Radiocarbon from

Nuclear Tests, II

Future concentrations predicted for this isotope in the
earth’s carbon cycle suggest its use in tracer studies.

Wallace S. Broecker and Edwin A. Olson

In the testing of nuclear weapons to
date, large amounts of radiocarbon have
been synthesized and injected into the
earth’s carbon cycle, specifically into
the atmosphere (I-7). From this
reservoir, such radiocarbon makes its
way into other carbon reservoirs through
numerous mixing processes, with the
result that its concentration at various
places in the carbon cycle is rising.
Thus, scientists are in possession of a
large-scale tracer that potentially can
elucidate the mechanisms and rates of
many natural processes that involve the
element carbon. It is the purpose of
this article (8) to point out several
potential tracer applications of bomb-
produced carbon-14. In order to evalu-
ate these tracer possibilities it is
necessary to have an estimate of the
total amount of bomb-produced C*
and to know its present as well as its
future distribution in the carbon cycle.
Such estimates are given below, along
with an evaluation of the experimental
data used as the basis for the inventory
estimates.

Reliability of Vegetation as an
Indicator of Atmospheric Levels

In a previous report (4) on radio-
carbon produced during nuclear tests,
by Broecker and Walton, it was noted
that the C“/C" ratios in tree-leaf
samples collected in Palisades, New
York, were significantly lower than
those in samples collected at the same
time in other areas. In order to deter-
mine the reason for this difference, a
series of carefully chosen samples col-
lected in the Palisades area during the
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late spring of 1959 were analyzed.
Samples of atmospheric CO:, leaves,
and soil CO: were analyzed. The
samples of atmospheric CO: were col-
lected by exposing pans of “CO.-free”
KOH solution to the atmosphere; the
samples of soil CO: were collected in a
similar way except that the pans were
set under an inverted, open-top oil
drum driven into the soil. As deter-
mined from the quantity of CO: col-
lected, the escape rate of CO: from the
soil was approximately 7 gram mole-
cules per square meter per month. It
should be emphasized that this rate
depends on both the time of year and
the type of soil; (in this case the time
was late spring and the soil was of
the great soil group, Sol Brun Acide,
which has here a humic-rich zone down
to about 8 inches and, below that, a
yellow subsoil).

The analytical results are given in
Table 1, where they are expressed in
AC" units (9) (that is, per-millage
difference between the fractionation-
corrected value for radioactivity of the
sample and 0.95 times the activity of
the National Bureau of Standards oxalic
acid C* standard). Values for samples
grown just before bomb-testing began
range from —20 to —40 per mill on
this scale, and age-corrected values for
samples of pre-1900 woods are close to
Zero.

The two samples of leaves taken from
a forest in Palisades (L528A and
L528E) have AC* values about 50 per
mill lower than a sample of leaves
collected at the same time in Carson
City, Nevada (L516E), a difference
consistent with findings in earlier com-
parisons between Palisades and Great
Basin samples (4). The difference can-
not be explained by a uniformly lower
C"/C* ratio in the air of the Palisades

area because values for two samples
from a nearby area agree well with
the findings for Carson City leaves.
One of these samples (L528B) was air-
collected atop a 400-foot tower in
Alpine, New Jersey, and the other
(L528F) was a leaf sample from a
lone tree on a golf course at Rockleigh,
New Jersey. Furthermore, the low
values for the two forest samples can-
not be attributed to incorporation by
the growing leaves of soil CO:. which
had accumulated in the forest air, since
a sample of atmospheric CO: (L528C)
taken within 3 feet of the growing
leaves had a value 57 per mill higher
than the average for the two Ileaf
samples and had the same ratio as the
CO: collected atop the 400-foot tower.

Three possible explanations remain:
(i) the leaves photosynthesized most
of their carbon prior to air sampling,
at a time when the Palisades area had
a considerably lower atmospheric C*/C*
ratio than it had at the time leaves
were collected; (ii) the leaves of cer-
tain trees receive a major fraction of
their carbon from organic compounds
stored for significant periods of time in
the tree roots; or (iii) the forest leaves
received about 30 percent of their car-
bon from soil CO: taken in by their
roots. All three explanations obviously
pose the problem of why the Rock-
leigh sample, taken only 2 miles west
of the Palisades samples, does not show
a similar effect. Since the value for
Rockleigh leaves matches the value for
the atmosphere and since none of the
leaves in the Palisades area sprouted
until early May, the first explanation
given above is very unlikely. It is also
difficult to believe that in one tree (a
maple) a large fraction of the carbon
incorporated in leaves came from stored
organic materials while in another (a
black cherry) only a small fraction
came from this source.

The third explanation is qualitatively
consistent with work cited by Rabino-
witch (10), but whether it is quantita-
tively possible is another question.
Tracer experiments by Kursanov et al.
(11) indicate that as much as 20 per-
cent of the carbon photosynthesized by
bean seedlings can be introduced
through the roots. However, further
work, by Stolwijk and Thimann (12)
casts some doubt on this high per-
centage. Whether under certain cir-
cumstances tree roots can provide a
third of all photosynthesized carbon is
at present not known.

If appreciable uptake of soil CO:
through the roots of certain trees is
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accepted as the true explanation, there
remains the problem of explaining why
significant uptake from the soil has
occurred in the case of the Palisades
samples and not in the case of the Rock-
leigh samples. A possible explanation
based on the different growth environ-
ments is as follows: The Rockleigh tree
grows in an open area and in one where
deep root penetration is possible; on
the other hand, the Palisades tree grows
in a densely vegetated area where there
are only 2 to 4 feet of soil overlying
bedrock (Palisades diabase). Thus, the
tree in the Rockleigh area may take
up less soil CO: because (i) there is
less decaying vegetation and hence less
soil CO: available and (ii) a smaller
percentage of its roots are concen-
trated near the zone of maximum soil
CO: production.

Certainly more evidence must be ob-
tained before this problem can be solved
completely. It can only be said at this
point that there is almost certainly a
real lag between the C"/C* ratio in
leaves from the Lamont Observatory
forest and the ratio in the atmosphere.
Even though this may be an unusual
case, it shows that monitoring of at-
mospheric CO: is most reliably accom-
plished through direct collection of
atmospheric CO.. Since only a few air
samples were taken in the Northern
Hemisphere prior to 1958, results on
vegetation are the only source of in-
formation for this period. Their correct
evaluation is hence a matter of im-
portance. The information available
indicates that vegetation samples are
generally reliable indicators of atmos-
pheric C"/C* ratios but that they may
occasionally provide only minimal esti-
mates.

Bomb-Produced Carbon-14 Inventory

Additional samples defining the tropo-
spheric C*/C*" ratio extend Broecker
and Walton’s curve (4) from March
1958 to June 1959. The additional
data, given in Table 2 and Figure 1,
show that the rate of rise of the
C*/C" ratio has increased in both
hemispheres—from 5 up to 11 percent
per year for the Northern Hemisphere
and from 4 up to 7 percent per year
in the Southern Hemisphere. At the
same time, the ratio of the two hemis-
pheric bomb effects has remained about
the same (that is, C"*/C%soutn = 0.67
C*/C*Nortn).

Data published by Willis (2) and
by Tauber (3) suggest that the tropo-
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Table 1. Data relating to the reliability of vegetation samples as indicators of atmospheric C14/C12

ratios.
Cal:::non Material Location surl:};i]xsr:g?i gs 3C14 8C13 ACH4 S?E_fle
5/16/59 to  Atmospheric Alpine, N.J. Top of 400-ft radio 251 = 6 —189 249 = 6 L528-B
6/7/59 CO, 40°57'N, 73°55'W tower
5/16/59 to Atmospheric Palisades, N. Y. 3 ft above ground in 264 = 7 —16.9 257 =7 L528-C
6/7/59 CO, 41°00’N, 73°55'W dense forest
6/5/59 Willow Carson City, Nev. 5 ft above ground in 249 = 8 —23.8 259 = 8 L516-E
leaves 39°07’N, 119°53'W a clump of willows
6/9/59 Oak leaves Rockleigh, N.J. On knoll in middle of 232 =8 —25.8 246 = 8 L528-F
41°00'N, 73°58'W golf course
5/16/59 Maple Palisades, N.Y. 5 ft above ground on 178 = 6 —25.9 189 = 6 L528-A
leaves 41°00’N, 73°55'W small tree in dense
forest
6/7/59 Maple Palisades, N.Y. 5 ft above ground on 198 = 7 —-26.2 211 = 7 L528-E
leaves 41°00’N, 73°55'W small tree in dense
forest
5/16/59 to Soil CO, Palisades, N.Y. Leaf-matted ground 106 =7 —23.2 108 =7 L528-D
6/7/59 41°00’N, 73°55'W in dense forest

spheric AC* value for northern Europe
rose to about 300 by 1 July 1959. On
the other hand, Hayes et al. (5) have
analyzed lemon grass grown in low
latitudes of the Northern Hemisphere
and find that, as of June 1959, there
has been a 26.8 percent rise over pre-
bomb levels. This is equivalent to about
250 per mill on the AC™ scale and
agrees well with data given in this
article. From the above differences it
appears that true geographical varia-
tions do exist within the troposphere of
the Northern Hemisphere, presumably
the result of finite mixing rates for new
C" added from the stratosphere. Mun-

nich and Vogel (13) have also demon-
strated rather marked seasonal oscilla-
tions within the Northern Hemisphere,
which are apparently related to the
spring maximum of stratospheric Sr”
fallout (14). On the basis of an aver-
age Southern Hemisphere AC" value
of 4160 in June 1959 and a Northern
Hemisphere average of 4250, the
tropospheric inventory was 6.3 X 107
atoms on 1 July 1959 as compared to
3.6 X 10 on 1 July 1958. Because of
inhomogeneities in the troposphere of
the Northern Hemisphere, the 1959
estimate has an uncertainty of perhaps
15 percent.

Table 2. Data relating to the increase in the tropospheric C14/C12 ratio between the fall of 1958 and

the fall of 1959.

Cog(;(élon Location Material 8C4 8C13 ACH Saglnople
Northern Hemisphere
8/8/58 to Mediterranean Sea  Atmospheric CO, 214 =8 —5.1 176 = 8 L493-O
8/11/58 36°N, 7°E
8/15/58 to Atlantic Ocean Atmospheric CO, 200 =8 —5.8 162 = 8 L493-P
8/19/58 39°N, 30°W
10/22/58 to Atlantic Ocean Atmospheric CO, 197 =5 —51 159 =5 L529-A
10/24/58 33°N, 76°W
11/8/58 to Atlantic Ocean Atmospheric CO, 193 =8 —6.6 159 = 8 L529-M
11/10/58 11°N, 76°W
4/4/59 Tucson, Ariz. Tree leaves 193 =9 —20.7 193 = 8 L523
32°N, 111°W
5/16/59 to Palisades, N.Y. Atmospheric CO, 264 =7 —169 257 =7 L528-C
6/7/59 41°N, 74°W
6/5/59 Carson City, Nev.  Tree leaves 249 = 8 —23.8 259 = 8 L516-E
39°N, 120°W
6/9/59 Rockleigh, N.J. Tree leaves 232 = 8 —25.8 246 = 8 L528-F
41°N, 74°W .
5/16/59 to Alpine, N.J. Atmospheric CO, 251 =6 —18.9 249 = 6 L528-B
6 7/59 41°N, 74°W
10/12/59 to Alpine, N.J. Atmospheric CO, 236 = 6 —24.0 246 = 6 L547-A
10/18/59 41°N, 74°W
Equatorial Region
12/1/58 to Pacific Ocean Atmospheric CO, 176 =9 —6.1 140 =9 L537-A
12/4/58 1°N, 84°W
. Southern Hemisphere
4/5/58 to Atlantic Ocean Atmospheric CO, 118 =5 —57 82 = 5 L493-L
4/18/58 35°S, 24°E
4/28/58 to Atlantic Ocean Atmospheric CO, 125 =6 —54 87 =6 L493-M
5/2/58 27°S, 46°E
5/13/58 to Atlantic Ocean Atmospheric CO, 120 =5 —3.6 78 =5 L493-N
5/17,58 13°S, 65°E
1/28/59 Pacific Ocean Atmospheric CO, 144 =7 —7.2 111 =7 L537-L
49°S, 75°W
3/16/59 Lima, Peru Grass 135 = 7 =101 135 = 7 L519-B
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Table 3. Data relating to bomb-produced C14 concentration in surface ocean water (24).

Sample

Collection

Difference from

pre-bomb av.

No. date Location 8C14 dC13% ACH4t
Measured Predicted

North Atlantic (pre-bomb av., —49 °/w)(15)
L465-Z 11/13/57  34°N,65°W ~1 =35 +1.5 —54 = 8 -5 10
L464-B 11/16/57  30°N,62°W 26 =5 +4.3 —33 = 8 16 10
L464-D 11/17/57  29°N,61°W 13 =6 —1.8 —33 =6 16 10
L464-0 11/26/57  15°N,40°W 1 =38 —-1.0 —47 = 8 2 10
L529-1 11/15/58  16°N,75°W 20 =7 +3.8 —38 =7 11 20
L538-1 5/14/59  10°NAS°W 19 =6 441 —39 =7 10 27
L538-P 7/10/59 35°N,74°W 28 =8 407 —23 =8 26 29

South Atlantic (pre-bomb av., =58 °/w)(15)
L464-R 12/5/57 1°N,33°W —28 = 6 —1.1 —76 = 6 —18 10
L464-T 12/16/57  10°S,34°W —8 =7 (—1.00 (—56 =9) 2 10
L465-D 12/26/57  23°S,38°W 7 =17 —2.1 —39 =7 19 10
L465-X 4/6/58 34°S,18°E -2 =5 +1.0 —54 =5 4 12

. South Pacific (pre-bomb av., —54°/w)(7)
R359 12/17/57  41°S,174°W 15=5 (—20) (31 =5 23 11
R388/1 3/4/58 36°S,174°E 1=9 (-20 (—45=9) 9 12
R376 3/5/58 41°S,174°E 0=5 (=20 (—46 =5) 8 12
R388/3 3/6/58 28°S,176°E 8 =6 (—20) (—38 =38 16 12
R388/5 3/8/58 21°S,177°E 96 (—2.0 (—=37=9 17 12
R388/10 3/18/58 20°S,175°E 13 =5 (—-20) (=33 =5 21 12
R388/11 3/19/58 21°S,173°E 13 =5 (=20 (—33 =5 21 12
R388/12 3/21/58 18°S,172°E 12 =5 (=20 (—34 =5) 20 12
R388/15 3/23/58 15°S,178°E 12 =5 (=200 (—34 =5) 20 12
R388/21 3/31/58 32°S,175°E 5=5 (—~20) (—41 =5) 13 12

* Parentheses in column 5 denote estimates rather than measured values,
the AC!4 value is based on an estimated 8C13 value.

Table 4. Estimates of the distribution of bomb-produced C!4 on 1 July for a number of different

years (A.D.) (units, 1027 atoms).

+ Parentheses in column 6 indicate that

Steady-state

Year e
Reservoir dli-mbt“ tl:ln
1958 1959 1965 1976 2000 2100 2350 7520 % natur
radiocarbon
Strato- 8.4* 8.0-17.0 3.1-6.4 1.1-2.4 0.6-1.0 0.2-0.3 0.1-0.2 0.0 7
sphere :
Tropo- 3.6 6.3 6.7-10.1 4.5-7.2 2.6-4.0 0.8-1.2 0.4-0.6 0.2 28
sphere
Biosphere 0.2 0.3 0.8-1.0 1.0-1.6 0.7-1.2 0.2-0.3 0.1 0.0 8
Ocean 0.8 1.4 5.4-1.5 9.4-13.8 12.0-18.7 14.5-22.7 14.4-22.6 7.8-12.3 1960
Total 13.0 16.0-25.0 16.0-25.0 16.0-25.0 15.9-24.9 15.7-24.5 15.0-23.5 8.0-12.5 2000
* Hagemann et al. (6).
Table 5. Parameters for reservoirs making up model dynamic carbon cycle.
Contact Carbon Mean
E}eva— area with content Steady-state ACt4 resi-
Reservoir on tropo- (gram M c dence
range sphere mole- e‘cili- on(ll- time
(m) (m?) cules) ure putedt )
Stratosphere >14,000 510 X 1012 11 X 1015 +75 5
Troposphere < 14,000 46 X 1015 0 4
Terrestrial biosphere 13 X 1015 10
Pacific plus Indian <100 220 X 1012 50 X 101s —-32 8
Ocean (<50°S) sur-
face water
North Atlantic (5°N- <100 40 X 1012 9 X 1015 —-35 5
55°N) surface water
South Atlantic (50°S- <100 40 X 1012 9 X 1015 (—46) —65 5
5°N) surface water
Pacific plus Indian >100 1980 X 1015 —200 800
Ocean (< 50°S)} deep
water
Atlantic  (50°S-55°N) >100 655 X 1015 —104 650
deep water
Antarctic Ocean Entire 45 X 1012 420 X 1015 (—113) —120 70
(>50°8)
Arctic Ocean (>55°N)f Entire 15 X 1012 40 X 1015 (—28) -30 30

* Numbers in parentheses were not used in steady-state computations. See values derived from computations
4 The computation was based on the assumption that stratospheric

(col. 6) and compare with measured values.

mean residence time is 5 years and that half of the natural radiocarbon production is above the tropopause. } Ber-

ing Strait isolates the Arctic Ocean from the Pacific.
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On the basis of the same assumptions
used previously (4), the amount of
bomb-produced C* stored in living
organic materials is calculated to be
0.3 X 10" atoms. Although the un-
certainty in this estimate is large, bomb-
produced C* in the organic reservoir
continues to be so small a part of the
total inventory as to be unimportant.

The amount of bomb-produced C*
which has entered the oceans has also
been computed, according to the method
of Broecker and Walton (4) except that
the return flux of bomb-produced C*
from the ocean to the atmosphere has
been taken into account (in accordance
with the circulation model discussed
below). Based on a CO: exchange rate
of 22 gram molecules per square meter
per year (I5), a value of 1.4 x 107
C" atoms is obtained for the 1 July
1959 oceanic inventory. It should be
noted that this value is essentially in-
dependent of the oceanic mixing model
selected (see 15).

If all of this oceanic C* had re-
mained in the upper 100 meters of
water, the C*/C" ratio of the surface
layer should have risen 30 per mill be-
tween 1 March 1955 and 1 July 1959.
According to the more elaborate model
discussed below, which takes into ac-
count loss to deep-water masses, the
average value for surface water should
have risen 29 per mill by 1 July 1959.
The corresponding increases for 1 July
1958 and 1 July 1957 are, respectively,
14 and 7 per mill.

Ocean-water measurements available
to date are summarized in Table 3. Since
the differences are small, it can only
be said that they are consistent with the
values predicted by the model. Future
measurements should provide a good
check on the circulation model adopted
here, since the rise in surface ocean
AC" values will be such that measure-
ment errors will not be so significant.

If the rate of addition of bomb-
produced C* to the troposphere is as-
sumed to be linearly dependent on the
stratospheric inventory, then the rising
slope of the curve in Fig. 1 indicates a
rising stratospheric inventory. Specific-
ally, the rise from July 1958 to July
1959 is more than twice the annual
increase for the previous two years;
hence, Hagemann’s average inventory
(6), measured for the period 1955-
1958 (namely, 7.2 X 10" atoms),
should be scaled up to 17 X 10” atoms
in order to obtain the stratospheric in-
ventory on 1 July 1959. Much of this
inventory increase is presumably due

SCIENCE, VOL. 132



to Russian tests during the fall of
1958.

A nearly identical estimate of the
stratospheric inventory is obtained by
taking Hagemann’s estimate (6) of the
total amount of C" thus far produced
by bombs (25 X 10 atoms) and sub-
tracting the amount of this C* which
had passed into the other reservoirs
(troposphere, biosphere, and oceans)
up to 1 July 1959. The latter amount
is given below as 8 X 10" atoms, and
therefore the stratospheric inventory, by
difference, is 17 X 10” atoms.

Despite the agreement between these
two estimates of stratospheric inventory,
there is reason to believe that they may
represent only an upper limit. As sug-
gested by Martell (/6), nuclear debris
added to the polar stratosphere may
exhibit a significantly shorter residence
time than that added to the stratosphere
of middle latitudes. Before July 1958
most bomb C* was probably produced
by testing in the equatorial Pacific,
whereas subsequently the major part of
the C* was added by Russian testing
in the Arctic. Thus, the increased slope
may represent rapid transfer of C* out
of the polar stratosphere rather than a
twofold increase in stratospheric in-
ventory. Furthermore, Hagemann et al.
(6) admit that their estimate of total
bomb-derived radiocarbon produced up
to the testing moratorium is only a
rough figure. They obtained it by scal-
ing up the January 1957 measured
inventory according to the total number
of megatons exploded, allowing as well
for a difference in the proportion of
tests conducted in the air and at surface
level.

Clearly, then, there is considerable
uncertainty in the stratospheric inven-
tory of July 1959. As a result, only a
range is given in Table 4. The upper
limit, 17 X 107, is the value discussed
above, while the lower limit is taken as
the measured inventory in 1957—ap-
proximately 8 X 10" atoms (6).

Future Distribution

About 90 percent of the carbon
within the ocean-atmosphere-biosphere
system is in the ocean. Consequently,
prediction of the future distribution of
bomb-produced C* among the various
carbon reservoirs depends mainly on
having an adequate model of ocean
circulation and ocean-atmosphere inter-
action. The model used here (shown
schematically in Fig. 2) is based on
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Fig. 1. The C"/C* ratios [expressed as AC™ values (see 9)] for the Northern and
Southern Hemisphere tropospheres, plotted as a function of time. The solid curves are
those published by Broecker and Walton (4) and by Fergusson (7, 25). The data on
which the extension points and dashed curve are based are given in Table 2.

estimates of the steady-state C“/C"
ratios in the ocean and atmosphere; full
details are given in (I5). The ocean-
atmosphere-biosphere system has been
divided into ten reservoirs, which are
defined in detail in Table 5; each is as-
sumed to be so well mixed internally that
its C* concentration is uniform. Transfer
of CO: between the reservoirs is as indi-
cated by the arrows (Fig. 2), which are
numbered to denote the rates of trans-

fer required for steady-state distribution
of C" throughout the system (/5). The
mean residence time (in years) of a
carbon atom within a given reservoir
is indicated by the numbers in paren-
theses under the reservoir names. Be-
cause there is some uncertainty about
the number and mean residence time
of carbon atoms in the humus of ter-
restrial soils, this reservoir has not been
included in the model. As shown be-
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Fig. 2. Circulation model showing the tenfold division of the dynamic carbon cycle.
Arrows indicate modes of mixing, and the numbers associated with each arrow give the
rate of transfer of CO. (in gram molecules/yr X 107°). The numbers in parentheses
are the mean residence times of CO. moleciiles in the reservoirs (see 15 for details).
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Fig. 3. The C*/C" ratios (expressed as AC" values) in atmospheric CO. plotted against
time; the plot is based on theory (solid curves) and on measurements (dotted curve).
The decrease in AC* is due to the addition to the atmosphere of C*-free CO. produced
by the combustion of coal and oil. The curve based on measurements is primarily from

the work of Fergusson (26).

low, there is evidence that the mean
residence time of carbon atoms in
humus is measured in hundreds rather
than tens of years; thus it is of little
present importance in connection with
the problem of bomb-produced C*.
The stratospheric residence time
given in Fig. 2 is 5 years, as determined
by Hagemann et al. (6) on the basis

of C* data. From consideration of Sr”
inventories, Feely (I/7) has suggested
that the residence time may be closer
to 1.5 years. It is possible, however,
that Sr” is transferred to the tropo-
sphere faster than C" because Sr*
becomes attached to particles suffi-
ciently large to settle, whereas C*
remains as a gas. In addition, the
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Fig. 4. Predicted C*/C" ratios (expressed

as AC" values) for the troposphere and sur-

face ocean water from A.p. 1960 to 2000. Two sets of curves are given in order to
reflect the limits of uncertainty in the stratospheric inventory of bomb-produced C™.
Estimates include the projected combustion-produced CO: effect. Direct measurements

are available up to 1 July 1959 for the tro

posphere and through 1957 for surface ocean

water. The dates (abscissa) refer to 1 January of the year in question.
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stratospheric residence time may de-
pend on altitude and latitude of injec-
tion—a longer residence time for low
latitudes and high elevations.

In order to check whether the ocean
model adequately represents mixing
within the dynamic reservoir, predic-
tions based on it have been made, for
the period 1850 to 1955, of the C*/C*
ratio of atmospheric CO: resulting from
man’s release of C*free CO: by burn-
ing coal and oil. The amounts of such
CO: added to the tropospheric reservoir
each decade since 1860 have been sum-
marized by Revelle and Suess (/8).
Calculations in which their data are
applied to the model suggested here
give the upper solid curve in Fig. 3.
For comparison, a dotted curve based
on the available analyses of tree-ring
samples is plotted on the same graph.
When corrected for radioactive decay
between growth and measurement and
normalized to a common C*/C" ratio
(normalization corrects for isotope
fractionation), tree-ring data should
provide a basis for estimating the
C"/C* ratio in the atmosphere at the
time of ring growth. Also plotted in
Fig. 3 is the C*/C*” ratio the atmos-
phere would have had if there had been
no communication between atmospheric
CO: and bicarbonate dissolved in the
ocean or between atmospheric CO: and
organic matter in the terrestrial bi-
osphere. The theoretical model is seen
to provide a fairly good fit to the data,
predicting a slightly greater effect of
combustion-produced CO: than is ac-
tually observed. Thus, it is reasonable
to conclude that the model provides a
fair approximation to the true transfer
rates between the atmosphere and other
reservoirs.

With the model proposed here, it is
possible to predict future distributions
of bomb-produced C* throughout the
dynamic carbon reservoir. Table 4
gives such results; one set is based on
the upper limit of the stratospheric
inventory and one on the lower. These
predictions are made on the assumption
that there will be no further increase
in inventories of C* from bomb testing.
The total inventory decreases with time
as the result of radioactive decay (1
percent per 80 years). On the other
hand, the inventory of cosmic-ray-
produced C* (given for comparison in
column 10) should remain essentially
constant.

Inventory values such as those given
in Table 4 can readily be converted to
AC™ values in order to show per-millage
changes from pre-bomb levels. This con-
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version has been made for the tropo-
spheres of the two hemispheres as well as
for surface ocean water (the upper 100
meters) ; the results are plotted in Fig. 4
to A.D. 2000. The solid portions of the
curves are fixed by measurements,
while the dashed portions are based on
the model. The dashed curves also take
into account the effect of further com-
bustion of fossil fuels; consumption
estimates given by Revelle and Suess
(18) were used. The predicted reduc-
tions in the atmospheric C"/C*" ratio
resulting from future increments of
combustion-produced CO: are 65 per
mill in 1975 and 140 per mill in 2000.
The comparable estimates for the sur-
face ocean are, respectively, 40 and 95
per mill.

The results given in Fig. 4 suggest
that the atmosphere will reach its peak
C*/C* level before 1963 and that the
surface ocean will reach its peak be-
tween 1970 and 1975. The ratio for
the atmosphere will have dropped to
one-half the peak value between 1975
and 1980, and the ratio for the surface
ocean will have dropped proportionately
by about 1990. In about 50 years the
C"/C*" level in the atmosphere will
have returned to the pre-bomb level.
From this time on, the fossil-fuel effect
will dominate. All of these conclusions
are based on an assumption that there
will be no further additions of C* from
bomb detonations and on an assumed
stratospheric mean residence time of 5
years. '

Just how valid the model is will be
revealed by continued monitoring of
atmospheric and oceanic C*/C* ratios.
As discussed below, future monitoring
of bomb-produced C* throughout the
ocean-atmosphere-biosphere system will
also provide considerable information
regarding residence times and modes of
mixing. If the present model is not
adequate, the information that shows
its inadequacy will aid in developing
a better model. Measurements over the
next year or two should resolve the
uncertainty in the total inventory.

Potential Tracer Applications
of Bomb-Produced Carbon-14

The radiocarbon produced by nuclear
tests provides a potentially useful tracer
in the study of a number of problems
in the natural sciences. In order to sug-
gest the potentialities of this tracer to
scientists in various fields, we cite four
examples of its use below. These ex-
amples involve the fields of soil science.
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biochemistry, limnology, and ocean-
ography.

Soil science. An important variable
in the field of soil science is the mean
life of organic materials in active soils.
Theoretically, the C*/C* ratio in soil
carbon is an indicator of mean life.
Prior to the addition of bomb-produced
C*, however, the C* method was a
relatively insensitive tool for this pur-
pose, as is indicated by the curves
marked “1900” and “1950” in Fig. 5.
In pre-bomb days, soil organic frac-
tions with mean lives between 4 and
256 years had C"/C" ratios almost
within the range of error of precise
radiocarbon measurements (=5 per
mill). To some extent this lack of
sensitivity stems from the post-1900
decrease in the atmospheric C*/C*"
ratio, which depended on combustion-
produced CO..

Figure 5 also shows how organic
materials of soils will react to the addi-
tion of bomb-produced C*. By 1964
it should be possible to measure resi-
dence times with an accuracy of better
than 10 percent. Since active soils con-
tain a mixture of organic materials
which undoubtedly have different resi-
dence times, interpretation of soil data
will no doubt be a complex problem.
This will be especially true if there
exists a chemical decay sequence of

‘organic fractions such that one fraction

is derived from the next. For example,
if A decays to B, B to C, C to D, and
so on, then D might have a very short
residence time in the soil and still not
show any bomb-produced C* for many
years. Fractions A, B, and C would
act as buffers in the passage of bomb-
produced C* to fraction D. Neverthe-
less, measurements carried out over a
number of years on various mechanical
and chemical fractions of a given soil
should provide valuable information.
Provided no more above-ground bomb
testing is carried out, the period of
greatest sensitivity for organic fractions
of short residence time will be between
now and 1965. Sometime within this

-period the C"/C" ratio of the atmos-

phere will begin decreasing, and thus
additional complications in the interpre-
tation of soil data will enter.

Since a knowledge of the mean resi-
dence time of carbon in organic frac-
tions in soil is necessary to a complete
understanding of the geochemical cycle
of carbon, a program of radiocarbon
measurements on such fractions has
been initiated at the Lamont Observa-
tory. To date, five measurements have
been made, all on fractions of a soil

sample taken in early June 1959 in a
wooded area on the Lamont Observa-
tory grounds in Palisades, New York.
The sample descriptions and measure-
ment data are given in Table 6.
Carbon-dioxide given off by the soil
had a AC" value slightly lower than
that of plants formed during the sum-
mer of 1958—a finding which suggests,
as might be expected, that this CO: is
largely derived from the decay of the
previous year’s growth. The result on
the humic acids suggests a mean life of
between 50 and 250 years for this
fraction (see the curve for 1958 in
Fig. 5). On the other hand, the organic
fractions remaining after humic acid
extraction are old enough to be meas-
ured by natural radiocarbon, having an
age of 2000 years (equivalent to a
AC*" value of —229). Aside from the
escaping CO:., the coarse organic ma-
terials from the 21-inch composite are
the only fraction which might have
taken on bomb-produced C*; this frac-
tion probably has a mean residence
time of 50 years or.less. However, the
fine organic materials from the same
composite show an appreciable age of
about 1100 years (AC* = —132). The

1 1 1 1
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Fig. 5. A plot showing the C"/C* ratio
(expressed as AC™" along the ordinate)
which one would find in Northern Hemis-
phere soil organic material if the organic
material had a mean residence time of x
(the abscissa) and were collected and
measured in the year M. Two sets of
curves are given for 1964 in order to re-
flect the limits of wuncertainty in the
present stratospheric inventory of bomb-
produced C*. Curves are given for M =
1900, 1950, 1958, 1960, and 1964. The
curves are based on the model of the
carbon cycle described in this article. The
dates refer to 1 January of the year in
question.
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Table 6. Radiocarbon analyses on various fractions of a soil sample from a wooded area in Palisades,
N.Y., collected in the late spring of 1959.

Carbon
. . (gm per Sample
Material Separation procedure kg of sCi4 8C13 ACH No.
soil*)
CO; given off by soil Absorption in KOH lo- + 107 = 7 —23.2 108 =7 L528-D
cated under barrel in-
verted over soil
Humic acids from surface NaOH soluble portionof 5 =+=2 —25=7 242 —28 =7 L528-G
soil (upper 6 in.) fine fraction ( <40 mesh)
Residual organic fractionin NaOH insoluble portion 8 =2 —218 =9 —24.7 —229 == 9 L528-P
surface soil after removal mesh of fine fraction
of humic acids (<40)
Coarse 100-percent organic Stayed on screen (ordi- 4 = 2 —-1=7 =244 -2 =7 L528K
fraction of bulk soil nary window screen)
(composite from 0 to 21 when soil was washed
in. depth) through
Fine fraction of bulk soil Went through window 10 =2 —123 =9 —23.0 —132 =9 L528-L

(composite from 0 to 21
in. depth)

screen (includes fine or-
ganic)

* Weight of soil is based on a depth of 21 in. Since most organic matter is in the upper third of this depth, values

in column 3 would be tripled if only 7 in. depth were taken.

1 At the observed rate of escape of CO; from the area

under the barrel (that is, 7 gram molecules/m?2 month), about 1.2 percent of the total soil organic carbon was being

converted to CO; in 1 month

Table 7. Data relating to the time lag in C14/C12 ratio between human blood and the atmosphere.

Collection Date of Time
Sz;g:)ple Material ‘;Cm zCli* AOC/JM equivalent in lag
. Date Location (©/00) ©/0) /o) atmosphere (yr)
. Northern Hemisphere
LSOS-)A 1/1/59 Palisades, N.Y. BreathCO, 106 =8 —21.8 105 =8 1/58 1.0
(20
L505-B 1/1/59  Palisades, N.Y. - Blood 115=8 —165 102=8 1/58 1.0
(20)
L516-A 3/4/59 Carson City, Blood 118 = 7 —-164 104 =7 1/58 1.2
Nev.
L516-D 6/1/59 Carson City, Blood 135 = 6 —180 126 = 6 4/58 1.1
Nev. :
L516-G 12/17/59 Carson City, Blood 183 = 6 -178 175= 6 12/58 1.0
Nev.
L569-A 1/19/60 Palisades, N.Y. Blood 194 = 6 —16.7 184 =6 1/59 1.0
L569-B 1/13/60 Palisades, N.Y. Breath CO, 213 =6 —182 207 =6 2/59 1.1
Southern Hemisphere
L519-A 3/6/59 Lima, Peru Blood 70 = 6 -17.2 56 = 6 11/57 1.4
L516-C 3/15/59 Ushuaia, Blood 33=8 —-19.2 20 = 8 11/56 24
Argentina
Table 8. Effect of bomb-produced C14 in rivers and lakes.
Annual Fraction of
Sample Collection Material 8C14 8C13 ACH4 increase atmospheric
No. date ©/o0) increase
Truckee River, Calif.
L415-NN Aug. 1957  Plants living —40 = 7 —~18.8 —~53'=7
2n under water
L415-00 Aug. 1957  Mollusk shell 6 =7 -4.7 —~34 =7
@n
L415-PP Aug. 1957  Mollusk meat —-23 =7 ~27.0 ~20 =% 7
@n <20 < 0.40
L487-H Aug. 1958  Dissolved HCO3 -1 =7 —-8.5 —-34 =7
L487-F Aug. 1958  Mollusk shell -8 = 6 ~3.1 —-52 =6
L487-G Aug. 1958  Mollusk meat —22 = 6 —20.3 ~32 %6
Weber River, Utah
L415-S Aug. 1957  Plants living ~146 = 6 —32.2 —141 = 6
under water 17 = 11 0.34 = 0,22
L487-0 Sept. 1958  Plants living ~116 = 9 ~23.7 —124 = 9
under water .
Great Salt Lake, Utah
L415-FFF June 1958  Brine shrimp ~111 = 7 —16.3 -132 = 7
@n
L415-GGG  June 1958  Dissolved HCO3 -93 = 6 +3.8 —150 = 6 67 =12  0.64 = 0.12
L1542 Aug. 1959  Brine shrimp -39 =9 -15.0 ~60 =9
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fact that separation into fractions of
different age is possible by straight siev-
ing is consistent with the prediction that
comminution of organic litter is time-
dependent. Just how far this method
of separation by age can be carried is
not known from the data now available.
An interesting and consistent fact to
point out is that a recombination of the
humic acids with the residual organic
fractions gives an organic mixture with
almost the same AC" value as that
measured for the fine fraction from the
soil composite.

Along the same line, Tamm and
Ostlund (19) in Sweden have recently
published radiocarbon measurements on
total organic matter found in three
horizons of a soil profile. They find a
progressive decrease in radiocarbon
with depth, total organic matter in the
deepest layer having a mean residence
time of about 400 years. Further
analyses of organic materials from soils
collected over the next few years will
make it possible to draw firmer con-
clusions. The data reported here merely
illustrate the type of information which
can be obtained.

Biochemistry. Broecker et al. (20)
pointed out the value of bomb-produced
C* as a tracer in determining the mean
life of carbon in various tissues of ani-
mals and men. Just as Fig. 5 gives
quantitative data for soils, so Fig. 6
gives information on residence time for
human tissue. Fig. 6 gives data only
for relatively short residence times and
differs from Fig. 5 in that blood, rather
than atmospheric CO., is taken to be
the source of the carbon in human
tissue. Where data from direct analyses
of the blood are not available, it is
assumed that the AC* value for blood
is the same as that for atmospheric CO:
one year earlier. This assumed one-year
lag is based on the data given in Table
7 for three residents of the United
States (five samples). To be sure, the
actual lag depends on such factors as
food storage time and the relative
proportions of terrestrial and aquatic
foods in the diet. No doubt dietary
differences account for the high lag
times for the Southern Hemisphere
listed in Table 7. In any given case,
however, an analysis of the blood will
indicate the actual lag time. Without
such an analysis, it is probably safe to
assume a lag time of one year if the
person in question ate what might be
called a typical American diet.

To date, only one sample of human
tissue has been analyzed. Perry Hudson
provided us with a composite sample of
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blood-free muscle tissue taken during
an autopsy of a New York City resi-
dent who died in January 1960. The
8C* and AC" results are, respectively,
—16.2 and + 143 = 10 per mill. On the
basis of the one-year lag time suggested
above, the mean residence time of
carbon atoms in muscle tissue is 0.8 ==
0.2 year. Again, it is well to empha-
size that studies such as this should be
carried out while the atmospheric curve
is still rising, a situation which even
now may be coming to an end.

Limnology. An understanding of the
CO: cycle in fresh-water systems is im-
portant in a number of scientific prob-
lems, such as metabolism studies in
lakes, studies of probable sources of
ground and thermal waters, and radio-
carbon dating of materials formed in
fresh water. One parameter that is
necessary in many of these studies is
the invasion rate of CO: from the
atmosphere into the body of water.
Broecker and Walton (21) estimated
such invasion rates for several closed
lakes in the Great Basin, using the
steady-state C* concentrations in these
lakes and in the rivers which supply
them. Another way to estimate these
invasion rates is to observe the rate of
build-up of bomb-produced C* in the
lakes. Because of its low bicarbonate
concentration and its large ratio of sur-
face area to volume, Great Salt Lake
should show a far more rapid increase
in C*/C® ratio than the other lakes
studied. Therefore, it is the best lake
to sample periodically in order to pro-
vide data for accurately estimating the
invasion rate of CO.. Measurements
spaced 14 months apart [June 1958 to
August 1959 (see Table 8)] show that
AC" values for Great Salt Lake rose
67 = 12 per mill during this period.
This rise can be used to predict the
invasion rate in the following manner.

Let us assume that the total CO:
concentration in the lake is at steady-
state and that the annual water input
is equal to the water lost by evapora-
tion. The following equation will then
express the rate of change in the C*
concentration of the dissolved bicar-
bonate in the lake:

dACY, _ lukz 1 Aga )
~ar __—_an <AC r—ACY, )+

kuh

where ACY, AC":, and AC“. are,
respectively, measures of the C* con-
centration in the dissolved bicarbonate
of the lake, in the dissolved bicarbonate
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Fig. 6. A plot showing the C"/C" ratio (expressed as AC* along the ordinate) in body
tissue as a function of mean residence time (abscissa). A 1-year time lag between blood
and atmospheric CO. is assumed. The date on each curve represents the date of collec-

tion of a tissue sample.

of average river water entering the lake,
and in CO: from the atmosphere over

. the lake; I» is the mean annual linear

evaporation rate; s is the mean depth
of the lake; and ku and k= are, respec-
tively, the total CO: concentration in
the lake and in average river water
entering the lake. R is the rate of in-
vasion of CO: from the atmosphere
into the lake.

Mean AC" values based on actual
measurements are 190 for AC*: and
—100 for AC*.. Since the rivers drain-
ing into Salt Lake are as yet only
slightly influenced by bomb-produced
C* (as discussed below), the mean
value assumed for AC": is the one
measured by Broecker and Walton for
the Bear River at Preston, Idaho (27)—
that is, —255. The values of Is, %, k.,
and kr are, respectively, 1.1 meter per
year, 3.6 meters, 6.2 gram molecules
per cubic meter, and 2.8 gram mole-
cules per cubic meter (27). The only
variables in Eq. 1 which are as yet
unspecified are dAC"./dt and R. The
former can be calculated from the 67
per mill per year rise given above.
Solution for the remaining variable R
gives an invasion rate of 6 gram mole-
cules per square meter per year. When
all the uncertainties are considered, it
is probable that the actual value is not
less than 3 nor greater than 8 gram
molecules. This agrees well with the

best estimate of 4 gram molecules per
square meter per year obtained with
the steady-state assumptions (27).

Bomb-produced C* is also a means
of determining the dominant source of
bicarbonate found in fresh waters. In
most cases there are three sources:
(i) sedimentary carbonates which are
free of radiocarbon, (ii) atmospheric
CO:, and (iii) CO: produced in the
decay of organic materials either in the
drainage-basin soils or in the sediments
underlying the body of water. As shown
by Munnich and Vogel (22) and by
Broecker and Walton (21), measure-
ments of natural C* can indicate the
relative contributions of source (i) and
of sources (ii) and (iii) combined.
However, the contributions of sources
(ii) and (iii) were not separable by
this means, since concentrations of C"
in soil CO: and in atmospheric CO:
were very nearly the same prior to
bomb testing. With the addition of
bomb-produced C* to the atmosphere,
soil CO: now lags considerably behind
atmospheric CO- in C*/C" ratio; hence,
under certain circumstances a differen-
tiation between sources (ii) and (iii)
may be made on this basis.

A third area of application is that
of determining the transit time of
ground water. Suppose that the relative
contributions of the three sources of
dissolved bicarbonate are known,
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Table 9. Radiocarbon data bearing on the re-
placement rate of Cariaco Trench water.

No.
of AV spus
Water mass Date AC14
sam- (0/ ) (0/00)
ples o
Caribbean surface 1955 8 —-57 =9
water (measured)
Caribbean surface 1890 —43
water (estimated
from model)
Cariaco trench deep 1957 2 —40 =7

water (measured)

*Standard deviation.

through an analysis of the type de-
scribed above. Suppose, too, that the
C*/C* ratios in each can be estimated.
Then a measurement of the C“/C*
ratio in a sample of ground water will
indicate how long it has been since
the water picked up its CO.. It should
be emphasized, however, that estimates
of both travel time and source cannot
be made from the same C* measure-
ment. Hence, periodic C* measurements
should be made and combined with
other information, such as stable carbon
isotope ratios and tritium measure-
ments.

Other examples of the use of C* data
from fresh-water systems are measure-
ments of the Truckee River at Truckee,
California, and of the Weber River at

Ogden, Utah, which show that the
C*/C*" ratio is rising at a considerably
lower rate in these rivers than in the
atmosphere (see Table 8). This sug-
gests either that the atmosphere is not
the major source of C*“-bearing CO:
or that the water, after taking on at-
mospheric CO:, resides more than three
years in the ground-water system before
reaching the river. If the transport time
through the ground-water system is
actually short, then CO: from organic
decay is the major source of C"-bearing
bicarbonate and the decaying organic
materials must have mean lives of more
than three years.

Thus, while the C* concentration in
the atmosphere continues to rise rapidly,
limnic processes which involve carbon
and which occur over periods of from
1 to 100 years can be effectively studied
by periodic measurements of C“ con-
centrations.

Oceanography. Of all the fields
mentioned above, perhaps oceanography
should benefit most from the study of
bomb-produced C*. Already natural
radiocarbon has provided much valu-
able information concerning the turn-
over time for deep-water masses which
exhibit residence times of the order of
hundreds of years (7, 15). But for
studying near-surface masses which
communicate with the surface on a

20 T T T T 7 T —
//
MEAN RESIDENCE
ok O TIME (YRs.)ZX -
/ 10
/
20 DEEP / ,//4
WATER / 20
CARIACO y

TRENCH Yy
! k% y
7
7

A - 80
O ——_—/’/’—
< -eor 160 —
-80 320 —
1 1 1 [ 1 1 1
1956 1958 1960 1962 1964 1966 1968
YEAR

Fig. 7. A plot showing the C"/C" ratio (expressed as AC* along the ordinate) as a
function of time for various deep-water residence times (7) in the Cariaco Trench.
T is defined with respect to the mixing with Caribbean surface water. The curves are
based on the model of the carbon cycle described in this article and on an upper limit
for the stratospheric inventory of bomb-produced C*. The average of two measurements
on deep-water samples from the Cariaco Trench is shown.
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time scale of tens of years, natural
radiocarbon is of little use. It is in
the study of such water masses, how-
ever, that bomb-produced C" is most
useful. ‘

Consider, for example, the Cariaco
Trench in the southern Caribbean, off
Venezuela. The circulation times in
this trench are of particular interest
because it is stagnant in the sense that
dissolved oxygen is absent while H:.S
is present. The C“ measurements for
various water samples from the Cariaco
Trench are listed in Table 9. They
show that the deep waters of the trench
have as high a C“/C" ratio as the
surface waters supplying the trench.
This suggests that mixing occurs in tens
rather than in hundreds of years. With
the atmospheric C* concentration rising
so rapidly, however, the deep and sur-
face waters will begin to show measur-
able differences unless the mixing oc-
curs in as short a period as several
months. The situation is graphically
represented in Fig. 7, where the radio-
carbon concentrations predicted for the
deep waters of the trench are shown
for various mean residence times (times
of residence prior to mixing with the
surface waters of the Caribbean). It is
obvious that in 1956 (a representative
pre-bomb period) residence times of
less than 100 years could not be deter-
mined from radiocarbon concentrations.
By 1970, however, as shown in Fig. 7
(far right), radiocarbon concentrations
will indicate residence times in the
range from O to 100 years rather effec-
tively. In addition to indicating the
mean residence time in the trench, C*
data should also make it possible to
determine the mode of injection and
the rate of mixing of new water added
to the trench. For the minimum C"
inventory, curves similar to those of
Fig. 7 could be drawn. In such a figure
each point would be only two-thirds
as far above the pre-bomb base level
as the corresponding point in Fig. 7.

Conclusions

Radiocarbon measurements in simul-
taneously collected tree-leaf and atmos-
pheric CO: samples show that the
concentrations are often the same but
that situations arise where tree leaves
give a lower value. A possible explana-
tion for this lack of agreement is that
the leaves receive part of their CO:
through the roots of the tree. Con-
sequently, it appears that direct collec-
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tion of CO: from the air is the most
reliable way to monitor the atmospheric
C*/C* ratio.

Further monitoring of tropospheric
C"/C" ratios in both hemispheres indi-
cates that the rate of rise roughly
doubled during the period from 1 July
1958 to 1 July 1959. This increase may
be due either to a doubling of the
stratospheric inventory from about
8 X 107 to around 17 X 10 C* atoms
or to quite rapid fallout of debris added
to the polar stratosphere.

Estimates of the future distribution
of bomb-produced C" throughout the
atmosphere-biosphere-ocean system have
been made; for this purpose a mixing
model based on steady-state concentra-
tions of natural radiocarbon was used.
The predicted inventories are given in
Table 4. From these inventories, com-
bined with estimates of the future
effects of combustion-produced COs:,
the C“/C*" ratios for the atmosphere
and for surface ocean water can be
predicted (see Fig. 4). The ratio for
the atmosphere of the Northern Hemis-
phere will rise before 1963 to a maxi-
mum of from 1.3 to 1.4 times the
pre-bomb value, whereas for surface
ocean water the maximum will be
between 1.09 and 1.15 times the pre-
bomb value and will occur between
1970 and 1975. By 1980 the ratio for
the atmosphere will have dropped half-
way back to the pre-bomb level, while
the ratio for the surface ocean will

drop proportionately by about 1990.
Early in the next century the combus-
tion-produced CO: effect will be dom-
inant in the atmosphere, and the C*/C*
ratio will have dropped below the pre-
bomb value. As illustrated by several
examples, bomb-produced C* can serve
as a potential tracer in the fields of soil
science, biochemistry, limnology, and
oceanography.

Due to continuous spiking of the
troposphere with bomb-produced radio-
carbon, changes in C" concentration
throughout the carbon cycle are now
occurring faster, by several orders of
magnitude, than changes due solely to
radioactive decay. Consequently, proc-
esses carried out in from 1 year to 100
years are now measurable, or will be so
in the next few years. It is hoped that
the examples discussed in this article
will stimulate the imagination of sci-
entists in many fields, so that the many
potential applications of this world-wide
tracer may be realized (23).
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