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Abstraet—The dilution of atmospheric carbon dioxide by carbon dioxide from fessil fuels
is estimated to be about 314 pet, on the basis of radiocarbon assays of tree rings of known ages
from several trees of different genera, after allowance has been made for effects atiributahle
to ecolegical differences. The cumulative mass of lossil carbon dioxide released to the atmos.
phere is 3.3 x 10V gm, cquivalent to about 14 pet of the carbon dioxide in (he atmosphere.
Based on these data, the fractional parl of the atmospheric carbon diexide which enters the
occan each year is estimated Lo be 0.062. Radiocarbon assays of several nineteenth-century
marine shells and of their niodern counterparts indicate a one to two per cent dilution of
shallow oceanic carbonates by carbon dioxide from fossil fuels. Use of these data in a simpli-
fied mathematical model of atmosphere-ncean vields information on mixing times of the

oCean.

Introduction—The effects of addition 1o the
carbon cyele in nature of carbon dioxide from in-
dustrial activitics have been the subject of specula-
tion in several fields of sclence. Of particular inter-
¢st is the fate of the enormous quantity of carbon
dioxide which has been introduced into the at-
mosphere since the beginning of the industrial
revolution in the 19th eentury, and the manner in
which the added carbon dioxide has been distrib-
uted in the carbon cycle. Although appreciable
amounts of carbon dioxide have undoubtedly been
added from soils by tilling of land, apparently a
much greater amount has resulted from the com-
bustion of fossil fuels.

Callendar [1940] pointed out Lhat direct measure-
ments of the carbon diexide concentration in air,
made over a number of years by various investi-
gators, indicate a significant increase in concen-
tration over the period 1866-1933. From this he
concluded that most of the carbon dioxide irom the
industrial revolution has remained in the air and,
consequently, that the rate ol absorption of carlon
dioxide by the occans is very slow. Hudchiuson
[1954] suggested that the radiocarbon content of
woods from trees which have hved during the in-
dusirial revolution might throw light on the dilu-
tion of atmospheric carbon dioxide by carbon
dioxide from the combustion of fossil fuels. Suess
[1954] at about the same time determined the
radiocarbon content of tree rings of known ages
from several trees. These results indicated a dilu-
tion of about 33 pet. In later work Swess [1955),
on the basis of resubts on additional samples, re-
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vised the probable dilution downward to less than
one per cent and ascribed the former higher indi-
cated dilution to localized cffects of industrial
activity.

Within the last several years there have been
rapid advances in the methodology of radiocarbon
assay, particularly as it pertains to radiocarbon
dating. As a result, it is possible today to make
routine radiocarhon assays in which the statistical
uncertainty is less than one per cent Jor con-
temporary concentrations of natural radiocarbon.
In view of such precision, a knowledge of the
dilution effect becomes important in the precise
radiocarbon dating of carbon-containing materials,
It was to gain knowledge of the dilution effect in
both plant material and shallow oceanic carbonates
that the investigation described in the following
sections was undertaken. In all of the experimental
work, radiocarbon assays were made by propor-
tional counting of the sample as carbon diexide
gas, contained in the counter under a pressure of
five atmospheres absolute [Brannon, Taggart, and
Williums, 19553} The same counter was used for
all assayvs. In the preparation of cach sample the
cottversion to carbon dioxide and the recovery of
the carbon dioxide were virtually complete, as-
suring an absence of effects due to isotopic fraction-
ation. The results in all cases have been cxpressed
in terms of net counts per minute for the particular
counter employed. No attempt has been made to
convert the results to a form which would reflect
the absolute disintegration rate per unit mass of
carbon,
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Fic. 1 — Cumuliative carbon dioxide released to
atmosphere by combustion of fossi] fuels

Appraisal of carbon dioxide production from fossil
fuels—Although various estimates have been made
of the cumulative amount of c¢arbon dioxide re-
leased to the atmosphere since the beginning of the
industrial revolution by the combustion of fossil
fuels, it was deemed desirable to reappraise both
the total amount and the rate at which it has been
introduced into the atmosphere.

The greater part of this carbon dioxide, by Iar,
has been attributable to the burning of coal
Perhaps the best data suitable for the estimation
of the contribution from coal are given by Putnam
{1953} for world-wide consumption since the year
1860, His values arc expressed in terms of heat
content of coal consumed, so that proper weight
may be considered to have been given to the rank
of the coal. The conversion of Putnam’s figures
for coal consumption to mass of carbon dioxide
produced may beaccomplished by means of a factor
relating carbon content to heat content of coal.
Perhaps the most reliable data for the consumption
of liquid petroleum are those given ina publication
of DeGolyer and MacNaughton [1955]. The carbon
dioxide produced by combustion of petroleum may
be estimated by use of an average valuc for the
carbon content of liquid petroleum. Although the
mass of carhon dioxide produced by the combustion
of natural gas is relatively minor, this may be
approximated by use of an average carbon content
of natural gas and of a ratio of gas to oil produced.
This ratio may be assumed to have increased con-
tinugusly from about 1910 to the present,

Figure 1 shows an estimate of the cumulative
amount of carbon dioxide released to the at-
mosphere by the burning of fossil fucls made by
use of the foregoing data and assumptions. The
cumulative production to date, approximately
3.3 % 107 grams of carbon dioxide, is equivalent

to about 14 pet of the total amount of carbon
dioxide in the atmosphere. This i3 somewhat less
than an estimate made by Puteam [19533], and is
slightly higher than an unpublished estimate made
by Harrison Brown (private communication). Al
though no values of carbon dioxide equivalency
are contained in a paper on total fossil fuel pro-
duction by Hubbert [1936], application of reason-
able carbon contents of coal and of petroleum to
Hubbert’s estimales of production would lkely
result i an estimate of total carbon dioxide pro-
duction which would be slightly higher than that
of Figure 1. 1t may also he noted that the estimate
made by Callendar [1940] for carbon dioxide pro-
duction between 1900 and 1935 i= somewhat higher
than that shown by Figure 1.

The curve of Figure 1 is not of simple exponential
form, The portion from 1860 to about 1910 ap-
proximates an exponential form, but the part of
the curve from 1910 onward deviates progressively
from the exponential. The deviation is such that
less carbon dioxide has been produced than would
be expected from an exponential relation fitted to
the carly part of the curve, Application to the curve
of combustion effrciency factors given by Putnam,
however, yields a curve which follows closely an
exponential form. From this it may be inferred that
improvements in efficiency of utilization of fuels
achieved during the last several decades have
resulted in appreciably less consumption of fuels
than would have been the case otherwise,

Evidence on  dilution of  atmospheric  carbon
dioxide—In investigating the dilulion of at-
maospheric carbon dioxide and, conscquently, of the
carbon contained in vegetation by carbon from
fossil fuels, the method of attack was essentially
that followed by Suess [1934, 1955]. Radiocarbon
assays woere made of tree rings of known age, in-
cluding rings of very recent age.

The selection of the woods for mvestigation
posed o problem. Cbviously, if an altempt were
made to include all types of woody plants from all
possible environments in which they are found, the
number of samples would be prohibitively large.
The decision was made, therefore, to choose only a
very fimited number of woods, But, in the selection,
te attempt to choose samples which might vield
definitive results. In particular, the samples were
seleeted to represent extremes it environment and
ccology.

The woods investigated were oak, gum, eypress’
(Tavodinm), and Douglas fir. The oak and gum
samples were obtained from locations In castern
Texas approximately 75 miles north of Housten,
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RADIOCARBON EVIDENCE OF CARBON FROM FOSSIL FUELS 643

The cypress sample came from the swamps of
south Louisiana, and the Douglas fir, kindly
furnished by Edmund Schulman, was from the
Rocky Mountain region. In all cases the samples
were obtained from arcas relatively remote from
the centers of industrial activity in which there
might be abnormally large concentrations of dead
carbon released to the atmosphere {rom the utiliza-
tion of fussil fuels.

Results of radiocarbon assay of samples of these
woods of various ages are given in Table 1. An
examination of the results reveals several features
of interest. Perhaps the most conspicuous of these
is the variation of the extrapolated contemporary
assay of the four woods. This variation may be
seen more clearly when the averages of the con-
temporary assay, cxtrapolated fromi the actual
assays of samples 30 yvears or more old, are tabu-
lated {Table 2). In the computation of the average
extrapolated assay for the cypress, it is probably
justifiable to disregard the data obtained from
assay of the 600-year ring on the ground that this
ring was in close proximity to the central cavity
common in the swamp cypress, and therefore was
particularly vulnerable to the influence ol intrusive
carbon. The difference in extrapolated assays of the
Douglas fir and cypress is roughly six per cent.

Although the possibility cannot be ruled out
that the differences in the extrapolated contempo-
rary assays are altributable to differences in physio-
logical behavior peculiar to the diverse genera, it
seems more reasonable that the differences in
assays are a reflection of the different ccological
conditions under which the trees grew.

The Douglas fir generally grows on a steep and
well-drained slope in what Bannister and Smiley
[1958] term, in the sense that the word is used in
dendrochronology, a‘sensitive’ site, that is, one in
which the =oil moisture s derived directly from
local precipitation. The oak and gum, on the other
hand, arc inhabitants of a ‘complacent’ site or one
in which moisture is available from a porous sub-
soil as well as from direct precipitation. The area
frem which these particular oak and gum samples
were obtained is onc of moderately heavy foresta-
tion, and of clayvey soil containing a moderate
amount of humus. The environment in which the
swamp Cypress grows is necessarily one of standing
swamp water; cypress swamps contain abundant
organic remains in various stages of decay.

If it be assumed that ecological conditions are
responsible for the differences observed in the ex-
trapolated contemporary assay, then a reasonable
mechanism by which these differences are achieved
must be postulated. A mechanism which may be

TABLE I - Radiccarbon assays of woods

Radiocarbon assay

Sample — i J—
i Extrapolated
Actual | to present
cpm cpm

Douglas Fir (Psendo-
ts1ga taxifolia)
Western U.S., 13-¥rj20.20 &= 0.17°20.24 + .17
ring ;
Same, 225-yr ring (20,43 = 0.17+21.00 £ 0.17
Oak (Quercus stellata
[?]}, Clieveland,
Texas, 0-10-yr rings(19,94
Same, 100-yr ring 20127
Gum (Liguidamber:

17
A7 |20.52 £ 0.17

M H
oo

styracifina)
Cleveland,
Texas, 0-10-yr rings|19.53 + .17 : o
Same, 30-yr ring  :20.23 + 0.172(20.36 £ 0.17
Same, 100-yr ring  19.77 4 0.17 120,62 = 0.17
Same, 130-yr ring  {19.93 = 0.17 |20.31 + 0.17

Cypress  {Taxodinm

distichum)
Tangipahoa Parish, |
La,, 0-10-yr rings  [19.48 = 0.17 e
Same, 200-yrring  [19.36 = 0.17 [19.86 4 (.17
Same, 400-yrring [18.68 = 0.17 [19.68 = 0.17
Same, 450-yr ring  (18.71 = 0.17 [19.84 4 0.17
Same, 500-yr ring  [18.58 3 0.17 |19.85 £ §.17
Same, 600-yrring  117.85 £ 0.17 [19.35 £ 0.17

* Average of two determinations.

TABLE 2 - Averages of comtemporary assay,

exirapolated
Wood Assay
I - _
Douglas fir 21.06 4= 0.17
Qak 20,52 = 0.17
Gurn 20.23 = 0.17
Cypress (Taxodinm) 19.81 = 0.17

called upon to furnish an explanation is that postu-
lated by Wickman [1952] in an attempt to explain
variations in the abundance of the stable carbon
isotopes in plants. According to Wickman's views,
old carbon may be introduced into plants either by
uptake of carbon dioxide contained in ground
water, or by utilization in photosynthesis of carbon
dicxide released from the soil. In corroboration
of part of Wickman’s postulate and of views ¢x-
pressed by Godwin [1951), Deevev and others
[1954] have demonstrated that vegetation growing
in hard-water lakes exhibits a decreased radio-
carbon content, presumably by introduction into
the plant material of inorganic carbon compounds
dissolved inthe lake water. Craig [1954], on various
grounds, has rejected as untenable the idea ex-
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ol6 BRANNON, DAUGHTRY, PERRY, WHITAKER, AND WILLIAMS

TaRLE 3 - Exteni of dilution exhibifed by the various

woods
Wood i con et oy . Ditution
Cam net
Douglas ir ; 2100 & .17 | 3.6 £ 1.1
Gum ;20023 £ 017 | 3.3 £ 1.1
Qak ©20.52 = 017 | 2.8 % 1.1
1+ 0,17 | 1.7 1.2

Cypress ¢ 19.8

pressed by Wickman that there can be appreciable
cyclic exchange through the atmosphere of carbon
dioxide between plants and the pedosphere shich
would result in enrichment of the plant in C2,

In an effort toshed light on the mechanism which
apparently operated in the case of the four woods
cxamined, C* — C¥ ratios were determined for
several of the same wood samples which had been
subjected to radiocarbon assay. Results from these
determinations indicate that diffcrences among the
C!2 — C1 ratjos of the various woods are relatively
small, and that the measurements do not serve to
clarify the mechanism responsible for the vari-
ations in radiocarbon content.

Although the evidence is admittedly very seanty,
it appears that the difference in extrapolated con-
temporary assays of the woods may be explained
most reasonably by postulaiing the introduction
of relatively small amounts of dead or old carbon
into the cak and gum trees, andof a greater amount
of old or dead carhon into the cypress tree.

A sccond feature of interest revealed by the
assays of the four woods is that, in every case,
the radiocarhon content of the very recent wooid
was noticeably lower than the radiocarbon content
computed by extrapolation to the present of old
wood from the same tree. Dilution of atmospheric
radiocarbon by ancient carbon introduced by com-
hustion of fossil fuels is thus quite evident.

The extent of dilution exhihited by the Douglas
fir, 3.6 pet, is in excellent agreement with the value
of 3.3 pct predicted by Harrison Brown {private
communication) on the basis of detailed studies of
the C** — CB ratio made by Brown's co-workers
on rings from the same tree (Table 3).

Quite evident in the foregoing tabulation is a
trend of decreasing degree of dilution with decrease
in the extrapolated contemporary assay. In spite of
the relatively large uncertainties which exist in the
estimated percentages of dilution, and in spite of
the fact that the number of woods considered is
small, the indication that such a trend exists can-
not he ignored.

[f, as postulated, the difference in the extrapo-
lated contemporary assays are attributable to the
incorporation in some of the trees of old carhon,
then, by extension, the same posulate may he
utilized to furnish a qualitative explanation of the
trend of degree of dilution with extrapolated assay.
For example, if the cypress utilized a large per-
centage of carbon older than about 30 years in the
synthesis of its woody malerial, this carbon would
not be affected by dilution accompanying the in-
dustrial revolution, and the appareni over-all
effect duc Lo combustion of fossil fuels would be
diminished correspondingly.  Although such an
explanation may not be adequate to account
quantitatively for the results obtained, there ap-
parently exists a connection hetween the ecology of
a tree and the degree of dilution due to the n-
tlusirial revolution which it exhibits.

As a corollary, it is likely that the most reliable
record of the true extent of dilution of atmespheric
radiocarbon by carbon [rom fossil fuels is that
furnished by the Douglas fir, the tree which ap-
parently was least affected by assimilation of old
carbon. The extent of dilution shown by the
Douglas fir is in close accore with the dilution which
may he calculated from results reported by Suess
[1954], but is appreciably higher than his later
interpretation [Swess, 1955] of less than one per
cent.

Evidenee on dilufion of oceunic carbon—7To in-
vestigate the possibility that the radiocarbon con-
centration in shallow oceanic carbonates may have
heen decreased pereeptibly  hy  dilution  from
dead carbon derived from the buming of fossil
fuels, assavs were made of the radiocarbon con-
tents of caleareous shells of marine organisms col-
lected in the nineteenth century, and, for compari-
son, of the radiocarbon contents of their modern
counterparis.

Past experience in Humble’s laboratories has
indicated that modern shells of orpanisms which
grow in restricted bays or estuaries may often bave
abnormally low radiocarbon concentrations., For
this reason, only those historically-dated old
marine shells were used which came from open
coastal wuters. All of the shells were from Atlantic
or Caribbean waters.

Through the courtesy of William J. Clench of
the Muscum of Comparative Zoology, Harvard
Universily, it was possible to obtain an ark sheli,
collected in South Carolina in 1830 by Louis
Agassiz, and an ark shell collected in Jamaica in
1843 hy Governor Adamsof Jamaica. The Charles-
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RADIOCARBOXN EVIDENCE OF CARBON FROM FOSSIL FUELS 647

ton Museum generously contributed a Venus clam
collected n 1839 at Sullivan’s Island, Georgia, hy
Ldmund Ravenal, and Harry 5. Ladd of the U. S
National Museum in Washington graciously gave
a Buccinum collected in 1873 at Casco Bay,
Maine, Table 4 lists the actwal radiocarbon con-
tents of the old, historically-dated shells and the
corresporuling contents after extrapolation to zero
age.

For comparizon with i{he Venus clam collectud
by Ravenal, good values of the radiocarbon assay
of the modern counterpart were available. Robert
A Moody, then of Humble's Production Research
Division, with the generous cooperation of his
father, Clarence L. Moody, had collected a number
of genera of living organisms from a varicty of en-
vironments on the Atlantic coast. Three Venus
clams from diferent environments, collecled near
Sullivan®s Island, the location from which the
Ravenal shell came, gave assays of 20,33, 20,39,
and 20.24 cop, cach with a statistical uncertainty
of =017 cpm. 1f the average of these, 20034 £ 0,17
cpm, be used as the representative assay of the
modern counterpart, the extent of dilution indi-
cated by the Venus clam is 2.1 & 1.6 pet.

In the computation of dilution by use of data
from the Agassiz and from the Jamaica samples,
there is sotne uncertainty in assigning assayvs to e
respective maodern counterparts. No sample of
living ark could be obtained from the South
Carolina coast, whence the Agassiz sample came,
since the Incongruous Ark is now relatively rare on
this coast. No modern sample of Cut Ribbed Ark
from Jamaica was readily available, Consequently,
for comparison with the Agassiz sample, use was
made of a sample of clnadara brasifiana Lamarck
collected at Coronade Beach, Florida, in 1938, and
for comparison with the Jamaica sample a shell of
Barbatia candida Helbling was employved which
had been collected at Fort Myers, Florida, in 1921,
Both oi the latter shells were obtained through the
courtesy of Willlam J. Clench.

The assay of the 1938 Coronwdo Beach ark way
19.52 &= 017 ¢pm, which extrapolates o 19.536 %+
0.17 epm for zevo age before the present. Ti this
value be used as representative of the modern
counterparl of the Agassiz sample, the amount of
dilution which had taken place to 1938 s Indicated
tobe 3.2 &£ 1.0 pet.

The assay of the 1921 Barbatic candidu from
Fort Mpyers, Florida, was 2031 += 017 cpm,
cquivalent to 20.39 4= 0,17 cpm extrapolated to the
present. Use of this value for comparison with the

TABLE 4 — Rediocarbon conlents of listorically dated
marine sietls

Assay
Shell Actual assay extrapolated
L zoro Age
fpm CPm

Venus clam {Veuneridee20.54 & 0,16
Mercenaria), collectedi20.42 £+ 0.16
by Ravenal, Sulli-20.60 X 0.16
van's Island, 5. €.,
1859

Av. 20,52

Incongruous Ark (Anra-|19.95
dare brasifiana La-
marck} collected by
Louis Agassiz, South
Carolina, 1850

Cut Ribbed Ark (Bar-120.18 & 0.1720.44 £ 0.17
batin candida Hel-
Bling) collected Dby
Gov. Adams, Jamai-
ca, 1845 ;

Buccinum undatum (L)19.95 £ 0.17.20.11 = 0.17
collected by U.S. Fish; :

& Wildlife, Casco'
Bay, Maine, 1873 |

A6i20.77 + 0.16
0.17]20.21 + 0.17

HH
=

Jamaica sample yields an estimated dilution, as of
1921, of neghigible percentage.

Unfortunately, no assay has vet been made of
maodern Buceinum from Casco Bay for comparison
with that of the 1873 specimen. A modern sample
irom Dighy Neck, Nova Scotia, has heen ex-
amned, however, and has given 2041 2= 0.17 cpm,
which is higher than the exirapolated counting rate
of the 1873 Casco Bay sample.

In an appraisal of the evidence bearing on dilu-
tion of the radiocarbon in these marine shells,
most weight should be given to that lurnished by
the comparison of the results obtained from the
Ravenal shell with those obtained {rom modern
Venus clam shells. Slightly less weight should
probably be given to the evidence supplied by the
Agassiz sample and its Coronado Beach modemn
counterpart, and, because of the probability of en-
vironmental differences, less reliance can be placed
on the comparison between the Jamaica and the
Fort Myers samples and on the comparison be-
tween the Casco Bay and the Dighy Neck samples.
Such an appraisal leads to the conclusion that
marine shells, and hence the dissolved carbonates
of shallow oceanic waters, appear to show a per-
ceplible dilution effect. Although the evidence at
band is extremely lmited, it indicates that the
extent of the dilution may he in the neighborhood
nf one lo two per cent.

Implirations of the radiocarbon evidence- From
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648 BRANNOX, DAUGHTRY, PERRY, WHITAKLR, AND WILLLAMS

the radiocarbon evidence on the dilution ol at-
mospheric and oceanic carbon by carbon dioxide
from fossil fuels it is possible Lo estimate the rate
at which carbon dioxide enters the veeans, and to
deduce some iniormaltion on the mixing times of the
oceans. These topics are considered in the following
sections.

Rate of enbrance of afmosphicric carbon diovide
o the vecans- -1t has been deduced in a preceding
section that the dilution of atmospheric carbon
dioxide by fossil carbon dioxide is, at present,
likely in the neighborhood of about 35 pet. If it
be assumed that the carbon dioxide introduced into
the atmosphere as a result of the industrial revolu-
tion js predominately that from fossil fuels {tan-
lamount to the assumption that the amount of
‘recent’ carbon dioxide resulting from agricuitural
activity is small in comparisen), then the increase
in mass of atmospheric carbon dioxide 5 cor-
respondingly about 33 pet.

In order that the rate of exchange of carbon
dioxide between atmosphere and ocean may be
eslimated, it is desirable Lo postulate that (1} the
entrance rate of carbon dioxide Into the ocean is
proportional to the mass of carbon dioxide in the
atmosphere, and (2) the exit rate of carbon dioxide
from the ocean to the atmosphere is consiant, since
it may be assumed that no appreciable change in
carbon dioxide concentration in the upper part of
the ocean results from the addition of the fossil
carbon.

By utilization of an approximate expression for
the rate of production of carbon dioxide shown in
Figure 1, the rate ol change of carbon diexide in
the atmosphere is given by

dAf,

= Bhett = oM, + 0 [
df

where
M, = mass of carbon dioside in the atmosphere
i = time
Bhett = rate of production of carbon dioxide by
combustion of fossil fuel, as derived from the
curve Seft — 13 fitted to Fig. 1
« = enlrance covtheient
4 = exit rale

‘The solution, on integration of {1), is

Moo= Mok Be_ [ef — ¢ 2
FE T
In this solution, { = O at the year 1560
Solution of (2), utilizing the estimated increasc
of 3} pet for the mass of carbon dioxide in the
atmosphere, vields a value for @ of 0.002 per year.
This 1s the fractional part of the atmospheric

carbon dioxide which enters into the ocean cach
VCAr,

In ecomparison, Suess [1933] has given a value
which may be considered as comparable, of irom
0.02 1o 0,05, Expression of an entrance coelheient
given by Dorsey [1940, pp. 332-333], determined in
the laboratory for carbon dioxide and pure water,
in terms similar to those above vields a value of
0,044

Mixing times of the vceans- From the evidence
on dilution of oceanic carbonates, the information
on rale of exchange of carbon dioxide between
atmosphere and ocean, and an estimation of the
ratio of radiocarbon concentration in the ocean to
that in the atmosphere, it s possible to draw rough
conclusions as to the rate of mixing in the oceans.
For this purpose, it is necessary to formulate a
simplificd model representative of the atmosphere-
ocean system which embodies, ina broad sense, the
major physical lactors involved, yet which is
amenable to analytical treatment.

A convenient model embodying the atmosphere,
an upper ocean, and a deep ocean, is dlustrated
schematically in Figure 2. In this model, it may be
assumed that (1) the mixing of carbon dioxide in
the atmosphere is rapid, and the concentration of
radiocarbon 15 uniform, and (2} the mixing of
carbon dioxide (and carbonates) in the upper ocean
is rapid, and the concentration of radiocarbon is
uniform.

With these assumptions, the radiocarbon dis-
teibution in the model can be deseribed by

aMage + g0 — allage — g0 — Mg, = 0 (3

"o — ngs — AgadMy = 0 4y

where

o = entrance coellicient of carbon divside into the
oean
M, = mass of carbon dioxide in the atmosphere
g« = concenlration of radiocarbon in almoespheric
carbon dioxide
7 = ratc at which carb:on diexide components are
transferred out of the upper ocean into the
deeps ocean
gs = average concenlration of radiecarbon in
carbon dioxide components returned from the
cleep ocean to the upper ocean
¢. = voncentration of radiocarbon in the carbon
dioxide components of the upper ocean
A, = mass of the carbon dioxide components of the
upper ocean
» = decay constant of radiocarhon
g+ = average concentration of radiocarbon in the
carbon dioxide components of the deep ocean
My = mass of the carbon dioxide components of the
deep ocean.
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RADIOCARBON EVIDENCE OF CARBON FROM FOSSIL FUELS

Simultancous solution of (3) and (4) yields

'

; [ MM, |aM,
i'_ = i —1]—- el {5}
Ju [: alfy |2 Ma

Introduction of

a=- {6)

gives
g oM, Al

=q - — (7]
g MMy My

To evaluate the transit time of the carbon
dioxide components through the deep ocean in
terms of the average concentration of radiocarbon
as given in (7), it is nccessary to postulate a
mechanism for the transfer. If it be assumed that
the transfer is as that through a uniform pipe, then
it is easily shown that

Q'd" 1 — e—i\ﬂ"

7 Az

(8}

where T = transit time through the pipe.

Combining (7} and (8} permits calculation of the
transit time if values can be assigned to the quanti-
ties a, M. , M4, and o

A value for @ may be oblained by assuming that
a radiocarbon fractionation of five per cent ocours
m photosvnthesis, and by use¢ of extrapolated
values of radiocarbon assays of historically-dated
shell and wood samples. Values of M, may be ob-
tained by use of estimates of the dilution of radio-
carhon in near-surface oceanic carbonates and in
atmospheric carbon dioxide, amd by consideration
of the total masses of carben dioxide in the at-
mosphere and in the ocean. In the estimation of the
rasses of carbon dioxide in the atmosphere and in
the ocean, several sources of data were considered.
The values chosen for carbon dioxide contentx
WETE

Mo = 2.4 X 104 gms,
My + M= 1.4 X 108 gms,

The value of & has been estimated in a preceding
section. Use of these quantities in {7) and (R} yields
the results shown in Table 5.

In this tabulation, the thickness of the upper

M,
ocean was computted from - - ——- and [rom data
M.+ My

on depth and volume of the occans given by
Sverdrusp and others [1942].

In the particular mode! used, the value of the
transit time, or turnover time, is strongly dependent
on the values chosen for o and for @. These, in turn,

Rodiscarbon Production

|- Atmosphere

— Upper Oceon

Deep Ocean
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Fr;. 2 — Model used for distribution of radiocarbon

TABLE 3 — Results of compututions

\
Dilution of | :

, o
upper soeanic : ! Thirkaess prarent
carbonates ! I_‘-I__:\'!o\'[ S el uppc;a | age of
iy carbon from LR P pecan | carbonin
fossil fuels ' | upper ocean
— - N | B
pet II yerrs : ! m " years
N |
1 L3200 .22 200 620
13 5100 0.16 . 600 580
2 7200 7 011 0 400 340

depend strongly on the values used for the extent
of dilution, Jor the extrapolated contemporary
assays ol woods and of shells, and or the isotopic
fractionation of radiocarbon. An increase either in
¢ or in ¢ leads to a smaller transit time.

The transit times listed in the above table have
been criticized by Roger Revelle (private com-
munication) as being too great, on the ground that
they are not consistent with estimates of furnover
time made by use of data on heat flux through the
ocean floor. In view of the crudeness of the model
utilized, the assumptions employved, and the un-
certainties In wvarious of the values which were
used, the results, quantitatively, are certainly
open to question,
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The simplified model employed in this treatment
is by no means the only model that might be used
to portray radiocarbon in the atmosphere-ocean
system, and the choice of the particular model
was influenced by its being amenable to a rela-
tively simple analytical treatment. Models some-
what similar have been employed in unpublizhed
works by Harmon Cralg (private communication}
and by J. R. Arnold and E. C. Anderson (private
communication).

Summary end conclusions —The radiocarbon evi-
dence mdicates that, although there are variations
in the degree of dilution with fossil carbon ex-
hibited by different trees, these variations are
probably a consequence of differences in ecologies
of the trees. If allowance he made for this, it [ollows
that atmospheric carbon dioxide has probably
been diluted to the extent of about 3} pet with
carhon dioxide from the combustion of fossil fuels.

The radiocarbon evidence indicates, on the basis
of a comparison of the radioearbon assays of old,
historically dated marine shells from the Atlantic
coast with the assays of their modern counter-
parts, that there has been a perceptible dilution of
shallow oceanic carhonates with dead carbon from
fossil fuels. The limited data available suggest that
the extent of dilution is possibly one to two per
cent.

Of interest in connection with the distribution of
radiocarbon in the carbon cycle are (1) the rate of
exchange of carbon dioxide between the atmosphere
and the ocean, and {2) the rate of turnover of
carbonates in the ocean. The use of simplified
mathematical models and of assays of historically
dated shell and wood samples allows an estimate o
be made of the rate of exchange and turnover time.
The limited cxperimental data available suggest a
turnover time of a few thousand years and an ex-
change rate of about {5 of the atmesphere per
year. [t may further be deduced that the thickness
of the upper ocean, assumed to be thoroughly
mixed, is a few hundred meters and that the ap-
parent age of the carhon in the upper ocean is
ahout 600 vears.

The apparent age of about 600 years for the
upper ocean is a conseruence of return of old carbon
from the deep ocean; in some shallow seas, where
the rate of exchange with the atmosphere may be
the governing factor, it may be expected that the
apparent age will be much less. As a corollary, it is
Kkely that significant variations will be found in
the radiocarbon contents of marine shells from
arcas which participate to varying cxtents in the
interchange of waters with the decp oceans.

Most of the conclusions reached in this work
must necessarily be considered as tentative, and
more data are required to suhstantiate, modily, or
refute them. Many poinis remain obscure, and
they can be clucidated only by bringing to bear
on them new evidence from aclditional data.

REFERENCES

Bawxnister, B., axp T. L. Sancey, Dendrochronology,
Chap. 11, pp. 177-195, in Geochronology (T. L.
Smiley, ed.), {udv. Arizona Bul. 26, Tucson, 1955

Braxxow, H. R, M. 8 Taccart, axp M. WiLLiaxs,
Proportional counting of carbon dicxide for radio-
carbon dating, Rev. Sci. Iav., 28, 269-273, 1955,

CALLENDAR, G. 8., Varations of the amount of carbon
dioxide in different air currents, Q. J. R. Wel Soc,,
86, 395-400, 1940,

Craq, H., Carbon 13 in plants and the relationship
bhetween carbon 13 and carbon 14 variations in
nature, J. Geol., 62, 115-149, 1954,

Deevey, E. S, M. 5. Gross, G. E. HUTCHINSON, AND
H. L. KraveiLt, The natural C-14 content of ma-
tertals from hard-waler lakes, Proc. Nad. Acad. Sei.,
40, 285-288, 1954,

DeGolver, K., axp Lewis MacNavourtor, Twentielh
ceninry  petrolenm  statistics—=1955, DcGolyer  and
MacNaughton, Dallas, 87 pp., 1936

Dorsey, N. E., Properties of ordinary water-subsiance,
Reinhold Pub. Co., New York, 673 pp., 1940,

Gopwix, H., Comments on radiocarbon dating for
samples from the British Isles, Amer. 7. Sci., 249,
3IM-307, 1951,

Hueeert, M. Kivg, Nuclear energy and the [ossil Tuels,
Pp- 725, in Drilling and Production Practice 1956,
American Petroleum Institute, New York, 1957

Hoteixsow, Go E., The biochemistey of the terrestrial
atmosphere, Chap. 8, pp. 371427, in The Earth
as @ Manet (G. P Kuiper, ed), Univ. Chicago
Press, 1954

Prrvay, Pawser C., Energy dn the fudnre, D. Van
Nostrand Company, Princeton, N. 1., 556 pp., 1953,

Stvess, H. E., Naxtural radiocarbon and the raie of
exchange of carbon dioxide between the atmosphere
and the sea, Proc., on Nuclear Processes in Geologic
Seltngs, pp. 52-36, Joint Publication, Univ. Chicage,
Nat. Res. Coun,, and Nat. Sci. Foundation, 1933,

Scess, H. L., Natural radiccarbon measurements by
acelylene counting, Science, 120, 5-7, 1954

Surss, H. I, Radiocarbon concentration in modern
wood, Science, 122, 415-417, 1955,

Svernree, H. U, M. W. Jonusoxw, axo R, H. Frew-
16, The Oceans, Drentice Hall, New York, 1087
np., 1942,

Wickmaw, F. E., Variations in the rclative abundance
of the carbor isotopes in plants, Geocirim. Cosmachin.
Acta, 2, 243-234, 1952.

Production Research Division, Humble Ol and Refining
Company, P. Q. Box 2180, Honston I, Texas.

{Communicated manuscript received April 12, 1957,
presentesl at the Thirty-Eighth Annual Mecting,
Washington, D. C., April 30, 1957; open for formal
discussion until March 1, 1958.)

Q'S ‘LSBT ©0Se6YZET

andnBe//sdny wouy

85UB0 17 SUOWIWOD BAIEaID 3deot|dde ay) Aq peusenob afe sspiie YO ‘8sn JO s8Nl J0j Akeiqi] 8UIUO 43I UO (SUONIPUOD-pUE-SLLBIAW0 A3 1M AfeIq U UO//SANY) SUONIPUOD PUe SW 1 8U18as *[6202/£0/0E] Uo AiqiTaulluo A * Ariqi sesuexly JO AsAIUN - Aemo| o ueg Ag £7900dS0018E04 1/620T 0T/I0P/L0D A8 | 1M



