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Release Experiments i n  o r  below t h e  Oceanic Thermocline 

Report of  work c a r r i e d  o u t  under 
DOE Contract  DE-AC02-79-EV-10038 

J.G.  Shepherd and W.S. Broecker 

Summary 

I ' The r e l a t i v e  importance of l a t e r a l  and v e r t i c a l  mixing i n . t h e '  

i i n t e r i o r  of  t h e  oceans cannot be r e l i a b l y  determined from conventional  
I 
I oceanographic measurements, nor from observat ions  of f a l l o u t  radionucl ides .  
I 
I 
1 I t  i s  suggested t h a t  t h e  problem could be most e f f e c t i v e l y  s tudied  by an 

experiment i n  which a l a r g e  q u a n t i t y  of  a s u i t a b l e  t r a c e r  was d e l i b e r a t e l y  

r e l eased  i n  deep water ,  and i t s  subsequent d i spe r s ion  was followed f o r  

a t  l e a s t  one year. 

The f e a s i b i l i t y  of  such an experiment i s  examined. We conclude t h a t  

it i s  indeed f e a s i b l e ,  and t h a t  helium-3 would be t h e  most s u i t a b l e  t r a c e r ,  

wi th  tritium a s  a p o s s i b l e  a l t e r n a t i v e .  

About 30 g f Heliuni-3 would be needed f o r  each re lease .  Such a 

q u a n t i t y  may be d i s so lved  i n  about 1 m3 o f  water a t  p ressu res  g r e a t e r  

than 500 dbar ,  i s  e a s i l y  a v a i l a b l e ,  and would c o s t  about $ l o O K .  Concentra- 

t i o n s  would have f a l l e n  t o  unmeasurable l e v e l s  by t h e  time t h e  patch  had 

spread s u f f i c i e n t l y  t o  i n t e r f e r e  with measurements of n a t u r a l  o r  radio-  

genic helium-3. The patch  would need t o  be marked with d u s t e r s  of 

n e u t r a l l y  buoyant f l o a t s  i n  o rde r  t h a t  i t s  movement may be followed. 

We es t ima te  t h a t  i t  would be around 1000 km ac ross  a f t e r  one year ,  and 



. . 

anything from a  few'meters  t o  a  few hundred meters  th ick .  v e r t i c a l l y  

. . 

i n t e g r a t i n g  samples~would probably be most s u i t a b l e ;  used i n  conjunction 
. . 

with  ship'-board helium-3 'mass spectrometer.  Methods. of  'd issolv ing t h e  
. . 

h e l i m i n  -- s i t u ,  and making t h e  r e l e a s e  with minimum dis turbance  a r e  

a l s o  proposed. The c o s t  would be . s e v e r a l  mi l l ion  d o l l a r s ,  .spread 
I 

over severa l  years. 
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, . , 
'. 1) INTRODUCTION 

Conventional oceanographic observat ions  of temperature,  s a l i n i t y , '  

oxygen and n u t r i e n t s  have. so f a r  proved inadequate f o r  us t o  e s t lma te  

r e l i a b l y  t h e  r e l a t i v e  importance of  l a t e r a l  and v e r t i c a l  mixing i n  t h e  

i n t e r i o r  of  t h e  oceans. The comprehensive and i n t e r n a l l y  c o n s i s t e n t  

da ta - se t  produced .by t h e  GEOSECS expedi t ions  comes t a n t a l i s i n g l y  c l o s e  

t o  al lowing a separa t ion  of t h e  two e f f e c t s  i n  some p laces  (Shepherd, 

work i n  progress)  and more soph i s t i ca ted  methods of a n a l y s i s  may y e t  

al low f u r t h e r  progress  t o  be made. However, t h e  bas ic  problem i s  t h a t  

t h e  sources  and s i n k s  of  oceanographical ly i n t e r e s t i n g  e n t i t i e s  a r e  

d i s t r i b u t e d  a c r o s s  a wide range of d e n s i t i e s ,  and they can t h e r e f o r e  

reach t h e  i n t e r i o r  of t h e  ocean e i t h e r  by movement along or ac rpss  d e n s i t y  

surfaces .  This  problem is fundamental and w i l l  never go away: whatever 

deductions may be made from the  d i s t r i b u t i o n s  of  these  e n t i t i e s  w i l l  never 

be incon t rover t ib le .  

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

( f a l l - o u t  radionucl ides ,  e t c . )  r e c e n t l y  r e l eased  i n t o  t h e  oceans by man. 

Their  . sources  and s i n k s  a r e  a l s o  ( n a t u r a l l y )  a t  t h e  s u r f  ace  .and spread 

a c r o s s  a wide range o£ d e n s i t i e s .  Although t h e  time h i s t o r y  of t h e i r  

movement i s  y i e l d i n g  valuable  information about t h e  r a t e s  of v e n t i l a t i o n  

of  t h e  oceans and more i s  t o  be expected from t h e  Trans ient  Tracers  i n  

t h e  Oceans (TTO) expedi t ions  p r e s e n t l y  being planned, such information on t h e  



r e l a t i v e  r a t e s  of l a t e r a l  and diapycn61* mixing a s  i s  gained ' f rom t h e s e  
. . .  . . 

' .  obse rva t ions  w i l l  i n e v i t a b l y  be inconclusive.  . . 

The ques t ion  of  t h e s e  r e l a t i v e  r a t e s  i s  however.of c r u c i a l  importance 

t o  many problems o f  g r e a t  p r a c t i c a l  importance, notably  t h e  c o r r e c t  

modelling of t h e  f a t e  of  f o s s i l  f u e l  C O -  o r  rad , ioact ive  wastes i n  t h e  2 

oceans. Whilst.some progress  may be made with models i n  which t h e  mixing , 

processes  a r e  somewhat genera l i sed  ( e - g . ,  Peng and Broecker, work i n  progress)  

we cannot be su re  t h a t  we have t h e  c o r r e c t  answer u n t i l  we have convinced 

ourse lves  t h a t  we have modelled the  c o r r e c t  processes.  The same i s  a l s o  

t r u e  of  models of t h e  genera l  c i r c u l a t i o n ,  on which our  assessments of 

t h e  f a t e  of  p o l l u t a n t s  and c l i m a t i c  changes w i l l  u l t ima te ly  depend. In 

t h e s e ,  i n c o r r e c t  modelling of mixing processes may l ead  t o  spur ious  

dynamic e f f e c t s  (Veronis 1975),  and i n c o r r e c t  r e s u l t s .  

The whole ques t ion  of mixing i n  t h e  i n t e r i o r  of  t h e  ocean has 

r e c e n t l y  been reviewed by G a r r e t t  (1977).  B r i e f l y ,  t h e  impression received 

from t h e  study o f  l a r g e  s c a l e  t r a c e r  d i s t r i b u t i o n s  (Munk 1966; Reid, 

pe r s .  comm. ) is t h a t  diabycnal  processes  a r e  s i g n i f i c a n t ,  a t  l e a s t  f o r  

some e n t i t i e s ,  some o f  t h e  time, even though q u a n t i t a t i v e  e f f o r t s  t o  

analyse  such d a t a  have sometimes f a i l e d  t o  confirm t h i s  impression 

(Rooth and Ostlund 1972; Needler and Heath 197 ) .  Fur the r ,  phys ica l  

oceanographic s t u d i e s  of  diapycna.1 processes  genera l ly  lead  t o  much 

* 
Footnote: throughout t h i s  r e p o r t  we use t h e  a d j e c t i v e  " l a t e r a l "  t o  
d e s c r i b e  processes  occurr ing  along s u r f a c e s  of cons tant  d e n s i t y ,  and 
"diapycna1" ' to  desc r ibe  processes  occurr ing  a c r o s s  (normal t o )  su r faces  
o f  cons tan t  dens i ty .  



2 
smaller,  numbers f o r  diapycnal  mixing than t h e  "conventional"  1 cm /sec. 

. . 

In  t h i s  ca tegory  f a l l  a n a l y s i s  of mic ros t ruc tu re  measurements (Gregg 

, ' 1977; Cjsborne and Cox 197.2), e s t ima tes  of  mixing by i n t e r n a l .  wave 

breaking (Gare t t  and-Munk 1975) and es t ima tes  of s a l t  f inge r ing  and 

1 '  . ' .  

double d i f f u s i o n  ( 

Flu id  dynamical opinion ( A r m i ,  pers .  comrn.) a l s o  has it t h a t  t h e  s t a b l e  

s t r a t i f i c a t i o n  of  t h e  ocean i n t e r i o r  i s  s u f f i c i e n t  t o  suppress v e r t i c a l  

over turning,  al though t h i s  i s  d i f f i c u l t  t o  q u a n t i f y  because w e  know 

too  l i t t l e  about l o c a l  shearing r a t e s .  The d i f f i c u l t y  with a l l  such 

e s t i m a t e s . i s  t h a t  they a r e  only es t ima tes  of  t h e  v e r t i c a l  (d iapycnal )  

mixing produced by p a r t i c u l a r  processes ,  and t h e r e  i s  .no guarantee thaL 

t h e  c o r r e c t  process  i s  being '  examfned. .Indeed, it may well  be t h a t  w e  

have no t  y e t  thought of  t h e  most important processes.  C e r t a i n l y ,  dur ing  

t h e  course of t h i s  s tudy w e  have thought of a  new process  which produces 

diapycnal  mixing without  v e r t i c a l  over turning (Shepherd i n  p r e p a r a t i o n ) .  

There may well  be o the r s .  

How, then,  can w e  b e s t  at tempt t o  unravel  t h e  e f f e c t s  of  l a t e r a l  

and diapycnal  t r a n s p o r t ?  The problem with conventional  and e x i s t i n g  

I . . man-made t r a c e r s  i s  t h a t  t h e i r  sources  and s ink  i n t e r s e c t  many d e n s i t y  

I ' 

surfaces .  We need t o  s tudy a t r a c e r  whose sources  ' ( o r  s inks )  l i e  a s  f a r  

I a s  p o s s i b l e  on a . s i n g l e  d e n s i t y  surface .  This  immediately r u l e s  o u t  any- 

t h i n g  whose sources  and s i n k s  a r e  a t  t h e  su r face ,  where t h e  whole range 

of  water,  d e n s i t i e s  a r e  represented .  Since few oceanographic e n t i t i e s  

I : have production o r  d e s t r u c t i o n  r a t e s  s t r o n g l y  c o r r e l a t e d  wi th  d e n s i t y ,  it 

a l s o  r u l e s  o u t  a l l  known t r a c e r s  wi th  sources  i n  t h e  i n t e r i o r . '  .The c l o s e s t  



' , 
approximations a v a i l a b l e  would prgbably be helium-three and hydrothermally 

, ' .  

generated minera ls  r e l eased  a t  geothermally a c t i v e  s i t e s  on t h e  mid-ocean 
I 

r i d g e s  ( r e f s :  , Clarke e t  a l . ,  1969; Lupton and Craig 1975). ~ v e n  so ,  t h e  -- 
r i d g e  c r e s t s  extend over a wide range of  depths  and d e n s i t i e s ,  and t h e  

I .  
I source s t r e n g t h s  a r e  of  course unknown. 

A l l  t h i s  l e a d s  one t o  wonder whether it might be p o s s i b l e  t o  d e l i b e r a t e l y  

r e l e a s e  a t r a c e r  i n  t h e  deep ocean, and then s tudy i t s  d i spe r s ion  d i r e c t l y .  

Some smal l -sca le  experiments of t h i s  type were c a r r i e d  o u t  a few years  ago 

(Ewart & Bendiner, 1974) ,  bu t  t o  our  knowledge have not  been continued. Small- 

s c a l e  experiments may t e l l  us  much about t h e  d e t a i l e d  processes  of v e r t i c a l  

mixing, bu t  information more r e l e v a n t  t o  our  problems would be gained by 

l a r g e  s c a l e  r e l e a s e s  of t r a c e r  i n  s u f f i c i e n t  q u a n t i t y  t h a t  it would remain 

measurable a f t e r  a t  l e a s t  one yea r ,  when it would probably have spread 

over  a s u b s t a n t i a l  f r a c t i o n  of an ocean basin.  If t h i s  were p o s s i b l e ,  

it would enable us  t o  observe d i r e c t l y  t h e  r e l a t i v e  r a t e s  of l a t e r a l  and 

diapycnal  t r a n s p o r t  i n  t h e  i n t e r i o r ,  provided t h a t  one could i n s u r e  t h a t  

t h e . r e l e a s e  spanned only  a very small range i n  dens i ty .  This  would not  

so lve  a l l  our problems. Even i f  s e v e r a l  such r e l e a s e s  were made one would 

s t i l l  have measurements on ly  i n  a few p laces ,  and it would not  be s t r a i g h t  

forward t o  extend t h e s e  t o  t h e  whole ocean. Measurements on patches  a l s o  

sample on ly  p a r t  o f  t h e  t u r b u l e n t  energy spectrum, and do not  t e l l  one 

immediately how t o  model t r a n s p o r t  i n  l a rge - sca le  concentra t ion  g rad ien t s .  

Nevertheless,  such measurements should provide an immediate answer 

, t o  t h e  ques t ions  of  whether o r  not  t h e  diapycnal  mixing i n  t h e  i n t e r i o r  

i s  neg l ig ib le ;  whether it occurs  p r imar i ly  a t  topographic boundaries, 



. . 
. . 2 

whether or not the "classical" figure'of 1 cm /sec for diapycnal mixing. . . 
. . 

is at all meaningful. Most importantly, they should thus help us to 
. . 

decide how best to interpret other, more conventional data. They could 

provide the'conceptual key to help us unlock the information in the 

data we already possess. 



' . : 
2 . 1 )  ~ h &  spreading of t h e  pa tch  . .. 

The b a s i c  idea .  of  t h e  experiment i s  t h e r e f o r e  t o  r e l e a s e ,  

e i t h e r  i n  o r  below t h e  main oceanic thermocline,  enough t r a c e r  t h a t  it 

would s t i l l  be measurable a f t e r  a year  o r  more, when i t  has spread over  

a s u b s t a n t i a l  f r a c t i o n  of  ah ocean bas in .  The r e l e a s e  might be i n s t a n t -  

aneous o r  prolonged: t h i s  ques t ion  i s  considered below ( s e c t i o n  4 . 2 ) .  

F i r s t  w e  d i s c u s s  t h e  way, in  which we might expect  t h e  pa tch  t o  spread,  

according t o  our p resen t  very l i m i t e d  understanding of t h i s  mat ter .  

There i s  now much evidence (refs:Reid, P ingree ,  A r m i ,  e t c .  

t h a t  mixing and movement i n  t h e  deep ocean t ake  p l a c e ' p r i m a r i l y  

along s u r f a c e s  of approximately cons tan t  p o t e n t i a l  d e n s i t y  ( r e f e r r e d  

. . 
t o  t h e  l o c a l  mean p r e s s u r e ) .  In t h e  course  of t h i s  s tudy w e  have 

been a b l e  t o  show t h a t  they cannot occur exc lus ive ly  along such 

s u r f a c e s :  diapycnal  processes  must e x i s t  ( s e e  Shepherd i n  p r e p a r a t i o n ) .  

Nevertheless,  spreading and mixing along isopycnal  o r  n e u t r a l  su r faces  

i s  undoubtedly t h e  b e s t  f i r s t  approximation we can make. Di rec t  measure- 

ments of  diapycnal  th ickening and displacement a r e  one of t h e  p r i n c i p l e  

g o a l s  o f  t h i s  experiment. However, we do not  rea1l.y know how f a s t ,  o r  

i n  what manner t h e  pa tch  would spread -- t h i s  experiment would provide 

t h e  f i r s t  d i r e c t l y  r e l e v a n t  information.  . A s  a s t a r t i n g  p o i n t  we might 

assume t h a t  t h e  spreading process  fo l lows a Fickian  d i f f u s i o n  law. 

Table 2 . 1  g ives  e s t ima tes  o f  t h e  diameter  and th ickness  of  t h e  pa tch  

( twice  i t s  s tandard  d e v i a t i o n )  a f t e r  va r ious  t imes ,  f o r  a range of  va lues  

of  t h e  t u r b u l e n t  d i f f u s i v i t y .  We see  t h a t  by t h e  time (one o r  more yea r s ,  



perhaps)  t h a t  t h e  pa tch  has spread a c r o s s  LOO0 km o r  so ,  it could be a s  
. . 

much a s  a : f e w  hundred metres th ick .  , . . 

~ x ~ e r i r n e n t s  on dye r e l e a s e s  i n  shallow water ,  however, usua l ly  f i n d '  

t h a t  t h e  pa tch  spreads i n  a non-Fickian manner ( s e e  Okuko 19 

f o r  a '  reiriew). The reason f o r  t h i s  has been well-understood i n  p r i n c i p l e  
. . 

s i n c e  t h e  work of Taylor ( ) and -Richardson ( .  ) The spreading of  

a pa tch  by t u r b u l e n t  d i f f u s i o n  i s  no more nor l e s s  than t h e  repeated 

t e a r i n g  a p a r t  of  t h e  pa tch  b y ' s h e a r  i n  t h e  eddy f i e l d .  and subsequent 
. . 

ri;ingling of  t h e  fragments wi th .wa te r  from ou t s ide .  Eddies l a r g e r  than 

t h e  patch  cannot t e a r  it a p a r t  -- they merely move it' around. '  Thus 
. . 

when one s t u d i e s  t h e  spread of  a pa tch  one saniples on ly  t h a t  p a r t  of  t h e  

eddy energy spectrum corresponding t o  eddy s c a l e s  smal ler  than t h a t  of  t h e  

patch. A s  t h e  patch grows, one samp,les more o f  t h e  spectrum, and thus  

observes a d i f f u s i v i t y  which i n c r e a s e s  wi th  t h e  s i z e . o f  t h e  pa tch ,  and t h u s  

a l s o  wi th  time. This. cont inues  u n t i l  t h e  s c a l e  of  t h e  pa tch  exceeds t h e  

maximum t y p i c a l  eddy s i z e  ( i f  a n y ) ,  a f t e r  which one would expect t o  see  

a r e l a t i v e l y  cons tant  Fickian  d i f f u s i v i t y .  

There i s  no reason t o  suppose t h a t  t h e  b a s i c  process  of spreading: 

along a n e u t r a l  su r face  i n  t h e  deep ocean is  any d i f f e r e n t  t o  t h a t  i n  

shallow water.  I t  is t h e r e f o r e  most l i k e l y  t h a t  t h e  l a t e r a l  spreading 

of  our  pa tch  w i l l  fol low a ion-Fic'kian law, so t h a t  Table 2.2' i s  more 

l i k e l y  t o  be appropr ia te .  

Whether o r  no t  t h e  diapycnal  spreading w i l l  a l s o  be non-Fickian i s  

' q u i t e  unknown. A s  d iscussed i n  s e c t i o n  ( l ) ,  we do not  know what the  

processes  responsib le  f o r  diapycnal  mixing a r e .  Much l e s s  do we understand 
, .  . ,  



. . 

how their efficacy would varylwith the thickness of a patch.. It seems 

prudent to allow the possibility that a non-Fickian law might apply, 

and carry this through when .asse.ssing the possible range of thicknesses 

one might conceivably encounker . 
We comment in passing that if a non-Fickian law were appropriate, 

it might help to resolve the apparent discrepancy between the slow 

diapycnal growth of small-scale features (Armi, Rossby 

and the need for substantial diapycnal diffusion coefficients to explain 

the large scale distributions of tracers in the oceans (e.g. Fiadeiro 

Table 2.2 gives estimates of the size of a patch spreading according 

to the Okuko-Pritchard non-Fickian law (Okuko 19. ) ,  for various diffusion 

parameters (those for diapycnal mixing being simply intelligent guesses). 

We see from Tables 1 and 2 that after one year we may expect 

the patch to have spread to be a few hundred to a thousand .kilometres 

across. It might be only a few metres thick, or might be a few hundred 

metres thick. A primary'objective of the experiment should be to determine 

which of the latter possibilities in fact occurs. If the patch is still . 

less than 50 m thick after one year, it is hardly likely that Fickian pro- 

cesses have been operating. Conversely, if the thickness exceeds 50 m 

it is most likely that they have. 

We need some estimate of the maximum likely volume of the patch 

to-estimate how much tracer needs to be injected so that it still will be 

measurable one year later (these estimates are made in section 3 ) .  



. ' w e  adopt 1 E  14 m3 (corresponding t o  1000 km *' 1000 km x 100 m )  a s  a 

s e n s i b l e '  round number'. 1t i s  no t  very l i k e l y  t h a t  t h e  pa tch  would spread 

more than t h a t .  I f  it spreads  l e s s  t h e  concentra t ions  wi th in  it would 

remain measurable f o r  a longer t ime,  and t h e  t ime-scale of t h e  experiment 

could and should be extended t o  cover s e v e r a l  years .  

2.2) Keeping t r a c k  of  t h e  pa tch  

We e n v i s a g e , t h e  patch  one day a f t e r  r e l e a s e  a s  being 

about 1 km ac ross  and one metre t h i c k .  I t  w i l l  be d i f f i c u l t  t o  i n j e c t  

t h e  t r a c e r  so t h a t  i t s  i n i t i a l  th i ckness  i s  any l e s s  than 1 m ,  ,and even 

i f  it were p o s s i b l e ,  it would be d i f f i c u l t  t o  sample it e f f e c t i v e l y .  

This  pa tch  w i l l  move away with t h e  deep c u r r e n t  a t  a speed of  perhaps 

1. t o  10 cm/sec, presumably fol lowing i t s  own d e n s i t y  surface .  How is 

o n e ' t o  keep t r a c k  of  i t ?  

I t  would c l e a r l y  be h ighly  d e s i r a b l e  t h a t  t h e  . i n i t i a l  phases of 

pa tch  movement should be followed. The s h i p  should no t  l eave  t h e  a r e a  

without  knowing a t  l e a s t  t h e  d i r e c t i o n  of  movement when l a s t  seen,  and t h e  

d e n s i t y  su r face  on which t h e  patch  a c t u a l l y  l i e s .  I t  i s  t h e r e f o r e ,  h ighly  

. . d e s i r a b l e  t h a t  it should be p o s s i b l e  t o  begin sampling t h e  patch  immediately, 

and analyse  t h e  samples on board ship .  I f  t h i s  can be done t h e  i n i t i a l  

.spreading may a l s o  be s tud ied ,  g iv ing  an e x t r a  bonus o f  information 

(although. t h i s  i s  not  t h e  primary purpose o f  t h e  s t u d y ) .  

Since temperature measurements can be made more e a s i l y  and more 

accura te ly  than those  of s a l i n i t y ,  and we wish t o  fol low t h e  movement 

( i f  any) of t h e  pa tch  r e l a t i v e  t o  d e n s i t y  su r faces  a s  accura te ly  a s  p o s s i b l e ,  

it would be b e s t  i f  t h e  experiment were c a r r i e d  o u t  i n  a r e g i o n , w i t h  a t i g h t  

T/S r e l a t i o n s h i p , . w h e r e  temperature i s  t h e  main determinant  of .  dens i ty .  
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This  would a l s o ' p e r m i t  some refinement i n  t h e  t r ack ing  of  t h e  patch.  
. . . . 

It w o u l d ' o b v i o u ~ l y  be h ighly  d e s i r a b l e  i f  t h e  pa tch  were marked with 

n e u t r a l l y  buoyant f l o a t s .  Passive f l o a t s - m o s t  nea r ly  fol'low sur faces  of 

cons tant .  i n - s i t u  d e n s i t y  r a t h e r  than. those of  p o t e n t i a l  dens i ty ,  a s  one would ' 

wish, and i n  any case  slowly c reep  deeper a s  t h e i r  metal bodies y i e l d  under 

p ressu re .  I t  would be advantageous i f  a c t i v e l y  b a l l a s t e d  f l o a t s  (Rossby, 

per .  comm.) could be used t o  t r a c k  su r faces  of cons tan t  temperature. This would 

minimise (but  no t  e l imina te )  t h e  r i s k  'of t h e  f l o a t s  becoming detached from 

t h e  patch  by f a i l i n g  t o  t r a c k  t h e  c o r r e c t  d e n s i t y  surface .  

The most s u i t a b l e  l o c a t i o n  f o r  t h e  experiment would t h e r e f o r e  

probably be somewhere i n  t h e  c e n t r a l  North A t l a n t i c ,  well  t o  t h e  e a s t  

o f  t h e  main gyre ,  so t h a t  t h e  pa tch  i s  un l ike ly  t o  move t o o  r a p i d l y ,  

b u t  i s  i n  a region wi th  a well-defined T/S r e l a t i o n s h i p .  

We t h e r e f o r e  envisage. t h a t  t h e  s h i p  t h a t  r e l e a s e s  t h e  t r a c e r  would 

mark it with a mixture of  short-range and SOFAR n e u t r a l l y  buoyant f l o a t s ,  

( p r e f e r a b l y  o f  a temperature-seeking v a r i e t y )  and with t h e i r  a i d  would 

t r a c k  and sample t h e  pa tch  f o r  t h e  remainder ( severa l  weeks) of t h e  l eg .  

The f l o a t  c l u s t e r  would be r e v i s i t e d  t h r e e  o r  four  months l a t e r ,  and with 

a l i t t l e  luck t h e  patch  would be re loca ted ,  and i t s  l a t e r a l  and v e r t i c a l  

e x t e n t  determined by sampling. A t  t h i s  s t age  w e  guess t h a t  t h e  pa tch  

would be  maybe 100 km a c r o s s  and anything from 1 t o  50 m th ick .  The con- 

cent ra . t ion  of t r a c e r  would probably have f a l l e n  100-fold from t h e  i n i t i a l  

survey,  so  t h a t  ship-board measurements w i l l  be more d i f f i c u l t ,  a l though 

they should s t i l l  be p o s s i b l e  with s u i t a b l e  t r a c e r s ,  s ince  concentra t ions  

should sti lL be 100 t o  1000 t i m e s  t h e  u l t ima te  de tec t ion  l i m i t ,  i f  enough 

t r a c e r  i s  re leased.  
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. . Should t h e  patch be l o s t  a t  t h i s  s t a g e  t h e  on ly  r e s o r t  would be t o  

reques t  t h e  cooperat ion o f  t h e  oceanographic community i n  ob ta in ing  , . .  

. . 
samples from a l l - s h i p s  i n  t h e  r i g h t  ocean, i n  t h e  hope of f ind ing  it by 

chance. A t r a c e r  which can be sampled simply and e a s i l y  without s p e c i a l  

equipment would t h u s  be d e s i r a b l e .  

Assuming however t h a t  the  pa tch  i s  indeed re loca ted ,  it should be 

re-marked with f l o a t s  ( u n l e s s  t h e  o r i g i n a l  ones have remained s u f f i c i e n t l y  

I c l o s e ) ,  and t h e  temperature being t racked should be ad jus ted ,  s i n c e  t h e  

pa tch  w i l l  most l i k e l y  have depar ted  somewhat from t h e  o r i g i n a l  temperature I 
horizon. 

Assumjng t h a t  ' the experiment i s  progress ing s a t i s f a c t o i - i l y ,  it would 

a t  t h i s  p o i n t  be p o s s i b l e  t o  begin a "piggy-back" procedure, by making 

another  r e l e a s e  ( a t  a d i f f e r e n t  depth)  w h i l s t  surveying t h e  o r i g i n a l  one. 

I This  would u l t i m a t e l y  y i e l d  more information f o r  t h e  money expended, s ince  

i n  t h e  l a t e r  s t a g e s ,  when t h e  patches  a r e  ocean-wide and t h e  main c o s t s  

a r e  ship-time f o r  l a rge - sca le  sampling surveys,  more than one patch  could 

I be sampled simultaneously. Poss ib ly  t h r e e  r e l e a s e s  could be superimposed 

i n  t h i s  way. A t e n t a t i v e  schedule f o r  t h i s  s t r a t e g y  i s  o u t l i n e d  i n  

Table 3. L o g i s t i c s  a r e  d iscussed i n  more d e t a i l  i n  s e c t i o n  3.4. 

2.3) I n t e r f e r e n c e  with o t h e r  work 

I 3 There a r e  those  who would c r i t i c i z e  purposeful  He i n j e c t i o n  

I because they would hamper e f f o r t s  t o  use a s  a t r a c e r  o f  t h e  ~e~ generated by 

t h e  decay o f  bomb-produced t r i t i u m .  While w e  admit t h a t  c a r e f u l  cons ide ra t ion  

must be given t h i s  problem, we o f f e r  seve ra l  reasons why t h i s  need not  be t h e  case.  

3 
1) I f  t h e  He i n j e c t i o n  i s  made i n  a region where t h e  He3 and H 

3 

d i s t r i b u t i o n s  have been, w e l l  mapped and i f  t h e s e  d i s t r i b u t i o n s  show smooth 

g r a d i e n t s  i n  t h e  v e r t i c a l  and along isopycnals ,  then. t h e  superpos i t ion  of a 



well defined anomaly on' this background wiLl notdestroy its value. If 
. . 3' ' . - He . time trends are desired, either the anomaly can be subtracted.or a 

sufficient amount of time allowed to elapse until dispersal and outcrop 

loss has made the anomaly negligible. 

2) It is possible.that the consideration that the long-term perturba- 

tion of the ~e~ field by the injection may be negligible will place. upper 

limits on the amount of ~e~ added. 

3). Many people feared that the superimposition of bomb14c on the 

natural i4C distribution would void much of the value of the former. 

In hindsight we see that the positive aspects bf the bomb 14c far out- 

weigh any disadvantages. 

 everth he less, before any deliberate tracer scheme is agreed upon we 

will seek to,obtain the approval and hope also to obtain the participa- 

3 3 
tion.of.those people engaged in H -He measurement programs in the ocean. 

2.4) Summary of Objectives 

We conclude this section with a summary of the objectives 

of the experiment, in approximate order of priority. They are to determine 

(a) the rate of diapycnal thickening as a function of time (and hence 

the nature and rate of diapycnal mixing). 

(b) the magnitude of movement relative to isopycnal surfaces. 

(c) the rate of lateral growth (and hence the nature and rate 

of lateral mixing). 

(d) the rate of lateral. movement. 

In stating these objectives we have. used the term 'isopycnal 

surface' loosely. It is most, likely that .the 

relevant surface is in fact a neutral su?face (Ivers 197 ) .  The .deter- 

mination of' such 'surfaces is discussed in section'4.3. 



3 )  ~ e a s i b i l i t y :  P o s s i b l e  Tracers  
. . . . 

. . 3.1) General Considera t ions .  
. . 

We determined i n  s e c t i o n  2 . 1  t h a t  we need t o  i n j e c t  

s u f f i c i e n t  t r a c e r  t h a t  it remains e a s i l y  measurable even when d i l u t e d  

3 
i n t o  a volume of about ' lE14 m of  water .  W e  adopt a s  a s tandard of 

comparison t h e  .requirement t h a t  t h i s  .concentra t ion  be t e n  t imes t h e  

d e t e c t i o n  l i m i t *  f o r  t h e  t r a c e r .  Ul t imate ly ,  o f  course ,  more o r  l e s s  

t r a c e r  than suggested by t h i s  c a l c u l a t i o n  might be used. We s h a l l  

f ind  however t h a t  t h i s  a lone  i s  s u f f i c i e n t  t o  r u l e  o u t  most of t h e  con- 

ce ivab le  t r a c e r s .  

I t  would a l s o  be d e s i r a b l e  i f  t h e  t r a c e r  were 

a )  non-hazardous 

b )  cheap 

C )  easy  t o  sample and s t o r e  

d )  analysable  on board s h i p  ( i n  l e s s  than one day) 

e )  conservat ive  ( i . e . ,  not  d e g r a d e d - i n ,  o r  removed from 

sea-water) except  f o r  p r e d i c t a b l e  decay. 

The requi.rement f o r  p r o p e r t i e s  ( a )  and (b)  i s  obvious. Property ( c )  would 

.be p a r t i c u l a r l y  d e s i r a b l e  i f  a widespread search  f o r  a' pa tch  had t o  be 

undertaken, and it.:would a l s o  permit  maximum information r e t u r n . a s  in-  

s t i t u t i o n s  and n a t i o n s  no t  d i r e c t l y  involved i n  t h e  experiment might be 

persuaded t o  c o l l e c t  samples, p a r t i c u l a r l y  i n  t h e  l a t e  s t a g e s  of  t h e  experiment. 

. * Footnote: we here use "de tec t ion  l i m i t "  to.  mean t h e  minimum 
d e t e c t a b l e  d i f f e r e n c e  of  concentra t ion  from background. 
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' property (d) is highly desirable: without it a sampling survey. would 

have to be conducted "blind", and the probability of losing the patch 

would be' eno~ously increased. Property (e) is required in order that the 

tracer should accurately track water movements. Only approximate con- 

servation is however necessary, as much would be learned even from a 

somewhat non-conservative tracer, provided it lasted for at least one 

year. 

We now discuss the properties of various possible t?acers according 

to these criteria. The conclusions are summarised in Table 4. 

3.2 Tritium 

Tritium is one of the least toxic radionuclides, an isotope 

of hydrogen, and therefore highly conservative (as HTO) in water (apart 

from its predictable radioactive decay). It can be detected rapidly at 

moderate concentrations (say 300 p~i/l - 100 T.U. ) by simple distillation 
and liquid scintillation counting, and most sensitively (but only slowly) 

by allowing.growth of its daughter (He-3) which is detected by mass- 

sprectometry. The detection limit is about 0.1 T.U. (0.3 pCi/l), so.that 

300,000 Ci would be required. No unusual sampling methods are required, 

and 100 ml samples are sufficient. The cost of so much tritium is difficult 

to determine. Through regular channels it would be about $1 million, 

but alternative sources of supply might be found for a large quantity. 

Tritium thus satisfies properties (c) through (e), and possibly also (b). 

It is not entirely non-hazardous, although it is unquestionably the 

least hazardous radionuclide in the marine environment. Approximately 
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..2,000 MCi are in.the oceans already as a result of nuclear.weapons 

tests, and do not constitute an appreciable hazard. Natural processes 
. . 

ptoduce about 2 MCi, each year, giving a natural inventory of about 30 MCi. 

Conservative, calculations indicate that as much as 100,000 MCi could be 

jected each year into the deep sea (IAEA 19781, and 1000 MCi could be 

injected each year even into coastal waters without leading to a substantial 

health hazard. Quantities of the order of 0.1 MCi per year are in practice 

discharged into ~uropean coastal waters by nuclear fuel reprocessing plants. 

It is reasonable to conclude that the release of 0.3 MCi in the deep ocean 

would lead to a negligible 'health hazard, .once it had been saEely released. 

Detailed estimate of individual and collective doses and detriment are 

given in Appendix A. The transport and actual release of such a quantity 

of tritium would of course requir.e -stringent safety'precautions, since the 

maximum permissible annual intake of tritium is about 3 mCi (for a member 

of the general public). This should not present any serious problem, how- 

ever, as tritium is an extremely weak @-emitter, and therefore leads to 

no external radiation hazard. Its emission is in.fact insufficiently ' 

energetic even to penetrate the skin, and the only hazard arises as a 

result of ingestion or inhalation. 

Nevertheless, the release of radioactivity to the oceans is an 

emo.tive matter, and a 'scientific assessment of the hazards is unfortunately 

hardly relevant. ' A  proposal to make releases of the size contemplated 

would undoubtedly lead to uproar. in certain quarters, and would require 

careful justification. Although the resulting arguments might in the long 

.. . run be educational and beneficial for the wor1.d in general, it is tempting to 

conclude that if it is possible to avoid the has'sle by using a. non-radioactive 

material, it would be sensible to do so. The political and legal position is 

however discussed in a little more detail in Appendix A. 
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. . . ' 3.3) Helium-3 
.. . 

~ e l i k - 3  i s  t h e  l e s s  abundant (0.00013%) s t a b l e  i so tope  

o f  helium.' I t  occurs  a t  s l i g h t l y  e levated  concentra t ions  i n  t h e  oceans 

because it is t h e  daughter  product of  .decaying tritium (whether n a t u r a l  

o r  radiogenic:  see  Jenkins and Clarke 1976)., and because it is  exhaled 

dur ing geothermal processes  a t  t h e  midocean r i d g e s  (Lupton and Craig 1975).  

I t  i s  measured by gas  e x t r a c t i o n  and mass spectrometry (Clarke -- e t  a l . ,  1969, 

3 
Jenklns  -- e t  a l . ,  1972).  The d e t e c t i o n  l i m i t  i s  about 0.3% 6 (  He) which 

corresponds t o  3E-20 g/g, s lnce  t h e  n a t u r a l  4 ~ e  concentra t ion  i s  about 

4E-5 m l / l ,  o r  7E-12 g/g (Ri ley  and Skir row) .  The q u a n t i t y  of t r a c e r  needed 

i s  t h e r e f o r e  only  30 g (about  250 gaseous l i t r e s  a t  STP) .  Since t h e  s o l u b i l i t y  

o f  helium i s  about  8 m l / l  (1E-3 g/h) a t  1 atmosphere p ressure ,  t h i s  q u a n t i t y  

could be d i s so lved  i n  about  600 1 o f  water a t  50 atmospheres' (corresponding 

t o  500 m d e p t h ) ,  and correspondingly,  l e s s  water would be needed a t  g r e a t e r  depths. 

Helium-3 i s  a v a i l a b l e  without  d i f f i c u l t y  i n  gram q u a n t i t i e s ,  i s  completely 

non-toxic, and is a b s o l u t e l y  conservat ive  i n  subsurface water.  

Only small  samples (%lo0 m l )  a r e  r equ i red ,  and s to rage  r e q u i r e s  c a r e  

b u t  no undue d i f f i c u l t y .  There seems t o  be no reason .why a helil-m-3 

mass spectrometer  should no t  be made t o  work on board sh ip ,  ( Jenkins ,  per .  

c o r n . ) ,  and t h e  c o s t  o f  30 g of He-3 would be around $100,000. The c o s t  

of  t h e  sea-going mass spectrometer would probably be around $400,000 

f o r  a f u l l y  i n s t a l l e d  and operable  system. 



It appears that helium-3 satisfies all the requirements for the' 

tracer most satisfactorily. 

3.4) . Rhodamine-B ' 

Rhodamine-B is a fluorescent dye routinely used in shallow 

water'disyersion studies (see e.g. RHEN0)- It has a'lso been used in the 

only deep releases known to us  wart'& Bendiner 1974). It is measured 

by fluorometry, and'has the great advantage that sub-surface, in-situ and 

.real-time measurements can be .made. . The detection limit is however only 

about 1 ppb.(lE-9 g/g). Our'experiment would therefore require 1 million 

tons of Rhodamine to be released, which is obviously impossible. We conclude 

that Rhodamine and slmilar substances are unsuitable for this experiment. 

3.5) Deuterium 

Deuterium is the less common stable isotope of hydrogen 

(abundance 0.015%), available as D 0 (heavy.water). It is non-toxic and 
2 

at first sight might provide. a non-radioactive substitute for tritium. 

It can be detected by mass spectrometry at concentration anomalies of 

about 0.1% (6D). Unfortunately, however, most of the atoms in the ocean 

are hydrogen, so that this corresponds to a mass confrontation of about 

1E-7 g/g. On would therefore need 100 million tons of heavy water for 

the experiment, which is.obviously impossible. 

3.6 Freons 

~reons (fiuorocarbons) have recently been investigated as 

tracers in the oceans. They can be measured by gas chromatography using an 
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. . e l e c t r o n  cap tu rede tec to r  wi th  a  d e t e c t i o n  l i m i t  of  about l0ppb. 
. .  . 

Some 10 mi l l ion  t o n s  would be needed f o r  t h i s  experiment which i s  

impossible.  We comment t h a t  t h e i r  i n t e r e s t  a s  oceanic t r a c e r s  a r i s e s  

n o t  so  much because o f  t h e  s e n s i t i v i t y  of d e t e c t i o n ,  a s  because of  t h e  

l a r g e  q u a n t i t i e s  (mi l l ion  tonnes)  which have been re leased  dur ing t h e  

l a s t  30 years .  

' ,  3.7 Caesium - 137 

Caesium-137 i s  a  @/y emi t t ing  radionucl ide ,  chemically 

somewhat analogous t o  sodium. I t  is  not  p e r f e c t l y  conservat ive  i n  

sea-water,  s ince  i t  i s  adsorbed onto  p a r t i c u l a t e  ma te r i a l  (NAS. i971) 

bu t  p a r t i c u l a t e  concentra t ions  and s e t t l i n g  v e l o c i t i e s  i n  t h e  deep ocean 

a r e  s u f f i c i e n t l y  small  t h a t '  t h e  a c t i v i t y  would only  be scrubbed o u t  of 

t h e  pa tch  on a  t imescale  o f  about 100 yea r s ,  s o  t h a t  t h i s  would nat::. - 

e n t i r e l y  i n v a l i d a t e  i t s  use. 

3  
I t  can be measured 'a t  l e v e l s  of  about. 2 pCi/m , using chemical 

e x t r a c t i o n  and beta-counting techniques (Bowen e t  a l . ,  19 ; Kupferman -- 
and Livingstone 1979). so  t h a t  about 2000 C i  would need t o  be re leased.  

. It i s  produced i n  l a r g e  q u a n t i t i e s  a s  a  waste product  of t h e  nuclear  power 

c y c l e ,  and its s p e c i f i c  a c t i v i t y  1s about 100 Ci/g, so t h a t  i f  it covld 

be obta ined c a r r i e r - f r e e  on ly  about 209 of a  caesium salt need be i n j e c t e d  

i n t o  ( say)  1 m3 of  sea  water ,  g iv ing a  0.02 g/kg d e n s i t y  charge,  which 

could e a s i l y  be compensated f o r .  

However, Cs-137 i s  approximately 10,000 t i m e s  more rad io tox ic  i n  

t h e  marine environment than t r i t i u m  (al lowable i n t a k e s  a r e  about 100 t imes 

smal ler  and it concen t ra tes  by a  f a c t o r  of  100 o r  so  i n  many f o o d s t u f f s ) .  



I small) be about around 100 times greater thai for tritium (.even though the 

curie quantity is much less). Such a quantity of Cs-137 would also generate 

I substantial externa.1 radiation dose rates and therefore 'require shielding and 

i special handling procedures during transport and release. 

Since much larger (~100 litre) samples are r.equired, and the analysis 

is more difficult, it'appears that Cs-137. (or similar B/y emitting radio- 

nuclides) would have no advantages over tritium for'a large. scale' release. 

This might not be, true for a small scale experiment, where.it could be 

detected -- in situ using submerged scintillatioi counters, at concentrations 

of about 100 pCi/l (D.F. Jefferies and E. Reynolds, Pers. comm.). 

3.8 Discussion 

We have identified only three tracers for which the experiment 

proposed is feasible. These are tritium, helium-3, and caesium-137. The 

latter has no advantages over tritium and will not be considered further. 

Both tritium and .helium-3 fulfill satisfactorily all our criteria of. 

suitability. We select helium-3 in preference to tritium because: 

(a) it is non-radioactive; and would avoid the political, administrative 

and public relations problems which would surely arise over the 

release of a large quantity of tritium. 

(b) it can be stored and handled without special safety precautions. 

(c) the release mechanism etc.,.may be tested and observed in action 

as often as desired using cheap helium-4 instead of expensive helium-3. 

(.dl It may be measured rapidly, with the highest precision, on board ship. 
! 

Nevertheless we stress that we believe that the hazards associated with the 

release of up to 1 MCi of tritium would be acceptable small (see Appendix B), 



. . 
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and recommend that' it be ?@tained as an alternative .should helium-3 ' 

ultimately prove td be.unsuitable for some unforeseen reason.. Tritium 

would have a possible advantage in that helium-3 measurements could also 

be made on the s'ame samples. Since helium-3 (its daughter) would be lost 

to the atmosphere when the patch intersected the surface, whereas tritium 

would not, some additional information would thereby be gained about gas 

exchange with the atmosphere, and rates of mixing near the surface. We do 

not consider this possibility sufficiently important to outweigh the 

other advantages.of helium-3. 

The enormous advantage of helium-3 (or tritium, measured as helium-3) 

for this ,experiment arises from the conjunction of four factors, namely 

'La) the low. abundance of helium-3 compared with helium-4 

(.b) the low solubility of helium in water 

(.c) the ability to achieve one million-fold concentration enhancement 

by simple gas extraction. 

(.dl the ease and sensitivity of mass spectrometric detection for 

low mass number. 

Factors (.a) and (b) together lead to a low background, and thus contribute 

to. the low detection limit. This is further enhanced by factors Ce) and 

Cd), which would apply only for a rare gas of low mass number. There are 

no other rare gases of low mass number with low abundance stable isotopes. 
I 

We conclude that helium-3 is uniquely suitable for this experiment. 

Since the sensitivity obtainable corresponds to the detection of only about 

one hundred thousand atoms, we also conclude that it is most unlikely that 

any other tracer could be detected more sensitively. 
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4 ~ x p e r i m e n t a l -  Method 

. . 
4.1)  . Location of  Release 

In  o rde r  t o  minimise t h e  d i f f i c u l t y  of  keeping t r a c k  o f '  , 

t h e  p a t c h , '  it would be s e n s i b l e  t o  c a r r y  o u t  t h e  experiment i n  a  region 

where deep c u r r e n t s  a r e  no t  unusually ene rge t i c .  A s  poin ted  o u t  i n  s e c t i o n  

2 . 2 ,  it would a l s o  be of .some t e c h n i c a l  convenience i f  t h e  T/S r e l a t i o n s h i p  

were f a i r l y  t i g h t ,  w i t h  temperature t h e  main determinant  of  d e n s i t y  

(al though t h i s  might conceivably mean t h a t  t h e  diapycnal  mixing r a t e s  

could be a typ ica l .  In  t h e  f i r s t  instanc.e it would a l s o  

be prudent t o  avoid t h e  e q u a t o r i a l  region a t  l a t i t u d e s  lower than 15O, and 

t h e  p o l a r  regions  a t  l a t i t u d e s  g r e a t e r  than SO0 ' ( these  i n t e r e s t i n g  regions  

. . could perhaps be s tud ied  b y , l a t e r  experiments, i f  t h e  f i r s t  i s  s u c s e s s f u l )  

There would be no p o i n t  i n  going f u r t h e r  than necessary from t h e  U . S .  c o a s t ,  

and i n  o rde r  t o  f a c i l i t a t e  c o l l a b o r a t i o n  by o t h e r  n a t i o n s  t h e  A t l a n t i c  would 

be p r e f e r a b l e  t o  t h e  P a c i f i c .  These c o n s i d e r a t i o n s ' t o g e t h e r  suggest  t h a t  

t h e  experiment should be c a r r i e d  o u t  i n  t h e  N. A t l a n t i c  somewhere between 

l a t i t u d e s  20°N and 40°N, and longi tudes  30°W and 60°W. We propose t h a t  

t h e  optimum l o c a t i o n  f o r  t h e  experiment should be  d iscussed by a meeting 

of  i n t e r e s t e d  oceanographers before  a d e c i s i o n  i s  reached. 

The depth  of t h e  r e l e a s e  (.or r e l e a s e s )  should be s u f f i c i e n t  t o  

avoid t h e  near  su r face  regions  (down t o  a few hundred metres)  which would 

n o t  be t y p i c a l  o f  t h e  i n t e r i o r  of  t h e  oceans, and from which l o s s  of  helium-3 

t o  t h e  atmosphere would be l i k e l y .  The region below about 2000 m 

occupied by t h e  lower N. A t l a n t i c  Deep Water i n  t h e  western A t l a n t i c  

should a l s o  be avoided, t o  prevent  i n t e r f e r e n c e  with work a l r eady  



i n  progress  on t h e  movement o f  , radiogenic  helium i n  t h e s e  regions.  
. . .  

Within t h e s e  l i m i t s  we can i d e n t i f y  t h r e e  depths  which would be of  p a r t i -  

c u l a r  i n t e r e s t :  

(a) .  about 500 m: t h i s  would be f a i r l y  r e p r e s e n t a t i v e  of  t h e  oceanic 

thermocline,  would a f f o r d  t h e  p o s s i b i l i t y  of even tua l ly  s tudying t h e  

i n t e r a c t i o n  ' o f ' t h e  pa tch  wi th  t h e  su r face  i f  it moved s u f f i c i e n t l y  

f a r  nor th  o r  w e s t ' ( a n d  remained obse rvab le ) ,  and would enable s t a t i o n s  

t o ' b e  occupied and samples t o  be taken f a i r l y  r ap id ly .  700 m might i n  

f a c t  be a good choice ,  a s  it has been ex tens ive ly  used f o r  SOFAR f l o a t  

work, and is' i d e a l  f o r  such work CRossby, pe r s .  corn. ) . 

(b )  about 1000 m: t h i s  i s  approximately t h e  depth  of t h e  base of 

t h e  main thermocline. 

(.c) about 1500 m: t h i s  i s  about t h e  depth  o f  t h e  upper North A t l a n t i c  

Deep Water, and would be reasonably c h a r a c t e r i s t i c  of t h e  deeper,  l e s s  

h igh ly  s t r a t i f i e d  ocean. 

Releases a t  t h e s e  depths would be s u f f i c i e n t l y  f a r  separa ted  v e r t i c a l l y  

t h a t  they  would not  be expected t o  i n t e r f e r e  with one another  f o r  seve ra l  

y e a r s ,  by which time t r a c e r  concentra t ions  would probably have f a l l e n  below 

measurable l e v e l s .  

A s  suggested i n  s e c t i o n  2 . 2  it should be p o s s i b l e  t o  make r e l e a s e s  

a t  t h e s e  depths  i n  "piggy-back" fashion,  g e t t i n g  t h r e e  t imes t h e  amount of 

information f o r  l e s s  than twice t h e  c o s t  ( see  s e c t i o n s  4.5 and 5 ) .  W e  

sugges t  however t h a t  t h e  optimum depths  f o r  t h e  r e l e a s e  o r  r e l e a s e s  be 

a l s o  d iscussed by i n t e r e s t e d  s c i e n t i s t s  before  a dec i s ion  i s  taken.  



. . 
4 .2  Method of re lease  . . 

8 .  

. . 
Most of what has been said so f a r  appl ies  with equal force 

. . 

whether the  re lease  i s  envisaged a s  a pulse (completed with a day o r  l e s s ,  

perhaps) o r  a s  quasi-continuous, extending over a month o r  more. 'The 

method oE re lease  would obviously d i f f e r  completely, however. 

Ei ther  method of re lease  has advantages and disadvantages. A pulse 

re lease  is  conceptually simpler,and would use l e s s  ship time. I t  i s  a l so  . 
0 

probably eas i e r  t o  arrange t h a t  a pulse re lease  i s  confined t o  a very 

narrow range of densi ty  surfaces (the p rac t i ca l  aspects a r e  discussed 

below). The in te rpre ta t ion  of the  r e s u l t s  of a pulse re lease  i s  probably 

a l so  more straightforward,  using the methods famil iar  from shallow-water 

research (see e;g., Okubo). The disadvantage is  t h a t  mixing processes i n  

.: . the  deep ocean a r e  probably somewhat episodic,  and Murphy's Law makes it 

. ' l i k e l y  t h a t  a s ing le  re lease  would be made under a typical  conditions. One 

might, f o r  example, happen t o  make the re lease jus t  a s  the  loca l  i n t e rna l  

waves decided t o  break, o r  a s  the  l a rges t  eddy of the year came by. Thus 

a t  l e a s t  the i n i t i a l  behavior of the  patch could not be guaranteed t o  be typical .  

However, a s  the  l a t e r a l  scale  of the patch w i l l  probably increase rapidly,  

with,in a few weeks it would be averaging over a considerable p a r t  of the s p a t i a l  

spectrum, so t h a t  t h i s  problem is probably not too severe so f a r  a s  the  

long-term r e s u l t s  a r e  concerned. A re la ted  p rac t i ca l  d i f f i c u l t y  i s  t h a t  

the  i n i t i a l  eddy f i e l d  may shear the  patch in to  two o r  more almost separate 

pieces ,  which i n  s p i t e  of the  increasing l a t e r a l  scale  never r e a l l y  coalesce 

again. This happened, fo r  example, i n  the  196 RHENO experiment i n  the  

North Sea (-ICES 1 .  This p o s s i b i l i t y  must simply be accepted a s  a f a c t  of l i f e .  



. . 

A qu~s i -con t inuous  r e l e a s e  wpuld p a r t i a l l y  ov'ercome t h i s  problem, . 

by adding an element of ' t i m e  averaging 'to' t h e  experiment. This  would 

. . 

s e r i o u s l y  complicate t h e  i n t e r p r e t a t i o n  of  t h e  r e s u l t s ,  however., because 

the. mean c u r r e n t s  and eddy f i e l d  would draw o u t  t h e  r e l e a s e  i n t o  a 

to r tuous  snake-like p a t t e r n ,  perhaps t e n  t imes a s  long a s  wide, 'and one 

would always need t o  know which p a r t  o f .  t h e  'snake one was looking a t  i n  

o r d e r  t o . e s t i m a t e  how m u c h i t  had grown. In t h e  long term l a t e r a l  spread- 

ing  would reduce t h e  problem, b u t  by then t h e  two types  of r e l e a s e  would 

become s i m i l a r  i n  any case. 

We r a t h e r  favor  a  pu l se  r e l e a s e  because of  i t s  conceptual  and p r a c t i c a l  

s i m p l i c i t y ,  bu t  suggest  t h a t  t h i s  ques t ion  should be a f u r t h e r  sub jec t  f o r  

d i scuss ion  before  a dec i s ion  is taken. W e  d i s c u s s  t h e  p r a c t i c a l  a s p e c t s  

of  both  types  of  r e l e a s e  below. 

(.a) Pulse r e l e a s e  

For a  pu l se  r e l e a s e ,  whether of tritium o r  helium-3, we assume 

3 t h a t  one s t a r t s  with t h e  t r a c e r  a l r eady  dissolved i n  about 1 m of  sea- 

water Cpossibly a r t i f i c i a l )  o f  t h e  appropr ia t e  dens i ty .  This i s  necessary 

because otherwise i t s  d e n s i t y  would be so  f a r  d i f f e r e n t  t h a t  it would r i s e  o r  

s ink  a s  a  blob, spreading on to  a range o f  d e n s i t y  su r faces  a s  it d i d  so. 

Also i f  one were t o  r e l e a s e  gaseous helium it would i n e v i t a b l y  form bubbles, 

which would r i s e ,  d i s s o l v i n g  a s  they  d i d  so ,  and f a i l  t o  produce t h e  des i red  

"spike"'  i n j e c t i o n .  

3 There a r e  two ways i n  which t h e  i n i t i a l  l m  of tagged water could be 

obtained.  F i r s t l y ,  by t ak ing  r e a l  o r . . a r t i f i c i a l  sea-water of t h e  c o r r e c t  

s a l i n i t y ,  and d i s s o l v i n g  t h e  t r a c e r  i n  it e i t h e r  i n  t h e  l abora to ry  o r  on 
\ 

board s h i p ,  wi th in  a s u i t a b l e  con ta ine r  t h e  conta iner-  would then be lowered 
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to the desired depth, allowed to reach ambient temperature, and released. 

The disadvantage of this method is that the release container would have to 

be rather carefully constructed. In the case of tritium it would have to be 

designed to avoid leakage of tritium and consequent radiological hazard. 

In the case of helium-3 it would have to be pressurized in order.to prevent 

helium (dissolved under 50 atmospheres or more) from escaping into the atmosphere. 

In both cases the container would nevertheless have to be capable of allowing 

the tagged water to escape without hindrance at the approRriate time. This 

would pose considerable engineering problems. 

The second alternative is to dissolve the tracer -- in situ. In this 

case the container serves only to trap ambient water long enough. to 

dissolve the 'tracer. It need not be.pressurized or provide a high degree 

of containment, and its design should be fairly straightforward. This 

method could not be used unless the dissolution of the tracer does not 

change the density significantly (otherwise the tracer would "fall" - up 
or down - out of the container rather than spreading laterally as desired). 

I It would therefore be unsuitable for tritium unless this can be obtained 

. as virtually carrier-free tritiated water. For helium, however, the 

dissolution almost certainly could be carried out in situ, and we recommend I . ' ' .  

-- 
this as the most suitable method. 

. . 

The rate of dissolution of helium in water is likely to be limited by 

diffusion through the liquid boundary layer at the helium/water interface. 



Pis ton  v e l o c i t i e s  of a few metre/da$ . a re  commonly observed a t  t h e  sea 
. . 

su r face  under f a i r l y  t u r b u l e n t . c o n d i t i o n s  (Broecker and Peng 
. . 

TO s a t u r a t e  l m 3  of water through a su r face  con tac t  a r e a  o f  (say)  1000 cm 
2 

could t h e r e f o r e  t ake  s e v e r a l .  days,  even with s u b s t a n t i a l  a g i t a t i o n .  

We conclude t h a t  a s p e c i a l  bubbler  mechanism would need t o  be designed 
. . 

t o  ensure  d i s s o l u t i o n  wi th in  ( say)  one day. This  could of  course e a s i l y  

be t e s t e d  i n  t h e  l abora to ry  using helium-4. A pre l iminary  design i s  

discussed i n  Appendix B .  

I f  i n  s i t u  d i s s o l u t i o n  of helium i s  used t h e  d e n s i t y  change of -- 
3 

l m  of  water should be i n s i g n i f i c a n t .  309 (10 mole) o f  helium-3 atoms 

are added. They w i i l  occupy approximately t h e  same volume a s  10 mole 

(180 g )  of water molecules, so  the  d e n s i t y  w i l l  be decreased by a f a c t o r  

(iEG+30)/(1EG+180) corresponding t o  a change from Co = 27.00 t o  Co = 26.85, 

f o r  example. Such a change i s  un l ike ly  t o  cause v i o l e n t  v e r t i c a l  motion 

of  t h e  i n i t i a l  "blob". I t  corresponds t o  a 'buoyancy fo rce  of  150 g.w.t.  

on a mass of  lEGg, and t h e r e f o r e  t o  an a c c e l e r a t i o n  (neg lec t ing  v iscous  

2 
d rag)  of  0.15 cm /sec.  I t  would t h e r e f o r e  t ake  a t  l e a s t  36 sec f o r  t h e  

blob t o  r i s e  one metre, by which time it would probably have a t  l e a s t  

doubled i n  volume (and thereby reduced i t s  d e n s i t y  c o n t r a s t ) .  Drag f o r c e s  

would reduce t h e  ex ten t  o f  v e r t i c a l  movement.   ow ever, t o  minimise such 

v e r t i c a l  displacement,  .(and consequent diapycnal  mixing) i t  would b e ,  

prudent  t o  r a i s e  t h e  con ta ine r  t o  t h e  depth  where i t s  new d e n s i t y  would be 

i n  equi l ibr ium,  us ing d a t a  from simultaneous STD measurements. This d i s -  

placement might amount t o  about one hundred metres a t  f i v e  hundred metres 

depth.  A l t e r n a t i v e l y ,  and p re fe rab ly ;  'about 150 g. o f .  s a l t  could be added. 
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In  any case  g r e a t  c a r e  must be taken t o  ensure t h a t .  t h e  tagged water 

has t h e  same d e n s i t y  a s  t h a t  i n t o  which i t  i s  t o  'be re leased.  

Using -- i n  situ d i s s o l u t i o n  it should be p o s s i b l e  t o  des ign a simple 

con ta ine r  wi th  doors  which would sp r ing  open when & ' e l e c t r i c a l l y  o r  

mechanically t r i g g e r e d  l a t c h  i s  re leased  (an explos ive  r e l e a s e  would be 

undes i rable  because o f  t h e  hea t  and turbulence  genera ted) .  A pre l iminary  

design i s  suggested i n  AppendixB. -,Such a device  should of  course  be 

subjec ted  t o  s t r i n g e n t  "swimming pool" t e s t s  using colored dye dur ing t h e  

development of  a f i n a l  design.  

Cb) Continuous r e l e a s e  

For a continuous r e l e a s e  t h e  d i s s o l u t i o n  of t h e  t r a c e r  p r e s e n t s  

no p a r t i c u l a r  problem, s ince  one may simply i n j e c t  t r i t i a t e d  o r  helium- 

s a t u r a t e d  water  a t  a metered r a t e .  The l a t t e r  could be obtained by slowly 

pumping ambient water through a helium r e s e r v o i r ,  us ing  a low-power sub- 

mers ib le  pump such a s  t h a t  developed by Weiss f o r  t h e  MANOP program). 

There would however be s u b s t a n t i a l  d i f f i c u l t y  i n  ensuring t h a t  t h e  t r a c e r  

i s  re leased  i n t o  t h e  same d e n s i t y  su r face  (wi th in  2 50 cm, s a y ) .  Any 

t e t h e r e d  r e l e a s e  system would move r e l a t i v e  t o  d e n s i t y  su r faces  because of 

( a )  sh ip .mot ion Cb) i n t e r n a l  waves ( c ) . v a r i a b l e  c u r r e n t s  t i l t i n g  t h e  mooring. 

Problem (.&I could .be overcome us ing a bottom-mooring, but  problems (b)  and 

Cc) 'cannot .  We suggest  t h a t  it would be p r e f e r a b l e  t o  work d i r e c t l y . f r o m  

a s h i p ,  using an i n j e c t o r  which i s  c o n t r o l l e d  s o  t h a t  t r a c e r  i s  re leased  

on ly  when ' the temperature ( o r  p o s s i b l y  dens i ty ,  using a computer/STD system) 



. . 

lies between suitable narrow limits.  his might work reasonably . . . . 

well at 500m where the temperature limits might be. 0.005 OC apart, but . 

may not be- feasible at 2000m, where they would need to be lessthan 
. . 

0.001 OC apart. The response time of the thermometer, as well as its 

precision, is of course important, particularly if one is dealing with 

rapid movements produced by ship motion. Since fairly low-frequency 

I variations in the depths of isotherms/isopycnals is also to be expected, 

I I some manual or automatic control of the release depth would also be 

necessary. Ideally, perhaps, a temperature-seeking servo-controlled , 

winch should.be used. Whatever procedure is adopted there is no doubt 

that it would be technically more difficult to carry out a continuous 

1 .  

release onto a sLngle denssty surface. The difficulties are probably 
! 

not insuperable, however, and should not be permitted to disallow a 

continuous release if this were thought to be a more desirable experiment. 
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4.3) Tracking t h e  patch  

We have a l r eady  determined i n  sec t ion  2.2 t h a t  it w i i l  

be e s s e n t i a l  t o  mark t h e  patch ,  whether from a 'pulse o r  continuous r e l e a s e ,  

with n e u t r a l l y  buoyant f l o a t s  i n  o rde r  t o  have some remote i n d i c a t i o n  of  

i t s  whereabouts. Unless t h i s  can be done success fu l ly  t h e  chance of f ind-  

i n g  t h e  pa tch  again ,  even a f t e r  a yea r ,  i s  r a t h e r  small.  A s  d iscussed 

i n  s e c t i o n  2.1, a c t i v e l y - b a l l a s t e d  temperature-seeking f l o a t s  would be 

most s u i t a b l e .  W e  suggest  t h a t  perhaps 6 SOFAR f l o a t s  should be used w i t h .  

each r e l e a s e ,  toge the r  with about 12 of  t h e  deep-sea d r i f t e r s  whose'develop- 

ment i s  p r e s e n t l y  being planned a t  t h e  Un'iversity of Rhode I s l and  (Rossby, 

pers .  .comb. 1.  These cheap devices  would su r face  a f t e r  a predetermined t i m e ,  

and emit r a d i o  s i g n a l s  r ece ivab le  by s a t e l l i t e .  This would.give t h e  b e s t  

a v a i l a b l e  i n d i c a t i o n  of  t h e  l o c a t i o n  o f  t h e  pa tch  imrnediately,prior  t o  a 

survey c r u i s e .  The SOFAR f l o a t s  y i e l d  a d d i t i o n a l  information about how t h e  

1 patch  reached t h i s  p o s i t i o n ,  and i ts  dynamical environment ( ex i s t ence  of 

i eddies  e t c . ) .  We a l s o  propose t h a t  about  1 2  Swallow f l o a t s  (which respond 

l o c a l l y  t o  a s h i p  on s t a t i o n )  be used t o  provide rea l - t ime information on 

t h e  l o c a t i o n  and motion o f  t h e  patch.  This  would be extremely valuable  t o  

a ch ie f  s c i e n t i s t  a t tempt ing t o  p lan  and execute a sampling survey of a 

moving and deforming t a r g e t .  I f  f l o a t s  prove t o  provide s u f f i c i e n t l y  good 

information o f  pa tch  l o c a t i o n ,  it. would a l s o  be p o s s i b l e  t o  use t h e  l o c a t i o n s  

of  such a number of f l o a t s  t o  d e f i n e  t h e  l o c a l  -frame of  r e fe rence  i n  which 

t h e  survey i s  c a r r i e d  out .  

I f .  a pu l se  r e l e a s e  i s  used, t h e  r e l e a s e  should be made c l o s e  t o ' t h e  

midd.le of  t h e  c l u s t e r  o f  f l o a t s .  I f  a continuous r e l e a s e  i s  used, f l o a t s  

should be r e l e a s e d . r e g u l a r l y ,  perhaps one each day, so t h a t  an 

o u t l i n e  of t h e  "snake" i s  obtained.  



. . 

. . The 'success or. failure'of the experiment will depend crucially on 

the ability to relocate the patch. It would be most desirable to carry but 

a preliminary experiment to determine. whether or not the floats do satisfactorily 

track the patch. This should combine the simultaneous release of neutrally 

buoyant floats, fluorescent dye (so that the operation,of the release 

mechanism can be observed,. possibly from a manned submersible) and a small 

quantity of helium-3, so that the efficacy of the sampling and survey techniques 

may be tested. In this way the entire procedure may be checked out before 

a large release is.made. Such an experiment would be most worthwhile in its 

own right, as it would provide thee first direct indication of the extent 

to which neutrally buoyant floats behave as trully' ~agrangian tracers. 

In order to determine the expected depth of the patch, and thus also 

to.determine movement relevant to neutral surfaces, it will be necessar.y 

to.calculate the depth of the:neutral surface on which is patch is presumed 

to lie. A. Fortran program to 



I 

. f o l l o w  n e u t r a l  s u r f a c e s  on a s t a t i o n  by s t a t i o n  b a s i s  has been w r i t t e n  

I a s  p a r t  of  t h i s  study,, and i s  appended a t  Appendix D.  It has been 

t e s t e d  on t h e  GEOSECS W. A t l a n t i c  s e c t i o n ,  and t h e  r e s u l t s  f o r  seve ra l  

su r faces  a r e  i l l u s t r a t e d  i n  a paper being prepared by one of us (J. Shepherd). 

4 .4 )  Method o f  sampling 

I t  w i l l  'hot be an e n t i r e l y  s t ra ight forward  mat t e r  t o  

sample e f f e c t i v e l y  a pa tch  which'may poss ib ly  be no more than a few metres 

t h i c k ,  and w i l l  almost c e r t a i n l y  be somewhat lumpy i n  s t r u c t u r e .  We 

be l i eve  t h a t  t h e  v e r t i c a l  l o c a t i o n  can probably be determined qui . te  

a c c u r a t e l y  by i d e n t i f y i n g  t h e  depth  of  t h e  appropr ia t e  d e n s i t y  su r face  

from an i n i t i a l  STD c a s t .  The b e s t  p o s s i b l e  d a t a  on t h e  hor izon ta l  ' 

extens ion of t h e  pa tch  would then be obtained from v e r t i c a l l y ,  i n t e g r a t e d  

samples over an appropr ia t e  depth  range spanning t h e  expected depth. 

These should be obtained by p u l l i n g  a co'ntinuously running sampler through 

t h e  pa tch  a t  a cons tant  r a t e .  The sampler could be pumped, o r  operated 

by sucking through a con, t ro l led  l eak  i n t o  an evacuated b o t t l e ,  o r  a spring- 

' o p e r a t e d  p i s ton  sampler. Such a system would need t o  be developed and t e s t e d .  

This  technique,  using s t a c k s  o f  v e r t i c a l l y  i n t e g r a t i n g  samplers 

(say  t e n ,  one abdve ' the o t h e r ,  so ar ranged t h a t  t h e  samples obta ined do 

no t  q u i t e  over l ap  i n  depth)  would a l s o  be t h e  most e f f e c t i v e  way of  l o c a t -  

ing  t h e  pa tch  i n  depth  t o  t h e  n e a r e s t  10m o r  so. Therea f t e r  one would use 

a combination o f  conventional  b o t t l e  samples ( f o r  maximum s p a t i a l  

r e s o l u t i o n )  and v e r t i c a l l y  i n t e g r a t e d  samples depending on the  s t r u c t u r e  

and development of  t h e  pa tch  a c t u a l l y  encountered. 

We note  again ,  however, t h a t  samples must (probably) be taken on 

and around a p a r t i c u l a r  d e n s i t y  su r face  [ r a t h e r  than a p a r t i c u l a r  depth)  
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I and t h a t  t h i s  would probably be most r e l i a b l y  loca ted  using temperature 
I 

measurements. One must t h e r e f o r e  expect  t o  have an STD at tached t o  t h e  

sampling device throughout any sampling opera t ions ,  and note  t h a t  a 

temperature-control led winch would be a va luable  a s s e t .  

Prel iminary e n q u i r i e s . i n d i c a t e  t h a t  such a device i s  f e a s i b l e ,  and 

would probably involve  t h e  modif ica t ion  of  a D.C. e l e c t r i c a l l y  dr iven winch 

by t h e  a d d i t i o n  o f  a s u i t a b l e  temperature sensor and c o n t r o l  u n i t  (Markee 

Machinery Co., pers .  comm.) . s u b s t a n t i a l  development and t e s t i n g  would 

however, be necessary t o  determine the  e f f i c a c y  of t h e  device ,  and t h e  maximum 

frequency of f l u c t u a t i o n s  it could be expected t o  handle. 

L o g i s t i c s  

I f  t h e  sampling system i s  a t t ached  t o  t h e  STD cab le ,  then 

lowering t o  ( say)  l O O O m  sampling and r a i s i n g  t h e  system again need only. 

t a k e  about one hour. Samples could be outgassed and analysed whi l s t  steam- 

i n g  t o  t h e  next  s t a t i o n .  During t h e  i n i t i a l  survey, ( see  t a b l e s  2.3 and 

2.2) when ' the pa tch  w i l l  probably be l e s s  than 30 km ac ross  (bu t  moving a t  

up t o  1 km/hr) steaming time w i l l  be short., and one might hope t o  work 

about 8 s t a t i o n s  pe r  day. This  would al low a 5x5. grid (probably the  rninimum 

t o  d e l i n e a t e  t h e  pa tch  e f f e c t i v e l y )  t o  be worked every 3 days, and a 10x10 . 

g r i d  i n  1 0  days. One would a t tempt  t o  c a r r y  ou t  perhaps two 5x5 surveys,  

and one f i n a l  10x10 survey, dur ing  t h e  i n i t i a l  phase. 

During t h e  second (3-4 month) survey, when t h e  patch  i s  perhaps 100 km 

a c r o s s ,  steaming t i m e  would be more s i g n i f i c a n t ,  bu t  t h e  time developement 

would be slow, so  t h a t  one might a t tempt  t o  work on ly  one 15x15 g r i d .  During 

one-year and subsequent surveys steaming time would be t h e  l i m i t i n g  f a c t o r  

( s a y  100 km o r  3 hours between s t a t i o n s ) ,  and one would probably work no 

more than 4 o r  5 s t a t i o n s  per  day, and hence p u t  down a s i n g l e  10x10 g r i d  

dur ing  one leg .  The sampling schedule o u t l i n e d  here  i s  no t  intended t o  be d e f i n i t i v e ,  

on ly  t o  g ive  some idea  of  t h e  genera l  procedure and numbers of  s t a t i o n s  involved. 



. . should t h e  "piggy-back" ' arrangement of  success ive  r e l e a s e s  mentioned 

I .  i n  s e c t i o n  2 . 2  be adopted, i n i t i a l  surveys a f t e r  t h e  f i r s t  could be con- 

i t r a c t e d  (.one would hopeful ly  have e s t a b l i s h e d  by then whether o r  no t  f l o a t s  
1 .. . 

were s a t i s f a c t o r y  i n d i c a t o r s . o f  pa tch  p o s i t i o n ) .  One might combine a s i n g l e  

5x5 i n i t i a l  survey wi th  a 10x10 second.survey of t h e  previous  patch.  The 

schedule f o r  va r ious  l e g s  might be s i m i l a r  t o  t h a t  shown below. 

Leg 1: Prepara tory  hydrography,) 
F l o a t  p repara t ion  1 
Release p repara t ion  1 

F l o a t  C l u s t e r  Release ) 

Tracer Release $1 . )  

Ad -hoc survey 

F i r s t  5x5 survey 

Second 5x5 survey 

10x10 survey 

Steaming ( t o  and from p o r t )  

3 days 

3 days 

3 days 

3 days 

10 days 

6 days 

2 9  days 



. . Leg 2 & 3 . . l o x 1 0  survey of  Patch $1 10  days 

Prepara tory  work. 3 days 

F l o a t  & Tracer Release #2 l d a y  ' . 

. . 
Ad hoc survey 3 days 

5x5 survey of Patch X2. 

S t  earning 

3 days 

8 days 
. 2 8  days 

Leg 4 e t  

10x10 survey o f  Patch 2 0  days 

10  days 
30 days 

A s u b s t a n t i a l  allowance f o r  steaming time i s  made because t h e  

. p o r t  of  depar tu re  would probably have t o  be decided before  ' the 

l o c a t i o n  of  t h e  pa tch  was known. 



4.6 Ancillary Experiments 

~he.information on rates of lateral and diapycnal mixing 

obtained will be vastly more useful if they are accompained by concurrent 

measurements of other oceanographic processes which may be related. We 

have in mind particularly , observations of temperature/salinity micro- 

structure, and of the internal wave field. The detailed geometry of the 
. . 

isopycnal surfaces is also of interest, and would be determined naturally 

during the course of sampling surveys. Current measurements will also 

be available from float tracking. It would probably not be worthwhile 

to mount special ancillary experiments on each survey leg, but they should 

. . 
certainly be carried out on at least one leg (possibly in conjunction : 

with the one-year survey), using another ship if necessary. Some observa- 

tions from moored current meters might also be worthwhile at this stage, 

in order to study the high-frequency end of the current/turbulence spectrum 

which is not accessible to measurement by floats. 



. . 
5.) Costs 

we' here make tentative estimates of the costs of the ,experiment 

as we envisage it. These are intended only for 'general guidance, since 
. . 

detailed costs cannot be estimated until firm proposals are prepared. 

They are expressed in 1979 dollars, and will also need to be corrected 

to allow for inflation. We have also made estimates for two experiments: 

firstly,. a basic experiment involving a single release, akd secondly, an 

extended experiment involving three releases at different depths, carried 

out in "piggy-back" fashion (see section 2 . 2 ) . .  We have broken down the 

costs to show that part associated with the development and construction 

of new equipment, and also identified separately the costs associated 

with the pilot experiment. These costs would fall during the development 

phase (perhaps two years)'of.the experiment. The remainder would fall 

during the third and possibly the fourth year. 

These tentative cost 'estimates are detailed in Table 5. The basic 

experiment is likely to cost several million dollars, and the extended 

experiment about 50% more. The largest item in both cases is ship's time 

for sampling surveys, as would be expected. 



. . .. 
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 able 5: COSTS 

Development 

Design & Construction of release system 
Design & construction of sampling system 
Temperature-controlled winch modifications 
Shipboard helium-3 system 
Salaries 

Pilot Experiment 

Tracer 
12 Swallow floats 
12 Deep-sea drifters 
6 SOFAR floats 
Float-tracking equipment, charges, etc. 
Ship-time (one leg) 
Salaries (.scientific & support staff) 
Travel, shipping, expendables, etc. 

Basic Experiment 

Tracer 

l2 from pilot experiment 
6 SOFAR Floats 
12 Deep-sea drifters. 
Ship-time (4 legs) 
Salaries 
Travel, shipping expendables, etc. 

Total Cost for Basic Expt. 

Extra Cost for Extended Experiment 

Tracer (2 extra shots) 
24 Swallow floats 
12 SOFAR floats 
24 Deep-sea drifters 
Ship-time (3 extra legs) 
Salaries 
Travel, Shipping, Expendables, etc. 

Total Cost for Extended Expt. 

negligible, 
60 
2 0 
100 
3 0 
150 
100 
2 0 

$ 480 K 



.. ' 

. . 6. )  conclusions and ~ecoi&endations 

. . , . 

1) The 'del iberate  re lease  of a suff ic ien6 quant i ty  'of a t r ace r  
. . 

. i n ' t h e  deep ocean t o  remain measurable a f t e r  it has spread over a subs tan t ia l  

f rac t ion  of t he  ocean i s  feasible .  

2 )  The most su i t ab l e  t r ace r  would be ( s tab le )  h e l i k - 3 ,  with 
. . 

( radioact ive)  t r i t i u m  a s  a possible but unlikely a l te rna t ive .  

3 )  About 309 of helium-3 a t  a cos t  of about $100K would be required. 

f o r  each re lease.  

4 ) '  There would be no hazard associated with such a re lease  of 

helium-3. 

5) Alternat ively,  about 300,000 C i  of t r i t i u m . a t  a cos t  of 

about S 1 M  would be required, and some small hazard would be involved. 

6) , It would be feas ib le  t o  re lease  helium-3 (or  t r i t i um)  

3 
e i t h e r  a s  a pulse ,  with an i n i t i a l  volume o f -  about l m  , or  continuously 

over. a period of a month o r  more. 

7 )  A s c i e n t i f i c  meeting should,be convened t o  discuss the 

r e l a t i v e  advantages of a pulsed o r  continuous re lease ,  and t h e  most suit ,able 

locat ion for  the  re lease,  together with a l l  o ther  aspects of t h i s  experiment. 

This repor t  should serve a s  a bas i s  fo r  discussion. 

8 )  I t  would be necessary t o  mark the "patch" with a mixture of 

l oca l ly  responding and SOFAR (o r  pop-up) f l o a t s ,  and these should preferably 



. . . . 
. . . . . . . . . . . . . . . . . . 

. . . . 
. <: - . . . . . .  . 4 3 

. . 
. . . . 

. . . . 

I .  . ' . . ' .  
be ac t ive ly -ba l l a s t ed  temperature-seeking types.  . . 

1 .. . . 9) , Shipboard a n a l y s i s  o f  t r a c e r  samples w i l l  be. almost  e s s e n t i a l  

. . t o  avoid l o s i n g  t h e  patch.  . This should be poss ib le  f o r  helium-3 even a t  
very low concentra t ions .  A s p e c i a l l y  designed and constructed.hel ium-3 . . machine would 

be needed t o  c a r r y  o u t  many analyses  a s  f a s t  a s . p o s s i b l e .  
. . 

10) Ver t i ca l ly - in tegra ted  sqnples  would be a n  e s s e n t i a l  complement 

t o  r egu la r  b o t t l e  samples, and a s u i t a b l e  sampling system would need t o  be 

designed and b u i l t .  

11) The patch  i s  l i k e l y  t o  be about 30 km a c r o s s  a f t e r  1 month, 

100 km a c r o s s  a f t e r  3 months and severa l  hundred km a c r o s s  a f t e r o n e  year. 
. . 

. . . . 
Its th ickness  might inc rease  t o  no more than a few met res 'dur ing  one year ,  

b u t  might a l s o  increas.e t o  severa l  hundred metres. "The p r i n c i p a l  goa l s  

o f  t h e  experiment should be t o  determine: 

( a )  t h e  r a t e  and e x t e n t  of  thickening.  

(b)  t h e  r a t e  of  diapycnal  displacement; 

(c)  t h e  r a t e  of  l a t e r a l  growth. 

(dl t h e  r a t e . o f  l a t e r a l  displacement,  vis-a-vis  f l o a t s .  

12) We t e n t a t i v e l y  suggest  t h a t  t h e  b e s t  l o c a t i o n  f o r  t h e  

experiment would be t h e  c e n t r a l  North A t l a n t i c ;  between 20°N and 40°N, and 

, . between 3.0°W and 60°W. S u i t a b l e  depths  f o r  t h e  r e l e a s e  would be SOOm, 

l O O O m  and 150Om, i n  o rde r  of  preference.  

13) I f  a p u l s e  r e l e a s e  i s  used, i n  s i t u  d i s s o l u t i o n  of  t h e  t r a c e r  

would be p re fe rab le .  With helium-3 it would be e s s e n t i a l  t o  simultaneously 

d i s s o l v e  some s a l t  t o  maintain n e u t r a l  buoyancy. 



. . . . 
: - 14) I f  a continuous r e l e a s e  i s  used, g r e a t  c a r e  w i l l  ' be  necessary 

t o  ensure t h a t  , t r a c e r  i s  re leased  only  i n t o  water with dens i t i e ' s  i n  t h e  

appropr ia t e  narrow range,  and t h i s  may be a t r i c k y  engineering problem. 

15) With s u f f i c i e n t l y  r ap id  shipboard sample a n a l y s i s  ( t h r e e  

p e r  hour) it should be p o s s i b l e  t o  'work 100 s t a t i o n s  i n  t en '  days on e a r l y  

surveys,  o r  twenty days on l a t e r  c r u i s e s .  This  should permit  t h e  pa tch  

t o  be reasonabley wel l  de l inea ted  by s ing le= leg  surveys during t h e  f i r s t  year .  

Therea f t e r  ( i f  t h e  patch i s  s t i l l  obse rvab le ) .  mul t i - sh ip  o r  mul t i - leg  surveys 

would . be required.  

16) Up t o  t h r e e  r e l e a s e s  would probably be incorporated i n  a 

"piggy-back" scheme, i n  which surveys of  one patch  a r e  combined with t h e  

r e l e a s e  of  another  a t  a d i f f e r e n t d e p t h .  This would u l t i m a t e l y  y i e l d  t h r e e  

t imes  the '  information f o r .  l e s s  than. twice t h e  cos t .  



Table 1 

Time 1E6 

sec 
8.6E4 1 day 8 

6.OE5 1 week 2 2 

'2.6E6 1 month 46 

7.9E6 3 months 79 

3.2E7 1 year 159 

1E8 3 years 283 

The Spread of a Patch under Fickian Diffusion 

Lateral Diameter (km) Vertical Thickness (n) 

Diffusivitv 



Table 2 

The Spread of a Patch under Okubo-Pritchard Diffusion . . I 

* 
Zateral diameter (km) Vertical Thickness (n) 

. . I  
Diffusion parameter (cm/sec) 

Time Diffusion Parameter (cm/secxlE5) I 

sec 0.1 0.2 0.5 1 2 0.2 0.5 

8.634 1 day 0.17 0.3 0.9 1.7 3.4 . - 0.01 0.02 0.03 ' 0.09' 

6.OE5 1 week 1.2 2.4 6.0 12. 24 0.132 0.06 0.12 0.24 0.60 

2.6E6 1 month 5 10 26 52 . 100 0.1 0.3 0.5 . .  1.0 2.6 . . .. . . 

32 158 316 7.9E6 3 months 16 7 9 0.3 . 0.8 1.6 3.2 . 8 

3.2E7 1 year 64 128 320 640 1280 1.3 3.2 . 6.4 13 32 

* Note: We have virtually no idea what values of diffusion parameter would be appropriate 

. . 

for vertical mixing of this form. The values here are ranged around 1E-5 cm/sec, 

2 
which would be roughly equivalent to a vertical diffusivity of 1 cm /sec at a length 

scale of l'km. 
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. . Table 3 Tenta t ive ,  schedule 
. . 

. . 

Time' Patch 1 
500m 

Patch 2 
1 OOOm 

Patch 3 
2000m 

Leg 1 

Zero t o  
1 month 

Release & 

i n i t i a l s  
survey ( 30 km) 

Leg 2 
4 months 

Survey 2 
(100 km) 

Release & 

i n i t i a l  
survey 

Leg 3 
8 months Survey 2  ele ease & i n i t i a l  

survey 

Leg 4 .  . 

1 year Survey 3 
(300 km) 

- 

Survey 3 Survey 2 

Leu 5 
2 years  Survey 4 Survey 4 Survey 3 

3 yea r s  onward Fur ther  Surveys? 



. . 
Summary o f  T r a c e r  P r o p e r t i e s  

. . Sampling Shipboard  Ana1.ysi.s 
' T r a c e r  ' Method o f  ~ e t . ~  ~ e t . ~  I..imit Q u a n t i t y  Requ'd I n i t i a l  Water Vol.. T o x i c i t y  Cos t  

:Critium 'lie-3 ingrowth  O.1TU (0.3pCi/l. 300,000 C i  1 m Cli .ght  $1  El Simple Yes ( a t  h i g h  conc.  
3 

Ileli.um-3 Mass S p e c t .  0 . 3 %  6He-3 = 
3 

3E-20 g/g 3 09 < I m  ( @  50 atm) Norre .j30 .K Simple Yes 
. . . . * 

Rhoc1ami.ne B . Fluoromet ry  1 PPb. 1.000000 t o n s  Enormous 5J.jght E110rmous Simple Yes 
I 

I ~ e u t e r i u r n  Mass S p e c t .  0.1%6D 1 1E-6g/g 1.1% t o n s  (D20) Enormous Norre Enormous S imple  tlo 

Cs-137 C o n c e n t r a t i o n /  
gamma spec t rom.  2 pCi/m 

3 
2000 C i  2r l m  

3 

F'reons Gas chromato- 
. graphy 1 0  pph 1 0  M t o n s  Enormous 

S l i g h t  $6 N Large  v o l .  NO 

7'1 Enormous - - ~ e r 1 ; a p s  

3 
*Note: Enormous means a n y t h i n g  i n  e x c e s s  o f  1 mi.l..l.i.on m , o r  $1.00 mj.1.lion. 
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Appendix f i  

The Hazards ~ s s o c i a t e d  with t h e  Release of T r i t i u m  

' A  1) ~ e n e r a l ,  Legal and P o l i t i c a l  Considerations 

In t h i s  Appendix we make rough estimates of the  possible radio- 

log ica l  hazards associated with the  re lease  of t r i t i u m  t o  the  sea,  using 

e s sen t i a l l y  the  methods recommended i n  the  context of. radioactive wastes 

by the IAEA (1960). F i r s t  however-, it i s  worthwhile t o  sketc'h the  lega l  

and p o l i t i c a l  framework within which such a re lease  would have t o  be 

contemplated. 

There a r e  a t  present no in te rna t iona l  conventions governing the  

re lease  of rad ioac t iv i ty  for  s c i e n t i f i c  purposes.  here a re  however two 

conventions which a r e  almost. relevant. These a r e  the  Landen Convention 

which prohib i t s  the  dumping of high-level radioactive waste a t  sea,  and 
\ 

the  Convention, not ye t  i n  exsstence, which w i l l  presumably one day r e s u l t  

from the. U . N .  Law o f  the  Sea Conference. . 
The London Convention i s  not s t r i c t l y  relevant because it r e l a t e s  

only t o  "dumping" of wastes, and a planned s c i e n t i f i c  re lease  i s  ce r t a in ly  

not "dumping" within the meaning of the  Convention. Nevertheless, it makes 

absolutely no difference from the  point  of view of radiological .  hazard 

whether the radioact ive material  i s  unwanted waste, o r  has been spec ia l ly  

manufactured a t  g rea t  cost .  We believe t h a t  it would be e s sen t i a l  t o  comply 

wi.th the  'spirit o f . t h e  Convention, even though the l e t t e r  of the law might 

not apply. In t h i s  case t h i s  would mean preparing an assessment of the  

hazards associated with the  re lease,  and submitting t h i s  t o  the  competent 

nat ional  authori ty  (the EPA) f o r  approval. We sketch such an assessment 



. . 

i n  the  remainder of t h i s  Appendix, and believe t h a t  there  i s  no . . 

technical  reason why a re lease  should. not be approved. The U .  S. 

government has however adopted a pol icy re f ra in ing  from.radioactive 

waste disposal  a t  sea,  and whether it would be prepared t o  countenance 
. . 

a re lease  f o r  s c i e n t i f i c  purposes i s  not known. 

The de' l iberations of t he  UN Law of t he  Sea Conference have not so f a r  

resu l ted  i n  a convention. Should one be agreed upon i n  the  near fu ture ,  i t s  

I ,  implications would have t o  be considered. 

I ~ 8 2 )  Maximum dose t o  an individual  

We now proceed t o  est imate t he  radiological  hazards per ta ining 

I t o  a re lease  of t r i t ium.  We have taken general  guidance from the  methods 

I used by the  IAEA i n  assess ing the  hazards associated with waste, d isposal  

i n  t he  deep sea  (IAEA 1978a, 1978b) and note t h a t  t h e i r  estimate- 

of t he  maximum permissible.re1ease r a t e  of tritium t o  an ocean the  s i z e  

o f  t he  N. At lan t ic  i s  100,000 M Ci/year. 

I 

i The re levant  radiological  limits f o r  individual dose a r e  t he  HRP 
I 

dose l i m i t s  f o r  a member of t he  general publ ic ,  and from these  a r e  derived 

(IAEA, 19 ) maximum permissible annual intakes.  For tritium ingestion the  

f i gu re  i s  2.6 mCi  (per  y e a r ) ,  and we work with t h i s  f igure  (although 

various amendments have been suggested subsequently, none has yet  been 

. . o f f i c i a l l y  adopted) . : 
Suppose R cu r i e s  of tritium disperse  i n  the  course of the  f i r s t  year 

across  an area  A ( in subsequent years it w i l l  have. spread fu r the r ,  d i l u t i ng  

. . ' the.  a c t i v i t y  and reducing the  maximum individual dose) .  We s h a l l  ca lcu la te  

.. . . .  . . t he  dose associated with consumption of contaminated f i sh :  IAEA experience 

suggests t h a t  doses through o ther  less-wel l -es tabl ished pathways would be 



. . s i m i l a r ) .  Even i f  t h e  a c t i v i t y  were confined t o  a l a y e r  a few metres 
. . 

t h i c k ,  the. f i s h  would notS,be .  They would sample t h e  a c t i v i t y  averaged 

0 v e r . a  depth  (d)  of  no t  l e s s  than 100 m,  say. 'The r e l e a s e  would be a t  a 

depth of  500m o r  more (where t h e r e  i s  i n  f a c t  l i t t l e  f i s h i n g ,  e s p e c i a l l y  i n  

t h e  region proposed).  .To o b t a i n .  an upper . l i m i t  f o r  t h i s  dose c a l c u l a t i o n  -- 
we s h a l l  assume t h a t  t h e  a c t i v s t y  rises by some magical and unspeci f ied  

process  t o  t h e  surface.  The concentra t ion  of a c t i v i t y  i n  sea-water (assumed 

a t  t h e  su r face )  would' t hus  be R/Ad. That i n  f i s h  would be t h e  same ( t r i t i u m  

does no t  concentra te  i n  b i o l o g i c a l  m a t e r i a l s ) ,  i f  they  s tayed i n  t h e  same 

p lace  long enough t o  b u i l d  up equi l ibr ium concentra t ion .  The annual in take  

of someone'eating a q u a n t i t y  Q of  f i s h  per  year  would then be QR/Ad. 

. . 2 
Taking A = 1E16 cm (i. e. 1000 km x 1000 km) , d =. 1E4 cm ( l o o m )  , Rc = 300000 C i ,  

and Q = ' l E S  g/yr. (corresponding to .  300 g/day, a t o l e r a b l y  high consumption 

r a t e ) ,  we. f i n d  t h a t  t h e  maximum. i n t a k e  would be 3E-1OCi. Even t h r e e  such 

r e l e a s e s  would t h e r e f o r e  lead  t o  only  about one m i l l i o n t h  p a r t  of  t h e  maximum 

permit ted ,  a t  most. The d o s e  involved wou'ld be l e s s  thdn 0.001 mrem, which i s  

u t t e r l y  i n s i g n i f i c a n t  , by .any s tandard  a t  a i l .  

A 3.) Col . lect ive dose and det r iment  

Using s i m i l a r  assumptions~we can es t ima te  roughly an upper l i m i t  

f o r  t h e  c o l l e c t i v e  dose involved,  i n t e g r a t e d  over t h e  e n t i r e  world 

popula t ion  and a l l  time. Suppose t h e  r a t e  of  f i s h  ca tch  from t h e  a r e a  

involved i s  a q u a n t i t y  F per  u n i t  a r e a  pe r  year .  Then t h e  t o t a l  q u a n t i t y  

o f  contaminated. f i s h  consumed (by somebody o r  o t h e r )  i s  AF. Since t h e  con- , 

c e n t r a t i o  i s  R/Ad, t h e  t o t a l  a c t i v i t y  inges ted  each year  i s  RF/d, which is  

independent o f  A ,  t h e  a r e a  of spreading.  This w i l l  t h e r e f o r e  be t h e  same 



each year, except t h a t  it reduces.because of radio'active decay. The t o t a l  

a c t i v i t y  ingested .over a l l  t i m e  i s  thus RFT/d, where T i s  the  mean l i f e t ime  

of tritium (1.4 x the  h a l f - l i f e  o r  about 17 yea r s ) .  A sensible  number fo r  

2 
F i s  'lE-4 g/cm yr  ( f o r  coas ta l  wate rs ) ,  so. the  t o t a l  a c t i v i t y  i s  3ESxlE-4x 

17/1E4 C i ,  o r  0.05Ci- This i s  20 times the  MPAI, and thus  corresponds t o  

20x0.5 rem, o r  a co l l ec t i ve  dose of 10 manrem, a t  most. We note t h a t  only 

1 .  a t i n y  f r ac t i on  of t he . ac t . i v i t y . r e l ea se  i s  ever ingested by man: most. decays 

away i n  the  sea . '  A co l l ec t i ve  dose of 10 man rem i s  not large.  It i s  

I the  quant i ty  which would be received by two people receiving the  maximum 
, . 

permissible occupational exposure f o r  one year.. The probabi l i ty  t h a t  

anyone would 'die a s  a r e s u l t  of. ingest ing t r i t i um released from the 

experiment may be roughly assessed a s  l e s s  than 1 i n  1000 (UNSCEAR 19 1 .  

84)  Discussion 

The. simple ca lcu la t ions  above do not purport t o  be a complete. 
. . 

assessmentof  the  hazards associated with a re lease  of t r i t i u m .  They do 

1 serve a s  an example.of the  type of calculation.  which would be necessary in  

a complete hazard assessment, and of how such an assessment might be 

approached. There .are  of course other  pathways t o  be considered, but 

, . experience suggests t h a t  these are.  unl ikely  t o  be dramatically..more important. 

We be l ieve- ' tha t  they show t h a t  i f  t r i t ium.were  a f t e r  a l l  chosen a s  the  

t r a c e r  f o r  t h i s ,  experiment it would be pos.!sible t o  e s t ab l i sh  b'eyond 

/ 
reasonable doubt t h a t  the  hazards would be acceptably small. 
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This  system c l e a r l y  could and should be t e s t e d  i n  t h e  l abora to ry  us ing 

helium-4 ( p r e f e r a b l y  a t  va r ious  p r e s s u r e s ) .  The r e c i r c u l a t i o n  pump would 

probably need t o  have a , c a p a c i t y  of about 30 l i t r e / m i n ,  and develop a 

p ressu re  d i f f e r e n c e  of  about 1 atmosphere a t  the, ambient p ressu re  0.f t h e  

r e l e a s e ,  bu t  t h i s  should be determine? experimental ly.  .We have c a r r i e d  o u t  

some pre l iminary  l abora to ry  t e s t s  which demonstrated t h a t  such a dev i se  can 

indeed be made t o  work. 

B'-2) Release 

With t h e  i n  s i t u  d i s s o l u t i o n  method t h e  chamber need not  with- -- 
s tand any s u b s t a n t i a l  p ressu re  d i f f e r e n t i a l ,  a s  a l l  ope ra t ions  can be 

c a r r i e d  o u t  under ambient p ressu re ,  and i t s  cons t ruc t ion  i s  the re fo re  

s impl i f i ed .  The main requirement i s  t o  e j e c t  t h e  con ten t s  of t h e  chamber 

a s  c l e a r l y  a s  poss ib le ,  and then t o  remove. t h e  chamber wi th  minimum 1 ~ 
dis turbance  o f  t h e  resul tant .  patch. 

Bearing i n  mind t h a t  t h e  r e l e a s e  w i l l  probably be made i n t o  water 

moving wi th  a c u r r e n t  o f  s e v e r a l  cm/sec., we suggest  t h e  followi.ng arrange- 

ment. The chamber should be square i n  p lan ,  and be equipped with a p a i r  of 

vanes (one above and one below, so a s  t o  avoid i n t e r f e r e n c e  with the  

pa tch  once e j e c t e d )  so t h a t  it o r i e n t s  i t s e l f  with t h e  cu r ren t .  The chamber 

should be equipped wi th  two p a i r s  o f  spring-actuated doors,  one p a i r  on t h e  

upstream face , .  and one on t h e  downstream face.. The r e l e a s e  may then be 

e f f e c t e d  b y  opening t h e  upstream doors inward, and t h e  downstream doors out -  

ward (not  n e c e s s a r i l y  very  f a s t )  a s  i l l u s t r a t e d  i n  Fig. C-2. This should 

s t a r t  t h e  con ten t s  moving o u t  i n  t h e  downstream d i r e c t i o n ,  and t h e  e j e c t i o n  

w i l l  be completed a s  t h e  c u r r e n t  sweeps through t h e  i n t e r i o r  of t h e  chamber. 

This  must t h e r e f o r e  be designed t o  p resen t  minimum obs t ruc t ion  t o  t h e  c u r r e n t  

when t h e  doors  a r e  open. F i n a l l y ,  t o  permit  withdrawal wi th  minimum 



Appendix B 

Preliminary Design for Helium-3 dissolution and Release Chamber 

B'-1.) Dissolution 

We require a bubble system which will produce a bubble surface 

area in excess of 1000 cm2 (corresponding to about 10 thousand bubbies 3- 

in diameter. at any-one time) and substantial turbulence (to. minimise 

boundary layer resistance). Since it cannot be guaranteed that all the 

bubbles, would dissolve during the first pass through the system, a recirculating 

system will be required. The general layout of such a system is indicated 

in Fig. C-1. 

It is 50 cm high, and 140 cm- square. Helium is blown by a recirculating 

pump through. a distrsbution plate which. forms the base of the chamber. In 

this are. drilled about 20 thousand holes .spaced on 1 cm centres. 

The. roof of the chamber is pitched; and leads up to a central outlet through, 

which undissolved gas is returned to the pump. Provision must be made for 

(a). venting the chamber during descent to allow pressure equalisation. 

(b) flushing. with ambient water at the release. depth (perhaps using the 

recirculation pump. 

(c) closing the vent before injecting helium. 

(dl injection of concentrated salt solution for buoyancy compensation. 

(e) injection of gaseous helium-3 from a pressurised cylinder. 

(f) pressure eaualization using a scaled bladder during injection and 

dissoution (sealed to prevent premature release of helium-3 tagged water). 

(g) recirculation of heiium-3 until all is dissolved. 

(h) release of the contents to the exterior (see next section). 



disturbance, the whole system (included perhaps an associated STD) should be 

equipped with conical f,airings above and below', as illustrated in Figure C-3. I 
The doors should presumably close onto synthetic rubber gaskets to I 

ensure a good seal. If the front doors are spring-loaded to open, but held 

closed by a catch which can.be released on command, they could in turn hold 
1 
I 

the rear doors closed by means of struts under tension (see Fig. C-2). I 
This design is only a tentative proposal. The efficacy of prototypes 

should certainly be tested using colored dyes in shallow water, with visual 

observations by divers. 




