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ABSTRACT 
Off the Durham coast, the Permian succession above the Coal 

Measures c o n t a i n s l i m e s t o n e s and a n h y d r i t e bands w i t h h i g h 
s e i s m i c v e l o c i t i e s and r e f l e c t i o n c o e f f i c i e n t s . The consequent 
reduction i n p e n e t r a t i o n of seismic energy makes i t d i f f i c u l t t o 
det e r m i n e Coal Measures s t r u c t u r e by t h e s e i s m i c r e f l e c t i o n 
method. Seismic data s e t s a c q u i r e d f r o m t h i s r e g i o n by t h e 
National Coal Board i n 1979 and 1982 are used t o i l l u s t r a t e t h a t 
s a t i s f a c t o r y r e s u l t s a r e d i f f i c u l t t o a c h i e v e . S y n t h e t i c 
seismograms, generated f o r a s i m p l i f i e d g e o l o g i c a l s e c t i o n of the 
r e g i o n , are a l s o used t o study v a r i o u s aspects of t h e o v e r a l l 
problem of applying the seismic technique i n the area. 

Standard and non-standard processing sequences are applied 
t o t h e s e i s m i c data t o enhance t h e q u a l i t y of t h e stacked 
s e c t i o n s and t h e r e s u l t s are d i s c u s s e d . T h i s p r o c e s s i n g showed 
t h a t i n t h e 1979 survey, i n which a watergun source and a 600m 
streamer were used, some p e n e t r a t i o n was achieved but Coal 
Measures r e s o l u t i o n on the f i n a l s ections i s poor. The 1982 data 
s e t , shot along a segment of t h e 1979 l i n e u s i n g a sl e e v e 
e x p l o d e r source and a 150m st r e a m e r , showed no Coal Measures 
a f t e r processing. 

S y n t h e t i c seismograms, generated u s i n g t h e r e f l e c t i v i t y 
method and a broadband source wavelet, are processed t o confirm 
t h a t a streamer w i t h a l e n g t h o f 360 t o 400m towed a t a depth of 
5-7.5m w i l l be o p t i m a l f o r f u t u r e data a c q u i s i t i o n i n t h e area. 
I t i s a l s o shown t h a t t h e e r o s i o n o f t h e s u r f a c e of t h e l i m e s t o n e 
lowers the h o r i z o n t a l r e s o l u t i o n of the Coal Measures. S c a t t e r i n g 



from e r o s i o n a l f e a t u r e s w i l l be g r e a t e r f o r high frequencies, so 
i t w i l l be necessary t o use a broadband source which g e n e r a t e s 
s i g n i f i c a n t energy below 50 Hz. However, even when a c q u i s i t i o n 
and p r o c e s s i n g methods are o p t i m i s e d , s e i s m i c r e f l e c t i o n d ata 
f r o m t h i s area w i l l s t i l l be d i f f i c u l t t o i n t e r p r e t f o r Coal 
Measures s t r u c t u r e . 
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C H A P T E R 1 

INTRODUCTION 

1.1 Scope of Study. 

The costs of coal mining can be extremely s e n s i t i v e t o the 
g e o l o g i c a l s t r u c t u r e o f t h e c o a l b e a r i n g s t r a t a . I n a d d i t i o n t o 
d r i l l i n g boreholes and l o g g i n g them, seismic r e f l e c t i o n surveying 
i s now used as a s t a n d a r d t e c h n i q u e t o d e t e r m i n e t h e n a t u r e and 
l o c a t i o n of major s t r u c t u r a l f eatures i n the U.K. c o a l f i e l d s . 

Up t o 80% o f t h e c o a l produced i n t h e U.K. i s mined by t h e 
method of l o n g w a l l mining which has been described by Ziolkowski 
( 1 9 7 9 ) . T h i s method p e r m i t s a much h i g h e r p e r c e n t a g e o f 
e x t r a c t i o n of coal a t depths which are uneconomic t o mine by the 
bord and p i l l a r methods. I t has no disadvantage so l o n g as t h e 
c o a l seam i s c o n t i n u o u s i n t h e d i r e c t i o n of advance of t h e 
c o a l f a c e . Sometimes t h e seam's c o n t i n u i t y i s broken e i t h e r by 
f a u l t i n g , b u ried sandstone channels, seam s p l i t t i n g or g e o l o g i c a l 
washouts. When t h i s happens, a l l t h e c o a l f a c e machinery (which 
can weigh over 1000 tonnes and c o s t over 2 m i l l i o n pounds) i s 
s t u c k i n a narrow underground t u n n e l where i t cannot be e a s i l y 
manoeuvred and where i t can no l o n g e r pay f o r i t s e l f by m i n i n g 
c o a l . W i t h o u t adequate spare c a p a c i t y , which i n i t s e l f i s 
expensive t o ensure, t h i s s i t u a t i o n can and f r e q u e n t l y does cause 
a s i g n i f i c a n t loss of production. 

1 
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I n areas where modern deep underground c o a l m i n i n g can be 
c a r r i e d o u t , i t i s n e c e s s a r y t o c o n f i r m t h e e x i s t e n c e o f 
c o n v e n i e n t a r e a s o f u n d i s t u r b e d c o a l f o r c o n t i n u i t y o f 
p r o d u c t i o n . The means o f e n s u r i n g t h i s i s by i d e n t i f y i n g areas 
w i t h a low i n t e n s i t y of s t r u c t u r a l disturbance. Two complementary 
methods are a v a i l a b l e f o r t h i s purpose; d r i l l i n g b o r e h o l e s and 
s e i s m i c r e f l e c t i o n s u r v e y i n g . Both are a p p l i c a b l e on l a n d and 
o f f s h o r e . 

Since i t i s very expensive t o d r i l l boreholes o f f s h o r e (each 
borehole costs hundreds of thousands of pounds), a more economic 
approach t o t h e e x p l o r a t i o n problem o f i d e n t i f y i n g c o n t i n u o u s 
u n d i s t u r b e d Coal Measures i s t o do a s e i s m i c r e f l e c t i o n survey 
t i e d i n t o j u s t a few boreholes, which are e s s e n t i a l t o determine 
seam development and s t r a t i g r a p h y . The seismic r e f l e c t i o n method 
has been p r i m a r i l y developed f o r the e x p l o r a t i o n of o i l and gas. 
I t has t o be s c a l e d down i f i t i s t o be s u c c e s s f u l l y used i n t h e 
mapping of Coal Measures which are g e n e r a l l y a t shallower depths 
( l e s s t h a n 1.5 km) than t h e o i l and gas t a r g e t s . The maximum 
source-receiver distance which can be used i n seismic r e f l e c t i o n 
surveying i s approximately equal t o the t a r g e t depth ( Z i o l k o w s k i , 
1979). T h i s means t h a t t h e f i e l d r e c o r d i n g geometry must be 
a p p r o p r i a t e l y reduced. P a r t i c u l a r care must be taken i n t h e 
a c q u i s i t i o n and p r o c e s s i n g o f t h e data because of t h e need t o 
r e s o l v e v e r y s m a l l s c a l e s t r u c t u r e s (e.g. f a u l t s o f o n l y a few 
meters throw). The e l i m i n a t i o n of m u l t i p l e r e f l e c t i o n s i n marine 
data, and also the removal of ground r o l l and c o r r e c t a p p l i c a t i o n 
of s t a t i c c o r r e c t i o n s t o l a n d d a t a , a re c r u c i a l . The s e i s m i c 
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r e f l e c t i o n t e c h n i q u e has been s u c c e s s f u l l y a p p l i e d f o r c o a l 
e x p l o r a t i o n . 

Mining a c t i v i t y i n Durham c o a l f i e l d s c u r r e n t l y extends about 
s i x m i l e s o u t f r o m t h e coast under t h e N o r t h Sea. Seismic 
r e f l e c t i o n s u r v e y i n g was c a r r i e d o ut i n t h i s r e g i o n f o r t h e 
purpose o f d e l i n e a t i n g Coal Measures s t r u c t u r e s and l e d t o t h e 
a c q u i s i t i o n of data f o r t h e N a t i o n a l Coal Board (N.C.B.) i n 1979 
and 1982 r e s p e c t i v e l y . One l i n e o f each data s e t t o g e t h e r w i t h 
some borehole data were used i n t h i s p r o j e c t . 

The geology of t h i s area p r e s e n t s some problems f o r the 
a c q u i s i t i o n , processing, and i n t e r p r e t a t i o n of seismic r e f l e c t i o n 
data f o r t h e purposes o u t l i n e d above. They are disc u s s e d i n 
d e t a i l l a t e r on i n t h i s chapter. 

C l a r k e e t a l . (1961) p u b l i s h e d t h e r e s u l t s of a marine 
s e i s m i c survey o f t h e o f f s h o r e c o a l f i e l d s o f Northumberland, 
Cumberland and Durham, and concluded t h a t those over the greater 
p a r t of the o f f s h o r e c o a l f i e l d s of Durham are d i s a p p o i n t i n g due 
t o the 'masking' e f f e c t of the f i s s u r e d Permian Magnesian Limes­
tone. Ruter and Schepers (1978) and Hughes and Kennett (1982) 
have s t u d i e d t h e s e i s m i c response of c o a l seams embedded i n 
r e l a t i v e l y higher v e l o c i t y country rock both f o r normal incidence 
and f i n i t e o f f s e t s i t u a t i o n s r e s p e c t i v e l y . I n the present study, 
the e f f e c t of the post-Carboniferous l a y e r s on the d e l i n e a t i o n of 
Coal Measures i n t h e r e g i o n o f f t h e coa s t of Durham has been 
c o n s i d e r e d by u s i n g d e t e r m i n i s t i c methods and s y n t h e t i c 
seismograms (chapter 3). Samples of the r e a l seismic r e f l e c t i o n 
data acquired from t h i s region have been processed by using both 
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s t a n d a r d and n o n - s t a n d a r d methods ( c h a p t e r 4 ) . A f o r w a r d 
m o d e l l i n g procedure has been c a r r i e d o u t i n o r d e r t o t e s t 
p r o p o s i t i o n s of a c q u i s i t i o n parameters t h a t may lead t o a b e t t e r 
d e l i n e a t i o n of t h e Coal Measures t h r o u g h s t a n d a r d p r o c e s s i n g 
( c h a p t e r 5). 

I n s e c t i o n 1.2, t h e data s e t s t h a t were used are presented. 
I n s e c t i o n 1.3, a summary of the geology of the Permian and post-
Permian s t r a t a of t h e Wearmouth r e g i o n i s g i v e n . The 1979 and 
1982 surveys f o r t h e N.C.B. were c a r r i e d out i n t h i s area. 

I n c h a p t e r 2, a r e v i e w o f t h e problems of s e i s m i c n o i s e i n 
general and m u l t i p l e r e f l e c t i o n s i n p a r t i c u l a r i s presented. Some 
of the processing techniques t h a t have been used i n the t o t a l or 
p a r t i a l s u p p r e s s i o n of these m u l t i p l e s are d i s c u s s e d and those 
t h a t have been ap p l i e d i n t h i s p r o j e c t are reviewed both theore­
t i c a l l y and i l l u s t r a t i v e l y . 

1.2 S e i s m i c R e f l e c t i o n Data Set s acquired o f f the Coast 
of Durham. 

F i g u r e 1.0 shows a map o f t h e area o f f t h e co a s t o f Durham 
and the region over which seismic r e f l e c t i o n data were acquired 
i s i n d i c a t e d . The map only d i s p l a y s the area of i n t e r e s t i n t h i s 
work. The e n t i r e area over which t h e surveys were c a r r i e d out 
extends both southwards and eastwards. 
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Figure 1.0 . A map of the region off the coast of Durham. 
The hatched offshore area shorn the region over 
which seismic r e f l e c t i o n data were acquired i n 
1979. 
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(a) The 1979 Data Set 

The data were acquired f o r the N.C.B. by Horizon E x p l o r a t i o n 
L i m i t e d . They used a 24-channel streamer w i t h a hydrophone group 
l e n g t h of 25 m thu s g i v i n g a 600 m l o n g streamer. Each hydrophone 
group had 16 elements. The d i s t a n c e between each shot and t h e 
f i r s t hydrophone group ( n e a r - t r a c e o f f s e t ) was 45 m. A shot 
s e p a r a t i o n o f 12.5 m was m a i n t a i n e d t h u s g i v i n g 2 4 - f o l d common 
mid-point (CMP) coverage. 

The source type used was the SODERA MICAT water gun (SODERA 
= Societe' pour l e developpement de l a reserche appliquee) and an 
a r r a y of e i g h t 80 cu. i n c h guns was used per shot. The source 
depth was 5m . 

The data used i n t h i s s t u dy were a c q u i r e d a l o n g t h e l i n e 
t h a t has been marked as AA* on F i g u r e 1.0. The d a t a were 
t r a n s m i t t e d t o Durham as t r a c e sequential 24-fold CMP gathers on 
magnetic tape i n Standard SEG'Y* f o r m a t . The l i n e extends from 
CMP 26 t o CMP 535, a t o t a l s u b surface d i s t a n c e of about 6 km . 
Each t r a c e has a l e n g t h o f 1.5 sec and i s sampled a t 1 msec 
i n t e r v a l s . The r e c o r d i n g f i l t e r s e t t i n g s were 27 Hz and 248 Hz 
f o r t he low-cut and high-cut frequencies r e s p e c t i v e l y . 
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(b) The 1982 Data set 

A f t e r t h e 1979 d a t a were p r o c e s s e d by t h e N.C.B., t h e 
r e s u l t s showed C o a l Measures b u t t h e s e c t i o n s were n o t 
s a t i s f a c t o r y from t h e p o i n t of view o f i n t e r p r e t a t i o n . I t was 
deemed worthwhile t o have another t e s t survey c a r r i e d out i n the 
regi o n , t h i s time w i t h some c o n t r o l from the r e s u l t s of the 1979 
survey. I n 1982, a s e t of l i n e s o f s e i s m i c r e f l e c t i o n data were 
a c q u i r e d from t h i s r e g i o n b u t a d i f f e r e n t source and a s h o r t e r 
streamer were used. 

The data were acquired by FAIRFIELD AQUATRONICS LIMITED. The 
ca b l e had 24-channels and a hydrophone group l e n g t h of 6.25m, 
t h u s g i v i n g a streamer of about 150 m l o n g . There were 8 elements 
per group of hydrophones and the near-trace o f f s e t was 10 m. The 
shot s e p a r a t i o n was m a i n t a i n e d a t 12.5 m so t h a t a 6 - f o l d CMP 
coverage was obtained. 

The source was the F a i r f l e x sleeve exploder. I t was expected 
t o i n j e c t more power a t high frequencies i n t o the ea r t h than the 
water guns t h a t were used i n 1979. The source depth was 0.76m . 

The 1982 data were c o l l e c t e d a l o n g t h e l i n e BB' t h a t has 
been marked on F i g u r e 1.0 . The data were t r a n s m i t t e d t o Durham 
as t r a c e sequential 6- f o l d CMP gathers on magnetic tape i n Stan­
dard SEG'Y' format. The l i n e extends from CMP 26 t o CMP 852. Each 
t r a c e has a l e n g t h of 2.0 sec and i s sampled a t 1 msec i n t e r ­
v a l s . The r e c o r d i n g f i l t e r s e t t i n g s were t h e same as those o f 
1979. 

These two dat a s e t s have been used f o r t e s t i n g v a r i o u s 
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a l g o r i t h m s and have been processed by b o t h s t a n d a r d and non­
standard methods. The r e s u l t s are not a dramatic improvement t o 
those t h a t were o b t a i n e d by t h e N.C.B. . A f o r w a r d m o d e l l i n g 
approach was used i n order t o support a suggestion t h a t was made 
f o r a l t e r n a t i v e parameters f o r t h e f u t u r e a c q u i s i t i o n and 
p r o c e s s i n g of s e i s m i c r e f l e c t i o n data f r o m t h i s r e g i o n f o r t h e 
purpose of y i e l d i n g a subsurface a r e a l image of the Coal Measures 
s t r u c t u r e . 

1.3 Permian Geology of the area o f f t h e Coast of Durham. 

I n t h i s s e c t i o n , a summary i s g i v e n o f t h e p o s t -
Carboniferous geology of the region. The f a c t s have been c o l l a t e d 
from papers by Smith and Francis (1967), Smith (1970), Magraw e t 
a l . (1963), Magraw (1975) and Magraw (1978) which were published 
on b o r e h o l e data a c q u i r e d b o t h o f f s h o r e and onshore. The p o s t -
C a r b o n i f e r o u s succession i s p r e d o m i n a n t l y of Permian age. The 
Permian beds are o v e r l a i n by a t h i n l a y e r i n g of Quaternary s e d i ­
ments. There are no horizons of Mesozoic or T e r t i a r y age i n t h i s 
area. 

For the region o f f the coast of north-east Durham, we f o l l o w 
the s u b - d i v i s i o n of the Permian s t r a t a from Magraw (1978), which 
i s based on data t h a t were acquired up t o 1976 and predominantly 
between 1974 and 1976. The c l a s s i f i c a t i o n i s given on Table 1.1. 
F i g u r e 1.1 (adapted from Smith, 1971 ) shows t h e s t u d y area. I t 
l i e s o f f the coast of Durham extending southwards and eastwards 
f r o m t h e Wearmouth area t o t h e area o f f s h o r e Seaham. The data 
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TABLE 1.1. 
The Stratigraphy of the Permian strata of the Durham offsh­
ore area, (following Magraw, 1978) 

AGE : FORMATION AND DETAILS : APPROXIMATE 
t :THICKNESS IN M 

UPPER PERMIAN MARLS 
******************* 

Red-brown marl, Dolomitic limestone, marl : 
with gypsum. Sandy marl and sandstone. : 

5-90 : 

: UPPER • 

: PERMIAN : 

UPPER MAGNESIAN LIMESTONE ************************* 
UPPER NODULAR BEDS (Magraw 1975,fig.l) ( ? ) : 

Limestone, grey to grey-brown,crystall-: 
ine with irregular nodules;originally : 
thinly bedded. Calcite-lined c a v i t i e s : 
with radial recrystallisation. : 

HARTLEPOOL AND ROKER DOLOMITE (Smith in 
Magraw et a l . 1963; Magraw 1975. f i g 1): 
Dolomttic limestone generally cream- , i 
coloured; often soft and powdery; o o l i - : 
t i c or p i s o l i t i c beds present. Some : 
beds of Dolomite 'sand'. 

CONCRETIONARY LIMESTONE (Magraw, 1975 
f i g . 1) . 
Limestone, grey to dark grey-brown, 
generally thinly-bedded to laminated. : 
Black bituminous partings with char act-: 
e r i s t i c smell when struck. R e c r y s t a l l i - : 
sed in several forms- Radial (cannon-
ball) and pencil-like or honey-comb 
segregation structures (See PLATE 4, 
f i g . 1, Magraw 1978). 

FLEXIBLE LIMESTONE (Magraw 1978) (?) 
Limestone grey to dark-grey, thinly 
bedded with black s i l t y argillaceous : 
partings. 

15-20 : 

61-67 i 

55-61 : 

2 :' 

MIDDLE MAGNESIAN LIMESTONE 
************************** 

HARTLEPOOL ANHYDRITE (SEAWARD) 
NORTH MARS DEN BAY LIMESTONE (SHOREWARD) : 
VELVET BEDS LIMESTONES AND BRECCIAS (Magr-i 

aw, 1975) 
ALGAL BED 

Limestone, irregularly laminated with 
small nodules. 

0-122 : 
0-72 : 

0.15 : 

LOWER MAGNESIAN LIMESTONE 
************************* 

Limestone generally regularly bedded, 
variable in colour and lithology with the 
tendency for beds of grey and grey-brown 
mottled limestone sometimes indicating 
incipient concretions in upper part; Some 
beds with gypsum. 

18-32 : 

• PASSAGE BEDS 
************ 

Alternations of grey limestone and c a l c i ­
f i c or dolanitic s i l t s tone becoming l e s s 
conspicuous from north to south. 

THIN : 

: MARL SLATE 
• ********** 
: Siltstone ,dark-grey ,laminated ,flecked. 

C a l c i t i c or dolcmitic. 
i THIN OR : 

ABSENT : 

: LONER 

: PERMIAN 

: BASAL PERMIAN (YELLOW) SANDS AND BRECCIAS 
. ****************************************** 

Sandstone, blue-grey or brown, bi-modal 
with beds of poorly cemented 'millet 

: seed* grains; Breccias in certain areas. 
: Brown mudstone intercalation in some 
: cases. (Magraw , 1978) 

U N C O N F O R M I T Y 
: Coal Measures. 

: 0-69 : 
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t h a t were used i n t h i s p r o j e c t were a c q u i r e d a l o n g t h e l i n e AA' 
and we had l i t h o l o g i c a l i n f o r m a t i o n from a recent borehole t h a t 
was d r i l l e d f o r t h e N.C.B. a t t h e p o s i t i o n marked BH. ( F i g u r e 
1.1). The l i t h o l o g i c a l data derived from t h i s borehole are summa­
r i z e d on F i g u r e 1.2. I t was no t p o s s i b l e t o se p a r a t e t h e Magne-
s i a n Limestones i n t o i t s t h r e e broad c l a s s e s as i n d i c a t e d on 
Table 1.1 because of the l i m i t e d amount of i n f o r m a t i o n a v a i l a b l e . 
The b l a n k i n t e r v a l a t a depth of about 200 m w i t h i n t h e Magnesian 
Limestone ( F i g u r e 1.2) r e p r e s e n t s a column i n which i t i s not 
c e r t a i n - because of poor r e c o v e r y - whether o r n o t t h e r e are 
a n h y d r i t e bands p r e s e n t . An app r o x i m a t e correspondence can be 
observed between Table 1.1 and Figure 1.2 . 

The Permian deposits unconformably o v e r l i e the Coal Measures 
a t a depth of about 340 m below t h e seabed. They can be b r o a d l y 
c l a s s e d as t h e Lower Permian s t r a t a w hich comprise t h e Yellow 
Sands and b r e c c i a s , and are s h a r p l y succeeded by t h e Upper 
Permian beds which are made up o f s i x d i f f e r e n t t y p e s of s t r a t a 
namely t h e M a r l S l a t e , t h e Passage Beds (Magraw, 1978), t h e 
Lower, M i d d l e , and Upper Magnesian Limestones and t h e Upper 
Permian Marls r e s p e c t i v e l y . The Permian deposits are o v e r l a i n by 
the Quaternary beds of mainly Boulder Clay. 

LOWER PERMIAN DEPOSITS 

Yellow Sands and breccias 

Evidence f r o m b o r e h o l e s and s h a f t s i n t h e n o r t h of Durham 
(Magraw, 1975) i n d i c a t e s t h a t the Coal Measures were eroded from 

8 



Boulder Clay 

Upper Permian 
Marls-

100 
111111111 

Magnesian 

Limestones-

200 

I.I.I.I.I.U.U 

Marl Slate 

Yellow Sands-

Coal Measures 

40Q 

•••».•-jr.>•• 
v " * • . • « 

I I I I I H i l I I I I l l l l 
' I ' I 1 1 1 1 1 1 
I I I I I I I 1 

I I IH I I I I I'I'I'IVI' I'I I 

• i i i " i n 

1 1 1 1 i n i i i 

300 s m g 

55-3m 
(sea bed) 

^0 

Quaternary 
L50m 

Upper 

Wearmouth OB 

No. WM7A. (1983) 

Base of Permian 
at 338-0 m 

Permian 

Lower Permian 

Carboniferous 

Figure 1.2 
BASE OF HOLE 506-79m 

A summary of the l i t h o l o g y o f f the borehole BH. 
d r i l l e d i n 1983. 



p a r t s of Worlfc Durham -?o Iky ing -H«.rcijAi4n uf b f t pnor to flc*. 

d e p o s i t i o n of t h e b a s a l Permian ( Y e l l o w ) Sands. T h i s l a t e 
Carboniferous and e a r l y Lower Permian erosion reduced l a r g e areas 
of north-east Durham t o a broad r o l l i n g peneplain s l o p i n g g e n t l y 
t o t h e ea s t ( S m i t h , 1970). The f i r s t l a y e r t o be l a i d on t h i s 
l a n d s u r f a c e was t h e Y e l l o w Sands which a re o f e a r l y Lower 
Permian age. M a i n l y a e o l i a n sand d e p o s i t s are p r e s e n t i n t h i s 
succession. The s e r i e s of bedded sands together w i t h breccias of 
v a r i a b l e t h i c k n e s s e s s e p a r a t e marine Permian s t r a t a f r o m t h e 
p l a i n of t h e u n c o n f o r m i t y . The Y e l l o w Sands range i n t h i c k n e s s 
from 0 t o 69 m . The f o r m a t i o n has been studied and described by 
Smith and F r a n c i s (1967), Smith (1970) ( f o l l o w i n g Hodge, 1932 
and Davies and Rees, 1944 ) and a l s o by Magraw (1975). The 
breccias l a r g e l y c o n s i s t of limestone, sandstone, s i l t s t o n e and 
mudstone f r a g m e n t s . They are o f v a r i a b l e b u t g e n e r a l l y s m a l l 
th i c k n e s s , 

UPPER PERMIAN DEPOSITS 

We can c o n s i d e r t h e Upper Permian d e p o s i t s as made up of 
thre e p r i m a r i l y d i s t i n c t formations which are shown on Figure 1.2 
and c o n s i s t of Marl Slate and Passage Beds, Magnesian Limestones 
(Lower, M i d d l e , and Upper) and t h e Upper Permian Ma r l s . The 
d e t a i l s o f t h e c o m p o s i t i o n s of these l a y e r s are g i v e n on Table 
1.1 . 
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Marl Slate and Passage Beds. 

The Marl Slate f o r m a t i o n i s a t h i n a r g i l l a c e o u s marine bed. 
I t i s n o t p r e s e n t i n t h e e n t i r e r e g i o n . Where i t o c c u r s , i t s 
t h i c k n e s s i s o n l y up t o 6 m (Magraw, 1978). I t c o n s i s t s o f 
laminated c a l c i t i c or d o l o m i t i c s i l t s t o n e . The Passage Beds are 
more predominant o f f t h e coast o f South Northumberland and 
c o n s i s t of beds of f i n e l y micaceous s i l t s t o n e or s i l t y sandstone. 
They are n o t w e l l developed (Magraw, 1978) i n t h e area o f t h i s 
study. 

Magnesian Limestones. 

The M a r l S l a t e i s m o s t l y o v e r l a i n by Magnesian Limestones 
which c o n s i s t o f a t h i c k sequence o f carbonates and e v a p o r i t e s 
formed as a r e s u l t of c y c l i c s e d i m e n t a t i o n . The Magnesian 
Limestones comprise three major d i v i s i o n s , the o l d e s t of which i s 
the Lower Magnesian Limestone. 

Lower Magnesian Limestone. 

Two main u n i t s of t h e f o r m a t i o n have been i d e n t i f i e d by 
Magraw e t a l . (1963). The l o w e r p a r t i s more c a l c a r o u s and t h e 
upper p a r t i s predominantly d o l o m i t i c and l e s s r e g u l a r l y bedded. 
There i s evidence (Smith, 1970) of l i m i t e d submarine slumping and 
s l i d i n g w i t h i n i t , confined t o a t h i n group of beds. This eviden­
ce supports the views held about the basin f l o o r : namely t h a t i t 
sloped g e n t l y e i t h e r t o t h e east or t o t h e n o r t h - e a s t b e f o r e 
Permian times. The f o r m a t i o n has an average thickness of about 23 
m . 
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Middle Magnesian Limestone. 

The Middle Magnesian Limestone comprises Reef Limestones, 
H a r t l e p o o l A n h y d r i t e and e q u i v a l e n t beds (Hagraw, 1978). The 
l i m e s t o n e s p r o b a b l y bear some secondary gypsum t o g e t h e r w i t h 
i n t e r b e d d e d d o l o m i t e i n t h e deeper p a r t of t h e b a s i n . T h i s was 
not recovered from the borehole (Figure 1.2) and i s thought t o be 
very t h i n or absent. I n general, the a n h y d r i t e i s t h i c k e s t i n an 
area which i s due south and west of the coast of H a r t l e p o o l . The 
band t h i n s northwards and westwards from t h i s area and incorpo­
r a t e s a g r e a t e r p e r c e n t a g e o f i n t e r b e d d e d d o l o m i t e . T h i s 
n o r t h w a r d s t h i n n i n g p r o b a b l y e x p l a i n s t h e u n c e r t a i n t y o f i t s 
presence i n t h e r e g i o n o f F i g u r e 1.1 i n g e n e r a l and a t t h e p o s i ­
t i o n BH. i n p a r t i c u l a r . Figure 1.3 (from Magraw, 1978) shows the 
a n h y d r i t e band a t i t s area of maximum a c c u m u l a t i o n and how i t 
t h i n s due n o r t h . The M i d d l e Magnesian Limestone has an average 
t h i c k n e s s o f 80 m . 

Upper Magnesian Limestone. 

The Upper Magnesian Limestone c o n s i s t s of t h e F l e x i b l e 
Limestone (Woolacott (1912), Trenchman (1925) and Magraw (1975)), 
Concretionary Limestone, H a r t l e p o o l and Roker Dolomites and the 
Seaham Beds ( S m i t h , 1970) or t h e Upper Nodular Beds (Magraw, 
1978). The Upper Magnesian Limestone has an average thickness 
o f about 140 m . There i s evidence on some s e i s m i c s e c t i o n s shown 
i n c h a p t e r 4 o f t h i s t h e s i s , t h a t t h e upper s u r f a c e o f t h i s 
f o r m a t i o n i s n o t smooth b u t rough and e r o s i o n a l and some k a r s t 

11 



S 11 \ 
i 

Ui 

i 
10 

UI 

8 m r. 
UJ ! \ 

i ! I w ; I 8 i 3 -J 
UI 

1 

3 1 5 H i 
1 1 H u 

8 

i l l in • a S 3 ui 
J i f § 

m a <B 
9 « eir i i I I I 

rrnnii 
I I h i 

UJ 

3 

S 

Figure 1.3 . A map showing the northwards t h i n n i n g of the 
H a r t l e p o o l A n h y d r i t e , ( a f t e r Magraw, 1978). 
The borehole BH. i s about 15 km north-east o f 
the Seaham bore. 



development may have occurred. 

Upper Permian Marls. 

The Upper Permain M a r l s c o n s i s t of m a i n l y r e d m a r l s o r 
mudstone w i t h s u b s i d i a r y beds of gypsum and red sandstone. A 
v a r i a t i o n i n t h i c k n e s s o f these beds and t h e t h i c k n e s s o f t h e 
u n d e r l y i n g Upper Magnesian Limestone above t h e t o p o f t h e 
H a r t l e p o o l A n h y d r i t e s u g g e s t s t h a t t h e r e d beds may be 
t r a n s g r e s s i v e . Some evidence f o r t h i s has been found i n t h e 
presence o f b a d l y weathered remnants o f a p p a r e n t l y bedded r e d 
marls i n the southern o f f s h o r e area. 

POST-PERMIAN DEPOSITS 

Boulder Clay 

There are no Mesozoic or T e r t i a r y beds i n t h i s area. The 
Upper Permian Marls are succeeded by a l a y e r of Quaternary s e d i ­
ments mainly Boulder Clay w i t h an average thickness of about 50 m 
(F i g u r e 1.2). Along t h e l i n e AA' ( F i g u r e 1.1) th e depth o f t h e 
sea water i s about 52 m . 
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1.3.1 Some Problems t o be expected d u r i n g Seismic R e f l e c t i o n 
Surveying f o r Coal i n t h i s area. 

The s e i s m i c r e f l e c t i v i t y sequence and t h e problems t o be 
faced d u r i n g seismic r e f l e c t i o n surveying i n t h i s area are d e t e r -

Coal has a v e r y low s e i s m i c v e l o c i t y (about 2.2 km/sj^ and a 
r e l a t i v e l y low d e n s i t y compared t o t h a t of other rocks. Geologi­
c a l l y , t h e Coal Measures are a c o l l e c t i o n o f t h i n c o a l seams 
embedded i n shales and sandstones which have an average seismic 
v e l o c i t y of 3.0 km/s. The Coal Measures are thus c h a r a c t e r i z e d i n 
the r e f l e c t i v i t y sequence by s t r o n g a l t e r n a t e l y p o s i t i v e and 
negative r e f l e c t i o n c o e f f i c i e n t s separated by short time i n t e r ­
v a l s . Such a sequence of seams (Ruter and Schepers 1978) acts on 
th e r e f l e c t e d s e i s m i c s i g n a l as a high-pass f i l t e r and on t h e 
t r a n s m i t t e d s e i s m i c s i g n a l as a low-pass f i l t e r , t h e c u t - o f f 
f r e q u e n c i e s b e i n g d e t e r m i n e d by t h e average t h i c k n e s s o f t h e 
seams. F u r t h e r m o r e , w i t h i n c r e a s i n g t r a v e l t i m e o b s e r v e d 
r e f l e c t i o n s are p r i m a r i l y dominated by s h o r t - l a g m u l t i p l e s such 
t h a t t h e p r i m a r y r e f l e c t i o n s comprise an i n s i g n i f i c a n t p a r t o f 
the response. 

The Y e l l o w Sands and b r e c c i a s a t t h e base of t h e Permian 
c o n s t i t u t e a f o r m a t i o n w i t h a seismic v e l o c i t y of about 3.0 km/s 
and so the seismic r e f l e c t i o n from the unconformity w i t h the Coal 

generally 
Measures is^expected t o be weak. The same i s t r u e of the base of 
th e M a r l S l a t e where t h e a c o u s t i c impedance c o n t r a s t w i t h t h e 
Yellow Sands i s not s i g n i f i c a n t . 

mined by the geology t h a t i s o u t l i n e d above. 

t so and a 
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The Magnesian Limestones have been c o n s i d e r e d as a s i n g l e 
f o r m a t i o n , p r o b a b l y b e a r i n g bands of a n h y d r i t e i n i t s m i d d l e 
p a r t . The s e i s m i c v e l o c i t i e s i n l i m e s t o n e s and e v a p o r i t e s are 
h i g h ( g r e a t e r t h a n 4.0 km/s and 5.5 km/s r e s p e c t i v e l y ) r e l a t i v e 
t o o t h e r g e o l o g i c a l rock t y p e s . T h e i r d e n s i t i e s are r e l a t i v e l y 
h i g h as w e l l . Besides t h e s t r o n g r e f l e c t i v i t i e s a t t h e t o p and 
base of t h e l i m e s t o n e s , t h e presence o f a band or many bands of 
a n h y d r i t e embedded i n t h e M i d d l e Magnesian Limestone would 
produce anothe r i n t e r v a l of v e r y h i g h c o e f f i c i e n t s i n t h e 
r e f l e c t i v i t y sequence of t h i s r e g i o n . These c o e f f i c i e n t s , 
together w i t h the seabed r e f l e c t i o n c o e f f i c i e n t (which i s u s u a l l y 
s t r o n g ) and t h e sea s u r f a c e , g i v e r i s e t o r e v e r b e r a t i o n s o f t h e 
s e i s m i c waves w i t h i n t h e l a y e r s t h a t are bounded by these 
i n t e r f a c e s . The r e v e r b e r a t i o n s have got unusually high amplitudes 
such t h a t they overlap and obscure the r e f l e c t i o n s from the Coal 
Measures. 

I n p a r t i c u l a r , t h e m u l t i p l e r e f l e c t i o n s t h a t a r i s e w i t h i n 
the limestone f o r m a t i o n and a r r i v e a t about the same time as the 
primary r e f l e c t i o n s from the Coal Measures have average sta c k i n g 
v e l o c i t i e s t h a t are a l m o s t equal t o those of these p r i m a r y 
r e f l e c t i o n s , and thus possess sm a l l d i f f e r e n t i a l moveout w i t h the 
l a t t e r . T h i s makes m u l t i p l e s u p p r e s s i o n by common m i d - p o i n t 
s t a c k i n g less e f f e c t i v e . 

P r e d i c t i o n - e r r o r deconvolution i s much b e t t e r t o r e l y on f o r 
t h e s u p p r e s s i o n o f these m u l t i p l e s , b u t i n these g e o l o g i c a l 
circumstances some of the p r i m a r i e s would tend t o be suppressed 
as w e l l . This i s explained by the f a c t t h a t a few strong primary 
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events w i t h i n t he Permian and Quaternary, and a l s o w i t h i n t h e 
Carboniferous, c o n t r i b u t e more t o the a u t o c o r r e l a t i o n f u n c t i o n of 
the seismic t r a c e a t non-zero lags than the m u l t i p l e s , which the 
t e c h n i q u e i s i n t e n d e d t o suppress. I n o t h e r words, t h e p r i m a r y 
r e f l e c t i o n sequence i s n o t w h i t e , and n o t s t a t i o n a r y . S p e c i a l 
c o n s i d e r a t i o n s have t h e r e f o r e t o be made i f t h e t e c h n i q u e i s t o 
be e f f e c t i v e . 

The e n t i r e limestone f o r m a t i o n i s probably f i s s u r e d (Clarice 
e t a l . 1961) and i t s upper s u r f a c e i s n o t smooth b u t rough and 
e r o s i o n a l . These, coupled w i t h t h e l i k e l y presence of r e e f s , 
k a r s t development and vugs w i t h i n i t , r e s u l t s i n some s c a t t e r i n g 
of t h e s e i s m i c waves. There i s a consequent r e d u c t i o n i n t h e 
a m p l i t u d e s of t h e h i g h e r f r e q u e n c y components of t h e r e f l e c t e d 
seismic waveform (Kennett, 1983). 

The Upper Permian Marls have a lower seismic v e l o c i t y such 
t h a t the c r i t i c a l angle a t the top of the Magnesian Limestones i s 
v e r y s m a l l , and high-energy, w i d e - a n g l e r e f l e c t e d waves and 
r e f r a c t e d waves emanate f r o m t h i s s u r f a c e . The ch o i c e o f t h e 
s h o o t i n g geometry and t h e c a b l e c o n f i g u r a t i o n i s c r i t i c a l f o r 
m i n i m i s i n g t h e i n t e r f e r e n c e of these waves on t h e s e i s m i c sec­
t i o n . Conventional seismic sources can t h e r e f o r e be hampered t o 
some e x t e n t by an i n a b i l i t y t o ' p e n e t r a t e ' t h e s e P e r m i a n 
Limestones as suggested by Walker (1980). 

The a c o u s t i c impedance c o n t r a s t a t t h e base o f t h e 
Quaternary i s low b u t t h e seabed/Boulder Clay i n t e r f a c e i s a 
strong r e f l e c t o r and the stron g seabed m u l t i p l e s only a m p l i f y the 
problems discussed above. 
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I n summary, a b r i e f account of t h e p o s t - C a r b o n i f e r o u s 
s u c c e s s i o n i n t h i s r e g i o n has been g i v e n . Some o f t h e 
d i f f i c u l t i e s t h a t are l i k e l y t o be encountered d u r i n g s e i s m i c 
s u r v e y i n g f o r c o a l i n t h i s r e g i o n have been discus s e d . I n 
p a r t i c u l a r , t h e Magnesian L i m e s t o n e f o r m a t i o n s e t s some 
c o n s t r a i n t s on the a p p l i c a t i o n of t h i s technique. I t i s expected 
t o pose major problems w h i c h a re worsened i f t h e r e are any 
a n h y d r i t e bands immersed i n i t s m a t r i x . U n f o r t u n a t e l y , t h e 
permeable Permian s t r a t a must be cased o f f d u r i n g d r i l l i n g so no 
w i r e l i n e logs are run over the Permian se c t i o n . 

A summary of t h e computer programs t h a t were developed or 
used i n t h i s p r o j e c t i s given i n Appendix C of t h i s t h e s i s . 
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C H A P T E R 2 

A Review of Seismic Noise Problems and some Data Processing 
Techniques that are used i n Multiple Suppression. 

2.1 Seismic Noise Problems. 

The purpose of t h i s review i s t o i s o l a t e m u l t i p l e problems 
as f a r as possible from the general context of noise problems and 
t o d i s c u s s some o f t h e approaches t h a t are adopted d u r i n g data 
processing i n order t o attenuate them. Some of these techniques 
have been a p p l i e d i n t h e course of t h i s work and t h i s w i l l be 
i n d i c a t e d when they are encountered i n the l a t e r sections of t h i s 
c h a p t e r . I n t h i s t h e s i s , t h e t e r m 'seismic s e c t i o n ' r e f e r s t o a 
s e t o f processed, stacked s e i s m i c t r a c e s . The term 'seismic 
r e c o r d ' r e f e r s t o a rec o r d e d seismogram t h a t has n o t been 
processed. 

The o b j e c t o f a s e i s m i c survey i s t o d e t e c t subsurface 
g e o l o g i c a l h o r i z o n s t o which t h e i n v e s t i g a t o r has no d i r e c t 
access. A s e i s m i c source waveform i s i n j e c t e d i n t o t h e e a r t h , 
whose response i s recorded a t d i f f e r e n t distances from the source 
p o i n t ( o f f s e t s ) . A f t e r a p p ropriate manipulations and processing 
have been c a r r i e d o ut on t h e r e c o r d s , t h e f i n a l r e s u l t s are 
p l o t t e d i n the form of a seismic section. The s e c t i o n can then be 
analysed and i n t e r p r e t e d i n terms of t h e geology of t h e r e g i o n 
f r o m which t h e o r i g i n a l d a t a were a c q u i r e d . The success o f t h i s 
procedure p r i m a r i l y depends on the q u a l i t y of the o r i g i n a l data 
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and on t h e c h o i c e and a p p l i c a t i o n of d i f f e r e n t p r o c e s s i n g 
techniques. 

Every event t h a t appears on a s e i s m i c r e c o r d or s e i s m i c 
s e c t i o n does not r e p r e s e n t a genuine p r i m a r y r e f l e c t i o n f r o m a 
g e o l o g i c a l i n t e r f a c e . R e f l e c t i o n s o f p u r e l y g e o l o g i c a l 
s i g n i f i c a n c e are o f t e n swamped by events of random and/or non-
g e o l o g i c a l o r i g i n . Data q u a l i t y depends on t h e q u a n t i t y o f t h i s 
undesirable i n f o r m a t i o n t h a t i s present i n the seismic records. 
Seismic data q u a l i t y v a r i e s tremendously from areas of e x c e l l e n t 
r e f l e c t i o n i n f o r m a t i o n t o those i n which hardly any u s e f u l events 
can be i d e n t i f i e d . A l l s e i s m i c r e c o r d s r e q u i r e some f o r m o f 
p r o c e s s i n g i n o r d e r t o t u r n them i n t o s e i s m i c s e c t i o n s t h a t 
c o n t a i n , as f a r as p o s s i b l e , only primary r e f l e c t i o n s . The amount 
and t y p e of p r o c e s s i n g t h a t i s r e q u i r e d f o r a g i v e n d a t a s e t 
depends on t h e q u a l i t y o f t h e o r i g i n a l r ecords. One o f t h e 
problems t h a t i s encountered d u r i n g the enhancement o f data 
q u a l i t y by processing a r i s e s from m u l t i p l e r e f l e c t i o n s . They are 
seismic r e f l e c t i o n s t h a t o r i g i n a t e when seismic waves reverberate 
w i t h i n t h e s u b s u r f a c e l a y e r s . They are considered l a t e r i n t h i s 
chapter. 

I n s e c t i o n 2.1.1, t w o methods f o r t h e assessment o f 
performance f o r a given processing technique i n the enhancement 
of d a t a q u a l i t y a r e g i v e n . I n t h e l a s t p a r t of t h e s e c t i o n , 
s e i s m i c n o i s e i n g e n e r a l , s e i s m i c s i g n a l i n f o r m a t i o n , and 
m u l t i p l e r e f l e c t i o n s are d i s t i n g u i s h e d . 

I n s e c t i o n 2.2, some c h a r a c t e r i s t i c s of m u l t i p l e r e f l e c t i o n s 
t h a t d i s t i n g u i s h them from primary r e f l e c t i o n s are given. This i s 
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followed by a p r e s e n t a t i o n of some techniques t h a t e x p l o i t these 

c h a r a c t e r i s t i c s of m u l t i p l e s i n o r d e r t o s u p p r e s s them. S i n g l e 

c h a n n e l t e c h n i q u e s a r e p r o p o s e d i n s e c t i o n 2.3.1 w h i l e 

m u l t i c h a n n e l techniques a r e given i n s e c t i o n 2.3.2 . T h i s chapter 

ends w i t h a summary i n s e c t i o n 2.4 . 

2.1.1 The Signal-to-Noise r a t i o ( V ) of a Seismic Trace 

and the Autocorrelogram S e c t i o n . 

A method of a s s e s s i n g an improvement i n the q u a l i t y of data 

a f t e r t h e a p p l i c a t i o n of a g i v e n p r o c e s s i n g t e c h n i q u e i s by the 

use of a q u a n t i t a t i v e p a r a m e t e r known as t h e s i g n a l - t o - n o i s e 

power (S/N) r a t i o (designated here by*&) of each t r a c e . I t i s the 

r a t i o of the power i n the primary r e f l e c t i o n s ( u s e f u l s i g n a l ) to 

the n o i s e power i n a given time window of the t r a c e . There i s no 

s t r a i g h t f o r w a r d way of m e a s u r i n g t h i s q u a n t i t y from a s e i s m i c 

t r a c e but i t can be e s t i m a t e d (Robinson, 1970, White, 1973 and 

R i e t s c h , 1980) from the c r o s s c o r r e l a t i o n of t h e g i v e n t r a c e and 

others i n i t s s u i t e - f o r example, i n a CMP gather. The S/N r a t i o 

i s not a s t a t i o n a r y p a r a m e t e r and i t s v a l u e depends on which 

time-gate of the t r a c e i t i s estimated from. 

I f & i s estimated both before and a f t e r the a p p l i c a t i o n of a 

p r o c e s s i n g technique, then the performance of the technique can 

be j u d g e d i n t e r m s o f w h e t h e r i t ( ^ ) h a s i n c r e a s e d o r 

decreased. T h i s method cannot be used i f the p r o c e s s i n g technique 

d i s t o r t s t he p r i m a r y r e f l e c t i o n s t o any e x t e n t because t h e 

d e f i n i t i o n of ^ then l o o s e s i t s meaning. The method i s not 
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u s u a l l y applied because of the d i f f i c u l t i e s i n the e s t i m a t i o n of 

Another method i s to examine the autocorrelograms. These are 

s t r a i g h t f o r w a r d to obtain although the appropriate time window 

has to be s e l e c t e d . The autocorrelogram (Anstey, 1966, Anstey and 

Newman, 1966 ) of a s e i s m i c s e c t i o n i s made up of t h e 

a u t o c o r r e l a t i o n f u n c t i o n s of the t r a c e s of the given s e c t i o n . The 

i n t e r p r e t a t i o n of an autocorrelogram r e q u i r e s s p e c i a l care. When 

t h i s i s c a r r i e d o u t , t h e method of t h e a s s e s s m e n t of t h e 

performance of a t e c h n i q u e by i n s p e c t i n g and i n t e r p r e t i n g t h e 

autocorrelogram of the s e c t i o n t h a t r e s u l t s from i t s a p p l i c a t i o n , 

i s cheaper and p r e f e r a b l e to the e s t i m a t i o n of X . The method of 

autocorrelograms has been used more often i n t h i s t h e s i s . 

2.1.2 Seismic Noise, Seismic S i g n a l and M u l t i p l e R e f l e c t i o n s . 

The term ' s e i s m i c s i g n a l ' i s used t o r e f e r t o a l l s e i s m i c 

events which are primary r e f l e c t i o n s from g e o l o g i c a l i n t e r f a c e s . 

These primary r e f l e c t i o n s a r e often recorded together w i t h other 

events t h a t a r i s e w i t h i n the g e o l o g i c a l l a y e r s of the ear t h . Such 

e v e n t s i n c l u d e f o r example - m u l t i p l e r e f l e c t i o n s , d i f f r a c t e d 

waves and random n o i s e from d i f f e r e n t s o u r c e s . Some of t h e s e 

u n d e s i r a b l e e v e n t s have v e r y s i m i l a r waveforms and f r e q u e n c y 

s p e c t r a as the events which c o n s t i t u t e the required s i g n a l . They 

th e r e f o r e pose immense problems i n the i n t e r p r e t a t i o n of s e i s m i c 

r e c o r d s or s e c t i o n s . I t i s a p p r o p r i a t e t o r e f e r t o e v e r y a s p e c t 

of a s e i s m i c r e c o r d or s e i s m i c s e c t i o n t h a t i s not a p r i m a r y 

r e f l e c t i o n from a g e o l o g i c a l i n t e r f a c e a s ' s e i s m i c n o i s e * . 
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S e i s m i c n o i s e encompasses s o u r c e g e n e r a t e d e v e n t s t h a t a r e 

u n d e s i r e d and s e i s m i c waves of any o t h e r provenance. I t i s not 

p o s s i b l e t o t r e a t a l l s e i s m i c n o i s e by d a t a p r o c e s s i n g a l o n e . 

T e s t s a r e u s u a l l y c a r r i e d out b e f o r e a s e i s m i c s u r v e y i n o r d e r t o 

e s t a b l i s h t h e c h a r a c t e r i s t i c s o f any d o m i n a n t n o i s e . The 

a c q u i s i t i o n geometry i s then d e s i g n e d i n such a way t h a t t h e s e 

modes a r e reduced , and i f p o s s i b l e , c a n c e l l e d d u r i n g d a t a 

a c q u i s i t i o n . 

M u l t i p l e s a r e c o h e r e n t s e i s m i c e v e n t s t h a t a r e r e p e a t a b l e 

and t h a t t r a v e l e s s e n t i a l l y i n the v e r t i c a l d i r e c t i o n ( T e l f o r d e t 

a l . 1976). The c h a r a c t e r i s t i c s of m u l t i p l e s are summarized i n the 

next s e c t i o n . 

2.2 C h a r a c t e r i s t i c s of M u l t i p l e R e f l e c t i o n s . 

The key to suppressing any s e i s m i c noise i s to i d e n t i f y the 

c h a r a c t e r i s t i c s of the n o i s e w h i c h d i s t i n g u i s h i t from t he 

s e i s m i c s i g n a l . Some of t h e c h a r a c t e r i s t i c s t h a t d i s t i n g u i s h 

m u l t i p l e s from primary r e f l e c t i o n s a r e : 

(1) d i f f e r e n c e s i n frequency content, 

(2) d i f f e r e n c e s i n moveout, 

(3) d i f f e r e n c e s i n dips on stacked s e c t i o n s , 

(4) the tendency f o r m u l t i p l e s to r e c u r a t r e g u l a r i n t e r v a l s 

of time. T h i s time i n t e r v a l i s the period of the m u l t i p l e . 

I t i s common t o r e f e r t o m u l t i p l e s e i t h e r as s h o r t - p e r i o d or a s 

l o n g - p e r i o d m u l t i p l e s . P e a c o c k and T r e i t e l ( 1 9 6 9 ) h a v e 

c h a r a c t e r i z e d water r e v e r b e r a t i o n s i n t h i s way. I t was assumed 
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t h a t t h e r e f l e c t i v i t y sequence i s a random sequence i n t h e i r 

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

corrupted by no other n o i s e but m u l t i p l e s , then those m u l t i p l e s 

w i t h long p e r i o d s appear on the a u t o c o r r e l o g r a m as d i s t i n c t 

waveforms which a r e s e p a r a t e d by n o t i c e a b l e q u i e t zones. The 

s h o r t - p e r i o d r e v e r b e r a t i o n s appear i n the form of d e c a y i n g 

waveforms which a r e not s e p a r a t e d by any n o t i c e a b l e q u i e t 

i n t e r v a l s . T h i s p r a c t i c a l c r i t e r i o n i s used t o d i s t i n g u i s h 

between short-period and long-period m u l t i p l e s depending on t h e i r 

p e r i o d i c i t y , the sampling i n t e r v a l of the data and the duration 

of the b a s i c s e i s m i c wavelet. 

Some p r o c e s s i n g t e c h n i q u e s t h a t e x p l o i t t h e above 

d i f f e r e n c e s a r e given below. 

2.3 Some Techniques used i n M u l t i p l e Suppression. 

The techniques t h a t a r e used f o r m u l t i p l e a t t e n u a t i o n can be 

c l a s s i f i e d i n t o two c a t e g o r i e s , namely, 

(a) s i n g l e channel techniques, and 

(b) multichannel techniques. 

S i n g l e channel techniques operate i n one dimension. T h i s i s 

t i m e i n the t i m e domain o r f r e q u e n c y i n the f r e q u e n c y domain. 

They d e a l w i t h one s e i s m i c t r a c e a t a t i m e , t h e t r a c e b e i n g 

e i t h e r a s e i s m i c r e c o r d or a s t a c k e d t r a c e . Examples of 

s i n g l e c h a n n e l t e c h n i q u e s i n c l u d e f r e q u e n c y f i l t e r i n g , 

d e t e r m i n i s t i c f i l t e r i n g (Kunetz, 1954, Backus, 1959 and Neidel, 

1 9 7 2 ) , p r e d i c t i v e d e c o n v o l u t i o n (Peacock and T r e i t e l , 1 9 6 9 , 



Z i o l k o w s k i , 1980), homomorphic d e c o n v o l u t i o n ( U l r y c h , 1971), 

adaptive deconvolution ( G r i f f i t h s e t a l . , 1977), maximum entropy 

d e c o n v o l u t i o n (Burg, 1967) and o t h e r s . Some of t h e s e t e c h n i q u e s 

a r e sometimes v a r i e d so t h a t the p r o c e s s i n g of a g i v e n t r a c e i s 

not e n t i r e l y e x c l u s i v e , f o r example, a f i l t e r t h a t i s d e s i g n e d 

from the n e a r - t r a c e of a CMP gather can be used under appropriate 

circumstances to process a l l the t r a c e s of the CMP gather. 

The use of p r e d i c t i o n - e r r o r deconvolution and d e t e r m i n i s t i c 

f i l t e r i n g f o r m u l t i p l e s u p p r e s s i o n i s d i s c u s s e d i n t h e n e x t 

s e c t i o n . The fundamental concepts behind the use of p r e d i c t i o n -

e r r o r d e c o n v o l u t i o n a r e summarized i n s e c t i o n 2.3.1 ( b ) . A more 

profound a n a l y s i s of d e t e r m i n i s t i c methods which i n c l u d e s some 

examples of t h e i r a p p l i c a t i o n i s given i n chapter 3. 

Most of the other s i n g l e channel methods which are used f o r 

the same purposes but which a r e not f u r t h e r c o n s i d e r e d a r e 

v a r i o u s l y d e r i v e d from t h e same b a s i c a s s u m p t i o n s a s t h e 

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

m a t h e m a t i c a l methods of f o r m u l a t i o n . Although some of t h e s e 

t e c h n i q u e s s u p p r e s s m u l t i p l e s b e t t e r than p r e d i c t i o n - e r r o r 

f i l t e r i n g when t h e y a r e a p p l i e d t o p a r t i c u l a r d a t a s e t s , 

p r e d i c t i o n - e r r o r deconvolution has proved to be the most widely 

u s e f u l technique. 

Multichannel algorithms of m u l t i p l e a t t e n u a t i o n d e a l w i t h 

more t h a n one t r a c e a t a t i m e and t h e y o p e r a t e i n two d i m e n s i o n s . 

These a r e t i m e and d i s t a n c e ( t - x ) i n the t i m e - s p a c e domain or 

f r e q u e n c y and wavenumber ( f - k ) i n the frequency-wavenumber 

domain. S u i t e s of t r a c e s a r e processed together so as to produce 



one output t r a c e or a n o t h e r s e t of t r a c e s w i t h improved S/N 

r a t i o . Examples of such s u i t e s a r e CMP gathers, common shot-point 

gathers and a s e t of stacked t r a c e s . The c o r r e l a t i o n of m u l t i p l e 

r e f l e c t i o n s between members of the s e t i s e x p l o i t e d by the 

algorithms. 

The t e c h n i q u e s t h a t have been r e v i e w e d i n t h i s c h a p t e r 

i n c l u d e h o r i z o n t a l s t a c k i n g (Mayne, 1962), w e i g h t e d s t a c k i n g 

(Robinson,1970) and i t e r a t i v e s t a c k i n g (Naess, 1979). Examples of 

t h e s e methods a r e shown i n s e c t i o n 2.3.2 . They s u p p r e s s random 

nois e as w e l l and were a p p l i e d i n the course of t h i s p r o j e c t . 

Other m u l t i c h a n n e l t e c h n i q u e s which a r e not c o n s i d e r e d 

i n c l u d e the m u l t i c h a n n e l p r e d i c t i o n and enhancement techniques 

(Robinson, 1967, S c h n e i d e r e t a l . , 1964, S c h n e i d e r e t a l . , 1965, 

Davies and Mercado, 1968, T r e i t e l , 1970, and Taner, 1980) which 

p r e d i c t and suppress p e r i o d i c and coherent events. They combine 

optimum m u l t i c h a n n e l d i g i t a l f i l t e r i n g and CMP h o r i z o n t a l 

s t a c k i n g f o r the e f f i c i e n t r e j e c t i o n of m u l t i p l e r e f l e c t i o n s . 

Another technique (and i t s v a r i a n t s ) t h a t i s l e s s commonly 

a p p l i e d i s t h e 'SOUSTON' t e c h n i q u e (Michon e t a l . 1971) w h i c h i s 

u s e f u l i n cas e s when strong m u l t i p l e r e f l e c t i o n s a l l o w only the 

e f f i c i e n t e s t i m a t i o n of m u l t i p l e s t a c k i n g v e l o c i t i e s . CMP gathers 

a r e stacked w i t h these v e l o c i t i e s i n order t o obtain a m u l t i p l e 

model which i s s c a l e d and s u b t r a c t e d from each t r a c e t h a t 

c o n t r i b u t e d t o t h e s t a c k . R e v e r s e moveout c o r r e c t i o n s a r e th e n 

performed to get a gather w i t h enhanced primary r e f l e c t i o n s which 

i s processed as u s u a l . The process i s shown on the flow c h a r t of 

F i g u r e 2.0 . 
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Frequency-wavenumber ( f - k ) f i l t e r i n g has a l s o been a p p l i e d 

f o r m u l t i p l e e l i m i n a t i o n . Dip f i l t e r s , v e l o c i t y f i l t e r s and fan 

f i l t e r s ( F a i l and Grau, 1963, Embree e t a l . , 1963, S c h n e i d e r e t 

a l . f 1964, Wiggins, 1965, T r e i t e l e t a l . , 1967, White, 1980, and 

Ryu, 1982) f a l l i n t h i s c a t e g o r y . The f i l t e r s a r e d e s i g n e d t o 

s u p p r e s s e v e n t s t h a t have d i p s w i t h i n a s p e c i f i e d range. I t i s 

sometimes n e c e s s a r y t o p e r f o r m moveout c o r r e c t i o n s (as i n 

•SOUSTON') so t h a t d e s i r e d and u n d e s i r e d e v e n t s may assume 

c o n t r a s t i n g d i p s . They a r e then e a s i l y separated by f-k f i l t e r i n g 

and the moveout can be r e t r i e v e d from the r e s u l t before normal 

pr o c e s s i n g proceeds. The e f f i c i e n c y of f-k techniques depends on 

the amount of d i f f e r e n t i a l moveout between primary and m u l t i p l e 

r e f l e c t i o n s and on the S/N r a t i o of the data. 

V e l o c i t y f i l t e r i n g was a p p l i e d i n t h i s s t u dy i n o r d e r t o 

suppress seabed m u l t i p l e s before v e l o c i t y a n a l y s i s and a l s o as a 

p r e - s t a c k p r o c e s s i n g step. The r e s u l t s are shown i n chapter 4. 

2.3.1 S i n g l e Channel Methods. 

(a) D e t e r m i n i s t i c F i l t e r i n g . 

D e t e r m i n i s t i c techniques of s e i s m i c r e f l e c t i o n data a n a l y s i s 

r e l y on the p h y s i c a l laws t h a t e x p l a i n the s e i s m i c phenomena. The 

laws a r e often expressed i n the form of mathematical equations. 

D e t e r m i n i s t i c methods seek s o l u t i o n s t o t h e s e e q u a t i o n s 

w h i c h s a t i s f y s p e c i f i e d boundary c o n d i t i o n s . The a d o p t i o n of 

d e t e r m i n i s t i c procedures i n s e i s m i c r e f l e c t i o n m u l t i p l e problems 

o f t e n r e s u l t s i n s i m p l e f i l t e r s (e.g. t h e t h r e e - p o i n t f i l t e r , 
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Backus, 1959) which can then be a p p l i e d to the data. They r e l y on 

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

I n c h a p t e r 3, t h e d e t e r m i n i s t i c approach i s c o n s i d e r e d i n 

g r e a t e r d e t a i l . I t w i l l be shown t h a t the technique i s u s e f u l f o r 

d e c o n v o l v i n g s y n t h e t i c d a t a t h a t a r e n o i s e - f r e e but t h a t i t i s 

too s i m p l i s t i c to be a p p l i e d to r e a l data. 

With such a l i m i t e d a p p l i c a b i l i t y i n r o u t i n e s e i s m i c 

p r o c e s s i n g , t h e s t u d y of d e t e r m i n i s t i c t e c h n i q u e s f o r the 

suppression of m u l t i p l e s has not been widespread. 

(b) P r e d i c t i o n - e r r o r Deconvolution. 

The p r e d i c t i o n - e r r o r t e c h n i q u e e x p l o i t s the f a c t t h a t 

m u l t i p l e r e f l e c t i o n s w i t h i n a s e i s m i c t r a c e a r e p e r i o d i c and 

t h e r e f o r e p r e d i c t a b l e . I t can be a p p l i e d e i t h e r b e f o r e or a f t e r 

CMP s t a c k i n g . 

I t s e f f i c i e n c y when ap p l i e d before CMP s t a c k i n g i s l i m i t e d 

b ecause the m u l t i p l e r e f l e c t i o n s w i t h i n a CMP g a t h e r a r e not 

i d e a l l y p e r i o d i c . T h i s i s i l l u s t r a t e d by a s i m p l e example on 

F i g u r e s 2.1 (a) and 2.1 ( b ) . A CMP g a t h e r o b t a i n e d by u s i n g AIMS 

(Advanced I n t e r p r e t i v e Modelling System, v e r s i o n 3, provided by 

GeoQuest I n t e r n a t i o n a l I n c o r p o r a t e d ) i s shown on F i g u r e 2.1(a); 

i t i s n o i s e - f r e e and has got only one primary r e f l e c t i o n P^ 

which c o r r e s p o n d s t o the seabed. The e v e n t s t h a t a r e marked a s 

M̂ , M2, and M3 are the m u l t i p l e r e f l e c t i o n s . The p r e d i c t i o n - e r r o r 

technique was a p p l i e d to t h i s gather and the r e s u l t s a r e shown on 

F i g u r e 2.1 ( b ) . The s t r o n g m u l t i p l e M-, has been s u p p r e s s e d but 
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not very e f f i c i e n t l y i n a l l of the channels. The f i l t e r has a l s o 

i n t r o d u c e d n o i s e of v a r i o u s l e v e l s on a l l of t h e c h a n n e l s . The 

noise can g e n e r a l l y be suppressed during s t a c k i n g . 

However, the p r e - s t a c k a p p l i c a t i o n of t h i s t e c h n i q u e f o r 

bubble-pulse e l i m i n a t i o n (Ziolkowski, 198if), the suppression of 

ghost r e f l e c t i o n s (Lindsey, 1960) and f o r the tran s f o r m a t i o n of 

s e i s m i c w a v e l e t s i n t o s p i k e s ( s p i k i n g d e c o n v o l u t i o n ) i s uji<Ael 

short-period m u l t i p l e s . 

The b a s i s of the p r e d i c t i o n - e r r o r deconvolution technique i s 

o u t l i n e d below. The a s s u m p t i o n s t h a t a r e u s u a l l y made a r e 

d i s c u s s e d and i t s u s e f u l n e s s i n the s u p p r e s s i o n of m u l t i p l e 

r e f l e c t i o n s i s h i g h l i g h t e d . 

The p r e d i c t i v e d e c o m p o s i t i o n (now d e c o n v o l u t i o n ) of t i m e 

s e r i e s was o r i g i n a t e d by Robinson, (1957). Many a u t h o r s have 

contributed more i d e a s to the theory and p r a c t i c a l a p p l i c a t i o n of 

the t e c h n i q u e . Notable p u b l i c a t i o n s a r e t h o s e of Peacock and 

T r e i t e l , (1969), C l a e r b o u t , (1976) and Z i o l k o w s k i , (1980). T h i s 

technique i s s t a t i s t i c a l and r e q u i r e s a convenient model of the 

s e i s m i c process. 

I n t h e development of t h i s method, the e a r t h i s assumed t o 

be made up of a s t a c k of g e o l o g i c a l l y d i f f e r e n t l a y e r s which are 

l i n e a r l y e l a s t i c t o s t r a i n s w i t h s m a l l magnitudes. They possess 

d i f f e r i n g e l a s t i c p r o p e r t i e s and when th e y a r e i n c o n t a c t , t h e 

i n t e r f a c e r e p r e s e n t s a d i s c o n t i n u i t y of p h y s i c a l c h a r a c t e r i s t i c s . 

T h i s i s the a c o u s t i c impedance i n the case of the propagation of 

l o n g i t u d i n a l waves w i t h i n t h e e a r t h , and i n g e n e r a l an e l a s t i c 

i s l /J I 

Spiking deconvolution before s t a c k i n g a l s o a t t e n u a t e s 
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wave impedance. 

The a n a l y t i c a l s o l u t i o n of t h e wave e q u a t i o n a t such a 

boundary shows t h a t p a r t of the energy i n an i n c i d e n t wave w i l l 

be r e f l e c t e d and t h a t the r e s t w i l l be t r a n s m i t t e d - both proces­

s e s b e i n g p o s s i b l y accompanied by wave-mode c o n v e r s i o n . The 

r e f l e c t e d energy i s e v e n t u a l l y propagated back to t h e s u r f a c e 

where the wave t h a t c a r r i e s i t i s detected and recorded. 

The e n t i r e p r o c e s s can be m a t h e m a t i c a l l y r e p r e s e n t e d by a 

d i s c r e t e , l i n e a r , t i m e - i n v a r i a n t system (Habibi-Ashrafi, 1978). 

The response of t h i s system y(k) to a f o r c i n g s i g n a l s(k) takes 

the form of a c o n v o l u t i o n w i t h t h e i m p u l s e r e s p o n s e of the 

l a y e r e d e a r t h |Ul(k); t h a t i s , 

k_ 

y< k> = ? " " j > A ( i ) s ( k - i ) .. (1) 

I n t h i s d i s c r e t i z e d r e p r e s e n t a t i o n , the sampling i n t e r v a l s of a l l 

the e n t i t i e s a r e t a k e n t o be one u n i t of t i m e ( t h a t i s , A t = 1 

so t h a t absolute time t = k A t = k where k i s an i n t e g e r ) . 

The r e s p o n s e y ( k ) i s t h e c o n v o l u t i o n a l model (Robinson, 

1957) and i t i s always recorded together w i t h some random noise 

so t h a t the observed seisinogram becomes 

z ( k ) = y ( k ) + v ( k ) 

- |J(k) * s ( k ) + v ( k ) .. (2) 

where v(k) r e p r e s e n t s the random noise. I n the theory of p r e d i c ­

t i v e d e c o n v o l u t i o n , i t i s c o n v e n i e n t t o s t a r t w i t h e q u a t i o n (2) 

as t h e m a t h e m a t i c a l r e p r e s e n t a t i o n of the s e i s m i c r e c o r d or 
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s e i s m i c t r a c e . 

I f i t i s assumed t h a t t h e r e f l e c t i o n c o e f f i c i e n t s of the 

l a y e r e d medium are s m a l l so t h a t t h e i r products of the t h i r d and 

h i g h e r o r d e r s a r e n e g l i g i b l e compared to t h e ambient n o i s e 

amplitudes, then the impulse response, | J U k ) , of the e a r t h can be 

shown ( R o b i n s o n , 1979) t o be a c o n v o l u t i o n of t h e n o r m a l 
section 

i n c i d e n c e r e f l e c t i o n c o e f f i c i e n t sequence r ( k ) w i t h a ^ m u l t i p l e 

" t ra in m ( k ) . T h i s l e a d s t o a one-Jiimens'ionaL 

c o n v o l u t i o n a l model of the s e i s m i c t r a c e (Robinson, 1979) as 

Equation (3) i s only approximate f o r these purposes. 

U s e f u l a s p e c t s of z ( k ) i n c o n n e c t i o n w i t h p r e d i c t i v e 

deconvolution a r e a r e t h a t 

These make i t p o s s i b l e a t any moment k, to r e p r e s e n t the sequence 

z(k) i n terms of i t s own observable p a s t h i s t o r y (a p r e d i c t i o n ) , 

p l u s an u n p r e d i c t a b l e r a n d o m - l i k e i n n o v a t i o n (Robinson, 1957). 

Two a d d i t i o n a l assumptions a r e u s u a l l y made i n order to implement 

t h e p r e d i c t i v e d e c o n v o l u t i o n p r o c e d u r e i n a c o n v e n i e n t 

mathematical way. These are t h a t 

( i ) the o b s e r v a t i o n z ( k ) i s a r e a l i z a t i o n of a s t a t i o n a r y 

process (so t h a t the estimate of the a u t o c o r r e l a t i o n f u n c t i o n 

z ( k ) - r ( k ) * m(k) * s ( k ) + v ( k ) (3) 

(1) i t i s a time sequence 

(2) m(k) i s p e r i o d i c . 

i z (Tp of z ( k ) w i l l be the same ( c o n s i s t e n t ) when i t i s 

estimated from any time window of z ( k ) ) . 

( i i ) the r e f l e c t i v i t y sequence r ( k ) i s a white, s t a t i o n a r y 

29 



sequence (so t h a t /$ 2("C) w i l l be the same as the auto­

c o r r e l a t i o n f u n c t i o n fys(~C) of the s e i s m i c wavelet except 

f o r a s c a l e f a c t o r and p o s s i b l e p e r t u r b a t i o n s caused by 

c o r r e l a t i o n s of t h e m u l t i p l e component m(k) of e q u a t i o n 

( 3 ) . ) 

The d e c o m p o s i t i o n of z ( k ) c a n l e a d t o t h e p r i m a r y 

r e f l e c t i o n s r ( k ) * s ( k ) ( i n p r a c t i c e w i t h some f i l t e r e d n o i s e ) 

w h ich i s the d e s i r e d s i g n a l . The e x t r a c t i o n of t h i s term from t h e 

z ( k ) r e l i e s on the accuracy of p r e d i c t i n g f u t u r e v a l u e s of 

z(k) from the p a s t and present v a l u e s . I f there i s l i t t l e change 

i n t he s t r u c t u r e of t h e l a y e r e d s y s t e m ( t h a t i s , i n r ( k ) ) , then 

t h e p r e d i c t i o n i s a c c u r a t e and t h e p r e d i c t i o n e r r o r s a r e s m a l l . 

When th e g e o l o g i c a l s t r u c t u r e undergoes change, the p r e d i c t i o n 

becomes d i s t u r b e d and i n a c c u r a t e and t h e p r e d i c t i o n e r r o r s a r e 

l a r g e . P r e d i c t i o n e r r o r s t h e r e f o r e g i v e a m e a s u r e of t h e 

s t r e n g t h s and l o c a t i o n s of t h e p r i m a r y r e f l e c t i o n s . The 

p r e d i c t i o n - e r r o r d e c o n v o l u t i o n t e c h n i q u e works i n two s t e p s . 

F i r s t l y , t h e p r e d i c t i o n i s c a r r i e d out by u s i n g a p r e d i c t i o n 

f i l t e r and secondly, the p r e d i c t e d v a l u e i s subtracted from the 

o b s e r v e d v a l u e t o g e t t h e d e s i r e d p r e d i c t i o n e r r o r . These two 

s t e p s a r e o f t e n reduced t o a s i n g l e p r o c e d u r e i n p r a c t i c e . A 

p r e d i c t i o n f i l t e r i s e v a l u a t e d and t h e n u s e d t o d e s i g n a 

p r e d i c t i o n - e r r o r f i l t e r w h ich i s a p p l i e d t o t h e d a t a t o 

p r e d i c t and s u b t r a c t a t once. 

The e f f i c i e n t d e s i g n of t h i s f i l t e r i s c o n t r o l l e d by t h e 

c h o i c e s of a p r e d i c t i v e d i s t a n c e (gap or l a g ) CK , the l e n g t h of 

t h e p r e d i c t i o n f i l t e r N, the d a t a window of l e n g t h T s e c ( i n 
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p r a c t i c e T ^ 1 0 6 ( A t ) and p o s s i b l y a s t a b i l i z i n g parameter <\. I t i s 

o f t e n n e c e s s a r y t o examine and i n t e r p r e t e t h e a u t o c o r r e l a t i o n 

f u n c t i o n s of the o r i g i n a l d a t a b e f o r e c h o o s i n g OC and N (and 

hence T ) . T h e o r e t i c a l l y , i f the S/N r a t i o of the d a t a i s not too 

low t h e r e w i l l be no l i m i t , e x c e p t f o r t h e l e n g t h of t h e d a t a 

t h a t i s a v a i l a b l e , to the choice of N. The l a r g e r the value of N, 

the more cumbersome w i l l become the computation of the p r e d i c t i o n 

o p e r a t o r as i t i n v o l v e s t h e i n v e r s i o n of an NX N m a t r i x of r e a l 

numbers. The m a t r i x has got the T o e p l i t z form (Wiggins e t a l . 

1965, Robinson, 1980, pp. 229) which means t h a t the i n v e r s i o n can 

be p e r f o r m e d more e f f i c i e n t l y . The d e t e r m i n a t i o n of t h e 

p a r a m e t e r s OC and N has been d i s c u s s e d by Peacock and T r e i t e l 

(1969) and more e x t e n s i v e l y by Ziol k o w s k i (1980). 

The p r e d i c t i o n f i l t e r i s a w i e n e r f i l t e r ( w i e n e r , 1942) 

whi c h i s c a l c u l a t e d from the e s t i m a t e of t h e a u t o c o r r e l a t i o n 

f u n c t i o n of the chosen window of the d a t a . The a u t o c o r r e l a t i o n 

f u n c t i o n can be estimated i n a v a r i e t y of ways (Claerbout, 1976, 

pp. 136) and i n each c a s e a d i f f e r e n t p r e d i c t i o n - e r r o r f i l t e r 

w i l l be produced ( H a b i b i - A s h r a f i , 1978). The s t a b i l i t y of t h e 

wiener f i l t e r component i s assured by adding a l i t t l e white noise 

to the data before the design by means of the prewhitening para­

meter X ( Z i o l k o w s k i , 1980, T r e i t e l and L i n e s , 1982) which a l s o 

evens out the s t a t i s t i c a l d i s t r i b u t i o n of the f i l t e r e d noise. 

I n p r a c t i c e , some problems a r e f a c e d i n t h e a p p l i c a t i o n of 

the p r e d i c t i o n - e r r o r f i l t e r i n g technique. I f the input data have 

a poor S/N r a t i o , t h e n t h e o u t p u t may e v e n be n o i s i e r 

( Z i o l k o w s k i , 1 9 8 0 ) . T h i s i s n e v e r t h e l e s s n o t e n t i r e l y 
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d e t r i m e n t a l because the gain i n the r e s o l u t i o n of genuine 
geological events r e l a t i v e to the noise i s more s i g n i f i c a n t . 

Another of the problems i n the application of the method i s 
that there i s a danger of accidentally predicting and suppressing 
primary r e f l e c t i o n s . This can happen i f the r e f l e c t i v i t y sequence 
i s not white and not s t a t i o n a r y . The operator p r e d i c t s and 
suppresses periodic events with periods i n the range [ 0( N]. 
I f two primary events correlate at a lag which f a l l s w i t h i n t h i s 
i n t e r v a l , the f i l t e r w i l l not be capable of r e a l i z i n g that i t i s 
not multiples that are c o r r e l a t i n g and the l a t e r primary w i l l be 
p r e d i c t e d from the e a r l i e r and suppressed. A c a r e f u l choice of 
the window of the i n p u t t r a c e from which the a u t o c o r r e l a t i o n 
f u n c t i o n i s t o be estimated f o r the design of the f i l t e r may 
a l l e v i a t e the danger. In real conditions, one cannot expect r(k) 
t o be s t r i c t l y white and s t a t i o n a r y and there i s always a 
l i k e l i h o o d of t h i s accidental suppression of l a t e primaries. 

Real seismic traces are not s t a t i s t i c a l l y stationary because 
of geometric spreading and absorption losses and t h i s v i olates a 
basic assumption of the predictive technique. Each trace i s often 
scaled with an appropriate time-ramp function i n order to correct 
f o r the o v e r a l l decay i n amplitude before the a u t o c o r r e l a t i o n 
f u n c t i o n i s estimated f o r f i l t e r design. F a i l u r e t o take t h i s 
precaution may r e s u l t i n a poorer output. 

Sometimes the prediction-error technique i s used to suppress 
spe c i f i c m u l t i p l e events before CMP stacking i n the hope that the 
l a t t e r w i l l suppress the r e s t of the m u l t i p l e s or t h a t 
prediction-error deconvolution a f t e r CMP stacking can be applied 
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t o improve the p r i m a r y - t o - m u l t i p l e energy r a t i o . This i s the 
s i t u a t i o n when prediction-error deconvolution i s applied before 
CMP stacking i n order to attenuate strong seabed multiples. Here, 
the problem of p e r i o d i c i t y persists but when the parameters 0( and 
N are chosen c o r r e c t l y , the technique may be u s e f u l . M u l t i p l e 
r e f l e c t i o n s that have periods which are shorter than 0( or longer 
than D( + N can be suppressed during CMP stacking or a f t e r i t . 

I t has been assumed thus f a r t h a t the source wavelet s(k) 
has a constant, unchanging shape w i t h i n the seismic t r a c e . This 
i s not true i n r e a l i t y because of various non-linear propagation 
ef f e c t s , f o r example, absorption losses and dispersion (kennett. 
1983). Sometimes there i s a need t o c o r r e c t f o r these e f f e c t s . 

Spectral f a c t o r i z a t i o n techniques are u s u a l l y used f o r t h i s 
purpose. Most of the techniques (Burg, 1972, and Claerbout, 1976, 
pp. 49) are v a r i a n t s of p r e d i c t i o n - e r r o r deconvolution. A 
requirement that the seismic wavelet should be minimum delay i s 
sometimes necessary. Prediction-error deconvolution f o r mul t i p l e 
a t t e n u a t i o n does not r e q u i r e t h a t the wavelet be minimum delay 
although the r e s o l u t i o n of the r e s u l t s i s improved i f the 
waveform i s minimum delay (Robinson, 1980). 

Figure 2.2(a) shows the s e c t i o n obtained from the stacking 
of t h e CMP g a t h e r i n F i g u r e 2.1(a) w i t h p r e d i c t i o n - e r r o r 
deconvolution a p p l i e d . Figure 2.2(b) shows the section obtained 
from the stacking of the CMP gather i n Figure 2.1(a) w i t h 
p r e d i c t i o n - e r r o r deconvolution applied both before and a f t e r 
stack. I n each case the t r a c e has been p l o t t e d s i x times. I t i s 
obvious t h a t p r e d i c t i o n - e r r o r deconvolution a f t e r CMP stacking 
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has worked b e t t e r i n the case where p r e d i c t i o n - e r r o r f i l t e r i n g 
was applied before stack (Figure 2.2 (b)). 

The prediction-error deconvolution technique was used i n the 
rest of t h i s study f o r multiple suppression. 

2.3.2 Multichannel Methods. 

Multichannel techniques of m u l t i p l e a t t e n u a t i o n r e q u i r e 
s u i t e s of seismic traces or records as i n p u t data. These can 
e i t h e r be CMP gathers, common-receiver gathers or a set of 
stacked traces. Figure 2.3 shows the gathers and a stacking chart 
to i l l u s t r a t e how they are collected. The multichannel techniques 
that have been applied i n t h i s study require normal moveout (NMO) 
corrected CMP gathers as input. 

The CMP gathers t h a t are obtained a f t e r the s o r t i n g of 
seismic r e f l e c t i o n data have traces which correspond to the same 
surface mid-point between the source and the rec e i v e r . I f the 
subsurface layers are horizontal and i f l a t e r a l v e l o c i t y changes 
are n e g l i g i b l e , the r e f l e c t i n g interfaces have 'common r e f l e c t i o n 
p o i n t s ' (Figure 2.4). These subsurface r e f l e c t i o n p o i n t s are 
l a t e r a l l y d i s p l a c e d when the r e f l e c t i n g i n t e r f a c e s are not 
h o r i z o n t a l and they spread apart as the s t r u c t u r e s grow more 
complicated. Most geometrical s t r u c t u r e s cause only a small 
d i s p e r s i o n of the common r e f l e c t i o n p o i n t (CRP) (Taner e t a l . , 
1970, May and Hron, 1978) and the assumption of a s t a b l e CRP i s 
usually made. 

As shown on Figure 2.4, seismic r e f l e c t i o n s on successive 
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records from a c o n s t a n t - v e l o c i t y medium t h a t has a s i n g l e 
interface at a depth Z w i l l l i e on a hyperbola. I f 
X i s the shot-receiver spacing, T x the t r a v e l time and V the 
seismic v e l o c i t y , then 

T x 2 = T 0 2 + x 2/V 2 .. (4) 

f o l l o w i n g the n o t a t i o n of Figure 2.4 . I f there i s more than one 
l a y e r above t h e r e f l e c t i n g i n t e r f a c e , then V becomes 
approximately a root-mean-sguare (rms) v e l o c i t y (Dix, 1955) and 
depends on the structure above the interface. The t r a v e l time T x 

would be equal t o the two-way normal incidence time T Q i f the 
source and re c e i v e r were a t the same l o c a t i o n . This i s the time 
at which the events are normally displayed on stacked, unmigrated 
seismic sections. The events on the CMP gather are out of step 
because of the geometrical e f f e c t (xqfcO) which i s referred t o as 
normal moveout (NMO) and which must be corrected f o r before 
stacking. The NMO i s given by 

AT = T X - T Q .. (5) 
or 

&T = J T 0
2 + X2/V2 ' - T Q .. (6) 

and 
A T = (4Z 2 + X 2 ) 1 / 2 / ^ - T Q .. (7) 

&T i s the time step between an event on a t r a ^ e w i t h an o f f s e t X 
and the corresponding event on a hypothetical zero-offset trace. 
V i s the rms v e l o c i t y function defined at X=0. 

35 



NMO corrections vary w i t h record time and therefore depend 
on r e f l e c t o r depth. The time increment AT i s subtracted from each 
record time T x ( i n t e r p o l a t i n g where necessary). The purpose of 
NMO corrections i s to al i g n single-bounce 'primary' r e f l e c t i o n s 
p r i o r t o stacking. M u l t i p l e s g e n e r a l l y t r a v e l at lower average 
v e l o c i t i e s than primary r e f l e c t i o n s w i t h the same a r r i v a l times 
since v e l o c i t y usually increases w i t h depth; therefore, m u l t i p l e 
r e f l e c t i o n s are misaligned and attenuated during stacking. 
E f f i c i e n t NMO c o r r e c t i o n s r e q u i r e i n f o r m a t i o n on the rms 
v e l o c i t i e s (equation 6). These are estimated from CMP gathers by 
a va r i e t y of methods notable among which are the semblance analy­
s i s technique (Taner and Koehler, 1969) and the method of 
vel o c i t y scans (Dobrin, 1976, pp. 233). The former technique was 
applied i n chapter four of t h i s study and examples are shown. 

Three methods of performing a CMP stack were applied i n t h i s 
work. These are the h o r i z o n t a l ( s t r a i g h t ) stack, (Mayne, 1962), 
the weighted stack, (Robinson, 1970) and the i t e r a t i v e stack, 
(Naess, 1979). The theory and p r i n c i p l e s are o u t l i n e d below and 
examples are given. 

The f o l l o w i n g model f o r an NMO corrected CMP gather was 
adopted. The i t n t r a c e of the gather i s assumed t o con s i s t of a 
s i g n a l component (primary r e f l e c t i o n s ) £ sj/ j=l,2...N^ and a 
noise component <^n^j; j=l,2...N^ where a time window N A t sec i s 
considered and the f o l d of cover i s M. The follow i n g assumptions 
(Robinson, 1970) are made; 

(1) the s i g n a l i s i d e n t i c a l (except f o r a scale f a c t o r ) and 
correlated on a l l the M traces, 
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(2) the noise on any t r a c e has got a zero mean value and 
i s s t a t i s t i c a l l y independent of the noise on any other trace 
and of the signal, 
(3) the S/N power r a t i o of each tr a c e i s s t a t i o n a r y over 
t h i s time window. I n the r e s t of t h i s chapter, S/N r a t i o 
refers to power r a t i o unless otherwise stated. 

Using these assumptions, equation (3) can be re w r i t t e n 
as 

z i j = a i ( s j + n i j 1 •• (8) 

where a^, i=l,2....M are signal amplitude scales. 

(a) Horizontal (Straight) Stacking 

Horizontal (Straight) stacking (Mayne, 1962) consists of the 
summation of traces of the NMO-corrected gather producing a 
composited (stacked) t r a c e . The surface l o c a t i o n of the stacked 
trace i s the same as the common source-receiver mid-point that i s 
associated with the gather from which i t i s derived. 

Horizontal stacking can improve the rms amplitude l e v e l of 
primary r e f l e c t i o n s by a f a c t o r of njl? r e l a t i v e t o t h a t of any 
i n d i v i d u a l t r a c e t h a t c o n t r i b u t e s t o the stack. This i s c o r r e c t 
only f o r the case where the S/N r a t i o s of the M traces are 
i d e n t i c a l and when the signal amplitude scales are equal t o each 
other. 

The performance of the s t r a i g h t stack i n the elimination of 
multiples depends on the recording cable geometry, the magnitudes 
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of the residual moveouts and the range of dominant frequencies i n 
the m u l t i p l e r e f l e c t i o n s . I t can suppress multiples by as much as 
20 dB r e l a t i v e to the enhanced primaries. 

From equation ( 8 ) , the horizontal stack i s given by 
M 

X j = ^ ( z^/C ) .. (9) 
i = l 

j=l,2...N . I n general, C i s t i m e - v a r i a n t so t h a t the e f f e c t s of 
any data e d i t i n g (muting or the existence of any 'dead' channels) 
can be accounted f o r . 

A l l the amplitudes t h a t c o n t r i b u t e t o the s t r a i g h t stack 
(equation 9) have the same weight. I t i s shown i n the next p a r t 
of t h i s section t h a t such a standard stack i s less than optimal. 

(b) Weighted Stacking 

I n horizontal stacking, i t i s anticipated that there w i l l be 
an improvement i n the S/N r a t i o of the stacked trace but i t may 
be possible t o do b e t t e r . A c a l c u l a t e d weighting of the traces 
before stacking can improve the S/N r a t i o of the stack. The best 
form of weighting i s one t h a t would lead t o an optimum S/N 

< 

r a t i o of t h e s t a c k and t h e p r o c e s s i s r e f e r r e d t o as 
optimum weighted stacking. Weighted stacking has been treated i n 
the l i t e r a t u r e (Meyerhoff, 1966, Robinson, 1970 and White, 1977). 

The analysis o u t l i n e d below i s based on the model of equa­
t i o n (8). The M-fold weighted stack i s given by 

38 



M 
X j ( M ) - y ( W j / Q Z j j .. (10) 

i = l 
where C i s a n o r m a l i z a t i o n f a c t o r and the ŵ  are the weights. 
A l t e r n a t i v e l y , one can consider t h e •terms CT̂  = wi/C as the 
weights. The n o t a t i o n of equation (10) i s maintained here since 
the role of C as a factor which imparts some r e g u l a r i t y i n t o the 
scale of the r e s u l t i n g stack i s clearer. 

Let the s i g n a l energy Ŝ , the noise energy and the S/N 
r a t i o ^ of the i t n trace be respectively defined by 

N >i • XT3* S, = / a , 2 S j 2 

j = l 

- a ±
2 S , 

N i - N E & i S j 2 } 

and %± = Si/Ni 

where N 
2 •E 

j = l 
( f o l l o w i n g Robinson, 1970 but adopting the method of ensemble 
averages). N i s the number of amplitude samples i n the time 
window of the i t n trace and E denotes expectation. The fol l o w i n g 
observations can be made: 
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( i ) i s always p o s i t i v e . 
( i i ) The s i g n a l scale a^ may be f i x e d by s e t t i n g the s i g n a l 
variance S equal t o unity. 
( i i i ) I f there i s no noise and i f each tra c e i s normalized 
to a u n i t variance, then a^ = 1 f o r a l l i . 

From equations (8) and (10), we have 

M M 
X j ( M > * y (w ia i/C)s i + y ( W j a j / O n . ^ . . (11) 

i = l i = l 

The signal component of the weighted stack (equation 11) w i l l be 
an unbiased estimate of the a c t u a l s i g n a l i f i t s expectation i s 
equal to that of the actual signal, that i s , i f 

M 
( w i a i / c ) S j | = E { S J } 

i = l 

which holds only i f 
M 

y (w i a i/o = i .. d2) 
i = l 

This i s also the condition that the signal s h a l l not be di s t o r t e d 
by stacking. 

When the c o n s t r a i n t of equation (12) a p p l i e s , the s i g n a l 
energy of the weighted stack i s S and the noise power NQ i s given 
by 

E E 
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M 

i = l 
which can be shown (see Appendix A) to be 

M 
N 0 = y (Wi/C) 2 Ni .. (13) 

i = l 
The S/N r a t i o of the weighted stack i s thus 

y ( M ) = s / N Q .. (14) 

The weights (w^/C) that are required f o r an optimum S/N r a t i o , 
<£pt^M^, are obtained by maximizing 7f^ M^ of equation (14) subject 
to the constraint of equation (12). This i s done by the method of 
Lagrange m u l t i p l i e r s and we obtain (see Appendix A) 

w±/C = Y i / ( a i R) .. (15) 

where M 
-

i = l 
i s the sum of the S/N r a t i o s of the i n d i v i d u a l traces. 

From equations (14), (15) and the d e f i n i t i o n of we have 
the optimum S/N as 

X p t ( M ) " R •• <16> 

The S/N r a t i o of the optimum weighted stack i s the sum of the S/N 
r a t i o s of the t r a c e s t h a t c o n t r i b u t e t o the stack. When the 
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weights of equation (15) are used i n equation (11), the r e s u l t i s 
the optimum weighted stack. 

I f a l l the traces of the gather have the same S/N r a t i o , 
t h a t i s , i f ^ = ^ f o r a l l i,then the stack w i l l have an 
optimum S/N r a t i o given by 

Xopt

{K) = H X .. (17) 
I f i n a d d i t i o n a l l the traces have got the same amplitude scales, 
that i s , i f = a f o r a l l i , then the weights become equal to 
a constant f o r a l l i and the optimum weighted stack and the 
h o r i z o n t a l stack (equation (9)) become i d e n t i c a l . Therefore the 
S/N r a t i o of an M-fold s t r a i g h t stack can be improved by a f a c t o r 
of M (equation (17)) over any i n d i v i d u a l trace only i f the traces 
have got i d e n t i c a l S/N r a t i o s and i d e n t i c a l amplitudes scales. In 
that case, the s t r a i g h t stack i s the same as the optimum weighted 
stack. Furthermore, the rms amplitude r a t i o i s given by 

srms/ nrms = >Ts /JTT 

- J 
y (M) ^>pt 

Accordingly, t h i s f a c t o r i s improved by a f a c t o r of yj M f o r 
optimum weighted stacks i f a l l the traces that contribute t o the 
stack have the same ^ ; t h i s i s the basis of the well-known 
standard stack q u a l i t y enhancement. Only i n r a r e circumstances 
are the r a t i o s ^T^/(a^ R) l i k e l y t o be equal and t h e r e f o r e the 
s t r a i g h t stack (equation (9)) has a S/N r a t i o t h a t i s less than 
optimal. 
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Implementation. 

In order to implement the optimum weighted stack, one must 
know 

( i ) the amplitude scales of the signal, 
( i i ) the S/N r a t i o s ^ of the traces of the gather, 

and ( i i i ) a scheme of f i x i n g the normalization factor C. 
The t h i r d requirement can be easily dealt with. 

The estimation of the S/N r a t i o of a seismic trace by means 
of the m u l t i p l e coherence f u n c t i o n has been given by White 
(1973). Some s t a t i s t i c a l procedures f o r the estimation of a i and 
)f i have also been presented by Robinson (1970). These depend on 
the sums of t r a c e cross-products but they are very s e n s i t i v e t o 
s t a t i s t i c a l i r r e g u l a r i t i e s because they require a s t a t i s t i c a l l y 

U 
independent behaviour of the components of each trace as w e l l as 
the zero-mean-value assumption of the random noise to be s t r i c t l y 
v a l i d . However, more r e c e n t l y Rietsch (1980) has proposed an 
a l g o r i t h m f o r the e s t i m a t i o n of the a^ and when the f o l d of 
cover i s greater^or equal to three and shows that the estimates 
improve as the f o l d increases. 

The equations given by Rietsch ( l o c . c i t . , see Appendix B) 
were used f o r t h e e s t i m a t i o n of these parameters i n the 
i l l u s t r a t i o n of the optimum weight stacking technique at the end 
of t h i s sub-section. 

The above theory does not account f o r any differences i n the 
noise spectra of the channels i=l,2...M . White (1977) has shown 
t h a t stacking f i l t e r s t h a t are derived from a more general 
version of equation (15), namely 
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w ^ f J / C = Xi(£)/(ai R ( f ) ) , .. (18) 

i n w h i c h t h e p a r a m e t e r s w i # X ±t and R become f r e q u e n c y 

dependent, a r e u s e f u l i n overcoming t h i s problem. 

O t h e r f o r m s o f w e i g h t e d s t a c k i n g a p p e a r i n t h e 

l i t e r a t u r e . Examples i n c l u d e the constant energy stack f o r which 

N 

W i / C - 1. / ( J ~ z ± j
2 J 1 / 2 .. (19) 

j = l 

and the d i v e r s i t y s t a c k f o r which the weights 

N 

wA/C » 1. / ( y z ± j
2 ) 2 .. (20) 

j = l 

f o r i=l,2,...M (Nunns, 1980 and P o u l t e r , 1982). I n g e n e r a l , t h e s e 

w e i g h t s may l e a d t o improved s t a c k s over t h e o r d i n a r y s t r a i g h t 

s t a c k but t h e y a r e not o p t i m a l . I n p a r t i c u l a r , t h e d i v e r s i t y 

s t a c k i s used t o d i s c r i m i n a t e a g a i n s t ground r o l l and s i m i l a r 

high amplitude w a v e t r a i n s ( S h e r i f f , 1973). 

The main problem i n t h e i m p l e m e n t a t i o n of t h e optimum 

we i g h t s t a c k i s t h a t t h e e s t i m a t i o n of the w e i g h t s can be v e r y 

d i f f i c u l t . I t s h o u l d be a p p l i e d o n l y when the d a t a have got 

v e r y low S/N r a t i o but t h i s makes t h e e s t i m a t i o n even more 

i n a c c u r a t e . S i m p l e r v e r s i o n s of t h e conc e p t have been found 

u s e f u l i n the improvement of the q u a l i t y of data by m u l t i p l e and 
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random n o i s e s u p p r e s s i o n . Such a v e r s i o n was a p p l i e d i n t h i s 

study during the p r o c e s s i n g of the r e a l data (chapter 4). 

I l l u s t r a t i o n s 

Examples of the use of s t r a i g h t and weighted s t a c k i n g i n 

order to attenuate m u l t i p l e s are shown i n the f o l l o w i n g F i g u r e s . 

F i g u r e 2.5(a) shows an e a r t h model i n the form of i n t e r v a l 

v e l o c i t y and d e n s i t y v e r s u s depth p r o f i l e s . The g e o l o g i c a l l a y e r s 

were assumed to be h o r i z o n t a l and i s o t r o p i c . The AIMS modelling 

program was used t o o b t a i n a 1 2 - f o l d CMP g a t h e r f o r t h i s model by 

the method of r a y t r a c i n g . The n e a r - t r a c e s e p a r a t i o n was 45 m and 

the t r a c e s p a c i n g was 25 m. T a b l e 2.1 shows t h e t r a v e l t i m e s a t 

which the primary r e f l e c t i o n s a r r i v e . The s t a c k i n g v e l o c i t i e s of 

these events were obtained from the same program and are shown. 

Fi g u r e 2.5(b) shows the primary r e f l e c t i o n s only. No random n o i s e 

was added and a t 2 time-ramp f u n c t i o n was a p p l i e d to each t r a c e 

i n order to enhance the appearance of the l a t e primary events. A 

zero-phase wavelet w i t h tapered low and high-cut f r e q u e n c i e s of 

37 Hz and 158 Hz r e s p e c t i v e l y was used. 

F i g u r e s 2 . 5 ( c ) and 2.5(d) show a CMP g a t h e r t h a t was 

computed with the i n c l u s i o n of the f i r s t , second and t h i r d order 

seabed m u l t i p l e s f o r each p r i m a r y i n the downward and upward 

r a y p a t h s r e s p e c t i v e l y . The former shows the computed 

a m p l i t u d e s and t h e l a t t e r has a t 2 time-ramp s c a l i n g f u n c t i o n 

a p p l i e d t o each t r a c e . 

The CMP g a t h e r of F i g u r e 2.5(c) was s t a c k e d by u s i n g t h r e e 

d i f f e r e n t techniques and the r e s u l t s a r e presented. The e f f e c t s 
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TABLE 2.1 

event No. : Arrival time (msec . ) : Stacking velocity m/s. 

1 : 073 i 1500 
2 : 121 : 2008 
3 : 156 : 2270 
4 : 237 : 3028 
5 : 241 : 3155 
6 : 261 : 3191 
7 : 272 : 3181 
8 : 275 : 3170 
9 : 330 : 3120 
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Figure 2.5(a). The 12-fold CMP gather of Figure 2.5(a) 
with the f i r s t , second and t h i r d order seabed multiples 
included. No time-ramp function has been applied. 
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of the m u l t i p l e r e f l e c t i o n s on the stacked p r i m a r i e s , the extent 

of t he a t t e n u a t i o n and t h e l e v e l of t h e r e s i d u a l n o i s e f o r each 

technique are d i s c u s s e d . 

Each stacked t r a c e was p l o t t e d s i x times and the r e s u l t i n g 

p l o t i s l o o s e l y r e f e r r e d to as a s e c t i o n . The t r a c e was band-pass 

f i l t e r e d (47 Hz - 158 Hz), an AGC (g a t e of 100 msec) was a p p l i e d 

t o i t and i t was n o r m a l i z e d t o u n i t a m p l i t u d e b e f o r e b e i n g 

p l o t t e d . A l l the s e c t i o n s a r e p l o t t e d w i t h t h e same g a i n . The 

l a t e s t primary r e f l e c t i o n a r r i v a l i s a t about 330 msec . 

( i ) The H o r i z o n t a l Stack. 

F i g u r e 2.6 shows a h o r i z o n t a l s t a c k of t h e CMP g a t h e r of 

Fi g u r e 2.5(c). The primary r e f l e c t i o n s a t about 70 msec, 260-270 

msec and 330 msec a r e resolved. R e s i d u a l d i r e c t seabed m u l t i p l e s 

appear a t about 145 msec, 220 msec and 290 msec r e s p e c t i v e l y . 

P r i m a r y e v e n t s a t 120 msec, 156 msec and 235 msec were not 

obv i o u s because of s t a c k e d m u l t i p l e s and n o i s e due t o s i g n a l 

s t r e t c h during NMO c o r r e c t i o n s . 

The h o r i z o n t a l s t a c k i s the s t a n d a r d way i n which s e i s m i c 

d a t a a r e t r e a t e d and i s adequate f o r most p u r p o s e s but has been 

shown to be l e s s than optimal. I n cas e s where a b e t t e r S/N r a t i o 

of the stacked t r a c e i s needed, other forms of s t a c k i n g t h a t take 

account of the nature of each t r a c e t h a t c o n t r i b u t e s to the stack 

can be a p p l i e d . 
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( i i ) Weighted Stack. 

F i g u r e 2.7 shows the r e s u l t of an optimum weighted s t a c k of 

the CMP g a t h e r of F i g u r e 2.5(c) . The w e i g h t s were e s t i m a t e d 

through e q u a t i o n (15) i n w h i c h t h e a m p l i t u d e f a c t o r s and t h e 

noise energies of each NMO c o r r e c t e d t r a c e were computed from 

t h e e q u a t i o n s of R i e t s c h (1980) (Appendix fl of t h i s t h e s i s ) . He 

a p p l i e d the e q u a t i o n s i n w e i g h t e d s t a c k i n g of 2 4 - f o l d s p l i t -

spread V i b r o s e i s data and obtained a general improvement r e l a t i v e 

to the s t r a i g h t s t a c k . 

F o r t h i s example, The S/N r a t i o v a l u e s and the f a c t o r s 

were estimated and the weights were evaluated and applied to each 

t r a c e before s t a c k i n g . 

The major d i f f e r e n c e s o b t a i n e d i n t h i s s t a c k a r e f o r the 

p r i m a r y e v e n t s a t 156 msec, 237 msec, and 272 msec. I n 

p a r t i c u l a r , t he c h a r a c t e r of t h e e v e n t a t 156 msec ( r e l a t i v e t o 

the seabed r e f l e c t i o n ) showed t h a t i t i s p r e d o m i n a n t l y p r i m a r y 

e n e r g y . The f i r s t d i r e c t s e a b e d m u l t i p l e i n h i b i t e d t h i s 

r e s o l u t i o n during the s t r a i g h t stack. The s i g n a l d i s t o r t i o n was 

not so s e v e r e and t h e r e s i d u a l m u l t i p l e e v e n t a t about 200 msec 

was weaker. The primary event a t 120 msec was not r e s o l v e d w h i l e 

the m u l t i p l e a t 310 msec assumed a somewhat h i g h e r a m p l i t u d e 

a l t h o u g h t h i s may p a r t l y be due t o t h e e f f e c t s of the AGC. The 

m u l t i p l e a t 550 msec appeared stacked up i n both cases. 

The weights were es t i m a t e d by using a time gate from 50 msec 

to 350 msec. They were then a p p l i e d t o t h e whole t r a c e . I n 

general, t h i s weighted s t a c k r e s u l t e d i n improved r e s o l u t i o n of 

primary events r e l a t i v e t o stacked m u l t i p l e s . 
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( c ) I t e r a t i v e S t a c k i n g . 

The h o r i z o n t a l s t a c k i n v o l v e s the summation of moveout 

c o r r e c t e d t r a c e s w i t h o u t any r e g a r d t o the c o n s i s t e n c y and 

w e i g h t i n g of the s i g n a l . I n p a r t (b) i t was shown t h a t i t i s 

p o s s i b l e to enhance and optimize the performance of t h i s s t a c k by 

optimum weight s t a c k i n g (Robinson, 1970, White, 1977 and R i e t s c h , 

1980), but t h a t t h e problems of i m p l e m e n t a t i o n a r e not e a s y t o 

overcome. 

I n a h o r i z o n t a l s t a c k , each c o n t r i b u t i n g amplitude has got 

t h e same w e i g h t . S e v e r a l s m a l l b u t c o n s i s t e n t ( c o h e r e n t ) 

a m p l i t u d e s may be e a s i l y o v e r r u l e d by a few l a r g e b u t 

i n c o n s i s t e n t ones. An example of t h i s occurs when an i n t e r f e r i n g 

s t r o n g d i r e c t water-bottom m u l t i p l e i s unchecked and allowed to 

p a r t i c i p a t e w i t h i t s f u l l s t r e n g t h i n the s t a c k . I t c o m p l e t e l y 

masks the primary r e f l e c t i o n w i t h which i t i n t e r f e r e s . Techniques 

such a s t h e w e i g h t e d s t a c k and t h e coherency s t a c k have been 

proposed i n order to reduce these weaknesses of the h o r i z o n t a l 

stack but they cannot always be r e l i e d upon. The coherency s t a c k 

depends on the coherency c r i t e r i a t h a t are used. 

The i t e r a t i v e s t a c k i n g a l g o r i t h m was proposed by Naess 

(1979) and i t t a k e s i n t o a c c o u n t the above-mentioned problems. 

The assumptions t h a t are made i n order to apply the technique and 

the b a s i s of the a l g o r i t h m a r e o u t l i n e d below and examples a r e 

shown to comparatively i l l u s t r a t e the method. 

The assumptions re q u i r e d a r e t h a t 

(1) a l l the primary r e f l e c t i o n amplitudes a t a given time 

l e v e l on an NMO-corrected CMP gather are equal i n s t r e n g t h 
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and have the same p o l a r i t y , 

(2) a l l n o i s e amplitudes show l e s s h o r i z o n t a l c o n s i s t e n c y 

than primary amplitudes. 

The second a s s u m p t i o n i s a p p r o x i m a t e l y s a t i s f i e d f o r any t i m e 

l e v e l of a CMP g a t h e r a f t e r NMO c o r r e c t i o n s have been a p p l i e d . 

The f i r s t assumption i s much stronger because i t e n t a i l s t h a t the 

a^ of e q u a t i o n (8) s h o u l d be e q u a l . I t would be h e l p f u l t o c a r r y 

out a s i g n a l a m p l i t u d e s c a l e c o r r e c t i o n b e f o r e an i t e r a t i v e 

stack. T h i s would r e s u l t i n the problems t h a t are encountered i n 

optimum w e i g h t s t a c k i n g and a r e b e i n g a v o i d e d by u s i n g an 

a l t e r n a t i v e technique. 

F o l l o w i n g the assumptions (1) and (2), the algorithm can be 

o b t a i n e d by s t a r t i n g w i t h t h e z ^ j o f e q u a t i o n (8) and by 

c o n s i d e r i n g a unique t i m e l e v e l ( j ). The a m p l i t u d e of t h e 

h o r i z o n t a l stack i s 

M 

X j = J ( Z i j / M ) .. (21) 

i = l 

where the n o r m a l i z a t i o n f a c t o r C (equation 9) has been considered 

c o n s t a n t and e q u a l t o M. The index j can be dropped so t h a t a t 

th e end, t h e pr o c e d u r e can be r e p e a t e d f o r a l l j . I f t h e r e a r e m 

p o s i t i v e a m p l i t u d e s and n n e g a t i v e a m p l i t u d e s c o n t r i b u t i n g t o 

e q u a t i o n (21) and i f t h e y a r e r e s p e c t i v e l y denoted by ( z + j / ^ r 

i=l,2...m) and ( z _ j ^ , j - l , 2 . . n ) ( j does not d e s i g n a t e t h e t i m e 

l e v e l anymore; the index i now denotes p o s i t i v e data samples a t a 

given time l e v e l ), then equation (21) becomes 



x ( l ) = x (1) + x (1) 
x x p T x n (22) 

where 

m 

x p
( 1 ) = (1/M) . 

i = l 

and 

n 

x n
( 1 ) = (1/M) . 

j = l 
E q u a t i o n (22) i s t h e h o r i z o n t a l s t a c k e x p r e s s e d a s a sum of 

separate p o l a r i t i e s x p ^ (normalized sum of the amplitudes with 

p o s i t i v e p o l a r i t y ) and x ^ 1 ^ ( n o r m a l i z e d sum of n e g a t i v e 

amplitudes). I t i s a l s o the f i r s t s t e p of the i t e r a t i v e stack. 

The input amplitudes ( z+j/"^ and z _ j ^ ) are then a l t e r e d 

by using the f o l l o w i n g algorithm (Naess, 1979) i n order to obtain 

another s e t of amplitudes ( z + ^ 2 ' and z _ j ^ ); 

i f z + i ( D y x p
( 1 ) then z + i < 2 > = X p ( D 

i f z + i ( 1 ) ^ T x p
( 1 ) then z + i

( 2 ) = z + i
( 1 ) .. (23) 

i f / z . j ( 1 , / > A n
( 1 ) / then z_j< 2> = x n

( 1 ) 

i f / z _ j ( 1 , / ^ T / x
n

( 1 ) / t h e n z - j ( 2 ) " z - j ( 1 ) 

The r e s u l t i n g s e t of amplitudes i s stacked i n the second step of 

the i t e r a t i v e s t a c k to obtain 

L (1) 

Z (1) 
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x ( 2 ) = X p ( 2 ) + ^ ( 2 ) (24) 

where 

m 

x p< 2> = (1/M) 2̂  z - ( 2 ) 
z + i 

i = l 

and 

n 

X n ( 2 > = (1/M) 2ZZ"j<2) * 
j - 1 

The procedure i s g e n e r a l i z e d so t h a t (q-1) s u c c e s s i v e changes of 

a m p l i t u d e s o c c u r t o produce t h e q t h s t a c k . T h i s i s a c h i e v e d 
through 

where 

x<<I> = X p ^ ) + x n
( c3> .. (25) 

n 

Xp««> « (1/M) z + i ( < 3 ) 

and 

i = l 

m 

= (1/M) J z . j ^ ) 

j = l 

and the amplitudes a r e obtained from the f o l l o w i n g algorithm; 
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i f z + i < s > > x p< s> then z + i
( s + 1 ) = x p

( s ) 

i f z+i<s>;<=: x p< s> then z + i
( s + 1 ) = z + i

( s ) .. (26) 

i f / z _ j ( s ) / > / x n
( s ) / then z _ j ( s + 1 ) = x n

( s ) 

i f / z _ j ( s ) / ^ /x n< s>/ then z _ j < s + 1 > = z _ j ( s ) 

where s=l,2,3....,q-1 f o r t h e q t n s t a c k . A f t e r t he q t n s t a c k , (q-

1) s u c c e s s i v e changes of the o r i g i n a l amplitudes have occurred. 

They a l l amount to a reduction i n absolute amplitude values. The 

c o n t r i b u t i o n s of anomalously high but i n c o n s i s t e n t amplitudes are 

weakened by t h i s procedure. Since primary events are assumed to 

g i v e t he same c o n t r i b u t i o n s t o the s t a c k , the n o i s e ( i n c l u d i n g 

m u l t i p l e s ) i s reduced and the i t e r a t i v e s t a c k r e p r e s e n t s an 

i n c r e a s e i n the S/N r a t i o . The amount of r e d u c t i o n of a g i v e n 

amplitude depends on the amplitude d i s t r i b u t i o n a t t h a t time 

l e v e l , the n o r m a l i s a t i o n f a c t o r M and the number of i t e r a t i o n s q 

(or the l e v e l of t h e s t a c k ) . 

A stepwise summary of the algorithm i s as f o l l o w s ; 

(1) separate p o s i t i v e and negative amplitudes that are present 

a t the given r e f l e c t i o n time l e v e l , 

(2) c a l c u l a t e the sums of the p o s i t i v e and negative amplitudes 

s e p a r a t e l y and normalize them with a f a c t o r M, 

(3) i f any a m p l i t u d e i s l a r g e r ( i n a b s o l u t e v a l u e ) than t he 

absolute value of the normalized sum w i t h the same p o l a r i t y , 

change the amplitude by s e t t i n g i t equal to the normalized sum. 
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(4) r e p e a t (2) and (3) w i t h t h e a m p l i t u d e s o b t a i n e d i n ( 3 ) . The 

number o f r e p e t i t i o n s i s o p t i o n a l . 

( 5) c a l c u l a t e t h e f i n a l a m p l i t u d e v a l u e ( i t e r a t i v e s t a c k 

r e s u l t ) by summing t h e l a s t p o s i t i v e and n e g a t i v e n o r m a l i z e d 

sums. 

The i m p l e m e n t a t i o n o f t h i s t e c h n i q u e r e q u i r e s t h e c h o i c e o f 

t h e n o r m a l i z a t i o n f a c t o r M and t h e number o f i t e r a t i o n s q. The 

convergence o f t h e a l g o r i t h m depends on t h e e f f i c i e n c y w i t h w h i c h 

t h e e f f e c t o f an a n o m a l o u s a m p l i t u d e i s c o r r e c t e d f o r as q 

i n c r e a s e s , a l s o on t h e v a l u e o f M and on t h e a c t u a l d i s t r i b u t i o n 

o f t h e a m p l i t u d e v a l u e s . I n t h e examples shown by Naess, (1979), 

Naess and B r u l a n d , ( 1 9 8 1 ) , and Naess, ( 1 9 8 2 ) , v a l u e s o f M t h a t 

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

good r e s u l t s i f t h e number o f i t e r a t i o n s i s s u f f i c i e n t l y h i g h . 

There a r e no s e t r u l e s f o r t h e c h o i c e s o f q and M. The g i v e n d a t a 

s e t s h o u l d be e x a m i n e d i n o r d e r t o have an e s t i m a t e o f t h e r a n g e s 

o f v a l u e s o f q and M t h a t can be used. 

Examples o f t h e a p p l i c a t i o n o f t h i s t e c h n i q u e a r e g i v e n 

below. The v a l u e s o f t h e n o r m a l i z a t i o n f a c t o r f o r each s t a c k were 

s t a t e d i n t e r m s o f a f r a c t i o n f o f t h e f o l d o f c o v e r ; f o r 

example, i f f=0.5, t h e n t h e n o r m a l i z a t i o n f a c t o r t h a t was a p p l i e d 

i n e q u a t i o n (25) i s g i v e n by f t i m e s t h e f o l d o f cover. 

F i g u r e s 2.8(a) - (e) show ' s e c t i o n s ' t h a t w e r e o b t a i n e d by 

s t a c k i n g t h e CMP g a t h e r o f F i g u r e 2.5(c) i t e r a t i v e l y . D i f f e r e n t 

v a l u e s o f q and f w e r e u s e d as i n d i c a t e d . F i g u r e s 2 . 8 ( a ) , 2.8(b) 

and 2.8(c) w e r e o b t a i n e d by s t a c k i n g w i t h a v a l u e o f f e q u a l t o 

0.5 and w i t h q e q u a l t o 2, 8, and 12 r e s p e c t i v e l y . I n c o m p a r i s o n 
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Figu r e 2 . 8 ( c ) . I t e r a t i v e Stack (q=12. £=0.5) of the CMP gather of Figure 2.5(c) 
followed by band-pass f i l t e r i n g , AGC (gate of 100 msec) and 
normalisation t o u n i t amplitude. 



w i t h t h e h o r i z o n t a l s t a c k , any l e v e l o f t h e i t e r a t e d s t a c k 

i n t r o d u c e d more s i g n a l d i s t o r t i o n . The second s t a c k (q=2. F i g u r e 

2.8(a)) was n o t much o f an i m p r o v e m e n t r e l a t i v e t o t h e s t r a i g h t 

s t a c k . The e i g h t s t a c k (q=8, F i g u r e 2.8(b)) p r o d u c e d b e t t e r 

r e s o l u t i o n . The m u l t i p l e a t 220 msec was e l i m i n a t e d w h i l e t h e 

p r i m a r y r e f l e c t i o n s a t 150 and 240 msec have been much enhanced. 

The c h a r a c t e r and phase o f t h e f o r m e r correspond t o th o s e o f t h e 

seabed r e f l e c t i o n a l t h o u g h i t s f r e q u e n c y c o n t e n t i s l o w e r . Some 

of t h e m u l t i p l e s below 350 msec were n o t p r o p e r l y suppressed as 

t h e r e a r e no s t r o n g p r i m a r i e s i n t h i s i n t e r v a l and t h e AGC tends 

t o r a n g e up any r e s i d u a l m u l t i p l e a m p l i t u d e s t h a t a r e p r e s e n t . 

The t w e l f t h s t a c k [q-12, F i g u r e 2 . 8 ( c ) ) was v e r y s i m i l a r t o 

F i g u r e 2.8(b) as were t h e s i x t e e n t h and t h e t w e n t y - f o u r t h s t a c k s 

( n o t shown). F u r t h e r i n c r e a s e s i n t h e v a l u e o f q showed no g a i n 

i n r e s o l u t i o n . 

A n o r m a l i z a t i o n scheme w i t h f e q u a l t o 1.0 was t e s t e d f o r 

d i f f e r e n t v a l u e s o f q. The r e s u l t s ( F i g u r e s 2.8(d) and 2.8(e)) 

w ere l e s s s a t i s f a c t o r y t h a n t h o s e f o r (q=8, f= 0 . 5 ) w h i c h was 

o p t i m u m f o r t h i s g a t h e r a f t e r f i x i n g q and v a r y i n g f i n t h e r a n g e 

[ 0 . 1 , 1 . 5 ] . 

F i n a l l y , a l l t h e e x a m p l e s showed t h a t each o f t h e s t a c k i n g 

t e c h n i q u e s has i t s m e r i t s and d e m e r i t s i n so f a r as t h e y were 

t e s t e d w i t h t h e same s y n t h e t i c g a t h e r . The h o r i z o n t a l s t a c k i s 

e a s i l y i m p l e m e n t e d b u t w i l l n o t a l w a y s p r o d u c e t h e b e s t 

a t t e n u a t i o n o f b o t h c a t e g o r i e s o f n o i s e . The o p t i m u m w e i g h t e d 

s t a c k w o u l d g i v e a t r a c e w i t h t h e maximum S/N r a t i o b u t 

t h e s t a t i s t i c a l l y c o m p l i c a t e d s t r u c t u r e o f g e o l o g i c a l n o i s e (and 
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Figure 2.8(d ) . I t e r a t i v e Stack (q=8. f-l.O) of the CMP gather of Figure 2.5(c) 
followed by band-pass f i l t e r i n g , AGC (gate of 100 msec) and 
normalisation t o u n i t amplitude. 



44 
i — i 
— I 1 m TO 
— 
ITI 

7\ 

r 
CD 

5 l 

C.9 

Figure 2.8(e ) . I t e r a t i v e Stack (q=12, f=1.0) of the CMP gather of F i g u r e 2 
followed by band-pass f i l t e r i n g / AGC (gate of 100 msec) and 
normalisation t o u n i t amplitude. 

• 5(c) 



even p r o c e s s i n g n o i s e i n t h e s e e x a m p l e s ) w o u l d make i t s d e s i g n 

c r i t i c a l . The i t e r a t i v e s t a c k , when c a r e f u l l y a p p l i e d , d e a l s b e s t 

w i t h random n o i s e and a t t e n u a t e s s t r o n g m u l t i p l e s b u t i n t r o d u c e s 

more s i g n a l d i s t o r t i o n t h a n any o t h e r t e c h n i q u e . T h i s s h o u l d n o t 

be p a r t i c u l a r l y h a r m f u l i f t h e r e i s a good S/N r a t i o enhancement. 

2.4 Summary. 

Standard and no n - s t a n d a r d s t a c k i n g t e c h n i q u e s f o r m u l t i p l e 

and random n o i s e a t t e n u a t i o n have been p r e s e n t e d i n o u t l i n e and 

those t h a t were used i n t h i s s t u d y r e v i e w e d . The p r e d i c t i o n - e r r o r 

d e c o n v o l u t i o n t e c h n i q u e and t h e s e s t a c k i n g a l g o r i t h m s were 

a p p l i e d i n t h e p r o c e s s i n g o f s e i s m i c r e f l e c t i o n d a t a t h a t w e r e 

a c q u i r e d o f f t h e c o a s t o f Durham. The t a s k o f e s t i m a t i n g t h e 

w e i g h t s f o r an optimum w e i g h t e d s t a c k becomes onerous i f t h e S/N 

r a t i o o f t h e d a t a i s t o o low. T h i s was t h e case and t h e t e c h n i q u e 

c o u l d n o t be a p p l i e d as d i s c u s s e d i n t h i s c h a p t e r . A s i m p l e r 

w e i g h t i n g scheme was used. Weighted s t a c k i n g was c a r r i e d o u t o n l y 

on t h e 2 4 - f o l d d a t a and i t e r a t i v e s t a c k i n g was p e r f o r m e d o n l y on 

t h e 6 - f o l d d a t a . The r e a s o n s f o r t h i s a r e s u m m a r i z e d a t t h e 

b e g i n n i n g o f c h a p t e r 4. 
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C H A P T E R 3 

D e t e r m i n i s t i c F i l t e r i n g . 

3.1 D e t e r m i n i s t i c and S t a t i s t i c a l methods. 

The c o n c e p t t h a t s e i s m i c d a t a can be t r e a t e d i n one o f t w o 

e q u i v a l e n t a p p r o a c h e s - n a m e l y t h e d e t e r m i n i s t i c o r t h e 

s t a t i s t i c a l approach was p u t f o r w a r d by Wadsworth e t a l . , (1957). 

T h i s w o r k was p u b l i s h e d a t a t i m e when s e i s m i c d a t a p r o c e s s i n g 

was c a r r i e d o u t a l m o s t e n t i r e l y by d e t e r m i n i s t i c c r i t e r i a and i t 

c o n t r i b u t e d t o t h e f o u n d a t i o n s o f t h e r o b u s t s t a t i s t i c a l methods 

o f d a t a a n a l y s i s t h a t a r e c u r r e n t l y i n use. 

The d e t e r m i n i s t i c approach t o s e i s m i c d a t a p r o c e s s i n g r e l i e s 

on t h e p h y s i c a l l a w s t h a t govern t h e s e i s m i c phenomenon. The l a w s 

can be e x p r e s s e d i n t h e f o r m o f d i f f e r e n t i a l e q u a t i o n s . The 

a p p r o a c h i s t o seek t h e s o l u t i o n s o f t h e s e e q u a t i o n s when 

s p e c i f i c boundary c o n d i t i o n s a r e g i v e n . Boundary c o n d i t i o n s a r i s e 

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

c o n d i t i o n i n s e i s m i c wave p r o p a g a t i o n w h i c h r e q u i r e s t h a t t h e 

d i s p l a c e m e n t s s h o u l d be c o n t i n u o u s a c r o s s t h e i n t e r f a c e o f a 

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

m u st be c o n t i n u o u s a t s u c h a b o u n d a r y . I n i t i a l c o n d i t i o n s a r e 

c o n n e c t e d w i t h o r a r i s e f r o m o b s e r v a t i o n s o f p r o p a g a t i n g 

w a v e f i e l d s . 

The n a t u r e o f t h e o b s e r v a t i o n s l i m i t s t h e power o f t h i s 

t e c h n i q u e . No m a t t e r how p r e c i s e l y t h e o b s e r v a t i o n s a r e made, 

t h e y a r e o f t e n i n a c c u r a t e a n d c e r t a i n l y i n c o m p l e t e . The 
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assumptions t h a t a r e made i n o r d e r t o d e r i v e t h e p h y s i c a l l a w s on 

w h i c h t h e approach r e l i e s a r e o f t e n t o o s i m p l i s t i c . T h i s l o w e r s 

t h e e f f i c i e n c y o f i t s t e c h n i q u e s when t h e y a r e a p p l i e d i n r e a l , 

g e n e r a l s i t u a t i o n s . 

The s t a t i s t i c a l approach t e n d s t o e s t a b l i s h t h e dynamics o f 

a p h y s i c a l s y s t e m by u s i n g q u a n t i t i e s as t h e y a r e measured. 

D i s t r i b u t i o n s and s t a t i s t i c a l f u n c t i o n s o f these q u a n t i t i e s a r e 

e x a m i n e d i n such c o m b i n a t i o n s as one chooses and t h e r e i s a 

f r e e d o m t o choose any s e t o f s t a t i s t i c a l p a r a m e t e r s f o r use i n 

such an i n v e s t i g a t i o n . A c h o i c e o f a l l p o s s i b l e p a r a m e t e r s would 

l e a d t o a v e r y complex problem. I t i s adequate t o s e l e c t a group 

o f p a r a m e t e r s t h a t a r e c o n n e c t e d by r i g i d d y n a m i c a l l a w s w i t h 

each o t h e r and w i t h t h e d e s i r e d i n f o r m a t i o n . D e t a i l s o f t h i s 

a p p r o a c h can be o b t a i n e d f r o m W a d s w o r t h e t a l . ( l o c . c i t . ) . The 

f l o w c h a r t on F i g u r e 3.1 was a d a p t e d f r o m t h i s p u b l i c a t i o n and 

shows t h e l o g i c a l s t e p s i n t o w h i c h e x p l o r a t i o n s e i s m o l o g y can be 

broken down and how t h e o b s e r v a t i o n s may be s u b j e c t e d t o e i t h e r 

o f t h e two m a t h e m a t i c a l approaches. 

I n t h e n e x t p a r t o f t h i s c h a p t e r , t h e d e t e r m i n i s t i c f i l t e r s 

t h a t w e r e s t u d i e d a r e p r o p o s e d . These a r e r e s p e c t i v e l y t h e 3-

p o i n t o p e r a t o r (Backus ( 1 9 5 9 ) , N e i d e l l ( 1 9 7 2 ) ) and t h e 4 - p o i n t 

f i l t e r ( K u n e t z ( 1 9 6 4 ) , K o e h l e r (1964) and N e i d e l l ( 1 9 7 2 ) ) . I n 

s e c t i o n 3.2, t h e e a r t h model and t h e assumptions t h a t a r e made i n 

o r d e r t o c a r r y o u t t h e p r e s e n t s t u d y a r e g i v e n . D e t a i l s o f t h e 3-

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

s e c t i o n 3.3 w h i l e t h e same i s p r e s e n t e d f o r t h e 4 - p o i n t o p e r a t o r 

i n s e c t i o n 3.4. The a p p l i c a t i o n o f p r e d i c t i o n - e r r o r d e c o n v o l u t i o n 
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t o t h e same examples and t h e comparison o f i t s performance w i t h 

those o f t h e above methods i s g i v e n i n s e c t i o n 3.5 . 

3.1.1 D e t e r m i n i s t i c O p e r a t o r s . 

I n s e c t i o n 2.3.1 ( b ) , t h e p r o b l e m s o f t h e c h o i c e s o f t h e 

p a r a m e t e r s N,(Xand/\ f o r t h e p r e d i c t i o n - e r r o r d e c o n v o l u t i o n 

t e c h n i q u e were d i s c u s s e d . D e t e r m i n i s t i c f i l t e r s f o r m u l t i p l e 

a t t e n u a t i o n ( d e f e r r e d f r o m s e c t i o n 2.3.1(a)) do n o t p r e s e n t these 

p r o b l e m s . The v a l u e o f N i n p a r t i c u l a r , i s f i x e d by t h e e a r t h 

m o d e l t h a t one c h o o s e s t o r e p r e s e n t t h e g e o l o g y and t h e z-

t r a n s f o r m ( J u r y , 1964) o f t h e g i v e n f i l t e r i s a n a l y t i c a l l y 

e v a l u a t e d f o r such a model. 

The d e s i g n o f d e t e r m i n i s t i c o p e r a t o r s i s s i m p l e r and 

i n v o l v e s t h e c a l c u l a t i o n o f t h e c o m p l e t e r e s p o n s e o f t h e 

e a r t h ' s m odel t h a t i s c h o s e n t o a p p r o x i m a t e t h e g e o l o g y . T h e i r 

i m p l e m e n t a t i o n ( f o r an N - l a y e r e d model) r e q u i r e s t h e knowledge o f 

N + l r e f l e c t i o n c o e f f i c i e n t s and N t w o - w a y t r a v e l t i m e s . The 

f i l t e r has a p o l y n o m i a l z - t r a n s f o r m o f t h e f o r m 

N 

D(z) = d ± z*^ .. (1) 

i = l 

where 

d^ = d ^ ( c Q , c ^ , . . . . f c H ) , 

t ^ = t ^ ("C, , X " ^ ~ G N ), 

c^ = r e f l e c t i o n c o e f f i c i e n t a t i n t e r f a c e i , and 

~Ci - two-way t r a v e l t i m e i n l a y e r i . I n t h i s t h e s i s , ' N - l a y e r ' 

r e f e r s t o N f i n i t e - t h i c k n e s s l a y e r s as i n N e i d e l (1972). 
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One f o r m o f t h e f i l t e r o c c u r s f o r an e a r t h m o d e l w i t h N = l 

and i t i s shown t h a t s u c h a f i l t e r r e q u i r e s t w o r e f l e c t i o n 

c o e f f i c i e n t s and one two-way t i m e and t h a t i t has o n l y t h r e e non­

zero c o e f f i c i e n t s (Backus, 1959). I t s d e s i g n , i m p l e m e n t a t i o n and 

e f f i c i e n c y i n s u p p r e s s i n g t h e seabed m u l t i p l e s a r e p r e s e n t e d and 

i l l u s t r a t e d w i t h s y n t h e t i c and r e a l d a t a examples. 

The a d d i t i o n o f a n o t h e r l a y e r t o t h e m odel r e s u l t s i n a 

f i l t e r t h a t r e q u i r e s t h r e e r e f l e c t i o n c o e f f i c i e n t s (CQ,0^,02) and 

t w o t w o - w a y t i m e s ( "Û , T^) (Kunetz,1964 and K o e h l e r , 1964).The 

d e s i g n and use o f t h i s f i l t e r i n s u p p r e s s i n g a 2 - l a y e r 

r e v e r b e r a t o r y w a v e l e t a r e d i s c u s s e d and i l l u s t r a t e d i n s e c t i o n 

3.4 by u s i n g s y n t h e t i c and r e a l d a t a examples. 

The assumptions t h a t a r e made and t h e e a r t h ' s model t h a t i s 

used i n such s t u d i e s a r e g i v e n below. 

3.2 The E a r t h ' s Model 

The l a y e r e d e a r t h a p p r o x i m a t i o n w h i c h was prompted i n chap­

t e r 2 ( s e c t i o n 2.2.1(b)) and w h i c h l e d t o t h e c o n v o l u t i o n model 

( e q u a t i o n 3, c h a p t e r 2) i s resumed. The assumptions a r e t h a t 

(a) t h e e a r t h c o n s i s t s o f a f i n i t e number o f h o r i z o n t a l , 

homogeneous l a y e r s w h i c h a r e i s o t r o p i c t o s m a l l s t r a i n s , 

(b) s e i s m i c wave p r o p a g a t i o n obeys t h e o n e - d i m e n s i o n a l wave 

e q u a t i o n , 

( c ) s e i s m i c waves pr o p a g a t e a t normal i n c i d e n c e t o t h e s e l a y e r s . 

I n n o i s e l e s s s i t u a t i o n s , t h e y l e a d t o t h e d i s c r e t i z e d 

r e p r e s e n t a t i o n ( R o b i n s o n , 1957, H a b i b i - A s h r a f i , 1978) o f t h e 
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o u t p u t y ( k ) f r o m t h e e a r t h due t o an i n p u t s ( k ) as 

y ( k ) = q ( k ) * s ( k ) .. (2) 

where q ( k ) i s t h e i m p u l s e r e s p o n s e o f t h e l a y e r e d e a r t h and * 

d e n o t e s c o n v o l u t i o n . I n z - t r a n s f o r m n o t a t i o n , e q u a t i o n (2) 

becomes 

Y(z) = Q(z) S ( z ) .. (3) 

I f t h e i n p u t s ( k ) i s an i m p u l s e S(k), a t k-0 ( t h e o r e t i c a l l y , 

s p i k i n g d e c o n v o l u t i o n c an a l w a y s be p e r f o r m e d i n o r d e r t o 

e s t a b l i s h t h i s ) , t h e n S ( z ) - 1 and 

Y(z) = Q(z) .. (4) 

The observed seismogram i s e q u i v a l e n t t o t h e i m p u l s e response o f 

t h e e a r t h . T h i s seismogram can be expressed i n t h e c o n v o l u t i o n a l 

model (Robinson, 1979) as 

y ( k ) = r ( k ) * m(k) .. (5) 
represents coaPPtcient 

w h e r e r ( k ) ^ t h e r e f l e c t i d n ^ sequence o f t h e N - l a y e r e d e a r t h 

model and m(k) i s t h e s e c t i o n m u l t i p l e t r a i n w h i c h i s t h e r e s u l t 

o f t h e r e v e r b e r a t i o n s o c c u r r i n g w i t h i n t h e e n t i r e N - l a y e r e d 

g e o l o g i c a l s e c t i o n . I n t h e r e p r e s e n t a t i o n o f e q u a t i o n ( 5 ) , i t i s 

assumed t h a t t h e r e f l e c t i o n c o e f f i c i e n t s a r e s m a l l so t h a t 

t h e i r p r o d u c t s o f t h e t h i r d and h i g h e r o r d e r s can be n e g l e c t e d . 

I f t h i s i s n o t so, t h e n t h e model i s HOT c o n v o l u t i o n a l . 

R o b i n s o n (1979) has d e p i c t e d t h e c o n v o l u t i o n a l m o d e l o f an 

o b s e r v e d s e i s m o g r a m y ( k ) as a p u r e n e g a t i v e f e e d b a c k s y s t e m . A 
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p u r e f e e d b a c k s y s t e m i s n e c e s s a r i l y a minimum d e l a y s y s t e m . I t 

can be a s s e r t e d t h a t t h e s e c t i o n a l m u l t i p l e t r a i n m(k) i s a 

m inimum d e l a y s y s t e m . I n e f f e c t , t h e e a r t h a c t s as a m inimum 

d e l a y system i n p r o d u c i n g t h e t r a i n o f m u l t i p l e s t h a t appear on 

t h e r e f l e c t i o n seismogram. As a consequence, M(z) can be e x p r e s ­

sed as t h e i n v e r s e o f a p o l y n o m i a l D(z), t h a t i s 

M(z) = 1 / D(z) .. (6) 

and 

Y ( z ) - R(z) / D(z) .. (7) 

The d e t e r m i n i s t i c f i l t e r i n g m e t hods w o r k as f o l l o w s . 

S t a r t i n g w i t h an N - l a y e r e d e a r t h m o d e l , t h e e x p r e s s i o n Y ( z ) can 

be e v a l u a t e d by u s i n g t h e assumptions g i v e n above, t h e p h y s i c s o f 

s e i s m i c wave p r o p a g a t i o n , and a n a l y t i c a l methods. T h i s e x p r e s s i o n 

i s o f t h e f o r m t h a t i s g i v e n on t h e r i g h t - h a n d s i d e o f e q u a t i o n 

(7) and r ( k ) can be o b t a i n e d by c o n v o l v i n g y ( k ) w i t h d ( k ) . 

The problem i s t h a t t h e c o e f f i c i e n t s dj_ depend on t h e r e f l e ­

c t i o n c o e f f i c i e n t s c^ w h i c h a r e b e i n g s o u g h t so t h a t e f f i c i e n t 

m u l t i p l e s u p p r e s s i o n i s p o s s i b l e o n l y when t h e r e f l e c t i o n c o e f f i ­

c i e n t sequence i s p r o p e r l y e s t i m a t e d o r i s t o t a l l y a v a i l a b l e . 

T h i s i s t h e main d i f f i c u l t y i n t h e use o f d e t e r m i n i s t i c f i l t e r s 

f o r m u l t i p l e e l i m i n a t i o n . I t i s shown l a t e r t h a t t h e c o e f f i c i e n t 

dfj i s a l w a y s u n i t y and t h a t f o r any k n o t e q u a l t o z e r o , d^ 

depends o n l y on t h e a u t o c o r r e l a t i o n c o e f f i c i e n t s ^ r C U ) o f t h e 

r e f l e c t i v i t y sequence a t l a g s t h a t a r e g r e a t e r t h a n zero. 

T h i s i n d i c a t e s t h a t i n t h e o r y , p r e v a l e n t m u l t i p l e r e f l e c t i o n 
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problems e x i s t o n l y i n cases where t h e r e f l e c t i v i t y sequence i s 

non-IAJkite. ( )^ r r(X) i s n o t a s p i k e S (X) a t X = 0 ) . When r ( k ) 

IS wlrvvbe, j naurv^m a»A <±kahi6<ria.r^ ., t h e s e c t i o n m u l t i p l e s 

s h o u l d g e n e r a l l y c a n c e l t h e e f f e c t s o f each o t h e r o u t such t h a t 

D(z) = 1 

and 

Y ( z ) = R(z) .. (8) 

3.3 The S i m p l e s t f o r m o f a D e t e r m i n i s t i c F i l t e r . 

The c l a s s i c a l approach t o t h e m o d e l l i n g o f t h e w a t e r - l a y e r 

m u l t i p l e w a v e t r a i n a s s o c i a t e d w i t h a deeper p r i m a r y event uses 

t h e Backus 3 - p o i n t o p e r a t o r (Backus, 1959) w h i c h i s t h e s i m p l e s t 

f o r m o f a d e t e r m i n i s t i c f i l t e r i n t h i s c o n t e x t . I t i s d e r i v e d 

b e l o w and t h e r e s u l t s o f i t s a p p l i c a t i o n t o s y n t h e t i c and r e a l 

d a t a a r e g i v e n . 

The method p r o p o s e d by N e i d e l l (1972) was a d o p t e d and t h e 

r e s u l t shows t h a t t h e a p p l i c a t i o n o f t h e f i l t e r produces a ghost 

r e f l e c t i o n a t t w i c e t h e two-way t r a v e l t i m e o f t h e w a t e r l a y e r . 

The z - t r a n s f o r m n o t a t i o n i s used t h r o u g h o u t . 

W i t h r e f e r e n c e t o F i g u r e 3.2, c 0 ' c l a n d c 2 a r e t n e 

r e f l e c t i o n c o e f f i c i e n t s o f t h e f r e e s u r f a c e , t h e seabed and a 

d e e p e r r e f l e c t i n g i n t e r f a c e r e s p e c t i v e l y and "C^and X ^ a r e t h e 

t w o-way t r a v e l t i m e s w i t h i n t h e sea w a t e r and t h e second l a y e r 
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r e s p e c t i v e l y . The two l a y e r s have been decoupled on Fi g u r e 3.2 i n 

order to make the c o n t r i b u t i o n of deeper horizons to the water-

trapped r e v e r b e r a t i o n much c l e a r e r . 

I f an i m p u l s i v e s o u r c e a t t i m e t = 0 i s g e n e r a t e d a t the top 

of the f i r s t l a y e r , then the downward t r a v e l l i n g w a v e f i e l d a t the 

top of t h i s l a y e r a t a l a t e r time has a z-transform 

(z) = 1 - C Q C - L Z 7 1 + ( c 0 c 1 ) 2 z 2 T l - ... 

= 1 / ( 1 + c o C i z T l ) .. ( 9 ) 

T h i s s o u r c e evokes an upward t r a v e l l i n g w a v e f i e l d w i t h a z-

t r a n s f o r m of X ^ 2 ( z ) a t t h e base of t h e l a y e r and i t s e x p r e s s i o n 

i s 

X 1 2 ( z ) - t1t'1c2z^'Z- t 1 t 1 c 1 c 2
2 z 2 1 C * + ... 

= t 1 t ^ c 2 z " C 2 ' / ( 1 + c 1 c 2 z ^ ) .. ( 1 0 ) 

w h e r e t ^ , t ^ a r e t h e downward and upward t r a n s m i s s i o n 

c o e f f i c i e n t s r e s p e c t i v e l y , of the seabed; 

t ± = 1 + c ± 

t i = 1 - c A 

The t o t a l downward-bound response a t the top of the f r e e s u r f a c e 

i s 

Y ( z ) - 1 - [ X n ( z ) / ( 1 + c0X12(z)z~Cz)] .. ( 1 1 ) 

I f o n l y t h e f i r s t two t e r m s of the i n f i n i t e s e r i e s i n e q u a t i o n 
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(11) are taken, then 

Y ( z ) - 1 - (1 / G ) + ( C 0 X 1 2 ( Z ) Z 7 7 A / G 2 ) .. (12) 

where 

G = 1 + CQCJ^Z . 

I f m u l t i p l e s i n v o l v i n g more than one bounce on t h e deeper 

r e f l e c t o r a r e i g n o r e d , then the e x p r e s s i o n of X ^ t 2 ) c a n be 

approximated by i t s f i r s t term so t h a t 

C Q C ^ ^ Z ^ + ( c Q c 1 ) 2 z 2 1 c i + c 0 t 1 t 1 c 2 z " ^ 4 , + ^ z' 

Y ( z ) = .. (13) 

1 + 2 c 0 c 1 z r j L + ( c 0 c 1 ) 2 z 2 i r i . 

w h ich t a k e s the form of e q u a t i o n (7) and t h e numerator i s 

eq u i v a l e n t to R ( z ) and 

D(z) - 1 + acQ^z" 1^ + ( c 0 c 1 ) 2 z 2 l 7 a - .. (14) 

The d e t e r m i n i s t i c f i l t e r has a z - t r a n s f o r m D(z) and i t has o n l y 

three non-zero c o e f f i c i e n t s which depend on the a u t o c o r r e l a t i o n 

c o e f f i c i e n t s of t h e r e f l e c t i v i t y sequence a t l a g s o t h e r than 

z e r o . When i t i s a p p l i e d , a ghost e v e n t w i t h a m p l i t u d e ( C Q C ^ ) 2 

a p p e a r s a t t i m e 2 "C"^(see R ( z ) or numerator of Y ( z ) ) . The z-

t r a n s f o r m of t h e r e s u l t i s not e x a c t l y e q u a l t o t h a t of t h e 

r e f l e c t i v i t y sequence. T h i s i s b e c a u s e t h e m a r i n e c a s e i s under 
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c o n s i d e r a t i o n and the d e t e c t i n g streamer i s assumed to be beneath 

the f r e e s u r f a c e . I f i n a d d i t i o n the e f f e c t of the ghost i s 

i g n o r e d , t he f u n c t i o n R ( z ) w i l l be e q u a l t o the z - t r a n s f o r m of 

the r e f l e c t i v i t y sequence. The f o l l o w i n g f i g u r e s show the 

per f o r m a n c e of t h i s f i l t e r i n v a r i o u s s i t u a t i o n s . On F i g u r e 3.3 

i s t h e e a r t h ' s model t h a t was used. T a b l e 3.1 shows the l a y e r s ' 

parameters and the 2-way t r a v e l times T ( i ) a t which the primary 

r e f l e c t i o n s are expected, where 

On F i g u r e 3.4, t h e s o u r c e w a v e l e t t h a t was used and i t s power 

spectrum ( n o r m a l i z e d t o 1) a r e shown. The complete normal 

i n c i d e n c e i m p u l s e r e s p o n s e of the l a y e r i n g was computed by the 

l a y e r m atrix method (Claerbout, 1976, pp. 150). The s e i s m i c t r a c e 

was o b t a i n e d by a c o n v o l u t i o n of t h e i m p u l s e r e s p o n s e and the 

s o u r c e w a v e l e t . T w e l v e of such t r a c e s a r e p l o t t e d on F i g u r e 

3.5(a). The c o r r e s p o n d i n g a u t o c o r r e l o g r a m i s shown on F i g u r e 

3.5(b) and i t i n d i c a t e s t h e p r e s e n c e of both long and s h o r t -

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

seabed m u l t i p l e s have a p e r i o d of 67 msec (1%= 67 msec) and the 

3 - p o i n t f i l t e r i s e x p e c t e d t o a t t e n u a t e them e x c e p t f o r a ghost 

r e f l e c t i o n t h a t i s e x p e c t e d a t 134 msec. The v a l u e of was 

assumed to be known from the forward procedure (Table 3.1). 

The f i l t e r e d s e c t i o n and i t s a u t o c o r r e l o g r a m a r e shown on 

F i g u r e s 3.6(a) and 3.6(b) r e s p e c t i v e l y . The seabed m u l t i p l e s have 

i 

T ( i ) 

j-1 
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Figur e 3.3 . ve l o c i t y and density models for a two-layer earth. 



TABLE 3.1 
********** 

PARAMETERS FOR 2-LAYER MODEL. 

LAYER NO. i 

1 
2 
3 

V( i ) 

1.5 

4.3 

RHO(l) 

1. 
2. 
2.8 

C(i) 

-0.523809 
-0.42792? 

Mi) 
47 

161 

in Kn/sec. 
Rhoti) i n q/cc. 

T ( i ) in Milliseconds. 
V(i)*Rho(i) - V(i-1)*Rho(i-1) 

C(i) = -
V(i) * R h o l i ) + V(i-1)*Rho(i-1) 



Figure 3.4 . Source wavelet and i t s power spectrum. 
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Figure 3.6(a). Section on Figure 3.5(a) after f i l t e r i n g 
with a three-point f i l t e r . 
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Figure 3.6(b). Autocorrelogram of the section on Figure 3.6(a). 



been suppressed. The autocorrelogram of the r e s u l t has s t i l l got 

peaks which a r e due t o t h e c o r r e l a t i o n of r e s i d u a l m u l t i p l e s 

( p e g - l e g s w i t h i n the second l a y e r ) , t h e ghost r e f l e c t i o n and 

these m u l t i p l e s , and a l s o due to the c o r r e l a t i o n between the two 

p r i m a r i e s a t a l a g of 94 msec. 

Real Data Examples 

On Figure 3.7(a) are near t r a c e s sorted from the 6-fold data 

( s e c t i o n 1.2). The s h o t - r e c e i v e r spacing being 10 m, the moveout 

i s n e g l i g i b l e f o r the range of r o c k v e l o c i t i e s e n c o u n t e r e d and 

the records can be approximated to z e r o - o f f s e t t r a c e s ( the angle 

of i n c i d e n c e i s l e s s t h a n 5° f o r a w a t e r depth of 55 m). An 

e x p o n e n t i a l s c a l i n g of +5.2 dB/sec ( s e e Appendix B) was a p p l i e d 

to compensate approximately f o r s p h e r i c a l spreading and the other 

a m p l i t u d e l o w e r i n g e f f e c t s . The d i r e c t wave on each t r a c e was 

muted and i t was band-pass f i l t e r e d . A l l the s e c t i o n s were 

p l o t t e d w i t h the same gain a f t e r the t r a c e s were gain ranged (AGC 

w i t h a gate of 160 msec) and n o r m a l i z e d t o u n i t a m p l i t u d e . A l l 

the autocorrelograms were a l s o d i s p l a y e d with the same ga i n . 

The seabed r e f l e c t i o n ( F i g u r e 3.7(a)) i s a t about 70 msec 

and t h e r e i s a p r i m a r y r e f l e c t i o n a t about 110 msec. The f i r s t 

seabed m u l t i p l e a r r i v e s a t 145 msec. I n the absence of any 

processing, the S/N r a t i o i s low, the c h a r a c t e r of events i s poor 

and t h e i r c o n t i n u i t y i s patchy. The records are t h e r e f o r e l i k e l y 

to obtain a n o i s i e r appearance a f t e r any i n i t i a l p r o c e s s i n g and 

the l a t t e r can be a s s e s s e d by t h e a u t o c o r r e l o g r a m a l o n e . The 

66 



Figure 3.7(a). Near-offset records selected from the 6-fold data (section 
1.2) of l i n e 8201A. 



a u t o c o r r e l o g r a m of t h e s e r e c o r d s i s d i s p l a y e d on F i g u r e 3.7(b). 

There are both long and s h o r t - p e r i o d m u l t i p l e s present. 

The 3 - p o i n t f i l t e r was a p p l i e d t o the d a t a and the r e s u l t s 

and t h e i r autocorrelogram are given on F i g u r e s 3.8(a) and 3.8(b) 

r e s p e c t i v e l y . A r e f l e c t i o n c o e f f i c i e n t of 0.1556 and a T ^ o f 70 

msec were used. The e s t i m a t i o n of these parameters i s d i s c u s s e d 

i n s e c t i o n 3.4.3. 

On F i g u r e 3.8(a), t h e ghost r e f l e c t i o n a ppears a t about 140 
. W€Ak 

msec and i f LooKs^ i n a m p l i t u d e than i t a c t u a l l y i s because of 

the AGC. The autocorrelogram shows a good but l i m i t e d performance 

of t h e f i l t e r and t h e g h o s t i s more c l e a r l y e v i d e n c e d . I d e a l l y 

d i f f e r e n t v a l u e s of c ^ and TJ^ s h o u l d be used f o r each t r a c e but 

t h i s would be p r a c t i c a l l y i n e f f i c i e n t . 

B a c k u s ( 1 9 5 9 ) a p p l i e d t h i s f i l t e r t o s u p p r e s s t h e 

r e v e r b e r a t i o n s p r e s e n t i n marine r e c o r d s from the P e r s i a n G u l f 

and Lake Maracaibo (Kanasewich, 1975, pp. 221). Hughes (1980) has 

a p p l i e d i t i n the w-k domain t o r e a l s e i s m i c d a t a w h i l e Morley 

and C l a e r b o u t (1983) used i t i n a ' s p l i t ' form f o r p r e d i c t i v e 

d e c o n v o l u t i o n i n t h e s h o t - r e c e i v e r space. The low S/N r a t i o of 

the data and hence an u n l i k e l y s u c c e s s of s p i k i n g deconvolution 

before f i l t e r i n g c o n t r i b u t e s t o i t s i n e f f i c i e n c y i n t h i s study. 

The a p p l i c a t i o n of p r e d i c t i o n - e r r o r d e convolution to attenuate 

the same range of m u l t i p l e s i s compared t o i t l a t e r . 
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Figure 3.8(a). The section of Figure 3.7(a) after f i l t e r i n g with a three-point 
operator. 
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Figure 3.8(b). Autocorrelogram of the section of Figure 3.8(a). 



3.4 Extension to a Higher number of Coe f f i c i e n t s . 

3.4.1 D e r i v a t i o n . 

S t r o n g m u l t i p l e r e f l e c t i o n s a r i s e when t h e r e i s a 
c o m b i n a t i o n of t h e f r e e s u r f a c e , a hard s e a f l o o r and a s t r o n g 
r e f l e c t o r ( f o r example, the surface of limestone w i t h o v e r l y i n g 
m a r l o f f t h e coa s t of Durham) beneath t h e l a t t e r . A t h e o r e t i c a l 
2 - l a y e r ( 3 - i n t e r f a c e ) s i t u a t i o n was used t o s t u d y t h e 
d e t e r m i n i s t i c technique of dereverberating the response of such a 
system. The complete response of an app r o p r i a t e 2-layer model i s 
d e r i v e d and i t i s shown t h a t a 4 - p o i n t o p e r a t o r (Koehler, 1964) 
i s adequate t o deconvolve the m u l t i p l e wavetrain. 

The l a y e r - m a t r i x method ( C l a e r b o u t , 1976) was a p p l i e d i n 
o r d e r t o generate normal i n c i d e n c e s y n t h e t i c seismograms. A 
m a t r i x method (Robinson and T r e i t e l , 1978) i s t h e r e f o r e adopted. 
R e f e r r i n g t o F i g u r e 3 . 9 ( i ) and 3 . 9 ( i i ) , C j and t j a r e t h e 
r e f l e c t i o n and t r a n s m i s s i o n c o e f f i c i e n t s of i n t e r f a c e j f o r a 
pla n e n o r m a l l y i n c i d e n t downward t r a v e l l i n g wave and C j and t j 
are t h e i r upward-bound counterparts r e s p e c t i v e l y , such t h a t 

1 + C j 

(16) - C j 

1 -

Dj and Uj r e s p e c t i v e l y r e p r e s e n t t h e z - t r a n s f o r m s f o r t h e 
downward and upward w a v e f i e l d s a t t h e t o p of l a y e r j and Dj and 
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Figure 3.9 . ( i ) Two-layer earth model showing the upward (U) and 
the downward (D) propagation of the seismic wavefields 

and ( i i ) the upward and downward r e f l e c t i o n of these wavefields 
at any interface j . 



Uj r e s p e c t i v e l y t h e same q u a n t i t i e s a t t h e base of t h e l a y e r j . 
The [ D j , U j ] and [ D j , U j ] d i f f e r o n l y by a t i m e delay. A b s o r p t i o n 
e f f e c t s are not taken i n t o account. R e f l e c t i o n and transmission 
of the wavefield a t i n t e r f a c e j (Figure 3 . 9 ( i i ) ) give 

D j + 1 " c j U j + l + fcjDj 

U. = C j D j .. (17) 

The vectors 

U j + 1 

and b • = 
U. 

can be used t o r e w r i t e equation (17) as 

a i + i - Kihh 

where & j = 1 / t j and 

f j * 
-c. 

-c. 

W i t h i n t h e l a y e r number j , t h e m a t r i x b j i s o b t a i n e d f r o m a j by a 
time-delay l i n e a r t r a n s f o r m a t i o n representable by the m a t r i x 
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z-TJ/2 

so t h a t 

b j = 5 j a j 

and a j + 1 = j i j a j 

which can be expressed as 

(19) 

a j + 1 - K j . - ^ , . (20) 

where 

-c. 

- C j Z J 1 

The m a t r i x g"j i s c a l l e d the communication m a t r i x (Robinson, 1966) 
or t h e l a y e r m a t r i x ( C l a e r b o u t , 1976). E q u a t i o n (20) shows how 
i t can be used t o r e c u r s i v e l y g e n e r a t e any a"j + ̂  i f a^ i s 
a v a i l a b l e . For the 2-layer case, Figure 3 . 9 ( i ) ( j = 2 ) , 

a 3 = (« 2« 1«-< r*. + " ^ ) / 2 ) g 2 ? 1 s 1 .. (21) 

F i g u r e 3.10 d e p i c t s a t y p i c a l marine case i n which an 
i m p u l s i v e source i s a p p l i e d a t t h e t o p of l a y e r 1 and an upward 
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Figure 3.10 . S e i s m i c wavefield near the free surface. 



t r a v e l l i n g w a v e f i e l d undergoes a r e f l e c t i o n a t t h e f r e e 
surface t o produce a downward t r a v e l l i n g w a v e f i e l d - C q U ^ so t h a t 

a l = I i-co*3! °l] ' 

and since 83 = [ D3 0 ] 1 

(because t h e r e i s no upward bound w a v e f i e l d a t t h e t o p o f l a y e r 
3 ( t h e h a l f - s p a c e ) ) , an e x p r e s s i o n of e q u a t i o n (21) y i e l d s t h e 
seismic response Y(z) (=U^(z)) beneath the f r e e surface as 

Y(z) = ( c j ^ z ^ i c 2 z r , + T * ) / ( l + c Q c 1 z T ' + c 1 c 2 z T * + C 0 C 2 z T * + Z * ) (22) 

which i s of the form of equation (7) i f 

R(z) = C-LZ"17* + c2z~C±+'Cz (a) 

D(z) = 1 + cQc1zUl- + c 1 c 2 z ^ 2 + c 0 c 2 z T ' + Z 5 (b) .. (23) 

Equ a t i o n 23(b) i s t h e z - t r a n s f o r m of t h e 4 - p o i n t f i l t e r . I t has 
f o u r non-zero c o e f f i c i e n t s and i s c o m p l e t e l y s p e c i f i e d by t h e 
knowledge of f i v e p a r ameters. The c o e f f i c i e n t s depend o n l y t h e 
a u t o c o r r e l a t i o n c o e f f i c i e n t s of the r e f l e c t i v i t y sequence a t lags 
other than zero and dg i s 1. 

T h i s procedure can be g e n e r a l i z e d t o any number o f l a y e r s 
g r e a t e r t h a n 2 and i t can be shown (Robinson and T r e i t e l , 1978) 
t h a t t h e numerator o f t h e r i g h t - h a n d s i d e o f e q u a t i o n (22) i s 
equal t o the z-transform of the a c t u a l r e f l e c t i v i t y only when the 
r e f l e c t i o n c o e f f i c i e n t s a r e s m a l l so t h a t t h e i r h i g h e r o r d e r 



products are n e g l i g i b l e and t h a t dg i s always 1. 

3.4.2 A p p l i c a t i o n t o Synthetic Seismograms. 

The e a r t h model o f F i g u r e 3.3 was used a g a i n and t h e 
complete impulse response (IR) was obtained by the l a y e r m a t r i x 
method. On Figure 3.11(a), the spike sequence (A) represents t h i s 
response. The two p r i m a r y events a r r i v e a t 67 msec and 161 msec 
r e s p e c t i v e l y . A l l t h e o t h e r events are m u l t i p l e s t h a t a r i s e 
w i t h i n t h e 2 - l a y e r s y s t e m . The sequence (B) shows t h e 
autocorrelogram of (A) up t o the l a g of 500 msec and strong peaks 
can be n o t i c e d a t l a g s o t h e r t h a n zero showing t h e p e r i o d i c 
e v e n t s i n (A). The sequence (C) shows t h e r e s u l t o f t h e 
a p p l i c a t i o n of t h e 4 - p o i n t f i l t e r t o (A). The v a l u e s o f c-̂ , C2* 
and ~Zi were those used i n the forward approach. The two primary 
events are c l e a r l y r e s o l v e d and t h e r e v e r b e r a t i o n has been 
c a n c e l l e d as the a u t o c o r r e l o g r a m (D) o f (C) shows. There i s a 
peak a t a l a g of 94 msec due t o the c o r r e l a t i o n of the p r i m a r i e s . 
F i g u r e 3.11(b) shows t h e same response except t h a t an AGC has 
been a p p l i e d t o (A) and (C) b e f o r e t h e p l o t . The e f f e c t s o f t h e 
noise caused by the AGC can be observed on (C) whose counterpart 
on Figure 3.11(a) appeared e n t i r e l y dereverberated. 

On F i g u r e 3.12(a) t h e c o m p l e t e s e i s m i c t r a c e (A) was 
p l o t t e d . The source w a v e l e t o f F i g u r e 3.4 was used. F i g u r e 
3.12(b) i s the counterpart of 3.12(a) w i t h AGC on (A) and (C). 

The e f f e c t s o f random n o i s e were s i m u l a t e d by adding 14 
l a y e r s t o t h e model on F i g u r e 3.3. The r e s u l t i n g s t r u c t u r e i s 
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shown on F i g u r e 3.13 and T a b l e 3.2 summarizes t h e l a y e r 
parameters and 2-way t r a v e l t i m e s T ( i ) a t which t h e p r i m a r y 
r e f l e c t i o n s a r r i v e . The model was chosen by considering the f i r s t 
16 h o r i z o n s t h a t can be c l e a r l y i d e n t i f i e d on t h e l i t h o l o g y of 
the Wearmouth r e g i o n (see F i g u r e 1.2). Approximate s e i s m i c 
v e l o c i t y and de n s i t y values were ascribed t o the l a y e r s by using 
the r e s u l t s of a seismic reference survey (SRS) t h a t was c a r r i e d 
out i n the borehole f o r t h e N.C.B. . 

The complete response of t h i s model was computed and the 4-
p o i n t operator was used t o suppress the m u l t i p l e component due t o 
the c o n f i g u r a t i o n o f t h e f r e e s u r f a c e , t h e seabed ( a t 74 msec), 
and the strong r e f l e c t o r (top of the Magnesian Limestone) a t 159 
msec. M u l t i p l e r e f l e c t i o n s t h a t were generated by o t h e r means 
were not expected t o be removed by t h i s operator. 

F i g u r e 3.14 shows t h e IR (sequence (A)) of t h e 1 6 - l a y e r 
model. The f i l t e r e d sequence (C) and i t s a u t o c o r r e l a t i o n sequence 
(D) show t h a t most of t h e r e v e r b e r a t i o n has been c a n c e l l e d . The 
e f f e c t s are c l e a r e r on Figure 3.15 where the seismic traces have 
been d i s p l a y e d i n s t e a d . A comparison of t h e t r a c e s (A) and (C) 
shows t h a t primary r e f l e c t i o n s are more c l e a r l y observed on (C) 
and a t the a r r i v a l times t h a t correspond w i t h those of Table 3.2. 
The a u t o c o r r e l a t i o n f u n c t i o n s (B) and (D) show a r e l a t i v e l y good 
s u p p r e s s i o n o f m u l t i p l e s and t h e peaks on the f o r m e r are due t o 
t h e c o r r e l a t i o n of p r i m a r y r e f l e c t i o n s and r e s i d u a l m u l t i p l e s . 
T h i s f i l t e r i n g has enhanced t h e Coal Measures r e f l e c t i o n s a t 
296, 339 and 359 msec r e s p e c t i v e l y . 
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TABLE 3.2 PARAMETERS FDR 16-LA1ER MODEL. 
********** 

t NO. i V ( i ) RHO(i) C<i> I C i ) 

1 1.5 1. -0.433962 74 
2 2. 1.9 -0.214B76 122 
3 2.B 2.1 -0.343750 159 
4 4.3 2.8 0.303030 261 
5 2.B 2.3 -0.066667 265 
6 3.2 2.3 0.010989 273 
7 3. 2.4 0.083S21 280 
8 2.9 2.1 -0.099778 287 
9 3.1 2.4 0.448175 292 

10 2.1 1.35 -0.460770 296 
11 3.2 2.4 0.115468 329 
12 2.9 2.1 -0.083521 334 
13 i. 2.4 0,425389 336 
14 2.15 1.35 -0.438723 339 
15 3.1 2.4 0.467455 350 
16 2. 1.35 -0.491525 353 
17 3.3 2.4 

V<i) in Kn/sec. . 
Rho(i) in q/cc. 

T t i ) in n i l l i s e c o n d s . 
V l i ) * R h o ( i ) - V l i - 1 ) * R h o ( i - 1 ) 

c m = . 
V ( i ) * R h o ( i ) + V(i-1)*Rho<i-1) 
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3.4.3 E s t i m a t i o n of Parameters. 

(a) F i l t e r Terms. 

The 2-way t i m e s ~C and can be e s t i m a t e d (Morley and 

C l a e r b o u t , 1983) from t h e a u t o c o r r e l o g r a m of t h e d a t a i f the 

r e f l e c t i o n c o e f f i c i e n t s c-^ and C 2 a r e h i g h enough. T h e s e 

c o e f f i c i e n t s themselves a r e more d i f f i c u l t to es t i m a t e from the 

d a t a when t h e i r S/N r a t i o i s low. The s e a b e d r e f l e c t i o n 

c o e f f i c i e n t c a n be e s t i m a t e d f r o m peak a m p l i t u d e s of t h e 

a u t o c o r r e l a t i o n f u n c t i o n s (Pflueger, 1972) but t h i s i s worthwhile 

f o r n o i s e - f r e e cases only. When the d e n s i t y and s e i s m i c v e l o c i t y 

v a l u e s (f^fV-j^), (^2' v2^ a n d ^ 3 ' v 3 ^ a r e k n o w n r t n e p l a n e wave, 

normal in c i d e n c e assumptions can be used to esti m a t e c^ (Hughes, 

1980) and c 2 from the equations 

c i - <*2V2 - ^ i v i ) / ( e 2 v 2 + ) 

I n t h i s c h a p t e r , t h e v a l u e s of and T^were r e a d from t he 

a u t o c o r r e l o g r a m . The 2 4 - c h a n n e l s h o t r e c o r d s of t h e 1979 d a t a 

were used to esti m a t e V^, V 2 and V 3 from the d i r e c t a r r i v a l s and 

the r e f r a c t e d headwaves and they were 1.68 km/s, 2.3 km/s and 3.8 

km/s r e s p e c t i v e l y . Approximations of c^ and c 2 were made from the 

above f o r m u l a and the b e s t r e s u l t s of d e r e v e r b e r a t i o n were 

obtained when the d e n s i t y v a l u e s were ignored. 
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(b) E f f e c t s of E r r o r s i n the F i l t e r C o e f f i c i e n t s . 

I n o r d e r t o i n v e s t i g a t e t h e e f f e c t s of e r r o r s i n t h e 

es t i m a t e s of f i l t e r c o e f f i c i e n t s , an example of a s y n t h e t i c t r a c e 

f o r w hich the p a r a m a t e r s c ^ and "C^ a r e e x a c t l y known and which 

can be c o m p l e t e l y d e r e v e r b e r a t e d by t h e 4-p o i n t f i l t e r was 

considered. R e l a t i v e e r r o r s were sim u l t a n e o u s l y introduced i n the 

r e f l e c t i o n c o e f f i c i e n t s and the 2-way t r a v e l times r e s p e c t i v e l y . 

The e r r o r s ranged from -30% t o +30% of the t r u e v a l u e s and 

inc r e a s e d i n steps of 10% from the lowest to the highes t value. 

Each time the t r a c e was deconvolved with the r e s u l t i n g f i l t e r and 

the r e s i d u a l energy of the output was e v a l u a t e d . T h i s p r o c e d u r e 

gave r i s e t o an e r r o r e nergy m a t r i x P ^ j where ( i or j=l,2,....7) 

and each e l e m e n t P ^ j i s t h e r e s i d u a l energy of a t r a c e a f t e r 

deconvolution with r e f l e c t i o n c o e f f i c i e n t s t h a t are assumed to be 

d e t e r m i n e d w i t h a r e l a t i v e e r r o r of 1 0 ( i - 4 ) % and t r a v e l t i m e s 

with a 1 0 ( j - 4 ) % r e l a t i v e e r r o r . 

A contour p l o t of t h e r e s u l t s ( F i g u r e 3.16) shows t h e 

e f f e c t s of the e r r o r s on the parameters c^ and r e s p e c t i v e l y . 

Along t he X d i r e c t i o n , t h e r e f l e c t i o n c o e f f i c i e n t s undergo a 

r e l a t i v e v a r i a t i o n from -30% t o +30% of t h e t r u e v a l u e s . Along 

the Y d i r e c t i o n , the same v a r i a t i o n occurs f o r the t r a v e l times. 

The contour heights a r e given. 

These c o n t o u r s show t h a t i t i s b e t t e r t o have t h e 2-way 

t i m e s more a c c u r a t e l y . I f t h e s e t i m e s a r e e s t i m a t e d w i t h an 

absolute r e l a t i v e e r r o r of l e s s than 7%, then the r e l a t i v e e r r o r s 

w i t h an a b s o l u t e v a l u e of up t o 25% i n the c 4 w i l l l e a d t o low 
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r e s i d u a l e n e r g i e s or good d e r e v e r b e r a t i o n . I f t h e e r r o r s i n the 

~t7^ i n c r e a s e any f u r t h e r , t h e b e h a v i o u r of the f i l t e r s becomes 

unpred i c t a b l e i n t h i s c a s e . 

I n p r a c t i c e , i t i s p o s s i b l e t o e s t i m a t e the "Cj^ w i t h t h i s 

a c c u r a c y and a f a i l u r e of the f i l t e r to produce s a t i s f a c t o r y 

d e r e v e r b e r a t i o n can be a t t r i b u t e d to the nature of the r e a l t r a c e 

r a t h e r than t o t h e f a c t t h a t t h e e s t i m a t e s of the c ^ a r e too 

crude. 

3.4.4 A p p l i c a t i o n of F i l t e r to Real data. 

The 4 - p o i n t f i l t e r was t e s t e d on the same d a t a as the 3-

point f i l t e r and F i g u r e s 3.17(a) and 3.17(b) show the output. The 

v a l u e s of t h e p a r a m e t e r s t h a t were used a r e shown on F i g u r e 

3.17(a). Some m u l t i p l e suppression occurred but the r e s u l t s were 

not as good a s f o r the 3- p o i n t f i l t e r . T h i s may be due t o the 

f a c t t h a t the r e v e r b e r a t i o n i s more complicated than the simple 

2 - l a y e r case d e p i c t s . I f the seabed reveberations predominate i n 

the m u l t i p l e t r a i n , then the 3-point f i l t e r w i l l suppress i t more 

e f f i c i e n t l y . 

The a u t o c o r r e l o g r a m ( F i g u r e 3.17(b)) was v e r y s i m i l a r t o 

t h a t of F i g u r e 3.8(b) and showed a r e s i d u a l seabed m u l t i p l e 

r e f l e c t i o n r e l a t i v e l y s t r o n g e r than t h e ghost l e f t on by the 3-

point f i l t e r . These p a r t i c u l a r t r a c e s could t h e r e f o r e be b e t t e r 

t r e a t e d with a 3-point f i l t e r than with a 4-point f i l t e r . 
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Figure 3.17(b). Autocorrelogram of the section of Figure 3.17(a). 



3.5 Prediction-error Deconvolution. 

The d e t e r m i n i s t i c f i l t e r s were compared to c o r r e s p o n d i n g 

p r e d i c t i o n - e r r o r f i l t e r s . The l a t t e r were d e s i g n e d to s u p p r e s s 

only the range of p e r i o d i c i t i e s t h a t e i t h e r of the former f i l t e r s 

could p o s s i b l y a t t e n u a t e . 

3.5.1 P r e d i c t i o n - e r r o r F i l t e r f o r Seabed M u l t i p l e s . 

When the seabed m u l t i p l e p e r i o d i s o b v i o u s , a p r e d i c t i o n -

e r r o r f i l t e r can be d e s i g n e d to have a s h o r t p r e d i c t i v e f i l t e r 

and a gap j u s t l e s s t h a n the m u l t i p l e p e r i o d . A f i l t e r w i t h a 

l e n g t h of 30 msec and a gap of 50 msec was d e s i g n e d . A 

prewhitening parameter of 3% was a p p l i e d and the time window of 

950 msec long was used. 

The r e s u l t s of the a p p l i c a t i o n of t h i s f i l t e r a r e shown on 

F i g u r e s 3.18(a) and 3.18(b) r e s p e c t i v e l y . I f the e f f e c t of t h e 

ghost i s i g n o r e d on F i g u r e 3.8(a), t h i s a u t o c o r r e l o g r a m shows 

a b e t t e r improvement of t h a t of F i g u r e 3.7(b). The r e s u l t i n g 

s e c t i o n i s l e s s n o i s y although i t i s not more i n t e r p r e t a b l e . 

3.5.2 P r e d i c t i o n - e r r o r F i l t e r f o r 2 - l a y e r Reverberatory Wavelet. 

Fol l o w i n g the t h e o r e t i c a l background of s e c t i o n 3.4, the 2-

l a y e r r e v e r b e r a t o r y w a v e l e t has p e r i o d s of up t o ~C^+ TJ^ . I n 

d e s i g n i n g a p r e d i c t i o n - e r r o r f i l t e r t o s u p p r e s s i t , o n l y 

p e r i o d i c i t i e s of up t o "Cj_+ ̂ 2, a r e i n c l u d e d . The l e n g t h of the 
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o p e r a t o r was 70 msec and t h e gap was 30 msec, t h e p r e w h i t e n i n g 

p a r a m e t e r was 3% and the same d e s i g n gate was a p p l i e d a s i n 

s e c t i o n 3.5.1 . 

The r e s u l t s of i t s a p p l i c a t i o n are shown on F i g u r e s 3.19(a) 

and 3.19(b). Compared w i t h a l l the p r e v i o u s a u t o c o r r e l o g r a m s , 

F i g u r e 3.19(b) shows t h a t the f i l t e r has a t t a i n e d t h e b e s t 

s u p p r e s s i o n . The s e c t i o n i t s e l f ( F i g u r e 3.19(a)) has got a 

h i g h e r S/N r a t i o but t h e p r i m a r y r e f l e c t i o n s a r e not c o h e r e n t 

a c r o s s i t . 

F i g u r e s 3.20(a) and 3.20(b) show t h e r e s u l t s o f a p p l y i n g a 

l o n g e r f i l t e r t o the t r a c e s . P e r i o d i c i t i e s w i t h i n t h e range 

[ 30,200] msec were e f f e c t i v e l y a t t e n u a t e d . On t h e b a s i s of the 

autocorrelogram, the data have been e f f e c t i v e l y 'whitened 1. 

3.6 Discussion. 

Although i t was not p o s s i b l e t o e s t i m a t e a c c u r a t e l y the 

parameters of the d e t e r m i n i s t i c f i l t e r s , the r e s u l t s confirm t h a t 

s t a t i s t i c a l methods are more e f f i c i e n t f o r r e a l data c a s e s . The 

S/N r a t i o of r e a l r e c o r d s t h a t were used was poor and t h e 

p o t e n t i a l of t h e d e t e r m i n i s t i c f i l t e r s may h a v e been 

underestimated. The geometrical spreading e f f e c t s would not have 

been e x a c t l y compensated f o r so t h a t t r u e (corrected) amplitudes 

did not meet the normal in c i d e n c e , plane wave p r e d i c t i o n s i n the 

e s t i m a t i o n of f i l t e r p a r a m e t e r s . I n s t e a d of a p p l y i n g an 

e x p o n e n t i a l t r a c e s c a l i n g t o c o r r e c t f o r s p r e a d i n g , an a t t e m p t 

was made to i n c l u d e the spreading c o r r e c t i o n i n the design of the 
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Figure 3.19(b). Autocorrelogram of the section of Figure 3.19(a). 
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d e t e r m i n i s t i c f i l t e r . The r e s u l t i n g operators were t i m e - v a r i a n t 

a s was p o i n t e d out r e c e n t l y by Mendel (1984). F u r t h e r m o r e , t h e 

best design would r e q u i r e the i n c o r p o r a t i o n of the T-V^ fu n c t i o n 

(Newman, 1973) w h i c h i s w o r t h w h i l e o n l y when a c c u r a t e v e l o c i t y 

information i s a v a i l a b l e . 

S t a t i s t i c a l deconvolution ( i n the form of p r e d i c t i o n - e r r o r 

d e c o n v o l u t i o n ) has a n o t h e r advantage i n t h a t the s t a t i s t i c a l 

d i s t r i b u t i o n of t h e f i l t e r e d n o i s e can be evened out by the use 

of t h e p r e w h i t e n i n g p a r a m e t e r . D e t e r m i n i s t i c a l l y f i l t e r e d 

s e c t i o n s ( F i g u r e s 3.8(a) and 3.16(a)) look much n o i s i e r than 

t h e i r p r e d i c t i v e l y f i l t e r e d c o u n t e r p a r t s ( F i g u r e s 3.18(a) and 

3.19(a)) r e s p e c t i v e l y . 

I n the p r e s e n c e of a c c u r a t e p a r a m e t e r s f o r t h e i r d e s i g n , 

d e t e r m i n i s t i c o p e r a t o r s c a n be u s e f u l i n d e r e v e r b e r a t i n g 

s y n t h e t i c seismograms f o r use i n t h e o r e t i c a l problems and 

a p p l i c a b l e t o s i t u a t i o n s where s y n t h e t i c t r a c e s a r e g e n e r a t e d 

from w e l l log inf o r m a t i o n i n order to match them with processed 

s e c t i o n s d u r i n g i n t e r p r e t a t i o n . The need a r i s e s because i t i s 

i n a p p r o p r i a t e t o compare a p r o c e s s e d f i e l d r e c o r d w i t h an 

unprocessed s y n t h e t i c t r a c e . There i s n o i s e t h a t a r i s e s i n the 

w e l l l o g d a t a and i t s s a m p l i n g and i s o f t e n l e s s s e v e r e than 

f i e l d - r e c o r d e d n o i s e i n the o r i g i n a l s e i s m i c t r a c e s . P r e d i c t i o n -

e r r o r d e c o n v o l u t i o n can be used f o r t h i s purpose but i f i t 

suppresses primary r e f l e c t i o n s to any extent, then a mismatch of 

the r e s u l t w i l l be i n e v i t a b l e . 
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C H A P T E R 4 

Pr o c e s s i n g of the R e a l Data. 

4.1 Scope. 

I n s e c t i o n 1.2, the r e a l s e i s m i c r e f l e c t i o n d a t a s e t s t h a t 

have been used i n t h i s s t u d y were p r e s e n t e d . The r e s u l t s of t h e 

p r o c e s s i n g of t h e s e d a t a by u s i n g v a r i o u s p r o c e s s i n g sequences 

are o u t l i n e d and d i s c u s s e d i n t h i s chapter. 

F o l l o w i n g p r e - s t a c k processing, d i f f e r e n t techniques of CMP 

s t a c k i n g were a p p l i e d to each data s e t and post-stack p r o c e s s i n g 

was c a r r i e d o u t when n e c e s s a r y . The e x t e n t o f m u l t i p l e 

suppression of each scheme and the degree of r e s o l u t i o n obtained 

i n the f i n a l s e c t i o n are d i s c u s s e d . 

P r e - s t a c k p r o c e s s i n g i n c l u d e d e i t h e r p r e d i c t i o n - e r r o r 

d e c o n v o l u t i o n or a v e l o c i t y f i l t e r i n g t e c h n i q u e f o r m u l t i p l e 

s u p p r e s s i o n . V e l o c i t y a n a l y s i s was performed by the semblance 

method (Taner and K o e h l e r , 1969) and NMO c o r r e c t i o n s were then 

c a r r i e d out. Three methods of s t a c k i n g were a p p l i e d - t h e 

s t r a i g h t s t a c k (Mayne, 1962 - s e c t i o n 2.3.2(a) and h e r e 

c o n s i d e r e d as s t a n d a r d ) , t h e w e i g h t e d s t a c k ( s e c t i o n 2.3.2(b)), 

and t h e i t e r a t i v e s t a c k (Naess, 1979 - s e c t i o n 2 . 3 . 2 ( c ) ) . P o s t -

stack p r o c e s s i n g comprised mainly p r e d i c t i o n - e r r o r deconvolution 

and i s g e n e r a l l y r e f e r r e d t o on t h e s e i s m i c s e c t i o n s a s DAS 

(Deconvolution A f t e r S t a c k ) . 

The p r o c e s s i n g schemes f o r the 24-fold data ( l i n e 7940) are 

p r e s e n t e d i n s e c t i o n 4.2. I n s e c t i o n 4.2.1, some o b s e r v a t i o n s 
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about the f i e l d r e c o r d s a r e o u t l i n e d and the f i n a l s e i s m i c 

s e c t i o n s a r e p r e s e n t e d i n s e c t i o n 4.2.2. Both s t r a i g h t and 

weighted s t a c k s were a p p l i e d t o t h e s e d a t a . The i n t e r p r e t a t i o n 

and d i s c u s s i o n of the r e s u l t s are de f e r r e d to s e c t i o n 4.2.3. 

The processing methods t h a t were applied to the 6-fold data 

( l i n e 8201A) a r e g i v e n i n s e c t i o n 4.3. S t r a i g h t and i t e r a t i v e 

s t a c k i n g were performed on these data and the f i n a l s e c t i o n s are 

d i s p l a y e d . A l l the d i s c u s s i o n and t h e i n t e r p r e t a t i o n of t h e s e 

r e s u l t s are given i n s e c t i o n 4.3.2. The chapter terminates with a 

summary i n s e c t i o n 4.4. 

Both d a t a s e t s were p r o c e s s e d on the PDP11/34 computer of 

the S e i s m i c R e f l e c t i o n Data P r o c e s s i n g L a b o r a t o r y (SRDPL), 

Department of G e o l o g i c a l S c i e n c e s , U n i v e r s i t y of Durham. The 

computing system has an FPS 120 a r r a y processor (AP) which speeds 

up s e i s m i c c o m p u t a t i o n s compared t o t h e main computer of the 

U n i v e r s i t y , an IBM 4341/1 computer, run as p a r t of the NUMAC 

(Northumbrian U n i v e r s i t i e s M u l t i p l e Access Computer) network. 

I n a d d i t i o n to t h i s advantage of speed, the computer system 

has more e f f i c i e n t s e i s m i c p l o t t i n g f a c i l i t i e s and a l s o , s e i s m i c 

p r o c e s s i n g software t h a t was not a v a i l a b l e on NUMAC. 

The AP has a memory of 24K (IK = 1024 memory l o c a t i o n s ) , and 

l i m i t s the i t e r a t i v e s t a c k i n g t e c h n i q u e to 6 - f o l d d a t a i f each 

t r a c e has a l e n g t h l e s s o r e q u a l t o 2K sample s . By u s i n g the AP 

matrix r o u t i n e s , the i t e r a t i v e a l g o r i t h m (equation (26) - s e c t i o n 

2.3.2(c)) was programmed t o run a s an o p t i o n of t h e weighted 

s t a c k i n g program DK1:WSTACK. Due to the l i m i t a t i o n s of the memory 

a v a i l a b l e on the AP d e v i c e , l i n e 7940 c o u l d not be i t e r a t i v e l y 
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s t a c k e d i n an e f f i c i e n t way a l t h o u g h any 6 - f o l d window of each 

CMP gather could be i t e r a t i v e l y processed i f required. Weighted 

s t a c k i n g was not a p p l i e d t o l i n e 8201A because the o f f s e t s a r e 

s m a l l and t h e r e i s v e r y l i t t l e d i f f e r e n t i a l moveout between 

primary and m u l t i p l e events w i t h i n the Coal Measures. 

4.2 P r o c e s s i n g of L i n e 7940. 

4.2.1 F i e l d Records. 

An examination of the s e i s m i c records r e v e a l s that there are 

s p a t i a l i n t e r v a l s o f l i n e 7940 i n w h i c h t h e r e a r e s t r o n g 

r e f r a c t e d a r r i v a l s on CMP g a t h e r s between 200 and 270 msec and 

o t h e r s i n which t h e y a r e v e r y weak or a b s e n t . When they e x i s t , 

s e i s m i c r e f r a c t i o n a n a l y s i s produced an average v e l o c i t y of about 

5.0 km/s f o r the r e f r a c t o r . Approximate c a l c u l a t i o n s ( u s i n g the 

borehole and l i t h o l o g i c a l information of chapter 1) show t h a t the 

s e i s m i c r e f l e c t i o n s from the top and base of the Magnesian 

Limestones would be expected a t 2-way times of about 155 and 260 

msec r e s p e c t i v e l y . The r e f r a c t o r must t h e r e f o r e be w i t h i n the 

l i m e s t o n e s i n c e i t i s observed w i t h i n t h i s t i m e i n t e r v a l . I t 

p r o b a b l y c o r r e s p o n d s t o some a n h y d r i t e and t h e s e d a t a s u g g e s t 

t h a t i t i s l a t e r a l l y d i s c o n t i n u o u s . T h i s i s g e o l o g i c a l l y 

p l a u s i b l e i f i t formed more p o o r l y i n some a r e a s than i n o t h e r s 

or i f i t d i m i n i s h e d by d i s s o l u t i o n t o a g r e a t e r e x t e n t i n such 

a r e a s . 

F i g u r e s 4.1(a) and 4.1(b) a r e e x a m p l e s of CMP g a t h e r s 
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Figure 4 . 1 ( a ) . CMP 100 - CMP 104 of l i n e 7940 showing the 
r e f r a c t i o n a r r i v a l below 200 msec. 
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F i g u r e 4.1(b). CMP 400 - CMP 404 of l i n e 7940. The r e f r a c t e d 
a r r i v a l i s weak or absent compared t o F i g u r e 4 . 1 ( a ) . 



s e l e c t e d from l i n e 7940. The t r a c e s were band-pass f i l t e r e d , gain 

ranged (AGC gate of 100 msec) and n o r m a l i z e d t o u n i t a m p l i t u d e . 

F i g u r e 4.1(a) shows CMP 100 t o CMP 104 and F i g u r e 4.1(b) shows 

CMP 400 t o CMP 404. On t h e former, t h e r e f r a c t e d a r r i v a l s a r e 

between 200 and 270 msec a t o f f s e t s g r e a t e r than about 340m. 

Between 300 msec and 700 msec a t t h e s e o f f s e t s , t h e r e a r e few 

d i s c e r n i b l e r e f l e c t e d a r r i v a l s . At s h o r t e r o f f s e t s , more of them 

are evident but t h e i r c o n t i n u i t y i s poor. The water wave a l s o has 

a high amplitude. F i g u r e 4.1(b) shows CMP gathers s e l e c t e d about 

3.5 km f u r t h e r on a l o n g t h e l i n e . The w a t e r wave i s weaker, the 

r e f r a c t e d event i s almost absent and the r e f l e c t e d a r r i v a l s can 

be observed a t g r e a t e r o f f s e t s than on Fi g u r e 4.1(a). 

Twenty-four f o l d s t a c k s of s h o r t segments of the l i n e a t the 

l o c a t i o n s of the gathers of F i g u r e 4.1(a) and 4.1(b) are shown on 

F i g u r e 4.2(a) and 4.2(b) r e s p e c t i v e l y . Approximate s t a c k i n g 

v e l o c i t y f u n c t i o n s were o b t a i n e d from an i n i t i a l v e l o c i t y 

a n a l y s i s . O n l y b a n d - p a s s f i l t e r i n g was c a r r i e d o u t a f t e r 

s t a c k i n g . C o a l Measures t y p e d i p p i n g e v e n t s a r e c l e a r on the 

l a t t e r a t about 350 msec but not on t h e former. Although the 

ev e n t a t 450 msec on F i g u r e 4.2(a) has got a s l i g h t d i p , i t i s 

n o t a s c l e a r a s t h a t o f F i g u r e 4.2(b) a t 350 msec. T h e s e 
G 

observations are born^out by a comparison of the CMP gathers and 

the f i n a l stacked s e c t i o n i n which r e f l e c t i o n s with Coal Measures 

c h a r a c t e r i s t i c s a r e o n l y o b s e r v e d i n segments of the l i n e i n 

which the r e f r a c t o r i s weak or absent. 

T h i s l a t e r a l v a r i a t i o n of data q u a l i t y meant t h a t the muting 

p a t t e r n t h a t was chosen f o r the poor q u a l i t y d a t a segment (such 
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F i g u r e 4 . 2 ( a ) . A 24-fold s t a c k of a short segment of l i n e 
7940 (CMP88 -CMP 1 1 1 ) . I t shows no Coal Measures except 
for the event a t about 450 msec which has a s l i g h t d i p 

i . but i s very weak. 



U J 390 •100 in 

1 1 

F i g u r e 4.2(b). A 24-fold s t a c k of a short segment of l i n e 
7940. I t shows Coal Measures type r e f l e c t i o n s ;just below 
350 msec 



a s F i g u r e 4.1(a)) was too s e v e r e f o r the a r e a s w i t h good d a t a . 

T h i s could only be avoided by choosing d i f f e r e n t muting p a t t e r n s 

f o r d i f f e r e n t CMP gathers or f o r d i f f e r e n t l a t e r a l windows of CMP 

gathers which would have been an i n e f f i c i e n t option. Most of the 

g a t h e r s a l o n g l i n e 7940 had the c h a r a c t e r e x i b i t e d by CMP 26 on 

F i g u r e 4.3(a). The b e s t muting p a t t e r n t o e l i m i n a t e the d i r e c t 

waves, wide-angle r e f l e c t i o n s and the r e f r a c t i o n s was chosen as 

shown on F i g u r e 4.3(b). I t was found t o be adequate f o r CMP 

g a t h e r s w i t h the l o w e s t S/N r a t i o and i t was chosen a f t e r a s e t 

of a l t e r n a t i v e f u n c t i o n s was t e s t e d by s t a c k i n g s e l e c t e d gathers 

with approximate v e l o c i t y f u n c t i o n s . I t was applied to the whole 

l i n e . 

4.2.2 P r o c e s s i n g Sequence. 

The p r o c e s s i n g procedures t h a t were applied to t h i s l i n e a r e 

summarized below. The major steps i n the scheme are o u t l i n e d and 

the r e s u l t s are given. 

(a) Data T r a n s l a t i o n . 

The 24-fold data were t r a n s m i t t e d to Durham as CMP gathers 

i n standard SEG 'Y' format on magnetic tapes. I n order to process 

them on the PDP11/34 computer, they were t r a n s l a t e d i n t o an i n -

house fo r m a t DSEGY (Durham SEG 'Y'). DSEGY i s a DEC ( D i g i t a l 

Equipment Corporation) format used i n SRDPL and i t d i f f e r s from 

s t a n d a r d IBM SEG 'Y' i n t h e way t h a t t h e b y t e s a r e a r r a n g e d on 

t a p e and t h e r e p r e s e n t a t i o n of t h e f l o a t i n g p o i n t numbers. 
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F i g u r e 4 . 3 ( a ) . CMP 26 of l i n e 7940 
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F i g u r e 4.3(b). CMP 26 of l i n e 7940 with the mute function 
a p p l i e d . Between 300 msec and 500 msec, the f o l d of 
cover ranges from 9 t o 17 ( o f f s e t of 245m-445m). 



The t r a n s l a t i o n was c a r r i e d out by means of the s o r t program 

DK1:S0RT which i s used m a i n l y f o r s o r t i n g d a t a i n t o v a r i o u s 

g a t h e r s of t r a c e s . S i n c e t h e d a t a were a l r e a d y s o r t e d , t h e 

program was used f o r a l t e r i n g i t s f o r m a t only. I t i s a l s o c a p a b l e 

of w r i t i n g out s p e c i f i e d v e l o c i t y f i l e s d u r i n g d a t a s o r t i n g 

and/or t r a n s l a t i o n . V e l o c i t y f i l e s were t h e r e f o r e s e l e c t e d during 

t r a n s l a t i o n and w r i t t e n on m a g n e t i c tape i n p r e p a r a t i o n f o r 

v e l o c i t y a n a l y s i s a t a l a t e r stage. 

(b) P r e - s t a c k P r o c e s s i n g . 

A f t e r t r a n s l a t i n g t h e d a t a i n t o a DEC format, they were 

muted and then band-pass f i l t e r e d t o 30 Hz l o w - c u t and 150 Hz 

high-cut f r e q u e n c i e s r e s p e c t i v e l y . 

( i ) P r e d i c t i o n - e r r o r Deconvolution. 

The f i r s t type of p r e - s t a c k p r o c e s s i n g was the a p p l i c a t i o n 

of p r e d i c t i o n - e r r o r deconvolution. T h i s was done by means of the 

p r o g r a m DK1:PR0C. V a r i o u s t r i a l s o f p r e d i c t i o n - e r r o r 

deconvolution were made mainly by v a r y i n g the p r e d i c t i v e gap, the 

length of the p r e d i c t i o n operator, the pre-whitening parameter 

and the type of pre-deconvolution t r a c e s c a l i n g . 

The p r e d i c t i v e gaps used were 1, 4, 8, 16, 32 and 48 msec 

r e s p e c t i v e l y . The f i l t e r lengths were chosen l e s s than 300 msec 

and an a u t o c o r r e l a t i o n d e s i g n gate of about 1300 msec was 

maintained. The prewhitening parameters were chosen between 1% 

and 3%. D i f f e r e n t forms of s c a l i n g were t e s t e d i n o r d e r t o 
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i m p r o v e t h e s t a t i o n a r i t y o f t h e d a t a (by c o m p e n s a t i n g 

a p p r o x i m a t e l y f o r s p r e a d i n g and o t h e r l o s s e s ) . E x p o n e n t i a l 

s c a l i n g ranged from +2 to +12 dB/s and the a l t e r n a t i v e time-ramp 

f u n c t i o n s such a s t ^ , t e c , t , t ^ e a t were a l s o t e s t e d . E x p o n e n t i a l 

s c a l i n g of up to +12 dB/s was found t o be e x c e s s i v e a l t h o u g h i t 

has been appl i e d i n some high r e s o l u t i o n data processing schemes. 

S c a l i n g t h a t was l e s s t h a n +6 dB/s was g e n e r a l l y found t o be 

adequate. An e x a m i n a t i o n of the m o nitor s e c t i o n ( F i g u r e 4.4(a)) 

and i t s a u t o c o r r e l o g r a m ( F i g u r e 4.4(b)) m o t i v a t e d the c h o i c e of 

the ramp and deconvolution parameters r e s p e c t i v e l y . 

A s e t of CMP g a t h e r s was p r e - s t a c k p r o c e s s e d w i t h a chosen 

f i l t e r and then stacked w i t h approximate v e l o c i t y f u n c t i o n s . T h i s 

procedure g e n e r a l l y showed only a s l i g h t improvement i n the S/N 

r a t i o of the output f o r l i n e 7940. The r e s u l t s were poor f o r the 

s h o r t e r p r e d i c t i o n gaps such as 1, 4, 8 and 16 msec. 

From t h e p r o c e s s i n g t r i a l s , a f i l t e r w i t h an a c t i v e l e n g t h 

of 130 msec, a gap of 20 msec and a d e s i g n window of 1300 msec 

were chosen. The a m p l i t u d e s c a l i n g b e f o r e d e c o n v o l u t i o n was +2 

dB/s. F o r each t r a c e of t h e CMP g a t h e r , the a u t o c o r r e l a t i o n 

design gate was time o f f s e t from the value of the mute f u n c t i o n 

f o r t h a t c h a n n e l . A d i f f e r e n t f i l t e r was d e s i g n e d from and 

a p p l i e d t o each t r a c e . The whole l i n e was p r o c e s s e d w i t h the 

above p a r a m e t e r s and the output t r a c e s were band-pass f i l t e r e d 

a f t e r deconvolution i n preparation f o r s t a c k i n g . 
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( i i ) V e l o c i t y F i l t e r i n g . 

The second type of p r e - s t a c k p r o c e s s i n g was the a p p l i c a t i o n 

of v e l o c i t y f i l t e r i n g . A method of w a v e f i e l d a n a l y s i s of s e i s m i c 

r e f l e c t i o n records has been presented by Ryu (1982). I n c a s e s of 

m u l t i p l e domination, a c u t - o f f v e l o c i t y f u n c t i o n i s e a s i l y chosen 

between the 'primary s t a c k i n g v e l o c i t y function' and t h a t of the 

m u l t i p l e s . The f u n c t i o n i s used to c o r r e c t the gather f o r NMO so 

that primary r e f l e c t i o n s and m u l t i p l e s become ove r c o r r e c t e d and 

u n d e r c o r r e c t e d r e s p e c t i v e l y . The r e s u l t i n g g a t h e r i s c o n v o l v e d 

w i t h a t i m e - s p a c e ( t - x ) o p e r a t o r t h a t ' r e j e c t s ' t h e 

undercorrected events and 'passes' the p r i m a r i e s . The f i l t e r can 

be s p e c i f i e d a s a 2 - d i m e n s i o n a l b a n d - p a s s o r b a n d - r e j e c t 

Butterworth operator (Hale and Claerbout, 1983) and then i n v e r s e -

F o u r i e r t r a n s f o r m e d t o t h e t - x space f o r the c o n v o l u t i o n . Each 

t r a c e of the output g a t h e r i s a w e i g h t e d sum of a number of 

f i l t e r e d i n p u t t r a c e s t h a t i s a t most e q u a l t o the d i m e n s i o n of 

the o p e r a t o r . The f o l d d i m i n i s h e s t o w a r d s the r i g h t and l e f t 

edges of t h e g a t h e r where i t l e v e l s up a t h a l f t h e o p e r a t o r 

d i m e n s i o n ( a l w a y s odd) p l u s o n e - h a l f . The g a t h e r i s n e x t 

c o r r e c t e d f o r r e s i d u a l moveout (a s i n SOUSTON - c h a p t e r 2) and 

normal p r o c e s s i n g can be c a r r i e d out. An w-k approach t o the 

f i l t e r i n g of s e i s m i c e v e n t s w i t h a g i v e n a p p a r e n t v e l o c i t y has 

a l s o been g i v e n by C h r i s t i e e t a l . (1983) f o r h i g h r e s o l u t i o n 

data of these kind and the problems t h a t may be encountered were 

d i s c u s s e d ( l o c . c i t . ) . 
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L i n e 7940 was v e l o c i t y f i l t e r e d by u s i n g an 11X11 p o i n t 

operator and the c u t - o f f v e l o c i t y f u n c t i o n s t h a t were used during 

v e l o c i t y a n a l y s i s ( p a r t ( c ) below) were a p p l i e d a f t e r l a t e r a l 

i n t e r p o l a t i o n . The t r a c e s were i n t e r p o l a t e d t o a l e v e l of 2 

( r e s a m p l e d to 0.5 msec) d u r i n g t h e f o r w a r d and t h e r e v e r s e NMO 

c o r r e c t i o n s . There was no evidence from the v e l o c i t y f i l t e r i n g of 

the v e l o c i t y f i l e s t h a t there was e x t e n s i v e s p a t i a l a l i a s i n g of 

t h e s e d a t a so t h e e n t i r e l i n e was v e l o c i t y f i l t e r e d . The 

r e s u l t i n g CMP g a t h e r s were w r i t t e n out on m agnetic t a p e i n 

p r e p a r a t i o n f o r s t a c k i n g . An example of a v e l o c i t y f i l t e r e d 

g a t h e r i s shown i n p a r t ( c ) . V e l o c i t y f i l t e r i n g and p r e d i c t i o n -

e r r o r d e c o n v o l u t i o n were not a p p l i e d i n the same p r o c e s s i n g 

stream. Only one or the other was a p p l i e d before stack. 

(c) V e l o c i t y A n a l y s i s . 

I n o r d e r t o maximize the l a t e r a l r e s o l u t i o n , v e l o c i t y 

a n a l y s i s was c a r r i e d out e v e r y 1/2 km. At each l o c a t i o n , f o u r 

s u c c e s s i v e g a t h e r s were summed t o improve t h e S/N r a t i o of t h e 

i n p u t . T h i s i s p h y s i c a l l y e q u i v a l e n t t o a l a t e r a l c o v erage of 

about 75m of the s u b s u r f a c e per f i l e , and i s a good a p p r o x i m a t i o n 

f o r a l a t e r a l l y continuous subsurface g e o l o g i c a l s t r u c t u r e only. 

The technique of Taner and Koehler, (1969) was used and the 

r e s u l t s were d i s p l a y e d a s semblance c o n t o u r p l o t s (2-way t i m e 

v e r s u s rms v e l o c i t y ) backed up by a d i s p l a y of t h e v a r i a t i o n of 

t h e smoothed semblance maxima w i t h 2-way time. The v e l o c i t y 

a n a l y s i s s u i t e , DK1:VELAN, was used and i t c o m p r i s e s of e i g h t 
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s e p a r a t e programs l i n k e d t o g e t h e r and e n t e r e d by r u n n i n g the 

input r o u t i n e DKlrVELYSM. 

The r e s u l t s of the a n a l y s i s on these composited f i l e s were 

not s a t i s f a c t o r y f o r the p i c k i n g of the s t a c k i n g v e l o c i t y 

f u n c t i o n s . F i g u r e 4.5(a) shows t h e f i l e f o r CMP 187. The CMP 

g a t h e r i s d i s p l a y e d on t h e l e f t - h a n d s i d e of the c o n t o u r p l o t . 

The r e f l e c t i o n a t 400 msec i s e a s y t o p i c k up on t h e contour 

p l o t . The other maxima cannot be a s s o c i a t e d with r e f l e c t e d energy 

as c l e a r l y . The CMP gather was p l o t t e d without muting although i t 

was muted before v e l o c i t y a n a l y s i s . 

The r e s u l t s w e r e i m p r o v e d by v e l o c i t y f i l t e r i n g t h e 

c omposite g a t h e r p r i o r t o the a n a l y s i s . T h i s f i l t e r i n g was 

c a r r i e d out w i t h a 9X9 p o i n t o p e r a t o r a f t e r c h o o s i n g a c u t - o f f 

v e l o c i t y f u n c t i o n t o e x c l u d e s e a - f l o o r m u l t i p l e s . The o p e r a t o r 

was not e x p e c t e d t o s u p p r e s s t h e p e g - l e g m u l t i p l e s w i t h i n the 

Permian Limestones because t h e i r moveout would be s i m i l a r to t h a t 

of p r i m a r i e s w i t h the same a r r i v a l times. Figure 4.5(b) shows the 

f i l e f o r CMP 187 a f t e r v e l o c i t y f i l t e r i n g and t h e r e a r e more 

events evident than on F i g u r e 4.5(a) because of the improved S/N 

r a t i o . The c u t - o f f f u n c t i o n f o r t h i s f i l e i s shown on the contour 

p l o t and the s t a c k i n g v e l o c i t y f u n c t i o n was e a s i e r to choose and 

i s i n d i c a t e d . 

The method of v e l o c i t y s c a n s or c o n s t a n t v e l o c i t y s t a c k s 

(Dobrin, 1976, pp. 233) was a l s o a p p l i e d f o r v e l o c i t y a n a l y s i s 

but the r e s u l t s were more u n r e l i a b l e and were not a p p l i e d i n t h i s 

work. 
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CDP GATHER NUNBERi 187 
VELOCITY ANALYSIS SEMBLANCE CONTOURS 

W i f e 

r , i , V , , V ' « » 

• • J ? j j i ' * •••• 

PROCESSING PARAMETERS 

NO. OF CHANNELS - 21 
SAMPLES PER CHANNEL * I'jJIG 
TRACE DELAY MS - 0 
LEVEL OF INTERPOLATION * >1 
CHANNEL 1 OFFSET M =• MS.O 
CHANNEL SPACING M = U 
SAMPLING INTERVAL M'j - I 
START OF ANALYSIS I'.J = 0 
END OF ANALYSIS MS = 1000 
TINE STEP MS - 1 
OPERATOR GATEHIDTH I IS *10 
START VELOCITY KH/S » 1.00 
END VELOCITY KM/S » U.CO 
VELOCITY STEP KM/S = O.f.'. 
HIN. CONTOUR V.RLUE * 0 .20 
CONTOUR INTERVAL - 0 .10 

F i g u r e 4 . 5 ( a ) . The v e l o c i t y f i l e f o r CMP 187 and the r e s u l t s 
of v e l o c i t y a n a l y s i s on i t . The event a t 400 msec shows 
a high semblance c o r r e l a t i n g w ith a r e f l e c t i o n on the 
gather. Other maxima a r e d i f f i c u l t t o c o r r e l a t e and 
i n t e r p r e t . 
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COP GATHER NUNBERs 187 
VELOCITY ANALYSIS SEMBLANCE CONTOURS 

PROCESSING PARAMETERS 

NO. OF CHANNELS - 24 
SAMPLES PER CHANNEL * Hl,'t| 
TRACE DELAT HS - 0 
LEVEL OF INTERPOLATION = >l 
CHRNNEL 1 OFFSET M •= MS.CI 
CHANNEL SPACING N - 2b . U 
SRHPLING INTERVAL NS = 1 
START OF RNRLTSIS MS * 0 
END OF ANALYSIS MS « 1000 
TIME STEP HS - U 
OPERATOR GRTEHIDTH II'., - I t , 
START VELOCITY KM/S - 1.0U 
END VELOCITY KM/S - 4 .50 
VELOCITY STEP KM/S = U.U', 
M IN . , CONTOUR VALUE =• U.,'0 
CONTOUR INTERVAL • U.10 

VELOCITT FILTERING Ml I L 11 IJ 
OPERATOR DIMENSION - 9 

S t a c k i n g V e l o c i t y Function. 

F i g u r e 4.5(b). The v e l o c i t y f i l e f or CMP 187 and the r e s u l t s 
of v e l o c i t y a n a l y s i s a f t e r v e l o c i t y " f i l t e r i n g w i t h a 9X9 
point operator. The lower l i n e i s the c u t - o f f f u n c t i o n 
t h a t was chosen from F i g u r e 4 . 5 ( a ) . There i s an improvement 
of the S/N r a t i o of the input gather and of the r e s u l t s 
of the a n a l y s i s . The upper l i n e shows the s t a c k i n g 
v e l o c i t y f u n c t i o n t h a t was picked f o r t h i s f i l e . 



(d) Stacking. 

Rms v e l o c i t y f u n c t i o n s obtained from the above a n a l y s i s were 

s p a t i a l l y i n t e r p o l a t e d such t h a t every CMP gather along the l i n e 

had a s t a c k i n g v e l o c i t y f u n c t i o n . The NMO c o r r e c t i o n s were 

c a r r i e d out f o l l o w e d by s t a c k i n g w i t h the program DK1:STACK. 

During NMO o r r e c t i o n s , each t r a c e was i n t e r p o l a t e d (Lu and Gupta, 

1978) t o a l e v e l of 4 ( r e s a m p l e d to .25 msec). 

( i ) S t r a i g h t S t a c k i n g . 

A 2 4 - f o l d s t r a i g h t s t a c k was c a r r i e d out and the f i n a l 

s e c t i o n and i t s a u t o c o r r e l o g r a m a r e d i s p l a y e d as F i g u r e s 4.6(a) 

and 4.6(b) r e s p e c t i v e l y . The t a b l e s of the s t a c k i n g v e l o c i t y 

f u n c t i o n s are shown and the e n t i r e p r o c e s s i n g sequence f o r t h i s 

s e c t i o n i s i n d i c a t e d . Only the f i r s t second of the f i n a l s t a c k i s 

d i s p l a y e d . The CMP numbers are p r i n t e d on the top of the s e c t i o n 

and the s t a r s (*) i n d i c a t e t h e p o s i t i o n s of t h e v e l o c i t y f i l e s . 

F i g u r e s 4.7(a) and 4.7(b) show the 2 4 - f o l d s t r a i g h t s t a c k of t h e 

d a t a a f t e r v e l o c i t y f i l t e r i n g and t h e a u t o c o r r e l o g r a m . A 

d i s c u s s i o n of the r e s u l t s i s given l a t e r . 

( i i ) Weighted Stack. 

T e s t s on NUMAC proved i t d i f f i c u l t t o have c o n s i s t e n t 

e s t i m a t e s of t h e optimum s t a c k i n g w e i g h t s ( a s i n s e c t i o n 

2.3.2(b)) f o r t h e s e d a t a . However, a 1 5 - f o l d d i s t a n c e w e i g h t e d 
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stack was performed. Although t h i s meant t h a t the l a s t t r a c e was 

r e l a t i v e l y enhanced by a f a c t o r of about 9, the d i f f e r e n c e s with 

the s t r a i g h t s t a c k were tempered as the f i n a l s e c t i o n and i t s 

a u t o c o r r e l o g r a m on F i g u r e 4.8(a) and 4.8(b) r e s p e c t i v e l y show. 

Other forms of w e i g h t i n g were t e s t e d but the r e s u l t s d i d not 

match t h o s e of F i g u r e s 4.8(a) and 4.8(b). 

(e) P o s t - s t a c k P r o c e s s i n g . 

The only p r o c e s s i n g a p p l i e d a f t e r s t a c k was p r e d i c t i o n -

e r r o r deconvolution and band-pass f i l t e r i n g . The s e c t i o n obtained 

a f t e r t h i s t r e a t m e n t of t h e s t r a i g h t s t a c k i s shown on F i g u r e 

4.9(a) with the corresponding autocorrelogram d i s p l a y e d on Figure 

4.9(b). No s i g n i f i c a n t d i f f e r e n c e s w i t h these p l o t s were obtained 

by the same f i l t e r i n g of the weighted stack. 

The p r e d i c t i o n f i l t e r l e n g t h was 218 msec, t h e p r e d i c t i v e 

gap was 32 msec, an a u t o c o r r e l a t i o n d e s i g n window of 1300 msec 

was used and the prewhitening parameter was 2%. The S/N r a t i o of 

the r e s u l t i s h i g h e r t h a n t h a t of t h e i n p u t and the o t h e r 

s i g n i f i c a n t d i f f e r e n c e s a r e d i s c u s s e d below. 

4.2.3 D i s c u s s i o n . 

The s e i s m i c s e c t i o n s t h a t have been p r e s e n t e d above a r e 

examined i n t h i s s e c t i o n w i t h r e g a r d t o t h e i r d i f f e r e n c e s and 

from an i n t e r p r e t a t i v e viewpoint. 

I t i s appropriate to c o n s i d e r the s t r a i g h t stack without DAS 
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( F i g u r e 4.6(a)) i n d e t a i l . W i t h i n the f i r s t 150 msec of t h e 

s e c t i o n , the most obvious event (the seabed r e f l e c t i o n ) d i p s from 

about 74 msec on t h e l e f t of the s e c t i o n t o about 84 msec on i t s 

r i g h t ( e v e n t S ) . The o n l y o t h e r c h a r a c t e r i s t i c e v i d e n t i s the 

group of e v e n t s t h a t run a c r o s s the s e c t i o n j u s t below t h e seabed 

w i t h 2-way t r a v e l t i m e s between 100 and 132 msec. These e v e n t s 

can be explained i n one of two ways. F i r s t l y , the f a c t t h a t they 

a r e not v e r y prominent on the s e c t i o n p r o c e s s e d b e f o r e (by the 

N.C.B.) s u g g e s t s t h a t t h e p r e s e n t muting f u n c t i o n may not have 

been s t e e p enough a t t h e n e a r o f f s e t s . T h e r e f o r e , some of the 

e a r l i e s t r e f r a c t e d p h a s e s a r e not s u f f i c i e n t l y e d i t e d out and 

c o n s i s t e n t l y p a s s through the s t a c k t o appear a s c o h e r e n t 

r e f l e c t i o n s from seabed muds and s e d i m e n t s . I n t h a t c a s e t h e i r 

p r e s e n c e can be c o n s i d e r e d i r r e l e v a n t t o the i n t e r p r e t a t i o n of 

deeper s t r u c t u r e although they might a f f e c t p o s t - s t a c k p r e d i c t i o n 

e r r o r d e c o n v o l u t i o n s l i g h t l y . S e c o n d l y , F i g u r e 1.2 showed t h a t 

t he B o u l d e r C l a y has a t h i c k n e s s of about 48m and i f i t i s 

c o n s i d e r e d t h a t some c o n s o l i d a t i o n of t h i s f o r m a t i o n has t a k e n 

p l a c e so t h a t i t has a s e i s m i c v e l o c i t y of about 2.2 km/s, then 

the 2-way time to i t s base (assuming a sea water v e l o c i t y of 1.5 

km/s) should be about 121 msec. However, the r e f l e c t i o n from the 

base of t h e B o u l d e r C l a y i s r e l a t i v e l y weak and may not be 

evident i f the S/N r a t i o i s not good. Furthermore, the r e l a t i v e l y 

strong seabed event prevents the AGC from s u f f i c i e n t l y ranging up 

such c l o s e and weaker a r r i v a l s . The s t r e n g t h of t h i s e v e n t 

between CMP 310 and CMP 350 supports the idea t h a t i t i s the top 

of the Upper Permian Marls and i n the absence of f u r t h e r evidence 
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t o t h e c o n t r a r y , t h e e n t i r e a r r i v a l ( a t 121 m sec) c a n be 

considered as the Upper Permian Marls. 

The f i r s t prominent event (event L) runs a c r o s s the s e c t i o n 

from about 170 msec on t h e l e f t t o about 190 msec on the r i g h t . 

I t i s not as smooth a r e f l e c t i o n as t h e seabed r e f l e c t i o n . I t 

p r o b a b l y c o r r e s p o n d s t o t h e top of the Magnesian L i m e s t o n e s 

though the primary r e f l e c t i o n from t h i s i n t e r f a c e would normally 

be expected to have the same waveform and p o l a r i t y as the seabed 

r e f l e c t i o n . Although the d i f f e r e n c e i n p i c k i n g a trough or a peak 

as t h e e v e n t o n l y amounts to a t i m e d e l a y and s h o u l d not a f f e c t 

t h e i n t e r p r e t a t i o n of t h e deeper e v e n t s , e x p l a n a t i o n s f o r t h i s 

d i f f e r e n c e i n waveform are p o s s i b l e . I f the s e i s m i c wavelet has 

undergone a p p r e c i a b l e d i s p e r s i o n during propagation, then such a 

change of waveform i s e x p e c t e d and i f t h e r e i s more than one 

i n t e r f a c e c l o s e to the top of the limestone formation , then the 

c o m p o s i t e r e f l e c t i o n c a n not have the same form a s t h e o r i g i n a l 

s i g n a l . 

The c o n t i n u i t y of the r e f l e c t i o n (L) i s i n t e r r u p t e d by the 

two zones between CMP 130 and CMP 180 ( Z l ) and between CMP 270 

and CMP 390 (Z2) r e s p e c t i v e l y . The r e s p o n s e s w i t h i n t h e s e 

segments s u g g e s t t h a t f a u l t development may p r o b a b l y be t a k i n g 

p l a c e w i t h i n them. Although c l e a r evidence of t h i s i s only around 

Z l , the break i n the c o n t i n u i t y of the deeper r e f l e c t i o n s w i t h i n 

both Z l and Z2 supports the idea as w e l l . A displacement of the 

h o r i z o n can be noted around CMP 155 ( a t about 180 msec) wh i c h 

corresponds to a normal f a u l t w i t h a throw down to the right-hand 

s i d e . The o p p o s i t e e f f e c t i s n o t i c e a b l e around CMP 280 (Z2) but 
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t h e e v e n t s a t 350 msec show t h i s more c l e a r l y . The break i n the 

c o n t i n u i t y i n t h i s (Z2) segment may be due more to t h e e f f e c t s of 

t h e e r o s i o n and t h e roughness of the top of t h e Magnesian 

L i m e s t o n e than t o t h e f a u l t i n g . The s c a t t e r i n g of t h e energy by 

t h i s s u r f a c e g i v e s a more 'harsh 1 look t o t h i s segment of the 

f i n a l s e c t i o n . Magnitudes of p o s s i b l e t hrows of the proposed 

f a u l t i n g c a n n o t be e s t i m a t e d a t t h e p r e s e n t s t a g e of t h e 

phenomenon along the l i n e . 

The next event i s the r e f l e c t i o n a t about 245 msec (event M) 

which can be followed (except f o r the segments Z l and Z2) a c r o s s 

the s e c t i o n . I t i s weaker i n amplitude on the right-hand s i d e of 

the s e c t i o n and a l s o has a s l i g h t waveform change. The t i m i n g of 

t h e event, i t s phase ( r e l a t i v e t o t h e e v e n t L) and t h e f a c t t h a t 

i t undergoes s i g n i f i c a n t e r a d i c a t i o n during DAS (Figure 4.9(a)), 

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

from t h e top of t h e Magnesian L i m e s t o n e s . J u s t below t h i s 

r e f l e c t i o n ( a t about 280 msec ) i s a weaker a r r i v a l w h i c h does 

not undergo much s u p p r e s s i o n d u r i n g DAS. T h i s i s p r o b a b l y the 

p r i m a r y r e f l e c t i o n from the base of the L i m e s t o n e s . I t i s not 

c o n t i n u o u s on e i t h e r of t h e s e c t i o n s ( F i g u r e 4.6(a) and 4 . 9 ( a ) ) . 

The Marl S l a t e horizon and the unconformity cannot be picked on 

e i t h e r s e c t i o n . 

The o n l y prominent e v e n t s below 300 msec a r e t h e C o a l 

Measures t y p e r e f l e c t i o n s ( e v e n t C ) . As f a r as t h i s s e c t i o n 

( F i g u r e 4.6(a)) shows, they a r e e v i d e n t from t h e end of the 

segment Z l a t about 400 msec (CMP 160 t o CMP 170) and d i p upwards 

to the r i g h t of the s e c t i o n a t about 300 msec. Besides the c l e a r 
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i n t e r r u p t i o n a t Z2, t h i s r e f l e c t i o n i s not continuous from t r a c e 

to t r a c e throughout the e n t i r e s e c t i o n . 

One i n f e r e n c e t h a t c o u l d be drawn from the arguments i n 

s e c t i o n 4.2.1 i s t h a t Coal Measures r e f l e c t i o n s are not observed 

i n t h o s e segments of the l i n e i n w hich t h e r e i s e v a p o r i t e ( t h e 

5.0 km/sec r e f r a c t o r ) . One would t h e r e f o r e expect to f i n d primary 

r e f l e c t i o n s from the e v a p o r i t e i n segments from which the C o a l 

Measures r e f l e c t i o n s a r e absent. These p r i m a r i e s are not c l e a r l y 

e v i d e n t on t h i s s e i s m i c s e c t i o n . However, i f a t h i n l a y e r of 

e v a p o r i t e i s j u s t b e l o w t h e t o p s u r f a c e of t h e M a g n e s i a n 

Limestones (Magraw, 1978), then the r e f l e c t i o n s from the two w i l l 

be composited to form what has a l r e a d y been i n t e r p r e t e d a s t h e 

e v e n t L. 

The l a s t p rominent e v e n t ( C I ) on t h e s e c t i o n a l s o has C o a l 

Measures c h a r a c t e r i s t i c s and i t dips from about 500 msec a t CMP 

70 t o about 400 msec a t CMP 480. The t i m i n g of C I r e l a t i v e t o C 

i s j u s t s u f f i c i e n t f o r t h e f ormer t o appear l i k e a seabed 

m u l t i p l e of the l a t t e r but the f a c t t h a t i t i s not s i g n i f i c a n t l y 

a f f e c t e d during DAS suggests t h a t i t i s a primary. However i t i s 
Vfen 

d i f f i c u l t ( j R i e l , 1965) t o l a b e l such e v e n t s on a C o a l Measures 

s e i s m i c s e c t i o n . The e v e n t C I i s l a t e r a l l y more d i s c o n t i n u o u s 

than C. The t r a n s p a r e n t o v e r l a y shows a p o s s i b l e i n t e r p r e t a t i o n 

of some of t h e h o r i z o n s on t h i s s e c t i o n . The s e g m e n t a r y 

c h a r a c t e r s of C and CI ar e c l e a r e r . 

A l t e r n a t i v e p r o c e s s i n g h a s n o t r e s u l t e d i n more 

i n t e r p r e t a b l e s e c t i o n s . Two p o i n t s can be noted w i t h r e g a r d t o 

the weighted stack ( F i g u r e 4.8(a)). F i r s t l y , the p r i m a r i e s w i t h i n 
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the C o a l Measures s t a n d out more p r o m i n e n t l y i n a m p l i t u d e 

a l t h o u g h t h e i r c o n t i n u i t y j u s t matches t h a t of t h e s t r a i g h t 

stack. Secondly, the events j u s t below the seabed appear stronger 

through t h i s weighting and t h i s supports the c r i t i c i s m t h a t they 

a r e due t o a low g r a d i e n t of t h e muting f u n c t i o n a t s m a l l 

o f f s e t s . V e l o c i t y f i l t e r i n g b e f o r e s t a c k ( F i g u r e 4.7(a)) d i d 

p r o v i d e a s l i g h t improvement i n the c o n t i n u i t y of t h e C o a l 

Measures p r i m a r y r e f l e c t i o n s , n o t a b l y around CMP 190. I t a l s o 

produced a g r e a t e r suppression of the event a t 240 msec than did 

th e p r e d i c t i o n - e r r o r d e c o n v o l u t i o n a p p l i e d b e f o r e t h e s t a c k on 

F i g u r e 4.6(a). 

D e t a i l e d s t a n d a r d p r o c e s s i n g of t h e s e d a t a showed C o a l 

Measures but the r e s u l t i n g s e c t i o n s a r e not s a t i s f a c t o r y f o r 

c o n c l u s i v e i n t e r p r e t a t i o n . The general r u l e of thumb (Ziolkowski, 

1979) t h a t t h e s t r e a m e r l e n g t h (600m i n t h i s c a s e ) s h o u l d be of 

th e same o r d e r of magnitude as the t a r g e t depth (about 300 t o 

800m f o r t h i s survey) was observed. S t r a i g h t (standard) s t a c k i n g 

and p r e d i c t i o n - e r r o r deconvolution appear to be adequate f o r i t s 

treatment and the l a t t e r does not e l i m i n a t e the p r i m a r i e s to an 

i n t o l e r a b l e e x t e n t d e s p i t e the f a c t t h a t t h e r e f l e c t i v i t y 

sequence f o r t h i s geology i s u n l i k e l y to be white and s t a t i o n a r y . 

The Coal Measures a r e a c t u a l l y observed which means t h a t there i s 

some ' p e n e t r a t i o n ' ( d e f i n e d i n t e r m s of the s e i s m i c energy t h a t 

i s a b l e t o p a s s t h r o u g h t h e P e r m i a n L i m e s t o n e s i n t o t h e 

C a r b o n i f e r o u s and back t o the s u r f a c e t o be r e c o r d e d w i t h t h e 

p r e v a i l i n g s e i s m i c n o i s e ) b u t i t i s n o t s a t i s f a c t o r y and 

adequate. The S/N a m p l i t u d e r a t i o a t about 300 m o f f s e t s was 
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found (on the f i e l d r e c o r d s ) t o be a p p r o x i m a t e l y 390 a t 2-way 

t i m e s of 400 msec. T h i s ' s i g n a l ' c o n s i s t s m a i n l y of s h o t -

g e n e r a t e d a r r i v a l s a t t h e l o w e r f r e q u e n c y end of the bandwidth 

used. 

F i n a l l y , F i g u r e 4.10 shows t he g e o m e t r i c a l c o n s i d e r a t i o n s 

inherent i n the c h o i c e s of the parameters f o r the surveys c a r r i e d 

out f o r t h e N.C.B. i n 1979 and 1982 r e s p e c t i v e l y . BB* and AA' a r e 

24-channel s t r e a m e r s w i t h group s p a c i n g s of 6.25m and 25m 

r e s p e c t i v e l y and w i t h n e a r - g r o u p o f f s e t s of 10m and 45m 

r e s p e c t i v e l y . I f the i n t e r v a l v e l o c i t y v e r s u s depth p r o f i l e above 

t h e Magnesian L i m e s t o n e s i s assumed t o be as shown on t h i s 

f i g u r e , then t h e a p p r o x i m a t e t r a v e l t i m e e q u a t i o n ( r e f r a c t i o n ) 

f o r the f a s t e s t l a y e r i s 

T = 133 + X / 4.0 msec 

X i n meters. 

The c r i t i c a l d i s t a n c e X Q from the source S i s about 203m. The p-

wave penet r a t i o n window i s shown through which the point source S 

r a d i a t e s a c o a l seam (C) a t depth (about 400m). T h i s window 

depends on the depth of t h e f a s t e s t l a y e r and on the s e i s m i c 

v e l o c i t y of t h i s l a y e r . I n t h i s s i t u a t i o n , t h e depth i s s m a l l 

(about 155m) and t h e v e l o c i t y i s h i g h (about 4.0 km/s) compared 

t o t h e s e a w a t e r v e l o c i t y (1.5 km/s). The p e n e t r a t i o n window i s 

th e r e f o r e narrow and the wide-angle r e f l e c t i o n s and r e f r a c t i o n s 

merge t o form h i g h a m p l i t u d e n o i s e . I f a n h y d r i t e bands a r e 

p r e s e n t below t he top of t h e 4.0 km/s l a y e r , then t h e uppermost 

band w i l l form the f a s t e s t l a y e r and the c r i t i c a l d i s t a n c e w i l l 
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be l e s s than X c and the s i t u a t i o n i s worsened. 

The primary r e f l e c t i o n s from the Coal Measures i n t e r f e r e a t 

f a r o f f s e t s ( g r e a t e r t h a n 200m - 8 t n c h a n n e l ) w i t h the h i g h 

amplitude noise and are muted during p r o c e s s i n g of the 1979 data. 

A c o n s i d e r a t i o n of t h e s e e f f e c t s on t h e 1979 s u r v e y i n f l u e n c e d 

the choice of the a c q u i s i t i o n parameters f o r the 1982 survey. The 

s t r e a m e r BB* was used and t h e h i g h a m p l i t u d e n o i s e was avoided. 

I n the 1979 survey, a d i s t a n c e weighted water gun source was used 

but a s l e e v e exploder source was a p p l i e d i n 1982. Although t h e r e 

i s not much d i f f e r e n c e i n the s p e c t r a l bandwidths of t h e two 

s o u r c e s , the i n t e n t i o n would have been t o i n j e c t more energy a t 

h i g h e r f r e q u e n c i e s i n the l a t e r s u r v e y and t o t r y t o a c h i e v e 

b e t t e r p e n e t r a t i o n . A s e t of d a t a t h a t were a c q u i r e d a l o n g a 

segment of l i n e 7940 (from about CMP 103 t o CMP 370 ) w i t h the 

streamer BB' and using t h i s source was processed and the r e s u l t s 

are o u t l i n e d next. 

4.3 P r o c e s s i n g of L i n e 8201A. 

The 6 - f o l d d a t a ( s e c t i o n 1 . 2 ( b ) ) show t h e same 

c h a r a c t e r i s t i c s a s the r e c o r d s of l i n e 7940. Although many 

r e f l e c t e d e v e n t s can be o b s e r v e d on t h e s e r e c o r d s , most of them 

a r e m u l t i p l e s . F i g u r e 4.11(a) shows a s e c t i o n of t h e r e c o r d s i n 

w hich the m u l t i p l e r e f l e c t i o n s a r e not p r e v a l e n t . V e r y few 

p r i m a r y e v e n t s can be o b s e r v e d below 400 msec. F i g u r e 4.11(b) 

shows a s e c t i o n w i t h s i g n i f i c a n t h i g h a m p l i t u d e r e v e r b e r a t i o n . 

The r e c o r d s were g a i n ranged and n o r m a l i z e d t o u n i t a m p l i t u d e 
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F i g u r e 4.11(a) F i e l d records from the 1982 data showing few 
r e f l e c t i o n s below 400 msec. 
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F i g u r e 4.11(b). F i e l d records from the 1982 data showing more 
r e f l e c t e d a r r i v a l s below 400 msec. Most of them are seabed 
m u l t i p l e s . 



b e f o r e the p l o t . S i n c e t h e s t r e a m e r l e n g t h was about 150 m, the 

muting pa t t e r n was simple and aimed a t the d i r e c t a r r i v a l s only. 

F i g u r e 4.12 shows a s t a c k e d s e c t i o n of l i n e 8201A. The 

s e c t i o n extends from CMP 46 to CMP 852. L i t h o l o g i c a l information 

(Figure 1.2) suggests t h a t the primary r e f l e c t i o n from the top of 

t h e l i m e s t o n e s would be e x pected between 145 and 175 msec. 

A l t h o u g h t h e f i r s t s e a b e d m u l t i p l e g e n e r a l l y h a m p e r s t h e 

r e s o l u t i o n w i t h i n t h i s i n t e r v a l , i t can be observed t h a t many 

d i f f r a c t i o n hyperbolae emanate from the top of t h i s formation as 

w e l l as from s h a l l o w e r h o r i z o n s . The former i n d i c a t e s t h a t the 

top of t h e l i m e s t o n e s i s not smooth and may have been eroded 

p r i o r to the d e p o s i t i o n of the o v e r l y i n g s t r a t a . 

The p r o c e s s i n g s t e p s t h a t were a p p l i e d t o t h i s l i n e a r e 

o u t l i n e d below and the r e s u l t s are d i s c u s s e d . 

The r e s t of the s e i s m i c s e c t i o n s of l i n e 8201A d i s p l a y e d i n 

t h i s c h a p t e r were reduced i n s c a l e by a f a c t o r of f o u r by summing 

up every four a d j a c e n t t r a c e s . T h i s was done so t h a t they should 

have the same h o r i z o n t a l s c a l e as t h o s e f o r l i n e 7940. As a 

consequence, the numbers (1 to 200) t h a t are d i s p l a y e d a t the 

top of t h e s e s e c t i o n s a r e not CMP numbers but t r a c e sequence 

numbers i n the output tape. Approximate CMP numbers can be e a s i l y 

c a l c u l a t e d . On some of the s e c t i o n s , approximate p o s i t i o n s of the 

v e l o c i t y f i l e s a r e marked w i t h a s t a r (*). 
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4.3.1 P r o c e s s i n g Sequence. 

The data were t r a n s l a t e d to DSEGY as i n s e c t i o n 4.2.2(a) and 

then muted and band-pass f i l t e r e d . 

(a) P r e -stack P r o c e s s i n g . 

B e t t e r r e s u l t s were obtained from p r e - s t a c k p r e d i c t i o n - e r r o r 

d e c o n v o l u t i o n of t h i s l i n e than l i n e 7940. A number of t e s t s 

showed t h a t f i l t e r s w i t h an a c t i v e l e n g t h of up t o 200 msec 

produced r e s u l t s w i t h good S/N r a t i o s before stack although short 

gaps (1, 2, and 4 msec) gave poorer r e s u l t s as would be expected. 

There was a s i g n i f i c a n t r e d u c t i o n i n seabed m u l t i p l e s a s t h e 

f i n a l s e c t i o n s w i l l show. The p r e d i c t i o n gap was 32 msec, t h e 

p r e d i c t i o n f i l t e r length was 168 msec, the design gate was 1800 

msec long and a p r e w h i t e n i n g p a r a m e t e r of 2% was a p p l i e d . P r e -

deconvolution and post-deconvolution amplitude s c a l i n g were it 5.2 

dB/s r e s p e c t i v e l y . The f i l t e r s were d e s i g n e d and a p p l i e d a s i n 

s e c t i o n 4.2.2(b). 

F i g u r e s 4.13(a) and 4.13(b) show a n e a r - t r a c e s e c t i o n and 

i t s a u t o c o r r e l o g r a m . The s e c t i o n was o b t a i n e d a f t e r one of t h e 

p r e - s t a c k processing t r i a l s . 
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F i g u r e 4.13(a). The n e a r - t r a c e s e c t i o n of l i n e 8201A obtained 
a f t e r one of the deconvolution t r i a l s . 
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(b) V e l o c i t y A n a l y s i s . 

V e l o c i t y a n a l y s i s was p e r f o r m e d e v e r y 1/2 km by t h e 

semblance method. I t was not p o s s i b l e to c a r r y out a 4-gather sum 

of the f i l e s before the a n a l y s i s because of the v a r i a t i o n of the 

n e a r - t r a c e o f f s e t s . V e l o c i t y f i l t e r i n g could not be e f f i c i e n t l y 

a p p l i e d s i n c e the f o l d of cover i s too low. Only p r e d i c t i o n - e r r o r 

d e c o n v o l u t i o n was a p p l i e d b e f o r e t h e a n a l y s i s . The s t a c k i n g 

v e l o c i t y f u n c t i o n s t h a t were o b t a i n e d were l i k e l y t o be l e s s 

a c c u r a t e than those f o r l i n e 7940 because of the short length of 

the streamer. 

NMO c o r r e c t i o n s were c a r r i e d out w i t h or without concurrent 

s t a c k i n g depending on t h e s t a c k i n g method b e i n g a p p l i e d . Two 

methods were a p p l i e d , namely the s t r a i g h t s t a c k and the i t e r a t i v e 

s t a c k . 

The s t r a i g h t s t a c k of the data without any deconvolution i s 

shown on F i g u r e 4.14(a) and the corresponding autocorrelogram on 

F i g u r e 4.14(b). The s t a c k w i t h p r e d i c t i o n - e r r o r d e c o n v o l u t i o n 

before s t a c k and i t s autocorrelogram a r e shown on F i g u r e s 4.15(a) 

and (b). F i g u r e 4.14(b) shows strong seabed m u l t i p l e s a t a l a g of 

(c) S t a c k i n g . 

( i ) S t r a i g h t Stack. 
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F i g u r e 4.14(a). S t r a i g h t s t a c k of l i n e 8201A. P r e d i c t i o n - e r r o r 
deconvolution was not ap p l i e d before s t a c k . 



om HUM r̂ n • azt am CEI m iici nrs a TT^ ncrr WT"" H TTZ firr" fWTT H T~3 nrz f^rr TTTtrriyT-M"*!.*1*-J'-j Wnn""Trrg^ 
i i : ! R rrrr • r r r r»-: • T — mr r r r 

rm • • • • • tn» H un BIB csi • an ma 
nr are «r; Bit: tire rare 
3— r r r rrrr • 3 - : ncr r r r 

Li2C< 
10 • 

'I1* •"II 
I f f > « « t n 
1 't 1 Aw * IH 

1. .Jl 

— — J — 

• 1 
•M 
L9! 
Lt» 
1 r> 

SJSS! 
i-tKi 1 nif/v 
LilSLIC 

J | 
— 1 — 1 

'1* 
vl.J mi 

<L». 
U S 
( *• s.hV AS 

— 1 ~ 1 

DURHAM UNIVERSITY 
S E I S M I C PROCESSING 

HERRMOUTH 8 ? L I N E 8 2 0 1 R 

•••FIELO DATA"" 
FIELD LAT0U1 

NO. OF CHANNELS 
SH01 INTERVAL 
CROUP INTERVAL 
NERR TRRCE OFFSET 
SOURCE TTPE 

RECOROINC 
SAHPlINC INTERVAL 
RECORO LENGTH 
FILTERS 

PROCESSING 
••>OEHULIIPLEX>»« 
•••SORT""" 

STATIC SHIFT 
BANDPASS FILTER 

SYSTEM PARAMETERS 
COLLECTED BT FAIAFIELD BQUfi IRON ICS H O . 

«««S1ACK««» 
FOLD 
RE-SAHPLED PRIOR 10 NMO 
MUTE 

BANDPASS ri L l f c A 

RCC 
•••0ISPLRT«»» 
TRACE SPACING 
GAIN 

PROVIDED B1 

24 
6.25 METRES 
6.2S NETRES ' 
10 NETRES 
FAIRFLEX SLEEVE 
I HSFC 
2.0 SECONDS 
2? L0, 248 H1CUI 

LOU CUT 
LOH TAPER 
HIGH CUT 
HIGH TAPER 

6 ISTRNIGH1 STACK) 
.21 MSEC 

LOH CU1 
LOH TAPER 
HIGH CUT 
HIGH IAPEH 

0.0S INCHES 
7.0 

-8 HSFC 
40 HI 
21 HZ 
160 HI 
162 HI 

40 H ? 
21 Hi 
160 H7 
162 HI 
so nsrc 

NCB 



toon 190 ISO 170 iao 130 mo ISO 110 120 100 90 SO TO 8 0 110 30 ZO 10 

4.14(b). The autocorrelogram f o r F i g u r e 4.14(a) F i g u r e 
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e 4 . 1 5 ( a ) . S t r a i g h t s t a c k of l i n e 8201A. P r e d i c t i o n -
deconvolution a p p l i e d before s t a c k . 
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F i g u r e 4.15(b). The autocorrelogram s e c t i o n f o r F i g u r e 4.15(a). ; 



about 80 msec which are comparatively weakened on Fig u r e 4.15(b). 

( i i ) I t e r a t i v e Stack. 

I n order to apply a 6-fold i t e r a t i v e stack, the parameters g 

(number of i t e r a t i o n s ) and f ( t y p e of n o r m a l i z a t i o n ) had t o be 

d e t e r m i n e d ( s e c t i o n 2 . 3 . 2 ( c ) ) . A s e t of t e s t s was performed t o 

choose the value of g. The f a c t o r f was maintained as 1.0 because 

of t he low f o l d (M) of c o v e r of l i n e 8201A. The r e s u l t s of t h e s e 

t r i a l s are d i s p l a y e d as F i g u r e s 4.16(a) and 4.16(b) r e s p e c t i v e l y . 

F i g u r e 4.16(a) shows 6 p a n e l s each of 24 i t e r a t i v e l y s t a c k e d 

t r a c e s . With the v a l u e of f-1.0, t h e number g was v a r i e d from 1 

t o 24 and the p a n e l s c o r r e s p o n d t o g=l, 2, 4, 8, 16, and 24 

r e s p e c t i v e l y . The t r a c e s were not summed i n fo u r s a f t e r stack. As 

th e v a l u e of g i s i n c r e a s e d , more s i g n a l d i s t o r t i o n i s s u f f e r e d 

and f o r g ^ 8 , the prominent e v e n t s s u f f e r some s u p p r e s s i o n and 

the s t a c k s become 'over-saturated 1. The data were p r o g r e s s i v e l y 

'whitened' as the c o r r e s p o n d i n g a u t o c o r r e l o g r a m s on F i g u r e 

4.16(b) show. More random n o i s e i s e l i m i n a t e d as g i n c r e a s e s . The 

p a n e l g=l c o r r e s p o n d s t o the s t r a i g h t s t a c k . The v a l u e s (g=4, 

f=1.0) were chosen f o r t h e s e d a t a because a comparison of the 

panels f o r q=l and q=4 show good suppression of random events and 

m u l t i p l e s f o r g-4 w i t h a t o l e r a b l e s i g n a l d i s t o r t i o n . 

H i l l (1983) e x t e n s i v e l y t e s t e d t h i s t e c h n i g u e on s e i s m i c 

r e f l e c t i o n records w i t h high l e v e l s of random noise and i n such 

c a s e s as streamer noise and wave noise. He p a r t l y concluded t h a t 

i n some s i t u a t i o n s , the design of p r e d i c t i o n - e r r o r operators can 

102 



ISO 160 mo 130 110 120 80 100 80 SO 60 70 40 20 30 10 

8 

1 
1 

F i a u r e 4 1 6 ( a ) . T e s t t r i a l s for the choice of the parameter q 
used fo r the i t e r a t i v e s t a c k of l i n e 8201A. The value q M 
was chosen. 
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The autocorrelogram sections for the equivalent Figure 4.16(b) 
panels on Figure 4.16(a) 



become e a s i e r or even s u p e r f l u o u s a f t e r an i t e r a t i v e s t a c k . I t 

a l s o produced a g r e a t e r e r a d i c a t i o n of seabed m u l t i p l e s than the 

s t r a i g h t stack. 

F i g u r e s 4.17(a) and 4.17(b) show t h e r e s u l t s o f t h e 

i t e r a t i v e s t a c k of the data with DBS. The autocorrelogram shows 

a s i g n i f i c a n t r e d u c t i o n of the seabed m u l t i p l e s . 

(d) Post-stack P r o c e s s i n g . 

T h i s included p r e d i c t i o n - e r r o r deconvolution and band-pass 

f i l t e r i n g . F i g u r e 4.18(a) and 4.18(b) show t h e r e s u l t s of 

p r e d i c t i o n - e r r o r d e c o n v o l u t i o n of t h e s t r a i g h t s t a c k w i t h DBS 

( F i g u r e s 4.15 (a) and ( b ) ) . A l o n g p r e d i c t i o n f i l t e r ( a c t i v e 

l e n g t h of 168 msec) was used b e f o r e s t a c k . A s h o r t e r o p e r a t o r 

( a c t i v e l e n g t h of 118 msec) was a p p l i e d a f t e r s t a c k and was 

chosen a f t e r an e x a m i n a t i o n of t h e a u t o c o r r e l o g r a m of F i g u r e 

4.15(b). 

4.3.2 D i s c u s s i o n . 

The s e i s m i c s e c t i o n s t h a t were obtained f o r l i n e 8201A show 

no s i m i l a r i t i e s t o t h o s e of l i n e 7940 as f a r as C o a l Measures a r e 

c o n c e r n e d . The s t a c k s e c t i o n w i t h no DBS showed s t r o n g 

r e v e r b e r a t i o n which i s p r o g r e s s i v e l y reduced during p r o c e s s i n g to 

o b t a i n t h e f i n a l s e c t i o n on F i g u r e 4.18(a). The r e f l e c t i o n s a t 

t h e t o p of t h e l i m e s t o n e s and j u s t b e low i t show s i m i l a r 

c h a r a c t e r i s t i c s t o t h o s e of l i n e 7940. I t e r a t i v e s t a c k i n g 
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F i g u r e 4 . 1 7 ( a ) . I t e r a t i v e s t a c k of l i n e 8201A. P r e d i c t i o n -
dec on v o l u t i o n a p p l i e d before s t a c k . 



nr* rjri j t a r m 
I T ITT 

nrr: 

M i . n 
L B 
i,r £ k l l LB 

TIT-run 
- * - ™ ; r n r -

DURHAM UNIVERSITY 
S E I S M I C PROCESSING 

MFRRMOUTH ' ' N F B g Q l f l 

••NIIF IELO OflTR*"* 
FIELO LATOUT 

NO. OF CHANNELS 
SHOT INTERVAL 
CROUP INTERVAL 
NEAR TRRCE OFFSET 
SOURCE TTPE 

RECOAOING „ 
SRHPLINC INTERVAL 
RECORD LENGTH 
FILTERS 

PROCESSING 
«««DEMULTIPLEX««« 
HNIISORTIINM 

MN«DBS 
SKCOTRMP. SCRL.NG 
DECONVOLUTION 

SYSTEM PARAMETERS 
COLLECTEO BT FRIRFItLO ROUATRONICS LID. 
2H 
6.25 NETRES 
6.25 METRES 
10 METRES 
FRIRFLEX SLEEVE 
1 NSEC 
2.0 SECONDS , , 
27 LO. 2MB HICUT 

POST-OECON. AHP. 
BANDPASS FILTER 

SCALING 

DESIGN 
RCT1VE LENGTH 
LAG 
PRE*HHITEN1NG 
LOW CUT 
LOU TRPER 
HIGH CUT 
HIGH TRPER 

-B MSEC 
*S.2 DB/SEC 
IBOO NSEC 
168 NSEC 
32 MSEC 
2 X 

-S.2 DB/SEC 
10 HI 
21 HZ 
160 HZ 
162 HI 

•••STACK"" 
RE-SAMPLED PRIOR TO NMO 
TRRCE NORMALISATION 
MUTE 

BANDPASS FILTER 

AGC 
•••DISPLAY" 
TRACE SPACING 
GAIN 

PAOVIOEO BT 

6 IITERATIVE STACK: 
.25 MSEC 
UNIT RMS ENERGT 

LOH CUT 
LOM TAPER 
HIGH CUT 
HIGH TRPER 

•10 HZ 
21 HZ 
160 HZ 
162 HZ 
SO MSEC 

O.OS INCHES 
7.0 

Nee 

a n run =3 • £3 £3 £3 - m trr- « i r • nrr 

r - T i m r - H W-T:T~ 

r i T a - i I r i g , ^ 
-n7 acr: nr^ • J 2 
TTT i n rw^ • 32 2.~ 3 3 



8 l>0 190 ISO 160 170 130 mo 110 100 70 00 60 5 0 20 30 10 

4.17(b). Autocorrelogram section of the i t e r a t i v e l y Figure 
stacked section on Figure 4.17(a) 
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Fi g u r e 4 . 1 8 ( a ) . The S t r a i g h t s t a c k of l i n e 8201A w i t h both DBS 
and DAS. The deconvolution parameters a r e shown on the 
annotation box. 
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F i g u r e 4.18(b). The autocorrelogram of the s e c t i o n on F i g u r e • 
4.1 8 ( a ) . 



s u p p r e s s e d the seabed m u l t i p l e s more than s t r a i g h t s t a c k i n g a s 

the autocorrelograms (F i g u r e s 4.17(b) and 4.15(b)) show. The Coal 

Measures p r i m a r y r e f l e c t i o n s a r e not e v i d e n t on t h e f i n a l 

s e c t i o n . 

I n the 1982 s u r v e y , t h e s t r e a m e r l e n g t h was s h o r t e r so as t o 

a v o i d the i n t e r f e r e n c e e f f e c t s o b s e r v e d i n 1979 but i t may not 

have been long enough to record s i g n i f i c a n t primary energy from 

the C o a l measures i n the p r e v a i l i n g n o i s e c o n d i t i o n s . The low 

angles of i n c i d e n c e i n v o l v e d (Figure 4.10) meant t h a t most of the 

e n e r g y t h a t was r e c e i v e d came w i t h i n t h e p r e s s u r e - w a v e 

pen e t r a t i o n window. The source type ( s l e e v e exploder) generates a 

h i g h e n e r g y p u l s e and i s g e n e r a l l y c o n s i d e r e d t o p r o v i d e 

s u f f i c i e n t t o t a l energy f o r deep p e n e t r a t i o n ( M c Q u i l l i n e t a l . , 

1979) when used i n m u l t i p l e a r r a y s . 

The r e s u l t s t h a t were o b t a i n e d above by p r o c e s s i n g t h i s 

sample of the 1982 data confirm the s u s p i c i o n from the 1979 data 

that the p e n e t r a t i o n of the s e i s m i c energy i s low i n t h i s region. 

S i n c e the s l e e v e e x p l o d e r i s a r e l a t i v e l y ( t o the w a t e r guns of 

1979) h i g h f r e q u e n c y s o u r c e , an even p o o r e r r e s u l t would have 

been a c h i e v e d because of f r i c t i o n a l a b s o r p t i o n and s c a t t e r i n g 

both of which a f f e c t the higher frequency components more. 

The data t h a t were acquired by using the s l e e v e exploder and 

a 150 m l o n g s t r e a m e r t h e r e f o r e f a i l e d t o r e s o l v e any C o a l 

Measures. 
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4.4 Summary. 

I n c o n c l u s i o n , t h e p r o c e s s i n g of s a m p l e s of r e a l s e i s m i c 

r e f l e c t i o n data from the Wearmouth region by using standard and 

n o n - s t a n d a r d t e c h n i q u e s has not d r a m a t i c a l l y improved on the 

r e s u l t s p r e v i o u s l y o b t a i n e d by t h e N.C.B. . The r e s u l t s of each 

data s e t have been presented and d i s c u s s e d . 

I n t h e s e d i s c u s s i o n s , two c r i t i c i s m s of the a c q u i s i t i o n 

procedures with r e s p e c t to the s p e c i f i c g e o l o g i c a l c o n d i t i o n s of 

t h i s area arose. These i n c l u d e the source type i n each survey i n 

r e l a t i o n t o the degree of p e n e t r a t i o n t h a t i t a c h i e v e s i n t h i s 

geology and the l e n g t h of the s t r e a m e r used i n each s u r v e y i n 

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

r e c e i v e s . The water gun sources used f o r the 1979 survey achieved 

some p e n e t r a t i o n but t h e 600m s t r e a m e r used ( w i t h a hydrophone 

group s p a c i n g of 25m ) r e s u l t e d i n a v e r y poor S/N r a t i o a t 

l a r g e r o f f s e t s so t h a t most of t h e d a t a had t o be muted d u r i n g 

p r o c e s s i n g . The c o m b i n a t i o n showed C o a l M e a s u r e s b u t t h e 

r e s o l u t i o n i s poor. The s l e e v e e x p l o d e r s o u r c e used i n 1982 and 

t h e s t r e a m e r of 150m both f a i l e d t o show C o a l Measures. The 

c o m b i n a t i o n of t h e s l e e v e e x p l o d e r ( s h a r p e r h i g h f r e q u e n c y 

s o u r c e ) and the s h o r t s t r e a m e r ( i m p l y i n g s m a l l e r d i f f e r e n t i a l 

moveouts between primary and m u l t i p l e energy) l e d to very low S/N 

of t h e s t a c k e d s e c t i o n s . The (hydrophone) groups a l s o a c t a s a 

f i l t e r of the higher f r e q u e n c i e s ( Z i o l k o w s k i and L e r w i l l , 1979; 

a l t h o u g h t h i s e f f e c t i s not v e r y s e v e r e ) which a l s o s u f f e r 

g r e a t e r a t t e n u a t i o n i n the ground and get l e s s depth p e n e t r a t i o n 

(Lucas , 1974). 
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I t may w e l l be n e c e s s a r y t o u s e a s e i s m i c s o u r c e w i t h more 

energy a t low f r e q u e n c i e s ( a l o n g w i t h t h e h i g h e r f r e q u e n c i e s ) 

t o g e t h e r w i t h a s t r e a m e r of an i n t e r m e d i a t e l e n g t h (hydrophone 

groups g r e a t e r than 6.25m long) i n t h i s s u r v e y . The w a t e r gun 

source of 1979 or a well-tuned a i r g u n source (Brandsaeter e t a l . r 

1979) can be a p p l i e d . Another a l t e r n a t i v e i s t h e more r e c e n t 

" S t a r j e t " * s o u r c e (a s e i s m i c tuned a r r a y of steam bubbles, Le 

Boulch, 1983) which produces high energy f o r deeper p e n e t r a t i o n 

and has a broad bandwidth f o r good r e s o l u t i o n . A 400 m long 

s t r e a m e r towed a t a depth of about 5 m to a v o i d t h e n o t c h e s 

caused by the f r e e s u r f a c e may w e l l be adequate f o r use w i t h the 

p r e f e r r e d s o u r c e i n any f u t u r e s u r v e y i n the r e g i o n . The e x t r a 

c o s t s of s p e c i f y i n g and c a r r y i n g out the data a c q u i s i t i o n can be 

compensated f o r by reaping the b e n e f i t s of cheaper conventional 

p r o c e s s i n g . The arguments a r e b u t t r e s s e d by t h e s t a t e m e n t of 

Z i o l k o w s k i and L e r w i l l , (1979) t h a t "To e x t r a c t d e t a i l out of 

(the) data i s a p r o c e s s i n g problem; but to ensure t h a t the d e t a i l 

i s t h e r e t o be e x t r a c t e d i s a f i e l d p r o b l e m " . The work t h a t was 

c a r r i e d out i n the p r e s e n t c h a p t e r was i n p a r t t o " e x t r a c t 

d e t a i l " o u t of t h e d a t a a s t h e y w e r e o b t a i n e d b u t t h e 

c o n c l u s i o n s and the f i e l d procedures could not be divorced. 

I t i s appropriate to i n v e s t i g a t e the advantages of using the 

s t r e a m e r w i t h an i n t e r m e d i a t e l e n g t h (400 m) and p o s s i b l y w i t h 

a l t e r n a t i v e hydrophone group i n t e r v a l s given t h a t a s a t i s f a c t o r y 

s o u r c e has been chosen. These g e o m e t r i c a l c o n s i d e r a t i o n s and 

other connected problems a r e included i n chapter 5. 
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C H A P T E R 5 

MODELLING EXAMPLES. 

5.1 I n t r o d u c t i o n . 

I n chapter 3, d e t e r m i n i s t i c f i l t e r s f o r m u l t i p l e suppression 

were studied and the forward modelling approach was used i n order 

to obtain s y n t h e t i c seismograms which were used f o r t e s t i n g these 

f i l t e r s . Only t h e i n t e r f e r e n c e of t h e 2 - l a y e r r e v e r b e r a t o r y 

wavelet w i t h the Coal Measures primary r e f l e c t i o n s was t r e a t e d . 

I n t h i s c h a p t e r , some of t h e e f f e c t s t h a t c a u s e s i g n a l 

a t t e n u a t i o n during the propagation of s e i s m i c waves through the 

Permian h o r i z o n s and d u r i n g d a t a p r o c e s s i n g , as w e l l a s the 

s t a c k e d r e s p o n s e s f o r d i f f e r e n t l e n g t h s of the a c q u i s i t i o n 

s t r e a m e r were a l s o s t u d i e d by u s i n g t h e f o r w a r d m o d e l l i n g 

approach. The computer programs AIMS, YIBEA3, and SYNSEI (See 

APPENDIX C) were a p p l i e d depending on the o b j e c t i v e and on t h e 

l i m i t a t i o n s of each program. 

I n s e c t i o n 5.2, t h e e f f e c t s of t r a n s m i s s i o n l o s s e s , 

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

considered f o r a s i m p l i f i e d g e o l o g i c a l s e c t i o n of the region of 

study. The AIMS program was used to generate appropriate normal 

i n c i d e n c e s y n t h e t i c seismograms. The problem of banded anhydrite 

and of t h e a t t e n u a t i o n of hi g h f r e q u e n c i e s due t o a s i m p l e 

a t t e n u a t i o n p r o f i l e were included. 
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I n s e c t i o n 5.3, t h e top s u r f a c e of the magnesian l i m e s t o n e 

i s modelled as a n o n - h o r i z o n t a l s u r f a c e i n a d d i t i o n t o the 

e f f e c t s covered i n s e c t i o n 5.2. Only t h e e f f e c t s of r e f l e c t o r 

curvature (focusing and defocusing) on the amplitudes of primary 

r e f l e c t i o n s from the Coal Measures are considered. The roughness 

of the s u r f a c e g i v e s r i s e t o s e i s m i c wave s c a t t e r i n g as d i s c u s s e d 

by S h e r i f f (1975). T h i s s c a t t e r i n g a f f e c t s t h e a m p l i t u d e of the 

i n c i d e n t wave i n a frequency-dependent manner (Kennett, 1983). 

The e f f e c t of r e f l e c t o r r u g o s i t y could not be properly modelled 

w i t h AIMS and i s d i f f i c u l t t o t a c k l e i n g e n e r a l . The s e i s m i c 

r e s p o n s e s t h a t w e r e o b t a i n e d i n c l u d i n g f o c u s i n g e f f e c t s , 

s p r e a d i n g l o s s e s and a b s o r p t i o n l o s s e s a r e d i s p l a y e d and 

d i s c u s s e d . 

I n s e c t i o n 5.4, a c o m p l e t e v e r t i c a l i n c i d e n c e s y n t h e t i c 

s e c t i o n i s shown, wh i c h was o b t a i n e d by u s i n g the l a y e r - m a t r i x 

method and the computer program YIBEA3 w r i t t e n during t h i s study. 

The r e f l e c t i v i t y sequence f o r the e a r t h model was non-white and 

non-stationary and the p r e d i c t i o n - e r r o r deconvolution technique 

was used to attenuate the m u l t i p l e components of the seismograms 

so t h a t the extent of the u n d e s i r a b l e suppression of the primary 

events could be a s s e s s e d and the r e s u l t s a r e o u t l i n e d . 

I n s e c t i o n 5.5, the g e o m e t r i c a l a s p e c t s of the a c q u i s i t i o n 

p a r a m e t e r s f o r s e i s m i c r e f l e c t i o n d a t a i n t h i s r e g i o n a r e 

c o n s i d e r e d . D i f f e r e n t s t r e a m e r l e n g t h s were s i m u l a t e d and the 

processed, stacked responses are d i s p l a y e d and discussed. 

The e a r t h model t h a t was a p p l i e d i n t h i s c h a p t e r i s shown on 

F i g u r e s 5.1 . F i g u r e 5.1 (a) i n d i c a t e s a few s t r o n g l y r e f l e c t i n g 

108 



0 
50 
100 
150 
200 
250 
300 
350 
^00 
450 
i00 

550 

VELOCITY KM/5 
5 2 .0 2.5 3.0 3.5 4 .0 4.5 

Q. 
J J 
Q 

o o 

-< 
i o m 
XI 

n 
cz 
z. 
CI 
— i 
t — I 

o 

O 
,T3 
JX o a m 

DENSITY GM/CC 

0 
50 
100 
150 
200 
250 
300 
350 
*00 
450 
500 
550 

0, 5 1 0 1.5 2.0 2.5 3.0 3.5 

a. 
LU Q 

a rr z 
(Si 

-i 
< 

a rr n —* 
JT. 
V. 
CZ z o 

T 
O 
XI 
.3 o a rn 

Figure 5.1 (a) . Velocity and density versus depth profiles used 
for modelling in this chapter. They show the main 
geoJogical interfaces. 



i n t e r f a c e s corresponding to the seabed, the top of the marl, the 

top and base of the l i m e s t o n e and two c o a l seams r e s p e c t i v e l y . 

T h e s e were c h o s e n w i t h t h e a i d of t h e b o r e h o l e d a t a and 

approximate s e i s m i c v e l o c i t i e s f o r t h e s e l a y e r s were o b t a i n e d 

from the r e s u l t s of a s e i s m i c r e f e r e n c e survey t h a t was c a r r i e d 

out i n the w e l l f o r the N.C.B. The d e n s i t y v a l u e s are approximate 

v a l u e s f o r each f o r m a t i o n i n q u e s t i o n o b t a i n e d from p u b l i s h e d 

v a l u e s of ' t y p i c a l density* f o r the appropriate rock type. 

S e v e r a l s m a l l but random r e f l e c t i o n c o e f f i c i e n t s were 

i n s e r t e d (Figure 5.1 (b)) i n order to s i m u l a t e both random noise 

and t h e r e a l s i t u a t i o n and t h i s l e d t o a s y s t e m w i t h 32 

i n t e r f a c e s . T a b l e 5.1 shows the l a y e r p a r a m e t e r s and F i g u r e 5.2 

d i s p l a y s t h e unsmoothed power spectrum of the r e f l e c t i v i t y 

sequence r ( i ) . I t i s c l e a r l y not white, and r ( i ) i s c e r t a i n l y not 

s t a t i o n a r y . The mean v a l u e and the s t a n d a r d d e v i a t i o n of t h e 

r e f l e c t i o n c o e f f i c i e n t s a r e shown. 

The s o u r c e w a v e l e t t h a t was u s e d i n t h i s c h a p t e r i s 

d i s p l a y e d i n F i g u r e 5.3. I t i s a 3 3 - p o i n t s y m m e t r i c a l w a v e l e t 

t h a t corresponds to a broadband Butterworth band-pass f i l t e r w i t h 

low and h i g h - f r e q u e n c y c u t - o f f s of 36 and 96 d B / o c t a v e 

r e s p e c t i v e l y . The power i s almost evenly d i s t r i b u t e d between 40 

and 240 Hz and the w a v e l e t was o b t a i n e d by u s i n g t h e AIMS 

program. 
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TABLE 5.1 . Layer Parameters of a typical earth model 
********** used for modelling in this chapter. 

NO. i V(i) RHO(i) C(i) T(i) 

1 1.5 .' 1.0 . -0.1803277 74 
2 1.8 1.2 0.0575273 96 
3 1.75 1.1 -0.0909091 107 
4 2.1 1.1 -0.0064513 127 
5 1.95 1.2 -0.2013654 130 
6 2.2 1.6 0.0078743 134 
7 2.1 1.65 -0.0887575 141 
8 2.3 1.8 0.0109890 145 
9 2.25 1.8 -0.0240959 150 
10 2.5 1.7 -0.1191714 154 
11 2.7 2.0 -0.3164557 176 
12 4.0 2.6 -0.2352941 181 
13 6.0 2.8 0.2352941 184 
14 4.0 2.6 -0.2352941 189 
15 6.0 2.8 0.2352941 191 
16 4.0 2.6 -0.2352941 193 
17 6.0 2.8 0.2352941 195 
18 4.0 2.6 0.0452261 208 
19 3.8 2.5 -0.0296219 234 
20 4.2 2.4 0.0120482 241 
21 4.1 2.4 0.0309060 258 
22 3.7 2.5 -0.0133333 272 
23 3.8 2.5 -0.0452261 277 
24 4.0 2.6 0.2023121 282 
25 3.0 2.3 0.4175654 346 
26 2.1 1.35 -0.4438446 349 
27 3.2 2.3 0.0713249 355 
28 2.9 2.2 -0.0555147 362 
29 3.1 2.3 -0.0236220 368 
30 3.25 2.3 0.3874710 373 
31 2.2 1.5 -0.3808630 374 
32 3.2 2.3 -0.0054051 432 

V(i) in Km/sec. 
Rho(i) in g/cc. 

T(i) in milliseconds. 
V(i)*Rho(i) - V(i+l)*Rho(i+l) 

V(i)*Rho(i) + V(i+l)*Rho(i+l) 

N.B. The C(i) are displacement reflection coefficients. 
The pressure coefficients are obtained by 
a polarity reversal. 

The mean of C{i) i s -0.024428 
The variance of C(i) i s 0.033851 
The standard deviation from the mean i s 0.197107 



8 V 

f r e 
0 I 

50 100 150 200 250 300 350 400 450 0 

Figure 5.2 The power spectrum of the reflectivity sequence r ( t ) 
obtained from the reflection coefficients c ( i ) ; 

r ( t ) =0 t =£T(i) 
c ( i ) t = T(i) for a l l i . 

T(i) = two-way zero-offset time to base of layer i . 
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5.2 Transmission/ Spreading/ and F r i c t i o n a l 

Attenuation Losses 

Besides t r a n s m i s s i o n l o s s e s , amplitude decay during s e i s m i c 

wave propagation i s mainly due to s p h e r i c a l spreading l o s s e s and 

f r i c t i o n a l energy d i s s i p a t i o n , w hich t o g e t h e r a r e of the form 

( 1 / r ) e x p ( - O i x ) where r i s the d i s t a n c e from t h e s o u r c e . The 

e x p o n e n t i a l term r e p r e s e n t s the f r i c t i o n a l a b s o r p t i o n and i s 

frequency-dependent (Waters, 1978, pp. 25) w i t h the a b s o r p t i o n 

c o e f f i c i e n t 

oC = n r r f / (Q c ) 

w h e r e f i s t h e f r e q u e n c y of a p l a n e wave ( m o n o c h r o m a t i c 

component) w i t h a v e l o c i t y c and 1/Q i s the s p e c i f i c d i s s i p a t i o n 

constant. Sedimentary rocks a r e g e n e r a l l y more absorptive (low Q) 

than other rock types (Dobrin, 1976, pp.48). 

The AIMS modelling program was used to c a l c u l a t e seismograms 

t h a t h ave s u f f e r e d some o r a l l of t h e above e f f e c t s . The 

s p h e r i c a l divergence e f f e c t i s included i n a l l the responses t h a t 

were c a l c u l a t e d u s i n g AIMS and p r e s e n t e d i n t h i s c h a p t e r and 

m u l t i p l e r e f l e c t i o n s were not included. The e a r t h model on F i g u r e 

5.1 (b) was used w i t h and w i t h o u t the a n h y d r i t e bands. The 

amplitude and phase s p e c t r a of the s e i s m i c r e f l e c t i o n responses 

from the two c o a l seams were computed. Q va l u e s w i t h an average 

of 100 were used f o r these sedimentary rocks. According to Waters 

(1978), sedimentary rocks possess such an average value over the 

range of u s e f u l s e i s m i c f r e q u e n c i e s . O 

F i g u r e s 5.4 show t h e s e i s m i c r e f l e c t i o n 
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r e s p o n s e s ( p r i m a r i e s o n l y ) and the s p e c t r a when no f r e q u e n c y -

dependent a t t e n u a t i o n (Q-* 0 0) i s i n c l u d e d . Only t r a n s m i s s i o n 

and spreading l o s s e s account f o r the f i n a l amplitudes w i t h i n the 

c o a l seams. The t r a c e s were p l o t t e d w i t h o u t an a r t i f i c i a l 

enhancement (ramp or AGO of the l a t e r a r r i v a l s . The s e c t i o n f o r 

t h e model w i t h t h e a n h y d r i t e bands shows a l o w e r a m p l i t u d e f o r 

the c o a l seams as expected and the s p e c t r a r i g h t l y i n d i c a t e t h a t 

t h e r e i s no change i n bandwidth but t h a t t h e r e a r e prominent 

s p e c t r a l n u l l s t h a t repeat a t a frequency i n t e r v a l of about 37 Hz 

which corresponds to the time delay (about 27 msec) between the 

two Coal seams. 

However, F i g u r e s 5.5 show the primary r e f l e c t i o n 

r e s p o n s e s w i t h t h e e f f e c t s of f r i c t i o n a l a t t e n u a t i o n i n c l u d e d . 

Both r e s p o n s e s show t h a t t h e r e i s a s i g n i f i c a n t l o s s of power 

above 150 Hz. I f t h e Q v a l u e s a s s i g n e d t o t h e r o c k s a r e h i g h e r 

t h a n t h e y would be i n t h e r e a l c a s e , t h e n more h i g h - f r e q u e n c y 

a b s o r p t i o n i s e x p e c t e d than t h e s e examples d e p i c t . The high 

f r e q u e n c y c u t - o f f of 150 Hz, used i n p r o c e s s i n g t h e r e a l d a t a 

w i l l t h e r e f o r e ensure t h a t a l l the u s e f u l bandwidth w i t h adequate 

S/N r a t i o has been r e t a i n e d . The s p e c t r a l n u l l s introduced by the 

banded s t r u c t u r e ( a n h y d r i t e or c o a l seams) a f f e c t the power 

d i s t r i b u t i o n a t v a r i o u s f r e q u e n c i e s b u t n o t t h e o v e r a l l 

bandwidth. 

M u l t i p l e r e f l e c t i o n s w e r e n o t i n c l u d e d i n t h e above 

c o n s i d e r a t i o n s . I f they a r e added, then the power s p e c t r a of the 

r e f l e c t i o n r e s p o n s e s w i t h i n t h e c o a l seams w i l l s u f f e r f u r t h e r 

p e r t u r b a t i o n because of the s h o r t - l a g i n t e r n a l m u l t i p l e s w i t h i n 

111 



U.000 

NI SECTION - WITHOUT ANHYDRITE BANDS 

m 0.000 

>{{{{{{> 
o.ioo ^ £ £ £ £ £ £ £ o. ioo 

0.200 0.200 

0.300 0.300 

0.400 0.400 

0.500 0.500 

0.600 0.600 

0.700 0.700 

0.800 0.800 

Figure 5.5 ( a ) . Norma] inc 
without an 

idence 
h y d r i te 

seismograms for e a r t h ' s model 
bands. Attenuation i s inc l u d e d . 



3. 0 

2 . S 

2 . 0 

1. 5 

i . 0 

0. 5 

0 . 0 

- 0 . 5 

- 1 . 0 

. 5 

- 2 . 0 

- 2 . 5 

• 3 . 0 I-

0 1 0 ) 15 10 

• — » hz 

i i i 

2 5 0 300 350 400 450 

p h a s e s p e c t r u m 

i i i 

n a. 

i 

amp. s p e c t r u m 

0. u J 
'\/\ 

\J V f r e q u e n c y (hz) \ 
*0G AL:.0 

F i g u r e 5.5 (b) Spectra of the Coal Seams's r e f l e c t i o n response. 



NI SECTION - WITH ANHYDRITE BfiNDS 

0.000 in 0.000 

0. iOO 

0.200 

0. 100 

0.300.-* 

0.400 

0.500 

0.600 

0.700 

0.800 

,200 

0.300 

0.400 

0.500 

0.600 

0.700 

C.BOO 

ismograms for e a r t h ' s model with F i a u r e 5.5 ( c ) . Normal inc i d e n c e seismograms tor earun * 
f i g u r e I anhydrite bands. Attenuation i s included. 



2$0 3 0 0 3 5 0 400 

a s e s p e c t r u m 

4-' 

0. 6 

0 . U 

amp., s p e c t r u m 

f r e q u e n c y (hz) 

• I 100 150 200 2 5 0 300 3 5 0 4 0 0 450 

Figure 5.5 ( d ) . Spectra of the Coal Measures r e f l e c t i o n response. 



them. 

5.3 Addition of Focusing e f f e c t s . 

I n a d d i t i o n t o t h e t r a n s m i s s i o n , s p r e a d i n g and a b s o r p t i o n 

e f f e c t s of s e c t i o n 5.2, the top of the limestone was modelled as 

a n o n - h o r i z o n t a l i n t e r f a c e . The e f f e c t of t h e c u r v a t u r e of the 

l i m e s t o n e ' s s u r f a c e on t h e C o a l Measures p r i m a r y r e f l e c t i o n 

response was obtained by using the AIMS program. Normal incidence 

seismograms were computed and d i s p l a y e d w i t h the s u b s u r f a c e 

geometry i n each case and m u l t i p l e r e f l e c t i o n s were not included. 

F i g u r e 5.6 (a) shows the s u b s u r f a c e geometry when the 

s u r f a c e of the limestone i s considered to be a smooth h o r i z o n t a l 

boundary. The 60-trace s e c t i o n d i s p l a y e d i n Figure 5.6 (b) shows 

th e C o a l Measures p r i m a r y r e f l e c t i o n s . A time-ramp f u n c t i o n of 

the form t e a t (with a = 1.382) was ap p l i e d to each of the t r a c e s 

i n o r d e r t o enhance t h e a m p l i t u d e s of t h e l a t e r a r r i v a l s . The 

t r a c e s were computed every 10 m. 

F i g u r e 5.7 (a) shows the geometry when the top of the 

l i m e s t o n e was t r e a t e d a s a n o n - h o r i z o n t a l s u r f a c e . The 

undulations on t h i s s u r f a c e have an average wavelength of about 

200 m. The c o r r e s p o n d i n g s e c t i o n ( F i g u r e 5.7 (b)) shows t h a t t h e 

l a t e r a l r e s o l u t i o n of the Coal Measures' events gets poorer than 

when t h e s u r f a c e i s p l a n a r . The r e s p o n s e i n d i c a t e s low 

a m p l i t u d e s w i t h i n v a r i o u s l a t e r a l segments of the c o a l seam's 

r e f l e c t i o n s . T h i s i s e s s e n t i a l l y due to a focusing e f f e c t a t the 

top of t h e l i m e s t o n e . Segments of t h e l i m e s t o n e ' s s u r f a c e t h a t 
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subsurface geometry when the Magnesian Limestones Figure 5.6 (a). Hie surface (horizon 12) i s smooth and horizontal 
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Fiqure 5.6 (b). Seismic reflection response for the geometry on Figure 
5.6 (a). The traces were computed at 10 m intervals and 
have a time-ramp function applied to them. 
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Figure 5.7 (a). Subsurface geometry when the Limestones' surface i s 
modelled as a non-horizontal interface. No diffraction 
points were specified. 
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Figure 5.7 (b). Seismic ref lection response for the geometry on 
Figure 5.7 (a). 
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have concave upwards c u r v a t u r e produce an a m p l i t u d e i n c r e a s e 

(focusing) and those w i t h a convex upwards curvature r e s u l t i n a 

decrease i n amplitude (defocusing). The e f f e c t on the amplitudes 

of the C o a l Measures' r e f l e c t i o n s f o l l o w s t h i s p a t t e r n on the 

l i m e s t o n e h o r i z o n . I f the s u r f a c e becomes s t r u c t u r a l l y more 

c o m p l i c a t e d a s d e p i c t e d on F i g u r e 5.8 (more f o c u s i n g and 

defocusing), the c o a l seam r e f l e c t i o n s a r e not properly r e s o l v e d 

any more as Figure 5.9 shows. 

The f o c u s i n g or d e f o c u s i n g of s e i s m i c energy a t t h e top of 

the limestone l e a d s to a l a t e r a l v a r i a t i o n of the amplitudes of 

the c o a l seams r e f l e c t i o n s and hence poor l a t e r a l c o n t i n u i t y . 

The r u g o s i t y of t h i s r e f l e c t o r and the presence of f i s s u r e s 

w i t h i n the l i m e s t o n e was not m o d e l l e d d u r i n g t h i s study. Such 

'erosion' of the formation leads to a s c a t t e r i n g of the i n c i d e n t 

s e i s m i c energy through d i f f r a c t i o n . K e n n e t t (1983) has p o i n t e d 

o u t t h a t s c a t t e r i n g r e d i s t r i b u t e s t h e s e i s m i c e n e r g y and 

d i m i n i s h e s the apparent amplitude of the s e i s m i c waves i n a way 

t h a t i s c u m u l a t i v e a l o n g the p r o p a g a t i o n path. I t r e s u l t s i n a 

p u l s e shape which i s broadened and d i m i n i s h e d i n a m p l i t u d e 

r e l a t i v e t o t h a t i n a medium which p r o p a g a t e s the s e i s m i c wave 

without s c a t t e r i n g i t . As the wavelength d i m i n i s h e s , the e f f e c t 

of l o c a l i r r e g u l a r i t i e s becomes more pronounced and so t h e 

s c a t t e r i n g l o s s f a c t o r tends to i n c r e a s e . Thus higher f r e q u e n c i e s 

are a f f e c t e d more by the process of s c a t t e r i n g . T h i s process and 

i t s f r e q u e n c y dependence c a u s e s a l o s s i n a m p l i t u d e by a f a c t o r 

of ( 1 / A ) ^ where X i s the w a v e l e n g t h of t h e i n c i d e n t p l a n e wave 

component i f t h e s c a t t e r e r s have d i m e n s i o n s much s m a l l e r than 
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Figure 5.8 . Subsurface geometry with a more complicated topography 
on horizon 12. 
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Figure 5.9 . Seismic reflection response for the geometry 
on Figure 5.8 . 
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t h i s wavelength (Longhurst, 1968). At high frequencies, there i s 

more s c a t t e r i n g and i n t e r f e r e n c e a s w e l l as more a b s o r p t i o n . 

C o n s e q u e n t l y , t o i m p r o v e t h e c o n t i n u i t y of C o a l M e a s u r e s 

r e f l e c t i o n s one must s a c r i f i c e the hoped-for r e s o l u t i o n of using 

high f r e q u e n c i e s , and use a source which generates energy below 

50 Hz ( s a y 20 Hz t o about 100 Hz). 

I n the above examples, migration of the s e c t i o n s can recover 

some of the a m p l i t u d e a t t h e top of the l i m e s t o n e but l a t e r a l 

v e l o c i t y v a r i a t i o n s both a t the top of the limestone and w i t h i n 

i t w i l l make i t d i f f i c u l t t o use the same method to r e c o v e r the 

a m p l i t u d e s of the c o a l seams' r e f l e c t i o n s and the consequent 

h o r i z o n t a l r e s o l u t i o n . 

5.4 P r e d i c t i o n - e r r o r Deconvolution f o r the 

Non-white R e f l e c t i v i t y Sequence. 

F i g u r e s 5.10 ( a ) and (b) show t h e c o m p l e t e v e r t i c a l 

i n c idence s y n t h e t i c seismograms f o r the model of F i g u r e 5.1 (b). 

The a n h y d r i t e bands were not i n c l u d e d and s p r e a d i n g l o s s e s a r e 

not t a k e n i n t o a c c o u n t . The t r a c e s were computed by t h e l a y e r -

matrix method to obtain the complete impulse response followed by 

convolution w i t h the wavelet of F i g u r e 5.3. The computer program 

YIBEA3 was a p p l i e d and the method r e q u i r e s the g e o l o g i c a l model 

to c o n s i s t of homogeneous h o r i z o n t a l l a y e r s , so t h e d i p of t h e 

c o a l seams was simulated by reducing the overburden t h i c k n e s s by 

12 m/trace. 

114 



te $3? c a t i o n . *« mMtite M s r e n o t 

included. 



0. 1 

— 

0.2 

a 

TO 
m 
a 

0) 
0) 
to 

Q> 

(0 
CO 

CD 

0.7 

0.3 

0.9 

! .0 

Figure 5.10 (b). The autocorrelogram of the section on Figure 5.10 (a). 



F i g u r e s 5.11 (a) and (b) show the r e s u l t s of the a p p l i c a t i o n 

of p r e d i c t i o n - e r r o r deconvolution to the t r a c e s . A f i l t e r w i t h a 

gap of 32 msec and an a c t i v e l e n g t h of 318 msec was used. The 

p r e d i c t i o n f i l t e r l e n g t h and t h e p r e d i c t i o n d i s t a n c e were 

d e l i b e r a t e l y chosen to be l o n g enough to i n t e r f e r e w i t h the 

primary r e f l e c t i o n s from the c o a l seams. The design gate f o r the 

a u t o c o r r e l a t i o n f u n c t i o n was 1 s e c l o n g and a p r e w h i t e n i n g 

p arameter of 2 % was a p p l i e d . The main h o r i z o n s of the o r i g i n a l 

model can be observed on F i g u r e 5.11 ( a ) . These are the seabed a t 

74 msec, the top of the m a r l a t 130 msec, t h e top and the base of 

the l i m e s t o n e a t 176 and 282 msec and t h e c o a l seams a t 346 and 

373 msec r e s p e c t i v e l y . The other primary r e f l e c t i o n s w i t h s m a l l e r 

a m p l i t u d e s have e i t h e r been s u p p r e s s e d or a r e too weak t o be 

r e s o l v e d i n t h e n o i s e t h a t a r i s e s from the a p p l i c a t i o n of the 

operator. T h i s i n d i c a t e s t h a t i f the s t a t i s t i c a l requirements of 

the i n p u t t r a c e a r e not met, then t h e r e s o l u t i o n of the e v e n t s 

which o r i g i n a l l y have r e l a t i v e l y low amplitudes w i l l d e t e r i o r a t e 

more a f t e r p r e d i c t i o n - e r r o r d e c o n v o l u t i o n . The s t r o n g e r e v e n t s 

i n c l u d i n g t h e C o a l Measures p r i m a r i e s a r e s t i l l w e l l - r e s o l v e d 

a g a i n s t the background p r o c e s s i n g n o i s e a f t e r deconvolution. 

F i g u r e s 5.12 show t h e r e s u l t s of a p p l y i n g t h e 

same f i l t e r to the seismograms t h a t were c a l c u l a t e d f o r a model 

w i t h a few a n h y d r i t e bands (a l e s s s t a t i o n a r y r e f l e c t i v i t y 

sequence r ( i ) ) . The r e s u l t s show t h a t t h e main i n t e r f a c e s a r e 

again r e s o l v e d a f t e r deconvolution although the second c o a l seam 

has a weaker a m p l i t u d e . T h i s can be a t t r i b u t e d more t o the 

amplitude l o s s e s through r e f l e c t i o n and t r a n s m i s s i o n w i t h i n the 
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Figure 5.11 (a). The section on Figure 5.10 (a) with prediction-error 
deconvolution applied. 
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e x t r a i n t e r f a c e s than t o t h e f a c t t h a t they have s u f f e r e d more 

s u p p r e s s i o n d u r i n g d e c o n v o l u t i o n . I t can a l s o be noted t h a t t h e 

waveform of the r e f l e c t i o n o f f the top of the limestone (at about 

176 msec) i s not the same as t h a t of t h e r e f l e c t i o n from the 

seabed ( a t 74 msec). T h i s i s because of the p r e s e n c e of the t h i n 

band of a n h y d r i t e n e a r t h e top s u r f a c e of the l i m e s t o n e a s was 

p o i n t e d out i n c h a p t e r 4 ( s e c t i o n 4.2.3). 

I n c o n d i t i o n s of h i g h S/N a m p l i t u d e or power r a t i o ( s m a l l 

amounts of random n o i s e , no d e g r a d a t i o n of s i g n a l due t o NMO 

c o r r e c t i o n s and stack, and no spreading l o s s e s ) p r e d i c t i o n - e r r o r 

deconvolution as a standard technique f o r a t t e n u a t i n g m u l t i p l e s 

i s adequate f o r t h i s g e o l o g i c a l s e c t i o n w i t h high and a l t e r n a t i n g 

r e f l e c t i o n c o e f f i c i e n t s as was a s s e r t e d i n chapter 4. 

5.5 Stacked Responses f o r D i f f e r e n t Streamer Lengths. 

I n o r d e r t o a s s e s s t he optimum s t r e a m e r l e n g t h , s y n t h e t i c 

seismograms with d i f f e r e n t s o u r c e - r e c e i v e r o f f s e t s were computed 

f o r a model s i m p l e r t h a n t h a t of F i g u r e 5.1 (b) by t h e 

r e f l e c t i v i t y method (Fuchs, 1968, Fuchs, 1970, Fuchs and Muller, 

1 9 7 1 ) . I n t h i s method, t h e n u m e r i c a l i n t e g r a t i o n of t h e 

r e f l e c t i v i t y (or plane-wave r e f l e c t i o n c o e f f i c i e n t ) of a l a y e r e d 

medium i s c a r r i e d out i n t h e h o r i z o n t a l wavenumber or a n g l e of 

i n c i d e n c e domain. M u l t i p l i c a t i o n w i t h t h e s o u r c e spectrum and 

i n v e r s e F o u r i e r t r a n s f o r m a t i o n y i e l d the seismograms. 

The r e f l e c t i v i t y method a s d e s c r i b e d by Fuchs (1968) was 

extended (Fuchs and M u l l e r , 1 9 7 1 ) t o i n c l u d e t h e t r a n s m i s s i o n 
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l o s s e s and t i m e s h i f t s i n a s t a c k of l a y e r s on top of the 

r e f l e c t i n g medium and the computer program SYNSEI was w r i t t e n f o r 

use i n computing the seismograms. T h i s program was a p p l i e d i n 

t h i s s e c t i o n but s i n c e t h e r e a r e no l a y e r s between the f r e e 

s u r f a c e and the top of the r e f l e c t i n g medium, i t was modified to 

i n c l u d e the e f f e c t of the f r e e s u r f a c e on the computed response. 

T h i s was done by expanding the r e f l e c t i v i t i e s Rpp(w, £ ) (for the 

f r e q u e n c y components w and a n g l e s of i n c i d e n c e "ft ) of the 

medium as R p p / ( 1 - R p p exp(2iwq f l ((X)h) ) 2 (Kennett, 1984) where w 

i s t h e f r e q u e n c y , q^( } f ) i s the v e r t i c a l s l o w n e s s f o r the plane 

wave v e l o c i t y of 0( , i s the a n g l e of i n c i d e n c e a t the 

top of the layered-medium and h i s t h e depth to the top of the 

medium. The h o r i z o n t a l wavenumber k and t h e a n g l e of i n c i d e n c e 

are r e l a t e d by 

k = (w/ 0(o) s i n ( ) 

where 0( = p-wave v e l o c i t y i n t h e f i r s t l a y e r . The f i n a l 

seismograms are obtained by performing a F o u r i e r transform over w 

and a Hankel t r a n s f o r m over k on the w-k r e s p o n s e . V e l o c i t y 

windowing was introduced i n order to reduce computing time. 

The above expansion a t t a c h e s a double r e v e r b e r a t i o n to a l l 

the primary r e f l e c t i o n s i n c l u d i n g the seabed primary r e f l e c t i o n . 

However t h e r e s h o u l d o n l y be a s i n g l e r e v e r b e r a t i o n a s s o c i a t e d 

w ith the seabed primary. To c o r r e c t f o r t h i s , the response of the 

s e a - w a t e r l a y e r a l o n e i s computed w i t h a double r e v e r b e r a t i o n 

wavetrain by the expansion of a l l the r e f l e c t i v i t i e s r p p ( w , t f ) as 

r p p / (1 - r p p exp^iwq^Ctf ) h ) 2 (1) 
f o r every frequency w and angle of i n c i d e n c e "tf*. The response of 
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t h e same l a y e r i s a l s o computed w i t h a s i n g l e r e v e r b e r a t i o n 

attached to the primary by the expansion 

r p p / (1 - r p p exp(2iwq w( # )h) ( 2 ) . 

For each s y n t h e t i c gather computed the seismograms obtained from 

e x p r e s s i o n (1) a r e s u b t r a c t e d from i t and t h o s e d e r i v e d by 

e x p r e s s i o n (2) a r e added to i t so t h a t the seabed p r i m a r y 

r e f l e c t i o n has a s i n g l e r e v e r b e r a t i o n wavetrain attached. 

T a b l e 5.2 shows the l a y e r p a r a m e t e r s of the e a r t h ' s model 

t h a t was used and the f i g u r e below i t shows the depth p r o f i l e s 

and corresponding l i t h o l o g i c a l u n i t s . T wenty-four g a t h e r s were 

generated and dips on the c o a l seams were simulated by reducing 

the overburden t h i c k n e s s by 20 m/gather. The two c o a l seams were 

3 and 4 m t h i c k r e s p e c t i v e l y . The above model was used i n s t e a d of 

t h a t on F i g u r e 5.1 (b) so as t o reduce the c o m p u t a t i o n a l t i m e 

required per gather. V e l o c i t y windowing (inherent i n the method) 

was a l s o a p p l i e d f o r t h i s purpose. The source wavelet d i s p l a y e d 

on F i g u r e 5.3 was applied i n a l l the computations. 

The n e a r - t r a c e s p a c i n g was 45 m and 24 c h a n n e l s spaced a t 25 

m i n t e r v a l s were simulated a t a depth of about 5 m below the sea 

s u r f a c e , these being the g e o m e t r i c a l parameters used i n the 1979 

s u r v e y . The s o u r c e was a s s u m e d t o be a t t h e s u r f a c e and 

i n t e r c o n v e r s i o n s w e r e n e g l e c t e d , i . e., t h e a c o u s t i c 

approximation was c a r r i e d out. Random nois e was not added to the 

computed gathers . 

F i g u r e 5.13 (a) shows a computed g a t h e r and F i g u r e 5.13 (b) 

shows a r e a l g a t h e r from the 1979 d a t a f o r c o m p a r i s o n . Both 

g a t h e r s have an AGC a p p l i e d . The e f f e c t s of wrap-round can be 
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Table 5.2 ********* 
Layer parameters used for SVNSEI. Hie figure 
below i t shows the depth profiles of the seismic 
parameters. 

th (ra) v i (m/s) t (msec) T (msec) vs (m/s) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

55.000000 
40.000000 
12.000000 
15.000000 
25.000000 
220.000000 
101.000000 
3.000000 
48.000000 
4.000000 

1.500000 
1.800000 
2.400000 
2.500000 
2.700000 
4.000000 
3.300000 
2.100000 
3.200000 
2.100000 

73.333328 
53.333313 
10.000001 
12.000000 
18.518509 
110.000000 
61.212112 
2.857141 
30.000000 
3.809523 

73.333328 
12G.6G6641 
136.6G6G41 
148.666641 
167.185150 
277.185059 
338.396973 
341.253906 
371.253906 
375.063232 

1.500000 
1.633046 
1.700932 
1.778798 
1.902927 
2.921241 
2.993307 
2.986938 
3.004716 
2.996901 

i » layer number, 
th = thickness of layer i . 
vi • interval velocity for layer i . 
t a 2-way delay in layer i . 
T = 2-way normal incidence travel time to base of layer i . 

vs = stacking velocity for event i (Dix* Formula). 
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Figure 5.13 ( a ) . S y n t h e t i c s e i s m i c gather computed for the model w 

parameters on Table 5.2 by the r e f l e c t i v i t y metho 
AGC i s a p p l i e d . Gain of p l o t i s 14.0 . 
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F i g u r e 5.13 ( b ) . R e a l s e i s m i c g a t h e r t h a t was a c q u i r e d i n 1979 u s i n g t h e 
same geometry a s f o r the s y n t h e t i c on F i g u r e 5.13 ( a ) . 
G a i n of p l o t i s 7.0 . 



o b s e r v e d a s the p a t c h of energy on the top r i g h t - h a n d c o r n e r of 

F i g u r e 5.13 ( a ) . Another n u m e r i c a l a r r i v a l c r o s s e s t h i s g a t h e r 

from about 1000 msec on the f i r s t t r a c e to about 700 msec on the 

2 4 t n t r a c e . The l a t e s t p r i m a r y event should have a 2-way z e r o -

o f f s e t time of about 375 msec. 

The g a t h e r s were p r o c e s s e d i n o r d e r t o s i m u l a t e d i f f e r e n t 

f o l d s of stack corresponding to d i f f e r e n t streamer lengths. The 

muting p a t t e r n t h a t was a p p l i e d to the 1979 data was used i n the 

p r o c e s s i n g . Three p r o c e s s i n g sequences were a p p l i e d t o the 

s y n t h e t i c data. F i r s t l y , the gathers were stacked without any DBS 

and the s e c t i o n s were d i s p l a y e d . Secondly, DBS was a p p l i e d (gap 

of 20 msec and an a c t i v e f i l t e r l e n g t h of 130 msec) and the 

s t a c k s a r e shown. F i n a l l y , v e l o c i t y f i l t e r i n g w i t h an 1 1 X 1 1 

point operator was a p p l i e d before s t a c k i n g . The r e s u l t s f o r each 

p r o c e s s i n g sequence are d i s p l a y e d along with t h e i r corresponding 

autocorrelograms as seven panels of 24 stacked t r a c e s . The panels 

c o r r e s p o n d t o 1, 6, 8, 12, 16, 20, and 2 4 - f o l d s t a c k s 

r e s p e c t i v e l y . These a r e t h e o r e t i c a l l y e q u i v a l e n t t o s t r e a m e r 

l e n g t h s of 0, 125, 175, 275, 375, 475, and 575 m r e s p e c t i v e l y 

w i t h a near-channel spacing of 45 m; thus g i v i n g maximum source-

r e c e i v e r o f f s e t s of between 45 and 620 m. 

F i g u r e s 5.14 (a) and (b) show the r e s u l t s of the s t a c k s 

without any p r e - s t a c k p r o c e s s i n g applied. The r e s o l u t i o n of the 

c o a l seams' r e f l e c t i o n s improved as the l e v e l of s t ack i n c r e a s e d . 

For the given muting p a t t e r n , t h i s r e s o l u t i o n changes very l i t t l e 

beyond t h e 1 6 - f o l d s t a c k ( c o r r e s p o n d i n g t o a s t r e a m e r of about 

375 m). There i s high frequency r i n g i n g i n the 12, 16, 20 and 24-
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F i g u r e 5.14 ( a ) . S t a c k e d s e c t i o n s o f the s y n t h e t i c d a t a s e t . P r e 
p r o c e s s i n g was not a p p l i e d . H i g h - c u t f r e q u e n c y i s 
I I z . 



5.14 ( b ) . P a n e l s o f a u t o c o r r e l o g r a m s f o r c o r r e s p o n d i n g s e c t i o n s F i g u r e 
on F i g u r e 5.14 (a) 
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f o l d s t a c k s . T h i s a r i s e s from the use of the r e f l e c t i v i t y method 

i n the computation of the o r i g i n a l gathers. The r e s u l t s were a l l 

f i l t e r e d to a maximum hi g h c u t - o f f f r e q u e n c y of 70 Hz i n o r d e r t o 

e l i m i n a t e t h i s r i n g i n g . F i g u r e s 5.15 (a) and (b) show the r e s u l t s 

a f t e r t h i s f i l t e r i n g . 

F i g u r e s 5.16 (a) and (b) d i s p l a y t h e r e s u l t s o b t a i n e d when 

DBS was applied. The deconvolution parameters t h a t were used are 

the same as those t h a t were appli e d to l i n e 7940. The p r e d i c t i v e 

gap was 20 msec and the f i l t e r length was 130 msec. The m u l t i p l e 

r e f l e c t i o n a t about 240 msec was e f f i c i e n t l y suppressed but t h a t 

w h i c h i n t e r f e r e s w i t h t h e c o a l seams was not e f f e c t i v e l y 

c a n c e l l e d even by s t a c k i n g . The r e s u l t i n g stacked s e c t i o n s do not 

change much a f t e r 16-fold s t a c k i n g . 

F i g u r e s 5.17 ( a ) and (b) show t h e s e c t i o n s t h a t w e r e 

o b t a i n e d by v e l o c i t y f i l t e r i n g b e f o r e s t a c k . The r e s o l u t i o n of 

t h e c o a l seams' r e f l e c t i o n s i s e x c e l l e n t f r o m 8 - 2 4 f o l d 

s t a c k i n g . The s u p p r e s s i o n of seabed m u l t i p l e s i s e f f i c i e n t but 

the peg-leg m u l t i p l e s w i t h i n the limestone are not expected to be 

e l i m i n a t e d by t h i s t e c h n i q u e a s was e x p l a i n e d i n s e c t i o n 4.2.2 

( c ) . S i n c e the o r d i n a r y seabed m u l t i p l e s a r e so e f f i c i e n t l y 

suppressed by t h i s f i l t e r i n g , the r e s i d u a l peg-leg energy a f t e r 

s t a c k i n g i s much enhanced by t h e AGC a p p l i e d t o the r e s u l t . The 

m u l t i p l e a t 240 msec i s suppressed although not as e f f e c t i v e l y as 

on F i g u r e 5.16 ( a ) . For the mute p a t t e r n a p p l i e d , the 16-fold and 

higher s t a c k s are not s i g n i f i c a n t l y d i f f e r e n t f o r t a r g e t s between 

300 and about 700 msec 2-way t r a v e l t i m e . 

A s t r e a m e r of about 375 m was t h e r e f o r e c o n s i d e r e d t o be 
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F i g u r e 5.15 ( a ) . S t a c k e d s e c t i o n s o f the s y n t h e t i c d a t a s e t . P r e - s t a c 
p r o c e s s i n g was not a p p l i e d . H i g h - c u t f r e q u e n c y i s 70 
Hz. 
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F i g u r e 5.15 ( b ) . P a n e l s o f a u t o c o r r e l o g r a m s f o r c o r r e s p o n d i n g s e c t i 
o f F i g u r e 5.15 ( a ) . 
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F i g u r e 5.16 (a) Stacker! s e c t i o n s of 
a p p l i e d (gap=20 ms; 
c u t f r e q u e n c y i s 70 

t h e s y n t h e t i c d a t a s e t . DBS i s 
f i l t e r l e n g t h = 130 m s ) . H i g h -
Hz. 
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F i g u r e 5.16 ( b ) . P a n e l s o f a u t o c o r r e l o g r a m s f o r c o r r e s p o n d i n g s e c t i o n s 
on F i g u r e 5 . I S ( a ) . 

339 10 

336 



F i g u r e 5.17 ( a ) . Stacker! s e c t i o n s o£ the S y n t h e t i c d a t a s e t w i t h 
v e l o c i t y f i l t e r i n g w i t h an 11X11 p o i n t o p e r a t o r 
a p p l i e d b e f o r e s t a c k . H i g h - c u t f r e q u e n c y i s 70 HZ. 

8 

33S 



F i g u r e 5.17 (b) . P a n e l s of a u t o c o r r e l o g r a m s f o r t h e c o r r e s p o n d i n g 
s e c t i o n s on F i g u r e 5.17 ( a ) . 
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adequate. The n e a r - t r a c e spacing was 45 m and the group i n t e r v a l 

was 25 m, gi v i n g the 16-fold m u l t i p l i c i t y f o r a shot i n t e r v a l of 

12.5m. With t h i s s t r e a m e r l e n g t h and n e a r - c h a n n e l s p a c i n g , an 

a l t e r n a t i v e group i n t e r v a l and shot i n t e r v a l can be chosen i n 

order to i n c r e a s e the l e v e l of stack. A 400m streamer w i t h 12.5 m 

group s p a c i n g w i l l produce a 3 2 - f o l d s t a c k i f the sh o t i n t e r v a l 

of 6.25 m i s maintained. A l t e r n a t i v e l y , a 15 m nea r - t r a c e spacing 

can be m a i n t a i n e d and 48 c h a n n e l s a t 8.25 m may be a r r a n g e d t o 

for m a c a b l e of a b o u t 396 m and i f t h e s h o t i n t e r v a l i s 

m a i n t a i n e d as 8.25m, then 2 4 - f o l d coverage i s o b t a i n e d . Any 

s u i t a b l e combination can be chosen so long as the maximum o f f s e t 

does not exceed 420 m. Such a d a t a s e t w i l l need t he same mute 

pa t t e r n as the 1979 data, but the i n c r e a s e d l e v e l of stack w i t h i n 

the p-wave penet r a t i o n window w i l l improve the S/N r a t i o and the 

r e s o l u t i o n of t h e C o a l M e a s u r e s . I n p a r t i c u l a r , v e l o c i t y 

f i l t e r i n g can be a p p l i e d t o e l i m i n a t e t h e seabed m u l t i p l e s . 

S p a t i a l a l i a s i n g s h o u l d not be a problem w i t h t h e s e s h o r t e r 

hydrophone groups a t fr e q u e n c i e s of i n t e r e s t . 

5.6 Summary. 

An o u t l i n e of the r e s u l t s f o r t h e models used i n t h i s 

chapter can be given i n the f o l l o w i n g p o i n t s . 

The e f f e c t of frequency-dependent a t t e n u a t i o n i s s i g n i f i c a n t 

o n l y above a f r e q u e n c y of about 150 Hz and the banded s t r u c t u r e 

( C o a l Measures o r a n h y d r i t e bands) do not a f f e c t t h e o v e r a l l 

bandwidth, a l t h o u g h s p e c t r a l n u l l s a r e expected a t f r e q u e n c y 
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i n t e r v a l s t h a t c o r r e s p o n d t o the i n v e r s e of the av e r a g e 2-way 

time w i t h i n the bands. 

The e r o s i o n of the s u r f a c e of the l i m e s t o n e and/or the 

p r e s e n c e of ' f i s s u r e s ' or k a r s t development w i t h i n i t , c a u s e s a 

d e c r e a s e i n the s e i s m i c r e s o l u t i o n of C o a l Measures. F o c u s i n g 

e f f e c t s a t the top of the limestone as w e l l as the s c a t t e r i n g of 

the s e i s m i c waves by t h e s e i r r e g u l a r i t i e s a l s o l e a d t o l o w e r 

amplitudes of the r e f l e c t i o n s from the Coal Measures. S c a t t e r i n g 

a f f e c t s the high f r e q u e n c i e s more, and t h i s , l i m i t s the p o t e n t i a l 

r e s o l u t i o n of d a t a from the a r e a . Having chosen an a p p r o p r i a t e 

streamer, a broadband source w i t h s i g n i f i c a n t energy a t the low 

frequency end as w e l l i s p r e f e r a b l e . 

When the p r e d i c t i o n - e r r o r t e c h n i q u e i s a p p l i e d t o the 

r e f l e c t i v i t y sequence f o r t h i s a r e a which i s not w h i t e and not 

s t a t i o n a r y , the suppression of the strong primary r e f l e c t i o n s i s 

n o t s e v e r e . T h i s was o b s e r v e d f o r a 3 2 - p o i n t s y n t h e t i c 

r e f l e c t i v i t y sequence. The r e a l r e f l e c t i v i t y sequence would be 

more c o m p l i c a t e d , but i n g e n e r a l , t h e t e c h n i q u e s h o u l d not be 

harmful. 

F i n a l l y , stacked responses f o r d i f f e r e n t s i m u l a t i o n s of the 

s e i s m i c streamer length s u i t a b l e f o r t h i s area suggest t h a t the 

geometry f o r the d a t a a c q u i s i t i o n i n the r e g i o n can have about 

420 m of maximum o f f s e t . Coventional data p r o c e s s i n g may then be 

a p p l i e d t o the d a t a t h a t a r e a c q u i r e d . I n p a r t i c u l a r , v e l o c i t y 

f i l t e r i n g i s u s e f u l i n e l i m i n a t i n g t h e water-bottom m u l t i p l e 

r e f l e c t i o n s . 
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C H A P T E R 6 

SUMMARY AND CONCLUSIONS. 

I n t h i s chapter, a summary of the present work i s given and 

the main conclusions are out l i n e d . Some of the problems t h a t were 

f a c e d i n the c o u r s e of the study a r e mentioned and s u g g e s t i o n s 

f o r f u t u r e approaches are included. 

6.1 Summary of the Present Study. 

F o l l o w i n g an o u t l i n e of the geology of the r e g i o n o f f the 

c o a s t of Durham, t h e a p p l i c a t i o n of o f f s h o r e s u r f a c e s e i s m i c 

s u r v e y i n g f o r the d e l i n e a t i o n of C o a l Measures' g e o l o g i c a l 

s t r u c t u r e i n t h i s a r e a has been examined and the problems 

h i g h l i g h t e d . A high p r o p o r t i o n of the energy from t he s o u r c e 

r e t u r n s as r e f r a c t i o n s and wide-angle r e f l e c t i o n s o f f the top of 

the Permian l i m e s t o n e , and a l s o as r e v e r b e r a t i o n s w i t h i n the 

Permian formations. The m u l t i p l e s have almost the same s t a c k i n g 

v e l o c i t i e s as the p r i m a r y r e f l e c t i o n s w i t h i n t he C o a l Measures 

because t he l i m e s t o n e has a r e l a t i v e l y h igh s e i s m i c v e l o c i t y . 

Consequently, s t r a i g h t (standard) CMP s t a c k i n g does not suppress 

them e f f i c i e n t l y . Also, care must be taken during the a c q u i s i t i o n 

of d a t a from t h i s r e g i o n to en s u r e t h a t d a t a i s not w a s t e f u l l y 

recorded a t l a r g e o f f s e t s . S c a t t e r i n g from i r r e g u l a r i t i e s w i t h i n 

the Permian s t r a t a w i l l be more a t high frequencies so t h a t there 

i s t h e need t o use a broadband s o u r c e r a t h e r than l a y emphasis on 
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a h i g h - f r e q u e n c y s o u r c e which w i l l have lo w e r p e n e t r a t i o n 

consequent to these e f f e c t s . 

A t h e o r e t i c a l study of the use of d e t e r m i n i s t i c f i l t e r s (3-

p o i n t and 4 - p o i n t f i l t e r s ) t o s u p p r e s s a 2 - l a y e r r e v e r b e r a t o r y 

w a v e l e t was c a r r i e d out f o r the e a r t h models d e r i v e d from a 

s i m p l i f i e d g e o l o g i c a l s e c t i o n o f f the coast of Durham. The study 

was done b e f o r e s a m p l e s of the r e a l d a t a from t h i s r e g i o n were 

o b t a i n e d and t h e i r a p p l i c a t i o n t o t h e s e d a t a produced poor 

r e s u l t s because of t h e e r r o r s i n the e s t i m a t i o n of the f i l t e r 

paramaters and because of the high l e v e l s of random noise i n the 

i n p u t d a t a . The advantages of such f i l t e r s were o u t l i n e d but i t 

was shown t h a t t h e y a r e too s i m p l i s t i c t o be a p p l i e d t o r e a l 

data. 

Standard and non-standard p r o c e s s i n g algorithms f o r m u l t i p l e 

and random n o i s e s u p p r e s s i o n were summarized and t h r e e of them 

were reviewed i n g r e a t e r d e t a i l f o r the purpose of applying them 

i n t h e p r o c e s s i n g s e q u e n c e s f o r t h e r e a l d a t a s a m p l e s . 

P r e d i c t i o n - e r r o r d e c o n v o l u t i o n and two a l t e r n a t i v e s t a c k i n g 

t e c h n i q u e s were c o n s i d e r e d . These a r e weighted s t a c k i n g and 

i t e r a t i v e s t a c k i n g . The a d v a n t a g e s of t h e a p p l i c a t i o n of 

p r e d i c t i o n - e r r o r d e c o n v o l u t i o n b e f o r e and a f t e r s t a c k i n g were 

summarized and i t s l i m i t a t i o n s were o u t l i n e d . V e l o c i t y f i l t e r i n g 

of CMP data before s t a c k i n g was a l s o a p p l i e d to some of the r e a l 

data and an o u t l i n e of the method was given i n chapter 4. 

The r e s u l t s of the p r o c e s s i n g of the r e a l data s e t s by using 

t h e s e methods i n a l t e r n a t i v e p r o c e s s i n g sequences and t h e i r 

d i s c u s s i o n s and i n t e r p r e t a t i o n were o u t l i n e d i n chapter 4. 
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The problems caused by the Permian overburden and f a c e d 

during s e i s m i c surveying were modelled i n chapter 5 by using AIMS 

and the l a y e r - m a t r i x method to compute s y n t h e t i c seismograms. 

M a i n l y the e f f e c t s of t r a n s m i s s i o n , s p r e a d i n g and a t t e n u a t i o n 

were c o n s i d e r e d f o r a t y p i c a l r e f l e c t i v i t y sequence of t h e 

g e o l o g i c a l s e c t i o n e x p e c t e d f o r t h i s r e g i o n . The a l t e r n a t i v e 

a c q u i s i t i o n geometry was a l s o modelled by using the r e f l e c t i v i t y 

method and a v e r s i o n of the program SYNSEI. The c o n c l u s i o n s t h a t 

have been derived during the present study are o u t l i n e d below. 

6.2 O u t l i n e of Conclusions. 

I n c h a p t e r 2, i t was shown t h a t optimum wei g h t e d s t a c k i n g 

r e s u l t s i n a s t a c k e d t r a c e t h a t has a S/N power r a t i o which i s 

e q u a l t o t h e sum of t h e S/N power r a t i o s of t r a c e s t h a t 

c o n t r i b u t e to the stack and that an improvement of a f a c t o r of M 

( f o l d of s t a c k ) i s p o s s i b l e when the t r a c e s have i d e n t i c a l S/N 

power r a t i o s . Only i n r a r e c i r c u m s t a n c e s when th e a m p l i t u d e 

s c a l e s and S/N power r a t i o s of the t r a c e s of the NMO c o r r e c t e d 

CMP g a t h e r a r e r e s p e c t i v e l y i d e n t i c a l , can the s t r a i g h t s t a c k 

have an optimum S/N r a t i o . However, i n c o n d i t i o n s where the input 

gathers have got low S/N power r a t i o s , the implementation of the 

optimum weighted s t a c k i n g technique i s d i f f i c u l t and s i m p l i f i e d 

v e r s i o n s must be conceived. The i t e r a t i v e s t a c k i n g algorithm i s 

e a s i e r t o a p p l y i n t h e o r y and i t was shown to produce a good 

e r a d i c a t i o n of s t r o n g seabed m u l t i p l e r e f l e c t i o n s a s w e l l as 

random n o i s e . I t s main d i s a d v a n t a g e was shown t o be t h a t i t 
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c r e a t e s more s i g n a l d i s t o r t i o n t h a n t h e o t h e r s t a c k i n g 

techniques. 

I n chapter 3 f d e t e r m i n i s t i c f i l t e r s f o r dereverberating a 2-

l a y e r m u l t i p l e wavetrain were considered f o r i d e a l n o i s e - f r e e , 

normal i n c i d e n c e s i t u a t i o n s . T h e i r s i m p l i c i t y of d e s i g n and 

s u c c e s s f u l use i n such c o n d i t i o n s was c o n f i r m e d . However, 

s t a t i s t i c a l methods of a p p r o a c h ( m a i n l y p r e d i c t i o n - e r r o r 

deconvolution) are more s u i t a b l e f o r r e a l data because thay t r e a t 

s t a t i s t i c a l l y random n o i s e more e f f i c i e n t l y . D e t e r m i n i s t i c 

f i l t e r s are a p p l i c a b l e i n a v a r i e t y of s i t u a t i o n s - i n c l u d i n g the 

dereverberation of s y n t h e t i c seismograms p r i o r to matching them 

w i t h f i e l d records and f o r t h e o r e t i c a l problems of the i n v e r s i o n 

of seismograms to e q u i v a l e n t impedance l o g s . C u r r e n t i n v e r s i o n 

methods assume a d e r e v e r b e r a t e d i n p u t t r a c e (Bambeger e t a l . , 

1979, L a i l l y 1981, and Mendel e t a l . 1980). 

I n c h a p t e r 4, the r e s u l t s of the p r o c e s s i n g of the r e a l 

s e i s m i c r e f l e c t i o n d a t a were p r e s e n t e d and d i s c u s s e d . I t was 

concluded t h a t the a c q u i s i t i o n parameters f o r l i n e 7940 achieved 

some penet r a t i o n because the f i n a l s e c t i o n s showed Coal Measures 

r e f l e c t i o n s but t h e i r l a t e r a l c o n t i n u i t y was poor. A comparison 

of the f i n a l s e c t i o n s and the f i e l d r e c o r d s showed t h a t t h e 

segments of the d a t a t h a t f a i l t o i n d i c a t e the C o a l Measures 

r e f l e c t i o n s are a s s o c i a t e d w i t h the presence of a high v e l o c i t y 

n e a r - s u r f a c e r e f r a c t o r which i s e v i d e n t on t h e c o r r e s p o n d i n g 

f i e l d r e c o r d s . T h i s r e f r a c t o r was c o n s i d e r e d t o be a band of 

e v a p o r i t e (mainly anhydrite) w i t h i n the limestone. The 1979 mute 

p a t t e r n had t o be s e v e r e because a r e l a t i v e l y l o n g s t r e a m e r 
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(about 600 m) was used i n the s u r v e y and the r e f r a c t i o n s and 

w i d e - a n g l e r e f l e c t i o n s from the top of the l i m e s t o n e merge a t 

l a r g e o f f s e t s (greater than the c r i t i c a l d i s t a n c e of 200 m) wit h 

t h e p r i m a r y r e f l e c t i o n s . B e s i d e s the hampered p e n e t r a t i o n 

achieved i n t h i s 1979 survey, the poor q u a l i t y of the s e c t i o n s i s 

p a r t l y explained by the f a c t t h a t the e r o s i o n of the limestone's 

s u r f a c e and/or the presence of f i s s u r e s w i t h i n the limestone give 

r i s e t o the s c a t t e r i n g of the s e i s m i c energy, r e s u l t i n g i n an 

o v e r a l l poorer s e i s m i c e f f i c i e n c y of the s o u r c e and p o o r e r S/N 

power r a t i o w i t h i n the Coal Measures. 

L i n e 8201A was processed by using two p r o c e s s i n g sequences 

t h a t d i f f e r e d i n the s t a c k i n g method. Although a b e t t e r r e s u l t 

was a c h i e v e d w i t h i t e r a t i v e s t a c k i n g i n s u p p r e s s i n g b o t h 

c a t e g o r i e s of n o i s e , the f i n a l s e c t i o n s d i d not show C o a l 

Measures r e f l e c t i o n s a t a l l . A comparison of the streamer lengths 

i n t he 1979 and 1982 s u r v e y s ( d i s p l a y e d on F i g u r e 4.10) showed 

t h a t the former was too long w h i l e the l a t t e r was too short. The 

choice of a streamer with an intermediate length would; 

(a) improve the p r o p o r t i o n of the s e i s m i c energy t h a t i s 

r e c e i v e d i n t h e p r e s s u r e - w a v e p e n e t r a t i o n window 

r e l a t i v e to the 1979 data, and 

(b) i m p r o v e t h e l e v e l of s t a c k w i t h i n t h e p-wave 

penetration window r e l a t i v e to the 1982 data. 

Such a streamer w i l l r e s u l t i n s h o r t e r hydrophone groups (than i n 

1979) i f a high m u l t i p l i c i t y of coverage i s t o be o b t a i n e d f o r 

the a p p l i c a t i o n of more e f f i c i e n t data p r o c e s s i n g techniques. 

I n c h a p t e r 5, examples of the s e i s m i c m o d e l l i n g of the 
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g e o l o g i c a l s e c t i o n of the r e g i o n were p r e s e n t e d . I t was shown 

t h a t a moderate a t t e n u a t i o n p r o f i l e f o r the p o s t - C a r b o n i f e r o u s 

s u c c e s s i o n a f f e c t s f r e q u e n c i e s above 150 Hz more. I t was a l s o 

shown t h a t erosion of the limestone would d i m i n i s h the r e s o l u t i o n 

w i t h i n the Coal Measures because of the focusing e f f e c t s a t i t s 

top s u r f a c e . Because of the l i k e l y presence of f i s s u r e s and k a r s t 

development w i t h i n the limestone, s c a t t e r i n g e s p e c i a l l y a t high 

f r e q u e n c i e s should be considered i n the choice of a source type. 

Although the best p o s s i b l e r e f l e c t i v i t y sequence of the area t h a t 

c o u l d be e f f i c i e n t l y m odelled a s b e i n g non-white and non-

s t a t i o n a r y was used, i t was c l e a r from the examples d i s p l a y e d , 

t h a t p r e d i c t i o n - e r r o r d e c o n v o l u t i o n s u p p r e s s e s t h e v e r y weak 

p r i m a r y r e f l e c t i o n s o n l y , a l o n g w i t h t he m u l t i p l e s . S y n t h e t i c 

seismograms with o f f s e t were stacked and processed f o r d i f f e r e n t 

streamer lengths and i t was shown t h a t a length of about 375m to 

420m v/as adequate when the optimum muting p a t t e r n a p p l i e d to the 

1979 data was used. 

F i n a l l y , the watergun source a t a depth of about 5m appli e d 

i n t h e 1979 s u r v e y i s recommended f o r f u t u r e t r i a l s . A tuned 

a r r a y o f a i r g u n s o r s t e a m b u b b l e s ( S T A R J E T ) a r e o t h e r 

a l t e r n a t i v e s . A streamer of length of 400m would be adequate f o r 

a minimum of r e f r a c t i o n s and wide-angle r e f l e c t i o n s i n t e r f e r i n g 

w i t h the Coal Mesures p r i m a r i e s , to be recorded. I t can be towed 

a t a depth of 5 - 7.5 m i n o r d e r t o a v o i d t he e f f e c t of t h e f r e e 

s u r f a c e on the f r e q u e n c i e s of i n t e r e s t . A hydrophone group 

spacing of 12.5 m and a shot i n t e r v a l of 6.25m would provide 32-

f o l d coverage, and t h e f o l l o w i n g s t a n d a r d e q u a t i o n s f o r CMP 
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spreads are a p p l i c a b l e ; 

Y = n A X / 2 m 

and 

T U = 1.95 Y 

where 

Y = d i s t a n c e i n meters covered between records, 

n = number of channels, 

A X = channel spacing i n meters, 

m= m u l t i p l i c i t y of coverage f o r CDP spacing of Ax/2, 

U= s h i p ' s ground speed i n knots (1 knot=1.852 km/hr), 

T = time i n t e r v a l between shots i n s e c . 

I n t h i s s i t u a t i o n , we have 

AX = 12.5 m, n=32, m=32, and Y=6.25 m 

so t h a t a r e c o r d l e n g t h of about 1.5 s e c , a r e c o r d r e p e t i t i o n 

i n t e r v a l of 3 s e c and a s h i p speed of a p p r o x i m a t e l y 4.1 kno t s 

(7.5 km/hr) may be s e l e c t e d . The near-channel spacing of 20m can 

be m a i n t a i n e d so t h a t t h e maximum s o u r c e t o r e c e i v e r o f f s e t i s 

about 420 m. A l t e r n a t i v e c o m b i n a t i o n s can be chosen as lo n g a s 

the s h i p speed, maximum da t a l e n g t h r e c o r d e d and t h e maximum 

o f f s e t a v a i l a b l e are compatible w i t h these g u i d e l i n e s . 
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6.3 Problems Faced and Suggestions f o r 

Future Approaches. 

One of the d i f f i c u l t i e s f a c e d d u r i n g the c o u r s e of t h i s 

s t u d y was the l a c k of d e t a i l e d d a t a on both the l i t h o l o g y and t h e 

s e i s m i c p a r a m e t e r s of the f o r m a t i o n s i n the r e g i o n . A s o n i c l o g 

was run i n the w e l l BH. ( f i g u r e 1.2) from the depth of 340m below 

the seabed so t h a t t h e s o n i c v e l o c i t y d a t a f o r the g e o l o g i c a l 

s u c c e s s i o n above the Coal Measures were not a v a i l a b l e except f o r 

t h e e s t i m a t e s t h a t were o b t a i n e d from t h e s e i s m i c r e f e r e n c e 

s u r v e y i n the w e l l . D e n s i t y l o g s f o r both the C a r b o n i f e r o u s and 

post-Carboniferous formations were not a v a i l a b l e e i t h e r . Complete 

s o n i c and d e n s i t y l o g s from a w e l l i n t h e r e g i o n would p r o v i d e 

the data f o r more p r e c i s e modelling. 

The other problems were r e l a t e d w i t h the computer programs 

t h a t were used f o r the modelling. I t was o r i g i n a l l y a n t i c i p a t e d 

t h a t the AIMS m o d e l l i n g package c o u l d be used f o r a l l the 

m o d e l l i n g r e q u i r e m e n t s d u r i n g t h i s p r o j e c t b u t i t c a n n o t 

e f f i c i e n t l y compute complete s y n t h e t i c seismograms w i t h o f f s e t . 

The i n c l u s i o n of a l l m u l t i p l e r e f l e c t i o n s i s d i f f i c u l t because 

a l l the conceivable raypaths must be given i n the data f i l e . Even 

i f t h i s were p o s s i b l e , the CPU t i m e r e q u i r e d t o g e n e r a t e such a 

gather would be p r o h i b i t i v e l y long. The r e f l e c t i v i t y method and 

the program SYNSEI were used f o r generating s y n t h e t i c data w i t h 

o f f s e t but v e l o c i t y windowing i s n e c e s s a r y t o reduce computing 

t i m e . T h i s , coupled w i t h the problems of wrap-round t h a t a r e 

encountered i n the computations (a maximum of 1024 data p o i n t s i s 

allowed f o r each t r a c e ) introduces numerical e r r o r s i n the f i n a l 
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r e s u l t s . With t h e program SYNSEI which a l l o w e d a more u s e f u l 

approximation of the response, i t took approximately 800 CPU sec 

t o g e n e r a t e a 2 4 - f o l d g a t h e r w i t h t r a c e s of 1.024 s e c long 

sampled a t i n t e r v a l s of 1 msec, but w i t h the AIMS program i t 

required more than 2500 CPU s e c to compute the same gather with 

only about 25 m u l t i p l e raypaths s p e c i f i e d . Both computations were 

performed on the NUMAC IBM 370/168 machine. A good a l t e r n a t i v e 

method of g e n e r a t i n g s y n t h e t i c seismograms w i t h o f f s e t from a 

p o i n t source over a h o r i z o n t a l l y l a y e r e d s t r u c t u r e would be t h a t 

d e v e l o p e d by Kennett (1979). The method a l s o u s e s F o u r i e r 

s y n t h e s i s f o l l o w e d by p l a n e wave s u p e r p o s i t i o n . Although i t i s 

not e x p e c t e d to be c o m p u t a t i o n a l y f a s t e r than the r e f l e c t i v i t y 

method, i t has the advantage of a l l o w i n g the d i r e c t computation 

of the complete r e f l e c t i o n l a y e r matrix. Also, a l i a s i n g e f f e c t s 

can be reduced by a choice of a higher number of time p o i n t s per 

record (4096 i n t h i s case i n s t e a d of 1024). V e l o c i t y windowing i s 

a l s o r e q u i r e d t o r e d u c e t h e c o m p u t i n g t i m e . As f o r t h e 

r e f l e c t i v i t y method, i t s e f f e c t i s to f a i t h f u l l y reproduce only 

the low-frequency part of the shallow r e f l e c t i o n s and i t leads to 

a d i s t o r t i o n of the p r o p a g a t i o n c h a r a c t e r i s t i c s i n the s u r f a c e 

l a y e r . However the f i n e d i s c r e t i z a t i o n i n space required f o r t h i s 

study ( A X i s 6.25m to 25m) together w i t h the damping introduced 

i n t h e method would reduce both t h e e f f e c t s of a l i a s i n g i n t h e 

wavenumber domain (and c o n s e q u e n t r i n g i n g a f t e r i n v e r s e 

t r a n s f o r m a t i o n ) and of n u m e r i c a l a r r i v a l s a s s o c i a t e d w i t h 

v e l o c i t y windowing. 

F i n a l l y , t h e problem of s c a t t e r i n g i n g e n e r a l and t h a t of 
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the roughness of the limestone's s u r f a c e i n p a r t i c u l a r could not 

be studied w i t h AIMS. T h i s i s because AIMS superposes d i f f r a c t e d 

e v e n t s on the s e i s m i c s e c t i o n of s p e c u l a r r e f l e c t i o n s . T h i s i s 

u s e f u l f o r s t u d y i n g the appearance of the s e c t i o n a f t e r t h e 

i n t r o d u c t i o n of p o i n t s c a t t e r e r s i n t o t h e model but not the 

cumulative e f f e c t of such p o i n t s along a propagation path, on the 

amplitude and frequency content of deeper r e f l e c t i o n s . 

Despite the above s t a t e d l i m i t a t i o n s , the present modelling 

has probably reproduced the main f e a t u r e s . The modelling of the 

s o u r c e type and the e f f e c t on the h i g h f r e q u e n c i e s of t h e 

s c a t t e r i n g process a r e d i f f i c u l t to t a c k l e . The r e a l g e o l o g i c a l 

problems of t h i s area mean th a t although the parameters suggested 

above w i l l r e s u l t i n b e t t e r d a t a , t h e f i n a l s e c t i o n s w i l l s t i l l 

be d i f f i c u l t to i n t e r p r e t . 
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APPENDIX A 

D e r i v a t i o n of equation (15) of Chapter 2 

The S/N r a t i o of the weighted s t a c k ( e q u a t i o n (11) of 
chapter 2) i s 

tf(M» = S / N 0 

where 

M 

N 0 = N e | ( ( w ^ / O n ^ ) ^ 

i = l 

M M 

( a i a k w i w k / c 2 ) N i ^ i J 
i = l k=l 

M 

= y ( W i / o ^ 

and 

i = l 

S i k = 0 i f i + k 

= 1 i f i = K 

i s the Kronecker d e l t a f u n c t i o n . T h i s g i v e s 

M 

ft(M) = S / (^i/C)2Hi .. ( A - l ) 

i = l 

which i s to be maximized s u b j e c t to the c o n s t r a i n t t h a t 
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M _ 

( w i a i / C ) = 1 .. (A-2) 

i = l 
By t h e method of Lagrange M u l t i p l i e r s , t he m a x i m i s a t i o n of the 

new fu n c t i o n 

M 

X = ( M ) + A ( ^ " ( W j a j / C ) - 1 ) .. (A-3) 

i = l 

w i t h r e s p e c t t o t h e w k, i s e q u i v a l e n t t o . t h e c o n s t r a i n e d 

o p t i m i z a t i o n of ^ ^ M ^ ; X * s t n e Lagrange M u l t i p l i e r . 

Hence 

I M 

X = S/NQ + A ( ^ ( w i a i / C ) -1 ) .. (A-4) 

i = l 

and 

( " 5 $ / 5 w k ) = 0 f o r a l l k=l,2,.. M .. (A-5) 

f o r ^ to be s t a t i o n a r y . 

M 

( C ^ / b w k ) = - ( S / N 0
2 ) ( ^ N 0 / ^ w k ) + ^ ( a i / O ^ i k 

i = l 

and ®ik n a s been defined above. 

Since 

M 

(bvi0 /&wk) = ^ (2w iN i/C 2) b ± k , .. (A-6) 

i = l 

i t f o l l o w s t h a t 
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M 

y ( X U j / C ) - 2Sw iN ±/N 0
2) S i k = 0 .. (A-7) 

i = l 

f o r a l l k=l,2,....M . T h i s i s a system of M e q u a t i o n s w i t h M+l 

unknowns from which 

w v = X a i 4.N n
2/(N 2SC) .. (A-8) 

k « 0 /i« k 

and t he m u l t i p l i e r A can be o b t a i n e d from the c o n s t r a i n t 

equation (A-2) as 

. M 

A = 1 / ( ( N Q
2 / 2 S C 2 ) ^ a k

2 / N k ) .. (A-9) 

k=l 

and 

M 

wk/C = ( a k
2 S / N k ) . ( l / a k ) . ( y a k

2 S / N k ) " 1 

k=l 

and s i n c e 

Y _ = (a 2< k - < ak S / N k > ' 
the r e s u l t becomes 

wk/C = X k / ( a k . R ) .. (A-10) 

where 
M 

»- Jj> k 
k=l 

E q u a t i o n s (A-10) g i v e t he r e q u i r e d w e i g h t s f o r e q u a t i o n ( 1 5 ) , 

Chapter 2 i f an optimum weighted stack i s d e s i r e d . 
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The optimum S/N r a t i o i s given by 

M 
X (M) 
opt S / /a a k

2 R 2 ) N k 

k=l 

= R ( A - l l ) 

as s t a t e d i n equation (16) of chapter 2. 

Equations f o r the Estimation of S i g n a l Parameters. 

C o n s i d e r a normal-moveout c o r r e c t e d CMP g a t h e r and assume 

t h a t there are a t l e a s t three t r a c e s a v a i l a b l e which s a t i s f y the 

assumptions g i v e n i n s e c t i o n 2.3 . The s i g n a l has t h e same form 

but not n e c e s s a r i l y the same amplitude. 

R i e t s c h (1980) showed t h a t t h e s i g n a l a m p l i t u d e s can be 

estimated by a s y s t e m a t i c e x p l o i t a t i o n of the c r o s s - c o r r e l a t i o n 

of t h e t r a c e s as d e s c r i b e d by Robinson (1970). I f each t r a c e i s 

represented by 

S j = a j s + ffj 

then, to u n i q u e l y d e t e r m i n e the a m p l i t u d e f a c t o r s a j we assume 

t h a t s has got a u n i t v a r i a n c e and then t a k e the M(M-l)/2 

d i f f e r e n t c r o s s - c o r r e l a t i o n s of the M t r a c e s i n the gather as 

S j S k = a j a k + s ( a j n k + a k n j ) + n ^ j < k 

S i n c e the s i g n a l and n o i s e do not c o r r e l a t e , the e q u a t i o n 

s i m p l i f i e s to 

S j S- k = a j a k + n j H k j < k 
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w h i c h can be s o l v e d by w e i g h t e d l e a s t - s q u a r e s t e c h n i q u e s 

( R i e t s c h , 1980) to get 

a. = DC [ T T s j S , , ](l/<M-2>> 

where 

M 
Qi = t I I I I S j S k ] ( - V ( M - l ) ( M - 2 ) ) 

j = l k * j 

Having o b t a i n e d t h e a m p l i t u d e f a c t o r s a j , - the o r i g i n a l 

t r a c e s c a n be n o r m a l i z e d so t h a t t h e s i g n a l h a s t h e same 

amplitude on a l l of them, t h a t i s 

S j = s + n j f o r j=l,2....M 3 

f o r which the M(M-l) noi s e d i f f e r e n c e t r a c e s can be evaluated as 

= Hj - n k j < k 

T h e i r energy i s approximately given by 

n j k 2 = n j 2 ~ n k 2 3 < k 

which i s i n a form t h a t can be s o l v e d f o r t h e n o i s e energy n j 2 by 

the weighted l e a s t - s q u a r e s techniques ( R i e t s c h , 1980) to obtain 

n j 2 = ( S j 2 - 2 i j S + p ) / (1 - 2wj) 

where 

p - ( s 2 - C 2 + 2 s i r ) / (1 + U) 
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M 

s = w k s k 

k=l 

M 

s 2 = > w k s k 2 

k=l 

M 

5 k / (1 - 2w k) - y ~ w k s > 
k=l 

M 

c2
 • y~ » k s k 2 / ( 1 - 2 w k > 

k=l 

M 

/ k / (1 - 2w k) U = 2 " Wj 

k=l 

and 

''k - 1 ' s k wk =i 1 / s k
2 * 1/2 

I f w k = 1/2 then t h e e q u a t i o n s f o r ^ and n j 2 a r e s l i g h t l y 

modified. 
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APPENDIX B. 

Pre-Deconvolution and Post-Deconvolution Amplitude S c a l i n g . 

The a m p l i t u d e s of the s e i s m i c e v e n t s t h a t a r r i v e a t l a t e r 

t i m e s on a s e i s m i c t r a c e a r e unduly low because of s p r e a d i n g 

l o s s e s and f r e q u e n c y dependent a t t e n u a t i o n . T h i s i s o f t e n 

approximately compensated f o r by applying a time-ramp f u n c t i o n to 

the d a t a b e f o r e p r o c e s s i n g i s c a r r i e d out. A f t e r such s c a l i n g , 

the l a t e a r r i v a l s then c o n t r i b u t e more to the a u t o c o r r e l a t i o n 

f u n c t i o n of the t r a c e . The t r a c e becomes more s t a t i o n a r y . 

I f the s e i s m i c t r a c e i s represented by the time sequence x t 

and an e x p o n e n t i a l s c a l e f a c t o r a 0 < t i s a p p l i e d t o i t , then t he 

r e s u l t i n g sequence i s 

y t = .. ( B - l ) 

The e f f e c t of the s c a l i n g can be e x p r e s s e d i n terms of the 

r a t i o of the new a m p l i t u d e t o t h a t of t h e o l d v a l u e a t each t i m e , 

i . e . 

( y t / x t ) = a«t 

T h i s r a t i o can be expressed i n d e c i b e l s by 

-flLdB = 20 l o g 1 0 ( y t / x t ) .. (B-2) 

The t r a c e amplitude changes during every second by a f a c t o r of 

(JL/t) dB/sec = 2 0 f c l o g 1 0 a .. (B-3) 
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because of the a p p l i c a t i o n of the ramp. 

The a p p l i c a t i o n of an exponential ramp of the form e^'^ f c to 

a s e i s m i c t r a c e g i v e s r i s e to an amplitude s c a l i n g of +5.2 dB/sec 

of t h e t r a c e . The a u t o c o r r e l o g r a m f u n c t i o n of the new t r a c e i s 

a l s o an e x p o n e n t i a l l y weighted v e r s i o n of t h a t of the o r i g i n a l 

t r a c e . 
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APPENDIX C 

COMPUTER PROGRAMS 

This appendix gives a listing of the computer programs that 

were written during the course of this study for use on NUMAC 

(Northumbrian Universities Multiple Access Computer). 

These programs have to be used together with a library FLOBYA 

of Time Sequence Analysis SUBROUTINES that was developed during 

this study. The library cannot be listed in this thesis but a sum­

mary of the routines that are available in i t and their sources i s 

outlined at the end of this appendix. The main programs, their l i s ­

tings and how they are run are given below. GPT9 :MTHSIMLIB i s the 

Array Processor maths FORTRAN simulator available on the departmental 

archives. 

(1) 

YIBEAl i s a time sequence analysis program used for pre-stack 

and/or post-stack signal analysis. The run command i s 

$RUN *PTNX SCARDS=YIBEAl SPUNCH=YIB1.0BJ 

$RUN YIBl .0BJ+FLCBYA+GPT9 :MTHSIMLIB 5=DATAFILE 7=INPUT 80UTPUT 

10=AUTOCORR 13=WAVELET 

Unit 13 i s supplied only i f option 11 i s requested (see subroutine 

INPUT of the l i s t i n g ) . Here, LIN=7, L0UT=8, LAU»10 (See INPUT) 

(2) 

YIBEA2 i s a stack program that was used for the study of various 

stacking algorithms in chapter 2. The run command i s 

$RUN *FTNX SCARDS=YIBEA2 SPUNCH=YIB2.0BJ 

$RUN YTB2. OBJ+FLOBYA-fGPT9 :MTHSIMLIB 5=DATAFILE 7=INPUT 8=0UTPOT 

150 



17=L0G 

(3) 

YIBEA3 computes the complete Normal Incidence synthetic seismo-
grams by the transfer matrix method as in chapters 3 and 5. I t c a l l s 
the routines MODEL, TRACE, and REFSER (Claerbout, 1976, pp. 160) 
The run command i s 
?RUN *FTNX SCARDS=YIBEA3 

§RUN -LQADfFLGBYA+GPT9 :MTHSIMLIB+*GHQ6T 5=DATAFILE 15=-0 16=-AU 

9=-PLOT 

AIMS 

The AIMS (Advanced Interpretive Modelling System, version 3, 

supplied by GeoQuest International Incorporated) program was used 

in this study for computing Normal Incidence traces (primaries only) 

and CMP gathers. The run command i s 

$RUN GPT9:AIM5.CBJ2+*PLOTSYS 5=DATAFILE 8=-A 10=-B 9=-P 12=-X 13=-Y 

14=-Z 15=-R 16=-S 18=OUT 2=AIMSHED 

This version (GPT9:AIMS.OBJ2) must be run i f the AIMS time series 

data i s desired in standard SEG'Y'. This data i s written on the 

f i l e OUT (unit 18). The header blocks AIM5HED must be supplied. 

SYNSEI 

The program SYNSEI (Fuchs and Muller, 1971, and Kennett, 1974) 

was used for generating complete synthetic seismograms with offset. 

I t was altered to SYNSEIP and the run command i s 

$RUN *FTNX SCARDS=SYNSEIP 

$RUN -LOAD+*GH0ST 5=DATA 10=-A 12=-B 9=-PLOT 18=SYNTHETIC 

15=-R 17=HEADERS 
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Hie program SYNSEIP includes the free surface effect and 

writes the time series in a format for transfer to the 

PDPll/34 computer system. 

PROGRAMS USED ON TOE PDPll/34 

The programs that were used on the PDPll/34 computer were 

DKlrSORT to translate data from standard SECY' to DSEGY, 

DK1:PR0C for time sequence analysis, 

DK1:STACK for stacking of CMP data, 

DKlrVELAN suite for velocity analysis (semblance analysis), 

DK1:VFILT for velocity filtering of CMP data, 

DKlrWSTACK for weighted or iterative stacking of CMP data, 

and the plotting software (see the documentation in the Seismic 

Data Processing Laboratory for the details). 

SUBROUTINES IN FLGBYA. 

From Robinson (1967) 
******************** 

AUTOCR(X,N,M,AUT) 
CROSS (LX,X,LY,Y,LG,G) 
CROSST(N,X,M,Y,C) 
DOT(L,X,Y,P) 
DOTR(L,X,Y,ANS) 
EUREKA (LR,R,G,F, A) 
IMPULS(LX,X,K) 
MINSN(LX,X,XMIN,INDEX) 
NLOGN(N,LX,X,SIGN) 
NORMAG(LX,X) 
N0RM1(LX,X) 
FEVERS (N,X) 
SHAPE (LB ,BfLD,D,LA,A,LC,C,ASE,SPACE) 
SIDE(G,LA,A,C,R,AP) 
ZERO(LX,X) 

From Warren (1981) 
****************** 

BANBOX (LF,DT,FL,FH,FILT, W) 
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OONVOL(IB,B,LF,F,LC,OON) 
CRS123 (AUT,M, ICRl, ICR2, ICR3) 
OPSPIK(LB,B,IP,F,LS,PI,ERROR3,INDEX,SPl,SP2fSP3,SP4fSP5) 
PEFILT(IB,B,LF,F,LS,SP1,SP2,PEF,AOT,LPEP,PI) 
PREDIC(JS,JE,D,LF,LS,PI,LPEF,FIL,RALPH) 
SPIKER (IB, B, LA, A, LC,C, INDEXfERHOHS ,SPACE) 

Written during this study (documentation included in the routines) 
************************* 

ABSARG(L,X,R,ARG) 
ADAPT(N,ANS,Y,L,LG,ALFA,K) 
AQC (from R. W. Hobbs) 
AMPHS (M,B,LS,S,DELT,X1,X2,Y1,Y2) 
ARABS (LX,X) 
COMTRA(LAfA,B) 
FREGON(LW,W,LZ,Z,LQ,Q) 
MAX(L,X,VMAX) 
MAXIM(X/ISTRT,ISTOP,RMAX/L) 
MAXT(LX,X,M,XMAX) 
MODEL(RC,RS) Modified from Johnson G. (personnal communication) 
PAWPLT (Mf B , DELT) 
PERIGD(LX,X,B,BAV,M,FLAG) 
PLTPHS (Mf S , DELT, XPl, XP2 , YPl, YP2) 
POWER (LX,N,NN) 
REFSER(R,C,M,N) (Claerbout, 1976, pp. 160) 
SIG(L,X,EN) 
SPCTRA(LX,X,IFORM) 
TRACE(A,T,N,K,S,SR) Modified from Johnson G. (personnal communication) 
ZPAD(N1,N2,X) 
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c************************************************************ 
C PROGRAM YIBEAl 
C* • • • i i i i i i i - i . I.J. I 

i i i r i i i i i i i i i i 

c 
c 
C A PROGRAM TO CARRY OUT TIME-SEQUENCE PROCESSING OF 
C SEISMIC DATA. 
C INPUT DATA FILES SHOULD GENERALLY BE IN STANDARD SEGY 
C FORMAT, BUT IT ACCEPTS INPUT THAT HAS NOT GOT STANDARD 
C SEGY HEADER BLOCKS I F ' INFLG' IS NOT EQUAL TO ONE. 
C I/O OF SEISMIC TRACES IS HANDLED THROUGH UNFORMATTED 
C READ/WRITE STATEMENTS ONLY. 
C YIBEAl ACCEPTS A SET OF 'NFILES' DATA FILES FROM LO-
C GICAL UNIT 'LIN', PROCESSES EACH TRACE OF EACH FILE AC-
C CORDING TO THE OPTIONS CHOSEN BY THE USER FROM A MENU 
C OF TWELVE, AND WRITES THE OUTPUT SEQUENTIALLY ON UNIT 
C 'LOUT*. I F AUTOCORRELOGRAMS ARE REQUESTED, THEY ARE OUT-
C PUTTED SEQUENTIALLY ON UNIT 'LAU*. I F THE DATA IS INPUT 
C IN STANDARD SEGY, THE OUTPUT IS ALSO IN STANDARD SEGY. 
C IF IT IS NOT, THE OUTPUT IS NOT AS WELL. THE AUTOCORREL-
C OGRAM FILE HAS NO HEADER BLOCKS BUT EACH CORRELOGRAM HAS 
C A 240 BYTE HEADER THAT IS IDENTICAL TO THE TRACE HEADER 
C OF THE RECORD FROM WHICH IT IS COMPUTED. 
C THIS PROGRAM HAS THE FOLLOWING OPTIONS. 
C 
C FLAG OPTION NAME NO. OF TIMES IT CAN BE CALLED. 
C •••• ••••••••••• ••••••••••••••••••••••••••••• 
C 1 POLARITY REVERSAL NO RESTRICTION 
C 2 TRACE NORMALISATION NO RESTRICTION 
C 3 RAMP(S) 2 
C 4 TRACE MUTING 1 
C 5 AUTOCORRELOGRAM 1 
C 6 PREDICTION ERROR FILTER 1 
C 7 BANDPASS FILTER (S) 2 
C 8 AUTOMATIC GAIN CONTROL 1 
C 9 BACKUS OPERATOR 1 
C 10 FOUR-POINT OPERATOR 1 
C 11 WAVELET SHAPING 1 
C 12 ADAPTIVE DECONVOLUTION 1 
C 13 EXIT 1 (NORMALLY) 
C 
C THE INPUT TO YIBEAl IS FREE-FORMATTED (SEE THE 
C SUBROUTINE 'INPUT'). 
C YIBEAl REQUIRES THE FOLLOWING PACKAGES 
C 1. GPT9rMTHSIMLIB - AP SIMULATION PACKAGE. 
C 2. FLOBYA - PERSONAL SUBROUTINE LIBRARY. 
C 
C FILES UNITS NEEDED 
C 
C 5 INPUT TO MAIN PROGRAM 
C LIN SEISMIC DATA (MAG. TAPE OR DISKFILE) 
C LOUT PROCESSED OUTPUT (SEISMIC DATA) 
C LAU AUTOCORRELOGRAM 
C 
C RUNNING YIBEAl ON MTS. 
C 
C 
C $RUN *FTNX SCARDS=YIBEAl 
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CI $RUN -L0AD+FLQBYA+*GPT9rMTHSIMLIB 5=DATAFILE LIN= INPUT 
C! LOUT=OUTPOT LAD̂ AUTOCORR 13=WAVELET 
c: 
C! where LIN,LOUT and LAU are the appropriate 
C! numbers that are entered on unit 5 . c: c: 
C! BY F. JIFON (OCTOBER, 1983) 
(************************************************************ 
CI MAIN PROGRAM 
(************************************************** 
c: 

DIMENSION PNTER(2), LINOUT(2), ALFA(2), CONST(4), RAM(2048,2) 
DIMENSION FL(2), FH(2), LBEF(2), BEF(200,2), W(200,2) 
DIMENSION Wl(50), WA(50), A(50) 

C 
C! COMMON BLOCKS FOR THE OPTIONS 
C 

COMMON /UNITS/ LIN, LOUT, LAU 
COMMDN /GEN/ NFILES, NCHANS, LSAMPS, JSAMP, KOPT(15), JTEST 
COMMON /ONETWO/ JTYPE 
COMMON /THREE/ PNTER, LINOUT, ALFA, CONST, RAM, JAZZ(2) 
COMMON /FOUR/ MUTE(24), TAP(IOO), NTAP 
COMMON /FIVE/ LAUT, JST, JND 
COMMON /SIX/ JSTART, JEND, LENFIL, LGAP, WHITE 
COMMON /SEVEN/ FL, FH, LBEF, BEF, W 

j COMMON /EIGHT/ LHWIN 
COMMON /NINE/ CO, CI, J l , BAC(512) 
COMMON /PEN/ CO, CC1, CC2, J I l , JI2, FPF(512) 
COMMON /ELEVEN/ LW, Wl, LWP, WA, LW1, LA, A, LC, C, SPACE(4096) 
COMMON /TWELVE/ NADAPT, LENG, LOG, AFA, KIN 

<: 
c 

CALL INPUT 
JAZZ(l) = 0 
JAZZ(2) = 0 
CALL MAINPR 

C END OF PROCESSING 
C 

STOP 
| END 
C 
C 
C 

SUBROUTINE INPUT 
c******************************************************************** 
C ALL PARAMETERS ARE READ IN FREE FORMAT. 

C DATAFILE STRUCTURE 
C NFILES,NCHANS,LSAMPS,JSAMP 
C NFILES = number of f i l e s to be processed. 
C NCHANS = number of traces per f i l e . 
C LSAMPS = number of samples per trace. 
C JSAMP = sampling interval in milliseconds (integer). 
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I 

8 

o 
C! OPTIONS (Write the number of the option followed (in the 
C ******* next line) by the data) 
C 
C 1 POLARITY REVERSAL 
C! 2 NORMALISATION 
C! JTYPE = 0 normalisation to unit energy. 
C! = 1 normalisation to unit amplitude. 
C 3 TRACE SCALING 
C PNTER,LINOUT,ALFA 
C PNTER TYPE OP SCALING c: l . t 
C 2. exp(t) 
C 3. t**2 
C 4. t*exp(t) 
C 5. (t**2)*(exp(t)) 
C LINOUT = 1 scaling (insertion of a ramp) 
C - 0 removal of a ramp. 
C ALFA = scaling factor for exponential ramps. 
C 4 MUTING OF A TRACE 
C (MUTE(K),K=1,NCHAN) 
C NTAP 
C MOTE(K) = number of samples to be muted from zero time. 
C NTAP - number of samples over which the mute i s tapered 

with a oos**2 function . (NTAP . LT . MOTE(K)) 
5 AUTOCORRELOGRAM 
LAUT,JST,JND 

LAUT = maximum lag (in samples) of the autooorrelogram. 
JST = start of trace window to be autooorrelated. 
JND = end of trace window to be autooorrelated. 

d 6 PREDICTION ERROR FILTER 
q JSTARTjJEND/LENFIL/LGAP,WHITE 

JSTART = start of design window (sample number JSTART) 
JEND = end of design window (sample number JEND) 

LENFIL = length of prediction f i l t e r in samples. 
LGAP - predictive gap (in samples). 
WHITE - prewhitening parameter (fraction of 1.) 

0 e. g. 0.0 - no prewhitening. 
C 0.02-2% prewhitening. 
C 7 BANDPASS FILTER 
C FL,FH,LBEF 
d FL = low frequency cut-off. 
cj FH = high frequency cut-off. 
C LBEF = number of samples of the equivalent time-domain 
C operator. Harming tapers are applied at both 
C cut-off frequencies. LBEF IS ODD. 
C 8 AUTOMATIC GAIN CONTROL (AGO) 
C; LHWIN = half-length (in samples of the AGC gate.) 
C; 9 BACKUS OPERATOR 
C C0,C1,J1 
C CO = reflection coeff. of sea-surface. 
C CI = reflection coeff. of sea-bed. 
C J l = two-way time in water layer, 
d 10 FOUR-POINT FILTER 
C C0fCCl,CC2,Jl,J2 
C CO = reflection coeff. of sea-surface. 
C CC1 = reflection coeff. of sea-bed. 

CC2 = reflection coeff. of deeper interface. 
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4 

J l = two-way time in water layer. 
32 = two-way time between sea-bed and deeper interface. 

11 WAVELET SHAPER 
(ALL THE DATA FOR THIS OPTION ARE READ FROM UNIT 13 

#) 
%%%NOT UNIT 5%%% 

§@@@@@@@@@ 
LW,LWP,LW1,LA 

LW = length of the input wavelet in no. of samples. 
LWP - length of the desired wavelet in no. of samples. 
LW1 - dummy variable 
LA = length of the shaping f i l t e r in no. of samples. 

(W1(J) ,J=1,LW) 
Wl = input wavelet (F10.6 - unit 13) 

(WA(J),J=1,LW1) 
q WA = desired wavelet (F10.6 - unit 13) 
q 12 ADAPTIVE DEOONVOLUTION (Griffiths et a l . f 1977) 
q NADAPT,LENG,LOG,AFA 
Cj NADAPT = window of the trace (starting from sample 1) to be 
q adaptively filtered. 
|G LENG = length of the adaptive operator in no. of samples. 

LOG = lag (= predictive gap) 
G AFA = adaptive constant (.01 - 2.0) 
C 13 EXIT (NO FURTHER PROCESSING OP THE TRACE) 
C LIN,LOUT,LAU 
C LIN = logical unit number of the input device. 
C LOUT = logical unit number of output device. 
C LAU = logical unit number for output device 
C (autocorrelogram). 
C JTEST CONVOLUTION FLAG 
C =1 convolutions by the method of Fast-Fourier 
C transforms. 
C =0 time domain convolutions (slow) 
C INFLG HEADER BLOCKS FLAG 
Ci =1 Standard SEGY header blocks 
C =0 No header blocks. (********************************̂  
C 

DIMENSION PNTER(2), LINOUT(2), ALFA(2), RAM(2048,2), CONST(4) 
DIMENSION FL(2), BEF(200,2), W(200,2), FH(2), LBEF(2) 
DIMENSION Wl(50), WA(50), A(50) 

c 
COMMON /UNITS/ LIN, LOUT, IAU 
COMMON /GEN/ NFILES, NCHANS, LSAMPS, JSAMP, KOPT(15), JTEST 
COMMON /ONETWO/ JTYPE 
COMMON /THREE/ PNTER, LINOUT, ALFA, CONST, RAM, JAZZ (2) 
COMMON /FOUR/ MUTE(24), TAP(IOO), NTAP 
COMMON /FIVE/ LAUT, JST, JND 
COMMON /SIX/ JSTART, JEND, LENFIL, LGAP, WHITE 
COMMON /SEVEN/ FL, FH, LBEF, BEF, W 
COMMON /EIGHT/ LHWIN 
COMMON /NINE/ CO, CI, J l , BAC(512) 
COMMON /TEN/ CO, CC1, CC2, JI1, JI2, FPF(512) 
COMMON /ELEVEN/ LW, Wl, LWP, WA, LWl, LA, A, LC, C, SPACE(4096) 
COMMON /TWELVE/ NADAPT, LENG, LOG, AFA, KIN 

READ (5,*) NFILES, NCHANS, LSAMPS, JSAMP 
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WRITE (6,*) NFILES, NCHANS, ISAMPS, JSAMP 
C 

C0NST(3) - JSAMP / 1000.0 
NQM = 0 
JR - 0 
JB = 0 

10 NQM = NQM + 1 
C 

READ (5,*) NOM 
WRITE (6f*) NQM 
KDPT(NUM) - NCM 
GOTO (20, 30, 40, 50, 70, 80, 90, 100, 110, 120, 130, 150, 160), 
1NOM 

C 
20 GO TO 10 

C 
30 READ (5,*) JTYPE 

WRITE (6,*) JTYPE 
GO TO 10 

C 
40 JR = JR + 1 

READ (5,*) PNTER(JR), LINOUT(JR) , ALFA(JR) 
WRITE (6,*) JR, PNTER(JR), LINOUT(JR), ALFA(JR) 
GO TO 10 

C 
50 READ (5,*) (MOTE(K),K=1,NCHANS) 

WRITE (6,*) (MOTE(K) ,K=1,NCHANS) 
READ (5,*) NTAP 
WRITE (6,*) NTAP 
PI = 4.0 * ATAN(l.O) 
DO 60 K = 1, NTAP 
ANG = (K - 1) * PI / (2.0*NTAP) 

60 TAP(K) = OOS(ANG) * COS (ANG) 
GO TO 10 

C 
70 READ (5,*) LAUT, JST, JND 

WRITE (6,*) LADT, JST, JND 
GO TO 10 

C 
80 READ (5,*) JSTART, JEND, LENFIL, LGAP, WHITE 

WRITE (6,*) JSTART, JEND, LENFIL, LGAP, WHITE 
WHITE = WHITE + 1. 
GO TO 10 

C „ 
90 JB • JB + 1 

READ (5,*) FL(JB), FH(JB), LBEF(JB) 
WRITE (6,*) JB, FL(JB), FH(JB), LBEF(JB) 
CALL BANBOX(LBEF(JB), CONST(3), FL(JB), FH(JB), BEF(1,JB), 
1 W(1,JB)) 
GO TO 10 

C 
100 READ (5,*) LHWIN 

WRITE (6,*) LHWIN 
GO TO 10 

C 
110 READ (5,*) CO, CI, J l 

WRITE (6,*) CO, CI, J l 
CALL IMPULS(512, BAC, 1) 

i 
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BAC(Jl) = 2.0 * CI * CO 
BAC(2*J1) = CI * CO * CO * CI 
00 TO 10 

120 READ (5,*) CO, CC1, CC2, J I l f JI2 
WRITE (6,*) CO, CC1, CC2, JI1, JI2 
CALL IMPULS(512, FPF, 1) 
FPF(JIl) - GO * CC1 
FPF(JI2) = CC1 * CC2 
FPF(JI1 + JI2) = CO * CC2 
GO TO 10 

130 READ (13,*) LW, LHP, LW1, LA 
WRITE (6,*) LW, LWP, LWl, LA 
READ (13,140) (W1(J) ,J=1,LW) 

I READ (13,140) (WA(L),L=1,LW1) 
i 140 FORMAT (8F10.6) 
I GO TO 10 

c1 

150 READ (5,*) NADAPT, LENG, LOG, AFA 
WRITE (6,*) NADAPT, LENG, LOG, AFA 
GO TO 10 

C 
160 CONTINUE 

C 
C READ IN FILE UNIT NUMBERS 
C 

READ (5,*) LIN, LOUT, LAU 
C 
C CHOOSE BETWEEN FREQUENCY DOMAIN MULTIPLICATION 
C (JTEST.NE.0) AND TIME DOMAIN CONVOLUTIONS (JTEST=0) 
C 

READ (5,*) JTEST 
C 
C TRANSFER HEADER BLOCK INFORMATION IF REQUIRED 
0 

READ (5,*) INFLG 
IF (INFLG .BQ. 1) CALL HEDA(LIN, LOUT) 

C 
RETURN 
END 
SUBROUTINE MAINPR 

C 
C MAIN SUBROUTINE OF YIBEA1. 
C 

IMPLICIT INTEGER*2(I) 
I DIMENSION PNTER(2), LINOUT(2), ALFA(2) , RAM(2048,2) , CONST(4) 

DIMENSION FL(2), FH(2), LBEF(2), BEF(200,2), W(200,2) 
DIMENSION AUT(2048), FF(512), P(512) 
DIMENSION CANS(4096), Wl(50), WA(50), A(50) 
DIMENSION SEIS (2048), ANS (2560), TRACEA(2109) 

C 
q COMMON BLOCKS FOR MAINPR 

COMMON /UNITS/ LIN, LOUT, LAU 
COMMON /GEN/ NFILES, NCHANS, LSAMPS, JSAMP, KCPT(15), JTEST 
COMMON /ONETWO/ JTYPE 
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COMMDN /THREE/ PNTER, LINOUT, ALFA, CONST, RAM, JAZZ (2) 
COMMON /FOUR/ MDTE(24), TAP (100), NTAP 
COMMON /FIVE/ LAUT, JST, JND 
COMMDN /SIX/ JSTART, JEND, LENFIL, LGAP, WHITE 
COMMON /EIGHT/ LHWIN 
COMMON /SEVEN/ FL, FH, LBEF, BEF, W 
COMMON /NINE/ CO, CI, J l , BAC(512) 
COMMON /TEN/ CO, CC1, CC2, J I l , JI2, FPF(512) 
COMMON /ELEVEN/ LW, Wl, LHP, WA, LW1, LA, A, LC, C, SPACE (4096) 
COMMON /TWELVE/ NADAPT, LENG, LOG, AFA, KIN 

C 
EQUIVALENCE (TRACEA(61) ,SEIS(1)) , (SEIS(l) ,AUT(1)) 
DATA 10, I I , 12, ILCNG /0, 1, 2, 8191/ 
DATA IP, I WHITE /7500, 8191/ 
DATA IA, IB, IC /0, 2048, 4096/ 

C 
C PROCESSING BEGINS . INITIALIZE AND CLEAR AP. 
C 

CALL ZERO(2048, SEIS) 
CALL ZERO(2109, TRACEA) 
IDEM = 0 
CALL APINTT(IDUM, IDUM, IDDM) 
CALL APWAIT 
CALL APPUT( WHITE, I WHITE, I I , 12) 
CALL APWD 
CALL VCLR(I0, I I , ILONG) 
CALL APWR 

C 
C SET UP CONSTANTS 
C 

ONE = 1.0 
IPIN = LSAMPS 
IZ = 8192 - LSAMPS 
IS = LSAMPS - 1 

C 
C 

KING = 1 
NUN = 10 

C 
C MAIN LOOP OVER NFILES 
C 

DO 320 JFTT.ES = 1, NFILES 
JINX = JFTT.ES 

C 
C LOOP OVER CHANNELS OF EACH FILE 
C 

DO 280 JCHAN = 1, NCHANS 
JT = JCHAN 
JR = 0 
JB = 0 

C 
C READ IN A TRACE 
C 

ILEN = 4 * LSAMPS + 240 
CALL READ (TRACEA, ILEN, 0, LNUM, LIN, &340) 

C 
10 CALL APWAIT C 
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CALL APPUT(SEIS, IA, IPIN, 12) 
CALL APWD 
NUM = 0 

20 NUM = NUM + 1 
JINDEX = KOPT(NUM) 
GO TO (30, 40, 70, 100, 110, 140, 160, 180, 190, 200, 210, 

1 260, 270), JINDEX 
POLARITY REVERSAL 

30 CALL VNEG(I0, I I , 10, I I , IPIN) 
GO TO 20 

TRACE NORMALISATION - UNIT ENERGY (JTYPE=0) OR UNIT AMPLITUDE 
(JTYPE.NE.0) 
40 CONTINUE 

IF (JTYPE .EQ. 0) GO TO 50 
CALL MAXMGV(I0, I I , ILONG, IPIN) 
GO TO 60 

50 CALL SVESQ(I0, U, ILONG, IPIN) 
CALL VSQRT(ILONG, I I , ILONG, I I , I I ) 

60 CALL VDIV(ILONG, 10, 10, I I , IO, I I , IPIN) 
CALL APWR 
GO TO 20 

C 
C PROCESS RAMP 
C 

70 JR = JR + 1 
JAP = LINOUT(JR) 
CALL RAMP(JR) 
CALL APPUT(RAM(1,JR), IB, IB, 12) 
CALL APWD 
IF (JAP .EQ. 1) GO TO 80 
CALL VDIV(IB, I I , 10, I I , 10, I I , IPIN) 
GO TO 90 

80 CALL VM0L(IB, I I , 10, I I , 10, I I , IPIN) 
90 CALL VCLR(IB, I I , IB) 

GO TO 20 
C 
C MUTE THE TRACE (COS**2 TAPERED OVER JCHAN SAMPLES) 
C 
100 CALL MU (JCHAN) 

GO TO 20 
C 
C AUTOCORRELATION 
C 
110 ILAUT = LAUT 

ILENG « JND - JST + 1 
IBADT = JST 
IB2 = 1024 
IB1 = 7167 
CALL VCLR(IB1, I I , IB2) 
CALL AOORT(IBAUT, IBl, ILAUT, ILENG) 
CALL ZERO(2048, SEIS) 
CALL APGET(AUT, IBl, ILAUT, 12) 
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CALL APWD 
C 
q CHECK THE AUTOCORRELOGRAM FUNCTION. 

CALL MAXIM (ADT, 1, LAUT, AUTMAX, LAM) 
DO 120 LET = 1, LAUT 
AUT (LET) = AUT (LET) / AUTMAX 

120 CONTINUE 
IF (LAM .NE. 1) WRITE (6,130) LAM 

130 FORMAT (10X, •***THE MAXIMUM VALUE OF THE AUTOCORRELATION 
1 FUNCTION', /, 10X, 
2 
3'***IS NOT AT ZERO LAG BUT AT A LAG OF', 15, 
4 '*JSAMP MSECS.', //) 

ILEN = (LAUT + 60) * 4 
CALL WRITE (TRACEA, ILEN, 0, LNUM, LAU) 
CALL VCLR(IB1, I I , IB2) 
GO TO 20 

C 
C PREDICTION ERROR DEGONVOLUTION 
140 IBEG = JSTART 

IFIL = LENFIL 
ILA = LGAP + LENFIL + 5 
IR = 4096 + LGAP 
ILIN = JEND - JSTART + 1 
CALL ACORT(IBEG, IC, ILA, ILIN) 
CALL APWR 
CALL VMUL(IC, I I , IWHITE, I I , IC, I I , I I ) 
CALL WIENER (IFIL, IC, IR, IB, IP, II) 
CALL APWR 
CALL IMPULS(512, FF, 1) 

d i 
C ] GET PREDICTION FILTER 

| CALL APGET(P, IB, IFIL, 12) 
j CALL APWD 

q ! 
C ; FORM PREDICTION ERROR FILTER 

DO 150 J - 1, LENFIL 
150 FF(LGAP + J) - -P(J) 

C APPLY THE OPERATOR 
c i 

CALL APGET(SEIS, IA, IPIN, 12) 
CALL APWD 
CALL APPLY(JTEST, 512, FF, LSAMPS, SEIS, LANS, CANS) 
CALL APWR 
CALL APPUT(CANS, IA, IPIN, 12) 
CALL APWD 
CALL VCLR(IB, I I , IB) 
GO TO 20 

C 
C BANDPASS 

i 
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c 
c 

160 JB = JB + 1 
CALL APGET(SEIS, IA, IPIN, 12) 
CALL APWD 
CALL APPLY (JTEST, LBEF(JB), BEF(1,JB), 2048, SEIS, LANS, ANS) 
LH2 = LBEF(JB) / 2 
DO 170 J = 1, LSAMPS 

170 SEIS (J) = ANS (J + LH2) 
CALL APWR 
CALL APPDT(SEIS, IA, IPIN, 12) 
CALL APWD 
GO TO 20 

C 
C AUTOMATIC GAIN CONTROL 
180 CALL AGC 

GO TO 20 
C 
C BACKUS FILTER 
190 CALL APGET(SEIS, IA, IPIN, 12) 

CALL APWD 
C 
I 
G 

CALL APPLY(JTEST, 512, BAC, 2048, SEIS, LANS, CANS) 
CALL APWR 
CALL APPUT(CANS, IA, IPIN, 12) 
CALL APWD 
GO TO 20 

G 
G FOUR POINT OPERATOR 
C 
200 CALL APGET(SEIS, IA, IPIN, 12) 

CALL APWD 
C 

CALL APPLY(JTEST, 512, FPF, 2048, SEIS, LANS, CANS) 
CALL APWR 
CALL APPUT(CANS, IA, IPIN, 12) 
CALL APWD 
GO TO 20 

C 
C WAVELET SHAPING FILTER 
C 
j 210 CALL APGET(SEIS, IA, IPIN, 12) 

CALL APWD 
IF (JFILES .GE. 2 .OR. JCHAN .GE. 2) GO TO 250 
CALL SHAPE(LWl, WA, LW, Wl, LA, A, LC, C, ASE, SPACE) 
WRITE (6,220) LA 
WRITE (6,230) (A(K) ,K=1,LA) 
WRITE (6,240) ASE 

220 FORMAT (10X, •***LENGTH OF SHAPING FILTER IS', 16, /, 10X, 
1 '***THE FILTER COEFFICIENTS ARE*, /) 

230 FORMAT (5(1X,F10.2,1X)) 
240 FORMAT (//, 10X, '***THE AVERAGE SQUARED ERROR IS', /, 10X, 

1 «***EOUAL TO', F15.6, 1 UNITS', /) 
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250 CALL APPLY (JTEST, LA, A, 2048, SEIS, LANS, CANS) 
CALL APWR 
CALL APPUT(CANS, IA, IP IN, 12) 
CALL APWD 
GO TO 20 

•C 
C ADAPTIVE DEOONVOLUTION. 
C 
260 CALL APGET(SEIS, IA, IP IN, 12) 

CALL APWD 
KIN = JFILES 
CALL ZERO(4096, CANS) 
CALL ADAPT (NADAPT, SEIS, CANS, LENG, LOG, AFA, KIN) 
CALL APWAIT 
CALL APPUT(CANS, IA, IP IN, 12) 
CALL APWD 
GO TO 20 

! c 
<p EXIT 
C. " 
270 CONTINUE 

<: 
C RETRIEVE THE PROCESSED TRACE AND WRITE IT OUT 
C 

CALL APGET(SEIS, 10, IPIN, 12) 
CALL APWD 
ILEN = 4 * LSAMPS + 240 
CALL WRITE (TRACEA, ILEN, 0, LNUM, LOUT, &340) 

C 
C GET THE NEXT TRACE. 
C 
280 CONTINUE 

C 
IF (JINX .EQ. KING*NUN) GO TO 290 
GO TO 310 

290 WRITE (6,300) JINX 
300 FORMAT (10X, '***', 16, ' FILES HAVE BEEN PROCESSED') 

KING = KING + 1 
310 CONTINUE 

C 
C START PROCESSING THE NEXT FILE. 
<: 
320 CONTINUE 

.\Wl l.TUR = .m'll.KS — 1 
WRITE (6,330) JFILES 

, 330 FORMAT (/, 10X, '***NORMAL END OF EXECUTION', /, /, 10X, •***', 
1 15, ' FILES WERE PROCESSED', //) 
GO TO 360 

<: 
340 WRITE (6,350) 
350 FORMAT (/, 10X, '***EOT ENCOUNTER OR I/O ERROR - STOPS EXECUTION' 

^ 1 //) 
C 
360 CONTINUE 

C 
RETURN 

i END 
i 
I -
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SUBROUTINE MO (JCHAN) 
C 
C MUTES THE JCHAN'TH CHANNEL OVER MUTE (JCHAN) SAMPLES 
C USING AN NTAP CC6**2 TAPER 
C 

IMPLICIT INTEGER*2(I) 
DIMENSION DOM (1024) 
COMMON /FOUR/ MUTE (24) , TAP (100) , NTAP 
DATA IA /0/ 
IMUTE = MUTE (JCHAN) 
CALL APGET(DUM, IA, IMUTE, 12) 
CALL APWD 
JJ - MUTE(JCHAN) - NTAP 
CALL ZERO(JJ, DUM) 
DO 10 K = 1, NTAP 

10 DUM(JJ + K) = DUM(JJ + K) * TAP (NTAP - K + 1) 
CALL APPUT(DUM, IA, IMUTE, 12) 
CALL APWD 
RETURN 
END 

C 
C 

SUBROUTINE RAMP(JUG) 
C 
C RAMP ROUTINE 
C THE USER CHOOSES ONE OF FIVE FUNCTIONS (SEE TEXT) 
Ci 
! 

ci 

IMPLICIT INTEGER*2(I) 
DIMENSION PNTER(2), LINOUT(2) , ALFA (2), CONST(4), A(2048,2) 

I COMMON /GEN/ JAG(3), JSAMP, KQPT(15), JTEST 
COMMON /THREE/ PNTER, LINOUT, ALFA, CONST, A, JAZZ (2) 
CONST (1) = ALFA (JUG) 
CONST(2) = 0.000 
CONST(3) = JSAMP / 1000.0 
CONST (4) = 1. 
JUMP = PNTER (JUG) 
IF (JAZZ (JUG) .EQ. 1) RETURN 
T = CONST(2) 
DO 70 J = 1, 2048 
GO TO (10, 20, 30, 40, 50), JUMP 

10 A(J,JUG) = T 
GO TO 60 

20 A (J, JUG) = EXP (CONST (1) *T) 
GO TO 60 

30 A(J,JUG) • T * T 
GO TO 60 

40 A(J,JUG) = T * EXP (CONST(1) *T) 
GO TO 60 

50 A(J,JUG) - T * T * EXP (CONST (1)*T) 
60 IF (A (J, JUG) .EQ. 0.0) A (J, JUG) = CONST (4) 

T = T + CONST(3) 
70 CONTINUE 

JAZZ(JUG) = JAZZ(JUG) + 1 
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c: 
RETURN 

> END 
c: 
<: 

SUBROUTINE HEDA(NIN, NOUT) 
0 
V. READER BLOCK TRANSFERS 
c: 

. IMPLICIT INTEGER*2(I) 
DIMENSION TPHEDA(800) 
INTEGER TPHEDB(IOO) 

C 
READ THE EBCDIC HEADER 

G. 
I ILEN = 3200 

CALL READ(TPHEDA, ILEN, 0, LNUM, NIN) 
C READ BINARY HEADER 
G 
| ILEN = 400 

CALL READ(TPHEDB, ILEN, 0, LNUM, NIN) 
C WRITE EBCDIC HEADER 
C 
| ILEN = 3200 

CALL WRITE(TPHEDA, ILEN, 0, LNUM, NOUT) 
€ 
C WRITE BINARY HEADER 

ILEN = 400 
CALL WRITE(TPHEDB, ILEN, 0, LNUM, NOUT) 

C 
RETURN 
END 

<C 
c 

SUBROUTINE APPLY (JTEST, LZ, Z, LW, W, LQ, Q) 
r ; 
C PROCESSING FILTER APPLICATION 
c •' 

DIMENSION Z(2048), W(2048), Q(2048) 
€ 

IF (JTEST .EQ. 0) GO TO 10 
CALL FRECON(LZ, Z, LW, W, LQ, Q) 
RETURN 

C 
10 CALL CONVCMLZ, Z, LW, W, LQ, Q) 

C : 
RETURN 
END 
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c* * * * * * * * * * * * * * * * * * * * * *^^ 
PROGRAM YTBEA2 

YIBEA2 IS A STACK PROGRAM USED FOR THE STUDY OF VARIOUS 
STACKING ALGORITHMS (CHAPTER 2). THE FOLLOWING STACKS CAN 
BE CARRIED OUT ACCORDING TO THE VALUE CHOSEN FOR THE PARA­
METER 'STACKO*: 

STACKO STACK TYPE 

i 

1 STRAIGHT STACK (NORMALIZED BY I/NCHAN(t) 
(MAYNE, 1962). 

2 ITERATIVE (SUPER) STACK (NAESS,1979). 
C 3 WEIGHTED STACK (ROBINSON, 1970,NUNNS, 1980). 
4 4 WEIGHTED ITERATIVE STACK. 
C 5 SLANT (CONSTANT RAY-PARAMETER) STACK 
C (SMITH, 1980). 
C 
C YIBEA2 READS AND WRITES SEISMIC TRACES BY UNFORMATTED 
C READ/WRITE STATEMENTS. THE I/O DATA MAY BE FROM/ONTO 
C TAPE OR DISK. THE DATA MOST BE IN STD. SEGY FORMAT BUT 

YIBEA2 WILL ACCEPT SEGY DATA WITH OR WITHOUT THE EBCDIC 
AND BINARY HEADER BLOCKS ACCORDING TO THE VALUE OF 'INF-

C LAG' THAT IS SUPPLIED. 
< b THE DATA FILE HAS TO BE REORGANIZED FOR EACH NEW TAPE 
C p BEING MOUNTED TO BE PROCESSED. 
C 
C A VERSION BY F. JIFON (FEB. 1984) 
C 
( T ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
i 
c 
C MAIN PROG 
C 

I 

C 
INTEGER*2 ILEN 
INTEGER STACKO • 

| DIMENSION T0SOJ2048), VINSQ(2048) , XSQ(24) 
DIMENSION GATHER(2048,24) 

C 
C COMMON BLOCKS 
C 

COMMON /LAYER/ T0LYR(99), VLYR(99) 
COMMON /IN/ NFILES, NCHAN, L, NSTART, NLYR, M, FSAMP 
COMMON /PUT/ JNTSW, NVEL, MOT, JINDEN, MOTE (24) , XSTART, XSTEP 
COMMON /VALUES/ L2INT, TOSQ, XSQ, VINSQ, STACKO, ITERAT, ITY, FAC, 
1 p 
COMMON /OPT/ KSTART, KSTOP, KST, KEN, NFLAG 

c 
(̂ ************************************************* 
c 
C DATA INPUT (FREE-FORMAT) 
c 
c 
C NFILES, NCHAN, L, NSTART, NLYR,M 
C NFILES - number of files to be stacked. 
C NCHAN = number of traces per record. 
C L = number of samples per trace. 
C NSTART = delay (in samples) to be applied before NMD. 
C NLYR = number of points (layers) in each 
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G time-velocity function. 
C M = interpolation level. 
C JNTSW,NVEL,MUT/JINDEN 
C JNTSW = 1 for lateral interpolation of velocity 
G functions. 
C =0 for no lateral interpolation. 
C NVEL = number of velocity functions. 
G MOT = 1 i f muting is to be carried out. 
G = -1 for no muting. 

i 

C 
C IF(MDT.EQ.l) (MOTE(K) ,K=1,NCHAN) 
•<f MUTE(K) = number of samples to be muted off 
G trace number K of any f i l e being stacked. 
C XSTART/XSTEP,FSAMPrINFLAG 
C XSTART = near-trace offset. 

XSTEP = offset increment. 
FSAMP = sampling frequency in hertz. 
INFLAG = 1 for STD. SEGY header blocks on the input 

device (logical unit - 7) which are read 
and then written at the beginning of the 
output device (logical unit - 8) . 

C STACKO 
<£ STACKD = stack type (see above) 

IF (STACKO=2 OR STACRO=4) ITERAT, ITY,FAC 
G ITERAT = number of iterations for an iterative stack. 
<fa ITY = -1 i f normalisation is performed with the 
G number of positive and negative amplitudes 
C at the given time-point respectively. 
C = +1 i f normalisation is performed with a 
C fraction FAG times the fold of cover at 
C given time-point. 

FAG = fraction of the fold of cover (at a given 
time-point) to be used for the normalisation 
in the iterative algorithm. 

IF (STACKQ=3 OR STACKD=4) RSTART,KSTQP,KSTfKEN,NLFAG 
KSTART = beginning of the window to be used for 

estimating the weights for a weighted stack. 
KSTQP = end of the window. 
KST = beginning of the window to which the 

estimated weights are applied. 
KEN = end of the above window. 
NFLAG = 0 for an optimally weighted stack. 

C = 1 for a constant energy stack. 
•2 =2 for a diversity stack. 
2 IF(STACKO=5) P 
C P = ray-parameter (p=sin(i)/v) (See Shultz et al.,1978) 
C INSERT NVEL time (in seconds)-velocity (in meters/sec) functions 
C each preceeded by the CMP number of it s location 
C and the number of layers (NLYR) for that function. 
C e.g. i f NVEL=2 and NLYR=2 , insert 
C 135,2 
C .070,1500. fi r s t velocity function. 
C .156,2800. 
C 235,2 ) 
C .060,1450. ) second velocity function. 
C .200,3000. ) 

where the CMP numbers for the location 
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of the velocity functions are respectively 
135 and 235 (in increasing order). 

C 
C 
C 
£ Irk******************************************** 

C 
c 

READ (5,*) NFILES, NCHAN, L, NSTART, NLYR, H 
i READ (5,*) JNTSW, NVEL, MOT, JINDEN 
IF (MOT .EQ. 1) READ (5,*) (MDTE(K) ,K=1,NCHAN) 
READ (5,*) XSTART, XSTEP, FSAMP, INFLAG 
READ (5,*) STACKO 
IF (STACKO .EQ. 2 .OR. STACKO .EQ. 4) READ (5,*) TTERAT, ITY, FAC 
. IF (STACKO .EQ. 3 .OR. STACKO .EQ. 4) READ (5,*) KSTART, KSTOP, 
1 KST, KEN, NFLAG 
IF (STACKO .EQ. 5) READ (5,*) P 

C 
C 
C 
C! 
Q \ **************************************************** 
c 
c 
c 
c 

INSERT THE VELOCITY FUNCTIONS IN ORDER OF INCREASING CMP NUMBER 
AFTER THE LAST LINE ABOVE. 

C ; 

i 

C 
C 
C 

GET THE NEXT POWER OF 2 THAT IS GREATER THAN L. 
L2INT = 2 
DO 10 K = 1, 1000 

IF (L2INT .GE. L) GO TO 20 
L2INT = 2 * L2INT 

10 CONTINUE 
C 
Ci SET UP X**2 OR X 
c; 

20 X = XSTART 
1 DO 30 JCHAN = 1, NCHAN 
! XSQ(JCHAN) = X ** 2 
| IF (STACKO .EQ. 5) XSQ(JCHAN) = X 

X = X + XSTEP 
l 30 CONTINUE 

TSAMP = 1.0 / FSAMP 
TO = NSTART * TSAMP 
SET UP T0**2 (OR TO) 
DO 40 J = 1, L 
T0SQ(J) = TO ** 2 
IF (STACKO .EQ. 5) TOSQ(J) = TO 
TO = TO + TSAMP 

40 CONTINUE 
x L21NT = L2INT 

CALL SETAP(L21NT, M) 
: TRANSFER HEADER BLOCKS 

IF (INFLAG .EQ. 1) CALL HEDA(7, 8) 
; LI = L 
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NN = NCHAN 
CALL MAINPR (LI, NN, GATHER) 

C 
C END OF PROGRAM. BYE! 

STOP 
END 

SUBROUTINE SETAP(L21NT, M) 
C 
G THIS ROUTINE SETS UP A COMPLEX EXPONENTIAL ARRAY IN THE AP 
C AT THE SPECIFIED LOCATION AND STORES A 1. AT 6144 
C 

IMPLICIT INTEGER*2 (I,K) 
COMMON /CCONST/ KIM, KO, Kl, K2, K3, K4, K5, K6, K7, K8, K9, K10, 
1 K l l , IA, IB, IC, ID, rrop 

C 
C INITIALIZE THE AP 

IDUM = 0 
CALL APINIT(IDUM, IDUM, IDUM) 
CALL APWR 
FIRST = 1.0 
IDl = ID + Kl 
ID2 = ID + K2 
IL2I21 = L21NT / 2 - 1 
Z * L21NT * M 
CONST = 1.0 / Z 
TWOPI = 8.0 * ATAN(l.O) 
CONST = CONST * TWOPI 

c. 

C 

c 
c 
c 

CALL APPUT(CONST, KO, Kl, K2) 
CALL APWD 
CALL VRAMP(K0, KO, IB, Kl, IL2I21) 
CALL APWR 
CALL VCOS(IB, Kl, ID1, K2, IL2I21) 
CALL APWR 
CALL VSIN(IB, Kl, ID2, K2, IL2I21) 
CALL APWR 
CALL VCLR(ID, Kl, Kl) 
CALL APWR 

C 
G STORE 1. AT ID 
C 

CALL APPUT (FIRST, ID, Kl, K2) 
CALL APWD 
RETURN 
END 

BLOCK DATA 
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INITIALIZE ALL THE 1*2 VARIABLES TO BE USED FOR 
INDEXING IN AP 

IMPLICIT INTEGER*2(I - N) 
COMMON /CCONST/ KIM, KO, Kl, K2, K3, K4, K5, K6, K7, K8, K9, K10, 
1 K l l , IA, IB, IC, ID, ITOP 
DATA KIM, KO, Kl, K2, K3, K4, K5, K6, K7, K8, K9, K10, K l l , IA, 
1 IB, IC, ID, ITOP / - l , 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 
2 0, 2048, 4096, 6144, 8191/ 

END 

SUBROUTINE MAINPR(Ll, NN, GATHER) 
MAIN SUBROUTINE OF YTJ3EA2. 
IMPLICIT INTEGER*2(I,K) 
INTEGER*2 MSTOR, MCHAN, IONS 
INTEGER INDEX, ITERAT, STACKO, IND, TRH(60) 
DIMENSION GATHER (LI,NN), CHAN(2048), SEISM (32767) 
DIMENSION MSTQR(2048), MCHAN(2048) , INDEX(2048), IONS(2048) 
DIMENSION T02LYR(2048), V2LYR(99), T0INT(99), VELINT(99) 
DIMENSION T0SQ(2048), VTNSQ(2048) , XSQ(24) 
DIMENSION CONST(11), BUM(11), W(48) 
DIMENSION TRACEA(2108), SIG(2108), R(2048), STACK(2048) 
COMMON BLOCKS 
COMMON /CCONST/ KIM, K0, Kl, K2, K3, K4, K5, K6, K7, K8, K9, K10, 
1 K l l , IA, IB, IC, ID, ITOP 
COMMON /IN/ NFILES, NCHAN, L, NSTART, NLYR, M, FSAMP 
COMMON /PUT/ JNTSW, NVEL, MOT, JTNDEN, MUTE(24), XSTART, XSTEP 
COMMON /VALUES/ L2INT, TOSQ, XSQ, VINSQ, STACKO, ITERAT, MY, FAC, 
1 P 
COMMON /LAYER/ T0LYR(99) , VLYR(99) 
SHARED STORES 
EQUIVALENCE (TRACEA(61) ,SEISM(1)) , (STACK(1) ,R(1)) 
EQUIVALENCE (SIG(61) ,STACK(1)), (SIG(l) ,TRH(1)) 
CLEAR THE WORKING ARRAY SEISM 
CALL ZERO(32767, SEISM) 
SET UP REQUIRED ADDRESSES AND CONSTANTS 
IC2 = IC + K2 
IC1 = IC + Kl 
ID1 - ID + Kl 
LI - L + 1 
IL2I21 = (L2INT/2) - 1 
IL • L 
IL2INT = L2INT 
CONST(2) = M * FSAMP 
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c 
c 
c 

CONST(3) = 0.5 
CONST(4) = -M * NSTART 
CONST(5) = 0.0 
CONST(6) = L * M 
CONST (7) = L + 1 
CONST(8) = 1.0 
CONST(9) = 1.0 / M 
CONST(10) = (L + 1) * M - 1 
IGNORE VELOCITY INFORMATION IF STACKO IS 5 
IF (STACKO .EQ. 5) GO TO 20 
JVEL = 1 

A N2LYR-POINT VELOCITY FUNCTION FOR CMP N2VAN 
READ (5,*) N2VAN, N2LYR 
READ (5,*) (T02LYR(J) ,V2LYR(J) ,J=1,N2LYR) 
STORE THE VALUES JUST READ IN. 
NLYR = N2LYR 
NVAN = N2VAN 
DO 10 J = 1, NLYR 
TOLYR(J) = T02LYR(J) 
VLYR(J) = V2LYR(J) 
TOINT(J) =0.0 
VELINT(J) =0.0 

10 CONTINUE 
20 CONTINUE 

MAIN LOOP OVER THE FILES TO BE STACKED 
DO 350 JFILES = 1, NFTT.ES 
JSUM = 0 
JDIFF = 0 
JFIL = JFILES 

SET SEISM(L+l) =0.0 TO COPE WITH OVERFLOW IN TIME AND CLEAR AP 
SEISM (LI) =0.0 
CALL VCLR(IAf Kl, IL) 
CALL APWR 

C 
C STORE ZEROS IN THE VECTOR MCHAN 
c; 

CALL APGET (MCHAN, K0, IL, Kl) 
CALL APWD 

C 

C l 

ITERATE THROUGH CHANNELS 
DO 240 JCHAN = 1, NCHAN 
JTR = JCHAN 
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C READ AN L*4 BYTE TRACE 
C 

ILEN = 4 * L + 240 
CALL READ(TRACEA, ILEN, 0, LNDM, 7, &360) 

q 
C| TRANSFER TRACE HEADERS 

DO 30 J = 1, 60 
30 SIG(J) = TRACEA(J) 

JCDPNO = TRH(6) 
C 
C IF SLANT STACK IS DESIRED, IGNORE ALL ABOUT VELOCITY 
C INTERPOLATION. 
C 

IF (STACKO .EQ. 5) GO TO 110 
C 
C NOW CHECK THE CHANNEL NUMBER AND DO NOTHING IF IT IS .GE. 2 

IF (JCHAN .GE. 2) GO TO 110 
C 
C CHECK IF CURRENT CMP NO IS .LT. N2VAN. IF YES, DO A LATERAL 
C INTERPOLATION OF THE VELOCITY FUNCTION. 
C 

IF (JCDPNO .LT. N2VAN) GO TO 70 
40 NLYR = N2LYR 

NVAN = N2VAN 
DO 50 J = 1, NLYR 
TOLYR(J) = T02LYR(J) 

50 VLYR(J) = V2LYR(J) 
IF (JVEL .EQ. NVEL) GO TO 100 
JVEL = JVEL + 1 

C 
C READ THE NEXT VELOCITY FUNCTION 
C 

READ (5,*) N2VAN, N2LYR 
READ (5,*) (T02LYR(J) ,V2LYR(J) ,J=1,N2LYR) 
IF (JCDPNO .GE. N2VAN) GO TO 40 

C 
C LATERAL INTERPOLATION OF STACKING VELOCITY. 

IF (JNTSW .EQ. 0) GO TO 100 
JINT = N2VAN - NVAN 
IF (JINT .LE. 1) GO TO 100 
RINT = FLOAT (JINT) 
DO 60 J = 1, NLYR 
TO INT (J) = (T02LYR(J) - TOLYR(J)) / RINT 

60 VELINT(J) = (V2LYR(J) - VLYR(J)) / RINT 
IF (JCDPNO .LE. NVAN) GO TO 100 
JDIFF = JCDPNO - NVAN 

70 IF (JNTSW .EQ. 0) GO TO 100 
80 DO 90 J = 1, NLYR 

TOLYR(J) - TOLYR(J) + TO INT (J) 
90 VLYR(J) = VLYR(J) + VELINT(J) 

IF (JDIFF .LE. 1) GO TO 100 
JDIFF = JDIFF - 1 
GO TO 80 
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C COMPOTE (1/V**2) FOR USE IN T0**2 + X**2/(V**2) 
I 100 CALL INVSQ(FSAMP, NSTART, NLYR, L, VINSQ) 
C 
f 110 JSUM = JSUM + 1 
C CHECK IF A MOTE IS NEEDED 
T IP (MOT .NE. 1) MOTE(JCHAN) = 0 
I CONST(ll) = FLOAT((MOTE(JCHAN)*M) - 1) 
C IF SLANT STACK, FOLLOW ANOTHER PATH. 
f IF (STACKO -BQ. 5) GO TO 120 
I , CONST (1) = XSQ (JCHAN) 
C COMPUTE INDEX ARRAY 
C 
| CALL APWR 
C 

C TRANSFER CONTENTS OF ADDRESSES (K1,K11) TO HOST ARRAY 
C DUM AND OVERWRITE THOSE LOCATIONS WITH CONST. 
C 
I CALL APGET(DUMf Kl, Kl l , K2) 
I CALL APWD 
I CALL APPUT (CONST, Kl f K l l , K2) 
! CALL APWD 
C 
C TRANSFER TOSQ TO IB AND VINSQ TO I d 
b 
i CALL APPUT(T0SQ, IB, IL, K2) 

CALL APWD 
CALL APPUT (VINSQ, IC1, IL, K2) 
CALL APWD 

c 
C FORM IFIX (FSAMP*M*SORT (TOSQ+XSQ (JCHAN) *VINSQ) +0.5) -NSTART*M 
C 

CALL VSMOLdCl, Kl, Kl, I d , KL, IL) 
CALL APWR 
CALL VADD(IB, Kl, I d , Kl, IB, Kl, IL) 
CALL APWR 
CALL VSQRT(IB, Kl, IB, Kl, IL) 
CALL APWR 
CALL VSMSA(IB, Kl, K2, K3, IB, Kl, IL) 
CALL APWR 

! CALL VINT (IB, Kl, IB, Kl, IL) 
j CALL APWR 

CALL VSADD(IB, Kl, K4, IB, Kl, IL) 
CALL APWR 

C 
C GO FOR CLIPPING 
C 

GO TO 130 
C 
C SLANT STACK 
C 
120 CONST (1) = P * XSQ (JCHAN) 
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CALL APWR 
C 
q TRANSFER Kl-Kll TO DDM AND REPLACE WITH CONST. 

CALL APGET(DUM, Kl, K l l , K2) 
CALL APWD 
CALL APPDT(CONST, Kl, K l l , K2) 
CALL APWD 

C 
C TRANSFER TOSQ (IN FACT TO) TO IB 

CALL APPDT (TOSQ, IB, IL, K2) 
CALL APWD 

C 
C FORM IFIX (FSAMP*M(TO+P*X) +. 5) -M*NSTART 

CALL VSADD(IB, Kl, Kl, IB, Kl, IL) 
CALL APWR 
CALL VSMSA(IBf Kl, K2, K3, IB, Kl, IL) 
CALL APWR 
CALL VINT (IB, Kl, IB, Kl, IL) 
CALL APWR 
CALL VSADD(IB, Kl, K4, IB, Kl, IL) 
CALL APWR 

C 
C NOW CLIP THE RESULT. 
C 
130 CALL VCLIP(IB, Kl, K5, K6, IB, Kl, IL) 

CALL APWR 
C 
C CHECK FOR MUTED SAMPLES 
C 

CALL LVGT(IB, Kl, K l l , KO, IC, Kl, IL) 
CALL APWR 
CALL VFIX(IC, Kl, IC, Kl, IL) 
CALL APWR 
CALL APGET(MSTOR, IC, IL, Kl) 
CALL APWD 

UPDATE MCHAN 
DO 140 J = 1, L 

140 MCHAN (J) = MCHAN (J) + MSTOR(J) 
CALL VSMSACD3, Kl, K7, K8, IC1, Kl, IL) 
CALL APWR 
CALL VSMDL(IB, Kl, K9, IB, Kl, IL) 
CALL APWR 
CALL VINT (IB, Kl, IB, Kl, IL) 
CALL APWR 
CALL VSMOL(IB, Kl, K10, IB, Kl, IL) 
CALL APWR 
CALL VSUB(IB, Kl, IC1, Kl, IB, Kl, IL) 
CALL APWR 
CALL VFIX(IB, Kl, IB, Kl, IL) 
CALL APWR 
CALL APGET(IONS, IB, IL, Kl) 

i 
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CALL APWD 
DO 150 J = 1, L 
INDEX (J) = IONS (J) 

150 CONTINUE 
C 
C) TRANSFER DUM BACK TO Kl 

CALL APPUT(DOM, Kl, K l l , K2) 
CALL APWD 

C 
C HAVING COMPUTED THE INDEX ARRAY, PREPARE FOR INTERPOLATION NOW. 
C CLEAR B IN AP. 
C 

CALL VCLR(IB, Kl, IL2INT) 
CALL APWR 

C 
Q TRANSFER TRACE TO B 

CALL APPUT(SEISM, IB, IL, K2) 
CALL APWD 

C FIND TRACE MEAN AND STORE IT IN ITOP 
C 

CALL MEANV(IB, Kl, ITOP, IL) 
C 
C SUBTRACT MEAN FROM TRACE 
C 

CALL VNEG(ITOP, Kl, ITOP, Kl, Kl) 
CALL VSADDOB, Kl, ITOP, IB, Kl, IL) 

C 
C| SCALE THE TRACE 
C 

IF (JINDEN .LT. 0) GO TO 160 
CALL SVESOJIB, Kl, ITOP, IL) 
IF (JINDEN .EQ. 0) CALL VSQRT(ITOP, Kl, ITOP, Kl, Kl) 
CALL VDIV(ITOP, K0, IB, Kl, IB, Kl, IL) 

160 CONTINUE 
C 
C MOTE THE TRACE IF REQUIRED 
C 

IF (MOT .NE. 1) GO TO 170 
IMUTE = MUTE(JCHAN) 
CALL VCLR(IB, Kl, IMUTE) 
CALL APWR 

C 
C TRANSFER MODIFIED TRACE BACK TO SEISM 
C 
170 LP = 1 

CALL APGET(SEISM(LP), IB, IL, K2) 
CALL APWD 

C 
C INTERPOLATE NOW IF NECESSARY 
C 

IF (M .EQ. 1) GO TO 190 
C 
C TAKE THE FOURIER TRANSFORM OF THE TRACE AND PUT IT IN C 

CALL RFFTB (IB, IC, IL2INT, Kl) 

I 176 



CALL RFFTSC(IC, IL2INT, KO, Kl) 
CALL VCLR(IC, Kl, K2) 
CALL APWR 

C 
C ITERATE FROM 2 TO M 
C 

DO 180 J = 2, M 
G 
G MULTIPLY TRANSFORM BY COMPLEX EXPONENTIAL ARRAY 
G 

CALL CVMUL(IC2, K2, IDl, K2, IC2, K2, IL2I21, Kl) 
' CALL APWR 
G 
G MOVE C TO B AND TAKE THE IN PLACE TRANSFORM 
G 

CALL VMOV(IC, Kl, IB, Kl, IL2INT) 
CALL APWR 
CALL RFFT(IB, IL2INT, KIM) 

<p 
C TRANSFER SHIFTED TRACE BACK TO SEISM 
C 

LP = LP + L 
CALL APWR 
CALL APOET(SEISM(LP), IB, IL, K2) 
CALL APWD 

180 CONTINUE 
C 
C SORT OUT CORRECT SAMPLES FROM SEISM AND STORE THEM IN STACK 
<: 
190 DO 200 JJ = 1, L 

IND = INDEX(JJ) 
STACK (JJ) = SEISM (IND) 

200 CONTINUE 
WRITE (6,210) 

210 FORMAT (10X, '***STACK RETRIEVED', //) 
C 
O IF A STRAIGHT OR SLANT STACK IS DESIRED, ADD THE NMO CORRECTED 
C TRACE 
O TO THE ACCUMULATING ARRAY. IF NOT, STORE IT AS THE NEXT COLUMN 
C OF THE NOTIONAL MATRIX 'GATHER'. 
i: 

IF (STACKO .EQ. 1 .OR. STACKO .EQ. 5) GO TO 230 
DO 220 J I = 1, L 
GATHER (JI, JCHAN) = STACK (JI) 

220 CONTINUE 
GO TO 240 

C 
Z TRANSFER STACK INTO Bl AND ADD STACK TO A 
•C ' 
230 CONTINUE 

CALL APWR 
CALL APPUT(STACK, IB, IL, K2) 
CALL APWD 
CALL VADD(IA, Kl, IB, Kl, IA, Kl, IL) 
CALL APWR 

C 
C END OF FILE LOOP 
C 
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240 CONTINUE 
DO 250 J = 1, L 

IF (MCHAN(J) .EQ. 0) MCHAN(J) = 1 
CHAN (J) = MCHAN(J) 

250 CONTINUE 
<: 
<•: CHOOSE A STACK OR NORMALIZE THE STRAIGHT OR SLANT STACK. 
C; 

GO TO (260, 280, 290, 320, 260), STACKO 
<: 
<: 
260 IF (JSUM .EQ. 0) GO TO 270 

<: 
CALL APWR 
CALL APPUT(CHAN, IB, IL, K2) 
CALL APWD 
CALL VDIV(IB, Kl, K0, Kl, K0, Kl, IL) 

t TRANSFER SCALED STACK BACK TO STACK 
270 CALL APWR 

CALL APGET(STACK, IA, IL, K2) 
CALL APWD 
GO TO 330 

C ' 
C ITERATIVE STACK 
Z 
280 CALL SUPER (L, NCHAN, GATHER, R, CHAN) 

GO TO 330 
C 
C OPTIMUM WEIGHT STACK. 
C 
290 CALL OPTWGT(L, NCHAN, GATHER, W) 

!'C 
I DO 300 K = 1, L 

R(K) =0.0 
DO 300 J = 1, NCHAN 

300 R(K) = R(K) + GATHER (K, J) 
C 

IF (NCHAN .GE. 3) GO TO 330 
CALL APPUT(R, IA, IL, K2) 
CALL APWD 
IF (JSUM .EQ. 0) GO TO 310 
CALL APWR 
CALL APPUT(CHAN, IB, IL, K2) 
CALL APWD 
CALL VDIV(IB, Kl, K0, Kl, KO, Kl, IL) 

310 CALL APWR 
CALL APGET (STACK, IA, IL, K2) 
CALL APWD 
GO TO 330 

C 
C OPTIMUM WEIGHTED SUPER STACK. 
C 
320 CALL QPTWGT(L, NCHAN, GATHER, W) 

CALL SUPER (L, NCHAN, GATHER, R, CHAN) 
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c 
C WRITE A 4*L BYTE STACKED TRACE 
C 
330 CONTINUE 

ILEN = 4 * L + 240 
CALL WRITE (SIG, ILEN, 0, LNUM, 8, &360) 

C 
C 

IF (MOD(JFIL,10) .EQ. 0) WRITE (6,340) JFIL 
340 FORMAT (10X, •***', 15, ' FILES HAVE BEEN PROCESSED') 

C; 
C STACK THE NEXT FILE. 
C 
350 CONTINUE 

C 
C PROCESSING FINISHED! 
d 

GO TO 380 
360 WRITE (6,370) 
370 FORMAT (10X, '***END OF TAPE ENCOUNTERED! STOP!', /) 

C 
C 
380 RETURN 

END 
c 
q 

SUBROUTINE INVSQ(FSAMP, NSTART, NLYR, L, VINSQ) 
SUBROUTINE TO GENERATE INVERSE SQUARES OF STACKING VELOCITY 
DIMENSION VINSQ(2048) 
COMMON /LASER/ T0LYR(99), VLYR(99) 
Nl = 1 
N2 = IFIX(FSAMP*T0LYR(1)) - NSTART 
VINSQ1 = 1.0 / VLYR(l) ** 2 
DO 10 I = Nl, N2 
VINSQ (I) = VINSQ1 

10 CONTINUE 
IF (NLYR .EQ. 1) GO TO 40 
DO 30 J = 2, NLYR 
Nl = N2 + 1 
N2 = IFIX (F5AMP*T0LYR (J)) - NSTART 
DELV = (VLXR(J) - VLYR(J - 1)) / (N2 - Nl + 2) 
V = VLYR(J - 1) 
DO 20 I = Nl, N2 
VINSQ(I) = 1.0 / V ** 2 
V = V + DELV 

20 CONTINUE 
30 CONTINUE 
40 Nl = N2 + 1 

N2 = L 
VINSON = 1.0 / VLYR(NLYR) ** 2 
DO 50 I - Nl, N2 
VINSQ(I) = VINSON 

50 CONTINUE 
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RETURN 
END 

C 
C 
C 

SUBROUTINE SUPER(LSAMP, M, X, R, CHAN) 
C 
C THIS SUBROUTINE PERFORMS THE ITERATIVE STACKING 
C ALGORITHM (NAESS, 1979). 
C ML=NUMBER OF + AMPLITUDES AT GIVEN TIME-POINT. 
C Nl=NDMBER OF - AMPLITUDES AT GIVEN TIME-POINT. 
C THEY MAY BE USED FOR NORMALISATION INSTEAD OF 
d (CHAN(I)*FAC) . 
C 

COMMON /VALUES/ DUM(4121), STACK), ITERAT, ITYPE, FAC, P 
DIMENSION X(LSAMP,M), CHAN(l), R(2048) 
INTEGER*2 ILEN 
INTEGER STACKO 

'a 
i 

c 

K = 0 
10 CONTINUE 

K = K + 1 
IF (K .GT. ITERAT) GO TO 100 
DO 90 I = 1, LSAMP 
Ml = 0 
Nl = 0 
SP = 0.0 
SM = 0.0 

C 
C GET SP AND SM 
C 

DO 40 J = 1, M 
IF (X(I,J) .GT. 0.0) GO TO 30 
IF (X(I,J) .EQ. 0) GO TO 20 
Nl - Nl + 1 

20 SM » SM + X(I,J) 
GO TO 40 

30 Ml = Ml + 1 
SP = SP + X(I,J) 

40 CONTINUE 
IF (ITYPE .LT. 0) GO TO 50 
CHAMY = FAC * CHAN(I) 
CHAPY = FAC * CHAN (I) 
GO TO 60 

50 CHAMY - FLOAT (Ml) 
CHAPY = FLOAT(Nl) 

60 CONTINUE 
SM = SM / CHAMY 
SP = SP / CHAPY 

C GET NEW VALUES OF X(I,J) 
c 

DO 80 I I = 1, M 
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IF (X(I,I1) .GT. 0.0) GO TO 70 
IF (ABS(X(I,I1)) .GT. ABS(SM)) X(I,I1) = SM 
GO TO 80 

70 IF (X(I,I1) .GT. SP) X(I,I1) = SP 
80 CONTINUE 

IF (K .NE. ITERAT) GO TO 90 
R(I) = SP + SM 

90 CONTINUE 
GO TO 10 
END OF STACK 

100 CONTINUE 
EXIT 
RETURN 
END 

SUBROUTINE QPTWGT(N, M, SS, W) 
COMPUTES THE OPTIMUM, CONSTANT ENERGY, OR DIVERSITY 
STACKING WEIGHTS FOR AN NMO-GORRECTED GATHER STORED 

C IN SS(N,M). M IS THE NUMBER OF CHANNELS AND IS GREATER 
C i OR EQUAL TO 3 AND LESS OR EQUAL TO 24. (SEE RIETSCH, 1980). 
c! 

I DIMENSION SS(N,M), S(2048,24), W(M), Y(500), X(500) 
DIMENSION Wl(48), WIN(48), DDOT(48), WIM(48), E(48) 
DIMENSION A(48), NOISE(48), R(48), SVB(1024), SIGVB(1024) 
COMMON /OPT/ KSTART, KSTOP, KST, KEN, NFLAG 
REAL*4 NOISE 

C 1 

C ' 
C i 

C 
C 
C! 

C 
C 
c 

c 
c 
c 

IF (M .LT. 3) WRITE (17,10) 
10 FORMAT (10X, •***THE NUMBER OF CHANNELS IS LESS THAN 3', //) 

IF (M .LT. 3) RETURN 
CLEAR THE WORKING ARRAYS AND GET THE LENGTH OF THE WINDOW. 
CALL ZERO (500, X) 
CALL ZERO (500, Y) 
IV = KSTOP - KSTART + 1 
WRITE (17,*) TV, KSTART, KSTOP, INDIC, KST, KEN, NFLAG 

DO 20 J = 1, M 
DO 20 I = 1, IV 

S(I,J) = SS(KSTART + I - 1,J) 
20 CONTINUE 

DO THE CONSTANT ENERGY OR DIVERSITY STACK 
IF (NFLAG .NE. 0) GO TO 180 
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c C CALCULATION OF SIGNAL SCALES 
MM = M - 1 
PI = 1.0 
DO 40 I = 1/ MM 

JP = I + 1 
DO 40 J = JP, M 
DO 30 L = 1, IV 

X(L) = S(L fI) 
30 Y(L) - S(L,J) 

CALL DOT (IV, X, Y, PIP) 
PI = PI * ABS(PIP) 

40 CONTINUE 
C 
c 

C 

<? 

C 

c 

PD = PI ** (1.0/FLOAT((M - 2)*(M - 1))) 
DO 70 J l = 1, M 
P2 = 1.0 
DO 60 J2 = 1, M 

IF (Jl .EQ. J2) GO TO 60 
DO 50 L = 1, IV 

X(L) = S(L,J1) 
50 Y(L) - S(L,J2) 

CALL DOT(IV, X, Y, P2P) 
CALL ZERO (500, X) 
CALL ZERO(500/ Y) 
P2 = P2 * ABS(P2P) 

60 CONTINUE 
PN = P2 ** (1.0/FLOAT(M - 2)) 
A(J1) = PN / PD 

70 CONTINUE 
GET A TRACE SEGMENT 
KKEN = KEN 
KKST = KST 
IT = KKEN - KKST + 1 

CONTINUE 
DO 80 J = 1, M 
DO 80 I = 1, IT 

80 S(I,J) = SS(KKST + I - 1,J) / A(J) 
,C 
C COMPUTE THE ENERGY IN EACH CHANNEL 

DO 100 J = 1, M 
DO 90 L = 1, IT 

90 X(L) = S(L,J) 
CALL SIG(IT f X, E(J)) 
CALL ZERO (500, X) 
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100 CONTINUE 

C 
C 

U = 0.0 
SOB = 0.0 
SIGMA = 0.0 
DO 110 J = 1, M 
W1(J) = 1.0 / E(J) 
IF (W1(J) .EQ. .5) W1(J) = Wl(J) - 1. 
WIN(J) = «1(J) / (1.0 - 2.0*W1(J)) 

r:\ U = U + WIN (J) 
SQB = SQB + W1(J) * E(J) 
SIGMA = SIGMA + WIN (J) * E(J) 
WIM(J) = 1.0 / (1.0 - 2.0*W1(J)) 

110 CONTINUE 
COMPUTE , . THE VECTORS SIGMA AND S 
DO 130 I = 1, IT 

I SIGVB(I) =0.0 
SVB(I) = 0.0 
DO 120 J = 1, M 
SVB(I) = SVB(I) + W1(J) * S(I,J) 
SIGVB(I) = SIGVB(I) + WIN(J) * S(I,J) 

120 CONTINUE 
130 CONTINUE 

C GET BETA. 
C, 

CALL DOT (IT, SVB, SIGVB, PDP) 
PDP = 2.0 * PDP 
BETA = (SQB - SIGMA + PDP) / (1.0 + U) 

C! GET THE NOISE VECTOR. 
Ci 

DO 150 J = 1, M 
DO 140 L = 1, IT 

140 X(L) = S(L,J) 
CALL DOT (IT, X, SVB, DDOT(J)) 
DDOT(J) = 2.0 * DDOT(J) 
NOISE (J) = (E(J) - DDOT(J) + BETA) * WIM(J) 
CALL ZERO(500, X) 

150 CONTINUE 
GET THE S/N RATIO 
RS = 0.0 
DO 160 J = 1, M 

R(J) = (A(J)**2) * (1.) / NOISE (J) 
IF (R(J) .LT. 0.) GO TO 160 
RS = RS + R(J) 

160 CONTINUE 
GET THE WEIGHTS (EQUATION 15 -APPENDIX A) 
DO 170 J = 1, M 

170 W(J) = R(J) / (A(J)*RS) 
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G 
C APPLY THE WEIGHTS. 

GO TO 210 
G 
G CONSTANT ENERGY OR DIVERSITY STACKING. 
G 
i 180 DO 200 J = 1, M 
' DO 190 L = 1, IV 
190 X(L) = S(L,J) 

CALL SIG(IV, X, E(J)) 
CALL ZERO (500, X) 
IF (NFLAG .EQ. 1) W(J) = 1. / SQRT(E(J)) 

200 IF (NFLAG .EQ. 2) W(J) = 1. / (E(J)*E(J)) 
q 
C APPLY THE WEIGHTS NOW. 
C 
210 DO 230 J = 1, M 

IF (J .EQ. 1) WRITE (17,220) 
220 FORMAT (10X, 'APPLYING WEIGHTS TO GATHER ', /) 

FC = W(J) 
IF (W(J) .LT. 0.) FC = 0. 
DO 230 I = 1, IT 
SS(KKST + I - 1,J) = FC * S(I,J) 

230 CONTINUE 
c, 
CI LOG. 
el 
'240 WRITE (17,250) (E(I) ,A(I) ,NOISE(I) ,R(I) ,W(I) ,I=1,M) 
! WRITE (17,260) RS 
250 FORMAT (IX, 5(1X,F12.6,1X), /) 

i 260 FORMAT (/, 10X, '***THE CPTCMQM S/N OF THE DATA WINDOW IS', F12.6, 
1 //) 

c! 
Cj EXIT 
C 
I RETURN 
! END 

I 
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PROGRAM YIBEA3 

YIBEA3 IS USED FOR STUDIES OF NORMAL INCIDENCE 
RESPONSES OF A FEW MODELS WRT DEREVERBERATION PROBLEMS 

G 
i 
G i 
G 
G 

i 

C 
i 
G 
G 
G 

i 

G 
C 

i 

C 
C 
C 

I 
c 
c i 
G 
C 
G 
c 
c 
c 
q 
c 
c 
c 
c 
G 
C 
C 
c 
C 
G 

I 
q c c c c c c 

* 
* 
* 
* 
* 

y 

DATAFILE (UNIT 5) 
N,K,NWL,DELTA, SAMPR, (ANOM(I) ,I=1,K) 
(3I4,F5.2,F5.0,/,(10A4)) 
(VEL(I),I=1,N+1) 
(8F6.0) 
(DEN(I),I=1,N+1) 
(10F5.2) 
(DIP(I),1=1,N) 
(8F6.0) 
(THICK(I),I=1,N) 
(8F6.0) 
FLAP0,FLAP1 
LENWAV (IF FIAP0=1 ) 
FLAGO 
NSAMP,JSAMP,LHWIN,LSAMPS,LAUT ) 
C0,C1,C2,JIF1,JIF2 ) 
AGC,FSPK0 
UNIT 13 

ALL THESE LINES 
ARE 
IN 

FREE-FORMAT. 

LENWAV SAMPLES OF THE WAVELET IN FREE-FORMAT. 
(REQUIRED IF FLAPO=l) 

OUTPUT FILES 
UNIT 15 - SEISMIC TRACES (UNFORMATTED) 
UNIT 16 - AUTOCORRELOGRAMS (UNFORMATTED) 

N = number of layers. 
K s number of normal incidence shots to generate. 
NVEL = 1 (always set NVEL = 1 to avoid convolution within 

the subprogram MODEL) 
DELTA = interval between shots in KM. 
SAMPR = sampling rate in hertz (l/(DEL(t)) DEL(t)-sampling 

interval. 
(ANOM(I) ,I=1,K) = names of the K shots to be calculated. 
(VEL(I) ,I=1,N+1) = p-wave velocities up to layer N+l. 
(DEN(I) ,I=1,N+1) = layer densities up to layer N+l. 
(DIP (I) ,1=1,N) = dips of the interfaces up to layer N. 
FLAPO = flag to indicate i f the impulse response i s to 

be convolved with a wavelet. I f YES, FLAP0=1. 
FLAP1 = flag to indicate i f the result of the convolution 

is to be advanced for correction of a delay as is 
the case i f the wavelet is a symmetrical 
bandpassed waveform. 
I f yes, FLAP1=1. The result of the 
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C convolution is shifted by LENWAV/2 samples. 
C LENWAV - number of samples of wavelet to be read from 
C unit 13. Inserted only when FLAPO-1 . 
C FLAGO = flag to indicate i f an AGC is to be applied to 
C the final result. I f yes, FIAG0=1 . 
C NSAMP = number of samples of the trace to be written on 
C unit 5 . 
C JSAMP = sampling interval in milliseconds. 
C iiHWIN - length of half-window for AGC (may be dummy i f 
C FLAGO is not unity. 
C LSAMPS - number of samples to autooorrelate (starting 
C from the-first sample). 
C LAUT - number of LAGS of the autocorrelation to be 
C computed starting from the zero LAG. 
C CO = reflection coefficient of surface interface. 
C CI = reflection coefficient of the seabed. 
C C2 = reflection coefficient of deeper interface. 
C JIF1 = two-way time in water layer. 
C JIF2 = two-way time between the seabed and the strongly 
C reflecting interface. 
C AGC = annotation flag. AGC=1 i f FLAG0=1 . 
C FSPKO = annotation flag. FSPKO-1 i f FLAPO-1 . 
C 
C LIBRARIES REQUIRED. 
C . 
C 
C 1. GPT9 :MTHSIMLIB (AP SIMULATION PACKAGE) 
C 2. *GHOST 
C 3. FLOBYA (PERSONAL SUBROUTINE LIBRARY) 
C 
C RUNNING YTBEA3 ON MPS. 
C — — • 
C 
C $RUN *FTNX SCARDS=YIBEA3 
C $R -LOAD+FL0BYA+GPT9 :MTHSIMLIB+*GHCST 5=DATAFILE 
C 13=WAVELET 15=-A 16=-B 9=PLOTFILE 
C 
C BY F. JIFON (DECEMBER, 1982) 
C Q *************************************************** 
C 
c 

INTEGER FLAGO, FLAPO, FLAPl 
C 
C COMMON BLOCKS 
C 

INTEGER*2 ILEN 
COMMON /MASTER/ D(2048) 
COMMON /MODI/ ANS(2048), AUT(2048) 
COMMON /M0D2/ CO, CI, G2, JIF1, JIF2 
COMMON /GEN/ L(2), NSAMP, JSAMP, KK(15) 
COMMON /EIGHT/ LHWIN 

C 
REAL WL(IOO), FIT(256), EQ(2048), S(2048) 
EQUIVALENCE (D(1),EQ(1)) 
DIMENSION RS(2048), RC(2048), SEIS(2048) 

C 
C 
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CALL ZERO (2048, SEIS) 
CALL ZERO (2048, EQ) 
CALL ZERO(2048, AUT) 
M = 1024 
CALL IMPULS(256, FIT, 1) 

C 
C4******GENERATE THE IMPULSE RESPONSE AND ZERO INITIAL IMPULSE 

CALL MODEL(RC, RS) 
RS(1) = 0.0 

*****READ IN DATA NOW AND SAVE RS 
& 

READ (5,*) FLAP0, FLAPl 
IF (FLAP0 .EQ. 1) READ (5,*) LENWAV 
IF (FLAPO .EQ. 1) GO TO 20 
DO 10 J = 1, 1024 

S(J) = RS(J) 
10 CONTINUE 
20 CONTINUE 

READ (5,*) FLAGO 
READ (5,*) NSAMP, JSAMP, LHWIN, LSAMPS, LAUT 
READ (5,*) CO, CI, C2, JIF1, JIF2 

C > 
C*******!F CONVOLUTION IS TO BE DONE , READ WAVELET FROM UNIT 13 
C 

IF (FLAPO ,NE. 1) GO TO 60 
C 
C i 
C ! 
{ READ (13,*) (WL(K),K=1,LENWAV) 

C 
C*******DO THE CONVOLUTION 
C '< 
; CALL CONVOL(LENWAV, WL, M, RS, LS, SEIS) 

C 
C*******IS TIME SHIFT NEEDED? 
C 

IF. (FLAPl .NE. 1) GO TO 40 
LAND = LENWAV / 2 
LS = LS - LAND 
DO 30 J = 1, LS 

S(J) = SEIS (J + LAND) 
30 CONTINUE 

GO TO 60 
40 DO 50 J = 1, LS 

S(J) = SEIS(J) 
50 CONTINUE 
60 CONTINUE 

i LS = 1024 
C 
C*******AUTOCORRELATE NOW 
C 
: CALL AUTOCR(S, LSAMPS, 500, AUT) 

C 
c I 
C! 
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DO 70 J = 1, LS 
70 D(J) = S(J) 

a ; 
I IF (FLAGO .NE. 1) GO TO 90 
! CALL AGCDET 
' WRITE (6,80) 
80 FORMAT (10Xf '***AGC HAS BEEN APPLIED', /) 
90 CONTINUE 
j 

C*******WRITE OUT TRACE AND AUTOCORRELATION 
d ; 

' ILEN = 4 * LSAMPS 
I CALL WRITE (EQ, ILEN, 0, LNUM, 15) 

I ILEN - 4 * LAUT 
| CALL WRITE (AUT, ILEN, 0, LNUM, 16) 
Cp******DECONVOLUTION 
C 
; FIT(JIFl) = CO * CI 
! FIT(JIF2) = C2 * CI 
j FIT(JIF1 + JIF2) = CO * C2 
| CALL CONVOL(256, FIT, LS, S, LANS, ANS) 

CALL AUTOCR(ANS, LSAMPS, 500, AUT) 
C 

DO 100 J = 1, LS 
100 D(J) = ANS(J) 

IF (FLAGO .NE. 1) GO TO 110 
CALL AGCDET 

110 CONTINUE 
*******WRITE OUT DECONVOLVED TRACE AND ITS AUTOCORRELATION 
J ILEN - 4 * LSAMPS 
I CALL WRITE (EQ, ILEN, 0, LNUM, 15) 
', ILEN = 4 * LAUT 

CALL WRITE (AUT, ILEN, 0, LNUM, 16) 
c; 
C*******PLOTTING 
C 

REWIND 15 
REWIND 16 
CALL MODPLT(LSAMPS, LAUT) 

qir* * * * * * ^ OF PROGRAM 
d 

STOP 
END 

SUBROUTINE MODPLT (LX0, LAUT) 
SUBROUTINE TO PLOT RESULTS OF DETERMINISTIC FILTERING 
INTEGER*2 ILEN 
DIMENSION X(1024), DPOS(1024) 
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INTEGER AGC, FLAPO 
CALL ZERO (1024, X) 

C 
Cf* INITIALIZE PLOT 

DO 10 J = 1, 1000 
DPOS(J) = J 

10 CONTINUE 
READ IN THE ANNOTATION FLAGS. 
READ (5,*) AGC, FSPK0 

20 FORMAT (414) 

CALL PAPER(1) 
CALL PSPACE(0.0, 1.0, 0.0, 1.08) 
CALL BOX(0.0, 0.61, 0.04, 1.06) 
CALL POSITN(0.02, 1.055) 
CALL JOIN(0.36, 1.055) 

C 
Cf* DRAW THE TIME GRID 

T = 0.0 
YINC = (1.055 - 0.045) / 10.0 
YPOS = 1.055 
DO 30 J • 1, 10 
YPOS = YPOS - YINC 
T • T + .1 
YPOSI = YPOS + 0.005 
CALL CTRMAG(IO) 
CALL PLOTNF(0.036, YPOSI, T, 1) 
CALL POSITN(0.02, YPOS) 
CALL JOIN(0.36, YPOS) 

30 CONTINUE 
C 
Cf* LABEL THE TIME AXIS 

CALL CTRORI(l.O) 
CALL PLOTCS (0.012, 0.45, 'TWO-WAY TRAVEL TIME IN S' 
CALL CTRQRI(O.O) 
DX = 0.08 
CALL CTRSET(6) 
CALL CTRMAG(40) 
CALL PLOTCS(0.38, 0.95, 'FIG', 3) 
IF (AGC .NE. 1) GO TO 40 
CALL CTRSET(5) 
CALL PLOTCS(0.38, 0.40, 'AGC ON', 6) 
CALL PLOTCS(0.40, 0.30, 'A/ AND ', 7) 
CALL PLOTCS(0.40, 0.20, 'C/', 2) 

40 CONTINUE 
CALL CTRMAG(IO) 
CALL CTRSET(5) 
IF (FSPK0 .EQ. 1) GO TO 50 
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CALL PLOTCS(.38, .85, 'A/ SYNTHETIC TRACES 18) 
GO TO 60 

50 CALL PLOTCS(0.38, 0.85, 'A/ IMPULSE RESPONSE (I. R . ) ' , 26) 
60 CONTINUE 

CALL PLOTCS (0.39, 0.80, ' (TRANSFER MATRIX SOLUTION)', 26) 
CALL PLOTCS(0.38, 0.75, 'B/ AUTOCORRELATION OF', 21) 
CALL PLOTCS(0.40, 0.70, ' V , 3) 

IF (FSPK0 .EQ. 1) GO TO 70 
CALL PLOTCS (0.38, 0.65, 'C/ FILTERED TRACE', 17) 
GO TO 80 

70 CALL PLOTCS(.38, .65, 'C/ FILTERED I.R.', 16) 
80 CONTINUE 

CALL PLOTCS (0.40, 0.60, * (FOUR-POINT FILTER)', 19) 
CALL PLOTCS (0.38, 0.55, 'D/ AUTOCORRELATION OF*, 21) 
CALL PLOTCS (0.40 , 0.50, ' C/', 3) 

X3 = 0.13 
DO 140 K = 1, 4 
GO TO (90, 100, 110, 120), K 

90 CALL PLOTCS(X3, 1.0, 'A', 1) 
GO TO 130 

.00 CALL PLOTCS(X3, 1.0, 'B', 1) 
GO TO 130 

HO CALL PLOTCS(X3, 1.0, 'C, 1) 
GO TO 130 

L20 CALL PLOTCS (X3, 1.0, 'D', 1) 
L30 X3 - X3 + DX 
L40 CONTINUE 

XI = 0.06 
X2 = 0.13 
CALL MAP(-100.0, 100.0, 1000.0, 1.0) 
DO 220 K - 1, 4 

IF (K .EQ. 2 .OR. K .EQ. 4) GO TO 150 
LX = LX0 
ILEN = 4 * LX 
CALL READ(X, ILEN, 0, LNUM, 15} 
GO TO 170 

150 LX = LAUT 
ILEN • 4 * LX 
CALL READ(X, ILEN, 0, LNUM, 16) 

160 FORMAT (8(1X,F15.6,1X)) 
170 CONTINUE 

CALL MAXT(LX, X, M, XMAX) 

DO 180 J = 1, LX 
X(J) = (X(J)*90.0) / XMAX 

180 CONTINUE 
CALL PSPACE(X1, X2, 0.045, 1.055) 

I F (FSPK0 .NE. 1) GO TO 200 
DO 190 J = 1, LX 
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r 

CALL POSITN(0.0, DPOG(J)) 
190 CALL JOIN (X ( J ) , DP06 (J)) 

GO TO 210 
200 CALL PTPLOT(X, DPOS, 1, LX, -5) 
210 CALL POSITN(0.0, 1000.0) 

CALL JOIN(0.0, 1.0) 
XI = XI + DX 
X2 = X2 + DX 
CALL ZERO(1024, X) 

220 CONTINUE 
CALL PSPACE(0.0, 1.0, 0.0, 1.08) 
CALL GKEND 

STOP 
END 
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PROGRAM SECTPLOT 

SECTION PLOTTING PROGRAM 

INPUT (UNIT 5) 

LENG /LAUT,tra^ /imiT /IFL^ fDX f SCALE,ITL/DT 
INDICLUX 

LENG = number of samples per trace. 
LAUT = length (in samples) of the trace to be plotted. 
NCDPS = number of traces to be plotted. 
LUNIT = logical unit number of the device on which 

the seismic data are stored in trace mode. 
IFLAP = annotation flag (IFLAP.GE.l.AND.LE.ll) TRY 1 

DX = sets the number of traces per cm of the 
horizontal (X) axis, (try 20.0 to 40.0) 

SCALE = amplitude scale relative to 100.0 . 
ITL = 0 i f a baseline i s desired for each trace. 
OT = sampling interval in sec. 

INDIC = 1 i f the input f i l e has got STD SEGY header blocks. 
LUX = scratchf i l e on which the header blocks may be 

written. 
********SUPPLY UNIT 9 PCJR THE PLOT. *********** 

NB. 
**THE PROGRAM ASSUMES THAT THE DATA ARE SAMPLED AT 1000HZ*** 

BY F. JIFON ( MARCH 1984) 
r*********************************************************** 

READ (5,*) LENG, LAUT, NCDPS, LUNIT, IFLAP, DX, SCALE, ITL, DT 
READ (5,*) INDIC, LUX 
I F (INDIC .EQ. 1) CALL HEDA(LUNIT, LUX) 

CALL PLOTAD(LENG, LAUT, NCDPS, LUNIT, IFLAP, DX, SCALE, ITL, DT) 

STOP 
END 

SUBROUTINE PLOTAD(LENG, LAUT, NCDPS, LUNIT, IFLAP, DX, SCALE, 
1 ITL, DT) 

SUBROUTINE TO GENERATE THE PLOT FILE 
INTEGER*2 ILEN, LEN 
DIMENSION AUT(2200), TRACEA(2260), DPOS(2200) 
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EQUIVALENCE (TRACEA(61) ,AOT(1)) 

INITIALIZE THE PLOT. 

DO 10 J = 1, LAUT 
DPOS(J) = J 

10 CONTINUE 

CALL PAPER(l) 
CALL PSPACE(0.0, 4.0, 0.04, 1.06) 
CALL CSPACE(0.0, 4.0, 0.04, 1.06) 

C 
C 

XI = 0.04 
X2 = 0.34 
DXO = 0.001 * DX 

C 
C PLOT THE TRACES 
C 

DO 40 J = 1, NCDPS 
ILEN = 4 * LENG + 240 
CALL READ(TRACEA, ILEN, 0, LNDM, LUNTT) 

C 
AMAX = 0.1E+02 

C 
DO 20 K » 1, LAUT 
AOT(K) = (AOT(K)*SCALE) / (AMAX) 

20 CONTINUE 
C 

CALL PSPACE(X1, X2, 0.045, 1.035) 
CALL MAP(-100.0, 100.0, FLOAT(LADT), 1.0) 
CALL PTPLOT(ADT, DPOS, 1, LADT, -5) 
IP (ITL .NE. 0) GO TO 30 
CALL POSITN(0.0, FLOAT (LADT)) 
CALL JOIN(0.0, 1.0) 

30 CONTINUE 
CALL CTRMAG(IO) 
CALL PLOTCS(Xl + 0.04, 1.035, '+•, 1) 
XI = XI + DXO 
X2 = X2 + DXO 

40 CONTINUE 
C 

L = LADT / 100 
T = 0.0 
YINC = (1.035 - 0.045) / L 
YPOS = 1.035 
X3 = X2 + 0.005 
CALL MAP(0.0, 4.0, 0.04, 1.06) 
CALL PSPACE(0.0, 4.0, 0.04, 1.06) 
CALL CTRMAG(20) 
CALL CTRORI(3.0) 

C 
C ANNOTATION OF SECTION. 
C 

GO TO (50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150), IFLAP 
50 CALL PLCTCS(X3 + 0.02, 0.9, 'LINE (CMP -CMP ) ' , 27) 

GO TO 160 
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60 CALL PLOTCS(X3 + 0.02, .9, 'AUTOCORRELOGRAM ', 19) 
GO TO 160 

70 CALL PLCTCS(X3 + 0.02, .9, "BACKUS FILTER. C = = ',32) 
GO TO 160 

80 CALL PLOTCS(X3 + .02, .9, "PREDICTIVE DECONVOLOTION.', 25) 
CALL CTRSET(2) 
CALL PLOTCS(X3 - .02, .9, 'LENGTH OF FILTER 8 MS;GAP= MS', 32) 
CALL PLOTCS(X3 - .06, .9, 'DESIGN WINDOW ( ) ;LAMBDA= ', 
1 35) 
GO TO 160 

90 CALL PLOTCS(X3 + .02, .9, 'FOUR-POINT FILTER. ", 
1 33) 
CALL PLOTCS(X3 - .02, .9, 'C = ; C = MS; = MS' 
1 , 38) 
GO TO 160 

100 CALL PLOTCS(X3 + .02, .9, 'COMMON MID-POINT GATHER', 23) 
GO TO 160 

110 CALL PLOTCS(X3 + .02, .9, 'HORIZONTAL STACK', 16) 
GO TO 160 

120 CALL PLOTCS(X3 + .02, .9, 'ITERATIVE STACK', 15) 
GO TO 160 

130 CALL PLOTCS(X3 + .02, .9, 'OPTIMUM WEIGHTED STACK', 22) 
GO TO 160 

140 CALL PLOTCS(X3 + .02, .9, 'CONSTANT ENERGY STACK', 21) 
GO TO 160 

150 CALL PLOTCS(X3 + .02, .9, ' DIVERSITY STACK', 18) 
C 
160 CALL CTRORI(O.O) 

CALL PGSITN(0.02, 1.035) 
CALL JOIN(X3, 1.035) 
CALL CTRMAG(IO) 

C 
C 

DO 170 J = 1, L 
YPOS = YPOS - YINC 
T = T + (FLOAT(LAUT)AO.) * DT 
YPOS1 = YPOS + 0.005 
CALL PLOTNF(0.036, YPOS1, T, 3) 
CALL POSITN(0.02, YPOS) 
CALL JOIN(X3 - .1, YPOS) 

170 CONTINUE 
C 

CALL CTRQRI(l.O) 
CALL CTRSET(2) 
CALL PLOTCS (0.012, 0.44, 'TWO-WAY TRAVELTIME IN SECS', 26) 
CALL CTRORI(O.O) 

C 
X4 = X3 + .040 
CALL PSPACE(.003, X4, .039, 1.061) 
CALL MAP(0., 1., 0., 1.) 
CALL BORDER 
CALL GREND 

RETURN 
END 

SUBROUTINE HEDA(NIN, NOUT) 
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TRANSFER HEADER BLOCKS 

IMPLICIT INTEGER*2(I) 
DIMENSION TPHEDA(800) 
INTEGER TPHEDB(IOO) 

v" > 

C READ THE EBCDIC HEADER 
C 

ILEN = 3200 
CALL READ(TPHEDA, ILEN, 0, LNUM, NIN) 

C 
C READ BINARY HEADER 
C 

ILEN = 400 
CALL READ(TPHEDB, ILEN, 0, LNUM, NIN) 

C 
C WRITE EBCDIC HEADER 
C 

ILEN = 3200 
CALL WRITE(TPHEDA, ILEN, 0, LNUM, NOUT) 

C 
C WRITE BINARY HEADER 
C 

ILEN = 400 
CALL WRITE(TPHEDB, ILEN, 0, LNUM, NOUT) 

C 
RETURN 
END 
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