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SUMMARY

The b a s ic  assum ption o f  th e  radiocarbon d a tin g  method 

i s  th a t th e  carbon- 14  c o n cen tra tio n s  in  th e  atmosphere have 

remained e s s e n t ia l l y  con stan t in  th e  p a st a lthough th ere  i s  

some ev id ence th a t f lu c tu a t io n s  have occurred during th e  p a s t  

10 m illen n ia #  These f lu c tu a t io n s  are r e f le c t e d  in  b io sp h er ic  

and o cea n ic  carbon- 1 4  co n cen tra tio n s  s in c e  th e  d is tr ib u t io n  o f  

carbon- 1 4  i s  c o n tr o lle d  by th e  exchange p r o c e sse s  between th e  

r e s p e c t iv e  r e s e r v o ir s .  A p r e c is e  knowledge o f  th ese  exchange 
r a te s  i s  d e s ir a b le , th e r e fo r e , i f  p a st carbon- 1 4  f lu c tu a t io n s  
are to  be exp la in ed  and fu tu re  carbon- 14 co n cen tra tio n s  

p r e d ic te d . E valuation  o f  th ese  param eters a lso  y ie ld s  

im portant data fo r  th e  study and understanding o f  m e te o r o lo g ic a l, 

b io lo g ic a l  and oceanographic p r o c e s se s .

Some e s t im a te s  o f  exchange r a te s  have been made on th e  

b a s is  o f  measured carbon- 14  v a r ia t io n s  during th e p a st 20 y ea rs  

as a r e s u l t  o f  the Suess e f f e c t .  Further s tu d ie s  have been 

based on th e  a r t i f i c i a l  carbon- 14  produced p r io r  to  th e major 

t e s t  s e r ie s  o f  1961- 62.
During I 96I - 6 2  la r g e - s c a le  atm ospheric t e s t in g  o f  thermo

n u clea r  d e v ic e s  produced s u b s ta n tia l  q u a n t it ie s  o f  carbon- 14  

through th e  in te r a c t io n  o f  escap in g  neutrons from th e weapons 
w ith  atm ospheric n itr o g e n , 14JT (n ^H ) 14c. P r io r  to  1961 th e  
amount o f  carbon- 14  produced by n u clea r  weapons amounted to



on ly  about on© th ir d  th a t produced in  th e new t e s t  s e r ie s .

Thus th e  most r ecen t amounts produced can be regarded as a 

new tr a c er  fo r  th e  study o f  th e  d is tr ib u t io n  and exchange 

r a t e s  o f  carbon d io x id e  between th e  v a r iou s dynamic carbon 

r e s e r v o ir s )  i . e . )  th e  troposph ere) s tr a to sp h ere ) ocean  

su rfa ce  la y e r )  .deep ocean and b io sp h ere .

During 1967 19^8 e x te n s iv e  measurements were made
o f  th e  carbon- 14  co n cen tra tio n s  in  tro p o sp h er ic  carbon d io x id e  
sam ples c o l le c t e d  at a world-w ide network o f  sam pling s t a t io n s .  
These r e s u l t s )  to g e th er  w ith  th e s tr a to sp h e r ic  and o cean ic  

data have been used to  c a lc u la te  th e  in v e n to r ie s  o f  a r t i f i c i a l  
carbon-14 in  v a r io u s r e s e r v o ir s  o f  th e  carbon c y c le  fo r  J u ly  

1967 and 1968.
R esidence tim es o f  carbon d io x id e  in  v a r io u s r e s e r v o ir s  

o f  th e  carbon c y c le  have a lso  been 'studied* u s in g  a number o f  

"chain" and " cy c lic"  m odels o f  vary ing  com p lex ity . The 

c a lc u la te d  exchange r a te  param eters in d ic a te  th a t both the  

ocean and b iosph ere are im portant in  determ ining th e  atm ospheric  

carbon-14 l e v e l .  The magnitude o f  th e  exchange p r o c esse s  

between th e  atmosphere and each o f  th ese  r e s e r v o ir s  are 

com parable. However, the r e la t iv e l y  la r g e  s iz e  o f  th e  ocea n ic  

r e s e r v o ir  su g g ests  th a t t h i s  i s  th e  major c o n tr o ll in g  fa c to r  

over th e  lo n g  term.
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c o l le c t e d  a t Singapore (01° 22*N L at, 103° 59*E L ong), 91

3*6 . Carbon- 14  co n cen tra tio n s  in  tro p o sp h er ic  CÔ
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c o l le c t e d  a t A rgentine I s la n d s  ( 65° 15*S L at, 64°  16*W
Long)  ..................     100

3 .1 1 . Carbon-14 co n cen tra tio n s  in  tro p o sp h er ic  GO'
c o l le c t e d  at H ailey  Bay (75° 31*S L at, 26° 4 5 *W L ong). 102

4 .1 .  F is s io n  and fu s io n  energy y ie ld s  o f  n u clea r  t e s t s

(1 9 4 5 -1 9 6 9 ).............      106
4 .2 .  Values o f  param eters in  th e fu n ctio n

y = A + B e " b t +  Ce“ c t  Sin ( 2 7 T ( t  -    110
4*3. T ropospheric carbon-14 co n cen tra tio n s  ( 1967- 1968) . • . . .  136
4 . 4 , Q uantity o f  a r t i f i c i a l  carbon-14 in  th e  tr o p o s p h e r e .. .  137



Page

4*5# B iosp h eric  carbon-14 co n cen tra tio n s  (1 9 5 9 -1 9 6 8 )•••  143

4 . 6. D is tr ib u tio n  o f  a r t i f i c i a l  carbon-14 in  th e carbon

c y c l e .  ...........   146

5 . 1 .  Param eters a p p lied  in  Model 1 . . . . ............. 156
5 . 2 .  Exchange tim es c a lc u la te d  from Model .1 .............   .161

5*3# Param eters a p p lied  in  Model 2..............   164

5*4* Exchange tim es c a lc u la te d  from Model 2 . . . . . . . . . . . .  I 65
5*5* Param eters a p p lied  in  Model    168
5*6. Exchange tim es c a lc u la te d  from Model 3 * • • • • • • • • • • •  169

5*7* Param eters ap p lied  in  Model 4* .....................................   172
5 . 8 . Exchange tim es c a lc u la te d  from Model 4* • • • ..............   173



CHAPTER 1 , INTRODUCTION

Since th e b eg in n in g  o f  n u clea r  t e s t in g  many s tu d ie s  have 

been made o f  atm ospheric m ixing p r o c e s se s  u s in g  p a r t ic u la te  

f i s s io n  p rod u cts as tra cers*  The data ob ta in ed  from th e se  

s tu d ie s  cannot be exp ected  to  y i e l d  tru e  r e s u l t s  fo r  th e  mix

in g  r a te s  o f  a ir  m asses s in c e  th e  s o l id  p a r t ic l e s  are washed 

out o f  th e  atmosphere by r a in  w ith in  a r e l a t i v e l y  short p er io d  

o f  tim e ranging from s ix  to  e ig h t  weeks* Gaseous su b sta n ce s , 

on th e  o th er  hand, such as  C0̂ 9 remain in  th e  atmosphere fo r  

lo n g er  p er io d s  and th e ir  r e s id e n c e  tim es are c o n tr o lle d  by th e  

r a te s  o f  exchange between th e  atm osphere, ocean and biosphere*  

During 1961 and 1962 la r g e - s c a le  n u clea r  t e s t in g  produced  

unprecedented amounts o f  a r t i f i c i a l  carbon-1 4  through th e  in t e r 
a c tio n  o f  escap in g  n eutron s w ith  atm ospheric n itr o g e n ,

T his a r t i f i c i a l  a c t iv i t y  was added m ainly to  th e  s tra to sp h ere  

where i t  was presumably o x id iz e d  to  CÔ  q u ite  rap id ly*  An 

id e a l  op p ortu n ity  was th e r e fo r e  c rea ted  fo r  a " tracer"  study o f  

atm ospheric m ixing and tr a n s fe r  p rocesses*  In  f a c t ,  as a r e s u l t  

o f  th e se  m ixing p r o c e sse s  th e carbon-1 4  has now become d is tr ib u te d  

throughout th e s tra to sp h ere  and trop osp h ere . The a c tu a l in c r e a se  

in  th e  tro p o sp h er ic  carbon-1 4  co n cen tra tio n  o f  th e  northern hemi
sphere reached 100$ above th e  n a tu ra l l e v e l  in  mid 1963* Further  

exchange between th e  troposphere and th e  ocean s has r e s u lt e d  in  
an in c r e a se  in  th e carbon-1 4  co n cen tra tio n  in  th e  su rfa ce  ocean  

w ater which i s  now e a s i l y  d e tec ta b le*  With th e se  d is tr ib u t io n



p a tte r n s  o f  carbon-1 4  i t  i s  now p o s s ib le  to  e v a lu a te  th e  r a te  

o f  COg exchange between th e  atmosphere and th e  oceans w ith  

much b e t te r  accuracy than has been p o s s ib le  in  th e  past*

Since th e  s p e c i f i c  a c t iv i t y  o f  carbon-14 in  th e  atmosphere 

i s  in f lu e n c e d  by th e se  exchange mechanisms, and s in c e  th e  ra d io 

carbon d a tin g  method assumes a constancy o f  carbon-1 4  co n cen tra 

t io n s  in  th e  atm osphere, i t  i s  o b v io u sly  im p ortant, th e r e fo r e ,  

to  ga in  a f u l l  understanding o f  th ese  p ro cesses*  In  f a c t ,  

r ecen t s tu d ie s  on tr e e  r in g s  have shown th a t th e s p e c i f ic  

a c t iv i t y  o f  carbon-1 4  in  th e  atmosphere has probably f lu c tu a te d  

co n sid era b ly  in  th e  past*  The rea son s fo r  th e se  f lu c t u a t io n s  

can be e i th e r  a change in  th e  n a tu ra l production  r a te  o f  carbon- 

14 by cosm ic r a y s , or v a r ia t io n s  in  th e  m ixing r a te s  between  

dynamic carbon r e s e r v o ir s  caused by c l im a t ic  changes* In e ith e r  

ca se  th e  am plitude and duration  o f  th e f lu c tu a t io n  i s  p r im a r ily  

c o n tr o lle d  by th e r a te  o f  exchange between th e  atmosphere and 

th e  su rfa ce  la y e r s  o f  th e  ocean .
A d e ta ile d  study o f  th e  r a te  o f  change o f  “bomb" carbon-14  

co n cen tra tio n s  in  tro p o sp h er ic  CÔ  w i l l  th e r e fo r e  a s s i s t  in  d eter 

m in ation s o f  the param eters c o n tr o l l in g  exchange p a tte rn s  and may 

a ls o  y ie ld  in form ation  o f  va lu e  to  c o n s id e r a t io n s  o f  th e  b a s ic  

assum ptions in  th e  radiocarbon d a tin g  method*

1*1. H istory  and Theory o f  th e  Radiocarbon D ating Method.

In  1940 K orff su gg ested  th e  p o s s i b i l i t y  th a t carbon-14 was 
co n tin u o u sly  being gen era ted  in  th e  upper atmosphere by cosm ic

ray produced neutrons* L a ter , in  1946 Libby estim a ted  th a t i t



should  be p o s s ib le  to  d e te c t  n a tu ra l carbon-1 4  in  environm ental

m a te r ia ls , Libby and h is  co-w orkers (Anderson, W einhouse, R eid ,

Kirshenbaum and G rosse) (1947) then showed ex p er im en ta lly  th a t
n a tu r a lly  produced carbon-1 4  cou ld  be measured and su gg ested  i t s

u se  a s  a method o f  d a tin g ,

The im portant n u clea r  r e a c t io n s  in v o lv in g  cosm ic ray n eutron s

and th e main atm ospheric c o n s t itu e n ts  are as fo llo w s :
, Read ion c ro n  s e c t io n

a) Tf +  n ------- » 4C +  1H <T= 1 .7  (barns)

b) 14N + n  .̂n B 4 . 4He CT ~ 0 . 2  a t > 1 Mev

c)  14U +  n ------- >12C +  3H <T~ 0 .0 1  a t > 4 Mev

d) l6 0 +• n ------- >170 +  X

From c o n s id e r a t io n s  o f  th e  c r o ss  s e c t io n s  o f  th e se  r e a c t io n s  i t

i s  c le a r  th a t  r e a c t io n  (a) i s  favoured . I t  fo llo w s  th e r e fo r e
th a t th e  m ajority  o f  cosm ic ray neutron s c o n tr ib u te  to  th e

p roduction  o f  carbon-14#
Values fo r  th e  cosm ic ray  carbon-14 produ ction  r a te  range

from  1 .3  to  2 .6  atoms/cm2/ s e c ,  Libby (1955)> Anderson (1953)>
Kouts and Tuan (1 9 5 2 ) , Ladenburg (1952) and Soberman (1 9 5 6 ).

A r e -e v a lu a t io n  o f  th e  data by Craig (1957) in d ic a te d  th e  b est
/)

v a lu e  to  be 2 .0  ± 0 . 5  atoms/cm / s e c .  F o llow in g  t h e ir  production  

i t  i s  b e lie v e d  th a t th e  carbon-1 4  atoms are ra p id ly  o x id iz e d  to  

^COg which then  m ixes w ith  in e r t  ^COg and ^CO^ in  th e  atmo
sp h ere. The carbon-14 th u s becomes in corp ora ted  in  p la n ts  
through p h o to sy n th es is  and e n te r s  th e  b io sp h ere . In  a d d itio n  
to  th e  co n tr ib u tio n  o f  carbon-1 4  to  th e  b iosp h ere  s ig n i f ic a n t

q u a n t it ie s  are tr a n sfe rr e d  to  th e  hydrosphere v ia  COg exchange.



I t  was reasoned by Libby (1955) th a t th e  average re s id e n c e  

tim e o f  a radiocarbon atom in  any o f  th ese  r e s e r v o ir s  ( ’’dynamic" 

carbon c y c le )  was so sh ort in  comparison to  i t s  h a lf  l i f e ,  th a t  

each atom would com plete th e  c y c le  o f  tr a n s fe r  from one r e s e r v o ir  

to  th e  o th er  sev e r a l tim es throughout i t s  l i f e t i m e .  I t  was 

th e r e fo r e  p r e d ic te d , and la t e r  shown, th a t the d is tr ib u t io n  o f  

radiocarbon throughout th e  dynamic r e s e r v o ir s  was q u ite  uniform .
I t  was a ls o  assumed th a t th e cosm ic ray  in t e n s i t y  had been 

e s s e n t ia l l y  co n sta n t fo r  a t l e a s t  20,000 to  30 ,000 y ea rs  and 

th a t th e  carbon-1 4  co n cen tra tio n  in  th e  dynamic r e s e r v o ir s  had 

n ot changed over t h i s  tim e p e r io d , Libby (1955)* On th e  b a s is  

o f  th e se  assum ptions an eq u ilib r iu m  between th e  r a te  o f  decay  

and th e  r a te  o f  a s s im ila t io n  o f  radiocarbon atoms fo r  a l l  l iv in g  

th in g s  would be a tta in e d  w h ile  th ey  were a l i v e ,  but when death  

occu rred , a s s im ila t io n  would cea se  and on ly  r a d io a c t iv e  decay  

would co n tin u e . Hence, th e  age ( t )  o f  a carbon sample can be 

c a lc u la te d  in  th e fo llo w in g  manner:

where, AQ i s  th e  a c t iv i t y  o f  carbon-14 p resen t in  th e  sample on 

removal from th e n a tu ra l carbon c y c le .  For an organism t h i s  

would date th e tim e a t which th e organism d ie d . Â  i s  th e  

a c t iv i t y  o f  carbon-1 4  a t tim e t* and X i s  th e  d is in te g r a t io n  

co n sta n t fo r  carbon-14. I f  one assumes th a t when th e  m a ter ia l 

to  be dated was a p a rt o f  th e carbon c y c le  i t  had a carbon-1 4  

s p e c i f ic  a c t iv i t y  id e n t ic a l  to  contemporary carbon then A0 may 
measured in  contemporary carbon and the sam ple’ s age c a lc u la te d  

from th e above eq u a tio n . Libby (1955) su b sta n tia te d  th e  v a l id i t y
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o f  t h i s  method by o b ta in in g  e x c e l le n t  agreement between ages  

determ ined by the carbon—14 method and ages o f  h i s t o r i c a l ly  
dated m a te r ia ls  (F igure l . l ) .

S ince i t s  in c e p tio n  th e  carbon-1 4  method has become th e  . 

c r it e r io n  a g a in s t  which a l l  o th er  methods o f  c h ro n o lo g ica l  

d eterm in ation s o f  l e s s  than 50*000 y ea rs  have been checked* 

However, sev e r a l sou rces o f  error have r e c e n t ly  been unearthed  

which have le d  to  a q u estio n in g  o f  th e  v a l id i t y  o f  some o f  th e  

b a s ic  assum ptions* The assum ptions c u r r e n tly  under exam ination  

are ( l )  th a t th e carbon-1 4  s p e c i f ic  a c t iv i t y  in  th e sample to  

be dated was o r ig in a l ly  th e  same as th a t o f  s im ila r  m a ter ia l 
(modern standard) l i v in g  today; and ( 2) th a t the carbon-1 4  

c o n cen tra tio n  in  th e  sample changes on ly  through r a d io a c t iv e  

decay a f t e r  "death*" A p r e r e q u is ite  o f  the f i r s t  assum ption i s  

th a t th e  cosm ic ray f lu x  must have been r e la t iv e ly  con stan t over  

th e  p a st 5 0 ,OCX) y e a r s , and th a t th ere  has been u n iform ity  o f  

i s o t o p ic  com position  throughout th e  a c t iv e  carbon reserv o ir*

I t  has been shown, however, th a t th e  s p e c i f ic  a c t iv i t y  o f  carbon- 

14 in  th e  atmosphere has probably f lu c tu a te d  during th e  p a st  

10 m illen n ia *

1*2* F lu c tu a tio n s  o f  Environmental Radiocarbon C oncentrations  

Caused by N atural E ffe c ts*

Libby (1955)* reco g n ized  th e  p o s s i b i l i t y  th a t geography 

may in f lu e n c e  radiocarbon co n cen tra tio n s  in  th e  environm ent.

To in v e s t ig a t e  t h i s  p o s s i b i l i t y ,  samples o f  d if f e r e n t  but known 

a g e s , c o l le c t e d  a t v a r io u s p la c e s  on th e  e a r th , were an a ly sed .
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^ ith  th e  f a c i l i t i e s  a v a ila b le  a t th a t tim e i t  was im p o ss ib le  

to  d e te c t  any s ig n i f i c a n t  v a r ia t io n s  w ith in  th e  age in t e r v a l  

examined#

L ater s tu d ie s ,  u s in g  improved tech n iq u es in v o lv in g  gas  

p ro p o r tio n a l and l iq u id  s c i n t i l l a t i o n  co u n tin g , have shown 

s ig n i f i c a n t  d e v ia t io n s  between radiocarbon d a tes  and tru e  

h is t o r ic a l  ages. These f in d in g s  a r is e  from d istu rb a n ces  in  
th e  radiocarbon con ten t o f  l i v in g  m atter which could  be caused  

by ( l )  v a r ia t io n s  in  th e  r a te  o f  production  o f  radiocarbon by 

cosm ic r a y s , ( 2) v a r ia t io n s  in  th e sisse o f  th e  r e s e r v o ir s  w ith 
in  th e  carbon c y c le  and th e  exchange r a te s  fo r  CÔ  between th ese  

r e se r v o ir s*
DeVries (1958) f i r s t  n o t ic e d  some d isc re p a n c ie s  between  

th e  radiocarbon and calendar ages o f  wood known to  date from ca* 

A. D* 1700 and A*D. 1500* A c o r r e la t io n  w ith  c lim a t ic  ev en ts  
was su sp ected  p a r t ic u la r ly  fo r  th e  p er io d  r e fe r r e d  to  a s  th e  

" l i t t l e  i c e  age* H U sing an e l e c t r i c a l  analog o f  C raig’ s  (1957) 

ocean—atmosphere model DeVries found th a t a v a r ia t io n  o f  25$ in  

th e  cosm ic ray production  r a te  was n ecessa ry  to  ex p la in  th e  

observed changes in  th e  s p e c i f ic  a c t iv i t y  o f  carbon-1 4  o f  2$ in  

th e  atmosphere* The same v a r ia t io n  would have been produced by 

a change o f  about 25$  in  th e  exchange r a te  between th e  atmosphere 

and th e  deep ocean water through th e  su r fa ce  la y e r  o f  th e  ocean . 
I f  th e  v a r ia t io n  was caused by a f lu c tu a t io n  in  th e  exchange 

r a te  between th e  atmosphere and th e  su rface  la y e r  o f  th e ocean  

or between th e  su rfa ce  la y e r  and th e  deep ocean , each had to  

vary by n e a r ly  50$* In d ep en d en tly , S tu iv er  (1961) p o in ted  out



th a t  th e  a v a ila b le  carbon-1 data from wood o f  known age 

in d ic a te d  a c o r r e la t io n  betwo on th e  carbon-14 in v en to ry  and 

so la r  a c t iv ity *  Recent msayuroments by S tu iv er  (1 9 65) on 

m a ter ia l from th e iS ih  and 19th  c e n tu r ie s  and by Suess (1 9 65) 

on sam ples from th e  second m illennium A*D# confirm  t h i s  

co rr e la tio n *  For o ld er  -  up to  6000 y e a rs  -  th e

d e v ia tio n  between tru e  and radiocarbon ages appears to  be 

much la rg er*  Tree r in g s ,  dated d en d roch ro n o lo g ica lly  and by 

rad iocarb on , show d e v ia t io n s  up to  15$ w ith  maximum d if fe r e n c e s  

b ein g  observed fo r  samples about 4000 B*C«, Damon ( 1965)> Damon 

e t  a l .  ( 1966) ,  Suess ( 1965) o.ud Bien and Suess ( 1967)*
Although h is t o r ic a l  record s make i t  p o s s ib le  to  r e tr a c e  

th e  magnitude o f  so la r  a c t i v i t y  and sunspot numbers to  th e  

b egin n ing  o f  th e C h r istia n  era* q u a n tita t iv e  reco rd s o f  sunspot 

numbers date back on ly  to  th e  17th  century# V ar ia tio n s o f  

carbon-1 4  a c t iv i t y  can be determ ined as fa r  back as dendro
c h r o n o lo g ic a lly  dated wood i s  a v a i la b le ,  and according to  

Ferguson ( 1968) t h i s  l im it  rea ch es 6700 B .p . fo r  th e  sp e c ie s  

•T lnus a r i s t a t a ” -  b r is t le c o n e  p in e  wood* The carbon-14 measure
ments in d ic a te  th a t th e  so la r -in d u ced  changes o f  1- 2$ in  carbon- 

14 s p e c i f i c  a c t iv i t y  (1 p ercen t corresponds to  about 80 y ea rs)  

are superim posed upon la r g er  changes on a lo n g er  tim e sca le*
This appears to  be tru e  in  p a r t ic u la r  fo r  th e  l a s t  two or th ree  

m ille n n ia  B*C#, when th e  s p e c i f ic  carbon-14 a c t iv i t y  o f  th e  b io 

sphere appeared to  d ecrease  s t e a d i ly  by ca* 0 *4$  per cen tu ry ,

Damon e t  al* (1 9 66)*



The ca u ses  o f  th e  lo n g  to im  v a r ia t io n s  o f  carbon-14  
l e v e l s  are n ot known* I t  i s  l i k e l y  th a t  the v a r ia t io n s  are  

p a r t ia l ly  the r e s u l t  o f  changes in  th e  cosm ic ray prod u ction  

r a t e s  o f  radiocarbon,, but c l im a t ic  c o n d it io n s  th a t a f f e c t  

ocean m irin g  and. atmospheric C0o co n cen tra tio n s  may a lsoc.
co n tr ib u te*  The cosm ic ray f lu x ,  and hence th e  produ ction  

r a te  o f  carbon-14 , i s  a fu n ction  not on ly  o f  th e  s o la r  a c t iv i t y  

but a ls o  o f  th e  m agnetic d ip o le  moment o f  the  e a r th , and th ere  

are in d ic a t io n s  th a t the  d ip o lo  moment may a ls o  have changed 

over th e  p a s t 6000 y e a r s ,  E l.:asser  e t  a l ,  (1 9 5 6 ) , K igosh i and 

Hasegawa (1 9 6 6 ) , Libby ( 1965)*
In g e n e r a l, radiocarbon d a tes  from A* D. ^1000 to  th e  

p resen t appear to  be younger than th e  tru e  a g e , A p o in t o f  

g r e a te s t  d e v ia tio n  i s  around A,D, 1700 when radiocarbon ages  

erron eou sly  su g g est 19th century m ateria l*  Radiocarbon d a tes  

from th e f i r s t  m illennium  A. D* to  300 B,C. appear 50 to  100 

y e a r s  too  old* For th e  p er iod  b efo re  300 B*C* radiocarbon  

ages are probably too  young again  (F igu re 1*2) ,
A number o f  c o r r e c tio n  curves have been p u b lish ed  but th ese  

must remain t e n t a t iv e ,  Suess (1 9 6 5 ) , Damon e t  a l  (1965 , 1 9 6 6 ), 

K igosh i ( 1965) ,  S tu iv er  ( 1965* 1 9 6 ? ), Bray ( 1965) ,  S tu iver  and 

Suess ( 1966) ,  iyck  ( 1965)*
Radiocarbon data g iven  in  th e  l i t e r a t u r e  are c a lc u la te d  

w ith  th e  s o -c a l le d  con v en tio n a l Libby h a l f - l i f e  o f  5568 y e a r s .  
The average o f  th e  most recen t measurements g iv e s  th e  more 

accu rate  v a lu e  o f  5738 +  48 y e a r s , Mann e t  a l  (1 9 6 1 ), O lsson e t  

a l (1962 , 1 9 6 3 ), Hughes e t  a l (1 9 6 3 ) , Godwin ( 1962) ,  S ince
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doubt s t i l l  e x i s t s  regard in g  th e tru e  h a l f - l i f e  o f  carbon-1 4  

th e  procedure fo r  r ep o r tin g  ages r e la t iv e  to  th e  5568 year  

h a l f - l i f e  va lu e  en su res c o m p a r ib ility  o f  data*

1*3* F lu c tu a tio n s  o f  Environmental Radiocarbon C oncentrations  

Caused by A r t i f i c i a l  E f f e c t s .

Since 1900 mankind has u p set th e assumed stea d y  s ta te  

d is tr ib u t io n  o f  carbon-1 4  w ith in  th e  v a r io u s  carbon r e s e r v o ir s  

in  two ways: F i r s t ly ,  th e combustion o f  co a l and o i l  has added
a co n s id era b le  q u a n tity  o f  carbon-1 4  -  fr e e  CÔ  to  th e  atmo
sphere. T his has s ig n i f i c a n t ly  reduced th e  carbon-14 s p e c i f ic  

a c t iv i t y  in  both th e  atm osphere and th ose  r e s e r v o ir s  in  ra p id  

exchange w ith  i t  (S u ess  E f f e c t ) .  Secondly, th e  t e s t in g  o f  

n u clea r  d e v ic e s  has added ^CO^ to  th e  atm osphere, th ereby  
in c r e a s in g  the carbon-1 4  s p e c i f ic  a c t iv i t y  o f  th e  atmosphere 

and th o se  r e s e r v o ir s  in  ra p id  exchange w ith  i t  (Bomb E f f e c t ) .

1 . 3 . 1 .  Suess e f f e c t

T his e f f e c t  was f i r s t  d escr ib ed  by Suess (1953* 1954) 

fo llo w in g  some measurements o f  th e  carbon-1 4  con ten t o f  r e c e n t ly  

grown and 19th  century wood sam ples. He found d isc r e p a n c ie s  in  

th e  carbon-1 4  s p e c i f ic  a c t iv i t y  o f  th e  modern sam ples amounting 

to  about 2$>9 which were absent in  th e  19th  century sam ples.

These d isc r e p a n c ie s  he a t tr ib u te d  to  th e  a s s im ila t io n  by th e  

biosp h ere  o f  carbon-1 4  fr e e  CÔ  r e le a s e d  to  th e  atmosphere by 

th e  combustion o f  f o s s i l  f u e l s .  Such an e f f e c t ,  b e in g  d ir e c t ly
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r e la t e d  to  in d u s tr ia l  a c t i v i t y ,  th er e fo re  became apparent in  

th e northern hem isphere w ith  th e  on set o f  in d u s tr ia l  r e v o lu t io n .  

R e v e lle  and Suess (1957) have estim a ted  th e  Q uantity o f  
COg th a t has been added to  th e  atmosphere by combustion o f  

f o s s i l  f u e ls  fo r -e a ch  decade s in c e  18£9 (b eg in n in g  o f  th e  

in d u s tr ia l  r e v o lu t io n ) .  They showed th a t in  1870 th e  cum ulative  

amounts corresponded to  about 0 ,2 3 $  o f  the n a tu ra l CQg p resen t  

in  th e  atm osphere, in  1910 to  about 1 , 9 f r 5 and in  1960 to  15*6$ ,  

Measurements o f  atm ospheric COg co n cen tra tio n s  dem onstrate, how
e v e r , th a t th ere  has n ot been a corresponding in crease#  Most 

o f  th e  e x c e ss  COg from combustion o f  f o s s i l  f u e ls  must th e r e fo r e  
have been tr a n sfe rr e d  to  th e oceans# The r a te  o f  t h i s  tr a n s fe r  

i s  not firm ly  e s ta b lis h e d  and p rev io u s e s t im a te s . for  t h i s  exchange 

tim e range from 16 hou rs, D ingle ( 1954) ,  to  th e  order o f  1000 

y e a r s , P la s s  ( 1956)*
The d ecrease in  th e  n a tu ra l carbon-1 4  con cen tra tion  by 

in d u s tr ia l  fu e l combustion over th e  pact 100 y ea rs  was estim ated  

to  be between 2$ and 6$ fo r  the northern hemisphere, Houtermans 

and Suess (1 9 6 7 ), and l e s s  than 1$ in  the su rface  la y e r  o f  th e  
ocean , Broecker e t a l  ( I 960) .

The in te r p r e ta t io n  o f  the Suess E ffe c t  in  the southern  

hem isphere i s  l e s s  c le a r  because o f  la ck  o f  data« Due to  in t e r -  

hem ispheric atm ospheric m ixing tim e the average Suess E ffe c t  in  
th e  southern hem isphere should be sm aller  than th at in  th e  north

ern hemisphere*

V a ria tio n s in  th e  COg con cen tra tio n  in  th e  atmosphere have 
been in v e s t ig a te d  by many workers s in c e  the e a r ly  19th century



u sin g  a v a r ie ty  -of a n a ly t ic a l  m ethods. The m ajority  o f  data  

range between 270 and 350 p .p .m . by volum e. H ecen tly , B olin  

and K eelin g  (1963) have made a com prehensive survey o f  atrao* 

sp h er ic  COg co n cen tra tio n s  and found an average va lu e  to  be 

3 1 4 .5  p .p .m . in  January i 960 , w ith  a r a te  o f  in c r e a se  o f  

approxim ately 0 . 7 2  p .p .m . a n n u a lly . I t  was a ls o  found th a t  

th e  geograp h ica l v a r ia t io n 'd id  not exceed 6 p . p . m. ,  th e maximum 

b ein g  in  th e  northern h igh  la t i t u d e s  and th e minimum b ein g  in  

th e  southern h igh  la t i t u d e s .

Since th e  Suess E ffe c t  has le d  to  a d ecrease  in  th e  carbon- 

14 s p e c i f ic  a c t i v i t i e s  in  th e  atm ospheric and b io sp h er ic  

r e s e r v o ir s ,  the ch o ice  o f  such carbon as a primary standard in  

radiocarbon d atin g  would g iv e  r i s e  to  young a g e s . To avoid  

t h i s  p o s s ib i l i t y  th e  primary standard a c t iv i t y  used i s  th a t  o f  

a g e -co rrec ted  19th  century wood.
.An im portant consequence o f  th e  Suess E ffe c t  co u ld  b e, in  

th e  lo n g -term , an e le v a t io n  o f  th e  atm ospheric tem perature.

P la s s  ( 1956) c a lc u la te d  th a t a 10$ in c r e a se  in  th e  atm ospheric  

COg would in c r e a se  th e average tem perature by 0 .36°C .

1 . 3 . 2 .  Bomb e f f e c t

Over th e  p a st decade co n sid era b le  amounts o f  carbon-14 have 

been r e le a s e d  to  th e  atmosphere during n u clea r  weapons t e s t s .

The carbon-14 i s  produced by th e  fr e e  n eutron s which escape  

ftom th e exp lod in g  n u clea r  d e v ic e s  and are subsequently  absorbed  

by atm ospheric n itr o g e n . The production  o f  carbon-14 w i l l  

depend on th e type and power o f  n u clear  d ev ice  exp loded , and



w il l  a lso  depend on whether the ex p lo s io n  occurred at th e  

su rface  o f  the earth  or h igh  in  th e  atm osphere. A su rfa ce  

t e s t  w i l l  produce approxim ately $0 percen t o f  th e  carbon-1 4  

produced by a s im ila r  d ev ice  in  a ir  t e s t  s in c e  one h a l f  o f  

the e sca p in g  neutrons w i l l  be captured in  th e  earth  ra th er  

than by the atm osphere. P r a c t ic a l ly  a l l  th e  neutron s escap in g  

from th e exploding n u clear  d ev ice  to  th e  atmosphere are expected  

to  produce carb on-149 Machta (1959)* I t  appears reason ab le  to  
assume a ls o  th a t t h i s  carbon-14 i s  soon con verted  to  ^COg which 

w i l l  then move upwards w ith  th e hot g a se s  from th e  e x p lo s io n .
The p u b lish ed  energy  y i e l d s  o f  n u c l e a r  d e v ic e s  t e s t e d  d u r in g  

th e  p er iod  1945-1962 , t o g e th e r  w ith  an e s t im a te  o f  th e  y i e l d s  

f o r  th e  p er iod  1'962-1968 a re  p r e s e n te d  i n  Table  1 .1 .
E stim ates o f  carbon-14 p r o d u c t io n  i n  r e l a t i o n  to  energy

25y i e l d  th at have appeared i n  th e  l i t e r a t u r e  ran g e  from 4*5 x 10
96atom s/foton f i s s i o n ,  Libby (1 9 5 6 ) ,  to  14 x 10 atoms/foton f u s i o n ,

L e ip u n sky (1 9 5 7 )« The most a c c e p te d  f i g u r e s  f o r  c a rb o n -1 4
26production  in  th e  atmosphere are 2 x 10 atoms/toton o f  t o t a l  

( f i s s io n  and fu s io n ) energy y ie ld  in  th e  case  o f  an a ir  b u rst  

and 1 x 10 ' atom s/liton fo r  a su rfa ce  b u r s t , Machta (1959)*
On t h i s  b a s is  th e  t o t a l  p ro d u c t io n  o f  ca rb o n -1 4  to  d a te  i s  t h e r e -

29f o r e  est im ated  a t  about 1 x  10 a tom s, i . e . ,  s u f f i c i e n t  to  r a i s e  

th e  carbon-1 4  co n cen tra tio n  by a lm ost a  f a c t o r  o f  fo u r  were i t  
to  be contained  in  th e  t r o p o s p h e r e .

T?ie f i r s t  e x p e r im e n ta l  v e r i f i c a t i o n  o f  in c r e a s e d  a tm o sp h e r ic  

c a rb o n -14 l e v e l s  due t o  n u c l e a r  t e s t i n g  was r e p o r t e d  by R a f t e r  

and Fergusson  (1957) .  S u bsequen tly  t h i s  i n c r e a s e  h a s  been
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i

Table 1 .1 .  F is s io n  and fu s io n  energy y ie ld s

P e r io d  F i s s io n  y i e l d  (Mton) Fusion  y i e l d  (Mton)
A ir t e s t s  S u rface  t e s t s  A ir t e s t s  S u rface  t e s t s

1945-51 0 .1 9 0 . 5 7 — —

1952-54 1 . 0 37 .0 - 22.0

1955-56 5* 6 7 .5 5 .4 9 .5
1957-58 31 .0 9 .0 26,0 19 .0
1959-60 T est Moratorium

1961 25-0 - 9 5 .0 -

1962 7 6 .0 - 141 .0 -
1963-68 0 .3 0 .1 15 .0 -

T otal 139.09 54 .17 282.4 5 0 .5



fo l lo w e d  by v a r io u s  w o rk e rs ,  i n c lu d in g  B roecker and Walton 

(1959) t B roecker and Olson ( i 960) ,  Uydal ( 1963) ,  J'iiiinich and 

Vogel ( 1963) ,  Nydal and L ovse th  (1965) and O lsson e t  a l  ( 1967 ) .

During m id-1963, th e  l a r g e s t  t r o p o s p h e r i c  i n j e c t i o n  o f  
man-made carbon -1 4  o c c u r re d  i n  th e  h ig h  n o r th e r n  l a t i t u d e s ,  

p r i n c i p a l l y  a s  a  r e s u l t  o f  th e  U.S.A. and U .S. S.R* t e s t s  o f  

I 96I  and 1962 . T h is  a c t i v i t y  was in t r o d u c e d  i n t o  th e  s t r a t o 

sp h ere  p re d o m in a n t ly  a t  50° -  75° N and gave r i s e  to  peak  
i n t e n s i t i e s  abou t 100$ above th e  normal l e v e l  i n  th e  s p r in g  and 

e a r l y  summer o f  1963 , one y e a r  a f t e r  th e  e x te n s iv e  t e s t  s e r i e s .  

Th is  d e lay  a ro s e  from th e  i n t e r n a l  m ix ing  r a t e s  o f  th e  s t r a t o 

sp h ere  and th e  s e a s o n a l  n a tu r e  o f  s t r a t o s p h e r i c  -  t r o p o s p h e r i c  
m ix ing . Since th e  c e s s a t io n  o f  th e  m ajo r n u c le a r  t e s t  s e r i e s  

th e  carbon -1 4  a c t i v i t y  i n  th e  n o r th e r n  hem isphere  t ro p o s p h e re  

h a s  c o n t in u e d  to  d e c re a se  fo l lo w in g  th e  1963 peak  due to  i n t e r -  

h e m isp h e r ic  m ix ing  and th e  a b s o r p t io n  o f  ^C O g by th e  ocean and 

b io s p h e r e .
I n  th e  so u th e rn  hem isphere  t ro p o s p h e re  th e  i n c r e a s e  i n  

carbon -1 4  c o n c e n t r a t i o n s  h a s  been r e l a t i v e l y  slow due to  th e  
tim e  r e q u i r e d  f o r  t r a n s p o r t  from th e  n o r th e r n  h em isp h ere ,  and 

th e  l a r g e r  exchange o f  CO^ between th e  oceans  and th e  a tm osphere  

i n  so u th e rn  l a t i t u d e s .  The summer peaks  o b se rv ed  in  th e  n o r th 

e rn  hem isphere  a re  l e s s  pronounced  i n  th e  so u th e rn  hem isphere  

(F ig u re  1 . 3 * ) .  The e x ce ss  ca rb o n -1 4  re a ch e d  i t s  maximum v a lu e  

i n  th e  so u th e rn  hem isphere  t ro p o s p h e re  d u r in g  mid-1965  w i th  a 

v a lu e  o f  abou t 65$ above th e  norm al l e v e l .
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At th e  p r e s e n t  tim e ( 1969) th e  ca rb o n -1 4  c o n c e n t r a t i o n s  in  

th e  n o r th e r n  hem isphere  t ro p o s p h e re  ( a s  found i n  t h i s  s tudy) 

have d e c re a s e d  tc  an ex ce ss  o f  about 5&p above th e  norm al l e v e l  

b e in g  5$ h ig h e r  th an  t h a t  i n  th e  so u th e rn  tro p o sp h e re #  T h is  

d i f f e r e n c e  v a i l  dim in ish  in  a few more y e a r s  a s  a  r e s u l t  o f  

in t e r h e m is p h e r i c  exchange p a t t e r n s .  On th e  o t h e r  hand th e  

carbon -1 4  c o n c e n t r a t i o n s  i n  th e  s u r f a c e  w a te r s  o f  th e  oceans  

have r i s e n  to  about 15$ above th e  normal pre-bomb v a lu e .

These a d d i t i o n a l  d a ta  fo r  th e  d i s t r i b u t i o n  w ith  t im e  o f  

bomb-produced carbon -1 4  i n  th e v a r io u s  r e s e r v o i r s  o f  th e  carbon 
c y c le  a re  v a lu a b le  in  the com pu ta tion  o f  more a c c u r a te  v a lu e s  

f o r  th e  exchange param eters in v o lv ed .

1 .4 .  Carbon Cycle i n  Nature

The s tudy  o f  th e  carbon c y c le  in  n a t u r e  h a s  a t t r a c t e d  

i n c r e a s i n g  a t t e n t i o n  due to  i t s  s i g n i f i c a n c e  i n  g eo ch em ica l ,  

m e te o r o lo g ic a l ,  b i o l o g i c a l  and ocean o g rap h ic  problem s, A 
change in  th e  CÔ  co n cen tra tio n s  i n  th e  a tm osphere , fo r  exam ple, 

co u ld  a p p re c ia b ly  a f f e c t  th e  therm al budget o f  th e  s u r f a c e  o f  

th e  e a r t h ,  and m ight cause  a lo n g - te rm  change in  th e  c l im a te  due 

to  th e  “g reenhouse  e f f e c t ,  11 I t  c o u ld  a l s o  a f f e c t  b i o l o g i c a l  

p r o d u c t i v i t y  and v a r io u s g e o lo g ic a l  phenomena such a s  th e  r a t e  
o f  e r o s io n ,  and th e chem ical p r o p e r t i e s  o f  ocean w a te r .

In  t h e  n a t u r a l  carbon c y c le  (F ig u re  1 . 4 ) CO^ i s  th e  medium 

f o r  th e  t r a n s p o r t a t i o n  and exchange o f  carbon  because  o f  i t s  

s t a b i l i t y  and d i s t r i b u t i o n  in  the a tm osphere , h y d ro sp h e re  and 

l i t h o s p h e r e .  CO  ̂ from th e  a tm osphere  i s  b e in g  c o n t i n u a l l y
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Figure 1.4. The C a rb o n  Cycle
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tr a n s fe r r e d  to  th e  b iosp h ere  by p h o to sy n th es is  w h ile , con

c u r r e n t ly , th e atmosphere i s  being r ep len ish e d  by th e  o x id a tio n  

o f  organ ic  d eb r is  and th e  r e s p ir a t io n  o f  anim als# Atmospheric 

COg i s  in  d ir e c t  exchange w ith  th e  d is s o lv e d  CÔ  in  th e  hydro-' 

sphere v ia  m olecular exchange through th e  in te r fa c e  between  

th o se  r e s e r v o ir s .  I t  i s  th e r e fo r e  c le a r  th a t r a d io a c t iv e  

carbon-1 4  can move f r e e ly  between th e se  v a r io u s  r e s e r v o ir s  but 

at a r a te  c o n tr o lle d  by th e movement o f  CO .̂

The estim a ted  mass o f  carbon in  each r e s e r v o ir  i s  summarized 

in  Table 1 .2 .  For th e  atmosphere and t o t a l  ocean th e  accuracy  

i s  b e t te r  than -j- 5$* w h ile  fo r  th e  b io sp h ere , humus and su rfa ce  

water o f  th e  ocean a co n sid era b le  e rr o r , p o s s ib ly  a fa c to r  o f  

tw o, may be in v o lv e d . I t  can be seen from Table 1 .2  th a t the  

COg con ten t in  th e atm osphere, th e sm a lle s t  o f  a l l  carbon 

r e s e r v o ir s ,  may be s tr o n g ly  in f lu e n c e d  by s l ig h t  changes in  th e  

dynamic balance between th e v a r io u s  r e s e r v o ir s .
The mechanism fo r  s o lu b i l i t y  o f  CÔ  in  seaw ater i s  com plex, 

th e  r a te  and ex ten t o f  r e te n t io n  being s e n s i t iv e  fu n c tio n s  o f  

tem perature, h y d r o s ta tic  p r e ssu r e , p a r t ia l  p ressu re  o f  CÔ  in  

both th e gas and l iq u id  p h a ses , m ixing p a ttern  o f  ocean w ater, 

e t c .  Therefore th e  exchange r a te  p a ttern  i s  v a r ia b le  w ith  

geo g ra p h ica l lo c a t io n .  V arious workers have in v e s t ig a te d  th e se  

f a c t o r s ,  Takahashi (1 9 6 1 ), E riksson (1963) ,  Kanwisher ( 1963) .
From c o n s id e r a t io n s  o f  th e s te a d y -s ta te  carbon-1 4  d is tr ib u t io n  

in  th e  v a r io u s  exchangeable r e s e r v o ir s  o f  th e  carbon c y c le ,  and 
u sin g  th e n a tu r a lly  or a r t i f i c i a l l y  produced carbon-1 4 , th e  r a te s  

o f  exchange o f  CÔ  between th o se  r e s e r v o ir s  have been estim a ted



Table  1 .2 .  Carbon c o n te n t  o f  v a r io u s  r e s e r v o i r s

1*7
R e s e r v o i r s  Mass o f  Carbon (10 g) R e fe ren c es

Atmosphere

S t r a to s p h e r e
Troposphere

H ydrosphere  
S u rface  l a y e r  

Deep ocean

6.57
1 .05

5*52

379*16
8.16

371.0

Takahashi (1961)

B roecker and Olson ( I 96O)

B iosphere  ( la n d )  

T e r r e s t r i a l  

Humus

8 .3 4

1 .2 4
7.10

L i e th  (1963)
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by sev e r a l in v e s t ig a t o r s ,  Craig (1 9 5 7 ) , R e v e lle  and Suess (1 9 5 7 ) ,  

R after  and Fergusson (1 9 5 8 ), Broecker e t  a l  (I9 6 0 ), Lai and Rama 
(1 9 6 6 ), Miinnich and Roether ( 1967) ,  Nydal (1967 , 1 9 6 8 ), Young 

and F a ir h a ll (1 9 6 8 ).

1 .5*  The Purpose o f  This Study

Although a number o f  workers have in v e s t ig a te d  th e exchange 

r a te  o f  CO,, between th e  v a r io u s  r e s e r v o ir s  o f  th e  carbon c y c le  

th ere  rem ains co n s id era b le  u n cer ta in ty  in  th e  v a lu e s  o f  th e se  

param eters, e . g . ,  r ecen t r e s u l t s  ranging from 2 to  25 y e a rs  

have been determ ined fo r  th e r e s id e n c e  tim e o f  COg in  th e  atmo

sphere (T able 1 * 3 ). Our knowledge o f  g eograp h ica l and temporal 
v a r ia t io n s  o f  *^00^ in  th e  CÔ  c y c le  in  nature rem ains in co m p lete .

The c e s s a t io n  o f  la r g e - s c a le  n u clea r  t e s t s  in  1963, however, 

h as p resen ted  a unique op p ortu n ity  fo r  th e  study o f  exchange 

r a te s  between th e  dynamic carbon r e s e r v o ir s  s in c e  th e  change o f  

oarbon-1 4  co n cen tra tio n s  in  th e se  r e s e r v o ir s  i s  c o n tr o lle d  on ly  

by th e exchange r a t e s .  The o b je c t iv e  o f  t h i s  r e se a rc h , th ere 

fo r e , i s  to  study th e  fo llo w in g  param eters, making use o f  th e  

bomb-produced carbon-1 4  as a tra cer s

1) Rate o f  m ixing w ith in  th e  s tr a to sp h ere  and between

th e  stra to sp h ere  and trop osp h ere .
2) Rate o f  m ixing o f  tro p o sp h er ic  a ir  m asses a cro ss

th e  eq u ator.
3) Rate o f  exchange o f  CÔ  between th e  troposph ere and

ocean su r fa ce  la y e r .
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4) Rate o f  m ixing o f  ocean su rface  water through th e

th erm oclin e  in to  deeper la y e r s  o f  th e ocean*.

5) L a titu d in a l d is tr ib u t io n  and season a l v a r ia t io n  o f
I  yj

COg in  the troposphere*
The fo llo w in g  areas in d ic a te  where r e s u l t s  from p resen t  

work w i l l  be a p p lic a b le !

(1 ) Knowledge o f  th e i s o t o p ic  exchange r a te  between 

atm ospheric CÔ  and th e  oceans i s  req u ired  for  an in te r p r e ta t io n  

o f  th e  sec u la r  v a r ia t io n s  in  th e n a tu ra l cosm ic ray produced  

carbon-14*
( 2) The contin ued  a d d itio n  o f  CÔ  to  the atmosphere by 

th e  com bustion o f  f o s s i l  fu e l may load  to  an in e r e a s s  in  th e  

COg con ten t o f  th e  a i r ,  la r g e  enough to  a f f e c t  the t e r r e s t r ia l  

c lim a te . I f ,  and when, t h i s  w i l l  be th e case  can only be d eter 
mined by c a r e fu l study o f  th e  r a te  o f  uptake c f  CÔ  by th e  ocean s.

(3 ) Sim ultaneous measurement o f  th e  atm ospheric carbon-14  

l e v e l s  a t v a r iou s worldwide lo c a t io n s  w i l l  a llo w  a h o tte r  under

stan d in g  o f  th e  mechanisms in v o lv ed  in  CĈ  tr a n s fe r  a cro ss  

r e s e r v o ir  bou ndaries, and o f  atm ospheric m ixing p a tte r n s .
( 4) M onitoring th e trop osp h eric  carbon-14 l e v e l s  during  

th e  p er io d  o f  bomb carbon-1 4  production  a llo w s a p p lic a tio n  o f  

sh ort term d atin g  to  m a te r ia ls  in  exchange w ith  the tro p osp h eric  

r e s e r v o ir  during t h i s  tim e.
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CHAPTER 2: EXPERIMENTAL PROCEDURES FOR CARBON-14 ASSAY

The measurement o f  n a tu ra l radiocarbon i s  a ra th er  s p e c ia l

iz e d  tech n iq u e w ith  r e sp e c t to  both th e chem ical and p h y s ic a l  

proced ures which must be employed# T his i s  due to  the very  

low  s p e c i f ic  a c t iv i t y  o f  carbon- 1 4  p resen t in  contemporary 

sam ples, v iz # ,  6 ,3  p c /g  carbon, coupled  w ith  th e  weak energy  

(0 ,1 5 5  MeV) o f  th e  b eta  p a r t ic le s  em itted  during th e  carbon-14  

decay. The former c h a r a c t e r is t ic  r e q u ir e s  th e  use o f  r e la t iv e 
l y  la r g e  sam ples, w ith  p a r t ic u la r  care b e in g  n ecessa ry  to  avoid  

contam ination  by environm ental carbon, and th e  la t t e r  s e v e r e ly  

l im i t s  th e  methods which can be employed fo r  rad iom etr ic  measure

ment, The fo llo w in g  resume o f  tech n iq u e employed to  date w i l l  

serve to  u n d erlin e  th e  nature o f  th e  experim ental d i f f i c u l t i e s  

in v o lv ed ,

Anderson and Libby (1951) and Libby (1955) were th e f i r s t  to  

d escr ib e  a system  s u ita b le  fo r  m easuring th e  n a tu ra l carbon-1 4  

a c t iv i t y  in  environm ental sam ples. The sample p rep aration  

in v o lv ed  con version  o f  th e  carbon atoms in  th e  sample to  carbon 

black  which was then coated  on to  th e  in n er  su rfa ce  o f  a m etal 

c y lin d e r . This c y lin d e r  was p la ced  around a G eiger tube 

m od ified  so th a t th e normal cathode (w a ll)  was rep la ced  by a 
w ire g r id , th us d isp en sin g  w ith  th e  problem o f  end window 

a b so rp tio n . The e f f e c t iv e  geom etry o f  t h i s  arrangement was 
about 50$ and th e  la r g e  su rfa ce  area o f  th e  sample compensated  
in  p art fo r  th e lo s s  o f  counts by s e l f  ab sorp tion  in  th e carbon



sam ple. The counter accommodated 8g o f  carbon over an area  
2o f  4° 0 cm and an a b so lu te  cou n tin g  e f f ic ie n c y  o f  5 *4$ fo r  

carbon-14 was a ch ieved .

As th e  s o l id  carbon p rep aration  was very  s u s c e p t ib le  

to  ab sorp tion  o f  r a d io a c t iv e  g a se s  and dust from th e  atmo

sphere th e  r is k  o f  contam ination  was so g r ea t th a t i t  has  

been alm ost im p o ss ib le  to  make d eterm in ation s w ith  t h i s  method 

s in c e  la r g e  s c a le  t e s t in g  o f  n u clea r  d e v ic e s  began in  1951#

Other o b je c t io n s  to  t h i s  tech n iq ue were th a t  th e  chem ical 
treatm ent req u ired  ra th er  a lon g  tim e and th a t f a i r l y  la r g e  

q u a n t it ie s  o f  carbon were needed. A lso s in c e  th e  carbon-14 pT 
p a r t ic le  has a range o f  on ly  28mg/cm2 in  aluminium, g r ea t care  

was n ecessa ry  to  ensure an even th ic k n e ss  o f  th e  carbon d e p o s it .  

These drawbacks caused sev e r a l in v e s t ig a to r s  to  develop  

new tech n iq u es fo r  radiocarbon s tu d ie s .  The u se  o f  G eiger  

co u n ters f i l l e d  w ith  a m ixture o f  CÔ  + CS2 was rep orted  by 

Crane (1954) and M oscicki (1958)# E f f ic ie n c ie s  fo r  th e s e  

system s reached 7 0 -80$ . Low background p ro p o rtio n a l cou n ters

u s in g  C0 2> C2H2f CH4 ° T C2H6 as tlle  coun-fcinS &as have been  
d escr ib ed  by DeVries and Barendsen (1 9 5 2 ) , Fergusson (1955)>  

O lsson (1 9 5 8 ) , Suess (1954)> Burke and M einschein (1954* 1955)> 

and F a lt in g s  (1 9 5 2 ). In  th e  e a r ly  a ttem p ts poor coun tin g  
c h a r a c t e r is t ic s  were a scr ib ed  to  CÔ  but la t e r  i t  was shown by 

Fergusson (1955) th a t e le c tr o n e g a t iv e  im p u r it ie s  in  th e  gas  

were th e  cause o f  th e  d i f f i c u l t i e s .  At g a s  f i l l i n g  p r e ssu r e s  

o f  g r e a te r  than 1 a tm ., th e  background cou n tin g  r a te  in c r e a s e s  

markedly when e le c tr o n e g a t iv e  im p u r it ie s  are p resen t and p la tea u



le n g th s  decrease  c o n s id e ra b ly . Oxygen i s  one o f  th e most 

common contam inants (one can to le r a t e  on ly  about 1 x 10 mm 

p a r t ia l  p ressu re  in  th ree  a tm .)j o th er s  in c lu d e  w ater, 

ammonia and hydrogen c h lo r id e .
Gas p ro p o r tio n a l cou n ters have a cou ntin g  e f f i c i e n c y  o f  

approxim ately 100$ compared to  about 5$ fo r  th e  s o l id  sample 

co u n ters . They are a ls o  fr e e  from th e hazard o f  a irborne  

contam inants and can be used fo r  as l i t t l e  as O .lg  o f  sample 

carbon.

The in co rp o ra tio n  o f  a carbon compound in to  a s c i n t i l l a t i o n  

l iq u id  was f i r s t  rep o rted  by H ayes, Anderson and Arnold (1955)*  

L iquid  s c i n t i l l a t i o n  tech n iq u es have the g rea t advantage th a t  

th e t o t a l  volume o f  th e  cou n tin g  medium i s  sm all and th e  sample 

i s  in  a condensed phase w ith  a corresponding d e n s ity  many tim es  

g rea ter  than th a t o f  g a s e s . M assive s h ie ld in g  and th e  use o f  

a n tico in c id e n c e  s h ie ld s  are not n ecessa ry  as th e  cosm ic ray  

p a r t ic le s  (mesons) g iv e  la r g e  p u lse s  in  a l iq u id  s c i n t i l l a t i o n  

and can be e a s i ly  d iscr im in a ted  a g a in st by p u lse  h e ig h t s e le c t io n .  

The background i s  m ainly determ ined by th e dark current o f  th e  
phototube which may be ra th er  h igh  fo r  th e e n e r g ie s  o f  carbon-1 4  

measurement. While th ese  problem s can p o s s ib ly  be overcome by 

th e  ch o ice  o f  c a r e fu lly  matched p h o to -m u lt ip lie r s  and s ta b le  

e le c tr o n ic s  in  con ju n ction  w ith  co in c id en ce  c ir c u i t r y  th ere  

rem ains th e  ra th er  complex sy n th e s is  o f  th e  sample in t o  a form 

conven ient fo r  in co rp o ra tio n  in to  the l iq u id  s c i n t i l l a t o r .

T his p r o c ess  does not norm ally r e s u l t  in  100$ y i e l d s ,  and th u s  

th e  p o s s i b i l i t y  o f  i s o t o p ic  fr a c t io n a t io n  a r i s e s .  Barendsen



(1957) has overcome some o f  th ese  d i f f i c u l t i e s  by u s in g  l iq u id  

00 2 as a d i lu e n t .
This study req u ired  a techn iq ue capable o f  hand ling  th e  

a n a ly s is  o f  a l a rg o  number o f  sam ples for  t h e ir  carbon-14  

c o n te n t. Such a system  has been co n stru c ted  in  which th e  

samples are con verted  f i r s t  in to  CÔ  and then in to  CĤ  fo r  g a s  

p ro p o rtio n a l cou n tin g .
CĤ  was chosen as th e cou n tin g  gas because o f  th e  advantages  

i t  p o s s e s se s  over two o f  the a lte r n a t iv e  co u n tin g  g a ses  used in
carbon-14 d a tin g  -  C0_ and CnH_. I t  i s  n ot su b ject to  thed d d
s tr in g e n t  p u r ity  requirem ents o f  CÔ  and in  fa c t  D iethorn (1956) 

s t a t e s  t h a t  up to  0«35$ a ir  can be p resen t w ithout a f f e c t in g  i t s  

cou n tin g  c h a r a c t e r i s t i c s .  Secondly , in  i t s  e x p lo s iv e  te n d en c ie s  

CĤ  p r e se n ts  much l e s s  danger th a n  CgHg. The presumed advantage

o f  C J I , in  having tw ice  the m olecu lar carbon conten t o f  CH. i s
2 2 4

o f f s e t  by th e fa c t  th a t CH. can be counted a t much h igh er  f i l l i n g
4

p r e ssu r e s .
As to  th e  sy n th e s is  o f  CĤ  fo r  carbon-14 d a t in g , a t l e a s t  

two d if f e r e n t  chem ical methods have been rep o rted . Burke and 

M einschein ( 1955) d escr ib ed  a c a t a ly t ic  hydrogenation  techn iq ue

in v o lv in g  th e  r e a c tio n  C0o+ 4%0----- > CH.-f 2H 0 ,  over a ruthenium

c a ta ly s t  m aintained a t 475 C. A con version  e f f ic ie n c y  o f  99$ 
was ach ieved  in  th© sy n th e s is  o f  ten th  molar q u a n t it ie s  o f  CH .̂ 
The a lte r n a t iv e  batch r ea c to r  method o f  F a ir h a ll ,  S ch e ll and 

Takashima ( 1961) in v o lv e s  the u se o f  a s t a in le s s  s t e e l  h igh  

p ressu re  r ea c to r  f i t t e d  w ith  two s id e  arms fo r  th e  condensation  

o f  r e a c ta n ts  and p rod u cts. The r ea c to r  i s  f i l l e d  w ith  th e  CO.



to  be con verted  and th e  added in  two s ta g e y . O verall 

y ie ld s  o f  approxim ately 98$ are ach ieved  and the CĤ  i s  f r e e  

from CO and CO .̂ Olson and N ic k o lo ff  (1965) have d escr ib ed  

a m o d ific a tio n  o f  th e  system  design ed  by F a ir h a ll e t  a l .  (19&L).

In  t h i s  resea rch  a new flow  system has been d esign ed  and 

used  s u c c e s s fu l ly  fo r  CK̂  s y n th e s is ,  (a  h ig h ly  m od ified  form 

o f  th e  one in  use at th e  I .A .E .A . *s Radiocarbon Laboratory in  

V ienna). The system  i s  co n stru c ted  alm ost e n t ir e ly  from g la s s  

and has th e  advantage th a t i t  i s  operated  a t l o s s  than 1 atm. 

p r e ssu r e . A c a ta ly s t  o f  ruthenium on alumina.; m aintained at  

a tem perature o f  350°C, i s  u t i l i z e d  and a diaphragm pump i s  

used  to  c ir c u la te  th e  m ixture o f  g a se s , r 11̂ , through the  

c a t a ly s t .
A p ro p o rtio n a l g a s  counter i s  used  fo r  cou n tin g  (Beckman 

Instrum ents L td .,  G len ro th es).
A h igh  vacuum throughout th e system  i s  a tta in e d  w ith  a 

mercury d if fu s io n  pump backed by a ro ta ry  o i l  pump. A second  

ro ta ry  pump i s  a v a ila b le  fo r  rough pumping. The com plete  

system  i s  shown d ia g ra m a tica lly  in  Figure 2 .1 .
The pretreatm ent o f  most sam ples to  b© assayed  fo r  carbon-14  

i s  con sid ered  e s s e n t ia l  fo r  the rem oval o f  any contam ination by 

fo r e ig n  carbon m a te r ia l. In  th e  case  o f  atm ospheric CÔ  sam ples 
s p e c ia l  a t te n t io n  must be g iven  to  the ch o ice  o f  sam pling s i t e  * 

to  avoid  th e  p o s s i b i l i t y  o f  contam ination  by f o s s i l  fu e l  COg 

during sample c o l l e c t i o n .
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2 .1 .  Chemical Procedures fo r  Carbon-1 4  Assay

Since a l l  n a tu ra l radiocarbon measurements begin  w ith  COg 

g a s a method fo r  th e  p rep aration  o f  pure COg from a v a r ie ty  o f  

s ta r t in g  m a te r ia ls  i s  r eq u ir ed . Further treatm ent o f  th e  CÔ  

v a r ie s  accord in g  to  th e  type o f  cou n tin g  g as s e le c t e d .  In  th e  

fo llo w in g  s e c t io n  th e  sample c o l l e c t i o n ,  pretreatm en t o f  v a r io u s  

m a te r ia ls  and the p rep aration  o f  th e  cou n tin g  gas are d is c u s se d .

2 .1 .1 .  C o lle c t io n  o f  sam ples and t h e ir  pretreatm ent

Atmospheric COg sam ples were c o l le c t e d  by em ploying a 

s t a t i c  tech n iq u e to  g iv e  cum ulative monthly c o l l e c t i o n s .
Aqueous s o lu t io n s  o f  c a rb o n a te -free  8N KOH were exposed to  th e  

atmosphere whereby COg was absorbed and r e ta in e d  in  th e  s o lu t io n  

as carb on ate.
P r io r  to  th e  r o u tin e  c o l le c t io n  o f  th e  atm ospheric sam ples 

th e fo llo w in g  p relim in ary  t e s t s  were c a rr ie d  out to  determ ine 

th e  b e s t  c o n d it io n s  fo r  COg c o l l e c t io n .  250ml o f  0 . 5N, 2N, 4N 

and 8N ca rb o n a te -free  KOH s o lu t io n s  were exposed to  th e atmo
sphere in  p o ly th en e  d ish e s  on th e  r o o f  o f  th e  U n iv e r s ity  b u ild 

in g  fo r  two weeks. A fter  the exposure p er io d  th e  sam ples were 

tr e a te d  by th e  fo llo w in g  method to  p r e c ip ita te  th e  COg absorbed  

as BaCO^: 5^ BaClg so lu t io n  was added to  th e  exposed KOH
so lu t io n  s t ir r in g  a f t e r  each a d d itio n  and s l i g h t l y  h e a tin g  to  

help  p r e c ip it a t io n .  When p r e c ip ita t io n  was com plete 2ml o f  

BaClg so lu t io n  were added in  e x c e s s . The BaCO  ̂ was then f i l t e r e d  

through a Whatman No. 50 f i l t e r  paper and th e  p r e c ip ita te  washed



w e ll w ith  warm d i s t i l l e d  water to  remove any Ba(OH)?. The
oBaCO  ̂ was d r ied  in  a moderate oven (100 C) and then weighed*

The experim ental r e s u l t s  obta in ed  w ith  d if fe r e n t  s tr en g th s  

o f  KOH so lu t io n  are shown in  Table 2*1* I t  had a lread y  been , 

decided  to  operate on a monthly c o l le c t io n  b a s is*  and maximum 

sample s ia e  was req u ired  to  a llo w  a second measurement o f  any 

c o l le c t io n  period. mhtmld t h i s  appear n ecessa ry  (50g BaCO  ̂ per  
d eterm in a tio n ). The r e s u l t s  showed s im ila r  c o l le c t io n  

e f f i c i e n c i e s  fo r  <]!; and 8$ KOH s o lu t io n s  over th e  14 day t e s t  

p e r io d . Over lo n g er  periods* however, i t  was l i k e l y  th a t th e  

4H s o lu t io n  would become sa tu ra ted  and th e r e fo r e  i t  was decided  

to  u se  8Kt s o lu t io n s  on a ro u tin e  b a s is .  Exposure o f  s o lu t io n s  

o f  g r ea ter  than oil proved im p ra c tic a l due to  a rap id  form ation  

o f  c r y s t a l l in e  KoC0  ̂ over th e  exposed s o lu t io n .

The 8lT KOH s o lu t io n s  were prepared from fr e sh ly  d i s t i l l e d  

water and te s te d  fo r  carbonate by a d d itio n  o f  sa tu ra ted  BaClg 

so lu t io n  b efore  forw arding them to  th e  sam pling s ta t io n s  in  a 

sea led  p o ly th en e b o t t l e .  On retu rn  to  th e  lab oratory  th e  

carbonate formed cu rin g  th e  exposure Was p r e c ip ita te d  as BaCOy 

f i l t e r e d ,  d ried  end weighed in  th e  manner d escr ib ed  p r e v io u s ly .  

F in a lly  th e  BaCO  ̂ v?as crushed and sto red  in  a screw-cap b o t t l e .

The carbonaceous m a te r ia ls  to  be su b jec ted  to  carbon-14  
measurement were tr e a te d  according to  th e ir  n a tu re . Most 
organ ic  sam ples were f i r s t  lea ch ed  in  d i lu t e  HC1 to  remove any 

carb onate. In  seme c a se s  d i lu te  NaOH was used to  remove 

p o s s ib le  contam ination w ith  humic m a te r ia ls . A fter le a c h in g ,  

th e sample was washed and. d r ie d , and was then ready fo r  com bustion.
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Table 2 .1 . E f f ic ie n c y  o f  CÔ  ab sorption  as a fu n c tio n  o f  KOH 

co n cen tra tio n  (250®! o f  KOH exposed fo r  14 days)#

Strength  o f  Weight o f  BaC03 p r e c ip it a t e  (g )
KOH s o lu t io n  Exp#l Exp#2 Exp#3 Mean

0.5N 9*35? 9 .0 6 7.88 8 .7 6

2 N 36.51 38.35 36 .69 37.18

4 H 55 .53 67.89 58 .17 60 .5 3

8 N 59 .27 62 .64 60 .84 6 0 .9 2

;rv ■ v,;;



S h e lls  were g e n e r a lly  washed in  d i lu t e  a c id  fo r  a sh ort tim e  

to  remove th e  ou ter la y e r s  o f  m a ter ia l which may have been 

contam inated w ith more recen t carb on ate.
In  t h i s  la b o ra to ry  the b a s ic  pretreatm en t o f  wood, p e a t ,  

and ch arcoa l sam ples c o n s is t s  o f  v is u a l exam ination fo r  

in t r u s iv e  r o o t l e t s  fo llo w ed  by b o ilin g - s u c c e s s iv e ly  in  

d i s t i l l e d  w ater, 5$ HC1, and d i s t i l l e d  w ater, 5$ NaOH, 
d i s t i l l e d  w ater, 5$ HC1, and d i s t i l l e d  w ater. S h e lls  and 

marble sam ples are leach ed  in  5$ EC1 to  remove 20$ by w eig h t, 

and then washed w ith  d i s t i l l e d  w ater. C o lle c t io n  o f  atmo

sp h eric  COg sam ples and t h e ir  pretreatm en t have a lread y  been  

d escr ib ed .

2 .1 .2 .  P reparation  and p u r if ic a t io n  o f  COg gas

A fter any n ecessa ry  pretreatm ent carbonate m a te r ia ls  are  

h yd rolysed  u s in g  50$  phosphoric a c id  s o lu t io n  (F igure 2 .2 ) .

The sample i s  p la ced  in  a f la s k  f i t t e d  w ith  an adaptor to  

a llo w  th e  en try  o f  a c id  and th e  e x i t  o f  g a s e s . A fter  th e  

apparatus has been assem bled and evacu ated , a 5°$ s o lu t io n  o f  

phosphoric a c id  i s  s lo w ly  adm itted from th e  r e s e r v o ir .  The 

c o n te n ts  o f  th e  f la s k  can be m a g n etica lly  s t ir r e d  to  a id  th e  

r e a c t io n . The COg r e le a s e d  i s  f i r s t  p assed  through a w ater-  

co o led  condenser and two co ld  tr a p s  co o led  (-7 9 °0 ) by d r y - ic e  
to  e lim in a te  any water vapour p r e se n t , and then condensed in  

two co n secu tiv e  tr a p s  co o led  by l iq u id  n itr o g e n  (-1 9 6 °C ).

When th e  r e a c tio n  i s  com plete th e  tra p s  w ith  th e  condensed COg 

are sep arated  from the r e s t  o f  th e  system  by c lo s in g  th e
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ap p rop riate  stop cock s and then pumped to  a h igh  vacuum 

( < 1  m icron ), so th a t a l l  g a se s  th a t have an ap p rec ia b le  

vapour p ressu re  at ~196°C are removed. Occluded g a se s  can 

be removed by su b lim atin g  th e  COg once or tw ice  more.

F in a lly  th e  p u r if ie d  COg i s  tr a n sfe rr e d  to  a 5 1 volum e- 
c a lib r a te d  bulb fo r  y ie ld  d eterm in a tio n .

The r e s u l t s  o f  ten  su c c e s s iv e  e f f ic ie n c y  experim ents are  

shown in  Table 2 ,2 ,  Y ie ld s  in  a l l  c a se s  range between 96-100$  

w ith  an average va lu e  o f  98*7$* High e f f ic ie n c y  i s  d e s ir a b le  

in  t h i s  p ro cess  to  m inim ize th e  p o s s i b i l i t y  o f  i s o t o p ic  

f r a c t io n a t io n .
Organic carbon i s  con verted  to  COg by c o n tr o lle d  com bustion  

in  a mixed gas stream com prising oxygen and n itr o g e n . F igure 2 .3  

shows th e apparatus used  fo r  com bustion and subsequent p u r if ic a t io n  

o f  th e COg g a s .
Organic samples are in trod u ced  in to  th e  f i r s t  h a lf  o f  th e  

s i l i c a  combustion tube (about 3 . 5cm in  diam eter and 65cm lo n g ) .  

Copper ox id e  (CuO) i s  packed in to  th e second h a l f  o f  th e  tube  

about 15cm in  le n g th . B efore combustion b eg in s  th e  CuO i s  

h eated  to  red n ess (•~550°C) and a m ixture o f  oxygen and n itro g e n  

i s  p assed  through th e  system  at a c o n tr o lle d  flow  r a t e .  The 

flo w  o f  th e  g a se s  i s  fu rth er  c o n tr o lle d  by p u ll in g  a s l ig h t  

vacuum through the system . The sample i s  g e n t ly  heated  by a 

Meker burner u n t i l  com bustion b e g in s .

I n i t i a l l y  on ly  one oxygen en try  to  the s i l i c a  combustion  

tube was employed and two o f  the e a r ly  experim ents r e s u lt e d  in  

minor e x p lo s io n s . I t  was assumed th a t t h i s  was due to  rap id
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Table 2 .2 . E f f ic ie n c y  o f  h y d r o ly s is

The amount o f  
sample (BaCO^)g.

Amount o f  
exp ected

CO. 1-atm  
ob ta in ed

Y ie ld  £

45 .0 5 .11 5 .0 5 9 8 .8

50.0 5 .68 5 .68 100 .0

41 .9 4 .7 6 4 .61 9 6 .8

53 .0 6 .0 2 5 .9 7 9 9 -2

52*0 5 .90 5 .90 1 00 .0

5 2 .5 5 .9 6 5 .7 3 9 6 .1

56 .0 6 .3 6 6 .2 6 9 8 .4

55 .0 6 .2 4 6 .2 4 100 .0

5 5 .0 6 .2 4 6.11 9 7 .9

5 3 .0  . 6 .0 2 6 .0 2 1 00 .0

Average 9 8 .7
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o x id a tio n  o f  th e  ta r  m a te r ia ls  formed i n i t i a l l y  when the  

organ ic  sample i s  heated* A ddition  o f  a second oxygen 

i n l e t  and a d ecreased  oxygen flo w  over th e  sample h e lp ed  to  

overcome t h i s  problem . Oxygen e n te r s  th e  second i n l e t  in  

the com bustion .tube p r io r  to  th e  CuO furnace in  order to  burn 

th e  v o la t i l i z e d  carbon m a te r ia ls . Adjustment o f  th e  h e a tin g  

.rate, so th a t a h igh  p ressu re  i s  not a llow ed  to  b u ild  up in s id e  

the combustion tube a ls o  h e lp s  to  avoid  e x p lo s io n s . The 

p ressu re  change w ith in  the system  can be m onitored by th e  mano

m eter s itu a te d  a f t e r  th e combustion tu b e .
The flo w  r a te s  o f  oxygen in  th e  s id e  arm and n itro g en  are  

h eld  at about 600ml/min. and 500m l/m in, r e s p e c t iv e ly  throughout 

th e  com bustion. The flo w  r a te  o f  oxygen over th e sample i s  

ad ju sted  to  about lOOml/rain. at the b eg in n in g  and i s  r a is e d  to  

400m l/m in. towards th e  end o f  th e  com bustion. These flo w  r a te s  

are su b ject to  s l ig h t  m o d if ic a t io n , however, accord in g  to  th e  

type o f  sam ple.

The combustion p ro d u cts, m ainly CÔ  w ith  some water vapour 

and perhaps some HC1, NO, NO  ̂ and SO ,̂ are p assed  through a 

s e r ie s  o f  bubblers c o n ta in in g  ( l )  an aqueous s o lu t io n  o f  AgNO ,̂
(2) a c id ic  KMnO ,̂ and (3) HgSO  ̂ sa tu ra ted  w ith

The f i r s t  bubbler co n ta in s  0 ,5  N AgNO  ̂ s o lu t io n  which  

removes h a logen s from th e g a s . The second bubbler co n ta in s  

a c id ic  KHnÔ  which absorbs sulphur d io x id e  and some

ox id es  o f  n itr o g e n , and th e th ir d  bubbler c o n ta in s  con cen tra ted  

sa tu ra ted  w ith  K^Cr 0? which removes water vapour and 

sulphur d io x id e . The CÔ  g as i s  then p assed  through a trap



co o led  by dry—ic e  and condensed in  two success civ  © tra p s co o led  

by l iq u id  n itr o g e n . These tra p s  are pumped to  high vacuum as  

d escr ib ed  above and then th e CÔ  i s  tr a n sfe rr e d  to 5 1 c a lib r a te d  

bulb*
In some c a se s  a b lu e  co lou r  was observed in  the CÔ  produced  

on com bustion. This has a ls o  been rep orted  by DeVries (1955)®
I t  i s  p o s s ib le  th a t the o x id es  o f  n itro g en  are not e f f e c t i v e l y  

absorbed by th e  KMnÔ  s o lu t io n , and condensed w ith  th e  CÔ  i n 

the l iq u id  n itro g en  trap* The b lu e  co lou r  cou ld  a r is e  from

n itro g en  tr io x id e  (^ 2^3  ̂ e <lu:̂ ik r iu m  w ith  th e  o th er  o x id e s  o f
n itr o g e n , i . e , ,  NO-}-NQ N 0 , D i s t i l l a t io n  o f  th e  C0o at 

- I 96 C removes th e  bulk o f  t h i s  contaminant* The sm all per
cen tage rem aining i s  p assed  to  th e  CĤ  s y n th e s is  s ta g e  w ith  th e  

C0o, where, presumably th e  n itro g e n  o x id es  are reduced to  NH-
C

which b e in g  so lu b le  in  water i s  removed as NH.OK in  th e  water
4

trap* Experience has shown th a t t h i s  secondary r e a c t io n  i s  not  

d etr im en ta l to  the o v e r a ll  CĤ  s y n th e s is ,  and th e  p o s s i b i l i t y  o f  

p o iso n in g  o f  th e c a t a ly s t  has not been n o ted ,

A s e r ie s  o f  e f f ic ie n c y  experim ents y ie ld e d  the r e s u l t s  shown 

in  Table 2*3*

Wet o x id a tio n  i s  used  to  produce standard carbon-14 la b e l le d  

gas fo r  counter c a l ib r a t io n . The apparatus usod i s  th e  same as  
in  F igure 2*2*

Carbon-14 la b e l le d  o x a l ic  a c id , ob ta in ed  from th e  N a tio n a l

Bureau o f  Standards, i s  o x id iz e d  u s in g  a c id ic  KfrnO , s o lu t io n ,
4

The COg r e le a s e d  from o x id a tio n  i s  p u r if ie d  by d i s t i l l a t i o n  and 

p assed  in to  th e c a lib r a te d  5 1 b u lb . The e f f ic ie n c y  o f  t h i s  

method i s  shown in  Table 2*4*



Table 2*3. E f f ic ie n c y  o f  CÔ  produ ction  by combustion

Sample Amount
expected

o f  CO 1-atra
ob ta in ed

Yiield $

12 .51  ( 0 ) * 4 .45 4 * 16 9 3 .5
14 .00  (0 ) 4 .98 4 .5 4 9 1 .2

7 .80  (0 ) 2 .77 2.61 9 4 .2

3 .35  (B )1* 4-30 3 .9 2 9 1 .2
3 .67  (B) '4 .7 1 4 .31 9 1 .5
3 .1 3  (B) 4 .0 2 3 .97 9 8 .8

Average 9 3 .4

X (0) - O xalic  a c id
X3Xb) - Benzoic a c id



Table 2 .4 .  E f f ic ie n c y  o f  CÔ  production  by wet o x id a tio n

Sample
o x a lic
ac id

Amount
exp ected

o f  C O 1 - atm
ob ta in ed

Y ie ld  i

14.08 5 .1 1 5 .0 1 9 9 .7

1 4 .1 6 5 .1 2 5 .0 3 9 8 .2

13 .38 4 .7 6 4 .6 7 9 8 .1

1 4 .8 2 5 .2 7 5 .14 9 7 .5

14.61 5 .1 9 5 .1 5 9 9 .2

13.31 4 .7 3 4 .7 0 9 9 .4

13 .8 6 4 .9 3 4 .8 9 9 9 .2

Average 98 .8
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2.1*3* Conversion o f  CÔ  to  CH.2 4
The system  employed has a lread y  been m entioned b r ie f ly  but 

i s  d escr ib ed  in  more d e t a i l  h ere .

Due to  i t s  very la r g e  volume (^23 l )  th e  whole system  

(F igu re 2 .4 )  i s  evacuated  in  s ta g e s  to  a p ressu re  o f  < 1 micron  

as r e g is te r e d  on th e  P ira n i gauge. The c a ta ly s t  i s  h eated  to  

350°C by an e l e c t r i c  furnace c o n tr o lle d  by a v a r ia b le  tran sform er. 

The p u r if ie d  COg i s  tr a n sfe rr e d  from th e  c a lib r a te d  5 1 bulb to  

th e  f i r s t  trap where i t  i s  condensed. At t h i s  p o in t a l l  stop
cock s in  th e  c ir c u la t io n  s e c t io n  are opened excep t th e fou r  on 

e ith e r  s id e  o f  th e  c a t a ly s t  and the charcoal tra p . The stop
cock p roceed in g  th e 5 1 bulb i s  c lo se d  and the c a lc u la te d  amount 

o f  Hg w ith  %  e x c e ss  i s  adm itted to  th e  system  from a g as  

c y lin d e r . The gas p ressu re  in  th e system  i s  h e ld  at s l i g h t l y  

l e s s  than 1 atm. a t t h i s  s ta g e . I f  th e  amount o f  Hg req u ired  

fo r  th e  r e a c tio n  would r a is e  th e t o t a l  p ressu re  in  th e system  

over 1 atm. i t  i s  in trod u ced  in  two1 p a r ts .  A fter  th e  Hg i s  

added th e  COg i s  expanded in to  th e  system  as q u ick ly  as p o s s ib le .  
Warming th e  co ld  trap  w ith  a h a ir d r ie r  h e lp s  to  speed th e  

expansion . The f in a l  p ressu re  in  th e  system  i s  record ed , th e  

stopcocks on both s id e s  o f  th e  c a t a ly s t  are opened,, th e  

c ir c u la t io n  pump bypass i s  c lo se d  and th e  diaphragm pump sw itched  

on. In  about 10 seconds th e  p ressu re  b eg in s  to  drop and water 

vapour d r o p le ts  s ta r t  to  condense in  th e water tr a p , which i s  

co o led  by d r y - ic e , in d ic a t in g  th a t r e a c tio n  has commenced.

30-40 min. i s  u su a lly  req u ired  to  com plete th e  r e a c tio n  from th e  
l a s t  a d d itio n  o f  Hg. The r e a c tio n  i s  co n sid ered  com plete when
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t h e  tu b in g  c o n n e c t in g  th e  fu rn a c e  to  ih o  w a te r  t r a p  i s  c o m p le te ly  

d ry  and th e  manometer' m ercury l e v e l  r e g a i n s  c o n s t a n t .  At t h i s  

s t a g e ,  th e  t o t a l  p r e s s u r e  shou ld  bo equal t o  th e  o r i g i n a l  CO  ̂

p r e s s u r e  p l u s  th e  e x c e s s  p r e s s u r e ?  b u t  i n  p r a c t i c e ,  th e  

p r e s s u r e  on th e  manometer i s  a lw ays s l i g h t l y  l e s s  th a n  t h i s ,  

p ro b a b ly  because  o f  th e  a d s o r p t io n  o f  sm all  q u a n t i t i e s  o f  

on th e  c a t a l y s t .  When th e  r e a c t i o n  i n  c o n s id e re d  com ple te  

th e  c h a r c o a l  t r a p  c o o le d  w ith  l ic -u id  n i t r o g e n  i s  i n t r o d u c e d  to  

th e  system and th e  c h a r c o a l  t r a p  bypass  i s  c lo s e d .  D uring  th e  

n e x t  10 m in . ,  t h e  CH, and a re  l e f t  to  ab so rb  on th e  c h a r c o a l .  

The c i r c u l a t i o n  pump i s  th e n  sw itched  o f f ,  t h e  b y p ass  opened , 

and th e  system a llo w ed  to  s ta n d  f o r  a f u r t h e r  10 m in . ( a c h a r 

c o a l  a d s o r p t io n  t r a p  i s  n e c e s s a r y  f o r  th e  q u a n t i t a t i v e  re c o v e ry  

o f  CH  ̂ due to  i t s  h ig h  vapour p r e s s u r e ,  liramHg, a t  -1 9 6 °C ) .

At th e  end o f  t h i s  t im e  th e  system  i s  s lo w ly  pumped o f f  th ro u g h  

th e  c h a r c o a l  t r a p  to  en su re  t h a t  a l l  th e  CH  ̂ i 3  a b so rb ed .  The 

s to p co ck s  p r i o r  to  th e  c i r c u l a t i o n  pump and a f t e r  th e  w a te r  t r a p  

a re  c lo s e d  and th e  c h a rc o a l  t r a p  i s  pumped v i a  t h e  main pumping 

l i n e  to  a r e s i d u a l  p r e s s u r e  l e s s  th a n  200 m ic ro n . T h is  removes 

t r a c e s  o f  hydrogen from th e  g a s .  The t r a p  (which was u sed  to  

f r e e z e  ou t  th e  CO  ̂ a t  th e  b e g in n in g )  i s  c o o led  w i th  l i q u i d  

n i t r o g e n  and th e  s to p co ck  b e fo re  t h e  c i r c u l a t i o n  s e c t i o n  i s  

c lo s e d .  The l i q u i d  n i t r o g e n  c o n ta i n e r  su r ro u n d in g  th e  c h a r c o a l  

t r a p  i s  removed and th e  c h a rc o a l  i s  h e a te d  to  room te m p e ra tu re

to  r e l e a s e  th e  CH.. When a l l  th e  CH. i s  t r a n s f e r r e d  t o  t h e  CH,
4 4 4

t r a p ,  th e  s to p co c k s  above th e  c h a rc o a l  t r a p  a re  c lo s e d  and th e

CH  ̂ t r a p  can be pumped o f f  f o r  one o r  two seconds t o  e n su re  t h a t
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no H i s  l e f t ,  and th e n  th e  CH. i s  expanded i n t o  t h e  c a l i b r a t e d  
2 4

5 1 b u lb  to  n o te  th e  e f f i c i e n c y  o f  t h e  c o n v e r s io n .  From h e re

th e  CH. i s  t r a n s f e r r e d  e i t h e r  t o  a  s to r a g e  b u lb  o r  t o  t h e  
4

co u n te r  th ro u g h  a t r a p  co o led  w i th  d ry—i c e  to  condense any wat.er 

vapour which may s t i l l  rem ain  i n  th e  g a s .

Table 2.5 shows th e  r e s u l t s  o f  e f f i c i e n c y  e x p e r im e n ts  

pe rfo rm ed  on th e  CH  ̂ s y n th e s i s  -  t h e  av e rag e  y i e l d  f o r  t e n  

s u c c e s s iv e  e x p e r im en ts  b e in g  about 95$*
An im p o r ta n t  f e a t u r e  o f  t h i s  p ro c e d u re  i s  t h a t  th e  c a t a l y s t  

and c h a rc o a l  must be o u tg a s s e d  th o ro u g h ly  t o  < 1 m icron  a t  

t e m p e ra tu re s  350°C and 200°C r e s p e c t i v e l y  b e fo re  each  s y n t h e s i s  

to  remove any r e s i d u a l  g a s e s .

2 .1 .4 .  Gas s to ra g e  f a c i l i t i e s  and c o u n te r  f i l l i n g  system

I t  i s  n e c e s s a ry  to  s t o r e  g a s e s  p r i o r  to  c o u n t in g  ( to  a l lo w  

th e  decay o f  any rad o n  im p u r i ty )  and d u r in g  c o u n t in g  seq u e n c es .

The s to ra g e  f a c i l i t y  c o n s i s t s  o f  t e n  5 1 g l a s s  b u lb s  ( F ig u re  2 .5 )  > 

and u s u a l l y  14 days s to r a g e  i s  s u f f i c i e n t  t o  a l lo w  th e  decay o f  

any radon  im p u r i ty .  A m ercury manometer a t t a c h e d  to  t h i s  s e c t i o n  

o f  th e  system  a l lo w s  th e  measurement o f  t h e  g a s  volume i n  any b u lb .

The c o u n te r  f i l l i n g  system i s  c o n s t r u c t e d  e n t i r e l y  from m e ta l  

(F ig u re  2 . 6 ) ,  and c o n s i s t s  o f  a  p r e s s u r e  gauge r a n g in g  from 0 to  

200 p s i ;  a s t a i n l e s s  s te e l  t r a p ,  100ml i n  c a p a c i t y ;  and 3 n e e d le  

v a lv e s .  The CH  ̂ c o u n t in g  g a s  i s  condensed  i n t o  th e  s t a i n l e s s  

s t e e l  t r a p  and th e  v a lv e  on th e  g l a s s  s id e  c lo s e d .  The v a lv e  on 

th e  d e t e c t o r  s id e  i s  opened to  expand th e  g a s  i n t o  th e  c o u n te r  

a t  p r e s s u r e s  up t o  10 a tm . ,  th e  f i n a l  p r e s s u r e  b e in g  r e c o r d e d  on



Table 2*5* E ff ic ie n c y  o f  CĤ  sy n th e s is

COg 1-atm . O btained
CH. 1-atm . 

4

T ie ld  $

5-05 4-81 9 5 .2

5 .68 5 .4 7 9 6 .3

4 .61 4 .2 1 9 1 .3

5-97 5 .59 9 3 .6

5 .9 0  . 5 .6 3 9 5 .4

5 .7 3 5-28 9 2 .1

6 .26 6.11 9 7 .6

6 .2 4 5-95 9 5 .4

6.11 5 .8 1 9 5 .1

6 .0 2 5 .8 2 9 6 .7

Average 9 4 .9
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Figure 2.5. Storage Section
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the guage. The second v a lv e  on t h e  r i g h t  hand s id e  a l lo w s  

standard background g a s , s to r e d  in  a h ig h  p r e s s u r e  c y l i n d e r ,  

to  be in trod u ced  d ir e c t ly  i n t o  t h e  system ,

2 .2 .  Gay P ro p o rtio n a l C ounting ^rs tem  f o r  Assay

A c t iv i ty  m easurem ents  a r e  pe rfo rm ed  i n  a  g a s  p r o p o r t i o n a l  

counting -yetcm (Beckman Instru m ents L t d . ,  G le n r o th e s ) ,  The 

d esign  o f  th e system  has been e x p la in e d  by Sharp and E l l i s  

( 1965) ,  and i t  c o n s is t s  o f  two 0 ,5  1 d e t e c t o r s  su rro u n d ed  by 

an a n tico in c id e n c e  guard cou n ter , main and s a t e l l i t e  e l e c t r o n i c s  

u n it s ,  ivo  data p r in t e r s ,  and a t h r e e  ch an n e l  h ig h  v o l t a g e  power 
supply, A block diagram o f  th e  system  i s  shown i n  F ig u re  2 .7 .

2 .2 .1 .  D e te c to r s ,  guard and s h i e l d i n g  assem bly

A ll d e te c to r  cathode w a l ls  a r e  c o n s t r u c t e d  from o x y g e n - f re e  

high  c o n d u ctiv ity  (O .F .H .C .)  c o p p e r ,  w ith  a th i c k n e s s  o f  ~  1.8cm , 

to  m in im is2 the b e ta  and gamma c o n t r i b u t i o n  to  background , and 

a re  n ic k e l-p la te d  to  ab so rb  a lp h a  a c t i v i t y  c o n ta in e d  i n  th e  

copper .  The d e te c to r s  a re  d e s ig n e d  to  be f i l l e d  a t  p r e s s u r e s  

up to  10 atm, and each c o n ta in s  an anode w ir e - d ia m e te r  0 .0 0 1 4  

in ch  (F ig u re  2 .8 ) .

S urround ing  th e  d e t e c t o r s  i s  an a n t i c o in c id e n c e  g u a rd  c o u n te r  
c o n s t r u c te d  from t?/o c o n c e n t r i c  copper  c y l i n d e r s  ( ' - ’ 2.5cm combined 

th ic k n e s s )  w ith  a s c r i e s  o f  w ire  anodes mounted i n  t h e  a n n u la r  

space . The g u a rd  c o u n te r  i s  a l s o  o p e r a te d  a s  a  p r o p o r t i o n a l  

c o u n te r  and i s  f i l l e d  to  a  p r e s s u r e  o f  80cm w ith  CH^. Onoe 

f i l l e d  and s e a le d ,  t h i s  d e t e c t o r  n o rm a lly  n e ed s  to  be pumped o u t



Block Diagram of Counting System
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D etector  I,

j Data Prin ter  for "J
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and r e f i l l e d  on ly  tw ic e  a  y e a r ,

E&ch d e t e c t o r  and g u a rd  c o u n te r  h a s  a s e p a ra te  p r e a m p l i f i e r  

u n i t T and p u l s e s  r e g i s t e r e d  i n  th e  d e t e c t o r s  a re  fe d  v i a  th e  
p r e a m p l i f i e r s  to  th e  main e l e c t r o n i c s  u n i t .

The whole c o u n t in g  assembly i s  encased  in  a  4" t h i c k  l e a d  

s h i e l d  (J« G i r d l e r  Co, l t d , ,  London) which m easures 28" x 8 ” x 8 ” 

i n t e r n a l l y  and 3 6 " x 16" x 16" e x t e r n a l l y .  A s t e e l  t a b l e  i s  

u sed  to  mount th e  s h i e l d  which weighs app ro x im a te ly  3300 l b .
Lead d o o rs ,  encased  i n  a  s t e e l  fram e, a re  p ro v id e d  a t  each end 

o f  th e  c a b in e t  and a r e  mounted on a v e r t i c a l  s p in d le  and t h r u s t  

b e a r in g  { F igu re  2,9)*

2 .2 .2 ,  Main e l e c t r o n i c s ,  power supply  and p r i n t e r s

F ig u re  2 .10 shows a b lo ck  diagram o f  th e  main e l e c t r o n i c s  

u n i t  d e s ig n ed  to  o p e ra te '  w ith  two* d e t e c t o r s  i n s i d e  a s in g le  

g u a rd  c o u n te r .  Seven d a ta  o u tp u ts  a re  p ro v id ed  from th e  main 

e l e c t r o n i c 3 c o n so le ;  d e t e c t o r  g ro s s  unguarded r a t e ,  d e t e c t o r  

n e t  low background b e t a  r a t e ,  d e t e c t o r  n e t  low background a lp h a  

r a t e ,  f o r  two d e t e c t o r s ,  and th e  g uard  count r a t e .  There a re  
t h r e e  c o a l e r s  i n  th e  main e l e c t r o n i c s  u n i t ,  each o f  which can 

be sw itch ed  to  any o f  th e  seven o u tp u t s .  Each s c a l e r  h a s  i t s  

own t im e r .  A s a t e l l i t e  e l e c t r o n i c s  u n i t  p r o v id e s  an a d d i t i o n a l  

two s c a l e r s  th u s  a l lo w in g  th e  m o n i to r in g  o f  any f i v e  o f  th e  

seven o u tp u t s ,  A b u i l t - i n  t e s t  programme allow s qu ick  check

ou t o f  a l l  c i r c u i t r y .
>* / •*.

The h ig h  v o l t a g e  power supply  c o n s i s t s  o f  t h r e e  c h a n n e ls ,  

each o f  which i s  a d j u s t a b l e  between 1000 and 10,000 v o l t s  u s in g
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h e l i c a l  p o te n t io m e te rs*  Both do toe  t o r s  and th e  guard  c o u n te r  
a re  fe d  by t h i s  u n i t .

Dual d a ta  p r i n t e r s  p ro v id e  a u to m a t ic a l ly  p r i n t e d  r e a d o u ts  
f o r  any two c o u n t in g  c h an n e ls  o f  th e  main e l e c t r o n i c s  u n i t .

The d a ta  p r i n t e r  u t i l i z e s  two Sodoco p r i n t e r s  and Sodeco p re 

s e t  t im e r ,  which p e rm i ts  a s in g le  long’ count to  be su b d iv id ed  

i n t o  many s h o r t e r  c o u n t in g  intc.rva.U-i ( s e l e c t a b l e  from 0 .1  to  

999*9 m in* ) . T h is  e n a b le s  exam ination  o f  th e  d a ta  f o r  s t a t i s t i c a l  

r e p r o d u c i b i l i t y ,  n o i s e  o.r d r i f t ,  and the sa lv a g in g  o f  “good11 d a ta  

even when a power f a i l u r e  may have occurred d u rin g  a le n g th y  

c o u n t in g  p e r io d .  When a s in g le  d e tec to r  on ly  i s  b e in g  employed 

th e  two chan n e l d a ta  p r in te r  normally m o n ito rs  th e  d e t e c t o r  g r o s s  
unguarded  r a t e  and th e  d e t e c to r  not low background b e ta  r a te *  

M o n ito r in g  th e  g r o s s  unguarded r e t s  p ro v id e s  a s e n s i t i v e  s t a b i l i t y  

and r e p r o d u c i b i l i t y  check oh' th e  d e t e c to r  u s in g  cosmic r a y s  as  

th e  s ta n d a r d  s o u rc e .

2*2*3* P la te a u x  and background measurements

The p l a t e a u ,  o p e r a t in g  v o l t a g e ,  and background count r a t e  

were d e te rm in ed  f o r  f i l l i n g  p ressu res  from 1 atm* to  10 atm*
I n  each  c a se  an e x c e l l e n t  p la te a u  a t  l e a s t  1000 v o l t s  i n  l e n g th  

and a s lo p e  o f  l e s s  th an  0«%  p e r  100 v o l t s  was observed* As 
an example th e  p l a t e a u  o b ta in e d  f o r  a r o u t i n e  f i l l i n g  p r e s s u r e  

o f  5 atm. i s  shown in  F ig u re  2*11* The working v o l ta g e  and 

background count r a t e  a s  a fu n c t io n  o f  f i l l i n g  p r e s s u r e  a re  

shown i n  F ig u re  2 .12  and F ig u re  2 .13 r e s p e c t i v e l y -
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Tho g u a rd  c o u n te r ,  f i l l e d  to  a p r e s s u r e  o f  80cm w ith  CH *
4

was s i m i l a r l y  examined. The le n g th  o f  th e  p la t e a u  was about 

800 v o l t s  w ith  a  s lo p e  o f  0 .5 $  p e r  100 v o l t s  (F ig u re  2 .1 4 ) .

The v a r i a t i o n  o f  background count r a t e  w ith  a tm ospheric  • 

p r e s s u r e  was s tu d ie d .  A r e g r e s s io n  a n a ly s i s  o f  th e  o b s e r v a t io n s  

f o r  th e  f i r s t  y e a r  o f  o p e ra t io n  i n d i c a t e d  a v a r i a t i o n  o f  - 0 .1 1  

coun ts/cm  Hg a t  a f i l l i n g  p r e s s u r e  o f  5 atm. as  shown in  F ig u re  

2*15, ( See Appendix A f o r  th e  computer programme em ployed). 

O b se rv a t io n s  made d u r in g  th e  second y e a r  were found to  be in  

e x c e l l e n t  agreem ent w ith  th e  f i r s t  y e a r ’ s d a ta  s u g g e s t in g  t h a t  

lo n g - te rm  d r i f t  o f  e l e c t r o n i c  perform ance i s  sm all .

Sources  f o r  th e  p r e p a r a t io n  o f  n o n -a c t iv e  CH  ̂ which would 

be used  f o r  background p u rp o se s  were i n v e s t i g a t e d ,  v i z . ,  m arble  

( o b ta in e d  from I . A . E . A . ' s  r a d io c a rb o n  l a b o r a to r y ,  in  V ienna) , 

and a n t h r a c i t e .  A t h i r d  source  o f  background gas  i s  ’’t a n k 11 

CH^, ( s u p p l i e d  by Beckman I n s t ru m e n ts  I n c . ,  C a l i f o r n ia )  r e p u te d  

to  have been m an u fac tu red  from pe tro leum  so u rc e s .  Two so u rc e s  

o f  H^, (A ir  P ro d u c ts  L t d . ,  and M esser G riesheim  GmbH) b e l ie v e d  

to  be n o n - r a d i o a c t i v e ,  were a v a i l a b l e  f o r  th e  r e d u c t io n  o f  CO  ̂

to  CH^. The background gas  produced  from m arble  w ith  Air 

P r o d u c t s ’ H2 gave a s l i g h t l y  h ig h e r  count r a t e  than  th e  " ta n k ”

CH^. The same experim en t was then  re p e a te d  w ith  th e  H2 s u p p l ie d  

by M esser G riesheim  GmbH, D u sse ld o rf .  No d i f f e r e n c e  was observed  

on t h i s  o c c a s io n  between th e  CH  ̂ d e r iv e d  from m arble and th e  

" tan k "  CH^. The d i f f e r e n c e  between th e s e  r e s u l t s  was a t t r i b u t e d  

to  th e  c o n tam in a t io n  o f  by t r i t i u m ' ( s e e  Long, 19^5)* Table 

2 .6  compares th e  CH  ̂ a c t i v i t y  d a ta  o b ta in e d  from sy n th e se s  u s in g
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Table* 2 .6 ,  Measurement o f  p o s s ib le  tr itiu m  contam ination in
M esser G riesheim  hydrogen*

.... ...   ..I..-..     mi   .n... —.Hi.,,      M „ ..... m
M ess.G ries.*  hydrogen "Tank" Methane "Tritium"

cpm ±  2 <r cpm ±  2CT

3.19 ± 0 .0 7 3.18 ± 0 .0 6 0 .0 1 ± 0 .0 9

3 .29 ± 0 .1 0 3.29 + 0 .0 6 0 .0 0 ± 0 .1 2

3 .18 ± 0 .0 9 3 .1 4 ± 0 .0 6 0 .0 4 + 0 .1 1

3 .09 + 0 .0 7 3 .06 ± 0 .0 6 0 .0 3 0 .0 9

3 .2 3 + 0 .0 6 3 .1 4 t  0 .0 6 0 .0 9 ± 0 .0 8

3 .11 + 0 .0 9 3.11 t  0 .0 6 0 .0 0 + 0 .1 1

3 .0 3 ± 0 .0 7 3.01 t  0 .0 6 0 .0 2 + 0 .0 9

Average 0 .0 3 + 0 .0 4



u

M esser G riesheira1 H and the "tank" CH., and Table 2 .7c. 4
compares th e  a c t iv i t y  data obtained on "tank" CH and CH

4 4
sy n th e s ise d  from Air P rod u cts1 The recorded contam ination

in  CĤ  sy n th e s ise d  from Air Products' H2 i s  about 0 .1 3 ± 0 .0 4  epm 

fo r  a f i l l i n g  pressu re  o f  5 atm. No radon contam ination was 
observed in  any background g a s .

S ince th e "tank" CĤ  appears to have no ra d io a c tiv e  

con tam in ation , i t  has been used as background gas throughout 

t h is  r e se a rc h . The background count ra te  at sea  le v e l  i s  

‘3 * 1 3 ± 0 .1 0  (25*) cpm at 1 atm. barom etric and 5 atm. f i l l i n g  

p r e ssu r e s . This r e s id u a l background i s  the sum o f  th e fo llo w 

in g  components:
(a ) I o n iz in g  p a r t ic le s  not d e tec ted  by the a n tico in c id en ce

arrangem ent.
(b) &L and p contam ination o f  the counter w a ll,

(c ) Compton-, p h o to -, and p a ir -e le c tr o n s  produced by
r a d ia tio n  in  the counter w all and in  the g a s .

The source fo r  y r a y s  can be e ith e r  ra d io c a tiv e  

contam inants in  th e  s h ie ld  or if rays a sso c ia te d  

w ith  the cosm ic-ray f lu x  p a ss in g  through the s h ie ld .

5y ch oosin g  a c o n c en tr ic -w a ll m u ltip le  anode guard th e  
c o n tr ib u tio n  from the f i r s t  component to  th e background i s  

. reduced to  a minimum value* The co n stru c tio n  m ater ia l (O.P.H.C. 

copper) o f  th e  counter combined w ith the n ic k e l su rface  co a tin g  

m inim ize th e  p , # and oc c o n tr ib u tio n . The sm all in te r n a l  

volume ( 0 .5  l ) , conseq uently  the sm all cathode area o f  th e  

d e tec to r  a ls o  h e lp s  to  reduce background co n sid era b ly .



Table 2.7* Measurement o f  p o s s ib le  tr itiu m  contam ination in
Air P rod u cts’ hydrogen.

CH4 Bade w ith  Air "Tank Methane" "Tritium"
P rod u cts' hydrogen opm -  2<T

cpm ±  2<T

3.19 ± 0 .0 7 3 .0 6 + 0 .0 6 0 .1 3 ± 0 .09

3 .2 3 + 0 . 0 6 3.11 ± 0 .0 6 0 .1 2 ± 0 .0 8

3 .59 + 0 .1 1 3 .4 2 + 0 .0 6 0 .1 7 i 0 .1 3

3 .2 7 + 0.01 3 .13 ± 0 .0 6 0 .1 4 + 0 .0 9

3 .27 + 0.01 3.11 ± 0 .0 6 0 . 1 6 + 0 .0 9

3 .1 9 i 0 .0 9 3.09 ± 0 .0 6 0 .1 0 0 .1 1

3 .1 6 + 0 .0 7 3.05 + 0 .0 6 0 .1 1 + 0 .0 9

3 .09 + 0 .0 6 3.00 + 0 .0 6 0 .0 9 + 0 .0 8

3 .4 7 + 0 .0 6 3 .3 2 + 0 .0  6 0 .1 5 ± 0 .0 8

Average 0 .1 3 + 0 .0 4



. 2 .2 * 4 . Modern standard a c t iv i t y  and sample counting

Standard CĤ  g as i s  prepared from the N.B. S. (N ational 

Bureau o f  Standards) o x a lic  a c id  standard. The a c t iv i t y  o f  

t h i s  g as i s  measured fo r tn ig h t ly  and th e  n et value fo r  each  
determ ination  c a lc u la te d  by su b traction  o f  the appropriate  

background count and c o rrec tio n  for  f i l l i n g  tem perature.

The mean n e t v a lu e  i s  c a lc u la te d  for  a l l  determ inations agree

in g  w ith in  2(T erro r . Further c o rr e c tio n s  are ap p lied  to  

t h i s  v a lu e  to  a llo w  fo r  both the r a d io a c tiv e  decay s in ce  

p rep aration  o f  o x a l ic  a c id  and any is o to p ic  fr a c tio n a t io n  during  

COg p rep a ra tio n . The average value obtained from measurements 

over a p er io d  o f  16 months i s  1 8 .1 6  ± 0 .1 2  (2<r) cpm at 5 atm. 
f i l l i n g  p ressu re  a t l8°C  (Table 2 .8 ) .

Samples are counted at le a s t  tw ic e , sev era l days ap art, 

for- a minimum o f  30,000 counts (<*-*17 hours) at the f i r s t  count 

and 10 ,000  counts ( ^ 6  hours) on th e second o cca sio n . The 

moan barom etric p ressu re  i s  noted  fo r  each counting p er iod  and 

th e average n e t count r a te  i s  c a lc u la te d  fo r  a l l  determ inations  

agreein g  w ith in  th e 2 (T error.
1

2 .3 . Bata P ro cess in g  and C alib ration  S tud ies
2 .3 .1 .  Mass spectrom etry and c a lc u la t io n  o f  carbon-14 

enrichm ent v a lu e s .

Mass sp ectro m etr ic  measurements are n ecessary  to  co rrect  

the carbon—14 cou n tin g  r a te s  fo r  any...fractionation  (w ith  resp e c t  

to  a standard) o f  th e  carbon is o to p e s  th a t may have taken p la ce



Table 2 .8 . V aria tion  o f  s p e c i f ic  a c t iv i t y  o f  o x a lic  ac id  

standard w ith tim e (cpm ± 2<T) •

Date o f  cou n tin g  Standard I*

9 .1 2 .6 7 18 .22  + 0 .30
2 7 .1 2 .6 7 1 8 .1 2  + 0 .27

7 . 1 .68 1 7 .9 2  ± 0 .30
23. 1 .68 18 .27  + 0 .3 7
12 . 2.68 18.07 + 0 .2 7
14. 3 .6 8 18.28 + 0 .2 7

1 * 4 .68- 18 .31  ± 0 .2 9
4 . 5 .6 8

24. 5 .6 8
5 . 6 .68

17. 6 .68
24. 6 .68
1 . 7-68
4 . 7 .6 8

26. 7 .6 8
7 . 8 .6 8

19 . 8 .6 8
3 . 9 .6 8

19 . 9 -68
1 1 .1 0 .6 8
2 9 .1 0 .6 8
1 3 .1 1 .6 8
3 0 .1 2 .6 8
14. I .69

6. 2 .69
25- 2.69
20. 3 .69
13 . 4 .6 9

Standard I I  Standard I I I

18 .87  ± 0 .2 5  
18 .7 4  ± 0 .2 5  
18 .43  ± 0 .2 7  
18 .63  ± 0 .2 7  
18 .57  ± 0 .2 9  
18.81 ± 0.27 
18 .30  ± 0 .3 0

18 .58 + 0 .2 7
1 8 .3 2 + 0.29
18 .33 + 0.28
18 .43 0.29
18 .5 2 £ 0.29
18 .25 0 ,2 6
18 .51 + 0.25
18.70 0 .29
18 .37 + 0 .2 6
18 .63 0 .2 7
18 .75 ± 0 .30
18 .67 0.28
1 8 .8 2 ± 0 .29
18.68 + 0 .2 7

* Mass sp ectro m etr ic  measurement on*'this standard was not 

a v a ila b le ;  a v a lu e  o f  —19$ w&s assumed.



in  nature or during th e c o l le c t io n  and preparation  o f  th e  

cou n tin g  gas* Samples o f  CÔ  gas are taken fo r  the measure
ment o f  th e  ^3C/*"2C r a t io ,

Craig (1953) has d iscu ssed  the r e la t io n sh ip  between the  
13 12C / C r a t io  in .n a tu r a l system s and shown th a t the enrichment
o f  Carbon-14 in  a g iven  compound should be almost e x a c t ly

tw ice  th a t o f  th e carbon-13 enrichm ent,
13 12The C / C r a t io  r e s u l t s  are expressed  w ith  resp e c t to  

a standard u s in g  th e  r e la t io n sh ip *

13C /l 2 C sample -  13C/l 2 C standard \
--------------------   x  1000 %o

13c / 2C standard /

19th  cen tu ry  wood was used i n i t i a l l y  as the standard, and the  

£ 13C va lu e  fo r  CÔ  formed by th e combustion o f  wood i s  u su a lly  

-25$o  w ith  r e sp e c t  to  PDB Ch. L st . Std. (peedee Belem nite  

Chicago L im estone Standard).
Mass sp ectro m etr ic  a n a ly ses  were performed at the N ation al 

P h y sica l L aboratory, M iddlesex, w ith an MS 3 double beam 
c o l le c t o r  system . For S13C measurement C02 from th e sublim ation  

o f  dry—ic e  was used as a secondary standard. The measured 

enrichm ent o f  t h i s  gas i s  — 25$o r e la t iv e  to  PDB Ch. L st . S td .,  

i . e . ,  i t  i s  eq u iv a len t to  19th century wood. Therefore the  
f in a l  r e s u l t  was c a lc u la te d  w ith  th e  fo llo w in g  formulas

S 13C sample -  ( S13C enrichment -2 5 ) #0

Carbon—14 v a lu e s  are quoted as per mi11age enrichment w ith

S 13c =
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r esp e c t to  0 , 950' tim es the a c t iv i t y  o f  the UBS o x a lic  a c id  

which i s  regarded as eq u iva len t to the a c t iv i t y  o f  age 

co rrected  19th c e n t u r y  wood. I t  w i l l  he noted  th a t r e s u l t s  
are exp ressed  both in  terms o f  aR(i ^  # ^  f ormer term

has l i t t l e  s ig n if ic a n c e  and r e fe r s  to  the enrichment measured 

p r io r  to  co rr e c tio n  fo r  is o to p ic  fr a c tio n a t io n  occu rring in  

th e  sample and/or i t s  p ro cess in g  in  the lab o ra to ry .
C a lc u la tio n s  are ca rr ied  out u sin g  th e method d escrib ed  

by Broecker and Olson (Radiocarbon, Vol. 3 , p. 176-204? 1 961).

0 .950
-1 x 1000 $0

where, oc  -  D ilu tio n  fa c to r  ap p lied  in  c a se s  where sample

d ilu t io n  w ith in a c t iv e  m ater ia l has occured, 

1 .
A s  The sample s p e c i f ic  a c t iv i t y  corrected  fo r

s
decay due to  i t s  age.

' A -  The s p e c i f ic  a c t iv i t y  o f  UBS o x a lic  a c id .

•14n ( oA  a  -  (2 S +  50)

S14c
(1 + — —  )

1000

13,where S C i s  th e  per m il d if fe r e n c e  between th e  '"’C con ten t

o f  th e  sample and th e standard belem nite sampler

Reported ages are c a lc u la te d  u sin g  th e fo llo w in g  r e la t io n s h ip :

Age ( T )  -  8033 lo g

i  +  A t  i ° - 3



C a l c u la t io n s  o f  th e erro rs  in  £ ] ';c and A  v a lu e s , and 

ages  a r e  b ased  on th e  procedure d escribed  by Callow e t a l

(1965) .

C ra ig  (1961) has made a survey o f  1.1 a ~3 s p e c t ro m e tr ic

a n a ly s e s  o f  ra d io c a rb o n  s tan d a rd s -  He a n a ly sed  24 samples
o f  C0o from th e  o x id a t io n  o f  I;b3 o x a lic  ac id  ra d io c a rb o n  d '
s ta n d a rd  ( s u b m it te d  from 13 radiocarbon l a b o r a t o r i e s  th ro u g h o u t 

th e  w orld)  f o r  ^3C c o n te n t  in  order to  provide com parative  

d a ta  f o r  n o rm a l iz in g  th e  counting r e su lts*  Using h i s  p ro p o s a l  

th e  a g e - c o r r e c t e d  KBS o x a l i c  acid  standard i s  n o rm a lise d  to  a 

S 13C v a lu e  o f  -1 9 $0 w ith resp e c t to  PITO Ch. L s t ,  Std,

N.B, S. o x a l i c  a c id  i s  our laboratory  s ta n d a rd  and a l l

carbon -1 4  m easurem ents  o f  o x a l i  

a s  f o l l o w s s -

1 - 2(

acid

r ! 3  P . . .c ) V b:' 0 0 .«

norm alized  f o r

4- 19)

13,

1000

where, A a

S 13C s t d .  a

The a c tu a l  measured co u n tin g  r a t e  c o r r e c t e d

f o r  decay.
1 ^The S’ ~C v a lu e  o f  N .B . S. o x a l i c  a c id  

ex p re ssed  w ith  r e s p e c t  to  PDB Ch. L s t .  S td .

2 .3 .2#  R e s u l t s  o f  i n t e r c a l i b r a t i . c n  experim en ts

B efo re  r o u t i n e  measurement o f  carbon—14 a c t i v i t i e s  and ages 

began a number o f  sam ples were requested  from v a r io u s  e s t a b l i s h e d  
l a b o r a t o r i e s  f o r  i n t e r c a l i b r a t i o n  pu rp oses, The r e s u l t s  o f  th e s e  

sam ples , a s  shown in  Table 2.9 proved the v a l i d i t y  o f  ou r method 

o f  g a s  p r e p a r a t i o n  and c o u n tin g  techn iq ue.



Table 2.9* I n te r c a lib r a t io n  o f  carbon-14 assays

Sample d e sc r ip t io n The age o f sample in  years

-
Glasgow
Univ.

Birmingham
Univ.

Lamont
Geo.Obs.

T. Hamada,
J apan,
I n s t .  Phys. 
Chem*

Charcoal 
(B irch -B etu la )

1908 ±  60 2100 ± 80

Marine S h e ll  
(A rctica  I s la n d ic a )

1 1 ,7 8 7 £ 1 2 2 11,900 ±1 7 0

Peat
(from Redkirk 

p o in t)

11,828 ± 1 0 5 11,205 -1 7 7
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2*4* P o s s ib le  Sources o f  Error

The measurement o f  th e  carbon~l4 a c t iv i t y  o f  a sample 

i s  su b jec t to  a co n sid era b le  number o f  e rr o r s . The most 

common e rr o r s  are (a ) r a d io a c tiv e  contam ination , (b ) 

contam ination  w ith  carbonaceous m a ter ia l, (c ) fr a c tio n a t io n  

o f  th e  carbon is o t o p e s ,  (d) v a r ia tio n  in  th e f i l l i n g  o f  th e  

cou n ter , (e )  spu riou s p u lse s  due to  e le c tr o n ic  d i f f i c u l t i e s ,
( f )  variation ^ -in  the counting e f f ic ie n c y ,  (g) v a r ia tio n  in  

th e background, and (h) memory e f f e c t s  o f  the counter.

Radon contam ination  was observed in  the ea r ly  samples 

d erived  from atm ospheric CÔ * The only p o s s ib le  source o f  

t h i s  contam ination  was the BaCl^ used to  p r e c ip ita te  the BaCO  ̂

from s o lu t io n . Three typ es o f  commercial BaCl^ have been 

t e s t e d  fo r  radium con ten t by measuring the radon p resen t in  

th e  sample g as (T able 2 ,1 0 ) .  The radon contam ination was 

l e a s t  in  th e  product manufactured by B.D.H. Chemicals Ltd. 
Although an cA—p la tea u  o f  th e  counter has been determined  

(F igu re 2 ,1 6 ) th e sam ples are g e n e ra lly  stored  fo r  two weeks 
p r io r  to  cou n tin g  to  a llo w  th e  decay o f  p o s s ib le  contam ination  

o f  radon and i t s  daughter products ra th er  than d ir e c t  measure

ment.
In  th e  ca se  o f  atm ospheric CÔ  samples th ere are two 

p o s s ib le  so u rces  fo r  th e  contam ination w ith carbonaceous 

m a ter ia l ( l )  The KOH so lu tio n  may con ta in  some carbonate,

(2) COg may be p icked-up  from the lab oratory  atmosphere during  
th e BaCO  ̂ p r e c ip i t a t io n .  The f i r s t  p o s s ib i l i t y  was e lim in a ted



Table 2*10, I n v e s t ig a t io n  o f  radon contam ination from variou s  

sou rces .

Sample Date o f  gas  
produ ction

Dates o f  
counting

Net a c t iv i t y  
cpm ± 2 (T*

Radon 
and i t s  
daughter 
products

Atmospheric 14* i  2-. 19 67
C0o as BaCÔ

( i ) 3
(H ydrolysis)

14A 5 . 12.1967 40.58 t o . 57 
3. 1.1968 2 8 .57 ± 0 .3 7 )
9 . 1.1968 27. 9 4 ^ 0 .3 3  f 28 .26 ± 0 .2 0  

18. 1.1963 28.27 * 0 .369

% 5 pc

Atmospheric 
CO ̂  as BaCO^

(X) 3
(H ydrolysis)

1 9 .1 2 .1 9 6 7  1 9 /2 0 .1 2 .1 9 6 7  37.15 ± 0 .4 5
8 . I.19c<> 2 8 .471' 0 .331 ?g 7 6 ^ 0

17. 1.1968 29.O5 t O . 33)

3.8  pc

Atmospheric 1 6 .1 2 .1 9 6 7  
CO as BaCO

2 ( 2 ) 3

(H ydrolysis)

16 .12 .1967  6 6 .6 2 tO .7 1
4 . 1.1968 28.88 ± 0 .3 3 '

19 . 1.1968 28. 6 6 t O . 2 8 , 8 8 +
24. 1.1968 28.88 ± 0 .5 0 j  20* ° 4 - u .2 2

17*0 pc

Atmospheric 28 .12 .1967  
C0o as BaC0o
.  ■ ( 3) 3
(H ydrolysis)

28 /2 9 .1 2 .1 9 6 7  29.07 ± 0 .3 5
22. 1 .1968 2 8 .4 6 ± 0 .3 2
31. 1 .19  68 28 . 5 3 tO .3 8

n e g l ig ib le

Oxalic ac id  
Standard

oxidation)

8 .1 2 .1 9 6 7  9 .1 2 .1 9 6 7  .18. 22 ± 0 .3 0
27 .12 .1967  I 8 . l 2 t 0 . 2 7  
23. 1.1967 I 8 .2 7 t 0 .3 7

None

Charcoal
(combustion)

2 0 .1 2 .1 9 6 7  2 0 /2 1 .1 2 .1 9 6 7  13.68 ± 0 .3 0  
28 .12 .19  67 13 .53  1 0 .2 6

None
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by p r e c ip it a t in g  any carbonate presen t in  the KOH so lu tio n  

as BaCO y  As to  th e  second? blank runs have shown th a t  

t h i s  e f f e c t  was n e g lig ib le ?  i . e . ?  maximum BaCÔ  c o l le c te d  

under experim ental c o n d it io n s  was 0*2g . Since the normal 
y ie ld  from any exposed so lu tio n  i s  in  the range o f  80 -  llO g  

BaCO ,̂ th e  maximum contam ination i s  th ere fo re  < 0 .3 $  which 

i s  w ith in  th e  l im ita t io n s  o f  s t a t i s t i c a l  counting error  

( l g  BaCO  ̂  ̂ 0 .1135  1 C02 at S.T .P.).
In the treatm ent o f  organic? e s p e c ia l ly  d atin g  samples? 

p a r tic u la r  a tte n t io n  was paid  to  avoid  contam ination o f  th e  

sam ples w ith  rec e n t m ater ia ls?  i . e . ?  paper and im pregnating  

m a te r ia ls .
The h igh  production  e f f i c i e n c i e s  (95-100$) achieved have 

served to m inim ize th e error due to  fr a c tio n a tio n  o f  carbon 

is o to p e s  during chem ical p rep aration . Further, mass sp e c tro -  

m etric  measurements were made on every sample to  co rrect fo r  

any fr a c t io n a t io n  th a t had taken p la ce  e ith e r  in  nature or in  

th e la b o ra to ry . .
The tem perature o f  th e gas during th e f i l l i n g  i s  recorded  

and n ecessa ry  p ressu re  co rr e c tio n s  made. In Figure 2.17 th e  
c o rrec tio n  fa c to r  as a fu n ction  o f  f i l l i n g  temperature has been 

p lo t te d . The fa c to r  was chosen to  be 1 .000 fo r  l8°C a r b it r a r i ly .

In  any s e n s i t iv e  e le c tr o n ic  system th ere  i s  always the  
p o s s ib i l i t y  o f  record in g  extraneous counts due to  pick-up o f  

ex tern a l e l e c t r i c a l  n o is e  and h igh  v o lta g e  breakdowns. In  our 

system th e autom atic data p r in te r s  &11ow us to  make c o rr e c tio n s  

as m entioned b e fo re , and a ls o  the in c lu s io n  o f  an RF antenna
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c a n c e ls  s p u r io u s  p ic k -u p  in  th e  conso le  e l e c t r o n i c s .

There a re  two p o s s i b l e  so u rces  fo r  v a r i a t i o n  in  th e  

c o u n t in g  e f f i c i e n c y ;  th e  p u r i t y  o f  th e  g a s ,  and th e  e l e c t r o n i c  

s e n s i t i v i t y .  The p u r i t y  o f  the  gas i s  m onito red  from th e  

d i f f e r e n c e  o f  g r o s s  and n e t  p count r a t e s  as  re c o rd ed  by th e  

p r i n t e r s .  G ross minus n e t  p ( A )  i s  th e  number of  c o in c id en c e  

e v e n ts  and a m easure o f  th e  cosmic ra y  f l u x  which i s  e s s e n t i a l l y  

c o n s t a n t .  ^Therefore any d e c rea se  in  th e  A  v a lue  w i l l  i n d i c a t e  

th e  im p u r i ty  o f  th e  g a s  due to  l o s s  o f  a n t ic o in c id e n c e  e v e n ts  

by th e  a c t i o n  o f  e l e c t r o n e g a t iv e  i m p u r i t i e s .  Another i n d i c a t i o n  

f o r  an im pure g a s  i s  th e  le n g th  o f  th e  p la t e a u .  As th e  gas  

becomes im pure th e  l e n g th  o f  th e  p la t e a u  becomes sh orter .
Since th e  coun t r a t e  o f  th e  s ta n d a rd  gas  has  remained c o n s ta n t  

w i th in  th e  e r r o r  (i:2cr) l i m i t s ,  we can assume t h a t  the  

e l e c t r o n i c  s e n s i t i v i t y  d id  n o t  change d u r in g  th e  time o f  t h i s  

s tu d y .
The v a r i a t i o n s  i n  th e  background cou ld  be a s e r io u s  source  

o f  e r r o r  e s p e c i a l l y  f o r  very  o ld  sam ples. DeVries and

Barendsen ( 1953) and Fergusson ( 1955) have shown that th e s e  

v a r i a t i o n s  a r e  l a r g e l y  o f  n a t u r a l  o r ig i n  due to  f l u c t u a t i o n s  

in  th e  cosm ic—r a y  f lu x  a t  th e  s u r f a c e  o f  th e  e a r th ,  This h a s  
been d em o n s tra ted  by c o r r e l a t i n g  th e  background counting r a t e  

w ith a tm o sp h e r ic  p r e s s u r e .  S ince a l a r g e  p a r t  o f  th e  cosmic 

ra y  f lu x  i s  ab so rb ed  by th e  atm osphere th e  amount reaching th e  

e a r th * s  s u r f a c e  i s  i n v e r s e l y  p r o p o r t io n a l  to  b a ro m e tr ic  p r e s s u r e .  

We have a l s o  o b se rv ed  and r e c o r d e d * th e  v a r i a t i o n  o f  background 

w ith atm ospheric p ressu re  fo r  two y e a rs . The r e s u l t s  showed



a change o f  - 0 ,1 1  counts/cm  Hg fo r  5 atm, f i l l i n g  p ressu re  as  

m entioned e a r l i e r  (F igure 2*15)*

The system  i s  pumped to  high vacuum, < 1 m icron, between 

sam ples, hence th e  p o s s ib i l i t y  o f  measurable memory e f f e c t  

does not e x i s t ,  .



CHAPTER 3 . MEASUREMENTS OP CARBON~14 IN TROPOSPHERIC CO^

Tropospheric CO samples have been c o l le c te d  s in ce  the  

b eginn ing o f  1967' a t 11 s ta t io n s  d is tr ib u te d  throughout both 

hem ispheres* Sampling l o c a t i o n s  ranged from 60°N to  75° S 

L at, and from I23°W to  1TB°E Long (F igure 3*1 ). These 

p a r t ic u la r  s ta t io n s  were chosen for  the fo llo w in g  reasons:

1) To perm it a study o f  the la t i tu d in a l  d is tr ib u tio n
o f  th e "bomb*' carbon-14 , and an in v e s t ig a t io n  o f  

th e  la r g e - s c a le  tr a n sfe r  p ro cesses  o f  CÔ  in  th e  
trop osph ere .

2) To a llo w  a comparison o f  carbon-1 4  data w ith the
r e s u l t s  found f o r  p a r tic u la te  f i s s io n  products  

(The U.K. Atomic Energy Research E stablishm ent, 

H arw ell, has been measuring the a c t i v i t i e s  o f  

S r-90 , Cs-137; Ba-140, Zr-95, Ce-141, e t c . ,  in  
sam ples ob ta in ed  from th ese  same s ta t io n s  fo r  

sev e r a l y e a r s ) .
3) The a v a i la b i l i t y  o f  m eteo ro lo g ica l data from most

s i t e s  provided a d d i t i o n a l  inform ation  for  

c o r r e la t io n  purposes*
4) The sam pling was being performed by r e l ia b le  and

q u a lif ie d  personnel*
Where p o s s ib le  sampling s ta t io n s  were chosen which were 

u n lik e ly  to  be a f fe c te d  by lo c a l  contam ination from carbon-1 4  

free  CÔ  produced by f o s s i l  fu e l com bustion. The magnitude
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o f  th e  ." lo c a l"  Suess e f f e c t  has  r e c e n t ly  been s tu d ie d  by 

Walker (B. Sc. T h e s i s ,  May 1969) who found d i f f e r e n c e s  o f  up 

to  18# i n  a tm o sp h er ic  carbon -1 4  c o n c e n t r a t io n s  between a  r u r a l  

a re a  and an a d ja c e n t  i n d u s t r i a l  c e n t r e .  H is s tudy c l e a r l y  

i l l u s t r a t e d  th e  im p o rtan ce  o f  th e  cho ice  o f  a  sampling s i t e  

f o r  t h i s  ty p e  o f  r e s e a r c h .

The r a t e s  o f  exchange between v a r io u s  r e s e r v o i r s  o f  th e  

carbon c y c le  have been e s t im a te d  by s e v e ra l  workers and, a s  

s t a t e d  p r e v i o u s l y ,  th e  r e s u l t s  o b ta in e d  from th e s e  s tu d ie s  

showed g r e a t  d iv e rg e n c e .  With th e  p re s e n t  study however i t  

i s  l i k e l y  t h a t  th e  r e s u l t s  w all be more a c c u ra te  because;
1) There have been no m ajor n u c le a r  d e to n a t io n s

s in c e  1962 which would s i g n i f i c a n t l y  a f f e c t  

t h e  r a d io c a rb o n  budget o f  th e  atm osphere.

2) The s t a t i s t i c a l  u n c e r t a i n t i e s  on th e  measurements
o f  c arbon-14  c o n c e n t r a t io n s  in  c u r r e n t  samples 

would be much sm a l le r  than  th o se  o b ta in e d  on 

sam ples  c o l l e c t e d  p r i o r  to  1961 when a c t i v i t i e s  

were lo w er .
3) With th e  l a t i t u d i n a l  sp read  o f  sam pling s t a t i o n s

a much w ider coverage h as  been o b ta in e d .

As d e s c r ib e d  p re v io u s ly  cum ula tive  monthly c o l l e c t i o n s  o f  

a tm ospheric  CO  ̂ sam ples from each s t a t i o n  were r e tu r n e d  to  

Glasgow f o r  carbon—14 assay* Due to  r e s t r i c t i o n s  o f  tim e and 

c o u n tin g  f a c i l i t i e s  every  t h i r d  sample was measured. Where 

any r e s u l t  was q u e s t io n a b le  th e  c o l l e c t i o n s  from a d ja c e n t  

months were a l s o  a n a ly s e d .



3*1* D is tr ib u t io n  o f  the Sampling S ta tio n s  in  the Northern  
Hemisphere and R esu lts*

The fo llo w in g  f iv e  s ta t io n s  have been e s ta b lish e d  in  th e  
northern hem ispheres

( l )  Lerw ick,

L ocations

Operators

S ite  d e sc r ip t io n s

60° 0 8 'N L at, 01° 11'W Long 

M eteorolog ica l O ff ic e , The 

O bservatory.
300 yards so u th -ea st o f  the  

O bservatory, and 1*5 m iles  
south-w est o f  Lerwick.

82 m above sea l e v e l .

Changes sea so n a lly  between 
9 knots in  summer and 17 

kn ots in  w in ter .
P r e v a ilin g  wind d ir e c tio n  i s  

south-w est to  n o r th -e a st.

The KOH so lu tio n s  were exposed  

in  th e w e ll v e n t ila te d  Bast hut 

at moderate tem perature. 
According to  the operators  
rep ort there i s  no p o s s ib i l i t y  

o f  a " local"  Suess E ffe c t .

Carbon-14 con cen tra tio n s are shown in  

Table 3 .1 .

A lt itu d e :  

Wind speed:

Wind d ir e c t io n :

Sampling procedure:

Comment:



Table 3 .1 .  Carbon-14 c o n c e n t r a t io n s  in  t ro p o s p h e r ic  CO^
c o l l e c t e d  a t  Lerwick (60° 0 8 ’N L a t ,  01° 1 1 'W Long).

Date o f sam pling t  :

! 
!

s 
1

M O 0̂0 *

J  an * 1967 63.73 0 .7 5 -2 1 .2 4 + 1* 62.50 ± 0.80

Feb. 1967 6 6 . 6 2 T 0 .8 4 -2 1 .2 4 ± 1* 65.37 ± 0.90

Mar. 1967 6 6 . 22 .1. O.85 -2 1 .2 4 i  l* 64.97 ± 0.91

Apr. 1967 69.35 £ 0 .90 -2 1 .2 4 4 -J* 68.08 ± O. 96

J u l . 1967 67.73 0 .85 -22 .4 1 1 1 66.86  ± O.91

Oct. 1967 8 0 .4 2 *r 1 .06 -2 1 .5 2 ± 1 79 .16 t  1 .1 2

Nov. 1967 65.04 T 1.14 -2 2 .5 9 ± 1 64.15  t  1.20

J  an . 1968 62 .35 T 1.15 - 21.22 J U  -£ 1 61.12 ± 1.21

Apr. 1968 68.13 4 1.18 - 22. 66 1 1 67.34  £  l .  26

J u l . 1968 63.97 t 0.91 -1 8 .3 8 i  1 61.80 £  O.98

Oct. 1968 58.81 a . 1.00 -1 9 .8 7 ±  l 57.18 £  1 .05

*  assumed v a l u e > no mass s p e c i ro m e tr ic  measurement was a v a i l a b l e .



L ocation :

O perator:

S ite  d e sc r ip t io n :

A lt itu d e :

Wind speed:

Wind d ir e c t io n :  

Sampling procedure: 

Comment:

Carbon-14 
Table 3 ,2

48° 25'N L at, 123° 19'W Long. 

Defence Research E stablishm ent 
P a c if ic .

On p en in su la  adjacent to  Canadian 

Forces Base, Esquim alt.

About 60 m above sea l e v e l .  
E s s e n t ia lly  constant throughout 

;the y ea r , range 9 -1 2  k n ots. 
P r e v a ilin g  south-w est during  

January to  September and north
e a st during October to  December. 

The so lu t io n s  were exposed in  

a covered box w ith gauze s id e s  

to  a llow  fr e e  c ir c u la t io n  o f  a ir .  
The p o s s ib i l i t y  o f  a " local"

Suess E ffe c t  from the adjacent 

naval base i s  u n lik e ly  s in ce  

th e operators rep ort the  
p r e v a ilin g  wind to  be d ir e c t ly  

from the ocean fo r  more than 70$ 

o f  the tim e.

con cen tra tio n s are shown in

G ib ra lta r ,

L ocation : 36° 09'N L at, 05° 21’W Long.
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Table 3 .2 .  Carbon-14 c o n c e n t r a t io n s  in  t ro p o s p h e r ic  CC>2 

c o l l e c t e d  a t  V ic to r i a ,  B.C. ( 48° 25* N L a t ,

123° 19 *W L ong).

Date o f  sam pling  ^ C  $ $0 $

J a n .  1967 6O.38  ± O.83 -1 8 .3 8 ± 1 58.27  t  0 .88

Apr. 1967 63.92  i  0 , 90 -1 7 .5 8 ± 1 61.49  i  0 .9 2

J u l .  1967 65.10  ± 0.90 -1 8 .2 9 1 1 62.88  ± 0 .9 6

O ct. 1967 59 .37  1 O.85 -17-97 i  1 57.13  + 0 .91

J a n .  1968 58 .36  i  0.89 -2 0 .7 4 1 1 57.01  i  0 .97

Apr. 1968 68.41  ± 1.05 -2 1 .8 7 ± 1 67.36  t  1 .12

May 1968 65.99  t  1.00 -20,21 1 1 64.42  t  1.07

Sep. 1968 53 .54  + 0.91 -2 1 .8 1 ± 1 52 .56  ±  0 .95 '

Dec. 1968 52.97  i  0.95 -2 1 .4 9 1 1 51.90  + 1.03



O perator:

A l t i t u d e :

Wind speed:

Wind d ir e c t io n :

S it e  d e s c r ip t io n :

Sam pling proced ure:

Comment:

M e te o r o lo g ic a l  O ff ic e .

Sea l e v e l .

Changes betw een 10 and 15 k n o t s  
a c c o rd in g  to  sea so n .

E a s t e r l y  and e a s t e r l y .

On th e  a i r p o r t , R .A .F . N o r th  

F r o n t .

The s o l u t i o n s  were exposed  i n  

a  w e l l  v e n t i l a t e d  room a d ja c e n t  

to  an open window*

The u rb an  a r e a  o f  G i b r a l t a r  

e x te n d s  from about one m i le  t o  

t h e  so u th  o f  sam pling  s i t e .

The p o s s i b i l i t y  o f  a “l o c a l ” 

Suess E f f e c t  i s  u n l i k e l y .

Carbon-14 c o n c e n t r a t i o n s  a r e  shown in  

T able 3 .3 .

(4 ) Hong Kong,

L o ca tio n :

O perator:

S it e  d e s c r ip t io n :

A lt itu d e :

Wind speed:

22° 1 8 *N L a t , 114° 1 0 »E Long. 

M e te o r o lo g i c a l  O f f i c e ,  Royal 

O b se rv a to ry ,

On to p  o f  a h i l l ,  f i v e  m i l e s  

n o r t h - e a s t  o f  th e  Royal O b s e rv a to ry .  

1880 f e e t  above mean s e a  l e v e l .  

E s s e n t i a l l y  c o n s ta n t  th ro u g h o u t  

t h e  y e a r ,  ra n g e  5 -7  k n o t s .



Table 3-3* Carbon-14 c o n c e n t r a t io n s  in  t ro p o s p h e r ic  CO^

c o l l e c t e d  a t  G i b r a l t a r  (36° 09 ’N L a t ,  05° 21 'W L ong).

Date o f sam pling 14C i 13c $

J  a n « 1967 67.09  + 0.80 - 21.01 t  1* 65.76  ± 0 .8 6

Apr. 1967 67.15  + O.85 - 21.01 + 1* 65.82  ± 0 .91

J u l . 1967 68.77 i 1.20 - 21.01 ± 1* 67.42  t  1.28

Sep. 1967 64.92  + 1 .14 - 19.01 ± 1 62.94  ± 1.20

Oct. 1967 99 .05  t 1.11 -2 0 .3 5 ± 1 97.15  + 1.18

Nov. 1967 69.14  t I .64 -2 1 .5 7 t  1 67.98 + 1.69

J a n . 1968 67.79 i 0 .85 - 2 0 .1 2 i  1 66,15  ± 0 .91

Apr. 1968 57.41 + 1.08 -2 0 .3 9 1 1 55 .96  +  1 .1 6

J u l . 1968 52.59  + 0 .89 -2 3 .1 6 + 1 52.03  + 0 . 95,

O ct. 1968 67.00 + 1.10 -2 2 .2 9 1 1 66.09  ±  1.17

Nov. 1968 54 .04  t 1 .21 -2 1 .2 1 i  1 52.87 t  1*30

* assumed v a lu e j  no mass s p e c t ro m e tr ic  measurement was a v a i l a b l e .



Wind d i r e c t i o n ?  

Sampling p ro c e d u re :

Comment *

P re v a l in g  wind d ir e c t io n  1 ,-;; 
e a s t e r l y .

The s o lu t io n s  were exposed a t  

T a tes  Cairn r a d a r  s t a t i o n  in  

a  Stevenson screen  which 

s h e l t e r s  th e  samples from both 
r a i n  and dry d e p o s i t io n .  

According to  th e  o p e ra to r s  

r e p o r t  th e re  i s  no p o s s i b i l i t y  

o f  a " lo c a l"  Suess E f f e c t .

Carbon-14 c o n c e n t r a t io n s  a re  g iven in  

T ab le  3*4*

S in g ap o re ,

L o c a t io n :

O p e ra to r :

S i t e  d e s c r i p t i o n :  

A l t i t u d e :

Wind sp eed :

Wind d i r e c t i o n :

Sampling p ro c e d u re :

01° 22'N L e t ,  103° 59 'E  Long. 

M eteo ro lo g ica l  O f f ic e .

At th e  a i r p o r t ,  R.A.F. Changi* 

Sea l e v e l .
E s s e n t i a l l y  c o n s ta n t  th roughou t 

th e  y e a r ,  range  30 5 knots* 
P r e v a i l i n g  n o r th - e a s t  to  sou th

west d u r in g  w in te r  and sou th 

west to  n o r t h - e a s t  du rin g  summer 

The s o lu t io n s  were exposed on 

th e  ba lcony o f  th e  O f f i c e ,  

p r o t e c t e d  from dry d e p o s i t io n .
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Table 3*4» Carbon-14 co n cen tra tio n s in  troposph eric  CÔ

c o l l e c t e d  a t  Hong Kong (22° 18 'N L a t ,  114° 10*B Long).

Late o f  sam pling 14C $ . 13c %o i

J a n .  1967 60.38  £ 0.90 - 26.29 £ 1 60.79 ~ O.95
Apr. 1967 61.17  ± 0 .8 6 - 25.51 ± 1 61.33 £ 0 .9 2
J u l .  1967 55 .16  ± O.85 - 26.25  t  1 55.55  £ 0 .89
Nov. 1967 51.07  ± 1.00 - 27.01 t  1 51.68  t  1 .1 2

Jan. 1968 54 ,04  t  1 .1 2 - 28,06  £ 1 54.98  ±  1.21

Apr. 1968 56 .57  t  O.98 - 26.15  t  1 56.93 i  I .05

J u l .  1968 52.58  ± 1.10 - 21.44  £ 1 51.49 £ 1 .18

Nov. 1968 54.71  i  0.95 -2 4 .3 9  t  1 54 .52  t  0 .9 7



Carbon-14 con cen tra tion s are shown 
in  Table 3*5*

3 .2 . D is tr ib u t io n  o f  the Sampling S ta tio n s in  the Southern 

H em isphere•and R e su lts .

The fo llo w in g  s ix  s ta t io n s  have been e s ta b lish e d  in  the  

southern hem isphere.

( l )  Suva» F i j i  I s la n d ,

L ocation :

O perator:
S ite  d e s c r ip t io n :

A lt itu d e :

Wind speed:

Wind d ir e c t io n :

Sampling procedure:

Comment:

18° 0 9 'S  L at, 178° 27'E Long. 

M eteorolog ica l O ff ic e .
About 300 yards from th e coast  

on th e windward s id e  o f  the  

p en in su la .
100 m above mean sea  l e v e l .  

V aries between four and n in e  

knots according to  season . 
P r e v a ilin g  wind d ir e c t io n  i s  

e a st to  so u th -ea s t .

The so lu t io n s  were exposed in  
one o f  th e ir  instrum ent h u ts .

The Suva harbour, the n ea rest  

smoke producing cen tre , i s  on 

th e leeward s id e  o f  th e p en in su la . 

There i s  l i t t l e  p o s s ib i l i t y  o f  a 

•‘l o c a l " Suess E ffe c t .



91

J

Table 3*5- Carbon-14 con cen tra tio n s in  troposph eric  CQ̂

c o l le c t e d  at Singapore (01° 22’N L at, 103° 59' E Long)

Date o f  sam pling 14C $  13C

Apr. 1967 64. 1 4 + O.8 4  -2 1 .9 0  ± 1  63 .12  i  0 .9 0

J u l . 1967 62.51 + O.9 4  -2 2 .6 3  + 1 61.74  ± 1 .01
O ct. 1967 66.37  + 0 .9 0  -2 5 .0 0  + 1 66.37  1 0 .9 0
Jan. 1 9 60 58 .98 + O.83  -2 2 .0 6  ± 1 58.05 + O.9 2

Apr. 19 63 57 .35  + O.83  -2 3 .8 0  + 1 56 .97  ± O.97

J u l . 1968 53 .25  + 1 .10  -2 5 .5 2  ± 1  53-41 ±  1 .1 5

O ct. 1968 5 1 .1 2  + 1 .1 4  -2 3 .5 8  + 1 50.69 + 1 .21



Carbon-14 o on contr &1. z. on s are shown in  
Table 3 .6 .

P r e to r ia t

L ocation :

O perator:

S ite  d e sc r ip t io n :

A lt itu d e :
Wind speed:

Wind d ir e c t io n :  

Sampling procedure:

J
25° 43**3 L a t ,  28° 16’E Long.
Atomic Energy Board.

The sa te  i s  s i t u a t e d  a t  

P e l in d a b a ,  in  a s p a r se ly  
populated co u n try .  The n e a r 

e s t  urban  a re a s  are Johannesburg  

and P r e t o r i a  which are  r e s p e c t i v e l y  

36 ro iles  sou th  and 19 m i le s  e a s t  

o f  Pelindaba.
4200 fe e t  above sea l e v e l .

Changes between 2 - and 110 k n o ts ,  

bu t for 30$ o f  the t im e i t  rem ains 

a t  5-6  knots*

P r e v a ilin g  between n o r th -ea st and 

n orth -w est.
The s o lu t io n s  were exposed o u t
doors  in  a Stephansen screen which 

a l s o  houses m e te o ro lo g ic a l  in stru m en ts. 
The tem p e ra tu re  was moderate th rough

ou t th e  y e a r .

Carbon-14 con cen tra tion s a re  given  in  

Tafele 3*7*
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Table 3 .6 . Carbon-14 con cen tra tio n s in  troposph eric C0'2

c o l le c t e d  at Suva (18° 0 9 ’ S Lat, 178° 27’E Long).

Date o f  sam pling $o $

J an. 1967 61.84 + 0 .85 -1 8 .5 2 + 1 59-74 t 0 .87
Apr. 1967 58 .14 ± O.85 -1 8 .9 2 j. 1 56.22 4 0 .91
J u l. 1967 58 .53 -V 0 .90 -1 8 .0 6 + 1 56.33 ± 0 .9 6

Oct. 1967 64.53 + 1.18 -1 8 .0 2 + 1 62. 23 + 1.27

Jan. 1968 54-94 ± 1.10 - 20.83 + 1 53.65 i 1 .1 6

Apr. 1968 55 .45 + 0 .90 -2 1 .2 4 +■1 54-34 ± o .9 5

J u l. 1968 5 6 .12 t 0 .9 2 -2 1 .9 4 + 1 55.16 t 0.98

Oct. 1968 54-55 i 1.00 -2 1 .7 4 ± 1 53-54 4 1 .04
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Table 3.7* Carbon-14 con cen tra tio n s in  tropospheric CÔ

c o l le c t e d  at P re to r ia  (25° 4 5 1 S Lat, 28° 16'E Long).

Date o f sam pling * 13C $0 f

Jan. 1967 64.54 ± O.89 -2 2 .7 6  i  1 63.80  t  0 .9 5

Apr. 1967 6O.49 ± O.83 - 2 4 .3 2  i  1 60 . 27 i  O.89
J u l. 1967 58 .42  i  I .04 - 24.09 t  1 58.13 t  1.09
Oct. 1967 65.77 i  O.85 - 23.46  ± l 65. 26 i  O. 92

Jan. 1968 58.98 i  1 .14 -2 3 .3 0  + 1 58.44 ± 0 .9 5

Apr. 1968 54.21 ± 0 .87 - 24.80 i  1 54.15 ± 1 .23

J u l. 1968 51.91 i  1 .25 -2 1 .5 7  t  1 50.87 ± 1 .30

Oct. 1968 63.19 1 1.01 -24  . 29 ± 1 62.96 t  1 .05

Dec. 1968 52 .53 t  O.85 -2 3  . 60 ± 1 52.10 ± 0 .9 2
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( 3) Melbourne*

L ocations  

Operators 

S ite  d e sc r ip t io n s

A ltitu d e s  

Wind speeds

Wind d ir e c t io n s  

Sampling procedures

Comment:

37° 49*S L at, 144° 58*E Long, 

M eteorolog ica l O ff ic e .

I t  i s  s itu a te d  in  the m eteo ro lo g ica l 
O ffice  in  Melbourne C ity . 

Approximately 30 m above sea l e v e l .  

E ss e n t ia lly  constant throughout 
th e y ea r , range 4 -6  k n ots .

P re v a ilin g  north -w est to  south
ea st during summer and so u th -ea st  

to  north-w est during w in ter.

The so lu tio n s  were exposed in  a 
thermometer screen and a perspex  

p r o te c tiv e  hood was provided as  
p ro tec tio n  a g a in st dry d e p o s it io n . 

There are some smoke producing  

stack s w ith in  one m ile o f  the s i t e  

and the harbour i s  approxim ately  

th ree  m ile s  away. T herefore, th ere  

may be a s l ig h t  p o s s ib i l i t y  o f  

contam ination o f  the samples by 

f o s s i l  fu e l COg.

Carbon-14 con cen tra tion s are g iven  in  

Table 3 -8 .
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Table 3 .8 .  Carbon-14 c o n c e n t r a t io n s  in  t ro p o s p h e r ic  CC>2

c o l l e c t e d  a t  Melbourne (37° 49* S 'L a t ,  144° 58’ E Long)

Date o f  sam pling  14C % i 3 C ■ % $

J a n .  1967 55*61 ± O.91 -2 5 .0 3  ± 1 55-62 i  O.96

Apr. 1967 5 6 .34  t  O.85  -2 6 .7 3  t  1 56.88 + 0 .91

J u l .  1967 51 .23  ± 1.00  -  20.12 ± 1 49 .75  ± 1 .05

O ct. 1967 52 .30  + 0 .90  -2 1 .4 4  i  1 5 1 .22  ± 0 .9 2
J a n .  1968 5 2 .86  ± O.83  -1 9 .1 4  ± 1 51.07 i  O.89

A pr./kay 1968 50*39 i  1*08 -20*55 t  1 49*05 t  1*15

J u l .  1968 47*25 ± 1 .1 2  -2 1 .6 7  + 1 46.27 ± 1*22

O ct. 1968 49 .61  t  1 .10 -22*07 t  1 48 .73  ± 1*21

\



S ta n le y , Falkland I s la n d s .

51° 4 2 'S L at, 57° 5 2 '* "Lon®, 

M eteorolog ica l O ff ic e .

About 2*5 m ile s  so u th -ea st o f  
the town and 300 yards e a s t  o f  

the O ffice  B u ild ing,

51 m above sea le v e l .

Changes between 13 and 20 knots  

according to  season.

P re v a ilin g  between north-w est 

and south -w est.

The so lu tio n s  were exposed out
s id e  in  a thermometer screen  

which was f i t t e d  w ith b a f f le s  to  

reduce the a ir flo w  through th e  

lo u v res .
Commentj There i s  l i t t l e  industry  in  or

near Stanley and the harbour i s  

not a t a l l  busy. Hence a ’’l o c a l ” 

Suess E ffe c t i s  not expected .

Carbon-14 con cen tra tion s are shown in  

Table 3 -9 .

L ocation :

O perator:

S ite  d e sc r ip t io n :

A ltitu d e :

Wind speed:

Wind d ir e c t io n :

Sampling procedure:

A rgentine I s la n d s ,

Location* 65° 1 5 'S L at, 64°  16* W Long.

O perator: B r it is h  A ntarctic  Survey.
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Table 3*9« Carbon-14 con cen tra tio n s in  troposph eric CQ.̂
c o l le c t e d  at S tanley (51° 4 2 'S L at, 57° 52fW Long)

Date o f  sam pling $0 $

Apr, 1967 59 .43  ± 0 ,8 4 - 24.07  ± 1 59.13 ± 0.90
J u l .  1967 57 .4 6  + 0 .79 -2 3 .9 9  ± 1 57.14  ± O.85
Oct. 1967 56 .1 2  ± 0 .79 -2 3 .0 4  ± 1 55.51 * O.85
J a n .  1968 55.11 ±

0
0C
\>

0

- 21.89 ± 1 54.15 ± 1 .0 4
Apr. 1968 56 .34  ± 0.78 -2 4 .2 1  t  1 56.09  + 0 .8 4

J u l .  1968 52 .36  ± 0 .8 4 -2 4 .7 7  ± 1 52.29 ± 0 .9 2
Oct. 1968 49 .05  t 0 .9 6 - 2 4 .7 2  ± 1 48.97  i  1 .0 2



S ite  d e sc r ip t io n :

A ltitu d e :

Wind speed:

Wind d ir e c t io n :  

Sampling procedure:

Carbon-14 
Table 3 .10

H a iley  Bay.,.
f  •

L ocation :

O perator:

A lt itu d e :

Wind speed:

Wind d ir e c t io n :

Sampling procedure:

At some d ista n ce  from the  

r e s id e n t ia l  camp.
Sea l e v e l .

Changes between four and n in e  knots  

according to  the season, but most 

o f  the time sta y s  at seven k n o ts . 
P r e v a ilin g  wind d ir e c tio n  i s  

so u th -east to  n orth -w est.

The so lu tio n s  were exposed in  a 

m agnetic observatory at moderate 

tem peratures.

concentrations are shown in

75° 31'S  L at, 26° 45'W Long.
B r it ish  A ntarctic  Survey.

Sea l e v e l .
E ss e n t ia lly  constant throughout 

the y ear , range 11-14 k n ots. 
P r e v a ilin g  wind d ir e c tio n  i s  south

e a st to  n orth -w est.
The so lu tio n s  were exposed in  a 

magnetic hut during summer and 

in  an ozone hut during w inter and 

both are v e n t i la te d . Moderate 
tem peratures are m aintained.



Table 3 .1 0 . Carbon~14 co n cen tra tion s in  tropospheric CÔ  

c o l le c t e d  at Argentine Isla n d  ( 650 15 'S  L at,
64° 16*V/ Long).

Date o f  sam pling °]o $0 $

Apr. 1967 5 5 .44  ± 0 .89  -2 0 .4 0  ± 1 54.01 ± O.95
J u l. 1967 53 .87  ± 0 .8 5  -2 0 .9 7  t  1 52.63 ± 0 .91

Oct. 1967 54 .66  ± 0 .8 6  -2 1 .4 3  ± 1 53 .56  ± O.89

Apr. 19 68 5 3 . 20 ± 0 .90  -2 0 .9 3  ± 1* 51.95 t  0 .97

Oct. 1968 5 2.75 + 0 .8 6  -  20.93 + 1* 51.51 ± 0 .9 2

assumed v a lu e , no mass spectrom etric  measurement was a v a ila b le .
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Carbon-14 con cen tration s are shown in  
Table 3 .1 1 .

3. 3. Comments on R e su lts

I t  w i l l  be noted  from the r e s u lt s  that during I 967- I 968 

the carbon-1 4  s p e c i f i c  a c t iv i t y  in  both northern and southern  

hem ispheres troposph ere decreased , A seasonal v a r ia tio n  

superimposed on t h is  o v e r a ll decrease i s  ev ident in  the r e s u l t s  

from s ta t io n s  lo c a te d  a t northern la t i t u d e s .  During the 

autumn o f  1967 un exp ected ly  high va lues were obtained , however, 
from v a r io u s s ta t io n s  in  both hem ispheres, the g r e a te s t  d ivergence  

being shown at Lerwick and G ib raltar during October 1967* These 

valu es can p o s s ib ly  be ascr ib ed  to the Chinese t e s t  exp losion  

o f 17th June, 1967 (estim ated  y ie ld  3 Mton) detonated at the 

Lop Nor t e s t in g  s i t e .  This p o s s ib i l i t y  i s  supported by the 

corresponding f i s s i o n  product measurements at these s ta t io n s ,  

reported  by Atomic Energy Research E stablishm ent, Harwell,

Cambray e t  a l ( 1968) ,  The o r ig in  o f  th ese  f is s io n  products can 

be p r ed ic ted  from co n sid era tio n  o f  the r a t io  o f  c er ta in  f i s s io n  

p rodu cts. For exam ple, i f  the cerium iso to p e s  are considered  

141Ce, h a lf  l i f e  3 2 .5  days and 144Ce, h a lf  l i f e  285 days, an 

i n i t i a l  produ ction  r a t io  o f  8 ,4  ("̂ 4^ ^ e/ 44Ce) can be c a lc u la te d ,  
Harley e t  a l  ( 1965) .  The con cen tration s reported  for  G ib raltar  

during O ctober, 1967 are 141Ce 0 .0020 pc/kg a ir  and 144Ce 0 .0 0 38 

pc/kg a ir .  Some 144Ce could be a ttr ib u ted  to  o ld  d eb ris  and 

measurements fo r  th e p rev iou s months suggest th at th is  co n tr ib u tion
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Table 3 . 1 1 . Carbon-1 4  concen trations  in  tropospheric CÔ

c o l l e c t e d  at Hailey Bay (75° 31* S Lat, 26° 4 5 ’ W Long)

Date o f  sampling pO

Apr. 19 67 60 . 21 + 1 .15  -18  . 35 ± 1 58.08  + 1 .2 2

J u l. 1967 58 .87  ± 0 .9 4  -19  . 25 ± 1 57 .04  + 1.01
Oct. 1967 58 .36  + 0 .79  - 19.53 ± 1 56.63  t  O.85

Dec. 1967 55-78 i  O.85 -1 9 .9 7  + 1 54-21 ± 0 .91

May 1968 55 . 27 + 0 .90  -28 . 27 + 1 56 .44  ± O.96

J u l . 1968 55 .13  + 1 .0 2  -  22.01 + 1 54.20 ± 1 .1 2

Oct. 1968 52 .19  + 1 .00  - 22.92 ± 1 51 .56  ± 1 .05
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might be about 0 .0009  p c/k g  a ir .  C onsideration o f  th e t e s t
I

schedule in d ic a te s  th a t th ere  would be n e g l ig ib le  q u a n tit ie s  
o f from th e se  so u rces , and t h is  i s  confirmed by the
e a r l ie r  c o l l e c t i o n s .  T herefore, the a c t iv i t y  r a t io  o f  

’L̂ 1Ce/1^ C e  can be estim ated  at O.69 for October, 1967, This 

corresponds to  d eb r is  produced about 3 .5  months p r e v io u s ly .

The d ivergen ce at Lerv/ick during October, 1967 can be exp la in ed  

in  th e  same manner.

The measured in c r e a se  in  the tropospheric carbon-14 and 

f i s s io n  p rod u cts probably a r ise  from the in je c t io n  o f  t h is  

Chinese “bomb” carbon-1 4  due to  m ixing a sso c ia ted  w ith lo c a l is e d  

m eteo ro lo g ica l c o n d it io n s . Such phenomena, occurring on a 

lo c a l  b a s is  and in v o lv in g  the passage o f  a fro n ta l zone derived  

from tropopause fo ld in g , have been described  by Danielsen ( 19^5)* 

In a s im ila r  manner, the in crea se  in  carbon-1 4  con cen tration s  

observed in  th e r e s u l t s  from P re to r ia  during October, 19 68 may 

be a t tr ib u te d  to  th e  French t e s t  o f  24th August, 1968 which 

occurred in  th e  southern hemisphere -  y ie ld  2 Mton.

The carbon—14 a c t i v i t i e s  in  Melbourne samples are g en era lly  

low. The reason fo r  t h i s ,  as described  above, may be a, “l o c a l ” 

Suess E f f e c t .  The same e f f e c t  was observed by R after ( 1965) on 

the p rev io u s  years* carbon-1 4  data.
As to  th e  S 13C v a lu e s , in  general they are r e la t iv e ly  h igh  

compared to  th e  normal value o f  about — 9$©for atm ospheric COg, 

Craig (1 9 5 3 ) . I t  was demonstrated by Craig (1953) th at the  

absorption  o f  atm ospheric CÔ  i n b a sic  so lu tio n s  could cause 
s ig n if ic a n t  i s o t o p ic  fr a c t io n a t io n . Since we exposed 8N KOH
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so lu tio n  to  th e atmosphere for  c o l le c t io n  o f  00  ̂ samples the

magnitude o f  th e  fr a c t io n a t io n  observed could not be predicted*

I t  i s  in t e r e s t in g  to  n o te , however, th at the r e s u lt s  f a l l  in

the same range as th o se  reported  by other workers u sin g  s im ila r

c o l le c t io n  te c h n iq u e s , Olsson and Stenberg ( 1967)* R after (19^5)*
13The sm all v a r ia t io n s  between £ C va lu es may be due to

(1) tem perature changes p r e v a ilin g  during th e sample c o l le c t io n ,

( 2) d i lu t io n  o f  th e  atm ospheric CÔ  by lo c a l  Suess e f f e c t ,  or

( 3) treatm ent in  th e  laboratory*
I t  i s  a ls o  in t e r e s t in g  to  n ote  th at the change in  th e  mean 

£ ^ C  v a lu e s  o f  H ailey  Bay samples for 1968 r e la t iv e  to  the  

p rev iou s year  corresponds to  a reported  change o f  sampling s i t e  

o f  sev e r a l m ile s .  However, the general sampling technique  

remained unchanged*
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CHAPTER 4 . QUANT1 W AND DISTRIBUTION OF ARTIFICIAL CARBOR-14 
IN THE ENVIRONMENT

The d is p e r s a l  o f  a r t i f i c i a l  carbon-1 4  began with the  

exp los ion  o f  the f i r s t  n u clear  device  in  1945. During the  

period  1945—1954 th e  q u an tity  o f  carbon—14 produced by nu clear  

ex p lo s io n s  was sm all due to  the r e la t iv e ly  low neutron y ie ld s  

o f the f i s s i o n  d e v ic e s . From 1955 to i 960 considerab le  amounts 
o f  o rrbon-14 were produced by h igher y ie ld  thermonuclear 

deton ation s  and during I 96I - I 962 the period  o f most e x ten s iv e  

t e s t i n g ,  th e  q u an tity  o f  a r t i f i c i a l  carbon-14  introduced in to  

the s tra to sp h ere  was alm ost three tim es the amount produced 

prior  to  th a t tim e . From th e end o f 1962 to  1967 th ere were 

no major atm ospheric t e s t s  but during 1967-1968 Chinese and 

French h igh  y i e l d  d e to n a tio n s , w ith a to t a l  y ie ld  o f  about 

15 IIton, have c e r ta in ly  added fu rth er  a r t i f i c i a l  carbon-14 to  

the carbon c y c l e .  These q u a n tit ie s  are not s ig n if ic a n t ,  how

ever, when compared w ith  the to t a l  y ie ld  o f  337 Mton o f  the 19 61- 

1962 t e s t s  (Table 4 . 1 ) .
Due to  th e e x te n s iv e  t e s t in g  by the major powers in  1961 

and 1962 s ig n i f i c a n t  amounts o f  a r t i f i c i a l  carbon-1 4  were 
introduced in to  th e  s tra to sp h ere . As a r e s u lt  o f  th e tran sp ort 

of 14co between th e s tr a to sp h e re , the troposphere and the ocean 

th is  carbon-1 4  has been d is tr ib u te d  throughout the r e se r v o ir s  

and more accu rate  measurements o f  carbon-14 con cen tration s in  

these r e s e r v o ir s  are now p o s s ib le .  With th ese  new d ata , th e r e fo r e ,
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Table 4 . 1 . F i s s io n  and fu s io n  energy y i e ld s  o f  nuclear t e s t s
(1945- 1969)

Period F i s s io n  y i e l d  (Mton) Fusion y i e l d  (Mton)
Air t e s t s  Surface t e s t s  Air t e s t s  Surface t e s t s

1945-51 0 ,1 9 0 .5 7 - -

1952-54 1 . 0. 1 37.0 - 22.0

1955-56 5 .6 7 .5 5*4 9 .5

1957-58 31.0 9 .0 26.0 19-0

1959-60 Test Moratorium

1961 25.0 - 95.0 -

1962 76 .0 - 141.0 -

1963-68 0 .3 0 .1 15.0 -

T otals 139 .09  54 .17  282.4 50 .5
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improved c a l c u l a t i o n s  may be made o f  th e  in v e n to ry  o f  carbon -1 4  

m  th e  r e s e r v o i r s  and a ssessm en ts  o f  th e  v a r io u s  exchange p a ra — 
m ete rs  p e rfo rm ed  more a c c u r a t e ly .

Since 1962  th e  ex ce ss  carbon-14 co n ten t  o f  any r e s e r v o i r  • 

o f  th e  carbon  c y c le  h a s  v a r ie d  c o n s id e ra b ly  w ith  t im e . A 

method o f  c a l c u l a t i n g  th e  in v e n to ry  o f  a r t i f i c i a l  carbon-1 4  i n  

a p a r t i c u l a r  r e s e r v o i r  would in v o lv e  a knowledge o f  th e  q u a n t i ty  

o f  carbon-14  in t r o d u c e d  i n t o  th e  atmosphere by n u c le a r  e x p lo s io n s  

and th e  r a t e  o f  exchange o f  carbon -1 4  ( v i a  COg) between th e  

v a r io u s  r e s e r v o i r s .  Since th e se  f a c t o r s ,  e s p e c i a l l y  th e  

exchange r a t e s  a re  n o t  known a c c u r a te ly ,  a t te m p ts  w i l l  be made 

to  c a l c u l a t e  th e  d i s t r i b u t i o n  o f  a r t i f i c i a l  carbon-14  from 

e x p e r im en ta l  o b s e r v a t io n s  o f  excess  carbon-1 4  i n  th e  v a r io u s  

r e s e r v o i r s .  These r e s u l t s  can then  be compared w ith  th e  

e s t im a te d  in v e n to r y  from th e  energy y i e l d  o f  n u c le a r  t e s t s .

The m agnitude  o f  th e  exchange r a t e s  o f  COg between v a r io u s  

r e s e r v o i r s ,  e s p e c i a l l y  between th e  atmosphere and th e  oceans 

has  p a r t i c u l a r  s i g n i f i c a n c e  f o r  th e  carbon -1 4  d a t in g  method 

s in ce  th e  1^ C /L2C r a t i o  i n  th e  atmosphere i s  l a r g e ly  c o n t r o l l e d  

by th e s e  f a c t o r s .  Values o f  th e  exchange r a t e s ,  c a lc u la te d  

from e a r l i e r  m easurem ents , were i n c o n s i s t e n t  and covered a 

rdde ran g e  ( f o r  example, th e  re s id e n c e  tim e o f  CGL̂  i n  th e  
atmosphere b e fo re  t r a n s f e r  to  th e  ocean has  been v a r io u s ly  

e s t im a te d  to  be from 2 to  25 y e a r s  a s  shown in  Table 1 .3 ) .  I t  

i s  assumed t h a t  t h i s  d i v e r s i t y  o f  d a ta  was p a r t l y  due to  th e  
assum ptions  made r e g a r d in g  r e s e r v o i r  s i z e s  and p a r t l y  due to  th e  

in h o m o g en e it ie s  iri carbon—14 d i s t r i b u t i o n  th roughou t th e  r e s e r v o i r s .



4 .1 .  O b servations o f  T roposp he ric  Carbon~14 C oncentrations and 
T h e ir  I n te r p r e ta t io n *

As m en tioned  p r e v io u s ly  monthly (;0o samples were c o l l e c t e dd
during- 19 67 and 1968 a t  e leven  s t a t i o n s  d i s t r i b u t e d  l a t i t u d i n a l l y  

th ro u g h o u t th e  w o r ld  and t h e i r  carbon - 1 4  c o n c e n t ra t io n s  were 

measured in  th e  la b o ra to ry .  C o n c e n t? :tio n s , c o r r e c te d  f o r  

f r a c t i o n a t i o n ,  were expressed r e la t iv e  to  th e  ca rb o n -14 a c t i v i t y  

o f  th e  N a t io n a l  Bureau o f  Standards o x a lic  a c id  s ta n d a rd .

The r e s u l t s  were shown in  fa b le s  3*1 -  3 .11 .

From c o n s i d e r a t i o n s  o f  the  p e r io d ic a l v a r i a t i o n s  o f  

carbon-1 4  c o n c e n tra t io n s  in  the  tro p o s p h e re , due to  up take  by 

th e  ocean and b io s p h e re , r.rni the  seasonal dependence o f  

carbon-1 4  t r a n s p o r t  from  th e  s tra to s p h e re  i t  was b e l ie v e d  t h a t  

th e  v a r i a t i o n  w ith  tim e  o f  c«rbon - 1 4  a c t i v i t i e s  could  b e s t  be 

d e sc r ib e d  by a f u n c t io n  o f  the  type?

This fu n c t io n  was a p p l ie d  to  the  o b s e rv a tio n s  a t  v a r io u s  

l a t i t u d e s  and th e  b e s t  va lu e s  f o r  th e  param ete rs  A, B, C, b, 

c and t. were found .
The method used f o r  the  d e te rm in a tio n  o f  th e  p a ram ete rs  

in v o lv e s  th e  p r i n c i p l e  th a t  the  sura o f  the  squares  o f  th e  
d e v ia t io n s  o f  th e  o b s e rv a tio n s  from the  p re d ic te d  curve (b e s t  

f i t  l i n e )  sh o u ld  be a minimum.

y = A d- Be ^  -{-• Co Sin 2 tt ( t  — to )

o

Thus f  (A,B,C)

In  t h i s  t r e a tm e n t  b , c and t a re  f i r s t  given e s t im a te d  v a lu e s



and the computer programme p e rm its  th e  c a lc u la t io n  o f  f(A,B,C)

f o r  v a r io u s  co m b in a tio n s  o f  b and c and a f ix e d  t  . The
o

minimum v a lu e  l o r  f(A ,B ,C) can be e s t a b l i s h e d  by in s p e c t io n  

from th e  computed r e s u l t s  (See Appendix B). The r e s u l t s  o f  • 

th e se  c a l c u l a t i o n s  l o r  each sampling s t a t i o n  a re  shown in  

Table a* d and th a  cu rv e s  d e sc rib e d  by th e  fu n c t io n  f o r  n in e  o f  

th e  s ta t io n s  a re  shown in  F ig u re s  4 ,1  -  4 . 9 . The observed  

carbon -1 4  c o n c e n t r a t i o n s  f o r  th e  rem ain ing  two s t a t i o n s  in  th e  

so u th ern  h em isp h e re ,  A rgen tine  I s l a n d s  (65°s) and H ailey  Bay 

(75°s) ,  d id  n o t  chow any seaso n a l  v a r i a t i o n s  and seemed to  
d ecreeae  l i n e a r l y  w ith  t im e . The s t r a i g h t  l i n e s  o b ta in ed  v ia  

computer re g re s s io n  a n a ly s i s  (See Appendix A) fo r  th e se  s t a t i o n s  

a re  shorn in  F ig u re s  4*10 and 4 .1 1 ,

Kx ami n a t io n  o f  th e  d a ta  i n d i c a t e s  t h a t  th e  carbon-1 4  
v a r i a t i o n s  a t  Lerwick (60°N), V ic to r i a  B.C. (48°$) and Hong Kong 

( 22°h) a r e  i n  p h a s e ,  showing peak v a lu e s  d u r in g  the  sp r in g  

month?; o f  b o th  196 7 and 1968 . In  1967 th e  carbon-14 c o n c e n t r a t io n s  

a t  V i c t o r i a  B.C. and Hong Kong d e c l in e d  w ith  about th e  same 

g r a d ie n t  fo l lo w in g  th e  s p r in g  p eak , whereas a t  Lerwick they  

shov/ed a low er g r a d i e n t ,  A more r a p id  in c re a s e  and d ecrease  

in  c a rb o n -1 4  le v e ls  was observed  a t  V ic to r ia  B.C. than  a t  e i t h e r  

Lerwick o r  Hong Kong d u r in g  th e  sp r in g  -  summer o f  1968 , The 

seaso n a l  change a t  t h i s  s t a t i o n ,  ( 10$ ) ,  was a lso  th e  l a r g e s t  

o f  a l l  o b s e r v a t io n s  in  th e  n o r th e rn  hem isphere . An e x p lan a t io n  

f o r  t h i s  may be t h a t  some carbon -1 4  was be ing  c o n t r ib u te d  by 

the  June  19^7 h ig h  y5.eld (3 Mton) Chinese n u c le a r  t e s t  in  

c e n t r a l  A s ia .  T h is  p o s s i b i l i t y  i s  supported  by th e  o ccu rrence
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Table 4 *2. Values o f  parameters in  the fu n ction ,

y =  A +  Be-  +  Ce" +  Sin (2V ( t - t Q) ) ,  ( t  = 0 . 05y)

A B C b
year"-1 C-1year

Lerwick - 1 . 53- X 10~5 65.13 2. 63 2.75  x 10" 2 1 .0  x 10“ 4

Bsquirnalt - 1 .3 2 X 10“ 4 60.23 48.83 2 .2  x 10“ 2 1 .0  x 10“ 4

Gibraltar - 5 .0 5 X 10“ 3 71 .36 -1 .65; 0 .15 0 .09

Hong Kong 5-67 X 10"4 57.88 7.17 O.O47 0 . 9;

Singapore 9 -2 2 X 10” 4 71.37 - 7 .6 6 0 .18 1 .54

Suva 1 .2 4 X O
1

60.82 - 4 .8 2 0.075 0 .69

P retor ia 5-55 X 10“ 5 6 5 . l l - 4.35 0.105 2.0 x 10“ 4

Melbourne 2.51 X 10“ 4 53.44 15.81 0.063 3.70

Stanley - I . 0 9 X 10” 4 60.22 1 .44 0.088 5.0  x 10"5
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o f  in c r ea se d  a c t iv i t y  o f  s h o r t - l iv e d  f i s s io n  products in  a ir  

at the same s ta t io n  and a lso  most o f  the o th er s ta t io n s  at 

m id -la t itu d e s  in  the northern hemisphere during the f i r s t  

h a l f  o f  1968* The source o f  th ese  s h o r t - l iv e d  f i s s io n  

products might be1 deduced by comparison o f  th e  r a t io s  o f  p a ir s  

o f  f i s s io n  products w ith  th e va lu e o f  th ese  r a t io s  at th e tim e 

o f  f i s s i o n .  The r e s u l t s  o f  Cambray e t  a l  (1968* A. E.R.E 

rep ort) fo r  ^ ^ C e /^ ^ C s  are p a r t ic u la r ly  u se fu l in  t h i s  r e s p e c t .  

According to  th e ir  data the r a t io  ^ ^ C e/^ ^ C s in crea sed  from 

August 1967 onwards as the s ix th  Chinese ex p lo sio n  o f  17th June 
1967 co n tr ib u ted  in c r e a s in g  p rop ortion s o f  the s h o r t- l iv e d  

a c t iv i t y  at ground l e v e l .  mid -  1968 equal p rop ortion s
were b ein g  co n tr ib u ted  by th e June ex p lo s io n  and by o ld er  

d e b r is . For exam ple, th e ^ ^ C e/^ ^ C s r a t io s  in  g ro u n d -lev e l 
a ir  at V ic to r ia , B.C. in crea sed  from 2.1 to  6 .1  during the  
f i r s t  h a l f  o f  1968 d e sp ite  th e fa c t  th a t no ex p lo sio n  occurred  

during t h i s  tim e.
The peak carbon-14 a c t iv i t y  at Singapore (0 1 °tf), which 

appeared in  August 1967* was delayed r e la t iv e  to  the peaks o f  

th e  o th er northern hem isphere s t a t io n s .  This delay  was main
ta in ed  in  th e d e c lin in g  part o f  the curve throughout th e y e a r . 

I n t e r e s t in g ly , Singapore (01°N) showed alm ost the same v a r ia t io n s  

in  carbon-14 co n cen tra tio n s  as Suva (l8°s) and P r e to r ia  (25°S) 
in  th e  southern hem isphere. This su g g ests  th a t e ith e r  th e  

r e s is ta n c e  to  hem ispheric tr a n s fe r  i s  at more n o rth er ly  la t itu d e s *  

or th a t i f  th e  m ixing i s  predom inantly a cro ss  th e  equator i t  i s  
extrem ely ra p id . On t h i s  qu estion  i t  i s  exceed in g ly  in t e r e s t in g



to  examine some o f  th e data on p a r t ic u la te  f is s io n -p r o d u c t  

tr a n sp o r t. Palmer (1969) has r e c e n t ly  in v e s t ig a te d  in t e r -  
hem ispheric tra n sp o rt in  a study o f  the f i s s io n  products  

produced by th e French t e s t s  o f  J u ly  1968 in  th e southern  

hem isphere. He found th a t th e  tim e o f  tr a n s fe r  o f  and

a cro ss  the equator was not more than th ree  weeks,

Cambray e t  a l  ( 1968) a lso  rep orted  th a t s ig n if ic a n t  con cen tra tio n s  

o f  s h o r t - l iv e d  r a d io a c t iv e  d eb r is  from French t e s t s  o f  J u ly  1968 

c ro ssed  th e  equator and were d e te c ted  at Hong Kong during the  

second h a l f  o f  August 1968. Although th e  f i s s io n  products may 

not be r e p r e se n ta t iv e  in d ic a to r s  o f  v e r t ic a l  transport o f  a ir  

th ey  are very u s e fu l tr a c e r s  o f  h o r iz o n ta l movement. I t  i s  
not too  su r p r is in g , th e r e fo r e , to  observe s im i la r i t ie s  in  the  

behaviour o f  carbon-1 4  in  th e atmosphere for  s ta t io n s  20°N -  20°S, 
The observed a c t i v i t i e s  at G ib ra ltar  (36°U) showed an 

ir r e g u la r  p a tte r n . The spring  peak appeared in  Ju ly  1967 w ith  

a va lu e  o f  68.11$ above th e n a tu ra l l e v e l ,  and a very h igh  

a c t iv i t y  (97*15$) was observed during October 1967 (th e  p o s s ib le  

cause fo r  t h i s  was exp la in ed  in  Chapter 3 ) .  Again th e observed  

a c t iv i t y  in  November 1967 was as la rg e  as th e  Ju ly  peak v a lu e . 
During 1968 th e  sp rin g  peak did  not appear, but again in  October 

I 968 a ra th er  h igh  a c t iv i t y  r e la t iv e  to  adjacent months was 

observed . No exp lan ation  has been found fo r  t h i s  peak a c t iv i t y  

so f a r .  On f i t t i n g  the curve th ese  two October v a lu es  were 

n e g le c te d . These ir r e g u la r  p ertu rb a tio n s o f  carbon-14 a c t iv i t y  

a t G ib ra lta r  seem to  agree w ith  some o f  th e  f in d in g s  o f  Lai and 

Rama ( 1965) .  These authors examined th e  trop osp h eric  data o f



124

Kusumgar (1963) and Nydal and Lovseth ( 1 9 0 )  > and d iscovered  

th a t th e carbon-14 co n cen tra tio n s  in  the b e l t  30 ± 5°N showed 

com paratively  h igh er  and more random f lu c tu a t io n s  than a t a l l  

o th er  la t i t u d e s .  From th o se  o b serv a tio n s  they  p o stu la te d  

th a t a b a r r ie r  to 'h o r iz o n ta l transp ort e x is te d  at 30°IT and 

th u s th ey  co n stru cted  four c e l l s  in  th e ir  trop osp h eric  model 

fo r  the ev a lu a tio n  o f  i n t o r b g p h e r i c  .exchange r a te s .

In th e  southern hemisphere* Suva (l8°s) and P r e to r ia  (25°S) 

showed peak v a lu es  in  Spring 19-67 and 1968 which may be ascrib ed  

to  th e  sp rin g  input from th e stra to sp h ere  o f  the southern  
hem isphere. Such a p o s tu la te  i s  l e s s  l i k e l y ,  however, because 
o f  th e  absence o f  correspending peaks at the s ta t io n s  in  mid

la t i t u d e s ,  where maximum in j e c t io n  from the stra to sp h ere  i s  

exp ected . I t  i s  more probeh ie  th a t peaks are a r e s u lt  o f  th e  

d if fu s io n  o f  carbon-1 4  from h igh er la t i t u d e s  in  th e northern  

hem isphere through th e  eq u a to r ia l r e g io n s .
The carbon-1 4  a c t i v i t i e s  ot Melbourne (37°S) and Stanley  

(51°S) d i f f e r  markedly from th o se  at Suva and P r e to r ia  in  such 

a way th a t the peak co n cen tra tio n s  la g  in  tim e and are dim inished  
in  s iz e .  One reason fo r  t h i s  cou ld  be a n et southward tran sp ort 

o f  carbon-1 4  from the 0- 30° south reg ion  and g rea ter  uptake by 

th e  la r g er  ocean su rface  area south o f  30°S. The e f f e c t  o f  the  

oceans cou ld  be im portant in  th a t they act as a sink  which 

absorbs CÔ  from th e troposphere w ith  a h igh  carbon-1 4  co n cen tra tion  

and re tu rn s  CÔ  w ith a lower carbon-14 co n cen tra tio n . Therefore 

th e  o v e r a ll  r e s u lt  o f  exchange w ith  the oceans i s  a d ilu t io n  o f  

th e  trop o sp h er ic  carbon-1 4  co n cen tra tio n .



Further south th e  season a l v a r ia t io n s  o f  carbon-14 a c t iv i t y  

have com p lete ly  d isappeared as can be seen in  th e data from 

A rgentine I s la n d s  ( 65° s) and H ailey  Bay (7 5 °S ). The disappear
ance o f  season a l v a r ia t io n s  towards the southern p o la r  regions*  

a ls o  im p lie s  that' the tran sp ort from th e s tra to sp h ere  may be 

slow er in  th ese  areas and th a t th e carbon-1 4  i s  m ainly tra n sferred  
from the northern hem isphere troposph ere.

Since a l l  la r g e  sc a le  in j e c t io n s  o f  a r t i f i c i a l  carbon-14  
have been in  th e northern hem isphere s tr a to sp h e re , the observed  

h igh er  carbon-14 co n cen tra tio n s  in  the troposphere o f  th e  north
ern hem isphere, compared to  the southern hem isphere, were 

exp ected . A comparison o f  northern and southern hemisphere 

r e s u l t s  shows much g r ea ter  f lu c tu a t io n s  in  th e  northern hemi
sphere p a r t ic u la r ly  above 30°N la t i t u d e .

Since th e res id e n c e  tim e o f  a r t i f i c i a l  carbon-14 in  th e  

troposphere i s  g r ea ter  than the m ixing tim e o f  th e troposphere  

between th e hem ispheres (a s  w i l l  be shown la te r )  a marked 

tro p o sp h er ic  la t i t u d in a l  e f f e c t  in  e ith e r  hemisphere would not 

be ex p ected . The o b se rv a tio n s , however, do su ggest a la t i t u d in a l  

dependence o f  carbon-1 4  tr a n s fe r  from stra to sp h ere  to  troposph ere, 

which i s  more v i s i b l e  in  th e  northern hem isphere. For example, 

th e  measurements o f  carbon-1 4  a c t i v i t i e s  at v a r iou s la t i t u d e s  
fo r  A pril 1968s 60°N -  65. 4$ , 48°N -  63. 2$ and 22°H -  56. 5$ are
most l ik e ly  a s so c ia te d  w ith  th e rapid  spring  entry  o f  carbon-1 4  

in to  th e troposphere by a mechanism s im ila r  to  f i s s io n  product 

tr a n sp o r t. Tauber ( 1961) has rep orted  la t i t u d in a l  v a r ia t io n s  

in  th e  d escen t o f  bomb-produced carbon-1 4  from th e stra to sp h ere



to  th e  troposphere as deduced from the carbon-1 4  a c t i v i t i e s  

o f  Danish c e r e a ls  (56°N) and o f  atm ospheric CÔ  (25° — 40°N ). 
Tauber has a ls o  p o s tu la te d  th a t the la t i t u d in a l  v a r ia t io n s  

might have co n tr ib u ted  s u b s ta n t ia l ly  to  the short-term  

o s c i l l a t i o n s  in  th e  carbon-1 4  a c t iv i t y  o f  tr e e -r in g s  and in  

a d d itio n  might account fo r  th e minor d if fe r e n c e s  found in  the  

carbon-1 4  a c t iv i t y  o f  p la n t m a ter ia l from d if fe r e n t  lo c a t io n s .  
Changes in  cosm ic ray f lu x  or changes in  th e exchange ra te  o f  

COg between the atmosphere and th e  ocean cannot exp la in  a l l  o f  

th e  geograp h ica l v a r ia t io n s .
The gen era l trend o f  atm ospheric carbon-14 co n cen tra tio n s , 

however, i s  th a t the season a l f lu c tu a t io n s  dim inished in  1968, 
and th e carbon-1 4  a c t i v i t i e s  in  both northern and southern herai 
sphere d ec lin ed  during 1967 and 1968 w ith  mean g ra d ien ts  o f  

- 0 , 48$ per month and -0 .3 0 $  per month r e s p e c t iv e ly .  Extra

p o la t io n  o f  th e data in  f ig u r e s  4*1 -  4*11 to  1969> su g g ests  

th a t the e n t ir e  troposphere has reached a f a ir ly  uniform  

carbon-1 4  con cen tra tio n  in  a p eriod  o f  seven y ea rs  s in ce  th e

c e s s a t io n  o f  major n u clear  t e s t in g .

4 .2 .  C a lcu la tio n s  o f  th e  Global In v e n to r ie s  o f  A r t i f i c ia l  

Carbon-14 ( 1 9 0  and 1968)

The q u an tity  o f  a r t i f i c i a l  carbon-14 in  th e  var io u s
r e s e r v o ir s  has been c a lc u la te d  for  Ju ly  1967 and for  J u ly  1968*

r  n j

In th ese  c a lc u la t io n s  a va lu e o f  74 x 10 C atom s/g  

a ir  has been taken as th e n a tu ra l atm ospheric l e v e l ,  as  

c a lc u la te d  by Hagemann e t  a l (1 9 65) assuming th a t the s p e c i f ic



a c t iv i t y  was 13*1 dpm ^ C /g  carbon p r io r  to  n u clear t e s t in g .

Before proceed in g  to  th e in ven tory  c a lc u la t io n  i t  i s  
n ecessa ry  to  d e fin e  th e v a r io u s carbon r e s e r v o ir s  and th e ir  

boundaries which have been used in  t h i s  c a lc u la t io n .

The atmosphere i s  co n v en ien tly  subdivided in to  reg io n s  

according to  tem perature or com p osition , and the dynamic 

p r o c esse s  in v o lv ed . The v e r t ic a l  tem perature s tru ctu re  i s  

c h a ra c ter ized  by a lte r n a te  reg io n s  o f  d ecreasin g  and in c r ea s in g  

tem perature. According to  t h i s  stru c tu re  th e  atmosphere i s  

d iv id ed  in to  th e trop osp h ere , s tr a to sp h e re , mesosphere and 

thermosphere (F igure 4*1 2 ). In t h i s  study we w i l l  m ainly be 

concerned w ith  the troposphere and stra to sp h ere .
The troposphere i s  the low est r eg io n , where the tem perature 

d ecrea ses  w ith in c r e a s in g  h e ig h t . I t  co n ta in s  approxim ately  

tw o -th ir d s  o f  the mass o f  th e atm osphere. Most o f  th e weather 
fe a tu r e s  -  cloud and p r e c ip ita t io n  -  occur in  t h i s  r eg io n .
The average r a te  o f  decrease o f  tem perature w ith h e igh t in  t h i s  

reg io n  i s  about 6°C/km.
The tropopause i s  the boundary between th e troposphere and 

th e  s tra to sp h ere  above which th e  tem perature grad ien t i s  

rev ersed  from th a t in  th e troposph ere. Formerly con sid ered  to  

be a s in g le  pole-w ard s lo p in g  p la n e , t h i s  boundary i s  now 
recogn ized  as c o n s is t in g  o f  sev e r a l overlap p in g  la y e r s , a 

s e r ie s  o f  tropop auses u su a lly  separated  by j e t  stream s. I t s  

h eig h t may drop from n early  18 km in  the tr o p ic s  to  about 8 km 

in  p o la r  r e g io n s . I t  i s  h igh er  in  summer than in  w in ter fo r  

any g iven  la t i t u d e .  In th e “standard atmosphere" th e mean
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a lt i t u d e  d er ived  from average p ressu re  o f  the tropopause i s  

11 km.
The stra to sp h ere  exten ds from th e tropopause to  about 

50 km h e ig h t -  th e stra to p a u se . I t  i s  g e n e r a lly  more s ta b le  • 

than th e  troposph ere s in c e  co n v ectiv e  m otions are g e n e ra lly  

weak or a b sen t. The average tem perature i s  m ostly co n sta n t, 

or e s p e c ia l ly  in  th e  upper p a r ts , in c r e a s in g  w ith  h e ig h t .  

According to  modern w orkers, Craig (19&5) 331(1 Goody (1 9 5 4 ), 
th e  stra to sp h ere  should be subdivided  in to  two la y e r s ;  the  

low er stra to sp h ere  (tropopause to 32 km) and th e  upper s tr a to 
sphere (32  km to  50 km).

In  c a lc u la t io n s  th e mean h e ig h t o f  th e  tropopause i s  taken  

to  be 240 mbar in  th e p o la r  r eg io n s  and 100 mbar in  the  

e q u a to r ia l r e g io n s . Prom c o n s id e ra tio n s  o f  a v a ila b le  data  

th e  low er stra to sp h ere  was taken as extend ing from the tropo

pause to  40 mbar and th e upper s tra to sp h ere  from 40 mbar to  

stra to p a u se  (F igure 4*13)*
As to  th e ocean s, th e topmost part above 100 m etres i s  

su b jec t to  th e  d ir e c t  atm ospheric in f lu e n c e s  ( la y e r  o f  su rface  

d istu rb a n ces) and th e water c h a r a c t e r is t ic s  are homogeneous. 
Below t h i s  reg ion  th ere  i s  a la y e r  w ith maximum v e r t ic a l  

tem perature and d en s ity  g r a d ie n t. This la y e r  a c ts  as a 
b a rr ier  to  v e r t ic a l  motion and m ixing, and i s  termed the  

th erm o clin e . I t  ten d s to  be sym m etrical about the equator, 

b ein g  m oderately th ic k  and q u ite  stron g  near th e equator, 

becoming th ic k e r , deeper and l e s s  in te n se  in  th e  m id -la t itu d e s ;  
and ending at th e su rface  in  an in te n se  g rad ien t in  th e
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v ic in i t y  o f  50° -  60°rr and S la t i t u d e .  I t  i s  g e n e ra lly  thought 

to  be developed by th e equatorward flow  o f  deep co ld  water 
from th e p o le s  and th e  poleward flow  o f  warm su rface  water 
from th e equator (F igure 4 . I 4 ) .

The deep ocean r e f e r s  to  the n ea r ly  uniform mass o f  co ld  

water exten d in g  from therm ocline to  the bottom. Temperature 

g r a d ie n ts  are very weak and i t  co n ta in s  about 98$ o f  the t o t a l  
water m ass.

In  our treatm ent o f  th e b iosph ere we have considered  t h is  

r e s e r v o ir  as com prising a l l  carbon bound in  organic s tr u c tu r e s  

on land ( l i v in g  m a ter ia l -f- humus). The mass o f  organic carbon 

in  th e oceans has been d isregard ed  because i t  i s  sm all r e la t iv e  

to  th e  la r g e  ocean ic  r e s e r v o ir  o f  in o rg a n ic  carbon.

4 .2 .1 .  Tropospheric In v e n to r ie s  o f  Carbon-14

The tro p o sp h er ic  in v e n to r ie s  o f  a r t i f i c i a l  carbon-14 fo r  

J u ly  1967 and Ju ly  1968 were c a lc u la te d  in  th e fo llo w in g  manners- 

The computed carbon-14 co n cen tra tio n s  from the above mentioned  

fu n c tio n s  fo r  each month were p lo t te d  as a fu n ction  o f  la t i tu d e  

(F ig u res  4 .1 5  and 4*16) • Where no carbon-14 data were a v a ila b le  
fo r  s p e c i f ic  la t i t u d e  bands c e r ta in  assum ptions were made. In  
the northern hem isphere the carbon-1 4  con cen tra tion  was assumed 

to  remain con stan t above 60°N. This was supported by the

carbon-14 data from Nordkapp (71°N) rep orted  by Nydal ( 1968) .
In  th e  southern hemisphere th e  carbon-14 a c t i v i t i e s  were a lso  

assumed to  remain con stan t from 0°S  to  18°S and above 75°S.
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An average e x ce ss  carbon-1 4  le v e l  ( A )  was thus determ ined  

fo r  each 10-d eg ree  la t i t u d e  in te r v a l by in te r p o la t io n  

( Tab!a 4*3)* Where s ig n if ic a n t  v a r ia t io n s  in  carbon-14  

l e v e l s  occurred vdth in  a 10-d eg ree  la t i tu d e  in te r v a l th e  

average va lu e  was c a lc u la te d  from sm aller  in te r v a l  d iv is io n s  

w eighted according to  the area o f  the s e c to r .

The q u an tity  o f  a r t i f i c i a l  carbon-1 4  in  each 10-degree  

la t i t u d e  band was then c a lc u la te d  from th ese  k  v a lu e s , tak in g  

in to  account th e mass o f  trop osp h eric  a ir  in  the band and 

assuming th a t the troposphere was w e ll mixed v e r t i c a l l y .  The 

mass o f  a ir  in  each 10-d eg ree  la t i tu d e  in te r v a l  was c a lc u la te d  
from tb s r e la t io n s h ip

^  *"* ^ t  3  /  x  \M -  — -----  x 10 x  A x 0 ,5  (S in  <j>2

where, M a The mass o f  a ir  in  any trop osp h eric  box bounded

by la t i t u d e  bonds and

P Atmospheric p ressu re  a t sea  le v e l  (1013 ,25  mbar),
= P ressu re  a t tropopause,

g  c 9 8 0 ,6  cm /sec^ .

A = Surface area o f  th e ea rth .

The r e s u l t s  are shown in  Table 4*4*
In th e in ven tory  c a lc u la t io n s  the current ”Suess e f f e c t ” 

was taken in to  account as fo llo w s , Eecent work by Baxter 

( 1969) ,  su g g ests  th a t the magnitude o f  t h i s  e f f e c t  i s  - 5*34#  

in  th e atmosphere at the beginn ing o f  1967 and -5*53$ a t the

b eg in n in g  o f  1968, The s iz e  o f  the e f f e c t  in  the su rface
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Table 4*3* T ro p o sp h eric  carbon-14  c o n c e n t r a t io n s  (1967- 68)

L a t i t u d e
band

J u ly  1967 *
N. Hemisphere S. Hemisphere

J u ly  1968' 
N. Hemisphere S.

X

Hemisphere

0° -  10° 63 .OO 58 . 89) 53.50 54.35

10° -  20° . 58 . 6O 58 .96 53.30 54.40

20° -  30° 58 .OO 6O .4O 53.60 54.90

o-> 0
 0 1 0 65 . 6O 53.95 56.10 5P.35

0 1
v

ji 0
0 6I . 4O 53.75 57.00 50.00

5O0 -  60° 61.00 55.35 59.50 52.04

60° -  70° 63.54 53.95 61.81 52.38

^
3 0
 0 1 0

0 0
0

63.54 56 .65 61.81 53.65

C
O 0
 0 1 V

O 0
0

63 .54 57.25 61.81 54.20

A -  Per cen t
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Table 4 , 4 * Quanta ty  o f  i i f i c i a l  ca rbon -14  in  the troposphere

(±0 Li  ̂ott- a j

L atitu d e  In J u l y  19 67 In Ju ly  1968
band N« Ilornisphere $, Hemisphere Hemisphere S. Hemisphere

0 ° -  10° 191.79 179o 28 I 62 .87 1 6 5 .4 6

0
 0 1 0

172.55 173. 61 1 5 6 .9 4 160 .18

0 1 o-> 0 0

159-79 I 66 . 4O 147.67 151.25

u> 0
 0 1 0 0 157.48 129.51 134.67 120.87

40° -  50° 1 2 1 .00 IO5 .9 2 112.33 98 .53

081
0

93.17 8 5 .3 0 9 0 .8 8 79.48

00i
O8

69 .17 58.73 67.28 57 .02

0
 0 1 C

O 0 0 41.75 37.23 4 0 .6 2 35.25

00 0
 0 1 \o 0 0 14 .0 1 1 2 .6 2 13 .63 1 1 . 9 5

T o ta l 1020.71 9 4 8 . 6 0 ' 926 .8 9 879.99
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oceans  i s  estim ated  to  be -3 ,1 0 $  in  1967 end -3 .2 1 $  in  I 9 6 8 . 
These v a lu es  were c a lc u la te d  cn a p r e d i c t e d  3 . 5$ average  

annual in c r e a s e  in  f o s s i l  fu e l  consumption throughout the  
w orld .

The trop osp h eric  inventory  was th ere fo re  c a lc u la te d  from
th e  v a lu es  corrected  fo r  the Sueso e f f e c t s  g iven  above. I t

was found th a t  the quantity  o f  a r t i f i c i a l  carbon-1 4  in  the
27t ro p o s p h e re  was 2 1 .0 3  x 10 atoms in  J u ly  1967 and 2 0 .0 4  x 

?710 atoms in  J u ly  1968 .

4 .2 .2 .  S t r a t o s p h e r i c  In v e n to r ie s  o f  C&rbcn~ 14

Due to  lack  o f  data* the  str& tosphoric carbon-14  

in v e n t o r ie s  fo r  1967  and 1968 were derived  by ex tra p o la t io n  
o f  th e  p rev iou s  years* r e s u l t s .

R ecen tly , Harkness ( l 9&9) r e -ev a lu a ted  the s tr a to sp h e r ic  

carbon-14  data (a s  pub lished  by the U.S.A.E.C* Health and 
S a fe ty  Laboratory) u s in g  a more r e f in e d  techn iq ue . According  

t o  h i s  t r e a tm e n t  the s tra tosp h ere  could not be considered  as  

a  s i n g l e  u n it  s in ce  i t  was not w e ll  mixed v e r t i c a l l y  during  

1967-1968; and th e r e fo r e ,  must be s u b d iv id ed  in to  upper and 

low er r e g i o n s .  I n  order t o  d erive  the inventory  i t  was 

assumed th a t  t h e  carbon-1 4  concen tration  at m id -a lt i tu d e  

( i n  te rm s  o f  mass) i s  r e p r e se n ta t iv e  o f  the whole o f  the  

s t r a t o s p h e r i c  r e g io n  under s tu d y .

For th e  upper s t r a t o s p h e r e  ( 40., mb&r -  a t r a to p a u s e )  th e  

p h y s ic a l  m i d - a l t i t u d e  i s  20 mbar and an e x p o n e n t ia l  d e c rea se  

o f  c o n c e n t r a t io n s  w ith  tim e h a s  been assumed. The fo l lo w in g
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f u n c t io n  d e s c r ib e s  th e  b eh av io u r  o f  carbon -1 4  c o n c e n t r a t io n s  

i n  th e  upper s t r a t o s p h e r e  and was found by a p p ly in g  th e  l e a s t  

m ean-squa res  method to  th e  o b serv ed  d a ta  o f  1963-65  (See 
Appendix C).

j ‘ =  878 e- ° - 0 3 6 5t

where t  d e n o te s  t im e ,  t = 0  f o r  1 s t  F ebruary  1963 , and y  d en o tes  

th e  e x c e s s  carbon-14  ( A ) #  PYom t h i s  f u n c t io n  th e  A  v a lu e s  
f o r  J u l y  1967 and J u l y  1968 were c a l c u l a t e d  to  be 319$ and 

256$ r e s p e c t i v e l y ,  c o r r e c t e d  f o r  th e  Suess e f f e c t .  These 

v a lu e s  were th en  c o n v e r te d  to  th e  number o f  atoms o f  c a rb o n -14 , 

assum ing th e  background l e v e l  to  be 13*1 dpm ^ C / g  carbon and 

th e  mass o f  th e  t o t a l  carbon in  th e  r e s e r v o i r  to  be 2*47 x  10 g . 

From th e s e  assum ptions  i t  has  been c a l c u l a t e d  t h a t  th e  upper

s t r a t o s p h e r e  c o n ta in e d  about 10.48  x 10^  dpm and 8 .4 5  x 10^^
14 27 27dpm C c o rre sp o n d in g  to  4 .4  x 10 atoms and 3*6 x 10 1 atoms

o f  a r t i f i c i a l  carbon-14  in  J u ly  19^7 and J u ly  1968 r e s p e c t i v e l y .

For th e  low er s t r a t o s p h e r e  ( t ro p o p a u s e  -  40 m b a r) , th e  

mean carbon -1 4  c o n c e n t r a t io n s  f o r  th e  s e c t i o n s  30° -  9° ° ^ ,  0 °  -  

30°K and 0° -  90° S were de te rm ined  i n  th e  same manner a s  f o r  
th e  t o t a l  upper s t r a t o s p h e r e ,  u s in g  th e  d a ta  c o l l e c t e d  d u r in g  

1964 th ro u g h  1965 . An o v e r a l l  n e g a t iv e  g r a d i e n t  was n o te d  f o r  

th e  n o r th e r n  hem isphere  and a  p o s i t i v e  g r a d ie n t  was n o te d  f o r  

th e  s o u th e rn  hemisphere* The e x t r a p o l a t i o n  o f  th e s e  cu rv es  

showed t h a t  in  th e  low er s t r a t o s p h e r e  homogeneity between t h e " 

hem isp h eres  o c cu r red  d u r in g  e a r ly  19^7 (F ig u re  4*17)* There
f o r e ,  t o  o b ta in  r e p r e s e n t a t i v e  v a lu e s  a f t e r  t h i s  tim e a p l o t  

o f  th e  d e c re a se  i n  th e  t o t a l  lower s t r a t o s p h e r i c  carbon -1 4
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c o n te n t  was prepared up to  1967* and t h i s  l i n e  ex trap o la ted  
th ro u g h  1968 as shown in  F ig u re  4*17* This curve i s  
r e p r e s e n te d  by th e  fo l lo w in g  functions

y =  227 .4  e- 0 a  238t

where y  denotes the excess  carbon-1 4  ( A )  and t  denotes tim e,

t  = 0 fo r  1 s t  February 1964 , .According to t h i s  fu n c t io n  t h e

carbon-14 co n cen tra tio n s  ( A )  were 144$ in  Ju ly  1967 end
127.3$  in  J u ly  1968. I t  was again assumed th at the natural

X $l e v e l  was 13 .1  dpm fC/g  carbon, the t o t a l  carbon in  the
16r e s e r v o ir  8 .0 3  x 10 g and the guess e f f e c t  - 5$ .  With th ese

v a lu es  the a r t i f i c i a l  carbon- 14 in  the lower stra tosp h ere  has
been c a lc u la te d  to  be 15* 67 x 10  ̂  ̂ dpm '̂4C in  Ju ly  1967 and 
1 3 .9 2  x 1017 dpm 14C in  J u ly  1 9 6 8 , corresponding to 6 ,6  x 10^7 

atoms ^4C and 5*9 * 1 0 ^  atoms r e s p e c t iv e  i y .

4*2.3* B iospheric  I n v e n to r ie s  o f  Carbon-14

The amount o f  a r t i f i c i a l  carbon-14 in  the b iosphere can
n o t  be a c cu ra te ly  determined by d ir e c t  measurement because  

o f  th e  d i f f i c u l t y  in  ob ta in in g  r e p r e se n ta t iv e  s a m p l e s .  We 

have c a lc u la te d  the e x ce ss  carbon-1 4  in  the b i o s p h e r e ,  

( t e r r e s t r i a l  4- humus) in  the fo l lo w in g  manner.
E s t im a te s  o f  th e  s i z e  o f  the land biosphere vary

c o n s id e ra b ly  but r e c e n t  rev iew s o f  the data by  L eith  (1 9 6 3 )  

and Junge and Czeplak ( 1967) in d ic a te  t h a t  the most l i k e l y  

v a lu e s  f o r  th e  amount o f  carbon in  th e  biosphere ( t e r r e s t r i a l  4 

humus) and th e  r a t e  o f  f i x a t i o n  o f  atmospheric carbon are



17 178 .3 4  x 10 S and O.384  x 10 g / y e ar r e s p e c t iv e ly .  Thus

th e  c y c l in g  tim e o f  a carbon atom in  th e  b io sp h e re  i s

8 .3 4 /0 .3 8 4  -  22 y e a r s .
I t  h a s  been r e p o r t e d  by Walton e t  a l  (1967) t h a t  th e  

carbon -1 4  a c t i v i t y  m easurements o f  p l a n t  m a t e r i a l s  g iv e  

r e s u l t s  i d e n t i c a l  w ith  th o se  o b ta in e d  f o r  contem porary 

t r o p o s p h e r i c  a i r .  T h e re fo re ,  assuming t h a t  no m ixing o f  

f ix e d  carbon o c c u rs  w i th in  th e  r e s e r v o i r ,  th e  mean ex cess  
carbon -1 4  c o n c e n t r a t io n  in  any y e a r  n can be c a l c u l a t e d  from 
th e  fo l lo w in g  r e l a t i o n s h i p :

A " = f  ( A n +  A n_ i  + A n_ 2 + ............ +  An-22^

where, = mean b io sp h er ic  e x c e ss  carbon-1 4  l e v e l .

A  = mean trop osp h eric  e x ce ss  carbon-1 4  l e v e l .
<3. fixes! »Vj one*. yeflW'* biosphere*

m = - f ix a t;u>&—r-a t e (g /y o  1

M = t o t a l  carbon in  the b iosphere (g ) .

Due to  the co n sid era b le  v a r ia t io n s  in  carbon-14 co n cen tra tio n s
th ro u g h o u t  th e  t ro p o s p h e re  d u r in g  th e  p e r io d  o f  1955-1968  th e

t o t a l  b io sp h e re  was t r e a t e d  on an h em isp h e r ic  b a s i s .  The

mass o f  b io sp h e re  was d iv id e d  r e l a t i v e  to  th e  annual f i x a t i o n

r a t e s  o f  0 .2 2 6 g /y e a r  and O . I 58 g /y e a r  in  th e  n o r th e rn  and

southern hem ispheres r e s p e c t iv e ly .  C a lcu la tio n s  were then
made u sin g  th e trop osp h eric  data fo r  th e  growth p eriod  in  both

hem ispheres fo r  each year and th e  r e s u l t s  from 1959 to  1968
are shown in  Table 4*5* As se e n 'in  Table 4*5 the average

e x c e ss  carbon-14 l e v e l s  were 18 .97$  in  J u ly  1967 21*50$
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Tab le  4*5* B io s p h e r ic  ca rbon -14  c o n c e n tra t io n s  (1959 -1968)'

Year N, Hemisphere S. Hemisphere Mean (w e ig h te d )

1 9 5 9 - 0 . 28 —0 . 6 4 - 0 . 4 2

i 960 0 . 8 3  • 0 e ro C
O 0 . 6 2

1 9 6 1 1 . 8 4 1.20 1.58

1 9 6 2 3 . 3 2 2.16 2 . 8 5

1 9 6 3 6 . 1 2 4,00 5.60

1 9 6 4 11.50 6 . 7 6 9 .5 2

1 9 6 5 15.30 9.80 13 .04

1 9 6 6 1 8 . 4 0 12.70 16 .03

1 9 6 7 21.40 1 5 . 5 0 18.97

1 9 6 8 24.00 18.00 21.50



i n  J u l y  1968„ The n a t u r a l  l e v e l  was assumed, to  be 13*1 dpm 

^ C / g  carbon ( th e  same as  th e  a tm o sp h eric  l e v e l ) * With th e s e  

a ssu m p tio n s  th e  a r t i f i c i a l  carbon -1 4  i n  th e  b io sp h e re  h a s  been
1 7  3 /;

c a l c u l a t e d  to  be 23.99  x 10 1 dpm TC i n  J u l y  1967 and 

26.84  x 101? dpm in  J u l y  1968, c o r re sp o n d in g  to  10.1  x 10 

atoms and 1 1 .3  x 10 atoms ^ 0  r e s p e c t i v e l y .

4*2*4* I n v e n t o r i e s  o f  Carbon-14 in  th e  Oceans

The in v e n to r y  c a l c u l a t i o n s  fo r  th e  s u r fa c e  l a y e r s  o f  th e  

ocean have been based  on th e  measurements o f  Nydal ( 1967? 1968) ,  
R a f t e r  ( 1968) and. Young and F a irh & ll  ( 1968) .  About 60 r e s u l t s  
were o b ta in e d ,  m ain ly  from th e  A t l a n t i c  and P a c i f i c  o cean s ,  f o r  

th e  p e r io d  1967-1968 . Almost h a l f  o f  th e s e  d a ta  were o b ta in e d  
i n  th e  so u th e rn  hem isphere . The r e s u l t s  s c a t t e r e d  over a 

ra n g e  o f  A  from 4* 4$ to  + 27$ i n d i c a t i n g  c o n s id e ra b le  

inhom ogeneity  in  carbon -1 4  c o n c e n t r a t io n s  in  th e  s u r f a c e  w a ter  

o f  th e  ocean s .  The g e n e r a l  t r e n d  was such t h a t  th e  t o t a l  ex cess  

carbon -1 4  appea red  to  i n c r e a s e  w ith  t im e. In  o rd e r  to  e v a lu a te  
th e  in v e n to ry  o f  a r t i f i c i a l  c a rb o n -14 , a mean c o n c e n t r a t io n  was 

found by a v e ra g in g  th e  p r e s e n t  d a ta  f o r  each month f o r  th e  

n o r th e r n  and so u th e rn  hem isphere  s e p a r a te ly  and th en  an average  

o f  th e  m onthly mean v a lu e s  was c a l c u l a t e d  to  o b ta in  a  y e a r ly  

mean carbon-14  c o n c e n t r a t io n .  T h is  was perform ed  f o r  196? and 

1968, and th e  averag e  A  v a lu e s  o f  4*9*92$ and 4-10,62$ 
d e te rm in ed . These v a lu e s  were c o n s id e re d  to  be r e p r e s e n t a t i v e  
f o r  th e  m idd le  o f  th e  c o rre sp o n d in g  y e a r s .  Assuming th e  Suess



e f fe c t  i s  - 3$ in  the  s u rfa c e  ocean , th e  a c tu a l  number o f

a r t i f i c i a l  ca rbon -14  atoms c o n t r ib u te d  by weapons t e s t s

are  e q u iv a le n t to  in c re a s e s  o f  1 2 * 9 2 $ and 1 3 . 62$ above th e
n a tu r a l l e v e l .  We assumed f u r t h e r  t h a t  th e  amount o f  t o t a l

17carbon in  th e  s u rfa c e  la y e r  i s  8 ,1 6  x  10 g , With th e s e  

assum ptions th e  average t o t a l  excess carbon -1 4  a c t i v i t i e s  in  
th e  s u rfa c e  la y e r  o f  the  oceans has been c a l c u l a t e d  to  bo

13 .81  x 101 { dpm 14C in  J u ly  1967 and 1 4 .5 6  x 10 ̂  dpm 14C
27 27in  J u ly  1968 5  co rre s p o n d in g  to  6 .1  x  10 atoms and 6 . 4  x  10

atoms carbon -1 4  r e s p e c t iv e ly .

To summarise, we have found  th a t  i n  J u ly  1967 t h e r e  were
07

4 6 . 9  x ! 0 C atoms o f  a r t i f i c i a l  ca rbon -14  and i n  J u ly  1968 
27

4 5 * 4  x  10 atom s, d is t r ib u te d  in  th e  v a r io u s  r e s e r v o i r s  as  
shown in  Tab le 4 * 6 . Some o f  th e  d i f f e r e n c e  between th e se  

two r e s u l t s  can be accounted f o r  by t r a n s f e r  o f .c a rb o n -1 4  to  

th e  deep oceans, - I t  must be borne i n  mind, however, t h a t  

th e s e  f i g u r e s  are s u b je c t t o  c o n s id e ra b le  u n c e r t a i n t i e s  in  

th e  averag e  carbon - 1 4  c o n c e n tra t io n s  a s s e s s e d  f o r  th e  r e s e r v o i r s .
The accu racy  o f  theso  r e s u l t s  v a r i e s  from r e s e r v o i r  to  

r e s e r v o i r .  For th e  s tra to s p h e re  and the  t ro p o s p h e re  n e i t h e r  

th e  m easurem ents o f  carbon - 1 4  c o n c e n t r a t i o n s ,  n o r  th e  m asses 
o f  a i r  i n  these  r e s e r v o ir s  a re  s u b je c t  to  l a r g e  u n c e r t a i n t y ,  

and th e  accu racy  i s  b e lie v e d  to  be b e t t e r  th an  £ 1 0 $ . For th e  

b io s p h e re  and ocean s u rfa c e  l a y e r  a c o n s id e ra b le  e r r o r ,  p o s s ib ly  

a f a c t o r  o f  two, may be in v o lv e d ,  due to  th e  u n c e r t a in t y  in  
th e  r e s e r v o i r  s i z e s  and carbon-14  m easurem ents. For example,



Table 4 * 6. D i s t r i b u t i o n  o f  a r t i f i c i a l  carbon-14  in  th e  carbon
27c y c le  (x  10 atoms)

J u ly  1967 J u ly  1968

, u p p e r ;S t r a to s p h e r e

T roposphere ;

B iosphere  ( t e r r • 4* humus) :

Ocean s u r f a c e  l a y e r ;

4 .4
6 .6

19 .7

10.1

6.1

3 .6
5 .9

18.2

11 .3

6.4

T o ta l 4 6 . 9 4 5 .4



th e  s c a t t e r  o f  The r e  sit i t  5 o f  th e  ocean s u r fa c e  was large*

th e  c a l c u l a t e d  s ta n d a rd  d e v ia t io n  was about + 40$ o f  th e

average  value.,, However, th e  t o t a l  in v e n to ry  o f  excess

carbon -1 4  i s  in  re ason ab le  agreement w ith  th e  i n v e n t o r i e s  
27o f  54 x 10 a tom s, e s t im a te d  by Young and P a i r h a l l  ( I 968)

21and 57 x 10 atom s, c a l c u l a t e d  by Walton e t  a l  ( 1964 ,
u n p u b lish e d )  f o r  e a r l i e r  times*

The t o t a l  y ie ld  o f  weapon t e s t s  announced up to  and

in c lu d in g  196b was 406 Mton from a i r  b u r s t s ,  and 105 Mton

from s u r f a c e  b u rs ts  ( T a b l e  4*1), On th e  b a s i s  o f  th e s e
y i e l d s  and th e  e s tim a te d  r e l e a s e  o f  n e u t ro n s  p e r  Mton (2  x
10 n /k to n  in  th e  case  o f  an a i r  b u r s t ,  1 x 10 n /k to n  fo r

a s u r f a c e  b u r s t )  i t  has been c a l c u l a t e d  t h a t  th e  t o t a l
27p ro d u c t io n  o f  carbon -14  was 92 x 10 atoms* The t o t a l  

c a rb o n -1 4  which h a s  been, produced, m ain ly  .by th e  Chinese and

French t e s t s  o f  June  196? and J u ly  1968 , s in c e  19^3 i s
27a p p ro x im a te ly  3 x 10 atoms. The c o n t r ib u t io n  from th e s e

l a t t e r  t e s t s  in  our data i s  p ro b ab ly  n e g l i g i b l e  s in c e  th e

e x ce ss  carbon -1 4  v a lu e s  o f  th e  s t r a to s p h e r e  to  d a te  were
found by e x t r a p o l a t i o n  from th e  r e s u l t s  a v a i l a b l e  u n t i l  196 6 ,

27The d i f f e r e n c e  between 92 x 10 atoms and th e  r e s u l t  p re se n t '  

ed h e re  may be e x p la in e d  by th e  m agnitude o f  e r r o r s  on th e  

b a s i c  assum ptions  which were made f o r  c a l c u l a t i o n s  in  bo th  

c a s e s ,  v i z * ,  n e u tro n  y i e l d s ,  A  v a lu e s  in  th e  s u r fa c e  ocean 

l a y e r s ,  and th e  t r e a tm e n t  o f  th e  b iosphere*



CHAPTER 5* CALCULATION OF C02 EXCHANGE TIMES IN THE CARBON

CYCLE FROM THE DISTRIBUTION OF ARTIFICIAL CARBON-14 
IN I 967- I 968

One o f  th e  fundam ental a ssum ptions  o f  th e  ra d io ca rb o n  

d a t in g  method i s  t h a t  th e  carbon -1 4  c o n c e n t r a t io n  in  th e  

a tm osphere  h a s  been e s s e n t i a l l y  c o n s ta n t  w ith  t im e , i . e . ,  th e  
removal o f  carbon -1 4  i s  b a lan ced  by th e  p ro d u c t io n  o f  carbon -1 4  

by cosmic r a y s .  T h is  s t e a d y - s t a t e  s i t u a t i o n  h as  been m o d if ied  
d u r in g  th e  l a s t  100 y e a r s  by th e  I n d u s t r i a l  e f f e c t  and, over 
th e  l a s t  20 y e a r s  by th e  t e s t i n g  o f  n u c le a r  weapons. The 

s tudy  o f  th e  carbon -1 4  s t e a d y - s t a t e  s i t u a t i o n  and th e  above 
t r a n s i e n t  d i s tu r b a n c e s  o f  t h a t  s tea d y  s t a t e  in  n a tu r e  a re  o f  

a s s i s t a n c e  in  e l u c i d a t i n g  th e  v a r io u s  exchange r a t e  c o n s ta n t s  

f o r  CO^ in  th e  carbon c y c le .

F i r s t  measurem ents o f  th e  d e c re a se  i n  ca rbon-14  s p e c i f i c  

a c t i v i t y  o f  th e  atm osphere  and th e  contem porary  p o r t i o n  o f  th e  

b io s p h e re  owing to  th e  r e l e a s e  o f  s u b s t a n t i a l  q u a n t i t i e s  o f  
carbon -1 4  f r e e  carbon d io x id e  by com bustion o f  f o s s i l  f u e l s  

wefe made by Suess (1953? 1955)* RY c o n s id e r in g  th e  m agnitude 
o f  th e  i n d u s t r i a l  e f f e c t  and th e  s t e a d y - s t a t e  d i s t r i b u t i o n  o f  

carbon-14  i n  th e  atm osphere  and o cean s ,  R ev e lle  and Suess (1957) 

and Arnold and Anderson (1957) e s t im a te d  t h a t  th e  CO  ̂ exchange 
tim e  between th e  atm osphere  and th e  ocean must l i e  between one 

and two d ecad es .  From f u r t h e r  m easurements on th e  w orld-w ide



i n d u s t r i a l  e f f e c t ,  F ergusson  (1958) Las e s t im a te d  t h a t  th e  

above-m entioned  exchange tim e must 'be l e s s  Vam  seven y e a r s  
and i s  p robab ly  o f  th e  o rd e r  o f  two y e a r s .

The v a lu e s  o f  th e  above exchange t im es  a re  o f  c o n s id e ra b le  

im portance  and hence th e y  have been supplem ented by c a l c u l a t i o n s  

u s in g  bomb-produced ca rbon -14  as  a t r a c e r ,  L ai and Rama (1 9 6 6 ), 

Bien and Suess ( 1967) ,  Young and P&vrhalX ( 3.9 6 8 ) and Hydal ( 1968) .  
C o n sid e ra b le  d isag reem en t s t i l l  e x i s t s  in  th e  a v a i l a b le  d a ta .  

T h e re fo re  a c o n t in u e d  s tudy  o f  e n v iro n m e n ta l carbon-14  l e v e l s  
a p p e a rs  n e c e s sa ry  to  p e rm it  f u r t h e r ,  and h o p e fu l ly ,  more 

a c c u r a te  a s se ssm e n ts  o f  th e  CQ  ̂ t r a n s p o r t  p a r a n s t a r s  between 
th e  v a r io u s  r e s e r v o i r s  o f  th e  carbon c y c le .

To e v a lu a te  th e  exchange r a t e s  between v a r io u s  r e s e r v o i r s  
a box-model approach  has  been adopted.. The atmosphere -  ocean 

system  has  been d iv id e d  i n t o  a . s e r i e s  o f  in d epe nden t r e s e r v o i r s  

and th e  t r a n s f e r  o f  carbon between r e s e r v o i r s  was assumed to  be 

de te rm in ed  by f i r s t  o rd e r  r a t e  c o n s ta n t s .  For th e  b io sp h e re  

and th e  s u r f a c e  oceans  th e  a c tu a l  c i rc u m s ta n c e s  d e p a r t  from 

th e s e  i d e a l i s e d  s i t u a t i o n s .  I n  th e  c a se  o f  th e  b io s p h e re  t h e r e  

w i l l  be some u n c e r t a i n t y  due to  th e  ho ld -u p  o f  b io s p h e r ic  
carbon -1 4  in  humus b e fo re  t r a n s f e r  back to  th e  a tm osphere , and 

in  t h e  c ase  o f  th e  s u r f a c e  ocean u n c e r t a in t y  w i l l  a r i s e  because  

o f  t h e  v a r i a b l e  r a t e  o f  m ix ing  w ith  deop ocean w ater  a t  

d i f f e r e n t  l a t i t u d e s .

5*1. A p p lica tion  o f  Carbon-14 Data .to Box Models

One o f  t h e  b a s ic  d i f f i c u l t i e s  in  a p p ly in g  a box model t r e a t 



ment to  th e  s tudy  o f  carbon  exchange in  n a tu r e  i s  th e  meaning

f u l  i n t e r p r e t a t i o n  and a p p l ic a t io n  o f  env ironm en ta l  carbon -1 4  

l e v e l s .  ' Any box model re p re s e n ta t io n  im p l ie s  i d e a l  c o n d i t io n s  
which c l e a r l y  do n o t  e x i s t  i n  th e  n a tu r a l environm ent. These- 

c o n d i t io n s  in c lu d e  th e  assum ption o f  uniform  c o n c e n t r a t io n  

f o r  th e  carbon -1 4  t r a c e r  w i th in  a p a r t ic u la r  box, and a uniform  

t r a n s f e r  f l u x  f o r  carbon across  th e  b o u n d a r ie s  between a d ja c e n t  

boxes. To overcome th e se  l im i t a t io n s  i t  i s  n e c e s sa ry  to  
e q u a te  m easured v a lu e s  in  te rm s o f  th e  c o n d i t io n s  d e f in e d  by 

th e  model. Where inhomog a n e iiy  o f  carbon-14  c o n c e n t r a t io n s  
e x i s t  i t  i s  necessa ry  to  c a lc u la te  e i th e r  th e  mean carbon -1 4  
l e v e l  f o r  th e  whole box o r  c o n s id e r s p a r t i c u l a r  r e p r e s e n t a t i v e  

r e g io n .  I n  th e  case  o f  tim e  v a r ia t io n s  i n  mass t r a n s f e r  which 
can a r i s e  i n  c y c l i c  seasona l e f fe c ts  th e s e  may b© overcome by 

assum ing a mean v a r i a t i o n  f o r '  *tb.‘e wholV year ' o r  by com parison 

o f  carbon -1 4  v a lu e s  f o r  id e n t ic a l  t im es  i n  s e p a ra te  y e a r s .

An im p o r ta n t  a sp e c t  o f  model c o n s t r u c t io n  i s  th e  s e l e c t i o n  

o f  b o u n d a r ie s .  I n  many o ase s  th e s e  may be more ap p a ren t  th an  

r e a l ,  b e in g  c o n v en ien t  d i v i s i o n s  f o r  c o n s id e r a t io n  o f  m easured 

d a ta  r a t h e r  th an  a c tu a l  p h y s ic a l  b a r r i e r s  to  carbon t r a n s p o r t .  

Many n a t u r a l  i n t e r f a c e s ,  however, are o b v io u s ,  v i z . ,  th e  

t ro p o p a u s e ,  th e  ocean th e rm o c l in e ,  a l th o u g h  even th e s e  a r e  by 

no means a c c u r a t e ly  d e f in e d .
I n  s p i t e  o f  a l l  th e  n e c e s sa ry  ap p ro x im a tio n s  to  be made 

i n  th e  a p p l i c a t i o n  o f  box m odels , i t  a p p ea rs  t o  be th e  b e s t  
method o f  c a l c u l a t i o n  o f  th e  exchange r a t e s  between v a r io u s  
dynamic carbon  r e s e r v o i r s  a t  th e  p r e s e n t  t im e .



5» 2* D e f in it io n  o f  R@sid.snoe and Exchange Times

Due to  the d i f f e r e n t  in t e r p r e ta t io n s  which have appeared 

i n  the l i t e r a t u r e  regarding the  concept o f  re s id en ce  time a 
complete d e f in i t io n  i s  g iven  here*

The r es id en ce  time* T  * i s  defin ed  as the average l i f e  

o f  a COg m olecule  i n  a r e s e r v o ir  before i t  i s  tran sferred  to  

an o th e r  r e s e r v o i r .  I t  i s  the time required  f o r  an o r i g i n a l  

number, o f  p a r t ic u la r  m olecu les  to be reduced to  l / e  o f  
th e  i n i t i a l  number and i s  thus m athem atically  e q u iv a le n t  to  

a  r a d i o a c t i v e  mean l i f e .  Therefor© the change i n  number o f  

th e  m o le c u le s ,  dH, i n  one r e s e r v o ir  in  the  time i n t e r v a l  d t
. t-

can be e x p re ssed  by the r e la t io n s h ip

by i n t e g r a t i o n  N =  N eo

, .,T _  o 1 - k ts in c e  N ~  —  , -  =  e

t h e r e f o r e  t  ( T ) -  g-

where k i s  th e  exchange r a t e  c o n s ta n t .

I n  c ase  o f  s e v e r a l  a d ja c e n t  r e s e r v o i r s  th e  mean r e s id e n c e  

t im e  i n  one r e s e r v o i r  i s  dependent on th e  s e p a ra te  r e s id e n c e  

t im e s  w ith  r e s p e c t  to  each o f  th e  o th e r  r e s e r v o i r s .  I n  o rd e r  
to  a v o id  co n fu s io n  th e  r e s id e n c e  t im e  (TT) w ith  r e s p e c t  to  one



o f  th e adjacent r e s e r v o ir s  w i l l  be c a l le d  "the exchange tim e"  

and i t  w i l l  be d e fin ed  as the r e c ip r o c a l o f  the exchange r a te  
c o n sta n t, l / k .

The exchange tim e and th e  r e s id e n c e  tim e are id e n t ic a l  

when th e  exchange' ta k es  p la ce  on ly  between two r e s e r v o ir s .
Where a number o f  adjacent r e s e r v o ir s  e x i s t  the mean resid en ce  
tim e can be expressed  as fo llo w s:

i s I + I I ••••• 4- 1̂
r  r x r 2 r„

where T ^ ^  9 . . .  , are the exchange tim es.

In term s o f  exchange r a te  c o n sta n ts  the r e la t io n sh ip  i s
k =s k. + k0 -f . . . .  + k 1 2  n

5*3* C a lcu la tio n  o f  Exchange Times

In each model th e  main body o f  the atmosphere has been 

d iv id ed  in to  two w e ll mixed r e s e r v o ir s ,  nam ely, the stra to sp h ere  

and th e  trop osp h ere. In  th e same way th e  ocean i s  d iv id ed

in to  a w e ll mixed su rface  r e s e r v o ir , depth taken as 100 m etres
(o f te n  r e fe r r e d  to  as th e "surface layer" ) and a much la rg er  

deep r e s e r v o ir . In  each r e s e r v o ir  the exchange tim es o f  CÔ  

w ith  r e sp e c t to  adjacent r e s e r v o ir s  have been c a lc u la te d .
The method o f  c a lc u la t io n  o f  exchange tim es makes use o f  

th e  eq u ation s a p p lica b le  to  th e s te a d y -s ta te  d is tr ib u t io n  fo r  

n a tu ra l carbon. I t  i s  fu rth er  assumed th a t carbon-14 behaves 

in  a  s im ila r  manner to  carbon-12. Thus th e r e la t iv e  r a te s  o f



change fo r  ex cess  carbon-1 4  co n cen tra tio n s  in  v a r iou s r e s e r v o ir s  

are governed by the in te r r e s e r v o ir  exchange r a te s  o f  a l l  carbon.

In th e  fo llo w in g  s e c t io n s  th e  assum ptions, c a lc u la t io n s  

and r e s u l t s  are d iscu ssed  fo r  four m odels which are b e lie v e d  to  

be most r e p r e se n ta t iv e  o f  the p h y sic a l s itu a t io n  w ith in  the  

l im it a t io n s  d escr ib ed  p r e v io u s ly .

5 .3 .1 .  Model l j  assum ptions, c a lc u la t io n s  and r e s u lt s

This model c o n s is t s  o f  s ix  boxes as shown in  Figure 5«1.

The atmosphere i s  subdivided  in to  troposph ere, the lower s tr a to 
sphere and th e upper s tr a to sp h e re . The ocean i s  subdivided  
in to  the su rface  la y e r  and the deep ocean. The boundaries 
between th e  r e s e r v o ir s  are as d escrib ed  in  the p rev iou s chapter. 

The b iosph ere ( t e r r e s t r ia l  +* humus) i s  considered  as one box in  

exchange on ly  w ith  the troposph ere. These r e s e r v o ir s  are 

assumed to  be in  s te a d y -s ta te  w ith re sp e c t to  CÔ  tran sp ort and 

d is tr ib u t io n  and i t  i s  fu rth er  assumed th a t exchange occurs  

accord in g to  f ir s t -o r d e r  k in e t ic  p r o c e s se s . U sing th ese  

assum ptions the tim e-dependent r a te  o f  exchange o f  ex cess  

carbon-1 4  in  th e  v a r io u s boxes can be rep resen ted  by th e fo llo w 

in g  s e r ie s  o f  sim ultaneous eq u ation s:
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Figure 5.1. Model I.
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dx~

E3 dt =  R2 x 2 k 3 +  R4 *4 k 6 +  R6 x 6 k10 " H3 *3 k4 “ R3 *3 k5
-  R, X-. kA3 3 9

d x .
R4 dt ~  R3 *3 k5 *  R5 x5 k8 ~ R4 x4 k 6 " *4  "4  k7

d.Xg
j r — —• R_ x ,  kn -  E/- x £ k.lA6 dt 3 3 9 6 6 10

where R  ̂ r ep re sen ts  the mass o f  t o t a l  carbon and rep re sen ts
th e  p ercen tage o f  ex cess  carbon-14 concen tration  in  box i ,
r ep re sen ts  the exchange r a te  constant from box i  to  an adjacent

box, which i s  to  be determined* dx / d t  i s  the r a te  o f  change
o f  carbon-14 con cen tra tion s  in  box i ,  The exchange r a te
co n s ta n ts  and k^ are r e la te d  by the id e n t i t y  R̂  ^  k 0 R ,
as req u ired  for  conservation  o f  masses w ith in  the r e s e r v o ir s ,

u p p er  and low er s t r a t o s p h e r e s .  S im i la r ly ,  k'^ R^,

k c R_ s  R. ,  k„ R . =2 k0 R,- and k r, R., ss k^A Rre The v a lu e s5 3 6 4 7 4  k 5 9 3 10 o
o f th e  p a ra m e te rs  a p p l ie d  a re  shown in  Table  5*1

R^, R^ and R^ were c a l c u l a t e d  from th e  t o t a l  -atm ospheric

in ven to ry  o f  carbon g iven  by Takahashi ( 1967) and th e  a v a i l a b l e

data on mean tropopause h e i g h t s ,  th e  40 mbar boundary between

th e  lower and upper s t r a t o s p h e r e s  and th e  s t r a to p a u s e  h e ig h t ,

R and Rj. were tak en  a s  c a l c u l a t e d  by Broecker and Olson ( i 960) ,
4 5 2.7

R  ̂ was found by summing up th e  t e r r e s t r i a l  c arbon , 1 .09  x  10 g ,
17and humus, 7*25 x  10 g ,  as  de te rm ined  by L e i th  (1963). Since  

th e v a lu es  o f  x^ and d x ^ /d t  vary w ith  tim e they  were d e te rm ined



Table 5*1« Param eters a p p lie d  in  Model 1

R eservoir  Reservoir' s i z e  (R) Excess ^~C (x) Gradient (dx /dt)
17

x 1 0 " 'g carbon $ : $ per year

Upper s tra tosp h ere 0 .247 256.0 - 56 .1
Lower stra tosp h ere 0 .803 127 .3 - I 6 .4
Troposphere 5 .5 2 54.9 - 4.8
Surface Ocean 8 .1 6 1 0 .6 0 .7
Deep Ocean 371.0 - 1 7 .6 -

Biosphere 8. 34 21.5 3 .2 6
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f o r  a f i x e d  i5. me, J u ly  1968 in  o rd e r  to  avo id  any m is tak e  

which may be in t r o d u c e d  by s e a so n a l  v a r i a t i o n s .  x^ and x 

were de te rm in ed  by e x t t apo1a t io n  o f  p re v io u s  years*  r e s u l t s  

which were e v a lu a te d  by H arkness ( 1 9 &9 ) as  m entioned  e a r l i e r ,  

x^ was determ ined, from  m easurem ents, perform ed  by th e  a u th o r ,  

o f  t r o p o s p h e r i c  oarbori~14 c o n c e n t r a t io n s  by p l o t t i n g  th e  

e x ce ss  carbon--14 c o n c e n t r a t io n s  a s  a fu n c t io n  o f  tim e (F ig u re  
5 .2 ) .  The d e te rm in a t io n  o f  x^ was based  on th e  measurements 
o f  th e  c a rb o n -1 4 c o n c e n t r a t io n s  in  th e  s u r fa c e  w ater o f  m ainly  
A t l a n t i c  and. P a c i f i c  ocean s ,  Again th e  ex cess  carbon-14  

c o n c e n t ra t io n s . ,  measured by Nydai (1969) 9 R a f te r  ( 1968) and 
Young and F a ir  h a l l  (1 9 6 3 ) , were p l o t t e d  a s  a fu n c t io n  o f  tim e 

and th e  va lu e  o f  x 4 o b ta in e d  from th e  cu rve  (F ig u re  5«3)»

Xp. was o b ta in e d  by a v e ra g in g  (w eigh ted) th e  v a lu e s  f o r  A t l a n t i c  

end P a c i f i c  deep w a te r g iv e n  b y  B roecker 'and Olson (I96by  and 

Bien and Suess ( 1967) r e s p e c t i v e l y .  The deep ocean r e s u l t s  

were tak en  ar. measured by th e  above m entioned  a u th o rs  s e v e ra l  

y e a r s  ago. Because o f  th e  s i z e  o f  t h i s  r e s e r v o i r  ( a b o u t '60 

t im e s  o f  th e  a tm osphe ric  r e s e r v o i r )  th e  i n c r e a s e  i n  average  

ca rb o n -1 4  c o n c e n t r a t i o n ■in  th e  deep ocean would n o t  be a t  a 

d e t e c t a b l e  le v e l  in  1968.

I t  was d i f f i c u l t  to  a s s ig n  a v a lu e  to  x^, th e  b io s p h e r ic  

carbon -1 4  c o n c e n tra t io n j, s in c e  t h e r e  were no m easured r e p r e s e n t 

a t i v e  v a lu e s .  I t  was c a l c u l a t e d ,  t h e r e f o r e ,  from th e  r e s e r v o i r  
s i z e  (8 .3 4  x 1017 g) and annual f i x a t i o n  r a t e  (O.384  x 10^7 g) 

o f  c a rb o n ,  and assuming t h a t  th e  carbon -1 4  a c t i v i t i e s  o f  p l a n t
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m a ter ia l are id e n t ic a l  w ith th ose  fo r  contemporary troposp h eric  

a ir  and th a t no m ixing o f  f ix e d  carbon occurs w ith in  the  
r e s e r v o ir .

The v a lu es  o f  d x ^ d t  were determ ined by d if f e r e n t ia t in g  • 
th e  fu n c tio n s  which rep resen t th e  change o f  ex cess  carbon-1 4  

co n cen tra tio n  w ith  tim e in  each box. These fu n c tio n s  were 

found from th e observed , or in  th e  case  o f  the b iosphere from 

th e  c a lc u la te d  v a lu es  by computer a n a ly s is .  The fo llo w in g  
fu n c tio n s  were used fo r  the v a r iou s r e s e r v o ir s :

Upper stra to sp h ere : x -  878e~°e0^ ^ ,  t  = 0 fo r  1 s t  February 1963
—0 1 9881Lower s tra to sp h ere : x s  227.4© * , t  ~ 0 fo r  1 s t  February 1964

Troposphere: x - - 4 *8 t  *f 62.5? t  * 0 fo r  1 s t  January 1967

Surface ocean; x -  0 .0 5 7 t  4*9.5? t  -  0 fo r  1 s t  January 1967

B iosphere: x ~  1 2 .6e ° ' ^ ^ ^ ,  t  = 0 fo r  1 s t  Ju ly  1964
From th e  r e la t io n s  fo r  con servation  o f  m asses w ith in  the  

boxes th e v a lu e s  o f  k y  k y  kg and k^Q can be expressed  in  

terms o f  k^, k y  k y  k^ and k^ r e s p e c t iv e ly .  S u b stitu tin g  them 
in  th e  above eq u ation s and so lv in g  th ese  f iv e  sim ultaneous  

eq u ation s gave th e exchange tim es shown in  Table 5*2.

5 .3 .2 .  Model 2, (5 boxes)

This model i s  a s im p lif ie d  form o f  Model 1 (F igure 5 *4 ).
The s tr a to sp h e r ic  boxes were combined and the to t a l  s tra to sp h ere  

has been rep resen ted  as a s in g le  boXi R^, th e  t o t a l  carbon



Tab le 5 *2 . Exchange tim e s  c a lc u la te d  from  Model 1

R e s e rv o irs  in  exchange Exchange tim e  (Y >  yea r)

Upper-Lower Stratosphere 2*3
Lower Stratosphere -  Troposphere 2.1
Troposphere -  Surface Ocean 9*3
Troposphere -  Biosphere 6.8

Surface -  Deep Ocean 11*2

Deep -  Surface Ocean 508
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in  th e  s tr a to sp h e re , was taken as 1 .0 5  x 10*^ g  ( sum o f  

and Rg in  th e  Model l ) ,  x^ and dx^/dt were taken to  be 

1 5 7 .^  and -25*7^ /y e a r  r e s p e c t iv e ly  (w eighted  mean v a lu es  
o f  the upper and lower s tr a to sp h e r ic  v a lu e s ) .  The exchange 

tim es were c a lc u la te d  u s in g  the same method as Model 1 and 

th e param eters shown in  Table 5*3. The r e s u l t s  are shown 
in  Table 5*4*

5 * 3 .3 . Model 3 , (8 Boxes)

This model i s  s im ila r  to  Model 2 (F igure 5*5). The major
d if fe r e n c e  i s  th a t the trop osp h ere , the ocean surface la y er  
and the b iosphere were subdivided  in to  two boxes through the  
equator. The trop osp h eric  r e s e r v o ir s  were assumed to  be 

symmetric across th e equator w ith  regard to  s iz e  and exchange 

r a te  c o n s ta n ts . The ocean su rfa ce  la y e r  and th e b io sp h er ic  

r e s e r v o ir s ,  however, were tr e a te d  as being asymmetric. The 

ocean su rfa ce  la y e r  was d iv id ed  in to  two according to  the  

su r fa ce  areas in  each hem isphere, and th e b iosph ere was d iv id ed  

accord ing to  the annual f ix a t io n  r a te s  o f  carbon in  th e  north
ern (2 2 .6  x 10*5 g) and southern ( 15*8 x 10*^ g) hem ispheres.

Due to  absence o f  a m easurable m erid ion al gra d ien t w ith in  th e  

box (com plete h o r iz o n ta l hom ogeneity was a tta in e d  by ea r ly  1967) 

no attem pt has been made to  subdivide the s tr a to sp h e r ic  r e s e r v o ir .
To a id  th e so lu t io n  o f  the equ ation s gen erated  in  t h i s  

model i t  was assumed th a t th e CÔ  exchange between th e su rface
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Table 5»3* P a ra m e te rs  a p p l ie d  in  Model 2

R e s e rv o ir R e s e rv o ir  s i z e  (R) 
17x 10 g carbon

Excess '"^C (x) G rad ien t (d x /d t )  

io 'p e r  .year

S t r a to s p h e re 1 .0 5 157 .6 - 2 5 .7
Troposphere 5-52 54.9 - 4 .8

S urface  Ocean 8 .1 6 1 0 .6 0 .7
Deep Ocean 371.0 -11 .6 -

B iosphere 8 .3 4 21.5 3 .26



Table 5*4* Exchange tim es c a lc u la te d  from Model 2

Exchange time ( T  > year)

4 .0

9.3
11.1

6,8

505

R eservo irs  in  exchange

Stratosphere -  Troposphere 
Troposphere -  Surface Ocean 

Surface -  Deep Ocean 

Troposphere -  Biosphere  

Deep -  Surface Ocean
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oceans  a n d  th e  t ro p o s p h e re  i e  r e l a t e d  on ly  to  th e  s u r f a c e  

a r e a  o f  oceans  e x p o s e d  to  th e  atmosphere* I t  i s  b e l ie v e d  

t h a t  t h i s  a s s u m p t i o n  w i l l  n o t  inc/or a  l a r g e  e r r o r  because 

th e  f l u x  o f  COg  i n t o  th e  ocean p e r  cm must be about th e  

same o v e r  th e  s u r f a c e  o f  th e  o c e a n *  This i s  so because  th e  

f lu x  o f  CC> i n t o  t h e  ocean i s  sim ply p r o p o r t i o n a l  to  th e  

number o f  m o l e c u l e s  s t r i k i n g  th e  s u r f a c e ,  and th u s  depends 

o n ly  on p a r t i a l  p r e s s u r e  and te m p e ra tu re .  Some d e v ia t io n  
shou ld  o c c u r  because  o f  p a r t i a l  p r e s s u r e  d i f f e r e n c e  over th e  
ocean s u r f a c e ,  e f f e c t s  o f  rou g h n ess  o f  th e  ocean on s u r fa c e  

a r e a ,  a n d  te m p e ra tu re  d i f f e r e n c e s ,  b u t th e s e  e f f e c t s  a re  
p ro b a b ly  sm a l l .  Thus th e  exchange t im es  in  th e  two hem ispheres  

w i l l  be r e l a t e d  to  th e  a r e a s  o f  t h e  oceans i n  th e  r e s p e c t i v e  
reg io n s*  A sim ilar- c o n s id e r a t io n  was a p p l ie d  to  th e  exchange 

between th e  s u r f a c e  and d e e p  ocean’s .

The v a lu e s  o f  th e  p a ra m e te rs  used  f o r  t h i s  model and th e  

r e s u l t s  o f  exchange t im es  a re  shown i n  Table 5*5 and Table 5*6 

r e s p e c t i v e l y .

5*3*4* Model 4 ( c y c l i c  model)

I n  t h i s  c y c l i c  e q u i l ib r iu m  model t h e  oceans have been sub

d iv id e d  i n t o  fo u r  boxes , th e  s u r f a c e  l a y e r ,  th e  deep ocean , th e  

A n ta r c t i c  and th e  A rc t ic  (F ig u re  5*6). The s u r fa c e  l a y e r  was 

assumed to  cover  th e  oceans  i n  a b e l t  between l a t i t u d e s  55°N and 

50°S. This  amounts to  81 p e r c e n t  o f  th e  a r e a  o f  th e  ocean b e in g
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St 2'at 0 SI 
Worth 02 'i. 
Southerr 
Northerr 

Southerr 

Deep Oct 

Northerr 

South, err

P a r u r t e r s  app lied  in  Model 3

o ir  R eservoir  s i z e  (l>) E xcess^C  (x) Gradient (dx /dt)
17x 10 g carbon % $ per year

) h e r e  1 . 0 5  157*6  - 2 5 * 7

i T r o p o s p h e r e  2* 7 6  5 6 .68  - 5 . 76

i T r o p o s p h e r e  2 . 7 6  5 3 * 0 7  - 3 . 6 0

1 S u r f a c e  O c e a n  3 .5 0 '  1 2 . 9  0 « 7

1 S u r f a c e  O c e a n  4 . 6 6  8 , 9  0 . 7

?an 3 7 1 . 0  - 1 7 . 6

1 B i o s p h e r e  4 * 9 0  24*0 3 . 1 8

1 B io  sphere e 3 . 4 4  1 8 , 0  3 * 1 4
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T a b l e  b b  E x c h a n g e  t i m e s  c a l c u l a t e d  f r o m  M o d e l  3

i n  e x c h a n g e  E x c h a n g e  t i m e  ( X  > y e a r )

S i r  a l o e ; c h o r e  -  Tro p o s p h e r e  ( b ) 8 . 0

S t r u t c : ;p h a r e  -■ Tro po s p h e r e  (s) 8 . 0

T r o p e !?e r e  (Dj  - T r o p o s p h e r e  (s) 4 .4

T r o p o s p ' h e r e  (l-F) — S u r f a c e  O c e a n  (N) 10 .7

Tropoc]) ' h a r 0 (3) - S u r f a c e  0 c e a n  ( s ) 8 . 0

T r o p e s  p . h e r e  ( b ) B i o s p h e r e  (it) 5 . 8

T r o p o s p here  (s) - Px o s p h  e r  e ( S) 8 . 9

S u r f a : e O c ean  ( l b S u r f a c e  O c e a n (S) 20.9

S u r f a c o O c e a n  (S j -  S u r f a c e  O c ean (If) 27.8

S u r f a c e O c e a n  (;l) Deep O c ean 13.1

S u r f  a c e O c e a n  ( s) -  Deep O c e a n 9 .8

Deep O c ean  — ■ S u r f a c e  O c ean  (b ) 1390

Deep Oc e a n  -  S u r f a c e  O c ean  (s) 783
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co v ered  by th e  s u r f a c e  l a y e r .  The th e rm o c l in e  i n  t h i s  model 

i s  ta k en  a t  100 m e tre s  and assumed to  be a m ajor b a r r i e r  to  

m ix ing  between th e  two r e s e r v o i r s  w ith  no t r a n s f e r  a c r o s s  i t .  

F u r t h e r ,  i t  was assumed t h a t  th e  w a te r  moves i n  th e  d i r e c t i o n  *

so u th  to  n o r th  i n  th e  s u r f a c e  and from n o r th  to  so u th  th ro u g h

th e  deep o cean , i n  acco rdance  w ith  oceanograph ic  i d e a s .  The 

e x c e s s  carbon-14  c o n c e n t r a t io n  and g r a d i e n t  in  th e  A rc t ic  r e g io n  

was ta k en  th e  same a s  i n  th e  su r fa c e  l a y e r  and in  th e  A n ta r c t i c  
r e g io n  th ey  were tak en  a s  th e  w eigh ted  means o f  th e  d a ta  o f
th e  s u r f a c e  l a y e r  and th e  deop ocean .

The v a lu e s  o f  p a ra m e te rs  a p p l ie d  and th e  r e s u l t s  a r e  g iven  
i n  Table  5*7 and Table  5*8 r e s p e c t i v e l y .

A ttem pts  were made to  c o n s t r u c t  more complex models f o r  
com parison b u t ,  as  eac,h a d d i t i o n a l  r e s e r v o i r  adds th e  n e c e s s i t y  

f o r  f u r t h e r  a ssum ptions  and p a ra m e te r s ,  th e  a v a i l a b l e  d a ta  d id  

n o t  a l lo w  much more com plex ity  th an  t h a t  i n  th e  p r e s e n t  m odels .

5*4* D iscu ss io n  o f  th e  R e s u l ts

A lthough th e  r a t e  o f  t r a n s f e r  o f  carbon-14  a c ro s s  th e  

t ro p o p a u s e  shows sea so n a l  dependence, a  mean r e s id e n c e  tim e o f  

4 y e a r s  i n  th e  t o t a l  s t r a to s p h e r e  h a s  been c a l c u l a t e d ,  which 

i s  i n  r e a s o n a b le  agreem ent w ith  th e  v a lu e s  de te rm ined  by 

Hagemann e t  a l  (1959) and Nydal (19^7)• T h is  v a lu e  c o rre sp o n d s  
to  an exchange r a t e  o f  4*3 m oles CO^/m /y  a c r o s s  th e  tro p o p a u se .  

I t  was a l s o  found t h a t  th e  exchange tim e f o r  carbon-14  o f  about 

2 y e a r s  i n  th e  low er s t r a t o s p h e r e  b e fo re  t r a n s f e r  to  th e  t r o p o -
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Table 5*7• Param eters ap p lied  in  Model 4

R e s e r v o i r  R e s e r v o i r  s i z e  (R) E x c e s s  ( x )  G r a d i e n t  ( d x / d t )
17

x  10 g  c a r b o n  $  p e r  y e a r

S t r a t o s p h e r e 1 .0 5 157 .6 -2 5 .7
T r o p o s p h e r e 5 .5 2 54-9 -4 .8 0

B i o s p h e r e 8 .3 4 21.5 3 .2 6

Sure f a  Co O c e a n 8 .1 6 1 0 .6 0 .7

A r c t i c 4 .80 1 0 .6 0 .7

A n t a r c t i c 5 0 .4 -1 6 .9 0 .0 1 8

Beep  O c e a n -315.8 - 1 7 .6 -



Table  5*8. Exchange t im es  c a l c u l a t e d  from Model 4

R e s e rv o irs  in  exchange Exchange ti-rne ( ? y e a r)

S tra to s p h e re  -  Troposphere 4*0

Troposphere  -  B iosphere  6 .8

Troposphere -  S u rface  Ocean 11 .3

T roposphere -  A r c t ic  72.8

Troposphere  -  A n ta r c t ic  302.1

Deep Ocean -  A n ta r c t ic  546

A n ta r c t ic  -  S u rface  Ocean 8 7 .2

S u rface  Ocean -  A r c t ic  14,1

A r c t ic  -  Deep Ocean 8 ,3



sphere  was very  s im i la r  to  th e  r e s u l t s  d e r iv e d  from s t u d i e s  

o f  s t r a t o s p h e r i c  d eb r is#  Telegadas and L i s t  (1 9 69) have 

r e c e n t l y  s tu d ie d  th e  b e h a v io u r o f  p a r t i c u l a t e  Sr~90 and gaseous  

carbon -1 4  i n  th e  s t r a t o s p h e r e 9 and have shown t h a t  th e  average- 

s e t t l i n g  speed  o f  Sr-90 was n e g l ig ib le  a f t e r  th e  f i r s t  y e a r  

o f  i n p u t .  However, some d isagreem ent e x is ts  between re s id e n c e  

t im e s  c a l c u l a t e d  from  carbon - 1 4  and S r-9 0 . T h is  they  e x p la in  

i n  te rm s  o f  th e  in p u t  o f  carbon - 1 4  a t  h ig h e r  a l t i t u d e s  d u r in g  

th e  m ajor t e s t  s e r ie s  o f  1961- 1962 , and th e  f i n i t e  v e r t i c a l  
d i f f u s i o n  t im e s  w i th in  th e  s tra to s p h e re .

Although no i n t e r h e m is p h e ric  s t r a t o s p h e r i c  m ixing  t im es  
co u ld  be c a l c u l a t e d  d i r e c t l y  from th e  observed  and e x t r a p o la t e d  

d a ta  i n  b o th  th e  u p p e r  and low er s t r a t o s p h e r e s  f o r  1967 and 1968 
i t  can be i n f e r r e d  t h a t  h o r i z o n ta l  ge t im es  a re  p ro b ab ly

l e s s  th a n  2 y e a r s .  Such a p e r io d  would p e rm it  h o r i z o n ta l  

hom ogeneity  to  occu r between 1962* th e  end o f  th e  l a s t  m ajor 

t e s t  s e r i e s ,  and e a r l y  1967 when homogeneity a p p ea rs  to  have 

been a t t a i n e d .  On th e  o th e r  hand, th e r e  i s  no doubt t h a t  

v e r t i c a l  in h o m o g e n e i t ie s  e x i s t  th ro u g h o u t th e  s t r a to s p h e r e  

w i th  r e s p e c t  to  carbon-14  c o n c e n t r a t i o n s ,  even in  1968 . This 

o b s e r v a t io n ,  t h e r e f o r e ,  i s  a  l i m i t i n g  f e a t u r e  in  box model 

t r e a tm e n t s  which assume homogeneity th ro u g h o u t th e  p a r t i c u l a r  

boxes chosen .
The v a lu e  o f  9*3 y e a r s  f o r  th e  exchange tim e (which 

c o r re sp o n d s  to  an exchange r a t e  o f  13*7 m oles COg/m /y )  between 

th e  t ro p o s p h e re  and s u r f a c e  ocean c a l c u l a t e d  from th e  f i r s t  two



models i s  i n  agreement w ith  th e  p r e v io u s ly  e s t im a te d  v a lu e s ,  

u s in g  d i f f e r e n t  a p p ro ach es ,  i . e . ,  from c o n s id e r a t io n  o f  th e  

known annual p ro d u c t io n  o f  carbon -1 4  by cosmic r a y s  and th e  

s te a d y  s t a t e  carbon -1 4  d i s t r i b u t i o n  in  th e  v a r io u s  exchange- ’ 

a b le  r e s e r v o i r s  o f  ca rb o n , C ra ig  (1957) h a s  c a l c u l a t e d  th e  

exchange tim e between atm osphere and ocean to  be 7 -  3 y e a r s .

As m entioned  above, R ev e l le  and Suess (1957) e s t im a te d  th e  
a tm o sp h er ic  exchange tim e to  be 10 y e a r s  from th e  m agnitude 
o f  th e  i n d u s t r i a l  e f f e c t  and s t e a d y - s t a t e  carbon -1 4  d i s t r i b u t i o n  
i n  th e  atm osphere  and ocean . U sing  an approach  s im i l a r  to  

t h a t  p r e s e n te d  h e re  Nydal ( 1968) h a s  e s t im a te d  t h a t  th e  exchange 
tim e must l i e  between 5 and 10 y e a r s .

The s h o r t e r  exchange tim e (8 .0 y )  o f  carbon d io x id e  between 
so u th e rn  hem isphere  t ro p o s p h e re  and su r fa c e  ocean than  between 

n o r th e r n  hem isphere  t ro p o s p h e re  and s u r f a c e  ocean ( 10 . 7y ) , a s  

c a l c u l a t e d  from th e  model 3 , i s  ex p ec ted  because  o f  th e  l a r g e r  

s u r f a c e  a r e a  o f  th e  ocean in  th e  so u th e rn  hem isphere .

I t  i s  d i f f i c u l t  to  a s s ig n  a  v a lu e  f o r  th e  r e s id e n c e  tim e 

o f  carbon -1 4  i n  th e  b io s p h e re  due to  th e  inhoraogeneous n a tu r e  
o f  t h i s  r e s e r v o i r .  Carbon-14 has  d i f f e r e n t  exchange t im e s  

i n  d i f f e r e n t  components o f  th e  b io s p h e r e .  However, u s in g  

th e  assum ption  t h a t  t h i s  box m ised r a p i d l y  6.8  y e a r s  was found 

f o r  t h e  exchange tim e between th e  t ro p o s p h e re  and b io s p h e re .  

S ince t h i s  i s  o b v io u s ly  n o t  a t r u e  r e p r e s e n t a t i o n  o f  th e  r e a l  
system th e  v a lu e  i s  l i a b l e  to  be sm a l le r  than  th e  t r u e  v a lu e .



I t  i s  in t e r e s t in g  th a t the exchange t im es  between the  

troposphere and ocean? and the t r o p o s p h e re  and biosphere  

r e s e r v o ir s  are comparable? i . e .  , th e  f lu x e s  of  .CÔ  acro ss  

the r e s p e c t iv e  boundaries are s im ila r . In co n s id era tio n s  

o f  th e  m aintenance o f s te a d y -s ta te  carbon d is tr ib u t io n  the  

o cean ic  r e s e r v o ir  must s t i l l  be the  dominant co n tr ib u tor  

because o f  i t s  r e la t iv e ly  la r g e  mass. In comparison, the  

biosph ere can be regarded as a sm aller sink  (s in k  s iz e  i s  

p r o p o r t i o n a l  to  R )• Therefore any atm ospheric d ev ia tio n  

from th e s te a d y -s ta te  w i l l  be eq u a lly  counteracted  by the  
ocean and biosph ere i n i t i a l l y .  However« s in ce  the o v e r a ll
b u f f e r i n g  ca p a c ity  i s  governed by th e  sink  s i z e  the ocean 

w i l l  be e f f e c t iv e  lo n g  a f te r  the b i o s p h e r i c  cap acity  has been 
e x h au s te d ,  i . e . ,  assuming con stan t r e s e r v o i r  s iz e .

The in terh era isp h eric  trop osp h eric  m ixing tim e, 4*4 y e a r s ,  

i s  probably su b ject to  a la rg e  e r r o r  due to  the alm ost homo

geneous nature o f  the troposphere during t h e  p eriod  o f  

measurement and the consequent d i f f i c u l t y  in  app lying box 

model assum ptions. This slow  m ixing r a t e  should produce an 

ap p reciab le  d if fe r e n c e  in  the observed Suess e f f e c t s  in  the  

northern and the southern hem ispheres due t o  much g r ea ter  

in d u s tr ia l  a c t i v i t i e s  in  the northern hemisphere than south
ern hemisphere.. According to  guess (1955) the in d u s tr ia l  
e f f e c t  in  the southern hemisphere may In f a c t  be on ly  h a lf  
th e  same e f f e c t  in  the northern hem isphere, but a grea t many 

p r e c i s e  measurements w i l l  be needed to  e s t a b l is h  th e exact



m agnitude  o f  t h i s  d i f f e r e n c e .

An exchange tim e o f  about 11 y e a r s  between th e  s u r f a c e  

ocean and deep ocean was c a l c u l a t e d .  There a re  few r e s u l t s

p u b l i s h e d  f o r  com parison bu t th e  v a lu e  o f  11 y e a r s  found h e re  

f a l l s  between th e  r e s u l t  (5 -8  y e a r s )  g iv en  by B roecker and 

Olson (I960) and (20-40 y e a r s )  g iv en  by C ra ig  (195$).

The exchange t im e s  c a l c u l a t e d  f o r  th e  t r a n s f e r  o f  CO,, 
from th e  deep ocean w a te r  to  s u r f a c e  w a te r  a re  o f  most i n t e r e s t .  

The r e s u l t s  o f  505“ 550 y e a r s  from th e  ch a in  and c y c l i c  models 
a r e  somewhat low er th a n  e a r l i e r  e s t im a te s  o f  B roecker and Olson 

( i 960 ) ,  C ra ig  (1958)> R a f t e r  and F ergusson  (1958)* I t  i s  
a l s o  i n t e r e s t i n g  to  n o te  t h a t  i n  th e  ocean s u r fa c e  l a y e r  th e  

exchange tim e between th e  hem ispheres  i s  about tw ice  a s  l a r g e  

a s  th e  v e r t i c a l  exchange t im e .

The e r r o r s  in v o lv e d  i n  th e  n u m erica l  v a lu e s  may be 

summarized a s  f o l lo w s :  At p r e s e n t  th e  most u n c e r t a in  v a lu e s

a re  p ro b a b ly  th e  e s t im a te d  s i z e s  o f  th e  b io sp h e re  and th e

s u r f a c e  ocean r e s e r v o i r s .  The v a lu e s  a p p ea r in g  in  th e
17 17l i t e r a t u r e  ran g e  from 8 .3 4  x 10 g carbon to  14-03  x 10 g

17 17f o r  th e  b io s p h e re  and from 7 .65  x 10 g  to  8 .1 6  x 10 g f o r

th e  s u r f a c e  ocean .

The e x c e s s  carbon-14  c o n c e n t r a t io n s  and t h e r e f o r e  th e  
g r a d i e n t s  u sed  f o r  th e  s u r f a c e  ocean and b io sp h e re  a re  a l s o  

s u b je c t  t o  c o n s id e r a b le  e r r o r s  due to  i n c o n s i s t e n c y  i n  th e  
a v a i l a b l e  r e s u l t s .  For example th e  c a l c u l a t e d  “s ta n d a rd  
d e v i a t i o n ” was a lm ost 40$  o f  th e  average  v a lu e  in  th e  s u r f a c e  

ocean .



In  c a l c u l a t i o n s  i t  was assumed t h a t  12C0 and ^CO
2 2

r a te  co n sta n ts  are id e n t ic a l .  In f a c t ,  th e exchange ra te
12c o n s ta n t  f o r  a b s o r p t io n  o f  CO^ i n t o  th e  ocean w i l l  be 

s l i g h t l y  g r e a t e r  th an  th e  r a t e  c o n s ta n t  f o r  because  o f

an i s o t o p i c  e f f e c t .  C ra ig  (1957) h a s  e s t im a te d  t h a t  th e  
d i f f e r e n c e  in  exchange t im e s  o f  ^C O ^ and between th e

atm osphere  and ocean i s  about 3$. F i n a l l y ,  th e  m agnitudes  
o f  t h e  Suess e f f e c t  i n  d i f f e r e n t  r e s e r v o i r s  a re  n o t  known 
a c c u r a t e l y ,  however, th e  e r r o r  on th e  exchange t im es  in t r o d u c e d  
by t h i s  e f f e c t  i s  b e l ie v e d  to  be n o t  more than  5$ .

A re a s o n a b le  e s t im a te  o f  th e  maximum o v e r a l l  e r r o r  p o s s ib l e  
in  th e  exchange t im es  i s  i n  th e  range  o f  ± 50$ .

5«5« C onclusions

The c o n c lu s io n s  may be summarized as fo llow s?

1) The s t r a t o s p h e r i c  exchange t im e s  f o r  CO  ̂ now seem 

w e ll  e s t a b l i s h e d .  I t  i s  i n t e r e s t i n g  to  n o te  th e  s i m i l a r i t i e s  

between th e  r e s u l t s  o b ta in e d  from carbon -1 4  s tudy  and th e  

b e h a v io u r  o f  p a r t i c u l a t e  p ro d u c ts  s e v e ra l  y e a r s  a f t e r  weapons 

t e s t s .
2) I t  i s  d i f f i c u l t  to  make more p r e c is e  e stim a tes  o f  the  

tim e req u ired  fo r  m ixing p ro cesses  w ith in  and between th e  

troposphere and ocean s in c e  grea t u n c e r ta in t ie s  e x i s t  concerning  

(a) th e  s iz e  and turnover r a te  o f  the b io sp h ere , and (b) the  

p a tte r n s  and r a te s  o f  m ixing in  th e  ocean. P r e c ise  e st im a te s  
must aw ait fu rth er  work.



3) R e g a rd le s s  o f  th e  model s e l e c t e d  s t e a d y - s t a t e  

assum ptions  r e q u i r e  t h a t  on th e  a v e rag e ,  carbon -1 4  rem ains  

i n  th e  deep oceans  f o r  a t  l e a s t  $00 y e a r s .

4) The l e v e l  o f  a r t i f i c i a l  carbon -1 4  i n  th e  atm osphere • 

up to  th e  p r e s e n t  tim e has  been c o n t r o l l e d  e q u a l ly  by th e  

b io s p h e re  and ocean . The b io s p h e r i c  and a tm ospheric  s p e c i f i c  

a c t i v i t i e s  w i l l  re a c h  e q u i l ib r iu m  w ith in  th e  n e x t  decade end 
t h e r e a f t e r  th e  a tm o sp h er ic  carbon -1 4  c o n c e n t r a t io n  w i l l  be 
c o n t r o l l e d  s o le ly  by th e  a c t io n  o f  th e  o cean ic  r e s e r v o i r ,  

assum ing t h a t  no f u r t h e r  p ro d u c t io n  o f  carbon -1 4  o c cu rs  as

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



APPENDIX A

C o p u te r  Programme (ALGOL) f o r  D e t e r m in a t io n  o f  B e s t  

S t r a i g h t  L ine  F i t  Through O bserved  P o i n t s .

k e g in .  CLMneTit, T h is  programme works o u t  and c f o r  t h e
e q u a t i o n  y = mx + c by  l e a s t  s q u a r e s  from n 
p a i r s  o f  x  and y and g i v e s  t h e  r s  e r r o r  
( s q r t ( [ v T 2 ] / ( n  -  2) ) p l u s  t h e  i n d i v i d u a l  
d e v i a t i o n s  i n  y  ;

r&aO s x ,  sy* s x y * sx2* sy2* m, c ,  d j  
o p e n ( 2 0 ) i o p e n ( 70) I 

s t a r t :  n : ~  r e a d ( 2 0 ) ;
M e i n  a x , y ,  e [ 1 s n ] j  
s x : = s y : = s x y : = s x 2 : = s y 2 : = 0 . 0  j

e n d ;
i  s= 1 s t̂ep). 1 u n M i  n ' 

begipL s x :=  sx  + x [ i ]  j 
s y : =  s y  + y [ i ]  j 
s x y :~ s x y  +» x [ i ] x y  [ i ]  $ 
sy2 := sy2  + y [ i J T 2 j  
sx 2 := s x 2  + x [ i ] T 2

e n d i

d :=  n x sx 2  - sx T 2 j  m : -  (n X sx y  ~sx X s y ) / d j
c := ( sx 2  x  s y  -  sx  X s x y ) / d j
d : ~  s q r t ( ( s y 2  -  s y  X c -  sx y  X m ) / ( n  -  2 ) ) j

f o r  i : =  1 s t e p  1 u n t i l ,  n  do.

i n t e g e r  n ,  i ,  p j

f o r .  i :  = l s t e p  1 u n t i l  n do

k e g i a
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w r i t e  t e x t  (70 ,  X f lcX  m*=*JJ |  
w r i t e  (7 0 ,  f o r m a t  ( J j -d .dddddio-ndl)  , rti) I 
w r i t e  t e x t  (70 ,  I [3s ] c *-=*JJ  • 
w r i t e  (70 ,  f o r a t ^ . - d . d d d d d i o - n d j j  , c ) j
w r i t e  t e x t  (7 0 ,  112s i  r m s * e r r o r * = * ] J  . 
w r i t e  (70 ,  f o r a t  ( I ~ c U d d d d d io ~ n d J J , d j  |
w r i t e  t e x t  (7 0 ,  I J3 c ] l 6sJ iy*obs l8s l y * c a l c  ,[7s J d e v i a t i o n J g c I J ) % 

f o r  i  := 1 s £ e n  1 u n t i l  n  do 
heintn,

w r i t e  (7 0 ,  fo rm a t  (12s  -d .ddddio-nd  1 ) ,  e [ i ] ) :
w r i t e  (7 0 ,  f o r m a t  ( [3 s -d.ddddioHndJJ * m X x [ i ]  + c)  j
wr 11e (70 , f o r m a t  (13s - d .  ddddio ~ n d c j j  , y  [ i  ])

e n l j
comment i f  a n o t h e r  s e t  o f  d a t a  i s  t o  f o l l o w  punch 1 o t h e r w i s e  0

p := r e a d  ( 2 0 ) j
I P  = 1 | g o t o  s t a r t  j
c l o s e  (70)$
c l o s e  ( 2 0 )1
comment The d a t a  t a p e  c o n s i s t s  o f  n  f o l l o w e d  b y  n  p a i r s  o f  

v a l u e s  o f  x  and y .  A 1 i s  punched a f t e r  e ac h  s e t  o f  n 
p a i r s  i f  a n o t h e r  s e t  f o l l o w s ,  and a z e ro  a f t e r  t h e  
f i n a l  s e t  5

end, end ->
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APPENDIX B

Computer Programme (ALGAL) f o r  D e t e r m i n a t i o n  o f  B e s t  

P e r i o d i c a l  Curve F i t  Through o b se r v e d  P o i n t s .

b e g in  comment T h is  programme e s t i m a t e s  by t h e  method o f  l e a s t
s q u a r e s  th e  b e s t  v a l u e s  f o r  A ,B ,C ,b  and c f o r  
a  f i x e d v a l u e  o f  t  i n  t h e  e x p r e s s i o n  
y~A-EBexp ( ~'bf} -fCexp( - c t ) S i n (2it( t - t j  ) w i t h i n  a  
g i v e n  ra n g e  o f  b and c v a l u e s t o  f i t  n 
o b s e r v e d  p o i n t s ;  

i n t e g e r  n , i ,  j , k , f  1«f  2 * f  3 *f 4 ; r e a l s u m  1 , sum2 ,sum3*sum4 ,sum5 jsuin6 
surn7^ sum8* sum9?sun'i 0 , suni 11 , eioni 2 9sum 13$ sum 14 , a , b * e , a 1, a 2 , b 1 * b 
d1 ,dS,c'1 * c 2 , s ;
open (BO); op en ( 7 0 ) ;  k : -“r e a d  (2 0 ) ;  
f o r j :=1s t  e p 1u n t  i I k d o  
be g i n  n : ==r ead  [ 2 0 ) ;  
b e g in  r e a l  a r r a y x sy 3e 1se2 [ 1 ; n ] ;  
b1 : - r e a d  (f2 0 l ;  
b 2 : ~ r e a d ( 2 0 ) ;  
d 1 : - r e a d ( 20 ) ;  
d 2 : = r e a d (2 0 ) ;  
c l : - r e a d ( 2 0 ) ;  
c 2 : - r e a d ( 2 0 ) j 
f o r i : -  1 s_tep‘i un t  i  lndo  
b e g in x  [ i  I  ̂ r eadT B O T f  
y T ¥ l : s=read(20)  
e n d ;
f o r  a  1 : - b  1 .gtejgd 1 urg ta lc  1 do 
f o r  a 2 : - b 2 s t e p dBu n t i lcBdo
beg i n  sum 1 : ~-sum2: -sum 3 ‘ -sum .4: ---sum 5:  ~sum6: =sum7 • ̂ sumS 

: - 3un9 : -sum 1 0 : - 0 ;  
f o r i 1s t e p 1un t i l n do 
b e g i n sum f : - s u m l+ 1 ; ~ 
sum~2:~sum2+exp(~ a1 xx [ i ] ) ;
s u m S ^ s u u o T e x p ^ - a B x x f i ]  ) x s i n ( 2x 3 * 1416 x ( x [ i ] - t ) ) ;  
sum4 : =3um4+y [ i  ] ;
sum5:=ss u m 5 + e x p ( - 2 x a 1 x x [ i ] ) ;  . ,
sirni6 :=sum6- f e x p ( - ( a 1“i-a2 }xxLi] ) x s i n ( 2x 3 . l 4 l 6x ( x [ i ] - t ) ) ;  
sum7 : =sum?+y[ i ] x e x p ( -a  1 xx [ i  ] ) ;  
sum8: =sum6;

•'CU



sum9 : «sum9+ e x p ( ~2x a 2x x [ i ] ) x ( s i n (2x 3 • 1416x (x [ i ] - t ) ) ) T2 ; 
s urn 10: = sun 10+y[ i ] xe x p ( ~a2xx L i ] ) Xs i n (2x 3 . 1 416x (x [ i ] - 1 ) ) ;  end;
sum11 : “ sum1xsum5xsum9+sum2xsum8xsum3+sum2xsum6xsi:mi3 

-sum5xsum3T2 -sum 1 xsum6xsum8-sum9xsum2T2; 
sum12 :=sum4xsumbxsun9+sum7><sum8xsum3+sum2xsum6xsum1 0

-sum3xsurn5xsum1 0 -  s um2xs um7x s um9 -  s um4xs um8xs uin6; 
sum13 • - su m 1 Xsum7xsum9+sum2xsum1 Oxsum3+sum4xsum6xsum3 

-3um7xsum3T2-sum 1 xsum6xsum10-sum2xsum4xsum91 
sum 14 : -sum 1 xsumpxsum 10+sum2xsum8xsum4+sum2xsum7xsum3 

-sum3xsum4xsum5- sum1xsum7xsum8- sum10xsum2T2; 
a : “ sum 1 2 / sum 111 
b : - su m l  3 / s  urn 11 ; 
c : -sum 14/ sura 11j 
s : ~0 e0 ;
fori:-1s tep1untllndo
begins 1 fi ]: ~a+bxexp (”-a 1 xx [ i ]) +cxexp (~a2xx [ i ])

xsin (2x3 .1416 x ( x [ i ] - t ) ); e2[i]:«e1[i]-y[l]; 
s:«s+e2[i]xe2[i] 
end;
f 1 : “format ([ 7s -d • dddio+nd ]);
f2:-format (T"7s-d.dddio+ndT);
f3: “format (Ti 1 s -d. dddio+ndjj 5
f4 :=f ormat (Tl Os-d.dddio+ndcJj;
write(7 0 5f1,a1);
write(70,f2 ,a2 );
write(7 0,f3*s);
writei7C,f1,a);
write(7G,f1,b);
write(7 0,f4,c)
end;
end;
end;
close( 2 0 );close( 7 0 );
comment The data tape consists of the number of separate sets 
of data,k,then the number of pairs of points,n,follwed by 
the lower limits of b and c, then the increments in b and c 
desired, then theupper limits of b and c, and finally the 
coordinates of the n points (y,t). The output lists values 
of s, which is related to the deviation between observed 
and calculated points, so that the best values of A ,B ,C , 
b and c correspond to the minimum value of sj

end~>



APPENDIX C

Computer Programme (ALGAL) f o r  D e t e r m i n a t i o n  o f  B e s t  

E x p o n e n t i a l  F i t  Through Abserved P o i n t s .

begin comment This programme estimates by the method of least
squares the best values for A, and k in the 
expression y-Aexp(-kt) within a given range 
of k valuesto fit n observed points; 

integer k,j,i,n.f1,f4; real sum1,sum2,a,a1,b1,d1,c1,s; 
open(2 0 ); open(70)5 k:-read(20); 
for J:=1 step 1 until k do 
begin n : -read (2
begin real array x,y,e1,e2[1:n]; 
b1:«readT20T; 
d1:“read(20); 
c1t-read(20);
for i:-1 steja 1 until n do 
begin x [iJT^read(20); 

y[i]:“read(20)
end;
for a 1:=b1 step d1 until c1 do 
begin sum1:~sum2:=0; 
for i :=1 step 1 until n do 
be gin sum 1 s -sum 1 +ex'p (~2xa 1 xx [ i 3);

sum2: -sum2+y [ i ] xexp ( -a 1XX [ i] )
end;
a:«sum2/sum1;

s :“ 0 . 0 ; 
for i:=1 step 1 until n do 
begin e1[ iTT^axexp(-a1x x f i ] ) ;
< M ^ n a W « M M i  tm tm fm m2 f  mm

e & [ i ] : = e l [ i ] - y [ i ] j  
s : = e & [ l ] x e 2 [ i ]

end;
f 1 : “forma t ([ 7s-d. dddio+ndJ_);
f 4:-f omat (Tl Cs-d. dddjo+ndcJ_); 
write(7D,f1,a1); 
write(7 0,f1,s);



write(7C,f4,a)
end;
end;
end;
close(20); close(7C);
comment The data tape consists of the number of separate 
sets of data, then the number of pairs of points,n, 
follwed by the lower limit of k, then the increment 
in k desired, then the uppejr* limit of k, and finally 
the coordinates of the n points (y,t). The output 
lists values of s, which is related to the deviation 
between observed and calculated points, so that the 
best value of A and k correspond to the minimum 
value of s; 
end->
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