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Radiocarbon Evidence on the Dilution of Atmospheric and Oceanic 
Carbon by Carbon from Fossil Fuels 
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Abstract—The dilution of a tmospher ic carbon dioxide b y carbon dioxide from fossil fuels 

is estimated to be about 3}^ P ct> on the basis of radiocarbon assays of tree rings of known ages 

from several trees of different genera, after a l lowance has been made for effects attributable 

to ecological differences. T h e cumula t ive mass of fossil carbon dioxide released to the a tmos­

phere is 3.3 x 1 0 1 7 g m , equivalent to abou t 14 pe t of the carbon dioxide in the atmosphere. 

Based on these data, the fractional part of the a tmospheric carbon dioxide which enters the 

ocean each year is estimated to be 0.062. Rad ioca rbon assays of several nineteenth-century 

marine shells and of their modern counterparts indicate a one to t w o per cent dilution of 

shallow oceanic carbonates b y ca rbon dioxide f rom fossil fuels. Use of these data in a simpli­

fied mathematical mode l of a tmosphere-ocean yields information on mixing times of the 

ocean. 

Introduction—The effec ts o f a d d i t i o n t o the 

carbon c y c l e in na tu r e o f c a r b o n d i o x i d e f r o m in­

dustrial ac t iv i t i es h a v e b e e n the s u b j e c t o f s p e c u l a ­

tion in several fields o f s c i e n c e . O f p a r t i c u l a r in ter ­

est is the fate o f the e n o r m o u s q u a n t i t y o f c a r b o n 

dioxide w h i c h has b e e n i n t r o d u c e d i n t o the a t ­

mosphere s ince the b e g i n n i n g o f the indus t r i a l 

revolution in the 19 th c e n t u r y , a n d the m a n n e r in 

which the a d d e d c a r b o n d i o x i d e has b e e n d i s t r i b ­

uted in the c a r b o n c y c l e . A l t h o u g h a p p r e c i a b l e 

amounts o f c a r b o n d i o x i d e h a v e u n d o u b t e d l y b e e n 

added f rom soils b y t i l l ing o f l a n d , a p p a r e n t l y a 

much greater a m o u n t ha s r e su l t ed f r o m the c o m ­

bustion of fossil fuels. 

Callendar [1940] p o i n t e d o u t t ha t d i r e c t m e a s u r e ­

ments of the c a r b o n d i o x i d e c o n c e n t r a t i o n in air , 

made o v e r a n u m b e r o f y e a r s b y v a r i o u s inves t i ­

gators, ind ica te a s ign i f icant i nc rease in c o n c e n ­

tration o v e r the p e r i o d 1 8 6 6 - 1 9 3 5 . F r o m this h e 

concluded tha t m o s t o f the c a r b o n d i o x i d e f r o m the 

industrial r e v o l u t i o n has r e m a i n e d in the a i r a n d , 

consequent ly , t ha t t he ra te o f a b s o r p t i o n o f c a r b o n 

dioxide b y the o c e a n s is v e r y s l o w . Hutchinson 

[1954] sugges ted tha t the r a d i o c a r b o n c o n t e n t o f 

woods f rom trees w h i c h h a v e l i v e d d u r i n g the in­

dustrial r e v o l u t i o n m i g h t t h r o w l i gh t o n t he d i l u ­

tion of a t m o s p h e r i c c a r b o n d i o x i d e b y c a r b o n 

dioxide f rom the c o m b u s t i o n o f foss i l fuels . Suess 

[1954] a t a b o u t the s a m e t i m e d e t e r m i n e d the 

radiocarbon c o n t e n t o f t ree r ings o f k n o w n a g e s 

from several trees. T h e s e resul ts i n d i c a t e d a d i l u ­

tion of a b o u t 3 | p e t . I n la te r w o r k Suess [ 1 9 5 5 ] , 

on the basis of results o n a d d i t i o n a l s a m p l e s , re­

v i s e d the p r o b a b l e d i l u t i o n d o w n w a r d t o less than 

o n e p e r c e n t a n d a s c r i b e d the f o r m e r h ighe r ind i ­

c a t e d d i l u t i o n t o l o c a l i z e d effects o f indus t r ia l 

a c t i v i t y . 

W i t h i n the las t seve ra l y e a r s there h a v e b e e n 

r a p i d a d v a n c e s in the m e t h o d o l o g y o f r a d i o c a r b o n 

a s say , p a r t i c u l a r l y as i t pe r t a ins t o r a d i o c a r b o n 

d a t i n g . A s a resul t , i t is p o s s i b l e t o d a y t o m a k e 

r o u t i n e r a d i o c a r b o n a s s a y s in w h i c h the s ta t i s t ica l 

u n c e r t a i n t y is less t h a n o n e p e r c e n t fo r c o n ­

t e m p o r a r y c o n c e n t r a t i o n s o f na tu ra l r a d i o c a r b o n . 

I n v i e w o f s u c h p r e c i s i o n , a k n o w d e d g e o f the 

d i l u t i o n ef fec t b e c o m e s i m p o r t a n t in the p rec i se 

r a d i o c a r b o n d a t i n g o f c a r b o n - c o n t a i n i n g mate r i a l s . 

I t w a s t o ga in k n o w l e d g e o f the d i l u t i o n effec t in 

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

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

s e c t i o n s w a s u n d e r t a k e n . I n a l l o f the e x p e r i m e n t a l 

w o r k , r a d i o c a r b o n a s says w e r e m a d e b y p r o p o r ­

t i ona l c o u n t i n g o f the s a m p l e as c a r b o n d i o x i d e 

g a s , c o n t a i n e d in the c o u n t e r u n d e r a p ressure o f 

f ive a t m o s p h e r e s a b s o l u t e [Brannon, Taggart, a n d 

Williams, 1 9 5 5 ] . T h e s a m e c o u n t e r w a s u s e d fo r 

al l a s says . I n the p r e p a r a t i o n o f e a c h s a m p l e the 

c o n v e r s i o n t o c a r b o n d i o x i d e a n d the r e c o v e r y o f 

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

sur ing a n a b s e n c e o f effects d u e t o i s o t o p i c f r ac t ion ­

a t i o n . T h e resul ts in al l cases h a v e b e e n e x p r e s s e d 

in t e r m s o f n e t c o u n t s p e r m i n u t e fo r the pa r t i cu l a r 

c o u n t e r e m p l o y e d . N o a t t e m p t has b e e n m a d e t o 

c o n v e r t t he resul ts t o a f o r m w h i c h w o u l d ref lec t 

t h e a b s o l u t e d i s i n t e g r a t i o n ra te p e r u n i t m a s s o f 

c a r b o n . 
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FIG. 1 — Cumulat ive carbon dioxide released to 
atmosphere b y combus t ion of fossil fuels 

Appraisal of carbon dioxide production from fossil 

fuels—Although v a r i o u s e s t i m a t e s h a v e b e e n m a d e 

o f the c u m u l a t i v e a m o u n t o f c a r b o n d i o x i d e re­

leased t o the a t m o s p h e r e s ince the b e g i n n i n g o f the 

indus t r ia l r e v o l u t i o n b y t he c o m b u s t i o n o f fossi l 

fuels , i t w a s d e e m e d des i rab le t o r eappra i se b o t h 

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

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

T h e g rea te r p a r t o f this c a r b o n d i o x i d e , b y far , 

ha s b e e n a t t r i b u t a b l e t o t h e b u r n i n g o f c o a l . 

P e r h a p s the b e s t d a t a su i t ab le fo r the e s t i m a t i o n 

o f the c o n t r i b u t i o n f r o m c o a l a re g i v e n b y Putnam 

[ 1 9 5 3 ] f o r w o r l d - w i d e c o n s u m p t i o n s i n c e t he y e a r 

1 8 6 0 . H i s v a l u e s are e x p r e s s e d in t e r m s o f h e a t 

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

m a y b e c o n s i d e r e d t o h a v e b e e n g i v e n t o t h e r a n k 

of the c o a l . T h e c o n v e r s i o n o f P u t n a m ' s figures 

for c o a l c o n s u m p t i o n t o m a s s o f c a r b o n d i o x i d e 

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

re la t ing c a r b o n c o n t e n t t o h e a t c o n t e n t o f c o a l . 

P e r h a p s the m o s t re l i ab le d a t a f o r the c o n s u m p t i o n 

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

o f DeGolyer a n d MacNaughton [ 1 9 5 5 ] . T h e c a r b o n 

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

b e e s t i m a t e d b y use o f a n a v e r a g e v a l u e f o r the 

c a r b o n c o n t e n t o f l i q u i d p e t r o l e u m . A l t h o u g h the 

m a s s o f c a r b o n d i o x i d e p r o d u c e d b y the c o m b u s t i o n 

o f na tu ra l gas is r e l a t i ve ly m i n o r , this m a y b e 

a p p r o x i m a t e d b y use o f a n a v e r a g e c a r b o n c o n t e n t 

of na tu ra l g a s a n d o f a r a t i o o f gas t o o i l p r o d u c e d . 

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

t i n u o u s l y f r o m a b o u t 1 9 1 0 t o the p r e s e n t . 

F i g u r e 1 show r s a n e s t i m a t e o f the c u m u l a t i v e 

a m o u n t o f c a r b o n d i o x i d e re leased t o the a t ­

m o s p h e r e b y the b u r n i n g o f fossi l fuels m a d e b y 

use o f the f o r e g o i n g d a t a a n d a s s u m p t i o n s . T h e 

c u m u l a t i v e p r o d u c t i o n t o d a t e , a p p r o x i m a t e l y 

3 . 3 X 1 0 1 7 g r a m s o f c a r b o n d i o x i d e , is e q u i v a l e n t 

t o a b o u t 1 4 p e t o f the t o t a l a m o u n t o f ca rbon 

d i o x i d e in the a t m o s p h e r e . T h i s is s o m e w h a t less 

t h a n a n e s t i m a t e m a d e b y Putnam [ 1 9 5 3 ] , a n d is 

s l i g h t l y h i g h e r t h a n a n u n p u b l i s h e d e s t i m a t e made 

b y H a r r i s o n B r o w n ( p r i v a t e c o m m u n i c a t i o n ) . Al­

t h o u g h n o v a l u e s o f c a r b o n d i o x i d e e q u i v a l e n c y 

are c o n t a i n e d in a p a p e r o n t o t a l foss i l fuel pro­

d u c t i o n b y Hubbert [ 1 9 5 6 ] , a p p l i c a t i o n o f reason­

a b l e c a r b o n c o n t e n t s o f c o a l a n d o f p e t r o l e u m to 

H u b b e r t ' s e s t i m a t e s o f p r o d u c t i o n w o u l d likely 

resul t in a n e s t i m a t e o f t o t a l c a r b o n d i o x i d e pro­

d u c t i o n w h i c h w o u l d b e s l igh t ly h i g h e r than that 

o f F i g u r e 1 . I t m a y a l s o b e n o t e d t ha t the estimate 

m a d e b y Callendar [ 1 9 4 0 ] fo r c a r b o n d i o x i d e pro­

d u c t i o n b e t w e e n 1 9 0 0 a n d 1 9 3 5 is s o m e w h a t higher 

t h a n tha t s h o w n b y F i g u r e 1. 

T h e c u r v e o f F i g u r e 1 is n o t o f s i m p l e exponent ia l 

f o r m . T h e p o r t i o n f r o m 1 8 6 0 t o a b o u t 1 9 1 0 ap­

p r o x i m a t e s a n e x p o n e n t i a l f o r m , b u t the par t of 

the c u r v e f r o m 1 9 1 0 o n w a r d d e v i a t e s progress ive ly 

f r o m the e x p o n e n t i a l . T h e d e v i a t i o n is such that 

less c a r b o n d i o x i d e h a s b e e n p r o d u c e d t h a n would 

b e e x p e c t e d f r o m a n e x p o n e n t i a l r e l a t ion fit ted to 

the e a r l y p a r t o f the c u r v e . A p p l i c a t i o n t o the curve 

o f c o m b u s t i o n e f f i c i ency f a c t o r s g i v e n b y P u t n a m , 

h o w e v e r , y i e l d s a c u r v e w h i c h f o l l o w s c lo se ly an 

e x p o n e n t i a l f o r m . F r o m this i t m a y b e inferred that 

i m p r o v e m e n t s in e f f i c i ency o f u t i l i z a t i on o f fuels 

a c h i e v e d d u r i n g the las t s eve ra l d e c a d e s have 

r e su l t ed in a p p r e c i a b l y less c o n s u m p t i o n o f fuels 

t han w o u l d h a v e b e e n the case o t h e r w i s e . 

Evidence on dilution of atmospheric carbon 

dioxide—In i n v e s t i g a t i n g the d i l u t i o n o f at­

m o s p h e r i c c a r b o n d i o x i d e a n d , c o n s e q u e n t l y , of the 

c a r b o n c o n t a i n e d in v e g e t a t i o n b y c a r b o n from 

fossi l fuels , t he m e t h o d o f a t t a c k w a s essentially 

t ha t f o l l o w e d b y Suess [ 1 9 5 4 , 1 9 5 5 ] . R a d i o c a r b o n 

a s says w e r e m a d e o f t ree r ings o f know T n age , in­

c l u d i n g r ings o f v e r y r e c e n t a g e . 

T h e se l ec t i on o f the w o o d s f o r invest igat ion 

p o s e d a p r o b l e m . O b v i o u s l y , if a n a t t e m p t were 

m a d e t o i n c l u d e all t y p e s o f w o o d y p l a n t s f rom all 

p o s s i b l e e n v i r o n m e n t s in w h i c h t h e y a re f o u n d , the 

n u m b e r o f s a m p l e s w o u l d b e p r o h i b i t i v e l y large. 

T h e d e c i s i o n w a s m a d e , the re fo re , t o c h o o s e only a 

v e r y l i m i t e d n u m b e r o f w o o d s , b u t , in t h e selection, 

t o a t t e m p t t o c h o o s e s a m p l e s w h i c h m i g h t yield 

def in i t ive resul ts . I n pa r t i cu l a r , the s a m p l e s were 

s e l ec t ed t o r ep resen t e x t r e m e s in e n v i r o n m e n t and 

e c o l o g y . 

T h e w o o d s i n v e s t i g a t e d w e r e o a k , g u m , 'cypress ' 

(Taxodium), a n d D o u g l a s fir. T h e o a k a n d gum 

s a m p l e s w e r e o b t a i n e d f r o m l o c a t i o n s in eastern 

T e x a s a p p r o x i m a t e l y 75 mi l e s n o r t h o f Hous ton . 
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The cyp re s s s a m p l e c a m e f r o m the s w a m p s o f 

south L o u i s i a n a , a n d the D o u g l a s fir, k i n d l y 

furnished b y E d m u n d S c h u l m a n , w a s f r o m the 

R o c k y M o u n t a i n r e g i o n . I n a l l cases the s a m p l e s 

were o b t a i n e d f r o m areas r e l a t i v e l y r e m o t e f r o m 

the centers o f indus t r i a l a c t i v i t y in w h i c h there 

might b e a b n o r m a l l y l a rge c o n c e n t r a t i o n s o f d e a d 

carbon re leased t o the a t m o s p h e r e f r o m the u t i l i za ­

tion of fossil fuels . 

Resul ts o f r a d i o c a r b o n a s s a y o f s a m p l e s o f these 

woods of v a r i o u s a g e s are g i v e n in T a b l e 1. A n 

examinat ion o f the resul ts r evea l s seve ra l fea tures 

of interest. P e r h a p s the m o s t c o n s p i c u o u s o f these 

is the va r i a t i on o f the e x t r a p o l a t e d c o n t e m p o r a r y 

assay of the fou r w o o d s . T h i s v a r i a t i o n m a y b e 

seen m o r e c l ea r ly w h e n the a v e r a g e s o f the c o n ­

temporary a s say , e x t r a p o l a t e d f r o m the a c t u a l 

assays of s a m p l e s 5 0 y e a r s o r m o r e o l d , a re t a b u ­

lated ( T a b l e 2 ) . I n the c o m p u t a t i o n o f the a v e r a g e 

extrapolated a s say fo r the c y p r e s s , i t is p r o b a b l y 

justifiable t o d i s r ega rd the d a t a o b t a i n e d f r o m 

assay of the 6 0 0 - y e a r r ing o n the g r o u n d t h a t this 

ring was in c lose p r o x i m i t y t o t he cen t r a l c a v i t y 

c o m m o n in the s w a m p c y p r e s s , a n d the re fo re w a s 

particularly v u l n e r a b l e t o the in f luence o f in t rus ive 

carbon. T h e d i f fe rence in e x t r a p o l a t e d a s says o f the 

Douglas fir a n d c y p r e s s is r o u g h l y s ix p e r c e n t . 

A l t h o u g h the p o s s i b i l i t y c a n n o t b e ru led o u t 

that the di f ferences in the e x t r a p o l a t e d c o n t e m p o ­

rary assays are a t t r i b u t a b l e t o d i f fe rences in p h y s i o ­

logical b e h a v i o r p e c u l i a r t o the d i v e r s e g e n e r a , it 

seems m o r e r e a s o n a b l e t h a t the d i f fe rences in 

assays are a re f lec t ion o f t he d i f fe rent e c o l o g i c a l 

condit ions u n d e r w r hich the t rees g r e w . 

T h e D o u g l a s fir g e n e r a l l y g r o w s o n a s t eep a n d 

well-drained s l o p e in w h a t Bannister a n d Smiley 

[1955] t e rm , in the sense t h a t t he w o r d is u s e d in 

d e n d r o c h r o n o l o g y , a ' s e n s i t i v e ' s i te , t h a t is, o n e in 

which the soil m o i s t u r e is d e r i v e d d i r e c t l y f r o m 

local p rec ip i t a t ion . T h e o a k a n d g u m , o n the o t h e r 

hand, are i n h a b i t a n t s o f a ' c o m p l a c e n t ' s i te o r o n e 

in which m o i s t u r e is a v a i l a b l e f r o m a p o r o u s s u b ­

soil as wel l as f r o m d i r e c t p r e c i p i t a t i o n . T h e a rea 

from w h i c h these pa r t i cu l a r o a k a n d g u m s a m p l e s 

were o b t a i n e d is o n e o f m o d e r a t e l y h e a v y fo res t a -

tion, a n d o f c l a y e y soi l c o n t a i n i n g a m o d e r a t e 

amount of h u m u s . T h e e n v i r o n m e n t in w h i c h t he 

swamp cypres s g r o w s is neces sa r i l y o n e o f s t a n d i n g 

swamp wa te r ; c y p r e s s s w a m p s c o n t a i n a b u n d a n t 

organic remains in v a r i o u s s t ages o f d e c a y . 

If it b e a s s u m e d t ha t e c o l o g i c a l c o n d i t i o n s a re 

responsible for the d i f fe rences o b s e r v e d in the e x ­

trapolated c o n t e m p o r a r y a s s a y , t h e n a r e a s o n a b l e 

mechanism b y w h i c h these d i f fe rences are a c h i e v e d 

must be p o s t u l a t e d . A m e c h a n i s m w h i c h m a y b e 

T A B L E 1 - Radiocarbon assays of woods 

Sample 

Radiocarbon assay 

Sample 

Actual Extrapolated 
to present 

cpm cpm 

Douglas Fir (Pseudo-
tsuga taxifolia) 

Western U.S. , 15-yr 2 0 . 2 0 db 0 1 7 a 2 0 . 2 4 db 0 . 1 7 
ring 

Same, 225-yr ring 2 0 . 4 3 dz 0 1 7 a 2 1 . 0 0 =fc 0 . 1 7 
Oak (Quercus stellata 

[?]) , Cleveland, 
Texas , 0 -10-yr rings 1 9 . 9 4 rb 0 17 
Same, 100-yr ring 2 0 . 2 7 db 0 17 2 0 . 5 2 zfc 0 . 1 7 

G u m (Liquidamber 
styraciflua) 

Cleveland, 
Texas , 0 -10-yr rings 19 .53 dz 0 17 
Same, 50-yr ring 2 0 . 2 3 dz 0 1 7 a 2 0 . 3 6 zfc 0 . 1 7 
Same, 100-yr ring 19 .77 dz 0 17 2 0 . 0 2 zfc 0 . 1 7 
Same, 150-yr ring 19 .93 zfc 0 17 20 .31 dz 0 . 1 7 

Cypress (Taxodium 
distichum) 

Tangipahoa Parish, 
La . , 0 -10-yr rings 19 .48 zfc 0 . 17 
Same, 200-yr ring 1 9 . 3 6 zfc 0 . 17 1 9 . 8 6 zfc 0 . 1 7 
Same, 400-yr ring 18 .68 zfc 0 . 17 19 .68 =fc 0 . 1 7 
Same, 450-yr ring 18 .71 zfc 0 . 17 1 9 . 8 4 =fc 0 . 1 7 
Same, 500-yr ring 18 .58 zfc 0 . 17 19 .85 zfc 0 . 1 7 
Same, 600-yr ring 17 .85 zfc 0 . 17 19 .35 =fc 0 . 1 7 

a Average of t w o determinations. 

T A B L E 2 - Averages of contemporary assay, 
extrapolated 

Wood Assay 

cpm 

Douglas fir 2 1 . 0 0 =fc 0 . 1 7 
Oak 2 0 . 5 2 zfc 0 . 1 7 
G u m 2 0 . 2 3 dz 0 . 1 7 
Cypress {Taxodium) 19 .81 zfc 0 . 1 7 

c a l l e d u p o n t o furnish a n e x p l a n a t i o n is t ha t p o s t u ­

l a t e d b y Wickman [1952] in a n a t t e m p t t o e x p l a i n 

v a r i a t i o n s in the a b u n d a n c e o f the s t ab le c a r b o n 

i s o t o p e s in p l a n t s . A c c o r d i n g t o W i c k m a n ' s v i e w s , 

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

u p t a k e o f c a r b o n d i o x i d e c o n t a i n e d in g r o u n d 

w a t e r , o r b y u t i l i z a t i on in p h o t o s y n t h e s i s o f c a r b o n 

d i o x i d e re leased f r o m the soi l . I n c o r r o b o r a t i o n 

o f p a r t o f W i c k m a n ' s p o s t u l a t e a n d o f v i e w s e x ­

p r e s s e d b y Godwin [ 1 9 5 1 ] , Deevey a n d o the r s 

[1954] h a v e d e m o n s t r a t e d t h a t v e g e t a t i o n g r o w i n g 

in h a r d - w a t e r l akes e x h i b i t s a d e c r e a s e d r a d i o ­

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

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

d i s s o l v e d in t h e l a k e w a t e r . Craig [ 1 9 5 4 ] , o n v a r i o u s 

g r o u n d s , has r e j e c t e d as u n t e n a b l e the idea e x -
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T A B L E 3 - Extent of dilution exhibited by the various 
woods 

Wood 
Extrapolated 

contemporary assay 
Dilution 

cpm pet 

Douglas fir 2 1 . 0 0 ± 0 . 1 7 3 . 6 zb 1 1 
G u m 2 0 . 2 3 =b 0 . 1 7 3 . 3 ± 1 1 
Oak 2 0 . 5 2 =b 0 . 1 7 2 . 8 =b 1 1 
Cypress 19 .81 zb 0 . 1 7 1.7 =b 1 2 

p re s sed b y W i c k m a n t h a t the re c a n b e a p p r e c i a b l e 

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

d i o x i d e b e t w e e n p l a n t s a n d the p e d o s p h e r e w h i c h 

w o u l d resul t in e n r i c h m e n t o f the p l a n t in C 1 2 . 

I n a n effor t t o s h e d l igh t o n the m e c h a n i s m w h i c h 

a p p a r e n t l y o p e r a t e d in the ca se o f the fou r w o o d s 

e x a m i n e d , C 1 2 — C 1 3 r a t ios w e r e d e t e r m i n e d fo r 

severa l o f the s a m e w o o d s a m p l e s w h i c h h a d b e e n 

s u b j e c t e d t o r a d i o c a r b o n as say . R e s u l t s f r o m these 

d e t e r m i n a t i o n s i n d i c a t e t ha t d i f fe rences a m o n g the 

C 1 2 — C 1 3 r a t io s o f t he v a r i o u s w o o d s a re r e l a t i v e l y 

smal l , a n d tha t the m e a s u r e m e n t s d o n o t s e rve t o 

c la r i fy the m e c h a n i s m r e spons ib l e fo r the va r i ­

a t i ons in r a d i o c a r b o n c o n t e n t . 

A l t h o u g h the e v i d e n c e is a d m i t t e d l y v e r y s c a n t y , 

i t a p p e a r s t ha t the d i f fe rence in e x t r a p o l a t e d c o n ­

t e m p o r a r y a s says o f the w o o d s m a y b e e x p l a i n e d 

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

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

i n to the o a k a n d g u m trees , a n d o f a g rea te r a m o u n t 

o f o l d o r d e a d c a r b o n i n t o the c y p r e s s t ree . 

A s e c o n d fea ture o f in te res t r e v e a l e d b y the 

a s says o f the fou r w o o d s is tha t , in e v e r y ca se , 

t he r a d i o c a r b o n c o n t e n t o f the v e r y r e c e n t w o o d 

w a s n o t i c e a b l y l o w e r t han the r a d i o c a r b o n c o n t e n t 

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

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

r a d i o c a r b o n b y a n c i e n t c a r b o n i n t r o d u c e d b y c o m ­

b u s t i o n o f fossi l fuels is t hus q u i t e e v i d e n t . 

T h e e x t e n t o f d i l u t i o n e x h i b i t e d b y the D o u g l a s 

fir, 3 . 6 p e t , is in e x c e l l e n t a g r e e m e n t w i t h the v a l u e 

o f 3 . 5 p e t p r e d i c t e d b y H a r r i s o n B r o w n ( p r i v a t e 

c o m m u n i c a t i o n ) o n the bas i s o f d e t a i l e d s tud ie s o f 

the C 1 2 — C 1 3 r a t i o m a d e b y B r o w n ' s c o - w o r k e r s 

o n r ings f r o m the s a m e t ree ( T a b l e 3 ) . 

Q u i t e e v i d e n t in the f o r e g o i n g t a b u l a t i o n is a 

t r end o f d e c r e a s i n g d e g r e e o f d i l u t i o n w i t h d e c r e a s e 

in the e x t r a p o l a t e d c o n t e m p o r a r y a s say . I n sp i t e o f 

the r e l a t i v e l y la rge u n c e r t a i n t i e s w h i c h ex i s t in the 

e s t i m a t e d p e r c e n t a g e s o f d i l u t i o n , a n d in sp i t e o f 

the f a c t t ha t the n u m b e r o f w o o d s c o n s i d e r e d is 

smal l , t he i n d i c a t i o n tha t s u c h a t r end exis t s c a n ­

n o t b e i g n o r e d . 

If, as p o s t u l a t e d , t he d i f f e rence in t he ex t rapo­

l a t ed c o n t e m p o r a r y a s says are a t t r i b u t a b l e t o the 

i n c o r p o r a t i o n in s o m e of the t rees o f o l d ca rbon , 

t hen , b y e x t e n s i o n , t he s a m e p o s u l a t e m a y be 

u t i l i zed t o furnish a q u a l i t a t i v e e x p l a n a t i o n of the 

t r end o f d e g r e e o f d i l u t i o n w i t h e x t r a p o l a t e d assay. 

F o r e x a m p l e , if t he c y p r e s s u t i l i zed a l a rge per­

c e n t a g e o f c a r b o n o l d e r t h a n a b o u t 5 0 y e a r s in the 

syn the s i s o f i ts w o o d y m a t e r i a l , th is c a r b o n wou ld 

n o t b e a f f ec t ed b y d i l u t i o n a c c o m p a n y i n g the in­

dus t r i a l r e v o l u t i o n , a n d the a p p a r e n t over-al l 

e f fec t d u e t o c o m b u s t i o n o f fossi l fuels w o u l d be 

d i m i n i s h e d c o r r e s p o n d i n g l y . A l t h o u g h such an 

e x p l a n a t i o n m a y n o t b e a d e q u a t e t o a c c o u n t 

q u a n t i t a t i v e l y f o r the resul ts o b t a i n e d , there ap­

p a r e n t l y exis t s a c o n n e c t i o n b e t w e e n the e c o l o g y of 

a t ree a n d the d e g r e e o f d i l u t i o n d u e t o the in­

dus t r i a l r e v o l u t i o n w h i c h i t e x h i b i t s . 

A s a c o r o l l a r y , i t is l i k e l y t ha t the m o s t reliable 

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

r a d i o c a r b o n b y c a r b o n f r o m fossi l fuels is that 

fu rn i shed b y the D o u g l a s fir, t he t ree w h i c h ap­

p a r e n t l y w a s l eas t a f f ec t ed b y a s s i m i l a t i o n o f old 

c a r b o n . T h e e x t e n t o f d i l u t i o n s h o w n b y the 

D o u g l a s fir is in c l o s e a c c o r d w i t h the d i l u t i o n which 

m a y b e c a l c u l a t e d f r o m resul ts r e p o r t e d b y Suess 

[ 1 9 5 4 ] , b u t is a p p r e c i a b l y h i g h e r t h a n h is later 

i n t e r p r e t a t i o n [Suess, 1 9 5 5 ] o f less t h a n o n e per 

c e n t . 

Evidence on dilution of oceanic carbon—To in­

v e s t i g a t e the p o s s i b i l i t y t ha t the r a d i o c a r b o n con­

c e n t r a t i o n in s h a l l o w o c e a n i c c a r b o n a t e s m a y have 

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

d e a d c a r b o n d e r i v e d f r o m the b u r n i n g o f fossil 

fuels , a s says w e r e m a d e o f the r a d i o c a r b o n con­

t en t s o f c a l c a r e o u s shel ls o f m a r i n e o r g a n i s m s col­

l e c t e d in the n i n e t e e n t h c e n t u r y , a n d , fo r compar i ­

s o n , o f the r a d i o c a r b o n c o n t e n t s o f the i r m o d e r n 

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

P a s t e x p e r i e n c e in H u m b l e ' s l a b o r a t o r i e s has 

i n d i c a t e d t h a t m o d e r n shel ls o f o r g a n i s m s which 

g r o w in res t r i c ted b a y s o r es tuar ies m a y o f t e n have 

a b n o r m a l l y l o w r a d i o c a r b o n c o n c e n t r a t i o n s . For 

this r e a s o n , o n l y t h o s e h i s t o r i c a l l y - d a t e d old 

m a r i n e shel ls w e r e u s e d w h i c h c a m e f r o m open 

c o a s t a l w a t e r s . A l l o f the shel ls w e r e f r o m At lan t i c 

o r C a r i b b e a n w a t e r s . 

T h r o u g h the c o u r t e s y o f W i l l i a m J. C l e n c h of 

the M u s e u m of C o m p a r a t i v e Z o o l o g y , H a r v a r d 

U n i v e r s i t y , i t w a s p o s s i b l e t o o b t a i n a n a r k shell, 

c o l l e c t e d in S o u t h C a r o l i n a in 1 8 5 0 b y Louis 

A g a s s i z , a n d a n a r k shel l c o l l e c t e d in J a m a i c a in 

1 8 4 5 b y G o v e r n o r A d a m s o f J a m a i c a . T h e Charles-
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ton M u s e u m g e n e r o u s l y c o n t r i b u t e d a V e n u s c l a m 

col lec ted in 1859 a t S u l l i v a n ' s I s l a n d , G e o r g i a , b y 

E d m u n d R a v e n a l , a n d H a r r y S. L a d d o f the U . S. 

Nat iona l M u s e u m in W a s h i n g t o n g r a c i o u s l y g a v e 

a Buccinum c o l l e c t e d in 1873 a t C a s c o B a y , 

Maine . T a b l e 4 l ists t he a c t u a l r a d i o c a r b o n c o n ­

tents o f the o l d , h i s t o r i c a l l y - d a t e d shells a n d the 

co r re spond ing c o n t e n t s af ter e x t r a p o l a t i o n t o z e r o 

age. 

For c o m p a r i s o n w i t h the V e n u s c l a m c o l l e c t e d 

by R a v e n a l , g o o d v a l u e s o f the r a d i o c a r b o n a s s a y 

of the m o d e r n c o u n t e r p a r t w e r e a v a i l a b l e . R o b e r t 

A. M o o d y , t h e n o f H u m b l e ' s P r o d u c t i o n R e s e a r c h 

Div i s ion , w i t h the g e n e r o u s c o o p e r a t i o n o f his 

father, C l a r e n c e L . M o o d y , h a d c o l l e c t e d a n u m b e r 

of genera o f l i v i n g o r g a n i s m s f r o m a v a r i e t y o f en ­

v i ronment s o n the A t l a n t i c c o a s t . T h r e e V e n u s 

clams f r o m di f fe rent e n v i r o n m e n t s , c o l l e c t e d nea r 

Sullivan's I s l a n d , the l o c a t i o n f r o m w h i c h the 

Ravena l shel l c a m e , g a v e a s says o f 2 0 . 3 3 , 2 0 . 3 9 , 

and 20 .24 c m p , e a c h w i t h a s ta t i s t i ca l u n c e r t a i n t y 

of ± 0 . 1 7 c p m . I f the a v e r a g e o f these , 2 0 . 3 4 ± 0 . 1 7 

cpm, b e u s e d as the r e p r e s e n t a t i v e a s s a y o f the 

modern c o u n t e r p a r t , t he e x t e n t o f d i l u t i o n ind i ­

cated b y the V e n u s c l a m is 2.1 ± 1.6 p e t . 

In the c o m p u t a t i o n o f d i l u t i o n b y use o f d a t a 

from the A g a s s i z a n d f r o m the J a m a i c a s a m p l e s , 

there is s o m e u n c e r t a i n t y in a s s ign ing a s says t o the 

respect ive m o d e r n c o u n t e r p a r t s . N o s a m p l e o f 

living a rk c o u l d b e o b t a i n e d f r o m the S o u t h 

Carolina c o a s t , w h e n c e the A g a s s i z s a m p l e c a m e , 

since the I n c o n g r u o u s A r k is n o w r e l a t i v e l y rare o n 

this coas t . N o m o d e r n s a m p l e o f C u t R i b b e d A r k 

from J a m a i c a w a s r e a d i l y a v a i l a b l e . C o n s e q u e n t l y , 

for c o m p a r i s o n w i t h the A g a s s i z s a m p l e , use w a s 

made of a s a m p l e o f Anadara brasiliana Lamarck 

collected a t C o r o n a d o B e a c h , F l o r i d a , in 1938 , a n d 

for c o m p a r i s o n w i t h t he J a m a i c a s a m p l e a shel l o f 

Barbatia Candida Helbling w a s e m p l o y e d w h i c h 

had been c o l l e c t e d a t F o r t M y e r s , F l o r i d a , in 1921 . 

Both of the la t te r shells w e r e o b t a i n e d t h r o u g h the 

courtesy o f W i l l i a m J. C l e n c h . 

T h e assay o f the 1938 C o r o n a d o B e a c h a r k w a s 

19.52 ± 0 . 1 7 c p m , w h i c h e x t r a p o l a t e s t o 19 .56 ± 

0.17 c p m for z e r o a g e b e f o r e the p re sen t . I f this 

value b e used as r e p r e s e n t a t i v e o f t he m o d e r n 

counterpar t o f the A g a s s i z s a m p l e , the a m o u n t o f 

dilution w h i c h h a d t a k e n p l a c e t o 1938 is i n d i c a t e d 

to be 3.2 ± 1.6 p e t . 

T h e assay o f the 1921 Barbatia Candida f r o m 

Fort M y e r s , F l o r i d a , w a s 20 .31 ± 0 .17 c p m , 

equivalent t o 2 0 . 3 9 ± 0 . 1 7 c p m e x t r a p o l a t e d t o the 

present. U s e o f this v a l u e fo r c o m p a r i s o n w i t h the 

T A B L E 4 - Radiocarbon contents of historically dated 
marine shells 

Shell Actual assay 
t 

cpm 

Venus c lam (Veneridae 2 0 5 4 ± 0 1 6 

Mercenaria), col lected 2 0 4 2 ± 0 1 6 

b y Ravenal , Sulli­ 2 0 6 0 ± 0 1 6 

van ' s Island, S. C , 
1 8 5 9 

A v . 2 0 5 2 ± 0 1 6 2 0 . 

Incongruous A r k (Ana­ 1 9 9 5 ± 0 1 7 2 0 . 

dara brasiliana La­
marck) col lected b y 
Louis Agassiz, South 
Carolina, 1 8 5 0 

Cut R i b b e d A r k (Bar­ 2 0 1 8 ± 0 1 7 2 0 . 

batia Candida Hel­
bling) col lected b y 
G o v . A d a m s , Jamai­
ca, 1 8 4 5 

Buccinum undatum (L) 1 9 9 8 ± 0 1 7 2 0 . 

collected b y U.S. Fish 
& Wildl ife , Casco 
B a y , Maine , 1 8 7 3 

Assay 

2 0 . 4 4 ± 0 . 1 7 

2 0 . 1 1 ± 0 . 1 7 

J a m a i c a s a m p l e y i e l d s a n e s t i m a t e d d i l u t i o n , as o f 

1 9 2 1 , o f neg l i g ib l e p e r c e n t a g e . 

U n f o r t u n a t e l y , n o a s s a y has y e t b e e n m a d e o f 

m o d e r n Buccinum f r o m C a s c o B a y fo r c o m p a r i s o n 

w i t h t ha t o f the 1873 s p e c i m e n . A m o d e r n s a m p l e 

f r o m D i g b y N e c k , N o v a S c o t i a , has b e e n e x ­

a m i n e d , h o w e v e r , a n d has g i v e n 20 .41 ± 0 . 1 7 c p m , 

w h i c h is h ighe r t han the e x t r a p o l a t e d c o u n t i n g ra te 

of the 1873 C a s c o B a y s a m p l e . 

I n a n appra i sa l o f the e v i d e n c e b e a r i n g o n d i lu ­

t i on o f the r a d i o c a r b o n in these m a r i n e shel ls , 

m o s t w e i g h t s h o u l d b e g i v e n t o tha t fu rn i shed b y 

the c o m p a r i s o n o f the resul ts o b t a i n e d f r o m the 

R a v e n a l shel l w i t h t h o s e o b t a i n e d f r o m m o d e r n 

V e n u s c l a m shel ls . S l i gh t l y less w e i g h t s h o u l d 

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

A g a s s i z s a m p l e a n d its C o r o n a d o B e a c h m o d e r n 

c o u n t e r p a r t , a n d , b e c a u s e o f the p r o b a b i l i t y o f en ­

v i r o n m e n t a l d i f fe rences , less re l i ance c a n b e p l a c e d 

o n the c o m p a r i s o n b e t w e e n the J a m a i c a a n d the 

F o r t M y e r s s a m p l e s a n d o n the c o m p a r i s o n b e ­

t w e e n the C a s c o B a y a n d the D i g b y N e c k s a m p l e s . 

S u c h an appra i sa l l e ads t o the c o n c l u s i o n tha t 

m a r i n e shel ls , a n d h e n c e the d i s s o l v e d c a r b o n a t e s 

of s h a l l o w o c e a n i c w a t e r s , a p p e a r t o s h o w a p e r ­

c e p t i b l e d i l u t i o n ef fec t . A l t h o u g h the e v i d e n c e a t 

h a n d is e x t r e m e l y l i m i t e d , i t i nd i ca t e s t ha t t he 

e x t e n t o f the d i l u t i on m a y b e in the n e i g h b o r h o o d 

of o n e t o t w o p e r c e n t . 

Implications of the radiocarbon evidence—From 
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the r a d i o c a r b o n e v i d e n c e o n the d i l u t i o n o f a t ­

m o s p h e r i c a n d o c e a n i c c a r b o n b y c a r b o n d i o x i d e 

f r o m fossi l fuels i t is p o s s i b l e t o e s t i m a t e the ra te 

a t w h i c h c a r b o n d i o x i d e en te r s the o c e a n s , a n d t o 

d e d u c e s o m e i n f o r m a t i o n o n the m i x i n g t i m e s o f the 

o c e a n s . T h e s e t o p i c s are c o n s i d e r e d in the f o l l o w i n g 

s e c t i o n s . 

Rate of entrance of atmospheric carbon dioxide 

into the oceans—It has b e e n d e d u c e d in a p r e c e d i n g 

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

d i o x i d e b y fossil c a r b o n d i o x i d e is , a t p r e s e n t , 

l i ke ly in the n e i g h b o r h o o d of a b o u t 3 J p e t . I f it 

b e a s s u m e d tha t the c a r b o n d i o x i d e i n t r o d u c e d i n t o 

the a t m o s p h e r e as a resul t o f the indus t r i a l r e v o l u ­

t i o n is p r e d o m i n a t e l y t ha t f r o m fossi l fuels ( t a n ­

t a m o u n t t o the a s s u m p t i o n t ha t the a m o u n t o f 

' r e c e n t ' c a r b o n d i o x i d e resu l t ing f r o m ag r i cu l t u r a l 

a c t i v i t y is sma l l in c o m p a r i s o n ) , t h e n the i nc rease 

in m a s s o f a t m o s p h e r i c c a r b o n d i o x i d e is c o r ­

r e s p o n d i n g l y a b o u t 3 ^ p e t . 

I n o r d e r t ha t t he ra te o f e x c h a n g e o f c a r b o n 

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

e s t i m a t e d , i t is des i rab le t o p o s t u l a t e t ha t ( 1 ) the 

e n t r a n c e ra te o f c a r b o n d i o x i d e i n t o the o c e a n is 

p r o p o r t i o n a l t o the m a s s o f c a r b o n d i o x i d e in the 

a t m o s p h e r e , a n d ( 2 ) the e x i t ra te o f c a r b o n d i o x i d e 

f r o m the o c e a n t o the a t m o s p h e r e is c o n s t a n t , s ince 

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

c a r b o n d i o x i d e c o n c e n t r a t i o n in the u p p e r p a r t o f 

the o c e a n resul ts f r o m the a d d i t i o n o f the fossil 

c a r b o n . 

B y u t i l i za t ion o f a n a p p r o x i m a t e e x p r e s s i o n fo r 

the ra te o f p r o d u c t i o n o f c a r b o n d i o x i d e s h o w n in 

F i g u r e 1, the ra te o f c h a n g e o f c a r b o n d i o x i d e in 

the a t m o s p h e r e is g i v e n b y 

— = Bke*' - oMa + £ (1) 
dt 

w h e r e 

Ma = mass of carbon dioxide in the atmosphere 
/ = t ime 

Bkekt = rate of p roduc t ion of carbon dioxide b y 
combus t ion of fossil fuel, as derived from the 
curve B(ekt - 1) fitted to Fig. 1 

a = entrance coefficient 
0 = exit rate 

T h e s o l u t i o n , o n i n t eg ra t i on o f ( 1 ) , is 

Ma = Malt-o + [ekt - e-°<\ {2) 

k + CL 

I n this s o l u t i o n , / = 0 a t the y e a r 1860 . 

S o l u t i o n of ( 2 ) , u t i l i z ing the e s t i m a t e d inc rease 

of 3 § p e t for the m a s s o f c a r b o n d i o x i d e in the 

a t m o s p h e r e , y i e l d s a v a l u e for a o f 0 .062 p e r y e a r . 

T h i s is the f rac t iona l p a r t o f the a t m o s p h e r i c 

c a r b o n d i o x i d e w h i c h en te r s i n t o the o c e a n each 

y e a r . 

I n c o m p a r i s o n , Suess [ 1953] ha s g i v e n a value, 

w h i c h m a y b e c o n s i d e r e d as c o m p a r a b l e , o f from 

0 .02 t o 0 .05 . E x p r e s s i o n o f a n e n t r a n c e coefficient 

g i v e n b y Dorsey [ 1940 , p p . 5 5 2 - 5 5 3 ] , d e t e r m i n e d in 

the l a b o r a t o r y fo r c a r b o n d i o x i d e a n d p u r e water, 

in t e r m s s imi lar t o t h o s e a b o v e y i e l d s a va lue of 

0 .044 . 

Mixing times of the oceans—From the ev idence 

o n d i l u t i o n o f o c e a n i c c a r b o n a t e s , t he informat ion 

o n ra te o f e x c h a n g e o f c a r b o n d i o x i d e be tween 

a t m o s p h e r e a n d o c e a n , a n d a n e s t i m a t i o n of the 

r a t i o o f r a d i o c a r b o n c o n c e n t r a t i o n in the o c e a n to 

t ha t in the a t m o s p h e r e , i t is p o s s i b l e t o d r a w rough 

c o n c l u s i o n s as t o the ra te o f m i x i n g in the oceans . 

F o r this p u r p o s e , i t is n e c e s s a r y t o fo rmula t e a 

s impl i f i ed m o d e l r e p r e s e n t a t i v e o f the a tmosphe re -

o c e a n s y s t e m w h i c h e m b o d i e s , in a b r o a d sense, the 

m a j o r p h y s i c a l f a c t o r s i n v o l v e d , y e t w h i c h is 

a m e n a b l e t o a n a l y t i c a l t r e a t m e n t . 

A c o n v e n i e n t m o d e l e m b o d y i n g the a tmosphe re , 

a n u p p e r o c e a n , a n d a d e e p o c e a n , is i l lustrated 

s c h e m a t i c a l l y in F i g u r e 2 . I n this m o d e l , i t m a y be 

a s s u m e d t ha t ( 1 ) the m i x i n g o f c a r b o n d i o x i d e in 

the a t m o s p h e r e is r a p i d , a n d the c o n c e n t r a t i o n of 

r a d i o c a r b o n is u n i f o r m , a n d ( 2 ) the m i x i n g of 

c a r b o n d i o x i d e ( a n d c a r b o n a t e s ) in the u p p e r ocean 

is r a p i d , a n d the c o n c e n t r a t i o n o f r a d i o c a r b o n is 

u n i f o r m . 

W i t h these a s s u m p t i o n s , t he r a d i o c a r b o n dis­

t r i b u t i o n in the m o d e l c a n b e d e s c r i b e d b y 

aMaqa + VQd — aMaq0 — vq0 — >q0M0 = 0 (3) 

7}q0 — rjqd — \qaMd = 0 (4) 

w h e r e 

a = entrance coefficient of carbon dioxide into the 
ocean 

Ma = mass of carbon dioxide in the atmosphere 
qa = concentra t ion of radiocarbon in atmospheric 

carbon dioxide 
7] = rate at which carbon dioxide components are 

transferred out of the upper ocean into the 
deep ocean 

qd = average concentra t ion of radiocarbon in 
carbon dioxide componen t s returned from the 
deep ocean to the upper ocean 

qa = concentra t ion of radiocarbon in the carbon 
dioxide componen t s of the upper ocean 

M0 = mass of the carbon dioxide componen t s of the 

upper ocean 
X = decay constant of radiocarbon 

qd — average concentra t ion of radiocarbon in the 
carbon dioxide componen t s of the deep ocean 

Md — mass of the carbon dioxide componen t s of the 
deep ocean. 
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Simul taneous s o l u t i o n o f ( 3 ) a n d ( 4 ) y i e l d s 

9d 7qa _ \ _ \M01 aMg 

\q0 / aMa_ ^Md 

I n t r o d u c t i o n o f 

gives 

a — 1 

qd otMa M0 

q0 \Md Md 

(5) 

(6) 

(7) 

T o eva lua t e the t rans i t t i m e o f the c a r b o n 

dioxide c o m p o n e n t s t h r o u g h t h e d e e p o c e a n in 

terms of the a v e r a g e c o n c e n t r a t i o n o f r a d i o c a r b o n 

as g iven in ( 7 ) , it is n e c e s s a r y t o p o s t u l a t e a 

mechanism for the t ransfer . I f it b e a s s u m e d t ha t 

the transfer is a s t h a t t h r o u g h a u n i f o r m p i p e , t hen 

it is easi ly s h o w n tha t 

3L 1 

XT 
(8) 

where T = t ransi t t i m e t h r o u g h the p i p e . 

C o m b i n i n g ( 7 ) a n d ( 8 ) p e r m i t s c a l c u l a t i o n o f the 

transit t ime if v a l u e s c a n b e a s s igned t o the q u a n t i ­

ties a, Mo, Ma , a n d a. 

A va lue for a m a y b e o b t a i n e d b y a s s u m i n g t ha t 

a r a d i o c a r b o n f r a c t i o n a t i o n o f five p e r c e n t o c c u r s 

in p h o t o s y n t h e s i s , a n d b y use o f e x t r a p o l a t e d 

values o f r a d i o c a r b o n a s says o f h i s t o r i c a l l y - d a t e d 

shell a n d w o o d s a m p l e s . V a l u e s o f M0 m a y b e o b ­

tained b y use o f e s t i m a t e s o f the d i l u t i o n o f r a d i o ­

carbon in near - sur face o c e a n i c c a r b o n a t e s a n d in 

a tmosphe r i c c a r b o n d i o x i d e , a n d b y c o n s i d e r a t i o n 

of the to ta l m a s s e s o f c a r b o n d i o x i d e in the a t ­

mosphere a n d in the o c e a n . I n the e s t i m a t i o n o f the 

masses o f c a r b o n d i o x i d e in the a t m o s p h e r e a n d in 

the o c e a n , s eve ra l s o u r c e s o f d a t a w e r e c o n s i d e r e d . 

The va lues c h o s e n fo r c a r b o n d i o x i d e c o n t e n t s 

Ma = 2.4 X 1 0 1 8 g m s . 

Mo + Md = 1.4 X 1 0 2 0 gms . 

The va lue o f a has b e e n e s t i m a t e d in a p r e c e d i n g 

section. U s e o f these q u a n t i t i e s in ( 7 ) a n d ( 8 ) y i e l d s 

the results s h o w n in T a b l e 5 . 

In this t a b u l a t i o n , the t h i c k n e s s o f the u p p e r 

ocean w a s c o m p u t e d f r o m - — a n d f r o m d a t a 
Mo + Md 

on d e p t h a n d v o l u m e of the o c e a n s g i v e n b y 

Sverdrup a n d o t h e r s [ 1 9 4 2 ] . 

In the p a r t i c u l a r m o d e l u s e d , t h e v a l u e o f t he 

transit t i m e , o r t u r n o v e r t i m e , is s t r o n g l y d e p e n d e n t 

on the v a l u e s c h o s e n fo r a a n d fo r a. T h e s e , in tu rn , 

Radiocarbon Production 

• Atmosphere 

• Upper Ocean 

Deep Ocean 

F I G . 2 — M o d e l used for distribution of radiocarbon 

T A B L E 5 - Results of computations 

Dilution of 
upper oceanic 

carbonates 
by carbon from 

fossil fuels 

T 
M0 

M 0 + MD 

Thickness 
of upper 

ocean 

Apparent 
age of 

carbon in 
upper ocean 

pet years m years 

1 3200 0.22 800 , 620 

u 5100 0 . 1 6 600 i 580 
2 7200 0 . 1 1 400 1 540 

d e p e n d s t r o n g l y o n the v a l u e s u s e d fo r the e x t e n t 

of d i l u t i o n , fo r the e x t r a p o l a t e d c o n t e m p o r a r y 

a s says o f w o o d s a n d o f shel ls , a n d fo r the 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 d i o c a r b o n . A n inc rease e i the r in 

a; o r in a l eads t o a smal le r t rans i t t i m e . 

T h e t rans i t t imes l i s ted in the a b o v e t ab l e h a v e 

b e e n c r i t i c i z e d b y R o g e r R e v e l l e ( p r i v a t e c o m ­

m u n i c a t i o n ) as b e i n g t o o g rea t , o n the g r o u n d tha t 

t h e y are n o t c o n s i s t e n t w i t h e s t i m a t e s o f t u r n o v e r 

t i m e m a d e b y use o f d a t a o n h e a t flux t h r o u g h the 

o c e a n floor. I n v i e w o f the c r u d e n e s s o f the m o d e l 

u t i l i zed , the a s s u m p t i o n s e m p l o y e d , a n d t he u n ­

ce r ta in t i es in v a r i o u s o f the v a l u e s w h i c h w e r e 

u s e d , the resul ts , q u a n t i t a t i v e l y , a re c e r t a i n l y 

o p e n t o q u e s t i o n . 
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T h e s impl i f ied m o d e l e m p l o y e d in this t r e a t m e n t 

is b y n o m e a n s the o n l y m o d e l t ha t m i g h t b e u s e d 

t o p o r t r a y r a d i o c a r b o n in the a t m o s p h e r e - o c e a n 

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

w a s in f luenced b y its b e i n g a m e n a b l e t o a rela­

t i v e l y s i m p l e a n a l y t i c a l t r e a t m e n t . M o d e l s s o m e ­

w h a t s imi lar h a v e b e e n e m p l o y e d in u n p u b l i s h e d 

w o r k s b y H a r m o n C r a i g ( p r i v a t e c o m m u n i c a t i o n ) 

a n d b y J. R . A r n o l d a n d E . C . A n d e r s o n ( p r i v a t e 

c o m m u n i c a t i o n ) . 

Summary and conclusions—The r a d i o c a r b o n e v i ­

d e n c e i nd i ca t e s tha t , a l t h o u g h there a re v a r i a t i o n s 

in the d e g r e e o f d i l u t i o n w i t h fossi l c a r b o n e x ­

h i b i t e d b y di f ferent t rees , these v a r i a t i o n s a re 

p r o b a b l y a c o n s e q u e n c e o f d i f fe rences in e c o l o g i e s 

o f the t rees . I f a l l o w a n c e b e m a d e fo r this , it f o l l o w s 

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

b e e n d i l u t e d t o the e x t e n t o f a b o u t 3 § p e t w i t h 

c a r b o n d i o x i d e f r o m the c o m b u s t i o n o f fossi l fuels . 

T h e r a d i o c a r b o n e v i d e n c e i n d i c a t e s , o n the bas i s 

of a c o m p a r i s o n o f the r a d i o c a r b o n a s says o f o l d , 

h i s to r i ca l ly d a t e d m a r i n e shells f r o m the A t l a n t i c 

c o a s t w i t h the as says o f thei r m o d e r n c o u n t e r ­

pa r t s , t ha t there ha s b e e n a p e r c e p t i b l e d i l u t i o n o f 

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

fossil fuels . T h e l i m i t e d d a t a a v a i l a b l e s u g g e s t t ha t 

the e x t e n t o f d i l u t i on is p o s s i b l y o n e t o t w o p e r 

c e n t . 

O f in teres t in c o n n e c t i o n w i t h the d i s t r i b u t i o n o f 

r a d i o c a r b o n in the c a r b o n c y c l e are ( 1 ) t he ra te o f 

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

a n d the o c e a n , a n d ( 2 ) the ra te o f t u r n o v e r o f 

c a r b o n a t e s in the o c e a n . T h e use o f s impl i f ied 

m a t h e m a t i c a l m o d e l s a n d o f a s says o f h i s t o r i c a l l y 

d a t e d shell a n d w o o d s a m p l e s a l l o w s an e s t i m a t e t o 

b e m a d e o f the ra te o f e x c h a n g e a n d t u r n o v e r t i m e . 

T h e l i m i t e d e x p e r i m e n t a l d a t a a v a i l a b l e s u g g e s t a 

t u r n o v e r t i m e o f a f e w t h o u s a n d y e a r s a n d a n e x ­

c h a n g e ra te of a b o u t T$ o f the a t m o s p h e r e p e r 

y e a r . I t m a y fur ther b e d e d u c e d t h a t t he t h i c k n e s s 

of the u p p e r o c e a n , a s s u m e d t o b e t h o r o u g h l y 

m i x e d , is a f e w h u n d r e d m e t e r s a n d t ha t t he a p ­

p a r e n t age o f the c a r b o n in the u p p e r o c e a n is 

a b o u t 6 0 0 y ea r s . 

T h e a p p a r e n t a g e of a b o u t 6 0 0 y e a r s for the 

u p p e r o c e a n is a c o n s e q u e n c e o f re tu rn o f o l d c a r b o n 

f r o m the d e e p o c e a n ; in s o m e s h a l l o w seas , w h e r e 

the ra te o f e x c h a n g e w i t h the a t m o s p h e r e m a y b e 

the g o v e r n i n g f a c t o r , i t m a y b e e x p e c t e d tha t t he 

a p p a r e n t a g e wi l l b e m u c h less. A s a c o r o l l a r y , i t is 

l ike ly t ha t s igni f icant v a r i a t i o n s wi l l b e f o u n d in 

the r a d i o c a r b o n c o n t e n t s o f m a r i n e shells f r o m 

areas w h i c h p a r t i c i p a t e t o v a r y i n g e x t e n t s in t he 

i n t e r c h a n g e o f w a t e r s w i t h the d e e p o c e a n s . 

M o s t o f the c o n c l u s i o n s r e a c h e d in this work 

m u s t neces sa r i l y b e c o n s i d e r e d as t e n t a t i v e , and 

m o r e d a t a a re r e q u i r e d t o s u b s t a n t i a t e , m o d i f y , or 

refute t h e m . M a n y p o i n t s r e m a i n o b s c u r e , and 

t h e y c a n b e e l u c i d a t e d o n l y b y b r i n g i n g t o bear 

o n t h e m n e w e v i d e n c e f r o m a d d i t i o n a l d a t a . 
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