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T he sep a ra tio n  x  of source an d  hyd ro p h o n e in  sp a rk e r or boom er 
su rvey ing  is u su a lly  sufficiently  sm all to  be ig n o red : i.e., in  th e  in te rp re ta ­
tion  ou tgoing  an d  re tu rn in g  rays m ay be assum ed  to  have trav e lled  along 
th e  sam e p a th . T h is  app ro x im atio n  is in v ariab ly  sa tis fac to ry  in  deep w a te r 
an d  is o ften  so in  shallow  w ater. W h en  it is no t, in te rp re ta tio n  m ay  be 
ca rried  o u t u sing  eq u a tio n s given by C u r r y  et al. (1965) w hich  tak e  x  in to  
account.

The la tte r  eq u a tio n s are  ac tu a lly  the  “p a ra m e tr ic  eq u a tio n s” of the  
tim e-d istan ce  cu rve  fo r reflections from  the  base of a second lay er (see, e.g., 
S l o t n i c k , 1959, p. 185). T he p a ram e tric  eq u a tio n s h ave in te re stin g  im p lica ­
tions fo r p ro filin g  re su lts  ob tained  w ith  a w ide sep a ra tio n  of source an d  
hydrophone . In general, it m ay be s ta te d  th a t  th e  re flec tio n  tim e-d is tan ce  
curve for an y  in te rface  is asym pto tic  to  the tim e-d is tan ce  curve fo r re f ra c ­
tions from  the  overly ing in te rface ; it follow s th a t  re flec tions from  low er 
in te rfaces  o v ertak e  reflec tions from  h ig h e r in te rfaces  as x  is  in creased  (see 
fig. 1).

In  th e  case of shallow -w ater s p a rk e r  o r boom er su rvey ing  in  an  a rea  
of sed im en t cover, the  reflection from  bed ro ck  (curve DD', fig. 1) w ill a rriv e  
before the  sea bed reflection  (curve CC', fig. 1) if x  is suffic ien tly  large . 
F o r exam ple, if tw o m etre s  of sed im en t (seism ic velocity  in  th is  an d  la te r  
exam ples, 1.8 m /m s) underlie  a w a te r layer ten  m etre s  deep, the  bed ro ck  
reflection  w ill a rriv e  before th e  sea bed re flec tio n  a t all sep a ra tio n s  g re a te r  
th an  ap p ro x im a te ly  60 m etres. T h is  effect p rov ides a m eans of m ap p in g  
a shallow  bedrock  su rface  sim ply  by a d ju s tin g  x  u n til th e  b ed rock  re flec tio n  
em erges above th e  sea bed reflection  an d  is no t obscu red  by the  la tte r . In  
practice, of course, a survey  w ith  h igh  re so lu tio n  eq u ip m en t offers a b e tte r  
so lu tion  to  th is  p a r tic u la r  problem .

A no ther effect of increasing  x  is to  p roduce re la tiv e  d isp lacem en t of 
sea bed m u ltip le  reflections and  sub-bo ttom  re flec tio n s  on th e  p ro file r



tim«

A A ' : d ire c t  r a y ;
CC ' : sea  b ed  r e f le c t io n ;
D D ' : su b -b o tto m  re f le c tio n ;
B B ' : r a y  re f ra c te d  a lo n g  sea bed.

record . F o r exam ple, w ith  a w a te r lay er of 14 m etres and  a sed im ent layer 
of 17 m etres an d  w ith  x  =  0 the  bedrock  reflection  and the  firs t m u ltip le  
of the sea bed reflection  a rriv e  s im u ltan eo u sly  leading to  an obscuring  of 
rea l in fo rm atio n . If x  is in creased  to  60 m etres, the a rriva l tim es of the  
above phases becom e sep a ra ted  by 12 m illiseconds. T hus if in te re st is 
cen tred  on a p a r tic u la r  in te rface  or dep th  in terv a l fo r w hich the  in fo rm a­
tion  on the p ro file r record  is likely  to  be obscured by m ultip les, th e  in fo r­
m atio n  m ay  be m oved to  a m ore favourab le  p a r t of the  record  by a lte rin g  x.

T he m ost im p o rtan t re su lt of u sin g  a large separation  is th e  possib ility  
of reco rd ing  re frac ted  arriv a ls  from  th e  sea bed as th is  provides a m eans 
of es tim atin g  th e  seism ic velocity  of the top layer.

Let h — w a te r d ep th ;
x  =  sep a ra tio n  of aco u stic  source and  hydrophone;
vn =  velocity of sound  in  sea w ate r;
u, =  velocity of sound in  to p  layer;
ta — trav e l tim e of ra y  re frac ted  from  sea bed.

Then, fo r a ho rizon ta l sea bed, the  equa tion  for the re frac ted  ray  is 
given by:

ta = x/v, + 2 h ( v ]  -  vg )»/2/ v 0 v l (1)

R earran g in g  term s,

vi =  {xta + 2 h [ ( x 2 + 4 h2)Jv20 -  /a2] 1/2> /(^  -  4 h 2/v20) ( 2)



T he best e s tim ate  of x  fo r use in  eq u a tio n  (2) is derived  from  th e  trave l 
tim e of the  d irec t ray . A n a lte rn a tiv e  ap p ro ach  is to  u tilise  th e  trav e l tim es 
of re frac ted  and  re flec ted  rays from  th e  sea bed since th ese  allow  an  
estim ate  of velocity  to  be derived  w ith o u t x  hav ing  to  be defined .

F o r a h o rizo n ta l sea bed, the  eq u a tio n  of the sea bed  re flec tio n  trave l 
tim e t b is given by :

tb = (x2 +  4 h2) l/2 /v0 (3)

F rom  w hich :

* = (v20 t 2b -  4 h 2) 1» (4)

A d ju stin g  eq u a tio n  (2) on th e  b asis  of eq u a tio n s  (3) an d  (4) y ie ld s:

». = i t a ( v l * l  ~  4 h2) I/2 ± 2 h « l  ~  t ] ) ll2)Kt2a -  4 h 2!vl)  (5)

Several reco rd s ob ta in ed  by the a u th o r  in th e  B ris to l C hannel using 
a w ide sep a ra tio n  have yielded in te rm itte n t re frac ted  a rriv a ls , com m only  
from  the  h ig h er p a r ts  of gentle bed rock  cu lm in atio n s. R efrac ted  a rriv a ls  
are  m ost easily  recogn ised  in  cases w h ere  th ey  a rriv e  befo re  th e  d irec t ra y ; 
of course, un like  re flec tio n s  they  do n o t have associa ted  m u ltip le s  an d  th is  
aids in  th e ir  id en tifica tio n . A n exam ple is show n in  fig. 2 w h ich  is a  sk e tch  
from  a sp a rk e r reco rd  ob ta ined  in  a n  a rea  of C arb o n ife ro u s L im estone  
ou tcrop  off the  coast of Gower, G lam organ . F rom  th is  reco rd  th e  fo llow ing 
values w ere deriv ed : ta — 27 m s; tb — 35 m s; h  =  10.7 m . U sing eq u a tio n  (5) 
these values y ield  a velocity  v 1 — 3.37 m /m s  (— 11 050 f / s ) .  If  eq u a tio n  (2) 
is used in co n ju n c tio n  w ith  an  x-value o f 48.2 m etres b ased  on the  m easu red  
d irec t-ray  trave l tim e of 32 m s, an  id en tica l value of v 1 is ob tained .

ms

F i g . 2 . —  S k e tch  of s p a rk e r  t im e -se c tio n  sh o w in g  re fra c te d  a r r iv a l ,  o b ta in e d  off th e
G ow er C oast, G la m o rg a n .

In  p ractice, eq u a tio n s  (2) and  (5) y ield  two so lu tio n s  fo r th e  sea bed 
velocity. In  cases w here  th e  re frac tio n  is the  f irs t  a r r iv a l  (i.e., x  is g rea te r 
th a n  the  critica l d is tan ce ), the  la rg e r velocity v a lu e  re p re sen ts  th e  rea l



so lu tion . T h is  can  be verified  em p irica lly  by testing  the tw o va lu es of v l 
in  eq u a tio n  (1) [if  necessary , w ith  x  su b s titu ted  accord ing  to  eq u a tio n  (4)] 
and  selecting  th e  value w h ich  co rrec tly  rep roduces the o rig in a l re frac tio n  
tim e ta. W h en  x  is less th a n  th e  critica l d istance  am bigu ity  can n o t be 
rem oved by th is  m eans, fo r b o th  so lu tio n s  w ill co rrec tly  y ield  th e  o rig inal 
re frac tio n  tim e w hen used  in  eq u a tio n  (1). In  such cases, a rep eat 
experim en t w ith  a d ifferen t sp ac in g  will rem ove th e  am bigu ity .

E rro r  in  v l using  eq u a tio n s  (2) or (5) is a com plex fu n c tio n  of e rro r 
in t b a n d /o r  ta b u t it can  be s ta ted  th a t  to o b ta in  a good estim ate  of vu tim es 
shou ld  be read  to  the  n ea re s t m illisecond .

T he above m eth o d  of d eriv in g  velocity in fo rm atio n  from  re frac ted  
a rriv a ls  in  shallow  w ate r is easie r in  p rac tice  th a n  th e  m eth o d  (described, 
for  exam ple, b y  S a rg e n t  1!)70) of m oving source and  h y d ro p h o n e  a p a r t  a t 
a co n s tan t ra te  and  using  th e  re la tio n sh ip  AtdfS.t„ =  t'i/t'o* w h ere  ts is the 
trave l tim e of th e  d irect ray . Indeed , re frac tio n s  m ay  be recorded  d u rin g  
no rm al su rvey ing  w ith  a w ide sep a ra tio n .

How ever, a d isadvan tage of ro u tin e ly  w ork ing  w ith  a large sep a ra tio n  
in  shallow  investigations is th a t  es tim a tes  of d ep th  to  sub-bottom  in terfaces 
a re  su b jec t to la rg e r e r ro r  th a n  w ith  a sm all separation . T h is is because 
a t large sep a ra tio n s  changes in  d ep th  to a re flec to r produce p ro p o rtio n a te ly  
sm aller changes in  the  trav e l tim e of the  re flected  ray. Fig. 3 illu s tra te s  
th is  effect fo r th e  p a r tic u la r  case of a sed im en t lay er of seism ic velocity 
1 .8 m /m s  u n d erly in g  a w a te r layer ten m etre s  deep. It can  be seen that, 
fo r sm all th icknesses, the  ra te  of change of re flec tion  tim e w ith  layer 
th ick n ess  is m ore th an  th ree  tim es as g rea t fo r the case w here  x =  0 as for 
the  case w here  x  =  60 m etres. In ac tu a l surveying , th is  d isad v an tag e  m ust 
be w eighed ag a in s t som e of th e  ad v an tag es of a w ide separa tion  d iscussed  
above.

P i g . 3 .  —  E ffect o f so u rc e -h y d ro p h o n e  s e p a ra t io n  on  su b -b o tto m  re f le c t io n  t im e s .
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