .9 1.953 0.537 2 .00 0.00200 0.02000 

4 .9 1.972 0.542 2.00 0.00200 0.02000 

5 .0 1.901 0.547 2.00 0.00200 0.02000 

S.O 2.00? 0.553 2 .00 0.00200 0.02000 

S. 1 2 .029 0.553 2 .00 0.00200 0.02000 

5 . ' 2 .047 0.563 2 .00 0.00200 0. 02000 

5 .2 2.066 0.569 2 .00 0.00200 0.02000 

4. 700 2.900 1.93 0.02000 0.30000 

0 
- 1 0 
-20 
- 3 0 
-40 
- 5 0 
•60 
•70 
•30 
•90 
-100 

0 
- : o 
- 2 0 
-30 
-40 
-50 
•60 
•70 
• 50 
•90 
-100 

p - V r i n r n r 

K 2 1.6 2 .0 

0 
- 1 0 
-20 
- 3 0 
- 4 0 
•50 

- 6 0 
- 7 0 
- 8 0 
-90 
-100 

0 
- 1 0 
- 2 0 
- 3 0 
- 4 0 
- 5 0 
•60 

- 7 0 
- 5 0 
- 9 0 
-100 

I 2 3 

••i-YF"iriTI 

l^.tVt I . t ^ u 
J - ' 10'^ 1 0 - 1 0 -

- 4 0 

- 6 0 

-50 

-120 

- O S - LAYER 3 I /OS 0 .3 NO. 1281 

-^^—J^ir^ 

•J\f\, 

—J\f^ 

— 

— 

— j y i — 
— 

^ 
100 120 160 lao 200 220 

- Q S - LAYER 3 1/OS = 3 .0 

- A A ^ — 

-— 

— 

NO. 1281 

-̂̂ ŷt ^ 

'\f\r 

^— 

— 

too 220 

F i g . 9.62b. L a y e r 3, 1/Qs. 

The model a p p e a r s independent o f t h i s p a r a m e t e r . E f f e c t s 
p r o d u c e d f o r v e r y h i g h v a l u e s a r e c o n s i d e r e d s p u r i o u s . 
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F i g . 9.63a. V a r i a t i o n o f v e l o c i t y g r a d i e n t . 

The e f f e c t o f i n c r e a s i n g t h e v e l o c i t y g r a d i e n t i s s e e n i n 
t h e a m p l i t u d e o f r 2 a t h i g h e r o f f s e t d i s t a n c e . T h i s 
a m p l i t u d e b e g i n s t o r i s e f o r a g r a d i e n t o f c a . 7m/sec/m. 
( l o w e r f i g u r e ) , when compared w i t h t h a t f o r a lower 
g r a d i e n t o f 2m/sec/m. (upper f i g u r e ) . 
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F i g . 9.63b. V a r i a t i o n o f v e l o c i t y g r a d i e n t . 

Lower v a l u e s f o r t h e v e l o c i t y g r a d i e n t o f 4m/sec/m. 
(above) and 3m/sec/m. (below) do not show o b v i o u s 
a m p l i t u d e i n c r e a s e a t h i g h o f f s e t . 
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F i g . 9.64a. V a r i a t i o n o f v e l o c i t y g r a d i e n t . 

When t h e v a l u e o f 1/Qp i s h i g h (0.1 i n t h e above models 
t h e e f f e c t o f i n c r e a s i n g v e l o c i t y g r a d i e n t i s l e s s e v i d e n t 
i n t h e a m p l i t u d e o f t h e e v e n t r 2 a t h i g h o f f s e t ( c . f . f i g . 
9 . 6 3 a ) . Upper model has g r a d i e n t o f 2m/sec/m.; lower one, 
4m/sec/m. 
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F i g . 9.64b. V a r i a t i o n o f v e l o c i t y g r a d i e n t . 

E v e n f o r a g r a d i e n t o f 8m/sec/m. (upper model) no 
a m p l i t u d e r i s e o c c u r s a t h i g h o f f s e t when 1/Qp=0.1. Only 
when t h e g r a d i e n t t a k e s a v a l u e a p p r o a c h i n g 20m/sec/m. 
( l o w e r model) does t h i s a m p l i t u d e r i s e s t a r t t o o c c u r . 
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F i g . 9.65a. V a r i a t i o n o f s - v e l o c i t y g r a d i e n t . 

T h i s f i g u r e and t he one f o l l o w i n g , show t h a t i n c r e a s i n g 
s - v e l o c i t y g r a d i e n t i n l a y e r 2 s u p p r e s s e s f u r t h e r t h e 
r e s i d u a l p - s c o n v e r s i o n ( " i " above) w h i c h i s a l r e a d y 
c o n t r o l l e d by t h e . v a l u e o f 1/Qs. (Compare w i t h f i g s . 
9.31b, 9.37a,b and 9 . 4 4 c , d ) . 
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F i g . 9.65b. V a r i a t i o n o f s - v e l o c i t y g r a d i e n t . 

When the v a l u e o f t h e s - v e l o c i t y g r a d i e n t r i s e s t o over 
20m/sec/m. (lower model) t h e c o n v e r t e d a r r i v a l " i " i s 
s u p p r e s s e d , but the a m p l i t u d e o f r 2 a t h i g h o f f s e t b e g i n s 
to r i s e . 



THICKNESS P-VELOCITY s - v a o c i T Y DENSITY 1/a l/Q 
IH.) (H/S.) m / s . ) (G/Mi.1 p s 
6Z.0 1.460 0.000 1.03 0. DDDOI 0,00001 

4 .6 1.925 0.550 2 .00 0.00200 0,92000 

4 .7 1.875 0.550 2 .00 0.00200 0.02000 

4 .3 1.925 0.550 2 .00 0,00200 0.02000 

4 . 9 1.975 0.550 2 .00 0.00200 0.02000 

S . 1 2 .025 0.550 2 .00 0.00200 O.O20OO 

5 .2 2 .075 O.SSO 2.00 0.00200 0.02000 

5 .3 2.12S O.SSO 2 .00 0.00200 0.02000 

S . 4 2. 175 0.550 2.00 0.00200 0.02000 

4 .700 2 .800 1.98 0.01000 0.02000 

0 
- 1 0 
- 2 0 
-30 
- 4 0 
-SO 
-60 
-70 
- 8 0 
- 9 0 
-100 

0 
-10 
-20 
-30 
-40 
-SO 
-60 
-70 
-60 
-90 
-100 

2 . 4 3 .6 4 .8 

p.-YFi.ncnY 

1.2 1.6 2 .0 

0 
- 1 0 
- 2 0 
- 3 0 
- 4 0 
- 5 0 
- 6 0 
- 7 0 
-BO 
- 9 0 
-100 

1 2 3 

S-VFlOeiTT 

9 
- 1 0 
- 2 0 
-30 
- 4 9 
-SO 
- 6 0 
- 7 0 
-SO 
- 9 0 
-100 

I/OP 

- 4 0 

- 6 0 

-100 

-120 

- S - GRADT. LAYER 2 NONE NO. I 2 8 L 

—J\l[r^ 

— 

•J\l\r>^ — 

-U^ ; 

f\j\,^~^ J\J\— 

^I^t 's .^s .— ^ ^ — 

— — 

100 140 160 180 

-60 

- 8 0 

- S - GRADT. LAYER 2 UEA< NO. I28JI 

•J\J\r^ -J\l^ • — 

-^J\[\^ 

—•'^^\f\r'^ 

- — 

—•>J\^———/\f^ 

— A A ' ^ — 

0 
-10 
-20 
-.30 
-40 
-SO 
-60 
-70 
-80 
-90 
-100 

0 
- 1 0 
-20 
-30 
- 4 0 
-SO 
- 6 0 
-70 
- 8 0 
- 9 0 
-100 

2.4 3 .6 4 . 

R-Ynacnr 

V 
1.2 1.6 2 .0 

D E H i U I 

0 
- 1 0 
- 2 0 
- 3 0 
- 4 0 
-SO 
-oO 
- 7 0 
-SO 
- 9 0 
-109 

0 
- 1 0 
- 2 0 
- 3 0 
- 4 0 
-SO 
- 6 0 
- 7 0 
-SO 
- 9 0 
-100 

1 2 3 

-5-VPl nciTY 

U S » U W » JJVW u 
i r 10'^ 10"' 1 9 -

- / \ / V / — 

160 ISO 

F i g . 9.66a. V a r i a t i o n o f s - v e l o c i t y g r a d i e n t . 

I f t h e same v a r i a t i o n s i n s - v e l o c i t y g r a d i e n t a r e made 
( s e e f i g s . 65a,b) when t h e a t t e n u a t i o n i n l a y e r 3 i s lower 
(1/Qp=0.01, 1/Qs=0.02) t h e n t h e i n f l u e n c e on t h e a m p l i t u d e 
o f r 2 a t h i g h g r a d i e n t i s more pronounced. 
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F i g . 9.66b. V a r i a t i o n o f s - v e l o c i t y g r a d i e n t . 

I f t h e same v a r i a t i o n s i n s - v e l o c i t y g r a d i e n t a r e made 
( s e e f i g s . 65a,b) when the a t t e n u a t i o n i n l a y e r 3 i s lower 
(1/Qp=0.01, 1/Qs=0.02) t h e n t h e i n f l u e n c e on t h e a m p l i t u d e 
o f r 2 a t h i g h g r a d i e n t i s more pronounced. 



6 3 . 0 
. a - c 

P - Y E L O C : T Y 
m/s.) 

1 . 4 6 0 

S - V c l O C I T Y 

I M / S . ) 

0 . 0 0 0 

D E N S I T Y 

I G / M L I 

1 . 0 3 
_ _ L „ ^ .. •• 

I / O 
P 

0 . 0 0 0 0 1 

I / O 
s 

0 . 0 0 0 0 ! 

3 . 9 1. .563 0 . 2 3 4 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

4 . 2 1 , 6 3 9 0 . 2 5 3 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

4 . 5 1 , 3 1 3 0 . 2 7 2 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

4. 9 1 , 9 3 3 0 . 2 9 : 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

5 . 2 2 , 0 6 3 0 . 3 0 9 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

5 . 5 2 , 193 0 . 3 2 8 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

5 . 9 2 . 3 1 3 0 . 3 ' - 7 2 . 0 0 0 . 0 0 2 0 0 0 . 0 2 0 0 0 

6. I 2 . ' . 3 3 0 . 3 6 6 2 . 0 0 O . O 0 2 O 0 0 . 0 2 0 0 0 

4 . 7 0 0 2 . 3 0 0 1 . 9 9 0 . 1 0 0 0 0 0 . 2 0 0 0 0 

0 
- : o 
- 2 0 
. . 3 0 
. . 4 0 
- 5 0 
- 6 0 

- 7 0 
- 9 0 
•90 

••;oo 

0 
- ! 0 

• 3 0 
3 0 

• 4 0 
5 0 

•60 
7 0 
SO 
9 0 
100 

2 . 4 3.6 4. 

P-Yr l %Ur 5-Yr i C. T ' 

. 2 : . 6 2 . 0 
0 

- : o 
- 3 0 
• 3 0 

• •40 
- 5 0 
- 6 0 
- 7 0 
- 3 0 
• 9 0 

- :oo 

. - ^ ^ i : ^ 
| 3 - lO"' 10"' : o - ' 10-

120 

- S - LAYER 2 S 0 .3 NO. ! 2 8 L 

— — — — 

8 0 100 1 2 0 140 160 1 3 0 2 0 0 2 2 0 
- J L_ 

- S - LAYER 2 S 0 . N O . I 2 8 L 

- ^ l 

—A}^ 

"^J l̂ ^̂ '-.̂ s.̂ ^V^—,— 

100 120 140 160 I S O 2 0 0 2 2 0 

F i g . 9.67a. L a y e r 2, s - v e l o c i t y . 

The p r e s e n c e o f t h e p - v e l o c i t y g r a d i e n t h a s no pronounced 
i n f l u e n c e f o r low v a l u e s o f t h i s s - v e l o c i t y ( c . f . f i g . 
9 . 5 4 a ) . 
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F i g . 9.67b. L a y e r 2, s - v e l o c i t y . 

At i n t e r m e d i a t e v a l u e s o f t h i s p a r a m e t e r , t h e p r e s e n c e o f 
t h e p - v e l o c i t y g r a d i e n t p r o d u c e s a r i s e i n t h e a m p l i t u d e 
o f r 2 a t h i g h o f f s e t ( c . f . f i g s . 9 . 5 4 b , c ) . 
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F i g . 9.67c. L a y e r 2, s - v e l o c i t y . 

A t i n t e r m e d i a t e v a l u e s o f t h i s p a r a m e t e r , t h e p r e s e n c e of 
t h e p - v e l o c i t y g r a d i e n t p r o d u c e s a r i s e i n the a m p l i t u d e 
o f r 2 a t h i g h o f f s e t ( c . f . f i g s . 9 . 5 4 b , c ) . 
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F i g . 9.67d. L a y e r 2, s - v e l o c i t y . 

F o r h i g h v a l u e s o f t h i s p a r a m e t e r , t h e _ i n f l u e n c e o f t h e 
p - v e l o c i t y g r a d i e n t i s d i m i n i s h e d ( c . f . f i g . 9.54d) . 
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F i g . 9.68a. L a y e r 2, p - a t t e n u a t i o n . 

T h i s p a r a m e t e r a p p e a r s t o e x e r t i t s i n f l u e n c e i n much t h e 
same way whether or not the h i g h p - v e l o c i t y g r a d i e n t i s 
p r e s e n t ( c . f . f i g . 9 . 5 6 a , b , c ) . 
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F i g . 9.68b. L a y e r 2, p - a t t e n u a t i o n . 

T h i s p a r a m e t e r a p p e a r s t o e x e r t i t s i n f l u e n c e i n much the 
same way whether or not the h i g h p - v e l o c i t y g r a d i e n t i s 
p r e s e n t ( c . f . f i g . 9 . 5 6 a , b , c ) . 
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F i g . 9.69a. L a y e r 2, s - a t t e n u a t i o n . 

The v e l o c i t y g r a d i e n t does not g r e a t l y i n f l u e n c e t h e 
e f f e c t o f t h i s p a r a m e t e r ( c . f . f i g s . 9 . 5 7 a - e ) . 
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F i g . 9.69b. L a y e r 2, s - a t t e n u a t i o n . 

The v e l o c i t y g r a d i e n t does not g r e a t l y i n f l u e n c e the 
e f f e c t o f t h i s p a r a m e t e r ( c . f . f i g s . 9 . 5 7 a - e ) . 
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F i g . 9.69c. L a y e r 2, s - a t t e n u a t i o n . 

The v e l o c i t y g r a d i e n t does not g r e a t l y i n f l u e n c e the 
e f f e c t o f t h i s p a r a m e t e r ( c . f . f i g s . 9.57a-e) . 
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63.0 1. ^0 0.900 1.03 0.99991 0.0009! 
r, r, — ri ".:iiri 

4. ! l.oSO 0. '-54 2.00 0.00200 9.'600O 

4.'. 1.750 O.iS! 2.00 9.00200 9,;6099 

4.6 I. 550 0.509 2.00 9.99200 9.'6099 

4.9 t _ 3Cri 0.536 2.00 0.99200 0.'6099 

5. ' 2. ISO 0.S64 2.00 0.00200 0.loOOO 

S '.'• 2. :sc 0.59! 2.90 0.00209 0.16000 

5.6 2.250 9.619 2.00 0.00209 0. '6000 

5.9 2.350 0.646 2.00 0.09200 0. 'o990 

4.700 2.900 1.93 0. '0090 0.20000 
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0 
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-20 
-30 
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-90 
-!00 

1 2 3 

. --•xj i:-^ :;«» 
b !0-' :o-' 10- 10-

Q.S- LAYER 2 l/QS = 0. !6 NO. !28 

-60 

-QS- LAYER 2 1/Q.S 0..'?2 NO. !28] y ^ - - — 

u \ j ^ yyv 

30 10': 120 140 loO 130 200 220 

F i g . 9.69d. L a y e r 2, s - a t t e n u a t i o n . 

The v e l o c i t y g r a d i e n t does not g r e a t l y i n f l u e n c e t h e 
e f f e c t o f t h i s p a r ameter ( c . f . f i g s . 9 . 5 7 a - e ) . 



p-vci.DciTr S-VtlOClTY 1/0 !/Q 
iH/s.: !M/S.) IG/K; p 5 

63.0 !.'.60 0.0 1.03 O.OOOOl O.OOOO! 
ev-jq . 1— n f^^f) —ri r̂ Trin,'. ri ,r\/ - 'in 

k. I 1.650 0. ".S'l 2.00 0.00200 0.02000 

' i . '( 1.750 0.'.3! 2.00 0.00200 0.02000 

'(.6 I.S50 0.50? 2.00 0.00200 0.02000 

',.9 1.950 0.536 2.00 0.00200 0.02000 

S. I 2.050 0.56'. 2.00 0.00200 0.02050 

5.'. 2. 150 0.5?' 2.00 0.00200 0.02000 

5.6 2.250 0.61? 2.00 0.00200 0.02000 

5.9 2..^50 0. o'.o 2.00 0.00200 0.02000 

3.900 2. 900 I . : - , 0.:oooo 0.20000 

5-Yi-iat: p-vaoc T 

-90 

-P- L.VfER 3 P .-• •^.9 NO. ' 2 9 L 
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—'V-Zyv^*-^*-'"—-—• 

— y ^ i u — 
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^ Y ^ ^ 

80 ;00 '.20 !'iO 160 180 200 220 

-P- LAYER 3 P =-• '>• 1 NO. ' 2 3 L 

-.^ •J\^/-~A~ -• — A ^ -

—^J^\,J-^/^ 

j y U ' . / — — 

— - j ] ! ^ 

F i g . 9.70a. L a y e r 3, p - v e l o c i t y . 

T h i s p a r a m e t e r i s not g r e a t l y i n f l u e n c e d by t h e p r e s e n c e 
o f t h e v e l o c i t y g r a d i e n t m l a y e r 2. 



P-VciDCITY s- '/tL9c:rr 0fc7<3ITY I/Q l/Q 
M / s . ; M/S.! 1G,HL) p S 

63.9 1.460 0.9 1.03 0.99001 0.'19991 
rii n.i p • p p^t'i"^ p 

4. 1 1.650 9. '.54 2.00 9.00209 9.02000 

4. '. 1.750 9.';81 2.99 0.00200 0. 02909 

4.6 1.950 0.50? 2.09 9.99200 0. 02099 

4.9 :.?=o 9.536 2.90 0.90209 9. 02000 

5.: 2.050 0.56'( 2.00 0.00200 0. 92009 

5. 4 2. !S0 9.59: 2.00 9.90293 9.02090 

5.6 2.259 0.619 2.09 0.00200 9.92999 

5. ? 2..750 9. 646 2.90 0.99299 0.02000 

4.799 2. 590 1.99 0.10000 0.20909 
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- /^ir-^ A^ 

— 

f\^\ysr^-^ 

109 129 !69 ISO 200 220 

NO. !28 P- LAYER 3 P = '(.5 

F i g . 9.70b. L a y e r 3, p - v e l o c i t y . 

T h i s p a r a m e t e r i s not g r e a t l y i n f l u e n c e d by the p r e s e n c e 
o f t h e v e l o c i t y g r a d i e n t i n l a y e r 2. 



Tli.'CK'.VcpS P-VaOClTY S - 7 E l O C ! T Y De*s:TY 1/0 l/Q 
'.M.! ' m/s.! M/S.) P S 
63.0 H 6 0 0.0 !.03 0.00001 0.00001 

n n 
li. I 1.650 0. '.51. 2.00 0.00200 0.02000 

i,A 1.750 0.'!91 2.00 0.O02OO 0.02000 

'i.e 1.950 0.509 2.00 0.00200 0.02000 

'<.9 1.950 0. 536 2.00 0.00200 0. 02000 

5. : 2. 050 0.56'i 2.00 0.00200 0.02000 

5. J. 2.150 0.5?; 2.00 0.00200 0.02000 

5.6 2.250 0.619 2.00 0.00200 0.02000 

5.9 2.350 0.646 2.00 0.00200 0.02050 

'.. 900 2. 900 l.?9 0.lOOOO 0.20000 
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-1 ,—u 
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— — — ^ — - . / \ / \— 

_ i — 1 -
!00 !20 HO 160 ISO 200 220 

F i g . 9.70c. L a y e r 3, p - v e l o c i t y . 

T h i s p a r a m e t e r i s n o t g r e a t l y i n f l u e n c e d by the p r e s e n c e 
o f t h e v e l o c i t y g r a d i e n t i n l a y e r 2. 



TH.'CIC.NESS P-VcLOCITY S-ya-3ClTY DHN5ITY 1/0 I/Q 
(H.l m/sj (H/S.) IG/HU P 5 
63.0 1.460 0.9 1.03 0.00991 0,0000! 

. ,r- p -.•'ppp n nir,r,pp 

4. 1 1.650 0. 454 2.00 0.99200 . 0,02000 

4.4 1.750 0.43! 2.99 0.99200 0,92000 

4.6 1.950 0,509 2.09 0.99209 0,92909 

4.9 1.950 0..536 2.00 0,00209 0.02900 

5. 1 2.050 0.564 2.00 0. 00209 0. 02000 

5.4 2. 150 0.59! 2.09 9.90200 9.92990 

5.6 2.259 0.619 2.09 9.99200 9.92099 

5.9 2, 750 0.646 2.00 0.00299 0.02099 

5.309 2.300 1.98 0.lOOOO 0.20909 

0 
-10 
-20 
-39 
••49 
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-?9 
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139 220 

F i g . 9.70d. L a y e r 3, p - v e l o c i t y . 

T h i s p a r a m e t e r i s n o t g r e a t l y i n f l u e n c e d by t h e p r e s e n c e 
o f t h e v e l o c i t y g r a d i e n t i n l a y e r 2. 



s-vaociTY Od-<5ITY 1/0 !/0 
(H. (H/s.: (H/S.) IG/HL) P S 
63 1. -.60 0.0 1.03 O.OOOOl O.OOOOl 

-A. . •• 1 rk 

I . 1.650 0. '.S'. 2.00 0.00200 0. 02000 

1.750 0̂  '.9! 2.00 0.00200 0. 02000 

.•, 1. 950 0.50? 2.00 0.00200 0.02000 

•V 0 •. ?50 0^536 2^00 0.00200 0. 02000 

5 2. 050 o.si;. 2. 00 0. 002C0 0.02003 

5. 2. 'SO 0.59: 2.00 0.00200 0.02C00 

5. 2. 250 0.61? 2,00 0.00200 0.02000 

5. •2, •"SO 0. o'.o 2.00 0.00200 0.02003 

'.• 700 !:?oo l.?9 0.:OJ03 0.2O000 
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-'iO 
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2.4 3.6 

Of.!'' 
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^/Wv 
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—~'\^—^— — — 

—-J^jl 
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100 120 !'.0 !60 .200 220 • 

F i g . 9.71a. L a y e r 3, s - v e l o c i t y . 

A t l o w e r v a l u e s o f t h i s p a r a m e t e r , t h e i n f l u e n c e o f the 
p - v e l o c i t y g r a d i e n t i s not v e r y e v i d e n t ( c . f . f i g s . 
9 . 5 9 a , b ) . 



•'K.'CC.'IESS P-VaaCITY 3-/aDCITY DcrJSiTY l/Q 
'M.: 
63,9 

IVS.) 
1.460 
1—' T 

IH/5.1 
0.9 

(G/HLl 
1.03 

P 
0.99901 

— p — 

5 
0.90991 

4. ! 1.650 9.454 2.00 9.99209 • 9.02099 

4. •. 1.750 9.49! 2.00 9,90200 0. 92000 

4.6 1.5.50 0.50? 2.99 0. 99200 0. 92099 

4. 9 I.P50 0.536 2.99 9. 00209 9.02000 

5.: 2. 950 9. 564 2.00 0, 90200 0. 92099 

5. 4 2, 150 9. 59; 2.09 9,99200 9. 92099 

5.6 2,250 0,619 2.99 9,90209 9, 02099 

s . ? 2, 750 0.646 2.90 0.002OO 0.92003 

4. 700 2.300 1.99 9.'0909 9,20000 

0 
-!0 
-20 
-30 
-••:0 
-50 
-60 
-70 
-90 
-99 
-;99 
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-S- LAYER 3 S = 2.5 NO. '281 

89 109 129 |.,0 !69 189 299 220 

F i g . 9.71b. L a y e r 3, s - v e l o c i t y . 

A t l o w e r v a l u e s o f t h i s p a r a m e t e r , t h e i n f l u e n c e o f the 
p - v e l o c i t y g r a d i e n t i s not v e r y e v i d e n t ( c . f . f i g s . 
9 . 5 9 a , b ) . 



T!-::CKNcS5 P-VaOCITY S-V£L-3CITY Di'NSlTY l/Q !/Q 
•».! lH/3.) Irt/'S.) IG/.1L1 P S 
63.0 :.'.60 0.0 1.03 0.00001 0.0000! 

4. 1 1.650 O.'.S". 2.00 0.00200 0.02000 

;.'. 1.750 0.'!9! 2.00 0.00200 0.02030 

4. 6 ; . 950 0.50? 2.00 0.00200 0.02030 

't. 9 1. ?50 0.536 2.00 0.00200 0. 32000 

5. ! 2. 050 0..564 2.00 0.00200 0.02003 

5.4 2. ;so 0.591 2.00 0.00200 0.02000 

5.6 , 2.250 0.61? 2.00 0.03200 0.02033 

5.9 2. .•'50 0.646 2.00 0.03200 0.32000 

4. 700 2.700 !. 93 0.lOOOO 0.20000 
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- S - LAYER 3 S - 2.7 NO.. 1231. 

_ 

.100 120 160 ISO 200 220 

NO. !23l 

90 lOO 120 60 183 203 220 

F i g . 9.71c. L a y e r 3, s - v e l o c i t y . 

A t t h e h i g h e r v a l u e s f o r t h i s p a r a m e t e r , t h e a m p l i t u d e o f 
r2 a t h i g h o f f s e t i s g r e a t e r when the h i g h p - v e l o c i t y 
g r a d i e n t i s p r e s e n t ( c . f . f i g s . 9 . 5 9 c , d ) . 



•';•:; ccJrss P-'/a.9CITY .5-VE;19CITY Dc-JSITY I/Q l/Q 
« / S . ! m/s.i IG/HL) P S 

63.0 !. 460 0.0 1.93 0.9099! 0,00991 
/. - • 1 i i p p m p . p p'ppa— 

4. 1 1.650 0. 454 2.99 9, 99209 0,02000 

4. 4 1.750 9.481 2.99 9. 99209 0,02099 

4 .0 1.950 0.50? 2.09 9, 99209 9,92099 

4.9 1.950 0.536 2.09 0, 99209 9,02099 

5. ! 2.950 0.564 2.09 9,99200 0.92099 

5.-. 2. 150 0.591 2.00 0,00200 9. 92090 

5.6 2. 250 0.619 2.09 9,99299 9.92909 

5.9 2.330 9.646 2.00 0,992C0 0.92000 

4. 700 3. !99 1.98 0,:C990 9.29399 
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F i g . 9.71d. L a y e r 3, s - v e l o c i t y . 

A t t h e h i g h e r v a l u e s f o r t h i s p a r a m e t e r , t h e a m p l i t u d e o f 
r 2 a t h i g h o f f s e t i s g r e a t e r when the h i g h p - v e l o c i t y 
g r a d i e n t i s p r e s e n t ( c . f . f i g s . 9 . 5 9 c , d ) . 



Tf-.;CKNf.5S , P-/E.3CITY s-vaociTY DENSITY 1/0 l/Q 
m/5.) IM/S.) IG/TIL; P S 

63.0 I . 460 0.0 1.03 0.0000! 0.00001 
1 i.gri n p 

4. ! 1.650 0.'.54 2.00 0.00200 0.O20O0 

4. •• 1.750 0.'.9! 2.03 0.002C0 0.02000 

6 1.350 0..509 2.00 0.00200 0.02000 

4." 1.950 0..536 2.00 0.00200 0.32000 

5. ! 2.050 0.564 2 .00 0. 00200 0.02000 

5. '• 2. ISO 0..59! 2 .00 0.00200 0.02000 

5 .0 2. 250 0.619 2.00 0.00200 0.02000 

c -J 2..350 0. 646 2.00 0.00200 0.02000 

'..700 2.900 1.93 0.00100 0. 2O00O 
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F i g . 9.72a. L a y e r 3, p - a t t e n u a t i o n . 

Over a wide range o f v a l u e s f o r t h i s p a r a m e t e r , t h e 
a m p l i t u d e o f r 2 a t h i g h o f f s e t i s se e n to be g r e a t e r i n 
th e p r e s e n c e o f t h e p - v e l o c i t y g r a d i e n t ( c . f . f i g s . 
9 . 6 1 a , b , c , d ) . 



TH:ct;>(i;ss P-VcLOClTY S-VcLOClTY OcNSITT I/Q 1/9 
IM.) W/S.,' IM/5,) (G/ML) P ,5 
63.0 !.'>60 0.0 1.03 O.990O1 0.99991 

p r 1 f.np fi nip 

4. 1 1.650 0. 454 2.00 9.00200 0.02000 

4. 4 1.750 0. 49! 2.90 0.90200 0,02009 

4.6 1.350 0.509 2.99 0.00200 9,92090 

4 .9 1.950 0.536 2. 00 0,00200 0,02000 

5. 1 2. 959 0.,':64 2.00 0,00200 0,02009 

5. 2. 150 0,.59! 2.09 0. 09200 0. 02099 

5 .6 2.250 9.619 2.00 9.90200 0.02000 

5 . 9 2. ,350 0.646 2.09 0.00209 0.02000 

4,709 2.800 1.93 0.01099 0.2O0O9 
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F i g . 9.72b. L a y e r 3, p - a t t e n u a t i o n . 

Over a wide range o f v a l u e s f o r t h i s p a r a m e t e r , t h e 
a m p l i t u d e o f r 2 a t h i g h o f f s e t i s seen t o be g r e a t e r i n 
th e p r e s e n c e o f t h e p - v e l o c i t y g r a d i e n t ( c . f . f i g s . 
9 . 6 1 a , b , c , d ) . 
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THJCICJc.SS P-VaOCITY S-VaOCITY OE.'JSITY 
tft.) 
63.0 

n r 

IM/S.) 
1.460 
1 Lfyri 

lM/5.) 
0.0 
n n 1 r̂  

IG/HLI 
1.03 

P 
0.00001 

—n r^^pnn— 

S 
0.3000! 
it r,-r~,f\ , 

1 1.650 0. '.54 2.00 0.03200 0.02000 

4.'. 1.750 0.'.9I 2.00 0.00200 0.02000 

1.950 0.';09 2.00 0. 00200 0.02000 
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F i g . 9.72c. L a y e r 3, p - a t t e n u a t i o n . 

Over a wide range o f v a l u e s f o r t h i s p a r a meter, t h e 
a m p l i t u d e o f r2 a t h i g h o f f s e t i s se e n t o be g r e a t e r i n 
th e p r e s e n c e o f t h e p - v e l o c i t y g r a d i e n t ( c . f . f i g s . 
9.61a,b,c,d) . 
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F i g . 9.72d. L a y e r 3, p - a t t e n u a t i o n . 

The e f f e c t n o t e d i n f i g s . 9.72a,b and c i s s e e n h e r e a t 
v e r y h i g h a t t e n u a t i o n ( c . f . f i g . 9.61d}, b ut t h e p h y s i c a l 
s i g n i f i c a n c e o f t h i s i s i n q u e s t i o n a t t h e s e v e r y h i g h 
v a l u e s o f 1/Qp. 
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F i g . 9.73a. L a y e r 3, s - a t t e n u a t i o n . 

The r e l a t i v e i n c r e a s e i n t h e r e f l e x i o n r 2 a t h i g h o f f s e t 
c a n be s e e n ( c . f . f i g s . 9 . 6 2a,b). 
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F i g . 9.73b. L a y e r 3, s - a t t e n u a t i o n . 

The r e l a t i v e i n c r e a s e i n t h e r e f l e x i o n r2 a t h i g h o f f s e t 
c a n be s e e n ( c . f . f i g s . 9 . 6 2 a , b ) . 
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F i g . 9.73c. L a y e r 3, s - a t t e n u a t i o n . 

E f f e c t s s e e n a t 1/Qs>1.0 a r e c o n s i d e r e d t o be a r t i f a c t s of 
t h e m o d e l l i n g p r o c e s s r a t h e r than p h y s i c a l l y m e a n i n g f u l 
r e s u l t s . 
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F i g . 9.73d. L a y e r 3, s - a t t e n u a t i o n . 

E f f e c t s s e e n a t 1/Qs>1.0 a r e c o n s i d e r e d t o be a r t i f a c t s of 
t h e m o d e l l i n g p r o c e s s r a t h e r t h a n p h y s i c a l l y m e a n i n g f u l 
r e s u l t s . 



S y n t h e t i c seismogramme models 

f o r No. 496 

( f i g s . 9.76 t o 9.123) 
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The 1 2 - c h a n n e l seismogramme a t t h e f i x p o i n t no. 496 
9.2) . 

d - d i r e c t a r r i v a l y - subbottora r e f l e x i o n 
b - bottom r e f l e x i o n r - subbottom r e f l e x i o n 

( s e e f i g , 
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F i g . 9.77a. One l a y e r , s i m p l e models. 

T h e s e models, based on t he t r a v e l - t i m e a n a l y s i s do not y i e l d 
seismogrammes l i k e t h e f i e l d r e c o r d s . (Upper, v e l o c i t y = 1 . 7 0 ; 
l o w e r , v e l o c i t y = 1 . 7 7 ) . 
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F i g . 9.77b. One l a y e r , s i m p l e models. 

v a r i a t i o n o f t h e i n t e r v a l v e l o c i t y (1.80, upper; 1.85, lower) 
does n o t h i n g t o improve t h e o v e r a l l appearance of t he s y n t h e t i c 
seismogramme. 
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F i g . 9.78a. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

v a r i a t i o n o f the p - v e l o c i t y i n the upper l a y e r of a 2 - l a y e r 
s t r u c t u r e does not produce models r e s e m b l i n g the f i e l d r e c o r d . 
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F i g . 9.78b. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

v a r i a t i o n o f t h e p - v e l o c i t y i n t h e upper l a y e r of ^ 2 - l a y e r 
s t r u c t u r e does not produce models r e s e m b l i n g t h e f i e l d r e c o r d . 
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F i g . 9.78c. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

V a r i a t i o n o f the p - v e l o c i t y i n the upper l a y e r of a 2 - l a y e r 
s t r u c t u r e does not produce models r e s e m b l i n g the f i e l d r e c o r d . 
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F i g . 9.78d. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

V a r i a t i o n o f t h e p - v e l o c i t y i n t h e upper l a y e r o f a 2 - l a y e r 
s t r u c t u r e does not produce models r e s e m b l i n g t h e f i e l d r e c o r d . 



THICK.NESS P-VSLOCITY S-VELOCITY 05.NSITT I/O 1/Q 
m.i IH /S . ! IM/S.l IG/HU P S 
26. 6 1.A60 0.900 1.03 0.90000 0.00000 

10.0 9.509 0.010 1.65 0.00100 0.01009 

9.250 2.00 0.00100 0.03000 

i . 5 0 0 7 9 9 9 . 0 0 1 0 0 0 . 0 - 0 0 3 

1.1 2.2 3 .3 

P-VR mrt 
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20 40 • 60 80 IQO 120 140 160 

F i g . 9.79a. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

Low p - v e l o c i t y i n t h e topmost l a y e r does not l e a d t o any 
improvement. 



THICK.NES3 P-VELOCUY •S-VELOCITY DE.MSITY 1/0 1/Q 
M.) M/3.I IH/S.l IG/MLI P s 
26, 6 1.460 0.000 ! . 0 3 0.00000 0,00000 

! 0 . 0 1.000 0.010 ! . 65 0.00100 0.01000 

2,00 0.00100 0.03000 
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F i g . 9.79b. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

Low p - v e l o c i t y i n t h e topmost l a y e r does not l e a d t o any 
improvement. 



T h i c c e s s p - v a o c i T Y s - v a o c i T Y OENsirr I/O I/O 
M.) W / S . l (M/S.) (G/I8.I p s 
26 .6 1 . '60 0.000 1.03 0.00000 o.ooooo 

10.0 I. 450 0.010 1.30 0.99300 0.01000 

0.250 2.00 0.00300 0.03000 

9.93000 0.06000 
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F i g . 9.80a. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

D e n s i t y v a r i a t i o n i n t h e upper l a y e r o f a t w o - l a y e r s t r u c t u r e 
does n o t produce a b e t t e r r e s u l t . 



THICKNESS p-vaociTT s-vaociTY DENSITr I/O t /Q 
m.t (M/S. ! tN/S.) IG/MU P s 
26.6 I . * 6 0 0.000 1.03 O.MOOO 0.00000 

10.0 1.480 0 .010 1.60 0.00300 0.01000 

1.770 0.250 2 .00 0.00300 0.03000 

" O O O 27000 r » 3 0.03000 0.06000 
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F i g . 9.80b. s i m p l e 2 - l a y e r e d s t r u c t u r e . 

D e n s i t y v a r i a t i o n i n t h e upper l a y e r o f a t w o - l a y e r s t r u c t u r e 
does n o t pr o d u c e a b e t t e r r e s u l t . 



THICKNESS p - v a o c i T T s - v a o c i T T De.'*SITY 1/0 1/0 
tM.) M /S . ) W/S. ) IG/MLI P s 

26.6 ! . 160 0.000 1.03 0.00000 0.00000 

1.430 0.010 ',.iS o.coloo O.O'OOO 

« . 2 2.00 0.00100 0.03000 
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F i g . 9.81a. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

LOW v a l u e s f o r the p - v e l o c i t y i n l a y e r 2 do not b r i n g about an 
improvement. 



riUCKNtSS P-VELOCITY s - v a o c i r T DESSITY 1/Q 1/Q 
(M.) I f t /S . ) (M/S.) (G/MLI P s 

26 .6 1.460 0 .000 1.03 0.00000 O.QOOOO 

10.0 1.430 0.010 1.65 0.00100 0.01000 -

0.250 2 .00 0.00100 
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F i g . 9.81b. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

H i g h e r v a l u e s f o r t h e p - v e l o c i t y i n l a y e r 2 s t i l l g i v e a poor 
f i t , b u t do show t h a t some a c o u s t i c energy c a n be r e - d i r e c t e d 
t o w a r d s t h e r e c e i v e r s a t h i g h e r o f f s e t . 



p-vaoc iTr .s-vaocir r DENSITT 1/0 1/Q 
M.) IM/S.) IM/S.) (G/KU P s 

26 .6 1.460 0.000 1.03 0.00000 0.00000 

10.0 1.430 O.OIO 1.65 0.00100 o.oiooo 

. 5 3 . 3 0.010 2 .00 0.00100 0.03000 
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F i g . 9.82a. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

V a r i a t i o n o f p and s - v e l o c i t y t o g e t h e r i n l a y e r 2 a g a i n p r o d u c e s 
poor models. 



THICKNESS P-V£LOCITY s-vaociTY OEMSITY 1/Q 1/Q 
IM.) (M/S.) (H/S.l (G/HU P s 
26 .6 1.460 0.000 1.03 0.00000 0.00000 

10.0 1.430 0.010 1.65 0.00100 0.01000 

53 .9 1.350 0.300 2 .00 0.00100 0.03000 

3.500 TOOO 1793 O.OOIOO 0.03000 
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F i g . 9.82b. S i m p l e 2 - l a y e r e d s t r u c t u r e . 

v a r i a t i o n o f p and s - v e l o c i t y t o g e t h e r i n l a y e r 2 a g a i n produces 
poor models. 



! 
THICf teSS P-VtLOClTf • s - v a o c i T T Ocss iTr 1/Q 1/Q TliJCKNESS p-vaoUTr •S-VaOClTT Dfc'.'iSITr 1/0 1/0 

iM.; m/s.) (M/S.) 1G/.'(L) P s IH.) 1)1/5. i (H/S.) IG/ML) P s 
26. 6 1. '•60 0 .000 1 03 0.00000 0.00000 26.6 1. ' 6 o ; 0.000 1.03 0.00000 0.00000 

10.0 1.130 0 .010 , 65 0.00100 0.01000 10.0 H 3 0 0.010 1.65 O.OOlOO 0.01000 

7.2 1.726 0. 24'. 2 00 0.00100 0.03000 7. 1 1.70i 0 . 2 i l 2.00 0.00100 0.03000 

7. 2 1.739 0. 24c 2 CO 0.00100 ' 0.03000 7.2 1.723 0. 243 2.00 0.00100 0.03000 

, - 1. ' 51 0.347 2 00 0.00100 0.03000 7.2 1.743 0. 246 2.00 0.00100 0.03000 

1. 761 0. .•>4'5 2 00 o.ootoo 0.03000 7..3 1.761 0.249 2.00 0.00100 0.03000 

•|. 776 0. ?5- 2 00 O.ODIOO 0.03000 7. ' . 1.779 0.351 2 .00 0.00100 0.03000 

7. " 1.75? 0.2S3 2 00 0.00100 0.03000 7. ' ! 1.793 0.254 2.00 0.00100 0.03000 

; . 301 0. ?S4 2 00 0.00100 0. 03O0O 1.317 0. 257 2.00 0.00100 0.03000 

, - 1.3!- 0. 356 2 00 0.00100 0.03000 7.6 1. ?36 0.259 2.00 0.00100 0.03000 
3..MO 2.000 0.00100 0.03OOO 3.S00 2.000 1. ' 3 0.00100 0.03000 
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F i g . 9.83a. L a y e r e d model w i t h g r a d i e n t s . 

V a r i a t i o n o f t h e p - v e l o c i t y g r a d i e n t . G r a d i e n t i s upper f i g u r e 
c a . 1.5m/s/m.; i n lower f i g u r e c a . 2.0m/s/ra. 



THICKNeSS P-Va.OCITY S-VELOCITY DENSITY 1/Q 1/0 THICKNESS p - v a o c i T Y s - v a c n i T Y DENSITY 1/0 1/Q 
».) (M /S . ! M / S . l tC /MJ P s 0( . l W / S . l o v s . ) (G/tSJ P s 
26.6 1.460 0 .000 1.03 0.00000 0.00000 26 .6 1.460 0 .000 l .OJ 0.00000 0.00000 

tO.D 1.490 0 .010 1.65 0.00100 0.01000 10.0 1.480 0.010 1.65 0.00100 0.01000 

7 .0 1.682 0 .238 2 .00 0.00100 0.03000 6 .6 1.595 0.225 2.00 0.00100 0.03000 

7 .1 1.708 0.241 2 .00 0.00100 0.03000 6 .8 1.645 0 .232 2.00 0.00100 0.03000 

7 .2 1.733 0.245 2 .00 O.OOIOD 0.03000 7.0 1.695 0.239 2.00 0.00100 0.03000 

7 .3 1.757 0 .243 2 .00 0.00100 0.03000 7 .2 1.745 0.246 2.00 O.OOIOO 0.03000 

7 .4 1.783 0 .252 2.00 0.00100 0.03000 7 .4 1.795 0.254 2.00 0.00100 0.03000 

7 .5 1.307 0.2S5 2 .00 0.00100 0.03000 7.7 1.345 0.261 2 .00 0.00100 0.03000 

7 .6 I..333 0 .259 2.00 o.ooico 0.03000 7.9 1.595 0.268 2.00 0.00100 0.03000 
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MODEL WITH GRADT. M = 200 NO. 496 
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F i g . 9.83b. L a y e r e d model w i t h g r a d i e n t s . 

v a r i a t i o n o f t h e p - v e l o c i t y g r a d i e n t . G r a d i e n t i s upper f i g u r e 
c a . 2.5m/s/m.; i n lower f i g u r e c a . 5.0m/s/m. 



THIOCNHSS 
M.) 
26 .6 

p-vaociTY 
M/S.) 
1.460 

s-vaociTY 
m / s . i 
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0.00000 
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8. 9 1.301 0.254 2.00 0.00300 0.03000 

9 .2 1. 364 0.263 2.00 0.00300 0.03000 
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F i g . 9.84a. P - v e l o c i t y , s u r f i c i a l l a y e r above g r a d i e n t . 

v a r i a t i o n o f t h e p - v e l o c i t y i n a s u r f i c i a l l a y e r o v e r l y i n g 
s i m p l e g r a d i e n t o f c a . 6m/sec/m. 



THICKNESS P-VaOClTY S-VtXOCITY DENSITY 1/0 1/Q 
W . l (M/S.) (M/S.l (G/.MLI P S 

26 .6 1. 460 0.000 1.03 0.00000 0.99900 

7.6 1.S5I 0 .219 2 .00 0.00300 0.03090 

7 .9 1.614 0.223 2 .00 0. 00309 0.03000 

8.? 1.676 0.337 2.00 9.00300 9.93000 

8.5 1.739 0.2'M> 2.00 0.00309 0. 93900 

8 .9 1.301 0.254 2.00 0.00300 0.03090 

9 .2 1. 964 0.263 2.00 0.90309 9.93000 

9 .5 1.926 0.272 2.00 0.99300 0.93090 

9 .3 1 93? 0 . 2 9 ! 2 .00 9.00309 0.93990 

3.S00 2.000 1.93 0. 93990 9.96099 
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F i g . 9.84b. P - v e l o c i t y , s u r f i c i a l l a y e r above g r a d i e n t . 

v a r i a t i o n o f t h e p - v e l o c i t y i n a s u r f i c i a l l a y e r o v e r l y i n g a 
s i m p l e g r a d i e n t o f c a . 6m/sec/m. 



TKICCStSS P-VaOCITY s - v a o c i T Y EENSITT I/O I/O 

IM.I m/s.i m / s . ) (G/MLI p S 

26 .6 1. 460 0.000 1.03 0 00000 0.00000 

7 .6 1.551 0.219 2 .00 0 00300 0.03000 

7 .9 1.614 0.228 2.00 0.00300 0.03000 

3.2 1.676 0.237 2 .00 0 00300 0.03000 

8.5 1.?''.9 0. 246 2 .00 0 00300 0.03000 

8 .9 1.901 0.354 2.00 0 00300 0.03000 

9.2 1.964 0.2o3 2.00 0 00300 0. 03000 

9.5 •.."76 0. 272 2 .00 0 00300 0.03000 

9. 3 1.93? 0.231 2 .00 0 00300 0.03000 

3.500 2.000 1 ^8 0 03000 0.06000 
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F i g . 9.84c. P - v e l o c i t y , s u r f i c i a l l a y e r above g r a d i e n t . 

V a r i a t i o n o f t h e p - v e l o c i t y i n a s u r f i c i a l l a y e r o v e r l y i n g a 
s i m p l e g r a d i e n t o f c a . 6m/sec/m. 



THICKMESS P-VELOCITY S-VELOCITY DENSITY 1/Q 
IM.) IM/S.) 1M/S.1 tG/MU P s 
20 .6 1.4^0 0.990 1.03 0.09000 0.00000 

7 .6 1.551 0.219 2 .90 0.09300 0.03900 

7 .9 1.614 0. 223 2 .00 0.90309 0.93000 

3 .2 1.676 0.237 2 .00 0.90300 0.93009 

8 .5 I . 73» 9. 246 2 .00 9.99300 0.03000 

9 ^ 1.901 0. 254 2.09 0.90300 0.03090 

9. 2 1.364 0. 263 2 .99 0.90300 0.93000 

9 .5 I.'>26 0.272 2 .00 0. 99300 0. 03000 

9 .9 1. •'S? 9.231 2 .00 0. 00300 0.93090 
S .^09 2.000 1.93 0.93000 " 9.96009 
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F i g . 9.84d. P - v e l o c i t y , s u r f i c i a l l a y e r above g r a d i e n t . 

v a r i a t i o n o f t h e p - v e l o c i t y i n a s u r f i c i a l l a y e r o v e r l y i n g a 
s i m p l e g r a d i e n t o f c a . 6m/sec/m. 



TtilCKNgSS P-VaOCITY S- ' /aOClTY OE-KUY I/O 
m.i 
26.6 

C 7 

IM/S.) 
1.460 

IM/S.) • 
0.000 

IG/MU 
1.03 

P 
0.00000 

s 
0.00000 

7 .6 1.551 0.219 1.80 0.00300 0.03000 

7 .9 1.614 0.229 1.30 0.00300 0.03000 

8 .2 1.676 0.237 1. 30 0.00300 0.03000 

8 .5 1.739 0.246 1.90 0.00300 0.03000 

8 .0 1 .90 ! 0.254 1. 30 0.00300 0.03000 

9 .3 1.364 0.263 1.30 0.00300 0.03000 

9 .5 1.926 0.273 1.30 0.00300 0.O3O0O 

9. 9 1. ?9? 0.291 1.90 0.OO3O0 0.03000 

3. .500 2.000 1 .09 0.03000 0.06000 
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F i g . 9.85a. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The t h i c k n e s s o f a p o s s i b l e s u r f i c i a l l a y e r o f sediment h a v i n g a 
v e l o c i t y about t h e same a s the bottom water i s v a r i e d from 0.25 
t o 3.0 m e t r e s a s i n d i c a t e d by t he v a l u e s f o r "H" g i v e n i n t h e 
seismogramme h e a d e r . 



THICKNESS 
IM.) 
26.6 

p - v a o c i T Y 
(M /S.) 
1.460 

s - v a o c ! T T 
IM /S.) 

0.000 

DENSITY 
IG/MU 
1.03 

I / O 
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0.00000 

I / O 

S 
O.OOOOO 

i . . O , O f i O O O 

7.6 1.551 0.219 1.30 0.00300 0.03000 

7 . ? 1.614 0. 229 1.90 0.90300 0.03999 

8.3 1.676 0.237 1 .99 0.09309 0.93000 

8.5 1.739 0. 246 1.30 0.00300 0.03000 

9.9 1. 901 0. 254 1.90 0.00300 0.93090 

9.2 1 .961 0.263 1.30 0.90300 0.03000 

9 .5 1.926 0.272 1.39 9.90300 0.93000 

9 . 9 1.939 9.281 1.90 0.09300 0.93999 
3.500 2.900 1.93 0.03000 0.96900 
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F i g . 9.85b. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The t h i c k n e s s o f a p o s s i b l e s u r f i c i a l l a y e r o f sed i m e n t h a v i n g a 
v e l o c i t y about t h e same as t h e bottom water i s v a r i e d from 0.25 
to 3.0 m e t r e s a s i n d i c a t e d by the v a l u e s f o r "H" g i v e n i n the 
seismogramme h e a d e r . 



P-/aOCITY S-VELOCirY DE.MSITY 1/0 1/Q 
(H.) IM/S. l IM/S.! IG/MU P S 
26 .6 1.160 " 0.000 1.03 0.00000 0.00000 

7.6 1.551 0.219 1.30 0.O03O0 0.03000 

7.9 1.614 0.229 1 . 9 4 0.00300 0.03000 

3 . 2 1.676 0.237 1.99 0.003OO 0.03000 

8.5 1.739 0.246 1.91 0.00300 0.03000 

9 . " 1. 301 0.254 1 . 0 4 0.00300 0.03000 

9 .2 1.364 0.263 1.96 0.00300 0.03000 

' • 5 . 1 . ' 26 0.272 f 0 3 0.00300 0.03000 • 

9 .3 1 . 0 3 ? 0.291 2 .00 0.00300 0.03000 

3.500 2.000 1.93 0.03000 0.06000 
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F i g . 9.85c. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The t h i c k n e s s o f a p o s s i b l e s u r f i c i a l l a y e r o f sediment h a v i n g a 
v e l o c i t y about t h e same a s the bottom water i s v a r i e d from 0.25 
to 3.0 m e t r e s a s i n d i c a t e d by t h e v a l u e s f o r "H" g i v e n i n t h e 
seismogramme h e a d e r . 



T M i r x t t s s 
IM.) 
26, 6 

P-VELOCITY 
IM/S.) 
1.160 

s - v a o c i T Y 
tM/S.) 
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I/O 
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0.OOOOO 

7.6 1.551 0.219 1.30 0.90300 0.93000 

7 .» 1.614 0.229 1.99 0.90300 0.03099 

8 .2 1.676 0. 237 1.30 0.00300 0.03090 

8 .5 1.73^ 0. 246 1.30 0.00300 0.03000 

8 . " 1 .30 ' 0.254 1.30 0.00300 0.93090 

9 .2 1.961 0.263 1.30 9.00300 0.93000 
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9 .9 1.999 0.281 1.99 0.90300 0.93099 
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F i g . 9.85d. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The t h i c k n e s s o f a p o s s i b l e s u r f i c i a l l a y e r of sediment h a v i n g a 
v e l o c i t y about t h e same a s the bottom water i s v a r i e d from 0.25 
t o 3.0 m e t r e s a s i n d i c a t e d by t h e v a l u e s f o r "H" g i v e n i n t he 
seismogramme h e a d e r . 



THICKNESS P-VaOCITY s - v a o c i T Y DENSITY 1/Q 1/0 
IM.) (M/S.) IM/S.) P s 
26 .6 1.160 0.000 1.03 0.99900 0.OOOOO 

7.6 I .591 0. 719 1. 30 0.00300 0.03009 

7 .9 1.534 0.223 1.94 0.99300 0.03000 

8. 2 I . 6?o 0.237 1.99 0.09300 0.93099 

3.5 1. 739 9.346 1.9! 0.003OO 0.03000 

S.9 1.90! 0.254 1.94 0.99309 0.93000 

9 .2 1. "64 0. 263 1.96 0.00399 0.93099 

9 .5 1.926 0.272 I . 99 0.90300 0.03099 

9. 3 ; . ' 3 ? 0. 231 2 .09 0.09300 0.93990 
3.S09 2.090 1.99 0.03900 0.9t>999 

•6 2 .4 3.2 
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F i g . 9.85e. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The t h i c k n e s s o f a p o s s i b l e s u r f i c i a l l a y e r of sediment h a v i n g a 
v e l o c i t y about t h e same as the bottom water i s v a r i e d from 0.25 
to 3.0 m e t r e s a s i n d i c a t e d by t he v a l u e s f o r "H" g i v e n i n t he 
seismogramme h e a d e r . 



1 
P-VELOCITr S-VELOCITr o s s s i r r I/O l/Q THictstess P - / E L O C i r r 5-VaOC!TT 0£!«ITr 1/0 l/Q 

m.! M/S.) t i /S.) (G/HLI P 5 W.) t̂ /̂S.)•, (H/S.) (G/mj P S 
26. 6 1. 460 0.000 1.03 0.00000 0.00000 26.6 1.460 ' 0.000 1.03 0.00000. 0.00000 

i iClC 1.1': 
7.6 I.S5I 0. 219 !.90 0.00300 0.03000 7.6 1.551 0.219 1.30 0.00300 0.03000 

7. = 1.61', 0. 223 1.31 0.00300 0.03000 7.9 1.614 0.229 1.30 0.00300 0.03000 

3. 2 !. o76 0.3)7 1.93 0.00300 0.03000 8.2 I.t>76 0.237 1.30 0.00300 0.03000 

0. 2-.6 1.91 0.00300 0.03000 8.5 1.739 0.246 1.30 0.00300 0.03000 

3. =• :.201 0. ?54 1. 9'i 0.00300 0.03000 8.9 1.90! 0.254 1.30 0.00300 0.03000 

9.2 1.364 0..?6'! 1.96 0. 00300 0.03000 9.2 1. 964 0.243 1.30 0.00300 0. 03000 

9.3 1.926 0.272 1.93 0.00300 0.03000 9.5 1.926 0.272 1.30 0.00300 0.030O0 

9. 9 I ''3? 0.23! 2.00 Q.00300 0.03000 9. 3 !.»39 0.25! 1.30 0.00300 0. 03000 
2.000 1.99 0.03000 0.06000 3.500 2.000 1.93 0.03000 0.06000 
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F i g . 9.86a. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The p o s s i b i l i t y o f a s u r f i c i a l l a y e r h a v i n g a low v e l o c i t y 
i n v e s t i g a t e d . T h i c k n e s s i s v a r i e d from 0.25 to 2.0 m e t r e s . 

I S 
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F i g . 9.86b. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The p o s s i b i l i t y o f a s u r f i c i a l l a y e r h a v i n g a low v e l o c i t y i s 
i n v e s t i g a t e d . T h i c k n e s s i s v a r i e d from 0.25 t o 2.0 m e t r e s . 



1 ' ' 
THICKNESS P-7EL0CITT s - v a o c n r DE-KITT I/O I/O THICKneSS P-VELOCirr S-VELOCITT DENSinr I/O I/O 

IM/5.1 IC/HU P s IH.) m/s.) W/S.l (C/f(U F S j 
26.6 1.460 0.000 1.03 0.00000 0.00000 1 26.6 1.460 0.000 1.03 0.00000 0.00000 j 

7.6 1.551 0. 219 1.90 0.00300 0.03000 ' 7.6 1.551 0.219 1.90 0.00300 0.03000 ! 

7.9 1.6'4 0. 225 I. 94 0.00300 0.03000 7.9 1.614 0.223 1.30 0.00300 
1 

0.03000 1 

8.2 1.676 0.237 1.33 0.00300 0.03000 8.2 1.676 0.237 1.90 0.00300 0.03000 

8.5 1.739 0.246 l.o| 0.00300 0.03000 9.5 1.739 0.246 1.90 0.00300 0.03000 
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F i g . 9.86c. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 

The p o s s i b i l i t y o f a s u r f i c i a l l a y e r h a v i n g a low v e l o c i t y i s 
i n v e s t i g a t e d . T h i c k n e s s i s v a r i e d from 0.25 t o 2.0 me t r e s . 
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F i g . 9.86d. T h i c k n e s s o f s u r f i c i a l l a y e r above g r a d i e n t . 
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F i g . 9.87a. D e n s i t y i n s u r f i c i a l l a y e r above g r a d i e n t . 

v a r i a t i o n i n d e n s i t y o f a 3m. t h i c k s u r f i c i a l l a y e r i s 
i n v e s t i g a t e d . 
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F i g . 9.87b. D e n s i t y i n s u r f i c i a l l a y e r above g r a d i e n t . 

v a r i a t i o n i n d e n s i t y o f a 3m. t h i c k s u r f i c i a l l a y e r i s 
i n v e s t i g a t e d . 



THICKNESS p-vaociTr 5-vaociTr DENSIir 1/0 l/Q I THICKNESS p-vaociTT S-VctOCITT DENSITY l/Q 1/0 
m.i M/S.) WSJ IG/MU p S I m.i (M/S.) IM/S.) (G/MU P 5 
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F i g . 9.88a. D e n s i t y i n s u r f i c i a l l a y e r above g r a d i e n t . 

A g r a d i e n t i n d e n s i t y accompanying t h e p - v e l o c i t y g r a d i e n t i s 
c o n s i d e r e d , a l o n g w i t h v a r i a t i o n i n d e n s i t y of a 3m. t h i c k 
s u r f i c i a l l a y e r . 
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F i g . 9.88b. D e n s i t y i n s u r f i c i a l l a y e r above g r a d i e n t . 

A g r a d i e n t i n d e n s i t y accompanying t h e p - v e l o c i t y g r a d i e n t is 
c o n s i d e r e d , a l o n g w i t h v a r i a t i o n i n d e n s i t y of a 3m. t h i c k 
s u r f i c i a l l a y e r . 
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F i g . 9.89a. G r a d i e n t s i n d e n s i t y and p - v e l o c i t y . 

D e n s i t y g r a d i e n t s a r e i n s e r t e d i n both s u r f i c i a l and i n t h e main 
l a y e r . 
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F i g . 9.89b. G r a d i e n t s i n d e n s i t y and p - v e l o c i t y . 

D e n s i t y g r a d i e n t s a r e i n s e r t e d i n both s u r f i c i a l and i n the main 
l a y e r . 
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F i g . 9.90b. G r a d i e n t i n p and 
a t t e n u a t i o n . 

F u r t h e r g r a d i e n t t y p e s a r e t r i e d . 

s - v e l o c i t y , d e n s i t y and 
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F i g . 9 i 9 1 a . G r a d i e n t s i n p and s - v e l o c i t y . 

F u r t h e r g r a d i e n t t y p e s a r e t e s t e d . 
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F i g . 9.91b. G r a d i e n t s i n p and s - v e l o c i t y . 

F u r t h e r g r a d i e n t t y p e s a r e t e s t e d . 



THICKNESS P-VaOCITY S-'/aOCITY DENSITY I/O 1/Q 
M.) (M/S.) (H/S.) Id/NLl P S 
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F i g . 9.92a. G r a d i e n t s w i t h t u r n i n g p o i n t i n p - v e l o c i t y . 
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F i g . 9.92b. G r a d i e n t s w i t h t u r n i n g p o i n t i n p - v e l o c i t y . 



P -VaOCITY s - v a o c i T T DENS ITT I/O I/O 
m . i tM/S.l IH/S.) IG/.HLI P 5 
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F i g . 9.93a. I n v e r s e g r a d i e n t i n p and s - v e l o c i t y . 

An i n v e r s e v e l o c i t y g r a d i e n t i s shown, w i t h v a r i a t i o n i n d e n s i t y 
o f a s u r f i c i a l l a y e r . D e n s i t y i n upper model i s 1.25; i n lower 
model i s 1.40. 
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F i g . 9.93b. I n v e r s e g r a d i e n t i n p and s - v e l o c i t y . 

An i n v e r s e v e l o c i t y g r a d i e n t i s shown, w i t h v a r i a t i o n i n d e n s i t y 
o f a s u r f i c i a l l a y e r . D e n s i t y i n upper model i s 1.50; i n lower 
model i s 1.65. 
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F i g . 9.94a. I n v e r s e g r a d i e n t i n p - v e l o c i t y (upper l a y e r ) . 

An i n v e r s e p - v e l o c i t y g r a d i e n t i s shown, i n c o n j u n c t i o n w i t h 
v a r i a t i o n s i n t h e p - v e l o c i t y o f a (uniform) u n d e r l y i n g l a y e r . 
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F i g . 9.94b. I n v e r s e g r a d i e n t i n p - v e l o c i t y (upper l a y e r ) . 

An i n v e r s e p - v e l o c i t y g r a d i e n t i s shown, i n c o n j u n c t i o n w i t h 
v a r i a t i o n s i n t h e p - v e l o c i t y o f a (uniform) u n d e r l y i n g l a y e r . 
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F i g . 9.95a. G r a d i e n t s i n s - v e l o c i t y . 

v a r i a t i o n s a r e shown i n a s - v e l o c i t y g r a d i e n t f o r v a l u e s o f z e r o 
and 1.5m/sec/m. 
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F i g . 9.95b. G r a d i e n t s i n s - v e l o c i t y . 

v a r i a t i o n s a r e shown i n a u n i f o r m s - v e l o c i t y g r a d i e n t f o r v a l u e s 
o f 5 and 13m/sec/m. 
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F i g . 9.96. G r a d i e n t i n bottom-water v e l o c i t y . 



T H ; C > ; * S S p - / a o c i T r s - v a o G i T Y oessui I / Q i /o 
IH.I IM/S.) IH/S. ; IG/ML) P S 
26.6 1.460 0.000 1.03 O.OOOOO 0.00000 

I » i i >iia(i Q . m Ditipinji n i f i i M ? 

0.2S0 2.00 0.00100 O.O3000 

3.500 2.000 1.99 0.00100 0.03000 

2.4 3.2 

T ^ / a O C l T T 

D 
- loO 
-20 
-30 
-40 
-50 
..60 
-70 
-30 

0 0.7 1.4 2.1 

1.2 1.6 2.0 D"" 10-' 10-

l / W 

-40 

- P GR.^DT. LAYER 1- 0. !M LAYERS NO. '>96_ 

• J \ } \ ^ 

^ W -

60 too !20 160 

- P GRADT. LAYER I - 0 . 2M. LAYERS NO. '!96_ 

^ 

. 1 • • • — - V — • — — — 

' — • ••—•'^V : -

— y V 

-

2.4 3.2 
0 

..too 
-20 
-30 
-40 
-50 
•60 

-70 
-30 

0 0.7 1.4 2. 

h-1 ^ V R nriTY 

1.2 1.6 2.0 

20 40 60 140 

F i g . 9.97a. High p - v e l o c i t y g r a d i e n t . 

G r a d i e n t s o f lOOOm/sec/ra. (upper) and 500m/sec/m, 
shown, f o r v a r i a t i o n s i n t h e immediate subbottom. 

( l o w e r ) a r e 
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F i g . 9.97b. High p - v e l o c i t y g r a d i e n t . 

(G r a d i e n t s o f 200m/sec/m. (upper) and 80m/sec/m. 
Bhown, f o r v a r i a t i o n s i n t h e immediate subbottom. 

(lower) a r e 
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F i g . 9.98a. V e l o c i t y g r a d i e n t s . 

F u r t h e r v e l o c i t y p r o f i l e s a r e s e e n h e r e . The lower model d i f f e r s 
^from t h e upper i n h a v i n g t h e a d d i t i o n of a Im. t h i c k l a y e r o f 
' u r f i c i a l s e d i m e n t o f v e l o c i t y 1.48km/s. and d e n s i t y 1.65gm/ml. 
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IF i g . 9.98b. V e l o c i t y g r a d i e n t s . 
T h e s e models d i f f e r from one an o t h e r i n t he c h a r a c t e r o f t h e 
V e l o c i t y g r a d i e n t n e a r t h e s e a b e d . The g r a d i e n t s do n o t exceed 
Ism/sec/m. 
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F i g . 9.99a. V e l o c i t y g r a d i e n t s . 

iThese models d i f f e r from one an o t h e r i n h a v i n g a d i f f e r e n t 
e l o c i c y c o n t r a s t a t t h e deeper r e f l e c t o r " r " , whose am p l i t u d e i s 
f f e c t e d . T h i s i s i r r e l e v a n t t o n e a r - s e a b e d c h a r a c t e r i s t i c s , 
h i c h a r e a f f e c t e d s l i g h t l y by t h e d i f f e r e n t d e n s i t y p r o f i l e s . 
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F i g . 9.99b. V e l o c i t y g r a d i e n t s . 

he o f f s e t d i s t a n c e a t whic h t h e h i g h a m p l i t u d e s p r e s u m a b l y 
s s o c i a t e d w i t h n e a r - c r i t i c a l r e f l e x i o n s from t h e h i g h e r v e l o c i t y 
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J i g . 9.99c. V e l o c i t y g r a d i e n t s . 

l a r i a t i o n s i n t h e g r a d i e n t i n t h e immediate subbottom produce 
n a i l c h a n g e s i n the p o s i t i o n o f n e a r - c r i t i c a l r e f l e x i o n s . 
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[ i g . 9.99d. V e l o c i t y g r a d i e n t s . 

v e r y h i g h g r a d i e n t o f c a . 450m/sec/m. w i t h i n t h e top 2m. o f 
j d i m e n t i m p r o v e s t h e model o f t h e bottom r e f l e x i o n . D i f f e r e n c e s 
1 t h e l a y e r t h i c k n e s s o f de e p e r s t r u c t u r e produce a s m a l l 
i r i a t i o n a t h i g h o f f s e t between t h e upper and l o w e r models. 
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v e r y r a p i d r i s e t o h i g h v e l o c i t y a t s h a l l o w depth appears t o 
) n c e n t r a t e t h e r e f l e c t e d e nergy a t s m a l l o f f s e t . 
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i g . 9.101a. V e l o c i t y g r a d i e n t s . 

n c r e a s i n g t h e depth below seabed o f a v e l o c i t y peak d i s p l a c e s 
e a r - c r i t i c a l r e f l e x i o n s t o h i g h e r o f f s e t . 
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l i g . 9.101b. v e l o c i t y g r a d i e n t s . 

le b r o a d e n i n g of t h e v e l o c i t y peak ( c . f . f i g . 9.101a) broadens 
ie o f f s e t zone where r e f l e x i o n s a r e r e c e i v e d . 
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F i g . 9.102a. V e l o c i t y gradients-maximum v e l o c i t y = 1 . 9 5 k m / s . 

Upper: The v e l o c i t y p r o f i l e shown i s topped by a 0.5m. 
t h i c k s u r f i c i a l l a y e r . 
Lower: The s u r f i c i a l l a y e r has been i n c r e a s e d t o 2m. 
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' i g . 9.102b. V e l o c i t y gradients-maximum v e l o c i t y = l . 9 5 k m / s . 

l i m i l a r models t o t h o s e shown i n f i g . 9.102a, w i t h the 
• h i c k n e s s o f t h e s u r f i c i a l l a y e r i n c r e a s e d t o 4m. I n the' 
pper model t h e d e n s i t y i n t h a t l a y e r i s c o n s t a n t , i n the 
ower, i t v a r i e s . 
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F i g . 9.103a. R a p i d v e l o c i t y i n c r e a s e near seabed. 

g r a d i e n t o f lOOm/sec/m. nea r the seabed enhances 
i r r i v a l s a t h i g h o f f s e t . I n the upper model, a s u r f i c i a l 
.ayer i s Im. t h i c k , i n the lower model, i t i s 2m. t h i c k . 
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F i g . 9.103b. R a p i d v e l o c i t y i n c r e a s e near s e a b e d . 

W i t h i n c r e a s i n g t h i c k n e s s o f a s u r f i c i a l l a y e r beyond t h e 
v a l u e o f 2m. ( f i g . 9.103a),an e x p e c t e d i n c r e a s i n g 
d i s p l a c e m e n t between bottom and subbottom e v e n t s i s s e e n , 
but o t h e r c h a n g e s a r e v e r y s l i g h t . 
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F i g . 9.104. V e l o c i t y g r a d i e n t s . 

A l o w e r subbottom g r a d i e n t ( c a . 35m/sec/m.) i n c o n j u n c t i o n 
w i t h a h i g h e r peak v e l o c i t y (2.24km/s., c . f . 1.96km/s. i n 
f i g . 9.102a,b) r e s u l t s i n a r r i v a l s a t h i g h o f f s e t , t h e s e 
a r r i v a l s b e i n g s t r o n g e r when a 2m. t h i c k s u r f i c i a l l a y e r 
i s p r e s e n t ( l o w e r m o d e l ) . 
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F i g . 9.105. S t e p p e d v e l o c i t y i n c r e a s e s . 

A h i g h g r a d i e n t ( c a . 350m/sec/m.) j u s t below t h e seabed 
p r o d u c e s a bottom r e f l e x i o n h a v i n g t h e g e n e r a l c h a r a c t e r 
o f t h a t found i n t he f i e l d r e c o r d . The deeper s t r u c t u r e 
i n t h e s e models does n o t r e p r o d u c e the o t h e r 
c h a r a c t e r i s t i c s o f t h e f i e l d r e c o r d . 
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F i g . 9.106a. Stepped v e l o c i t y i n c r e a s e s . 

V a r i a t i o n s i n a s t e p p e d s t r u c t u r e o f v e l o c i t y i n c r e a s e s 
below an immediate subbottom g r a d i e n t l i k e t h a t o f f i g . 
9.105 produ c e p e a k s i n t h e subbottom r e f l e x i o n or headwave 
development i n i n a p p r o p r i a t e p l a c e s . 
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• i g . 9.106b. S t e p p e d v e l o c i t y i n c r e a s e s . 

a r i a t i o n s i n a s t e p p e d s t r u c t u r e o f v e l o c i t y i n c r e a s e s 
elow an immediate subbottom g r a d i e n t l i k e t h a t o f f i g . 
.105 p r o d u c e p e a k s i n t h e subbottom r e f l e x i o n o r headwave 

de v e l o p m e n t i n i n a p p r o p r i a t e p l a c e s . 
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F i g . 9.106c. S t e p p e d v e l o c i t y i n c r e a s e s . 

V a r i a t i o n s i n a s t e p p e d s t r u c t u r e o f v e l o c i t y i n c r e a s e s 
below an immediate subbottom g r a d i e n t l i k e t h a t o f f i g . 
9.105 produ c e p e a k s i n t h e subbottom r e f l e x i o n or headwave 
development i n i n a p p r o p r i a t e p l a c e s . 
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F i g . 9.106d. S t e p p e d v e l o c i t y i n c r e a s e s , 

V a r i a t i o n s i n a s t e p p e d s t r u c t u r e o f v e l o c i t y i n c r e a s e s 
below an immediate subbottom g r a d i e n t l i k e t h a t o f f i g . 
9.105 p r o d u c e p e a k s i n t h e subbottom r e f l e x i o n or headwave 
development i n i n a p p r o p r i a t e p l a c e s . 
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F i g . 9.107a. Stepped v e l o c i t y i n c r e a s e s . 

N g r e a t e r s t e p s i z e below an i n i t i a l subbottom g r a d i e n t 
l i k e t h a t o f f i g . 9.105 b e g i n s t o produce i n the 
i D w - o f f s e t c h a n n e l s e v e n t s more a k i n t o t h o s e s e e n i n the 
f j i e l d r e c o r d , but r e s u l t i s o t h e r w i s e u n s a t i s f a c t o r y . 
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F i j g . 9.107b. Stepped v e l o c i t y i n c r e a s e s . 

A b r e a t e r s t e p s i z e below an i n i t i a l subbottom g r a d i e n t 
l i j k e t h a t o f f i g . 9.105 b e g i n s t o produce i n the 
l o w - o f f s e t c h a n n e l s e v e n t s more a k i n to t h o s e s e e n i n the 
f i e l d r e c o r d , but r e s u l t i s o t h e r w i s e u n s a t i s f a c t o r y . 
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F i g . 9.108a. G r a d i e n t s - and s t e p combined. 

A s t e p p e d i n c r e a s e w i t h h i g h g r a d i e n t s ( c a . 400m/sec/m.) 
both above and below t h e s t e p b e g i n s t o show some o f t h e 
c h a r a c t e r o f t h e f i e l d r e c o r d a t i n t e r m e d i a t e o f f s e t 
d i s t a n c e but does not g i v e good agreement a t low and h i g h 
o f f s e t d i s t a n c e s . 
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E i g . 9.108b. G r a d i e n t s and s t e p combined. 

Changes i n t h e maximum v a l u e o f p - v e l o c i t y a l t e r the 
p o s i t i o n o f t h e peak r e f l e x i o n a m p l i t u d e . 
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F:.g. 9.109. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

The f i r s t subbottom e v e n t i s too weak i n t h i s model. The' 
Iciwer model d i f f e r s from t h e upper i n h a v i n g a 0.75m t h i c k 
s u r f i c i a l l a y e r . 
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F i g . 9.110a. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

A 
f i g 

l a r g e r p - v e l o c i t y s t e p a t s h a l l o w e r d e pth t h a n i n 
9.109 g i v e s a b e t t e r model f o r n e a r - o f f s e t c h a n n e l s . 
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F i g . 9.110b. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

S t e p s t o h i g h e r p - v e l o c i t y v a l u e s than i n f i g . 9.110a g i v e 
a peak i n t h e v a l u e o f subbottom r e f l e x i o n s a t o f f s e t 
d i s t a n c e w h i c h i s too s m a l l . 
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F i g . 9.110c. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

I f t h e p - v e l o c i t y i n t h e r e - e n t r a n t l o w - v e l o c i t y l a y e r i s 
s e t t oo low, t h e n t h e t i m e - v a r i a t i o n w i t h o f f s e t o f t h e 
siibbottom a r r i v a l i s i n c o r r e c t . 
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F i g . 9.110d. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

S i g n i f i c a n t change i n t h e v a l u e o f s - v e l o c i t y i n the 
deeper h i g h v e l o c i t y l a y e r does not produce a marked 
e f f e c t , b u t t h e peak a m p l i t u d e o f the subbottom r e f l e x i o n 
i s r e d u c e d a l i t t l e f o r h i g h s - v e l o c i t y ( l o w e r m o d e l ) . 
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F i g . 9.111a. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

As t h e peak v a l u e o f p - v e l o c i t y i s re d u c e d from 2.75 to 
2.60 (upper m o d e l ) , t h e peak a m p l i t u d e o f t h e f i r s t 
subbottom r e f l e x i o n i s d i s p l a c e d t o h i g h e r o f f s e t and 
r e d u c e d i n a m p l i t u d e . Note f r e q u e n c y r a n g e f o r t h e s e 
models i s 150-600Hz. 
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F i g . 9.111b. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

F u r t h e r r e d u c t i o n i n t h e peak v a l u e o f p - v e l o c i t y t o 2.50 
(l o w e r model) d i s p l a c e s the peak a m p l i t u d e ( c . f . 
f i g . 9.111a) o f t h e subbottom r e f l e x i o n t o s t i l l h i g h e r 
o f f s e t u n t i l , f o r p=2.35, t h e peak i s no l o n g e r s e e n . 
Note f r e q u e n c y range f o r t h e s e models i s 150-600HZ. 
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F i g . 9.112. p r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 
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v a r i a t i o n i n t h e t h i c k n e s s 
u p p e r : 2m. t h i c k n e s s ; Lower: 0.5m. t h i c k n e s s . 
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V a r i a t i o n i n t h e v e l o c i t y g r a d i e n t j u s t below s u r f a c e . 
Upper: 800m/sec/m.; Lower: 400m/sec/m. 
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F i t . 9.114a. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r 

V a r i a t i o n i n t h e t h i c k n e s s o f the upper h i g h - v e l o c i t y 
l a y e r . Upper: 1.0m.; Lower: 2.0m 
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F i l g . 9.114b. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

V a l r i a t i o n i n t h e t h i c k n e s s o f the upper h i g h - v e l o c i t y 
i S y e r . u p p e r : 3.5m.; Lower: 5.0m. 
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F i g . 9 . 1 1 4 c . P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

v a r i a t i o n i n t h e t h i c k n e s s o f t h e u p p e r h i g h - v e l o c i t y 

i S y e r . u p p e r : 7 . 5 m . ; L o w e r : 9 . 0 m . 
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F i g . 9.114d. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

v a r i a t i o n i n t h e t h i c k n e s s o f t h e upper h i g h - v e l o c i t y 
l a y e r . Upper: 10.0m.; Lower: 12.0m. 
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F i g . 9.115a. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

v a r i a t i o n o f the peak v e l o c i t y i n the lower h i g h - v e l o c i t y 
^ a y e r . Upper: 2.5km/sec.; Lov^er: 2.4km/sec. 
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F:.g. 9.115b.. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

Vc r i a t i o n o f t h e peak v e l o c i t y i n the lower h i g h - v e l o c i t y 
I c y e r . Upper: 2.2km/sec.; Lower: 2.1km/sec. 
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F i g . 9.115c. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

v a r i a t i o n o f the peak v e l o c i t y i n the lower h i g h - v e l o c i t y 
l a l y e r . Upper: 2.0km/sec.; Lower: 1.9km/sec. 



TK.'CK.'Kss p -vaoc iTr s -vaoc!Tr DEssiir 
St.! (H/S.) Oi/S.) (G/HLI 
24.6 l.«60 0.000 1.03 

I/Q 
P 

0.00000 

I/Q 
s 

o.ooooo 

27.2 2.752 0.500 2.00 0.00100 0.01000 

6.6 2. .•IPS 0. '.50 2.00 0.00)00 0. 03000 
S.9 2. ",5 0. '.00 2.00 .,5.00150 0.O3000 
4 1 I'.S n 100 •> 00 (1 nnioo 0 O-.OOT 

31.2 1.600 0. !00 2.00 0.00!00 0.03000 

J . sad 2.000 1.93 O.ODIOO 0.03000 

0 
•10 
•20 
-30 
.'lO 
-50 
-60 
-70 
-90 
•90 
-!00 
• MO 

.6 2.^ 3.2 

in TV 

0 0.7 \A 2.) 

5-W0t:iTT 

.2 !.6 2.0 

I i 2£ 

-60 

-80 

-100 

-120 

AS 135 VARY TH T=2.QH A R C I H m.hib 

A^A^^^— 

—VWV"̂ ^— 
— 

60 100 160 

AS 135 VARY TH T=2.5H A.RCI44 NO. 496 

-wsA^V^w 

— . j ^ / w y v 

^-y^/yyi^-. 

V^AA-^ 

0 
-10 
-20 
-30 
-«Q 
-50 
-60 
-70 
-50 
•90 
-100 
- n o 

0 
-10 
-20 
-30 
_H0 
-50 
••60 
••?0 
• 90 
-90 
-100 
••no 

~ .6 2. 2.* 3.2 0 0.7 ^.U 2.1 

's- - /^Qr !Tr 

1.2 1.6 2.0 

nrNs in l/OP 

pj-g. 9.116a. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

t h e l o w - v e l o c i t y r y t h i c k n e s s o f 
upper: 2m.; Lower: 2.5m. 

l a y e r 
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F i g . 9.116b. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

V a r y t h i c k n e s s o f t h e l o w - v e l o c i t y 
UpDer: 4m.; Lower: 5.0m. 

l a y e r . 
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FiA. 9.117a. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

v a i y t h i c k n e s s o f l o w - v e l o c i t y l a y e r 
( p - v e l o c i t y = 1 . 5 5 k m / s e c . ) below a t h i c k e r o v e r l y i n g l a y e r , 
u p p e r : 2.0m.; Lower: l.Sm. 
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9.117b. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

t h i c k n e s s o f l o w - v e l o c i t y l a y e r , 
(p-v ? l o c i t y = l . 5 5 k m / s e c . ) below a t h i c k e r o v e r l y i n g l a y e r . 
Upper: l.Ora.; Lower: 0.5m. 
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F i g . 9.117c. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

Lovi^er v e l o c i t y i n t h e t h i n l o w - v e l o c i t y l a y e r : 
Upi^er, l . l k m / s e c ; l o w e r , 1.3km/sec. A deeper low 
v e l o c i t y l a y e r i s i n c l u d e d i n t h i s model ( s e e a l s o 
f i g s . 9.121 t o 9 . 1 2 3 ) . 
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F i g 9.117d. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

|er 
Lowpr 
t o 
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al s d ) 

A more g r a d u a l t r a n s i t i o n t o t h e upper low v e l o c i t y zone 
S i m i l a r t o the upper f i g u r e w i t h s m a l l m o d i f i c a t i o n s 

:he g r a d i e n t s bounding t h e lower h i g h - v e l o c i t y zone. 
r l o v ; - v e l o c i t y l a y e r i s i n c l u d e d i n t h i s model ( s e e 

f i g s . 9.121 to 9 . 1 2 3 ) . 
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F i g . 9.117e. P r o f i l e s w i t h l o w - v e l o c i t y l a y e r . 

U]3per: A s i m i l a r model t o t h o s e of f i g . 9.117d, w i t h t h e 
a c J d i t i o n o f a t h i n l a y e r o f lower v e l o c i t y i n t h e upper 
l o w - v e l o c i t y zone. 
Lower: S i m i l a r t o t h e upper f i g u r e , w i t h r e d u c t i o n i n the 
p and s v e l o c i t i e s i n t h e upper h i g h v e l o c i t y l a y e r . 



TKlCK.'ffiSS 

26.6 

p - v a o c n r 
IM/S.) 
1.460 

5-VaOCITY 
W/S.) 
0.000 

IG/HLl 
1.03 

1/Q 
P 

0.00000 

I/O 
s 

0.00000 

16.4 2.212 0.500 1.60 o.ocloo O.OIOOO 

15.7 2.600 l..-'00 2.00 0.00100 0.03000 

6.6 2.395 0.700 2.00 0.00100 0.03000 
5.9 2. I'.S 0.500 2.00 0.00100 0.03000 
4.5 1 9--.5 (1 700 7 on 0 nooo 

31.2 1.600 0. 100 2.00 0.00100 0.03000 

3.?do 2.000 !.6S t.ii'.ii 0.03000 

piTELaUII 

-80 

AS 185 LUR. P VEL. =2.6 ARCt89 NO.494. 

•^^~yJ\J\j.^^^^/^ 

-^y^s/J^li'^ 

J^jl/WV 

vJ^y^'V • 

—'\J\f^ 

, /̂V^ • • • • ' ^ . . . - — , 1, -i^.i -

-
At. 

. 1 1 1 1 1 ; 1 1 
60 •,00 120 140 160 

AS '185 LWR. P VEL. =2.7 ARC188 NO. 496. 
0 0.7 1.4 2.1 

s-'/=iQr.iTr PtVi=l!KlTY 

— ^ . - v ^ l y v w v — 

• v v v — -

F i g . 9.118a. Stepped v e l o c i t y p r o f i l e . 

The t h i n low v e l o c i t y l a y e r i s removed and the maximum 
p - k ^ e l o c i t y o f t h e lower s t e p i s v a r i e d , 
u p p e r : 2.6; Lower: 2.7. 
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F i g . 9.118b. Stepped v e l o c i t y p r o f i l e . 

The - t h i n low v e l o c i t y l a y e r i s removed and t h e 
p - v L l o c i t y o f t h e lower s t e p i s 
Upp4r: 2.8; Lower: 2.9. 

I 
maximumj 
v a r i e d . 
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F i c ' . 9.119. Stepped v e l o c i t y p r o f i l e . , 

V a r i a t i o n s i n s - v e l o c i t y i n t h e lower h i g h - v e l o c i t y l a y e r , 
Upper: 0.6km/sec.; Lower: l.Okm/sec. 
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9.120. Stepped v e l o c i t y p r o f i l e , 

upper s t e p i s s u b d i v i d e d : by 2 (upper) and by 
4 ( l o w e r ) 
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0.0.3000 1 S.9 2. 145 0.500 2.00 0.00100 0. O3000 • 5.9 2. !'.5 0.500 2.00 0.00100 0.03000 1 

4.5 1.94S D..3no 7.00 0.00100 4.5 1. 9'.S 0.301 2.00 0 00'00 0 03flO'') i 

28.5 1.500 0.050 2.00 0.00100 0.03000 26.6 1.400 0.00! 2.00 0.00100 

1 
0.03000 

3..5(10 2.000 1.93 0.00100 0.03000 3.500 2.000 1.93 0.00100 0. 03000 

A S 194 A D J . L O W E S T L Y . 

— ^ A / V ^ - v ^ ^ — 

.ARC2M N0.49e_ 

— v ^ | \ / — W W — 

-^^'^[fW^J^ 

J ^ \ p / ^ 

-̂/Vŵ, 
'\}\/\J^— 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 
-100 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-30 
-90 
-100 

2.4 3.2 

vn ULITT 

(0 0.7 1.4 2.1 

1.2 1.6 2.0 

in 11215. 

— 

^ 
20 40 60 100 120 

A S 194 A D J . L O W E S T L Y . 

— N / \ / V ^ - ' V \ A ^ 

.'1RC212 N0.49! i . 

'\j\A^ > 

•i-vHnr.iTY 

- W / \ / V ~ 

—^^V^^— 

— 

60 80 160 

F i b . 9.121a. M o d e l l i n g of deeper r e f l e c t o r . 

Thb p - v e l o c i t y i n t h e d e e p e s t l a y e r 
Upber: 1.5km/sec.; Lower: 1.4km/sec. 

i s v a r i e d . 



i 

TH:CK.NESS P-^/aOC!TY S-'/aOCITT DENSITY 1/0 
IH.) ' (M/S.) !H /S . ) (G/.HU P 
26 .6 1.460 0 .000 1.03 0.00000 

t i l • ill ton I li p̂ fl • I iia (nmm-

1/0 
s 

0.00000 

16.4 2 .212 1.60 0 .00100 0.01000 

10.0 2 500 1.200 2 .00 0.00100 0.03000 I 10.0 2 .900 1.200 2 .00 0.00100 0. 03000 

6 .6 2 .-95 0. 700 2 .00 0.00100 0.03000 
6 .6 2 .395 0. 703 2 .00 0.00100 0 .03000 

5 .9 2 145 0.500 2 .00 0 .00100 0.03000 
2.145 0 .500 2 .00 0.00100 0.03000 

4 5 I 0 •̂ oo 2 00 0 00100 0 03000. 5 .9 2 .145 0 .500 2 .00 0.00100 0.03000 
l u 2 4.5 1.945 0..300 2 .00 0.00100 0. 03000 

22 .9 1 200 ' 0.001 2 .00 0 .00100 0.03000 16.5 0 .900 0.001 2 .00 0.00100 0 .03000 

3 500 2 .000 1.99 0.'30100 0. 03000 3 .500 2 .000 1.98 0.00!CO 0 .03000 

THIOCNESS P-VaOCHY S-^/aOCITY DENSITY 1/Q 
IH.l IM/S.) IM/S.) (G/.SL) P 
26 .0 1.460 0 .000 1.03 0.00000 

1/0 
s 

0.00000 

16.4 0 .500 1.60 0 .00100 0.01000 

- 9 0 

A S 1 9 4 A D J . L O W E S T L Y . 

> A A / " ^ - ' W \ ^ — 

A R C 2 I 4 N 0 . 4 9 Q _ 

•~'^nj\, ^sAr- ^ 

— -

0 0.7 1.4 2.1 

s-VR nr.TT" 
ELflUU 

20 40 60 120 !60 

- 6 0 

120 

A S ! 9 4 A D J . L O W E S T L Y . . \ R C 2 1 5 NO. 4 9 £ L 

-V/^J^^^AA^ Ar 

W -

'\IV\A -•'v-

WAA/" ~ ~ 

0 
- 1 0 
- 2 0 
- 3 0 
- 4 0 
- 5 0 
- 6 0 
- 7 0 
•30 
•90 

0 
- 1 0 
- 2 0 
- 3 0 
- 40 
-SO 
-60 

- 7 0 
- 3 0 
- 9 0 

2 3 

nriTY 

1.2 2 .0 

0 
-loo! 
- 2 0 
- 3 0 
- 4 0 
- 5 0 
- 6 0 
- 7 0 
- 8 0 
- 9 0 

0 0.7 1.4 2.1 

^j-YaOtHT 

- v \ / \ y v — ~ — 

— ^ — 

120 160 

F i c 

T h 4 U p f e r : ^ 1 . 2 k r a / s e c . ; Lower: 0.9km/sec. 

9.121b. M o d e l l i n g of deeper r e f l e c t o r , 

p - v e l o c i t y i n t h e d e e p e s t l a y e r i s v a r i e d , 



THIC(MESS« P -VaOCITY S-VELOCITY DENSITY I/Q 
(H.) m/s.) (M/S.) IG/HU P 
26.6 t .460 0.000 1.03 0.00000 

^81 a, 11? i i i g r -

16.4 2.212 2.00 0.00100 

I/O 
s 

0.90000 

0.01000 
4 3 -

37.2 I .500 0.109 2.00 0.00100 0.03000 

-rm rm r i s —O O T O J — o s o s r 

THICKNESS P-VaOCITY S-VaOCITY DENSITY 1/0 1/0 
(M.) m/s.) (H/S.) (G/HU P S 
26.6 1.460 0.000 1.03 0.00000 0.90000 

16.4 2.212 o .soo 2.00 0.00100 

5Ji_ 2.300 
JUiOO- 0 OQ^ 

-2.22 O.OQIW 
-OO 0 09100 

0. O'OOO 
9 OSOOO-

1.300 2.00 0.00100 0.03090 

2.009 T r 9 3 0.00100 0.03900 

-60 

AS 214 ADJ UNDERSIDE P=.1.5 ARC300 NO. 424 . 

. v^^l^^^ '^ - 'Wv^—^ 

"V̂ l̂̂ f W V - W V 

160 

t j a n O T Y YFinniTT 

-40 

AS 214 ADJ UNDERSIDE P=.1.3 ARC300 NO. 424 

: V \ A ^ • ' 

20 

'^...^^^^/^p^^\A/\r~^^— 

.—-^.^y^l^^^/VWV. • 

— 

— 

—.̂ \/Vw\/̂ — 
VvWV-̂  

^ / \ / ^ — 

Wl^-

80 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-30 
-90 

0 
- t o 
-20 
-30 
-40 
-50 
-60 

-70 
-30 
-90 

1.2 1.6 2.0 
0 

-10 
-20 
-30 
-40 
-50 
-60 
-70 
-30 
-90 

I/OP 

F i g o 9.122a. M o d e l l i n g o f deeper r e f l e c t o r . 

The u n d e r s i d e o f t h e deeper o f t he two l a y e r s i s a d j u s t e d , 
and p - v e l o c i t y i s a g a i n v a r i e d . Upper: 1.5; Lower: 1.3. 



T 

THICKNESS, F-^/ELOCITY S-VaOCITY DE.NSITY 1/Q 
(H.) (H/'S.) (M/S.) IG/HU P 
26 .6 1.460 0 .000 1.03 0 .00000 

l /Q 
S 

0.00000 

2 .00 0 .00100 0.01000 

2 .900 2 .00 0 .00100 O.OIOOO 

3 5 5 3 

1.100 0 . ' 0 0 2 .00 0 .00100 0.03000 

2 .000 1.93 0 .00100 0.03000 

THICKNESS P-VaOCITY S-VELOCITY DENSITY I/O 1/3 
(M.l (H/S.) (H/S.) IG/HU P S 
26.6 1.460 0 .000 1.03 0 .00000 O.OOOOO 

2 .00 0.00100 O.OIOOO 
• i] !i8iiiiii8iaaiffia 11 a anai i 
1̂ 1 »'H 4 h a i i i i i i « t w « < « i , 

2 .00 0.00100 0.01000 I 5.0 2 .900 1.200 
0. "()0 2 00 0 ^n; 

22.3 2 .00 0.00100 0 .03000 

3 .500 1.93 0.00100 0.03000 

AS 214 ADJ UNDERSIDE P=1. l ARC300 NO. 4 2 6 . 

— .-vr'^l^p.^^VNA^^^ - ' \ / V -

^̂̂̂  
- ^ / V W V v s 

-^^/V/wv^ 

vwv^-^^— 
— 

0 
- 1 0 
- 2 0 
- 3 0 
-40 
-SO 
- 6 0 
- 7 0 
- 9 0 
- 9 0 

0 
- 1 0 
- 2 0 
- 3 0 
..40 
-SO 
- 6 0 
- 7 0 
••30 
- 9 0 

1.9 2 .7 3.6 

nciTY 

0 
-loO 
- 2 0 
- 3 0 
- 4 0 
-SO 
- 6 0 
- 7 0 
- 9 0 
- 9 0 

0 0 .7 1.4 2.1 

5-y=lCClTY — 1 ^ 

1.2 1.6 2 .0 

^ 

20 100 120 140 160 

AS 214 ADJ UNDERSIDE P=0.9 ARC300 NO.424 

.-v-/^^\yVWV/ 

^/Vw\^—— 

VWlr~~ 
J V W V — " 

0 
- 1 0 
- 2 0 
- 3 0 
- 4 0 
- 5 0 
-60 
-70 

- 3 0 

0 
- 1 0 
- 2 0 
- 3 0 
-40 

-SO 
-60 
- 7 0 
-90 

OCITY 

0 
-lOO 
- 2 0 
- 3 0 
-.40 
-SO 
- 6 0 
- 7 0 
- 9 0 

0 0 .7 1.4 2.1 

S-YFl DCITY 

. 2 1.6 2 .0 
0 

- 1 0 ![)• 
- 2 0 
- 3 0 
- 4 0 
-SO 
- 6 0 
. 7 0 
- 9 0 

— 

120 

F i g J 9.122b. M o d e l l i n g o f deeper r e f l e c t o r . 

The u n d e r s i d e o f t h e deeper of t h e two l a y e r s i s a d j u s t e d , 
and p - v e l o c i t y i s a g a i n v a r i e d . Upper: 1.1; Lower: 0.9. 



THICKNESS „P-VcLOCITY S-VaOCITY DE.NSITY 
w.) m/s.) m/s.) ic/KU 
26.6 1.460 0.000 1.03 

1/0 1/0 
P S 

0.00000 0.90000 

16.4 2.212 0.500 2.00 0.00100 0.01000 

2.00 0.09100 0.03000 

3.500 1.93 0.00100 0.03900 

T 

TlilCKNESS P-VaOCITY S-VaOCITY DBWITY I/O I/O 
(H.) (H/S.) (M/S.) IG/HU P S 
26.6 1.460 0.000 1.03 0.00000 0.00000 | 

16.4 2.212 O.SOO 2.00 O.OOlOO O.OIOOO 

0.001 2.00 0.00100 0.03000 

3.500 1.98 0.00100 0.03900 

AS 300 THIN HV LAY. P=1.50 ARC301 N0.42fl_ 

0 
-10 
-20 
-30 
-40 
-SO 
-60 
-70 
-30 
-90 
-100 

0 
-10 
-20 
-30 
-40 
-SO 
-60 
-7C 
-30 
-90 
-100 

2.4 3.2 

1.2 1.6 2.0 

D=NS1TY 

0 
- to 0 
-20 
-30 
-40 
-50 
-60 
-70 
-30 
-90 
-too 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-30 
-90 
-100 

0 0.7 1.4 2.1 

S--/=10rlTY 

i -^ ' " - lo - ' ' " ' - "To^ 

l/OP 

—vA/^^A/~—-

20 40 80 

AS 300 THIN HV LAY. P=1.25 ARC30! NO. 426 

- A A ^ 

.—/)^\j\/\/\f\r-~— 

'j/Wvv-

0 
-10 
-30 
-30 
-40 
-50 
-60 
-70 
-80 
-90 

0 
-10 
-20 
-30 
-40 
-50 
.-60 
-70 
-30 
-90 

P ^ Q C I T Y 

0 
-100 
-20 
-30 
-40 
-SO 
-60 
-70 
-30 
-90 

0 0.7 1.4 2.1 

.5--/q0ClTY 

1.2 1.6 2.0 

'/CP 

-10 ̂ ip^ 10-' l o i 
-20 
-30 
-40 
-SO 
-60 
-70 
-80 
-90 

60 120 

F i g . 9.123a. M o d e l l i n g o f d e e p e s t r e f l e c t o r . 

The d eeper o f t h e two h i g h - v e l o c i t y l a y e r s i s a d j u s t e d and 
p - v | e l o c i t y i s a g a i n v a r i e d . Upper: 1.5; Lower: 1.25. 



THICKNESS, P - V a O C I T Y S-VfcXOC!TY OENSITr 1/0 1/Q 
« . ) IM/S.) M /S . ) IG/ML) P S 
26.6 1 . i60 0.000 1.03 0,00000 0.00000 

2.212 o.soo 0.00100 

9 

0.01000 

2.00 O.OOtOO 0.03000 

2.000 1.93 O.OOtOO 0.03000 

THICKHESS 

1 26.6 

p - v c L o c i r r 
(N/S.! 
I . ' 6 0 

s - v a o c i T Y 
(M/S.l 
0.000 

DENSITY 

1.03 

I /O 
P 

0.00000 

I/O 
s 

0.00000 

! 
! 

2 .2 )2 

L_i±if J Jiti ̂  . . . 

0.500 2.00 0.00100 0.01000 

? V) 

13.« 0..'00 0.001 2.00 0.00100 0.03000-

3.500 2.0C0 1.93 0.00100 0.030C0 

AS 300 THIN HV LAY. P=1.0 ARC301 N O . i g i L 

^^yjJ^J^^J^^ 

^^.f^l^^vWV 

y V v w v - -

-jyv— 

— 

0 
-I0!> 
-20 
-30 
-10 
-50 
-60 
-70 
..90 

0 
-10 
-20 
.•30 
-40 
-SO 
-60 
-70 
-30 

1.3 2.7 3.6 
0 

-lOO 
-20 
-30 
- * 0 
-50 
-60. 
- ? 0 
-SO 

0 0 .7 I.* 2.1 

^ W r i T Y 

1.2 1.6 2.0 -10 
-20 
-30 
- * 0 
-SO 
-60 
-70 
-60 

!0-' 10-1 !0 

W W V 

- \ A r — 

20 60 80 120 

100 

AS 300 THIN KV LAY. P=0.7 ARC30I NO. 424. 

— ^ A / J ' ^ J ^ ^ ^ ' V W V ' ^ V " 

- A f i 

^ - / \ / \ / — 

— 

— / \ / V — — 

anVq-OLiTY 

1.2 1.6 2.0 

n^lnlTT 

0 0.7 l . i i 2 . ! 

^•m n r iTY 

—hoe 

—TV̂ VW^̂ — 

20 89 

F i g | . 9.123b. M o d e l l i n g of d e e p e s t r e f l e c t o r . 

The deeper- o f t h e two h i g h - v e l o c i t y l a y e r s i s a d j u s t e d and 
p - v | e l o c i t y i s a g a i n v a r i e d . Upper: 1.0; Lower: 0.7 



More s y n t h e t i c seismogramme models 

f o r nos. 1289 and 1281 

( f i g s . 9.124 t o 9.131) 



< THICKNESS p - v a o c i T r s - v a o c i T Y DfNSITT I/O I/O 
tM.) W / S . ) m / S . ) (G/'ML) P s 

0.000 1.03 0.00000 0.00000 

i. 1 <..m 0.010 1.65 0.01000 O.OMOO 

• ' • •j '. i !i -./( / I'l'ii'i Ji 'I'.ii'.'l 1—̂  7 'n '1 • • 'i r, TTT.-,,,, 
1 ' / y j . .'1 1 > 

3.2 2.375 0.653 2.00 0.00100 0.03000 

2.6 3.223 0.612 2.00 0.00100 0.0-1000 
2.1 2.0- '? 0.'^7I 2.00 0.00100 0.03000 
2.7 1.021 0 ' 7 ' 7.00 O.OO'OO 0.03000 
2. 7 0 52!> 7.00 0.00100 0 0.1000 
2. ! 1.77"; 0 '."B 7.00 p oo'no 0 0.3000 

3 .3 I .62S 0.^47 2.00 O.OO'OO 0.03000 

2.700 1.900 ! .99 0.01000 0.04000 

0 
- I D 
-.20 
-30 
-«0 
-50 
-60 
-70 
-90 
-90 
- ! 00 
-MO 

0 
-10 
•20 
-30 
..'iO 
-SO 
-60 
•70 
-90 
•90 
-100 
- n o 

5 2 .0 2.5 

- P - V R o r i T r 

-1 

0 
-10 0 
-20 
-30 
- w 
-50 
-60 
-70 
-90 
•90 
-100 
-110 

0 0.6 . ! . 2 1.9 

5-Yfl2ClTr 

" 7 . 

-100 

' 496 ' STYLE GR. VY. P = 2 .7 NO. 1289. 

^J\^\^ • ^|^ • 
•J\^^,.^\l^.,~~^ 

^^V'/^l^^^/^/V./^^^^ -WNA-

AJ\/V^ r^-^-^^A^^ 

—•—^Ji^\rAr^ 

80 100 !20 ! *0 160 190 200 220 2* 

1,96' .STYLE GR. VY. P = 3 . 0 NO. 1232 y v ^ ^ 

—%—AJ^^ — — 

-w^jyV'-y/^—-~ Al^ • •——•— 

^.7||\^v^/V,~-^ — • — 

^J^^f^\A^w 

• v^^-^^ 

0 
- ! 0 
-20 
-30 
_»0 
-50 
-60 
• 70 
-30 
-90 
- ! 00 
-110 

0 
-10 
-20 
-30 
-10 
-50 
-60 
-70 
-30 
-90 
-100 
-110 

1.9 2.1 3 .0 

p.:.YFi nr.iTY 

0 
-10 0, 
-20 
-30 
-«0 
-50 
-60 
-70 
-90 
-90 
• 100 
- ! I 0 

0 0.7 H 2.1 

"T . 

—/yVvVV — 

—y^^U/\A' 

200 

F i g . 9.124a. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r No. 1289. 

The l a y e r 2 o f seismogramme no. 1289 i s s u b d i v i d e d to form 
a i ^ e l o c i t y s t r u c t u r e of t he type found f o r no. 496. The 
p - / e l o c i t y of t h e m a t e r i a l below t h i s l a y e r i s v a r i e d . 
Upper: 2.7km/s., lower 3.0km/s. 



«THUXMEss p - v a o c i 7 Y s - v a o c n r o a s i T T 1/0 
(H.I 
74.« 

W / S . ) 
I . * 60 

(M/S.) 
0.000 

(G/HLl P 
1.03 0.00000 

S 
0.00000 

6.1 1.490 o .o ib 1.65 0.01000 0.04000 

1 M. 
•1 I VI,! '/ "|. 
1 ) h-tl P 1 1 ... ' 1 '• 1 r. .r.r-,,. (. 7 I.IS 1 (1 MHwli! M !\!M\ 

e . 2 2.375 0.653 2.00 0.00100 0. 03000 

2.6 2.225 0 .612 • 2.00 0.00100 0.03000 
2.1 . 2.075 0 .57 ! 2.00 0.00100 0.03000 
2 .2 L 9 2 5 0 579 2.00 O.OO'OO 0.01000 

l .?50_ ._ 0.579 7. 00 0.00100 0 0-000 
3 . I I. '75 0 133 2.00 O.OO'OO 0 0"000 

3 .3 1.625 0.147 2.00 0.00100 0.03000 

3 .300 2.000 1.93 0.01000 0.06000 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
-90 
•100 
- n o 

2.1 2 .5 3.5 

p - v a n i i i T Y 

0 
-10 0 
-20 
-30 
-40 
-50 
-60 
-70 
-80 
-90 
- ! 0 0 
-110 

0 0 .7 1.4 2.1 

s-Y!inr.iTT 

I . 

-40 

- 6 0 

-100 

' 496 ' STYLE GR. VY, P = 3 .3 NO. !232_ 

-'J\j\rAr^~^ -V^ 

J^^^/ \AA^ . V - ^ 

f\l\/\JV^ AA— 

80 100 120 24 

100 

' 496 ' .STYLE GR. VY. P = 3 .6 NO. !282_ 

— — 

- y | | U v ^ - — 

— ^ — — 

7 y \ / V v %~—'\f̂ /̂  

—!\J\/V^ ^ 

—/\l\AfV^—^—•'\f\/~-

100 200 24 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
- 9 0 . 
-100 
- n o 

-20 
-30 
-10 
-50 
-60 
-70 
-30 
-90 
-lOO 
-110 

6 2 .4 3 .2 

p -VR nr.TTY 

0 
-10 0 
-20 
-30 
-40 
-SO 
-60 
-70 
-90 
-90 
-100 
- n o 

0 0.7 1.4 2.1 

mini 

0 
-10 
-20 
-30 
-40 
-50 
-60 
-70 
-90 
- 9 0 
-100 
- n o 

use. 

F i j g . 9.124b. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r No. 1289. 

T h e l a y e r 2 o f seismogramme no. 1289 i s s u b d i v i d e d t o form 
a v e l o c i t y s t r u c t u r e o f t h e type found f o r no. 496. The 
p - y e l o c i t y o f t h e m a t e r i a l below t h i s l a y e r i s v a r i e d . 
Upfcer: 3.3km/s., lower 3.6km/s. 



fH I«>( t5S P-VELOCHY S - V a O C I T Y D E I ^ n Y I/O 1/0 
i ' m.) 

74. A 
f 

IM/S.) 
1.460 

m / s . ) 
0.000 

(G/JtU 
1.03 

P 
0.00000 

s 
0. 00000 

; 6.1 1.430 o.oto 

ii '-([ 

1.70 

K 5 -

0.01000 

w i''(iir'i 

0.04000 

J : : : 
1''( 
r t 

5 .2 

Ij.^-.ll 

2. 375 0.653 

• f u i 

1.92 

;') ' J J — 
:i 'iil'ij'l 

0.00100 

— 1 iiW 

0. 03000 

2.6 2.225 0.612 l.=3 0 00'00 0.03000 

7.0^5 0.571 1.9'. 0.00100 0.0 w o 
2 .2 1.9?'^ 0.5?!1 1.94 0.00100 . n 0-000 

3. J 1. °50 0 5?o 1.95 O.OO'OO 0 0-000 
-1 t 1 771; 0. '•̂ '̂  1 0 ^ 0 00'on 0 o - n o 

5.6 1.550 0. •'•47 1.95 0.00100 0.01000 

3.200 1.600 ! .9 I 0.01000 0.06000 

0 
-10 
-20 
-30 
.40 
-50 
-60 
-70 
-30 
90 

-too 
-110 

0 
-10 
-20 
..30 
...\0 
-50 
..oO 
- ? 0 
-90 
• 90 
-100 
-110 

2.1 2.3 3.5 -10 0 
-20 
-30 

P-VrLQCITT 
-6a 
-70 
-30 
-90 
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p|ig. 9.125a. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r No. 1289. 

I n t h e s e models, s i m i l a r to t h o s e of f i g s . 9.124a and b, 
th e s - v e l o c i t y i s v a r i e d . Upper: 1.6km/s., lower 1.8kra/s. 
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. 9.125b. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r No. 1289. 

t h e s e models, s i m i l a r to t h o s e of f i g s . 9.124a and b, 
i s - v e l o c i t y i s v a r i e d . Upper: 2.0km/s., lower 2.2km/s. 
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: ^ i g . 9.126a. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r Mo. 1281. 

he l a y e r 2 o f seismogramme no. 1281 i s s u b d i v i d e d as was 
shown f o r no. 1289 i n f i g s . 9.124a and b. The p - v e l o c i t y 
i n t h e m a t e r i a l below t h i s l a y e r i s v a r i e d , 
q p p e r : 2.7km/s., l o w e r : 3.0km/s. 
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' i g . 9.126b. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r No, 1281. 

'he l a y e r 2 o f seismogramme no. 1281 i s s u b d i v i d e d as was 
hown f o r no. 1289 i n f i g s . 9.124a and b. The p - v e l o c i t y 

m t h e m a t e r i a l below t h i s l a y e r i s v a r i e d , 
ijpper: 3.3km/s., l o w e r : 3.6km/s. 
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F i g . 9.127a. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r No. 1281. 

I n t h e s e models, s i m i l a r to those of f i g s . 9.126a and b, 
the s - v e l o c i t y o f the u n d e r l y i n g m a t e r i a l i s v a r i e d , 
lljpper: 1.4km/s,, l o w e r : 1.6km/s. 
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F i g . 9.127b. A l t e r n a t i v e v e l o c i t y s t r u c t u r e f o r No. 1281. 
I 

in t h e s e ' models, s i m i l a r to t h o s e o f f i g s . 9.126a and b, 
t h e s - v e l o c i t y o f t h e u n d e r l y i n g m a t e r i a l i s v a r i e d , 
uipper: 1.8km/s., l o w e r : 2.2km/s. 
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F i g . 9.128a. Low v e l o c i t y l a y e r below l a y e r 2 (No. 12 8 9 ) . 

V a r i a t i o n i n p and s - v e l o c i t y i n l a y e r 3 m a t e r i a l i n the 
p r e s e n c e o f a t h i n l o w - v e l o c i t y l a y e r a t t h e base of l a y e r 
2. Upper: p=2.8, s=1.9; l o w e r : p=3.0, s=2.2. 



THICKNESS 

(M.I 

7 4 . 4 

P - V a O C ! T Y 

I H / S . . ' 

1 . 4 6 0 

S - ' / a O C I T Y 

( H / S . ) 

0 . 0 0 0 

Dc.'JSITY 

I G / H U 

1 . 0 3 

I / O 
P 

0 . 0 0 0 0 0 

1 / 0 
s 

0 . 0 0 0 0 0 

T H ; K 2 4 E S S 

M . l 

7 4 . 4 

P . ' / a O C I T Y 

( M / S . ) 

1 . 4 6 0 

s - v a o c i T Y 

( M / S . ) 

0 . 0 0 0 

o e w i T Y 

( G / M U 

1 . 0 3 

I / O 
P 

0 . 0 0 0 0 0 

I / O 

s ! 
0 . 0 0 0 0 0 '• 

6. 1 1 . 4 3 0 0 . 0 1 0 1 . 6 5 O . O I O O O 0 . o-'iooo ; 6 . 1 1 . 4 9 0 0 . 0 1 0 1 . 6 5 O . O I O O O 0 . 0 4 0 0 0 1 

3 . 0 1.034 0 . 5 3 2 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 1 3 .0 1 . 9 3 4 0 . 5 3 2 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 

3 . 0 1.053 0 . 5 3 7 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 ! 3 . 0 1.953 0 . 5 3 ? 2 . 0 0 0 . 0 0 1 0 0 0 . O 3 O 0 O 

3 . 1 l . o ? 2 0 . 5 4 2 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 3 . 1 1 . 9 7 2 0 . 5 4 2 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 1 

3 . 1 J . 991 0.547 2 . 0 0 0.00100 0 . 0 3 0 0 0 3 . 1 1 . 9 9 1 0 . 5 4 7 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 1 

3 . 1 3 . 0 0 9 0 . 5 5 3 2 . 00 0 . 0 0 1 0 0 0 . 0 3 0 0 0 3 . 1 2 . 0 0 9 0 . . 5 5 3 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 1 

3 . 2 2 . 0 2 9 0 . 5 5 3 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 3 . 2 2 . 0 2 8 0 . 5 5 9 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 

3 . 2 2 . 0 4 7 0 . . 5 6 3 2 . 00 0 . 0 0 1 0 0 0 . 0 3 0 0 0 3 . 2 2 . 0 4 7 0 . 5 6 3 2 . 0 0 0 . 0 0 1 0 0 0 . 0 3 0 0 0 

3 . 2 2 . 0 6 6 0 . 5 6 9 2 . 0 0 0.00100 0 . 0 3 0 0 0 3 . 2 2 . 0 6 6 0 . 5 6 3 2 . 0 0 0.00100 0 . 0 3 0 0 0 i 

7 T 1 1''0 0 010 1 . 6 5 , 0 01000 0 0 1 0 0 0 7..0 1 •."0 0 'J 'O 1 6 5 n T n o o 0 o-.mo 

3 . 5 0 0 2 . . 3 5 0 1 . 9 9 O . O I O O O 0 . 0 6 0 0 0 4 . . 3 0 0 2 . 5 5 0 1 . 9 9 0 . 0 1 0 0 0 0 . 0 6 0 0 0 
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F i g . 9.128b. Low v e l o c i t y l a y e r below l a y e r 2 (No. 1 2 8 9 ) . 

a r i a t i o n i n p and s - v e l o c i t y i n l a y e r 3 m a t e r i a l i n the 
r e s e n c e of a t h i n l o w - v e l o c i t y l a y e r a t the base o f l a y e r 

Upper: p=3.5, s=2.35; l o w e r : p=4.3, s=2.55. 



THICCTESS " P- ' /ELOCIfY S-VELGCITY DENSITY I/O 1/Q 
IH.l IH/S.) m /S . I IG/NL) P S 
74.4 1.460 0.000 1.03 0.00000 0.00000 

6.1 1.490 0.010 1.65 0.02000 0.04000 

30.9 2.000 0.550 2.00 0.00100 0.03000 

0 r.in -> nn o f,n'nn n o3ono 

4.700 2.550 1.99 0.03000 0.06000 

T.'ilCKNESS P - V a O C I I Y S - ' / a O C I T Y DeiSITY I /O 1/Q 
m.) (M/S.l W / S . ) IG/MU P s 
74.4 I .4o0 0.000 1.03 O.OOOOO 0.00000 

10.0 2. 450 0.653 2.00 0.00100 

J u l . 

10.0 2.400 1.93 0.01000 0.06000 

,..,3 
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3 2 E 

. . 3 . m 

i o n 
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THICKER STEP P=3.5 3=2.4 N0. !282_ 

——/yŵ /vwv'-
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— y ^ ^ ^ - v w ^ ^ — ^ - V v ^ ' 
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!i-YSOClTY P - Y S O'-.ITY 

OFN.SIT 

F p - g . 9 . 1 2 9 . M o d e l l i n g o f d o u b l e t c h a r a c t e r o f r 2 . 

U p p e r : A l o w - v e l o c i t y l a y e r i s i n t e r p o s e d b e t w e e n l a y e r s 2 

and 3. . 
L o w e r : A s e r i e s o f v e l o c i t y s t e p s a n d g r a d i e n t s i s u s e d . 



1 
1 

THICKNESS 
(M.) 
5 0 . 0 

-P - ' /ELOCITY 
IM/S.) 
I . 460 

S-' /ELOCITY 
tM/3.) 

0 . 0 0 0 

DENSITY 
(G/ML) 
1.03 

I/O 
P 

G.00001 

I/O 
s 

0. O - M : 

THiaatESS 
(••1.) 

: 50 .0 

P-'/fuOCITY 
(M/S.l 
1.460 

. S - ' / a O C i T Y 
(M/S.) 

0. •jCO 

oe is iTY 
(G/MU 
1.03 

I/O 
P 

0.00001 

I/O 
S 

0.00001 

4.9 1. 934 0 . 5 3 2 2 . 0 0 0. 00?jO 0 .02000 

9 . 0 2 .30/ , 0 . 6 5 3 2 . 0 0 • 0 . 0 0 2 0 0 0 .02000 4 .9 1.953 0 . 5 3 7 2 . 0 0 0.002O0 0 .02000 
9 . 0 2 .30/ , 0 . 6 5 3 2 . 0 0 • 0 . 0 0 2 0 0 0 .02000 

1 0 2. 306 0. 634 2 . 0 0 0. 00200 0 .02000 4 .0 I .o?2 0. 542 2 .00 0, 00200 0 . 02000 

2 . " 3 . 7 1 9 0. 6 1 0 7. 00 0 .00200 O.O20O0 
1.991 0 . 5 4 ? 2 .00 0.00200 0.02000 

1 7. 7 3. 13' 0. 536 2 . 0 0 0 .00200 O.OOO'X. 5 .0 1.991 0 . 5 4 ? 2 .00 0.00200 0.02000 
1 

7 '•1 7 044 O.-^oS 7 . 0 0 0 .00700 0 ooooo 1 
2 .00? 0 ^=3 7 .00 0.0020 ' ; 0. ; 20M ' , I oq.; 0 150 7 O i 0 O07G0 0 O70O0 5. 0 2 .00? 7 .00 0.0020 ' ; 0. ; 20M ' 

7 . 1 
Li 0 150 7 . 0 0 '1 '-.oorvl .0 OOOO-I 

2.023 2 00 0.00200 0 .02M0 ! 1 1 t 7p. 0 OOO o.OO 0 00>10 0 --.OO'-/-) S. 1 2 .023 ^. ~>: . 0.00200 0 .02M0 ! 

•) ' ! •> r.o 0 OOOGO 0 '.Ofrio 
0 .00200 0.02o;o 1 0 0 ' f-Or; 0 00 0 00000 0 oor^ir, 5 .1 2. 047 0. 563 2. CO 0.00200 0.02o;o 1 

5 .^ 1 . 5 1 9 0. 020 3 . 0 0 0 .00200 0 .02000 5 . 2 2 .066 0 .54? 2 . 0 0 0 . 00200 
1 

0.02C00 ' 

3 . 0 0 0 2. 100 1.93 0 .02000 0 . 0 4 0 0 0 4 .700 2. 9C0 1.93 0.02000 0.04000 

3 0 . ' 1.4 2 

MODEL FOR ! 2 8 ! AS IN SH0.4LER UATER 50M 
p-i7=n ri';!T 

HGDEL OF ! 2 S ! AS I F IN SHO,^LER UATEP SOU 

F i i g . 9.130a. Models g e n e r a t e d as i f i n s h a l l o w e r w a t e r . 

Se'ismogrammes f o r No. 1281 e x p e c t e d i f a c o u s t i c s o u r c e and 
r e c e i v e r s .were towed 50m. above t h e seabed. 



T H ' C C N - S S - P - ' / £ L 0 C : T Y S-Vi->.OCirY D E N S I T Y 1/0 1/Q 
n I « / 3 . ' m / S . ) 1G/-MU P 3 

• 23 0 ' i60 •:.OO0 1.03 O.OOCO! 0.00001 

9 0 2 3?'* 0 653 2 uO 0 00200 0.020O0 

•) 5 -0-; c ^34 2 00 0 00200 0.02C'iO 

•> 0 •7 •5' 2 oIO •J •30 0 00200 0 •;I200J 

1 7 •) ' 3 ' 0 ") 00 0 00200 0.07000 
... -6"7 7 0 00200 0 070'M 

T , ••••̂ 0 7 3 v'i7'j'J . .0, V'iYi 
•r I 'J -50 7 00 ",•-..700 17000 
1 7 3 . •7':0 7 'J 0 07000 
' 0 'V'j 

•'•7 
j L ^ i j — 0 ';7(.|^j^-; 
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5 7 r 

•'.-') 
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i ; 

"THICKNESS p-yELOciTi ' s - ; a o c ! T Y DENSITY ITO TTB 
M.I IH/S.) (H/S.) IG/.'IL) P S 
25.0 1.460 0.000 1.03 0.00001 0.00001 

1.933 0.537 2.00 0. 00200 0.02000 

0. =42 2.00 0.00200 0.02000 

. 0.547 2. 00 0.00200 0.02000 

0.02000 

0.02000 

2.00 0.00200 

lODEL FOR ' 2 3 ! .VS IN SliOALER U.ATER 23H s - ' / q 0^1 TY 

MODEL 0.- • !23 ! AS IF IN SHO.ALER UA^ES 251^ 
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F i l p . 9.130b. Models g e n e r a t e d a s i f i n s h a l l o w e r w a t e r . 

Seksmogrammes f o r No. 1281 e x p e c t e d i f a c o u s t i c s o u r c e and 
r e c e i v e r s were towed 25m. above the seabed. 



1 ' ' ' ' ' ' — — 1 : _ — _ 

THICWIESS 
M.) 
50.0 

^ p - v a o c i T Y 
IH/S.) 
1.460 

. 5 - v a o c i T Y 
(H/S.! 

0.000 

DENSITY 
(G/HL) 
1.03 

1/0 
P 

0.00000 

I/O 
s 

0.00000 

THICKNESS 
;M.) 

1 50.0 

P - ' /aOCITY 
(M/S.l 
I . '.60 

S-VcLOCITY 
(.l/S.) 

0.000 

DE.VSITY 
(G/HU 
1.03 

1/0 
P 

0.00000 

1/0 
S 

0.00000 

6 . ' 1.430 0.010 1.65 O.OIOOO 0.04000 6. 1 1.190 0.010 1.70 0.01000 0.04000 
1 :i f, / • 1 

3.1 1. 034 0.532 2.00 0.00100 0.03000 ;• H — —H-rfA [ p . ;> :;,'iia :.i vl/:-J 

1.953 0.537 2.00 0.00100 0.O3000 i i - i — •> i r i H 1 a ^! .{^H 
3.4 1.953 0.537 2.00 0.00100 0.O3000 

3. 4 1.072 0.542 2.00 0.00100 0.03000 5.2 2.375 0.653 1.92 0.00100 0.03000 

3.5 1.09! 0.5-.7 2.00 0.00100 0. 0.3000 2.6 2.225 0.612 1.93 O-OOIOO O.O300O 

3.009 0. .553 2.00 0.00100 0.03000 
y \ 2. 075 0.571 1.04 0.00100 0,03000 

3 .5 3.009 0. .553 2.00 0.00100 0.03000 t 0 1. 075 0.579 1.0^ 0 00100 0 0310^ t 
3.5 7.023 0.553 2.00 0.00100 0.03000 2. 7 1. 950 0. 57? l.os 0.00100 0 .030 '» i 

•J 1 1.775 0 1=13 1.05 0.00100 0 OIO'.O 1 
3.6 2.047 0.563 2.00 0.00100 0.03000 

3.6 2.066 0.563 2.00 0.00100 0.03000 5.6 i .550 0. 4'.7 l.os O.OOIO'O 
1 

0.03005 1 

4.700 2. 550 1.99 O.OIOOO 0.06000 3.200 2.000 1.91 0.01000 0.06000 
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F i ^ . 9.130c. Models g e n e r a t e d a s i f i n s h a l l o w e r w a t e r . 
I 

Seiismogrammes f o r No. 1289 e x p e c t e d i f a c o u s t i c s o u r c e and 
r e c e i v e r s were towed 50m. above the s e a b e d . 



TH!CKN£3S P - - V E L O C ! r r 3-VaOC!Tr DENSUY I / O I / O 
iH.) • iH/s.; m/s.; I G / H L I P S 
25.0 i.ioO 0.000 !.03 0.00000 0.00000 

0.0!0 1.65 0.01000 O.OMOO 

2.00 0.00100 0.03000 

k. 700 1.9S 0.01000 O.OMOO 

THICKNESS 
IH.l 
25.0 

p-vELOcnr 
(M/5.) 
1.460 

s - v a o c i n 
m/s.i 
o.ooo 

rc/HU 
1.03 

I/Q 
P 

0.00000 

I/Q 
5 

0.00000 

i.'. I.ASO 0.010 1.65 0.01000 0.04C00 
a. :iiji3 = 

1—r •1 !".<) ^ .V, 
2. 0.550 2.00 0 oo;oo 0.03000 

10.0 2. 450 C.653 2.00 0.00100 0.03000 

2.6 2. 225 0.55Q 2.00 0.00100 0.03000 
2.0"; 0. '.50 2.00 5.00100 0.03000 

1 ) 1 J h vi'i ' ••1 -1 • -il.i, ' . - 1 
t : 1 J ' , , l! J, -, . -A -.-.•lA , - •. 
J 1 ! 700 0 '50 7 n C 'lO'OO 0 W y l 

;.625 0. :oo 2.00 0,00100 0.03JJ0 
3.100 2.200 1.99 0.01000 0.06 000 
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F i g . 9.130d. Models g e n e r a t e d as i f i n s h a l l o w e r w a t e r . 

Sbismogrammes f o r No. 1289 e x p e c t e d i f a c o u s t i c s o u r c e and 
r e c e i v e r s were towed 25m. above the seabed. 



63.0 

P-VblOC!Tr 
m/s.) 
1.460 

S-VfclOCITY 
IH/S.) 
0.000 

DENSITY 
IG/HLI 
!.03 

1/0 
p 

0.0000! 

'/Q 
S 

0.0000! 

^ n '.<;o< 0 u.y •> O-l 0 nmno 0 07000 
1 1 1.711 0 A 7 1 2 00 0 oô oo 0 Ô OOO 
2. I ." ' . ' , 2.00 0. 00300 0. 02000 
2. S 2.23; 0.627 2.00 0.00300 0. 02000 

9.0 2. 1?A 0.653 2.00 0.00300 0.0200O 

3. ? 2.25! 0.627 2.00 0.00300 0.02000 
2. •' 2. '6 ' 0.S96 2.00 0.00300 O.O200O 
2.6 2.0^6 0 ':6'; 2.00 0.00.300 0.02000 
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^̂ /̂ŷ ŷ  v̂^̂ —̂'̂/V/ 
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A combined echo sounder and seismic profiling survey in Miramichi Bay has detected two 
prominent seismic reflectors. The upper reflector probably represents a marine terrace, above 
which are recent sediments. The sea bed consists mainly of sands in the barrier island and Outer 
Bay area, whereas the Inner Bay consists mainly of sandy muds and muds. A discontinuous 'gas' 
reflector in the muds of the Inner Bay masks all deeper seismic reflectors where it is present. The 
lower seismic reflector is probably the Pennsylvanian bedrock surface. Between the upper and 
lower reflectors, proglacial sediments and glacial till are probably present. The bedrock surface 
has been eroded into deep, linear channels by a pre-Pleistocene drainage system which may have 
been subsequently overdeepened by glacial scouring. These channels may have been eroded 
along lines of weakness in the Carboniferous sediments representing structures, such as joints, 
fractures, or faults in the bedrock. These structures may be related to the extension of the 
Catamaran Fault Zone in the pre-Carboniferous basement rocks beneath Miramichi Bay. 

Deux importants reflecteurs sismiques ont ete re veles par un arpentage de la Bale de Miramichi 
fait avec un sondeur acoustique et un equipement de profil sismique. Le reflecteur superieur 
represente probablement une terrasse marine au-dessus de laquelle se trouvent des sediments 
recents. Le fond de la mer consiste principalement en sable dans la region des iles de barriere et de 
la bale exterieure, tandis que dans la baie interieure il y a surtout de la boue et de la boue sableuse. 
Un reflecteur 'gazeux' discontinu dans les boues de la baie interieure cache tous les reflecteurs 
plus profonds aux endroits ou on le trouve. Le reflecteur sismique inferieur indique probablement 
la surface des roches du Pennsylvanien. Entre le reflecteur inferieur et le superieur, il y a 
probablement des moraines et des depots proglaciaires. Dans la surface de la roche, de profonds 
canaux lineaires ont ete creuses par I'erosion d'un systeme de rivieres pre-Pleistocenes qui plus 
tard peut avoir ete approfondi par Taction des glaces. Ces canaux peuvent avoir ete erodes le long 
des lignes de discontinuite dans les sediments Carboniferes, representant des structures telles 
que des joints, fractures ou failles dans la roche. Ces structures peuvent etre mises en relation 
avec la continuation de la zone de faille Catamaran dans les roches pre-Carboniferes au-dessous 
de la Baie de Miramichi. 

Can. J. EarthSci . , 14,2909-2927(1977) [Traduit par le journal] 

Introduction launch equipped with a Kelvin Hughes MS26B 
A marine seismic profiling survey was carried echo sounder. The acoustic source for the sub-

out in Miramichi Bay, New Brunswick (Fig. 1), bottom profiling was a Huntec ED 10 'boomer' 
as part of the Miramichi Channel Study. Its mounted in a catamaran. It was driven by a 
purpose was to determine surficial sediment Teledyne 254 high voltage generator. A 20-
thicknesses to plan dredging operations for the element hydrophone array, or streamer, was 
deepening of a shipping channel. The survey was used to receive the reflected energy from the 
carried out for the Governments of Canada and bottom and subbottom. The interface unit. 
New Brunswick and the field work was completed which controlled signal processing (amplifica-
in July 1975. Figure 2 is a track plot of the seis- tion and filtering) and triggering for the boomer 
mic profiling survey, which covered a large part and streamer, was a Nova Scotia Research 
of Inner Miramichi Bay and some of the Outer Foundation Corporation (N.S.R.F.C.) surface 
Bay. Approximately 190 line miles (306 km) of profiling system. A l l the profiling results were 
seismic profiling have been used in the interpre- displayed on an E.P.C. dry paper recorder. The 
tation. Echo sounder records were also obtained boomer and streamer were towed 15 m behind 
for most of the survey. the launch. 

The energy output from the Teledyne unit 
Survey Equipment and Methods jy^ing the survey was 200 J , and the firing rate 

The profiling equipment was installed on the twice per second. The recorder sweep speed was 
'Tudlik', a 35-ft (10.7 m) long hydrographic 125 ms. 
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F I G 1. Location of Miramichi Bay and the Miramichi 
River System. 

Position fixing for the survey was accomplished 
by a Del Norte Instrument two range microwave 
system. The slave stations were located on 
points set up by the Canadian Hydrographic 
Service, Department of the Environment. Three 
pairs of trisponder locations were used during 
the survey (Fig. 2). Most of Inner Miramichi Bay 
was covered by Oak Point and Burnt Church 
trisponder locations, with a small area, north of 
Portage Island, covered by Hay Point and Burnt 
Church Point locations. In the Outer Bay, on the 
seaward side of Portage and Fox Islands, t r i -
sponders located at Fox Point and Escuminac 
Point were utilized. Escuminac Point is approxi­
mately 6.6 km (4.1 mi) east of the Lower Escu­
minac jetty shown in the southeast corner of 
Fig. 2 and is outside the map-area. 

The trisponder locations gave good inter­
sections of range arcs over most of the area of 
interest, resulting in position-fixing repeatability 
of about 10 m, sufficiently precise as to require a 
correction for the distance between the position-
fixing antenna and the acoustic equipment. In 
two places on the fringes of the area, survey lines 
came near the trisponder baseline, with resultant 
degradation in the accuracy of positioning. The 
areas affected are: (1) an approximately 2 km 
wide strip along the north shore of the estuary 
between Oak Point and Burnt Church; and (2) 
an approximately 3.5 km wide strip north of the 
Escuminac coastline, east of Fox Point. 

Geograpliical Setting of Miramichi Bay 

Miramichi Bay is one of the larger of a 
number of bays on the east coast of New 
Brunswick situated on the west side of the Gulf 
of St. Lawrence. It is triangular in shape, about 

28 mi (45 km) along its north and south coasts 
and about 20 mi (32 km) wide at its seaward end. 
A group of about eight rivers form the Mira­
michi River system, which drain the central high­
lands of New Brunswick in an east to north­
easterly direction into Miramichi Bay (Fig. 1), 
and thence into the Gulf of St. Lawrence. 
Loring and Nota (1973) state that the length of 
the 'Miramichi River' is 130 mi (209 km). 
According to Ambler (1976) its drainage area is 
5200 mi^ (13 468 km^), and a conservative 
estimate of its annual suspended sediment load 
is about 100 000 t (100 000 Mg)^ per year. 

Miramichi Bay lies on the Maritime Plain, an 
area of low relief extending from Chaleur Bay to 
Cape George (Bostock 1970). I t is underlain and 
bounded by flat lying or gently dipping, un­
differentiated, red and grey arkosic sandstones, 
siltstones, conglomerates, mudstones, and minor 
shales of the Pictou Group of the Pennsylvanian 
Series (Kelley 1970; Potter et al. 1968). Alcock 
(1948) describes this area of New Brunswick as 
being heavily glaciated with abundant moraines, 
outwash sand, and gravel deposits. Chalmers 
(1888) shows gravel, peat, freshwater and marine 
alluvium, and marine deposits of Saxicava sand 
and Leda clay on land adjacent to the Miramichi 
estuary. Glacial striae parallel the course of the 
Southwest Miramichi River (Chalmers 1894). 

A group of long, narrow barrier islands of low 
relief (Fig. 2) trend in an approximately north-
south direction across Miramichi Bay, dividing 
it into the Inner and Outer Bay areas. The 
coastline in Fig. 2 and subsequent figures are 
taken from the Canadian Hydrographic Service 
(1975). The shoreline on this chart was taken 
from a survey by the Department of Public 
Works (1922). 

Bathymetry 
Figure 3 is a contoured version of the bathym­

etry of Miramichi Bay (contour interval 2.5 m). 
The bathymetric map was constructed using 
depth data from 1:10 000 field sheets provided 
by the Canadian Hydrographic Service, Atlantic 
Region (sheets 4558-4565). The depths are 
corrected to the 1927 North American datum 
using local sounding datum points near Burnt 
Church. 

The bottom topography shows that most of 
the Inner Bay is relatively shallow with water 
depths of less than 7 m. Exceptions are the 

'1 t = 1 Mg in SI units. 
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narrow channels to the south of Bay du Vin 
Island (up to 15 m deep), to the west of Portage 
Island (up to 11 m deep), and to the north of 
Portage Island (the Portage gully - Neguac 
beach channel, up to 11 m deep). Reinson (1976a) 
has identified the channel to the west of Portage 
Island as ebb-dominated. The main Miramichi 
River channel (up to 9 m deep) also continues as 
a narrow, linear channel to about 600 m east of 
Oak Point. I t extends as a weaker feature to the 
south of Grand Dune Inlet, where it swings away 
from the coast across the centre of the Inner Bay 
in an east-southeast direction. This section is 
artificial and was formed by dredging between 
1910 and 1940 (echogram M N , Fig. 5), to allow 
access to Lower Newcastle-Chatham by larger 
vessels. 

A broader channel up to about 14 m deep 
connects the Inner and Outer Bay areas between 
Portage and Fox Islands. The main water flow 
between the two areas takes place through this 
channel. 

In the outer part of Miramichi Bay, the main 
channel divides in two, with one section swinging 
to the southeast parallel to the coast of Fox 
Islands, and the second section continuing sea­
wards to the 7.5 m contour. Reinson (1976a) 
considers the main channel to be ebb-dominated 
outside and flood-dominated inside the barrier 
islands. In the outer part of Miramichi Bay, a 
gradual deepening of the water takes place out­
side the flat, shallow areas of Portage and Fox 
Islands. This deepening continues to the edge of 
the surveyed areas (15 m contour). An additional 
channel extends in a direction perpendicular to 
the coast of Fox Island at its southernmost end, 
north of Escuminac. 

Extremely shallow areas (less than 2.5 m deep) 
are present between Bay du Vin, Egg and Fox 
Islands, and to the north and northwest of 
Portage Island. Also, to the west of Portage 
Island and its adjacent channel is a large, 
shallow area, covering about a quarter of the 
Inner Bay. Minimum water depths are less than 
2 m and it appears to be a major depositional 
feature, described as a flood-tidal delta by 
Reinson (19766). 

Surficial Sediments 
A preliminary analysis of the areal distribution 

of the bottom sediments has been made mainly 
using the echograms and shallow borehole data. 
The boreholes were drilled by Sub Surface 

Surveys Ltd. of Fredericton, N.B. in a test 
boring program forming part of the Miramichi 
Channel Study. Fourteen boreholes are located 
in the survey area (Fig. 2). Most were drilled to 
depths of 3.7 m (12 ft) below the sea bed. How­
ever, three boreholes (1008, 1010, and 1015) 
reached 5.5 m (18 f t ) , whereas boreholes 1009 
and 1013 only achieved 2.4 m (8 ft) and 1.8 m 
(6 ft) respectively (Figs. 6, 7). 

Additional size analyses of 115 sediment 
samples in Miramichi Bay have also been mea­
sured by the Research and Productivity Council, 
New Brunswick for the Channel Study (Suther­
land 1976). These results were received at the 
time of writing and have been incorporated in 
this paper only to confirm the generalized 
surficial sediment distribution in Fig. 4. 

No penetration was achieved by the echo 
sounder over a large part of the Outer Bay 
(echogram AB, Fig. 5), whereas good penetration 
was obtained in the softer material covering 
approximately half of the Inner Bay (echograms 
K L , M N , and PQ in Fig. 5). The thickness 
variation of soft material is contoured at 1 m 
intervals using the echograms in Fig. 4. Penetra­
tions of 1-3 m were obtained over most of the 
soft sediments. About 3500 m north of Bay du 
Vin Island, maximum penetrations of 5-6 m were 
observed on the echograms (Fig. 4). This area, 
where apparent maximum thicknesses of softer 
sediment are found, lies close to the boundary 
between the softer and harder material in the 
eastern part of the Inner Bay. However, gas in 
the sediments has obscured the true thicknesses 
of acoustically soft sediments in large areas of 
the Inner Bay, as described later. 

Boreholes drilled in the softer material mapped 
by the echograms, encountered mainly very soft, 
grey to greyish brown or brownish black 'silt' 
(holes 1013-1017, Fig. .7) in the upper 4 m. 
Boreholes 1011 and 1012 passed through 1.8 and 
3.1 m, respectively, of a very soft, grey, fine 
sandy 'silt'. Boreholes 1007, 1009, and 1010 
sampled up to 3.5 m of soft to less soft, fine to 
very fine, sandy 'silt' (Fig. 6). 

The particle size analyses of borehole and 
grab sample material in the Inner Bay (Suther­
land 1976) show that this softer material consists 
of silty very fine sands and sandy coarse silts, 
sometimes with a considerable clay fraction (up 
to 15%). The particle size names are defined on 
the Wentworth scale. 

In Fig. 4, these softer sediments have been 
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R LU 
F I G . 5. Representative echograms. Locations on Fig. 2. K L : Inner Bay, smooth bottom with soft 

muds, about 3-5 m thick. M N : Inner Bay near Grand Dune Inlet, smooth bottom with soft muds. 
Dredged channel towards M and thinning of soft muds near coast, passing into sandy sediments. Note 
hard subbottom beneath muds with 'domed' surface towards N. PQ: Inner Bay near Burnt Church 
Point, soft muds with prominent gas reflector towards P. Muds thin and pass into sands near coast. Note 
thickness variations of muds. A B : Outer Bay, smooth hard bottom is sand passing abruptly into 
rough, hard bottom near Escuminac coast. The latter represents discontinuous sandy deposits on 
Pennsylvanian bedrock, possibly with some till. R S : Inner Bay, west of Portage Island, sand waves on 
hard sandy bottom showing variable wavelength and amplitude. Note Portage Island ebb channel 
towards S. 

termed 'muds', an all-embracing name for the 
materials in which good echo sounder penetra­
tion was achieved. Some echograms show pene­
tration below an upper reflecting horizon down 
to a lower reflector (profiles M N and PQ, Fig. 5). 
Also, the base of the soft 'muds' is not always 
flat lying, but shows topography in some areas 
(profiles M N and PQ, Fig. 5 and the thickness 
contours in Fig. 4). A small patch of possibly, a 
softer, poorly compacted, finer sand also occurs 
in the Outer Bay on the seaward side of Fox 
Island, as interpreted from the echograms. 

The harder material in the eastern part of the 
Inner Bay and most of the Outer Bay, defined by 
little or no penetration on the echograms, is 
identified as silty fine sand to fine sand in bore­
holes 1003, 1005, 1006, and 1008 (Figs. 2, 6). 
This is confirmed by the particle size analyses 
(Sutherland 1976) which identify a suite of 
sands, from very fine to coarse, f rom the bore­

hole and grab samples. In the Outer Bay, the 
sands appear to coarsen in particle size towards 
the deeper water. 

A measure of the hardness of the sediments 
encountered in the boreholes is shown by the 
variable N in Figs. 6 and 7. The variable N is the 
number of blows per foot on the casing using a 
140 lb hammer. On sections of holes where N is 
zero (hole 1007, Fig. 6) the sediments were 
sufficiently soft that the casing was pushed down­
wards. This variable also shows the relative 
hardness of the sands compared with the 
'muds'. 

In the Outer Bay, echogram AB (Figs. 2, 5) 
shows the smooth, hard sands changing abruptly 
to a rougher, hard bottom type at the south­
eastern end of the profile. Figure 4 and the 
bathymetry on Fig. 3 show this bottom type to 
continue eastwards off the Escuminac coast, in a 
strip at least 2000 m wide. This rough, hard 
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F I G . 7. Borehole results obtained by Sub Surface Surveys, Fredericton. Locations on Fig. 2. 

bottom type may be Pennsylvanian bedrock or of the underlying hard material requires bore-
glacial moraine, partly coated with thin, dis- hole evidence, though Bousfield (1955) has also 
continuous sand deposits. Reinson (19766) has identified this area as rock, 
shown this area to be covered by a continuous Sand waves (Nova Scotia Research Founda-
sand layer, but the seismic profiles indicate that tion Corp. 1975) are conspicuous on both seismic 
the sand is discontinuous. Definite identification profiling records and echograms in the Inner 
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Bay directly west of the channel between Portage 
and Fox Islands (Fig. 4). They were first re­
ported from the examination of the results of a 
Canadian Hydrographic Survey by E. Owens 
in 1972 (personal communication). Reinson 
(1976a) has also confirmed the presence of sand 
waves to the west of Portage Island. A second 
sand wave area occurs directly north of Portage 
Island, with a small patch near the northeast tip 
of the same island. The sand waves sho\y varying 
amplitude and wavelength, though most have 
amplitudes of about 0.75-1.5 m and wavelengths 
of about 20-90 m (echogram RS, Fig. 5). Sand 
ripples may also be present. The sand wave areas 
are located close to the Inner Bay entrance 
between gaps in the barrier islands, presumably 
where water current velocities are relatively large. 
The sand wave area to the west of Portage Island 
approximately coincides with an area of gravelly 
sand and sandy gravel mapped by Reinson 
(1976^?). The coarse sand-wave material is 
indicative of relatively high current velocities. 

A further bottom type is mapped as a coastal 
strip about 1000-1500 m wide between Oak 
Point and Hay Point (Fig. 4). On echograms 
( M N , Figs. 2, 5) this appears as a smooth, hard 
bottom with little or no penetration. I t probably 
represents a sandy layer overlying Pennsylvanian 
bedrock and (or) moraine. Reinson (19766) has 
mapped it as mainly muddy sand, sand, and 
gravelly sand. The seismic evidence suggests 
that these surficial deposits are relatively thin. 

Discussion of the Surficial Sediments 
in Miramichi Bay 

The deposition of large quantities of relatively, 
soft muddy silts in the Miramichi estuary prob­
ably reflects a low energy regime. The flat bottom 
in this part of the Inner Bay (water depths 3-6 m) 
may represent the effective wave base for these 
sediment types. 

The offshore barrier islands at the mouth of 
Miramichi Bay (e.g. Portage and Fox Islands) 
have been shown to undergo rapid changes in 
morphology by Hunter and Tress (1976). They 
state that the changes are in response to storm 
waves, sea ice, tidal and non-tidal currents, with 
the main movement of sand into the area from 
the north and a weaker movement of sand from 
the east. The sands are said to be largely residual 
in character, derived from the sandstones and 
glaciofluvial surficial deposits around the outer 
limits of Miramichi Bay. For instance, there is a 

strong littoral drift of sand to the south in the 
Neguac area (Hunter and Tress 1976); the 
southern end of Portage Island has migrated 
south by almost a mile between 1837 and 1974. 
Kranck (1967) has measured similar southeast 
long shore migration of a sand spit in Kouchi-
bouguac Bay (Fig. 12), which is about 20 km 
south of Miramichi Bay. Kranck also concludes 
that the Kouchibouguac Bay gravels are derived 
from reworked glacial t i l l , probably deposited by 
Pleistocene glaciers. The sands in Kouchibouguac 
Bay also appear to be relict material. A similar 
origin for the Miramichi Bay sands and gravels 
may also be postulated. The flat, shallow areas of 
sand with depths of 2-5 m may also represent a 
shallower effective wave base than for the softer, 
muddy silts. The sands in the Outer Bay repre­
sent the effects of a higher energy regime than in 
the Inner Bay. The shallow depths in Inner 
Miramichi Bay suggest that the sediment budget 
may be approaching equilibrium. Further de­
tailed sedimentological and geochemical analysis 
is in progress on the sediments of Miramichi Bay 
by other workers. 

Refraction Experiments 

Seismic refraction surveys determine the 
propagation velocity of seismic energy through 
rocks and surficial sediments. Contrasting 
lithologies may be correlated with certain 
velocities, or velocity ranges, providing borehole 
control is available. Knowledge of the seismic 
velocities is also useful in identifying seismic 
reflectors on reflection profiles. Owing to the 
larger distances the seismic energy must travel 
through the ground, refraction surveys require 
lower frequency energy sources than reflection 
surveys. However, in shallow water, short refrac­
tion profiles may be measured using seismic 
sources designed for reflection profiling. 

In Miramichi Bay, short refraction profiles 
were measured with an N.S.R.F.C. single tip 
sparker and a hydrophone on 500 f t of buoyant 
cable. The hydrophone was paid out astern of 
the boat at the end of the cable. The sparker was 
towed directly astern of the boat, so that the 
distance between source and receiver gradually 
increased. The boat was stopped when all the 
cable was out and the hydrophone was then 
pulled in. Figure 8 shows the resulting refraction 
profile. 

I t should be noted that a refraction profile 
such as this is neither 'reversed' nor 'unreversed' 



H O W E L L S A N D M C K A Y 2917 

" iLil'f' [i 

.u;::-::l:;tt«.';f.:::;-l̂ lia:̂ Jî ! 
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F I G . 8. Representative refraction profile. A A : sparker triggering event; B B : sound arrival at hydro­
phone after travelling directly through water; C C : refracted sound wave arrival at hydrophone after 
travelling through underlying rock. 

in the classical sense. In an idealized situation, 
where the boat came to a sudden stop immedi­
ately the hydrophone cable was all paid out and 
then remained stationary until the whole cable 
was retrieved, the profile would be a true re­
versed line. In practice, the boat will drift during 
the recovery of the hydrophone so that the second 
part of the line is over a section of the seafloor 
displaced somewhat from the first part. However, 
it should be remembered that a normal re­
flection profile can be (and was) made simul­
taneously with the refraction profile by receiving 
the vertical incidence reflections at a hydrophone 
towed adjacent to the acoustic source. This 
serves as a check on any dips or other irregulari­
ties which may be present at the refraction site, 
and could be used to make corrections to 
velocity values obtained over dipping interfaces. 

To simplify data reduction, however, it is best 
to choose sites off"ering the simplest geometry, 
and in the Miramichi estuary, such sites were 
not difficult to find. 

Ten profiles were measured. Five of the pro­
files were interpretable (Table 1). The remaining 
five profiles, measured in water depths of 8 m or 
more, could not be interpreted as the seismic 
source was not powerful enough to allow the 
detection of the refracted energy from below that 
depth. Seismic velocity error is +0.1 km/s and 
depth error is ±0 .5 m. The seismic velocities 
measured from refraction profiles I , I I , V I I , 
and I X may be correlated with Pennsylvanian 
sandstones. The profile I I I velocity, which is 
lower, suggests the presence of glacial t i l l . 

In 1963, marine seismic refraction profiles 
(Miramichi River Study 1964) were measured to 
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determine overburden thickness on profiles 
along the proposed dredging area. A 12 kHz 
sonar reflection system was also employed. Pro­
files are not available from the reflection survey 
and seismic velocities are not reported for the 
refraction profiles. Hence, the interpreted bed­
rock depths along the few, isolated profiles in 
our survey area have not been incorporated in 
this paper. 

The 'Gas Layer' 

A number of seismic profiling records over 
part of the Inner Bay showed a prominent dis­
continuous reflecting horizon at depth of about 
1-2 m (e.g. reflector g on profile EF, Fig. 9). The 
margins of the reflecting horizon curve, or dip, 
abruptly downwards. Reflecting horizons above 
this reflector are unaffected and may be con­
tinuous, whereas those at greater depths are 
masked due to the impenetrable 1-2 m deep 
reflector (e.g. reflectors b and c, profile EF, Fig. 
9). This reflecting horizon was also detected on 
some of the echograms (e.g. the western part of 
echogram PQ in Fig. 5). The main areal extent of 
this shallow 'masking' reflector has been mapped 
using the seismic profiles and echograms. Other 
smaller occurrences of the masking reflector have 
been omitted owing to their size. This reflector is 
shown as the shaded areas on Fig. 10. It occurs 
entirely within the area of soft 'muds', as detected 
acoustically on the echograms (Fig. 4). On the 
echograms and seismic profiles, the masking 
reflector forms the lower penetration limit. 

Schubel (1974) reports high resolution seismic 
profiling records, made with a boomer, which 
show confused areas characterized by bands of 
strong diffuse reflection which mask the under­
lying features in parts of Chesapeake Bay. 
Schubel (1974) names these zones of'acoustically 
turbid' sediments and attributes them to the 
presence of gas bubbles entrapped in the inter­
stices of a relatively thin ( < 2 m) sediment layer 
with a resulting increase in the bulk com­
pressibility. The increased bulk compressibility 
causes a decrease in the acoustic velocity in these 
sediments, and an increase in their acoustical 
reflectivity. 

Similar seismic reflectors have been detected 
in the coastal areas of Nova Scotia. Examples 
occur in parts of northern Chedabucto Bay 
(Nova Scotia Research Foundation Corp. 1974), 
Bedford Basin, and Eastern Passage, Halifax 
Harbour (A. G. McKay, verbal communication. 

T A B L E 1. Results of short refraction profiles. 
For locations, see Fig. 2 

Velocity in Depth to 
lower layer lower layer 

Line number (km/s) (m) 

I 3.3 4.0 
I I 3.3 3.5 
I I I 2.2 4.5 
V I I 3.1 6.5 
I X 2.7 4.5 

1976); St. Margaret's Bay (Keen and Piper 1976; 
Piper and Keen 1976); and Mahone Bay 
(D. E. T. Bidgood, verbal communication, 1976). 

L . H . King suggested the reflector in St. 
Margaret's Bay was caused by gas which was 
confirmed from core evidence by Keen and Piper 
(1976). Gas in sediments has been detected in 
other marine areas of eastern Canada, such as 
the Gulf of St. Lawrence (Rashid et al. 1975) and 
the Labrador Shelf (Vilks et al. 1974). Keen and 
Piper (1976) concluded that their '2 m' reflector 
in St. Margaret's Bay is caused by gas, mainly 
methane, generated by the decay of organic 
material, such as kelp and phytoplankton, in the 
sediments. A similar origin is proposed for the 
gas and 'gas' reflector in the soft muds of the 
Miramichi estuary. 

Keen and Piper (1976) suggest that their 
reflector is formed by a concentration gradient of 
the gaseous phase in the sediments, rise in gas 
being retarded at deeper levels, where viscosity 
is high, and increased at higher levels, where 
viscosity is low. Hence, the top of the gas-rich 
sediments forms an acoustic reflector due to a 
change in the reflection coefficient. However, 
recently, Kepkay (1976a, 19766) has proposed, 
f rom preliminary analysis of seismic refraction 
and wide-angle reflection arrivals measured in 
sea bed seismic experiments in St. Margaret's 
Bay, that the gas reflector is the result of a less 
dense gas-rich sediment layer overlying a more 
dense gas-poor sediment layer. The gas-rich 
layer is bounded by the sea bed above and the 
'gas' reflector below. Hence, Kepkay (1976a) 
proposes the 'gas' reflector represents the base 
of the gaseous layer. Obviously, this poses 
questions such as why is the gas partially 
trapped by the sea bed and why is gas seepage 
not detected on echograms or seismic profiles, 
why changes in sea bed reflecting characteristics 
over gas areas are not detected, and the cause of 
the gas-rich layer increasing in thickness at its 
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F I G . 9. Line drawings of representative seismic reflection profiles. Locations on Fig. 2, a: sea bed; 
b: main upper reflector; c: main lower reflector (bedrock); g: gas reflector. A B : Outer Bay, sands 
overlying probable bedrock thin towards shore near B and become discontinuous pockets. Channel 
formed by b is evidence that it is an erosional surface. Note distinct layering in channel. C D : Inner 
Bay, southern Miramichi bedrock channel. Dredged channel at seabed near D ; b is near horizontal. 
Discontinuous layers above bedrock channel suggest considerable time lapse before channel was filled. 
E F : Inner Bay, soft muds, with gas reflector masking all deeper seismic reflectors, overlying harder 
material and bedrock. Layering is present above and below b. G H : Inner Bay, west of Portage Island, 
crossbedding in sands and gravelly sands with sand waves at surface. Erosional surface above b appears 
to truncate foreset beds. I J : Outer Bay, east of Portage Island; Portage Island bedrock channel. 
Channel bottom not detected on seismic profile. Additional channelling between a and b planed by 
seismically less prominent erosional surface. 

margins, as represented by the downward dip of 
the seismic reflector. Also, disruption of sedi­
mentary layers may possibly occur due to the 
upward movement of the gas, whereas distinct, 
continuous seismic reflectors are seen on the 

seismic records between the sea bed and gas 
reflector. 

The downward dip of the gas reflector at basin 
margins, near subbottom high and in thin sedi­
mentary sequences is due to less gas production 
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F I G . 10. Thickness of sediments between seabed and prominent upper reflector contoured at 2.5 m 
intervals. Dashed contours are tentative. Shaded areas locate presence of gas reflector in soft muds of 
the Inner Bay. 

i f some of the gas is generated at depths exceed­
ing 8 m, according to Keen and Piper (1976). 
However, profile EF (Fig. 9) shows a discon­
tinuous gas reflector with downward dipping 
margins away from basin margins, subbottom 
highs, and thin sedimentary sequences. We 
suggest that this is due to discrete areas of re­
duced amounts of decaying organic material 
within the sedimentary sequence, resulting in 
greatly diminished gas production. Variations in 
the depth of the gas reflector below the sea floor 
are seen in profile EF, decreasing from about 2.5 
m, in the centre of the Inner Bay, to about 1.5 m 
near the coast at Grand Dune Inlet. Keen and 
Piper (1976) suggest that variations in water 
depth or overburden thickness, and changes in 
permeability may cause variations in the gas 
reflector depth. For Inner Miramichi Bay 
(profile EF, Fig. 9), water depths increase from 
about 7 m at F to about 8.5 m at E. Also, from 
the surficial sediment distribution (Fig. 4) the 
permeability probably does increase towards the 
shoreline due to a larger sand content in the 
sediments. 

The Main Upper Reflector 
A prominent upper seismic reflector (distinct 

from the gas reflector) was delineated by the 
seismic profiling survey in Inner and Outer 
Miramichi Bay. I t is present on all the profiles in 
Fig. 9 (labelled 'b'), and is mostly continuous 
over the whole area, except where it is truncated 
by a prominent lower reflector close to shore 
(Fig. 9: southern part of profile AB and Fig. 10) 
and possibly, in a few, small isolated areas (Fig. 
9: profile GH). This prominent reflector is 
horizontal or gently dipping. Figure 10 is a plot 
of the thickness of sediments between the sea 
floor and the upper reflector contoured at a 2.5 m 
interval. A l l reflector depths have been measured 
assuming a sediment velocity of 1500 m/s to 
comply with dredging requirements which 
necessitated that reflector depths not be over­
estimated. Though a reasonable value for the 
softer sediments, it is probably too low for the 
more compacted surficial deposits. Bedrock 
depths should therefore be regarded as minimum 
values. 

The reflector is at relatively shallow (2.5-7.5 
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m) depths below the sea floor in the Inner Bay. 
It forms a shallow 'bowl-like' surface in the 
Outer Bay. Evidence that this reflector is partly 
an erosional surface is found in profile AB, (Fig. 
9, reflector b), where it delineates a narrow, deep 
channel infilled with more recent sediment, 
directly underlain by a small bedrock channel. 
This suggests that the channel was a relatively 
stable feature possibly around the edge of an 
older spit or between older barrier islands, (K. 
Philpott, personal communications, 1976). 

Above this seismic reflector horizon occur 
numerous weaker, discontinuous reflectors (all 
profiles on Fig. 9). Other erosional surfaces un­
doubtedly occur as can be seen on profile IJ, 
Fig. 9, where there is evidence of channelling in 
these overlying sediments and the channel itself 
has been eroded. The maximum depth of the 
channel below the erosion plane is about 2 m 
and its width about 850 m on this profile. 

Other sedimentary structures were also de­
tected on some profiles. For instance, profile 
G H , Fig. 9 shows cross-bedding in sands close 
to the southern tip of Portage Island (Fig. 2). 
The cross-bedding appears to show 0.5-1.5 m 
thick bottomset and foreset beds, with the 
depositional front advancing in a southwesterly 
to west-southwesterly direction. Further detailed 
seismic profiles are required to confirm this 
direction. The foreset beds are truncated at or 
close to the sea floor indicating that these 
deposits have undergone erosion or are being 
eroded presently. There is an indication of an 
erosional surface within the sedimentary se­
quence, close to the sea floor, near H on profile 
G H . This erosional surface appears to have 
truncated smaller scale foreset beds (possibly 
about 0.2 m thick). 

Hence, both vertically and laterally there are 
variations in the surficial sediment type above 
the prominent upper reflector, as shown by their 
areal distribution (Fig. 4) and borehole evidence 
(Figs. 6, 7). A number of seismic profiles show 
sandy deposits near the barrier islands passing 
laterally into softer, muddy deposits with areas 
of gas. Some correlations may be made between 
some of the weaker reflectors and changes in 
lithology and hardness as represented by N on 
Figs. 6 and 7. For instance, a change in hardness 
and sediment type (silt to silty fine sand) at a 
depth of about 1.8 m in borehole 1014 correlates 
with a weak reflector, at about the same depth. 

on adjacent seismic profiles. However, on other 
seismic profiles, weak reflections do not appear 
to correlate with lithology or hardness changes 
from the borehole records. 

It would appear that none of the boreholes 
located on Fig. 2 penetrates the prominent upper 
reflector, with the possible exception of borehole 
1015. Though the adjacent seismic record is 
partly masked by the gas reflector, a very tenta­
tive correlation is possible with the interface 
between fine sandy silt and silty fine sand, with 
an accompanying increase in Â , at a depth of 4 m 
in the borehole. However, for a definite correla­
tion additional boreholes are required at known 
positions on the seismic lines where the main 
upper reflector is prominent. 

Kranck (1972) has identified four marine 
terraces in Northumberland Strait formed during 
the post-Pleistocene marine transgression. The 
erosional surface represented by the main upper 
reflector probably represents a similar marine 
terrace. Its average depth below a datum of 
about 10 m and 15 m in the Inner and Outer 
Bays respectively may be correlated with a date 
of about 3000-4500 BP as shown in the time-
depth plots by Kranck (1972) and Grant (1970). 
However, this correlation must remain tentative 
until more data are available owing to regional 
differences in submergence rates. 

Scott et al. (1977) have described relatively 
high recent sedimentation rates in some parts of 
Miramichi Bay. Their preliminary ^'°Pb analysis 
from a single core gave rates of 0.36-1.2 cm/year; 
paleontological evidence from four short cores 
suggested accumulation of at least 20 cm of 
sediment between 1967 and 1975. These rates 
would certainly account for the 2 - >10 m of 
sediment accumulated above the upper seismic 
reflector if it is correlated with the 3000-4500 
BP marine terrace. It seems likely that sedi­
mentation and erosion rates have varied and 
that radiometric and paleontological evidence 
are required to determine the age of the re­
flector. Also, evidence from dating is required to 
determine whether this reflector is of the same 
age both inside and outside of the barrier islands. 

The Prominent Lower Reflector 

A prominent seismic reflector was observed on 
some profiles below the upper reflector (e.g. 
reflector C on profiles AB, CD, E F , and IJ, 
Fig. 9). No seismic penetration was detected 
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at 5 m intervals. Dashed contours are tentative. Southern Miramichi (A), Portage Island (B), and 
Neguac Island ( C ) bedrock channels are labelled. 

below this reflector, which is correlated with 
the Permo-Carboniferous bedrock surface. 
Traces of layering are present in the sediments 
between the bedrock and the prominent upper 
seismic reflector where the bedrock is deepest. 
It is suggested that the sediments overlying the 
bedrock and underlying the prominent upper re­
flector represent glacial till and proglacial de­
posits, though no confirmatory borehole evidence 
is available at present. The proglacial deposits 
may include equivalents to the Leda clay and 
Saxicava sand. 

Bedrock depths below datum vary between 5 
and >40m in the Miramichi estuary. Directly 
north of the Escuminac coast (east of Fox Point), 
bedrock is at, or close to, the sea bed. The deepest 
bedrock depths are located in parts of the 
estuary where the bedrock surface has been 
eroded into narrow, linear channels (e.g. profiles 
C D and IJ in Fig. 9) with distinct trends (Fig. 11). 
Three main channels were detected: the southern 
Miramichi Channel, which runs from about 2 km 
north of Point aux Carr to the area between 
Portage and Fox Islands. It runs approximately 

east-northeast (068°), has a maximum depth of 
35^0 m and a maximum width of about 1.2 km; 
the Portage Island channel probably continues 
beneath Portage Island and is an excellent 
example of an eroded bedrock channel infilled 
and concealed by later sediment transport and 
deposition. Directly adjacent to Portage Island, 
this channel runs almost due east (085°), but 
there is a suggestion that in the Inner Bay and 
its seaward extension it may swing around to 
parallel the southern channel. This channel 
continues seaward beyond the limits of the 
survey area. In the Inner Bay, its continuation is 
difficult to trace due mainly to the masking effect 
of the gas reflector. This is the deepest channel 
in the survey area, with depths exceeding 40 m 
below datum, beyond the penetration of the 
seismic source used. It has a maximum width 
of about 1.4 km; the third channel, detected on 
only a few profiles, is the Neguac Island 
Channel, about 5.5 km east of Hay Point. The 
sparse coverage in this area indicates a channel 
with maximum depths of 30-35 m below datum, 
trending about 055° with a maximum width of 
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about 1 km. This is approximately parallel to the 
coastline between Oak Point and Burnt Church 
Point (Fig. 11). 

Chalmers (1894) noted that borings for rail­
way bridges on the Southwest Miramichi River 
penetrated bedrock at depths of 115 ft (35 m) 
after passing through gravels, sands, and clays. 

Kranck (1971, 1972) has recognized a pre-
Pleistocene drainage system eroded into the bed­
rock underlying Northumberland Strait. The 
deeper parts of the bedrock channels in the 
Miramichi estuary may also indicate overdeepen-
ing by glacial scouring (e.g. directly east of 
Portage Island). Alternatively, they may be sub-
glacially excavated channels, or Rinnentaler, an 
origin proposed for channels in Mahone Bay by 
N. E . Barnes and D. J. W. Piper (personal com­
munication, 1976). However, the linear nature of 
the channels suggests that the pre-Pleistocene 
drainage system or subglacial excavation may 
have been controlled by structures in the under­
lying relatively soft Carboniferous sediments. 
DiiTerential erosion of variable bedrock litho-
logies is discounted as Carboniferous facies 
trends are approximately 030°-040° in the 
Miramichi estuary area (New Brunswick De­
partment of Natural Resources 1969). 

H. W. van de Poll (personal communication, 
1976) has measured joint directions in Pennsyl-
vanian rocks of eastern New Brunswick. To the 
north of the Miramichi estuary, on the south 
coast of Chaleur Bay, east-northeasterly (67.5°) 
and north-northeasterly (22.5°) joint directions 
were measured. A small amount of movement 
was observed by van de Poll on north-north­
easterly joints. 

To the south of Miramichi Bay, in the 
Kouchibouguac Park area, north-northwesterly 
(340°) and east-northeasterly (70°) joints were 
measured. From these observations, the southern 
Miramichi bedrock channel has the same direc­
tion as east-northeasterly joints measured to the 
north and south of Miramichi Bay. This pre-
Pleistocene drainage channel may have been 
controlled by jointing in the Carboniferous 
sediments. However, jointing does not appear to 
have been involved in the erosion of the Portage 
Island and Neguac Island channels. 

Anderson (1972) has described the Catamaran 
Fault as a right-lateral strike-slip fault, post-
Middle Devonian and pre-Carboniferous in age. 
It cuts pre-Carboniferous rocks of the Mira­

michi Geanticline in north-central New Bruns­
wick, striking easterly in the intrusive and meta-
morphic core of the geanticline and northeasterly 
in the Siluro-Devonian flank rocks (Fig, 12), 
Anderson (1972) also proposed a possible south­
westerly extension of the Catamaran Fault for 
about 144 km on the basis of known faults, and 
a northeasterly extension of 160 km to join with 
a graben in the pre-Carboniferous basement 
under Miramichi Bay as postulated by Howie 
and Cumming (1967). With these additions, 
Anderson suggested that the Catamaran Fault 
may have a possible length of about 400 km, 
Howie and Barss (1974) have plotted a fault 
extending about 80 km in a northeasterly direc­
tion from Outer Miramichi Bay in their Fig, 2 
displaying tectonic elements and pre-Carbonifer­
ous basement contours (Fig, 12), This would 
extend the Catamaran Fault to almost 500 km in 
overall length, Rast and Stringer (1974) have 
shown the Catamaran Fault extending seaward 
through Miramichi Bay on an east-northeasterly 
trend for about 25 km. To the southwest, they 
show an abrupt swing to a south-southwesterly 
direction at the juncture of the Catamaran Fault 
and a buried thrust (Fig, 12). 

A plot of the bedrock channel directions in 
Miramichi Bay (Fig. 12) suggests that the 
Portage Island and southern Miramichi channels 
may also represent structures in the Carbonifer­
ous related to the underlying Catamaran Fault 
in the Siluro-Devonian basement rocks. The 
Neguac Island channel follows a direction 
similar to the fault proposed by Howie and Barss 
(1974) and the Caraquet Dike (Burke et al. 1973) 
of possible Triassic age (Fig. 12). This channel is 
also on strike with the southern flank of a narrow 
band of positive magnetic anomalies (the 
Tabusintac Lagoon magnetic unit) striking 
northeast, beginning about 10 km northeast of 
the southern end of Neguac Island (Fig. 12), 
The Tabusintac Lagoon magnetic unit is part of 
a composite 'Z' shape magnetic anomaly which 
Howie and Cumming (1967) assume to be caused 
by a folded belt of volcanics mapped by Smith 
(1957), If the steep gradients of the southern 
flank of the Tabusintac Lagoon magnetic unit 
represents a faulted margin, then the Neguac 
Island channel may be due to erosion of a related 
structure in the overlying Carboniferous sedi­
ments, 

Haworth and Maclntyre (1975) show that the 
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magnetic and gravity fields in this part of New 
Brunswick are lineated in a general northeast 
direction following the pre-Carboniferous struc­
tural trends. Magnetic anomalies with respect to 
I . G . R . F . (International Geomagnetic Reference 
Field) have been traced from their magnetic 
map 801-E and superimposed on Fig. 12 (with 
the permission of the Geological Survey of 
Canada whose original 1 : 1000,000 I . G . R . F . 
compilation and 1 : 5000,000 Magnetic Anomaly 
Map of Canada were the basis for this part of 
map 801-E in Haworth and Maclntyre (1975)). 
It can be seen that an east-northeasterly band of 
positive magnetic anomalies passes through 
Miramichi Bay and out to sea where it coalesces 
with the Tabusintac Lagoon magnetic unit to 
the north to form a broad magnetic high about 
55 km offshore. Howie and Gumming (1967) 
give a depth estimate of 10 000 ft (3.05 km) for 
the 400 Y positive magnetic anomaly overlying 
Miramichi Bay. They considered the magnetic 
source rocks to be at the surface of the pre-
Carboniferous basement and that the resulting, 
thick Carboniferous section may be explained by 
a concealed graben. Bhattacharyya and Ray-
chandhuri (1967), using filtered aeromagnetic 
maps, interpret the Miramichi Bay magnetic 
high (part of their magnetic sub-unit IIB) as a 
ridge in the pre-Carboniferous basement surface, 
and the Neguac - Beaver Brook magnetic low 
(their magnetic sub-unit IIA), directly north of 
the Miramichi magnetic high, as a trough in the 
basement surface. They then correlate this 
trough with the graben interpreted by Howie and 
Gumming (1967) from the depth estimate ob­
tained using the positive magnetic anomaly over 
Miramichi Bay. However, McGrath et al. (1973), 
'feel that the Miramichi Bay magnetic anomaly 
is probably caused by an intrabasement feature 
since there are no sloping-step anomalies as 
might be expected at the northern and southern 
contacts of a graben.' We agree with McGrath 
et al. (1973) for the following reasons: as pre­
viously described, the Tabusintac Lagoon and 
Miramichi Bay positive magnetic units continue 
offshore in a northeasterly to east-northeasterly 
direction for about 50-60 km where they coalesce 
to form a broad magnetic high (Fig. 12). This 
broad magnetic high coincides with a gravity 
low, named the 'North Point Low' by Howie 
and Gumming (1967). They interpret this gravity 
low as being caused by about 8000 ft (2.44 km) 
of Carboniferous and younger sediments and 

evaporites underlain by a pre-Carboniferous 
basement, part of which may be low-density 
granites. If the North Point gravity low is 
mainly due to low density Carboniferous sedi­
ments and evaporites in a sedimentary basin 
then the coincident magnetic high probably 
represents intra-basement magnetization con­
trasts and is unlikely to be due to a shallowing of 
the pre-Carboniferous basement surface. Hence, 
the related Miramichi Bay magnetic high is 
probably due to intrabasement magnetization 
contrasts. It may represent a basic intrusive and 
may be related to the folded volcanics to the 
north. Rast and Stringer (1974) show Llandovery 
ocean crust beneath a considerable thickness of 
Siluro-Devonian sediments in their structural 
cross section through this area. 

Also, the North Point gravity low extends as 
a weaker, narrow gravity low to the southwest, 
crossing the coast to the south of Miramichi Bay 
in the vicinity of Point Escuminac (traced on 
Fig. 12 from Gravity Map Series No. 149, 
Department of Energy, Mines and Resources, 
1972). Hence, we consider the Carboniferous 
section under Miramichi Bay to be relatively thin 
(300-600 m) as suggested by borehole evidence 
in Howie and Cumming (1967). As a result, 
stresses affecting Carboniferous rocks in this 
area are likely to have produced structures 
closely related to those in the underlying base­
ment rocks possibly as a result of reactivation of 
basement structures. Thus, the preglacial drain­
age system may have eroded bedrock channels 
along joints, faults, or fractures in the Carbon­
iferous rocks in Miramichi Bay, but we prefer 
the explanation that they represent Carbonifer­
ous faults or fractures directly related to the 
underlying northeast extension of the poly-
genetic Catamaran Fault zone. Possibly, the 
southern Miramichi bedrock channel may be 
the eroded main fault or fracture zone and the 
Portage Island and Neguac Island channels 
eroded secondary or splay-fault zones. Alterna­
tively, as previously described, the southern 
Miramichi channel may be eroded along joints 
and the other bedrock channels are eroded fault 
or fracture zones. 

Summary and Conclusions 

The seismic profiling survey in Miramichi Bay 
has detected two prominent reflecting horizons. 
The lower reflector is probably the Pennsylvanian 
bedrock surface, which has been eroded into at 
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least three, 35-40 m deep, bedrock channels or 
Rinnentaler. The direction and linearity of the 
bedrock channels suggest the pre-Pleistocene 
drainage system and subsequent glacial over-
deepening or the subglacial excavation were con­
trolled by lines of weakness in the bedrock caused 
by joints, fractures, or faults. Gravity and 
magnetic maps of the area suggest that the 
Carboniferous rocks are relatively thin under 
Miramichi Bay. Structures in the underlying 
pre-Carboniferous basement rocks are, therefore, 
likely to strongly affect structures produced in 
the Carboniferous rocks by post-Carboniferous 
stresses. Though the southern Miramichi bed­
rock channel may have been eroded along joints, 
it is suggested that the channels are eroded along 
fault or fracture zones in the Carboniferous 
which are the surface expression of the extension 
of the Catamaran Fault zone in the underlying 
basement rocks. 

Glacial tills and proglacial sediments overlie 
the bedrock surface and infill the channels, with 
some suggestion of layering in places. The upper 
reflector is an erosional surface which is thought 
to be a marine terrace with a possible age of 
about 3000^500 years BP. 

Overlying the upper reflector are mainly 
acoustically soft muds (the Miramichi muds) in 
the shallow Miramichi Inner Bay with more 
sandy deposits near shore, as revealed both on 
echograms and on seismic profiles. These de­
posits show that current velocities are relatively 
low in this part of the Inner Bay. Bedrock is at 
relatively shallow depths in the near shore area 
between Oak Point and Burnt Church, Acoustic­
ally hard sandy deposits overlie the upper re­
flector in the barrier islands area and Miramichi 
Outer Bay. These sandy deposits may be the 
local equivalent of Kranck's (1971) Buctouche 
sand and gravel, which is a time transgressive 
lag deposit formed during the postglacial trans­
gression of the sea. The surface layers of these 
sandy deposits, deposited or transported at the 
present time, may be the equivalent of the 
Egmont sand (Kranck 1971). The barrier islands 
and the Outer Bay are areas of strong currents. 
Movement of the sand into the Inner Bay near 
the southern part of Portage Island is indicated 
by cross-bedding and sand waves. 

A shallow, discontinuous 'gas' reflector was 
detected in the soft muds of the Inner Bay. It 
masks all deeper seismic reflectors and is prob­
ably the result of the generation of methane by 

decaying organic material in the sediments. The 
gas layer, where present, prevents measurement 
of the true thickness of the soft muds. 
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A b s t r a c t 

A geotechnical s i t e i n v e s t i g a t i o n of a c o n t i n e n t a l shelf area now custom­
a r i l y includes the a c q u i s i t i o n of high r e s o l u t i o n 3 u b b o t t o n i p r o f i l i n g information 
by means of a ship-decoupled or "deep-tow" p r o f i l e r . Such devices normally 
comprise an acoustic source of mid-audio frequency together w i t h an appropriate 
hydrophone or short r e c e i v i n g array mounted on the end of a long tow cable by 
means of which they can be deployed close to the seabed. I n t h i s way, v e r t i c a l -
incidence t r a v e l time sections are obtained wi t h enhanced r e s o l u t i o n and 
decreased noise as compared w i t h surface-tow devices. The author has previously 
reported improvements to such t o o l s , which can be made by extending t h e i r 
acoustic r e c e i v i n g c a p a b i l i t y from single to m u l t i p l e channel over an appropriate 
h o r i z o n t a l spread i n order to observe r e f l e x i o n s at various angles and so derive 
i n t e r v a l v e l o c i t i e s i n sediment layers. 

• Experience during the summer of 1982 i n the Beaufort Sea (Canadian A r c t i c ) 
indicates t h a t i t i s p o s s i b l e , without d i s r u p t i n g t h e i r basic p r o f i l i n g f u n c t i o n , 
to extend f u r t h e r the use of such deep-tow p r o f i l e r s f o r the observation of 
headwaves i n appropriate sediment conditions, namely when sediment acoustic 
v e l o c i t y increases to ca. 1.10 times that of the bottom water w i t h i n a few metres 
of the seabed. This method allows acoustic v e l o c i t y t o be determined i n areas 
where the lower boundary of a sediment layer cannot be discerned s u f f i c i e n t l y 
p r e c i s e l y to allow the use of the wide angle r e f l e x i o n method. I n A r c t i c regions 
the p o s s i b i l i t y of ice-bonding i n seabed sediments i s a p o t e n t i a l engirieering 
hazard. The i d e n t i f i c a t i o n of ice-bonding w i t h anomalously high compressional 
wave v e l o c i t i e s makes the measurement of t h a t parameter important i n these areas. 
Sixty measurements of acoustic v e l o c i t y were made i n a region of 45m. water 
•depth. No unequivocal measurement of a v e l o c i t y i n d i c a t i v e of ice-bonding was 
found there. 

T h e B e a u f o r t S e a 

The Beaufort Sea forms a section of the Northwest Passage to the north of the 
Yukon and Northwest T e r r i t o r i e s of Canada. As a navigable sea i t i s bounded by 
the permanent polar pack i c e , whose summertime f r o n t i s usually roughly 
coincident w i t h the edge of the c o n t i n e n t a l s h e l f . As a geological province, the 
Beaufort i s normally taken to extend f a r t h e r north and west to include the 
c o n t i n e n t a l slope from the shallow shelf break at 100m. to the abyssal p l a i n of 
the western A r c t i c Ocean ( f i g . 1 ) . 

As a p o t e n t i a l l y v i a b l e source of hydrocarbons, the Beaufort Sea has 
a t t r a c t e d considerable a t t e n t i o n over the l a s t decade. I n the 1982 open-water 
season from l a t e June to early November, four d r i l l s h i p s were on s t a t i o n . 
A r t i f i c i a l i slands have been b u i l t as d r i l l i n g platforms i n nearshore areas to 
depths of ca. 15m., and more elaborate platforms comprising a berm raised to 

I w i t h i n 10m. of the sea surface capped by_a s a n d - f i l l e d caisson are being b u i l t 
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F i g . 1. The Beaufort Sea. Bathymetry P e l l e t i e r (1975). The heavy 
dashed l i n e (the MacAulay Line) i n d i c a t e s the seaward l i m i t of 
deep acoustic permafrost as determined from high v e l o c i t i e s found 
by Neave e t a l . i n a r e - i n t e r p r e t a t i o n of o i l i n d u s t r y seismics. 

i n 40m. of water (McCreath e t a l . , 1982). These very large engineering works 
r e q u i r e geotechnical i n f o r m a t i o n f o r the safe and e f f i c i e n t mining of aggregate 
and i t s r e s i t i n g on new foundations. This I n f o r m a t i o n i s obtained by convention­
a l bottom sampling techniques and d r i l l i n g supplemented by the t r a d i t i o n a l 
geophysical methods of subbottom p r o f i l i n g and sidescan sonar, t o give i n d i c a t i o n 
of sediment d i s t r i b u t i o n . 

P o s t - g l a c i a l change i n sea l e v e l i s a dominant f a c t o r i n c o n t r o l l i n g the 
p a t t e r n o f s u r f i c i a l sedimentation. The Beaufort l a y on the periphery o f the 
Laurentide i c e sheet centred over Hudson Bay (Andrews, 1973) and has experienced 
subsidence f o l l o w i n g the release of pressure from t h a t c e n t r a l area. The gradual 
marine t r a n s g r e s s i o n and the r e l a t i v e l y l ong open-water season have allowed the 
reworking of c o a s t a l f l u v i o - g l a c i a l deposits and r e s u l t e d i n the general p a t t e r n 
where f i n e s , reworked and c a r r i e d seawards from a l a t e r s h o r e l i n e , o v e r l i e the 
l a g sands reworked from an e a r l i e r one ( C P . Lewis and D.L. Forbes, 1974). This 
p a t t e r n i s modified by the encroaching sedimentation from the discharge of the 
MacKenzie River ( P e l l e t i e r , 1975). 
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P e r m a f r o s t 

MacKay et a l . (1972) have described land permafrost conditions around the 
Tuktoyaktuk Peninsula, and on the basis of sediment s t r u c t u r e s , suggest t h a t the 
mean annual ground temperature has not r i s e n above 0°C f o r at least 40 000 years. 
As the marine transgression i s more recent that t h i s , r e l i c t sub-sea permafrost 
was t o be expected on the Beaufort Sea shelf and i t s presence'was confirmed i n 
19 74 by d r i l l i n g i n Kugmallit Bay. Hunter and Hobson (1975) measured high 
acoustic v e l o c i t i e s i n the seabed sediments and showed that t h i s indicated i c e -
bonding. A subsequent r e - i n t e r p r e t a t i o n of o i l - i n d u s t r y deep-seismic r e f l e x i o n 
records w i t h pre-emphasis of those headwave a r r i v a l s i n the ear l y part of the 
seismogramme which are suppressed i n more conventional data analysis allowed 
Neave et a l . (1978) to produce a map of ice-bonding and found t h a t sediments 
a f f e c t e d i n t h i s way occur i n a region seaward of the Tuktoyaktuk Peninsula as 
shown i n f i g . 1. The upper surface of t h i s continuous zone of ice-bonding 
generally i s at least 50m. below the seabed, and t h i s deep-seated ice forms a 
large r e s e r v o i r of p o t e n t i a l f r e s h water which can be released by l o c a l change i n 
the thermal regime to migrate upwards through the o v e r l y i n g unbonded sediments 
and refreeze on approaching closer to the seabed, where the bottom water i s 
always below 0°C. That processes of t h i s nature do occur i s confirmed by the 
observation of such spectacular manifestations as the sub-sea pingos which have 
been described by Shearer et a l . (1971). These are volcano-shaped ice-cored 
moated mounds, which can r i s e a b r u p t l y over 10m. above the general l e v e l of the 
seabed. Less obvious features such as small lenses of bonded or p a r t i a l l y 
bonded sediment may occur at shallow depth below the seabed and Hunter, i n the 
l i g h t of experience w i t h seabottom arrays f o r use i n small scale seismic r e f r a c ­
t i o n experiments (Hunter e t a l . , 1979), has suggested t h a t i t may be possible to 
make the necessary observations w i t h towed rather than seabed equipment and so 
r e a l i s e the a b i l i t y of doing a r e a l surveys f o r near-seabed v e l o c i t i e s , w i t h the 
aim of d e t e c t i n g ice bonding. 

\ \ \ \ N 

o 

F i g . 2. Curves to show towing 
depth f o r d i f f e r e n t cable 
lengths and tow speeds ( a f t e r 
Bidgood, 1973). 

Ship s p e e d ( tn /a ) 
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M e t h o d s of a c o u s t i c v e l o c i t y m e a s u r e m e n t 

Maries and Beckman (1961) reported the use of high r e s o l u t i o n sparker equip­
ment t o measure compressional wave v e l o c i t y by the observation of headwave a r r i v a l 
time w h i l e the separation between source and r e c e i v e r was v a r i e d . The technique 
i s o f t e n u s e f u l i n shallow sheltered water, but the author has found i t 
i n e f f e c t i v e i n water deeper than about 25m. (Howells and McKay, 1977) even when 
the v e l o c i t y c o n t r a s t at the seabed i s g r e a t , because the acoustic s i g n a l from a 
spark discharge source of a few hundred j o u l e s i s too weak f o r easy detection at 
the r equired o f f s e t distance. To observe headwaves as f i r s t a r r i v a l s at shorter 
o f f s e t distances, i t becomes necessary to keep the acoustic source and receiver 
closer t o the seabed. Technology which can approach what i s required was 
developed over a decade ago i n the form of deep-tow subbottom p r o f i l e r s (Speiss 
and Tyce, 1973; Bidgood, 1973), but was slow i n t a k i n g the r a t h e r small 
ev o l u t i o n a r y step required to convert these p r o f i l e r s i n t o proper seismic systems 
capable of observing a r e f l e c t e d sound f i e l d a t many po i n t s w i t h d i f f e r e n t source 
to r e c e i v e r o f f s e t . The explanation f o r the s t u n t i n g of t h i s n a t u r a l develop­
ment i s a l i t t l e hard to discover. I t appears probable t h a t the g r e a t l y 
c l a r i f i e d sections which these p r o f i l i n g machines o f f e r r e d , when compared w i t h 
t h e i r a n c e s t r a l surface-tow devices-*- , were so eagerly accepted by sediment-
o l o g i s t s f o r preparing d e t a i l e d s u r f i c i a l geology maps tha t the p r o f i l e r makers 
and operators, f i n d i n g themselves i n p r o f i t a b l e demand, saw l i t t l e reason f o r 
change even i n l i g h t of Mayer's (1980) observation of i n t e r f e r e n c e r e f l e c t o r s or 
the requirements of sediment c h a r a c t e r i s a t i o n schemes (Hamilton, 1980) which need 
measurements of v e l o c i t y and a t t e n u a t i o n . Progress towards a t t e n u a t i o n measure­
ment from towed survey equipment has been accomplished by Dodds (1980) and 
Tyce (1981), but the methods of v e l o c i t y determination used by Porter e t a l . 
(1974) or Bennell (1978) w i t h surface equipment, although shown adaptable by 
McKay during f i e l d t r i a l s i n 1978, have yet to be implemented i n commercial deep-
tow equipment. A device which does in c o r p o r a t e a hydrophone array f o r v e l o c i t y 
determination i s t h a t of the U.S. Naval Ocean Research and Development A c t i v i t y . 
(Fagot e t a l . , 1982). The p r e l i m i n a r y design of t h i s equipment (Fagot, 1979) 
omits the hydrophone which should be placed immediately adjacent to the acoustic 
source to f a c i l i t a t e the l o c a t i o n of that source r e l a t i v e t o the other receivers 
by the observation of acoustic a r r i v a l s . F i e l d t r i a l s of t h i s equipment are t o 
be reported elsetjhere i n t h i s volume and t h i s c r i t i c i s m may be answered there. 

McKay and McKay (1982) have described a d d i t i o n s to an e x i s t i n g commercial 
deep-tow subbottom p r o f i l e r which perm i t t e d the making of rudimentary wide-angle 
r e f l e x i o n p r o f i l e s i n water depths to 240m. w i t h the equipment towed 30m. above 
the seabed. I t w i l l be apparent from f i g u r e 2 t h a t , although t h i s towing height 
i s s u f f i c i e n t to allow f o r minor f l u c t u a t i o n s i n ship speed, i t would not be 
possible to approach s i g n i f i c a n t l y c l o s e r t o the seabed without r i s k unless the 
water depth were appreciably l e s s , or the acoustic equipment were towed hy a 
v e h i c l e capable of f l y i n g at constant a l t i t u d e above the seabed, such as the 
'Bottom-Referencing Underwater Towed Instrument Vehicle' developed at the 
St. Andrews B i o l o g i c a l S t a t i o n i n New Brunswick. 

I t i s n o t t h e p u r p o s e o f t h i s p a p e r t o d i s c u s s f u l l y t h e 
m e r i t s and d r a wbacks o f t h e deep-tow method i n m a k i n g v e r t i c a l -
i n c i d e n c e p r o f i l e s , b u t i t s h o u l d be p o i n t e d o u t t h a t i n w a t e r 
d e p t h s o f l e s s t h a n 100m., and i n good w e a t h e r c o n d i t i o n s , t h e 
s t r o n g w a t e r - s u r f a c e r e f l e x i o n o f a deep-tow a c o u s t i c s o u r c e 
may o b s c u r e more s u b b o t t o m i n f o r m a t i o n t h a n w i l l t h e m u l t i p l e 
r e f l e x i o n f r o m a w e a k l y r e f l e c t i n g seabed o f t h e s i g n a l f r o m a 
s u r f a c e - t o w e d s o u r c e . 
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Modi f ied h e a d w a v e a r r i v a l m e t h o d a s a p p l i e d in t h e B e a u f o r t S e a 

The s h e l f area of the Beaufort Sea i s r e l a t i v e l y shallow water and advantage 
may be taken of t h i s to f l y acoustic equipment w i t h i n a few metres of the seabed, 
given p r i o r knowledge of the bathymetry, a ship w i t h good speed c o n t r o l and 
continuous v i g i l a n c e at the remote controls of the winch which winds the main tow 
cable. This approach puts the seismic equipment where i t i s needed f o r v e l o c i t y 
determination ( f i g u r e s 3 and 4 ) . The h o r i z o n t a l o f f s e t f o r the t r a i l i n g receiver 
was 40m., chosen i n the l i g h t of previous experience w i t h d i f f e r e n t equipment i n 
coastal waters o f f Cape Breton Island (McKay, 1979). Figure 5 shows super­
imposed on one another i n t h e i r proper time r e l a t i o n s h i p the signals received at 
the two hydrophones. I n the zone between b - the seabed, and d - the d i r e c t 
water wave , can be seen an ordinary v e r t i c a l Incidence section showing two main 
sediment u n i t s separated by the prominent r e f l e c t o r S . The a r r i v a l S W i s the 
wide-angle r e f l e x i o n a t the t r a i l i n g hydrophone from the r e f l e c t o r , S . The 
t r a v e l times to these r e f l e c t o r s together w i t h the water-surface r e f l e x i o n s S v 
and S w can be used to f i n d the average v e l o c i t y i n the composite layer com­
p r i s i n g t h a t p a r t of the water column below the t r i g g e r event T and the upper 
sediment u n i t , between b and S . From t h i s , a value f o r the v e l o c i t y i n the 
upper sediment u n i t i s found, by a modified form of Green's (1938) method. The 
r e s u l t at the l o c a t i o n of t h i s f i g u r e shows the upper layer to have the same 
v e l o c i t y as the bottom seawater to w i t h i n an experimental e r r o r of ca. 3%. 

At a l o c a t i o n some 20km. away, the upper sediment layer i s much thinner. A 
closer approach to the seabed w i t h the acoustic equipment brought about the 
appearance of a headwave ( f i g u r e 6 ) . The a r r i v a l time of t h i s mode of acoustic 
propagation can be used to f i n d the p-wave v e l o c i t y by a method given by the 
author (1982) . The p o s i t i o n of the remote receiver i s f i r s t calculated from the 
surface r e f l e x i o n s S v , S w by the expression (see f i g . 4) : 

h = 
The t r a v e l time of the headwave propagating along ABCD ( f i g . 4) i s : 

J = (h,t h;) \ X_ 
v,cos e, V, 

V gnd V are the v e l o c i t i e s I n upper and lower media, and 9 i s the 
angle between AB or CD and the v e r t i c a l . Expressing x i n terms of 
where 
a 
h h 2 

Al 
and d 

Expressing x 
and w r i t i n g V2 as / s i n 01 leads to 

0 = (h,* h,) cos e, + (d ' - (h,- h,)')^ sin 0, - v,T 

to give 8^ and thence V2 

S e a S u r f a c e 

0 40 

T o w l i s h ^ V « 

S e a b e d 

F i g . 3 Towing c o n f i g u r a t i o n . 

a| 
7 \ [h 

A"/ d — 4 ' D 
h , \ 

B X c 

F i g . 4 Geometrical raypaths 
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T . - i g s e r e v e n t T 

b v e r t i c a l i n c i d e n c e 
b c t ' o m r e f l e x i o n 

S s u b b o t t o m 
r e f l e x i o n 

d i r e c t w a t e r 
w a v e 

sw s u b b o t t o m w i d e 
a n g l e r e f l e x i o n 

IS- .••';»,v...-.'-l« I'•!:;:<•:•< 

Sv v e r t i c a l i n c i d e n c e :• ^ . 
r e f l e x i o n f rom ' 
w a t e r s u r f a c e 

150 

metres 

W a t e r d e p t h 5 5 m . 

F l y i n g h e i g h t a b o v e s e a b e d 9 m . 

Sw w i d e a n g l e 
r e f l e x i o n f rom 
w a t e r s u r f a c e 

F i g . 5. This f i g u r e shows acoustic a r r i v a l s i n v a r i a b l e density format. 
Signals received by the hydrophone close to the acoustic source 
and by the hydrophone remote from i t are superimposed. The phase 
of a r r i v a l s b , S and S v i s i n v e r t e d by the recording instrument­
a t i o n . The phase of S v and S w i s i n v e r t e d by r e f l e x i o n a t the 
water surface. 
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b 
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t r i g g e r e v e n t 

v e r t i c a l 
i n c i d e n c e 
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r e f l e x i o n 
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T 
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W a t e r d e p t h 4 5 m . 
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S v ^ 

MM 
mm. mmmm 

5 « t 

F i g . 6. A r r i v a l s are displayed and l a b e l l e d as i n f i g . 5, but here can be 
seen a headwave a r r i v a l h — h coming i n a l i t t l e ahead of the 
d i r e c t a r r i v a l through the water d - d . Because of the low 
f l y i n g h eight, about 4m. o f f bottom, the a r r i v a l of both bottom 
and subbottom r e f l e x i o n s f o l l o w s too closely behind the d i r e c t 
a r r i v a l to be d i s t i n g u i s h a b l e from i t . Rougher sea conditions 
than f o r f i g . 5 r e s u l t i n less c l e a r surface r e f l e x i o n s S v , S w . 
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The a b i l i t y of the acoustic equipment to accommodate only two hydrophone 
channels means t h a t some assumption must be made as to which i n t e r f a c e i s a s s o c i ­
ated w i t h the observed headwave. I n most instances the smoothe h o r i z o n t a l 
r e f l e c t o r S i s the only reasonable : p o s s i b i l i t y , but i n some cases underlying 
layers are seen (e.g. near the centre of f i g . 6) which may give r i s e to ambiguity. 
A t o t a l of 60 measurements have been made and the v e l o c i t y f o r the lower l a y e r i s 
1.13 times t h a t of the seabottom water, w i t h an experimental e r r o r of 3%. There 
i s no d e f i n i t e I n d i c a t i o n of any v e l o c i t y i n the range above 1800 m/s. which would 
suggest p a r t i a l ice bonding. I n some cases, the choice of a deeper surface as 
the r e f r a c t i n g i n t e r f a c e leads to v e l o c i t i e s above 2000 m/s., but there i s no 
s t r i k i n g evidence f o r p r e f e r r i n g the deeper surface to the shallower. C l e a r l y , 
the ambiguity would be removed from these cases i f a multichannel r e c e i v i n g a r r a y 
were a v a i l a b l e . I t w i l l be equally c l e a r t h a t such an array should be of cheap 
and robust c o n s t r u c t i o n i n order t o give the operator confidence i n pursuing the 
i n v e s t i g a t i o n i n the greatest possible depth. 

C o n c l u s i o n s 
I t i s possible to tow a spark-discharge acoustic source and hydrophone 

receivers very close to the seabed f o r the measurement of sediment v e l o c i t i e s by 
a modified seismic r e f r a c t i o n method, at the same time as a conventional v e r t i c a l -
incidence p r o f i l e i s being made. The method i s a p p l i c a b l e when the compressional 
wave v e l o c i t y i s greater than 1.10 times t h a t of the bottom water i n sediments 
w i t h i n a few metres of the seabed. The values obtained i n the small survey area 
are c o n s i s t e n t but do not i n d i c a t e i c e bonding there at shallow depth. The nethod 
i s a p p l i c a b l e t o v e l o c i t y determination f o r other purposes, but requires r e f i n i n g 
to e l i m i n a t e ambiguities and reduce measurement e r r o r . Such Improvements could 
be achieved .by the use of a multichannel r e c e i v i n g a r r a y . Extension of the method 
to deeper water would r e q u i r e a bottom-skimming tow v e h i c l e and, beyond about 
300m., a d i f f e r e n t type of acoustic source. 

A c k n o w l e d g e m e n t s 
The Beaufort Sea work was i n s p i r e d by the previous e f f o r t s and the advice of 

J.A.M. Hunter and h i s colleagues. Geological Survey of Canada. Dome Petroleum 
and t h e i r c o n t r a c t o r s k i n d l y made f a c i l i t i e s a v a i l a b l e f o r gathering data. 
Computational f a c i l i t i e s were made a v a i l a b l e by W. Thorpe of the Chemistry 
D i v i s i o n , Nova Scotia Research Foundation. Conference attendance i s sponsored 
by the Haggis Company of Nova Scotia. 
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I n t r o d u c t i o n 

During October 1974 a bathymetric and seismic survey of a shoal 

area i n Chedabucto Bay was done by the Nova S c o t i a Research Foundation 

f o r the engineering c o n s u l t a n t s FENCO and Whitman, Benn & Associates 

who v;ere p r e p a r i n g a j o i n t r e p o r t f o r the Nova S c o t i a Department of 

Development on the f u t u r e f a c i l i t i e s l i k e l y to be r e q u i r e d by shipping 

i n t h e S t r a i t of Canso. The purpose of the seismic work i n c o n j u n c t i o n 

w i t h a sediment sampling survey was to assess the f e a s i b i l i t y of 

dredging the approaches to t h e S t r a i t , so t h a t planned harbour 

f a c i l i t i e s i n the i n n e r p a r t of the S t r a i t might be l o c a t e d i n an 

a p p r o p r i a t e water depth. The c o n c l u s i o n reached from the 

i n v e s t i g a t i o n s was t h a t dredging was p e r f e c t l y f e a s i b l e should i t ever 

be r e q u i r e d to a l l o w the passage of o i l tankers even l a r g e r than the 

350,000 tonners which can navigate the e x i s t i n g n a t u r a l channel I n 

s a f e t y . 

A f e a t u r e of p a r t i c u l a r g e o l o g i c a l i n t e r e s t appeared on the 

seismic r e f l e c t i o n records. Although i t was a l l u d e d t o i n the o r i g i n a l 

survey r e p o r t , i t l a y a t a depth below what was of immediate 

e n g i n e e r i n g i n t e r e s t and was not f u l l y described. The f e a t u r e 

i s of some importance to the understanding both of t h e l o c a l geology i n 

Chedabucto Bay and the i n t e r p r e t a t i o n of high r e s o l u t i o n v e r t i c a l 

i n c i d e n c e p r o f i l e s i n g e n e r a l . 



Survey Area and Methods 

The seismic and bathymetric survey, done w i t h a 44 f t . "Cape 

I s l a n d " s t y l e f i s h i n g boat was c a r r i e d out i n the area shown i n F i g . 1, 

A Del Norte Instruments microwave p o s i t i o n i n g system operated by 

I n t e g r a t e d Survey Systems was used f o r n a v i g a t i o n . The survey l i n e s 

( F i g . 2 were arcs centred on each of the two shore s t a t i o n s (A and B 

i n ( F i g . .1 ) P o s i t i o n f i x e s were taken at 150 m i n t e r v a l s along the 

l i n e s . The seismic records were made w i t h a 6 metre hydrophone array 

r e c e i v i n g s i g n a l s from a 2 4 - t i p sparker of about the same le n g t h , f i r e d 

a t 400 J tw i c e per second. The seismic method revealed two sediment 

l a y e r s o v e r l y i n g an I r r e g u l a r surface considered to be rock or g l a c i a l 

t i l l ( F i g . , 30. A sediment sampling program was undertaken f o l l o w i n g 

the seismic survey. This was done w i t h a Benthos p i s t o n corer operated 

by I n t e g r a t e d Survey Systems of H a l i f a x . The core s i t e s were chosen by 

the c o n s u l t i n g engineers w i t h a view to o b t a i n i n g samples of the seabed 

m a t e r i a l t o the depths to which dredging might be undertaken. For t h i s 

reason core b a r r e l s longer than 30 f e e t were not used. However, some 

c o n s i d e r a t i o n was given to p e n e t r a t i n g the lower sediment layer by 

l o c a t i n g three of the c o r i n g s i t e s at points xAere, going on the 

seismic evidence, the core b a r r e l might reach i t , even though i t was 

not expected t h a t dredging of the lower l a y e r would ever be 

contemplated. A l t o g e t h e r , f o u r t e e n cores were obtained ranging i n 

l e n g t h from 5 t o 9 metres. The three cores expected to penetrate the 

lower sediment l a y e r f a i l e d to b r i n g up s i g n i f i c a n t samples of i t , but 
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the f a c t t h a t the nose cone of the c o r e r was damaged i n a l l of these 

t h r e e , but i n no other l o c a t i o n s , gives a good i n d i c a t i o n t h a t i t i s a 

much harder m a t e r i a l than the upper l a y e r . A pebble recovered from the 

nose cone of core no. 11 ( F i g . 2) i s the sole o b j e c t b e l i e v e d t o have 

been r e t r i e v e d from the lower sediment l a y e r . 

Sections of the cores of the upper l a y e r were analysed by Geocon 

of F r e d e r i c t o n f o r g r a i n s i z e d i s t r i b u t i o n , wet d e n s i t y , shear 

s t r e n g t h , p o r o s i t y , organic content and A t t e r b e r g l i m i t s . (See, e.g., 

nough^(1957) f o r d e f i n i t i o n s of the v a r i o u s parameters used to 

de s c r i b e the engin e e r i n g p r o p e r t i e s of a sediment). 

W i t h the ex c e p t i o n of core no. 1 1 , a l l of the samples were 

c l a s s i f i e d as brown to grey sandy s i l t w i t h black s t r e a k s and an 

organ i c odour. Shear s t r e n g t h , from a vane t e s t measurement, v a r i e d 

from 490 t o 1860 kg m-2. P o r o s i t y ranged from 28 t o 43% w i t h an 

average of 38%. Wet d e n s i t y ranged from 1575 t o 1907 kg/m^ and 

averaged 1781 kg/m3. A l l samples had low to medium p l a s t i c i t y and 

a l l had a n a t u r a l water content g r e a t e r than the l i q u i d l i m i t . Two 

samples were t e s t e d f o r organic content by baking a t SOQOC f o r t h r e e 

hours, a treatment which reduced the dry weight by 4% i n both of them. 

A summary of the g r a i n s i z e d i s t r i b u t i o n i s given i n F i g . ^ and F i g . 5" 

shows the mean g r a i n s i z e found at d i f f e r e n t depths and l o c a t i o n s . 

There i s no very obvious p a t t e r n i n the data on g r a i n s i z e , but core 

no. 11 does show by" f a r the coarsest m a t e r i a l sampled frcm the upper 

l a y e r . 



i n s i g n i f i c a n t c o n t r i b u t o r s of sediment compared to the coastal erosion 

of g l a c i a l t i l l c l i f f s . Gradual marine transgression allowed the 

reworking of t h i s i l l - s o r t e d m a t e r i a l , the coarser m a t e r i a l s being l e f t 

i n the beach zone, w h i l e the f i n e s were c a r r i e d o f f f a r t h e r seawards. 

The c o n t i n u a t i o n of t h i s process led i n time to two layers of recent 

sediment i n many regions of the Scotlan Shelf. These ideas appear 

q u i t e adequate t o e x p l a i n the sedimentation of the p a r t of Chedabucto 

Bay discussed i n t h i s paper. That i s to say ( r e f e r r i n g t o F i g . 3) the 

s t r a t i f i e d l a y e r of sediment between r e f l e c t o r s 1 and 2 represents the 

coarser f r a c t i o n s of the reworked t i l l . The very f l a t upper surface of 

t h i s l a y e r ( F i g s . 3, 6 ) would r e s u l t from the gradual submergence 

of a beach zone. Subsequent d e p o s i t i o n of the upper sediment l a y e r 

formed a mound of f i n e r sediment on top of the f l a t s u r face. (Compare 

F i g s . .^,.7, 9 ) . This mound of f i n e sediment suggests t h a t during 

i t s d e p o s i t i o n the shallow p a r t of the survey area experienced no net 

f l o w a t the seabed e i t h e r landwards or seawards d u r i n g the stronger 

t i d a l regime which p r e v a i l e d before the c l o s i n g of the Canso Causeway 

(O'Halloran and M i l l s ? 1975). 



O r i g i n of Sediments 

The e f f e c t s of the e u s t a t i c r i s e i n sea l e v e l which has 

accompanied g l a c i a l r e t r e a t have been augmented i n Nova S c o t i a by 

t e c t o n i c subsidence of a type a t t r i b u t e d to the d i f f e r e n t i a l unloading 

of an e l a s t i c l i t h o s p h e r i c p l a t e supported by a viscous s u b s t r a t e . I n 

t h i s process, i n v e s t i g a t e d by Clark et a l . (1978), regions subjected 

to heavy l o a d i n g by great thicknesses of i c e can, on the m e l t i n g of 

i c e , be expected to r e c o i l more or l e s s i n accordance w i t h the o l d 

i s o s t a t i c p r i n c i p l e , but l i g h t l y - b u r d e n e d p e r i p h e r a l regions w i l l 

behave i n a more complex manner, u s u a l l y emerging a t f i r s t and s i n k i n g 

l a t e r , a f i n d i n g which i s at variance w i t h older t h e o r i e s . Current 

experimental work on the faunas of s a l t marsh dep o s i t s around the 

M a r i t i m e Provinces by D. S c o t t , F. M e d i o l i and others and t h e o r e t i c a l 

work by C. Beaumont ( p e r s o n a l communications) suggests t h a t i n the 

Chedabucto Bay area, subsidence would have been the predominant 

movement, alth o u g h a small i n i t i a l emergence i s p o s s i b l e . Grant^(1970) 

has suggested t h a t the r a t e of r e l a t i v e r i s e i n sea l e v e l d u r i n g the 

past 1000 t o 2000 years has averaged about 16 cm per century. The 

average r a t e over the 15,000 years or so which have elapsed since t h e 

e x i s t e n c e of a s h o r e l i n e at a depth of 120 m ( M i l l i m a n & Emery), 1968; 
f . . ' 

MacLean, Fader and King, 1977) i s a p p r e c i a b l y g r e a t e r , a t about 80 cm 

per c e n t u r y . The c o n t r o l l i n g i n f l u e n c e which these sea l e v e l changes 

have had on sedimentation on the S c o t i a n Shelf has been discussed by 

King (1967), and by MacLean et a l . (1977). They regard r i v e r s as 



G a s i f i e d Sediments 

One of the most prominent c h a r a c t e r i s t i c s of the subsurface which 

the survey revealed was a large area of acoustic t u r b i d i t y . The 

appearance of t h i s phenomenon on a seismic cross s e c t i o n i s shown i n 

F i g . 8 and i t s a r e a l extent i s shown by the s t i p p l e d markings i n F i g . 9, 

I t has become common p r a c t i c e to i n t e r p r e t such a feature as evidence 

f o r the presence of gas i n the sediments, the general idea being that 

the l a r g e d e n s i t y and acoustic v e l o c i t y contrast between water-saturated 

sediment and gas can be expected to produce s c a t t e r e d r e f l e c t i o n s w i t h i n 

the g a s i f i e d l a y e r and the a t t e n u a t i o n or obscuring of r e f l e c t i o n s from 

deeper i n t e r f a c e s . The existence of bay and e s t u a r i n e fine-grained 

sediments which are almost Impenetrable to seismic si g n a l s of frequency 
10 

above a few hundred Hz has been known f o r some time. Schubel (1974) 

gives a d e t a i l e d account of such phenomena i n Chesapeake Bay, but 

p o i n t s out t h a t most shallow water p r o f i l i n g i s done on a con s u l t i n g 

basis w i t h o u t p u b l i c a t i o n of the r e s u l t s ; and t h a t i n consequence, 

although g e n e r a l l y believed to be widespread, the l o c a t i o n and extent 

of such a c o u s t i c a l l y t u r b i d sediments i s " l a r g e l y unknown". This 

o b s e r v a t i o n may s t i l l be a v a l i d one, although there have been more 

d e s c r i p t i o n s given of the l o c a t i o n s of such sediments since the 

p u b l i c a t i o n of Schubel's work. For example, from coastal l o c a l i t i e s 

around the Canadian Maritime Provinces there have been accounts given 

of extensive a c o u s t i c a l l y t u r b i d sediments i n S t . Margaret's Bay, Nova 

Sc o t i a (Keen and Piper,"l976; Piper and Keen, 1976); i n the Miramichi 
(3 

Estuary, New Brunswick (Howeils and McKay, 1977); i n Chedabucto Bay 

(Maclean et a l . , 1977) and i n Sydney Harbour, Cape Breton (McKay, 

1979). Rawson*^(1976) has described acoustic t u r b i d i t y i n parts of the 
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U.K. C o n t i n e n t a l Shelf. The author has also observed such sediments a t 

o t h e r l o c a l i t i e s i n the M a r i t i m e s , v i z . H a l i f a x Harbour, Bedford B a s i n , 

Mahone Bay, Morien Bay and a t Gabarus. D. T a y l o r Smith ( p e r s o n a l 

communication) has observed i n the I r i s h Sea an acoustic masking 

r e f l e c t o r which proved t o be due not to g a s i f i c a t i o n , but t o a v e r y 

h i g h d e n s i t y of b i v a l v e s h e l l s which formed an impenetrable l a y e r a few 

metres below the seabed. Thus i t i s important to e x e r c i s e some c a u t i o n 

i n i d e n t i f y i n g a c o u s t i c t u r b i d i t y w i t h g a s i f i c a t i o n . 

The p r o f i l e s obtained i n Chedabucto Bay are a l i t t l e d i f f e r e n t i n 

appearance from what i s found i n most other l o c a l i t i e s i n t h a t although 

the c h a r a c t e r i s t i c a c o u s t i c a l l y t u r b i d appearance I s obvious, subbottom 

r e f l e c t o r s can s t i l l be seen. I t seems to be more u s u a l f o r a l l deeper 

r e f l e c t o r s t o be completely obscured where a c o u s t i c a l l y t u r b i d 

sediment i s found. That they were not obscured i n t h i s case was Indeed 

f o r t u n a t e from the p o i n t of view of c o m p i l i n g the r e p o r t on t h e 
9 16 

f e a s i b i l i t y of dredging (O'Halloran and M i l l s , 1975; McKay, 1974). I t 

a l s o helps t o g i v e some i n s i g h t i n t o a p o t e n t i a l problem which i s 

u s u a l l y ignored i n the i n t e r p r e t a t i o n of h i g h r e s o l u t i o n v e r t i c a l 

i n c i d e n c e seismic r e f l e c t i o n data. I t has become more usual t o assume 

than to measure the a c o u s t i c v e l o c i t y i n seabed sediments surveyed by 

h i g h r e s o l u t i o n seismic equipment. Often the v e l o c i t y assumed I s t h a t 

of the seawater, which can be a good value t o use, f o r i t i s l i k e l y 

t h a t the r e a l a c o u s t i c v e l o c i t y i s w i t h i n 10 or 15% of t h a t V c i l u e . 

Even i f such an accuracy i s not good enough, the examination of a few 

bottom samples w i l l a l l o w the making of an estimate t o w i t h i n about 5% 

of the t r u e value f o r a t l e a s t the uppermost l a y e r , by recourse to the 

e x t e n s i v e l i t e r a t u r e on the s u b j e c t of r e l a t i n g a c o u s t i c p r o p e r t i e s of 
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sediments to t h e i r mechanical p r o p e r t i e s (e.g., Hamilton, 1975, 1978). 

L a t e r a l v a r i a t i o n s i n sediment type can usu a l l y be picked up on the 

seismic cross s e c t i o n , and bottom samples taken from s u i t a b l e l o c a t i o n s 

can be used as i n d i c a t o r s of any l a t e r a l change i n acoustic v e l o c i t y . 

However, i n areas where gas i s present i n the sediment, none of these 

c o n s i d e r a t i o n s i s a p p l i c a b l e . Wood's (1930) t h e o r e t i c a l treatment of 

the t r a n s m i s s i o n of sound i n t u r b i d media i s a p p l i c a b l e to the problem 

of gas i n sediments, provided bubble size and acoustic frequency are 

such t h a t resonance phenomena are not encountered. His treatment i s 

simply to d e r i v e a mean compressional-wave v e l o c i t y f o r the g a s i f i e d 

sediment J 

on the basis of mean den s i t y Pand e l a s t i c i t y E where 

p = x p i + ( l - x ) p 2 ( 2) 

1 ^ X + 
and E El E2 ( 3) 

where x i s the f r a c t i o n of gas and the sub s c r i p t " 1 " r e f e r s to the gas 

and "2" to the gas-free sediment. 
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Equation 3 a r i s e s by c o n s i d e r i n g a r e d u c t i o n i n volume Av of 

the g a s i f i e d sediment as a r e s u l t of increase i n pressure Ap. 

C l e a r l y : 

Av = AVi + AV2 

also AV = VAp; AVi = Av^ = 

from which e q u a t i o n 3 f o l l o w s d i r e c t l y . 

This leads t o values of less than 100 m/sec. f o r most p o s s i b l e 

gas-sediment m i x t u r e s , the reason f o r the very low v a l u e being t h a t i n 

the m i x t u r e the gaseous phase dominates the value of the mean 

e l a s t i c i t y whereas the non-gaseous phases dominate t h e d e n s i t y . From 

the s e d i m e n t o l o g i c a l p o i n t of view the most i n t e r e s t i n g p a r t of the 

graph ( F i g . i q ) o f a c o u s t i c v e l o c i t y versus gas c o n t e n t i s the p a r t 

c o v e r i n g gas c o n c e n t r a t i o n s of less than 0.1%: as gas content increases 

from zero to 0.1%, the a c o u s t i c compressional wave v e l o c i t y decreases 

by a f a c t o r of between 2 and 5 depending upon whether the sediment has 
to 

a h i g h or low shear modulus. Anderson and Hampton (1980) show t h a t the 

f a c t o r 2 would be t y p i c a l f o r sands, the f a c t o r 5 f o r c l a y s . (These 

f i g u r e s apply a t a pressure of 1 atmosphere. The c o m p r e s s i b i l i t y of 

gas v a r i e s w i t h the ambient pressure i n accordance w i t h the elementary 

gas laws, the e f f e c t being t h a t at h i g h e r pressures, the curves of F i g . 

10 would be d i s p l a c e d to the r i g h t . ) 

These c o n s i d e r a t i o n s are of g r e a t importance I n i n t e r p r e t i n g 

v e r t i c a l i n c i d e n c e seismic p r o f i l e s . As an example, two d i f f e r e n t 
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i n t e r p r e t a t i o n s of the p r o f i l e shown i n Fig. S 3.re given i n Figs. 11 

and 12. Figure. 11 i s the i n t e r p r e t a t i o n which we get by assuming 

sediment v e l o c i t i e s constant across the p r o f i l e . Figure it r e s u l t s 

from assuming th a t the upper sediment r e f l e c t o r i s more or less l e v e l 

across the p r o f i l e and t h a t the apparent dip i n i t i s a r e s u l t of a 

v e l o c i t y anomaly. (The deep trough i n r e f l e c t o r 2 which occurs around 

f i x mark 29 gives q u i t e a s t r i k i n g example of j u s t how independent of 

topography i n t h a t lower r e f l e c t o r i s the behaviour of the upper 

r e f l e c t o r ) . 

The l o w e r i n g of the acoustic v e l o c i t y i n the o v e r l y i n g sediment 

needed t o account f o r such an apparent dip would be about 40% at the 

deepest p a r t of the depression ( f i x mark 26). At the ambient pressure 

of about 3 1/2 atmospheres exerted by the o v e r l y i n g water column, t h i s 

e f f e c t could be brought about by the presence of about 0.05% by volume 

of gas i n the sediment. There i s not u s u a l l y any way of deciding from 

such a v e r t i c a l incidence p r o f i l e which of the two ( o r indeed of any 

number of i n t e r m e d i a t e ) i n t e r p r e t a t i o n s I s the more l i k e l y to be 

c o r r e c t . One could argue t h a t a r e a l Increased thickness of sediment 

i s r e s p o n s i b l e f o r the increased production of gas ( a t a l e v e l too low 

t o a f f e c t the acoustic v e l o c i t y ) , and i t s appearance on the p r o f i l e . 

However there i s a f e a t u r e on one p r o f i l e which suggests to the author 

t h a t a depressed v e l o c i t y may be the more l i k e l y e x p l a n a t i o n i n t h i s 

i n s t a n c e . This f e a t u r e i s shown i n F i g . 13 and comes from the part of 

the survey area near the s i t e of core no. 11 ( F i g . 2.),where the upper 

sediment l a y e r was of a coarser m a t e r i a l than usual (Figs ,,4 and 5). 

Two p o s s i b l e i n t e r p r e t a t i o n s of t h i s feature are given i n Figs. I4 and 

15, I f one accepts the s l o p i n g r e f l e c t o r s a-a, b-b, c-c as evidence 
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o f f o r e s e t b edding, t h e n t h e i n t e r p r e t a t i o n g i v e n i n f i g o 15, an 

i n t e r p r e t a t i o n which a l l o w s v a r i a t i o n o f a c o u s t i c v e l o c i t y , seems 

t o be t h e more p l a u s i b l e . I f t h e d i p i n t h e main r e f l e c t o r vjere 

r e a l , we might r e a s o n a b l y expect bedding i n t h e upper l a y e r t o 

resemble a p a t t e r n such as t h a t i n d i c a t e d i n f i g . 1 6 r a t h e r t h a n 

t h a t i n f i g . . 1 4 » Some i n d i c a t i o n o f t h e way t h e f e a t u r e develops 

can be g a t h e r e d f r o m p a r a l l e l survey l i n e s , and t h i s i s i l l u s t r a t e d 

i n f i g u r e / 1 7 c The g e n e r a l appearance o f f i g . 1 3 was n o t , 

however, d u p l i c a t e d on another survey l i n e . Many o t h e r l i n e s define-

t h e a r e a where t h e r e f l e c t o r d i p s s h a r p l y , but none o f these shows 

c r o s s - b e d d i n g . T h i s s i t u a t i o n c l e a r l y shows how m i s - i n t e r p r e t a t i o n 

o f subbottom f e a t u r e s can e a s i l y a r i s e when t h e o n l y s e i s m i c 

i n v e s t i g a t i o n w hich has been made i s a v e r t i c a l - i n c i d e n c e survey -

t h e c u r r e n t l y accepted s t a n d a r d . Even t h e e x i s t e n c e o f i r r e g u l a r 

t a l w e g i n an apparent b u r i e d channel would not n e c e s s a r i l y r u l e out 

t h a t i n t e r p r e t a t i o n o f a subbottom s e i s m i c f e a t u r e . Drainage 

channels i n areas l i k e t h e e a s t e r n Canadian seaboard can have 

complex topography e i t h e r as a r e s u l t o f f l u c t u a t i n g s e a - l e v e l 

a f t e r t h e r e t r e a t o f t h e Wisconsin i c e - s h e e t o r e l s e from t h e i r 

e a r l i e r use as r i n n e n t a i e r (D.J.W* P i p e r e t a l . } . The f e a t u r e i n 

Chedabucto Bay w h i c h has j u s t been d e s c r i b e d might as e a s i l y be 

t a k e n f o r a geom o r p h o l o g i c a l d e p r e s s i o n as f o r a zone o f decreased 

s e i s m i c v e l o c i t y were i t not f o r t h e chance evidence from t h e 

f o r e s e t b e d d i n g i n d i c a t i n g t h a t t h e l a t t e r i n t e r p r e t a t i o n i s t h e 

more l i k e l y . The e l o n g a t e shape o f t h e f e a t u r e i s e a s i e r t o 

e x p l a i n as a s t r u c t u r a l l y c o n t r o l l e d seepage o f gas from u n d e r l y i n g 
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rocks o f t h e upper Ca r b o n i f e r o u s than as a zone o f increased 

b i o g e n i c a c t i v i t y i n t h e rec e n t sediments. 

C o n c l u s i o n . 

T h i s i n f o r m a t i o n from Chedabucto Bay c l e a r l y shows how 

i n d e t e r m i n a c y or e r r o r ca.n a.rise from r e l y i n g on c o n v e n t i o n a l h i g h 

r e s o l u t i o n v e r t i c a l i n c i d e n c e r e f l e c t i o n p r o f i l e s f o r d e f i n i n g 

seabed c o n d i t i o n s . I t i s c l e a r t h a t a p p r o p r i a t e methods f o r the 

e v a l u a t i o n o f t h e a c o u s t i c p-wave v e l o c i t y are r e q u i r e d as a f i r s t 

s t e p i n i m p r o v i n g t h i s s i t u a t i o n . 
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f i g , , 14 An i n t e r p r e t a t i o n of the p r o f i l e i n 
f i g 13 made on the asstimption of 
constsint, a c o u s t i c v e l o c i t i e s . 



f i g . , 1 6 A c o n j e c t u r a l pattern of "bedding which 
might he expected to occtir over a r e a l 
dip i n the underlying s u r f a c e . 
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f i g . . 15 An a l t e r n a t i v e i n t e r p r e t a t i o n of the 
p r o f i l e of f i g , 13 . 



f i g Area of foreset' Ireds showing the development of the 
dipping feat u r e i n t h e ' d e f l e c t o r a t the upper su r f a c e 
of the lower sediment l a y e r . S c a l e s are as shown i n 
f i g 13 . 
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c e n t e r e d on t h e measurement o f r e f l e c t i v i t y 
a t v e r t i c a l i n c i d e n c e , a parameter l o n g used 
by f i s h e r m e n i n an i n t u i t i v e way, and f i r s t 
p u t on a q u a n t i t a t i v e b a s i s i n t h e e a r l y 
1960's. The co m p r e s s l o n a l wave v e l o c i t y i s 
a more b a s i c p r o p e r t y o f a sediment l a y e r , 
b u t i t cannot be measured w i t h any 
accu r a c y u n l e s s t h e s e n s i n g d e v i c e s a r e q u i t e 
c l o s e t o the l a y e r ( p r e f e r a b l y l e s s d i s t a n t 
t h a n t e n t i m e s t h e l a y e r t h i c k n e s s ) . 
Consequently, f o r a l l b u t the s h a l l o w e s t 
w a t e r , o r t h e t h i c k e s t sediment l a y e r s , the 
deep tow method i s v i t a l f o r remote v e l o c i t y 
measurement. 

The a u t h o r has made some p r o g r e s s i n a d a p t i n g 
th e N.S. Research F o u n d a t i o n equipment f o r 
t h i s purpose, b u t i t i s r e g r e t t a b l e t h a t 
deep-tow systems have n o t been designed w i t h 
a n y t h i n g o t h e r t h a n v e r t i c a l i n c i d e n c e 
p r o f i l i n g i n mind. 

The v a r i a t i o n o f r e f l e c t i v i t y w i t h angle o f 
i n c i d e n c e depends on b o t h c o m p r e s s i o n a l and 
shear wave v e l o c i t i e s as w e l l as d e n s i t y and 
a t t e n u a t i o n c o n t r a s t a t the r e f l e c t i n g 
i n t e r f a c e . Consequently, equipment 
designed f o r good co m p r e s s i o n a l wave v e l o c i t y 
measurement, by t h e method o f wide angle 
r e f l e c t i o n , m i g h t be expected t o y i e l d v a l u e s 
f o r t h e s e o t h e r v a r i a b l e s as w e l l . 

Source Sea Receiver 
Surface 

Source Receiver 

Subbottom Reflector 
The w i d e - a n g l e r e f l e c t i o n method e s s e n t i a l l y 
measures an average v e l o c i t y i n t h e sediment 
l a y e r and t h e o v e r l y i n g w a t e r column. 
Consequently, i f t h e w a t e r v e l o c i t y i s n o t 
t o dominate t h i s average, t h e r a t i o o f water 
d e p t h below t h e sensors t o sediment l a y e r 
t h i c k n e s s must n o t be l a r g e . A deployment 
such as t h a t shown i n "a" above i s poor; 
a deployment l i k e "b" i s much b e t t e r . 

E S 10 

300 metres 

F l e x u r e i n subbottom r e f l e c t o r thought by the 
au t h o r t o be more p r o b a b l y caused by p-wave 
v e l o c i t y v a r i a t i o n than by topography. 
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The graph ( f o r ambient pressure o f 1 atmo- ' 
sphere) o f Wood's (1930) emulsion e q u a t i o n . 
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S U R L M M P O R T A N C E D E S M E S U R E S D E L A V I T E S S E D E P R O P A G A T I O N D U S O N D A N S L E S S E D I M E N T S H A R I N S 

A . G . M C K A Y ' 

1) Nova Scotia Research Foundation Corporation, P.O. Box 790, Dartmoutti, Nova Scotia. B2Y 3Z7 

K E Y W O R D S / M O T S - C L E S : Acoustic Measurement, Sedimentation, Underwater Mapping. 

S O M H A I R E : Les avantages relatlfs et les llmltes des techniques de reflexion acoustlque pour la cartographle sous-marine des 
materlaux et des caracterlstlques des fonds oceanlques sont dlscutes. 

The remote s e n s i n g t e c h n i q u e o f v e r t i c a l 
i n c i d e n c e s e i s m i c r e f l e c t i o n p r o f i l i n g t o 
det e r m i n e underwater g e o l o g i c a l f e a t u r e s has 
been used f o r many y e a r s . The economic 
impo r t a n c e o f o f f s h o r e o i l i n d u s t r y has 
g i v e n a g r e a t impetus t o i t s development 
f o r r e v e a l i n g r o c k s t r u c t u r e s t o depths o f 
many k i l o m e t r e s . Shallow p e n e t r a t i o n s e i s m i c 
r e f l e c t i o n work, w h i c h i s done w i t h much 
h i g h e r a c o u s t i c f r e q u e n c i e s t o f i n d o u t 
d e t a i l e d i n f o r m a t i o n about much s m a l l e r 
f e a t u r e s i n t h e sediments o f t h e immediate 
subbottom, has n o t been r e f i n e d t o t h e same 
e x t e n t . I t s main a p p l i c a t i o n a t p r e s e n t i s 
i n a s s i s t i n g e n g i n e e r s t o p l a n seabed 
i n s t a l l a t i o n s such as harbour f a c i l i t i e s , 
p i p e l i n e s and c a b l e s . 

High r e s o l u t i o n s e i s m i c r e f l e c t i o n p r o f i l e s 
a r e u s u a l l y i n t e r p r e t e d w i t h o u t making f i e l d 
measurements o f t h e a c o u s t i c v e l o c i t y i n the 
seabed sediments. T h i s v e l o c i t y u s u a l l y l i e s 
between 1.5 and 1.7 km/sec. and can be 
expected t o be almos t c o n s t a n t w i t h i n any one 
sedim e n t a r y u n i t . 

However, I n the presence o f ent r a p p e d gas 
which may be d e r i v e d f r o m t h e decay o f 
o r g a n i c m a t t e r , t h e a c o u s t i c v e l o c i t y can be 
much reduced because o f t h e dominant 
i n f l u e n c e o f the gas on the c o m p r e s s i b i l i t y 
o f t h e sediment. I n such an en v i r o n m e n t , 
the a c o u s t i c v e l o c i t y can a l t e r by up t o 30% 
w i t h i n h o r i z o n t a l d i s t a n c e s o f l e s s t h a n 100 
metres, p r o d u c i n g c o n s i d e r a b l e d i s t o r t i o n on 
the s e i s m i c c r o s s s e c t i o n s and g i v i n g r i s e t o 
f e a t u r e s which may be i n t e r p r e t e d as t o p o g ­
raphy by t h e unwary. 

The r e c o g n i t i o n o f v e l o c i t y anomalies on 
v e r t i c a l i n c i d e n c e p r o f i l e s i s sometimes 
p o s s i b l e , e s p e c i a l l y when zones o f " a c o u s t i c 
t u r b i d i t y " appear on t h e s e i s m i c s e c t i o n and 

where a more p l a u s i b l e g e o l o g i c a l i n t e r p r e ­
t a t i o n r e s u l t s f r o m t h e assumption o f 
v e l o c i t y v a r i a t i o n , b u t such a proc e d u r e a t 
be s t l e a v e s t h e i n t e r p r e t e d r e s u l t s open t o 
debate. 

The method o f "wide a n g l e r e f l e c t i o n " i s a 
w e l l - u n d e r s t o o d way o f measuring a c o u s t i c 
v e l o c i t i e s i n l a y e r e d m a t e r i a l s . I t s 
p r i n c i p l e i s s i m p l e i n t h a t i t r e l i e s on the 
measurement o f the t r a v e l t i m e f o r an a c o u s t i c 
p u l s e over two or more d i s t i n c t p a t h s 
t h r o u g h the l a y e r e d sediment t h e r e b y removing 
the m a t h e m a t i c a l i n d e t e r m i n a c y i n h e r e n t i n 
any a t t e m p t a t f i n d i n g t h e two unknowns, 
v e l o c i t y and d e p t h , f r o m a s i n g l e e q u a t i o n 
(as i s the case f o r a c o n v e n t i o n a l v e r t i c a l 
i n c i d e n c e p r o f i l e ) . The d i s t i n c t p a t h s 
t h r o u g h the sediments a r e o b t a i n e d by s e t t i n g 
the sound source and r e c e i v e r a t d i f f e r e n t 
h o r i z o n t a l s e p a r a t i o n s . 

Measurement wh i c h i s p r e c i s e and c o m p u t a t i o n 
w h i c h i s f a r f r o m t r i v i a l a r e r e q u i r e d t o 
o b t a i n a c o u s t i c v e l o c i t i e s i n t h i s way, b u t 
n e i t h e r c o n s i d e r a t i o n can excuse t h e d e s i g n 
o f p r o f i l i n g equipment s u i t e d o n l y t o t h e 
g a t h e r i n g o f v e r t i c a l i n c i d e n c e i n f o r m a t i o n . 

The l a s t decade has seen t h e p i o n e e r i n g i n 
Canada o f deep-tow s e d i m e n t - p r o f i l i n g s e i s m i c 
equipment. Such s e n s i n g d e v i c e s , by v i r t u e 
o f b e i n g c l o s e t o the b o t t o m , remote from 
t h e n o i s e produced by t h e t o w i n g s h i p and by 
s u r f a c e t u r b u l e n c e , have l e d t o a much more 
d e t a i l e d p i c t u r e o f t h e seabed o f c o n t i n e n t a l 
s h e l v e s . 

They have a l s o opened up t h e p o s s i b i l i t y o f 
the remote s e n s i n g o f such a c o u s t i c p r o p e r t i e s 
o f seabed m a t e r i a l s as a r e o f i n t e r e s t i n 
a t t e m p t s t o p r e d i c t t h e e n g i n e e r i n g p r o p e r t i e s 
o f sediments. S u r p r i s i n g l y , i n t e r e s t has 

Presented t o t h e S i x t h Canadian Symposium on Remote Sensing, H a l i f a x , May 1980. 
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A sub-bottom profiling survey of the St. Magnus Bay deep, Shetland 

A. G. M C K A Y 

Noua Scotia Research Foundation, Dartmouth, Nova Scotia, Canada 

SYNOPSIS 

This survey of St. Magnus Bay, Shetland revealed an infilled elongate basin 
beneath the deep inner part of the bay. Speculations as to the origin of the 
bay by meteorite impact remain unconfirmed. 

A meteorite impact origin for the deep in St. Magnus Bay on the west coast of 
Shetland has been proposed by FUnn (1970) and discussed by Sharp (1970). In August 
1972, with a view to investigating the sub-bottom features of the bay, a survey was 
made by a Durham University party on board M.V. Miranda towards the end of a 
charter by the Natural Environment Research Council. 

The equipment used was an O.R.E. model 1036 with a Gifft recorder and an 
E.G. and G. sparker with a Flexotir array as the receiver and a 254 recorder. As the 
bathymetry of the bay was already well known from surveys by the Admiralty and by 
the University of Liverpool (Flinn 1970), the JMiranda survey was aimed at sub-bottom 
profiling. The O.R.E. transducer was tuned to a 3 KHz signal capable of defining, with 
high resolution, reflectors up to 25 m beneath the sea bed. The sparker was fired at 
3 K Joule to define any deeper layers. The survey lines shown in Figure i were com­
pleted in good weather conditions. Navigation was primarily by compass sights on 
landmarks and by radar, but Decca Navigator readings were also noted. The size of 
the vessel (1500 tons) hmited the closeness of approach to land, especially in view of the 
tidal currents encountered. 

The profiles obtained are presented in Figure 2. Over the outer lip of the bay no 
sub-bottom penetration was obtained. From this observation it seems reasonable to 
conclude that the volcanic sequence of tuff, andesite, rhyolite and basalt found on 
Papa Stour and Esha Ness postulated by Flinn et al. (1968) to be continuous between 
them does outcrop at the sea floor there. Under the deep inner part of the bay, there is 
what appears to be a partially infilled elongate basin whose bed reaches 60 m below the 
present sea floor. The sediments in it show some degree of layering as can be seen in 
Figure 2. Its shape is outhned in Figure 3 where the depths indicated assume an acoustic 
velocity in the sediments the same as that in water. The depression has the appearance 
of a glacial scour, but its direction does not fit in well with that of the ice sheet flow hnes 
deduced by Peach and Home (1879) from a study on land of erratics left by the last 
glaciation. (Flinn 1967 disagrees with Peach and Home on the mode of glaciation of 
Shedand, but his resulting ice flow lines in the vicinity of St. Magnus Bay are much the 

Scott. J . Geol. 10, (i), 31-34,1974 
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F I G . I . St. Magnus Bay. Survey Track Chart. Bathymetry in metres, based on a map by Flinn 
(1970). 

same.) Flinn (1967) investigated an arcuate belt of deeps off the north-east of Scotland 
and postulated their formation as syphons under a stationary ice front by which melt-
water escaped imder the ice to the sea. The St. Magnus Bay scour may be evidence for a 
similar syphon escape from under the Shetland ice cap during a stationary phase in its 
evolution. Alternatively, it may owe its shape to earlier phases of the Pleistocene 
glaciation. Whatever the exact time of its erosion, the central part of St. Magnus Bay 
has clearly been eroded to a depth of about 230 m below the present surface level of the 
sea. This lends weight to the argument by Flinn (1970) that the central part of St. Magnus 
Bay must be underlain by a soft type of rock. As there is no evidence in the erratics 
carried to the headlands that there is in the bay any rock markedly different from the 
durable volcanics, granite, sandstone and schists known on land around the bay, Flinn 
(1970) considers it possible that the soft rock is a meteorite explosion breccia. In the 
hope of getting some clue as to its type, an attempt was made to find the acoustic 
velocity in the rock underlying the sediments by the use of a radio transmitting sono-buoy 
in conjimction with the sparker as sound source. This source is too high in frequency 
and low in power for refraction work, but no other working source was available on 
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F I G . 2. Sub-bottom profile sections. Numbering corresponds to line numbers on track chart. 
Depth scale assumes a sediment acoustic velocity equal to that of the seawater. 

6 KMS 

S C A L E 

F I G . 3. Shape of the St. Magnus Bay scour. Depth of sediment in metres. The arrows show the 
direction of ice movement as deduced by Peach and Home (1879)- (The area shown is the 
eastern part of that in Fig. i ) . 
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board. Nothing other than multiple reflections from the sea floor was discernible in the 
resulting records. 

From sub-bottom profiling records, it is sometimes possible to distinguish a change 
in the type of rock forming the acoustic basement from an alteration in the intensity 
or the fine detail of the reflector on the record. The records were examined to see 
whether any change occurred in the appearance of the deepest observable reflector near 
the edges of the scour charmel, but none was apparent. While this argues against the 
presence of a breccia beneath the scour, the evidence is insufficient to completely rule 
out that possibihty. 

Sharp (1970) has advocated a gravity survey of the bay to help in interpreting the 
underlying structure. This would be difficult with a ship-bome meter in view of the 
frequent changes of course necessary. It could no doubt be accomplished with a sea-bed 
meter, but the depth of water would make this a lengthy task. 
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I n t e r v a l Velocity Measurements off N.W. Scotland Made with 
' Disposable Sono-Buoys 

A.Go McKay and J.H. Peacock 

Abstract 
During the course of normal-incidence airgun p r o f i l i n g , nine wide-

angle p r o f i l e s were obtained by the use of V.H.F. transmitting sonobuoys, 

Introduction 
On the Durham University Cruise on the R.V. 'John Murray', i n June and 

J u l y 1970, s e v e r a l s u c c e s s f u l velocity-depth p r o f i l e s were obtained i n the 
region to the W. and N. of Scotland with V.H.F. radio-transmitting sono­
buoys used i n conjiinction with £in airgun i n a manner s i m i l a r to that 
described by X. Le KLchon et a l . (1968), and E. Houtz et a l . (1970). 

A f t e r amendments to the design of the buoy by i t s makers (Ultra 
E l e c t r o n i c s Ltd.) the measured frequency response of the buoy/V.H.F. radio 
system was found to be f l a t within 6dB from JHz to 6OO Hz. No a l t e r a t i o n 
was made to the input s e n s i t i v i t y of the buoy's amplifier, v/ith the r e s u l t 
that sea-noise, being of higher amplitude i n t h i s new frequency range came 
near to sati i r a t i n g i t i n a l l but the calmest weather. Nevertheless, of 
the ten buoys used, seven gave good records, and two others (nos .6 and 9) 
have been interpreted, but for future work, modifications w i l l be made to the 
s e n s i t i v i t y . 

The airgun used has been developed i n Durham by J.H. Peacock. I t i s of 
10 cu.in. high pressure (c . 3500 p . s . i . ) capacity, emd i s f i r e d e l e c t r i c a l l y 
\d.th an accuracy of + 1 msec. 

The buoys were used i n regions where the sea-bed was f l a t , and where 
no dip i n the subsurface layers appeared on the vertical-incidence p r o f i l e , 
I h i s eases the interpretation of the records. 

A variable-area recorder ;jas used on board ship to monitor the normal-
incidence or sono-buoy p r o f i l e s . Both were f.m, recorded on magnetic tape 
a t 3.3A 3^).s. on an MIDATA deck. 

Reduction of Data 

For i n t e r p r e t a t i o n , the records were replayed on the variable area 
recorder. F i l t e r s were s e t to pass the band of l6Hz to 60Hz to t h i s display 
u n i t . A r r i v a l s interpreted as vdLde-angle r e f l e c t i o n s were reduced by a 
program written by X. Le Pichon and adapted by R. Whitmarsh (N.I.O. ,&igland). 
Refracted a r r i v a l s were reduced graphically. The r e s u l t s are displeiyed i n 
tables 1 and 2 , 



2. 

Results 

Table 1 shows the i n t e r v a l v e l o c i t i e s and thicloiesses obtained from 
a r r i v a l s interpreted as wide-angle r e f l e c t i o n s . On some of the records, 
r e f r a c t e d a r r i v a l s could also be picked and v e l o c i t i e s calculated from 
these axe shown i n Table 2 . ' , 

Station 2 , near S t . Kilda i s the only shallow v/ater s t a t i o n . Wide 
angle r e f l e c t i o n s were completely obscured by seabed multiples, but 
r e f r a c t e d a r r i v a l s stand out c l e a r l y , shovnLng the usefulness of t h i s 
technique for shallow r e f r a c t i o n work. 

Station 6 appears to exhibit a v e l o c i t y r e v e r s a l v;ith depth, but the 
quoted standard errors show that t h i s need not be so. This i s one of the 
poorer s t a t i o n s , with much sea-noise on the record. 

The record from s t a t i o n 1, to the S.W. of tlie Anton-Dohrn Kruppe i s one 
of the c l e a r e s t and allowed the determination of i n t e r v a l v e l o c i t i e s to over 

km. beneath the seabed. The v e l o c i t i e s i n l a y e r s 3 and k are t y p i c a l of 
consolidated sediments. 

Station 3 i s 15 miles E of an unreversed r e f r a c t i o n l i n e of I>.-/ing and 
Ewing (1969) where they observed a 2.^8 km. thickness of semi-consolidated 
sediments with a v e l o c i t y of 2.08 km/sec. At s t a t i o n 3 we observe a t o t a l 
of 2 .0 km. of semi-consolidated sediments with about the same v e l o c i t y . 
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Compressional-wave velocity measurement in seabed 
materials by use of equipment deployed near, but above 
the bottom 

Alasdair G. McKay and P. M. McKay 

Atlantic Geoscience Society, 35 Edward Street, Dartmouth, Nova Scotia, Canada B2Y2P6 
(Received 27 May 1981; accepted for publication 6 January 1982) 

For the measurement at midaudio frequencies of the acoustic compressional wave velocity, methods are 
described which make use of either the refraction or the wide-angle reflection techniques in ways which do 
not require station keeping by the survey vessel (as when equipment is deployed on the bottom) but still 
minimize the adverse effect of a long water column between the sensing equipment and the seabed. Some 
results from areas on the Nova Scotia shelf are presented, ranging from about 3.0 km/s in a nearshore 
sedimentary rock sequence through 1.6 km/s on a shelf-edge sandbank to 1.25 km/s in a deep intrashelf 
basin. 

PACS numbers: 43.30.Cq, 43.30.Bp, 43.30.Sf 

INTRODUCTION 

T h e c o m p r e s s i o n a l w a v e v e l o c i t y i n the i m m e d i a t e 

s u b b o t t o m i s a p a r a m e t e r o f i m p o r t a n c e i n the s o l u t i o n 

o f p r o b l e m s c o n c e r n e d w i t h soun.d p r o p a g a t i o n i n the 

w a t e r c o l u m n . I t s v a l u e can a l s o be a g u i d e to the 

g e o t e c h n i c a l p r o p e r t i e s o f t h e seabed . 

H a m i l t o n ' has s u m m a r i z e d an e x t e n s i v e se t of i n f o r ­
m a t i o n on seabed s e d i m e n t a c o u s t i c v e l o c i t i e s and 
d e r i v e d r e g r e s s i o n e q u a t i o n s w h i c h can be used to p r e ­
d i c t the v e l o c i t y a t a g i v e n dep th i n the o c e a n bed f o r 
t h r e e c l a s e s of s e d i m e n t : s i l i c e o u s , c a l c a r e o u s , and 
t u r b i d i t e . Houtz^ has c o m p i l e d s i m i l a r da t a f o r s e d i ­
m e n t s c o v e r e d by s h a l l o w e r w a t e r i n the v i c i n i t y o f 
r a p i d l y o u t b u i l d i n g c o n t i n e n t a l s h e l v e s . A l t h o u g h s u c h 
w o r k has l e d t o a g r e a t l y i n c r e a s e d u n d e r s t a n d i n g of 
the a c o u s t i c p r o p e r t i e s o f the seabed o v e r l a r g e a r e a s , 
i t m u s t be r e m e m b e r e d t h a t the i n f o r m a t i o n o n w h i c h 
i t i s ba sed c o m e s f r o m da t a o b t a i n e d w i t h a l o w - f r e ­
quency sound s o u r c e s u c h as a n a i r g u n , f r o m w h i c h 
w i d e - a n g l e r e f l e c t i o n p r o f i l e s a r e o b t a i n e d i n the m a n ­
n e r of L e P i c h o n et al.^ D e s p i t e n o t a b l e i m p r o v e m e n t s 
i n the m e t h o d b y Bryan"* and W r o l s t a d , ' s u c h da ta a r e 
no t u s u a l l y ab l e t o r e s o l v e d e t a i l i n the f i r s t f e w tens 
o f m e t e r s b e l o w the s e a b e d , a l t h o u g h i t i s t h i s zone 
w h i c h i s o f the g r e a t e s t i n t e r e s t to t h o s e - w h o , f o r e n ­
g i n e e r i n g p u r p o s e s , t r y t o d e r i v e m e c h a n i c a l f r o m 
a c o u s t i c p r o p e r t i e s o r w h o , i n d e a l i n g w i t h s o u n d p r o p a ­
g a t i o n i n the w a t e r c o l u m n , a r e c o n c e r n e d w i t h any 
a c o u s t i c f r e q u e n c y o t h e r t h a n the v e r y l o w e s t . 

G o o d m e t h o d s have been e v o l v e d f o r m a k i n g i n situ 

v e l o c i t y m e a s u r e m e n t s by m e a n s of e q u i p m e n t d e p l o y e d 

o n the b o t t o m , e .g . , b y R o b e r t s et al.," H u n t e r et at.,'' 

and B r y a n , ° b u t these h a v e the d i s a d v a n t a g e of r e q u i r i n g 

s t a t i o n w o r k by the s u r v e y v e s s e l . T h e m e t h o d s w e 

d e s c r i b e h e r e o v e r c o m e t h i s p r o b l e m b y d e p l o y i n g a 

s o u n d s o u r c e a n d r e c e i v e r s c l o s e to b u t above the s e a - , 

b e d . 

I. THE WIDE-ANGLE REFLECTION METHOD 

A s s u m m a r i z e d by M a y n a r d et al.,^ f r o m the o r i g i n a l 

w o r k by G r e e n ' ° and D i x , " the w i d e - a n g l e r e f l e c t i o n 

m e t h o d g i v e s an a v e r a g e v a l u e f o r the a c o u s t i c v e l o c i t y 
i n the w a t e r and s e d i m e n t c o l u m n b e l o w the p o i n t o f o b ­
s e r v a t i o n . I n w a t e r up to about 50 m deep, a s m a l l -
s c a l e v e r s i o n o f the t echn ique of L e P i c h o n et al.,' is 
adequate f o r m a k i n g m e a s u r e m e n t s i n l a y e r e d s e d i m e n t s 
o f the i m m e d i a t e s u b b o t t o m . T h e r e s u l t s shown i n T a b l e I 
w e r e d e r i v e d f r o m da ta g a t h e r e d d u r i n g the c o u r s e of 
a h i g h - r e s o l u t i o n v e r t i c a l - i n c i d e n c e s e i s m i c s u r v e y 
c a r r i e d out f o r e n g i n e e r i n g p u r p o s e s on L a k e E r i e . 
D u r i n g the r u n n i n g of s u r v e y l i n e s , a s i n g l e h y d r o p h o n e 
was f l o a t e d j u s t b e l o w the s u r f a c e and l e t ou t on a 100 m 
l o n g cab le i n p l a c e s w h e r e the g e o m e t r y of s e d i m e n t 
l a y e r s was s u f f i c i e n t l y s i m p l e to a l l o w the a p p l i c a t i o n of 
the i n v e r s i o n m e t h o d s of G r e e n ' " o r L e P i c h o n et al.' 
B e n n e l l " has adop ted a s i m i l a r t e c h n i q u e i n w a t e r o f f N . 
W a l e s . T h e m a i n p r o b l e m w i t h t h i s t e chn ique l i e s i n 
c h o o s i n g a r ea s w h e r e the s e d i m e n t i n t e r f a c e s a r e p lane 
t h r o u g h o u t the p e r i o d t h a t the s e p a r a t i o n be tween the 
a c o u s t i c s o u r c e and the h y d r o p h o n e is i n c r e a s i n g . I t is 
u s u a l l y n e c e s s a r y to m a k e q u i t e a l a r g e n u m b e r of such 
p r o f i l e s and choose a f e w . w h i c h a r e s u i t a b l e f o r i n t e r ­
p r e t a t i o n . 

W h e n the dep th o f w a t e r i n c r e a s e s r e l a t i v e to the 
t h i c k n e s s o f the s e d i m e n t l a y e r , the w a t e r a c o u s t i c 
v e l o c i t y t ends t o d o m i n a t e the a v e r a g e and i t b e c o m e s 
i n c r e a s i n g l y d i f f i c u l t to o b t a i n a m e a n i n g f u l v a l u e f o r 
the v e l o c i t y i n the s e d i m e n t s . Houtz^ c o n s i d e r s t ha t the 
t h i n n e s t l a y e r f o r w h i c h a v a l i d i n t e r v a l v e l o c i t y can be 
f o u n d i n t h i s w a y i s about 1 /12 th of the w a t e r d e p t h . 

TABLE I . Results of wide-angle reflection experiments with 
source and receiver at the water surface, in l a k e E r i e . 
Water velocity 1.450 km/s. 

Velocity Layer thickness Water depth 
Number (km/s) (m) (m) 

1 1.560 ±0.035 12 27 
2 1.290 ±0.031 19 44 
3 1.310±0.033 18 43 
4 1.230 ±0.045 16 39 
5 1.473 ±0.050 16 52 
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A l t h o u g h B r y a n ' s ' ' d i f f e r e n t i a l m e t h o d , a p p l i c a b l e w h e n 
c o n t i n u o u s l y v a r y i n g t i m e - d i s t a n c e r e c o r d s a r e a v a i l ­
a b l e , s u g g e s t s t h a t i t m a y be p o s s i b l e t o i m p r o v e o n 
t h i s r a t i o to the e x t e n t t h a t t h e v e l o c i t y can be f o u n d 
i n l a y e r s as t h i n as l / 5 0 t h o f t h e w a t e r dep th , s u c h a 
f i g u r e w o u l d a p p l y o n l y t o t h e v e r y h i g h e s t q u a l i t y d a t a . 
H o w e v e r , the d e v e l o p m e n t d u r i n g t h e l a s t decade o f 
d e e p - t o w s e i s m i c p r o f i l i n g e q u i p m e n t has opened up t h e 
p o s s i b i l i t y , a t l e a s t f o r the s eabed o f c o n t i n e n t a l 
s h e l v e s , o f i m p r o v i n g t h e s e d i m e n t t o w a t e r c o l i u n n 
r a t i o by d e p l o y i n g the s e n s i n g e q u i p m e n t deep i n t h e 
w a t e r r a t h e r t h a n n e a r the s u r f a c e . A f u r t h e r a d v a n t a g e 
o f a d e e p - t o w d e p l o y m e n t i s t h a t any e f f e c t of v e l o c i t y 
v a r i a t i o n s w i t h i n t h e w a t e r c o l u m n i s m i n i m i z e d by 
h a v i n g the a c o u s t i c e q u i p m e n t b e l o w the s u r f a c e r e g i o n 
w h e r e f l u c t u a t i o n s a r e u s u a l l y g r e a t e s t . F o r e x a m p l e , 
d a t a on w a t e r v e l o c i t i e s f r o m the E m e r a l d B a s i n o n the 
S c o t i a n She l f s h o w t h a t t h e s e can v a r y by abou t 50 m / s 
w i t h i n the t o p 100 m o f w a t e r c o l u m n , b u t a t g r e a t e r 
dep ths the v e l o c i t y r e m a i n s c o n s t a n t to w i t h i n 5 m / s . 

D e e p - t o w e q u i p m e n t has b e e n i n c o m m e r c i a l use f o r 
a n u m b e r of y e a r s and has b e e n d e s c r i b e d b y B i d g o o d , " 
T y c e / ^ and P a r r o t t et al.^^ A n i n s t r u m e n t p a c k a g e can 
be t o w e d as c l o s e t o t h e s e a b e d as ca. 30 m . A l t h o u g h 
c o n s i d e r a b l e f u n d i n g and e x p e r t i s e has gone i n t o the d e ­
v e l o p m e n t of s u c h s y s t e m s o v e r the p a s t d e c a d e , t h e r e 
has been l i t t l e i n t e r e s t i n m a k i n g use o f t h e m f o r d e t e r ­
m i n i n g s eabed s e d i m e n t a c o u s t i c v e l o c i t i e s a n d c o r r e s ­
p o n d i n g l y l i t t l e t h o u g h t has been g i v e n t o i n c o r p o r a t i n g 
f e a t u r e s i n t h e i r d e s i g n w h i c h w o u l d a l l o w r e a d y a d a p t a ­
t i o n f o r t h i s p u r p o s e , o r f o r t h e i n v e s t i g a t i o n o f r e f l e c ­
t i v i t y o t h e r t h a n at v e r t i c a l i n c i d e n c e . T h e o b v i o u s d i f ­
f e r e n c e w i t h an e q u i p m e n t p a c k a g e t o w e d n e a r t h e b o t t o m 
f r o m one t o w e d n e a r the s u r f a c e i s t ha t i t i s n o t easy to 
a l t e r the s p a c i n g b e t w e e n t h e a c o u s t i c s o u r c e and r e ­
c e i v e r a f t e r d e p l o y m e n t . One w a y a r o u n d the p r o b l e m 
is to use a n u m b e r o f r e c e i v e r s t o w e d a t c o n s t a n t d e p t h 
i n the w a y P o r t e r et a Z . " h a v e done f o r n e a r - s u r f a c e 
e q u i p m e n t w h i l e a n o t h e r i s t o use o n l y one r e c e i v e r 
f l o w n up and d o w n the w a t e r c o l u m n i n o r d e r t o o b t a i n 
changes i n t h e a n g l e o f r e f l e c t i o n a t the h o r i z o n s o f 
i n t e r e s t . T h e a u t h o r s h a v e f o u n d b o t h m e t h o d s u s e f u l , 
b u t i n d i f f e r e n t c i r c u m s t a n c e s , and the t e c h n i q u e o f c o n ­
t i n u o u s l y v a r y i n g t o w dep th i s d i s c u s s e d i n a l a t e r s e c ­
t i o n . 

I t i s i m p o r t a n t t o no te t h a t t h e m a i n t e n a n c e o f 
a f i x e d g e o m e t r i c a l r e l a t i o n s h i p b e t w e e n a c o u s t i c 
s o u r c e and r e c e i v e r s w o u l d be v e r y d i f f i c u l t t o r e a l i z e 
w h e n e q u i p m e n t i s t o w e d f a r b e l o w the s u r f a c e ( F i g . 1) . 
W e have m a d e no a t t e m p t to do t h i s o t h e r t h a n w i t h i n 
t h e v e r y b r o a d l i m i t s ( ca . ± 5 m ) w h i c h can be s e t b y 
v a r y i n g t h e s h i p ' s speed and t h e l e n g t h o f the m a i n t o w 
c a b l e . I n s t e a d , t h e l o c a t i o n o f s o u r c e and r e c e i v e r s 
i s c a l c u l a t e d c o n t i n u o u s l y f r o m o b s e r v a t i o n s of the 
t r a v e l t i m e s o v e r the p a t h l e n g t h s a, d, and ( 6 + c ) i n 
the w a t e r c o l u m n ( F i g . 2 and A p p e n d i x ) . 

T h e e q u i p m e n t w h i c h we a d a p t e d to c a r r y a d d i t i o n a l 
r e c e i v e r s w a s a N o v a S c o t i a R e s e a r c h F o u n d a t i o n d e e p -
t o w p r o f i l e r , w h o s e u n d e r w a t e r v e h i c l e , t o w e d on 600 m 
of c a b l e , has an o p e r a t i o n a l d e p t h o f up t o 300 m . 
T h e s t a n d a r d a c o u s t i c s o u r c e u s e d i n t h i s s y s t e m was 

acoust ic 
source 

rece iver 

FIG. 1. The deploy ment of acoustic equipment for the mea­
surement of acoustic velocity in the seabed. 

a s i n g l e - t i p s p a r k - d i s c h a r g e u n i t ( " s p a r k e r " ) , w h o s e 

a c o u s t i c o u t p u t v a r i e s w i t h d e p t h of o p e r a t i o n as s h o w n 

i n F i g . 3. W e d e v i s e d a m u l t i - t i p s p a r k e r w h i c h h a d i t s 

t i p s d i s t r i b u t e d a l o n g a 2 - m l i n e a t h w a r t the t o w d i r e c ­

t i o n . T h i s p r o d u c e s a t o t a l p u l s e l e n g t h a b o u t h a l f t h a t 

of t h e s i n g l e - t i p s p a r k e r a t d o u b l e t h e f r e q u e n c y . D e ­

p e n d i n g on t o w d e p t h and f r e q u e n c y o u t p u t , t h e b e a m 

p a t t e r n p r o d u c e d by the m u l t i - t i p s p a r k e r has a t h e o ­

r e t i c a l w i d t h of b e t w e e n 15° and 40° i n t h e m a i n l o b e , 

w h i c h i s c e n t e r e d on a v e r t i c a l p l a n e t h r o u g h the d i r e c ­

t i o n of t o w i n g . 

T h e m a i n t o w cab l e c o u l d a c c o m m o d a t e a t o t a l o f f o u r 
a u d i o f r e q u e n c y s i g n a l c h a n n e l s a f t e r t h r e e c h a n n e l s 
f o r t he d e p t h c o m p e n s a t i o n and p o w e r c i r c u i t s n e c e s s a r y 
f o r t he b a s i c f u n c t i o n i n g o f t h e s y s t e m h a d b e e n a l l o c a ­
t e d . T h i s s m a l l n u m b e r o f c h a n n e l s a v a i l a b l e i s a 
r a t h e r s e r i o u s r e s t r i c t i o n o n t h e g a t h e r i n g o f w i d e -
a n g l e i n f o r m a t i o n . One o f t h e f o u r w a s u s e d f o r a h y d r o ­
phone t o w e d c l o s e t o the a c o u s t i c s o u r c e . I n one 
c o n f i g u r a t i o n , t h e r e m a i n i n g t h r e e c h a n n e l s w e r e g i v e n 
o v e r t o h y d r o p h o n e s t o w e d a t 37 , 55 , and 67 m b e h i n d 
t h e a c o u s t i c s o u r c e . I n a n o t h e r , a t o t a l o f s i x h y d r o -

FIG. 2. Diagram to show the geometrical relationships f r o m 
which Eq. (1) is derived. Upper-case l e t t e r s denote points, 
lower case denote the length of st r a i g h t lines. Physically, 
a l l lines shown are in the water column, with the exception of 
the horizontal lines through E which can represent either the 
sea surface or the seabed. 
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FIG. 3. Variation with depth of operation of a si n g l e - t l p -
sparker acoustic source. E l e c t r i c a l input 200 J. 

phones w e r e d e p l o y e d o v e r a s i m i l a r s p r e a d , b u t t h e i r 
o u t p u t w a s f e d i n t u r n t o a s i n g l e c h a n n e l by m e a n s of a 
s w i t c h i n g m e c h a n i s m . A t one t i m e w e a t t e m p t e d t o 
e l a b o r a t e t h i s p r o c e d u r e by d e p l o y i n g e i g h t s p a r k e r 
s o u r c e s s p r e a d e v e n l y i n the space b e t w e e n the f i r s t 
and s e c o n d h y d r o p h o n e s . T h e h i g h v o l t a g e d i s c h a r g e 
was g a t e d to each of the s o u r c e s i n t u r n by m e a n s o f 
r e l a y s i n a s u b m e r s i b l e o i l - f i l l e d h o u s i n g . T h i s a r ­
r a n g e m e n t o f e i g h t s o u r c e s and s i x r e c e i v e r s gave a 
t o t a l o f 48 d i f f e r e n t o f f s e t s by w h i c h w e had hoped to 
o b t a i n n e a r c o n t i n u o u s p r o f i l e s ana logous w i t h t h o s e 
m a d e by u s i n g s o n o b u o y s . A l t h o u g h the h i g h v o l t a g e 
gate w a s t h o r o u g h l y t e s t e d and w o r k e d w e l l , we w e r e 
unab le to g i v e a s a t i s f a c t o r y g u a r a n t e e o f i t s s a f e t y 
and so r e v e r t e d t o the s i m p l e h y d r o p h o n e s w i t c h i n g 
a l o n e . 

T h e advan tage of a s w i t c h i n g m e t h o d " i s t h a t i t m a k e s 
p o s s i b l e o b s e r v a t i o n s a t m o r e r e f l e c t i o n a n g l e s . I t s 
d i s a d v a n t a g e l i e s i n the d i f f i c u l t y of m a i n t a i n i n g the d e ­
s i r a b l e g e o m e t r y r e q u i r e d f o r the o b s e r v a t i o n a t the 
d i f f e r e n t h y d r o p h o n e s o f r e f l e c t i o n s f r o m a c o m m o n 
d e p t h p o i n t , un less v e r y f i n e c o n t r o l c an be e x e r c i s e d 
o v e r the s h i p ' s speed and the c y c l i n g r a t e o f the s w i t c h 
m e c h a n i s m . W e d i d no t f i n d i t p o s s i b l e to s y n c h r o n i z e 
t hese s u f f i c i e n t l y w e l l to p r o v i d e c o m m o n d e p t h - p o i n t 
d a t a , and the o n l y v e l o c i t i e s w h i c h have been c a l c u l a t e d 
f r o m i n f o r m a t i o n o b t a i n e d by the s w i t c h i n g m e t h o d a r e 
f r o m a r e a s w h e r e s e d i m e n t i n t e r f a c e s a r e p l a n a r . 

I n c a l c u l a t i n g v e l o c i t i e s f r o m s u c h da t a , we have used 
the m e t h o d o f G r e e n ' ° w i t h an a p p r o p r i a t e c o r r e c t i o n 
w h i c h i s needed because the o f f s e t r e c e i v e r s w i l l no t 
n e c e s s a r i l y be a t the s a m e l e v e l as the a c o u s t i c s o u r c e . 
T h e p o s i t i o n o f each r e c e i v e r can be f o u n d f r o m the 
r e l a t i o n s h i p : 

h=[(b+cf - ( f ] H a (1) 

l e v e l , a p l o t of the (d is tance)^ v e r s u s ( r e f l e c t e d t r a v e l 
t i m e ) ^ leads to an e v a l u a t i o n o f the a v e r a g e v e l o c i t y by 
m e a s u r e m e n t o f the g r a d i e n t o f a s t r a i g h t l i n e f i t t e d t o 
the da ta . T h i s s i m p l e m e t h o d a s sumes a l e a s t - d i s t a n c e 
r a y p a t h b e t w e e n s o u r c e and r e c e i v e r and i g n o r e s the 
d i f f e r e n c e b e t w e e n t h i s and the a c t u a l l e a s t - t i m e pa th . 
F o r s e d i m e n t v e l o c i t i e s w i t h i n 10% o f t ha t o f the w a t e r , 
t h i s d i f f e r e n c e is l e s s than 0.2% f o r i n c i d e n c e ang les up 
to 4 5 ° . T h i s is s m a l l e r than the 0 . 1 - m s a c c u r a c y of 
m e a s u r e m e n t o f the r e f l e c t e d t r a v e l t i m e s , w h i c h t y p i c ­
a l l y had v a l u e s a r o u n d 50 m s o r l e s s . M o r e p r e c i s e 
m e t h o d s o f c o m p u t a t i o n such as t h a t of L e P i c h o n et al.' 
o r W e s t b r o o k ' ^ p r o c e e d on the bas i s of l e a s t - t i m e r a y -
pa ths , bu t r e q u i r e m o r e t i m e - d i s t a n c e da ta p o i n t s than 
w e had a v a i l a b l e . F r o m F i g . 2 i t w i l l be c l e a r t ha t a 
s u f f i c i e n t l y a c c u r a t e p o s i t i o n f o r the p o i n t D can be o b ­
t a i n e d o n l y i f the d i f f e r e n c e b e t w e e n (b+c) and d is not 
too s m a l l . I n the case w h e r e is 70 m and a is 30 m , 
w e f i n d an u n c e r t a i n t y i n h o f 0.5 m w h e n the a c c u r a c y 
o f p i c k i n g t r a v e l t i m e s i s 0 .1 m s . T h i s w o u l d l e a d to an 
u n c e r t a i n t y o f ± 7 m / s i n the a v e r a g e v e l o c i t y i n the w a t e r 
and s e d i m e n t l a y e r s above the s u b b o t t o m r e f l e c t o r of 
i n t e r e s t and a c o r r e s p o n d i n g l y g r e a t e r e r r o r i n the s e d i ­
m e n t v e l o c i t y , w h e n the e f f e c t of the w a t e r l a y e r is r e ­
m o v e d . T h e e x t e n t to w h i c h i t is g r e a t e r w i l l depend on 
the r a t i o of w a t e r c o l u m n to s e d i m e n t t h i c k n e s s : e .g . , 
± 2 8 m / s f o r a 3 :1 r a t i o . 

A n o t h e r f a c t o r w h i c h c o u l d a f f e c t the i n t e r p r e t a t i o n o f 
t r a v e l - t i m e o b s e r v a t i o n s is the p o s s i b i l i t y of phase 
change on r e f l e c t i o n . T h e t h e o r e t i c a l e x p r e s s i o n of 
B r e k h o v s k i k h " g i v i n g the r e f l e c t i o n c o e f f i c i e n t o f a sound 
w a v e i n c i d e n t f r o m a l i q u i d on the p lane b o u n d a r y o f a 
s o l i d i s 

cos^ 29^ + ZtSirf 26,- Zp 

Z^CQs''2e, + Z,sin'2e, + Zo ' 
(2) 

w h e r e 

d e r i v e d i n t h e A p p e n d i x . Once the t r a v e l t i m e s o f the 
r e f l e c t e d a r r i v a l s have been r e d u c e d to a c o m m o n d a t u m 

2o=PoVcos9o> ^i=Pi«i/cos9i , Z , = p , « y c o s 9 j , 

w i t h "p" d e n s i t y and "v" v e l o c i t y , the s u b s c r i p t s " 0 " 
r e f e r r i n g to l i q u i d , " 1 " to s o l i d , and " s " to s h e a r waves 

. i n the s o l i d . T h e angles 9^ and 9^ a r e d e r i v e d f r o m the 
ang le o f i n c i d e n c e by S n e l l ' s L a w , w h i c h m a y be e x ­
tended to d e s c r i b e l o s s y m e d i a by the use of a c o m p l e x 
w a v e n u m b e r . M e r k u l o v a ' " ' has d e r i v e d a n a l y t i c a l e x ­
p r e s s i o n s f o r c o m p l e x impedances w h i c h a r i s e i n t h i s 
t r e a t m e n t , bu t a n u m e r i c a l i n s i g h t in to the b e h a v i o r o f 
B r e k h o v s k i k h ' s r e f l e c t i o n c o e f f i c i e n t can be as e a s i l y 
o b t a i n e d by e n t e r i n g a p p r o p r i a t e c o m p l e x va lues f o r the 
v a r i a b l e s i n E q . (2) . W e have c a l c u l a t e d t h i s e x p r e s s i o n 
f o r the r a n g e s of s e d i m e n t p a r a m e t e r s we expec ted to 
e n c o u n t e r on the seabed , n a m e l y : c o m p r e s s i o n a l wave 
v e l o c i t y 1.0 t o 1.7 k m / s , s h e a r w a v e v e l o c i t y ^ ' f r o m 
0.0 to 0.2 k m / s , d e n s i t y 1.4, and at tenuat ion^^ l o g a r i t h ­
m i c d e c r e m e n t 0.0 to 0 . 1 . 

On the b a s i s of t h i s v i s c o e l a s t i c m o d e l , t he v a r i a t i o n 
i n phase of R i s l e s s t h a n 3 0 ° excep t n e a r the i n t r o ­
m i s s i o n ang le ( i . e . , 9^ s uch t h a t i? = 0 , o r i n the case 
of l o s s y s e d i m e n t s , such t h a t i? i s a t a m i n i m u m ) and 
n e a r and above the c r i t i c a l ang le [ i . e . , 6g = sin~^{vo/vi)]. 
W i t h ou r e x p e r i m e n t a l e q u i p m e n t ( towed ca . 30 m o f f 
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bottom with maximum separation between source and 
receiver ca. 70 m) reflections at or above the cr i t ica l 
angle would be unobservable for sediments having a 
velocity less than ca. 2 k m / s . 

Reflections near the intromission angle can occur at 
shorter spacings between source and receiver, but the 
arr iva l time of the very weak reflection which occurs in 
these circumstances is difficult to measure, so that 
such a problem is unlikely to be overlooked in data pro­
cessing. Until now we have rejected, for the purpose of 
travel-time interpretation, any data with this appear­
ance, instead of trying to make phase-change correc ­
tions. 

To giye an idea of the numerical value of the possible 
errors which might ar i se from phase changes on ref lec­
tion, we can consider the case of a 180° phase shift, an 
acoustic source operating at 2 kHz and a reflected travel 
time of 50 ms. Here the error in neglecting the phase 
shift would be 0.25 ms, leading to an error of 0.5% in the 
average velocity in water and sediment. For a typical 
ratio of sediment to water layer thickness of 1:3 or 1:4, 
this would put the value of the sediment velocity in error 
by about 2%. F o r the jAiase changes of less than 30°, 
which we expect to encounter, this error would be 
ca. 0.25%. We do not consider this an important effect at 
the level of accuracy to which we are able to make ob­
servations, but it may prove to be one of the more s e r ­
ious obstacles to possible future attempts at refining the 
method by making more precise measurements of travel 
time, unless values for the shear wave velocity and 
attenuation can be determined. It could be possible to 
attempt this by observing the Variation with angle of the 
amplitude of the reflection coefficient R and fitting the 

observations with theoretical curves derived from E q . (2) 
or else from the corresponding expressions which 
relate to the modeling of the seabed as a porous v isco-
elastic material.^^ Such observations would require at 
the very least a 12-channel array of amplitude-calibra­
ted hydrophones, something which is far beyond the 
rudimentary equipment we had available. 

Results have been obtained from three areas of the 
Scotian shelf: the Emera ld Basin, the Sable Island 
Bank, and an unnamed basin near Canso Bank. A sedi-
mentalogical description of these areas has been given 
by King.^'' The two basin areas have water depths of 
about 200 m. The sediments are layered clays over­
lying si l ts . The Sable Island Bank is a shallower region 
near the shelf edge and the area investigated there lay 
in 100 m of water, with sand as the seabed material. 
Results obtained are shown in Table I I . The errors 
quoted are derived from the standard deviation of points 
from the best straight line fitted to (travel time)^ 
versus (distancef. The low velocities which we have 
measured in the basins occur in the LaHave Clay,^^ 
from which piston cores retrieved for micropalaeon-
tological purposes have been observed to expand after 
being brought on deck. The amount of this expansion 
has never been measured accurately, but from discus­
sion with Scott et al.,^^ who have done the coring, we 
conclude that it can range from about 5% to 10%, after 
recovery from a depth of about 200 m. This range 
is in approximate agreement with the proportion of gas 
which Wood's^^ emulsion equation would predict on the 
basis of the observed acoustic velocities at the given 
hydrostatic load, and provides some indication of the 
validity of the values we have obtained, in the absence 

T A B L E I I . Results of wide-angle reflection experiments with source and receiver towed deep in 
the water column. Local i t ies are on the Scotian Shelf and are named following King.^^ 

'Sediment Approx. water L a y e r Method of 
velocity Sediment depth thickness data 

Number Locality ( k m / s ) type (m) (m) gathering 

1 Sable Island Bank 1 . 596 ± 0 . 030 sand 90 8 Switching 
2 Sable Island Bank 1 . 600 ± 0 . 038 sand 90 8 Switching 
3 Sable Island Bank 1 .661 ± 0 . 025 sand 90 13 Switching 
4 Sable Island Bank 1 .572 ± 0 . 0 2 6 sand 90 11 Switching 
5 Sable Island Bank 1 . 6 1 5 ± 0 . 020 sand 90 12 Switching 
6 E m e r a l d Basin 1 . 4 2 0 ± 0 . 019 clay 220 14 Switching 
7 E m e r a l d Bas in 1 . 3 4 7 ± 0 . 025 clay 220 14 Switching 
8 E m e r a l d Basin 1 376 ± 0 . 028 clay 220 15 Switching 
9 E m e r a l d Bas in 1 3 1 0 ± 0 . 0 6 0 clay 230 13 Three-hydrophone 

10 E m e r a l d Bas in 1 385 ± 0 . 0 4 6 clay 240 16 
spread 

Three-hydrophone 

11 E m e r a l d Bas in 
spread 

11 E m e r a l d Bas in 1 261 ± 0 . 0 8 5 clay 230 15 Three-hydrophone 

12 E m e r a l d Bas in 
spread 

12 E m e r a l d Bas in 1 234 ± 0 . 0 5 0 clay 220 15 Three-hydrophone 

13 
spread 

13 Canso Bank Basin 1 351 ± 0 . 071 clay 200 27 Three-hydrophone 

14 Canso Bank Basin 
spread 

14 Canso Bank Basin 1. 415 ± 0 . 038 clay 200 9 Three-hydrophone 

15 Canso Bank Basin 
spread 

15 Canso Bank Basin 1. 310 ± 0 . 063 clay 200 _ 9 Three-hydrophone 
spread 
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of any independent velocity measurements. A further 
confirmation of the low velocities found in the basin 
areas comes from an examination of vertical incidence 
profiles in the neighborhood of pockmarks, large crater­
like features described by King and MacLean ." Hori ­
zontal layering as seen on a vertical incidence seismic 
section is distorted beneath the pockmark. We have 
deduced velocities on the assumption that this distortion 
does result from a lower acoustic velocity in the sedi­
ment than in the water and find them in agreement with 
velocities calculated from wide-afigle travel-time data. 
(The "pockmark method" of velocity determination does 
not lead to accuracies better than about ±5%.) 

Hunter et al.,'' have made direct measurements of 
acoustic velocities in the area of our experiments on 
Sable Island Bank, by deploying 12-channel arrays of 
hydrophones on the seabed and detonating smal l charges 
of explosive near one end of the array. They give 
velocity values for the seabed material (Sable Island 
Sand '̂*) between 1595 and 1775 m/s , which appear to be . 
in agreement with our results, but they subdivide the 
layer which we have taken as one unit, and assign higher 
velocities to the deeper parts of it, such that their 
minimum average value for our layer is about 1700 m/s . 
The discrepancy may result from the fact that Hunter's'' 
refraction lines are unreversed, although it does seem 
that interfaces are near horizontal in this region. A l -

F I G . 4. Wide-angle reflection profiles made by the switching 
method on Sable Island Bank. The two sequences of switching 
are shown superimposed on a vertical.incidence profile. 
( T - . T ) , t lme= 0 event; (d-d) , direct (water wave) a r r i v a l ; 
(b-b) , bottom-reflected a r r i v a l ; ( r - r ) , subbottom-reflected 
a r r i v a l . The two vertical lines are time marics and are 2 
min apart (equivalent to about 200 m horizontal movement). 

F I G . 5. Ray paths A E D (surface reflected), AD (direct), and 
A B C D (refracted) between a source at A and a receiver at D. 
Lower-case letters denote distances. 9, is the angle of incid--
ence for w h i c h s i n 9^-v^, where t^i, V2 are the acoustic 
velocities in the upper and lower media (above and below B C ) . 

ternatively, it may be due to lateral velocity variation 
and minor navigational inconsistency. It is difficult to 
reconcile the depths of interfaces given by Hunter et al.,' 
with reflectors on our vertical incidence record. This 
makes it seem likely that the two sets of results do not 
refer to exactly the same position on the seabed. 

II. THE REFRACTION METHOD 

Where rock rather than unconsolidated sediment lies 
at or near the seabed, the wide-angle reflection method 
is seldom applicable for velocity determination because 
reflections from deeper interfaces are not usually ob­
served when the acoustic source in use is one designed 
for high resolution engineering purposes. However, the 
reduced attenuation found in a cemented material makes 
it more likely that a head wave^° will be observable. 
The technique was employed by Maries and Beckmann" 
who used a hydrophone on a long cable which could be 
let oiit astern during the running of survey lines. We 
have found this technique useful in up to about 25 m of 
w a t e r b u t in deeper areas, at the offset distance re ­
quired for the observation of a head wave as a f irst 
arr iva l , the signal from a spark discharge source of a 
few hundred joules is.usually too weak for easy detec­
tion. An alternative method is to trail both source and 
receiver at constant separation some distance astern 
and arrange for them to rise and fall in the water col­
umn. A second hydrophone is placed immediately ad­
jacent to the source so that its position can be located 
at any instant by observing the reflection from bottom 
or surface. The travel time of a wave traveling along 
the path A B C D of Fig. 4 is 

T = (/ti + * 2 ) / " i cos 9i +x/v2 (3) 

where the distances and angle are defined in Fig. 5, 
is-the velocity in the water column and V2 the velocity 

of the headwave. The expressing of x in terms of h^, 
h^, d, and the application of Snell's Law lead to 

0 =cos 9i{cos e^ih^ -h/Zj) +sin 9^ 

(4) 

The application of Eq . (1) to the direct and surface-
reflected arrivals (with appropriate phase change cor­
rection for a pressure-release surface) leads to a value 
for h^, and the equation can be solved for the angle 9^ 
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^ 1 

F I G . 6. Display on a variable-density recorder of a head-
wave arr iva l ( r - r ) . The time-0 event is at ( t - t ) , the direct 
arr iva l (d-d) and the surface reflection ( s - s ) . (m-m) is a 
multiple reflection. The horizontal lines are 10 ms apart. 

(by the conventional substitution <=tan5j/2 leading to a 
quadratic in /) to give = vjs\n6^. 

Because of possible difficulties in identifying the f irs t 
phase of the head wave, it is desirable to have a differ­
ential method of deriving 1^2, by analogy with the conven­
tional refraction method of exploration geophysics, or • 
with Bryan's* method for thin layers on continuous wide-
angle reflection profiles. Such a method can be obtained 
conveniently by looking at the rate of change of arr iva l 
time of the head wave at points where the source is 
momentarily at constant level in the water column. 
Part ia l differentiation of E q . (4), for constant/Zj leads 
to 

0 = cos e,-5m9,{h,-h,)Ad'- { h , - h , f y ' ' - ^ . (5) 

The partial derivative can be evaluated as 

8T 
ah. 

dT 
8 S i dh^ 

where is the travel time of the surface reflection to 
the remote hydrophone (Vj-S^ = 6-f c), and the resulting 
equation solved for 6^ and thence V2 as before. 

During the course of a high resolution vertical inci ­
dence reflection survey of the offshore coalfield of 
Cape Breton I s l a n d , w e made a few measureiments 
in this way of the head-wave velocity in the seabed 
rocks in water depths up to 40 m. The separation • 
between source and receiver, was 30 m and these were 

flown from near the surface to within a few meters of 
the bottom by slowing down and speeding up the survey 
vessel (a 40-ft fishing boat). A record made in this way 
is shown in Fig . 6. The results, in Table I I I , show 
velocities falling into two groups, the higher values 
character iz i i^ weathered sandstones, the lower weath­
ered shales in the cyclothemic sequence of outcrops 
on the seabed. 

With the method we describe, the velocity measure­
ment is made over a path length of 30 m, whereas in 
conditions of 40 m depth of water and rock velocity of 
2.1 k m / s , a separation between source and receiver 
of about 200 m would be required for the observation of 
a head wave with conventional surface-towed equipment. 
Clear ly this method gives considerably better resolution 
of abrupt lateral changes in velocity than could be ach­
ieved by the use of equipment near the sea surface. 
The advantage over sea-bottom methods such as those 
of Roberts et al.^ or Hunter et al.,'' is that our method 
does not require the survey vessel to make a station. 
In the water depths of 40 m and the good weather condi­
tions which we encountered, the sea-surface reflection 
was appropriate for triangulation, by E q . (1), to find the 
location of the remote receiver. In much deeper water, 
it would be necessary to use the bottom reflection, a 
second acoustic source or a pressure transducer to lo­
cate this receiver. 

III. CONCLUSIONS 

As ways of measuring at midaudio frequencies the 
velocity of the compressional acoustic wave in seabed 
materials , the methods described may be found more 
convenient then those which require station work, and 
more accurate than upward extrapolations from infor­
mation on deeper strata. The wide-angle method in 
particular could be employed continuously whenever 
deep-tow vertical-incidence profiling surveys are being 
conducted. In view of this, it is unfortunate that pro­
filing systems are being built with no provision made 
for their immediate use in seabed acoustic velocity de­
termination, or even for their easy adaption to that end. 

The velocity of the compressional wave is a good 
indicator of sediment bonding by ice^^ or gas hydrate, 
and a measurement of this same parameter is the only 

T A B L E III . Results of refraction experiments. 

Locality Rock velocity Water depth Method of 
Number L a t . N. Long. W . ( k m / s ) (m) derivation 

1 46°23' 60''17' • 2. 20 ±0. 05 29 T r a v e l time 
1 46°23' eon 7' 2 .17±0 .12 29 Gradient of 

travel time 
' 2 46°14' 59°49' 2 .00±0 .15 43 T r a v e l time 

3 46°14' 59°48' 2.13 ±0.07 41 T r a v e l time 
4 46"'14' 59°48' 3 . 00±0 .10 42 T r a v e l time 
5 46°14' 59°48' 2 .86±0 .15 41 T r a v e l time 
5 46n4' 59°48' 2 .60±0 .21 41 Gradient of 

travel time 
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reliable remote method for detecting sediment gasifica­
tion. Both bonding and gasification^^ have implications 
for the design of structural foundations. This is one 
of the more pressing reasons for the need to change the 
present, inadequate, vertical-incidence, se ismic pro­
filing systems normally used in seabed surveys for 
engineering purposes. 
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APPENDIX: DERIVATION OF EQ. (1) 

In F ig . 1, the acoustic source is at A and the receiv­
ing hydrophone is at D. We know the distance a from 
the vertical incidence reflection time, the separation d 
of the source and hydrophone, and the total distance 
(6 + c) along the reflected wave path. We require the 
distance k in order to locate the receiving hydrophone. 
From A D A E 

d^=b^+c^+2bccos2a, 

d^={b+cf-2bc{l-cos2a). 

But 

1 - C O S 2 Q ! =2sitfQ! , 

d^=(b+cf-'ibcsir?a, 

sin a =a/b, 

d^={b+cf-icec/b, 

since A A B E is s imi lar to A E C D , 

c/b=k/a, 

d^={b+cf -Aah, 

hence . 

;z=[(6+c)2-d^] /4a . 

* E . L . Hamilton, "Sound velocity gradients in marine sedi­
ments," J . Acoust. Soc. A m . 65, 909-922 (1979). 

^R. E . Houtz, "Prel iminary sonobuoy study of rapidly accum­
ulating shelf sediments," J . Geophys. Res. 83, 5397-5404 
(1978). 

^X. LePichon, J . Ewing. and R. E . Houtz, "Deep-sea sedi­
ment velocity determination made while reflection profil ing," 

J . Geophys, Res, 73, 2597-2614 (1968), 
•"G, M , B r y a n , "Sonobuoy measurements in thin l ayers ," in 

Physics of Sowtd in Marine Sediments, edited by Loyd Hamp­
ton (Plenum, New York , 1974), pp, 119-130, 

''K, Wrolstad, "Interval velocity and attenuation measurements 

in sediments from marine seismic reflection data." J . 
Acoust. Soc. Am, 68, 1415-1435 (1980), 

^ E . W. Roberts, .p. G . Simpkin, and D, Taylor-Smith, "An 
tn-situ acoustic probe for sea-bed sediments," Mar. TechnoL, 
72-77 (1972). . : • , • 

' j . A , Hunter, H . A . MacAulay, R. A , Burns, and R. L , 
Good, "Measurement of seabottom sediment velocities on 
the Scotian Shelf," Rep, Eng. Geophys, S e c , Geol, Survey 
of Canada, a t a w a (1980). 

^G. M . Bryan , "The hydrophone-pinger experiment," J . 
Acoust. Soc. Am. 68, 1403-1408 (1980). 

' G . L , Maynard, G . H , Sutton, D, M. Hussong, and L . VV. 
Kroenke, "The seismic wide angle reflection method in the 
study of ocean sediment velocity structure," in Physics of 
Sound in Marine Sediments, edited by Loyd Hampton (Plenum, 
New York, 1974), pp, 89-115, 

^ ' C . H , Green, "Velocity determination by means of reflection 
profi les ," Geophys, 3 , 295-305 (1938). 

* ' C . H , Dix, "Seismic velocities from surface measurements," 
Geophys, XX(1) , 68-86 (1955), 

*^J. D . Bennell , "Seismic velocity gradients in sea floor sedi­
ments," Geol, Rep, 78-1, Marine Science Laboratories, 
Menai Bridge, North Wales (1978). 

" D , E , T , Bidgood, " A deep-towed sea bottom profiling sys­
tem," Proc, Oceans 74 I E E E Conf. 2, 96-107 (1974), 

* ^ E , C , Tyce , L , A , Mayer, and F , N. Spiess, "Near-bottom 
profiling: High lateral variability, anomalous amplitudes, 
and estimates of attenuation," J . Acoust, Soc. Am. 68. 
1391-1402 (1980), 

R, Parrott, D, J , Dodds, L , H , King, and P, C , Simpkin, 
"Measurement and evaluation of the acoustic reflectivity of 
the sea floor," Can, J , Earth Sci . 17(6), 722-737 (1980), 

'^W, J Porter, D. L , B e l l , and L . C . Britton, "Multichannel 
towed arrays for remote measurement of marine sediment 
acoustical properties," Offshore Technol, Conf,, Dallas, 
paper No, OTC 2015, American Institute of Mining, -Metal­
lurgical , and Petroleum Engineers (1974), 

" A . G . McKay, "Observation of wide-angle reflections and r e ­
fractions from a high-resolution engineering seismic source,'' 
Geophys. Prospect. 16 (3), 673 (A) (1978). 

* ' G , K , Westbrook, P h . D . thesis, University of Durham, 
England (1974). 

" L . M . Brekhovskikh, Waves in Layered Media (Academic, 
New York, 1960). 
V̂, M, Merkulova, "Reflection of sound waves from the bound­
ary between a liquid and a solid absorbing medium," Sov. 
Phys,-Acoust , 15(3), 404-405 (1970). 

^ ' E , L . Hamilton, "Geoacoustic modelling of the sea floor," 
J , Acoust, Soc. Am, 68, 1313-1340 (1980), 

^^R. D. Stoll, "Acoustic waves in ocean sediments," Geophys, 
42 (4). 715-725 (1977). 

^ R . p . Stoll and T . K . Kan, " Reflection of acoustic waves at a 
water-sediment Interface," J . Acoust. Soc. Am. 70, 149-
156 (1981). 

' ^ ^ L . H . King, "Surficial geology of the Halifax-Sable Island 
map a r e a , " Canadian Department of Energy Mines and Re ­
sources Marine Sciences Papers No, 1, 16 pp, (1970), 

^^0. Scott, F . Medioli, and A , A , Miller, personal communi­
cation. Geology Dept., Dalhousie University. Halifax, Nova 
Scotia (1980). 

26A. B . Wood, A Textbook of Sound (Bell) , London, (1930). 
^ ' L . H . King and B, MacLean, "Pockmarks on the Scotian 

Shelf," Geol, Soc, Am, BuU, 81, 3141-3148 (1970), 
^'P. A . Heel an, "On the theory of head waves," Geophys. 18, 

871-893 (1953), 
^ ' A . C . Maries and W, C , Beckmann, " A new geophysical 

method for the exploration of undersea coalfields," Min, Eng,, 
262-275 (Jan., 1961). 

' " K . Howells and A. G, McKay, " Seismic profiling in Miram-
ichi Bay, New Brunswick," Can. J . Earth Sci . 14(12) . 
2909-2927 (1977). 

877 J , Acoust. Soc, Am,, Vol, 71, No, 4, April 1982 A. G, McKay and P, M, McKay: Compresslonal-wave measurements 877 



" D . D . Prent i ss , A. G. McKay, K. Howells, and D. E . T . R. M. Gagne, and R. A. B u r n s , "Permafrost and frozen 
Bidgood, "Marine se i smic reflection surveys over part of the sub-seabottam materials in the Southern Beaufort S e a , " 
underwater extension of the Sydney Coal Bas in , Cape Breton Beaufort Sea Project Tech. Rep. No. 22, Geol. Survey 
I s land ," Geol . Assoc . Can . Halifax '80 Programme with Ab- Can. (1976). 
stracts 5, 76 (1980). " G . C . S i l l s , "Seabed soils containing gas bubbles," personal 

' ' j . A . Hunter, A . S. Judge, H. A. Macaulay, R. L . Good, communication, Dept. Eng. Sci . , Univ. Oxford (1980). 

878 J. Acoust. Soc. Am., Vol. 71, No. 4, April 1982 A. G. McKay and P. M. McKay:" Compressional-wave measurements 878 


