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SUMM ARY

Phe basic assumption of the radiocarbon dating method
is that the carbon-14 concentrations in the atmosphere have
remained essentially constant in the past although there is
gome evidence that fluctuatiéns have occurredAduring the past
10 millennia. These fluctuationg are reflected in biospheric
and oceanic carbon-1l4 concentrations since the distribution of
carbon-14 is controlled by the exchange processes between the
regpective reservoirs, A precise knowledge‘of these exchange
rates is desirable, therefore, if past carbon-14 fluctuations
are to be explained and future carbon-14 concentrations

predicted. Evaluation of these parameters also yields

“important data for the study and understanding of meteorological,

biological and oceanographic processes.

Some estimates of exchange rates have been made on the
basis of measured carbon-14 variations during the past 20 years
as a result of the Suess effect. Further studies have been
based on the artificial carbon-14 produced prior to the major
test series of 1961-62.

During 1961-62 large-scale atmospheric testing of thermo~
nuclear devices produced substantial quantities of carbon-14
through the interaction of escaping neutrons from the weapons
with atmospheric nitrogen, 14N:'(n,1H) 140. Prior to 1961 the
amount of carbon-14 produced by nuclear weapons amounted to

RN



only about one third that produced in the new test series.
Thus the most recent amounis produced can be regarded'as a
new tracer for the study of the distribution and exchange
rates of carbon dioxide between the various dynamic carbon
reservoirs, i.e., the troposphere, stratosphere, ocean
surface layer, .deep ocean and biosphere.

During 1967 and 1968 extensive measurements were made
of the carbon-14 concentrations in tropospheric carbon dioxide
samples collected at a world-wide network of sampling stations.
These results, together with the stratospheric and oceanic
data have been used to calculate the inventories of artificial
carbon-14 in various reservoirs of the carbon cycle for July
1967 and 1968, .

Residence times of carbon dioxide in various reservoirs
"chain" and "cyclic" models of varying complexity. The
calculated exchange rate parameters indicate that both the
ocean and biosphere are important in determining the atmospheric
carbon-14 level. The magnitude of the exchange processes
between the atmosphere and each of these reservoirs are
>comparab1e. However, the relatively large size of the oceanic
reservoir suggests that this is the major controlling factor
over the long term,
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CHAPTER 1.,  INTRODUCTION

Since the beginning of nuclear testing many studies have
been made of atmospheric mixing processes using particulate
fission products as tracers. The data obtained from these
studies cannot be expected to yield true results for the mix-
ing rates of air masses since the solid particles are washed
out of the atmosphere by rain within a relatively short period
of time ranging from six to eight weeks. Gaseous substances,
on the other band, such as 002, remain in the atmosphere for
longer periods and their residence times are controlled by the
rates of exchange between the atmosphere, ocean and biosphere.

During 1961 and 1962 large-scale nuclear testing produced
unprecedented amounts of artificial carbon-14 through the inter-
action of escaping neutrons with atmospheric nitrogen, 14N-22+;4C.
This artificial activity was added mainly to the stratosphere
where it was presumably oxidized to 002 quite rapidly. An
ideal opportunity was therefore created for a "tracer" gstudy of
atmospheric mixing and trangfer processes. 1In fact, as a result
6f these mixing processes the carbon-14 has now become distributed
throughout the gtratosphere and troposphere; The actual increase
in the tropospheric carbon-14 concentration of the northern hemi-
sphere reached 1009 above the natural level in mid 1963. Further
exchange between the troposphere and the oceans has resulted in
an increase in the carbon-14 concentration in the surface ocean
water which is now easily detectableée. With these distribution



patterns of carbbn-14 it is now possible to evaluate the rate
‘of €O, exchange between the atmosphere and the oceans with
much better accuracy than has been possible in the past.

Since the specific activity of carbon-ld‘in the atmosphere
is influenced by thése exchange mechanisms, and since the radio-
carbon dating méthod agsumes a constancy of carbon-l4 concentra-
tions in the atmosphere, it is obviously important, therefore,
to gain a full understanding of these processes. In fact,
recent studies on tree rings have shown that the specific
activity of carbon-14 in the atmosphere has probably fluctuated
congiderably in the past. The reasons for these fluctuations
can be either a change in the natural production rate of carbon-
14 by cosmic rays, or variations in the mixing rates between
dynamic carbon reservoirs caused by climatic changes. In either
case the amplitude and duration of the fluctuation is primarily
controlled by the rate of exchange between the atmosphere and
the surface layers of the ocean.

A detailed study of the rate of change of "bomb" carbon-14
concen}rations in tropospheric 002 will therefore assist in deter-
minations of the parameters controlling exchange patterns and may
also yield information of value to considerations of the basic

assumptions in the radiocarbon datiné method.

l1.1. History and Theory of the Radiocarbon Dating Method.

In 1940 Korff suggested the possibility that carbon-14 was
continuously being generated in the upper atmosphere by cosmic

ray produced neutrons, Later, in 1946 Libby estimated that it



should be possible to detect natural carbon-l4 in envifonmental'
materials. Libb;} and his co-workers (Anderson, Weinhouse, Reid,
Kirshenbaum and Grosée) (1947) then showed experimentally that
naturally produced carbon-14 could be measured snd suggested its
use as a method of dating.

The important nuclear reactions involving cosmic ray neutrons

and the main atmospheric constituents are as follows: ‘
| Reaction Cross section

a) Yy o.n M .t G= 1.7 (barns)

b) 14N+ n ———>11]3 + 4o G~0.2 at > 1 Mev
o) My, _ 1% 3 G~0.01 at > 4 Mev
a) % . n --->:_L7o + ¥

From considerations of the cross sections of these reactions it
is clear that reaction (a) is favoured. It follows therefore
that the majority of cosmic ray neutrons contribute to the
production of carbon-14..
. Values for the cosmic ray carbon-l4 production rate range
from 1.3 to 2.6 atoms/cm>/sec, Libby (1955), Anderson (1953),
Kouts and Yuan (1952), Ladenburg (1952) and Soberman (1956).
A re-evaluation of the data by Craig (1957) indicated the best
value to be 2.0 * 0.5 atoms/%ma/éec; Following their production
it is believed that the carbon-14 atoms are rapidly oxidized to
14002 which then mixes with inert 12002 and 13002 in the atmo-
sphere. The carbon-14 thus becomes incorporated in plants

through photosynthesis and enters the biosphere. 1In addition
to the contribution of carbon-14 to the biosphere significant

quantities are'transferred to the hydrosphere via CO, exchange.

2



It was reasoned by Libby (1955) that fhe average residencé
time of a radiocarbon atom in any of these reservoirs (*dynamic"
' carbon cycie) was s0 short in comparison to its half life, that

each atom would complete the cycle of transfer from one reserv01r
to the other several times throughout its lifetime. It was
therefore predicted, and later shown, that the distribution of
radiocarbon throughout the dynamic reservoirs was quite uniform.
It was also assumed that the cosmic ray intensity had been
essentially constant for at least 20,000 to 30,000 years and
that the carbon-l4 concentration in the dynamic reservoirs had
not changed over this time period, Libby (1955). On the basis
of these assumptions an equilibrium between the rate of decay
_and the rate of assimilation of radiocarbon atoms for all living
things would be attained while they were alive, but when death
occurred, assimilation would cease and only radioactive decay
would continue., Hence, the age (t) of a carbon sample can be
calculated in the following manner:

ao= ko
where, Ab is fhe activity of carbon-14 present in the sample on
removal from the natural carbon cycle. For an organism this
would date the time at which the organism died. At is the
activity of carbon-14 at time t, and ) is the disintegration
constant for carbon—l4; If one assumes that when the material
to be dated waé a part of the carbon cycle it had a carbon~1l4

specific activity identical to contemporary carbon then A nmay
measured in contemporary carbon and the sample's age calculated

from the above equation. Libby (1955) substantiated the validity



of this method By obtaining excellent agfeement betweén ages
determined by the carbon-14 method and ages of historically
dated materials (Figure 1.1).

Since its inception the carbon-~14 method has become the
criterion against which all other methods of chronological
determinations Bf less than 50,000 years have been checked.
However, several sources of error have recently been unearthed
which have led to a questioning of the validity of some of the
basic assumptions. The agsumptions currently under examination
are (1) that the carbon-14 specific activity in the sample to
be dated was originally the same as that of similar material
(modern standard) living today; and (2) that the carbon-14
concentration in the sample changes only through radioactive
decay after "leath." A prerequisite of the first assumption is
that the cosmic ray flux must have been relatively constant over
the past 50,000 years, and that there has been uniformity of
isotopic composition throughout the active carbon reservoir.

It has been shown, however, that the specific activity of carbon-

14 in the atmosphere has probably fluctuated during the past

10 millennia.

1.2. Fluctuations of Environmental ﬁadiocarbon Concentrations
Caused by Natural Effects.

Libby (1955), recognized the possibility that geography
may influence radiocarbon concentrations in the environment,
To investigate this possibility, samples of different but known

ages, collected at various places on the earth, were analysed.
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With the facilities available at that time it was impossible
to detect any significsnt variations within the age interval
examined. ‘

Later studies, using improved techniques involving gas
proportional and-liquid scintillation counting, have shown
gignificant deviations between radiocerbon dates and true
historical ages. Thege findings arise from disturbances in
the radiocarbon content of living matter which could be caused
by (1) variations in the rate of production of radiocarbon by
cosmic rays, (2) variations in the size of the reservoirs with~
in the carbon cycle and the exchange rates for 002 between these
regervoirs.

DeVries (1958) first noticed some discrepancies between
the radiocarbon and calendar ages of wood known to date from ca;
-:A.D. 1700 and A.D. 1500, A correlation with climatic events
was suspected particularly for the period referred to as the
"little ice age." Using an electrical analog of Craig's (1957)
. ocean-atmosphere model DeVries found that a variation of 25% in
the cosmic ray ﬁroductiqn rate was necessary to explain the
observed changes in the specific activity of carbon=14 of 2% in
the atmosphere. The same variatioq would have been produced by
a change of about 25% in the exchange rate between the atmosphere
énd the deep ocean'water through the surface layer of the ocean.,
If the variation was caused by a fluctuation in the exchange
rate between the atmosphere and the surface layer of the ocean
6r between the surface layer and the deep ocean, each had to

vary by nearly 50%. Independently, Stuiver (1961) pointed out



that the available carbon-~i:i iita from wood of known age
ipdicated a correlation bheiwnon the cerbon-14 inventory and

solar activity. Recent musuuscsents by Stuiver (1965) on
material from the 18%th and 15ih centuries and by Susss (1965)
on samples from the second willizunium A.D. confirm this
correlation. For older swiriag = up to €I00 years — the

deviation between irus and rzdiscarbon zges appears to be

much larger. Tree rings, datcd dendrochronologically and by
radiocarbon, show deviaticns vy %o 155 with maximum differences
being observed for samples n~tunt 4000 B.C., Damon (1965), Damon
et al. (1966), Suess (1965) i Blen and Suess (1967).

Although historical reucris mgke 1t pogsible to retrace
the magnitude of solar activiiy end sunspst numbers to the
beginning of the Christian evu, quantitative records of sunspot
numbers date back only to the 17th century. Variations of
carbon-14 activity can be duiermined as fer back as dendro-
chronologically dated wood is available}_and according to
Ferguson (1968) this limit xesches 6700 B.P. for the species

"Pinus aristata" - bristlecens pine wood, The carbon~l4 measure-

ments indicate that the solar-induced changes of 1-2¢ in carbon-
14 specific activity (1 percunt corresponds to about 80 years)
are superimposed upon larger changes on a longer time scale.
This appears to be true in particular for the last two or three
millennia B.C., when the specific carbon~l4 activity of the bio-
sﬁhere appeared to decrease steadlly by ca. 0.4% per century,
Damon et al., (1966). i



The csuses of th@ long itovis variations of carbon-~1l4
levels are not known. It &z iikely that the variations are

 partially the result of chaugas in the cosmic ray production

rates of radiocarbon, but ciimutic conditions that affect

ocean mixing agd.afmospheric €0, concentrations may also
_contribute. The comsmic ray flux, and hence the production
rate of carbon-1l4, is = funciilon not only of the solar activiiy
but also of the magnetic divpele moment of the earth, and there
are indications that the dipclio moment may also have changed
over the past 6000 yesrs, Elsusser et al., (1956), Kigoshi and
Hasegawa (1966), Libhy (196%). '

In general, radioccarbon dates from A.D. ~1000 to the
present appear to be younger thzn the true ege. A point of
greatest deviation is around 4.D. 1700 when radiocarbon ages
erronecusly suggest 15th century material. Radiocarbon dates
from the first millennium A.D. %o 300 B;C. appear 50 to 100
years too old.. For the pericd before 300 B.C. radiocarbon
ages are probably too young agein (Figure 1.2).

A number of correction curves have been published but these
must remain tentative, Suess (1965), Daumon et al (1965, 1966),
Kigoshi (1965), Stuiver (1965, 1967), Bray (1965), Stuiver and
Suess (1966), Dyck (1965). '

Radiocarbon data given in the literature are calculated
with the so-called conventiocnzal Libby half-life of 5568 years.
The average of the most recent wmeasurements gives the more
accurate value of 5730 + 40 ycars, Mann et al (1961), Olsson et

al (1962, 1963), Hughes et al (1963), Godwin (1962). Since
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doubt still exists regarding the true half-life of c#fbon-14
the proceduré for reporting ages relative to the 5568 year
half-life value ensures comparibility of data.

1.3, Fluctuations of Environmental Radiocarbon Concentrations
Caused by Artificial Effects.

Since 1900 mankind has upset the assumed steady state
digtribution of carbon-l4 within the various carbon reservoirs
in two ways: Firstly, the combustion of coal and o0il has added
a congiderable quantity of carbon-14 - free 002 to the atmo-
sphere. This has significantly reduced the carbon-14 specific
activity in both the atmosphere and those reservoirs in rapid
exchange with it (Suess Effect). Secondly, the testing of

nuclear devices has added 1400 to the atmosphere, thereby

2
increasing the carbon-l4 specific activity of the atmosphere

and those reservoirs in rapid exchange with it (Bomb Effect).

1,3.1. Suess}effect

This effect was first described by Suess (1953, 1954)
following some measurements of the carbon-14 content of recently
grown and 19th century wood samples. He found discrepancies in
the carbon-14 specific activity of the modern samples amounting
to about 2%, which were absent in the 19th century samples.
These discrepancies he attributed to the assimilation by the
biosphere of carbon-14 free 602 released to the atmosphere by

the combustion of fossil fuels. Such an effect, being directly

11



related to induétrial activity, thereivre bescame ppparent in

the northern hemisphere with the oneet ol indusizial revolution,
Revelle and Sucss (1957) have eatineiod the quantity of

002 that has been added to the atmésphgra by combustion of

fossil fuels for each decade since 18¢0 (tsginnirng of the

industrial rev&lution). They showed ibut in 1870 the cumulative

amounts corresponded to about 0.23% of Whe natursl Gﬂz present

in the atmosphere, in 1910 to gbout 1.¢:», and in 1960 to 15.6%.

Measurements of atmospheric 002 conccnivntliong demongirate, how-

ever, that there has not been & correcwspoudiing incrcase, Most

of the excess 002 from combustion of fogell fuels must therefore
have been transferred to the cceans. The rate «f this transfer
is not firmly established and previous ustimates for this exchange
time range from 16 hours, Dingle (1954), to the cvder of 1000
years, Plass (1956).

The decrease in the natursl cartoa~l4 concentration by
industrial fuel combugtion over the vazi 1CO yenrs was estimated
to be between 2f and 64 for the northern homisphere, Houlermans
and Suess (1967), and less then 1% in the surfacs luyer of the
ocean, Broecker et al (1960). _

' The interpretatidn of the Suess BEffesct in the southern
hemisphere is less clear because of lack of data. Tue to inter-
hemiepheric atmospheric mixing time tiw sverage Susss Effect in
the southern hemisphere should be smaller then that in the north-
ern hemisphere.

Variations in the 002
been investigated by many workers since ths early 19th century

concentration in the atwosphere have

12
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using a variety of analytical methods. The majority of data
range between 270 and 350 p.p.m. by volume. Recently, Bolin
and Keeling (1963) have made a comprehensive survey of atmo
spheric 002 concentrations and found an average Va;ue to be
314.5 p.p.m. in January 1960, with a rate of increase of

" approximately 0.72 p.p;m. annually. It was also found that
the geographical variation'did not exceed 6 p;p.m., the maximum
being in the northern high latitudes and the minimum being in
the southern high latitudes. |

Since the Suess Effect has led to a decrease in the carbon-
14 specific activities in the atmospheric and biospheric
reservoirs, the choice of such carbon as a primary standard in
radiocarbon dating would give rise to young ages. To avoid
this possibility the primary standard activity used is that of
age-corrected 19th century wood.

An important consequence of the Suess Effect could be, in
the long-term, an elevation of the atmospheric temperature.
Plass (1956) calculated that a 10% increase in the atmospheric
00, would increase the average temperature by 0.36°¢C. |

1030 20 Bomb effect

Over the past decade considerabie smounts of carbon-l4 have
been released to the atmosphere during nuclear weapons tests.
The carbon-14 is produced by the free neutrons which escape
from the exploding nuclear devices and are subsequently absorbed
by atmospheric nitrogen. The production of carbon-1l4 will
depend on the type and power of nuclear device exploded, and



will also depend on whethér the expldsion occurred at the
surface of the emrth or high in the atmosphere. A surface

test ﬁill produce gpproximately 50 percent of the carbon-l4
produced by =z similar device in air test since one half of

the escenping néutrohs will be captlured in the earth rather

than by the stmosphers. Practically all the neutrons escaping
from the eoxploding nuclear device to the atmosphere are expected
to produce carbon-i4, Mschta (1959). It appears reasonable to
assume also bthat this carbon-l4 is soon converted to 14002 which
will thec move upwards with the hot gases from the explosion.
The publizhed enerzy yields of nuclear devices tested during

the period 19451967, together with an estimate of the yields
for the period 1962-1968 are presented in Table 1.1.

Bstinates of carbon-14 production in relation to energy
yield that have sypeored in the literature range from 4.5 x 1025
atoms/iiton fission, Libby (1956), to 14 x 1026 atoms/Mton fusion,
'Leipunsky (1557). Tae most accepted figures for carbon-l4
production in the zimosphere are 2 x 1026 atoms/Mton of total
(fission and fusion) energy yield in the case of an air burst
and 1 x 1026 atoms/iiton for a surface burst, Machta (1959).

On thig hasis the total production of carbon-14 to date is there-
fore estimated at about 1 x 1029 atoms, i.e., sufficient to raise
the carbon~14 conceniration by almost a factor of four were it.
to be‘contained in the.tropoephere.

The firset éxperimentai verification of increased atmospheric
carbon-14 levels due to nuclear testing was reported by Rafter

and Fergusson (1957). Subseépently this increase has been

14
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Table 1.1, Fission and fusion energy yields

Period Fission yield (Mton) Fusion yield (Mton)
Alr tests Surface tests Air tests Surface tests
1945-51 0.19 0.57 - -
1952-54 1.0 37.0 - 22.0
1955-56. 56 7.5 5.4 9.5
1957-58 31.0 9.0 26,0 19.0
1959-60 Test Moratorium
1961 25.0 - 95.0 -
1962 76.0 - 141.0 -
1963-68 0.3 0.1 15.0 -
 Total 139.09 54.17 282. 4 50.5
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followed by variﬁus workers, including vaecker and Walton

(1959), Broecker and Olson (1960), Nydal (1963), Iimnich and

Vogel (1963), Nydal and Lévseth (1965) and Olsson et al (1967).
During mid-1963, the largest tropospheric injection of

man-made carbon-l4 occurred in the high northern latitudes,
principally as a regult of the U.S.A. and U.S.S.R. tests of
1961 and 1962, This activity was introduced intb the étraﬁo-
sphere predominantly at 50° - 75° N and gave riss to peak
intensities about 1004 above the normal level in the spring and
early summer of 1963, one year after the cxtengive *est serieas.
This delay arose from the internal mixing rates of the stratd-
sphere and the seasonal nature of stratogpheric - tropospheric
nmixing. Since the cessation of the major nuclear test sgeries
the carbon-14 activity in the northern hemisphers iroposphere
has continued to decrease following the 1963 peak due to inter-
hemispheric mixing and the absorption of 14CO2 by the ocean and
biosphere,

In the southern hemisphere troposphere the increase in
carbon-14 concentrations has been relatively slow due to the
time required for transport from the northern hemisphere, aud

the larger exchange of CO, between the oceans and the atmosphere

in southern latitudes. %he summer peaks observed in the north-
ern hemisphere are less pronounced in the southern hemisphere
(Figure 1.3.). The excess carbon~14 reached its maximum value
in the southern hemisphere troposphere during mid-1965 with a

value of about 65% above the normal level.
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At the preseni time (1963) the carbon-l4 concentrations in
the northern hemisphoré troposphere (as found in this study)
have decreasged tc on excess of about 56% above the normal level
being 5¢ higher then that in “the southern troposphere. This
difference will dirinish in a few more years as a result of
interhemispheric erchange patterns. On the other hand the
carbon-l4 concentrations in the surface waters of the oceans
have risen to about 15% above the normal pre-bomb value.

These additicnal data for the distribution with time of
bomb-produced carben--14 in the various reservoirs of the carbon
cycle are valuable in the computation of more accurate values

for the exchange perumeters involved,

l.4. Carbon Cycle in Nsture

The study of the carbon cycle in ngture has attracted
increasing attenticrn due to its significance in geochemical,
meteorological, biologicsel &nd oceanographic problems. A

change in the CO_, concentrations in the atmosphere, for example
&g D ’

could appreciabl§ affect the thermal budget of the surface of
the earth, and might couse a long-term change in the climate due
to the "greenhouse effect.” TI1 could also affect biological
productivity and various gecicgical phenomena such as the rate
of erosion, and the chemical properties of ocean water.

In the natursl carbon cycle (Figure 1.4) co,, is the medium
for the transportation and ewchuuge of carbon because of its
stability and distribution in the atmosphere, hydrosphere and

lithosphere. 002 from the atrosphere is being continually
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Figure 14. The Carbon Cycle
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transferred to.the'biosphere by photosynthesis while, éon-
currently, the atmosphere is being replenished by the oxidation
of organic debris and the respiration of animais. Atmospheric
CO ig in direct exchange with the dissolved 002 in the hydro-
sphere via molecular exchange through the interface between
those reservoirs, It is therefore clear that radioactive
carbon-14 can move freely between these various reservoirs but
at a rate controlled by‘the movement of 002.

The estimated mass of carbon in each reservoir is summarigzed
in Table 1.2. For the atmosphere and total ocean the accuracy
is better than 4 5%. while for the biosphere, humus and surface
water of the ocean a considerable error, possibly a factor of
two, may be involved. It can be seen from Table 1.2 that the
COé content in the atmosphere, the smallest of all carbon
reservoirs, may be strongly influenced by slight changes in the
dynamic balance between the various reservoirs.

The mechaniem for solubility of 002

- the rate and extent of retention being sensitive functions of

in seawater is complex,

temperature, hydrostatic pressure, partial pressure of 002 in
both the gas and liquid phases, mixing pattern of ocean water,
etc. Therefore the exchange rate pattern is variable with
geographical location. Various workers have investigated these
factors, Takahashi (1961), Eriksson (1963), Kanwisher (1963).

From considerations of the steady-state carbon-14 distribution
in the various exchangeable reservoirs of the carbon cycle, and
using the naturally or artificiallydﬁfoduced carbon-14, the rates

of exchange of CO, between those reservoirs have been estimated

2
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Table 1.2. Carbon content of various reservoirs

" Reservoirs Mass of Carbon (1017g) References

Atmosphere 6.57 Takahashi (1961)
Stratosphere 1.05
Troposphere 5.52

Hydrosphere 379.16 Broecker and Olson (1960)
Surface layer 8.16 " " n "
Deep ocean 371.0 ' n n . n n

Biosphere (land) 8.34 Lieth (1963)
Terrestrial ’ -1.24 " "

Humus ‘ 7.10 n ‘o

E PN



22

by several inves£igat9rs, Craig (1957), Ravellé and Suess (1957),
Rafter and Fergusson (1958), Broecker et al (1960),Lal and Rama
(1966), Minnich and Roether (1967), Nydal (1967, 1968), Young
and Fairhall (1968).

1.5. The Purpose of This Study

Although a nuﬁber of work