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SUMIAkY

N a t u r a l  f l u c t u a t i o n s  o f  a tm o sp h e r ic  0-14 concen­

t r a t i o n s  ove r  t ime p e r io d s  from s e v e r a l  hundred t o  

s e v e r a l  thousand  y e a r s  a re  known to  have o c c u r re d  

d u r in g  th e  l a s t  6 m i l l e n i a .  The f l u c t u a t i o n s  

r e p r e s e n t  d e v i a t i o n s  from the  "basic a ssum pt ion  o f  th e  

r a d io c a r b o n  d a t i n g  method and,  a l t h o u g h  t h e i r  o r i g i n  

i s  not  f u l l y  u n d e rs to o d ,  p ro b a b ly  stem from th e  

v a r i a t i o n  o f  one o r  mere o f  t h e  g e o p h y s i c a l  p a ra m e te r s  

which c o n t r o l  ca rbon  c i r c u l a t i o n .  The scope o f  p a s t  

s t u d i e s  was l i m i t e d  by th e  a v a i l a b i l i t y  o f  complete  

s e r i e s  o f  samples o f  p r e c i s e l y  known o r i g i n .  C onsequen t ly  

i t  has  not  been p o s s ib l e  t o  e s t a b l i s h  w he ther  n a t u r a l  

a tm o sp h e r ic  C-14 c o n c e n t r a t i o n s  a re  c o n s t a n t  o ve r  s h o r t e r  

t ime p e r i o d s  o f  s e v e r a l  y e a r s .

In  t h i s  r e s e a r c h  a n n u a l  v a r i a t i o n s  o f  a tm o sp h e r ic  

C-14 c o n c e n t r a t i o n s  over  th e  p a s t  c e n t u r y  have been 

s t u d i e d  t h ro u g h  a n a l y s e s  o f  p l a n t  s e e d s ,  wines and 

s p i r i t s .  Using  exchange r a t e  d a ta  o b t a in e d  from r e c e n t  

i n v e s t i g a t i o n s  o f  the  t r a n s p o r t  o f  a r t i f i c i a l  •'bomb11 

C-14,  the  magnitude o f  th e  "Suess e f f e c t 11 d u r in g  the  

p a s t  c e n t u r y  has  been a s s e s s e d  t h e o r e t i c a l l y  and 

compared v; i th  t h e  e x p e r im e n ta l  r e s u l t s .  P r e d i c t i o n s  o f  

th e  nSuess  e f f e c t ’1 t o  2,025 A.Ij,  su g g e s t  a marked



i n c r e a s e  in  a tm o sph e r ic  CO^ c o n c e n t r a t i o n s  to  l e v e l s  

abou t  50>'j above n a t u r a l .  I t  i s  conc luded  t h a t  th e  

enhanced i n f r a r e d  a b s o r p t i o n  in  th e  a tmosphere  im p l ied  

by such an i n c r e a s e  may be s u f f i c i e n t  t o  r a i s e  world  

t e m p e r a t u r e s  by s e v e r a l  d e g re e s .

C o r r e c t i o n  o f  observed  a tm o sp h e r ic  C-14 a c t i v i t i e s  

f o r  "Suess e f f e c t "  d i l u t i o n  r e v e a l e d  t h a t  betv/een 1890 

and 1950 n a t u r a l  f l u c t u a t i o n s  a p p ea r  t o  have o c c u r r e d  

o v e r  th e  11 - y e a r  sunspo t  c y c le  i n  i n v e r s e  c o r r e l a t i o n  

w i t h  s o l a r  a c t i v i t y .  I t  i s  su gg e s te d  t h a t  the  o r i g i n  

o f  t h i s  c o r r e l a t i o n  l i e s  in  the  v a r i a b l e  mixing r a t e s  

o f  s t r a t o s p h e r i c  and t r o p o s p h e r i c  a i r  masses caused  by 

m o d u la t io n  o f  th e  i n c i d e n t  U .7 .  and c o r p u s c u l a r  

r a d i a t i o n  o v e r  each  s o l a r  c y c l e .  A g e n e r a l  d e c re a se  in  

a tm o sp h e r ic  C-14 c o n c e n t r a t i o n s  was a l s o  o bse rved  and 

i s  a t t r i b u t e d  to  a r e d u c t i o n  in  t h e  mean C-14 p r o d u c t io n  

r a t e  th r o u g h  i n c r e a s e d  s o l a r  a c t i v i t y , ,  rJhe r e s u l t s  

t h e r e f o r e  s u p p o r t  t h e o r i e s  o f  s o l a r - s e n s i t i v e  a tm o sp h e r ic  

c i r c u l a t i o n .  In  a d d i t i o n  th e y  imply t h e  p r o b a b i l i t y  o f  

i n c r e a s e d  e r r o r s  in  r a d io c a r b o n  age d e t e r m i n a t i o n s  and 

endorse  th e  u n i v e r s a l  use o f  th e  17.B .S .  modern s t a n d a r d  

i n  C-14 a s s a y .
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I I  IT TP. C’DT J C T1OIT

H i s t o r i c a l
More t h a n  twenty  y e a r s  have passed  s in c e  the  

f e a s i b i l i t y  o f  the  r a d io c a r b o n  d a t i n g  method was demon­

s t r a t e d  "by L ibby .  During  t h i s  p e r i o d  t h e r e  have been 

c o n s i d e r a b l e  r e f i n e m e n t s  in  e x p e r im e n ta l  methods and 

u n d e r s t a n d i n g  o f  C-14 g eo ch e m is t ry  (Table  1 ) .  The • 

improved s e n s i t i v i t y  o f  modern c o u n t in g  t e c h n iq u e s  has 

a l lo w e d  th e  measurement o f  C-14 a c t i v i t i e s  and ages  to  

an  a c c u ra c y  t h a t  was u n a t t a i n a b l e  w i t h  the  o r i g i n a l  

s c r e e n  w a l l  c o u n t in g  method. More s i g n i f i c a n t l y ,  

however,  t h e  s e n s i t i v i t y  o f  C-14 a n a l y s i s  now p e rm i t s  

an a s se s s m e n t  o f  the  b a s i c  a ssum p t ion s  o f  t h e  r a d io c a r b o n  

d a t i n g  method.

The d a t i n g  method i s  based  on the  p r i n c i p l e  t h a t  

C-14 i s  produced in  th e  upper  a tmosphere  by cosmic r a y  

i n t e r a c t i o n  w i t h  n i t r o g e n  atoms (17—14 C -1 4 ) .  The

C-14 i s  o x i d i s e d  t o  carbon-14  d io x id e  which,  when mixed 

w i t h  t h e  i n a c t i v e  carbon  d io x id e  in  the  a tm osphe re ,  e n t e r s  

t h e  n a t u r a l  carbon  c y c le  (F ig u re  1 ) .  I t  i s  assumed t h a t  

t h e  d i s t r i b u t i o n  o f  C-14 in  the  carbon  r e s e r v o i r s  has 

rem ained  c o n s t a n t  th ro u g h o u t  th e  t ime p e r io d  covered  by 

t h e  d a t i n g  method, i . e .  t h e  p a s t  50 ,000  y e a r s .  This  

a s su m p t io n  o f  e q u i l i b r i u m  im p l i e s  c o n s ta n c y  o f  th e  C-14/C-12
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FIGURE I.

THE CARB ON  CYCLE.
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r a t i o  o f  a i l  r e s e r v o i r s  o f  the  c y c l e ,  o f  th e  C-14 

p r o d u c t i o n  r a t e ,  and o f  the  carbon  exchange r a t e s  

between the  r e s e r v o i r s .  P a r i n g  the  l i f e t i m e  o f  l i v i n g  

m a t e r i a l s  an e q u i l i b r i u m  i s  e s t a b l i s h e d  whereby a s s im ­

i l a t i o n  o f  C-14 i s  b a la n c e d  by r a d i o a c t i v e  d ecay .  At  

d e a t h ,  however, C-14 uptake c e a se s  whi le  decay o f  the  

C-14 c o n t i n u e s .  On th e  assum pt ion  t h a t  th e  m a t e r i a l  

rem a in s  a c lo s e d  system, the  C-14 c o n c e n t r a t i o n  de ­

c r e a s e s  w i th  t ime a c c o rd in g  to  th e  h a l f - l i f e  o f  r a d i o ­

c a rb o n ,  5 ,730  ± 40 y e a r s .  A c cu ra te  measurement o f  t h e  

r e s i d u a l  C-14 a c t i v i t y  a l lo w s  th e  age o f  th e  sample to  

be c a l c u l a t e d .

As a check on th e  v a l i d i t y  o f  a d a t i n g  method, 

th e  f i r s t  r a d io c a rb o n  age measurements were made on 

samples whose ages  were known from a r c h a e o l o g i c a l  

s t u d i e s .  The s t a t i s t i c a l  e r r o r s  on each  r a d io c a r b o n  age 

l a y  in  t h e  r e g i o n  o f  ± 200 y e a r s .  That  agreement  between 

r a d i o c a r b o n  and known ages  was ach iev e d  im p l ied  t h a t  t o  a 

f i r s t  a p p ro x im a t io n  th e  a ssu m p t io ns  o f  C-14 e q u i l i b r i u m  

we r e  v a l i d .  As th e  a n a l y t i c a l  a cc u ra c y  o f  th e  method was 

improved, s i g n i f i c a n t  d e v i a t i o n s  between r a d io c a r b o n  d a t e s  

and t r u e  ages  have been found .

D e v i a t io n s  between C-14 ana known ages  r e f l e c t  d i s ­

e q u i l i b r i u m  in  the  C-14 d i s t r i b u t i o n  i n  the  carbon  c y c le

which  may stem from the  v a r i a t i o n  o f  one o r  more o f  t h e
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c o n t r o l l i n g  geophysica l ,  p a r a m e t e r s .  The im p o r ta n t  p a ra ­

m e te r s  invo lved  a re  (1) the  C-14 p r o d u c t io n  r a t e ,  and 

( 2 ) th e  exchange r a t e s  o f  C-14 between r e s e r v o i r s ,  i . e .  

a tm o sp h e re /o c e a n ,  o c ea n /a tm o s p h e re , a t m o s p h e r e / b i o s p h e r e , 

b io s p h e r e / a tm o s p h e r e ,  s u r f a c e  o c ea n /d e ep  ocean,  deep o c e a n /  

s u r f a c e  ocean .

The C-14 p ro d u c t io n  r a t e  i s  a f u n c t i o n  o f  c o sm ic - ray  

f l u x  i n t e n s i t y  and the  C-14 exchange r a t e s  a re  dependent  

on r e s e r v o i r  t e m p e r a tu re s  and s i z e s .  Y/hatever the  cause 

o f  d i s e q u i l i b r i u m  the  q u a n t i t y  most s i g n i f i c a n t l y  a l t e r e d  

i s  th e  a tm o sp h e r ic  C-14 a c t i v i t y .  Any p e r t u r b a t i o n  of  the  

g e n e r a l  C-14 d i s t r i b u t i o n  i s  t e m p o r a r i l y  a m p l i f i e d  in  the  

a tmosphere  because  ( 1 ) the  a tm o sp he r ic  carbon  c o n t e n t  i s  

on ly  1 . 5/3 o f  the  e a r t h ' s  exchangeable  carbon  and ( 2 ) the  

ocean r e s p o n se  time i s  s e v e r a l  hundred y e a r s*  The 

a m p l i f i e d  a tm o sp he r ic  d e v i a t i o n  i s  t r a n s m i t t e d  a s  a  

c o r r e s p o n d in g  e r r o r  in  the  r a d i o c a r b o n  age of  any l i v i n g  

m a t e r i a l  grown a t  t h a t  t im e .

The f l u c t u a t i o n s  o f  a tm o sp h e r ic  C-14 c o n c e n t r a t i o n  

a r e  s i g n i f i c a n t  f o r  a t  l e a s t  two r e a s o n s ;

( 1 ) a d e v i a t i o n  o f  a tm o sp h e r ic  C-14 c o n c e n t r a t i o n  

o f  on ly  1/3 a l t e r s  the  r a d i o c a r b o n  age by a bou t  

8C y e a r s ,

and ( 2 ) the  s i z e  and d u r a t i o n  o f  the  v a r i a t i o n s  pe rm i t  

an u n d e r s t a n d in g  o f  the  geochem ica l  and geo­

p h y s i c a l  p r o c e s s e s  which c o n t r o l  C-14 d i s t r i b u t i o n .



f l u c t u a t i o n s  of  Atmospheric  Carbon-14 C o n c e n t r a t i o n s .

V a r i a t i o n s  in  a tm o sp he r ic  C-14 c o n c e n t r a t i o n s  a re  

e i t h e r  n a t u r a l l y  o r  a r t i f i c i a l l y  in du ced .  The fo rm er  

a r e  caused by v a r i a t i o n  of  the  C-14 p r o d u c t io n  r a t e  or  

o f  the  C-14 exchange p r o c e s s e s .  A r t i f i c i a l  d e v i a t i o n s  

stem from the  a c t i v i t i e s  o f  mankind.

N a t u r a l  f l u c t u a t i o n s  of  Atmospheric  Carbon-14 C o n c e n t r a t i o n s ,

(a)  Ilethod o f  D e t e c t i o n .

P a s t  v a r i a t i o n s  o f  a tm o sp h e r ic  C-14 c o n te n t  a r e  most 

commonly c e t e c t e d  by measurement of the  C-14 a c t i v i t y  in  

t r e e  r i n g s  whose t r u e  ages  have been de te rm ined  by d e n d ro -  

c h r o n o l o g i c a l  methods.  The dendrochrono logy  o f  the  l o n g -  

l i v e d  s p e c i e s  Sequoia  g i g a n t e a and P inus  a r i s t a t a  a s  

developed  in  Arizona  i s  b e l i e v e d  to be r e l i a b l e  and has 

r e c e n t l y  been extended back to  5 , COO y e a r s  B.C. (32, 39 ) .

The assum pt ion  i s  made t h a t  no carbon  has been added to  o r  

removed from the  t r e e  r i n g s  s in c e  t h e i r  f o r m a t io n .  A lthough  

t h i s  a ssum pt ion  rem ains  unproved in  d e t a i l ,  S t u i v e r  ( 3 0 ) 

has e s t im a te d  from the  agreem ent  between a r c h a e o l o g i c a l  and 

t r e e  r i n g  sample a c t i v i t i e s  t h a t  the  averagre carbon  exchange 

between r i n g s  must be l e s s  than  0 . 01^  p e r  y e a r .

The d e t e c t i o n  of  p a s t  f l u c t u a t i o n s  o f  a tm o sp h e r ic  C-14 

can a l s o  be ach ieved  by r a d io c a r b o n  a n a l y s i s  o f  l ak e  

s e d im e n ts .  These sed im en ts  can o f t e n  be da ted  in d e p e n d e n t ly



"by th e  uvarved c la y "  c h ro no lo gy .  The b a s i s  o f  t h i s  

d a t i n g  method l i e s  in  the y e a r l y  fo rm a t io n  o f  sediment  

l a y e r s  d e p o s i t e d  by m e l t i n g  w a te r s  from g l a c i e r s ,  l a k e  

sed iment  a n a l y s e s  have ex tended  our  knowledge o f  a tm os­

p h e r i c  C-14 c o n c e n t r a t i o n s  back t o  t h e  12^^ m i l len ium  

b e fo r e  p r e s e n t  ( B . P . ) .  The method i s  l e s s  s e n s i t i v e  

th a n  d e n d r o c h r o n o lo g ic a l  t e c h n iq u e s  because  o f  the 

i n c r e a s e d  o p p o r t u n i t i e s  f o r  t h e  exchange o f  carbon  between 

l a y e r s .

(b)  Magnitude o f  F l u c t u a t i o n s .

The v a r i a t i o n  o f  p a s t  a tm o sp h e r ic  C-14 a c t i v i t i e s  

i s  shown in  F ig u re  2. The l i m i t e d  number o f  r e s u l t s  

a l l o w s  th e  d e t e c t i o n  o f  lo n g - te r m  f l u c t u a t i o n s  o c c u r r i n g  

o ve r  a t  l e a s t  a few c e n t u r i e s .  The d e x e c t io n  o f  

v a r i a t i o n s  on a s h o r t e r  time s c a l e  would r e q u i r e  an 

i n c r e a s e d  f requ en cy  o f  sam pling .

F l u c t u a t i o n s  o f  a tm o sp h e r ic  C-14 c o n te n t  a p p e a r  t o  

be o f  two t y p e s ;  ( 1 ) s h o r t - t e r m  changes o f  a few p e r c e n t  

o v e r  a few c e n t u r i e s ,  and ( 2 ) a lo n g - t e r m  i n c r e a s e  o f  

abou t  14$ from c a .  2 ,500  3 . P .  to  6 ,000  B o P . .  At th e  

p r e s e n t  t im e  i t  i s  no t  c e r t a i n  w h e th e r  th e  i n c r e a s e  

c o n t i n u e s  tow ards  10 ,000 33.? . .  S t u i v e r  (42)  and Suess  <41) 

f a v o u r  th e  c o n t i n u a t i o n  o f  the  d e v i a t i o n  to  a v a lu e  abou t  

30$ above th e  normal l e v e l  a t  10 ,000  B . P . .  lamon ( 2 8 ) ,  

however , su g g e s t s  maximum d e v i a t i o n  o f  abou t  15$ above
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normal a t  6 ,000 3 . P. f a l l i n g  to  the  n a t u r a l  l e v e l  ahout

9,000 3 . P . .

A w e l l - d e f i n e d  example of  the  s h o r t - t e r m  f l u c t u a t i o n s  

i s  th e  ”De V r i e s  e f f e c t ” a t  c a .  1600 -  1800 A,I),  when 

a tm o sp h e r ic  C-14 c o n c e n t r a t i o n s  ro se  to  2$  above normal 

ah o u t  1690 A .D . .  In  g e n e r a l  t h e  s h o r t - t e r m  changes  a re  

most n o t i c e a b l e  d u r in g  th e  p a s t  two m i l l e n i a .  That many 

more samples from t h i s  p e r io d  have been a n a ly se d  cou ld  

e x p l a i n  t h i s  o b s e r v a t i o n .

U n less  th e y  a re  a c c u r a t e l y  de termined^  f l u c t u a t i o n s  

in  p a s t  C-14/C-12 r a t i o s  can i n t r o d u c e  c o n s i d e r a b l e  e r r o r s  

i n t o  r a d io c a r b o n  a g e - a s s e s s m e n t . C o n c en t ra ted  r e s e a r c h  

i n t o  p r e c i s e  measurement o f  t h e s e  v a r i a t i o n s  i s  t h e r e f o r e  

a marked f e a t u r e  o f  many r a d io c a r b o n  p r o j e c t s .  7/al ton 

and B a x te r  (4 b ) ,  however, have r e c e n t l y  p o in te d  out  t h a t ,  

where i n t e r c o m p a r i s o n  i s  p o s s i b l e ,  the  r e s u l t s  o b ta in e d  

by d i f f e r e n t  l a b o r a t o r i e s  a r e  not a lways in  ag reem en t .

For  example , Suess a t t r i b u t e s  a C-14 c o n c e n t r a t i o n  o f  

7.25$ above normal to  t h e  time 5 ,700  B . P . ,  w h i le  Damon 

f i n d s  a d e v i a t i o n  o f  1 4 . 8/0 f o r  t h e  same p e r i o d .  Again ,  

b e a r i n g  in  mind t h a t  l £  d e v i a t i o n  in  C-14 a c t i v i t y  y i e l d s  

an 80 y e a r  change in  r a d io c a r b o n  age ,  such  d i s c r e p a n c i e s  

a r e  h i g h ly  s i g n i f i c a n t .

When p a s t  f l u c t u a t i o n s  a re  p r e c i s e l y  knov/n the  

c o n v e r s io n  o f  r a d io c a rb o n  ages  t o  t r u e  ages  w i l l  be
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p o s s i b l e .  I f ,  f o r  example, the  d e v i a t i o n  in  a tm o sp h e r ic  

C-14 c o n c e n t r a t i o n  i s  7.5;'; above normal a t  5 ,000  3 . P . ,  

then  a r a d io c a r b o n  age of  4 ,400  y e a r s  3 . ? .  would be 

e x p e c t e d .  Some workers  have a l r e a d y  p u b l i s h e d  c o n v e r s io n  

c u rv e s  f o r  t h i s  purpose  (29, 4 4 ) .  Because o f  i n t e r ­

l a b o r a t o r y  d i s c r e p a n c i e s ,  however, t h e s e  c a l i b r a t i o n  

c u rv e s  seem u n r e l i a b l e .

(c )  Causes o f  F l u c t u a t i o n s .

N a t u r a l  v a r i a t i o n s  o f  a tm osp he r ic  C-14 c o n t e n t  can 

be a t t r i b u t e d  to  ( l )  change in  the  n a t u r a l  C-14 p r o d u c t io n  

r a t e ,  a n d /o r  ( 2 ) m odula t ion  o f  th e  i n t e r - r e s e r v o i r  carbon 

t r a n s f e r  p r o c e s s e s .

The p r o d u c t io n  of  C-14 by cosmic r a y  n e u t ro n s  im p l i e s  

dependence o f  the  fo rm a t io n  r a t e  on cosmic r a y  i n t e n s i t y .  

The l a t t e r  can be s i g n i f i c a n t l y  i n f lu e n c e d  by (1) change 

in  s o l a r  a c t i v i t y ,  and ( 2 ) change in  the  e a r t h ' s  magnetic  

f i e l d .  A common index o f  s o l a r  a c t i v i t y  i s  the  su n spo t  

number. Sunspots  a re  sm a l l  a r e a s  o f  i n t e n s e l y  l o c a l i s e d  

m agne t ic  f i e l d  on the  s o l a r  s u r f a c e .  I n c re a s e d  s o l a r  

a c t i v i t y ,  as  shov/n by h igh  su n spo t  numbers, c a u se s  a 

d e f l e c t i o n  in  the  g a l a c t i c  cosmic r a y  f l u x  which, in  t u r n ,  

r e d u c e s  the  cosmic ray  i n t e n s i t y  and t h u s  the  C-14 p ro ­

d u c t i o n  r a t e  in  the e a r t h ' s  upper a tm o sp h e re .  S t u i v e r  

(30) has shown t h a t  an in v e r s e  c o r r e l a t i o n  between atmo­

s p h e r i c  C-14 c o n c e n t r a t i o n s  and r e l a t i v e  s u n s p o t  numbers 

th ro u g h  p r o d u c t io n  r a t e  m odula t ion  a p p e a rs  to  e x p l a i n  the
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"Te V r i e s  e f f e c t 1’ .

V a r i a t i o n s  in  th e  e a r t h ' s  magnetic  d ip o le  moment 

a l t e r  the  cosmic ray  f l u x  in  the  a tmosphere  a s  the  

d e f l e c t i o n  of  the  cosmic r a y s  v a r i e s  w i th  the  f i e l d  

i n t e n s i t y .  The t o t a l  C-14 p r o d u c t io n  r a t e  i s  a p p r o x i ­

m a te ly  i n v e r s e l y  p r o p o r t i o n a l  to  the  square  r o o t  o f  

th e  f i e l d  i n t e n s i t y .  Al though pa le o -m a g n e t ic  m easure ­

ments a re  im p re c i s e ,  ev idence  from d e t e r m i n a t i o n s  o f  

rem anent  magnetism in  p o t t e r y  samples does i n d i c a t e  a 

v a r i a b l e  magnetic  f i e l d  i n t e n s i t y  d u r in g  th e  p a s t

6 ,0 0 0  y e a r s  (45, 4 6 ) .

Changes in  i n t e r - r e s e r v o i r  carbon  exchange 

p r o c e s s e s  may occur  by v a r i a t i o n  of  ocean mixing r a t e s .  

S ince  the oceans c o n ta in  about  95/* of the  e a r t h ' s  

exchangeab le  carbon in v e n to r y ,  any changes in  i t s  

mixing  r a t e  would cause marked d e v i a t i o n  in  the  C-14 con­

t e n t  o f  the  a tm osphe re .  The ocean mixing r a t e  i s  dependent  

on pH, r e s e r v o i r  s i z e ,  and c l i m a t e .  A l c/> i n c r e a s e  in  ocean 

t e m p e ra tu re  would produce an i n c r e a s e  of a b o u t  6y in  a t ­

m osphe r ic  COg and a c o r r e s p o n d in g  Decrease in  C-14 a c t ­

i v i t y .  The m e l t in g  o f  g l a c i e r s  d u r in g  g e o l o g i c a l  t im e ’ 

would a l s o  lower a tm ospher ic  C-14 c o n c e n t r a t i o n s  t h r o u g h  

an i n c r e a s e  in  ocean volume. S ince  the  a tm o sp h e r ic  CO^ 

c o n t e n t  i s  dependent  on e q u i l i b r i u m  w i t h  the  marine 

c a r b o n a t e / b i c a r b o n a t e  system, i t  must a l s o  be a f u n c t i o n
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o±' ocean pH. I t  seems l i k e l y ,  however, ;t h a t  the  b u f f e r ­

in g  a c t i o n  of  ocean s a l i s  has p re v e n te d  any a p p r e c i a b l e  

change in  pH d u r in g  g e o l o g i c a l  time ( 4 7 ) .

Because our  knowledge o f  t h e  p a s t  env ironm ent  i s  

u n c e r t a i n ,  i t  i s  no t  p o s s i b l e  to d e f in e  p r e c i s e l y  the  

cause o f  the  lo n g - t e r m  f l u c t u a t i o n s  in  a tm o sp he r ic  C-14 

c o n t e n t .  I t  a p p e a r s ,  however, t h a t  t h e s e  v a r i a t i o n s  show 

marked c o r r e l a t i o n  w i th  c l i m a t i c  c h an g e s .  High C-14 

c o n c e n t r a t i o n s  a r e  a s s o c i a t e d  w i th  a co ld  t e r r e s t r i a l  

c l i m a t e .  The in c r e a s e  in  a tm o sp h e r ic  C-14  a c t i v i t i e s  

from 100 B.C. t o  4 ,0 0 0  B.C. would t h e r e f o r e  r e p r e s e n t  

a r e l i c  o f  the  l a s t  i ce  a g e .  The s h o r t - t e r m  f l u c t u a t i o n s  

a l s o  seem c l im a te - d e p e n d e n t  th ro ug h  v a r i a t i o n  of s o l a r  

a c t i v i t y .  Thus the  h ig h  C-14 c o n c e n t r a t i o n s  a s s o c i a t e d  

w i t h  The MDe V r i e s  e f f e c t "  co rre spo n d  t o  the cold  p e r io d  

known a s  the  " l i t t l e  i c e  a g e " .  S ince  changes  in  world 

c l i m a t e  a r e  a c c u r a t e l y  documented only  w i t h i n  the  l a s t  

’few c e n t u r i e s ,  C-14 a n a l y s e s  may ex tend  our knowledge o f  

p a s t  world  c l i m a t e s  i n d i r e c t l y .  The mechanism o f  th e  

dependence o f  the  lo n g - te rm  v a r i a t i o n  in a tm o sp h e r ic  C-14 

a c t i v i t i e s  on c l im a te  i s  u n c e r t a i n .  P r o d u c t io n  r a t e  

m o du la t io n  may a cc o u n t  f o r  bo th  the l o n g - t e r m  and th e  . 

s h o r t - t e r m  d e v i a t i o n s .  A l t e r n a t i v e l y  the  lo n g - te rm  

v a r i a t i o n s  may stem from p e r t u r b a t i o n s  of  the o cean ic  

mixing  p r o c e s s e s .
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A r t i f i c i a l  f l u c t u a t i o n s  
o f  Atmospheric  Carbon-14 C o n c e n t r a t i o n s .

( a )  ' 'Suess e f f e c t " .

The "Suess e f f e c t "  i s  t h e  d e c re a se  in  a tm o sp h e r ic  

C-14 c o n c e n t r a t i o n s  caused by th e  combustion of l a r g e  

q u a n t i t i e s  o f  C-14 -  f r e e  f o s s i l  f u e l s .  I t  o r i g i n a t e d  

w i th  the  i n d u s t r i a l  r e v o l u t i o n  b u t  d id  not become 

pronounced u n t i l  th e  l a t e  19"ttl c e n tu r y  ( 1 9 ) .  S ince  th en  

th e  d e c re a se  in  C-14 a c t i v i t y  o f  the  a tmosphere  i s  

a p p ro x im a te ly  l i n e a r ,  r e a c h i n g  a v a lu e  o f  abou t  3$  "by 

1930 , and ,  by e x t r a p o l a t i o n ,  abou t  4 . 2$ by 1970 .

The t o t a l  amount o f  i n a c t i v e  CO2 r e l e a s e d  has been 

e s t im a t e d  by R e v e l le  and Suess (24) a s  2$, 12$, and 20$ 

o f  th e  normal a tm osphe r ic  CO2 c o n te n t  by 1900 , 1950 , and 

1970 r e s p e c t i v e l y .  Only one f i f t h  o f  t h e  t o t a l  q u a n t i t y  

r e l e a s e d  to  da te  has t h e r e f o r e  remained in  the  a tm osphere ,  

so t h a t  th e  m a j o r i t y  must have been absorbed  by th e  o c ean ­

ic  r e s e r v o i r .  The d e c rea se  in  th e  C-14 c o n c e n t r a t i o n  o f  

the  o c ea n s ,  however, i s  d i f f i c u l t  t o  a s s e s s  because  o f  t h e  

i n f l u e n c e  o f  C-14 produced in  n u c l e a r  weapon t e s t s .  The 

u p w e l l in g  o f  o ld  w a te r  masses in  c e r t a i n  r e g i o n s  can a l s o  

p r e s e n t  d i f f i c u l t i e s  in  the  i n t e r p r e t a t i o n  o f  o c ea n ic  d a t a .  

Some p r e - t e s t  samples a n a ly se d  by B roecke r  (48)  and 

Brannon e t  a l  (4 9 ) sug g es t  a d e c rea se  in  t h e  C-14 concen­

t r a t i o n  o f  t h e  s u r f a c e  ocean o f  abou t  1$  t o  2$ due to  th e  

"Suess e f f e c t " .  Here the  s u r f a c e  ocean r e p r e s e n t s  the
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mixec ocean l a y e r  to  about  200 m e t res  depth*,

B e s id e s  the  u n i v e r s a l  d e c re a se  in  a tm o sph e r ic  C-14 

c o n c e n t r a t i o n s  a t t r i b u t a b l e  to  the  “Suess e f f e c t 11, l o c a l  

v a r i a t i o n s  can o c c u r .  For  example, a r e a s  n e a r  i n d u s t r i a l  

c e n t r e s  e x p e r ien c e  more i n t e n s e  f o s s i l  f u e l  C0o contam­

i n a t i o n  than r u r a l  a r e a s .  In a r e c e n t  s tu d y ,  Walker (50) 

found t h a t  co n ta m in a t io n  by f o s s i l  f u e l  CCg v a r i e d  by 

180 from c e n t r a l  Glasgow to  r u r a l  a r e a s  20 m i le s  away.

A s i m i l a r  d i l u t i o n  g r a d i e n t  a p p ea rs  to  e x i s t  between the  

h e m isp h e re s .  Thus Fergusson  (51) r e p o r t e d  a s o u th e rn  

hemisphere  d i l u t i o n  of 20 a t  the same time as  Suess found 

30 f o r  the  i n d u s t r i a l i s e d  n o r th e r n  hem isphe re .

The "Suess e f f e c t "  i s  p a r t i c u l a r l y  im p o r ta n t  in
thr a d i o c a r b o n  age s t u d i e s .  P r i o r  to  i t s  d e t e c t i o n  20 

c e n t u r y  wood samples were f r e q u e n t l y  used as  the  modern 

s t a n d a r d s  to  which a l l  samples were compared. With the  

d i s c o v e r y  o f  the  "Suess e f f e c t " ,  however, i t  was shown 

t h a t  r a d io c a r b o n  ages  based on these  s t a n d a r d s  cou ld  be 

to o  young by 200 y e a r s .  T h e re fo re  the  pr imary  s t a n d a r d  

a c t i v i t y  i s  now the d e c a y - c o r r e c t e d  C-14 a c t i v i t y  o f  

1890 wood.

The "Suess e f f e c t "  may be c o n s id e r e d  a s  a " t r a c e f 1 

e x p e r im e n t  on a g l o b a l  s c a l e  and can be used to  e v a l u a t e  

some o f  the  p a ram ete rs  c o n t r o l l i n g  carbon c i r c u l a t i o n .

F o r  example , R ev e l le  and Suess (24) e s t im a t e d  a v a lu e  o f
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abou t  10 y e a r s  f o r  t  He mean r e s i d e n c e  t ime o f  COg in  the

a tm osphere  p r i o r  t o  ocean ic  o r  b i o s p h e r i c  a b s o r p t i o n .

The nSuess e f f e c t 11 a l s o  r e f l e c t s  the  g e n e r a l  i n c r e a s e

in  a tm o sp h e r ic  COg which has o c cu r red  d u r in g  th e  p a s t

c e n t u r y .  The p r e s e n t  atmosphere  c o n t a i n s  about  518 p .p .m .

COg compared w i t h  290 p .p .m .  in  1590. A ccord ing  to

B i s c h o f  and B o l in  (52) the  i n c r e a s e  in  a tm o sp h e r ic  COg

c o n c e n t r a t i o n  i s  now 0 .7  p . p . m . / y e a r .  S ince  CO2 a b so rb s

in  t h e  i n f r a r e d ,  i n c r e a s e d  c o n c e n t r a t i o n s  w i l l  produce

i n c r e a s e d  downward f l u x  o f  r a d i a t i o n  in  th e  a tmosphere

and a r i s e  in  s u r f a c e  t e m p e r a t u r e s .  An i n c r e a s e  o f  5 0 / /

c e n t u r y  in  a tm o sph e r ic  CO2 c o n c e n t r a t i o n s  w i l l  produce a

t e m p e r a tu re  i n c r e a s e  o f  1 . 1 ° C . / c e n t u r y  (5 5 ) .  Such a r i s e
+ hi s  v e ry  c lo s e  t o  t h e  a v e ra g e  i n c r e a s e  so f a r  in  th e  2 0 " 

c e n t u r y .  I t  seems p o s s i b l e  t h a t  th e  a d d i t i o n a l  COg from 

th e  c o n t in u e d  b u rn in g  o f  f o s s i l  f u e l s  cou ld  a p p r e c i a b l y  

change th e  c l im a te  ove r  th e  next  few hundred y e a r s .
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(b)  “Atomic bomb e f f e c t 11.

The "atomic  bomb e f f e c t "  i s  the  r e s u l t  o f  the  

a d d i t i o n  to  the  a tmosphere  of  c o n s i d e r a b l e  q u a n t i t i e s  o f  

0-14 produced th rough  the  a c t i v a t i o n  o f  a tm o sp h e r ic  

n i t r o g e n  (IT—14 C-14) by bomb n e u t r o n s .  The n e u t ro n

y i e l d  o f  a n u c l e a r  dev ice  i s  r e l a t e d  to  the  t o t a l  energy  

y i e l d .  Thus Table 2, which p r e s e n t s  the  t o t a l  energy  

y i e l d s  o f  weapons t e s t e d  d u r in g  the  pe r io d  1945 to  1968 

( 2 0 ) ,  g iv e s  a d i r e c t  measure o f  the  bomb C-14 p r o d u c t i o n .  

I t  i s  s i g n i f i c a n t  t h a t  a " s u r f a c e "  t e s t  w i l l  y i e l d  con­

s i d e r a b l y  l e s s  C-14 than  a c o r r e s p o n d in g  " a i r "  b u r s t .

Based on an a v a i l a b l e  n e u t ro n  y i e l d  f o r  a c t i v a t i o n  of 
262x10 n . / H t o n .  o f  f i s s i o n  and f u s i o n  in  the  case  o f  an

26" a i r "  b u r s t  and 1x10 n . /M to n .  f o r  a " s u r f a c e "  b u r s t ,

t h e  t o t a l  p ro d u c t io n  of  a r t i f i c i a l  C-14 to  d a te  i s  
2 °e s t im a t e d  a t  10  ̂ a tom s .  This  would be s u f f i c i e n t  to  

r a i s e  the  C-14 c o n c e n t r a t i o n  by a f a c t o r  o f  f o u r  were i t  

t o  be c o n ta in e d  in  the  t r o p o s p h e r e .

I n c r e a s e s  in  the  C-14 a c t i v i t y  l e v e l  o f  the  a tm os­

phere  were,  in  f a c t ,  f i r s t  observed  in  1954 f o l l o w in g  

th e  o n s e t  o f  the th e rm o n u c le a r  e r a  in  1952. Since  th e n ,  

C-14 has  been i n j e c t e d  s p o r a d i c a l l y  i n t o  the  atmosphere*, 

and the  C-14 l e v e l  has fo l low ed  a g e n e r a l  but  i r r e g u l a r  

i n c r e a s e  ( 21 , 22 , 54, 5 5 ) .  f i g u r e  3 p r e s e n t s  a p r o f i l e  

o f  t h i s  irregu.3.ar i n c r e a s e  o f  a tm o sp h e r ic  C-14
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FISSION AITD FUSION ENERGY YIELDS OF NUCLEAR DEVICES.

FISSION AND FUSION YIELD (Mton.)

PERIOD

AIR TESTS SURFACE TESTS

1945-51 0.19 0 .57

1952-54 1 .0 5 9 .0

1955-56 1 1 .0 1 7 .0

1957-58 5 7 .0 28 .0

1959-60 TEST MORATORIUMT

1961 120 .0 -

1962 217 .0 -

1965-68 16.3 0 .2

TOTAL 422.5 105 .0
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FIGURE 3

CARBON - 1 4  CONCENTRATIONS IN THE NORTHERN 
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c o n c e n t r a t i o n s  f o r  t h e  p e r io d  1954-1966 f o r  th e  n o r th e r n  

hemisphere  t r o p o s p h e r e .  S ince  the  m a j o r i t y  o f  th e  

a r t i f i c i a l  C-14 was f i r s t  i n j e c t e d  i n to  the  s t r a t o s p h e r e  

o f  th e  n o r t h e r n  h em isphere ,  the peak in  n o r th e r n  t r o p o s ­

p h e r i c  C-14 c o n c e n t r a t i o n s  o c cu r red  in  1963> abou t  two 

y e a r s  a f t e r  the  p e r io d  o f  maximum C-14 p r o d u c t i o n .  This  

l a g  t im e  i s  a t t r i b u t a b l e  to  the f i n i t e  s t r a t o s p h e r i c  

r e s i d e n c e  t ime o f  c a rb o n .  Fo l lo w in g  the  maximum in  the  

n o r t h e r n  t r o p o s p h e r e ,  C-14 c o n c e n t r a t i o n s  have shown a 

g r a d u a l  d e c re a se  w i t h  t ime as  th e  C-14 d i s t r i b u t i o n  t e n d s  

tow ards  e q u i l i b r i u m  th ro u g h  mixing w i th  the  so u th e rn  

t r o p o s p h e r e  and a b s o r p t i o n  by the  oceans and b i o s p h e r e .

A l though  a c o n s i d e r a b l e  q u a n t i t y  o f  a r t i f i c i a l  C-14 

has been produced i t  r e p r e s e n t s  on ly  a ve ry  sm a l l  

f r a c t i o n  o f  the  t o t a l  a tm o sph e r ic  carbon  c o n t e n t ,  and th u s  

i t  can s a f e l y  be assumed t h a t  th e  carbon  exchange e q u i l i b ­

r ium i s  u n d i s t u r b e d .  T h e re fo re  th e  r a t e  o f  movement o f  

t h i s  e x c e s s  C-14 w i t h in  t h e  v a r i o u s  carbon  r e s e r v o i r s  

p r e s e n t s  an i d e a l  o p p o r t u n i t y  f o r  t h e  " t r a c e r ” s tudy  o f  th e  

p a ra m e te r s  c o n t r o l l i n g  carbon  c i r c u l a t i o n .  F ig u re  4 shows 

a  t y p i c a l  !,box modelno f  the  dynamic c a rbon  c y c le  and th e  

v a r i o u s  p a ra m e te r s  which can be s t u d i e d .  In p a r t i c u l a r ,  

exchange r a t e  c o n s t a n t s ,  can be examined in  d e t a i l .

The exchange r a t e  c o n s t a n t  i s  d e f in e d  by th e  e q u a t io n  

lTt = K0e~'k:i j t , which d e s c r i b e s  th e  d e c re a se  w i t h  t ime o f



|t FIGURE 4
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t h e  number o f  C-14 atoms, 1L, in  one r e s e r v o i r ,  i ,  th ro u gh

t r a n s f e r  to  an a d j a c e n t  r e s e r v o i r ,  j ,

A comparison o f  the  exchange r a t e  c o n s t a n t s  de te rm ined

by s e v e r a l  workers  (52-37 ,  54) shows t h a t  agreement  i s  not

always a c h i e v e d .  Fo r  example, the  r a t e  c o n s t a n t  ,

which d e s c r i b e s  th e  a b s o r p t i o n  r a t e  o f  t r o p o s p h e r i c  C-14

by the  s u r f a c e  o ceans ,  has been a t t r i b u t e d  v a lu e s  r a n g in g

from 0.04 to  0 .3 0 .  The c o r r e s p o n d in g  exchange t im e ,T*^  ,

has t h e r e f o r e  been found to  be betv/een 25 y e a r s  and 3 .3

y e a r s  (T. = 1 /k .  ) .  However, a s  the  exce ss  C-14 d i s t r i -xm Tm
butic-n t e n d s  f u r t h e r  t o  e q u i l i b r i u m  a d d i t i o n a l  o b s e r v a t i o n s  

should  pe rm i t  in c r e a s e d  acc u ra c y  in  the  exchange r a t e  

c o n s t a n t  d e t e r m i n a t i o n s .

To th e  r a d io c a r b o n  d a t i n g  method th e  bomb-produced 

C-14 c o n s t i t u t e s  a s i g n i f i c a n t  source  o f  c o n ta m in a t io n .  

Y/hereas a l £  c o n ta m in a t io n  o f  a 17,0C0 y e a r  o ld  sample 

by n a t u r a l  modern carbon i n t r o d u c e s  an age e r r o r  o f  570 

y e a r s ,  the  same degree  o f  c o n ta m in a t io n  by n u c l e a r  e r a  

carbon  cou ld  in t r o d u c e  an e r r o r  o f  2,100 y e a r s .  The danger  

o f  c o n ta m in a t io n  by modern carbon i s  most s i g n i f i c a n t  f o r  

i n o r g a n i c  samples which may al lov;  ion exchange w i t h  

c a rb o n a te  o f  a tm o sp h e r ic  o r i g i n .

A second e f f e c t  o f  bomb C-14 on r a d io c a r b o n  d a t i n g  

l i e s  in  the  lo n g - te rm  d i s r u p t i o n  o f  a tm o sp h e r ic  C-14 

c o n c e n t r a t i o n s .  Hven i f  f u r t h e r  weapons t e s t i n g  i s
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c u r t a i l e d ,  many hundreds o f  y e a r s  w i l l  be r e q u i r e d  be fo re  

t h e  d i s t r i b u t i o n  o f  the  ex cess  C-14 th ro u g h o u t  the  carbon  

c y c le  w i l l  r e a c h  complete e q u i l i b r i u m .  I t  i s  t h e r e f o r e  

o f  some importance  t h a t  a tm o sph e r ic  c o n c e n t r a t i o n s  o f  

C-14 a re  f o l lo w e d  d u r in g  f u t u r e  y e a r s .  In the ve ry  long  

t e rm ,  th e  h ig h  C-14 a c t i v i t i e s  o f  t h e  mid 2 0 ^  c e n tu r y  

w i l l  i n t r o d u c e  th e  need f o r  a c c u r a t e  c o n v e r s io n  o f  

r a d i o c a r b o n  ages  i n to  t r u e  a g e s .  The n u c l e a r  e ra  can i n  

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

o f  a tm o sp h e r ic  C-14 c o n c e n t r a t i o n s .  The problem o f  age 

am b ig u i ty  w i l l  a l s o  a r i s e  f o r  the n u c l e a r  e r a  a s  f o r  t im e s  

o f  n a t u r a l  v a r i a t i o n s .  A p l a n t  sample grown in  1963 w i l l  

be i n d i s t i n g u i s h a b l e  by a c t i v i t y  measurement from a 

specimen grown 700 y e a r s  hence .



23

Purpose  o f  Research  P r o j e c t .

S e v e r a l  n a t u r a l  f l u c t u a t i o n s  o f  a tm o sp h e r ic  C-14 

c o n c e n t r a t i o n s  a re  known to have o c c u r re d  d u r in g  th e  

p a s t  10 m i l l e n i a .  Because o f  the  s c a r c i t y  o f  samples 

o f  a c c u r a t e l y  known a ge ,  the  s t u d i e s  u n t i l  now have 

been concerned  w i th  f l u c t u a t i o n s  o c c u r r i n g  over  long  

t im e  p e r i o d s ,  l i t t l e  i s  known abou t  the  s h o r t - t e r m  

b e h a v io u r  o f  a tm o sp he r ic  C-14 a c t i v i t y  l e v e l s .  Since 

th e  a v a i l a b i l i t y  o f  samples o f  known age i s  h i g h e s t  f o r  

r e c e n t  t im es  a d e t a i l e d  s tudy  o f  an n u a l  C-14 c o n c e n t r a t i o n s  

shou ld  be f e a s i b l e .

The a r t i f i c i a l  f l u c t u a t i o n s  o f  a tm o sp h e r ic  C-14 

c o n c e n t r a t i o n s  have p rov ided  an o p p o r t u n i t y  t o  s tu d y  the  

p a ra m e te r s  which c o n t r o l  s h o r t - t e r m  a c t i v i t y  l e v e l s .  A 

p r o j e c t  combining a s tudy  o f  a r t i f i c i a l  and n a t u r a l  C-14 

d i s t r i b u t i o n s  d u r in g  th e  p a s t  c e n tu r y  would t h e r e f o r e  

b e n e f i t  from an a cc um u la t io n  o f  knowledge from b o th  f i e l d s .

F u r th e rm o re ,  l i t t l e  i s  known o f  the  y e a r l y  f l u c t u a ­

t i o n s  in  a tm o sp he r ic  C-14 due t o  th e  ”Suess e f f e c t ’1. The 

v a l u e s  o f  a tm o sp h e r ic  C-14 d i l u t i o n  a t t r i b u t e d  t o  s p e c i f i c  

y e a r s  a re  i n t e r p o l a t e d  from only  a few o b s e r v a t i o n s .  I t  

i s  t h e r e f o r e  o f  i n t e r e s t  t o  o b t a i n  a more d e t a i l e d  p r o f i l e  

o f  th e  ”Suess e f f e c t ” d u r in g  th e  p a s t  c e n tu r y  s in c e  such 

i n f o r m a t i o n  cou ld  f u r t h e r  our  knowledge o f  carbon  exchange 

r a t e s  between r e s e r v o i r s .
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The o b j e c t  o f  t  he re  s e a r c h  wa s t  he re  f o r e  t w o f o l a ;

(1)  to  s tudy  q u a n t i t a t i v e l y  t h e  f l u c t u a t i o n s  in  

a tm o sp he r ic  C-14 c o n c e n t r a t i o n s  d u r in g  th e  

p a s t  c e n t u r y ,

and.  (2)  to  e v a l u a t e  the  importance  o f  th e s e  f l u c t u a ­

t i o n s  w i th  r e s p e c t  b o th  t o  th e  r a d io c a r b o n  

d a t i n g  method and t o  the geochemica l  and 

g e o p h y s i c a l  p r o c e s s e s  which c o n t r o l  carbon  

d i s t r i b u t i o n .

ITatural  and a r t i f i c i a l  f l u c t u a t i o n s  o f  a tm o sph e r ic  

C-14 a re  o f  d e f i n i t e  s i g n i f i c a n c e  b o th  to  the  geochemis t  

and t o  t h e  r a d io c a r b o n  g e o c h r o n o l e g i s t . To th e  former 

t h e y  a p p e a r  as  p e r i o d s  o f  d i s e q u i l i b r i u m  w i th in  the  

dynamic c y c l e .  As such th ey  o f f e r  an o p p o r t u n i t y  to  

e v a l u a t e  r a t e s  and mechanisms o f  carbon  exchange and 

d i s t r i b u t i o n .  To the  l a t t e r  they  r e p r e s e n t  d e v i a t i o n s  

from th e  c o n d i t i o n s  assumed by th e  d a t i n g  method. They 

r e q u i r e  a c c u r a t e  measurement and n e c e s s i t a t e  m o d i f i c a t i o n  

o f  some a s p e c t s  o f  the  method.  E v e n t u a l l y  t h e y  may 

a s s i s t  an u n d e r s t a n d in g  o f  some f e a t u r e s  o f  th e  e n v i r o n ­

ment o f  p a s t  t ime s .



C-14 i s  a low energy b e ta  e m i t t e r  (maximum energy

0 .1 5 8  MeV.) and i s  p r e s e n t  in  n a t u r a l  carbon  in  v e ry  low
—12c o n c e n t r a t i o n s  ( c a .  10 g .  C -1 4 /g .C ) .  The s p e c i f i c  

a c t i v i t y  o f  pre-bomb carbon i s  e s t im a t e d  a t  13.56 + 0 .07  

d . p . m . / g .C  ( 5 6 ) .  The low s p e c i f i c  a c t i v i t y  and b e ta  

e n e r g i e s  o f  n a t u r a l  C-14 r e q u i r e  (1)  t h a t  t h e  C-14 

d e t e c t o r  has  a h ig h  e f f i c i e n c y ,  and (2)  t h a t  sample 

a c t i v i t i e s  a r e  s t a t i s t i c a l l y  h ig h  r e l a t i v e  t o  background 

c oun t  r a t e s .

The d e t e r m i n a t i o n  o f  C-14 c o n c e n t r a t i o n s  r e l a t i v e  to  

t h e  n a t u r a l  l e v e l  in v o lv e s  the  p r e c i s e  i n te r c o ra p a r i so n  o f  

modern s t a n d a r d  and sample a c t i v i t i e s .  I t  i s  t h e r e f o r e  

im p o r t a n t  t h a t  the  c o u n t in g  system be s t a b l e  in  p e rfo rm ­

ance ove r  long  p e r i o d s .  In a d d i t i o n  r e l a t i v e l y  long  

c o u n t i n g  t im e s  ( o v e r n i g h t )  a re  n e c e s s a r y  to  red uce  

s t a t i s t i c a l  e r r o r s  below ±1^.  jDuring th e s e  c o u n t in g  

p e r i o d s  the  background count  r a t e  must a l s o  be s t a b l e .  •

A C-14 c o u n t in g  system should  t h e r e f o r e  have th e  

f o l l o w i n g  b a s i c  c h a r a c t e r i s t i c s ,

(1 )  h ig h  b e ta  d e t e c t i o n  e f f i c i e n c y ,

(2 )  low background count  r a t e ,
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(3)  l o n g - te rm  s t a b i l i t y  o f  background and b e ta  

d e t e c t i o n  e f f i c i e n c y .

Two d i s t i n c t  c o u n t in g  t e c h n iq u e s  a re  c u r r e n t l y  

employed f o r  r a d io c a r b o n  a s s a y ;

(1) i n t e r n a l  gas  c o u n t in g ,

(2)  l i q u i d  s c i n t i l l a t i o n  c o u n t i n g .

Of 52 r a d io c a r b o n  l a b o r a t o r i e s  surveyed in  1967, 45 

used gas p r o p o r t i o n a l  c o u n t in g  m ethods .  In  1965 gas 

p r o p o r t i o n a l  systems appea red  to  e x h i b i t  s u p e r i o r  

c o u n t in g  c h a r a c t e r i s t i c s  (57) w i t h  C-14 d e t e c t i o n  

e f f i c i e n c i e s  b e t t e r  th an  90$ compared w i t h  60/S f o r  

l i q u i d  s c i n t i l l a t i o n .  Background count  r a t e s  o f  l e s s  

t h a n  10 c .p .m .  f o r  p r o p o r t i o n a l  c o u n te r s  were common 

and l e s s  t h a n  th o se  o b t a i n a b l e  w i th  s c i n t i l l a t i o n  

t e c h n i q u e s .  In a d d i t i o n ,  th e  c h a r a c t e r i s t i c s  o f  p r o p o r t ­

i o n a l  c o u n te r s  were more s t a b l e  w i t h  r e s p e c t  t o  h ig h  

v o l t a g e ,  g a in ,  d i s c r i m i n a t o r ,  and t e m p e r a tu re  d r i f t s .

Even a t  p r e s e n t  some problems o f  th e  double  p u l s i n g ,  

memory e f f e c t s ,  and i n s t a b i l i t y  o f  s c i n t i l l a t i o n  p h o to ­

m u l t i p l i e r s  rem a in .  I t  was a l s o  e x pec ted  t h a t  t h e  s i z e  

o f  samples to  be ana ly se d  in  t h i s  r e s e a r c h  might  be 

sm a l l  ( c a ,  I g .  C) ,  and t h u s  t h e  s u p e r i o r  f a c i l i t y  o f  

l i q u i d  s c i n t i l l a t i o n  systems f o r  c o u n t in g  l a r g e  samples 

was u n n e c e s s a r y .

The cho ice  o f  c o u n t in g  gas was based  on Burke and
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l l e i n s c h e i n * s o b s e r v a t i o n  (58) t h a t  the  c o u n t in g  

c h a r a c t e r i s t i c s  o f  methane a re  c o n s i d e r a b l y  l e s s  

s e n s i t i v e  t o  e l e c t r o n e g a t i v e  i m p u r i t i e s  th an  the  rnore 

w id e ly  used GC^. Recent improvements in  the methods o f  

c o n v e r s io n  o f  CO2 to  CH  ̂ (59) confi rm ed th e  c h o ice  o f  

CH^ as  c o u n t in g  g a s .  A survey  in  1967 o f  l a b o r a t o r i e s  

which  used p r o p o r t i o n a l  c o u n t in g  methods showed t h a t  

60io s t i l l  employed 2C$  used CH^, and 2 0 e i t h e r

o r  CgHg* The l a t t e r  a l t e r n a t i v e  c o u n t in g  gases  

were r e j e c t e d  f o r  t h i s  r e s e a r c h  because  o f  the  t e d i o u s  

c h em ic a l  p ro ce d u res  inv o lved  in  t h e i r  s y n t h e s e s .

F ig u re  5 p r e s e n t s  a b lo c k  diagram o f  the  p ro ce d ­

u r e s  inv o lved  in  r o u t i n e  a n a l y s i s  w i th  approx im ate  t i n e s  

r e q u i r e d  f o r  each  o p e r a t i o n  in c lu d e d  a s  a g u id e .



F I G U R E  5

BLOCK DIAGRAM OF LABORATORY PRACTICE

Sample
P r e t r e a t m e n t

(12 Hours )
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Combust ion

CO 2 ( 2  Hours)
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H yd r ol y s i s

CO2 ( 0-5Hours)

C - 1 4  A c t i v i t y  
M e a s u r e  m e nt  

(15 Hours )

CH4
Purif icat ion
( 0 5 H o u r s )

C 0 2
P u r i f i c a t i o n  
( l 5 M i n u te s )

C a t a l y t i c  
Hydrogena t ion
of  C 0 2 - ^ C H 4 

( 2-5 Hours)

CH4 S t o r a g e  

(7  D a y s )

CH4 S t o r a g e  

( 14  Days)

C - 1 4  A c t i v i t y

Meas urement  
( i5 Hours)

C 0 2 Sample
Col lected ( s M i n u t c s )  
For I so t op e  Rat i o  
Measurement (2QViinutes)
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Chemical  P r e pa r a t i o n  Sys tem.

( a )' Sample P r e t r e a t i s e n t .

I t  i s  e s s e n t i a l  in  r a d io c a r b o n  s t u d i e s  t h a t  the  

sample c o n ta in  the  o r i g i n a l  carbon  atoms p r e s e n t  when i t  

c ea sed  to  be in vo lv ed  in  the  e n v i ro n m en ta l  exchange p r o ­

c e s s e s .  D uring  the  t im e  i n t e r v a l  between removal  from 

th e  exchange r e s e r v o i r  and a n a l y s i s ,  the  sample may become 

c o n tam in a ted  w i th  f o r e i g n  carbonaceous  m a t e r i a l s .  This  

c o n ta m in a t io n  may be “c h e m ic a l11 o r  “ s u p e r f i c i a l " .  The 

fo rm er  in v o lv e s  r e p la c e m e n t ,  norm al ly  by ion -exchan g e ,  

o f  sample c a rb o n .  The o p p o r t u n i t i e s  f o r  “chem ica l"  

c o n ta m in a t io n  a re  t h e r e f o r e  most s i g n i f i c a n t  i n  th e  case  

o f  in o r g a n ic  sam ples .  Bone or  s h e l l  c a r b o n a t e s ,  f o r  

example ,  a re  f r e q u e n t l y  found to have undergone exchange 

with, th e  c a r b o n a t e / b i c a r b o n a t e  o f  ground w a t e r s ,  F o r  

o r g a n ic  samples the  on ly  p o s s i b i l i t y  o f  ch em ica l  a l t e r ­

a t i o n  stems from s t r u c t u r a l  breakdown by p u t r e f a c t i o n .  

M a s s - s p e c t r o m e t r i c  c o r r e c t i o n s  can be made f o r  t h i s  type 

o f  i s o t o p i c  m o d i f i c a t i o n .

“S u p e r f i c i a l "  c o n ta m in a t io n  can in v o lv e  im p reg n a t io n  

o f  a sample by n on-con tem poraneous‘m a t e r i a l s . C on tam in a t ­

i n g  a g e n t s  commonly found a re  r o o t l e t s ,  and s o i l  components 

such  a s  humic a c i d s ,  c a r b o n a t e s ,  sand,  and t h e  s o i l  i t s e l f *  

These s p e c i e s  g e n e r a l l y  e n t e r  the  sample m a t r ix  th ro u g h  

ground w ater  i n f i l t r a t i o n ,  ITo ion  r e p la c e m e n t  o r  chem ica l
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bonding to  the  sample o c c u r s .

I f  sample co n ta m in a t io n  i s  not e l i m i n a t e d  the  non- 

contemooraneous carbon atoms can in t ro d u c e  e r r o r s  in  

sample a c t i v i t i e s  which in  e a t i n g  become more s i g n i f i c a n t  

w i t h  i n c r e a s i n g  sample a g e .  Table 3 i n d i c a t e s  the  s i z e  

o f  the  e r r o r s  which can r e s u l t  from c o n ta m in a t io n  o f  old 

and n u c le a r  e r a  samples by v a ry in g  amounts o f  modern and 

i n a c t i v e  c a rb o n .

The b a s i c  pre t r e a tm e n t  o f  s o l i d  o rg an ic  samples 

c o n s i s t s  f i r s t l y  o f  v i s u a l  exam ina t ion  f o r  i n t r u s i v e  

r o o t l e t s .  The sample i s  then  b o i l e d  s u c c e s s i v e l y  in  

d i s t i l l e d  w a t e r ,  5/» HOI, d i s t i l l e d  w a te r ,  5$ KaOH, 

d i s t i l l e d  w a te r ,  5^ KOI, and d i s t i l l e d  w a t e r .  These 

wash ings  ensu re  the  e l i m i n a t i o n  of  ca rb o n a te  and huraic 

a c id  con tam in a n ts  and a re  fo l low ed by oven d ry in g  o v e r ­

n i g h t  a t  1C0°C. .  S h e l l s  and marble samples a r e  leached  

in  5^ KOI to  remove a bou t  20p by w e ig h t .  The rem oval  o f  

o u t e r  s u r f a c e s  o f  i n o r g a n ic  m a t e r i a l s  i s  g e n e r a l l y  

s u c c e s s f u l  in  f r e e i n g  the  samples from c a rb o n a te  contam­

i n a n t .  Wines and s p i r i t s  r e q u i r e  p r e t r e a t m e n t  th ro u g h  

d i s t i l l a t i o n  to  remove c o lo u r i n g  m a t t e r .

(b)  Sample Combustion.

A l l  o rg an ic  samples a r e  combusted in  an O g - r ich  

a tm osphere  to  y i e l d  CC^ l l ' ig u re  6 ) .  P ive  l i t r e —atm. o f  

CO2 a r e  g e n e r a l l y  p re p a re d .
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TABU; 3

ERRORS CAUSED BY SAITIS CONTAMINATION

( a )  CONTAMINATION OE OLD SA'IPLES BY MODERN CARBON

True Age Radiocarbon Age o f  Sample ( y e a r s )
o f  Sample Degree o f  Contam ina t ion  w i th  Modern Carbon

( y e a r s ) If* 0.1?S 0 .03#

5 ,570 5,490 5 ,560 5 ,570

11 ,140 10,900 11,120 11,140

22,  280 21,080 22,160 22,270

44 ,560 32,260 4 2 ,760 44 ,350

(b)  CONTAMINATION OP NUCLEAR ERA SAMPLES BY DEAD CARBON

True C-14 Concen­
t r a t i o n  o f  Sample 
($ d e v i a t i o n  from 

normal l e v e l )

+ 4 0 .0 + 2 6 .0 *r 33 .0 *r 38.6

4- 60 .0 + 4 4 .0 + 5 2 .0 + 58.4

+ 8 0 .0 + 6 2 .0 + 7 1 .0 + 7 8 .2

+ 100 .0 + 8 0 .0 + 90.0 + 98 .0

Observed C-14 C o n c e n t r a t i o n  
(cp d e v i a t i o n  from normal l e v e l )  

Degree o f  C on tam ina t ion  w i th  Dead Carbon 
IOp 5# 1 #
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The sample a a re  c o n ta in e d  in  p o r c e l a i n  b o a t s  

p o s i t i o n e d  a s  shown w i th in  the  q u a r t z  g l a s s  t u b e ,  bu t  

in  c a s e s  where samples a re  bulky  the  b o a t s  a re  not 

u se d ,  A s t ream  o f  C>2 and ITg i s  passed  ove r  the  sample 

which i s  hea ted  from below by a TJeker b u r n e r .  The 

amount o f  Og i n i t i a l l y  made a v a i l a b l e  t o  the  sample i s  

dependen t  on the n a tu re  o f  the  m a t e r i a l ,  F o r  v o l a t i l e  

samples th e  f low r a t e  i s  100 c c 0/m i n .  w i t h  a Kg f low o f  

400 c c . / m i n . .  For more s t a b l e  samples such as  c h a r c o a l  

th e  i n i t i a l  Og r a t e  i s  300 c c . / m i n . .  In  th e  main 

combustion  a r e a  an Og f low r a t e  o f  600 c c . / m i n • i s  

m a in ta in e d  from the  s idearm .  The r a t e  o f  combustion i s  

c a r e f u l l y  c o n t r o l l e d  by v a ry in g  th e  sample h e a t in g  r a t e ,  

and th ro u g h o u t  the  r e a c t i o n  th e  system i s  kept  a t  s l i g h t l y  

red u ced  p r e s s u r e ,  by c o n t r o l l e d  pumping, to  p r e v e n t  p r e s s u  

b u i l d - u p .  As the  combustion p ro ce ed s ,  the  Og f low r a t e  

o ve r  the  sample i s  i n c re a s e d  t o  600 c c . / m i n . , th e  ITg f low  

r a t e  reduced  to  100 c c . / m i n . ,  and the  sample h e a t i n g  r a t e  

i n c r e a s e d .

F o r  a l c o h o l  samples the  m odif ied  combustion system 

shown i n  F ig u re  7 i s  u sed .  An in n e r  tube  packed w i t h  . 

c o t t o n  wool i s  f i t t e d  in s id e  the  o u t e r  combustion t u b e . .

A 1mm. a p e r t u r e  a t  th e  t i p  o f  the  i n n e r  tube  p e rm i t s  th e  

passage  o f  gases  th rough  the  sys tem .  A s t ream  o f  bg 

(500 cc . /m in .)  i s  passed th rough  th e  i n n e r  t u b e .  The
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a l c o h o l / w a t e r  m ix tu re  from tue  d i s t i l l a t i o n  i s  i n j e c t e d  

by a s y r in g e  in  l e e .  q u a n t i t i e s  th rou g h  a s e l f - s e a l i n g  

septum and i s  absorbed  by the  wool , This a r e a  i s  h e a te d  

g e n t l y  u s in g  a h a i r d r y e r  and th e  a l c o h o l  vapour  i s  swept 

t h r o u g h  th e  i n n e r  tube and burned a t  the q u a r t z  wool 

p l u g .  In  t h i s  way the  v a p o r i s a t i o n  and combustion r a t e s  

a r e  c a r e f u l l y  m o n i to red .

When the i n i t i a l  combustion i s  com ple te ,  the  p ro d uc t  

v a p o u rs  a re  p u r i f i e d  by the  fo l lo w in g  s t a g e s ;

(1 )  passage  th rou g h  a CuO f u rn a c e  a t  500°G. to  en su re  

complete  o x i d a t i o n ,

(2 )  an AgNO^ b u b b le r  to  e x t r a c t  ha logens and t h e i r  

a c i d s ,

(3 )  a KMnÔ  b u b b le r  to remove o x ides  o f  s u l p h u r  and 

n i t r o g e n ,

(4 )  an  HgSO^/KgCrgO^ b u b b le r  to  e x t r a c t  s u l p h u r  and 

n i t r o g e n  o x ides  and a c t  a s  a d r y in g  a g e n t ,

(5 )  a  d ry  i ce  t r a p  ( -76°C 0) t o  remove w a te r  v a p o u r .

The C0p i s  then  condensed in  t h e  f i r s t  l i q u i d  ITg

t r a p  ( -1 9 6 ° C . )  and pumped t o  l e s s  t h a n  lp -  t o  remove a l l  

g a s e s  ( i n c l u d i n g  Og) which have an a p p r e c i a b l e  vapour  

p r e s s u r e  a t  -19 6 °C . .  F i n a l l y  the  COg i s  d i s t i l l e d  i n t o  

t h e  second l i q u i d  Ng t r a p  and pumped below l p .  t o  remove 

any o c c luded  g a s e s .  This  p u r i f i c a t i o n  scheme i s  a d eq ua te  

f o r  9C$> o f  th e  samples e n co u n te re d .



In  t h e  combustion o f  m a t e r i a l s  o f  h ig h  n i t r o g e n

c o n t e n t  ( c e r t a i n  s p e c i e s  o f  t r e e  se ed s )  a deep b lue

co n ta m in a n t  i s  observed in  t h e  condensed COg. This

c o n ta m in a n t  i s  b e l i e v e d  to  be NgO^ a s  e n co u n te red  by

he V r ie3  ( 6 0 ) .  At  room tem p era tu re  the  i s
£ j

u n s t a b l e  and p a r t i a l l y  decomposes i n t o  NO and NOg, 

and a l t h o u g h  HO and NOg can ,  t h e o r e t i c a l l y ,  be 

pumped o f f  from f ro ze n  COg, t h i s  method o f  p u r i f i c a t i o n  

i s  n o t  e f f e c t i v e .  Trace c o n ta m in a t io n  o f  the  COg, 

however ,  does not  app ea r  t o  e f f e c t  t h e  p u r i t y  o f  t h e  

CH^ p rep a red  from i t .  Y/here g ro s s  c o n ta m in a t io n  i s  

e v i d e n t ,  the  COg i s  adsorbed  in  KOI! s o l u t i o n  and 

r e l e a s e d  by a c i d  h y d r o l y s i s .

The t ime r e q u i r e d  f o r  combustions v a r i e s  markedly  

f o r  d i f f e r e n t  sample t y p e s .  C harcoa l  r e q u i r e s  1 hour  

w h i l e  a l c o h o l  and p ea t  samples may t a k e  up t o  2% h o u r s .  

I t  i s  no tew orthy ,  however, t h a t  th e  combustion o f  

a l c o h o l  samples ,  a l th o u g h  t im e-consum ing ,  i s  t r o u b l e -  

f r e e  .

Before  r o u t i n e  a n a ly s e s  began a number c f  

d e t e r m i n a t i o n s  o f  combustion y i e l d s  were performed w i t h  

v a r i o u s  m a t e r i a l s .  Bor o x a l i c  and benzoic  a c i d s  y i e l d s  

o f  95 -  100^ were o b t a in e d .  A l though u n c e r t a i n t y  in  th e  

c a rb o n  c o n te n t  o f  wood and p l a n t  m a t e r i a l s  p re c lu d e d  

p r e c i s e  y i e l d  d e te rm in a t io n  th e  combustion o f  t h e s e
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m a t e r i a l s  was found to  proceed s a t i s f a c t o r i l y .  B lank 

ru n s  proved t h a t  no 00^ was be ing  produced from impur­

i t i e s  in  th e  sy s te m 0

A f t e r  each  combustion the  q u a r t z  tube  i s  r o a s t e d  

i n  a s t r e a m  o f  0^ to  remove any carbon r e s i d u e s  and 

r e p l e n i s h  the  CuO f u r n a c e .

A sm a l l  a l i q u o t  of  C02 i s  expanded in to  a g l a s s  

sam ple r  f o r  m a s s - s p e c t r o m e t r i e  a n a l y s i s .

( c )  Sample H y d r o ly s i s .

I n o r g a n ic  m a t e r i a l s  such as  m arb le ,  s h e l l s ,  m o r ta r s ,  

and K^CO^ a re  hydro lysed  in  the a p p a r a tu s  shown in 

F ig u r e  8 .  S o l id  samples a re  f ragmented t o  i n c r e a s e  the  

s u r f a c e  a r e a  and a re  p laced  in  the  r e a c t i o n  f l a s k  w i th  

50 c c .  d i s t i l l e d  w a t e r .  Phosphor ic  a c id  (50/0 v / v )  i s  

used a s  the  h y d ro ly s in g  a g e n t .

The r a t e  o f  r e a c t i o n  can be c o n t r o l l e d  by v a ry in g  

(1 )  th e  r a t e  o f  a c id  a d d i t i o n ,  (2)  the  t e m p e ra tu re  of  the  

r e a c t a n t s ,  (3)  the  r a t e s  o f  s t i r r i n g ,  and. (4) the  

p r e s s u r e  in  the  r e a c t i o n  v e s s e l .  In most c a se s  no h e a t i n g  

i s  n e c e s s a r y  and the  p re s su re  i s  s e v e r a l  cm.Eg. Y/ater 

v apour  i s  removed from th e  p roduc t  CO^ by passage  th ro u g h  

a c o n d e n se r  and a dry  ice  t r a p .  The CC>2 r e q u i r e s  no 

f u r t h e r  chem ica l  p u r i f i c a t i o n .  Pumping to  l e s s  th an  1 jj, , 

d i s t i l l a t i o n  and repumping i s  s u f f i c i e n t  to  remove 

o c c lud ed  i m p u r i t i e s .
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In  t h e  h y d r o l y s i s  o f  m o r ta r  samples ,  l a r g e - s c a l e  

" f r o t h i n g "  o f  r e a c t a n t s  can become a problem, This  i s  

p a r t i a l l y  overcome by the  a d d i t i o n  o f  a n o n -ca rb o n a te  

" d e f r o t h i n g  t a b l e t ” t o  the  r e a c t i o n  m ix t u r e ,  m o r ta r  

h y d r o ly s e s  a re  a l s o  h indered  by d i f f i c u l t y  in  s t i r r i n g  

the  r e a c t a n t s  and th u s  the  o v e r a l l  r e a c t i o n  time i s  

somewhat l o n g e r  ( c a .  2£ h o u r s ) .

The h y d r o l y s i s  system i s  a l s o  used f o r  the  wet 

o x i d a t i o n  o f  s t a n d a rd  o x a l i c  a c i d  sam ples .  The 

o x i d i s i n g  a g en t  used i s  s a t u r a t e d  KLinÔ  in  0 .5  M. a c i d  

s o l u t i o n .  The r e a c t i o n  i s  r a p i d  and r e q u i r e s  only 

g e n t l e  s t i r r i n g .

A COg sample i s  c o l l e c t e d  f o r  i s o to p e  r a t i o  

a n a l y s i s  and the  b u lk  COg t r a n s f e r r e d  to  a 5 l i t r e  bu lh  

f o r  y i e l d  measurement and s t o r a g e .  A l though p r e c i s e  

y i e l d  c a l c u l a t i o n  i s  not  p o s s ib l e  f o r  h y d ro ly se s  o f  

sam ples  o f  v a r i a b l e  carbon c o n te n t  such  a s  m o r ta r s  and 

m a r b l e s ,  the  c o n v e r s io n  o f  pure CaOO^ and o x a l i c  a c i d  

samples  to  COg gave y i e l d s  o f  98 -  100/j .

(d )  Kethane S y n t h e s i s .

A c a t a l y t i c  p r o c e s s  i s  used to  c o n v e r t  COg to CĤ

(59) ,  Oas p r e s s u r e s  up t o  10 a tm. and c a t a l y s t  t e m p e r a tu re s  

o f  abou t  500°C. a re  employed w i th  a c a t a l y s t  o f  0.5/S 

r u th e n iu m  on £  i n .  a lumina  p e l l e t s  (Engelhard  I n d u s t r i e s  I t  

( F ig u r e  9 ) .
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4.1

The s t a i n l e s s  s t e e l  r e a c t i o n  v e s s e l  i s  4 .5  l i t r e s  

i n  volume w i th  a 150 ml. s idearm a t t a c h e d .  About 300 g.  

o f  the  c a t a l y s t  p e l l e t s  are  pacired w i th in  the  c e n t r a l  

s t e e l  mesh cage which c o n ta in s  the  1000 w a t t  c a r t r i d g e  

h e a t e r  and a s s o c i a t e d  the rm ocoup le .  A com pos i t ion  g a s k e t ,  

clamped by e i g h t  s t e e l  b o l t s  th ro u g h  the  t o p  f l a n g e ,  

e n s u r e s  e f f i c i e n t  vacuum and p r e s s u r e  h o ld in g  performance 

o f  th e  sys tem.

CO2 i s  f i r s t  condensed from a s to r a g e  bu lb  i n t o  the  

r e a c t o r  s idearm  and th e n  a l lowed to  expand u n t i l  a 

c o n s t a n t  gas p r e s s u r e  i s  r e c o r d e d .  A s l i g h t  e x c e s s  (5$) 

o f  t h e  Hg re q u i r e m e n t  f o r  complete  c o n v ers io n  o f  t h e  COg 

t o  CH^ i s  added (OOg + 4 ^  ^  + 2H2O). A dry  i ce

b a t h  i s  t h e n  p laced  around the  r e a c t o r  s idearm  to  f r e e z e  

o u t  p r o d u c t  HgOo The h e a t e r  u n i t  i s  sw itched  on and t h e  

c a t a l y s t  te m p e ra tu re  r i s e s  to  50C°CU in  a b o u t  12 m in u te s .

A p r e s s u r e  i n c r e a s e  of  5 p . s . i .  o ccu rs  d u r in g  th e  f i r s t  

10 m in u te s  a s  th e  g a s e s  expand and su b s e q u e n t ly  a p r e s s u r e  

d rop  a s s o c i a t e d  w i th  a 5 to  1 volume r e d u c t i o n  o c c u r s .  

A f t e r  abou t  1 hour  a c o n s t a n t  p r e s s u r e  r e a d i n g  i s  r e c o r d e d  

and a f u r t h e r  30 m inutes  i s  a l lowed t o  e l a p s e  to  e n su re  

com ple te  r e a c t i o n .  A t y p i c a l  r e a c t i o n  p r e s s u r e  p ro f i le ^  

i s  shown in  F igu re  10.  The h a l f - r e a c t i o n  time f o r  t h e s e  

c o n d i t i o n s  a p p e a rs  to  be c o n s t a n t  a t  14 m inu tes  so t h a t  

f i r s t  o r d e r  k i n e t i c s  a re  su g g e s te d .  A l though  t h e  r e a c t i o n  

mechanism i s  not known, i t  seems l i k e l y  t h a t  formaldehyde
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i s  an i n t e r m e d i a t e .

R o t a t i o n  o f  th e  r e a c t i o n  v e s s e l  t o  e n su re  complete  

e v a p o r a t i o n  o f  C02 was recommended by R a i r h a l l  e t  a l  (59) 

bu t  was found unnecessa ry  in  our  sys tem s in c e  th e  pressui^e 

drop rec o rd ed  in  a l l  r e a c t i o n s  was w i t h in  1 p . s . i .  o f  

th e  p r e d i c t e d  s t o i c h i o m e t r i c  v a lu e .

The CĤ  e x t r a c t i o n  and p u r i f i c a t i o n  method d i f f e r s  

from the  P a i r h a l l  tech n iqu e  in  t h a t  the  CK̂  i s  not 

l i q u e f i e d  in  th e  r e a c t o r  s idearm p r i o r  to  pumping away 

the  e x ce ss  Hg* I n s t e a d  the  CĤ  and ex cess  ga se s  a re  

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

Water vapour  i s  e x t r a c t e d  by t h e  dry  i c e  t r a p .  CĤ  and 

Hg a re  adsorbed  on the  a c t i v a t e d  c h a r c o a l  t r a p  a t  -1$ 6 °C . 

and the  subsequen t  l i q u i d  ITg t r a p s  condense any e x ce ss  

CH^ o When a d s o r p t io n  o f  gases  by the c h a r c o a l  c e a s e s ,  

slow pumping o f  the rem ain ing  g a se s  o v e r  th e  c h a r c o a l  

removes th e  m a j o r i t y  o f  t h e  excess  Hg* Tbe r e a c t i o n  

v e s s e l  i s  c lo s e d  from th e  p u r i f i c a t i o n  l i n e  and the  

c h a r c o a l  t r a p  warmed. The e f f l u e n t  CĤ  i s  condensed in  

th e  two l i q u i d  t r a p s .  When t r a n s f e r  i s  complete  a 

sm a l l  p r e s s u r e  o f  excess  H2 remains  in  th e  t r a p  sys tem .  

T h is  i s  removed by pumping f o r  one second on th e  l i q u i d ,  

(o r  s o l i d )  CĤ  t o  reduce  th e  vapour  p r e s s u r e  below 

12 mm.Hg. Such a d i r e c t  pumping t e c h n iq u e ,  a s  opposed 

t o  h i g h  vacuum pumping o f  the  CK̂  on c h a r c o a l ,  i s  a l s o  

recommended by Olson and R i c k o l o f f  ( 6 1 ) .  The c h a r c o a l
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t r a p  i s  th e n  i s o l a t e d  from the  two o d d  t r a p s  c o n t a i n i n g  

th e  CK^. To ensure  the complete removal o f  w a te r  vapour ,  

t h e  l i q u i d  Iig around the  second cold  t r a p  i s  r e p l a c e d  by 

dry  i ce  and the  CĤ  t r a n s f e r r e d  by d i s t i l l a t i o n  i n t o  a 

sample s to ra g e  b u lb .

Prom the  p r e s s u r e  changes r e c o r d e d  d u r ing  the 

r e a c t i o n  th e  C0^ to  CĤ  con v ers io n  y i e l d s  a re  b e l i e v e d  

t o  be c lo s e  to  100$0 The f i n i t e  vapour  p r e s s u r e  o f  

CH  ̂ a t  -196°C. p re c lu d e s  100$ CĤ  re c o v e ry  bu t  a mean 

y i e l d  o f  94$, a s  de te rmined from the  r e s u l t s  o f  120 

s y n t h e s e s ,  compares w e l l  w i th  the  d a ta  o b ta in e d  by o t h e r  

l a b o r a t o r i e s  (59,  61, 6 2 ) .  A h i s to g ram  o f  th e  o v e r a l l  

y i e l d s  i s  shown in  P ig u re  110 The p u r i t y  o f  the  p roduc t  

CH^ was confi rmed by m a s s - s p e c t r o m e t r y . The gas c o n t a i n s  

no CO^ and on ly  p .p .m .  q u a n t i t i e s  o f  hydrocarbons  up to  

m o le c u la r  weigh t  140.

Al though  the r e a c t i o n  t ime i t s e l f  i s  c o n s i s t e n t l y  

90 m in u te s ,  the  o v e r a l l  time f o r  CO2 i n t r o d u c t i o n ,

r e a c t i o n ,  and p u r i f i c a t i o n  i s  a lm ost  double t h i s  f i g u r e .

D i r e c t  s u p e r v i s io n  i s  r e q u i r e d  f o r  1 ho u r .

The c a t a l y s t  l i f e  app ea rs  to  be l o n g .  Idore th an  •

120 s y n th e s e s  have been performed w i th  th e  l a s t  f i l l i n g *  

and no d e t e r i o r a t i o n  in e f f i c i e n c y  has been o b s e r v e d .

Care i s  t a k e n ,  however, in  th e  d e g ass in g  of  t h e  r e a c t i o n  

v e s s e l  and c a t a l y s t  u n i t .  A f t e r  e ac h  r e a c t i o n - t h e
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p ro d u c t  w a te r  i s  pumped o f f  and the  v e s s e l  ev ac u a ted  to  

1 p, a t  600°C.o This  procedure r e q u i r e s  about  6 hours 

o f  pumping "but a p pea rs  s u f f i c i e n t  to  m a in ta in  th e  

c a t a l y s t  c o n d i t i o n  and e l i m in a t e  memory e f f e c t s .  I f  

t h e  c a t a l y s t  i s  not  tho ro u g h ly  degassed s y n t h e s i s  i s  

slow w i t h  r e a c t i o n  t im es  of  shou t  3 h o u r s ,  and in  t h e s e  

c a s e s  th e  o v e r a l l  y i e l d s  can he l e s s  t h a n  90>>. I t  i s  

n e c e s s a r y  a l s o  t o  degas the c h a r c o a l  between s y n th e s e s  

t o  e l i m i n a t e  the  p o s s i b i l i t y  o f  m e m o r y  e f f e c t s  and t o  

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

h ea ted  by a fu rnace  to  200°C. and pumped to  I p  f o r  30 

m in u te s .

( e )  Sample S to rage  and Counter  P i l l i n g  Systems.

S to ra g e  o f  f r e s h l y - p r e p a r e d  CII  ̂ samples i s  n e c e s s a r y

t o  a l lo w  any radon con tam ina t ion  to  decay .  Since radon

(Rn -  222) i s  an a l p h a - e m i t t e r  w i th  b e t a - e m i t t e r

d a u g h te r s  i t s  p resence  in  the  c o u n t in g  gas can in t r o d u c e

s i g n i f i c a n t  e r r o r s .  The radon commonly o r i g i n a t e s  from

th e  radium c o n te n t  o f  ca lc ium  compounds. Por  t h i s

r e a s o n  the  CĤ  samples p repa red  from in o r g a n ic  m a t e r i a l s

c o n t a i n  most r a d o n .  The mean radon c o n te n t  o f  CH^

samples  f r e s h l y  p repa red  from in o rg a n ic  and o rg a n ic

m a t e r i a l s  amounts to  0.5  c , p . m . / l i t r e  CĤ  and 0 .1  c . p . m . /

l i t r e  CH r e s p e c t i v e l y .  The maximum l e v e l  observed  was 
4

8 c . p . m . / l i t r e  CĤ  f o r  gas p repared  from a m o r ta r  sample .
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A lth o ug h  some o rgan ic  samples such as  h i g h - c l a y  p e a t s  

can produce s i g n i f i c a n t  amounts o f  r ad o n ,  t h e  a c i d  

wash ings  d u r ing  p re t r e a tm e n t  e l i m in a t e  95# of  th e  

i s o t o p e  (6 0 ) .  Since radon has a h a l f - l i f e  o f  3 .83  days ,  

a s to r a g e  p e r io d  o f  14 days w i l l  g e n e r a l l y  reduce  the  

radon  con tam ina t ion  to  immeasurable v a l u e s .  A f t e r  each  

sample has been counted i t  i s  s t o r e d  f o r  a n o th e r  week 

and r e c o u n t e d .  Comparison o f  the  two sample a c t i v i t i e s  

d e te rm in e s  whether  s i g n i f i c a n t  radon c o n ta m in a t io n  has 

o c c u r r e d .  S torage  and c o un t in g  i s  r e p e a t e d  u n t i l  

c o n s i s t e n t  r e s u l t s  a re  o b t a in e d .

F o u r te en  5 - l i t r e  b u lb s  a re  a v a i l a b l e  f o r  sample 

s t o r a g e .  This  number p e rm i ts  permanent s t o r a g e  o f  5 

background and modern s ta n d a rd  samples p lu s  3-week 

sample s to r a g e  f a c i l i t i e s  on t h e  b a s i s  o f  a t u r n o v e r  o f  

3 samples p e r  week. Each bulb  has a co ld  th im ble  

a t t a c h e d  so t h a t  sample t r a n s f e r  l o s s e s  due t o  th e  vapour  

p r e s s u r e  o f  CH  ̂ a t  -196°C. a re  m in im ised .  A manometer in  

th e  s to r a g e  frame a l low s  measurement o f  bulb  f i l l i n g  

p r e s s u r e s .  Each s to ra g e  bulb  i s  evacuated  to  l e s s  th an  

Ipt, p r i o r  to  f i l l i n g .

An a l t e r n a t i v e  method o f  sample s to r a g e  u s in g  50 ml. 

m e t a l  s p a r k l e t s  was s t u d i e d .  These were found t o  be 

u n s a t i s f a c t o r y ,  however,  because (1)  when f i l l e d  t o  

10 a tm .  p r e s s u r e  leakage  occurred  in  96# of  t h e s e  t e s t e d ,  

and (2)  m e t a l l i c  dus t  from the  s p a r k l e t s  c o n s t i t u t e d  a



h a z a rd  to  the  c o u n te r  performance .

The c o u n te r  i s  f i l l e d  to the  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. th ro u g h  the a l l - m e t a l  system shown 

i n  F igu re  12.  The d e t e c t o r  i s  f i r s t  pumped below I jjl 

o v e r  a p e r io d  o f  about  one hour .  Both the  c o u n te r  

f i l l i n g  system and sample s to ra g e  frame a re  then  i s o l a t e  

from vacuum and the  sample gas d i s t i l l e d  i n to  t h e  s t a i n ­

l e s s - s t e e l  t r a p  coo led  by l i q u i d  Hg. A f t e r  the  f i l l i n g  

sys tem  i s  i s o l a t e d  from th e  s to r a g e  frame v i a  a need le  

v a lv e  the  CĤ  can be expanded i n t o  the  c o u n t e r .  A f t e r  

15 m inu tes  no f u r t h e r  p r e s s u r e  change o ccu rs  and th e  

e x c e s s  CĤ  i s  c a r e f u l l y  r e t u r n e d  to  t h e  s to r a g e  bulb  

a s  th e  c o u n t e r - f i l l i n g  p re s su re  i s  a d ju s t e d  to  5 a tm.* 

The c o u n te r  va lve  i s  c lo sed  and the  CH^ rem ain ing  in 

t h e  f i l l i n g  system i s  condensed in  t h e  s to r a g e  b u lb .

The f i l l i n g  p re s s u re  can be rea d  to  an acc u ra c y  o f  0 .2  

p . s . i .  (±0*251'o) •

The f i l l i n g  t em p era tu re  i s  m onitored  by a therm o­

m e te r  probe w i t h in  th e  c o u n te r  s h i e l d .  S ince  o v e r a l l  

t e m p e r a tu re  v a r i a t i o n s  between 15°0. and 21°C. have 

been obse rved  d u r in g  a two y e a r  p e r io d ,  a l l  sample 

a c t i v i t i e s  a re  norm al ised  to  a c o n s t a n t  f i l l i n g  t em per ­

a t u r e  o f  18°C. (F igu re  13) (Appendix A).
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FI GURE 13.
COUNTER FILLING TEMPERATURE  
CORRECTION FACTOR.

2 2

2 0

PEMPERATURE
(°c.)

1015 I O I O  1 -0 0 5  1 - 0 0 0  0 - 9 9 5  0 - 9 9 0  0 - 9 8 5
CORRECTION FACTOR



C o un te r  Assembly .

(a )  G e n e r a l .

I n t e r n a l  gas p r o p o r t i o n a l  c o u n te r s  (0 .5  l i t r e )  

s u p p l i e d  by Beckman In s t ru m e n ts  I n c . ,  C a l i f o r n i a ,  a re  

used a s  sample d e t e c t o r s .  Two d e t e c t o r s  a re  in  g e n e r a l  

use  a l t h o u g h  on ly  one i s  invo lved  in t h i s  r e s e a r c h  

p r o j e c t .  A c o n c e n t r i c - w a l l  m u l t i p l e  anode a n t i c o i n c i d ­

ence c o u n te r  su r rounds  the  d e t e c t o r s  and th e  e n t i r e  

assembly  i s  encased w i t h in  a l e a d  s h i e ld  ( J .  G i r d l e r  & Co 

London).  Counter  e l e c t r o n i c s ,  a n t i c o i n c i d e n c e  system and 

power supp ly  a re  o f  Beckman des ign  ( 5 7 ) .  A b lo c k  diagram 

o f  th e  - i n t e r n a l  gas c o u n t in g  system i s  p r e s e n t e d  in  

F ig u re  14.

(b )  Sample D e t e c t o r .

The d e t e c t o r  was machined from a s o l i d  in g o t  o f  

O.F.H.C.  copper  t h u s  p r o v id in g  a 1 .8  cm. copper  l i n i n g  

t o  th e  s h i e l d  (F igu re  1 5 ) .  A l a y e r  o f  pure n i c k e l  

e l e c t r o p l a t e d  on t o  the  i n t e r i o r  s u r f a c e  o f  the  d e t e c t o r  

a b so rb s  any a lp h a  p a r t i c l e s  from th e  copper  and e l i m i n a t e  

memory e f f e c t s  o c c a s i o n a l l y  observed  w i th  pure copper  

c a t h o d e s .  S t a i n l e s s  s t e e l  wire  ( d i a m e te r  O.OCl i n . )  

s t r e t c h e d  to  90# of  i t s  e l a s t i c  l i m i t  c o n s t i t u t e s  t h e  

anode .  T e f lo n  i s  used a s  i n s u l a t o r  m a t e r i a l  and th e  end 

p l a t e s  o f  t h e  d e t e c t o r  a r e  0 - r i n g  s e a l e d .  T h is  a r r a n g e ­

ment f a c i l i t a t e s  s a t i s f a c t o r y  vacuum and p r e s s u r e  h o ld in g
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FIGURE 14 

BLOCK DIAGRAM OF COUNTING S YS TE M,

Samp]*
converter
apparotus

sample
storo qe

Trap  
f o r  
fi l l ing 
detectors —

D a t a  printer 
•f or de te c for  ffl

Main qlectronics 
(anticoincidence  
height discrimination 
scalers for guard and 
d * t e c t o r # l )

I Data printer
j for d e t * c t o r 4 2

?------
I___

_  J

.^Sate l l i te  e lectronics  |
J sc a ter J for d e tecfors #2 I y—  — —  ------- — i

HigK voltage  
power supply

indncal counter

‘d e t e c t o r # d* tectcri?

pre amp

' / s W i background shield
/  /  t I V t - i J -L .i-4.-L _i



53

F I GU R E  15.

CROSS SECTION DIAGRAM OF SAMPLE DETECTOR.

High v o l t a g e  o u t p u t  
O.F.H.C.  Copper  wall and s ian al  o u t o u t

Internal g a s  cavity

/ / va l ve .

Hi gh v o l t a g e  through G a s  fil l ing
a n o d e  wire.  i ns u l a to r ,  t u b e .
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p e r f o r m a n c e . A c i s ac :vantage o f  the  d e t e c t o r  i s  t h a t  i t  

c anno t  he d ismant led  f o r  c l e a n i n g  w i th o u t  the  anode wire  

b e in g  b rok en ,  The d e t e c t o r  can be o p e ra te d  a t  gas f i l l i n g

p r e s s u r e s  of  1 to  10 atm. (2 .5  g .  C as  CH.) .
4

( c )  A n t i c o in c id e n c e  Guard C ou n te r .

The in n e r  and o u te r  w a l l s  o f  the c o n c e n t r i c - w a l l  

guard  c o u n te r  a re  heavy w a l l  O.F.H.C. copper pipe w i th  

a  combined t h i c k n e s s  of 2 .5  cm.. T oge ther  w i t h  the  

d e t e c t o r  w a l l  t h i s  p ro v id es  an O.P.H.C. copper  s h i e l d  

l i n e r  ove r  4 cm. t h i c k .  The guard c o u n te r  f i t s  c l o s e l y  

i n s i d e  the  s h i e l d  to  in c re a s e  th e  e f f i c i e n c y  o f  i n t e r ­

c e p t i o n  o f  the  mu-mescns producing  gamma showers in  the  

s h i e l d .  Anode w i re ,  t e f l o n  i n s u l a t o r s ,  and C - r in g  s e a l s  

a r e  s i m i l a r  to  th o se  in  the  d e t e c t o r .  Unlike the  sample 

d e t e c t o r ,  however, the  o u t e r  s l e ev e  of  the  guard  i s  

e a s i l y  removable to  a l lo w  i n s p e c t io n  and cleaning®

The guard c o u n te r  i s  normal ly  f i l l e d  to  80 cm.Kg 

w i t h  i n a c t i / e  CH^, each  f i l l  having  a l i f e t i m e  o f  4 to  6 

months.  Both  no ise  and cosmic r a d i a t i o n  can be d e t e c t e d  

a s  e f f i c i e n t l y  a s  by the  sample d e t e c t o r  so t h a t  e f f e c t i v e  

c a n c e l l a t i o n  o f  s im u l ta n eo u s  p u l s e s  in  b o th  c o u n te r s  is^ 

a c h ie v e d .

In  t h i s  c o u n t in g  system, th e  "w a l l  e f f e c t " ,  due to  

r e c o i l  e l e c t r o n s  produced by gamma i n t e r a c t i o n s  in  the  

c o u n t e r  w a l l s ,  i s  b e l i e v e d  to  c o n t r i b u t e  20-40^ o f  the



background count  r a t e  (5 7 ) .  Counters  o f  th e  ’’Cescligeru 

d e s ig n  w i t h  guard and d e t e c t o r  combined in  a s i n g l e  

u n i t  o f f e r  reduced o p p o r t u n i t i e s  f o r  t h i s  e f f e c t ,  The 

Beckman system, however, compensates f o r  the  i n c r e a s e d  

background by a r e d u c t io n  in dead volume,

(d )  S h ie ld  Assembly, .

The s h i e l d  i s  c o n s t r u c t e d  o f  4 in* t h i c k  lea d  ana 

has o v e r a l l  d imensions of  1 6 in .  x 16i n .  x  3 6 i n . .  I t s  

w e igh t  i s  2 ,960 l b . .  I t  i s  manufactured from "aged1’ 

l e a d ,  known to  be r e l a t i v e l y  f r e e  from n a t u r a l  r a d i o ­

a c t i v i t y  and f i s s i o n  products*

At  each  end the  s h i e l d  i s  f i t t e d  w i th  a c l o s e - f i t t i n  

l e a d  p l a t e  door which opens f r e e l y  on a t h r u s t - b e a r i n g .  

T h is  p ro v id es  read y  a c c e s s  to  the  c o u n te r  u n i t  i n s i d e .

( e )  E l e c t r o n i c s .

Seven d a ta  o u tp u t s  a r e  p rov ided  from the  main 

e l e c t r o n i c s ;  ne t  a lp h a  c o u n ts ,  g ro s s  unguarded c o u n t s ,  

and n e t  b e ta  coun ts  f o r  e a c h  d e t e c t o r ,  and the  guard  

c o u n ts  (E igure  1 6 ) .  P ive  s c a l e r s  a re  a v a i l a b l e  to  

s w i t c h  to  any o f  the  seven ou tpu ts*  The a lp h a  d a t a  

c h a n n e ls  a r e  t r i g g e r e d  by an a d j u s t a b l e  upper l e v e l  

d i s c r i m i n a t o r  which i s  u s u a l ly  s e t  a t  2C0 LleV. *

To e l i m i n a t e  e n v i ro nm en ta l  e l e c t r i c a l  no ise  the  

power l i n e  and a r a d i o - f r e q u e n c y  pic leu p an tenna  a re



M
AI

N 
E

L
E

C
T

R
O

N
IC

S 
BL

O
CK

 
D

IA
G

R
A

M
.

<
L. <
O 1..
Cf &
u tZ
lA

u l_ u
%> V

> - «>» V -

a . a . C L
£ E c

< <
1  .1 A

*"*
3

<

iff
o
C

** iff 
V T“»
Q *

. I a*O -Jc ^  cr- 

*  -  o = o
3  e  cO -

OJ2 «*m n U O 
V G o»
X'*O  CM



coup led  i n to  th e  a n t i c o i n c id e n c e  c i r c u i t .  This  e n s u r e s  

t h a t  the  a n t i c o i n c id e n c e  c i r c u i t  i s  co re  s e n s i t i v e  to  

n o is e  t h a n  the  d e t e c t o r s .

A f u r t h e r  f e a t u r e  o f  the  e l e c t r o n i c s  de s ign  i s  t h e  

i n c o r p o r a t i o n  of  a c i r c u i t r y  t e s t  programme. Three 

i n t e r n a l  t e s t  p u l s e s  a r e  p ro v id ed ,  s i m u la t in g  d e t e c t o r  

p u l s e s  a t  the  d e t e c t o r  i n p u t ,  mu-meson p u l s e s  c o in c i d e n t  

a t  the  d e t e c t o r  and guard i n p u t s ,  and a lpha  p u l s e s  a t  the  

d e t e c t o r  i n p u t s .  Using the seven d a ta  o u tp u ts  and f i v e  

s c a l e r s  a 105 s t e p  t e s t  programme can check eve ry  c i r c u i t  

hoard  in  a few m inu te s .

The h igh  v o l ta g e  power supp ly  i n c o r p o r a t e s  t h r e e  

s e p a r a t e l y  a d j u s t a b l e  c h a n n e l s ,  each w i th  an o u tp u t  range  

o f  1 ,000  t o  10,000 v o l t s .  Two e x t r a c t o r  fans  a re  

r e q u i r e d  to  c o o l  the  u n i t  and m a in ta in  d u s t  l e v e l s  a t  a 

minimum.

S ince  0-14 a c t i v i t y  measurement r e q u i r e s  long 

c o u n t in g  t im e s ,  f o u r  o f  the  f i v e  s c a l e r  u n i t s  a r e  l i n k e d  

t o  an au to m a t ic  d a ta  p r i n t e r .  A p r i n t - o u t  each  30 

m inu te s  a l lo w s  exam ina t ion  o f  da 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 .
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C oun te r  C h a r a c t e r i s t i c s .

(a )  P l a t e a u x .

A l l  i n i t i a l  c o u n te r  c a l i b r a t i o n  exper im en ts  were 

performed u s in g  “pure t a n k ” CH^, o b ta in e d  from Beckman . 

I n s t r u m e n t s  L t d . ,  G le n ro th e s ,  and b e l i e v e d  to  be f r e e  

from r a d i o a c t i v e  c o n ta m in a t io n .  E x p er ience  has shown 

t h e s e  r e s u l t s  t o  be r e p r o d u c i b le  and in  e x c e l l e n t  

agreement  w i th  d a ta  ob ta ined  from CĤ  s y n t h e s i s e d  from 

i n a c t i v e  m a t e r i a l s  in  t h e  l a b o r a t o r y .

P e t e c t o r  p l a t e a u x  a re  r o u t i n e l y  m oni to red  u s in g  

an e x t e r n a l  Cs-137 source t o  i n c r e a s e  the  count  r a t e  

and improve s t a t i s t i c s .  The d e t e c t o r  p l a t e a u x  a re  o f  

l e n g t h  1 ,000  t o  2 ,000 v o l t s  w i t h  s lo p e s  l e s s  th an  0 .5$  

p e r  100 v o l t s  (P ig u re  1 7 ) .  Guard p l a t e a u x  a re  500 t o  

1 ,000  v o l t s  long  w i th  a s lope  l e s s  than  1$ p e r  100 v o l t s .  

At th e  r o u t i n e  f i l l i n g  p r e s s u r e s  o f  5 a tm. and 1 .05 a tm . ,  

th e  d e t e c t o r  and guard working v o l t a g e s  a re  6 .7  KV. and 

5 .7  KV. r e s p e c t i v e l y .

The v a r i a t i o n  o f  d e t e c t o r  working v o l ta g e  w i th  

f i l l i n g  p r e s s u r e  i s  p r e s e n te d  in  P ig u re  13.  Five atm. 

was chosen  as  t h e  normal f i l l i n g  p r e s s u r e  f o r  two r e a s o n s ;

(1)  the  h ig h  v o l t a g e  power u n i t  i n d i c a t e d  some i n s t a b i l i t y  

a t  c o n t in u o u s  o p e r a t i n g  v o l t a g e s  above 8 KV., and

(2)  the  amount o f  CĤ  r e q u i r e d  f o r  a 5 atm. c o u n te r  

f i l l i n g  i s  compatib le  w i th  e f f i c i e n t  h a n d l in g  o f  the 

c h em ica l  p r o c e d u r e s .  A minimum o f  about  3 .5 l i t r e - a t m .
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DETECTOR AND GUARD PLATEAUX.

OSO

1 0 0 0 -

9 5 0  y  
9 0 0 ?

GUARD PLATEAU 
( l - 0 5  ATM.  FILLING
P RES SURE)

COUNT
RATE

( c .p. m .)
4 5  O

DETECTOR PLATEAU 
(5 ATM. FILLING 
PRESSURE

4 0 0

3 5 0

3 0 0

2 5 0

6 0  6-2 6-4  6-6 6-8 7 0  7-2 7-43-2 3-4 3-6 3-8 4 - 0  4 - 2

APPLIED VOLTAGE (K V.)
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o f  CK i s  r e q u i r e d  f o r  2 o r  3 a c t i v i t y  measurements .  

P i l l e d  to  5 atm. th e  c o u n te r  c o n ta in s  1 .2 5 g .  c a rb o n .  

A l though  c o u n t in g  t i n e s  would he reduced by c o u n t in g  

a t  h ig h e r  f i l l i n g  p r e s s u r e s ,  a r o u t i n e  t u r n o v e r  o f  more 

th an  3 samples/v-eek could not be m ain ta in ed  by the  

sample p r e p a r a t i o n  sys tem. Here the  r i g o r o u s  d e g ass in g  

r e q u i r e d  by the  CH ^-syn thes is  r e a c t o r  i s  the  t i m e -  

consuming s t a g e .

Because the  p u l s e s  o f  the  a lph a  p a r t i c l e s  o f  radon 

a r e  l a r g e r  th an  th e  p u l s e s  o f  cosmic r a y s  and b e t a  

p a r t i c l e s ,  i t  should  be p o s s ib l e  to  d e t e c t  radon contam­

i n a t i o n  by c o u n t in g  a t  a lower v o l t a g e .  Here the  gas 

a m p l i f i c a t i o n  i s  too  sm all  t o  b r i n g  the  s m a l l e r  p u l s e s  

o v e r  the  t h r e s h o l d .  This  h y p o th e s i s  was t e s t e d  by 

a l l o w in g  a lOg. sample o f  p i t c h b le n d e  t o  emanate radon  

o v e r n ig h t  i n to  a CH. a tm osphere .  The contam ina ted  CH  ̂

was t h e n  swept i n t o  th e  d e t e c t o r .  An a lp h a  p l a t e a u  was 

d e te rm ined  and the  v a r i a t i o n  o f  a lp h a  working v o l t a g e  

w i t h  f i l l i n g  p re s s u re  was e v a lu a t e d  (P igu re  1 9 ) .

A l though  the  a lp h a  p l a t e a u x  a re  s h o r t ,  p r e l i m i n a r y  a lp h a  

c o u n t in g  o f  samples p ro v id es  a v a lu a b le  i n d i c a t i o n  o f  . 

th e  p re sen c e  o r  absence  o f  radon c o n ta m in a t io n .  Ho 

a t t e m p t  was made to  use a lp h a  c o u n t in g  to  p rov ide  a 

q u a n t i t a t i v e  c o r r e c t i o n  f a c t o r  f o r  t h e  radon  c o n t r i b u t i o n  

t o , t h e  sample a c t i v i t j r .  T h is ,  in  e f f e c t ,  would be an 

a l t e r n a t i v e  to  sample s t o r a g e .  The in c r e a s e d  s t a t i s t i c a l
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e r r o r ,  t h e  r e l a t i v e l y  i l l - d e f i n e d  a l p h a  p l a t e a u x ,  and 

t h e  much i n c r e a s e d  c o u n t i n g  t im e make r ad o n  c o r r e c t i o n  

u n d e s i r a b l e  in  t h i s  sy s te m ,  s i n c e  s t o r a g e  f o r  decay  

does  no t  i n t e r f e r e  w i t h  t h e  o v e r a l l  r a t e  o f  sample 

a n a l y s e s •

(b )  B ackground  M easu rem en ts .

The b ack g ro u n d  c o u n t  r a t e  a t  5 a tm .  f i l l i n g  p r e s s u r e  

and 1 a tm .  b a r o m e t r i c  p r e s s u r e  i s  3 .65  1 0 .0 8  (±  2cr).

T h is  i s  t h e  v a l u e  found b o t h  w i t h  " t a n k ” CH^ and w i t h  

s am p les  p r e p a r e d  from a n t h r a c i t e  and m a r b l e .  The b a c k ­

ground  c o u n t  r a t e  can  be a t t r i b u t e d  t o  r a d i a t i o n  u n d e t e c t e d  

by t h e  a n t i c o i n c i d e n c e  sys tem  and t o  n a t u r a l  r a d i o a c t i v i t y  

i n  t h e  c o u n t e r  e n v i r o n m e n t .  The fo rm e r  i s  c a u s e d  

„ p r i m a r i l y  by e x t e r n a l  gamma and cosmic r a y  meson r a d i a t i o n s 0 

A p a r t  from g u a rd  e f f i c i e n c y  c o n s i d e r a t i o n s ,  the  p a r t i c l e s  

c a n  p e n e t r a t e  t h e  sample  c o u n t e r  u n d e t e c t e d  by t h e  g u a rd  

by  e n t r y  t h r o u g h  th e  ends  o f  th e  g u a rd  r i n g  ( " e n d  e f f e c t " ) .

The v a r i a t i o n  o f  background  c o u n t  r a t e  w i t h  f i l l i n g  

p r e s s u r e  i s  shown i n  P i g u r e  20 .  T h is  p l o t  i s  n o n - l i n e a r  

p re s u m a b ly  b e c a u se  a t  h i g h e r  f i l l i n g  p r e s s u r e s  t h e  gamma 

d e t e c t i o n  e f f i c i e n c y  t e n d s  t o  100/6. The cu rv e  i n d i c a t e s  

a l s o  t h a t  an y  a c t i v i t y  i n  t h e  b a ck g ro u n d  gas  i s  s m a l l .

B ackground  c o un t  r a t e s  v a r y  w i t h  a tm o s p h e r i c  p r e s s u r e  

by  - 0 . 1 1  c .p .m . / c m .H g  o r  - 0 . 0 8  c . p .m . / l O m b .  a t  5 a tm .  

f i l l i n g  p r e s s u r e  ( P i g u r e  2 1 ) .  To o b t a i n  t h i s  c o r r e c t i o n
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f a c t o r  a c o n t i n u o u s  r e c o r d  o f  a tm o s p h e r ic  p r e s s u r e ,  

c o r r e c t e d  t o  s e a  l e v e l ,  i s  m o n i to r e d  by a l a b o r a t o r y  

b a r o g r a p h .  R e g u la r  i n t e r c a D - i b r a t i o n  w i t h  t h e  r e c o r d s  

o f  t h e  Glasgow l e a t h e r  C e n t r e  e n s u r e s  th e  a c c u r a c y  o f  

t h e  b a r o g r a p h  r e a d i n g s .  D u r in g  th e  p e r i o d  o f  r o u t i n e  

sample c o u n t i n g ,  b a r o m e t r i c  p r e s s u r e s  r a n g e d  be tw een  

l i m i t s  o f  970 and 1035 mb. w i t h  o c c a s i o n a l  o v e r n i g h t  

v a r i a t i o n s  up t o  30 m b . .  Because  o f  t h i s  p r e s s u r e  

v a r i a b i l i t y ,  t h e  mean b a r o m e t r i c  p r e s s u r e  i s  c a l c u l ­

a t e d  f o r  e a c h  c o u n t i n g  p e r i o d .

Computer  r e g r e s s i o n  a n a l y s i s  a l lo w e d  c a l c u l a t i o n  o f  

t h e  p r e c i s e  m a t h e m a t i c a l  dependence  o f  back g ro un d  c o u n t  

r a t e  on a tm o s p h e r i c  p r e s s u r e .  T h i s  r e l a t i o n s h i p  was 

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

The s t a n d a r d  d e v i a t i o n  on t h e  p r e d i c t e d  background  c o u n t  

r a t e s  i s  e s t i m a t e d  by c a l c u l a t i o n  o f  th e  s t a n d a r d  

d e v i a t i o n  on t h e  r e g r e s s i o n  c o e f f i c i e n t .  A r an g e  in  

b ackground  e r r o r  from 0 .0 6  c . p . m .  a t  1035 mb. and 980 mb. 

t o  0 .04  c . p . m .  a t  1010 mb. i s  fo u n d .  Background  c o u n t  

r a t e s  a r e  m o n i to r e d  on a w eek ly  b a s i s  t o  e n s u r e  t h e  

s t a b i l i t y  o f  t h e  c o u n t i n g  sy s te m .

S i g n i f i c a n t  p o s i t i v e  d e v i a t i o n s  o f  t h e  background  

c o u n t  r a t e s  f rom  t h e  ’‘t a n k 1* v a l u e s  v/ere o b se rv e d  i n  

s a m p le s  p r e p a r e d  from a n t h r a c i t e  and m arb le  u s i n g  an 

a l t e r n a t i v e  s u p p ly  o f  hydrogen  ( A i r  P r o d u c t s ,  Ltd .) .  

Sam ples  s y n t h e s i s e d  from th e  same m a t e r i a l s  u s i n g
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M e s s r s .  G-rie she in is ’ t r i t i u m - f r e e  hydrogen  r e c o r d e d  b a c k ­

ground  l e v e l s  i n  ag r eemen t  w i t h  t h e  “t a n k ” CH^ v a l u e s .  

T ab le  4 p r e s e n t s  a compa r i son  o f  b ackground  d a t a  f o r  t h e  

t h r e e  sample  t y p e s .  The c on t a m i n a n t  a c t i v i t y  i n  A i r  

P r o d u c t s ’ sam ples  i s  n o t  r a d o n  s i n c e  no s i g n i f i c a n t  

d e c a y  o c c u r r e d  o v e r  a 6-month p e r i o d .  ITor can  th e  

a c t i v i t y  be due t o  C-14 s i n c e  t h e  same sam ples  were 

u se d  f o r  s y n t h e s i s  w i t h  O r ie sh e i ra  h y d ro g e n .  The 

c o n t a m i n a t i o n  i s  p r o b a b ly  due t o  t r i t i u m .  U n f o r t u n a t e l y  

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

m a n u f a c t u r i n g  p r o c e s s e s  cou ld  no t  be a s s e s s e d  a s  n e i t h e r  

m a n u f a c t u r e r  would p r o v id e  d e t a i l s  o f  t h e i r  m e th o d s .

Most c om m erc ia l  h y d ro g en ,  however ,  i s  a p r o d u c t  o f  t h e  

e l e c t r o l y s i s  o f  s e a  w a t e r .  In  a d d i t i o n ,  g round  w a t e r s  

have b e en  c o n ta m i n a t e d  by a r t i f i c i a l  t r i t i u m  p ro d uced  

n u c l e a r  w eapons .  Based on t h i s  a s s u m p t io n ,  t h e  

mean " t r i t i u m ” c o n t r i b u t i o n  t o  th e  backg rou n d  c o u n t  r a t e  

a t  5 a tm .  f i l l i n g  p r e s s u r e  i s  0 .2 7  ± 0 .04  c . p . m .  (± 2cr). 

T h i s  c o r r e s p o n d s  t o  a t r i t i u m  c o n t e n t  o f  th e  hydrogen  

s u p p l y  a m o u n t in g  t o  0 , 1  c . p . m . / l i t r e  o r  1 5 .5  t r i t i u m  

u n i t s  ( 1 T .U .  c o r r e s p o n d s  to  a f / H  r a t i o  o f  10“ ^ ) .

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

s u r f a c e  ocean  d u r i n g  r e c e n t  t i m e s  ( 5 4 ) .

( c )  M a s s - S p e c t r o m e t r y .

C -1 5 /C -1 2  r a t i o s  were d e te r m in e d  by m a s s - s p e c t r o m e t r y
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f o r  e v e r y  sample a s s a y e d  f o r  C-14 a c t i v i t y .  The 

d e v i a t i o n  i n  i s o t o p e  r a t i o  from a s t a n d a r d  sample r a t i o

was used  t o  c o r r e c t  t h e  sample a c t i v i t y  f o r  i s o t o p i c  

f r a c t i o n a t i o n o

F r a c t i o n a t i o n  o f  t h e  c a r b o n  i s o t o p e s  may o c c u r  in  

t h e  l a b o r a t o r y  d u r i n g  p r o c e s s e s  where sample  l o s s  i s  

i n c u r r e d .  S in c e  CH^ i s  no t  s u i t a b l e  f o r  m a s s - s p e c t r o -  

m e t r i c  m easurement  o f  sample C-13 /C -12  r a t i o s  t h e  

d e t e r m i n a t i o n s  a r e  c a r r i e d  o u t  on CO2 s a m p le s .

C o r r e c t i o n  i s  t h e r e f o r e  made f o r  d e v i a t i o n s  in  i s o t o p e  

r a t i o  c a u se d  b o t h  by n a t u r a l  and COg p r o d u c t i o n  p r o c e s s e s .  

However,  f o r  any  f r a c t i o n a t i o n  o c c u r r i n g  i n  C H ^ - s y n t h e s i s , 

p u r i f i c a t i o n ,  o r  s t o r a g e ,  no c o r r e c t i o n  i s  made. Because

o f  t h e  f i n i t e  v a p o u r  p r e s s u r e  o f  CH^ a t  l i q u i d  t e m p e r a - ,

t u r e s  t h e s e  p r o c e s s e s  do in v o lv e  sample  l o s s e s .  D e s p i t e  

t h e  mean o v e r a l l  C H ^ - s y n t h e s i s  l o s s  o f  and t h e  t r a n s f e r  

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

s i g n i f i c a n t  e v id e n c e  t o  s u g g e s t  t h a t  f r a c t i o n a t i o n  i s  

n e g l i g i b l e ;

a) CC>2 — >  CH  ̂ c o n v e r s i o n  e f f i c i e n c i e s  a r e  h i g h  

(98-1C><$),

(2 )  t h e  m a j o r i t y  o f  sam ples  show a c t i v i t y  a g re e m e n t  

a f t e r  2 c o u n t i n g  p e r i o d s ,  i n v o l v i n g  a t  l e a s t

3 CH^ d i s t i l l a t i o n s ,

( 3 )  3 modern s t a n d a r d  samples  have been c o u n te d  up
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t o  12 t im e s  e a c h  w i t h o u t  o b s e r v a b l e  v a r i a t i o n  

i n  C-14 a c t i v i t y  (T ab le  5)*

( 4 )  2 CC>2 sam ples  p r e v i o u s l y  c o u n te d  i n  a CC^

p r o p o r t i o n a l  c o u n t e r  were c o n v e r t e d  t o  CH^ and 

t h e i r  a c t i v i t y  found t o  a g r e e  w i t h  t h e  CC^ 

d a t a  ( sa m p le s  (g )  and (h )  i n  T ab le  6 ) .

T ha t  f r a c t i o n a t i o n  seems n e g l i g i b l e  in  t h i s  sys tem  

c o n f i r m s  t h e  r e s u l t s  o f  Long (6 2 )  who found t h a t  o n ly  

w i t h  C H ^ - s y n th e s i s  y i e l d s  o f  80$ and l e s s  d id  f r a c t i o n ­

a t i o n  c ause  m e a su ra b le  e r r o r s  i n  a c t i v i t y  d e t e r m i n a t i o n .

Sample C -13 /C -12  r a t i o s  a r e  measured  a t  t h e  

N a t i o n a l  P h y s i c a l  L a b o r a t o r y ,  M id d le s e x ,  u s i n g  an MS3 

m a s s - s p e c t r o m e t e r .  T h is  s p e c t r o m e t e r  i s  f i t t e d  w i t h  

tv/in  io n  c o l l e c t o r s  w h ich  p e r m i t  d i r e c t  measurement  o f  

th e  d e v i a t i o n  i n  sample  C - l 3 /0 - 1 2  r a t i o  from t h e  s t a n d a r d  

r a t i o .  The p r im a r y  s t a n d a r d  f o r  c a rb o n  i s o t o p e  s t u d i e s  

i s  t h e  P .D .B .  b e l e m n i t e  l i m e s t o n e  s t a n d a r d .  At t h e  

N a t i o n a l  P h y s i c a l  L a b o r a t o r y ,  a  s e c o n d a r y  s t a n d a r d  has  been  

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

t e n  m easu rem en ts  o f  t h e  d e v i a t i o n  (C -1 3 /C -12  sample -  

C -1 3 /0 - 1 2  s t a n d a r d )  i s '  u sed  i n  t h e  a c t i v i t y  c o r r e c t i o n .

The measurement  o f  e ac h  sample  d e v i a t i o n  i s  a c c u r a t e  t o  

±  l$o ( i  2cr). D e t a i l s  o f  t h e  c o r r e c t i o n  p r o c e d u r e  a r e  

i n c l u d e d  i n  A p pend ix  A .
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(d )  Modern S ta n d a rd  A c t i v i t y .

A f t e r  c o r r e c t i o n  f o r  "background, f i l l i n g  

t e m p e r a t u r e ,  and i s o t o p i c  f r a c t i o n a t i o n ,  C-14 a c t i v i t i e s  

a r e  c o n v e r t e d  t o  A  u n i t s ,  w hich  r e p r e s e n t  t h e  $  

d i f f e r e n c e  i n  C-14 c o n c e n t r a t i o n  from the  “ n a t u r a l * 1 

l e v e l  ( A p p e n d i x  A ) .  The “ natural** l e v e l  i s  assumed 

e q u a l  t o  95$ o f  t h e  C-14 c o n c e n t r a t i o n  o f  an  o x a l i c  

a c i d  s t a n d a r d  ( N a t i o n a l  Bureau  o f  S t a n d a r d s ) .  The 

f a c t o r  o f  0 .9 5  i s  b a se d  on t h e  r e s u l t s  o f  B r o e c k e r  and 

Olson (2 5 )  w hich  in -d ica ted  t h a t  95$ o f  th e  IT.BoSo 

s t a n d a r d  C-14 a c t i v i t y  e q u a l s  th e  d e c a y - c o r r e c t e d  C-14 

a c t i v i t y  o f  1890 wood sa m p le s .  These wood sam ples  a r e  

assumed f r e e  from t h e  ’’Suess  e f f e c t " .  Bor a l l  r a d i o ­

c a rb o n  work ,  t h e r e f o r e ,  95$ o f  t h e  s t a n d a r d  a c t i v i t y  

r e p r e s e n t s  t h e  c o n s t a n t  a tm o s p h e r i c  a c t i v i t y  assumed 

by L i b b y .

S in c e  B r o e c k e r  and O l s o n ’ s d e r i v a t i o n  o f  t h e  0 .95  

f a c t o r  was made i n  1958,  p r e s e n t  day a c t i v i t i e s  o f  t h e  

1T.B.S. s t a n d a r d  r e q u i r e  a  minor  c o r r e c t i o n  f o r  C-14 

decay  s i n c e  t h a t  t ime '.  The c o r r e c t i o n  f a c t o r  i s  0 . 1 2 $ /  

year.  A f u r t h e r  c o r r e c t i o n  o f  t h e  s t a n d a r d  a c t i v i t y  

must  be made f o r  t h e  i s o t o p i c  f r a c t i o n a t i o n  e f f e c t  w h ich  

c an  o c c u r  t o  v a r y i n g  d e g r e e s  in  d i f f e r e n t  l a b o r a t o r i e s ©  

I n  I 9 6 0 ,  C r a i g  (65)  c a r e f u l l y  measured  th e  0 - 1 3 / 0 - 1 2  

r a t i o s  o f  24 C02 sam ples  p r e p a r e d  from th e  s t a n d a r d  in
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13 d i f f e r e n t  l a b o r a t o r i e s  t h r o u g h o u t  th e  w o r l d .  H is  work 

e s t a b l i s h e d  t h a t  t h e  “b e s t 11 v a lu e  f o r  th e  C -13 /C -12  r a t i o  

o f  t h e  s t a n d a r d  i s  -19$> r e l a t i v e  to  P .H .B .  b e l e m n i t e .

A l l  modern s t a n d a r d  a c t i v i t i e s  a r e  t h e r e f o r e  c o r r e c t e d  

f o r  f r a c t i o n a t i o n  r e l a t i v e  t o  -19$%

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

i s  n e c e s s a r y  s i n c e  ( l )  a  l a r g e  number o f  m easurem ents  

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

a r d ,  and hence  a l l  sample a c t i v i t i e s ,  and (2 )  r e p r o d u c i b l e  

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

The modern s t a n d a r d '  a c t i v i t y  i s  t h e r e f o r e  m easured  a t  

l e a s t  tw ic e  e a c h  month .  Table  9 i n d i c a t e s  t h e  s t a n d a r d  

a c t i v i t i e s  o b se rv e d  d u r i n g  th e  p a s t  18 months and th e  

c a l c u l a t i o n  o f  95$ o f  t h e  c o r r e c t e d  mean a c t i v i t i e s  f o r  

d i f f e r e n t  s a m p l e s 0 Good i n t e r n a l  a g reem en t  i s  e v id e n t*

A u s e f u l  g u ide  to  t h e  gas p u r i t y  o f  e v e r y  sample 

i s  found  t o  be d e r i v e d  f rom the  d i f f e r e n c e  be tween  g r o s s  

c o u n t  r a t e  ( i . e .  b e f o r e  c o i n c i d e n c e )  and n e t  c o u n t  ra te ,  

( i . e .  a f t e r  c o i n c i d e n c e ) .  At 5 a tm .  f i l l i n g  p re s su re ,  

t h i s  f u n c t i o n  s h o u ld  be 90 + 2 c . p . m . . An impure gas  has  

a  v a l u e  s m a l l e r  t h a n  90 + 2 c . p . m .  due p resum ab ly  to  

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

t h e  c o n t a m i n a n t .  S ince  th e  c o u n t i n g  c h a r a c t e r i s t i c s  o f  

CH^ c an  t o l e r a t e  up t o  0 .3 5 $  o f  a i r  c o n t a m i n a t i o n  ( 6 4 ) ,  

s i g n i f i c a n t l y  impure sam ples  were e n c o u n t e r e d  v e r y  r a r e l y  

and amounted t o  l e s s  t h a n  2p o f  a l l  g a s e s .  ho c l e a n i n g
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p r o c e d u r e  was found  s a t i s f a c t o r y  f o r  p u r i f i c a t i o n  o f  

t h e s e  s a m p le s .  The s u b s t a n t i a l  v a p o u r  p r e s s u r e  o f  CE^ 

a t  -196°C. p r e v e n t s  t h e  q u a n t i t a t i v e  r em o v a l  o f  con tam ­

i n a n t s  •

( e )  R e l i a b i l i t y  o f  Sys tem .

As a c h e c k  on t h e  r e l i a b i l i t y  o f  t h e  l a b o r a t o r y  and 

c o u n t i n g  t e c h n i q u e s  a number o f  sam ples  were r e q u e s t e d  

from v a r i o 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  

p u r p o s e s .  The r a d i o c a r b o n  a g e s  found  f o r  t h e s e  sam ples  

a r e  compared w i t h  t h e  r e s u l t s  o f  o t h e r s  i n  T ab le  6 .  The 

m a j o r i t y  o f  t h e s e  r e s u l t s  have been  r e p o r t e d  e l s e w h e r e  

(65 ) .

Agreement  be tw een  t h e s e  r e s u l t s  i s  s a t i s f a c t o r y 0 

Where d i s a g r e e m e n t  o u t w i t h  s t a t i s t i c a l  e r r o r  o c c u r s ,  a s  

f o r  t h e  wood and p e a t  s a m p le s ,  t h e r e  i s  good e v id e n c e  t h a t  

t h e  d i s c r e p a n c y  may be due t o  sa m p l in g  d i f f i c u l t i e s .  Thus 

d e n a t u r i n g  o f  t h e  wood sample  p r e v e n t e d  i d e n t i f i c a t i o n  

o f  t h e  t r e e  r i n g s .

The i n t e r c a l i b r a t i o n  e x p e r i m e n t s  and t h e  l o n g - t e r m  

s t a b i l i t y  o f  background  and s t a n d a r d  c o u n t  r a t e s  c o n ­

f i r m e d  th e  r e l i a b i l i t y  o f  t h e  sy s te m .
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TABLE 6

(1 )

IE STI ITS 

DATING S

OP II71SRCA 

AIJPI3S

l i :BRAT I0±7 SALARIES

Sample R a d io c a rb o n  Age 
( y e a r s  + lcr)

O t h e r s 1 
( y e a r s

R e s u l t s  
+ lcr)

(a) C h a r c o a l 2 ,064 4* 55 2 ,1 0 0 + 80

1 ,90 8 + 60

(b )  C h a r c o a l 2 ,3 7 0 + 40 c a .  2 , 300*

(c ) P e a t 1 2 ,1 5 8 + 218 11 ,2 0 5 + 177

11 ,828 + 132

■ (a) Wood 3 ,702 + 69 3,847 + 60

(e) Wood 4 ,6 2 3 + 69 c a .  5 ,000*

* a r c h a e o l o g i c a l  e s t i m a t e s 0

(2 )  EECEET SAURIES

Sample • A (>* ± !cr) O t h e r s 1 
(/* +

R e s u l t s
i<r)

( f )  Whisky + 86 .0S  + 1 .0 8 + 8 6 .6 0 + 2 .1 0

(g )  T r o p o s p h e r i c  CO2 + 5 8 .7 1  + C.SO + 58*90

CMCT*0
O

 

+ 1

(h )  T r o p o s p h e r i c  CO^ + 5 9 .7 3  i  0 .7 9 + 60 .21 + 0 .9 0
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PLAIT IIATEF.IALS AS UTIGAACAS 0?

ATI 'GSPrHii IC CAB3C17-14 COPCTTl-ATICPS .

I n t r o d u c t i o n

I n f o r m a t i o n  r e g a r d i n g  a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s  

d u r i n g  th e  p a s t  ‘c e n t u r y  may o n l y  he o b t a i n e d  i f  th e  C-14 

c o n t e n t  o f  sam ples  a c c u r a t e l y  r e f l e c t s  th e  p r e v a i l i n g  a t ­

m o sp h e r ic  a c t i v i t y  a t  t h e i r  p l a c e  o f  “g ro w th ” . Po r  th e  

d e t e c t i o n  o f  any a n n u a l  v a r i a t i o n s  i t  i s  e s s e n t i a l  t h a t  

t h e s e  sam ples  should '  i n d i c a t e  t h e  mean a tm o s p h e r ic  C-14 

c o n c e n t r a t i o n  d u r i n g  a  t ime p e r i o d  l e s s  th an  one y e a r .  

F u r t h e r m o r e , t h e  sam ples  must have rem ained  c l o s e d  sys tem s  

w i t h  r e s p e c t  t o  c a rb o n  exchange s i n c e  t h e i r  rem o va l  from 

t h e  c a rb o n  exchange c y c l e .  P l a n t  m a t e r i a l s  seemed t o  

p r o v i d e  t h e  m ost  s u i t a b l e  so u rc e  f o r  t h i s  type  o f  s t u d y  

s i n c e  a c o r r e l a t i o n  between C-14 a c t i v i t i e s  in  a tm o s p h e r i c  

CO2 and b i o s p h e r i c  ( t r e e  l e a v e s  and g r a i n )  sam ples  had 

p r e v i o u s l y  been  i n d i c a t e d  by th e  r e s u l t s  o f  B r o e c k e r  and 

W alton (21 )  and ITydal ( 6 6 ) .  Such a c o r r e l a t i o n  i s  o f  

c o u r s e  b a s i c  t o  t h e  r a d i o c a r b o n  d a t i n g  m e th od 0 (The 

v a l i d i t y  o f  t h e  r a d i o c a r b o n  method does no t  n e c e s s a r i l y  

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

r e f l e c t  s h o r t - t e r m  f l u c t u a t i o n s  o f  a tm o s p h e r ic  C-14 

a c t i v i t i e s .  ITor does t h e  use  o f  p l a n t  m a t e r i a l s  t o  d e t e c t

78
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a t m o s p h e r i c  C-14 f l u c t u a t i o n s  o c c u r r i n g  o v e r  h u n d re d s  o r  

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

w i l l  be p r e c i s e l y  in d ic a t e d . )

The b a s i s  o f  a c o r r e l a t i o n  be tw een  p l a n t  and a tm o­

s p h e r i c  C-14 c o n c e n t r a t i o n s  l i e s  i n  t h e  d i r e c t  f i x a t i o n  

by p l a n t s  o f  a t m o s p h e r i c  CC^ f o r  c e l l  s y n t h e s i s .  I f ,  

how ever ,  p l a n t s  a l s o  i n c o r p o r a t e  c a rb o n  from th e  s o i l  

e n v i r o n m e n t  v i a  t h e  r o o t s  then  a d i r e c t  c o r r e l a t i o n  may 

be d i s t u r b e d .  S o i l  CO^ i s  p roduced  a t  a r a t e  o f  a b o u t  

2 t o n s / a c r e / m o n t h  (67) a n d ,  i n  a d d i t i o n  to  th e  c o n t r i b ­

u t i o n  from p l a n t  r e s p i r a t i o n ,  s i g n i f i c a n t  amounts  o f  CO^ 

may be d e r i v e d  from ( l )  d e c a y in g  v e g e t a t i o n ,  and  (2 )  c a r ­

b o n a te  m a t e r i a l s  i n  t h e  s o i l  env ironm ent , ,  The C-14 a c t ­

i v i t y  o f  th e  f o r m e r  i s  a f u n c t i o n  o f  p a s t  y e a r s ’ a tm o s ­

p h e r i c  a c t i v i t i e s ,  and s o i l  c a r b o n a t e s  may be c o m p l e t e l y  

C-14 f r e e ,  a s  i n  l i m e s t o n e .  Thus t h e  p o s s i b l e  u p tak e  o f  

n o n -co n te m p o ra n eo u s  c a r b o n  by p l a n t s  may cau se  a tm o s p h e r i c  

and  p l a n t  C-14 a c t i v i t i e s  t o  d i f f e r .  Kursanov  e t  a l  (68)  

u sed  t r a c e r  m ethods and found  t h a t  a s  much a s  20cp  o f  th e  

c a r b o n  s y n t h e s i s e d  by bean  s e e d l i n g s  c o u ld  be i n t r o d u c e d  

t h r o u g h  th e  r o o t s .  B r o e c k e r  and Olson (22)  s u g g e s t e d  

t h a t  30/j o f  th e  c a r b o n  c o n t e n t  o f  a sample o f  t r e e  l e a v e s  

was d e r i v e d  from th e  s o i l .  A l th o u g h  S t o l w i j k  and 

Thimann (67)  c o n f i r m e d  t h a t  s o i l  C02 u p tak e  v a l u e s  g r e a t e r  

t h a n  a few p e r c e n t  a r e  uncommon, t h e  c o r r e l a t i o n  be tw een
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p l a n t  and a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s  seemed t o  

r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .  The marked v a r i a t i o n s  in  

a t m o s p h e r i c  C-14 c o n t e n t  cau sed  by n u c l e a r  weapons t e s t ­

i n g  o f f e r e d  i d e a l  c o n d i t i o n s  f o r  su ch  a s t u d y  i n  th e  

e n v i ro n m e n t  .

The S e l e c t i o n  o f  S u i t a b l e  P l a n t  M a t e r i a l s .

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

d i c a t o r s  o f  a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  was b a se d  on

(1 )  sample a v a i l a b i l i t y  d u r i n g  th e  p a s t  centurj^,

(2 )  sample p u r i t y ,  i . e .  f reedom  from c o n t a m i n a t i o n  

o r  c a rb o n  exchange s i n c e  ’’d e a t h '1,

(3 )  sample  d e f i n i t i o n ,  i . e .  knowledge o f  t h e  e x a c t  

t im e  and l o c a t i o n  o f  p l a n t  g ro w th .

A l th o u g h ,  by a n a l o g y  w i t h  c o n v e n t i o n a l  r a d i o c a r b o n  s t u d i e s ,  

a n n u a l  t r e e  r i n g s  a p p e a re d  t o  o f f e r  a so u rc e  o f  s u i t a b l e  

s a m p le s ,  t h e s e  were no t  u s e d .  The “d e a t h ” o f  a t r e e  r i n g  

i s  f o l l o w e d  by a g r a d u a l  t r a n s f o r m a t i o n  o f  sapwood, c o n t a ­

i n i n g  s o l u b l e  c a r b o n a c e o u s  m a t e r i a l ,  i n t o  hardwood.  T h is  

change  has  been  o b s e r v e d  t o  t a k e  up to  100 y e a r s  f o r  

c o m p l e t i o n  ( 6 9 ) .  D u r in g  t r a n s f o r m a t i o n  th e  s o l u b l e  com­

p o n e n t s  o f  t h e  sapwood may w e l l  be i n  e q u i l i b r i u m  w i t h  

t h e  sapwood o f  a d j a c e n t  r i n g s .  Thus B r o e c k e r  and Olson

(7 0 )  found  t h e  C-14 c o n c e n t r a t i o n  o f  t h e  1952 g ro w th  r i n g  

o f  an  oak  t r e e  f e l l e d  i n  1959 t o  be -0.1/3 (A .)  compared
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t o  th e  1952 a tm o s p h e r i c  l e v e l  o f  a b o u t  -oh. T h is  d i s ­

c r e p a n c y  i m p l i e s  i n c o r p o r a t i o n  i n t o  t h e  1952 t r e e  r i n g  

o f  a b o u t  20/3 p o s t - 1 9 5 2  c a rb o n  c o n t a i n i n g  bomb-produced 

C -14 .  Tree  r i n g  a n a l y s i s  may be a r e l i a b l e  t e c h n iq u e  

f o r  t ime p e r i o d s  d u r i n g  w h ich  s i g n i f i c a n t  y e a r  t o  y e a r  

v a r i a t i o n s  in  a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s  do no t  

o c c u r .  P o r  a  s t u d y  o f  s h o r t - t e r m  v a r i a t i o n s ,  however ,  

u n c e r t a i n t i e s  i n  the. a s s u m p t io n s  b a s i c  to  t r e e  r i n g  

s t u d i e s  make th e  method u n d e s i r a b l e .  I n  a d d i t i o n  t r e e  

r i n g s  were u n s u i t a b l e  f o r  t h i s  s t u d y  s i n c e  in  many c a s e s  

i r r e g u l a r i t i e s  in  r i n g  f o r m a t i o n  can i n t r o d u c e  e r r o r  in  

i d e n t i f i c a t i o n  o f  t h e  growth  y e a r  and s i n c e  t h e  s i z e  o f  

sam ples  r e q u i r e d  f o r  C-14 a n a l y s i s  can n e c e s s i t a t e  t h e  

use  o f  s e c t i o n s  c o n t a i n i n g  s e v e r a l  a n n u a l  g rowth  r i n g s .

The m a t e r i a l s  o f  p l a n t  o r i g i n  which seemed t o  s a t ­

i s f y  t h e  r e q u i r e m e n t s  were ( a )  s p i r i t s  and w ines  and 

(b )  t r e e  and p l a n t  s e e d s .  I t  i s  assumed i n  t h e  use o f  

s p i r i t s  and w ines  t h a t  t h e  C-14 c o n c e n t r a t i o n  o f  t h e  

a l c o h o l  f r a c t i o n  i s  c l o s e l y  r e l a t e d  to  t h e  C-14 con ce n ­

t r a t i o n  o f  t h e  p l a n t  m a t e r i a l s  from which  i t  was manu­

f a c t u r e d .  The c o r r e l a t i o n  between th e  C-14 c o n c e n t r a t i o n s  

i n  c e r e a l  and a t m o s p h e r i c  sam ples  a p p e a r  t o  be p a r t i c u l a r l y

r e l i a b l e  (22 ,  7 1 ) .  f u r t h e r m o r e ,  v i n t a g e  w ines  and s p i r i t s  
> *

a r e  a v a i l a b l e  on an a n n u a l  b a s i s  d u r i n g  t h e  p a s t  c e n t u r y ,  

and t h e  l o c a t i o n  and y e a r  o f  m a n u fa c tu re  i s  a c c u r a t e l y
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I n  t h e  p r e l i m i n a r y  i n v e s t i g a t i o n  o f  th e  c o r r e l a t i o n  

be tv/e en a l c o h o l i c  m a t e r i a l  and a tm o s p h e r i c  C-14 a c t i v i t i e s ,  

m a l t  w h i s k i e s  were a n a l y s e d .  S ince  m a l t  w h i s k i e s  a r e  

m a n u fa c tu re d  e x c l u s i v e l y  from b a r l e y  grown in  S c o t l a n d ,  

t h e  o r i g i n  o f  t h e  g r a i n  was known. T h i s  i s  in  c o n t r a s t  

t o  “b l e n d e d "  w h i s k i e s  where th e  g r a i n  may be a m ix tu r e  

f rom v a r i o u s  r e g i o n s .  B ecause  i t  was i m p o r t a n t  t o  d e t e r ­

mine w h e th e r  t h e r e  e x i s t e d  any a d d i t i o n a l  s o u r c e s  o f  c a r ­

bon o t h e r  t h a n  th e  g r a i n ,  t h e  p r o c e s s e s  i n v o lv e d  i n  w hisky  

p r o d u c t i o n  were examined ( f i g u r e  2 2 ) .  Three  p o s s i b l e  

s o u r c e s  do in  f a c t  e x i s t ;  w a t e r ,  y e a s t ,  and c o l o u r i n g  

m a t t e r .  In  o u r  e x p e r i m e n t s  th e  c o l o u r i n g  m a t t e r  was r e ­

moved i n  th e  l a b o r a t o r y  d i s t i l l a t i o n .  Of t h e  r e m a in i n g  

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

s u g a r  -  to  -  a l c o h o l  c o n v e r s i o n  and t h e  w a t e r  was no t  

e x p e c t e d  t o  c o n t r i b u t e  any  ca rb o n  t o  th e  a l c o h o l  f r a c t i o n .  

The c h e m ic a l  p r o c e s s e s  i n v o lv e d  in  wine m a n u fa c tu re  a r e  

a n a lo g o u s  to  t h o s e  in  whisky  p r o d u c t i o n  so t h a t  f o r  b o t h  

m a t e r i a l s  no s u b s t a n t i a l  so u rc e  o f  c a rb o n  c o n t a m i n a t i o n  

seemed p r o b a b l e .

R e c e n t  p l a n t  s e e d s  a r e  c o l l e c t e d  and p r e s e r v e d  by 

v a r i o u s  a g r i c u l t u r a l  l a b o r a t o r i e s  and by t h e  f o r e s t r y  

Commission .  The h i s t o r y  o f  t h e s e  seed s  i s  a c c u r a t e l y  r e ­

c o rd e d  and sam ples  grown a t  v a r i o u s  l a t i t u d e s  a r e  a v a i l a b l e .



F I G U R E  2 2 .  

M A N U F A C T U R E  OF MALT WHISKIES.

D r y

H2 O ( H o t )

Y e a s t

M a l t i n g Germln a t ion  
( S u g a r s  )

B a r l e y

D i s t i l l a t i o n

M a t u r a t i o n  
( O a k  C a s k s  )

Bl end i n  g

Ferm en  t a  t lon  
( A l e o h o l  )



Tree  s e e d s  were used f o r  t h e  e v a l u a t i o n  o f  seed m a t e r i a l s  

a s  a tm o s p h e r ic  C-14 i n d i c a t o r s .  These s e e d s  had been  

c le a n e d  and s t o r e d  i n  vacuo s i n c e  c o l l e c t i o n  so t h a t  no 

c o n t a m i n a t i o n  sh o u ld  have o c c u r r e d .  T u r i n g  g ro w th ,  how­

e v e r ,  i t  i s  p o s s i b l e  t h a t  th e  s e ed s  i n c o r p o r a t e d  c a rb o n  

v i a  r o o t  u p tak e  from t h e  s o i l  e n v i r o n m e n t .  As a  p r e c a u t i o n  

a g a i n s t  t h i s  type o f  c o n t a m i n a t i o n  by i n a c t i v e  c a r b o n ,  

s e e d s  f rom t r e e s  grov/n on l i m e s t o n e  s o i l s  were n o t  s e l e c t e d  

f o r  t h e  i n t e r c a l i b r a t i o n  e x p e r i m e n t s .

S in c e  c e r e a l s  and p l a n t  s e e d s  grow p r e d o m i n a n t l y  

d u r i n g  t h e  summer months i t  i s  most p r o b a b le  t h a t  c a rb o n  

up tak e  w i l l  o n ly  o c c u r  d u r i n g  t h i s  p e r i o d .  H e in ic k e  and 

C h i l d e r s  (72)  have shown t h a t  t h e  p h o t o s y n t h e t i c  a c t i v i t y  

o f  a t r e e  can v a r y  from 200g.  CO^tnonth  i n  May t o  a max- 

mum o f  5 j00C g.  COg/month in  J u l y ,  f a l l i n g  t o  l e s s  t h a n  

500g.  C O ^ c io n th  i n  November. T h e r e f o r e  p l a n t  m a t e r i a l s ,  

i f  t h e y  i n d i c a t e  a c c u r a t e l y  th e  a tm o s p h e r ic  C-14 c o n c e n ­

t r a t i o n s  d u r i n g  a  6-month  p e r i o d ,  may be used t o  d e t e c t  

any  y e a r  t o  y e a r  v a r i a t i o n s  w h ic h  may have o c c u r r e d  d u r i n g  

t h e  p r e - n u c l e a r  e r a .
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Sample A n a l y s i s

(a ) XIh i  s ky A n a l y s i s .

The r e s u l t s  o f  C-14 m easurements  o f  m a l t  w h i s k i e s  

a r e  shown in  Table  7* S in c e  whisky  i s  u s u a l l y  m a n u f a c t ­

u re d  d u r i n g  th e  y e a r  f o l l o w i n g  th e  g r a i n  h a r v e s t ,  t h e  y e a r  

o f  b a r l e y  g row th  i s  r e c o r d e d  f o r  co m p ar iso n  p u r p o s e s .

F i g u r e  23 p r e s e n t s  t h e  com p ar ison  o f  a tm o s p h e r i c  and whisky  

C-14 a c t i v i t i e s  where th e  fo rm er  have been a v e ra g e d  o v e r  

t h e  g r a i n  g row th  se a s o n  ( A p r i l  -  Sep tem ber)  and t h e  c o r r e s ­

p o nd in g  w i n t e r  months f o r  e a c h  y e a r .  The a tm o s p h e r i c  C-14 

c o n c e n t r a t i o n s  were d e r i v e d  from a n a l y s e s  o f  CO^ sam ples  

c o l l e c t e d  i n  t h e  m idd le  and upp e r  l a t i t u d e s  o f  t h e  n o r t h e r n  

h em isphere  (2 1 ,  22, 3 4 ) .  These d a t a  were c h o sen  i n  v iew  

o f  t h e  r a p i d  m ix in g  o f  C-14 b e l i e v e d  t o  o c c u r  i n  th e  

t r o p o s p h e r e  w i t h i n  t h e  42°N. t o  78°i l .  l a t i t u d e  band ( 7 3 ) .

I n  F i g u r e  23, t h e  b r a c k e t s  i n d i c a t e  t h e  t o t a l  C-14 a c t i v i t y  

r a n g e  w i t h i n  e a c h  g row th  s e a s o n .  E ach  s p i r i t  C-14 c o n c e n ­

t r a t i o n  i s  accompanied  by a shaded a r e a  whose o r d i n a t e  

r e p r e s e n t s  the s t a n d a r d  d e v i a t i o n  a s s o c i a t e d  w i t h  th e  a c t ­

i v i t y  d e t e r m i n a t i o n .

I n  a l l  c a s e s  t h e  whisky  C-14 a c t i v i t i e s  f a l l  w i t h i n  

t h e  a tm o s p h e r i c  C-14 a c t i v i t y  r a n g e s  f o r  t h e  g row th  p e r i o d s .

I n  a p r e l i m i n a r y  s tu d y  ( 7 4 ) ,  t h e  t r u e  a g e s  o f  t h e  f i r s t  7 

sam ples  a n a l y s e d  -were known o n ly  t o  t h e  d i s t i l l e r s .  Based 

on i t s  C-14 a c t i v i t y  e a c h  sample was t h e n  a l l o c a t e d  a

j
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TABLE 7

C-14 C CiTCBlJ THAT I  OiTS OB HALT V/IIITKIBS (1 95 5 -6 6 )

Y e ar  of B a r l e y 8 0--14 8 0 - 1 5  (£ 0 ) A
0Growth ±  1°" ( a ) + 1%  (2 o ' ) + l c H 1/.

1955* + 0.60 + l o lO - 2 5 . 0 + 0 . 6 0 + 1 .1 2

19-55(1939 ,1951)* + l o 4 0 + l o 5 1 - 1 7 .5 0 . 1 0 + 1 . 3 1

1956* + ,5.20 + 1 .2 2 - 2 6 . 7 + 5 .6 0 + 1 .24

1957 + 6*56 + 0 .6 7 - 2 5 . 1 + 6 .5 8 + 0 .7 0

1958 + 1 2 .2 9 + 0 .6 8 - 2 8 . 2 + 1 3 . 0 2 + 0 .7 5

1959* + 27 .5 0 Hr 1 .46 - 2 1 . 0 +26 .50  :jr :-.47

I960 + 20 .2 0 + 0 .70 - 2 7 .9 + 2 0 .9 1 + 0 .75

1 9 6 1 * + 2 2 .7 0 i 1 .4 8 - 2 5 . 7 + 2 2 . 9 0 + 1 .5 0

1 9 6 2 + 59 .19 H* C .78 - 2 4 . 9 + 39 .1 6 + 0 .8 5

1963 + 86 *08 + I 0O8 -25 oO + 8 6 .0 8 + 1 .1 2

1963* + 8 6 .8 0 + 2 .0 7 - 2 5 . 1 + 8 6 .8 0 + 2 ©li

1964 + 8 7 o88 + 0 .9 7 - 5 0 .0 +

inc-0C7\
CO + 1 .0 5

1965 + 76 o04 + 1 .2 0 - 2 9 . 0 + 77 .45 + 1 026

1 9 6 6 + 6 8 .5 5 + 1 .1 9 - 2 9 .5 + 6 9 .8 7 + 1 .2 5

* A n a ly se d  a t  the  n a t i o n a l  I h y s i c a l  L a b o r a t o r y  (74)
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C O R R E L A T I O N  BETWEEN C - 1 4  C O N C E N T R A T I O N S  IN

A T M O S P H E R I C  C O g A N D  WHISKY.
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p r o b a b l e  y e a r  o f  g r a i n  g row th  and i n  a l l  c a s e s  t h e  ”0 —14 

a g e ” a g r e e d  w i t h  th e  t r u e  a g e .  Sample X ( F i g u r e  23) was 

e x c e p t i o n a l  in  t h a t  i t  was a b le n d  o f  p r e d o m i n a n t l y  3

i n d i v i d u a l  w h i s k i e s  -  some 1939, some 1951, b u t  m a in ly  1955 .

T h a t  t h i s  sample  was a s s i g n e d  to  1955 im p l i e d  t h a t  t h e  

method was s u f f i c i e n t l y  s e n s i t i v e  t o  d e t e c t  t h e  m a jo r  com­

p o n e n t  o f  a b l e n d e d  w h isky  o f  t h a t  p e r i o d .  T h is  m ig h t  no t  

be t h e  c a s e ,  however,  f o r  b l e n d s  o f  d i f f e r e n t  c o m p o s i t i o n .  

Thus t h e  c o r r e l a t i o n  be tw een  th e  C-14 a c t i v i t i e s  o f  w h isky  

and a t m o s p h e r i c  sam ples  i s  s u f f i c i e n t l y  good t o  j u s t i f y  

t h i s  t e c h n i q u e  a s  a d a t i n g  method f o r  c e r t a i n  s p i r i t s .  An

a p p l i c a t i o n  o f  such  a method c o u ld  be i n  t h e  d e t e c t i o n  o f

i l l i c i t  b l e n d e r s  and d i s t i l l e r s .

F i g u r e  24 p r e s e n t s  a c o m par iso n  o f  C-14 c o n c e n t r a t i o n s  

i n  w h i s k i e s  and in  D a n i s h  c e r e a l s  a s  d e te r m in e d  by T auber

( 7 1 ) -  The d i r e c t  c o r r e l a t i o n  c o n f i r m s  t h a t  w hisky  manu­

f a c t u r i n g  p r o c e s s e s  do n o t  c o n ta m in a te  t h e  c e r e a l  c a r b o n .  

S m a l l  d e v i a t i o n s  may be a t t r i b u t a b l e  t o  s l i g h t l y  d i f f e r e n t  

g ro w th  p e r i o d s  o f  t h e  Copenhagen and Glasgow s a m p le s .  

C e r t a i n l y  t h e  r e s u l t s  i n d i c a t e  t h a t  b a r l e y  i s  a good 

m easure  o f  a t m o s p h e r i c  C-14 a c t i v i t y  v i a  t h e  s p i r i t s  p r o ­

duced  from i t .  That  w in es  a r e  a l s o  r e l i a b l e  i n d ic a to r s - ,  i s  

e v i d e n t  from F i g u r e  25 w h ich  i s  b a sed  on t h e  a n a l y s i s  in  

1968 o f  a s e r i e s  o f  German w ines  by I 1Orange and Zimen 

( 7 5 ) .  C-14 a n a l y s i s  o f  a l c o h o l i c  m a t e r i a l s  i s  t h e r e f o r e
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C O M P A R I S O N  OF C - 1 4  CONCENTRATIONS IN 
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a r e l i a b l e  t e c h n i q u e  f o r  d e t e r m i n a t i o n  o f  y e a r l y  a tm o s p h e r ic  

C-14 c o n c e n t r a t i o n s  f o r  t im e  p e r i o d s  when d i r e c t  m e a su re ­

ments  were no t  p o s s i b l e ,

(b )  Tree  Seed A n a l y s i s .

Tv/o s e r i e s  o f  t r e e  s e e d s ,  from n o r t h e r n  S c o t l a n d  

and Oregon, U . S . A . ,  were a n a l y s e d  to  compare th e  C-14 

a c t i v i t i e s  o f  s e e d s  grown in  d i f f e r e n t  l o c a t i o n s  i n  t h e  

n o r t h e r n  h em isp h e re  (T ab le  8 ) .  These r e s u l t s  a r e  p l o t t e d  

i n  f i g u r e  26 t o g e t h e r  w i t h  t h e  a tm o s p h e r i c  C-14 a c t i v i t i e s  

p r e v a i l i n g  d u r i n g  t h e  seed g ro w th  p e r i o d s .  B r a c k e t s  r e ­

p r e s e n t  t h e  o v e r a l l  v a r i a t i o n  i n  a tm o s p h e r i c  C-14 c o n c e n ­

t r a t i o n  d u r i n g  June  t o  November, and t h e  o r d i n a t e  o f  e a c h  

seed  a c t i v i t y  " b o x ” r e p r e s e n t s  t h e  s t a t i s t i c a l  s t a n d a r d  

d e v i a t i o n  o f  t h e  a n a l y s i s  *

f o r  e a c h  y e a r  a tm o s p h e r i c  .and seed  C-14 a c t i v i t i e s  

seem d i r e c t l y  c o r r e l a t e d  w i t h i n  e x p e r i m e n t a l  e r r o r s .  

D i s c r e p a n c i e s  be tw een  t h e  two seed  s e r i e s ,  a l t h o u g h  p r e d ­

o m in a n t ly  s t a t i s t i c a l ,  may a l s o  be due t o  s l i g h t l y  d i f f e r e n t  

g row th  p e r i o d s  and t o  m inor  d i s e q u i l i b r i u m  i n  th e  a tm o s ­

p h e r i c  C-14 d i s t r i b u t i o n  t h r o u g h  v a r i a b l e  i n j e c t i o n  o f  

a r t i f i c i a l  C-14 from th e  s t r a t o s p h e r e  a t  p r e f e r r e d  l a t i t u d e s .  

The c o n t r i b u t i o n  t o  s e e d  g rowth  o f  any  i n a c t i v e  o r  n o n -  

co n tem p o ra n eo u s  c a rb o n  f rom t h e  s o i l  CO^ a p p e a r s  t o  be 

n e g l i g i b l e ,  so t h a t  p l a n t  s e e d s  may be used  w i t h  c o n f i d e n c e
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C O R RE LA T IO N  BETWEEN C - 1 4  C O N C E N T R A T I O N S

IN A T M O S P H E R I C  C 0 2 AND T R E E  S E E D S .
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a s  i n d i c a t o r s  o f  a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s .

F u r t h e r  S t u d i e s

( a )  L a t i t u d i n a l  V a r i a t i o n s  o f  A tm o sp h e r ic  C-14 C o n c e n t r a t i o n s .

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

C-14 c o n c e n t r a t i o n s  o c c u r  t h r o u g h  dov/nflux o f  s t r a t o s p h e r i c  

C-14 a t  p r e f e r r e d  l a t i t u d e s .  To i n v e s t i g a t e  t h e  m agn i tude  

o f  t h e s e  v a r i a t i o n s  a s e r i e s  o f  1965 t r e e  s e ed s  grown a t  

d i f f e r e n t  l a t i t u d e s  in  t h e  n o r t h e r n  h e m isp h e re  v/as a n a l y s e d c 

T ab le  9 and F i g u r e  27 p r e s e n t  t h e  r e s u l t s  o f  t h i s  s t u d y .

The r e s u l t s  a r e  by 'no means c o n c l u s i v e .  C e r t a i n l y  t h e  C-14 

a c t i v i t i e s  w hich  a r e  s c a t t e r e d  o u t s i d e  t h e  s t a t i s t i c a l  e r r o r s  

i n d i c a t e  d i s e q u i l i b r i u m  i n  n o r t h e r n  l a t i t u d e s .  Peak  c o n ­

c e n t r a t i o n s ,  which  o c c u r r e d  a t  51°-54°2T. and 45°IT. may w e l l  

r e f l e c t  i n j e c t i o n  o f  s t r a t o s p h e r i c  C-14 i n t o  t h e  t r o p o s p h e r e  

i n  t h e  v i c i n i t y  o f  t h e s e  l a t i t u d e s .  However, t h e  i n f l u e n c e  

o f  l o c a l  !lS u e ss  e f f e c t ” and o f  s h o r t  t i m e - l a g s  i n  p l a n t  

g ro w th  s e a s o n s  may a l s o  c o n t r i b u t e  to  th e  o b se rv e d  

v a r i a b i l i t y .

( t )  The I n c o r p o r a t i o n  o f  S o i l  Carbon L u r i n g  Seed Growth.

I n  c o n s u l t a t i o n  w i t h  t h e  F o r e s t r y  Commission, t h e  s e e d s  

u se d  a s  a t m o s p h e r i c  C-14 i n d i c a t o r s  were s e l e c t e d  from t r e e s  

o f  v a r i o u s  s p e c i e s  w h ic h  a r e  no t  grown on l im e s t o n e  s o i l s .

T h i s  p r e c a u t i o n  m in im ised  t h e  o p p o r t u n i t y  f o r  i n t r o d u c t i o n
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F I G U R E  2 7  

LATITUDINAL VARIATION OF C - 14 

CONCENTRATIONS IN TREE S E E D S  - 1 9 6 5 .

- '  VISUAL AID ONLY

LATITUDE (  °N.)
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o f  i n a c t i v e  c a rb o n  i n t o  t h e  grooving s e e d s  •

To i n v e s t i g a t e  t h e  s i z e  o f  t h e  e r r o r  v/hich c o u ld  have 

a r i s e n  w i t h o u t  t h i s  p r e c a u t i o n ,  a sample o f  b e e c h n u t s ,  

grown i n  1967 on a l i m e s t o n e - r i c h  s o i l  a t  C i r e n c e s t e r ,

E n g la n d  ( 5 1 ° 4 0 i IT.), was a n a l y s e d  w i t h  th e  f o l l o w i n g  r e s u l t s ;

S C -1 4  = 55 .74  + 0,72/3 ( + l c r )

S C - 1 3  = - 3 3 . 0 0  + l/=o (+ 2o")

A  = 5 8 .23  + 0.75/» (+ l o " ) .

The a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s  p r e v a i l i n g  a t  t h a t  

t im e  had a mean v a lu e  o f  A  = 65;6 and c o n c e n t r a t i o n s  i n  t h i s  

r e g i o n  were o b se rv ed  i n  t h e  1967 s e e d s  grown on n o n - c a l c a r e o u s  

s o i l s .  The b e e c h n u t  sample  t h e r e f o r e  a n p e a r s  t o  have 

o b t a i n e d  a minimum o f  5.5/6 o f  i t s  c a rb o n  v i a  r o o t  u p ta k e  

from t h e  s o i l .  T h i s  f i g u r e ,  however ,  assum es  t h a t  t h e  s o i l  

c a r b o n  i s  c o m p l e t e ly  C-14 f r e e .  I f  i t  i s  assumed t l i a t  t h e  

s o i l  c a rb o n  i s  d e r i v e d  from r o o t  r e s p i r a t i o n  (6 t V ) ,  d e c a y ­

i n g  v e g e t a t i o n  grown d u r i n g  th e  p r e v i o u s  3 y e a r s  ( 2 0 ^ ) ,  and 

l i m e s t o n e  ( 2 0 p ) ,  t h e  p e r c e n t a g e  i n c o r p o r a t i o n  o f  s o i l  

c a r b o n  i n t o  t h e  s e ed  m a t e r i a l s  amounts t o  3Cfc. I t  i s  e v i d e n t  

t h e r e f o r e  t h a t  u n l e s s  sam ples  a r e  c a r e f u l l y  s e l e c t e d  t h e  

u p ta k e  o f  s o i l  c a r b o n  by p l a n t  s e e d s  can  i n t r o d u c e  s i g n i f i ­

c a n t  e r r o r s  i n t o  t h e  a s s e s s m e n t  o f  a tm o s p h e r i c  C-14 a c t i v i t i e s .  

I t  i s  a l s o  i m p o r t a n t  t o  n o te  t h a t  p l a n t  m a t e r i a l s  grown on 

l i m e s t o n e  s o i l s  may y i e l d  e r r o n e o u s  C-14 a g e s .  Thus a  sample 

1 ,0 0 0  y e a r s  o ld  would be d a te d  a s  a b o u t  1 ,4 5 0  y e a r s  o ld

A



O 0

a s s u m in g  5*5v up take  o f  i n a c t i v e  c a r b o n .

.(c) Ka te  o f  E q u i l i b r a t i o n  o f  A tm o sp h e r ic  0-14 C o n c e n t r a t i o n s

I t  was shown e a r l i e r  ( f i g u r e  3) t h a t  s i n c e  1963 th e  

c o n c e n t r a t i o n s  o f  C-14 i n  t h e  n o r t h e r n  t r o p o s p h e r e  have 

been  d e c r e a s i n g  e x p o n e n t i a l l y  a s  t h e  d i s t r i b u t i o n  o f  bomb 

C-14 t e n d s  to w a rd s  e q u i l i b r i u m .  The r a t e  o f  t h i s  d e c r e a s e  

i s  a  s i g n i f i c a n t  f a c t o r  i n  th e  a s s e s s m e n t  o f  i n t e r - r e s e r v o i r  

exchange  r a t e s .

S uper im posed  on th e  s t e a d y  d e c r e a s e  i n  t r o p o s p h e r i c  

C-14 a c t i v i t i e s  a r e  a n n u a l  f l u c t u a t i o n s  o f  up t o  + 5^ 

c a u s e d  by downflow o f  s t r a t o s p h e r i c  C-14 d u r i n g  th e  s p r i n g  

o f  e a c h  y e a r .  These v a r i a t i o n s  t en d  t o  o b sc u re  t h e  downward 

t r e n d  i n  C-14 a c t i v i t i e s  making a p r e c i s e  a s s e s s m e n t  o f  t h e  

o v e r a l l  g r a d i e n t  more com plex .  S in c e  p l a n t  a n a l y s e s  can  

i n d i c a t e  a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  d u r i n g  t h e  same 

months o f  c o n s e c u t i v e  y e a r s  t h i s  t e c h n iq u e  o f f e r s  a means 

o f  e v a l u a t i n g  the  r e g u l a r  d e c r e a s e  i n  C-14 a c t i v i t i e s  w i t h  

a minimum o f  i n t e r f e r e n c e  by t h e s e  a n n u a l  p e r t u r b a t i o n s .

The e x p o n e n t i a l  d e c r e a s e  i n  n o r t h e r n  t r o p o s p h e r i c  

C-14 a c t i v i t i e s  i n d i c a t e d  by the  whisky  and two s e r i e s  .of  

t r e e  s e e d  a n a l y s e s  was c a l c u l a t e d  by com pute r  f o r  e a c h  o f  

t h e s e  t h r e e  s e t s  o f  p l a n t  sam ples  ( F ig u r e  2 8 ) .  F o r  t h e  

i n d i v i d u a l  s e r i e s  and f o r  th e  c o m b in a t io n  o f  a l l  t h r e e ,  

t h e  h a l f - l i f e  o f  th e  d e c r e a s e  I s  7 y e a r s .  The r e l a t i o n s h i p
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g o v e r n i n g  a n n u a l  n o r t h e r n  t r o p o s p h e r i c  C-14 c o n c e n t r a t i o n s  

i s  found  t o  be A ^  = 97e~^*^v'^ where  A ^  i s  t h e  t r o p o ­

s p h e r i c  C-14 c o n c e n t r a t i o n  (f>) a t  t im e  t  y e a r s  a f t e r  1963*

An i m p l i c a t i o n  o f  t h i s  s t u d y  may be t h a t  by 2 ,0 00  A.D. 

t r o p o s p h e r i c  C-14 c o n c e n t r a t i o n s  w i l l  have f a l l e n  t o  a b o u t  

5/j above t h e  " n a t u r a l ” l e v e l .  T h is  v a lu e  r e p r e s e n t s  a 

u n i fo rm  d i s t r i b u t i o n  o f  a r t i f i c i a l  C-14 th r o u g h o u t  t h e  

dynamic r e s e r v o i r s ,  so t h a t  a f t e r  2 ,0 0 0  A.D. t h e  a tm o s p h e r i c  

C-14 e x c e s s  w i l l  d e c r e a s e  w i t h  a h a l f - l i f e  o f  5 ,7 3 0  y e a r s .  

T h is  e s t i m a t e ,  how ever ,  n e g l e c t s  th e  e x p e c t e d  i n c r e a s e  i n  

t h e  "S u e ss  e f f e c t " ' w h i c h  by 2 ,0 0 0  A.D. may r e a c h  v a l u e s  

s u f f i c i e n t  t o  r e d u c e  th e  " n e t "  a tm o s p h e r i c  C-14 c o n c e n t r a t i o n  

be low t h e  " n a t u r a l "  l e v e l .

F u r t h e r m o r e ,  t h e  p r e d i c t i o n  b a s e d  on t h e  t r e n d  d u r i n g  

r e c e n t  y e a r s  must  be r e g a r d e d  o n ly  a s  an a p p r o x i m a t i o n  

s i n c e  n o r t h e r n  t r o p o s p h e r i c  C-14 a c t i v i t i e s  have b e en  s t r o n g ­

l y  i n f l u e n c e d  by C-14 i n p u t  f rom t h e  s t r a t o s p h e r e  and by a 

" n e t "  t r a n s f e r  o f  e x c e s s  C-14 t o  t h e  s o u t h e r n  h e m i s p h e r e .

As th e  t o t a l  a tm o sp h e re  ( t r o p o s p h e r e  + s t r a t o s p h e r e )  a t t a i n s  

c o m p le te  e q u i l i b r i u m ,  t h e  e x c e s s  C-14 a c t i v i t y  i n  t h e  a t ­

mosphere  w i l l  d e c r e a s e  o n ly  t h r o u g h  o c e a n ic  u p t a k e . S in c e  

s t r a t o s p h e r i c  i n p u t  o f  C-14 t o  t h e  t r o p o s p h e r e  has  been  

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

t r o p o s p h e r e ,  t h e  a p p r o x i m a t i o n  r e p r e s e n t s  an u n d e r e s t i m a t e  

o f  t h e  r a t e  o f  o c e a n ic  u p t a k e .  In  a d d i t i o n  t h e  r e t u r n  o f

A
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e x c e s s  C-14 from th e  s u r f a c e  ocean t o  th e  a tm o sp h e re  has  

been  assumed n e g l i g i b l e .  T h e r e f o r e  t h e  r a t e  c o n s t a n t  o f  

0*10 i n  th e  e a r l i e r  r e l a t i o n s h i p  r e p r e s e n t s  a minimum 

v a lu e  o f  t h e  exchange  r a t e  c o n s t a n t  f o r  u p tak e  o f  t r o p o ­

s p h e r i c  C-14 by th e  oceans  and b i o s p h e r e .  T h is  c o r r e s p o n d s  

t o  a maximum mean exchange  t ime o f  10 y e a r s ,  an u p p e r  

l i m i t  w h ich  i s  i n  ag re em e n t  w i t h  th e  m a j o r i t y  o f  e s t i m a t e s  

o f  t h i s  p a r a m e t e r  ( 2 2 ,  3 2 - 3 4 )o
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I n t r o a u c t i o n .

. D u r in g  r e c e n t  y e a r s  t h e  p red o m in an t  i n f l u e n c e  o f  

■bomb-produced C-14 on a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s  

a p p e a r s  t o  have r e d u c ed  s c i e n t i f i c  i n t e r e s t  i n  t h e  

"S u ess  e f f e c t ” . Between i t s  d e t e c t i o n  i n  1955 and t h e  

p e r i o d  o f  l a r g e  s c a l e  weapons t e s t i n g  i n  1961 many 

s t u d i e s  were p u b l i s h e d  ( 1 9 ,  24,  48 ,  49 ,  51, 7 6 - 7 8 ) .

S in c e  1961,  however ,  l i t t l e  has been  added t o  o u r  

knowledge o f  th e  m agni tude  o r  i m p l i c a t i o n s  o f  t h e  

“S uess  e f f e c t ” d e s p i t e  marked ad v an c es  i n  o u r  u n d e r ­

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

c i r c u l a t i o n .  In  p a r t i c u l a r  t h e  n u c l e a r  e r a  has 

a l lo w e d  more a c c u r a t e  e v a l u a t i o n s  o f  i n t e r - r e s e r v o i r  

exchange  r a t e s ,  p a r a m e t e r s  w h ic h  a r e  fu n d a m e n ta l  t o  

s t u d i e s  o f  the- e x c e s s  CO2 d i s t r i b u t i o n .  A r e a s s e s s m e n t  

o f  th e  “Su ess  e f f e c t ” c o u ld  t h e r e f o r e  be a c h i e v e d  w i t h  

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

o f  t h e  e f f e c t  seemed n e c e s s a r y  i n  v iew o f  t h e  f o l l o w i n g  

i n a d e q u a c i e s  which  a p p e a r  i n  e a r l i e r  a p p r o a c h e s ;

( l )  A l l  p r e v i o u s  i n v e s t i g a t i o n s  were b a se d  on th e  

a s s u m p t io n  t h a t  d e v i a t i o n s  i n  a tm o s p h e r i c  C-14 

c o n c e n t r a t i o n s  from th e  " n a t u r a l ” l e v e l  d u r i n g  th e

105
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p e r i o d  1890 t o  1950 were c'ue s o l e l y  t o  the  ’’S ue ss  

e f f e c t ” . T h is  a s su m p t io n  seems u n r e a l i s t i c  in  

v iew  o f  th e  f r e q u e n t  n a t u r a l  f l u c t u a t i o n s  o f  

a t m o s p h e r i c  C-14 a c t i v i t i e s  d u r i n g  th e  l a s t  few 

m i l l e n i a  ( f i g u r e  2 ) .  I n d e e d ,  a tm o s p h e r i c  C-14 

c o n c e n t r a t i o n s  a p p e a r  t o  have been  w i t h i n  1$ o f  

t h e  ’’n a t u r a l 11 l e v e l  f o r  o n ly  a b o u t  45/^ o f  t h e  

p a s t  6 ,0 0 0  y e a r s o

(2 )  A number o f  i n v e s t i g a t o r s  (24 ,  51 ,  76 -78)  have

c a l c u l a t e d  i n t e r - r e s e r v o i r  ca rb o n  exchange r a t e s

b a se d  on a p p r o p r i a t e  ”b o x -m o d e l s ” and  m easu rem en ts  
t  ho f  e a r l y  20 c e n t u r y  a tm o s p h e r i c  C-14 a c t i v i t i e s .

The exchange  r a t e  a s s e s s m e n t s  may be i n  e r r c r  i f  

t h e  i n i t i a l  e s t i m a t e s  o f  the  ’’Su ess  e f f e c t 1’ were 

i n c o r r e c t .  Thus the  mean exchange t ime o f  COg f o r  

t r o p o s p h e r e / s u r f a c e  ocean  t r a n s f e r  based  on ’’S ue ss  

e f f e c t ” s t u d i e s  g e n e r a l l y  a p p e a rs  l o n g e r  ( 5 - 2 0  y e a r s  

( 2 4 ,  51 ,  7 6 - 7 8 ) )  t h a n  v a l u e s  c a l c u l a t e d  from t h 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  C-14 ( 1 . 5 - 7  y e a r s  ( 5 2 - 3 4 ,

73 ,  7 9 ) ) .

(3 )  Of th e  few p r e v i o u s  w o rk e rs  who assumed exchange  • 

r a t e s  and used  t h e s e  t o  c a l c u l a t e  t h e  s i z e  o f  t h e  •

’’Su ess  e f f e c t ” i n  1950,  'B r o e c k e r  and Olson ( 2 2 ) ,

B r o e c k e r  ( 4 8 ) ,  and B o l in  and E r i k s s o n  ( 7 8 )  fo u n d  

- 4 1° (A ) ,  -3  t o  - 4 # ,  and - 3  t o  - 5 cp  r e s p e c t i v e l y ,

A
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compared t o  t h e  o b s e r v e d  v a l u e s  o f  - 2  t o  (21 ,

22, 24, 51j  80)* In  a r e c e n t  s t u d y ,  Houterraans e t  

a l  (80)  c a l c u l a t e d  an a tm o s p h e r i c  "Suess  e f f e c t "  

am o un t in g  t o  -2  t o  -6 $  by 194 0.  In  a d d i t i o n ,

B r o e c k e r  (4 8 )  e s t i m a t e d  t h a t  th e  d i l u t i o n  o f  

o c e a n ic  C-14 c o n c e n t r a t i o n s  sh o u ld  be up t o  2^  

g r e a t e r  t h a n  t h o s e  a c t u a l l y  o b se rv e d  i n  1950 

( c a .  - l / £ ) .  D e v i a t i o n s  o f  t h i s  n a t u r e  were commonly 

a t t r i b u t e d  t o  i n a d e q u a c i e s  i n  th e  "box-m ode ls"  used  

i n  t h e o r e t i c a l  t r e a t m e n t s .  C e r t a i n l y  the  a s s u m p t io n s  

made r e g a r d i n g  exchange r a t e s  in v o lv e d  g r e a t e r  

u n c e r t a i n t y  t h a n  a t  p r e s e n t .  The t h e o r e t i c a l  models  

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

i n t e r p r e t a t i o n  o f  th e  more marked "bomb e f f e c t " .

I t  seems p o s s i b l e  t h e r e f o r e  t h a t  t h e  d e v i a t i o n s  may 

r e f l e c t  i n a c c u r a c y  i n  t h e  a s s u m p t io n  t h a t  t h e  "Suess  

e f f e c t "  was t h e  o n ly  c ause  o f  t h e  v a r i a t i o n s  i n  

a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  d u r i n g  th e  e a r l y  

20 c e n t u r y .  C e r t a i n l y  i t  seems r e a s o n a b l e  t h a t  

t h i s  p o s s i b i l i t y  sh o u ld  be c o n s i d e r e d .

(4 )  A tm o sp h e r ic  C-14 c o n c e n t r a t i o n s  d u r i n g  the  p e r i o d -  

1890 t o  1950 have no t  y e t  been  s t u d i e d  on a  yearly* 

b a s i s .  The m a j o r i t y  o f  e x p e r i m e n t a l  m easu rem en ts  

were  b a se d  on th e  use  o f  t r e e  r i n g s  a s  a tm o s p h e r i c  

C-14 i n d i c a t o r s .  S in c e  t r e e  r i n g s  may be s u b j e c t
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t o  c a r t o n  exchange  t h e s e  a n a l y s e s  c o u ld  he in  

e r r o r .  In  a d d i t i o n ,  any a n n u a l  f l u c t u a t i o n s  o f  

a t m o s p h e r i c  0 -14  a c t i v i t i e s  may n o t  he d e t e c t e d  i n  

a n a l y s e s  o f  t r e e  r i n g  s e c t i o n s  w hich  y ie- ld  o n ly  mean 

C-14 c o n c e n t r a t i o n s  f o r  th e  g ro w th  p e r i o d s  c o n t a i n e d  

i n  t h e  s e c t i o n s *

(5 )  In  a l l  p r e v i o u s  t h e o r e t i c a l  s t u d i e s  t h e  r e l e a s e  o f  

f o s s i l  f u e l  CO2 i n t o  t h e  a tm o sp h e re  was assumed t o  

have o c c u r r e d  a t  d i s c r e t e  t im e s  up t o  20 y e a r s  

a p a r t *  A l th o u g h  t h i s  a s s u m p t io n  p e r m i t s  s i m p l i ­

f i c a t i o n  o f  t h e  m a t h e m a t i c a l  c a l c u l a t i o n s ,  su c h  

w i d e ly  s p a c e d  i n j e c t i o n  p e r i o d s  must i n t r o d u c e  

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

a t  y e a r s  c l o s e  t o  t h e  i n j e c t i o n  t i m e ,

( 6 )  S t u d i e s  o f  t h e  nS u e ss  e f f e c t ” have i n v a r i a b l y  been  

b a se d  on a  summary o f  i n d u s t r i a l  f o s s i l  f u e l  CO^ 

p r o d u c t i o n  p u b l i s h e d  i n  1957 by H e v e l l e  and  Suess  

( 2 4 ) .  T h is  summary p r o v id e d  e s t i m a t e s  o f  t h e  e x c e s s  

CO2 p r o d u c t i o n  f o r  e a c h  decade  s i n c e  I 8 6 0 .  As a 

c h e c k  on t h e  r e l i a b i l i t y  o f  t h e s e  d a t a  and s i n c e  a 

more d e t a i l e d  e s t i m a t e  i s  e s s e n t i a l  t o  a  t h e o r e t i c a l  

t r e a t m e n t  i n v o l v i n g  more f r e q u e n t  OQ  ̂ i n j e c t i o n ,  . 

t h e  i n d u s t r i a l  f o s s i l  f u e l  CO2 p r o d u c t i o n  f i g u r e s  

sh o u ld  be r e c a l c u l a t e d .

F o r  t h e s e  r e a s o n s  i t  seemed n e c e s s a r y  t o  r e i n v e s t i g ­

a t e  t h e  “S u e ss  e f f e c t 11 from b a s i c  p r i n c i p l e s  u s i n g  a
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t r e a t m e n t  v/hich x o u ld

(1 )  p e r m i t  the  p o s s i b i l i t y  t h a t  f a c t o r s  o t h e r  t h a n  

t h e  " S u ess  e f f e c t * 1 may have c o n t r i b u t e d  t o  

p r e - 1 9 5 0  a tm o s p h e r i c  0 -14  c o n c e n t r a t i o n s ,

(2 )  a c h i e v e  i n c r e a s e d  a c c u r a c y  t h r o u g h  t h e  use  o f  

i n t e r - r e s e r v o i r  exchange  r a t e s  d e te r m in e d  

from r e c e n t  s t u d i e s  o f  bomb-produced C-14,

(3 )  i n v o lv e  r e c a l c u l a t i o n  o f  i n d u s t r i a l  f o s s i l  

f u e l  CO2 p r o d u c t i o n ,

(4 )  i n c o r p o r a t e  a s u i t a b l e  m a t h e m a t i c a l  model 

a ssu m in g  a n n u a l  f o s s i l  f u e l  CO2 i n j e c t i o n ,

(5 )  i n c l u d e  e x p e r i m e n t a l  measurement o f  a tm o s p h e r i c  

C-14 c o n c e n t r a t i o n s  p r e v a i l i n g  a t  s p e c i f i c  

y e a r s  u s i n g  p l a n t  s e e d s ,  v / ines ,  and s p i r i t s  a s  

i n d i c a t o r s  ( C h a p t e r  Y ) .



a r e s u l t  o f  t h e  com bus t ion  o f  c o a l ,  l i g n i t e ,  p e t r o l e u m ,  

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

o f  l i m e s t o n e  i n  cement m a n u fa c tu re*  D e t a i l s  o f  t h e  

p r o d u c t i o n  o f  t h e s e  m a t e r i a l s  s i n c e  1360 were o b t a i n e d  

from s e v e r a l  s o u r c e s  ( S t a t i s t i c a l  Yearbooks o f  th e  League 

o f  ITat ions and o f  t h e  U n i t e d  n a t i o n s ,  t h e  U n i t e d  n a t i o n s ’ 

r e v i e w  of w o r ld  e n e rg y  r e q u i r e m e n t s  (81)  and p e r s o n a l  

com m unica t ion  w i t h  t h e  I l i n i s t r y  o f  Power) f o r  t h e  p u rp o se  

o f  c a l c u l a t i n g  the  amount o f  CO2 r e l e a s e d  from t h e s e  

so u r c e s *  S in c e  f u e l  c o nsum pt ion  f i g u r e s  a r e  no t  a v a i l ­

a b l e  i t  was assumed t h a t  t h e s e  a r e  c l o s e l y  r e l a t e d  t o  

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

p r o d u c t i o n  f i g u r e s  a r e  t a b u l a t e d  i n  Appendix  B* Some 

o f  t h e  d a t a  on n a t u r a l  gas  and  g a s o l i n e  have been  e s t i m ­

a t e d  from p r o d u c t i o n  i n  th e  U .S .A .  and i t s  s h a r e  in  

w o r ld  p r o d u c t i o n .  A c c o r d in g  t o  th e  U n i t e d  n a t i o n s  (81)  

t h e  p o s s i b l e  e r r o r  o f  t h e s e  e s t i m a t e s  i s  s m a l l .

I t  i s  f u r t h e r  assumed t h a t  t h e  i n j e c t i o n  o f  f o s s i l

CC>2 i n t o  t h e  a tm o sp h e re  p r i o r  t o  I8 6 0  was n e g l i g i b l e .

T h i s  seems r e a s o n a b l e  s i n c e  i n d u s t r i a l  use  o f  c o a l  d id
t  hn o t  become common u n t i l  t h e  l a t e  18 c e n t u r y .  I n d e e d ,  

u n t i l  1880,  wood was t h e  m a jo r  so u rc e  o f  e n e r g y  t h r o u g h ­

o u t  t h e  w o r ld  ( 8 2 ) .
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For  t h e  c o n v e r s i o n  o f  f u e l  p r o d u c t i o n  f i g u r e s  t o  

e s t i m a t e s  o f  t h e  a n n u a l  e x c e s s  COp o u t p u t ,  a s s u m p t io n s  

must  be made r e g a r d i n g  th e  c a rb o n  c o n t e n t  and c o m b u s t io n  

e f f i c i e n c i e s  o f  t h e  v a r i o u s  m a t e r i a l s .  ri h e  c a rb o n  

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

and n a t u r a l  gas  were assumed t o  be 80$ ,  73$ 5 85$ ,  83$ 

and 76$ r e s p e c t i v e l y  ( 8 3 - 8 6 ) .  l o r  p e t r o l e u m  c om bu s t io n  

i t  was f u r t h e r  assumed t h a t  l o s s e s  am oun t ing  t o  10$ were 

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

c o n v e r s i o n  i n t o  f i x e d  c a rb o n  p r o d u c t s  ( 8 5 ) .  F o r  o t h e r  

f u e l s  100$ c o n v e r s i o n  t o  COp was assum ed .  The mean CaO

c o n t e n t  o f  cem ents  was t a k e n  t o  be 60$ (87) and th e

ca rb o n  c o n t e n t  o f  l i m e s t o n e  assumed t o  be 12$ with. 1C0$ 

k i l n i n g  e f f i c i e n c y .  Thus t h e  co m b u s t ion  o f  1 m e t r i c  t o n  

o f  c o a l ,  c ru d e  p e t r o l e u m ,  g a s o l i n e ,  and l i g n i t e  p ro d u c e s  

2 .9 3  x  106g .  C02 , 2 .81  x  106g .  C02 , 3 .0 4  x  106g .  C02 , 

an<3 2 .6 7  x 10 g .  COp r e s p e c t i v e l y  from e a c h  s o u r c e .  She

co m b u s t io n  o f  1 c u b ic  m e t re  o f  n a t u r a l  gas  r e l e a s e s

2 .4 3  x  10 g .  COp and  t h e  m a n u f a c tu r e  o f  1 m e t r i c  t o n  o f  

cement y i e l d s  4 . 7 1  x 10vg .  COp. U s in g  t h e s e  c o n v e r s i o n  

f a c t o r s  t h e  p r o d u c t i o n  f i g u r e s  f o r  e x c e s s  i n a c t i v e  COp. 

vie r e  c a l c u l a t e d .  Annua l  d a t a  a r e  t a b u l a t e d  i n  A ppend ix  

B .  F i g u r e  29 p r e s e n t s  t h e  a n n u a l  v a r i a t i o n s  i n  COp 

p r o d u c t i o n  f rom e ac h  so u rc e  d u r i n g  t h e  p e r i o d  1 8 6 0 -1 9 6 9 .  

The e f f e c t s  on COp p r o d u c t i o n  o f  m a jo r  w o r ld  c r i s e s
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(2  w o r ld  w ars  and t h e  d e p r e s s i o n  o f  c a .  1 9 3 0 ) a r e

e v i d e n t .  The t o t a l  COr, p r o d u c t i o n  i r o n  a l l  s o u r c e s ,  a s

p r e s e n t e d  i n  F i g u r e  30, shows th e  marked i n c r e a s e  in

o u t p u t  d u r i n g  r e c e n t  y e a r s .  Thus t h e  p r o d u c t i o n  r a t e

o f  i n a c t i v e  CO2 has  dou b led  s i n c e  1934 when t h e  f i r s t

m easu rem en ts  o f  t h e  nS ue ss  e f f e c t ’1 were made.

These e s t i m a t e s  o f  t h e  o u t p u t  o f  f o s s i l  f u e l  CO2

a r e  w i t h i n  55* o f  th e  l e s s  d e t a i l e d  f i g u r e s  c a l c u l a t e d

by R e v e l l e  and Su ess  ( 2 4 ) .  Thus t h e  COg r e l e a s e d

be tw een  I8 6 0  and 1950 was e s t i m a t e d  by R e v e l l e  and  S uess

a t  2 .76  x 1017g .  CO2 compared to  t h e  v a lu e  o f  2 .65  x 10^ 7go

CO2 found  i n  t h i s  s t u d y .  The t o t a l  e x c e s s  COp p ro d u ce d
17be tw een  1860 and the p r e s e n t  amounts  t o  4 .9 6  x 10 g .  C0o

17 -compared t o  4*35 x 10 g .  CO2 p r e d i c t e d  by k e v e l l e  and

S u e s s .  Hence t h e  c u m u l a t i v e  t o t a l  o f  e x c e s s  CO  ̂ h a s

d o u b led  s i n c e  1945 when t h e  m a j o r i t y  o f  wood sam ples

a n a l y s e d  f o r  ’‘S u ess  e f f e c t ” s t u d i e s  were g ro w in g .  The
+h

n a t u r a l  CO2 c o n t e n t  o f  t h e  a tm o sp h e re  f o r  t h e  mid 1 9 "
2c e n t u r y  was assumed t o  be 2 9 0 p op.m. o r  120mg./cm.

( C a l l e n d a r  ( 8 8 ) ,  L ibby  ( 1 0 ) )  c o r r e s p o n d i n g  t o  a n a t u r a l
18C02 c o n t e n t  o f  2 .26  x 10 g . .  Thus t h e  t o t a l  p ro d u c t io n *  

o f  f o s s i l  f u e l  C02 be tw een  1860 and 1969 amounts  t o  

c a .  22io o f  t h e  norm al  a tm o s p h e r i c  COg c o n t e n t .  The 

a n n u a l  e x c e s s  C02 p r o d u c t i o n ,  X ( t ) ,  e x p r e s s e d  a s  a 

p e r c e n t a g e  o f  t h e  n a t u r a l  a tm o s p h e r ic  CO2 c o n t e n t



F
IG

U
R

E
 

3
0

.

TO
TA

L 
A

N
N

U
A

L 
FO

SS
IL

 
FU

EL
 

C
O

, 
R

E
L

E
A

SE
.

112

CO o  sf OI
O-o

CM CO O  'M ’ CM
t n  ^

-J w o M 2
8  °  

i  g  y  *  c* x
<r W UJ
s  oc

I8
60

 
18

80
 

19
00

 
19

20
 

19
40

 
I9

6
0



113

a p p r o x i m a t e l y  f o l l o w s  th e  e x p o n e n t i a l  e x p r e s s i o n  

X ( t )  = 0 . 0 5 e ^ ' ^ \  where t  r e p r e s e n t s  t im e  in  y e a r s  

s i n c e  1880 ,  The r a p i d  i n c r e a s e s  i n  COg p r o d u c t i o n  

d u r i n g  t h e  p a s t  d e c a d e ,  however ,  s u g g e s t  t h a t  f u t u r e  

CC>2 . o u tp u t  f i g u r e s  may c o n s i d e r a b l y  exce ed  t h e  

p r e d i c t i o n s  o f  t h i s  e q u a t i o n .

A I’a t h e m a t i c a l  l l o d e l  f o r  “S u e ss  e f f e c t ” C a l c u l a t i o n .

The d i s t r i b u t i o n  and t r a n s p o r t  o f  bomb-produced 

C-14 t h r o u g h o u t  t h e  dynamic c a rb o n  c y c l e  has  been 

a s s e s s e d  by s e v e r a l  w o rk e r s  (22 ,  3 2 -3 4 ,  73,  8 9 -9 2 )  u s i n g  

”b o x - m o d e l s ” o f  t h e  form shown i n  F i g u r e  4 .  These m o d e ls ,  

most  o f  which  i n c o r p o r a t e  a t  l e a s e  6 “b o x e s ” , have been 

r a t h e r  complex b e c a u se  o f  t h e  marked d i s e q u i l i b r i u m  in  

w o r ld - w id e  C-14 c o n c e n t r a t i o n s  c a u se d  by weapons t e s t i n g .  

As t h e  e x c e s s  C-14 d i s t r i b u t i o n  t e n d s  t o w a rd s  e q u i l i b r i u m ,  

how ever ,  i t s  r a t e  o f  movement may be t h e o r e t i c a l l y  

d e s c r i b e d  u s i n g  s i m p l e r  m o d e l s .  Thus E r g i n  (89)  h a s  

i n t e r p r e t e d  t h e  e x c e s s  C-14 d i s t r i b u t i o n  d u r i n g  1967 and  

1968 w i t h  a  s im p le  model  c o n t a i n i n g  o n ly  4 boxes  

( s t r a t o s p h e r e ,  t r o p o s p h e r e ,  s u r f a c e  ocean  + b i o s p h e r e , *  

an d  d eep  o c e a n ) .  The c o m p l e x i t y  o f  t h e  model  i s  t h e r e f o r e  

d e p e n d e n t  on t h e  e x t e n t  o f  d i s e q u i l i b r i u m  w i t h i n  t h e  

c a r b o n  c y c l e .  S in c e ,  i n  com par ison  t o  t h e  “bomb e f f e c t ” , 

t h e  “S u e ss  e f f e c t ” r e p r e s e n t s  a  more m o dera te  d i s t u r b a n c e
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o v e r  a l o n g e r  t im e  p e r i o d ,  a. r e l a t i v e l y  s im p le  model 

s h o u ld  be a d e q u a te  f o r  i t s  i n t e r p r e t a t i o n ,

Exchange r a t e  d a t a  d e r i v e d  from s t u d i e s  o f  

a r t i f i c i a l  C-14 have shown t h a t

. (1 )  t h e  CC>2 exchange  t im e  f o r  i n t e r h e m i s p h e r i c

m ix in g  w i t h i n  the  t r o p o s p h e r e  i s  a b o u t  1 y e a r  

( 3 2 ,  73 ,  8 9 - 9 1 ) ,

(2 )  t h e  CCu exchange  t im e  f o r  i n t e r h e m i s p h e r i c  

m ix in g  w i t h i n  t h e  s t r a t o s p h e r e  i s  a b o u t  5 

y e a r s  (3 2 ,  73,  89 ,  9 1 ) ,

(3 )  t h e  CO2 exchange  t im e  from s t r a t o s p h e r e  t o  

t r o p o s p h e r e  i s  be tween 0 , 8  and 4 . 5  y e a r s  ( 3 2 ,

35 ,  73,  89,  91, 9 2 ) ,

B ecause  t h e s e  a t m o s p h e r i c  exchange t im e s  a r e  s h o r t  i n  

c o m p a r iso n  t o  t h e  t im e  p e r i o d  c o v e r e d  by t h e  " S u ess  

e f f e c t "  i t  seems r e a s o n a b l e  t o  t r e a t  t h e  a tm o s p h e r i c  

r e s e r v o i r s  a s  a s i n g l e  u n i t 0

F o r  a  s a t i s f a c t o r y  t r e a t m e n t  o f  th e  o c e a n s ,  however ,  

2 r e s e r v o i r s  were  i n c o r p o r a t e d  i n  t h e  m odel ,  v i z , ,

(1 )  t h e  s u r f a c e  o c e a n ;  s i t u a t e d  above t h e  t h e r m o -  

c l i n e  i n  d i r e c t  c o n t a c t  w i t h  t h e  a tm o sp h e re  

and c o n s t i t u t i n g  a b o u t  2$> o f  t h e  t o t a l  ocean  

( 9 3 ) ,

(2 )  t h e  deep  o c ea n ;  s i t u a t e d  b e n e a t h  t h e  t h e r m o -  

c l i n e ,
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The s u r f a c e  o c e a n ,  vzol l -mixed t h r o u g h  wind a c t i o n  and  

c o n v e c t i o n ,  has  a CCn r e s i d e n c e  t im e  o f  5 t o  8 y e a r s  

( 2 5 ,  93,  9 4 ) .  The deep  o c e a n ,  however ,  mixes s lo w ly  and  

h a s  a COg r e s i d e n c e  t im e o f  500 t o  1 ,0 0 0  y e a r s  ( 7 8 ,  89 ,  

93 ,  9 4 ) .  The r e s i d e n c e  t im e  o f  CO2 i n  the  s u r f a c e  

ocean  t h e r e f o r e  c o n t r o l s  th e  r a t e  o f  t r a n s p o r t  o f  f o s s i l  

f u e l  COg from t h e  a tm o sp h e re  t o  t h e  deep o c e a n .  Thus 

t h e  a s s u m p t io n  hy R e v e l l e  and S u e ss  t h a t  t h e  ocean  may 

be r e g a r d e d  a s  one w e l l - m ix e d  r e s e r v o i r  does n o t  seem 

a d e q u a t e .

The model d e s ig n e d  f o r  e v a l u a t i o n  o f  t h e  "S u ess  

e f f e c t ” i s  shown i n  F i g u r e  31, where  k ^ ,  kg ,  k ^ ,  and  k^ 

a r e  t h e  i n t e r - r e s e r v o i r  COg exchange r a t e  c o n s t a n t s •

I n  a c c o r d a n c e  w i t h  U y d a l ’ s p r o c e d u r e  (32 ,  91)  t h e  

b i o s p h e r e  was i n c l u d e d  w i t h  t h e  s u r f a c e  ocean  s i n c e  b o t h  

a r e  i n v o l v e d  in  d i r e c t  COg exchange  w i t h  t h e  a tmosphere- .  

The r a t e  c o n s t a n t ,  k ^ ,  may be n e g l e c t e d  s i n c e  t h e  500 

t o  1 ,0 0 0  y e a r  COg r e s i d e n c e  t im e  i n  t h e  d e e p  ocean  i s  

l o n g  i n  c o m p ar iso n  t o  t h e  t im e  p e r i o d  c o v e r e d  by t h e  

" S u e s s  e f f e c t " .  T h is  a s s u m p t io n  was c o n f i rm e d  by B o l i n  

an d  E r i k s s o n  (78)  who found  t h a t  t h e  a t m o s p h e r i c  " S u e s s  

e f f e c t "  was v i r t u a l l y  i n d e p e n d e n t  o f  deep  s e a  r e s i d e n c e  

t i m e s  o f  g r e a t e r  t h a n  500 y e a r s .

The m a t h e m a t i c a l  t r e a t m e n t  o f  t h e  "box model" t o  

e n a b l e  c a l c u l a t i o n  o f  t h e  "S u ess  e f f e c t "  was a s  f o l l o w s ,
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where a l l  q u a n t i t i e s  o f  e x c e s s  0 0^ a r e  e x p r e s s e d  a s  

p e rc e n t a g e s  o f  t h e  norm al  CO^ c o n t e n t  o f  t h e  a tm o s p h e r e ;

l e t  x.j. = t h e  a n n u a l  o u t p u t  o f  f o s s i l  OC^ f o r th e
t ht  y e a r  a f t e r  1859 *

a ^  = t h e  r e s u l t a n t  c u m u la t iv e  CO^ e x c e s s  in  

t h e  a tm o sp h e re  a f t e r  t  y e a r s ,  

and  h^. = t h e  r e s u l t a n t  c u m u la t iv e  CC>2 e x c e s s  in  

t h e  s u r f a c e  ocean  + b i o s p h e r e  a f t e r  

t  y e a r s .

At t  = 1 ( i 8 6 0 )  x-ĵ  was i n j e c t e d  i n t o  t h e  a tm o s ­

p h e r e .  3y t h e  d e f i n i t i o n  o f  exchange r a t e ,  d u r i n g  th e  

f i r s t  y e a r  (x-^ k-^) o f  t h e  e x c e s s  was a b s o rb e d  by t h e  

s u r f a c e  ocean  (+ b i o s p h e r e ) .

(x-^ k^ )  k^ v/as r e t u r n e d  to  t h e  a tm o s p h e r e ,  and 

(x’i  k ^ )  k^ e n t e r e d  t h e  deep  o c e a n .  T h e r e f o r e  a f t e r  1 

y e a r  t h e  o c e a n ic  e x c e s s ,  b ^ ,  i s  e x p r e s s e d  by

h  = (x I  ki } "  ( x l  k l  k 2 } "  ( x l  k l  V
= k1  ( l - k g - k ^ )

S i m i l a r l y  t h e  a tm ospher ic  CC^ e x c e s s  a f t e r  1 y e a r ,  a ^ ,  

i s  d e s c r i b e d  by

a i  = Xx "  ( x i  V  + (x i  V  k 2

= X1 U - ^ + l ^ k g ) .
v/as t h e n  i n j e c t e d  i n t o  t h e  a t m o s p h e r e ,  p r o d u c i n g  an 

i n i t i a l  a t m o s p h e r i c  CC^ e x c e s s  o f  ( a ^ + x ^ ) .  (a-^+x^) k^

e n t e r e d  t h e  s u r f a c e  ocean  p r o d u c i n g  an  e x c e s s  CO2 c o n t e n t
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1J
Ci th i s ( a 1+x 2 ) ^o f  [ (a i +x2  ̂ k l  b 

e n t e r e d  t h e  deep ocean  and (a^-i-x^) k^ + b j  k^

r e t u r n e d  t o  t h e  a tmos phe re  so t h a t

h  = [ ( a x+x2 } k x + h ]  -  B a i +X2 } ki  + h j k :

-  [ ( a i +x2 } k i  + b i ]  h

la

= [(a ! +x2^ kl  + b l ( l - k p - k ^ )

and  a 2 = (a 1+x2  ̂ "  ^a l +x2^ k l  + f a l +X2^ kl  + b l ]  k 2 
= ( a ^ x ^  ( l - k 1+k^k2 ) + hx k 2

F o r  t h e  g e n e r a l  case  t h e r e f o r e : -

a t  = ( a t - l +xt .} ( 1 - k l +kl k 2 } + V l k 2

and h  = [( a t - x +xt } k i  + V i J

I f  x ^ ,  k^ ,  k 2 , and k^ a r e  known t h e  s o l u t i o n  o f  

t h e s e  e q u a t i o n s  by com pute r  can he r e a d i l y  a c h i e v e  

(A ppend ix  C ) .  The p e r c e n t a g e  d e c r e a s e  i n  a tm o s p h e r i c  

C-14 c o n c e n t r a t i o n s  ( i . e .  “S u e ss  e f f e c t ” ) f o r  e a c h  y e a r  

i s  d i r e c t l y  r e l a t e d  to  t h e  c a l c u l a t e d  i n c r e a s e  in  

a t m o s p h e r i c  f o s s i l  C02 c o n c e n t r a t i o n s .



I n t e r - l i e  s e r v o  i r  Fxchange  Hat e s .

V a lu e s  o f  th e  CC^ exchange  r a t e  c o n s t a n t s ,  k ^ ,  k^ j  

an d  k^ may he e s t i m a t e d  from s t u d i e s  o f  t h e  t r a n s f e r  o f  

bom b-produced  C-14 i f  i s o t o p i c  f r a c t i o n a t i o n  i s  n e g l e c t e d .  

C r a i g  (9 3 )  h a s  shown t h a t  f r a c t i o n a t i o n  i n  th e  a t m o s p h e r e /  

o c ean  CO2 exchange  p r o c e s s  c a u s e s  a d e v i a t i o n  i n  exchange  

r a t e  c o n s t a n t s  e x p r e s s e d  by kg^/k^'* = 0*988 k g /k ^  where 

k ^  and k 2* e r e  t h e  C-14 exchange  r a t e s  c o r r e s p o n d i n g  t o  

^  and k 2 i n  F i g u r e  31 .  The e r r o r  ( 1 . 2 c/o) i n  t h e  

a s s u m p t io n  t h a t  C-14 and CO2 r a t e  c o n s t a n t s  a r e  i d e n t i c a l  

l i e s  w i t h i n  t h e  . l i m i t s  o f  a c c u r a c y  o f  th e  C-14 r a t e  

c o n s t a n t  a s s e s s m e n t  so t h a t  i t  seemed v a l i d  t o  n e g l e c t  

i s o t o p i c  f r a c t i o n a t i o n  in  t h e s e  p r o c e s s e s .  I n  a d d i t i o n  

f r a c t i o n a t i o n  d u r i n g  c a rb o n  t r a n s f e r  be tw een  t h e  s u r f a c e  

and  deep  ocean  r e s e r v o i r s  was b e l i e v e d  t o  be n e g l i g i b l e  

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

o c e a n  w a t e r  i t s e l f .

I n  th e  a s s e s s m e n t  o f  a p p r o p r i a t e  exchange  r a t e  

v a l u e s ,  a s s u m p t io n s  must  be made r e g a r d i n g  t h e  n a t u r a l  

c a r b o n  i n v e n t o r i e s  o f  t h e  r e s e r v o i r s  i n  t h e  t h e o r e t i c a l  

m o d e l .  F o r  t h i s  s t u d y  th e  f o l l o w i n g  n a t u r a l  c a rb o n  

d i s t r i b u t i o n  was assumed;

(1 )  t h e  s t r a t o s p h e r i c  c a rb o n  c o n t e n t  i s  lGc/o o f  the  

t o t a l  a tm o s p h e r i c  i n v e n t o r y ,  IT̂  ( 9 5 ) ,

(2 )  t h e  b i o s p h e r i c  e x c h a n g e a b le  c a r b o n  c o n t e n t  i s
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e q u i v a l e n t  t o  5 0 /  o f  t h e  a t m o s p h e r i c  

i n v e n t o r y  ( 7 8 ) ,

(3 )  t h e  s u r f a c e  ocean  c o n t a i n s  1 . 2  t im e s  t h e  

a tm o s p h e r i c  ca rb o n  c o n t e n t  ( 9 3 ) ,

(4 )  th e  deep se a  c a rb o n  i n v e n t o r y  i s  60 t i m e s  

t h e  a tm o s p h e r i c  c o n t e n t  ( 9 3 ) .

=■ S in ce  t h e o r e t i c a l  models  used  f o r  c a l c u l a t i o n s  

o f  t h e  exchange  r a t e s  o f  e x c e s s  0-14 have b e e n  more 

complex  t h a n  the  nS u e s s  e f f e c t ” m odel ,  t h e  r a t e  

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

s i t u a t i o n ,  f u r t h e r m o r e  th e  a s s u m p t io n  o f  v a l u e s  f o r  

t h e  r a t e  c o n s t a n t s ,  k^ ,  k^ ,  and k^ sh o u ld  be b a s e d  on 

t h e  p a r a m e t e r s  which have been  most  r e l i a b l y  d e te rm in e d
t

i n  r e c e n t  s t u d i e s .  She v a l u e  o f  k ^ ,  t h e  r a t e  c o n s t a n t  

f o r  exchange be tween t h e , t o t a l  a tm o sp h e re  and t h e  

s u r f a c e  ocean  + b i o s p h e r e ,  was t h e r e f o r e  a s s e s s e d  from 

d e t e r m i n a t i o n s  o f  the  r a t e  c o n s t a n t  f o r  t h e  t r o p o s p h e r e /  

s u r f a c e  ocean  + b i o s p h e r e  e x c h a n g e .  T h is  a p p ro a c h  

a v o id e d  th e  p r e s e n t  d i s a g r e e m e n t  o v e r  t h e  r e l a t i v e  

c o n t r i b u t i o n s  o f  th e  i n d i v i d u a l  u p ta k e  r a t e s  by t h e  

s u r f a c e  ocean  and b i o s p h e r e  t o  t h e  o v e r a l l  t r o p o s p h e r e /  

s u r f a c e  ocean  + b i o s p h e r e  t r a n s f e r  r a t e  (9 1 ,  3 2 ) .  T h i s  

c o n t r o v e r s y  lias cau se d  v/ide v a r i a t i o n  i n  r e s u l t s  f o r  t h e  

t r o p o s p h e r e / s u r f a c e  ocean r a t e  c o n s t a n t  ( 0 . 0 4  (36 )  t o  

0 . 3 0  ( 7 9 ) ) .  The r a t e  c o n s t a n t ,  d e s c r i b i n g  t r o p o s p h e r e /

s u r f a c e  ocean  + b i o s p h e r e  exchange was assumed t o  b e  0 .2 3
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7 b a se d  on r e s u l t s  o f  0 . 2 5 ,  0 ,2 2  and 0 . 22  from d e t a i l e d  

s t u d i e s  by ITydal (32 ,  91) and P u n n i c h  and P o e t h e r  (34)  

r e s p e c t i v e l y .  Prom, t h e  d e f i n i t i o n  o f  exchange r a t e s  

k t u  "  jy- k ^ ,  where  IT̂  and ITr|1 r e p r e s e n t  th e  c a rb o n  

. i n v e n t o r i e s  o f  t h e  t o t a l  a tm o sp h e re  and t r o p o s p h e r e  

r e s p e c t i v e l y .  Thus k^ = 0 .8 4  x 0 .2 3  “  0 .1 9?  c o r r e s p o n d ­

in g  t o  an exchange  t im e  f o r  a t m o s p h e r e / s u r f a c e  ocean  + 

b i o s p h e r e  c a rb o n  t r a n s f e r  o f  a b o u t  5 . 3  y e a r s .  Prom t h e  

d i s t r i b u t i o n  o f  kJ(_u r e s u l t s  t h e  e s t i m a t e  i s  b e l i e v e d  t o  

be a c c u r a t e  t o  w i t h i n  1 0 / .

S in c e  k-^/kg = where !T~ i s  t h e  c a rb o n  c o n t e n t

o f  t h e  s u r f a c e  ocean  + b i o s p h e r e ,  kg i s  im m e d ia te ly  

d e f i n e d .  Thus kg = 0 . 1 9 / 1 . 7  = 0 . 1 1  ( ± 1 0 / ) .

A c c u r a te  a s s e s s m e n t  o f  k^ ,  th e  r a t e  c o n s t a n t  f o r  

s u r f a c e  ocean  + b i o s p h e r e / d e e p  o c ean  t r a n s f e r ,  has  n o t  

b een  p o s s i b l e  u n t i l  t h e  p r e s e n t  due t o  t h e  d e l a y  i n  

o c e a n i c  u p tak e  o f  t h e  e x c e s s  C -14 .  In  a r e c e n t  s t u d y ,  

how ever ,  E r g i n  (89 )  found  a v a l u e  o f  0 .0 5 8  f o r  h id -  

t h e  s u r f a c e  o c e a n /d e e p  ocean  r a t e  c o n s t a n t ,  c o r r e s p o n d i n g  

t o  an  exchange  t im e  o f  a b o u t  17 y e a r s .  S in c e  t e r r e s t r i a l

b i o s p h e r i c / d e e p  ocean  exchange  i s  an u n r e a l  c o n c e p t ,  k^
Ett :

must  be d e r i v e d  f rom  k , a c c o r d i n g  t o  k 7 = k 77 he r e
U i Q  J  i i T T  I l i v - 4

J

IT,, i s  t h e  c a rb o n  c o n t e n t  o f  t h e  o c ea n  s u r f a c e  l a y e r  Li
a l o n e .  Thus k^ = 0 . 7 1  x 0 .05 8  = 0 .0 4 1  ( ± 1 0 / ) ,  

c o r r e s p o n d i n g  t o  an  exchange  t im e  o f  a b o u t  24 .4  y e a r s .
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These  v a l u e s  o f  k ^  and k^ d e f i n e  k ^ , t h e  exchange  t im e

f o r  deep  s e a / s u r f a c e  ocean  t r a n s f e r ,  a t  a b o u t  860 y e a r s

w h ic h  i s  i n  g e n e r a l  a g reem en t  v / i th  p r e v i o u s  e s t i m a t e s

( 7 8 ,  93 ,  94) b a se d  on t h e  d i s t r i b u t i o n  o f  n a t u r a l  0 - 1 4 .

'T h e  i n t e r p r e t a t i o n  o f  d a t a  from r e c e n t  s t u d i e s  o f

t h e  exchange  o f  bomb-produced C-14 t h e r e f o r e  p ro d u ce d

t h e  f o l l o v / i n g  v a l u e s  o f  k ^ ,  kg ,  and  k^ f o r  e s t i m a t i o n

o f  t h e  ’’S u e s s  e f f e c t ” ,

^  = 0.19  ± 0 .0 2

k 2 = 0 . 1 1  ± 0 .0 1

k~ = 0 .0 4 1  t  0 ,0 0 4 .3
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R e s u l t s  o f  Th e o r e t i c a l  S t u d y .

The r e s u l t s  o f  t h e  "Suess  e f f e c t ” a s s e s s m e n t  a r e  

p r e s e n t e d  i n  Tab l e  10 and f i g u r e  32,  R o t t e d  l i n e s  

r e p r e s e n t  t h e  maximum and minimum v a l u e s  w i t h i n  th e  

l i m i t s  o f  e r r o r  o f  th e  r a t e  c o n s t a n t  e s t i m a t i o n s 0 Thus 

t h e  maximum "Suess  e f f e c t "  l e v e l s  were o b t a i n e d  w i t h  

= 0 . 1 7 ,  kg = 0 . 1 0 ,  k^ = 0 .0 3 7 ,  and minimum l e v e l s  

w i t h  = 0 . 2 1 ,  k^ = 0 . 1 2 ,  = 0 .045*  The v a l u e

o f  t h e  e f f e c t  a t  1950 i s  - 3 . 2 0  f  0 .2 2 ^  w h ich  seems 

l a r g e r  t h a n  t h e  o b se rv e d  a tm o s p h e r i c  d i l u t i o n  a t  t h a t  

t im e  ( a v e r a g e  - 2  t o  - 3 ^ ) .  n e v e r t h e l e s s  t h e  e s t i m a t e  i s  

i n  b e t t e r  a g reem en t  w i t h  t h e  o b s e r v e d  d e c r e a s e  t h a n  

p r e v i o u s  s t u d i e s  ( 2 2 ,4 8 ,  78, SO) w h ich  i n d i c a t e d  a mean 

v a l u e  o f  - 4 cp  a t  1950 .  P r e s e n t  day l e v e l s  a r e  a s s e s s e d  

a t  a b o u t  -5.94/S i n c r e a s i n g  by 0 . 2 ^  (A)/annum.

The “S u e ss  e f f e c t "  i n c r e a s e  be tween 1880 and  1969 

c a n  be s u b d i v i d e d  i n t o  3 d i s t i n c t  p e r i o d s  o f  e x p o n e n t i a l  

g r o w t h , ( f i g u r e  3 5 ) ;

( 1 )  1880 -  1915,  d u r i n g  w h ich  t h e  e f f e c t  d o u b le d
n 0 / 6+

e a c h  15 y e a r s  a c c o r d i n g  t o  3^ = - 0 . 3 0 e  (ft)
where 3^ i s  th e  m agn i tude  o f  t h e  " S u ess  e f f e p t "

t  y e a r s  a f t e r  1880,

(2 )  1915 -  1950,  d u r i n g . w h i c h  th e  e f f e c t  d o u b le d
0 n? i  -i-

i n  35 y e a r s  a c c o r d i n g  t o  = - 1 . 5 5 e  * (^ )
where  t  i s  in  y e a r s  s i n c e  1915,
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F I G U R E  33  

GROWTH O F ' S U E S S  EFFECT."
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and (3 )  1950 -  1 9 6 9 , . d u r i n g  which t h e  ”Su ess  e f f e c t ”

had a d o u b l i n g  t ime o f  21 y e a r s  d e s c r i b e d  by 

= -3  .10e^  (h)  v.iiero t  i s  in  y e a r s

s i n c e  1950.

- • F i g u r e  34 shows t h e  i n c r e a s e  in  t h e  s u r f a c e  ocean  

” S u e s s  e f f e c t ” , r e a c h i n g  - 2 . 0  i  0 . 1 ^  (A) in  1950 as  

compared  t o  th e  o b se rv e d  v a l u e s  o f  - 0 . 5  t o  -2 .0/6 ( 4 8 ,

49)*  P r e s e n t  l e v e l s  a r e  a b o u t  -3 .5 /^  w i t h  an  a n n u a l  

i n c r e a s e  o f  0 o13/^ (A) o Three  d i s t i n c t  g row th  p e r i o d s  

a r e  n o t i c e a b l e ;  (1 )  1885-1920  when S't  = - 0 . 2 0 e 0 , C 4 6 t ,

( 2 )  1920-1955 when S I  = - 1 . 0 4 e 0 , 0 2 1 t , and  (3 )  1 9 5 5 -  

1969) when S! = -2 .20e®*®^4 4 . The 5 ~ y e a r  phase  s h i f t  

be tw een  p e r i o d s  o f  s t e a d y  a tm o s p h e r i c  and o c e a n ic  

i n c r e a s e  a r i s e s  from t h e  a tm o s p h e r i c  00^ r e s i d e n c e  t i m e 0

D i s c u s s i o n  and I m p l i c a t i o ns o f  R e s u l t s .

( a )  A tm o sp h e r ic  C-14 C o n c e n t r a t i o n s  (1 5 6 0 - 1 9 6 9 ) .

T h e o r e t i c a l  v a l u e s  o f  t h e  ”S u e ss  e f f e c t ” a p p e a r  

s l i g h t l y  l a r g e r  t h a n  many o b s e r v a t i o n s  o f  p r e - 1 9 5 0  

C-14 c o n c e n t r a t i o n s .  - T h is  f i n d i n g  may s u g g e s t  e r r o r s  

i n  e i t h e r  t h e  e x p e r i m e n t a l  o r  t h e o r e t i c a l  methods o r  

i n  t h e  a s s u m p t io n  t h a t  f o s s i l  CO2 d i l u t i o n  was t h e  o n ly  

c a u s e  o f  the  o b s e r v e d  d e v i a t i o n s .  S in c e  th e  t h e o r e t i c a l  

t r e a t m e n t  v/as b a s e d  on models  which  have a s s e s s e d  t h e  

more complex  “bomb e f f e c t ” i t s  r e s u l t s  sh o u ld  be r e l i a b l e .
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I t  seemed e s s e n t i a l  t h e r e f o r e  t h a t  a s e r i e s  o f  e x p e r i ­

m e n t a l  m easu rem en ts  o f  p r e - 1 9 5 0  a tm o s p h e r i c  C-14 

c o n c e n t r a t i o n s  he made to  p e rm i t  a c c u r a t e  c o m par iso n  

w i t h  t h e o r e t i c a l  nS u e ss  e f f e c t 11 v a l u e s  ( C h a p te r  V ) .

I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  d e s p i t e  t h e  

i n c r e a s e d  v a l u e s  o f  t h e  "S uess  e f f e c t "  d u r i n g  t h i s  

decade  r e c e n t  s t u d i e s  o f  "bomb-produced C-14 t r a n s p o r t  

have n e g l e c t e d  i t s  i n f l u e n c e .  The r e s u l t a n t  e r r o r  i n  

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

C-14 c o n c e n t r a t i o n s  amounts  t o  a maximum o f  5^ and 

i n t r o d u c e s  an  e r r o r  o f  a b o u t  3 .5 $  in  c a l c u l a t i o n s  o f  

t h e  a tm o s p h e r e / o c e a n  exchange r a t e  c o n s t a n t .  S in c e  

t h i s  e r r o r  l i e s  w i t h i n  th e  l i m i t s  o f  a c c u r a c y  o f  most  

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

e f f e c t "  seems j u s t i f i e d .

(b)  I m p l i c a t i o n s  f o r  t h e  R a d io c a rb o n  D a t i n g  Hethod®

The r e s u l t s  o f  t h e  t h e o r e t i c a l  s t u d y  o f  t h e  " S uess  

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

c a r b o n  d a t i n g  p r a c t i c e  t h a t  1890 wood, th e  p r im a ry  

modern s t a n d a r d  m a t e r i a l ,  was f r e e  from f o s s i l  COg 

d i l u t i o n .  Prom th e  t h e o r e t i c a l  t r e a t m e n t ,  t h e  ‘-Suess . 

e f f e c t "  i n  1890 amounted t o  - 0 . 4 8  i  0.02/&o I t  seems 

c e r t a i n  t h e r e f o r e  t h a t  t h e  a tm o s p h e r i c  C-14 a c t i v i t y  

a t  t h a t  t im e  was a l r e a d y  s i g n i f i c a n t l y  d i l u t e d  by
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i n a c t i v e  COg. I f  i t  i s  assumed t h a t  no o t h e r  e f f e c t s  

c o n t r i b u t e d  t o  v a r i a t i o n s  in  a tm o s p h e r i c  0-14 c o n c e n ­

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

t h e  d a t i n g  method i s  i n  e r r o r ,  t h e  s i z e  o f  su c h  an e r r o r ,  

how ever ,  would be s m a l l ,  a m o un t in g  t o  -0 .25/"  in  A  ( c a .

20 y e a r s )  f o r  a sample  5 ,5 7 0  y e a r s  o ld  and h a l v i n g  w i t h  

e a c h  C-14 h a l f - l i f e .  The e r r o r  in v o lv e d  in  t h e  

a n a l y s e s  o f  sam ples  from t h e  n u c l e a r  e r a  would be more 

s i g n i f i c a n t  w i t h  a maximum o f  1$ (A) f o r  a sample  10C^ 

above t h e  " n a t u r a l "  l e v e l .

( c )  P r e d i c t i o n  o f  f u t u r e  "Suess  e f f e c t "  ( 1 9 6 9 - 2 , 0 2 5 ) .

P r e d i c t i o n  o f  t h e  "S u ess  e f f e c t "  i s  d e p en d e n t  on

an a c c u r a t e  e s t i m a t e  o f  f u t u r e  t r e n d s  in  f o s s i l  f u e l

c o n s u m p t io n .  These t r e n d s  a r e  u n c e r t a i n ,  how ever ,  s i n c e

th e  f u t u r e  c o n t r i b u t i o n s  t o  the  w o r l d ' s  e n e rg y  needs  o f

n u c l e a r  end s o l a r  e n e rg y  s o u r c e s  a r e  no t  p r e c i s e l y

known. The r e c o v e r a b l e  r e s e r v e s  o f  c o n v e n t i o n a l  f o s s i l

f u e l s  a r e  e s t i m a t e d  a t  a b o u t  3x10 '  t o n s  o f  c o a l  and
1£l i g n i t e  and 4 .5 x 1 0  ' e q u i v a l e n t  t o n s  o f  o i l  p r o d u c t s  

and n a t u r a l  gas  ( S i ) .  These r e s e r v e s  a r e  s u f f i c i e n t  t o  

p e r m i t  t h e  c o n t i n u e d  c o nsum pt ion  o f  p r im a ry  f u e l  a t  

p r e s e n t  l e v e l s  f o r  a b o u t  500 y e a r s ,  f u t u r e  t r e n d s  

t h r o u g h  2 ,025  A .P .  a r e ,  t h e r e f o r e ,  l a r g e l y  d e p en d e n t  on 

t h e  econom ics  o f  e n e r g y  a l t e r n a t i v e s ®
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I n  1955 th e  Un i t ed  U a t i o n s  p r e d i c t e d  an a v e r a g e  

compound r a t e  o f  i n c r e a s e  in  f o s s i l  f u e l  u t i l i s a t i o n  o f  

3• 5 $ / annum. At t h i s  r a t e  t h e  c u m u l a t i v e  t o t a l  e x c e s s  

00^ e m i s s i o n  by 2 ,0 25  would . amount  t o  a b o u t  180$ o f  th e  

n a t u r a l  a t m o s p h e r i c  C0£ c o n t e n t ,  r e q u i r i n g  50$ o f  t h e  

p r e s e n t  f u e l  r e s e r v e s *  Based on t h i s  e s t i m a t e  t h e  

a n n u a l  i n  j e c t i o n s  o f  f o s s i l  00^ were c a l c u l a t e d  and th e  

r e s u l t a n t  "S u e ss  e f f e c t "  p r e d i c t e d  u s i n g  the  t h e o r e t i c a l  

model* The r e s u l t s  i n d i c a t e d  t h a t  t h e  "S u ess  e f f e c t "  v7ould 

amount t o  -8 * 6 $ ,  - 1 6 . 0 $  and - 3 1 . 1 $  i n  1930, 2 ,0 0 0  and 

2 ,0 2 5  r e s p e c t i v e l y .

S in c e  t h e  U n i t e d  n a t i o n s  p r e d i c t i o n  o f  1955? however,  

a n n u a l  f u e l  c o nsum pt ion  has i n c r e a s e d  on a v e r a g e  by 4 . 5 $ /  

annum. I f  p r e s e n t  t r e n d s  c o n t i n u e  t h e  t o t a l  e x c e s s  o f  CO2 

would amount t o  more t h a n  205$ o f  t h e  n a t u r a l  a t m o s p h e r i c  

OO2 i n v e n t o r y  by 2 ,025  and would e x h a u s t  56$ o f  t h e  

p r e s e n t  f u e l  r e s e r v e s .  I f  t h e  r a t e  o f  i n c r e a s e  o f  4 . 5 $ /  

annum i s  m a i n t a i n e d  t h e  "S uess  e f f e c t "  would amount t o  

- 8 . 9 $ ,  “ 1 8 .7 $  and - 4 0 . 7 $  in  1980, 2 ,0 0 0 ,  and 2 ,025  r e s p e c t ­

i v e l y .

E x t r a p o l a t i o n  o f  t h e  i n c r e a s e  i n  t h e  " S u ess  e f f e c t "  

be tw een  1950 and 1969 (S^ = - 3 . l e 0 * ^ 4 t ) pr8(3j_c -̂s v a lu e s '  

o f  - 8 . 6 $ ,  - 1 7 . 0 $  and -3 9 .7 $  i n ‘1980,  2 ,0 0 0 ,  and  2 ,025  

r e s p e c t i v e l y .

These p r e d i c t i o n s  t h e r e f o r e  imply v e r y  marked
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i n c r e a s e s  in  a tm o s p h e r i c  c o n c e n t r a t i o n s  o f  f o s s i l  00^ 

d u r i n g  t h e  n e x t  55 y e a r s  a m o un t in g  t o  a b o u t  9*5b>, 23 

and 5C$ o f  t h e  normal  a tm o s p h e r i c  CO^ c o n t e n t  hy 1980, 

2 , 0 0 0 ,  2 ,0 2 5  r e s p e c t i v e l y .  A d m i t t e d l y  t h e  b a s e s  o f  

t h e s e  e s t i m a t e s  a r e  somewhat u n c e r t a i n ,  h u t  i t  seems 

u n l i k e l y  t h a t  t h e y  c o u ld  be i n  e r r o r  by an o r d e r  o f  

m a g n i tu d e  s i n c e  t h e  c o n t r i b u t i o n  o f  n u c l e a r  e n e r g y  t o  

t h e  w o r l d ’ s e n e r g y  r e q u i r e m e n t s  i s  no t  e x p e c t e d  t o  

ex c e e d  20^ o f  t h e  t o t a l  needs  d u r i n g  t h i s  p e r i o d  ( 8 2 ) .  

In d ee d  i t  seems p o s s i b l e  t h a t  t h e  p r e d i c t i o n s  may be 

u n d e r e s t i m a t e s  b e c a u se  o f  th e  f o l l o w i n g  f a c t o r s ;

( 1 )  A c c o r d in g  t o  t h e  t h e o r e t i c a l  t r e a t m e n t  by B o l i n  

and  E r i k s s o n  (78)  l a r g e - s c a l e  a d d i t i o n  o f  CC>2 t o  t h e  

o c e a n s  c o u ld  lo w e r  t h e  pH and t h e r e b y  d e c r e a s e  t h e  

d i s s o c i a t i o n  o f  t o  HCO^/CO The p a r t i a l

p r e s s u r e  o f  GO2 i n  e q u i l i b r i u m  w i t h  t h e  ocean r e s e r v o i r  

i s  p r o p o r t i o n a l  t o  t h e  number o f  COg and HgCO^ m o le c u le s  

i n  t h e  w a t e r . '  T h e r e f o r e  an i n c r e a s e  i n  th e  CO^ p a r t i a l  

p r e s s u r e  v/ould o c c u r  w h ich  would be much l a r g e r  t h a n  

t h e  i n c r e a s e  in  t o t a l  c a r b o n  c o n t e n t  o f  t h e  o c e a n s .  The

r e s u l t  would be a r e d u c t i o n  i n  t h e  a tm o s p h e r e / o c e a n  m ix ing  

r a t e  w i t h  an a tm o s p h e r i c  ’’Suess  e f f e c t ” l a r g e r  t h a n  

p r e d i c t e d .

(2 )  The i n c r e a s e d  a tm o s p h e r i c  00^ c o n t e n t  i m p l i e d  by t h e  

r i s e  i n  t h e  ’’S uess  e f f e c t ” c o u ld  s i g n i f i c a n t l y  i n c r e a s e
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e q u i l i b r i u m  s u r f a c e  t e m p e r a t u r e s  t h r o u g h  enhanced  

a b s o r p t i o n  and e m is s io n  o f  i n f r a r e d  r a d i a t i o n  t o  t h e  

e a r t h ’ s s u r f a c e .  A t e m p e r a t u r e  r i s e  i n i t i a t e d  by 

t h i s  mechanism would be r e i n f o r c e d  by i n c r e a s e d  

a tm o s p h e r i c  H^O c o n c e n t r a t i o n s  l e a d i n g  t o  a d d i t i o n a l  

downward i n f r a r e d  f l u x .  At t h e  same t im e  a d e c r e a s e d  

c lo u d  c o v e r  due t o  lo w e r  r a t e s  o f  r a d i a t i o n a l  c o o l i n g  

a t  c lou d  t o p s  would a l l o w  more d i r e c t  s o l a r  r a d i a t i o n  

t o  r e a c h  t h e  e a r t h ' s  s u r f a c e .  An i n c r e a s e  o f  50$ in  

a tm o s p h e r i c  CO2 c o n c e n t r a t i o n s  by 2 ,025  cou ld  i n c r e a s e  

e a r t h  t e m p e r a t u r e s  by a b o u t  2°CL ( 5 3 ) .  The s e c o n d a r y  

e f f e c t s  would r e i n f o r c e  t h i s  r i s e .  A m inor  i n c r e a s e  i n  

ocean  t e m p e r a t u r e s  c o u ld  r e s u l t  from t h e s e  e f f e c t s  w i t h  

a su b s e q u e n t  r i s e  i n  th e  CO2 c o n t e n t  o f  t h e  a tm o sp h e re  

( 6 9 ) .  S in c e  t h i s  e x c e s s  CO2 'would be o f  a lo w e r  s p e c i f i c  

C-14 c o n t e n t  t h e  ’’S u e ss  e f f e c t ” would be i n c r e a s e d .

(3 )  The r e t u r n  o f  i n a c t i v e  c a rb o n  f rom t h e  deep  ocean  

r e s e r v o i r  was n e g l e c t e d  in  t h e  t h e o r e t i c a l  t r e a t m e n t .

I n  t h e  f u t u r e ,  however ,  t h e  i n c r e a s e d  r e l e a s e  o f  f o s s i l  

CO2 o v e r  t h e  l o n g e r  t im e  p e r i o d  c o u ld  r e s u l t  i n  r e t u r n  

from th e  deep ocean  o f  q u a n t i t i e s  o f  i n a c t i v e  CC>2 s u f f i c i e n t  

t o  r a i s e  th e  a tm o s p h e r i c  ’’S u e ss  e f f e c t ” by 1 t o  5 ^ .

P o r  t h e s e  r e a s o n s  i t  seems p o s s i b l e  t h a t  t h e  "S u e ss  

e f f e c t ” c o u ld  i n c r e a s e  by a f a c t o r  o f  10 d u r i n g  t h e  n e x t  

50 t o  100 y e a r s .  I n d e e d ,  ba sed  on th e  p r e d i c t i o n  o f  t h e
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bomb-produced C-14 d i s t r i b u t i o n  ( C h a p te r  I I I ) ,  i t  seems 

p o s s i b l e  t h a t  t h e  " n e t "  a tm o s p h e r i c  C-14 c o n c e n t r a t i o n  

c o u ld  d e c r e a s e  be low t h e  " n a t u r a l "  l e v e l  by a b o u t  1990• 

T h e r e a f t e r  c o n c e n t r a t i o n s  may f a l l  m a r k e d ly .

. I t  i s  a l s o  s i g n i f i c a n t  t h a t  a t m o s p h e r i c  CC>2 c o n c e n ­

t r a t i o n s  a r e  l i k e l y  t o  i n c r e a s e  t h r o u g h  (1)  t h e  p r e s e n t  

e x p o n e n t i a l  i n c r e a s e  in  w o r ld  p o p u l a t i o n ,  and (2)  t h e  

d e c r e a s e  i n  s i z e  o f  t h e  p l a n t  b i o s p h e r e  t h r o u g h  su b ­

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

a r e a s  f o r  r u r a l  l a n d .  A c c o r d in g  t o  Putnam (8 2 )  t h e  

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

rem o v a l  from t h e  a tm o sp h e re  o f  q u a n t i t i e s  o f  CC^ s e v e r a l  

t i m e s  a s  l a r g e  a s  t h o s e  i n j e c t e d  by f o s s i l  f u e l  c o n s u m p t i o n 0 

C e r t a i n l y  a d e c r e a s e  in  c a rb o n  f i x a t i o n  by p l a n t s  ( am ount-  

i n g  t o  a b o u t  1 .6 3  x 10 t o n s  o f  c a rbon /annum  ( 9 6 ) )  c o u ld  

s i g n i f i c a n t l y  i n c r e a s e  a tm o s p h e r i c  CO2 c o n c e n t r a t i o n s .

I n  a d d i t i o n  th e  CO2 r e l e a s e d  t h r o u g h  th e  b r e a t h i n g  o f
11a n im a l  l i f e  c o u ld  i n c r e a s e  f rom  0 . 9  x 10 t o n s  o f  CO2 

d u r i n g  1800-1850  (82 )  t o  2 08 x 1 0 ^  t o n s  o f  CO2 d u r i n g

1 9 5 0 - 2 , 0 0 0 ,  and t o  a b o u t  4 . 1  x 10'L'5' t o n s  o f  CO2 d u r i n g

2 , 0 0 0 - 2 , 0 5 0  a s  th e  w o r ld  p o p u l a t i o n  i n c r e a s e s  f rom 8 . 9 ’x

10® i n  1880 t o  a b o u t  4 x 10^ by 2 ,0 0 0  and 7 . 2  x  10^ by

2 ,0 5 0  ( 8 2 ) .  Thus th e  c a l c u l a t e d  i n c r e a s e  i n  a t m o s p h e r i c  

CO2 c o n c e n t r a t i o n s  t h r o u g h  e m is s io n  o f  f o s s i l  f u e l  CO2 

a l o n e  amounts  a t  p r e s e n t  t o  6 . 3 p  compared t o  th e  o b s e r v e d



i n c r e a s e ,  f rom 2 9 0 p .p .m .  t o  3 1 3 p .p .m .  ( 5 2 ) ,  o f  9.7/-'.

I t  seems c e r t a i n  t h e r e f o r e  t h a t  t h e  i n c r e a s e  in  a t n o s p h e r i  

CO2 c o n t e n t  d u r i n g  t h e  n e x t  c e n t u r y  v / i l l  he l a r g e r  t h a n  

t h a t  due t o  f o s s i l  f u e l  consum pt ion  a l o n e .  S in c e  a 100/* 

i n c r e a s e  i n  a t m o s p h e r i c  CC^ c o n t e n t  would r a i s e  w or ld  

t e m p e r a t u r e s  by a t  l e a s t  4 ° C . ( 5 3 )  i t  seems p r o b a b l e  t h a t  

s i g n i f i c a n t  c l i m a t i c  c h an g e s  w i l l  o c c u r .  One r e s u l t  o f  

s u c h  a change cou ld  be a r i s e  in  s e a  l e v e l  due to  m e l t i n g  

o f  p o l a r  i c e  s h e e t s .  This  p r o c e s s  i s  s low ,  however ,  

s i n c e  d o u b l in g  t h e  CO2 c o n t e n t  o f  t h e  a tm o sp h e re  i n c r e a s e s
p

t h e  downward e n e r g y ' f l u x  by a p p r o x i m a t e l y  0 .0 1  c a l . / c m - . 

r a i n . ( 5 3 ) .  Assuming IQffo o f  t h i s  e n e rg y  i s  a b s o rb e d  by t h e  

i c e ,  i t  would t a k e  1 5 ,0 0 0  y e a r s  t o  m e l t  an i c e  s h e e t  1 km. 

i n  t h i c k n e s s ,  n e v e r t h e l e s s  i t  seems p o s s i b l e  t h a t  t h e  

s e n s i t i v e  e q u i l i b r i u m  p r o c e s s e s  o f  t h e  c a rb o n  c y c l e  c o u ld  

be s i g n i f i c a n t l y  a l t e r e d  d u r i n g  t h e  n e x t  c e n t u r y .  I t  i s  

e s s e n t i a l  t h e r e f o r e  t h a t  f u t u r e  w o r ld  e n e r g y  r e q u i r e m e n t s  

be met by new e c o n o m ic a l  e n e r g y  s o u r c e s  o t h e r  t h a n  f o s s i l  

f u e l s .



V

ATMOSPHERIC CARPOR-14 COHCHRORAPIOHS ( 1 8 9 0 - 1 9 5 0 ) .

Sample A n a l y s i s .

A d e t a i l e d  s e r i e s  o f  p l a n t  m a t e r i a l s  o f  known a g es  

and l o c a t i o n s  o f  g ro w th  v/as r e q u i r e d  f o r  t h e  measurement  

o f  a n n u a l  a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  d u r i n g  t h e  

p a s t  c e n t u r y .  A l th o u g h  t h e  i d e a l  number o f  sam ples  

a p e r  y e a r )  v/as no t  o b t a i n a b l e ,  a s a t i s f a c t o r y  s e r i e s  

was c o l l e c t e d  and a n a l y s e d .  The m a t e r i a l s  c o n s i s t e d  o f  

e i t h e r  ( a )  m a l t  w h i s k i e s  and v i n t a g e  w ines  o r  (b )  f l a x  

s e e d s  and c e r e a l s .  The l a t t e r  were assumed, t o  be a c c u r a t e  

i n d i c a t o r s  o f  a tm o s p h e r i c  C-14 a c t i v i t i e s  by a n a l o g y  w i t h  

t r e e ,  s e e d s  and w i t h  th e  r e s u l t s  o f  Tauber  ( 7 1 ) .  In  

a d d i t i o n ,  4 wool sam ples  were a n a l y s e d .  These were 

assum ed to  be v a l i d  i n d i c a t o r s  o f  a tm o s p h e r i c  C-14 c o n ­

c e n t r a t i o n s  b a sed  on th e  r e s u l t s  o f  a 1962 sample  

(grown 1961-62).  w h ich  had a C-14 c o n t e n t  o f  21o73 1 0 .6 1 #  

(A), t y p i c a l  o f  1961 a tm o s p h e r i c  C-14 a c t i v i t y  l e v e l s .

The r e s u l t s  o f  a l l  C-14 a n a l y s e s  a r e  shown i n  T a b l e s  

1 1 - 1 3 .  One m ark e d ly  anomalous r e s u l t  was o b t a i n e d ;  t h e  

1918 wine sample (T ab le  12) had a C-14 a c t i v i t y  t y p i c a l  

o f  1963 a tm o s p h e r i c  C-14 a c t i v i t i e s .  He s a t i s f a c t o r y  

e x p l a n a t i o n  o f  t h i s  o b s e r v a t i o n  was found a l t h o u g h  t h e  

h i g h  C-14 a c t i v i t y  must have been  cue e i t h e r  to  an e r r o r

137
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TAB IP  11

C-14 COBCS'TTRATIOITS OP H E -1954 I.IA1T V/HISKIES

Year  o f  S C - 1 4  (£ )  ' S o -1 3  (fa)  A p )
P l a n t  Gro’.vtli + l c T  + l'fao(2&) + lO""

1919 - 1 .5 8 JL 0 .5 8 - 27 .09 - 1 .1 7 £ 0 .59

1920 - 1-.97 + 0 .5 8 - 25 .67 - 1 .8 4 £ 0 .5 9

1925 -

CO« 0 .57 - 2 7 .7 2 - 2 .85 + 0 .5 9

1933 + 0 .06 J- 0 .64 - 19.94 - 0.95 + 0 .66

1935 - 1.74 + 0 .5 2 - 2 7 .6 0 - 1 .2 3 + 0 .54

1937 - 1 .1 4 + 0.54 - 19 .9 4 - 2 .14 + 0 .5 6

1939 - 3 .4 9 + 0 .57 - 28 .08 - 2 .9 0 + 0 .5 9

1941 - 2 .6 8 + 0 .6 6 - 2 6 .6 1 - 2 .3 7 + 0 .6 8

1945 - 4 .3 2 + 0 .6 8 - 2 3 .8 1 - 4 .5 5 + 0 .7 0

1947 - 5 .6 9 + 0 .4 7 - 27 .86 - 5 .1 5 + 0 .4 9

1947 - 5 .8 8 + 0 .7 3 - 2 9 .1 1 - 5 .0 9 + 0 .7 5

1949 - 3 .1 3 0 .6 8 - 2 4 .0 1 - 3 .16 + 0 .7 0

1951 - 2 .8 1 + 0 .6 2 - 2 9 .5 2 - 1 .9 3 + C.64

1953 - 3 .6 0 + 1 .4 7 - 2 6 .4 0 - 3 .3 0 + 1 .49
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t a b u :  12

c -1 4  c o i p e b t r a t i o i t s  c?  1 1 1 -1 9 5 0  p u p s

Year  o f  SC-14 SO-1 3  (;^) A ( £ )
P l a n !  Growth + ler' + l c/a>(2o) + 1 o '

1S97 - 1 .6 9 + 0 .5 2 - 30.16 - 0 .6 8 • f - 0.54

1906 - 2 .8 1 + 0 .5 7 - 29 .17 - 2o00 0 .5 9

1907 - 4 .7 3 + 0 .5 0 - 38.34 - 2 .19 + 0 .54

1907 - 2 .7 0 j . 0 .5 2 - 2 7 .8 0 - 2 .15 + 0 .54

19 08 - 3 .34 + 0 .5 3 - 29 .86 - 2 .4 0 _i_ 0 .54

1914 - 2 .3 6 + 0 .5 2 - 30 .52 - 1 .2 8 + 0 .54

1914 - 0 .96 a. 1 .0 8 - 29 .35 - 0 .1 0 + 1 .0 9

1917 - 4 . 0 1 + 0 .56 - 31 .58 - 2 .75 + 0 .5 8

1918 97 .63 j. 1 .7 4 - 2 9 .6 1 +99 .45 + 1 .7 7

1920 - 1 .6 3 + 0 .52 - 3 0 .5 1 - 0 .54 + 0 .54

1926 - 3 .26 + 0 .5 7 - 28 .67 - 2 .55 -f 0 .5 9

1927 - 4 .5 6 + 0 .4 7 - 31 .5 8 - 3 .3 0 + 0 .4 9

1923 - 3 .15 + 0 .5 8 - 32 .02 - 1 .7 9 + 0 .6 0

1928 - 2 .19 + 0 .5 2 - 28 .37 - 1 .5 3 + 0 .54

1929 - 2 .2 5 JL 0 .5 3 - 31 .67 - 0 .95 + 0 .55

1929 - 2 .8 1 J . 0 .5 2 - 3 1 0  36 - 1 .5 7 + 0 .54

1929 — 2 .14 + 0 .5 7 - 29 .7 3 - 1 .2 0 *T* 0 .5 9



n /  r \  
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TAB1B 13

C-14 COBCBBTM^IOITS C? BBE-1950 PIAX SBBDS,

CBESABS ABB Y/OCL

/ 0 \P l a x  and c e r e a l s  g ro T.7n n e a r  B e l f a s t  (34 35 !N .)

( a )  PLAX SEBBS ( Linum u s i t a t i s s i r n u in )

Year o f  6  0 -14  (£ )  S C -1 3  ( f - )  A ( ^ )
P l a n t  Growth + lcT + l^o (2cr) + l c r '

1934 - 3 .49 + 0 .5 7 - 3 3 .2 1 - 1 .9 1 J- 0 .5 9

1936 - 4 .3 3 + 0 .5 2 - 29.94 - 3 .3 8 + 0 .5 4

1938 - 4 .7 3 + 0 .6 9 - 3 2 .60 - 3 .2 8 + 0 .7 1

1938 - 4 . 5 0 + 0 .4 7 - 30.66 - 3 .42 + 0 .4 9

1940 - 3 .7 7 + 0 .5 2 - 3 0 .1 1 - 2 .7 9 + 0 .54

1942 - 3 .8 3 + 0 .5 7 - 3 2 .1 0 - 2 .46 + 0 .5 9

1943 - 4 .4 5 + 0 .5 3 - 30 .68 - 3 .36 + 0 .55

1944 - 5 .2 9 + 0 .55 - 32.64 - 3 .84 + 0 .5 8

1945 - 5 .80 0 . 5 1 - 30 .69 - 4 .7 3 + 0 .5 3

1946 - 6 .0 8 + 0 .5 2 - 31 .9 9 - 4 .7 7 JL 0 .55

1947 - 5 .9 9 + 0 .3 9 - 30 .72 - 4 . 9 2 + 0o42

1948 - 6 .0 8 + 0.56 - 3 1 . 0 4 ' - 4 .95 + 0 .5 9

1950 — 5 .0 7 + 0 .57 - 29 .08 - 4 .2 9 + 0 .5 9
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ABLE 13 ( c G n t . )

C-14 co::cei :tlat I  CITS OP PRE-1950 PLAX SLABS 9

c:VESALS AHI) V/OOL

(b )  CEIGAIS AID V/OOL

Sample Year  o f  
C-rcrvth

SC -14  (Y) 
+ icr

6  0 -13  (&)
+ l/oo ( 2cr)

A (D  
+ i c r

O a t s t  1935 -  2 .35 + 0 .5 0 -  30 .26 -  1 .3 2  + 0 .5 2

B a r l e y *  1936 -  4 .0 0 + 0 .5 7 -  3 0 .0 1 -  3 .04  + 0 .5 9

’.7ooL 1851 -  3 .04 + 0 .75 -  31 .79 -  1 .7 2  + 0 .7 7

V/ool 1851 -  2 .3 1 + 0 .74 -  27 .46 -  1 .8 3  ± 0 .7 b

'i7ool 1944 -  4 . 1 1 + 0 .5 3 - 30 .52 - 3 .0 5  + 0.55

Wool 1962 +20.36 + 0 .59 -  30o68 + 2 1 .7 3  + 0 . 6 1

t s p e c i e s  Avena s t e r i l i s

* s p e c i e s  Horde urn d i s t i c h u m

$ wool sam ples  grown i n  Y o r k s h i r e , England  ( c a . 54°IT.) •

j



14 2

i n  i d e n t i f i c a t i o n  o r  to  sample c o n t a m i n a t i o n .  S ince  

t h e  sample  a c t i v i t y  v;as h i g h e r  th an  any o t h e r  measured  

i n  t h e  l a b o r a t o r y ,  c o n t a m i n a t i o n  d u r i n g  CH^- p r e p a r a t i o n  

seems u n l i k e l y .  In deed  c o n t a m i n a t i o n  by n a t u r a l '  c a rb o n  

c o u ld  no t  p roduce  su c h  a h ig h  C-14 c o n c e n t r a t i o n ,  so 

t h a t  i t  seems l i k e l y  t h a t  th e  r e s u l t  mas due t o  m i s t a k e n  

i d e n t i t y  o f  t h e  sam p le .

S e v e r a l  sam ples  b e l o n g i n g  t o  1945-47  were a n a l y s e d  

a s  a check  on th e  v a l i d i t y  o f  t h e  low A  v a l u e s  found  f o r  

t h i s  p e r i o d .

Comparison  o f  A tm osp h e r ic  C-14 A c t i v i t i e s  and "Suess  
e f f e c t 11 D a ta  7

f i g u r e  35 p r e s e n t s  a c o m p ar ison  o f  t h e  sample  C-14 

c o n c e n t r a t i o n s  and th e  t h e o r e t i c a l  "Suess  e f f e c t ” v a l u e s  

c a l c u l a t e d  i n  C h a p te r  IV. The p l o t  shows t h a t

( 1 )  t h e " S u e s s  e f f e c t ” cu rv e  p a s s e s  t h r o u g h  th e  

o b s e rv e d  C-14 a c t i v i t i e s  w i t h i n  0 . 5 $  o f  t h e  

b e s t  f i t  s t r a i g h t  l i n e  t h r o u g h  th e  d a t a  

d e f i n e d  b y A ^  = 0 . 1 4 - 0 . G i t  ( $ )  where t  i s  t im e  

i n  y e a r s  s i n c e  1695* The " S uess  e f f e c t ” v a l u e s ,  

however ,  a r e  c o n s i s t e n t l y  s m a l l e r  t h a n  th e  

d e v i a t i o n s  p r e d i c t e d  by t h i s  e q u a t i o n ,  

and (2 )  th e  o bse rv ed  p o i n t s  a r e  s c a t t e r e d  w e l l  o u t w i t h  

s t a t i s t i c a l  e r r o r s .  Thus,  f o r  exam ple ,  t h e  

mean 1935 and 1945 C-14 a c t i v i t i e s  d i f f e r  by
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14 4

-3*36. 1 1 .1 4 $  ( 2d) w he rea s  a d e v i a t i o n  o f  0 o57$ 

i s  i m p l i e d  by c o n s i d e r a t i o n  o f  t h e  "S u ess  e f f e c t "  

a lo n e *

The n o n - s t a t i s t i c a l  s c a t t e r  o f  r e s u l t s  would t h e r e f o r e  

a p p e a r  to  i n d i c a t e  a n n u a l  d e v i a t i o n s  in  a tm o s p h e r i c  C-14 

a c t i v i t i e s  due t o  i n f l u e n c e s  o t h e r  t h a n  t h e  "S u ess  e f f e c t 15. 

That  t h e  t h e o r e t i c a l  f o s s i l  CO^ d i l u t i o n  cu rve  p a s s e s  

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

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

have ( l )  f l u c t u a t e d  a b o u t  t h e  " n a t u r a l "  l e v e l ,  and

(2 )  c a u se d  an a v e r a g e  d e c r e a s e  o f  c a .  0 . 5 $  i a  a t m o s p h e r i c  

C-14 c o n c e n t r a t i o n s  d u r i n g  t h e  p e r i o d  1890-1950*

The o b s e r v e d  C-14 c o n c e n t r a t i o n s  a p p e a r  t o  be 

s l i g h t l y  lo w e r  t h a n  th e  a v e r a g e  r e s u l t s  o f  some w o r k e r s <> 

Agreement  was f o u n d ,  how ever ,  w i t h  t h e  r e s u l t s  o f  B r o e c k e r  

and Olson ( - 3 . 2 $  a t  1938 ,  - 3 . 0 $  a t  1954 ( 7 0 ) )  and  Cowan 

e t  a l  ( c a .  - 2 . 5 $  a t  1923 ( 9 7 ) ) .  Because  o f  t h e  p o s s i b i l i t y  

t h a t  an a d d i t i o n a l  p e r t u r b a t i o n  f a c t o r  e x i s t s  th e  r e s u l t s  

o f  S u e s s  and o f  e a r l y  i n v e s t i g a t o r s  who used  a p r e - 1 8 9 0  

wood a s  t h e i r  modern s t a n d a r d  may no t  be d i r e c t l y  compar­

a b l e  w i t h  d a t a  based  on t h e  1T.B.S. o x a l i c  a c i d  s t a n d a r d .  

Walton  and B a x t e r  (43)  have p o i n t e d  o u t  t h a t  a n a l y s e s  • 

b a sed  on p r e - 1 8 9 0  wood a s  s t a n d a r d  may d i f f e r  s i g n i f i c a n t l y  

f rom c o n v e n t i o n a l  a n a l y s e s  b ased  on th e  1T.B.S. s t a n d a r d .  

Thus t h e  r e s u l t s  o f  t h e  1851 v/ool sam ples  (T a b le  13)



14 5

s u g g e s t  a C-14 c o n c e n t r a t i o n  i n  1850 o f  c a ,  - 1 . 7 5 $  

r e l a t i v e  to  t h e  1890 l e v e l .  A n a ly s e s  “based  o n . t h e s e  

sam ples  a s  modern s t a n d a r d  would t h e r e f o r e  s u g g e s t  C-14 

a c t i v i t y  d e v i a t i o n s  d u r i n g  t h e  e a r l y  2 0 th  c e n t u r y  

c a . . l , 7 5 cp  s m a l l e r  t h a n  t h e s e  found  u s i n g  t h e  c o n v e n t i o n ­

a l  s t a n d a r d ,

N a t u r a l  f l u c t u a t i o n s  o f  A tm o sp h e r ic  C-14 C o n c e n t r a t i o n s  
( 1 8 9 0 - 1 9 5 0 ) .

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

C-14 c o n c e n t r a t i o n s '  i n  t h e  a b se n c e  o f  t h e  "S u ess  e f f e c t 11 

d u r i n g  t h e  p e r i o d  189Q to  1950 was a c h i e v e d  by c o r r e c t i o n  

o f  t h e  o b s e r v e d  e x p e r i m e n t a l  d a t a  w i t h  t h e  r e s u l t s  o f  t h e  

t h e o r e t i c a l  s t u d y  f o r  f o s s i l  CO2 d i l u t i o n .  Thus

='^ - A s  ’ w h e r e A j j  r e p r e s e n t s  t h e  e f f e c t  o f  t h e  a d d i t i o n a l  

p e r t u r b a t i o n  andA g  r e p r e s e n t s  t h e  t h e o r e t i c a l  nS u e ss  

e f f e c t "  v a l u e ,  A ^  v a l u e s  a r e  p r e s e n t e d  i n  T ab le  14 .

S in c e  t h e  e r r o r s  onA^.  do n o t  d i f f e r  s i g n i f i c a n t l y  f rom 

t h e  e r r o r s  o n A  t h e  s c a t t e r  o f Z \ T v a l u e s  i s  a g a i n  m ark ed ly  

o u t w i t h  t h e  2cr s t a t i s t i c a l  e r r o r s  i n d i c a t i n g  t h a t  th e  

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

r e s u l t s  ( f i g u r e  36) r e v e a l s  a c y c l i c  f l u c t u a t i o n  w h ich  

a p p e a r s  to  be c l o s e l y  i n  phase  and n e g a t i v e l y  c o r r e l a t e d  

w i t h  t h e  11- y e a r  s u n s p o t  c y c l e .  Thus in  t h e  d ia g r a m ,  

a n n u a l  mean s u n s p o t  numbers ,  o b t a i n e d  from t h e  R o y a l  

G reenw ich  O b s e r v a t o r y ,  a r e  p l o t t e d  on an i n v e r s e  s c a l e 0



TABIo 14
146

TO
_ vA O  J .  Y-'-J — l c -14  cc::c3::iTJ.Tio;rs (1 8 9 0 -1 9 5 4 ) co ek ecss i!  

'Olt "SU1S3 EKT-CS" BIHJSIOK

Yaar a  (■;') + i c r (fO0 + i c r A s  (£ ) + i c r

1397 _ 0 .6 8 + 0 54 _ O066 *r 0 02 _ 0 02 + c 54
1006 — 2 .0 0 + 0 59 — 1 .0 0 JU1 c 02 — 1 00 + 0 59
1907 — 2o l9 + 0 54 — 1 .0 6 + 0 02 — 1 13 + 0 54
1907 — 2 .15 + rv(-> 54 — 1 .0 6 + 0 02 — 1 09 + 0 54
1903 — 2 .4 0 *r 0 54 — 1 .1 0 + 0 02 — 1 30 + 0 54
1914 — 1.23 T 0 54 — 1 .4 1 + 0 04 JL. 0 13 + 0 54
1914 — 0 .1 0 + 1 09 — 1 .4 1 ± 0 04 + 1 31 T 1 09
1917 2 .75 j- 0 59 — 1.56 + 0 05 — 1 19 + 0 59
1-19 —1 .1 7 + 0 60 — 1 .6 3 + 0 05 + 0 46 4- 0 60
192C —1.34 JL 0 59 — 1 .6 9 JL. 0 05 - 0 15 + 0 59
1920 — 0.54 11 0 54 — 1 .6 9 + 0 05 + 1 15 + 0 54
1925 — 2.35 + 0 59 — 1 .9 1 + c 06 — 0 94 + 0 59
1926 — 2.55 0 59 —1 .9 6 + 0 06 0 59 .+ 0 59
1927 — 3 .3 0 + 0 49 — 2 .02 + 0 06 - 1 28 *r 0 49
1923 — 1 .7 9 + 0 60 — 2 .0 8 + 0 06 + 0 29 + 0 60
1928 — lo 5 3 + 0 54 — 2 .08 + 0 06 + 0 55 + 0 54
1929 — 0 .9 5 4- 0 55 — 2.15 + 0 07 + 1 20 + 0 55
1929 — 1 .57 + 0 54 — 2 .15 •f 0 07 + 0 58 '1 0 54
1929 — 1 . 2 0 + 0 59 — 2.15 + 0 07 + 0 95 T 0 59
1933 — 0 .95 + 0 66 — 2.24 + 0 08 *r 1 29 T 0 66
1934 — 1 . 9 1 + 0 59 — 2 .28 4- 0 08 + 0 37 ± 0 59
1935 — 1 .2 3 + 0 54 — 2 .3 2 + 0 08 + 1 09 4. 0 55
1933 — 1 .3 2 + 0 52 — 2 .3 2 + 0 08 + 1 00 + 0 53
1956 — 3 .38 + 0 54 — 2 .37 *r 0 08 — 1 01 + 0 55
1936 — 3.04 + 0 59 — 2 .37 -r 0 08 - 0 67 + 0 60
1937 — 2.14 •f 0 57 — 2.44 j- 0 09 + 0 30 + 0 56
1933 — 3 .2 8 + 0 71 — 2 .4 9 + 0 09 - 0 79 + 0 72
1933 — 3 .4 2 *r 0 49 — 2 .4 9 + 0 09 - 0 93 + 0 50
1939 _ 2 .9 0 + 0 59 — 2.54 + 0 09 - 0 36 + 0 60
1940 _ 2 .79 - \ - 0 54 — 2 .6 1 + 0 10 - 0 18 + 0 55
1941 _ 2 .37 ~r 0 69 — 2 .68 + 0 10 + 0 31 + 0 70
1942 — 2 .46 + 0 59 — 2.74 JL. 0 10 + 0 28 -L 0 60
1943 V— 3.36 4. 0 55 • — 2 .8 1 0 10 - 0 55 T 0 56
1943 _ 3 .05 + 0 55 — 2 .8 1 + c 10 - 0 24 JL. 0 56
1944 — 3.84 a . 0 c  p  

> — — 2 .37 + 0 10 — 0 97 + 0 59
1 645 — 4 .5 5 4- 0 70 — 2 .39 + 0 10 - 1 66 + 0 71
1943 _ 4 .7 3 + 0 54 — 2 .39 J- Q 10 - 1 84 + 0 55
1946 — 4 .7 7 JL. 0 55 — 2 .93 + 0 10 - 1 84 *r 0 56
1947 5.15 + c 49 — 2 .9 7 + 0 11 - 2 IB X 0 50
1947 — 5.09 + c 76 — 2 .97 + 0 11 - 2 12 + 0 77
1947 — 4 .9 2 + c 42 — 2 .9 7 + 0 11 - 1 95 + 0 43
1943 _ 4 .9 5 + /*\ 59 — 3 .06 T 0 11 - 1 PC + 0 60
1949 _ 3 .16 + 6 70 — 3 .1 3 + 0 11 - 0 03 + 0 71
1950 _ 4 .2 9 + 0 59 — 3 .20 + 0 11 - 1 09 + 0 60
1951 — 1 .9 3 + 0 64 — 3 .3 0 + 0 12 + 1 37 0 6 5
1953 - 3 .3 0 1 49 - 3 .43 4 - 0 13 + 0 18 + 1 50
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I n  a d d i t i o n  a few r e s u l t s  o f  o t h e r  w o rk e r s  (2 5 ,  97 ,  98) 

a r e  i n c l u d e d  where gaps  i n  C-14 d a t a  c o i n c i d e d  w i t h  t im e s  

o f  s u n s p o t  maxima and minima ( f a b l e  1 5 ) .  Care  was t a k e n  

t o  e n s u r e  t h a t  t h e s e  a d d i t i o n a l  r e s u l t s  were b ased  on 

t h e  _ IT.33.S .  s t a n d a r d  a c t i v i t y  and t h a t  a n a l y s e s  o f  t r e e  

r i n g  s e c t i o n s  were e x c l u d e d .  F o r  t h e  46 p a i r s  o f  C-14 

and s u n s p o t  d a t a  a c o r r e l a t i o n  c o e f f i c i e n t  o f  - 0 . 4 8 2  

was o b t a i n e d .  P o r  a l l  55 p a i r s  o f  d a t a  t h e  c o r r e l a t i o n  

c o e f f i c i e n t  was - 0 . 5 5 0  i n c r e a s i n g  t o  a maximum o f  

- 0 . 6 7 3  f o r  a 1 y e a r  p o s i t i v e  phase  s h i f t  su c h  t h a t A ^ .  

maxima p re c e d e  s u n s p o t  minima by 1 y e a r .  The v a r i a t i o n  

o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  w i t h  phase  s h i f t  i s  

p l o t t e d  in  f i g u r e  37* The m agn i tude  o f  t h e s e  c o r r e l a t i o n s  

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

a t i o n  w h ich  e x i s t s  in  b o t h  th e  s u n s p o t  and C-14 d a t a  

must  r e d u c e  t h e  d e g re e s  o f  f reed o m  o f  t h e  e s t i m a t e .  

Assum ing a r e d u c t i o n  o f  50$, t h e  maximum c o r r e l a t i o n  

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

o f  o n l y  1 i n  1 ,0 0 0  t h a t  A^. and s u n s p o t  number a r e  

u n r e l a t e d .

By r e g r e s s i o n  a n a l y s i s  th e  mean r e l a t i o n s h i p  be tw een  

A 1;T and s u n s p o t  number, E, a t  t im e  t  was found  t o  be 

^ K( t )  = - 0 . 0 1 7  E ( t+ 1 )  + 0 .7 8 .

T h i s  e x p r e s s i o n ,  however ,  p r o v i d e s  o n ly  an  a p p ro x im a te  

f i t  t o  t h e  o b s e r v e d  f l u c t u a t i o n s .  The l e s s  d e t a i l e d
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AI0ITIOI7AL C -14 DATA

Growth Preference  A(#) As (#) Ah (#)
Year* ± 1<T ¥ 1 O ' + 1CT

1890 25 . 0 .0 0 + 0 .0 0 -  0 .4 8 „L 0 .0 2 + 0 .4 8 + G.02

1894 97 -  1 .2 6 + 0 .0 0 -  0 .5 8 + 0 .0 2 - 0 .6 8 V 0.C2

1898 98 -  0 .2 3 + 0.16 -  0 .6 9 + 0 .0 2 + 0 .46 + 0 .16

1901 98 -  0 .4 2 + 0 .1 8 -  0 .7 9 + 0 .0 2 + 0 .3 7 + 0 .1 8

1903 97 -  0 .2 9 + 0 .0 0 -  0 .8 7 + 0 .0 2 + 0 .5 6 + 0 .0 2

1904 98 ’ -  0 .15 + 0 .1 6 -  0 .9 1 + 0 .0 2 + 0 .7 6 *r 0 .16

1911 98 -  0 .6 9 + 0 .16 -  1 .2 5 + 0 .0 3 + 0 .5 6 + 0 .1 6

1913 97 -  0 .84 + 0 .0 0 -  1 .3 7 + 0 .04 + 0 .55 + 0 .04

1923 97 — 0 .66 + 0 .0 0 -  1 .8 2 + 0 .05 + 1 .1 6 + 0.05

* A l l  sam ples  s i n g l e  t r e e  r i n g s .

Jk
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( A - )

and (A.T)IT minimum

1-;' maximum
= - 0 . 0 1 0  K.

. . . + 0 .9 3minimum
- 0 . 1 4maximum

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

d e v i a t i o n  ( F i g u r e  3 8 ) .  A lso  shown i n  F i g u r e  38 i s  t h e  

b e s t  s t r a i g h t  l i n e  f i t  to  t h e  o b s e r v a t i o n s .  T h is  i n d i c ­

a t e s  t h a t  t h e  g e n e r a l  t r e n d  d u r i n g  th e  60 y e a r  p e r i o d  

was a d e c r e a s e  in  a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  

a m o u n t ing  t o .  0.57° • s nch a  t r e n d  a p p e a r s  s i m i l a r

t o  f l u c t u a t i o n s  o f  a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s  o b s e rv e d  

i n  t h e  more d i s t a n t  p a s t .

V a r i a t i o n s  o f  a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  on a 

y e a r l y  b a s i s  have a l s o  b een  o b s e r v e d  by Dyck (9 9 )  i n  t h e  

a n n u a l  g ro w th  r i n g s  o f  a f i r  t r e e .  Thus be tw een  822 and 

831 A.D. and 1616 and 1627 A . I 1. C-14 a c t i v i t i e s  showed 

an  o v e r a l l  v a r i a t i o n  o f  a b o u t  3$ (A ) .  S in c e  d e t a i l e d  

s u n s p o t  r e c o r d s  f o r  t h e s e  p e r i o d s  a r e  no t  a v a i l a b l e ,  

ho w ever ,  i t  was no t  p o s s i b l e  t o  e v a l u a t e  a  c o r r e l a t i o n  

w i t h  s o l a r  a c t i v i t y .
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1 ^

C a u se s  o f  t h e  n a t u r a l  F l u c t u a t i o n s  ( 1 8 9 0 - 1 9 3 0 ) .

R e c e n t l y  S t u i v e r  (3 0 ,  42 ,  44)  h as  shov/n t h a t  l o n g ­

t e r m  d e v i a t i o n s  o f  a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  from 

t h e  “ n a t u r a l "  l e v e l  ( e . g .  t h e  "Be Y r i e s  e f f e c t " )  a p p e a r  

n e g a t i v e l y  c o r r e l a t e d  w i t h  s o l a r  a c t i v i t y .  The cau se  

o f  t h i s  o b s e r v a t i o n  i s  b e l i e v e d  t o  be t h e  m o d u la t i o n  o f  

t h e  c o s m i c - r a y  f l u x ,  and hence  o f  th e  C-14 p r o d u c t i o n  

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

h i g h  s u n s p o t  a c t i v i t y .  In  a d e t a i l e d  s t u d y  L i n g e n f e l t e r  

(1 00 )  h a s  shown t h a t  t h e  C-14 p r o d u c t i o n  r a t e  v a r i e s  

a c c o r d i n g  t o  t h e  e x p r e s s i o n  Q = 2 < > 6 1 - 0 .5 3 ( R - 9 .1 ) / l 7 8 .4  

where  Q i s  t h e  C-14 p r o d u c t i o n  r a t e  i n  a to m s /c m .  / s e c o n d ,  

an d  R i s  t h e  mean s u n s p o t  number.  Based on t h i s  r e l a t i o n ­

s h i p  t h e  mean C-14 p r o d u c t i o n  r a t e  d u r i n g  1890 t o  1950
2 26 was 2 . 5 0  a to m s /cm .  / s e c o n d  o r  a b o u t  4 x  10 a t o m s / y e a r ,

w i t h  o v e r a l l  v a r i a t i o n s  from 3 . 3  t o  4 .4  x 1 0 '  a t o m s / y e a r .

A v e rag ed  o v e r  t h e  6 s o l a r  c y c l e s  be tw een  1890 and 1954

t h e  p r o d u c t i o n  r a t e  v a r i e s  from a b o u t  3 .6  t o  4 . 4  x  10

a t o m s / y e a r  be tw een  s o l a r  maximum and minimum ( c a .  5 y e a r s ) .

Thus t h e  a n n u a l  v a r i a t i o n s  i n  C-14 i n p u t  t o  t h e  s t r a t o s -
26

p h e re  c an  amount to  a maximum o f  2 x 10 a t o m s / y e a r 0 ’ 

F l u c t u a t i o n s  o f  t r o p o s p h e r i c  C-14 c o n c e n t r a t i o n s  

f rom  + 1 . 5 ^  to  -1.5/® (£0 d u r i n g  a s u n s p o t  c y c l e  r e q u i r e

o v e r a l l  v a r i a t i o n s  i n  t h e  C-14 b u d g e t  o f  t h e  t r o p o s p h e r e
27 26by a b o u t  1 x 10 a toms o r  2 x 10 a t o m s / y e a r 0 T h e r e f o r e

j
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t h e  chan g e s  in  C-14 p r o d u c t i o n  r a t e  a r e  a b o u t  one o r d e r  

o f  m ag n i tu d e  to o  s m a l l  t o  a c c o u n t  f o r  t h e  oh s e r v e d  d e v i a ­

t i o n s .  I n  a d d i t i o n ,  t h e  c o n c e p t s  o f  a s t e a d y  s t a t e  

e q u i l i b r i u m  w i t h i n  t h e  a t m o s p h e r i c  ca rb o n  r e s e r v o i r s  and 

o f  a  f i n i t e  s t r a t o s p h e r i c  r e s i d e n c e  t im e  imply  t h a t  any 

e x c e s s  C-14 p rod u ced  i n  t h e  a tm o sp h e re  i s  i n j e c t e d  t o  

t h e  t r o p o s p h e r e  r e l a t i v e l y  s lo w ly  and i n  s m a l l  q u a n t i t i e s .

Thus t h e  p r o b a b i l i t y  t h a t  m o d u la t io n  o f  th e  C-14 p r o d u c t ­

i o n  r a t e  i s  t h e  mechanism o f  t h e  o b se rv e d  t r o p o s p h e r i c  

f l u c t u a t i o n s  i s  r e d u c e d  even f u r t h e r .  F u r t h e r m o r e ,  i t  

i s  known (ICO) t h a t  c o s m i c - r a y  f l u x  v a r i a t i o n s  a r e  in  

d i r e c t  phase  a g re e m e n t  w i t h  c h an ges  i n  s o l a r  a c t i v i t y ,  

so  t h a t  i f  p r o d u c t i o n  r a t e  m o d u la t io n  was t h e  c a u s a l  

mechanism t r o p o s p h e r i c  C-14 maxima would f o l l o w  s u n s p o t  

minima by a few y e a r s  a s  d e te rm in e d  by th e  s t r a t o s p h e r i c  

r e s i d e n c e  t i m e .  T ha t  t h e  optimum c o r r e l a t i o n  o f  t r o p o ­

s p h e r i c  C-14 c o n c e n t r a t i o n s  w i t h  s o l a r  a c t i v i t y  i s  

o b t a i n e d  w i t h  a . l  y e a r  phase  s h i f t  in  t h e  o p p o s i t e  s e n s e  

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

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

I t  i s  o f  i n t e r e s t  t o  c o n s i d e r  t h e  phase  s h i f t  

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

C-14 a c t i v i t y  ( i . e .  f l u c t u a t i o n s  o c c u r r i n g  o v e r  s e v e r a l  

hun d red  y e a r s )  a r e  c o r r e l a t e d  w i t h  s o l a r  a c t i v i t y  v i a  

p r o d u c t i o n  r a t e  v a r i a t i o n .  S in c e  th e  s t r a t o s p h e r i c

j



r e s i d e n c e  t ime i s  n e g l i g i b l e  in  t h e s e  c a s e s ,  maximum 

C-14 p r o d u c t i o n  v/ould seem to  he r e q u i r e d  no t  in  

d i r e c t  phase  a g reem en t  w i t h  t h e  maximum o f  C-14 c o n c e n ­

t r a t i o n s  ( a s  i m p l i e d  by most  w o r k e r s )  b u t  a t  t h e  t im e  

o f  maximum i n c r e a s e  o f  C-14 c o n c e n t r a t i o n s *  Thus i n  

t h e s e  c a s e s  C-14 a c t i v i t y  maxima sh o u ld  f o l l o w  minima 

i n  s o l a r  a c t i v i t y  by a s i g n i f i c a n t  p e r i o d  ( e . g 0 i n  th e  

c a s e  o f  t h e  nf e  V r i e s  e f f e c t 0 by up t o  50 y e a r s ) „

The o b se rv e d  C-14 f l u c t u a t i o n s  o v e r  1 s o l a r  c y c l e  

c e r t a i n l y  a p p e a r  t o  r e f l e c t  a v a r i a b l e  i n p u t  o f  C-14 

i n t o  t h e  t r o p o s p h e r e .  The i n p u t  mechanism o u s t  be 

s e n s i t i v e  t o  v a r i a t i o n s  in  s o l a r  a c t i v i t y  t h r o u g h  t h e  

m o d u l a t i o n  o f  t h e  f l u x  o f  i n c i d e n t  r a d i a t i o n « I f  

p r o d u c t i o n  r a t e  c h an g e s  a r e  no t  r e s p o n s i b l e  i t  v/ould 

a p p e a r  t h a t  th e  v a r i a b l e  i n p u t  must  r e s u l t  f rom f l u c t ­

u a t i o n  o f  t h e  c a r b o n  exchange  r a t e  be tw een  t h e  t r o p o ­

s p h e r e  and one ( a t  l e a s t )  o f  the  a d j a c e n t  r e s e r v o i r s  

( a t m o s p h e r e ,  b i o s p h e r e ,  s u r f a c e  o c e a n ) .  B i o s p h e r i c  

a c t i v i t y  c o u ld  be s e n s i t i v e  t o  s o l a r  a c t i v i t y  t h r o u g h  v a r ­

i a t i o n s  i n  c l i m a t e  (9 9 )  b u t  s i n c e  i n c r e a s e d  u p ta k e  o f  C-14 

v/ould i n v o l v e  u p ta k e  o f  C-13 ana  C-12 and s i n c e  b i o s p h e r i c  

t u r n o v e r  i s  r e l a t i v e l y  r a p i d  t h e  r e s u l t a n t  C-14 c o n c e n ­

t r a t i o n  would n o t  be changed  s i g n i f i c a n t l y  o v e r  s h o r t  t im e  

p e r i o d s .  A n n ua l  v a r i a t i o n s  o f  t r o p o s p h e r i c / s u r f a c e  ocean  

m ix in g  r a t e s  seem u n l i k e l y  s i n c e  t h e  ocean  r e s e r v o i r  i s



l a r g e  and s lo w -m ix in g  in  c o m p ar ison  w i t h  t h e  t r o p o s p h e r e 0 

F u r th e r m o r e  t h e  e f f e c t s  o f  v a r i a t i o n s  i n  s o l a r  a c t i v i t y  

a r e  much r e d u c e d  a t  lo w e r  a l t i t u d e s  so t h a t  b i o s p h e r i c  

and o c e a n ic  r e s p o n s e  s h o u ld  be n e g l i g i b l e .  I t  seems 

p o s s i b l e ,  how ever ,  t h a t  s t r a t o s p h e r e / t r o p o s p h e r e  exchange 

c o u ld  be c o r r e l a t e d  v / i th  s o l a r  a c t i v i t y  s i n c e

(1 )  t h e  i n t e r - r e s e r v o i r  b o u n d a ry ,  th e  t r o p o p a u s e ,  

i s  f l e x i b l e  and s u b j e c t  t o  marked v a r i a t i o n

i n  h e i g h t  and s t a b i l i t y  ( e . g .  t r o p o p a u s e  g a p s ,  

t r o p o p a u s e  f o l d i n g ) ,

(2 )  t h e  s t r a t o s p h e r e  and u p pe r  t r o p o s p h e r e  a r e  

e x p o sed  t o  v a r i a t i o n s  i n  i n c i d e n t  s o l a r  

r a d i a t i o n ,

( 3 )  t h e  i n t e r n a l  m o t io n s  o f  th e  a tm o sp h e re  a r e  

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

g r a d i e n t s  ( 1 0 1 ) ,

(4) v a r i a b l e  i n p u t  o f  a i r  f rom t h e  s t r a t o s p h e r e  

i s  known t o  o c c u r  o v e r  a 1 y e a r  c y c l e  a s  

shov/n by t h e  a n n u a l  " s p r i n g  peak"  i n  f i s s i o n  

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

Under  e q u i l i b r i u m  c o n d i t i o n s  t h e  mean C-14 p r o -  • 

d u c t i o n  r a t e  must e q u a l  t h e  " n e t "  t r a n s f e r  r a t e s  o f  C-14 

from t h e  s t r a t o s p h e r e  t o  t h e  t r o p o s p h e r e  and from t h e  

t r o p o s p h e r e  t o  t h e  s u r f a c e  ocean  + b i o s p h e r e  ( n e g l e c t i n g  

r a d i o a c t i v e  d e c a y ) .  F o r  t h e  p e r i o d  1890 t o  1950 t h e



mean p r o d u c t i o n  r a t e  and hence mean i n t e r - r e s e r v o i r
26exchange  r a t e s ,  vzere a b o u t  4 x 10 ' a t o m s / y e a r .  To

e s t i m a t e  t h e  v a r i a t i o n  in  s t r a t o s p h e r i c  C-14 i n p u t  t o

t h e  t r o p o s p h e r e  r e q u i r e d  to  e x p l a i n  t h e  o b s e r v e d

f l u c t u a t i o n s ,  t h e  u p ta k e  o f  t r o p o s p h e r i c  C-14 by t h e

s u r f a c e  o c e a n s  + b i o s p h e r e  was assumed t o  be c o n s t a n t  
26a t  4 x  10 a t o m s / y e a r .  T ab le  16 p r e s e n t s  t h e  mean 

a n n u a l  v a r i a t i o n s  o f  A j j , s u n s p o t  number, t r o p o s p h e r i c  

C-14 c o n t e n t  and hence  o f  C-14 i n p u t  f rom  t h e  s t r a t o ­

sp h e r e  a v e r a g e d  o v e r  t h e  6 s o l a r  c y c l e s  d u r i n g  1890 t o

1953* These e s t i m a t e s  are. b a sed  on th e  " n a t u r a l "  C-14
2Rc o n t e n t  o f  t h e  t r o p o s p h e r e  o f  3 . 0  x  10 atoms c a l c u l a t e d  

from a n a t u r a l  t r o p o s p h e r i c  CO^ c o n t e n t  o f  290 p . p . m .  (8 8 )  

a n d  a mean C-14 a c t i v i t y  o f  1 3 .5 6  d .p .m .  ( 5 6 ) .  The 

r e s u l t s  i n d i c a t e  t h a t  maximum i n p u t  o f  C-14 t o  t h e  t r o p o ­

s p h e r e  o c c u r s  on a v e r a g e  w i t h i n  t h e  2 y e a r  p e r i o d  f o l l o w ­

in g  s u n s p o t  maximum when t r o p o s p h e r i c  C-14 c o n c e n t r a t i o n s  

a r e  r i s i n g  most r a p i d l y .  Minimum C-14 i n p u t  from th e  

s t r a t o s p h e r e  a p p e a r s  to  o c c u r  on a v e r a g e  3 y e a r s  b e f o r e  

s u n s p o t  maximum. Due t o  t h e  v a r i a b l e  i n t e n s i t y  o f  s o l a r  

c y c l e s  and t o  t h e  s t a t i s t i c a l  e r r o r s  on t h e  C-14 a n a l y s e s ,  

t h e s e  phase  e s t i m a t e s  a r e  b e l i e v e d  t o  be  a c c u r a t e  o n ly  *to 

w i t h i n  ±2 y e a r s .  The s t r a t o s p h e r i c  C-14 i n p u t  t o  t h e  

t r o p o s p h e r e  a p p e a r s  t o  v a r y  d u r i n g  a s o l a r  c y c l e  by a b o u t  

±50$ c f  t h e  mean v a l u e .  Based on t h e  r e s u l t s  o f
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L i n g e n f e l t e r  (100)  and a mean " n a t u r a l ” C-14 c o n t e n t  o f  
27

5 . 7  x 10 atoms th e  v a r i a t i o n s  in  t h e  s t r a t o s p h e r i c  

C-14 b u d g e t  can a l s o  be e s t i m a t e d  (T ab le  1 7 ) .  The 

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

C-14 a c t i v i t i e s  sh o u ld  o c c u r  in  d i r e c t  c o r r e l a t i o n  w i t h  

s o l a r  a c t i v i t y  w i t h  a phase  s h i f t  o f  1 y e a r  ( i . e .  C-14

maximum p r e c e d i n g  a s u n s p o t  maximum by 1 y e a r ) .  Thus 

t h e  c y c l i c  f l u c t u a t i o n s  i n  t h e  t r o p o s p h e r e  would be 

i n v e r s e l y  c o r r e l a t e d  w i t h  t h e  s t r a t o s p h e r i c  v a r i a t i o n s ,  

w i t h  maximum C-14 c o n c e n t r a t i o n  g r a d i e n t s  a c r o s s  t h e  

t r o p o p a u s e  o f  ±7 t o  ±8$ (A) a ro u n d  s o l a r  maxima and 

m in im a .

The l o n g - t e r m  t r e n d  o f  d e c r e a s i n g  t r o p o s p h e r i c  C-14 

c o n c e n t r a t i o n s  be tw ee n  1890 and 1950 (am oun t ing  t o  c a .

- 0 . 5 $  i n  1950) may be a  d i r e c t  r e s u l t  o f  p r o d u c t i o n  r a t e  

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

was s i g n i f i c a n t l y  h i g h e r  t h a n  mean v a l u e s  d u r i n g  th e  

p a s t  2 ,0 0 0  y e a r s .  Thus t h e  mean maximum s u n s p o t  number 

be tw een  1890 and 1950 was a b o u t  100 compared t o  t h e  

o v e r a l l  mean o f ' a b o u t  85 ( 1 0 2 ) .  (B ray  (3 1 )  h a s  p r e d i c t e d  

a  t r o p o s p h e r i c  C-14 a c t i v i t y  o f  a b o u t  - 0 . 7 $  (A) f o r  a • 

p e r i o d  o f  t h i s  l e v e l  o f  s o l a r  a c t i v i t y , )  F u r t h e r m o r e ,  *by 

a n a l o g y  w i t h  t h e  " S u ess  e f f e c t "  c a l c u l a t i o n ,  t h e  cum ul­

a t i v e  d e f i c i t  o f  C-14 r e q u i r e d  t o  p ro d u ce  a g e n e r a l  

d e c r e a s e  o f - 0 . 5 $  i n  t r o p o s p h e r i c  C-14 c o n c e n t r a t i o n s  i s



<1

CO
vl- e
H o
1 ■p

O Cj

O c—
•H CNJ
P o
0 rH

X
p ■—/
a
o -P
-p r;
CO O
U -P
-P E
c/3 O

O

ca
S
O

-p
d

o
-p VD

CM4j o
b H
P X
e v_-

H
o
p

rH CD
| r<

O P
ca
o
p .
o
p
EH

E
o x—-
•H ca
-P e
O o
25 -p

'TJ CO
O
P VO
W CM

-nJ- H
rH X
1 '—••

O

-P
o
a
01 P
e O
e
ca g

E
CO
0
F—i

P
do

o . o LTD CM H • o O '. LCD VD 'viW K \
•  • « • ♦ t 6 • • • •

'M- CM
-■

*cj" O CM LT\ VD

J 1 — * r T 1 1 1 1

160

C\)
-vf
id d

ir\ 
ud 116

L f > VO LCD VD 'M ' CD 's i'
CD Vv C D l> - LTD c<d L6D

• • • e • • • •
LCD VO LTD LCD LCD LCD LTD LTD

r~! CM CD CO VD CO CO CM VD VD 'M-
• • • • • • • • • • •

[VD CM i—! CM LTD LTD LTD •=3* ■vC tP

H O CD c— tr- OD O H rH CM
• • • • • • • • • • •

■st- -M" '=d_ LO KD t o to "3- ■̂3* -M*

D>- O CM CO LTD CM o CD r- -vO
• • • • • • • • • • •

to CD O lo­ o o VD CM OD r—i
r~I co co CD c- LCD t̂ D rH H

CM VD C- CO CD O
rH

rH i—I



161

a b o u t  1*2/- o f  t h e  n a t u r a l  a tm o s p h e r ic  C-14 i n v e n t o r y  o r

3 .6  x 1 0 ^  C-14 atoms ( C h a p te r  I V ) .  Prom l i n g e n f e l t e r 1s

r e l a t i o n s h i p  be tw een  t h e  C-14 p r o d u c t i o n  r a t e  and  s u n s p o t

number (ICC) th e  p r o d u c t i o n  r a t e  f o r  th e  mean s u n s p o t

number o f  100 i s  0 .0 6  x 10"°  a t o m s / y e a r  l e s s  t h a n  th e

p r o d u c t i o n  r a t e  a t  t h e  “ n o rm a l11 l e v e l  o f  85 .  On t h e

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

be tween  1890 and 1950 e xceeded  th e  mean “n a t u r a l * 1 l e v e l

in  t h e  r a t i o  o f  t h e s e  maximum s u n s p o t  numbers ,  the

c u m u la t iv e  d e f i c i t  o f  C-14 r e s u l t i n g  from p r o d u c t i o n  r a t e
f 25

m o d u la t io n 'v :o u ld  be  3 .6  x  10 a to m s ,  s u f f i c i e n t  t o  have 

c au se d  t h e  o b se rv e d  d e v i a t i o n .

Che lie chan ism o f  S h o r t - t e r m  P l u c t u a t i o n s  o f  A tm o sp h e r ic  
C-14 C o n c e n t r a t i o n s .

The enhancem ent  i n  s o l a r  e m i s s io n  o f  ex t rem e  U.V.

r a d i a t i o n  by i n c r e a s e d  s u n s p o t  a c t i v i t y  i s  t h o u g h t  t o

o c c u r  t h r o u g h  l o c a l  i n c r e a s e s  in  c o r o n a l  t e m p e r a t u r e s .

The t e m p e r a t u r e '  i n c r e a s e s  a r e  c a u se d  by h y d ro m a g n e t i c

movement a l o n g  th e  m a g n e t i c  f i e l d  l i n e s  a s s o c i a t e d  w i t h

t h e  s u n s p o t s  ( 1 0 3 ) .  In  a d d i t i o n ,  s o l a r  maximum i s

c o r r e l a t e d  w i t h  an i n c r e a s e  i n  “s o l a r  wind**, th e  s t r e a m

o f  c h a rg e d  p a r t i c l e s ,  m a in ly  p r o t o n s ,  e m i t t e d  by t h e  s u n .

Thus ,  a c c o r d i n g  t o  U i l l e t t  ( 1 0 1 ) ,  t h e  i n t e n s i f i e d  b u r s t s

o f  U.V. and c o r p u s c u l a r  e n e rg y  a r e  a b s o r b e d  i n  t h e  u p p e r



162

a tm o sp h e re  and th e  r e s u l t i n g  t e m p e r a t u r e  v a r i a t i o n s  a t  

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

“norm al"  p a t t e r n  o f  t r o p o s p h e r i c  c i r c u l a t i o n ,  Thus 

J a c c h i a  (104)  h as  e s t i m a t e d  f rom  o b s e r v a t i o n s  o f  

s a t e l l i t e  d r a g  t h a t  t h e  u p p e r  a tm o sp h e re  i s  e x t r e m e l y  

r e s p o n s i v e  t o  s o l a r  c o n t r o l ,  d e v i a t i n g  in  d e n s i t y  from 

t h e  mean by  a f a c t o r  o f  100 and v a r y i n g  i n  t e m p e r a t u r e  

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

In  t h e  t r o p o s p h e r e ,  however ,  i n c r e a s e d  s o l a r  a c t i v i t y  

a p p e a r s  t o  p ro du ce  lo w er  t e m p e r a t u r e s .  The e x p l a n a t i o n  

o f  t h i s  p a ra d o x  i s  b e l i e v e d  t o  l i e  in  t h e  e f f e c t s  o f  

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

a t i o n  ( 1 0 5 ) .  ( I t  i s  o f  i n t e r e s t  i n  t h i s  r e s p e c t  t h a t  

t h e  t h e o r i e s  o f  S u ess  ( 4 1 ,  80)  and S t u i v e r  ( 3 0 ,  42) 

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

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

m e t e o r o l o g i c a l  e v id e n c e  i m p l i e s  t h e  o p p o s i t e  e f f e c t . )

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

maximum a p p e a r s  t o  be d i v e r t e d  by t h e  e a r t h ’ s m a g n e t i c  

f i e l d  to w ards  t h e  p o l e s  and t h u s  p r e f e r e n t i a l  h e a t i n g  o f  

t h e  u p p e r  a i r  o f  t h e  p o l a r  r e g i o n s  o c c u r s  (1 0 1 ,  1 0 5 ) .  .

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

a  g r e a t e r  l a t i t u d i n a l  t r a n s f e r  o f  a i r  w i t h  accom panying  

s t o r m i n e s s  and t e m p e r a t u r e  e x t r e m e s .

A c o n t r i b u t i n g  mechanism t o  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
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m ix in g  l i e s  in  the  a l t i t u d e  v a r i a t i o n  o f  t h e  t r o p o p a u s e ,  

a h ig h  t r o p o p a u s e  c o r r e s p o n d i n g  to  a. p e r i o d  o f  i n c r e a s e d  

exchange  ( 1 0 6 ) .  I t u l k a r n i  (107)  has  p r o v id e d  e v id e n c e  

t h a t  th e  mean t r o p o p a u s e  h e i g h t  i n  t h e  s o u t h e r n  

h em isphere  c o u ld  he r e l a t e d  t o  s u n s p o t  numbers .  Lawrence 

(1 0 6 ,  108) h as  c l o s e l y  s t u d i e d  t r o p o p a u s e  h e i g h t  v a r i a t i o n s  

i n  r e c e n t  y e a r s  and a l t h o u g h  d a t a  a r e  no t  a v a i l a b l e  from 

a  lo n g  p e r i o d  o f  o b s e r v a t i o n ,  a d i r e c t  c o r r e l a t i o n  o f  

mean t r o p o p a u s e  h e i g h t  and s u n s p o t  numbers i s  i n d i c a t e d .  

Thus mean t r o p o p a u s e  h e i g h t s  o v e r  s o u t h - e a s t  L ng lan d  

r e a c h e d  a mfeximum in  1959 (2 y e a r s  a f t e r  s u n s p o t  maximum) 

w i t h  l o w e s t  v a l u e s  in  1954 (a  s u n s p o t  minimum) and 1963 

(1  y e a r  b e f o r e  s u n s p o t  minimum). Mean t r o p o p a u s e  h e i g h t  

v a r i a t i o n s  o v e r  an 1 1 - y e a r  s o l a r  c y c l e  would t h e r e f o r e  

be a n a lo g o u s  t o  t h e  v a r i a t i o n s  known t o  o c c u r  o v e r  t h e  

a n n u a l  c y c l e  (109)  w h ich  a r e  r e s p o n s i b l e ,  in  p a r t ,  f o r  

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

t r a t i o n s  o b s e r v e d  i n  r e c e n t  y e a r s .

S in c e  t h e  a n n u a l  ’’s p r i n g  p e a k s ” a r e  b e l i e v e d  t o  be 

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

d u r i n g  t h e  l a t e  w i n t e r  (110)  i t  seems r e a s o n a b l e  t h a t  . 

t h e  h ig h  e n e r g y  f l u x e s  a s s o c i a t e d  w i t h  s o l a r  maximum 

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

c i r c u l a t i o n .  By a n a l o g y  w i t h  t h e  a n n u a l  v a r i a t i o n s  t h e  

mechanism o f  t h e  i n c r e a s e d  v e r t i c a l  t r a n s f e r  o f  C-14 could
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t h e r e f o r e  i n v o lv e  enhanced  t r o p o p a u s e  f o l d i n g  and i n p u t  

t h r o u g h  t h e  n j e t -  streams** b e s i d e s  t h e  a l t i t u d e  v a r i a t i o n  

o f  th e  t r o p o p a u s e .  Thus i n p u t  o f  C--14 from th e  s t r a t o ­

s p h e r e  t o  t h e  t roposphere  v/ould r e a c h  maximum l e v e l s  

d u r i n g  t h e  p e r i o d s  o f  h i g h  t r o p o p a u s e  and enhanced 

a tm o s p h e r i c  c i r c u l a t i o n  which  a p p e a r  c o r r e l a t e d  w i t h  

t h e  y e a r s  d u r i n g  and i m m e d ia te ly  f o l l o w i n g  s o l a r  maximum.

A d d i t i o n a l  E v id e n c e  o f  V a r i a b l e  S t r a t o s p h e r i c  0 -14  I n p u t  
t o  T r o p o s p h e r e .

( a )  C arbonr 14 f a t a . '

S in c e  1963 i ly da l  (32 ,  54, 66,  91) has  c o n t i n u o u s l y  

m o n i to r e d  a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  and h as  i n t e r ­

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

r a t e  c o n s t a n t s .  In  a r e v i e w  o f  h i s  f i n d i n g s  (1968)  

i t  was o b s e r v e d  t h a t ,  b a se d  on t h e  same t h e o r e t i c a l  

m odel ,  t h e  s t r a t o s p h e r e / t r o p o s p h e r e  exchange  t im e  a p p e a r e d  

t o  have i n c r e a s e d  during;  1963 ( 1 .4  y e a r s ) ,  1964 ( 2 . 2  y e a r s )  

and  1965 ( 3 * 3 . y e a r s )  by o v e r  1C0£. As I 96S - I 969 i s  a 

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

i n p u t  t o  t h e  t r o p o s p h e r e  would be e x p e c t e d  a b o u t  1965-1966 

w i t h  an  i n c r e a s e d  r a t e  o f  downflux  s i n c e  t h e n .  The 

v a r i a t i o n  i n  exchange  t im e  may, how ever ,  be a t t r i b u t e d  

t o  a n o n -u n i fo rm  d i s t r i b u t i o n  o f  t h e  e x c e s s  C-14 i n  th e  

s t r a t o s p h e r e  r e s u l t i n g  from i t s  i n i t i a l  i n j e c t i o n  a t  

s p e c i f i c  l a t i t u d e s  and a l t i t u d e s .  I l a rk n e s s  ( 9 5 ) ,  however ,



t h e  l a t i t u d e s  and a l t i t u d e s  o f  maximum i n j e c t i o n  c l o s e l y  

c o r r e s p o n d e d  t o  t h e  r e g i o n s  o f  maximum p r o d u c t i o n  o f  

n a t u r a l  C-14 ( c a .  5 0 - 7 0 ° h . ,  6 0 , COO f e e t ) ,  so t h a t  t h e  

movement o f  bomb-produced C-14 c o u ld  be e x p e c t e d  t o  

r e f l e c t  t h e  t r a n s p o r t  o f  n a t u r a l  C -1 4 .  In  a d d i t i o n ,  i f  

t h e  s t r a t o s p h e r i c  d i s t r i b u t i o n  o f  e x c e s s  C-14 i s  r e g a r d e d  

a s  n o n - u n i f o rm  t h e  v a r i a t i o n  i n  a p p a r e n t  exchange t im e  

from 1963 t h r o u g h  1965 m ig h t  be e x p e c t e d  t o  f o l l o w  a  

d e c r e a s e  r a t h e r  t h a n  t h e  o b s e r v e d  i n c r e a s e  due t o  slow
i

downward movement o f  t h e  e x c e s s  from 6 0 ,0 0 0  f e e t  t o  t h e  

t r o p o p a u s e  r e g i o n  a b o u t  3 0 ,0 0 0  t o  5 0 ,0 0 0  f e e t  ( 1 0 9 ) .

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

t i m e s  e s t i m a t e d  be tw een  1957 and I960  were s i g n i f i c a n t l y

s h o r t e r  ( c a .  1 y e a r )  t h a n  s u b s e q u e n t  d e t e r m i n a t i o n s .

D u r in g  1957-1958 s o l a r  a c t i v i t y  r e a c h e d  i t s  h i g h e s t

r e c o r d e d  l e v e l  (mean s u n s p o t  number c a .  190) ( 1 0 2 ) ,

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

t h a t  t im e  would be e x p e c t e d .  In  a d d i t i o n ,  s t r a t o s p h e r i c

s t u d i e s  p e r fo rm ed  by F e e l y  (111)  i n  1963 and 1964

p r e d i c t e d  an e x p o n e n t i a l  d e c r e a s e  i n  t h e  s t r a t o s p h e r i c *

e x c e s s  C-14 bu rden  w h ic h ,  a c c o r d i n g  t o  E r g i n  (89), c an  *

be d e s c r i b e d  by th e  r e l a t i o n s h i p  X ( t )  = 3 9 .16e" ’̂ *^^^:
27where X ( t )  x  10 ' a tom s i s  t h e  s t r a t o s p h e r i c  e x c e s s  

C-14 c o n t e n t  a t  t im e  t  months a f t e r  J a n u a r y  1963 .
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E x t r a p o l a t i o n  o f  t h i s  cu rv e  t o  J a n u a r y  1968 p r e d i c t s  

a s t r a t o s p h e r i c  C-14 c o n c e n t r a t i o n  o f  c a .  100$ (A) .  

H a rk n es s  (95)* however ,  has  found t h a t  t h e  C-14 c o n c e n ­

t r a t i o n  in  J a n u a r y  1968 was c l o s e r  t o  74$ (A ) .  T h is  

e v id e n c e  t h e r e f o r e  s u g g e s t s  f u r t h e r  t h a t  th e  r a t e  o f  

i n j e c t i o n  o f  s t r a t o s p h e r i c  C-14 i n t o  t h e  t r o p o s p h e r e  

i n c r e a s e d  to w a rd s  t h e  p e r i o d  o f  s o l a r  maximum i n  1 96 8 -  

1 969 .  I t  i s  a l s o  i n t e r e s t i n g  t o  n o te  t h a t  a n a t u r a l  

C-14 g r a d i e n t  a c r o s s  t h e  t r o p o p a u s e  o f  a b o u t  8$ (A) 

would be p r e d i c t e d  f o r  1968 ( i . e .  s t r a t o s p h e r i c  l e v e l s  

c a .  8$ above t r o p o s p h e r i c  v a l u e s ) 0 T h i s  r e s u l t  a g r e e s  

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

bomb-produced C-14 e x c e s s  may have a l r e a d y  a t t a i n e d  

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

t h e  c a s e  a  r e v e r s a l  o f  g r a d i e n t  sh o u ld  have o c c u r r e d  

by 1975 .

( b )  Ozone and T r i t i u m  T a t a .

In  1967 A e g e r t e r  e t  a l  (112)  o b s e r v e d  t h a t  H-3 

c o n c e n t r a t i o n s  i n  s i x  p r o f i l e s  o f  G r e e n la n d  i c e  were  

i n v e r s e l y  c o r r e l a t e d  w i t h  s u n s p o t  a c t i v i t y 0 The o v e r a l l  

v a r i a t i o n  i n  K-3 c o n c e n t r a t i o n  be tw een  1925 and 1955 wa-s 

f rom 100 T.TJ. a t  s o l a r  minimum t o  30 T.U. a t  s o l a r  

maximum. S in c e  H-3 i s  p ro d u ce d  i n  th e  s t r a t o s p h e r e  by 

a  mechanism a n a lo g o u s  t o  C-14 f o r m a t io n  and must  e n t e r
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t h e  t r o p o s p h e r e  p r i o r  t o  ’' r a i n - o u t 11 i t  seems p r o b a b le  

t h a t  v a r i a b l e  s t r a t o s p h e r i c  i n j e c t i o n  may be r e s p o n s i b l e  

f o r  t h e  f l u c t u a t i o n s .  As th e  d e v i a t i o n s  i n  H-3 c o n t e n t  

a t  s o l a r  minimum a r e  o f  t h e  same m agn i tude  a s  n u c l e a r '  

e r a  H-3 c o n c e n t r a t i o n s  (1 9 6 1 ,  1962 ,  1965) i n  r a i n f a l l  

( 1 1 3 ) ,  i t  seems u n l i k e l y  t h a t  t h e  s u n s p o t  c o r r e l a t i o n  

i s  due t o  p r o d u c t i o n  r a t e  v a r i a t i o n .  In  a d d i t i o n  a 

mechanism i n v o l v i n g  p r o d u c t i o n  r a t e  m o d u la t io n  a l o n e  

would be e x p e c te d  t o  cau se  a s i g n i f i c a n t  l a g  (which  i s  

n o t  o b s e r v e d )  be tw een  s o l a r  minimum and H-3 maximum.

EurtheH  e v id e n c e  o f  s o l a r - s e n s i t i v e  a tm o s p h e r i c  

c i r c u l a t i o n  s tem s  from t h e  o b s e r v a t i o n  by 7 / i l l e t t  (114)  

t h a t  f o r  t h e  p e r i o d  1933 t o  1959 a h i g h l y  s i g n i f i c a n t  

n e g a t i v e  c o r r e l a t i o n  was found  be tween s u n s p o t  numbers 

and  th e  v/orldwide a v e r a g e  o f  t o t a l  a tm o s p h e r i c  0^ .  

Maximum c o r r e l a t i o n  o c c u r r e d  f o r  a phase  s h i f t  where Ch 

maxima p r e c e d e d  s o l a r  minima by 1 t o  2 y e a r s .  Thus 0^ 

and 0 -14  c o n c e n t r a t i o n s  a r e  i n  d i r e c t  phase  a g r e e m e n t .  

S in c e  i s  i n  p h o to c h e m ic a l  e q u i l i b r i u m  above 35 Ian. 

a  s t u d y  o f  v a r i a t i o n s  in  t o t a l  r e f e r s  e s s e n t i a l l y  t o  

a l t i t u d e s  be low 35 km. ( 1 0 7 ) .  A nnua l  v a r i a t i o n s  i n  

a tm o s p h e r i c  0^ c o n t e n t  can  t h e r e f o r e  be a t t r i b u t e d  t o  

v a r i a t i o n s  i n  l a r g e - s c a l e  v e r t i c a l  m o t io n  a s  r e q u i r e d  

t o  e x p l a i n  t h e  0 -14  f l u c t u a t i o n s .  I t  i s  a l s o  p o s s i b l e  

t h a t  v a r i a t i o n s  i n  • a tm o sp h e r ic  0^ c o n t e n t  r e i n f o r c e
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t r o p o p a u s e  h e i g h t  f l u c t u a t i o n s  s i n c e  t h e  r e d u c e d  i n f r a r e d  

c o o l i n g  i n  t h e  upp e r  t r o p o s p h e r e ,  r e s u l t i n g  from h i g h  

0^ c o n c e n t r a t i o n s ,  a p p e a r s  t o  c au se  a lo w e r  e q u i l i b r i u m  

t r o p o p a u s e  h e i g h t  (106 ,  107,  1 1 5 ) .

I m p l i c a t i o n s  o f  R e s u l t s •

( a )  G e o p h y s i c a l  I m p l i c a t i o n s .

The o b s e r v e d  C-14 f l u c t u a t i o n s  a p p e a r  t o  c o n f i r m  

t h e  b e l i e f  t h a t  a tm o s p h e r i c  c i r c u l a t i o n  i s  e x t r e m e l y  

s e n s i t i v e  t o  v a r i a t i o n s  i n  s o l a r  a c t i v i t y .  The c o r r e l -
I

a t i o n  i s  t h o u g h t  t o  s tem  from th e  i n f l u e n c e  o f  c h an g es  

i n  i n c i d e n t  e n e r g y  f l u x e s  (U.V. and c o r p u s c u l a r )  

e x p e r i e n c e d  i n  t h e  u p p e r  a tm o s p h e r e ,  H e s u l t a n t  t e m p e r ­

a t u r e  g r a d i e n t s  a r e  e x p r e s s e d  a s  p r e s s u r e  d i f f e r e n c e s  

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

i n c r e a s e d  m ix in g  o f  s t r a t o s p h e r i c  and t r o p o s p h e r i c  a i r  

m a s se s  s h o r t l y  a f t e r  s o l a r  maximum. An i n c r e a s e  i n  t h e  

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

f i e d  m ix in g  p r o c e s s e s .

I t  a p p e a r s ,  t h e r e f o r e ,  from t h e s e  f i n d i n g s  t h a t  t h e  

c o n c e p t  o f  a c o n s t a n t  s t r a t o s p h e r i c  r e s i d e n c e  t im e  may*

. n o t  be  a d e q u a t e  f o r  d e t a i l e d  t h e o r e t i c a l  s t u d i e s  o f  

“t r a c e r 11 d i s t r i b u t i o n s .  In  c e r t a i n  r e s p e c t s  t h e  

v a r i a t i o n s  i n  t r a n s f e r  o f  s t r a t o s p h e r i c  C - 1 4 - t o  t h e  

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

a l s o  p r o v id e  an e x p l a n a t i o n  .for th e  range  o f  v a l u e s  

( 0 . 5  t o  5 y e a r s )  found  f o r  t h e  s t r a t o s p h e r e / t r o p o s p h e r e  

exchange  t im e  d u r i n g  th e  p a s t  d e c a d e .

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

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

a c t i v i t y  a l t h o u g h  a t  l o w e r  l e v e l s  o f  the  t r o p o s p h e r e  

s u c h  e f f e c t s  may he n e g l i g i b l e ,

(b )  I m p l i c a t i o n s  f o r  t h e  R a d io c a rb o n  R a t i n g  m ethod .

The o b s e r v a t i o n s  i n d i c a t e  t h a t  be tw een  1890 and  

1950 t r o p o s p h e r i c  C-14 c o n c e n t r a t i o n s  ( c o r r e c t e d  f o r  

" S u e s s  e f f e c t ’1 d i l u t i o n )  f l u c t u a t e d  by up t o  i l . 5 $  o f  

t h e  " n a t u r a l ” l e v e l  i n  a p p ro x im a te  phase  a g re em e n t  w i t h  

s o l a r  a c t i v i t y ,  A s t u d y  o f  t h e  r e s u l t s  i n d i c a t e  t h a t  

s t r a t o s p h e r i c  C-14 c o n c e n t r a t i o n s  s h o u ld  a l s o  f l u c t u a t e  

( b y  c a .  ±6$ o f  th e  " n a t u r a l "  l e v e l )  i n  phase  w i t h ,  b u t  

i n  o p p o s i t e  s e n s e  t o ,  t h e  t r o p o s p h e r i c  v a r i a t i o n s .  As 

a  r e s u l t  t h e  t o t a l  a t m o s p h e r i c  C-14 c o n t e n t  r e m a in s  

c o n s t a n t  u n l e s s  t h e  C-14 p r o d u c t i o n  r a t e  d e v i a t e s  

s i g n i f i c a n t l y  f rom  t h e  mean v a l u e .  Thus f l u c t u a t i o n s  

o f  t r o p o s p h e r i c  C-14 c o n c e n t r a t i o n s  i n  t h e  more d i s t a n t ^  

p a s t  may be c a u se d  by C-14 p r o d u c t i o n  r a t e  m o d u la t io n  

o r  by v a r i a t i o n  o f  o t h e r  g e o p h y s i c a l  p a r a m e t e r s  (o ce an  

m ix in g  r a t e s ,  g e o m a g n e t ic  f i e l d  s t r e n g t h ) .  V a r i a b l e



170

s t r a t o s p h e r i c  m ix in g  i s  t h e r e f o r e  a c a a s e  o f  s h o r t - t e r m  

f l u c t u a t i o n s  a l o n e .

I f  t h e s e  f l u c t u a t i o n s  o f  t r o p o s p h e r i c  C-14 c o n c e n ­

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

however ,  t h e y  r e p r e s e n t  a s i g n i f i c a n t  d e v i a t i o n  from 

t h e  b a s i c  a s s u m p t io n  o f  r a d i o c a r b o n  d a t i n g .  As su c h  

t h e y  r e q u i r e  m o d i f i c a t i o n  o f  t h e  t r e a t m e n t  o f  e r r o r s  

a s s o c i a t e d  w i t h  r a d i o c a r b o n  d a t e s  s i n c e  a l l  sam ples  

which  t a k e  p a r t  i n  c a rb o n  exchange  f o r  s h o r t - t i m e  

p e r i o d s  ( l e s s  t h a n  10 y e a r s )  may be s u b j e c t  t o  s i g n i f ­

i c a n t  d e v i a t i o n s  i n  i n i t i a l  C-14 c o n c e n t r a t i o n .

M a t e r i a l s  su ch  a s  g r a i n  and l e a v e s  may have C-14 

a c t i v i t i e s  d i f f e r i n g  by 1.57® (^ )  f rom  t h e  " n a t u r a l ” 

l e v e l  w i t h  a r e s u l t a n t  e r r o r  i n  C-14 age am oun t in g  t o  

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

c a l i b r a t i o n  o f  p a s t  a t m o s p h e r i c  C-14 a c t i v i t i e s  may a l s o  

be s u b j e c t  t o  s u c h  e r r o r s  so t h a t  u n l e s s  s e v e r a l  sam ples  

a r e  m easu red  d u r i n g  e a c h  decade  t h e  a c c u r a c y  o f  t h e  

d e t e r m i n a t i o n s  may be l i m i t e d .  M a t in g  o f  wood s e c t i o n s  

and m a t e r i a l s  w h ich  ul i v e ” o v e r  l o n g e r  t im e  p e r i o d s  may 

n o t  be s i g n i f i c a n t l y  a f f e c t e d  due t o  c a n c e l l a t i o n  o f  the 

a n n u a l  d e v i a t i o n s .  Thus i t  would seem n e c e s s a r y  t o  

i n c r e a s e  t h e  13” e r r o r  on r a d i o c a r b o n  a g e s  o f  s h o r t  l i v e d  

m a t e r i a l s  .by 80 y e a r s .

The r e s u l t s  a r e  a l s o  r e l e v a n t  t o  t h e  c u r r e n t



a s s u m p t io n  t h a t  t h e  C-14 a c t i v i t y  o f  1890 wood r e f l e c t s  

th e  mean " n a t u r a l "  l e v e l .  I t  h a s  a l r e a d y  been  o b s e r v e d  

t h a t  1890 a t m o s p h e r i c  C-14 a c t i v i t i e s  seem l i k e l y  t o  

have been  s i g n i f i c a n t l y  d i l u t e d  by f o s s i l  f u e l  CO^

(by  c a .  0 . 5 $ ) •  A l th o u g h  t h e  s h o r t - t e r m  f l u c t u a t i o n s  

o f  a tm o s p h e r i c  C-14 c o n c e n t r a t i o n s  were m easured  

r e l a t i v e  t o  1890 a c t i v i t i e s  t h e i r  o v e r a l l  a m p l i tu d e  

would be i d e n t i c a l  r e l a t i v e  t o  any s t a n d a r d  a c t i v i t y .

T ha t  t h e  d e v i a t i o n s  i n  C-14 c o n c e n t r a t i o n s  were v i r t u a l l y  

s y m m e t r i c a l  a b o u t  t h e  1890 l e v e l ,  however ,  i m p l i e s  t h e  

v a l i d i t y  o f  t h e  s t a n d a r d  a s  a r e p r e s e n t a t i v e  measure  o f  

t h e  mean " n a t u r a l "  l e v e l .  Thus a t  1890 t h e  "S u ess  

e f f e c t "  d i l u t i o n  was com pensa ted  by a p o s i t i v e  n a t u r a l  

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

minimum. IT o n -c o n v e n t io n a l  p r e - 1 8 9 0  modern s t a n d a r d s  may, 

ho w ev er ,  be i n  s i g n i f i c a n t  e r r o r  u n l e s s  t h e  mean a c t i v i t y  

o v e r  an  1 1 - y e a r  c y c l e  i s  u s e d .  Thus 1850 a t m o s p h e r i c  

C-14 a c t i v i t i e s  a s  i n d i c a t e d  by t h e  1851 wool sam ples  

( T a b le  1 5 ) ,  were a b o u t  - 1 . 7 5 $  (A ) ,  i n  a g re e m e n t  w i t h  

s o l a r  d a t a  s i n c e  1850 im m e d ia te ly  f o l l o w e d  a s t r o n g  

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

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

C-14 c o n c e n t r a t i o n s  and t h e  a n n u a l  i n c r e a s e s  i n  t h e  

" S u e s s  e f f e c t "  t h e r e f o r e  a p p e a r  t o  s u p p o r t ,  p e rh a p s  f o r t ­

u i t o u s l y ,  t h e  u n i v e r s a l  use o f  th e  !T. 3 0S .  o x a l i c  a c i d  

s t a n d a r d .
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AP.32DIX A 

TFTKCF OF CAICIJIATIOIT OF KSSU1TS

(1 )  F e t e r m i n a t i on o f  ITet Sample Count  R a t e .

The g r o s s  sample c o u n t  r a t e ,  IT ( c . p . m . ) ,  i s  

c o n v e r t e d  t o  a n e t  a c t i v i t y ,  A ,Q
"by ( 1 )  c o r r e c t i o n  f o r  t h e  mean b ackground  c o u n t  r a t e ,

Bc , v i a  e s t a b l i s h e d  r e l a t i o n s h i p  be tween
if

background  and b a r o m e t r i c  p r e s s u r e  ( F i g u r e  2 1 ) ,  

and  (2)  n o r m a l i s a t i o t a  o f  th e  c o u n t e r  gas  f i l l  t o

c o n s t a n t  t e m p e r a t u r e  ( 1 8 ° 0 . )  t h r o u g h  th e

c o r r e c t i o n  f a c t o r ,  1 ( F i g u r e  13)*

Thus A§ = Tic,-30 and A0 = 1A* , t h e  s t a n d a r d  d e v i a t i o n
O kv b b  b

on Ac , cr(Ac ) ,  b e i n g  c a l c u l a t e d  by c o m b in a t io n  o f  th e^ O
i n d i v i d u a l  e r r o r s  on and B0 ( i . e .  CX(AQ) =_____________ O b b

)+ O^(l*0 ) .  F o r  known-age sam ples  w h ich  a r e  

a n a l y s e d  t o  r e f l e c t  a tm o s p h e r i c  0-14 c o n c e n t r a t i o n s  

d u r i n g  t h e i r  g row th  p e r i o d s ,  n e t  a c t i v i t i e s  a r e  c o r r e c t e d  

. f o r  decay  s i n c e  ‘• d e a t h ” u s i n g  a h a l f - l i f e  o f  5 ,7 3 0  y e a r s  

(27)  (A° = 4 . e X t ) .
O  ,

•s
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(2 )  P e t e r m i n a t i o n  o f  6 7 - 1 4 <BC -15 ?nd A .

The method o f  c a l c u l a t i o n  o f  S O - 1 4 , S C -1 3  and A  

i s  "based on th e  Lament f o r m u l a t i o n  ( 2 5 ,  70) a s  i n t e r ­

p r e t e d  by C a l low  e t  a l  ( 1 1 6 ) .  Thus SC-14  = ( A ^ / 0 . 95A.,-1) .
o  1,1

1000 ( / ^ ) ,  where  0.95Ajj  i s  t h e  n e t  C-14 a c t i v i t y  o f  t h e  

IT .P .S .  s t a n d a r d  (T ab le  5) n o r m a l i s e d  t o  th e  a c t i v i t y  

o f  a g e - c o r r e c t e d  1890 wood. The v a r i a n c e  on S C -1 4  i s  

expressed P, o 2(SC-14) -  J  2 { ^ ( i g )  a- ( I j 2.

° * < V  * < ^ > 2- o-2< V }  ( « •

The f r a c t i o n a t i o n  o f  C-13 and C-12 i s o t o p e s  i s  

e x p r e s s e d  by S C -1 3  where 6 C-13 = (Rg/Rp -  1 ) . 1 0 0 0  (£c) 

an d  Rg and Rp r e p r e s e n t  t h e  C -13 /C -1 2  r a t i o s  o f  sample  

and P . P . P .  b e l e m n i t e  s t a n d a r d  r e s p e c t i v e l y .  The s t a n d a r d  

d e v i a t i o n  o f  t h e  S C -1 3  m easurem ent  i s  c o n s i s t e n t l y  0.50*.

Sample C-14 c o n c e n t r a t i o n s  a r e  t h e n  n o r m a l i s e d  t o  

t h e  same C -1 3 /C -1 2  r a t i o  by c o n v e r s i o n  t o  A  e x p r e s s e d  

by  A  = 6 C -14 -  (2  6 0 - 1 3  + 50) (1 + S C - 1 4 /1 0 0 0 )  (&) 

where  t h e  f a c t o r  -5 0  b r i n g s  t h e  A  v a l u e  o f  1890 wood

c l o s e  t o  z e r o .
2 / A - \  -  Pi (2  SC-13 + 50!) 2 Ter, \ . A f \  . 6 0 -1 4 1 2 cr (A ' = [1  -  - - Tooo— j  • CT (60-14) + 4 [1 + - ^ J  .

Cr2 (SC-13)
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(3)  A gs I ; e te rm  in  a t i o n .

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

d a t e s  i t  i s  c u r r e n t  p r a c t i c e  t o  c a l c u l a t e  C-14 a g e s  

u s i n g  t h e  L ibby  h a l f - l i f e  v a lu e  o f  5*568 y e a r s *

These  d a t e s  a r e  c o n v e r t e d  t o  v a l u e s  b ased  on th e  

5 ,7 3 0  y e a r  h a l f - l i f e  t h r o u g h  m u l t i p l i c a t i o n  by th e  

f a c t o r  1 . 0 3 •

The sample age i n  y e a r s ,  i s  d e f i n e d  by

- s = 8033  l 0 £ e T i S T S = 5  (where  8033 = t i / 0 . 6 9 3 ) .o

l i m i t s  o f  age (T + t , ,  OV -  t 0 ) = 8033 l o g Q   ----------- -—<2 ., S i .  S 2 e

A l l  r a d i o c a r b o n  a g e s  a r e  e x p r e s s e d  i n  y e a r s  3 . P . ,  where

B . p .  d e s i g n a t e s  y e a r s  b e f o r e  1950*
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d ix  b

( l )  r o s s u , b h l  cccrsirypi'ioiT a h  c b h h t  : iaj:u m c t u k s

( I S 60 - 1 9 5 9 ) .

A nnua l  f u e l  c o n su m p t io n  f i g u r e s  a r e  g iv e n  in  m i l l i o n s  o f  
m e t r i c  t o n s ,  e x c e p t  f o r  n a t u r a l  gas com bus t ion  v/hicli i s  
i n  th o u s a n d  m i l l i o n s  o f  c u b ic  m e t r e s 0 Cement m an u fa c tu re  
d a t a  a r e  a l s o  p r e s e n t e d  in  m i l l i o n s  of  m e t r i c  t o n s .

Y e ar  C o a l  L i g n i t e  P e t r o le u m  n a t u r a l  IT a tu ra l  Cement
G a s o l i n e  Gas

I8 6 0 1 3 2 .1 6 . 1 0 .1 0 .6
1861 1 3 9 .5  , 6 . 6  ‘ 0 ,3 0 . 7
1862 1 3 8 .7 7 . 3 0 .4 0 . 8
1863 14 9 • 4 7 .7 0 .4 0 .8
1864 1 6 2 .3 8 .6 0 .3 0 .9
1865 1 7 1 .7 9 . 3 0 .4 1 .0
1866 181 .4 9 .4 0 .5 1 . 1
1867 194.4 1 0 . 1 0 .5 1 . 1
1868 192 .4 1 0 .7 0 .5 1 . 2
1869 1 9 9 .3 1 1 .6 0 .6 1 ,2
1870 203 .5 1 2 .2 0 .8 1 .3
1871 2 2 7 .1 1 4 .2 0 .8 1 .3
1872 246.6 1 5 .5 0 .9 1 .4
1873 263 .3 1 7 .4 1 .5 1 .5
1874 2 5 5 .8 1 9 .2 1 .6 1 .6
1873 263 .8 1 9 .0 1 .4 1 .7
1876 266 .8 1 9 .9 1 .5 1 .8
1877 272 .5 1 9 .7 2 .2 1 .9
1878 2 72 .6 20 0 5 2 .5 2 .1
1879 2 87 .3 2 1 .7 3 .2 2 . 3
1880 3X3.9 2 3 .1 4 . 1 0 . 1 2.5
1881 337 .7 2 4 .5 4 .4 0 .3 2 .9
1882 362 .6 2 5 .7 4 o9 0 ,6 • 3 . 2
1803 387 .9 27 .4 4 . 1 0 . 8 3 .3
1884 389.5 2 8 .1 4 . 9 1 . 1 ‘3 .8
1885 380 o6 2 9 .0 5 . 0 1 .5 4 . 1
1886 381 .6 2 9 .8 6 .5 l o 9 4 .4
1887 4 0 8 .1 3 1 .1 6 .5 2 .4 4 .6
1888 4 4 1 .2 3 3 .2 7 . 1 2 .8 4 . 8
1889 4 4 8 .0 35 .4 6o4 3 . 3 4 . 9
1890 4 74 .6 3 8 . 9 , 1 0 .5 3o8 5 . 1



Y ear  C o a l  L i r r n i t e  l e t r o l e t m  I Tat u ra  1 n a t u r a l  Oer.ent
G a s o l in e  Gas

1891 493*8 4 1 .6 1 2 .5 3 .9 5 .6
1892 4 8 8 .5 4 2 .2 1 2 .2 4 . 1 6 0 3
1293 4 8 7 .1 4 3 .9 12 .6 4 . 2 6o9
1894 5 0 9 .3 4 5 .2 1 2 .2 4 . 3 7 o4
1895 5 3 6 .3 4 9 .2 14 .2 4 .5 7 .9
1896 5 51 .8 5 2 .2 1 5 .7 5 .1 8 .4
1897 ‘ 5 7 7 .2 56 .6 1 6 .7 5o7 So 9
1898 6 0 8 .2 6 0 .2 1 7 .2 6 . 2 9 .4
1899 6 6 7 .0 6 3 .9 1 8 .0 6 .7 9 .9
1900 7 0 0 .7 7 1 .5 20 .5 7 . 1 10 .5
1901 7 17 .5 7 6 .8 2 3 .0 7 . 9 11 .6
1902 7 3 3 .8 7 5 .3 2 4 .9 8 .4 1 2 .6
1903 807 .4 78 .4 2 6 .7 8 . 9 13 .6
1904 812 .4 8 1 .5 2 9 .9 9 . 3 1 4 .7
1905 857 .5 8 7 .0 29 .5 10 0 6 1 5 .8
1906 9 25 .9 9 3 .3 2 9 .2 1 1 .7 1 6 .8
1907 1 0 2 2 .7  , 1 0 2 .0  ■ 3 6 .2 12 0 2 1 7 .7
1908 9 6 8 .1 105 .6 3 9 .1 1 2 .1 1 9 .0
1909 1 0 1 0 o4 1 07 .5 4 0 .9 14.4 2 0 ,0
1910 1 056 .6 108 .4 4 4 .9 1 5 .3 2 1 .0
1911 1 0 7 6 .8 1 1 2 .6 4 7 .2 1 5 .4 2 3 .1
1912 1 133 .8 124 .4 4 8 .3 1 6 .9 2 5 .2
1913 1 216 .3 128 .8 5 3 .7 0 .1 1 7 .5 2 7 .3
1914 1 0 8 6 .1 1 2 0 .9 55 .9 0 .2 17 0 7 29 .4
1915 1069 .5 1 2 3 .7 5 9 .1 0 . 2 1 8 .9 31 .5
1916 1 1 5 2 .1 131 .9 62 .5 0 . 3 22 .6 3 5 .7
1917 12 1 5 .3 134 .9 6 9 .2 0 .7 23 .9 37 08
1918 1194 .9 141.4 6 9 .5 0 .8 21 .6 44 .1
1919 1 04 0 .0 1 3 3 .1 77 .5 1 . 0 22 .4 3 8 .0
1920 1192.5 1 57 .5 9 9 .2 1 . 2 2 4 .0 39 .9
1921 993 .2 168 .4 107.4 1 . 3 1 9 .9 4 4 . 1
1922 10 6 1 .8 1 8 2 .7 119 0 9 1 .5 22 .9 4 4 . 1
1923 1205 .5 16 3 .4 141.5 2 .4 3 0 .2 46 02
1924 1 1 8 9 .0 173 .1 141 .3 2 .7 34 o2 51.4
1925 1 1 8 5 .1 1 8 6 .9 148 .8 5 .3 3 6 .1 5 8 o l
1926 1 1 7 7 .1 1 3 7 .7 152 .3 4 .0 3 9 .7 62 .4
1927 1 2 7 5 .1 202 .9 175 .2 4 . 7 4 3 .6 C 1 0  v-‘ I t u
1928 124 6 .1 219.4 1 8 4 .2 5 .3 4 7 .5 7 2 .2
1929 132 5 .1 232 .4 206.6 606 5 7 o9 75 0 5
1930 1216 .9 1 9 7 .2 196 .6 r V& • J 5 4 .2 7 1 .0
1931 1074.5 181 .6 189 .5 r~

J  • ~r 52 .6 60 <>6
1932 955 .2 1 7 0 .2 1 8 0 .7 4 .5 4 9 o l 4 8 .9
1933 10 0 0 .0 174 .4 1 9 7 .2 4o2 4 9 .4 4 7 .7
1934 1 0 8 8 .0 1 9 1 .3 208 .2 4 .5 5 6 .2 57 o4
1935 .1 1 1 1 .5 2 0 5 .8 226 <>2 4 . 8 57 .5 6 4 .0
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Year Goal l i g n i t e Pe t r o l e u m IT a tu ra l
G a s o l in e

IT a tu ra l
Gas

Ceme nl

1936 125c . 0 2 0 5 .2 245 .0 5 . 2 6 6 .6 7 5 .2
1937 1 3 0 2 cO 252 .0 260 oO 6 .0 7 4 .0 5 2 ,9
1938 1 2 1 4 .0 264 .0 273 .0 6 .3 7 0 .6 86*.0
1°39 1 2 8 8 .0 2 9 2 .0 285.6 6 .4 7 5 .9 8 4 .1
1940 1 3 63 .0 3 1 9 .2 2C2 ,0 6 .9 8 1 .8 8 1 .0
1941 1 4 22 .0 331 .2 2 7 9 .0 7 .9 6 6 .6 9 1 .1
1942- 1 4 2 ^ .0 334 .0 2 63 .0 8 . 0 9 4 .2 8 7 .0
1943 14 3 0 .0 3 4 8 .0 2 88 .0 8 . 2 1 0 5 .2 78 02
1944 1 3 7 9 .0 3 16 .0 324 . 0 8 . 9 1 1 4 .2 6 4 .0
1945 1 1 22 .0 1 8 7 .2 3 42 .0 9 .7 1 2 5 .0 5 1 .0
1946 1 2 1 6 .0 2 56 .0 3 7 6 .0 1 0 . 2 1 2 9 .3 7 8 .0
1947 1374 .0 2 7 4 .0 4 1 4 .0 1 0 .7 1 4 3 .2 8 8 .0
1948 1 4 2 9 .0 2 99 .2 4 6 8 .0 1 1 .7 1 61 .2 1 0 4 ,0
1949 1 3 4 2 .0 3 3 2 o0 466 .0 1 2 .2 1 7 0 .3 118 oO
1950 1 4 5 4 .0 3 60 .8 5 2 3 .0 1 3 .6 1 9 7 .0 132 .4
1^51 1524 .0 396 .8 5 9 2 .0 1 4 .6 2 33 .2 148 .6
1952 1 4 29 .0 423 .2 , 6 2 3 .0 1 5 .0 250 .8 158 .6
1953 1500 .0 ' 4 5 0 .0 6 5 8 .0 1 5 .7 263 .3 1 7 5 .3
1954 1 4 7 5 .1 4 9 3 .9 6 90 .7 1 6 .2 278 o7 188 .6
1955 1 5 9 7 .1 5 3 5 .2 773o8 1 7 .6 3 0 2 .8 2 1 7 .0
1956 1 6 8 6 .1 5 64 .8 8 4 1 .7 1 7 .8 3 28 .1 2 35 .0
1957 1733 .5 5 93 .2 8 86 .3 1 7 .7 357 .0 2 4 7 .0
1958 18 1 5 .3 612 .5 9 0 6 .7 1 8 .0 586 .6 2 6 3 .0
1959 1 8 9 0 .0 616 <>7 978 .6 1 8 .6 4 3 1 .1 2 9 4 .0
I960 1 9 8 2 .0 638 .4 1 05 3 .9 1 9 .6 484 .2 314 .0
1961 1 8 0 7 03 6 61 .9 1 122 .5 2 0 .8 5 0 7 .0 3 3 3 .0
1962 1 8 5 2 .3 6 83 .8 1217.4 21 .6 553 .5 3 5 8 .0
1963 1 923 .6 7 1 8 .0 1305 .8 23 .5 6 0 5 .0 378 oO
1964 l c 92 .4 7 4 7 .2 1 4 1 0 .0 2 6 .1 6 6 0 .0 4 1 5 .0
1965 2042.4 7 4 2 .0 1 5 1 1 .3 27.4 7 0 5 .7 4 3 4 .0
1966 2 076 .8 7 3 8 .1 1641 .4 28 .4 7 6 5 .0 4 6 3 .0
1967 2 1 2 5 .7 7 5 0 .0 1 81 0 .0 2 9 .5 828 oO 4 6 5 .0
1968 2 20 0 .0 770o0 2000 .0 3 0 .5 8 9 0 .0 510 oO
1969 2 2 7 0 .0 8CO0O 2200 .0 31 .5 9 5 0 .0 5 4 0 .0
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to O LO VD CO rH rH Cd tO VD Cd LO to CJ VO CO to O o C m- Od
r l Ld rH H CO to Lo c— Od CL CO O rH rH LO LO LO rH f~l tO LO LO O
cd H • • • • • • • • • • • Cd rH • # • • • # • * •
O o CM CM CM CM OJ CM CM OJ CM iO tO O O DO LO tO tO CO LO tO tO tO

o rH o rH
Vj

v“'

P rH OJ tO ^  LO VC td-  CO Od O rH p CM tO '3- LO VD Z— Cd Od O
Cd O O O O O O O O O r H r —i Cd rH i—1 i—1 r~H i—If—1 rH i—1 CM
G CO Cd CT. Od Cd Od Od Od Cd Cd Od G Od Od Od C\ Od Od Od Od Od
>< H H r H r i H H r H H H H r l H H H H H H H H H



rH CO
Cd LD

- P  i—i o o
EH H

-P cd)
e  t o  
0  H& o  ■0 H 
o X

"J- CD ON ON L"- CJ 3  
tO  H  CD LO rH H  OJ C. 
£— O  H ' "H LO LO C-■ O '

CO rH CJ t  LO CO C— CO r—I O
CD n o  t o  H  D  v o  C\1 c  H  CD 
OJ [ t o  O'* i—1 "M* CD i—1 LO CJ

i—1
cd
PE
-p
0

to
CO H*
0  rHcb oH

X

rH 0  •
Cd e  to
P •H LO
E rH H
-P O O
tcd 0  Hr-=- cd M 

<3

E  o
0  to

rH  "0*
O  H  
P  O  
-P rH0 X P) —

0 •+3 tO 
•H
E  H  
to O 

•H rH

t o  
H  LO 
cd H  o c

O  rHX

P
cd
0
>H

to "O' "C "O' "O' "J" LO tO "0* "O' "O' LT\ LO LO

O  O  O  CJ "O' H* CO O  CD CO lO  O  LO O  LO tO  H  CD 
O  O  CO "J- C— GN rH "O' LO tO  CJ tO  CO C— CO LO CO O  

• • • • • • • •
CJ CO CO CO CO co  t o  t o  t o  t o  OJ CJ CJ CO co  t o  c o  t o

CO CO t o  t o  CO C— CO LO H  CO CO c o o  C O  C\J O  CJ 
"O' LO tD- CO CD CN o H  "0- t o  CO rH CO t o  "O' 'O  CO C— 

•  • • • • • • •  • • • • • • • • • •
O O O O O O i —I i—I i—I rH i—I i—1 i—I i—I i—I i—| i—| ■—|

O  CO to 00 O CO to  r—1 rH CG "O' C" GO C CD CO CO CO 
"O' "O' C" CO O CM "O' CD O CD CD LO CJ tO «o* LO CO CO

• • • • • • • • • • • • • • • • a *
O O O O i —t i—I i—I i—! CO i—l i—I i—I t—I i—I i—I i—I i—| i—I

CJ IT— CO C— Cd ON CO CO H  CM CM CO "O' LO t -  CO C— 0-  
O  t o  od O 'lH CO O '. rH CO lie to  O  LO CO IO CO 00 VD 

•  • • • • • • • • • • • • * ■ • « •
tO  LO tO  tO  "0“ "J" "0“ LO LT\ LO LO LO LO LO CO CD P ~  L'~

O  CO CD CM CO rH CM CD i—I t— LO "O' CD i—I CO CO tO LO
LO CO tO CD C?N O  "O' CO OJ CO CO LO. CD rH -vj- C— O

• • • • •  • • • • • • • • • • • • a
"O' "O' "O' "O' "0- LO LO LO CD LO "O' "O' "J- LO LO LO CD

O  H  CM "O' CO CO CD rH tOcD CO COO CO C— tOLOtO*
H  H  LO CD C— "O' tO ID CU CD ON LO 0) LO CD H  LO
ON rH LO "O' "O' "T C— CD CJ LO rH £— CO rH CJ DO CJ LO

CM tO tO tO tO tO tO tO to LO tO CJ CM tO CO tO tO tO

H  CO to LO CD lo- CO ON O H  OJ O  LO CD t CD 
CM CM CM CM CM CM CM CJ CM tO tO tO to CO to  to  tO tO 
O J  ON ON ON ON ON ON ON C> ON CN CN CO ON ON ON ON O'* 
H H H H H H H H H H H H H H H r t H H

• t o  LO rH C J
H  fc3 O  C J H  rH
cd t o CD O ' rH H
-P i—! • • • <
O O  

EH H  
X

•

LO LO '-D CD

-P cd t o  CJ CO o
E  to, CM CO CM H
0  H • • • •
0  O  
0  rH

O  X

t—1 O

H ' tO

cd to "cf ON O  ON
P  03 "O- CO ON rH CM
E  Cd rH • • • «
•P G  o 
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c o l f j t e b  :pbcgba: i :l s

The f o l l o w i n g  com pu te r  programmes were need in  th e  
t h e o r e t i c a l  s t u d i e s  a s s o c i a t e d  w i t h  t h i s  r e s e a r c h  
p r o j e c t ;  w i t h  t h e  a s s i s t a n c e  o f  th e  Computing 
D e p a r tm e n t ,  Glasgow U n i v e r s i t y  t h e y  were programmed 
i n  A l g o l  l an g u a g e  f o r  use  i n  th e  L J ; . 1 . 9  c o m p u te r .

(1 )  P r o g r amme f p r  P e t e r m i n a t i o n of  Be s t  JBtre.i a h t  Line 
L i t  Lhrouah  G o se rye 6 l o i n t s .  "• ~ ...

begirt comment This  programme works out  m and c f o r  th e  
e q u a t io 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  rms e r r o r  
( s q r t ( [ v T 2 ] / ( n  -  2)  ) p lu s  t h e  i n d i v i d u a l  
d e v i a t i o n s  in  y ;

I n t e g e r  n ,  i ,  p;
r e a l  s x ,  s y ,  s x y ,  sx 2 ,  s y 2 ,  m, c ,  d; 
o p e n (2 0 ) ;  open(7G);  
s t a r t :  n :=  r e a d (2 0 ; j
b e g in  array  x , y ,  e [ l : n ] $  
s x := s y := s x y := s x 2 := s y 2 : = 0 .0 ;  
f o r  i :=1  s t e p  1 u n t i l  n do 
beg in  x [ i j := r e a d ( 2 0 ) ; 

y [ i ] := rea d (2 0 )
en d ;
f o r  i :=1  s t e p  1 u n t i l  n do 
beg in  sx :=  sx + xTTTj 

sy :=  sy  + y [ i ] ;  
s x y :=sxy + x [ i ] x y [ i ] ;  
sy2 sy£ + y [ i ] T 2 ;  
sx 2 := sx 2  + x [ i ] T2

end;

d:= nxsx2 -sxT2; m:= (n x sxy - s x  x s y ) / d ;  
c : «  ( sx2  x sy  -  sx  x  s x y ) / d ;
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d :=  s q r t ( ( s y 2  -  sy x  c -  sxy x m ) / ( n  - 2 ) ) ;

f o r  i := 1 s t e p  1 u n t i l  n do 
begin

e [ i ]  := y [ i ] ;
, y [ i ]  :® y [ i ]  -  m x  x [ i ]  -  c 
end;

w r i t e  t e x t  (7 0 , [ [ 4 c ]  m*~*]);
w r i t e  (70 ,  format (_[_-d.dddddw~ndJ_) 9 m) ;
w r i t e  t e x t  ( 7 0 , [ [ 3s ]c*=*_]_) \
w r i t e  ( 7 0 , form atT[-S’.dddddio-ndj_), c ) ;
w r i t e  t e x t  ( 7 0 ,  [ [ 3 s ] rms*error~=*] ) ;
w r i t e  ( 7 0 , format (£-d.ddddd]o-ndJ_), d):
w r i t e  t e x t  ( 7 0 ,  [ [ 3 c ] [ 6 s ] y * o b s [ 8 s ] y * c a l c  [ 7 s ] d e v l a t i o n [ 2 c ] ])  
f o r  i  := 1 s t e p  1 u n t i l  n do 

beg in
w r i t e  (^0, format ( [ 2 s  -d .ddddw -nd]) ,  e [ i ] ) :
w r i t e  ( 7 0 , format (T3s -d.ddddio-ndT) » m x x [ i ]  + c ) ;
w r i t e  ( 7 0 ,  format (T3s -d.ddddio-ndcjy, y [ i j )

end;
comment i f  a n o th er  s e t  o f  data  i s  to  
f o l l o w  punch 1 o t h e r w is e  0;

p := read (2 0 ) ;
i f  p = 1 then g o to  s t a r t ;
c l o s e  ( 7 0 l l
c l o s e  (20 ) ;
comment The data  tape  c o n s i s t s  o f  n f o l lo w e d  by 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  each s e t  o f  n 
p a i r s  i f  a n o th er  s e t  f o l l o w s ,  and a zero  a f t e r  the  
f i n a l  s e t ;

end end -*
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(2 )  P ro  g r a nnie f o r  E s t i m a t i o n  o f  th e  e f f e r t M

b e g i n  comment T h i s  programme v;orks o u t  th e  
y e a r l y  f o s s i l  CO^ c o n t e n t  o f  a tm o sp h e re  
and ocean3(BETA and GAMMA r e s p )  r e s u l t i n g  
f rom  t h e  a n n u a l  r e l e a s e  o f  ALPHA i n a c t i v e  
COg, t o ' t h e  a tm o s p h e r e  f o r  a l l  c o m b in a t io n s  
o f  ex change  r a t e s  k i , k £  and k 3 ;
I n t e g e r  i , f a , f b , f c , f d ;
r e a  1 k o n e , k tw o , k t h r e e  , a  l p h a , be t a , gamma; 
r e a l  a r r a y  ALPHA,BETA,GAMMA[ 1 8 6 0 : 1 9 6 9 ] ;  
o p e n ( 20) ;  
o p e n (7 ^ ) y
•fa:=format(  [ s n d .d d d ] );  
fb := fo rm a t(T sssd d d d T ); 
f c  :=format ("["ssndddd.dddJJ ; 
f  d : =format (Ts s sndddd. dddc J);  
f o r  1 :~1860  step* 1 u n t i l  T9o9do 
ALPHA[ i ] : = reaZ T 20);
f o r  k  o n e : = 0 . 3 3 , 0 . 2 0 , 0 . 1 4 3 , 0 . 1 0 , 0 . 0 9 , Odo
f o r  k tw o :~ 0 . 5 0 , 0 . 2 0 , 0 . 10 , 0do
f o r  k t h r e e : = 0 . 0 5 , 0 . 1 0 , 0 . 2 0  do
b e g i n  w r i t e  t e x t ( 7 0 , C[p]K*QNE*=*] ) ;
w r i t e  (7 0 , f a , l c  o n e ) ;
w r i t e  t e x t  (70,£*****K*TW0*=*J_);
w r i t e  (7 0 , f a , k  tw o ) ;
w r i t e  t e x t  (70 ,£**  ***K*THREE*~*J_);
w r i t e  ( 7 0 , f a , k  t h r e e ) ;
new l i n e  (7 0 , 2 ) ; be ta := gam m a:= 0 ;
w r i t e  t e x t  ( 7 0 , [***YEAR******ALPHA*******BETA******GAMMA[cc]3) ;  
f o r  1:=1860  s t e p  1 u n t i l  1969 do 
b e g in  a l p h a : =ALPHA[ i  J ;
GAMMA[i]:»(gamma + ( a l p h a  + b e t a  )xk one)  x  

( 1 . 0  -  k  two -  k t h r e e ) ;
BETA[i] ; = b e ta  :=s (a lpha - i -be ta )x (  1 . 0 -k  one x ( 1 . 0 - k  tw o ) ) +

gammaxk two; 
gamma: =GAMMA[i] ;  
w r i t e  ( 7 ° , f b , i ) ;  
w r i t e  ( 7 0 , f c , a l p h a );  
w r i t e  170, f c , b e t a ) :
W r i t e  ( 7 0 , fd ,gamma) 
end  c l o s e ( 2 0 ) ; c l o s e ( 7 0 )
comment The d a t a  t a p e  c o n s i s t s  o f  t h e  a n n u a l  CC^ i n p u t  
d a t a  ( e x p r e s s e d  a s  p e r c e n t  o f  n a t u r a l  a t m o s p h e r i c  GO^ 
c o n t e n t ) ;  t h e  o u t p u t  g i v e s  ALPHA,BETA and GAMMA v a l u e s  
f o r  e a c h  y e a r  
end  end-*
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(3)  Programme jfor_ p e t e rraijn§ tJLon.. ..of. Bejslg E x p o n e n t i a l  P i t  
T h r  o u i l l  Oh s e rv e  <3 Pb i  n t  s

b e g i n  comment T h i s  programme e s t i m a t e s  by r e g r e s s i o n  
a n a l y s i s  t h e  b e s t  v a l u e s  f o r  A and k i n  t h e  e x p r e s s i o n  
y = A e x p ( - k t )  w i t h i n  a  g i v e n  ra n g e  o f  k 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  k , j , i , n , f 1, f 4 ;  
r e a l  s u m l , s u m 2 , a . a 1 , b 1 , d 1 , c 1 , s ;  

o p e n ( 2 0 ) ;  o p e n ( 7 0 ) ;  k : = r e a d ( 2 0 ) ;  
f o r  J : == 1 s t e p  1 u n t i l  k do 
b e g i n  n : = r e a d ( 2 0 7 ; 
b e g i n  r e a l  a r r a y  x , y , e 1 , e 2 [ 1 : n ] ; 
b 1 r e a d (20
d 1 : = r e a d ( 2 0 ) ; 
c 1 := r e a d ( 2 Q ) ;
f o r  i :~ 1  s t e p  1 u n t i l  n do 
b e g in  x [ i  J :=rea(^( 20 

y [ l ] : - r e a d ( 2 0 |  
end;
f o r  a1:~b1 s t e p  d1 u n t i l  c1 do 
b e g in  suml:=sum2:=0;  
f o r  i := 1  s t e p  1 u n t i l  n do 
b e g i n  s u m l : - s u m 1 + e x p ( - 2 x a lx x [ i ] );

sum2: =sum2+y [ i  ] xexp ( -a  1 Xx [ i  ] )
end;
a:-su m 2/sum 1;

s : = 0 . 0 ;  
f o r  i :=1 s t e p  1 u n t i l  n do 
b e g i n e 1 [ i  j": =axexp( -a  1 xx"[T] ) ;  

e 2 [ i j :- e 1 [ i ] - y [ i ];  
s : = e 2 [ i ] x e 2 [ i ]

end;
f  1: =»f ormat ([  7s  - d . dddw+ndj_):
f 4  reformat ( ] j  Os-d.dddio+ndc]_);
w r i t e ( 7 0 , f l , a 1 );
w r i t e ( 7 0 , f 1 , s ) ;
w r i t e ( 7 0 , f ^ , a )
end;
end;

- c l o s e ( 2 0 ) ;  c l o s e ( 7 0 )
comment The d a ta  tape  c o n s i s t s  o f  the  number o f  
s e p a r a t e  s e t s  o f  d a t a , t h e n  the  number o f  p a i r s  o f



p o i n t s , n , f o l l o w e d  by the  lower l i m i t  o f  k , t h e n  
the  increm ent  i n  k d e s i r e d ,  then  the  upper l i m i t  
o f  k .  and f i n a l l y  the  c o o r d in a t e s  o f  the  n p o i n t s  
( y > t ) ; t h e  outp ut  l i s t s  v a l u e s  o f  s , which i s  
r e l a t e d  to  the  d e v i a t i o n  between observed  and c a l c u l a t e d  
p o i n t s ,  so t h a t  the  b e s t  v a l u e s  o f  A and k correspond  
t o  th e  minimum v a lu e  o f  s;  
end end-*
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f i n a l l y  t h e  f i n a n c i a l  s u p p o r t  o f  t h e  

S c i e n c e  H e s e a r c h  C o u n c i l  i s  g r a t e f u l l y  a c k n o w l e d g e d .
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n a t u r a l  f l u c t u a t i o n s  o f  a t m o s p h e r i c  0 -14  c o n c e n ­

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

s e v e r a l  t h o u s a n d  y e a r s  a r e  known t o  have  o c c u r r e d  

d u r i n g  t h e  l a s t  6 m i l l e n i a .  t h e  f l u c t u a t i o n s  

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

r a d i o c a r b o n  d a t i n g  m ethod  a n d ,  a l t h o u g h  t h e i r  o r i g i n  

i s  n o t  f u l l y  u n d e r s t o o d ,  p r o b a b l y  s t e m  f ro m  t h e  

v a r i a t i o n  o f  one o r  more o f  t h e  g e o p h y s i c a l  p a r a m e t e r s  

v /h ich  c o n t r o l  c a r b o n  c i r c u l a t i o n ,  t h e  s co p e  o f  p a s t  

s t u d i e s  was l i m i t e d  by t h e  a v a i l a b i l i t y  o f  c o m p le t e  

s e r i e s  o f  s a m p le s  o f  p r e c i s e l y  known o r i g i n .  C o n s e q u e n t l y  

i t  h a s  n o t  b e e n  p o s s i b l e  t o  e s t a b l i s h  w h e t h e r  n a t u r a l  

a t m o s p h e r i c  0 -1 4  c o n c e n t r a t i o n s '  a r e  c o n s t a n t  o v e r  s h o r t e r  

t i m e  p e r i o d s  o f  s e v e r a l  y e a r s .

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

C~14 c o n c e n t r a t i o n s  o v e r  t h e  p a s t  c e n t u r y  have  b e e n  

s t u d i e d  t h r o u g h  a n a l y s e s  o f  p l a n t  s e e d s ,  w in e s  and  

s p i r i t s .  U s i n g  e x c h a n g e  r a t e  d a t a  o b t a i n e d  f ro m  r e c e n t  

i n v e s t i g a t i o n s  o f  t h e  t r a n s p o r t  o f  a r t i f i c i a l  "bomb11 

0 - 1 4 ,  t h e  m a g n i t u d e  o f  t h e  " S u e s s  e f f e c t "  d u r i n g  t h e  

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

com pared  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  P r e d i c t i o n s  o f  

t h e  " S u e s s  e f f e c t "  t o  2 ,0 2 5  A .D .  s u g g e s t  a n a r k e d



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

a b o u t  5 Op above  n a t u r a l .  I t  i s  c o n c l u d e d  t h a t  t h e  

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

by s u c h  a n  i n c r e a s e  may be s u f f i c i e n t  t o  r a i s e  w o r l d  

t e m p e r a t u r e s  by s e v e r a l  d e g r e e s .

C o r r e c t i o n  o f  o b s e r v e d  a t m o s p h e r i c  C--14 a c t i v i t i e s  

f o r  " S u e s s  e f f e c t "  d i l u t i o n  r e v e a l e d  t h a t  b e tw e e n  1890  

and  1950 n a t u r a l  f l u c t u a t i o n s  a p p e a r  t o  hav e  o c c u r r e d  

o v e r  t h e  1 1 - y e a r  s u n s p o t  c y c l e  i n  i n v e r s e  c o r r e l a t i o n  

w i t h  s o l a r  a c t i v i t y .  I t  i s  s u g g e s t e d  t h a t  t h e  o r i g i n  

o f  t h i s  c o r r e l a t i o n  l i e s  i n  t h e  v a r i a b l e  m i x i n g  r a t e s  

o f  s t r a t o s p h e r i c  and  t r o p o s p h e r i c  a i r  m a s s e s  c a u s e d  by 

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

r a d i a t i o n  o v e r  e a c h  s o l a r  c y c l e .  A g e n e r a l  d e c r e a s e  i n  

a t m o s p h e r i c  C-14 c o n c e n t r a t i o n s  was a l s o  o b s e r v e d  an d  

i s  a t t r i b u t e d  t o  a r e d u c t i o n  i n  t h e  mean 0 -14  p r o d u c t i o n  

r a t e  t h r o u g h  i n c r e a s e d  s o l a r  a c t i v i t y 0 The r e s u l t s  

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

c i r c u l a t i o n .  I n  a d d i t i o n  t h e y  im p l y  t h e  p r o b a b i l i t y  o f  

i n c r e a s e d  e r r o r s  i n  r a d i o c a r b o n  ag e  d e t e r m i n a t i o n s  a n d  

e n d o r s e  t h e  u n i v e r s a l  u se  o f  t h e  I ' . B . S .  modern  s t a n d a r d  

i n  0 - 1 4  a s s a y .


