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PREFACE

In 19583 while at Sheridan College in Wyoming5 the author be

came involved with several programs of archaeological research in the 

High Plains area3 and was soon made aware of the extraordinary signif

icance • attached to the history of man in the Americas, and to the in

separable problem of the climatic history of the world during the Qua

ternary Period. The problems of land bridges3 ice-free corridors, ex

tinction of megafaunas the hiatus in human occupation of the High 

Plains during the "Altithermal"9 the alluvial stratigraphy and pluvial 

variations, and shifting vegetational zones are all inseparable prob

lems of the changing environment.

In 1959, the author built a radiocarbon dating facility, of 

rather limited scope,and worked on some of the local chronological 

problems. Other dating methods,.such as dendrochronology, obsidian- 

hydration dating, and thermoluminescence, were explored also. It was 

at about this time that radiocarbon researchers were becoming;aware of 

discrepancies between radiocarbon dates and dates from other methods. 

During 1960 and 1961 it became obvious that the discrepancies were 

real and, in some cases, appreciable. But the most important outcome 

of the examination of the problem was the growing realization that the 

variations of the radiocarbon concentration in the atmosphere, which 

were responsible for the dating inaccuracies, were important data re-* 

garding the past history of the earth and its environment? The geo

magnetic field, solar:flares, and the complex system of physical and

iii



chemical processes involved in the production and distribution of , 

radiocarbon through the earth system, all were important facets of the 

problem of understanding the variations in radiocarbon concentration 

in the atmospheree In 1963, the author was privileged to be accepted 

into the graduate school of The University of Arizona.and into the 

Geochronology Laboratory to pursue the problem of the causes of the 

observed variations in atmospheric radiocarbon concentration. The 

study was eminently multidisciplinary in nature. Could one comprehend 

the nature of the cosmic-ray.flux and its .variations without being an 

astrophysicist, or the reactions leading to production in the 

atmosphere without being a nuclear physicist, or the chemistry of the 

oxidation of the newly-formed without being an aeronomer, or any

of a dozen other aspects of the problem without being a specialist in 

the areas involved? Conversely, would a single aspect of the problem, 

confined to a single discipline, take on its fullest meaning if iso

lated from all the other aspects?

The atmosphere plays a central role in the whole problem, 

for it is here that C ^  is produced and distributed over the world, 

and it is from here that the C"^ enters into the oceans, biosphere, 

and soil systems.

The author hoped to attack the problem of C ^  variations in 

the atmosphere on the broadest possible front, not limiting the 

studies to a single aspect of the problem, but hoping to integrate 

many different facets into a comprehensive picture. He was fortunate 

in finding receptive ears in the Institute of Atmospheric Physics and
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the Geochronology Laboratory where this ambitious plan was heard and 

accepted as a basis for a dissertation.

The interdependence of the analyses presented in this disser

tation indicates the value of a many-pronged attack, for each of the 

analyses would have been vastly more difficult without the others.

Out.of an almost limitless list of people who have contrib

uted both, morally and materially to this work, the author would like 

to proffer special gratitude to some whose efforts have been indis

pensable. The late Prof.' James E. McDonald, .once major professor and 

chai'mani !0$ the author's gr adua t e nc ommi 11 ee, .-.Was 5 very ".he Ip f u 1 in pro

viding detailed criticism of the first manuscript, and in sharing 

his wealth of physical insight. .. Professor Paul E. Damon directed the 

research done for this study, and his guidance and instruction deserve 

special mention. Professor Laurence Gould assisted materially in 

gathering data for the study of arctic and subarctic, soils. Professor 

Donald Bryant provided identification of some Brazilian marine shells 

and some environmental interpretations. Professors Gerald Wright and 

Terah Smiley gave generously of their time and knowledge in connection 

with certain parts of the study.

A heartfelt word of thanks must go collectively to all the 

staff, graduate students and faculty who have provided, in addition 

to specific ideas and suggestions, an atmosphere of intellectual 

stimulation so essential to a protracted and complex study.

The research reported herein was supported by National Science 

Foundation grants GA*-1379 and GA-294 and by the State of Arizona.
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ABSTRACT

- 14Many workers have demonstrated that the concentration of G

in the atmosphere varies«, The record of variations has been extended

to about 7500 years5 utilizing.dendroehronologically dated wood. This

record is an invaluable history of the geophysical and geochemical

mechanisms which cause the G ^  variations in the atmosphere.
14C variations occur on both long and short time-scales.

There are several causes of the observed variations. These causes

fall into two general classes: (I) Variations in the rate at which 
14C is produced in the atmosphere3 and (II) variations in the physi

cal and chemical processes by which is transported and exchanged 

within and between the several reservoirs of the earth system; e.g., 

the stratosphere, troposphere, mixed-ocean layer, deep ocean, oceanic 

sediments, biosphere, lithosphere, and terrestrial hydrosphere.

Extant estimates of production exceed the total decay

in the earth's reservoirs. The present work included a search for 
14additional C in overlooked or underestimated reservoirs, with

negative results.

. A theoretical model of the way in which the solarsflare
14(sunspot) activity affects the amount of G in the atmosphere was 

developed, and shows that much of the short-term (i.e., decade to 

century periods) variation is- due to modulation of production 

by the solar wind. The model also provides rather precise data on

xii
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the mean•life of a CO^ molecule in the atmosphere (4 - 7 years) and
the mean time for dissipation of a disturbance in atmospheric

concentration (about 100 years) and on the Suess Effect (maximum
of about 2% in 1968),

Long-term C"*"̂ variations are shown to be explained by a
model which describes the effects of the varying geomagnetic field.

14The model shows that C production and decay are not in equilibrium,
but the amount of disequilibrium is not adequate to explain the
difference between production and decay estimates. It is concluded

that production is overestimated. A 2% residuum in the long-term
variation around 6000 years ago is still unexplained, and is
hypothesized to be due to an earlier period of high production,

such as from a magnetic reversal or supernova injection.
14Seasonal variations in tropospheric C concentration after 

the 1962 nuclear-weapon tests are shown to be almost entirely due to 

the fluctuating tropopause height, and this mechanism is shown to 
account for about a third of the annual stratosphere^troposphere 

exchange. The study of this mechanism provides values of air trans
port between stratosphere and troposphere, and between hemispheres.

Uptake of G"*"̂ by the oceans is calculated and is shown to 
be relatively large at low latitudes, despite the apparent super
saturation of the oceans with respect to COg* A biological control 
is hypothesized.



INTRODUCTION

A Brief Historical Review 

Libby (1967) presented* at the Symposium on Radioactive 

DaL-i-n-g aad Low Level Counting in Monaco, a brief historical review of 

the basic discoveries which led to radiocarbon dating„ A list of the 

most important milestones is given below without further reference.

The interested reader is urged to consult the original article and 

Libby’s (1952) book on the subject for further details.

The reaction which produces in the atmosphere was first

reported by Kurie in 1934 as a result of observations of recoil proton 

and C ^  tracks in a cloud chamber irradiated with slow neutrons. The 

Rome group, under Fermi, was systematically measuring neutron cross- 

sections, and when the cross section of was found to be 1.7 barns 

for slow neutrons, as compared with less than half a barn for the
V

rare isotope and fractions of a millibarn for 0^ and 0^, it was

predicted early in 1936 that a beam of thermal neutrons in air would 

be almost quantitatively assimilated in the (n,p) C ^  reaction.

In 194.0, Ruben and Kamen, using synthetic C ^ 5 showed that was, as 

expected, radioactive, and they estimated the half-life to be of the 

order of 25,000 years. In 1939, Korff and Dansforth developed neutron 

counters, and by 1940 Korff reported the existence of neutrons in the 

atmosphere, in numbers which increased with altitude like cosmic rays.



Actually? Lingenfelter (1963) stated that Locher reported cosmic-ray 

neutrons in 1933, and Rumbaugh and Locher reported them in 1936. By 

1946, enough neutron data had been accumulated so that Korff and 

Hammer,mesh could estimate the production to be about one or two

atoms per square centimeter of the earth8s surface per second. By 

about this time, the Libby group at Berkeley had developed, the screen-

wall counter which made possible the measurement of feeble radiations
„

by placing the sample material iqside the counter to eliminate wall

absorption. It was necessary to use the thermal diffusion columns of
14Grosse to isotopically concentrate the C in natural methane gas to a

level where it could be detected above the background of the detector,

but by 1946, Anderson’s group was able to report the discovery of

natural radiocarbon in methane from the Baltimore sewage system.
14Libby and others had redetermined the half-life of C to be about 

5570 years, and by 1948 the technique of anticoincidence-counter 

shielding had been developed so that the last technical obstacle to 

radiocarbon dating h^d been overcome.

The Rationale of Radiocarbon Dating 

As soon as usable counting techniques were developed, a large 

number of carbon-bearing samples was collected from all over the world 

to see how the radiocarbon was distributed through the biosphere. The 

results, though showing some variations, did not show any systematic 

geographic variations. Within the limit of experimental error it



appeared, that radiocarbon was well distributed, throughout, the bio

sphere.

The initial search for the distribution of radiocarbon.was

centered on biological materials for a very good reason. Biological

samples offered the possibility of providing an essential ingredient

for the dating process, namely isolation of the sample at a fairly

well-defined, point fn time. While living^ organisms continued to take

in radiocarbon from their environment. When they died, the intake
14stopped and radioactive decay systematically depleted the C content. 

If the sample remained., isolated from physical and chemical exchange 

with.its environmentthe radiocarbon concentration would, decrease 

according to the simple law. of radioactive decay,

A = A0 exp .(-t/Tm), (1.1)

where is the initial specific activity, t is the time elapsed since 

isolation, T^ is the mean, life of radiocarbon. The quantity t, mea

sured from the time of isolation, is called the radiocarbon age of 

the sample.

Isolation of the sample is essential to the concept of radio

carbon dating because it. limits the process of change in radiocarbon 

activity to a regular mathematical law. Dating is conceivable under 

conditions where changes in: radiocarbon concentrations.in a sample 

take place by. othgr regulari processes than radioactive decay, but such 

processes are highly improbable in nature. Generally speaking, the



radiocarbon age of a. sample is defined as the time, elapsed since 

isolation,

t = T_ In (A^/A) . (1.2)

Three quantities must be known in order to calculate the age. The 

mean life can be found from laboratory experiments which are indepen* 

dent of the dating experiment» The activity. A, can be found within 

limits of experimental precision by direct measurement on the sample. 

The initial activity, Ao, at the time of isolation of the sample can

not be directly determined.

. The Initial Activity Problem 

Lifeby (1952) approached the problem of initial activity by 

first measuring the radiocarbon concentration in samples of wood of 

recent data from all over the world to show that the radiocarbon in 

the atmosphere was well miiced and very nearly uniform over the surface 

of the earth. Second, he obtained samples of as great age as possible 

for which the .age was approximately known. He used archaeological 

samples from Egypt where chronologies were available, and he used 

interior wood from sequoia trees which could be approximately dated by 

counting the number of rings lying between the sample and the outer 

surface of the living tree. For both types of sample the measured 

radiocarbon concentration was, within the limit of experimental error, 

that which would be expected for a sample of the given age if the



initial activity had been approximately the same as the average age for 

all the*recent samples which Libby and his co-workers had measured.

In short. it appeared that the initial radiocarbon concentration of 

wood samples was about the same at all periods of time.

The Fundamental Assumption of Dating 

Libby's experiments removed the last formal obstacle to radio

carbon At ing , Be had, in essence, determined a sort of universal con- 

stant to use for the quantity, Aq9 in equation (1.2), Thus was born 

the fundamental assumption of radiocarbon dating: "The initial radio

carbon concentration of wood samples is a constant". This value of 

radiocarbon.concentration was subsequently expressed in terms of an

artificial standard of oxalic-acid supplied by the National Bureau of
j - - -

Standards in Washington, D. C. This oxalic-acid standard was adopted

internationally to provide a uniform basis of comparison between
A ’• :

laboratories. Unless otherwise specified, all radiocarbon dates arc- ^
• calculated from equation (1.2) with Aq taken to be 0.95 times the 

activity of the NBS oxalic-acid standard.

From the time of its inception, radiocarbon dating enjoyed a 

very rapid growth. The ubiquitous nature of carbon-bearing minerals : 

in historical and archaeological sites promised great utility in 

determining chronologies fof pre-historical or non-historical sites 

with inadequate records. A number of laboratories sprang up around 

the world, and large numbers of samples were dated. Samples not



only, included wood, but also bone* shell, soil organics, animal re
mains, calcareous ooze and almost any imaginable type of carbon- 
bearing , material, Almost all of these were "dated" by using the 
universal wood standard as a reference. In the haste to put this 
new tool to work, the fundamental conditions for datability were 
often ignored or glossed over. Inevitably a great many inaccurate 

or even meaningless "dates" were produced.

The deVries Effect 
In 1958, deVries (q.v.) provided the first clear evidence 

that the fundamental assumption of radiocarbon dating was not 
valid. deVries utilized wood from the last five centuries which 
had been dendrochronologically dated (not merely ring counted) to 
obtain accurate ages. He also measured grains, but grain is only 
datable by inference and is subject to influence by soil gas, so the 

grain data must be. less reliable. The initial activities vafied 
by almost 3%. Other researchers found discrepancies of several 
percent between initial activities of wood from 5000-year old 

Egyptian archaeological sites and wood from around 1890,
Several laboratories have worked on the problem.of varia

tions of initial radiocarbon concentration in wood samples and 
today there exists a sizable body of data regarding the problem, 
though the data are not uniformly distributed in time, nor are 
all the data of equal precision, due to differing.instrumentation, 
and sometimes to the use of wood which is ring counted, not dated.



Non-dating Applications 
While the early growth of radiocarbon research centered almost 

entirely around the dating applications, it is beginning to be 
apparent that the information about the history of the earth's atmos
phere, oceans and biosphere, and even its magnetic field, which can 
be derived from the study of the variations in radiocarbon concentra
tion, is more important than the dating applications in many respects.

Production
14The processes of C production in the atmosphere have been

discussed in some detail by Lingenfelter (1963). These reactions in-
elude (a) U14(n,p) C14 , (b) 016(n,t) C14 , (c) 017(n,Q() C14 ,
(d) N*^(n,d) C14, (e) C ^ ( n , y ) C , and the spallation of neon.
The cross-sections, in barns, for the first five reactions are about

(a) 1.7, (b) 10 \  (c) 0.48, (d) 10 \  and (e) 0.1. The abundances of
14the target isotopes in the atmosphere, relative to N , are about

(a) 1, (b) 0.27, (c) 10 \  (d) 4 x 10 (e) 2 x 10 and for neon,
about 10 The product of the cross-section and the abundance gives

a first order approximation of the relative importance of the
reactions, ignoring for the moment considerations of the neutron
energy spectrum and the energy balances of the individual reactions.

— 6 — 5These products are, approximately, (a) 1.7, (b) 3 x 10 , (c) 5 x 10 ,
* 8 w 7(d) 4 x 10 , and (e) 2 x 10 . The neon spallation reaction is

-7thought by Lingenfelter to have an importance of about 10 , relative

to the first reaction. Obviously, only the N^^(n,p)C^^ reaction is 

important.
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Because neutrons have a half-life of about 12 minutes, it is 

clear that most of the neutrons in the atmosphere must be derived 

from reactions in the atmosphere^ and the variation of neutron flux 

with cosmic^ray flux clearly shows that the neutrons are derived from 

the interactions of cosmic-ray particles with atmospheric particles. 

Neutrons might arrive from the sun, but no diurnal variation has been 

observed to support the possibility. The neutron flux in the atmos

phere increases with altitude to about;120 to 75 millibars,after

which it decreases due to leakage from the "top" of the atmosphere.
1A* *The production of C shows the same maximum, of course.

' \ / X  14Lxngenfelter1s calculations show that about half of the G

production occurs above the tropopause, and about half below. Near
\the magnetic poles, the peak production occurs at slightly lower 

altitudes, but so does the tropopause, so that the fractional pro- 

' duct ion in the stratosphere is nearly constant.

Neutrons are produced with energies of 1 Mev or more, gener

ally. The neutrons may then.meet several fates. Some will leak out 

of. the atmosphere, gome will undergo reactions at high energies. 

Some,.in the upper atmosphere where the mean free path is long, if 

they are sufficiently slowed down first to prevent escape, may under

go decay. Many-of the neutrons will be slowed down to thermal veloc

ities by collision with air particles. It is at energies below



1 Mev that the C production reaction becomes dominant„ The problem 
14of calculating C production by neutrons becomes that of determining 

the energy spectrum of the neutrons as they are produced and calcu

lating the relative numbers that survive to be thermalized and enter 

into the production reaction.

The Geomagnetic Effect 

Because cosmic rays consist of charged particles3 they are 

deflected by magnetic fields» It is believed that cosmic rays ap

proach the•earth nearly uniformly distributed over all directions, but 

the influence of the magnetic field of the earth causes the cosmic-ray 

flux in the atmosphere to vary with geomagnetic latitude. The ac

celeration of the particles depends upon the vector product of the 

particle velocity and the magnetic field, so particles approaching

the earth radially near the equator experience the greatest lateral
10acceleration. Only particles of energies around 10 ev or higher 

can reach the atmosphere, Near the magnetic poles, the particles ap

proach very nearly along the magnetic field lines and are therefore 

deflected very little. Thus the cosmic-ray flux is greatest at the
-L

geomagnetic poles, where it is approximately twice that at the geo

magnetic equator. This latitude dependence must be taken, into account 

in the C ^  production calculations of course,

Lingenfelter (1963) has produced the best and most detailed 
: 14treatment of the C production problem to date, and his results will
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be used in this work. His work indicates that 95% or more of the at

mospheric neutrons enter into the production reaction.

It is apparent that if the geomagnetic field should vary, the 
14rate of production of C in the atmosphere would vary. Elsasser,

Ney and Winckler (1956) calculated the expected variation in atmos- 
14pheric C concentration from the archaeomagnetic data then avail

able. The attempt had two weaknesses. First, neither the magnetic 

nor the data were very good, and second, more seriously, there 

was no attempt to model the way in which the earth system integrates

the C*^ production. The result showed no agreement with the observed 
14C data, even after the latter became better known-

Concurrent with the research reported in this paper (Grey, 

1969)„ Kigoshi and Hasegawa (1966) worked on a description of the
14geomagnetic effects on C production and the integration by the 

reservoir system. Their work differs in detail from that presented 

here, but the results strongly supported the conclusion that the 

geomagnetic modulation is important. Other work involving the geo

magnetic effect can be found in Bucha and Neustupny (1967), Bucha 

(1970), Lingenfelter and Ramaty (1970), Suess (1970), Damon (1970), 

Kltazawa (1970), Grey (1971), Damon and Wallick (1970), and Grey 

and Bennett (1972).

The Solar Wind

The temperature at the visible surface of the sun is near 

4600°Ko The temperature rises steadily with distance from the surface 

until at about a fourth of a solar radius above the visible surface.
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6the temperature is of the order of 10 degrees. While the thermal 

velocity at this temperature is slightly, less than the escape veloc

ity, the pressure9 described by nkT9 is greater than, that due to 

the weight of the overlying atmosphere, so there is a steady outward 

expansion of the solar atmosphere. This outward.streaming of ion

ized particles has been termed.the solar wind. Dossier (1966) 

provides an excellent summary of solar-wind phenomena.

The heating of the sun*s corona is thought to be due to the 

dissipation of magnetic?acoustical wave energy there (Dossier, 1966).

In the photosphere, neâ r the sun9s visible surface, the relative 

pressure-wave amplitude is less than unity, so no dissipation occurs.

As the waves move outward, the amplitude remains nearly constant, but 

the pressure drops until the relative amplitude is greater than:1.0 

and shock waves form, dissipating energy into the medium.

The flow of solar wind is initially supersonic, but as it ex

pands into.space, the pressure of interplanetary gases and magneto- 

hydrodynamic drag combined will balance the decreasing internal 

pressure of the wind, at which time a shock transition from supersonic 

to turbulent flow takes place. A familiar, though slightly crude, 

analog is the perpendicular impact of a smooth stream of water on a 

flat surface. The flow away from the point of impact is smooth, fast, 

and streamlined. The flow will move radially outward.from the impact 

point to-isome Critical distance which is determined by velocity and



friction conditions<, At that distance, the flow undergoes a 

"hydraulic jump" and becomes deeper, slower, and turbulent. The

transition is sudden and results in a wall of turbulent water. The'
corresponding boundary in the solar-system counterpart marks the 

boundary of what Dessler (1966) calls the heliosphere.

The solar wind is electrically conducting, and it interacts 

with magnetic fields much like a moving metallic body. If the field 

is weak, it will be dragged along with the solar wind. If the field 

is strong, it will limit the flow of the wind. The solar wind carries 

the weak solar magnetic field out to the region where the transition 

to subsonic flow occurs, where the field lines will be concentrated 

and the particle density will rise to a much higher value than is the 

case somewhat nearer the sun. The distance from the sun to this 

transition zone is thought to be of the order of 100 astronomical 

units.

The hydraulic analogy can be used a bit further. If an ob

stacle is placed against the supporting surface within the roughly 

circular boundary of the hydraulic jump,, it will interrupt the stream-
in

line flow, and there will result an elongate pattern with a buildup

on the upstream side and a long "tail" on the downstream side. This 

elongate zone is analogous to that which occurs in the vicinity of the 

earth. The earth has a strong magnetic field which is capable of con

trolling the flow of the solar wind. On the upstream-side, of the 

earth, there is a buildup of solar wind as it meets the field,



13
resulting. in a bow shock. The solar wind is compressed at this bound

ary and slips around on all sides, compressing the earth* s magnetic 

field-somewhat in the upstream region and dragging that field out into 

a long "tail" on the downwind side. The boundary thus defined is 

called the magnetosphere, although the shape is hardly spherical.

• The intensity of the solar wind varies with sunspot (solar- 

flare) activity, and .hence the radius of the region of streamline 

flow (heliosphere) must also vary, as.must the size and shape of the 

earth's magnetosphere. The weak solar field is extended over a very 

large volume of space by the solar wind. Even though this field is 

weak, it causes the charged cosmic-ray particles to curve in their 

flight, and the interior portions of the solar system are partially 

shielded thereby.

14Modulation of C Production 

It was Forbush (1954) who first showed that the cosmic-ray 

intensity varied during the solar cycle. When..the solar wind in

creases, the shielded volume of space increases, and hence the cosmic- 

ray flux in the earth's atmosphere decreases<; Probably the com

pression of the earth's magnetosphere aids in this process also.

Lingenfelter (1963) used the extant neutron data at solar maximum and 

solar minimum.to establish the production at times of solar

externa and produced an equation relating production to Wolf

number»
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At. times, of increased solar-flare activity^ . it is to be ex

pected; that. increasing numbers.of protons would reach the earth's
14atmosphere and that these would contribute to the C production in

the atmosphere in a way which would tend to be opposite in phase to

the solar-wind effect. •Lingenfelter and Flamm (1964) analyzed the

data and concluded that the production by solar-flare protons was too

small to be significant compared to the production by neutrons derived

from cosmic-ray activity.

It was Stuiver (1961) who first tried to relate the variations 
14in atmospheric C level, observed by deVries, to variations in sun

spot number. Stuiver used some sort of inverse relationship between 

sunspot numbers (Wolf numbers) and production rate, the exact

form of which he did not specify, to generate from the known..sunspot

numbers an input signal for a passive-network electrical analog of 
14the C reservoir system based, on Craig's equation (1957). The mea-

■ 14sured. variations of C in the atmospheric reservoir of the analog 

system were then compared with the actual values as determined by 

deVries. The results were quite unconvincing.

At the time the research work reported in this paper was be

gun (September, 1963), Stuiver1s work was the only one attempting to
14relate solar-flare activity and C variations in the atmosphere. 

Stuiver subsequently v(1965) made a second attempt to demonstrate such 

a relationship. This time the results were suggestive, but .no 

physical model was employed, and the work accomplished little more
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thanf to suggest that the effect that was expecteds on the basis of 

.thi Work of Forbush, was probably present. Suess (1965) mentioned in 

passing that the predicted qualitative relationship was presentthat 

is, when solar-flare activity was high, the atmospheric level

seemed to decrease, and when the sunspot numbers were low, the at

mospheric C14 level seemed to increase.

It was in 1965 that the present writer achieved a successful

model of the manner, in which the earth*s reservoir system integrated 
14the C production and produced a formulation which was capable of

14predicting very closely the atmospheric C level as a function, of 

Wolfe numbers. The first results were reported in a paper presented 

to the Sixth Western Annual Meeting of the American Geophysical Union 

at Los Angeles in 1966. An attempt by Houtermans, Munk and Suess 

(1967) to find a relationship between Wolf numbers -and C^4 data, 

using power^spectrum techniques, was unsuccessful, mainly because of 

an oversight in the choice of computational procedures, rather than 

any inapplicability, of the power-spectrum approach, .

14The C Reservoir System
14OUce produced in the atmosphere, the C becomes., oxidized to

COg by means of reactions which are not yet understood. Once 
14oxidized, the C 0̂  takes part in all the usual reactions of the di-

12 13oxides of the stable carbon isotopes C and C . While a certain 

amount of isotopic fractionation occurs during these reactions, it
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can be said that where one finds the stable isotopes in the active 

geochemical reservoirs, one also finds the radioactive isotope in 

varying amounts.

The geochemist speaks of carbon "reservoirs". These are 

simply physically distinguishable bodies of matter on a global.scale 

which contain carbon. The reservoirs partake in certain chemical ex

changes of carbon .on varying time scales. There is, for example, a 

long carbon cycle of about 80 million years duration during which old 

carbonate sediments are uplifted, re-worked and re-deposited. Since 

the half-life of is only 5730 years,only those reservoirs and

geochemical exchanges which take part in short-term reactions will be 

considered here.

Some of the more important reservoirs and exchange processes

are mentioned here tb set fhe stage for more detailed discussion to
14follow. The atm&h'phere,- where C is produced, is subdivided into

troposphere a$fd stratosphere and further into zonal bodies. These

subdivisions are physically distinct and communciate with one another
14in restricted ways, so the subdivision is quite justifiable for C 

exchange treatment, Carbon dioxide is assimilated directlyrfromjthe 

atmosphere into the terrestrial biosphere, which consists almost en

tirely of plants and, mainly of trees. These plants in turn die after 

varying lengths of time and their carbon content is added to the 

aggregate of soil organic materials known to the researcher

as humus. This humus is partly oxidized over a period of
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time which depends on local conditions, and the resultant carbon di

oxide is returned in part to the atmosphere. Some of the CO^ from 

oxidized plant remains is dissolved in ground water and takes part 

in sub-surface reactions with soil carbonates, etc. Some COg finds 

its way into surface waters and streams from which it may be returned 

to the atmosphere or be precipitated as as marls or in other forms 

of carbon-bearing sediments. Some CO^ becomes incorporated into the 

ubiquitous soil carbonates by processes which are not well under

stood. In some places very extensive deposits of soil carbonates 

called "caliche" are formed, and these constitute an important 

reservoir.

The exchange of CO^ between the atmosphere and the surface 

layer, or "mixed" layer, of the ocean is especially important in the 

long-range balance of atmospheric CC^* This exchange is probably 

both physico-chemical and biochemical (Thurber and Broecker, 1970; 

Berger and Libby, 1969). The amount of agitation of the reactants at 

the interface may be important, and the volume of the ocean or atmos

phere, the circulation structure within the ocean, and temperature 

are all important.

The surface layer of the ocean communicates only slowly with 

the deep water of the ocean except at high latitudes, where the dis

tinction between the two layers is not clear. Again, there may be 

hemispheric differences of some significance, especially in the
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Pacific. Finally, one must mention the slow, steady rain of carbon

ate into the ocean sediments.

14The Data of C Variations     ---------
It was in 1958 that deVries measured the C content of wood 

whose age was accurately known from tree-ring dating and found that 

the calculated. initial content was a variable. It was in the

same year that Ralph and her co-workers at the University of Penn* 

sylvania laboratory noted a. systematic discrepancy between 

historical-archaeological dates and dates for early Egyptian

material.

As it thus became apparent that the validity of the funda

mental assumption of radiocarbon dating was questionable, several

laboratories began a series of measurements on dendrochronologically
14dated wood to help determine the nature of the C variations. The

University of Arizona Laboratory for Tree-Ring Research had recently

discovered that the bristlecone pines were the oldest living things

known and were able to develop tree-ring chronologies extending back

several thousand years before the present. It was this material,

and related wood samples of accurate dating, that formed the back-
14bone of the search for G variations.

The work of making., precise determinations of the C"^ concen

tration in wood samples is time-consuming and tedious, and requires 

careful attention to detail, Not all of the laboratories that
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attempted such determinations were able to achieve sufficient repro

ducibility and precision to make the results usable. Ultimately, two

laboratories (University of Arizona and University of Pennsylvania)
14produced the bulk of the data on early C variations, while La Jolla 

and Yale added appreciably to parts of the record.

It was the author’s privilege, during the years 1963 to 1968, 

to asist in the extension of the data:df C*^ variations by means of 

the processing and counting" of some dendrochronologically dated 

samples acquired from the Laboratory for Tree-Ring Research. The 

author also spent several months of.part-time study in the Laboratory 

of Tree-Rfng Research acquiring an appreciation of the techniques and 

rationale of dendrochronology in order to fully understand this 

science which is of such fundamental importance to radiocarbon 

research.

About 40 samples were carefully measured.in the course of the 

author’s work in the radiocarbon laboratory at The University of 

Arizona, including about 30 bristlecone pine samples, all dendro

chronologically dated, and several samples of Egyptian materials with 

reasonably accurate historical dates. All of these samples were coun

ted repeatedly to establish reproducibility and to obtain the pre-\

cision required. The Arizona - laboratory has played a major role in
14supplying dendrochronologically calibrated C data, and in the 

checking of Egyptian.materials for additional confirmation of the 

observed variations.
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A Priori Causes of Variations 

On the basis of the foregoing brief discussion of radiocarbon 

productions reservoirs and exchanges, it is possible to list, a priori, 

a number of causes of variations in the concentration of atmospheric 

radiocarbon. Three principal categories of causes can be assigned. 

These are: (1) Variations in the rate of production of radiocarbon

in the atmosphere. (2) Variations in the rate of exchange of radio

carbon between various geochemical reservoirs. (3) Injections of

inert carbon into the reservoir system from the long-term

reservoirs that are not normally involved in exchanges, such as 

by volcanoes or combustion of fossil fuels.

Variations in Production

There are several reasons why the rate of production of 

in the atmosphere might not be constant. There is no very good rea

son to assume that the cosmic-ray flux in the vicinity of the solar 

system is constant. One can easily envision the injection of large 

quantities of cosmic-rays into the void by the flareup of a super

nova, for example. Such bursts of cosmic-rays might persist for 

appreciable distances before continuing expansion, diffusion, and 

the effects of interstellar fields cause the pulse to become unrec

ognizable.

As stated previously, Forbush (1954) discovered that the 

cosmic-ray flux into the atmosphere varied over the solar cycle.
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This modulation of the flux by solar-wind variations causes a cor

responding variation of the production rate.

In addition, since the geomagnetic field serves as a partial

shield against cosmic-rays, any variation in the field would result
14in a variation in C production.

Nuclear reactions in, the atmosphere, natural or man-made,
14can affect the production of C as has been abundantly demonstrated 

by nuclear-weapons testing. Cowan,Atluri and Libby (1965) specu

lated boldly that the Tunguska meteorite of 1908 might have been 

an anti-matter meteorite. The nuclear reactions which would ac

company the impact of such a body on the earth would certainly re

sult in increased local production of The records of

variations in the atmosphere do not support such a mechanism in the 

case of the Tunguska meteorite.

Variation £n Exchange

Variations in the rate of exchange of radiocarbon between

some of the reservoirs would result in a change in the equilibrium 
■ 14level of C concentration in the participating reservoirs. The 

term "exchange” here is used to include unilateral transfers as 

well as the more commonly considered bilateral transfers. For 

example, the precipitation of carbonates from sea water will here 

be called an exchange, even though the transfer is essentially only 

,in one direction.
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The exchange between the atmosphere and the ocean.is strongly 

temperature dependent., A slight change in mean temperature could 

have an appreciable effect on the exchange rate. A 1 C° warming of

the ocean mass would increase the amount of C0o in the atmosphere
" ' . . ..

by 4 to 6%, according to Kanwisher (1960, 1963)1 The effect on the 

residence time of radiocarbon is not easy to calculate. One expects 

that the residence time of a molecule of CO. in the atmosphere would 

be decreased when the temperature is increased, because the exchange 

rate would no doubt increase.

The volume of the ocean has changed by perhaps 2.5%, according 

to Eriksson (1963), between glacial maximum and the present time.

This affects not only the volume of a reactant in the exchange pro

cess, but algo the circulation and temperature structure of the 

reactant.

Reservoirs other than the oceans may vary in size with elim

inate, During the glacial maxima, it is known that conditions com

parable to those in the present forest zones of North America 

existed at lower latitudes. Conifer forests might thus have been 

established over much larger areas than at the present time. The 

appendix to this work contains a table of zonal land areas, which 

shows the increase that might occur. Similarly, muskeg and sub*- 

arctic zones might have been expanded by moving to lower latitude 

zones o Muskeg is either frozen solid or saturated with moisture 

the year around, and it is possible that very little oxidation takes 

place in it. Muskeg may thus serve as a sink for some radiocarbon
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until such time as changing climate may cause drying and allow air 

to permeate the soil.

The terrestrial biosphere, consisting mainly of trees, takes 

up carbon dioxide from the atmosphere at a rate which depends upon 

a number of variables, including GO2 concentration in the atmosphere, 

mass of the biosphere, relative humidity and temperature.

Injections of Stable Carbon

The combustion of fossil fuels in the anthroposphere has 

caused significant changes in the concentration of radiocarbon in 

the atmosphere. Injections by volcanoes and hydrothermal activity 

do not appear to be significant on a world-wide scale, although 

samples from localities where such activity occurs may show local 

effects.

There are many possible causes of variations in the concentre” 

tion of radiocarbon in any one of the geochemical reservoirs. The 

interactions are, in many cases, so complicated as to defy analyti

cal treatment. Even more restrictive is the lack of data concerning 

most of the reservoirs.

The. Rationale of This Work

In 1963, when the research reported in this work was be-
• '

ginning, it was apparent to many workers in the radiocarbon dating 

field that the fundamental assumption of radiocarbon dating was
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14invalid. Not all workers were ready, to admit that the C concentra

tion.in the atmosphere was variable, however. Libby, in numerous 

speeches and papers (e.g., an address to the Conference on Scientific 

Aids to Medieval Archaeology/ U. C. L. A., October, 1967) continued to 

express the belief that the discrepancies must lie in the historical 

or dendrochronologic a1 dates, rather than in radiocarbon variations.

By 1970, even Libby was convinced, howevef, v

. It was apparent that an item of major importance was the ex-
14tension and verification of the record of C variations. The Uni

versity of Arizona was already in the forefront of this work, and 

from .1963 to 1968 it became part of the author's duties to help 

extend the record by, means of continued measurements on tree-ring 

dated wood samples. About 40 samples pertinent to the problem were 

processed during this time period. Also during this time, the Labora

tory for Tree-Bing Research extended the.bristlecone-pihe ■chronology

to about 7300 years B. P. (before the datum of 1950 A.D.), making
, • . 14possible an extension of the C -variation record another 2000 years

or so.

As apart of this.experimental work,, the author designed and 

build new electronic systems with automatic.printout of data, devised 

procedures for making accurate determinations of sample purity and 

suitability for counting,;and developed improved methods of precipita

ting samples for permanent storage. A study of the hazards in the

common.method of oxidizing oxalic-acid standard was made (Grey et al.
. •

1969).
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i AEven in 19(53 the record of C variations was sufficient to

call for an explanation, or perhaps for several explanations, of the

causes of the variations. Several workers were active in these

studies during the time covered by this report,including Stuiver at

Yale, Suess at La Joll^3 .Kigoshi in Tokyo, and Professor Damon and

this author at Arizona, Yale, La Jolla and the Arizona laboratory

were adding to the experimental data during this period, and all were

actively pursuing studies of the causes.

Several specific questions were asked at the beginning of

this research in 1963“ These are outlined below. Because there are

many questions and many possible causes of variations in atmospheric

0^  concentrations at various times and places, the pursuit of these

questions was necessarily of the nature of several rather disjoint

efforts, and this fact has caused some difficulties in the organiza*̂

tion of the material presented in this paper.

One of the questions tQ be answered, if possible, was that

of equilibrium in the earth *s system. Lingenfelter * s (1963)

calculation indicated a total production rate of 2.50+ 0,50 atoms 
14of C per square centimeter of the earth's surface per second,

averaged over the last 250 years. The best available estimates of 
14the amount of C decaying in the earth • s various carbon reservoirs 

indicated that the decay was somewhat less than this production (see 

the next chapter for a rather detailed discussion). Either
14Lingenfelter had overestimated the production.or some decaying C
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had not been inventorieds or the system was not in equilibrium. One 

part of the research reported herein was a search for radiocarbon.in 

previously ignored reservoirs9 notably arctic and subarctic humus, 

soil carbonates and caliches, ocean sediments, and the fresh-water 

system of the earth«

A second important question to be examined was that of the 

geomagnetic field. Archgeomagnetic data was accumulating, and the 

data indicated that the garth’s field had been varying, although 

there was considerable disagreement between the data from various 

laboratories. Pal^omagn^tic data also indicated that the field had 

undergone occasional reversals. Elsasser et al. (1956) had made a 

passing attempt to assess the effect of a changing magnetic field
14on the atmospheric.C concentration, but they failed to take into 

account' the complex way in which the earth’s reservoir system inte-
: i

grates and exchange# the radiocarbon produced in the atmosphere.

With morie magnetic data and more data available, it 

seemed time to re-examine the geomagnetic effect. =Kigoshi and 

Hasegawa (1966), working concurrently with the research reported 

herein, treated this problem and arrived at results somewhat similar 

to those obtained by this author. The two results are discussed in 

a later chapter.

A third problem to be investigated was that of the modulation
14of C production by the solar wind. From the finding of Forbush 

(1954), it was apparent that a modulation should exist, but it was
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by no.means clear what the amplitude should be, nor was it clear how 

the atmospheric reservoir would reflect the modulation. Stuiver had 

tried (1961) to model the effect, but without success. With 

Lingenfelter1s treatment of the production variation,, it was time to 

attack this problem again. Stuiver made a second attempt to demon

strate a correlation between solar-flare activity and the concen- 
14tration of G . in the atmosphere (Stuiver, 1965). His results sug

gested that the expected correlation was present, but his treatment 

added no understanding of the behavior of the system* The model 

presented in this report achieves a significant advance., in the under

standing of atmospheric exchange processes, and permits a direct 

.evaluation of the Suess gffect.

A.fourth and rather minor problem which received some at

tention in the course of the work reported herein, was that of the
14 14oxidation of C to C Q̂ , No basic research was performed on this 

problem, but only a. collopation of data pertaining to possible red

actions that might occur. No result was obtained other than to bring 

out; some inconsistencies in the extant data, fhe problem remains to 

be solved. It does seem, however, from the results of the solar-

wind modulation study, that the time required for the complete 
14oxidation of C cannot be long.

Data accumulated by various agencies pertaining to the levels 
14of bopb-produced C in tjbe atmosphere (e.g., the HASP reports of 

the High Altitude Sampling Program, and the reports of the Health
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and Safety Laboratoy, HASL-159 and HASL-166) clearly showed seasonal 

variatlong in the concentration of C .in both stratosphere and 

troposphere. Other radioisotopes and ozone show similar seasonal 

variations, A.fifth area of study, incorporated in this paper is 

that of seasonal exchange between the various portions of the atmos

phere, A model was achieved which provides ah adequate description 

of the observed data and which provides some physical insight into 

the relative importance of some of the processes involved.

In sum, then, the research reported in this paper consisted
14in (1) adding ajs much as possible to the data, of C variations* 

and (2) theoretical investigation of some of the causes of varia

tions, including specifically the geomagnetic effect, the solar̂ -wind 

effect, exchange processes, and questions of the distribution of 

radiocarbon in the earth system and the presence or absence of an 

equilibrium condition.

The order of presentation of the research incorporated in

this report is somewhat arbitrary, but the following scheme was

adoptedi First, the reservoir system is dealt with,because the

results of this study provided an additional boundary condition on
14later analyses, Second, the extant data pertaining to G varia

tions are collocated and summarized so as to provide an over-view 

of that which is to be explained. The data of these two sections, 

were being continually augmented throughout the period, of study re

ported here, and will no doubt continue, to ba. improved upon for
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some time to come. Thus the analyses produced in this paper are not 

the final description of the data, but the models will no doubt be im

proved in the future»

The third following chapter deals with the varying production
; 14 - 'of C resulting from modulation by the solar wind and by geomagnetic

field variations» The fourth following chapter is devoted to a dis

cussion of exchange between carbon reservoirs and the deductions 

that can be made from the extant data• The most important section 

of this chapter deals with exchange processes within the atmosphere. 

Finally, the appendices contain tabulation of some useful

data used in the body of the text, a. brief summary of the problem

of oxidation of C^, and a section dealing with the relationship 

of some of the equations used here to those used by other workers.



THE G RESERVOIRS

The geochemist speaks of physically distinguishable bodies

of carbon-bearing materials as reservoirs when these are world wide

in scope. Among the reservoirs which contain radiocarbon are: the

atmosphere, which itself may be subdivided; the mixed layer of the

oceans, above the thermocline; the deep ocean waters; the terrestrial

biosphere; the ground-water and fresh-water systems; the system of

soil organic chemicals, usually called humus; and soil carbonates.

When discussing interactions of the reservoirs, it is useful 
14to know the mean C activity of the reservoirs, the mass of carbon 

(and hence G^) in the reservoirs, and the mean rate of exchange of 

carbon with other reservoirs, or, what is essentially equivalent,

the average amount of time that a carbon atom spends in the reservoir1
before being transferred to another reservoir. It would be very

useful if each reservoir were, internally well-mixed, had unique mean

activity, and engaged, in simple exchanges with other reservoirs.

Such is not the case with most reservoirs.

Conceptually, some carbon reservoirs are much simpler than

others. None meets the ideal requirements set forth above. Several
14of the reservoirs involved in C studies will be discussed individ

ually below.

30
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Appendix A contains some useful data about reservoirs and 

related facts.

The Atmosphere
Verniani (1966) made a careful determination of the total 

mass of the earth's atmosphere, and of some of its constituents.

His final figure for the total mass was (5.135 + 0.007) x 10^ g. 

For the mass of carbon dioxide in the atmosphere, he gave 2.45 

2.45 i 0.08) x lO1® g. In geochemical calculations, it is convient 

to express such quantities in terms of a value distributed over the 

entire surface of the earth. The area of the earth's surface is 

5.101 x 10*® cm^, so the mass of the atmosphere may be expressed as
o -21.006 x 10 g cme , where the subscript e designates the normal

ization over the entire earth's surface. Note that this average 

columnar mass is less than the sea-level standard value used for

meteorological reference. Similarly, the mass of carbon dixoide in
- 2the atmosphere may be expressed as 0.481 g cm^ . This equivalent 

to an amount of carbon equal to 0.131 g cme  ̂ .

In discussing the activity of a reservoir, it will be

convenient to express the radioactivity in units of disintegrations

per second or per minute, i.e., dps or dpm. This in turn may be

normalized to the earth's surface area, so that the radiocarbon

content of a reservoir may be expressed as dps cme  ̂ .



Since about . the- G'^ activity of tlie atmosphere has

varied.appreciably due to fossdl-fuel consumption and to bomb

testing. The mean.specific activity dtirihg the 1800?s9 as inferred

from measurements op wood.samples was about 14 dpm/gC = 0,23 
: 14dps/g 0 (Suess, 1965). On this basis the C : inventory of the atmos-

" , „2phere was about 0,Q306 4ps 9me  ̂ The 0<̂ 95 NBS oxalic-acid standard 

is intended to reflect the mean activity of wood samples during the 

IBOO^s and the activity qf the atmosphere during this time .la taken 

to be a "standard" atmospheric activity.
V , . •

About one pairbop atom • among " every trillioh in the standard
14 14atmosphere is a C atom. The C is not uniformly distributed

within the atmosphere, .however. According to the data, of
14Lipgenfelter (1963), one can calculate that roughly half of the C 

produced in the atmosphere is produced above the tropopause,, that 

. is, in about a fifth- of tjie atmosphere. .Since there.- is a finite 

exchange • rate between, the stratosphere and tropspher.e,, the activity 

of the stratosphere is^sopewhat higher than that of the tropsphere,, 

There are no measurements on the pre-nuclear-era atmosphere to in

dicate what the : diptr ibujj:ion • was»
: 1 ; • 14An examination of the data on G variations (see next

chapter) indicated that tjiere is a wide spectrum, of frequencies in-
• - . • ■ - . I .volved in the analysis. Time scales ranging, from .hours to thousands 

of years are observed/ for different aspects, of the variations. The 

choice of reservoir, breakdown will:. dependlargely up on the time
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scales beirig considered, . For example, two reservoirs like the 

stratosphere and troposphere, which communicate■rather rapidly, 

hardly need be distinguished if one is concerned.mainly- with phe

nomena having a characteristic time scale of thousands of years. For 

short-term.phenomena with time scales of the order of hours or days, 

it might be desirable to subdivide the atmosphere still farther»

The same considerations apply, to ©their reservoirs as well,-as will 

be seen.

The Oceans

The combined oceans constitute, the largest reservoir in

volved in the problem of exchanges» Goldberg {1963) estimates 

the abundance of carbon in the oceans, as . CO^ andi ©rgauic

materials, at about 28 itg per liter. This is equivalent., to 7.53 g

cm  ̂of carbon. Pre-nuclear-era measurements indicate.that the sur- - e
face layer of the sea had. specific activities which were 3 to 4% 

lower than that of the wood standardi(0.95 NBS oxalic-acid • 

activity)- Measurements.on deep ocean waters indicate activities 

a s low as 73% of the standard reference: value in Pacific waters - 

(Bien, Rakesttaw and Suess, 1963) and as low as 80% in deep /

Atlantic waters (Bolin, ’ 1966) . The lack of widespread measure

ments at various depths in .:all. the oceans makes it very difficult 

to assign.an average activity to oceanic water. Bolin (1966) 

assumes a mean activity equal to 90% of the reference standard. In

x
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view of the large volume of deep water in. the Pacific Ocean9 a

. slightly fower valjue would seem preferable, say around 85% of stan-
-1dard, or 11.9 dpm g , %Tith this value, the total inventory in.the

% *2 oceans amounts to about 1.52 dps cm^ , of which about 0,035 dps

cm is in. the upper 10Q m, oi: "mixed layer",, of the ocean.' e ■ ■ f V : , I

The oceans are not well-mixed bodies. A vertical profile in

the Atlantic Ocean between 40° N and 40° S in Bolin's (1966) paper

makes, very clear the fact that the Atlantic is subdivided into a
14number of distinct layera which preserve their C values while 

travelling great horizontal distances. The -mixing between-such 

. layers is evidently a slow process. The asymmetry of landmass dis

tribution in. the two hemispheres gives rise to asymmetric disbt'ibu-
• 14 '■ * , " • ■ % -tiona o$ C in. the ocean paters due to the currents set; tip.

Broecker (1963h) demonstrates that water with very low activity

ocours arourid much of the periphery of the Antarctic continent.

Activities in this region are as low as 68% of standard. The

Arctic Ocean periphery, doess not show such pronounced, differences.

Without; laiboring the details of the oceanic circulations

here,, it can be said, that the-}oceans are not well-mixed bodies and

that a rather largo number of subdivisions would have to be made in

order to obtaifiLeven.a first-order approximation to the medium-term
14: patterns- of the oceanic C distribution. The extant data on the. 

Pacific Ocean (see Bien^ et al., 1963$ for example) are entirely in

adequate to providp even first-order structural approximations.



The Ocean Sediments
14The author has estimated the amount of C in the ocean sedi

ments by two different means, as outlined below. Hutchinson (1954), 
using figures from Conway, has estimated the amount of carbon which 
is transported into the oceans each year due to the weathering of 
carbonate rocks. The chemical reaction involved in the weathering 
can be represented symbolically as follows:

(1) C02 + H20 + CaC03--->-Ca++ + 2HC03" (3.1)
(2) Ca4"1" + 2HC03:-- H20 + C02 + CaC03 (3.2)

Briefly, the equations stipulate that one molecule of C02 dissolved 
in water will form carbonic acid which in turn can dissolve calcium 
carbonate. The dissolved material will be transported to the sea as
calcium and bicarbonate ions. In the sea, one of the two C02 mole

cules is released to the atmosphere and the other is precipitated 
with the calcium as limestone or dolomite again. Generally
speaking, there are many intermediate steps, since most often the

/limestone is generally formed as coral or foraminiferal tests, in

volving biogenic activity, but the equations symbolize the net 

results.
Hutchinson (1954) gives 10*"* g as the amount of CaC03 

annually transported to the sea in this fashion, while Goldberg 
(1963) gives 1.38 x 10*"* g for this amount. These results are both 
corrected for "cyclic" salts, i.e., for carbonates derived directly
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from the oceans and subsequently carried back into the oceans by 

streams without going through the weathering process outlined above.

The carbon carried into the oceanic sediments will have very 
nearly the average activity of the carbon in the water. Since 
most of the carbonate precipitates are formed as corals or pelagic 
sediments, the forming sediment has a mean activity of about 0.93 
times the reference standard, or about 0.22 dps Suess (1965)
and Damon and Wallick (1970) give 0.20 dps g~^, but do not say how 
the figure is reached. Broecker (1963b) places the figure at 0.22, 
based on shell measurements, with little fractionation found between 
water and shells. Bien, Rakestraw and Suess (1963) find 0.22 for 
Pacific surface waters, and Berger, Taylor and Libby (1966) find 
values from 93 to 98% of standard (0.22 to 0.23 dps g~l) for shells 
from the upper 200 meters of Pacific coastal waters. Taft et al. 
(1968) find about 0.20 dps g”  ̂for aragonite mud forming at Yellow 
Bank in the Bahamas.

Let Ag be the total activity in the sediments, in dps 
cme- ,̂ R0 be the initial activity of the sediment carbon in dps g~^,
S be the sedimentation rate in gC yr~l c m e ~ 2 .  Then

dAs
—  = - A  As + SR0 , (3.3)

where is the decay constant, in yr- .̂ The long-term steady- 
state solution is

A = S R° . (3.4)A
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From the figure for carbonate transport given by Goldberg, 

cited above, it follows that

S = 3.25 x 10 g C yr * cm^  ̂ .

- 2A is then calculated to be 0.059 dps cm s e

A different approach to the above calculation can be had 
from measurements of sedimentation rates on the ocean floor, ob
tained by measurements of carbonate content and radiocarbon or 
ionium-thorium dates for core samples.

Sverdrup (1954) estimates that about 50% of the pelagic- 
sediment areas of the ocean floor contain dominantly calcareous 
oozes, while the remaining half is covered with red clays and 

siliceous (diatom) deposits. Thus about 26% of the earth's surface 
is covered with calcareous ooze. Non-caIcareous oozes carry appre
ciable amounts of organic material. Rankama and Sahama (1950) 
assign a mean value of 2.5% to the organic weight fraction in recent 
marine sediments. Peterson (1966) demonstrated experimentally that 
CaCOg dissolves below 3700 m. The increased solubility of CO^ at 

high pressure, in the light of equation (3.1) may be responsible.
This accounts for the absence of CaCO^ in deep-ocean sediments and 
perhaps for Sverdrup's distribution of types. Since 3700 meters is 
about the mean depth of the oceans, about half the oceans, above 
3700 meters in depth, would be nearly carbonate free, while the 
other half, less than 3700 meters deep, would have carbonaceous 

sediments.
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Estimates of the rate of accumulation of sediments vary widely. 

In regions of upwelling, phosphate-rich deep waters promote rapid 

growth of plankton and consequent high rates of carbonate fixation. 

Warm tropical waters vary widely in fixation rates. Geological esti

mates of sedimentation rates (Table 1) are obtained by dividing the 

total depth of the sedimentary column (Holmes 3 1960) by the time span 

required for its deposition, as determined by isotopic dating methods 

(Kulp, 1961).

The high rates during,the Cretaceous and Cenozoic are quite 

likely due to the advent of the pelagic foraminifera. In any case, 

such long-term rates cannot be logically applied to the short period 

of time covered by radiocarbon measurements. They merely serve to 

indicate that sedimentation rates have been of the order of 1 to 3 

cm per thousand years.

Ku, Broecker and Opdyke (1968) have studied sedimentation 

rates by paleomagnetic and ionium-thorium methods and find average 

rates of about 2 mm per thousand years for carbonate-free sediment. 

Cores from water depths less than about 4000 m show carbonate contents 

around 80%, bringing, the total rate to around 1 cm per kiloyear. For 

water depths greater than 4000 my carbonate content is typically 

around 2%. Ku, Broecker and Opdyke find good agreement between the 

sedimentation rates determined by paleomagnetic, ionium-thorium, and 

radiocarbon dating methods.

The potential wealth of data in the JOIDES sediment corres, 

when, dated, will no doubt enable much more precise estimates.
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Table. 1 Sedimentation Rates During Geologic Time

Period Rate Period Rate

Tertiary 3.3 cm/kyr Carboniferous 1.8 cm/kyr

Cretaceous 2.7 Devonian 1.8

Jurassic 1.5 Silurian 2.7

Triassic 1.5 Ordovician 1.5

Permian 1.1 Cambrian 1.2

If one uses a mean value of 80% carbonate and a sedimentation

rate of 1 cm/kyr (Ku et alii, 1968). and:. S v e r dfup 's figure of 26%

of the earth's surface for carbonate sediments > the rate is calculated
-i — 2to be 0.06 g C,kyr cm^ , about twice that derived from the calcium 

transport. Adding 2.5% organic matter, at 50% carbon, to all the

pelagic sediments, increases the sedimentation rate 14% or so, and
<”2the . inventory> in the sediments becomes about 0.13 dps cm^ . Suess 

(1965) arrives at a figure some 50% lower by an unstated method,

Damon and Wallick (1970) modelled the reservoir system and 

concluded that a sedimentation rate about four times that found here 

would provide a better fit to the data. This seems higher than the 

datg used here would suggest, but if they are correct, the increase 

would do much to close the present apparent gap between the rate of - 

production of in the atmosphere and the decay in the reservoirs.

One hopes that isotopic dating of the JOIDES cores will help to 

resolve the question of sedimentation rates.
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The Terrestrial Biosphere 

The terrestrial biosphere is defined to consist of the total 

of all organisms living on, or in, the land masses of the world.

While the definition.seems to be fairly straightforward, it is fraught 

with conceptual difficulties in application. It is far from being 

a well-mixed reservoir. Indeed, it is necessarily an aggregate of 

individuals which are quite distinct from one another. These in

dividuals have typical lifetimes which range from a matter of hours 

for micro-organisms to hundreds or even thousands of years -for 

certain trees. It is thus very difficult.to determine a represen

tative mean radiocarbon, activity for this reservoir, or to assign , a 

typical mean residence time for a carbon atom in this reservoir, 

or to obtain meaningful estimates of the amount.of carbon in this 

reservoir.

Microbiologists tend to assign rather larger values to the 

microbial biomass than do macrobiologists. Part of the difficulty 

lies in the determination of just how much.of the organic material 

in the soil horizons is microbial and how much is defunct organic 

material. Some workers estimate that the mass of micro-organisms 

is equal to, or greater than, the mass of macro-organisms. Such a 

high.estimate is highly improbable in light of total organic-carbon 

estimates in soils, which are rather small compared to the mass of
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•plant, material above„ However, the wide range of the estimated values 

bespeaks the lack of specific knowledge of the amounts involved.

Very few authors explain the origins, of their estimates, but 

it appears that most, of the extant values can be traced.to the es

timates of Hutchinson (1954).

Probably most previous writers have been.assuming tacitly 

pr otherwise, a, relationship.such as

™  >  -f. + %., (3.5)

where M.;.is the carbon biomass, t is. time, R- is a. rate, of fixation 

by photosynthesis, and T is the mean life of a carbon atom in.the 

biosphere. At equilibrium, dM/dt. is zero, and

M = T R . (3.6)

The mass of the biosphere can then be estimated, if the mean 

age of its resident^ can be determined and if a rate of photosyn

thetic fixation can be measured. It is difficult to assign a.rea

sonable mean-life to the aggregate of all trees, because; of the 

widely varying ages one encounters. Shrubs, and even very small 

plants,, present similar problems.

Photosynthetic rates have been determined for many .plants 

Undep greenhouse conditions, although the determinations for trees 

are relatively few. Corrections must be applied for respiration, 

to obtain net:rates, of course.
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This t>ype of .analysis, is. subject to several ciriticisms3 al

though these do not necessarily lead to improved approaches. First, 

there is.good reason to believe (Eriksson and Welander, 1956; E.R.L. 

Staff,1967) that the growth rate of plants is jointly.proportional 

to COg. concentration and plant mass, and is not a simple first-order 

reaction, and second, there is some reason to believe that the present 

biosphere is not in equilibrium.

Table 2 presents Hutchinson's (1954) corrected estimates of 

fixation rates for various types of botanical community.

Table 2. Photosynthetic Fixation Rates

Type Area Fixation Rates

Forest 44 x 1016 crâ -2 -11.76 mg C cm^ yr

Cultivated land 27 0.86

Grassland 31 0.38

Destirt 24 0.21

If one now uses experimental determinations of the mean age of 

the materials in these botanical communities, it is possible to esti

mate the biomass of each community, using the simplistic approach 

discussed above. Table 3 presents the results. It is quite clear 

that the values of the fixation rates and mean lives can only be broad 

approximations, and hence the biomasses are subject to large errors.
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Table 3. Carbon Biomass of Botanical Types

Type Fixation Rate 
mg C/cme -yr Time Constant

Terrestrial 
Biomass of Carbon

Forest 1.76 50 years 288 mg/cme
Cultivated Land 0.86 1 0.9

Grassland 0.38 2 0.76

Desert 0.02 10 0.2

2The t©tal biomass thus calculated,; is about 9ti. mg/cm . . The 

value is critically dependent upon.the choice of time constant for 

the forest community.

The present author checked Hutchinson's estimates of 

phyosynthetic fixation rates against some of the more recent isotopic 

data. Keeling •(I960) reported a series of measurements of GO^ concen

tration and concomitant stab l.e-risotope ratios for carbon in the at

mosphere. He showed that there was an annual variation in the two 

quantities. The GOg concentration varied from a high of 318.5 ppm

in.the spring to a low of 309 ppm in.the fall. At the same time,
13 12the C /C ratios varied from -7.3 per mille (relative to the 

Chicago PDB standard) in the spring to -6.85 per mille in the fall. 

The changes can be accounted for by a loss of 9.5 ppm of COg during 

the summer, if the lost CO^ has an.isotopic value of -22 per mille.
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approximately. This last value is quite close to the mean carbon- 

isotope ratios for terrestrial plant material. Thus, Keeling 

•suggested,tit is reasonable to assume that the annual variation is 

a result of the summer assimilation of CO^ by plants and of their 

preference fpr light isotopes.

Keeling 1s data, cited above, were for north.temperate zones. 

He also shows the annual variation in southern-hemisphere values, but 

no isotopic data. The yariation in.concentration.in the southern 

hemisphere is much less. This is no doubt due,in part to the fact 

that the data were taken in Antarctica, but may. largely reflect the 

smaller land area and smaller biomass of the•southern hemisphere.

The variation, is about. 1.6 ppm, with a mean around 311 ppm.

If one assigns all the variation to photosynthetic fixation,

it. is easy, to calculate the aqqual rate to be about 2.3 mg C/cirr̂ /yr,
• ; . 2 which is somewhat: less than Hutchinson's value of 3.02 mg G./crn̂  /yr.

This IS hot surprising, however, for two reasons. The Antarctic

variation is almost certainly-less than typical for the southern

hemisphere. .More important, perhaps, is the fact that the biological

activity is continuous, and when some plants are still assimilating

CCL, others may be respiring, so that the minimum recorded does not

in reality measure the total amount removed from the atmosphere

by the plants for the season in question.

Another point.of possible importance is that when the fall

minimum occurs, the oceans will in part attempt to make up the
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.partial-pressure deificit by giving; some CO^ to the atmosphere. Most 

geochemists seem to feel that the exchange equilibrium between atmos

phere and ocean is established.rapidly enough (as:will be discussed 

in,a later section) to allow for an appreciable amount of compen

sation even in one season.

In ■ summary $ t%ie values of phot ©synthetic fixation given by 

Hutchinson.i are probably as Accurate as,any available 9, and are fairly 

well supported by i^odefn-analyses and isotopic data, even.- though the 

precision of such checks cannot.be great» If anythings Hutchinson*s

estimate may be a little low, but probably is not seriously so,
2Dauvillier (1965) gives 4 g/cm as the biomass, including

oceanic forms, He also gives the. photosynthetic fixation rate as

about 2%.of the biomass per year, which giVes a time constant of

50 years. This seems very long indeed When one considers the large

part played ip.. this biomass • f iĝ re" by the short-lived plankton of

the sea. His■figure for the total biomass seems extraordinarily

out of line with other estimates (see Table 4, this Chapter),

If the land, biomass is assigned a mean activity equal to the

oxalic-acid standard, by definition, it follows that the terrestrial
14biosphere, using the Hutchinson data, represents a C inventory of

2.about 0,021 dps/cm^ , The figure could, easily be in. error by a

facfor-of two. Other estimates in the literature range from 0.0007
2: to 0,037 dps per cm .,
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The Humus

The aggregate- of non-living organic material in the soil is 

called "humus" by geochemistso Some workers also include the carbon- 

bearing materials in fresh-water sediments in this category. Humus 

is derived frOm the remains of once-living organisms. The des

truction of. humus occurs largely through bacterial processes and 

oxidation, both, of which convert the humus to carbon dioxide. Some 

of the materials undet the general heading of humus.are quite stable 

and will persist, iq, .soil profiles for thousands of years.

Therq is Almost.no humic .material in desert regions because 

the soil is warm and permeated by air, so that oxidation removes

the humus .fairly rapidly. On the other hand9 in sub-arctic regions,

the soil is permanently saturated with moisture and frozen much of

the time so thAt soil humus is probably ,not destroyed as rapidly but

fixation is not as fast. Douglas and Tedrow (1959) show9 surprising

ly, appreciable oxidation.rates for•saturated Arctic tundra soils.

Arctic Humates

An attempt was made by. the present.author to obtain inform

ation on the possible extent of arctic.:and subarctic humus by in

quiring among a number of arctic specialists. Dr. Lawrence Gould, 

Chairman of the Committee on Polar Research of the National Academy 

of .Sciences, kindly assisted, in contacting a number of Arctic re

searchers for datatand.expressions of opinion.regarding the amount
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of carbon that might.be involved-in.arctic and sub-arctic humus.

The opinions receive^, varied:, somewhat/ and the amount of factual 

data received was not great 9 but some estimates based on that which 

..was received will be.: attempted.

. Douglas and Tedrow (I960) report on the structure of typical 

tundra soils of Arctic Alaska. There is usually.a thin layer of an 

. inch .or two of highly organic, material, at the surface which has 10 

to 15% organic matter. Below this is a dominantly mineral zone con

taining; 4 to 8% organic material. At the frost, table9 which may 

be from 12 to 30 inches or so below the surface, there is a thin 

zone of highly organic .material. This.zone may be from 2 to 10 

inches thick-and often contains 30% of organic material. Carbonate 

is present.in.the amount.of several percent in.some of the soils9 

but. it is not made clear whether this is derived. from bedrock or 

formed in.situ.

Radiocarbon-dates; on organic material from Arctic soil pro

files indicate rapidly decreasing content with depth. A. plot of

21 dates reported by J. Brown (1965) indicates a rather uniform, trend 

of about 46Q0 years per meter of depth for a variety of soil pro

files, Using this, age-trend figure, and a mean soil density of 

1.5 g cm \  an average organic content of 12% for the first 5 cm and 

6%.for the remaining depth,and the laboratory-experience•figure, of
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about 50% carbon in soil-organic material, it is possible to esti-

14mate the amount of C in Arctic soils by the following process:
The age of soil is 46 h, where h is depth in cm.
The specific activity of the soil carbon is 0.23

exp(-46 h/T^), where T^ is the mean life of (8270 years).
The element of soil mass, dm, is A S dh, where A is the

2column cross section, 1 cm , and S is the soil, i.e., 6% to 5 cm,
14and 3% below 5 cm, then the total C activity in the soil column

is rI (0.06)(1.5)(0.23) exp(-46h/Tm) dh 
tV 0 Zfr O D

+ I (0.03)(1.5)(0.23 exp(-46h/Tm) dh

2= 1.95 dps/cm .

Since about 3% of the earth's surface is covered by such soils, the
2normalized figure becomes 0.058 dps/cm^ .

The figure is probably conservative, since it does not treat
of the greater volume of sub-arctic soils which may well have more
total carbon in them, and quite possibly "younger" carbon in the
sense of content. It would be most useful to have accurate
information on the depth, carbon content, areal extent, and the

14concentration of C in the subarctic muskeg areas of the world.
Nothing was found, during a search of the literature, which would

14make possible a calculation of the C in this reservoir, however.



Temperater-zone Eumates

The humus of the temperate zones is generally less carbon-rich 

than that of the arctic, Perrin,'-Willis and Hodge (1964) report that 

even well^developed podzols have only 0,1 to 1% organic carbon in 

them. Their methods, however, utilized only the base-soluble por

tions of the soil, and no preceding acid treatment was employed to 

remove calcium, which will inhibit the solubility of humates, Camp

bell, eb al. (1967) have pointed out the necessity for an acid pre

treatment to eliminate calcium fixation, and give 5.6% for a black 

chernozem and 1.96% organic carbon for a gray podzol. Both soils 

are in Saskatchewan.

The carbon content of soils shows a general latitudinal varia

tion. Arctic soils have high concentrations of carbon and tropic 

soils have low concentration. Desert soils are almost devoid of 

organic carbon. Temperature is certainly a factor in the oxidation 

of organic carbon from the soil, as is moisture content. Oxidized 

carbon, in the form of carbonates, predominates in hot dry areas.

Because of the faster oxidation at low latitudes, the mean 

residence time is smaller than at high latitudes. In medium to high 

latitudes, there may be preserved buried soil zones in areas of 

aggradation. Measurements at Arizona (e.g.., A-227A, A-227B in Damon, 

Long and Sigalove, 1963; A-525A, A-525B in Haynes, Damon and Grey,

1966; A-805A, A-805B, Haynes et al. 1967) suggest humates in warm 

temperate zones are from 300 to 700 years older than co-deposited 

plant remains.



If one assumes a carbon content of 1% for an average of desert,

grassland, and forest soils, mean thickness of 50ccm, density 1,7 g : 
-3cm , covering 60% of the land mass, and a mean apparent age of 400

~2years, then the temp erate-z one humus carbon is about 153 mg cm .,
= 2and the radiocarbon content is 0.034 dps cnl 0 Other researchers 

(see Table 4) estimate 140 to 760 mg cm^ At high temperateclati- 

tuxies, organic content is higher, but so is the residence time, so 

the calculation may still approximate fairly well.

Tropic-zone Humates

The tropic-zone soils, between 15°N and 15°S, are difficult 

to assess because data are scarcer than for the more agricultural 

zones. Spme 20% of the world’s land area lies in this latitude zone 

(see Appendix.A), but the vast majority of the soils in this zone are 

latosbls with estremely low content of organic materials. Only in 

the mountainous areas of the equatorial zone are there soils with 

appreciable organic matter," and these areas are small compared to the 

total. The complete omission of humates from this zone will hardly 

affect the total of soil humus.

Summary of Humates

The subarctic soils appear to be the major question in the 

humus inventory. Soil organic content correlates with latitude, so 

that there is almost zero organic content in the equatorial zones 

and increasing organic content with latitude up to the region of
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permanent ice. and snow cover» About 12% of the land lies between 

55%.and 70° of latitude«

Most workers (e.g,, Craig, 1957) have assumed that the. .prin

cipal route for return of fixed carbon.to the atmosphere is through 

the humUs layer, that is, that nearly all the plant material- in thet 

terrestrial biosphere becomes humus before oxidation and return to 

the atmosphere, This seems unlikely.

If one assumes a terrestrial biosphere in equilibrium, then 

the amount of material transferred to the humus layer each year under 

this model would equal the amount assimilated by the biosphere.

Using this rate, and the mean-life figure of 400 years used above, 

the.calculation of humic-carbon mass from the product of.rate and 

mean .life gives a value of eight times the mass of the terrestrial 

biosphere.

This value is probably far out of line, by comparison with 

the few direct measurements of soil- organic content. One must either 

assume that the carbon, of the biosphere is returned, in. large part 

by another route to the.atmosphere,, or that the mean-life values 

derived from .extant measurements are far out of line. Probably both 

factors contribute to the discrepancy. The figure derived earlier 

for soil organic material will be used in this work, although it may 

be somewhat minimal, Here, again, the uncertainties serve to 

emphasize the lack of sound data.
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Like the terrestrial biosphere9 the humic reservoir no doubt 

varied considerably during the glacial-interglacial oscillations.

Soil Carbonates 

In many areas of the world there are extensive deposits of 

carbonate in the soil. In desert regions these often become dense 

and hard and are called "desert concrete". The genesis of these 

layers, called "caliche" in the American.southwest, is not known. 

Radiocarbon; measurements: indicate that these have been formed fairly 

recently in many cases, and indeed are probably currently being.
•: i

formed in.many places«

At ope time,,.it was assumed that caliches were basically a 

result of a .negative water budget, in the soil, that is, that water . 

loss from tbe soil by evaporation exceeded the water input to the 

soil. The result wsas visualized as, a continuing transport of ground 

water to the surface where it evaporated and left behind the dis

solved carbonates.

Recent research by the author has indicated, that caliches in 

the Arizona region invariably have appreciable amounts of organic 

materials associated with them. These have been tentatively iden

tified as oxalates for the most part. There is a strong suggestion 

of a biogenic origin for caliches under certain circumstances. This 

is not a new hypothesis. Vinson, as early as 1916 (Griffin, 1920), 

hypothesized algal origins for the thin, hard layers that typically
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cap caliche layers. Griffin (1920) analyzed a number of caliches and 
cited a strong concentration of phosphate in dense caliches as sup

porting evidence for a biogenic nature.
Whatever the mechanisms of formation, caliche contains some 

radiocarbon and forms an appreciable reservoir. Brown (1956) inves
tigated the caliches of the Llano Estacado in Texas. He found beds 
150 feet or more ;in thickness,: with 44% calcium carbonate, in flat or 
depressed regions, and beds 4 feet thick atop hills. He called them 
early Pleistocene in age. Bretz arid" Homberg (1949} found caliche in 
southeastern New Mexico which they felt ranged from recent to Pleisto
cene in age. Soil carbonates in less spectacular form are also sig-

1 A*nificant in steppe regions. Sigalove (1969) has compiled C data for 

a large number of Arizona caliches.
Excavation on The University of Arizona campus in 1966 un

earthed two caliche layers separated by a small sand layer at 3 feet
14depth. The author plotted the exposed strata (Figure 1). The C

concentration in the upper part of the lower layer was greater than
4 ■

that in the lower part of the upper layer, indicating the periods of 

formation of the two layers overlapped, that is, that portions of the 

two layers were forming simultaneously. The values given cannot be 
converted to actual dates because the original activity of the 
carbon at the time of deposition is not known.

Ri-ghtmire (1967) has postulated that stabie-isotope data will 
allow the calculation of the contributions from "dead" limestone and
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14CL* Data
Depth

22.6%
(A-820)

35.8%
(A-692)

-AyV̂ A.
-ANy- M z .  Ki* KV»

A a a .

iA /X a -X  «X>V'r.. f

4'-

8.4%
(A - 693)

6'

^ <s>

X y / / y
Column "A1

Brown sandy soil, hard, some caliche.

Upper zone of fill, grayish white, char
coal specks, caliche lumps.

Lower zone of fill, white, fairly com
pact, much caliche.
2" of ash, glass, nails, etc.
Hard-cap.
Hard caliche, streaks of hard-cap, 
bedded, reddish brown stain.

1" of loose tan sand locally.
Hard-cap.
Hard, cemented sand and small gravel, 
white, high caliche content.

Lightly cemented sand, tan to white, 
low caliche content.

Loose tan sand and gravel, little or 
no caliche.

Figure 1. Caliche Strata at The University of Arizona
Three samples, taken at the locations of the arrows, show

an inverted sequence of activities between the top two samples, 
indicating a possible overlap in the times of formation of the two 
caliche beds.



55
from the atmosphere and thus permit dating of caliches. His model ig
nores contributions from pre-existing caliches and humus, and possible
fractionation during precipitation. He fails to demonstrate the

\

applicability of his model by testing against independently dated 
materials, as noted by Williams and Polach (1969). Rightmire feels 
the genesis of caliche is "pedalogic" rather than biological.

Williams and Polach (‘•1969)1 from data for paired samples of 
caliche and organic material, conclude that caliches tend to have an 
initial "age" offset of about 3600 years. The youngest arid-land 

caliche "dates" reported are one by Rubin and Alexander (1960) at 
2200 ± 250 B.P., and an Arizona date ca. 1830 B.P. from Avra Valley 

(Damon, Haynes and Long, 1964). It. is difficult to tell whether a 
caliche horizon is still actively forming, so initial offset is hard to 
determine directly, so the approach of Williams and Polach seems the 

most objective.
About 3% of the world's area is desert. If one assumes that 

half the desert area is underlain by deposits of caliche accumulating 

ate the rate of 5 cm per kiloyear (this study and Sigalove, 1969), 
forming soils with density 2.0 which is 30% CaCO^, with an "age" of 
3600 years at the upper surface, the activity of the caliche at depth 
h will be

A = Aq ■ exp (-(3600 + 200 h)/8270),

where A^is the standard reference activity and 8270 is the mean life 
of radiocarbon, in years. Under the above assumed conditions, there



3 °Mill be 0>07 gm C/cm in.the column. At a depth of 150 cm below

the top of the caliche, the activity will be quite small, so an.in
tegratlon from h 0 to h = 150 Will give the accumulated radiocarbon 
activity in the column

Since the caliche is assumed, to underlie 1.5% of the.world area, the

with uncertainties. The result could easily be in error by an order
of magnitude. . The figure: is no doubt, small. It ignores completely
the widely disseminated, but not so concentrated, soil carbonates of
the steppes and: fertile areas of the world. The figure is somewhat

, less than that obtained for the Tucson Basin area. There are deeper

caliche layers in the Tucson Basin.which have not yet been measured 
14for C activity, but which may well add. to the local radiocarbon 

inventory. Again, further research on the,amounts and distribution 

of soil carbonates and their concentrations is very; much in

150
0.07 Aq Exp (-(3600 + 200h),/8270) dh

25 dpm/cnr = 0.42 dps cm ^

carbon inventory in caliche amounts to about.0,006 dps/cm
Like most Carbon-reservoir estimates, this one is fraught

order.
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The Eresh-Water System 

The fresh-water system will be defined here to include 

ground-waters water in streams and lakes, and the ice and.snow of 

cold regions. The ice and.snow contain negligible carbon, dioxide, 

Langway et at, (1965) report 30-45 cc of air per kilogram of ice in 

Greenland studies. This air contained about 100,milligrams of CO2 

per ton of; ice. While this represents a concentration, of carbon 

dioxide in..the air which is two orders of magnitude greater than 

that in the present atmosphere, the total amount of carbon-14 in the 

ice sheet: is completely insignificant.

By far the largest part of the non-glacial fresh-water system 

is the sub-surface water or groundwater. This is estimated to; amount 

to about a million cubic miles in the upper half mile of the crust - 

Lakes, inland seas, and streams account for only 55,0.00 cubic miles, 

Measurements on well water from a depth of 500 feet, in the 

Tucson Basin (Bennett,.in prep,) yielded about 40. micrograms of carbon 

per gram of water. Somewhat larger amounts may have been present 

when.the water was in place at higher pressures. The radiocarbon 

activity of the carbon dioxide in the water varied from about 50% 

of the reference standard, at the water table to about 12%,of stan

dard some 2000 feet below the water table when the figures are 

corrected to pre-nuclear-testing and' prepumping conditions.

The porosity in.the Tucson Basin is much higher than the 

world-wide crustal average. The estimate of a million cubic miles
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of water in the upper half-mile of crust (personal communication from 

J. V, Wright, Prof, of Hydrology9 Univ. of Arizona) over 57.5 a 10̂  mi^ 

of land implies a mean porosity of, about 4%.
14Assuming a mean porosity of 4% and a variation of G 

activity amounting to an apparent age change of.0,172 yr/cm as ob

served in the Tucson Basin, a calculation similar to that used for

the caliche and humus problems leads to an estimated inventory of 
20.027 dps/cm^ . This figure perhaps tends to be low because of a 

lack of pressure correction on the COg solubility. Finally, the 

figure, 0,172 yr/cm obtained from the Tucson-Basin studies is no 

doubt too high.for regions of lower porosity where groundwater veloc

ities would tend to be lower. In any case, the true figure is 

not likely to be more fhan. an order of magnitude greater than;esti

mated here and may be a good- deal lower*

Summary

The above calculations are described, in.some detail to pro

vide a clear understanding of the problems involved in obtaining 

estimates of the carbon.content of various reservoirs. It.is .not 

suggested, that.the results obtained here are more accurate than those 

used by other radiocarbon researchers, except where other researchers 

have not included specific estimates of certain reservoirs.

The role of the arctic and sub-arctic humus sinks presented 

here in.rattier crude form, has been overlooked by previous •
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radiocarbon workers who apparently have assumed that their temperate- 

zone-estimates would suffice for the arctic without serious error be

cause of the small area involved. While many more data are needed 

to properly assess this problem, it would seem chemically reasonable 

to expect higher carbon concentrations in these regions than.in 

temperate-zoaes, and the scanty; extant data seem to support this 

hypothesis. Additional data from the sub-arctic "muskeg" areas would 

be most desirable.
' 14Table 4 lists some of the C reservoir estimates used by

. _ .> •
.various researchers. Not all of these are independent9 by any means.

Later workers tend to use the values of previous workers with per

haps # modification in.one or two specific reservoir values.

The most obvious fact to be derived from an examination of 

Table 4 is that estimates of some of the reservoirs vary greatly.

The figures for the terrestrial biosphere differ by an order of mag

nitude or more. The humus reservoir is also variably estimated, 

as is the organic content9 living and dead, of the oceans. It seems 

uhlikely, however, that foreseeable revisions of these more variable 

estimates will be of such magnitude as to alter the total radio

carbon, inventory by more than a few percent. For example,, if one 

increases the soil-carbonate figure by a factor of 1,0, the fresh

water value by a factor of 2, and the terrestrial biosphere by a 

factor of 2, all of which are within the realm of possibility, the



. Table 4. Reservoir Estimates, Total G and Activity

Reservoir

Eriksson3 
Welander 
(1956)

Arnold,
Anderson
(1957)

H. Brown 
(1957)

Craig'. 1 
(1957)

Revelle,
Suess
(1957)

Suess
(1965)

Present
Work

g/cHK , 2 g/cme
/ 2 g/cm^ 2

g/cme / 2 g/cme g/cnlf 1.c |
. . 2 dps/cm^ / 2 1 g/cme |dps/cm^

Atmosphere 0.125 0.12 0.126 0.126 0.125 ■ 0.131 0.03 ' 0.1311
• |

0.03

Ocean
Inorganic 
Living matter 
Dead organic 
Combined 6.8

7.25
0.16
0.60
8.01 7.65

6.94 .

0.535
7.475

6.8

0.535
7.335

• 1
7.56(

0.64*
8.20I

1.55

, 0.125 
1.675

I
1
1
1

7.53 * 1.50

•Ocean-Sediments - 0.30 0.07 !
i

0.13

Terrestrial Biosphere 0.109 0.05 0.003* 0.06 - 0.016 0.09 | 0.021

Humus
Temperate

-.Arctic

0.136 0.20 0.76 
w/ocean

0.215 0.138
0.16 0.037 i

0.153|
i
!

0.034

0.051

Soil Carbonate i
1 0.006

Fresh Water
I
i
i

0.027

■ Totals
i _ _ 7.17 8.38 8.54 7.87 7.62 8.79 1.81 7.90 1.80

* All living matter.
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14total C inventory would be increased by a little over 6%, Cer

tainly 10-15% must be near the very upper limit of any increase to be 

expected from reservoir revision.
The reservoir estimate compiled in this work is intended to 

represent minimal values in most cases, and the resultant total
would tend to indicate that the true value is very probably in the

2range 1,76 to 1,95 dps/cm .



14THE DATA OF C VARIATIONS

Before proceeding to a discussion of the causes of

variations, it is perhaps advisable to present a collocation of infor-
' ' ' ' ' " -• 14 ' - Vmation pertaining to the nature and amounts of the observed C varia

tions, and of data pertaining to related phenomena, such as variations
in atmospheric 0Qo content, The following chapter summarizes the ex- • ■ , - . . . . .
tant data, gathered from many sources, and including the work done by
fhe author at the University of Arizona laboratory. It is important
fo note that variations occur on several different time scales, and
that it is likely that several different mechanisms are responsible.

DeVries (1958) measured the radiocarbon content of wood 
samples which had been dendrochronologieally dated (not merely ring 
counted), and calculated the concentration of radiocarbon in the wood 
at the time it grew. This value presumably reflected, when allowance 
was made for the chemical fractionation that occurs during assimilation, 
the concentration of radiocarbon in the atmosphere at the time of 
growth. The data of deVries clearly indicated that variations of as 
much aa 3% had occurred during the last few hundred years.

Since 1958, a number of laboratories have studied dendro- 

chronologically dated wood samples, and a sizable body of data has 
accumulated which delineates t^e variations in radiocarbon content of 

wood samples at the time of growth, and, by inference, in the atmos
phere. The Laboratory of Tree-Ring Research, at The University of

62
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Arizona, has supplied most of the samples for this research. Workers 
at this laboratory have, at the time of this writing, succeeded in ex

tending the chronology of the bristlecone pine (P. aristata) to well
14over 8000 years, and have wood samples at hand which have C values 

suggesting ages beyond that time period.

Delta Notation
The isotopic character of an element is specified by the ratio 

of abundance of a minor isotope to that of a major isotope, but, in 
practice, the absolute value of this ratio is difficult to measure, so 
the difference between the ratio and that of a standard material is 
most often used, and is expressed in terms of a delta notation, e.g.,

13 (C13/C12) - (C13/C12) 3
BC-  =  "  X 10 ’

where the subscripts x and s refer to sample and standard values. As
given, the delta value is expressed in per mille, symbolized %o, or

3 2abbreviated permil, but by changing the 10 factor to 10 , the delta 

value is often expressed in percent.

From the definition, it is easy to show that

6 = 8 , + 6, + 10 3 6 .6, , a,c a,b b,c a,b b,c
a useful relation for changing reference values. Isotopic fractiona
tion, i.e., change in isotopic ratio, often occurs during chemical or 
physical reactions. Fractionation of the various isotopes of an ele
ment is related to the isotopic mass differences, e.g., for carbon,

14 12the fractionation of C , relative to C , will be twice as great as
for C^3. That is, in going from state a to state b, = 2 8C^3 .̂



The C activity of a sample varies with age, of course. When
dendrochronologically-dated wood was starting to be used to check on 
14C variations in the atmosphere, it became conventional to reserve 

14the 6C notation to express the initial activity of the samples, af-' 

ter correction for decay during the dendrochronological age of the 

sample, in relation to the dating standard (0.95 NBS oxalic acid). As 
measurements became more precise, there was more concern about the 
possibility that either the tree or the laboratory might have frac
tionated the sample. In order to symbolize the deviation of a sample 
which was corrected for both age and fractionation, Broecker and 
Olson (1961) defined the capital delta notation, which can be derived 

as follows.
First one makes the second fundamental assumption of radio

carbon dating: The stable carbon-isotope character of the atmosphere
14has remained constant throughout the range of C dating. Thus, any

variation in the isotopic composition of a wood sample is assigned to
fractionation in the tree or in the laboratory. A large number of
measurements on wood samples, both ancient and recent, indicates that

13pre-industrial wood had 6C values very near to -257o0 with respect 
to the Chicago PDB standard.

13An ideal wood sample, in an initial state "a", has 6C = -25,
and zero-age delta value of by definition. After fractiona-

13 14tion to state "b”, the values are simply §C and 6C^ ^, again at 
zero-age. The isotopic values in initial and final states are related:
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where the subscript s refers to the standard oxalic-acid reference.
The subscripts, included here for clarity, are usually not necessary, 

and are omitted. 5Cb% is the usual age-corrected value, and 
is the difference arising from fractionation, and is related to the 
stable-isotope data by

14 138 C ^ b = 2(-25 - 5C ).

Thus

A =  6C?;4 - (2 6C13 + 50) ( 1 + 8C34 ) .D , S D , S

It should be noted in passing that samples which were not in 
equilibrium with the atmosphere cannot be dated, in general, nor will 
stable-isotope data allow a correction to be made, some commercial 
laboratories' advertising to the contrary notwithstanding.

The C^4 Variations 
The radiocarbon age of a sample is defined by the equation

t = Tm ln (A0/A),

where t is the radiocarbon age, T^ is the mean life of radiocarbon 
(8270 yr) , A is the present C"*"4 activity of the sample, and Aq is the 
initial activity of the sample at the time of isolation. The varia
tions in A0 are determined by measuring the present activity of sam^ 

pies for which the ages, t, are known. These ages are, in most cases 
determined by dendrochronological dating of wood samples. Occasionally, 

accurate historical dates are available. Other methods of dating are 
usually too imprecise to produce usable variation data.
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One method of dating that deserves at least passing mention is

that of varve dating. It is the only extant method of dating that . ^
14provides hope qf extending"the knowledge of C variations to times 

earlier than those reached by dendrochronology.

Much work has been done in northern Europe on varve dating

(Fromm, 1970; Tauber, 1970). In Sweden, a chronology of over 12,000

years fyas been developed which many people feel is accurate to within 

300 years,

Iversqn (1953) reported on radiocarbon dating of wood and 

carbonaceous material from lithologically dated sediments. The 

varve date is 11,050 years (Tau,ber, 1970) , while the corresponding 

radiocarbon date is 10,300 years, based on the old half-life and 

compared to a 1950 wood standard. When corrected to the new half- 

life and the oxalic-*acid standard, the age is about 10,800 years. 

Tauber,1970) puts the age difference at 100 years for this litho- 

logic boundary.

Other comparisons between varve and dates (Damon, 1968;

Tauber, i9 7 0 )l a r e :b. as e d on the intermediary correlation tool of
14pollen profiles due to the lack of C -datable materials in most 

varved sediments. The diffuse nature of pollen boundaries introduces 

considerable imprecision. The data from Iverson are based on material 

obtained directly from lithologfcally dated sediments, and are there

fore the most useful comparisons available. Tauber (cl-9 7:.0 ) and

Fromm (1970) have discussed varve-C*^ comparisons, at length, and one
14sees variations comparable to C deviations of +37 to -60%o, which 

produces very poor controls for the period prior to about 10,000 B.P.



14The Iversan point shews agreement within 250 years with the C curve,
14indicating that the C excess may be around 3% or less at this time.

The Long-term Variations
Figure 2 displays a curve fitted to about 350 extant measure

ments of initiao radiocarbon values. The 12th•Nobel Symposium volume
14 -contains lists of several hundred C measurements on dendrochrono- 

logically dated wood, and the volume contains two foldout comparison 
charts with much•more detail than is possible in Figure 2 of this work 
The varve-dated point discussed above is placed on a dotted extension 
of the curve. The data include those processed at the University of 

Ariaona (Paqwm, Long and Grey, 1970) and published values by others 
(Suess, 1965; Stuiver, 1965; Ralph, 'Michael "arid Gruningef, 1965; Suess 

1965, corrected to oxalic-acid standafd ,by'domparison with Ari'zona 
dates for material of the same age; Ralph and Michael, 1970).

The curve of Figure 2 is smoothed by a 100-year normally- 
weighted smoothing function. A normally weighted smoothing function, 

of running mean, smooths out the shorter-term variations, so that 
only long-term variations are shown, and takes some account of the 
statistical significance of the measurements being averaged. Values 
on either side of the "averaging ."-point are weighted into the mean ? 
according to the ordinate value of a normal distribution function.
The spread of the curve is selected by assigning an appropriate stan
dard deviation to the normal curve. Thus, a 100-year normally-weigh
ted smoothing function's two-sigma value is 100 years, and a number
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which is associated with a point 100 years from the averaging point

will be weighted at about 0.135 times as great as the central value,
while one which1 is 50 years from the central date will be weighted

at 0.607 times the central value.
Assuming that the varve-controlled point is valid, there

appears to be a variation with a period of about 8000 years shown in 
14the C variations. It is apparent that there are variations of a 

much shorter period as well. Stuiver (1970) has studied a varved- 
sediment core from Lake of the Clouds, Minnesota, and found a min
imum at 8300 B.P . and a maximum at 9700 B±P± The curve needs veri
fication because the top of the core was damaged and the laminae are 
hot proven to be annual, but the work holds great promise.

Figure 3 displays the data of Figure 2 in a different form.
The abscissa is the same, that is, dendrochronological age, but the 
ordinate is the radiocarbon age of the sample. It can be seen that 
an attempt to calibrate radiocarbon dates by use of the curve.of 
Figure 3 will be of varying usefulness in different time periods; 
there may be several dendrochronological ages corresponding to a 
given radiotarbon age.

The Shorter-fem Variations .
Figure 4 displays the same type of data as Figure 3 but on a 

different scale, smoothed with a 22-year normally weighted function. 
Variations with characteristic times around 200 years can be seen. 
Finally, Figure 5 displays an eyen smaller portion of the record, also 
smoothed with■a 22-year function.
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Figure 4. Medium-term Variations
The figure shows, in moderate detail, the variations in the concentration 

of C-^ in dendrochronologically dated wood samples during most of the latest
millennium.
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The more recent portions of the C^-variation. curves are 

derived from studies of wood materials from many different geographic 

locations. California sequoia and bristlecone pine, Colorado fir, 

European oak, and Arizona pines have all contributed to the record.

The agreement between species and areas is sufficient to indicate that 

for phenomena of period longer than a year or so, the troposphere 

appears to be well mixed and free from pronounced geographic differ

ences. The older portions of the record are based solely on bristle- 

cone pine, but there is little doubt that they reflect faithfully 

world-wide conditions.

Bomb c!4

The above-’described records display variations with time 

of the world-wide atmosphere, smoothed to eliminate variations with 

periods less than a decade or so. Variations with shorter periods 

are well known. Figure 6 shows the variations in radiocarbon in the 

troposphere and surface ocean layer at various latitudes as a result 

of nuclear weapon testing. The figure is based on data published by 

Bien and Suess (1967), Hagemann, Gray and Machta (1965), Munnich and 

Roether (1967) and Nydal (1967, 1968).

Some qualitative observations based on the data of Figure 

6 are in order at this time. It will be noted that at middle and 

high latitudes there are regular seasonal variations in radiocarbon 

concentration in the tropospherei At 47°N, for example* there is a 

peak around July and August with a minimum near January. For higher
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Tropospheric C levels at various latititudes, following bomb testing.
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or lower latitudes3 the extrema occur at slightly later timess 

at least for the northern hemisphere* Young and .Fairhall (1968) 

plotted tropospheric curves from the sources cited above for 

close latitude intervalse t Figure 7 shows how the time of 

occurrence of extrema varies with*latitude, according to their 

data.

The occurrence of spring maxima for,ozone :and other

stratospheric materials in tropospheric air is well known. The

radiocarbon data;strongly suggest a process of transfer from

stratosphere to troposphere which begins at mid-latitudes * around

35 to 45% and spreads both north and south from this zone. In

the northern hemisphere, sharp peaks occur in both middle and

high latitudes, but the low latitudes-show progressively broader

and more diffuse peaks as one approaches the equator. Due to the
14lack of contrast in C concentration between the stratosphere

i 14and troposphere in the southern hemisphere, there is no C

-structure visible in the scant southern-hemisphere data, but it

seems likely that such variations will appear there later, when 
14the C becomes better distributed in the atmosphere. Indeed, 

careful measurements might have revealed such variations even 

in the absence of bomb material. The more diffuse nature of the 

.seasonal variations at low latitudes suggests that direct transfer 

from stratosphere to troposphere occurs at middle and high lati

tudes and then the materials spread equatorward by diffusion.

Figure 8 presents meridional profiles for the activity 

of tropospheric air for several times during the years 1963 through
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The concentration of in the tropopause
reaches a maximum first at middle northern latitudes 
and later at higher and lower latitudes, suggesting a 
relationship with the fluctuating tropopause height.
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1965» The evidence seems to indicate that the troposphere .north of 

30°N is well mixed and relatively homogeneous. Between 30°N and 40°S 

the troposphere.• demonstrates a strong .gradient following the injec-r: 

tions of late 1962 from the Russian test series. Data for the region 

south of 40°S are almost entirely lacking9 but there seems to be an 

indication that the troposphere is well mixed south of 40°S. The 

pronounced minimum for the 1963 and early 1964 curves which lies 

just north of 40°S is based upon t' e curves for Melbourne at 37°508S 

and Makara, New Zealand3 from Nydal (1967) and the data for 42°S for 

■airplane-collected .samples presumably collected- over or near - South 

America (Machta, 1966; Hagemann et al., 1965).

Figure 9 displays the behavior of the stratospheric air 
during the time of the 1963 heavy-weapons tests. It will be noted 

that the southern hemisphere is not greatly affected by these tests 
by mid-1965, The concentration of in the stratosphere became 

as high as 19 times the reference-standard value in early 1963, It 

is not yet known what the natural steady-state concentration in the 

stratosphere should be. Direct measurements prior to bomb-testing 

do not exist, and inferences based on mathematical models are of 
limited accuracy,

It is indeed unfortunate that atmospheric and oceanic radio

carbon measurements did not antedate nuclear-weapon testing. The 

injections of radiocarbon would then have served as excellent 
tracers for the purposes of studying .atmospheric and oceanic motions,
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The two oceanic curves in Figure 6 indicate that the uptake 

of radiocarbon in the ocean at 35°N occurs earlier than that at 20°Ne 

These curves only apply to the surface layers, above the thermocline. 

The data of Bien and Suess (1967), from, which these curves were taken, 

also show that the sea water below 150 meters has shown little or no 

effect from bomb at middle or low latitudes. The data of Munnich 

and Roether (1967) for the Atlantic Ocean indicate a maximum of 

radiocarbon activity in surface waters near 30°N with values falling 

rapidly to the north and somewhat less rapidly toward the equator.

A vertical profile of values in the Atlantic in Bolin (1966) 

indicates strong subsidence north of 30°N, which is also indicated 

in the tritium data of Munnich and Roether.

The Ocean Structure

Figure 10 gives a very good idea of the complexity of oceanic 

structure and signals some of the difficulties that would be met in 

trying to devise simple mathematical models to describe exchange and 

radiocarbon transport processes. Some of the water masses have long 

been known from oceanographic data and have been named. Indicated on 

the diagram are the South Atlantic Surface Water (SASW), Antarctic 

Intermediate Water (AAIW), North Atlantic Central Water (NACW), North 

Atlantic Deep Water (NADW),. and the Antarctic Bottom Water (AABW).

The C"^ data clearly indicate the independent behavior of these masses 

and also provide good information about the movements of these masses. 

When profiles have been made for a number of years, velocities and
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overall mass-flow rates can be determined with good accuracye 
14C methods should be far superior to oxygen-depletion methods 

used formerly.

Broecker .(,1963a) pointed out some of the difficulties in try

ing to model such complicated systems with simple "boxes" of water 

and atmosphere undergoing exchanges across the boundary.. The 

problem has gotten no simpler with the advent of more data.

Rather, the new data have tended to point out the fallacies of

earlier oversimplifications.

The Data of CO^ in Atmosphere and Ocean

Figure 11 shows the seasonal variations in atmospheric 

carbon-dioxide concentration at several latitudes, based on the 

data of Keeling (I960), Brown and Keeling (1965), and Pales and

Keeling (1965). It may be noted that the CO^ concentration tends

to be higher in northern latitudes than in southern latitudes, 

that is, there is a latitudinal gradient of CO^ concentration in 

the troposphere which favors a southward transport of carbon 

dioxide. The gradient is reversed for about three months of the 

year, but is not so strong then.

Figure 11 also shows the variation in isotopic concentra

tion of northern mid-latitude GO^o In the fall, when the concen

tration of GO^ decreases, the isotopic composition becomes 

heavier. As noted previously, Keeling (1960) speculates that this 

may be due to the activity of plants, which tend to prefer the
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lighter isotopes, During the - summer3 photosynthesis is at a 

maximum and the plants utilize the lighter isotopes preferentiallys 

^hile consuming large quantities of GOg, thus leaving the atmosphere 

slightly impoverished in CO^ and slightly heavier in isotopic com

position. The lack of large variations in the southern hemisphere 

is attributed to the smaller biomass there» Bolin and Keeling

(1963) have done an admirable job of analyzing the implications of

the seasonal and meridional.variations of CCX, concentration in terms of 

distribution of souces and sinks and the effective diffusion constants 

involved in transport between the two.
Figure 12 shows a slightly smoothed plot of the GO^ 

concentrations in surface sea water and adjacent atmosphere made 

on two expeditions in the Pacific Ocean (Keeling, Rakestraw and Water
man, 1965)„ The expeditions occurred at different seasons four years

apart and followed different tracks, so there is no way to know which
factors are responsible for the differences in the two sea curves.

The differences in the air curves are largely explainable in terms of 
the seasonal variation which occurs in the northern hemisphere (see 

Figure 11).

Clearly there should be a large source for atmospheric GO^ 
near the equator. Farther from the equator, there are zones where 

the oceanic concentration is less than that of the air, so the ocean 

should serve as a sink. Suess (personal communication) calculates 
that over half of the global transfer from atmosphere to ocean takes
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place south of 60°S. It remains to be seen if this is the case.
It would be highly desirable to have detailed profiles of 

values for the atmosphere and ocean in this region in order to 

determine accurately the rates of uptake in these waters and the 

rates of migration within the oceans.

The data pertaining to variations which have been outlined 

above are either obtained directly upon current samples, or are 
obtained by utilizing calculated initial values in old samples whose 

ages are known by means other than radiocarbon dating. The most 

accurate an reliable method of independent age determination is 

dendrochronological dating. This provides information about the 

behavior of in wood samples, and, by inference, in the atmosphere 

from which the samples derive their carbon. Thus far, no dating 

method of sufficient accuracy and precision has been developed to 
enable the determination of initial G ^  values for samples from, say, 
the oceanic environment.

The Relationship of Atmospheric
and Mixed-oeean

The author attempted to gain some information about the behavior 

of the mixed layer of the ocean during the times several thousand years 

ago when the C*^ deviation in wood was near its maximum, by using con

temporaneous shell and charcoal samples from South American archaeologi

cal middens. Hurt (1964, 1966) reported that a number of shell middens 

on the eastern coast of South America exhibited radiocarbon dates which exten
ded into the time of interesti mounds which accumulated rapidly. It was
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deemed that these might provide a good source of samples to provide 

a relatively direct test of upper ocean behavior several thousand 

years ago.

The shell mounds contained both shells and charcoal samples. 

The rapid rate of accumulation of the middens (e.g., 8.5 meters in 

about 200 years in one case) indicated that shell and charcoal sam

ples occurring in close association should be very closely contem

poraneous , A date derived from the charcoal, in conjunction with 

Figure .2,. and with other dates from the same mound, would provide

a fairly accurate date for the midden. The contemporaneous shell
' 14sample would then provide a comparison of the C activity of the

mixed ocean layer with that of the terrestrial plants at this time.

It seemed, on the basis of the estimated rates of production
14of C in the atmosphere and the relative activity levels of the 

atmosphere and the oceans, that the surface layer of the ocean should 

be fairly stronly coupled to the atmosphere, but it was felt that a 

direct check would be of sufficient importance to make the work 

worth while.

Dr. Hurt collected a number of paired, samples of shell and 

charcoal during the 1966 field season in Brasil. Several of these 

were processed at the University of Arizona radiocarbon laboratory 

by the author and staff.

Dr. Donald Bryant, invertebrate paleontologist in the Uni

versity of Arizona geology department, graciously identified several 

of the shells so that it could be ascertained whether the samples
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were derived from estuaries or rocky coasts 3 etc„ Nearly all the 

shells proved to.be sha 1 low-water species typical of slowly circulating 

water or estuarine environments0 This was not as desirable as would 

have been shells from a more open-sea type of environment, but it was 

hoped that the conditions were not so localized as to invalidate the 

results.

The results of the attempt were disappointing„ In most

cases, the charcoal samples were too small to obtain good counting

statistics. Only one charcoal-shell pair provided good statistics.

They also provided identical dates; A-918 (a charcoal sample) gave

a age of 3370 ± 150 years, while 919 (the corresponding shell 
14sample) gave a C age of 3370 ± 105 years. No strong conclusion 

can be drawn from this single pair, although they suggest that the 

atmosphere and the mixed-ocean layer activities were not far apart.

A Search for Early Variations

An examination of Figures 2 and 3 points out that where the

initial content of a wood sample is high, its age will be
14younger than its true age. When the initial C activity of a

14sample is low, its C age, calculated on the basis of the usual 

reference standard, will be too great. It follows that if one 

were to consider a series of samples, uniformly distributed in time 

according to a dendrochronological time scale, the resultant radio

carbon dates on the series would not be uniformly distributed in 

"radiocarbon time" but would be clustered. Where the initial



radiocarbon content of trie .samples is a decreasing function, according

to Figure 2, the radiocarbon dates will tend to be grouped together,

while in those portions of the time scale where the delta curve is

increasing with time, the density of radiocarbon dates will be less.

The present author attempted to use this concept to find evidence 
14pertaining to C variations in the time period prior to 7000 years 

ago for which dendrochronologically dated material is not yet avail*- 

able.

The clustering of dates can readily be visualized by refer

ence to Figure 3. Imagine that on the dendrochronological-time 

axis the number of samples per unit of dendrochronological time is 

described by a monotonic function. For each point in dendrochrono

logical time, the curve of Figure 3 defines a corresponding point in 

radiocarbon time. Clearly, where the curve is nearly parallel to 

the dendrochronological-time axis, a large number of samples will 

have very similar radiocarbon ages. On the other hand, where the 

curve of Figure 3 is nearly vertical, there will be a very few 

samples from a short interval of dendrochronological time which 

will have radiocarbon ages spread over an appreciable span of time.

The writer plotted the distribution of some 6000 unselected

radiocarbon dates as shown by the solids line histogram in Figure 13.
14Since the variation in C in wood samples is known for.the 

most recent 7000 years, it was possible to sketch the latest part of 

a smooth curve such that the histogram was above the curve for those
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14time periods where the density of C dates should be high and such

14that the histogram was below the curve where C dates should be less

dense» The curve thus selected to provide qualitative agreement with 
14the known C variations was quite smooth, so it was possible to

14extrapolate the curve to greater C ages, using visual methods.

More sophisticated methods of extrapolation might have been used.

For example? the data, when plotted on log-log coordinates, fall

very nearly on a straight line, which :is easily extrapolated. However,

the limitations of the problem render extravagant any attempts to use

more elegant methods.

The extrapolation of this curve backward into times as

great as 13,000 years suggests that (1) the delta curve was an

ascending function from about 8500 to about 6000 years ago on the

C14 time scale, (2) that the curve was approximately stationary from 
1410,000 to 8500 C years ago, (3) that the delta curve was a descending

14function from.12,000 to 10,000 C years ago, and finally, (4) that the 
delta curve was probably a rising function prior to 12,000 years 
ago. Beyond 13,000 years ago, the number of dates per time 
interval is too small to provide statistically valid information.

The delta curve can be reconstructed crudely from the data 

on date-clustering by means of the following approach. Consider 

that the number of dates per unit of dendfochronological time is N, 

which may be a function of A^, the dendrochronological age of the
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sample. In a time interval dA, there will be N dA, dates. There willd  d

14be the same number of corresponding C dates, which will fall in an

interval of time dA . The two time intervals are related byc J

dA = dA, tan 6 , 4.1c d

where tan 9 is the tangent of the inclination of the curve relating 
14C ages to dendrochronological age, such as displayed in Figure 3.

14The C and dendrochronological ages are related through the defini

tion of the delta function

R - R g
A  = — 2-- —  x 10 , 4.2

Rs
14where Rg is the standard reference activity used in calculating C 

ages, and R^ is the initial activity of the measured activity 

according to the relation

Rq = R exp (A^X) , 4.3

^ 14where R is the measured activity, A  is the C decay constant
-1 14(8260 yr ), and A^ is the dendrochronological age. The C age of

the sample is related to the standard activity and the measured sample

activity by the relation

R = R exp(- X  A ). 4.4s c

Substituting for R from 4.4 into 4.3 and then for Rq in 4.2 gives
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the desired basic relationship between delta, the radiocarbon age,
and the dendrochronological age

R exp (-/\ A ) exp (A A.) - R
A  = -§----------%------   5- x 103 .

Rs

which simplifies to

A =  (exp(-A(Ac - Ad)) - 1) x 103 . 4.5

Equation 4.5 can be simplified considerably if the difference between 
the radiocarbon and dendrochronological ages is not too great. If the 
difference is not much greater than a thousand years, as is the case 

for all samples measured to date, one can make the usual approximation
for the exponential with a small exponent and obtain

A, - A
A -  - & 2 T  ' 4-6

The slope of the curve of Figure 3 is then expressible as

dAc 1
tan9 = ^ ~  = 1 + 8.26 ‘ 4,7

d A c
If the number of dates per interval of age is n, then

dA j m j /\n = - - d r -  - N(1 + 8-26 i i r ) • 4-8c c

From 4.8 it follows that

Z T "  = 8.26 ( 1 U  1 4'9c
The values of n are indicated in Figure 13. The values of N, of
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course9 are not known except for those time periods for which

dendrochronological calibration is available. The dashed curve

in Figure 13 is merely a qualitative sketch which conveys the

general relationship between the measured date distribution (in

C14 time) and the distribution in dendrochronological time which

would have to exist in order for the general form of the measured

delta values to be what is observed for the last 7000 years.

This curve is then extrapolated back to about 139000 years (O^4)

by purely subjective means.

The numerical integration of Equation 4.9 will lead to a

qualitative delta curve whose amplitude is underestimated (because
14of the expression of N in C time) by some amount which is inde

terminate for times before 7000 years ago. Checks for the period 

between 2500 and 5000 dendrochronological years ago indicate the 

amplitude may be underestimated by a factor of four or five.

The numerical integration of Equation 4.9 by 1000-year 

intervals, using the values of n and N from Figure 13, gives the 

delta curve of Figure 14. The values are not adjusted for the 

estimated amplitude error. The initial value for the integration 

was taken as A o at 13,000 years ago (C14 age).

The results in Figure 14 agree in qualitative form with the 
14curve of C variations in Figure 2, but do not agree in amplitude. 

The two most recent zeros of the curve of course agree with the 

experimental data, and there is also agreement with the varve data 

which suggest zeros of the curve around 8600 to 10,500 years ago.
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The agreement with experimental data is only qualitative3 and 

there seems to be no very good reason to assume that the earlier por- , 

tions of the curve, which are based on even smaller densities of dates 

than the more recent portions, can be very accurate» In short, the 

simple calculation and results put forth here must be regarded as 

mainly of academic interest. It is doubtful whether a more sophis

ticated approach, using closer intervals in the curve of distribution 

of dates, and attempting to calculate values of N for the last 7000 

years to obtain a basis for extrapolation, would be any more
14trustworthy. At some time in the future, when, the accumulated C 

dates are sufficiently numerous, a revisitation of the method might 

be more informative.

The above treatment is extremely qualitative, and should not
14yet be construed as firm evidence regarding past C fluctuations.

14Many things other,than variations in C in the atmosphere, or in the 

wood samples from which delta curves are built, could contribute to 

such clustering of dates. For example, the cluster of dates 

around 11,000 years ago may be partially a result of an intensive 

search for dates to establish the time of the Two Creeks glacial 

readvance, and to test the synchrony of that event with certain 

European events.

Summary

The foregoing summary of data of various kinds is intended, 

to indicate the nature of the observed variations in radiocarbon



concentration in the -atmosphere (as;seen in wood samples for times 

earlier than 1950 AoDo) and the recent ocean, and to indicate some 

of the geochemical data pertaining to the exchange of radiocarbon 

between atmosphere and ocean* The problem of causes of variations 

in radiocarbon concentration in any one reservoir cannot be divorced 

from the problems of exchange because of the strong coupling between 

various reservoirs.



THE PRODUCTION OF C14

The first of the classes of a priori causes of C^4 variations

t© be discussed is that'of varying'production -rates. - Variations due 
to bomb testing will not be duscussed here since, as a causative factor, 
nucle ar-we apon testing.is self evident. Only natural variations in 

C^4-"production rates will be discussed.

Because the production reaction constitutes the major 

sink for atmospheric neutrons? and the atmospheric neutrons are 
derived from the action of cosmic rays, it follows that any varia

tion in the rate of influx of cosmic rays will result in a corre

sponding variation in the rate of production of G^4. One may.list, 

a priori, a number of ways in which the cosmic-ray flux may change:

(1) The galactic cosmic-ray flux through the solar system 
may inherently be a variable, due to stellar and interstellar pro

cesses. One can easily surmise that supernovae would be sources of 

great bursts of cosmic rays? or that .interstellar fields would group, 
disperse or deflect streaming cosmic rays to produce appreciable 

variability■■■ in-the flux through any given volume of space.
(2) Processes within the solar.system are. known to -affect 

the flux of cosmic rays arriving at the earth. Forbush (1954) 

showed that the cosmic-ray flux varied with the solar cycle.

(3) Geomagnetic, processes are known to affect the flux of 

cosmic rays entering the atmosphere.
V;

98
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These three aspects of changing production will now be 

examined in more detail• '

Changes in Galactic Cosmic-ray Flux

The first of these three factors is virtually impossible to

assess on the basis of the facts at hand. Xi and Po (1967) have

tabulated available records of observations of novae and supernovae

throughout history. Some of these observations can be correlated

with present-day observations of bodies believed to have been

derived from supernovae, so that approximate distances are known.

In such cases, it is possible to estimate arrival times of particles

ejected by such events, using simple assumptions. Such energetic

particles travel at speeds close to that of light, so the particle

flux will lag the observed light flux by small amounts of time,

provided that the effects of interstellar fields can be ignored.
14The author was unable to find a notable increase in C production 

correlated with any such events. This is not surprising, The dis

ordering effects of interstellar fields and the operation of the 

inverse-square law in determining flux density make it improbable 

that such effects should occur at a level which would be detectable 

in the presence of other effects and experimental "noise".

The Solar Modulation 

Figure 15 shows a comparison of the measured C"^ variations 

in dendrochronologically dated wood samples compared to the curve 

of solar-activity indices or "sunspot numbers" (properly called
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Wolf indices) as reported by Waidmeier (1961)« It is apparent that
14when Wolf indices are highs the C concentration . in. the samples.

14is a decreasing function. When Wolf indices are low, C concentra-:. 

tion increases, This is exactly what is to be expected on the basis 
of the inverse correlation between sunspot activity and cosmic-ray 

flux as reported by Forbush (1954):, Parker (1963) has provided 

some preliminary theoretical basis for the observed relationship 
in terms of the magnetohydrodynamics of the solar wind, -

The Lingenfelter Production Relation

Lingenfelter (1963) utilized direct measurements of atmos

pheric neutron flux during a solar cycle to obtain a simple rela-
14tionship between the solar activity and C . production. At solar 

minimum9 when the mean annual Wolf number was 9,1, the production 

was calculated to be about 2,61 ± 0,50 atoms of C^/cm^-secs, while 

at solar maximum* when the mean annual Wolf number was 187,5* the 

production was calculated to be 2,08 ± 0,40 atoms of C^Vcm^-sec, 

These values are derived from weighted averages over all latitudes 

and altitudes, Lingenfelter assumed that the production was linearly 

related to the sunspot number and derived the relationship

Q = 2,637 - 0,00297 S* 5,1
14where Q is the rate of production of radiocarbon in atoms of C 

-2 “1cm sec 3 and S is the mean annual Wolf number. On this basis* e
Lingenfelter calculated that the average production rate over the
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last 200 years had been about 2.50 ± 0.50 atoms of crn̂   ̂sec **".

A numerical integration of the curves presented by Lingenfelter

indicates that about half of the production takes place above the

tropopause and about half belpw.

In 19705 Lingenfelter and Ramaty (q.v.) indicated that a 7%

.downward revision of the production was indicated by newer neutron

data. This would bring the 200-year mean to 2.33 instead of 2.50 
-2 -1atoms cm sec . Korff et al. (1968) found a recent average pro-

duction around 2.1, while in a paper presented at the 1969 A. G. U. 

meeting in San Francisco, they revised the figure downward to 2,0 

± 0.4. Even this latter figure is above the total estimated decay 

(Table 4), a fact that prompted the present author's search for 

missing in fresh water, humus and caliche, reported in the second

chapter. Damon and Wallick (1970) believe the discrepancy is due to 

underestimation of the ocean-sediment inventory.

Lingenfelter and Flamm (1964) estimated that production by 

solar-flare protons was negligible, but Lingenfelter and Ramaty (1970) 

have concluded that, for very large solar flares, this production may 

be appreciable.

While estimates of the total carbon and the radiocarbon in the 

geochemical reservoirs are not precise, the best known reservoirs 

are the atmosphere and oceans which surely comprise the largest part 

of the C14 system. Those reservoirs which are least precisely esti

mated are all small, and even drastic revisions of these are not
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likely to provide the increase needed to balance the discrepancy 

between the estimates of decay ancT production„

Modelling the Solar-wind Modulation

Stuiver (1961) was perhaps the first person to attempt to

find a relationship between sunspot numbers and the amount of

radiocarbon in the atmosphereo He used some sort of inverse

relationships not specified, between sunspot number and production ..

rate and converted this relationship to an electrical signal which
14was fed into a passive-network analog of the C system that had been

proposed by deVries in 1958. The result was suggestive but a good

match with observed values could not be obtained.

In 1965, Stuiver (q.Vo) attempted a.second time to find a

simple relationship. He = summed sunspot numbers over each solar

cycle independently and compared the resultant histogram with the 
14observed C curve. The qualitative features of the two curves

were very similar. No physical model of either the production or

the earth's geochemical system was employed.

The present author's work on the solar-wind modulation

began, on an intermittent "spare time" basis, in 1964, but it was

not until late 1965 that a sufficient understanding of reservoir -

coupling processes and sufficient experimental data had been

accumulated to warrant a serious effort to attempt a model which
14would be capable of predicting C variations from Wolf indices.
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In addition to the necessity for the acquisition of more

C^-variation data for the time period after 1700 A.D., for which

snnspot data were available, there was the important question of
14the mean residence time of C in the atmosphere. Craig (1957)

had estimated this value at around 7 years, while Suess, in an

early effort, arrived at a figure of 25 to 50 years, and at the

Monaco qonference in the spring of 1967, Bien and Suess (1967)

were still insisting the value could not be less than ten years.

However, Bien and Suess failed to make the distinction between the

mean life of molecules and the mean life for equilibration of a 
14disturbance in C concentration. Kigoshi (1964) studied the 
14uptakq. of bopib C in the ocean and concluded that the mean resi

dence time for a CO^ molecule in the atmosphere before exchange 

with the ocean was from 7 to 15 years. Clearly, there was con

siderable disagreement. There was also considerable confusion

concerning the distinction between the mean life of a disturbance 
14in C , qoncenfration, the mean life of a CO^ molecule, and even the

mean life of a disturbance in atmospheric COg concentration. The

rates of exchange between other reservoirs were equally poorly known.

At first, it seemed that it would be necessary to know the

exchange processes involved before a relationship between sunspots 
14and C variations could be sought, or conversely, that the

14relationship between sunspots and C variations must.be. known 

before thege data eou^d be used to clarify exchange rates. However, 

because the time series of annual sunspot numbers, and the



105
corresponding 50 or so radiocarbon measurements constituted a large 

number of.independent pairs3 and effectively provided -a large 

number of simultaneous equations which could foe solved for more 

than just one variable? it appeared that it should be permissible 

to evaluate exchange rates as-well as the parameters of the 

relationship between solar-flare -activity and atmospheric C ^ 0

During the winter of 1965-663 the present author experi

mented with a number of mathematical models of the earth's 

•system9 using as an input function the radiocarbon production-rate 

values derived from-WaXdmeier*s (1961) sunspot data via Lingen- 
felter?s (1963) relation. The starting point for the models was 

usually the equation set first written by Craig (1957), but 

because there were - a great many unknowns in these equations 

(more than could possibly be evaluated from the data at hand)s 

various:simplifications were.necessary. The problem was to mini

mize the number of unknowns' and still retain some reasonable 

description of the physical system being modelled.

Preliminary Considerations

By early spring of 19663 ..sufficient insight had been gained 

so that approximations could foe made which afforded considerable 

:simplification, over the detailed equations of Craig, and which still 

provide -an adequate-description of the atmosphere8s behavior under 

the conditions of the problem.
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It was. early realized that a model attempting to describe
14the exchanges between all the various C reservoirs, such as the 

mixed layer of the ocean, the deep ocean, and the biosphere, was 

both physically extravagant and mathematically worthless. The-deep 

ocean responds on too long a time scale to vary greatly during the 

250 years over which sunspot data were available. Furthermore, 

even on a long time scale, the ratio of the -amplitude of varia
tions in the deep reservoir to that in the - atmosphere is very smal lr 
and the back exchanges would have a.small •effect on the -atmosphere. 

Only the short-term reservoirs communicating directly with the 
atmosphere need be considered, namely the biosphere and the 

mixed ocean.

There was initially a question as to whether it was neces
sary to consider the stratosphere and troposphere-separately on 
the time scale of solar-cycle variations, but concurrent work on 

the stratosphere-troposphere exchange, described in a later chapter^ 
indicated that, for the solar-wind study, the atmosphere could be 
treated as we11-mixed without serious error.

Oxidation of Carbon Monoxide 5

Another question, early in the analysis, was that of the 
time' that the .newly formed spent in the form of C^O before be

ing oxidized to C^02. MacKay, Pandow and Wolfgang (1963) found in 

laboratory experiments that newly produced is almost all oxidized ' 

to CO, with very little going to CO^ in the early reactions. If most 

of the newly produced C ^  remained in the form of C^O for very long, .
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the carbon monoxide of the atmosphere would.be very radioactive»

.According to Lingenfelter9 the annual production of is about
7 — 2 -18,0 x 10. atoms cm^ yr , According to Bates and Witherspoon

(1952), the annual production of CO from fuel consumption was
7 - 2 - 1  14about 8 x 10 molecules em^ yr , The concentration of C

=  10in total CO would be about 10 3 which is about 100 times greater

than the ratio of C ^  to total carbon in C0^, ' Thus the specific
activity of CO should be about 100 times that of CO^. Hagemann

14et al. (1965)3 report several measurements of C ' in CO from the 

atmosphere in which no C ^  is'detectable9 indicating that most of 

the CO must have come from fuel combustion, MacKay et al, (1963) 

measured three CO samples and found the activities averaged about 

75% of the normal value for C0^» Clearly, the various data do not 

agree. The CO reported by Hagemann was from high altitudes, while 

that reported by MacKay was from near the ground. The present 

author-spent quite an amount of time collocating data pertaining 

to the oxidation of CO. A summary of the findings is contained 

in Appendix B.

The Role of; the Biosphere

The problem of mathematically modelling the effect of the 

biosphere caused.some conceptual difficulty because of the peculiar 

way in which the biosphere interacts with the atmosphere.

The biosphere assimilates at a rate which is proportional 

to the atmospheric CO^ concentration as well as to its own mass9 

giving rise to a higher order interaction term. Much of the carbon



108
is returned frpm the biosphere to the atmosphere via the humus layer. 
Here a difficult modelling problem arises because, while the bio
sphere assimilates carbon serially, the decay process generally 
affects many years' growth simultaneously,/so that the carbon is 
not returned to the atmosphere serially.

In the chapter on reservoirs, it was brought out that the rate
of carbon assimilation by • the biosphere is believed to be about 3 

-2 -1to 4 mg C cm yr , while the atmospheric carbon content is.
,2 ' about 131 mg C pm „ Thus, on a short-term basis, the relativee . . .  ■

amount of carbon exchanged with the biosphere annually may be -small 

enough to introduce only-small errors through simplification of its 
very hard-to-model behavior.

.As concepts of reservoir size and exchange processes evolved, 

so did a workable predictive model of the solar-modulation effect.
The direction of the: evolution was from very complex models -similar 
to those of Craig (1957) to the. very simple one reported here.

The Model
The-model which finally proved both tractable and predictive

can be described in terms of the following assumptions: (1) The pro- 
14duction of C is related to-sunspot numbers by the LingenfeIter 

equation. (2) For the time scale under consideration, the earth's 
reservoir system can be - adequately modelled by a "two-box" system.

The two reservoirs are a well-mixed atmosphere-and a well-mixed 

reservoir with which the atmosphere-exchanges. The-latter is made 
up mainly of the mixed layer of the ocean, but also includes the
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biosphere. (3) The reservoir with which the atmosphere exchanges,

14
referred to here as the exchange reservoir, will vary in its C

concentration almost simultaneously with the atmosphere, but with
a lower amplitude of variation. This last assumption depends
critically upon the rate of exchange between the atmosphere and
ocean, and is stated here-somewhat ex post facto. It was only

after trials of more complicated models had indicated that the
exchange reservoir followed the atmosphere that this assumption

could be made, and the final model obtained-
As stated above, the exchange reservoir is mainly the

mixed layer of the ocean. In this light, the third assumption
above can be related to the physical model in the following way:
.Assume that the deep reservoir varies almost not at all in response
to the solar'-cycle modulation. . The mixed layer will have an

activity, which is about midway between the constant value of the
deep ocean and the varying atmosphere, since the earboxi mass of
the mixed layer is comparable to that of the atmosphere.

On the basis of the above assumptions, it is possible to
write a very, simple equation describing the behavior of the atmos-

14phere in response to the solar-wind modulation of the C production.
Let the amount of radiocarbon in the atmosphere be given by R

disintegrations per minute per square centimeter of the earth's
surface. The decay constant for is per year. The rate of
production of radiocarbon (described essentially by Lingenfelter's

-2 -1equation) is- Q dpm cm yr , and is of course a function of thee
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mean Wolf number for the year in question. Each year the atmosphere is 
assumed to exchange k grams of carbon (all isotopes) per square centi
meter with the exchange reservoir. This value will be assumed to be a 
constant and is called the mass-exchange constant. It is not to be 
confused with the type of rate constant employed by Craig (1957) and 

others (see Appendix C for a discussion of the relationship between 

the Craig equations and those derived below). It has the dimensions 
of grams of carbon per square centimeter of earth's surface per year.
The carbon which is transmitted from the atmosphere to the exchange

-1reservoir is assumed to have a specific activity of A dpm g , while
that transmitted from the exchange reservoir to the atmosphere has a

-1specific activity of Aq dpm g . Then

37 =  Q  - 'AR - k(A - A ) . 5.2at o

First it must be pointed out for emphasis that the A's used 
here are the specific activities of the exchanged carbon and not of 
the carbon in the two reservoirs. Appendix C shows in some detail 
that the amount of chemical fractionation which causes the specific 
activity of the exchanged carbon to be different from the specific 
activity of the reservoir carbon is small, and that no significant 
error results from using the reservoir activities for the A's in 

Equation 5.2 in place of the activities of the exchanged material, 

but this was not an assumption that could be made a priori, and a 
careful evaluation of the values involved was essential.
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The average amount of radiocarbon produced each year is about
one percent of the amount in the atmosphere, based on Lingenfelter1s 
results. Thus the decay term in Equation 5.2 can be dropped without 
appreciable error, since it is almost two orders of magnitude smaller 
than the production. The exchange term must provide for the annual 
transfer of an amount of carbon nearly equal to the annual production.

that of the atmosphere, and for the small variations in activity 
(about two percent) that result from the solar modulation, the 
difference between the two activities will remain very nearly 0.05 
times the atmospheric activity at all times. Thus the exchange term 
is closely approximated by 0.05 k A. With this substitution, and 
neglecting the decay term. Equation 5.2 becomes

where M is the number of grams of carbon per square centimeter in the 

earth's atmosphere.

The activity of the exchange reservoir is about 0.95 times

—  = Q - 0.05 k A, st

or .

5.3

The term involving the mass-exchange constant k can be simpli

fied by defining a new constant

5.4
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Substituting from Equation 5.4 into 5.3 produces a very simple 
working .relationship

77 =  Q  - K R  . 5.5at

The Parameters
Because Q is thought to be about 0.01 R in magnitude, it

follows that in the steady-state case K must be about 0.01 per
year, and hence that k must be about one fifth of M per year. Thus

14the mean life of a disturbance in the C content of the atmosphere

would have a value of about 100 years, while the mean life of a CO^
molecule before exchange is of the order of five years. One must
always make a clear distinction between the two mean lives, of course.

As discussed previously, there was considerable disagreement
14between estimates of residence times of C in the atmosphere by

several authors. The constant K in Equation 5.5 contains this
residence time implicitly by the assumption of negligible radioactive
decay in the atmosphere and of an exchange-reservoir activity of about

0.95 times the atmospheric activity. For this reason, the constant
K was taken to be a variable in this study to see if an accurate mean

14life for a change in C concentration could be determined. It was
14felt fhat the sunspot time series and the C time series contained 

sufficient detail to provide a fairly sensitive test of the value of 
K, and hence, of course, of k.
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The Calculations

Equation 5.5 was put into difference form for Eulerian 
evaluation:

or

R. = Q.At + (1 - K At) R. -j .J J J-l

The value of A  t was taken to be one year, and the values of
were calculated from the Lingenfelter equation (5.1) with Waldmeier1s
(1961) values of the mean annual Wolf number substituted for S.
The coefficients shown in Equation 5.1 were multiplied by 32.56 x 10^

-1 14 -2 -1sec yr to convert the production to atoms of C cm^ yr , and the
-2 -1annual production was then further changed to units of dpm cm^ yr 

(Appendix A lists the appropriate conversion factor). With 4it = 1, 
and the other numerical factors inserted, the working equation became

R. = (1 - K) R . + 10"5(1920 - 2.16 S.) . 5.6J J-l " J

Since the sunspot data of Waldmeier listed values for the mean
<N

annual values of back to 1700 A.D., the index j was taken to be 1 
for the year 1700 A.D. The value of (1-- K) was taken to be a vari

able, near to 0.99 in value. The starting value of for the itera

tion was only approximately known from experimental data, so this, 
too, was taken as a variable. The value was thought to be near 207oO 
above the reference standard activity, but this was not too certain.
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because of the lack of adequate data near 1700 A.D. Still 
another problem, that of the possible overestimate of average pro
duction by the Lingenfelter relation, was circumvented by calculating 
the permil deviations first with respect to values generated from the 
Lingenfelter relation during the analysis, and then normalizing these 
to one of the empirical values. In this way, the deviations during 
the 1700 A„D,-to-1900 A.D. period should be relatively correct, even 
though the absolute production values might be awry.

A program was written which instructed the university's com
puter to generate a time series of R values for a range of values of 

and (1 - K). The portions of each of these series for the years
1700 A.D. to 1900 A.D. were compared to the same portion of the

14time series of experimentally determined C values. The portions 

after 1900 A,D. were not used in the comparison because it was felt 
that the Suess Effect would invalidate the comparison.

For each time series calculated, a simple product-moment 
correlation coefficient was computed and printed out. When both 
R^ and (1 - K) had been varied through the programmed range, the 
computer compared each generated series with the experimentally 

observed series, inserting a number of different phase lags and calcu
lating several correlations for each series. For each value of R^» 
a matrix of correlation coefficients was printed for varying values
of (1 - R) and phase lag. The variable phase lag was introduced

14mainly because of the question of the residence time of C in the' 
form of CO.



The Results

After a series of computer runs, it was possible to select the 

parameters which provided the best correlation with the empirical • . 

data. The best correlation occurred for a zero phase lag, a value 

of of about 16%0, and a K value between 0,007 and 0.12. The 

calculation was not as-sensitive to -K as had been hoped, but the 

range was sufficiently narrow to limit the residence time of a 

molecule in the atmosphere to the range 4.2 to 7.2 years, if one 

.takes the activity of the•sink to be 0.95 times that of the atmos

phere. If the sink activity is different from this, the residence

time will be changed in inverse proportion, as can be seen from
14Equation 5,4, The mean life of a .• disturbance in C concentration 

is in the range 80 to 140 years, and probably near 100 years.

Figure 16 compares the results, calculated with optimum 

parameters, with the experimental values. As before the experimental 

values are smoothed somewhat, but the calculated values are not. This 

unequal treatment degrades the correlation somewhat, but has a certain 

justification. The smoothing of the experimental data seemed to be 

required by the unequal density of experimental data in various time 

intervals, and by minor, but not always insignificant, discrepancies 

between the values from different laboratories. The values calculated 

frpm the sunspot data, on the other hand, are precise enough to 

warrant retaining the details for future comparisons, when the experi

mental data are adequate to provide a test of those details. Indeed, 

the author feels that many of these low-amplitude variations can be
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seen in the present C data. Other portions of the experimental data 

do not show clear agreement, and it is felt that a conservative stance 

is to be preferred until the data are adequate for a more detailed 

comparison.

Epilogue
Before proceeding to other results to be derived from the r. 

above-?described calculation, it is perhaps worthwhile to recapitulate 

what was, and was not, accomplished in the attempt to model the influ

ence of the solar-eycle modulation of radiocarbon production.

The conviction that the solar^modulation effect should be 
14visible in the C data is certainly not unique to this author.

There had been a prior attempt to find such a correlation (Stuiver,

.1961). The attempt was a logical one in the light of the finding

of Forbush (1954) that cosmic-ray intensity varied during the solar

cycle. The.only question was whether the integration and exchange

processes in the earth's reservoir system were such as to permit the

effect to be detected. Certainly the work of deVries (1958) indica-
14ted that variations in atmospheric C concentration were observable, 

but it remained to be shown that modulation by the solar wind was 

responsible.

Stuiver!s 1961 attempt to relate sunspots and variations 

failed for two reasons. First, the Lingenfelter relation had yet to 

be published. Stuiver did not state what relationship he used to re

late sunspot numbers to production, except that it was an inverse 

relationship. Second, Stuiver used an electrical analog of the entire
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14C — reservoir system, to perform the integration and exchange opera

tions o While conceptually sound, the approach required detailed 

knowledge of the exchange processes in order to adjust the electri

cal parameters of the system. These processes were not then, and in 

general are not now, well enough known for this kind of work. The 

present author spent an inordinate amount of time, perhaps because 

of a subjective fondness for electrical systems, considering the 

possibilities of such a system, but finally decided that lack of 

adequate input data made the approach impractical. However, when 

better data are available, such an analog would be most useful.

With the publication of Lingenfelter1s study in 1963, one 

Of the hurdles which Stuiver had faced was greatly diminished. 

Lingenfelter's equation, while not necessarily the final word on

the subject, represents a completely independent attack on the
14question of the sunspot-G relationship. It does not utilize the 

14measurements of C variations in any way, but goes directly to the 

atmospheric-neutron data. Thus, within its limits of error, it 

provides a much-needed estimate of the desired relationship.

.It is curious that in a second attempt at determining the 

relationship between sunspots and C^, Stuiver (1965) did not use 

the Lingenfelter relationship. Stuiver's second work, which was 

largely contemporaneous with that of the present author, did not 

utilize any stipulated model of the reservoir system. Surprisingly, 

the second attempt showed much more clearly than the first that a 

relationship did exist, and indicatedstrongly that the: variations
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observed;: b.yvodeVries ■ were almost eertalal-y*: idtte.’ to the solar-wind 

modulation of the C’*"̂ production, and not» as deVries had intimated,

: due to climatic effects.

Whether consciously or not, Stuiver1s second work did contain

important elements of a model of the earth's reservoir system.

.Stuiver had summed the sunspots, over a solar cycle, plotted a histo-*

gram of these for several cycles, and compared the histogram, inver-
14ted, with the record of G variations. The visual correlation was 

quite good. The summation of the sunspots was, of course, a crude 

representation of the all-important integrative effects of the earth's 

reservoir system. Ingeniously, or perhaps ingenuously, Stuiver did 

not carry over the summation from one solar cycle to the next. Each 

cycle was summed independently. This had the effect of simulating 

the "decay" effects produced by exchange between the atmosphere and 

i,ts "sink" reservoirs. Because a solar cycle is of the order of 11 

years, the mean life which Stuiver thus introduced was of the order 

of 5 years, almost exactly the right value! Since Stuiver made no 

mention of the "modelling" aspects of his work, one can only wonder 

to what extent those aspects were conscious attempts at simulation 

of the actual processes.

The contribution of the work presented here is the development 

of a model which is physically adequate to represent the behavior of 

of the reservoir system for the time scale under,consideration, and 

which is mathematically tractable. The very simple, almost trivial, 

differential equation which represents the model probably represents



' 120

about the greatest simplification which can be achieved compatible 

with a functional description of the System. The ultimate simplicity 

belies completely the laborious process by which the model was evolved 

out of the much more complicated and completely intractable descrip*.:.: 

tfons used by Craig (1957) and others. The process of evolution was 

a prime example of not being able to see fhe forest for the trees.

Once out of the woods> it possible to»see that the route followed 

was inordinately tortuous. Only a simple ex-post-fact approach is 

presented.here.

Despite its simplicity, the difference equation (5.6) which 

represents the working model seems to produce an excellent predic-
14tion of the observed C -variation date. It also makes quite clear

14the distinction between the mean life of a C disturbance and the 

mean life of a GOg molecule in the atmosphere. These two quantifies 

were often confused and interchanged in other writings. The two are 

different because of the way the exchange reservoir follows the 

atmospheric reservoir, a fact which could not be appreciated in terms 

of more complicated models. Further, the present model allows these 

.characteristic times to be evaluated with better precision than ever 

before.

The guess Effect
14Because the foregoing model is highly predictive .of C varia

tions (about 70% of the variance is explained by the model), it is 

possible to evaluate the effect of fossil-fuel consumption .(Suess 

Effect) with much better precision than ever before. The magnitude
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of the Suess Effect .is taken to be the difference between the curve

calculated from the sunspot data and that which-is actually observed

(Leman, Mook and Vogel, 1970) (Figure 16), prior, of course, to the
14introduction of large amounts of C by bomb testing.

Figure 17 shows the value of the Suess Effect derived from

the discrepancy between the curves of Figure 16. Compared with it is

a curve showing the cumulative production of CC^ by fossil-fuel

consumption as estimated by Revelle and Suess (1957). There is a

suggestion that the Suess Effect may be levelling off around 1940
14A.D. This may be due to the omission of C production by solar- 

flare protons (Lingenfelter and Ramaty, 1970) during the latest 

three very strong solar maxima. After 1945, the Suess.Effect is 

offset by the advent of nuclear weapons. It appears, however, that 

the Suess Effect has not exceeded 15 to 20 %o ? whereas many people 

have tended to evaluate it higher, because they attributed the entire
X̂i*downward trend of the observed C curve after 1900 A.D. to the Suess 

Effect, whereas Figure 16 points out that the abnormally high sunspot 

numbers after about 1930 would have caused a depression of 5 or 6 %o9 

in the absence of the Suess- Effect.

Calculation by Houtermans, Munk>and Suess

The results of the calculation given above were presented at 

the Sixth Annual Western National Meeting of the American Geophysical 

Union in Los Angeles in September 1966. The following year, Houter

mans, Munk-and Suess (1967) presented a paper at the Monaco confer

ence in which they attempted to use sunspot data to obtain a value
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Figure 17. Suess Effect.

A comparison of the Suess Effect, evaluated from the solar 
wind model, with the fossil-fuel consumption.
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for the Suess Effect. Their approach was to differentiate the 

observed C^-vgriation curve and compare the results with the sun- 

spotrdats curve, using a power-spectrum approach to relate'.the- two 

•series of data. The result was unsuccessful, largely because of 

two factors: First, ..the measured variations are : small quanti

ties, near the limits of precision of measurement, and differencing 

these data to obtain numerical derivatives leads to inaccurate

results; and second, as shown by the writer's present model, the

sunspots are related not to the derivative of the data but to

a linear combination of the derivative and the series itself

(Equation 5 . 5 ) In othet words, the full differential equation 

must be used. It .is not clear why Houtermans et al. chose this 

line of approach, unless it was an attempt to avoid a commitment 

to the Lingenfelter relation, or t o  try to check the relationship 

by working from the 0^-variation data.

.The lingenfelter Equation

The question of the adequacy of the Lingenfelter equation

must be given some attention. Aside from the problem of possible

disequilibrium, which will be discussed after the geomagnetic analym:.

sis, there is the question of how well the Lingenfelter equation
14relates sunspot numbers to C production over a solar cycle. 

Lingenfelter used experimentally determined data for two times, 

solar maximum and solar minimum, and assumed a linear variation 

between those two extremes. Since one is seeking essentially an
14empirical relationship between sunspots and C production, one can
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Igave qelde the quastt<?n of whether sunspot (Wolf) numbers are 

really very good measures of the soiLar wind, or those attributes 

of the splav wind which relate tp cosraic-ray variations. More to 

the point, if one examines the -data from the Mt. Washington neutron 

monitor (Balashbrahmanyani JBoldt :and .Paltneira :'.1967) it. appears there 

is a ^nite non-linear relationship between the neutron flux at the 

top of Mt? Washington and the sunspot activity.

Figure 18 shows how the neutron monitor rate at Mr. Washing

ton varied during the last complete solar cycle as a function of 

Wolf index. The "hysteresis loop" "arises because, for high. Wolf In

dex, the neutron count: falls more rapidly with increasing suhspot ) 

number than itxfises with decreasing sunspot number. Qualitatively, 

the phenomenon is hot unlike the short-term "Forbush decrease" 

associated with individual solar flares. The different time scales 

involved may reflect the fact that one is dealing with the deforma

tion of the heliosphere in the solar-cycle case, whereas one may be 

dealing meinly with the earth's magnetosphere in the case of the 

individual solar flares, since the time spent at low rates during 

dec^Cesi’ng•Wplf -index is longer than that spent at high count rates, 

if would appear thht Ungenfelter's linear estimate may be overly 

large.. .however, a time averaged value of the neutron flux at Mt.. 

Washington oVer a solar cycle, based on the actual measurements, 

does not differ appreciably from that obtained by using a linear 

interpolation between the values at solar maximum and solar minimum 

as. employed by Mngenfelter. Apparently the Lingenfelter relation
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Variations in neutron counts during the 1954 - 1964 solar cycle.
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suffices where instantaneous values between solar extrema need not be 

precise. The total variation1 in neutron count rates over a solar 

cycle is about 25%, so the.non-linearity may not be important for 

most purposes. The-question of the excess of the 200-year average 

production, calculated by Lingenfelter, over the observed total decay 

rate, remains to be explained, however.

Variations Prior to 1700 A.D,

Schove (1955)5 based on auroral records, tabulated estimated

times and values of solar maxima as far back as 500 B.C. His post-

1200 A.D. data were used to calculate the dashed curve of Figure 19 to
14compare with the observed C values (solid curve). The agreement is 

generally good, although there is a puzzling lag of the calculated 

curve. The solar.indices for times other than maximum were estimated 

by linear interpolation between maximum and minimum, a procedure which 

results in some slight differences after 1700 A.D. between Figures 16 

and 17. The agreement is good enough to suggest that if the simple 

model and the linear production equation are nearly correct, then 

Schove has succeeded very well in reconstructing the times and

approximate values of sunspot maxima.
.

The Geomagnetic Effect

As pointed out in the introduction, any variation of the

earth’s geomagnetic-field intensity will result in a variation of
14cosmic-ray flux in the atmosphere, and of C production. Elsasser 

et al. (1956) utilized the paleomagnetic measurements of the Thelliers
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A comparison of the C ^  variations calculated from the sunspot model, using 
Schove's data, with the values actually observed.
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to represent the behavior of the earth's magnetic field during A.D.
14times in an attempt to calculate the effect on C dates. They 

treated the earth system as a single reservoir, and for want of 

earlier data, treated the earth's magnetic field as a constant up 
to 0 A.D., after which the field was assumed to decrease exponentially 

to 35% of its 0 A.D. value in 1933 years.
14To describe the dependence of the C -production rate, P, 

on the geomagnetic field strength, M, Elsasser et al. used the 
relation

C is a constant. The form of the dependence is probably usable for
values of M near the present value, but becomes increasingly bad as
M becomes small. Obviously, the formulation would not serve for
treating the case of a magnetic reversal.

In 1962, Wada and Yamaguchi published a more detailed study 
14of the relation between C production rate and geomagnetism. Unfor

tunately, the article was published in a rather obscure Japanese 
journal, Uchusen-kankyu, and received little attention in America for 
several years. This study took into account the finite distribution 
of low-rigidity cosmic-ray particles near the earth and thereby 

avoided the catastrophic values for low magnetic fields which the 

formula of Elsasser et al. produces.
When the present author began work on the geomagnetic 

problem in 1965, the formulation of Elsasser, Ney and Winckler
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was ued for lack of a better one3 but the existence of magnetic rever

sals was well knownp and when the work of Wada and Yamaguchi became 

known through the paper of Kigoshi and Hasegawa (1966), the calcula

tions were shifted to the new relation.

Much later9 beginning in 1968, the present author began
14modelling the effects of a geomagnetic reversal on the C content of

the atmosphere (Grey, 1971). That work will not be reproduced here,

except for a comment on the results at the end of this section. It

. is still not known if a geomagnetic reversal has occurred within the 
14range of the C method, but there are suggestions that one, or .even

two, may have occurred within the last 30,000 to 40,000 years. If
14so, considerable excesses of C in the atmosphere would have been 

generated, causing large dating.errors for certain time periods.

Initially, the magnetic data of Bucha (1965) were used in 

the calculations, but the revised data of Bucha and Neustupny (1967) 

were later used because it extended the time range and slightly re

vised some of the earlier data. Bucha (1970) has still later data.

The Longrtem Model

The archaeomagnetic data indicate rather long-term variations,

with characteristic times of a few thousand years. The long-term 
14variations in C concentration in the atmosphere, from a peak at 

around 5500 years ago to a minimum at around 1500 years ago, appear 

to have similar characteristic times if one ignores the short-term 

variations which are probably related to the solar-wind modulation.
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The long-term rate of change of atmospheric values is of the order 

of 0.003 % per year. The radioactive decay is 0.0121 % per year.

In light of the slow rates of change involved, an examination 

of equation 5.2 reveals that both the radioactive decay term and the 

derivative term can be neglected as being two orders of magnitude 

■smaller than the production and exchange terms. Thus, while the 

short-term model for the solar-wind effect necessitated the use of 

the derivative term, the long-term model does not.

For the long-term model, then. Equation 5.2 reduces to the

form

A - A = Q/k » 5.8o

where Aq is the specific activity of the mixed ocean in ̂ dpm g \

A..is the specific activity of the atmosphere, and k is the mass- 

exchange constant which specifies the mass of carbon exchanged 

each year, per square centimeter, between the atmosphere and the 

mixed ocean. The equation contains the assumption that all of 

the production is transferred to the mixed layer (no decay in the 

atmosphere) and says,:lin essence, that the exchange time here is so 

short that a steady-state situation exists between these two 

reservoirs.

Nothing has been said about the biosphere in the treatment 

thus far. Perhaps 10 to 20 percent of the atmospheric radiocarbon 

which is exchanged each year goes to the biosphere, with the bulk 

being exchanged with the ocean. After a time, thought to be of the
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order of 50 years> the biosphere carbon is returned to the atmos

phere or to the mixed layer of the ocean (via the surface and ground 

waters). For the long-term model this appendicular cycle is 

unimportant.

The final reservoir which must be considered is the deep 

peean. Here is the bulk of the earth's radiocarbon. The radio

active decay here must be of-the same order of magnitude as the 

production term if the earth system is anywhere near a balance 

between production and decay. The exchange processes are relatively 

small). and hence all the terms, including the derivative term, must 

be retained. Thus

dA,
— % = q/M _ X A ,  . .5.9dt a

Here, A^ is the specific activity of the deep ocean, %  is the radio

active decay constant for and M is the mass of carbon in the
- 2deep reservoir, in g cm . The decay in both the atmosphere and

mixed layer have been neglected ip Equation 5.9 so that the total 
14C production is transferred to the deep ocean. This probably

involves an error of 2% in the production term.

In the chapter on reservoirs, it was estimated that the ocean
-2represented a total activity of about 1.5 dps cm . The sedimentar

-6 -2 ~1 tion rate was estimated to be about 6 x 10 dps crn̂  yr . This

yaAu^^s^ma 1 ler:.̂ haŴ Damon" and Wallick1 s (1970) value, as discussed

in Chapter and amounts td- abput 5.% :of the decay rate. It was felt...

worthwhile to increase the decay constant to include the sedimentation



132

and to decrease the production term by 2% to account for decay in 
the other two reservoirs.

The Geomagnetic-model Equations
The three equations written for the long-term model are

and

A = Aq + Q/k 5.10

A = A + Q/k . , 5.11o d md

dA
— ^ = 0.98 Q/M - 1.04A  A, . 5.12dt Q

The first two of these can be combined to express the atmospheric 
activity in terms of the activity of the deep ocean and the production 

rate:

A = Ad + Q( k 1 + k ^ " 1) .

The Parameters
The question of the values of the constants to be used in 

the equations is a rather complicated one. The value of the mass- 
exchange constant, k, for the atmosphere-mixed layer exchange, is 
fairly well known from the analysis of the solar-wind modulation.
The evaluation of the other mass-exchange constant and the terms 
in the deep-ocean equation depend upon quantities which are not 
too well known, and in particular, upon the mean production rate.



133

In pre-bomb, pre-industrial times, the activity of the mixed
layer of the ocean is believed to have been about 0.95 ± 0.01 times
that of the reference standard (Broecker, 1963b). The activity of the
deep ocean is less well known, but, as pointed out in the chapter
on reservoirs, is probably about 0.85 ± 0.05 times the activity of
the reference standard (0.95 N.B.S. oxalic acid). The absolute

-1specific activity of the reference standard is about 14 dpm g ,
-1so the activity of the mixed ocean becomes 13.3 ± 0.14 dpm g , and

-1that of the deep ocean becomes 11.9 ±0.7 dpm g . The specific
activity of the atmosphere is about 3.8% greater than the reference

-1standard, and so amounts to about 14.5 dpm g

tions for consistency, it is essential to look at the analytical 
solution to Equation 5.12. Until the degree of possible disequi
librium is established, it is not possible to test the equation to 

see if it can be consistent with the data.

The Analytical Solution
14Since the data of C -production variations calculated from 

the paleomagnetic data and the Wada-Yamaguchi relationship produces 

values of the ratio of Q to the present reference value, Qq, it is 

best to rewrite the equations 5.10 through 5.12 in the form

Before attempting to evaluate constants and test the equa-

5.13

Ao = Ad +(V kmd)(Q/V 5.14
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and, for the deep-ocean reservoir,

dA
■7“  + 1.04 A  A =(0.98 Q /M)(Q/Q ) . 5.15at a 0 0

The production relationship has the general form 

Q/Qq = a + b sin <*) t

To a rough approximation, the long-term values of Q/Qq , as displayed

in Figure 20, can be approximated with a = 1 and b = 0.2, with GO

equal to about 2 7T /8000 (Bucha, 1970).

The analytical solution to equation 5.12 becomes

0.98 a Q 0.98 b Q
- » «»(->.» ■/!.> * ,.04-A H° +

sin^2frt/T - 0) . 5.16

B is a constant determined by the initial conditions at t = tQ , 

T is the period of the oscillation of the magnetic field, T^ is 

the mean life of (1 /7\) , and 0 is a phase shift such that

Tan 0 = 2*771.04 T A  = 2 ^ ?  /1.04 T . 5.17m

T is 8270 years, so for values of T around 8000 years,m
equation 5.17 shows that there will be a phase shift of very nearly 

90°. The steady-state value of A^ is given by

A, = 0.98 a Q /I.04 A  M , 5.18d o
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The C^-product ion curve, Q/Q0> obtained by the Wada and Yamaguchi relation 
from the paleomagnetic data of Bucha (1970). 135
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and the amplitude of the oscillatory term is

0.98 b Q
--------    . 5.19

m (47T2/t 2 + 1.087\2)1/2

The ratio of the amplitude of the oscillatory term to the 
steady-state value is

1.04 b X  ______
a < 47T2/T2 + 1.08A 2)1/2

4For values of T less than about 3 x 10 years, the first term in 
the radical predominates, so that this ratio can be written, to a 
good approximation, as

T . 5.2027Ta Tm

For the values of the constants which are appropriate to 
the present case, the amplitude of the oscillation is about 3% of 

the steady-state value. Knowing this, it is possible to proceed to 
discuss the values of the constants in the equations.

Equilibrium Reconsidered
It is now possible to see whether the Lingenfelter production

estimate can be reconciled with the measured values of reservoir

activities, and to discuss more meaningfully the geomagnetic modu- 
14lation of the C production.



From Equation - 5,17, with T given its value of 8270 years,, andP
T given the value of 8000 years, based on the data of Bucha (1970), it 

can be seen that the phase shift" between the production-rate oscilla

tion and the deep-ocean reservoir activity is nearly 90°, or about 

1800 years. Since the present time is about 2000 years from a pro

duction minimum, using the production curve of Figure 20, it follows 

that the deep ocean must be near a minimum of specific activity. As 

pointed out above, Equation 5.20 indicates that the deep-ocean activ

ity^ varies with an amplitude of about 3%. Thus the present deep-

Ocean activity is about 3% low, and the long-term mean should be near
-1 -112.3 dpm g , based on a present activity of 11.9 dpm g .

Inserting the above value of the deep-ocean activity into
-2Equation 5.18 and using a = 1 and M = 7.53 g cm , gives a long-

_2 -1terp mean value of of about 0.0119 dpm cm^ yr ? which is about 

65%cOf the Lingenfelter value and 81%. of the Kofff: et al. ; (1968) value, 

and is outside the range of error stated by Lingenfelter. Certainly 

the Lingenfelter value is incompatible with the present model, based 

on experimentally determined activities, and is.also incompatible with, 

the total estimated decay in the earth's reservoir system (see, 

however, Damon and Wallick, 1970). While the value of the deep-ocean 

carbon.mass used in, Equation 5»18 (7.53 g cm^ )̂ might be in error to 

the exfent of a few percent, and the deep-ocean activity underestimated 

by perhaps 5%, these errors are not enough to ...balance the budget .

: - It was decided that the model equations would be treated ana

lytically, .so the production curve of Fig. 120 was fitted by equations
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of the form Q/Q = a + b«stxi(S)t, and was found to be very closely o
approximated by the following values.

From t = -8500 to t = -*5500 ,

Q/Q = 0.90 + 0.35 sin (2#(t - 8500)/10,600). 5,21a

From t = -5000 to t = - 2200,

Q / Q o  = 1.00 + 0.22 : sin (2#(t - 7100)77200 ) . 5.21b

From t = -2200 to t = 0,

Q/Qq = 1.00 4- 0.22 sin (2lTt/8800), 5.21c

The fit to the smoothed Q curve is more than adequate to the precision 

of the data involved.

From the empirical Equations 5.21, it can be seen that the 

unsymmetrical nature of the production curve introduces values of the 

constant "a" which are not equal to unity but are generally within 

16% of unity. The effect.of such a variation on the relative amount 

of disequilibrium that might exist, as calculated from Equation 5.18, 

is entirely insufficient to account for the discrepancy between the 

production calculated by Lingenfelter and the observed decay.

Suffice it to say that it might be possible to reconcile the 

:%offf etlal.7 (1969) pfoduction (the very lower limit of Lingenfelter’s 

value) with . the data,. . That is the number .which 1 was used in the 

present study, to avoid extraneous transients being introduced into .. 

the model equations through the use of incompatible values. The 

extant knowledge of the behavior of the atmospheric reservoir over the
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past 7000.years or so.seems to rule out any possibility that any large 

transients exist, although transients whose amplitude is a small frac

tion of the observed long-term variations are still possible.

The Input Data

The Equations 5.21 were used to represent the production

relation for insertion into the model equations. The value of Qq
-2 -1was taken to be 0.0145 dpm em^ yr , which is the lowest value

permitted by LingenfeIter's stated limit of error. The amount of

adjustment needed fn the reservoir mass, or other parameters, to

bring the production and the decay data into agreement was then

calculated by iterating the solutions to the model equations until

a repeated-sequence of values was obtained for each cycle. That is,

it was assumed that the production cycle shown in Figure 20 was one

cycle of a steady-state oscillation, and the oscillations were.allowed

to continue in the model calculation until the model activities

repeated, indicating that transients had died. out.

The resultant figure for the long-term mean activity of the
-1deep-ocean reservoir was 13.33 dpm g , indicating that an adjust

ment of about ten percent in the constants of the equations was in 

order. This seems to be within the limits of error of the various 

quantities involved, so it was deemed.possible to reconcile Lingen- 

feIter's production with the reservoir system by using the very lowest 

value of the production allowed by Lingenfelter's estimate of error and 

by pushing the mass of the deep ocean and the■sedimentation rates 

toward their limits of estimated error.
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With the necessary parameters evaluated3 it became possible to
14assess the effects of a geomagnetic modulation of the C production. 

The Results

The initial conditions required at the beginning of the model 

calculation, 8000 years ago, to bring the present values into agreement 

with observations were determined by trial. The solutions for the deep 

ocean, mixed .layer, and atmosphere are shown graphically in Figure 21. 

It will be noted that the general.form and magnitude of the
14C variations predicted for the atmosphere are approximately right to

account for the observed variations. There is a discrepancy of about 
142% near the C maximum, however, which is difficult to explain. It 

may be that this descrepancy is due to a climatic effect, as will be 

discussed later, or it may be due to a transient introduced by an 

earlier.magnetic reversal or a variation in the local galactic cosmic- 

ray flux.

It will be noted that there is a phase lag of nearly 1800 

years in the response of the deep ocean, just as would be expected.

The mixed layer shows a phase lag of about a thousand years, and the 

atmosphere a lag of the order of a hundred years less than the mixed 

layer. These are, of course, just what would be expected from the 

physics of the system.

The 1800«?year phase lag in the deep ocean is the necessary 

result for an integrating system. So long as the production is above 

the long-term mean level, the reservoir content will continue to 

increase, so that the reservoir content is at a maximum very near
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to the time that the production drops bagk to the mean level. During 

the next half of the production cycle, when the;production is below the 

long-term mean, the reservoir value will decrease continually and reach 

its minimum value near the time the production ceases to be low and 

reaches the equilibrium value in an increasing direction.

The mixed layer of the ocean is sandwiched between the source 

and the deep reservoir, and is thus driven by two forces which are 

nearly 90° out of phase, as is clearly shown in Equation 5,14. The 

result is a phase -shift somewhat greater than 45°, that is, somewhat 

greater than a thousand years, but not so great as the deep ocean.

The atmosphere, in turn, is sandwiched between the mixed layer 

and the production source. It is strongly coupled to the mixed layer 

and.follows it with a phase lag which is only of the order of two

hundred years less than that of the mixed layer. This is quite in
■ 14keeping with the fact that the mean life of a C disturbance in the

atmosphere is around a hundred years, or a little more, as determined

from the solar-wind study.

Comparison with Kigoshi and Hasegawa

The present work on the geomagnetic effect (Gfey,. 1969, /1971) 

was evidently concurrent with the work of Kigoshi and Hasegawa, (1966). 

It is worthwhile to compare the two treatments. Kigoshi and Hasegawa 

used a set of three-differential equations, very similar to those of 

. Craig (1957), to describe the behavior of the atmosphere, mixed layer 

and deep ocean reservoirs. They made, no steady-state assumptions.

While no specific mention of the production rate was made in their



article, a back calculation from the steady-state solutions indicates
. -2 -1 that they used a meatt-'Ptoduction rate of about 0.0114 dpm cm^ yr

This is about 61% of Lingenfelter's value and is even less than the

value used in the present author’s calculations.

Kigoshi and /.Hasegawa found their solutions in the form of a 

rather complicated differential operator, and gave only the solution 

for the atmospheric reservoir. This author extended the solution to 

the other two reservoirs for the purpose of comparison. Without 

laboring the details, it can be said that Kigoshi and Hasegawa found 

a solution which was in qualitative agreement with that found here 

insofar as the amplitude was concerned. The principal point of disa

greement was in terms of the relationships between reservoirs, i.e., 

the phase relationships in the system.
14Kigoshi and Hasegawa show a small phase lag between the C - 

production maximum and the maximum of the atmospheric response, a lag 

of the order of a hundred years. This seems to require that the 

atmosphere, be decoupled from the oceans to a considerable degree.

This decoupling allows the atmospheric activity to differ from that 

of the mixed.layer by amounts that vary rather widely at different 

*imes-i : The present model, supported by the results of the solar-wind 

effects,; requires the atmosphere to follow the mixed layer more 

closely,:, holding a nearly constant relationship to it.

Chapter Summary ■ ,.
e-y, :?>- ' 2.4

Three factors that might affect the production rate of C .

were listed a .priori at the beginning of the chapter. The first of
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these had to do with variations:in the-cosmic-ray flux passing through

the solar system. Evidence is scarce relating to this effect,. but it

has probably been-small or non-existent during the last 7000 years or

so, since most of the observed variations relate to other mechanisms.

There seems to be no-doubt that the modulation of the cosmic-

ray flux by the solar wind is the-major factor in the short-term vari-
14ations in atmospheric C concentration.

The geomagnetic modulation has been analyzed and has been
1 ■

found to be a satisfactory explanation of the large-scale long-term 

e14 variationso There is a 2% residuum at about 6000 years ago, which 

. may be due a field reversal or other production effect, or to changes 

in, exchange rate. Only further data will decide the issue.

Int1969, Bonhommet and Zahringer (q.v.) reported potassium-' »
argon dates placing a.magnetic reversal at not more than 30,000 years

14ago, within C times. The present author (Grey, 1971) modelled a

magnetic reversal using Cox’s (1969) geomagnetic-oscillation mode1.
14Such a reversal, with no residual multipole field results in a C 

peak of 200 7o0* while a 20 % non-dipole residual results in a peak of 

180 %0• After 8000 years, the excess drops to 120 %0 > 20 %0 more than 

for the steady-state oscillation case. It was therefore speculated 

that the 20 %0 excess at 5000 years ago was due to a reversal or near- 

gero field at the preceding geomagnetic minimum, 14,000 years ago. ;In 

1971, Morner, Lanser and Hbspers (q.v.) reported a magnetic reversal 

in south Swedish sediments varve dated at 12,400 years B.P. It will 

be interesting to see if this reversal can be verified.



.Apart from the achievement of successful descriptions of the

way- in which the solar wind and geomagnetic field affect the conr

centrations in the atmosphere, there are several points developed in

this chapter which perhaps deserve some emphasis at this point.

The study of the solar-wind modulation placed closer limits

on the mean life of a CQ^ molecule in the atmosphere and on the mean
14life of a disturbance in’C concentration than had ever been avail

able previously. The detailed data on the solar activity and the
14less complete but still fairly detailed data on C variations

Since 1700 A.P, . made possible such a narrow limitation. Certainly

the mean life Of a CQ^ molecule in the atmosphere as derived here

is no startling innovation, It is simply a more precise evaluation

of a parameter whose approximate value has been known for some time.

It is true? however, that some of the longer estimates have been
pretty well ruled out by the present result,

The present calculation of the mean life of a ti^ disturbance
between 80 and 140 years, will no doubt surprise a number of people.

These are the:people (e.g., Bien and Suess, 1987; Kigoshi, 1964)

who failed to.distinguish clearly between the mean life of a
14mo 1 ecu le e and the me an life of a change in C level. It was these

-same people who had argued for long residence times for COg molecules 
14on the basis of C studies.

With a descriptive scheme which predicted "natural" levels of 

.atmospheric C^: from the.-sunsipot data, it was, of course, simple to
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evaluate the Suess Effect, which is the dilution of the atmospheric G*^

by fossil fuel, which is CT^-free, This was the first direct measure

of this quantity. Previous attempts to estimate the quantity were not
14accurate because there was™ no way to know what the atmospheric C 

level would have been without the Suess Effect.

The solar modulation study did not provide a test of the 

LingenfeIter mean-production value, because the calculated variations 

were expressed as per-mille departures from the. mean calculated from

the same model and these variations Were then compared with the
14 ^measured C values. However, the geomagnetic-modulation study

dis provide a test of the Lingenfelter mean^production value.

The geomagnetic model depended upon two studies exterior to 

the present work. These were the archaeomagnetic data of Bucha. and 

Neustupny (1967) and Bucha (1970) , and the relationship of pro

duction to the magnetic field by Wad a and Yamaguchi (.1962),.

The data of Bucha and Neustupny, and Bucha agree fairly 

well with those of other workers (e.g., Kitazawa, 1970) and there is 

no reason to doubt that their data are representative of the field 

behavior within the limits of error.involved. Their data strongly 

suggest an oscillatory variation in the geomagnetic field. The 

apparent period is abput 8000 years or a trifle more.

Cox (1968) suggested that the earth's dipole geomagnetic 

field may undergo a steady oscillation, with a period of the order of 

10^ yr, for indefinite periods of time until some sort of stochastic
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event, not yet understood* occurs at a minimum of the oscillation to ' 

produce a transition to a field of reversed polarity which will con

tinue the steady oscillation about a mean value comparable in magni

tude to the mean before reversal. Certainly the data of Bucha and 

Neustiipny-indicate-the possibility of such a.steady oscillation, and 

the paleomag^etic studies of Baksi, York.and Watkins (1967) suggest 

behavior during a reversal which - is in keeping.with the model 'of Cox.

Thus the data of Bucha and Neustupny seem .quite plausible, and 

it also ..seems plausible to assume that their data may represent only 

the most recent of a series of similar oscillations„ It was this 

assumption that was made, during the integration of the reservoir 

equations, to obtain initial values at the starting time of the

integration around 8000 years ago. It remains to be seen if the
14unexplained excess of C around 6000 years ago is a result of a

faulty assumption or of the data employed, or of the Wada and Yama-

guchi (1962) relation used to convert the paleomagnetic data into 
14C -production values * or is indeed the result of a reversal.

The relation of Wada and Yamaguchi (1962) was used for the

present work because it was clearly to be preferred at the very low

field values. It avoided the infinity catastrophe of the formulation

of Elsasser et al. (1956) . Wada and'Yamaguchi (1962) noted the finite

flux of low-rigidity cosmic-ray particles. Their zero-field value 
14of C production is about twice the value at the present field 

strength, which seems reasonable in light of the values of cosmic- 

ray flux near the present geomagnetic poles. For higher values of
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field strength? the relation of Wada ai%d Yamaguchi approximates that 

of Ulsasser, et al., since both are based on empirical measurements of 

the rigidity spectrum. It is worth noting that the inverse half*- 

power law of Elsasser, Ney and Winkler was used by Lingenfelter and 

Ramaty (1970) in modelling geomagnetic effects, although no great 

error was involved since no reversal was considered. At geomagnetic-' 

field values of 0.5 relative to the present value, the difference be

tween the two formulations^ is about 10%. This is approximately the 

value of magnetic field indicated at the minimum around 7000 years 

ago (Bucha, 1970)„

One of the significant results of the calculations in this
14chapter is the demonstration that Lingenfelter1s calculated mean C 

production rate is too high. His calculated value of the production 

rate exceeds the decay rate in all the combined reservoirs by about 

40%. It was this discrepancy that prompted the search for additional 

in previously overlooked reservoirs, with the result that there 

appeared to be little chance of closing the discrepancy. During the 

development of the equations governing the earth’s reservoir system;

. it was pointed out that there was no way to reconcile -Lingenfelterrs 

calculated mean production with the extant data on reservoir activi

ties and their history. There seemed to be little doubt that the 

actual mean production rate must be at least 20% less than. Lingen^

felter calculated. It would thus seem that Korff's value of about
-2 -12.0 ±0.4 atoms cm sec is to be preferred.e



EXCHANGE .PROCESSES

For the purpose of this paper, any process by which carbon is 

transferred from one geochemical reservoir to another - is called an ex

change processo There are many kinds of exchange processes involved 

in the various transfer^ between communicating reservoirs0 A few of 

these will be discussed.here0

Stratosphere-troposphere

By a numerical integration of the production curves which

•Lingenfelter (1963) displays, it can be - shown that about half of

the C14 produced in the atmosphere is produced above the tropopause

and half below. Because the"stratosphere has about a fourth of the
14mass of the troposphere, and because a C atom produced in the 

.stratosphere is not immediately mixed into the troposphere, it is 

to be expected that the specific activity of the carbon in the" 

stratosphere would be greater than that in the troposphere. Unfor

tunately, no■pre-nuclear-weapon measurements exist, and hence there 

is no experimental evidence to indicate what the relative activity 

of the - stratosphere was under "natural" conditions.

Figures 6 and 8 show the variations in C^4 activity of the 

• stratosphere.and troposphere - after the 1962-63 test series = The 

specific activity of the - stratosphere is initially very large. This 

•'excess' falls very rapidly, for the last part of 1963 and during 1964,

149
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to a fourth of its peak value. Clearly, there is a fairly rapid

exchange between stratosphere and troposphere.

. An important feature of the exchange is the seasonal varia- 
14tion of the C activity at high northern...latitudes. The activity 

rises to a peak past midsummer and falls to a minimum during, fhe 

winter. This seasonal variation has been known for several years, 

and has been observed in ozone and sodium concentrations in the 

troposphere. There is a seasonal variation in total atmospheric ogone 

which is another matter, but the concentration in the troposphere rela

tive to the stratosphere shows a variation similar to that of C^.

Funk and Garnham (1962) noted that the ozone peaks were of differ

ent heights on alternate years in the southern hemisphere. By 1966, 

Dyer (q.v.) had noted that the peaks were nearly the Same size on 

successive years. This pattern strongly suggests that a phenomenon 

with a period of about 25 or 26 months is affecting the concentra

tion. There are, as yet, insufficient data to indicate whether the 
14C will exhibit such behavior.

The Folding Mechanism

The mechanisms of exchange of carbon between the stratosphere 

and troposphere were not clear. Certainly diffusion processes con

tribute to the exchange, but these appear to be inadequate to account 

for the observed rates of exchange, and they do not appear to explain 

the seasonal variations. Staley (1960, 1962) pointed out that the 

tropopause must not be considered as an impenetrable barrier. Poten

tial- vorticity studies demonstrated that stratospheric air was
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frequently transferred into the troposphere, particularly, in strong baro- 

clinic zones, The tropopause appeared to develop folds which allowed 

stratospheric air to descend into the troposphere and conversely, 

Danielson (1964; Danielson, Bergman and Paulson, \1962) after Staley 

(19605, studied the Mfoldihgv process: wherein the tropopause developed a 

fold, allowing.stratospheric air to penetrate into the troposphere9 

where the pocket becomes cut off and the former stratospheric air 

becomes-mixed:into the troposphere. Upward folding .and replacement 

of displaced "tonguesM of stratospheric air causes upward displace

ment of tropospheric air into the stratosphere,

Frontqgenesis and Cyclogenesis

Reed and Sanders (1953) may have been the first to point 

out that the development of mid-latitude frontal zones carried values 

of potential vOrticity that signalled stratospheric origin for the 

air. It was Staley (1960, 1962) who first pointed out the associa

tion of injections of stratospheric air with high-level cyclogenesis, 

Mahiman (1966, 1967) defines a cyclone index which correlates 

rather well with fine structure in the fallout measurements, but does 

not relate to the seasonal extrema. The total mass of stratospheric 

air which is transferred annually into the troposphere by such means

is not known, Reiter and Mahlm,an (1965) calculated the mass trans-
17fer during one such intrusion to be about 2,5 x 10 g, which is only 

0,06% of the mass of the -stratosphere, approximately, A great many 

such injections would be needed each year to equal the potential 

importance of the fluctuating tropopause (Staley, 1962) ,



The Varying Tropopause Height

Even a cursory glance at the seasonal variations -in tropopause 
height indicate the potential magnitude of air "transport” between 

stratosphere and troposphere by this means (Staley3 1962)„ The 

tropopause rises in the spring, incorporating stratospheric air into 

the troposphere, and - descends in the fall .season,, incorporating tropo

spheric air into the'Stratosphere, The air near the tropopause•is 

not bodily transferred in the process, but only the boundary.is 
changed, thus changing the classification of air masses„

The process is conceptually akin to the "transfer" of land 
between Iowa and Nebraska as a result of a change in course by the 

Missouri River which forms the classical boundary between the states. 
When the course of the river shifts eastward, Nebraska is enlarged and 

Iowa is diminished by the amount of land between the two river 

courses„ The land does not move, but the boundary does. The analogy 

must not be taken too far, since the change in the course of the 
river usually changes by flow discontinuing, in one channel and 

beginning in another, while the tropopause-remains essentially 

intact throughout the move from one altitude to another.
Many previous writers had discussed the fluctuations in the 

height of the tropopause as somehow related to seasonal transfer of 
radioactivity from stratosphere to troposphere, but they somehow 

always felt constrained to postulate a break in the tropopause through 

which the actual transfer could take place, Staley made it clear that 

the tropopause was not an impenetrable barrier.
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The height of the tropopause varies by the greatest amount at 

mid-latitudes. The curves of tropopause height published by Staley 

(1962) indicate that the maximum of tropopause height occurs around 
July at 33°N and perhaps a month later at 41°N, and still later at 

around 490N. The occurrence of peaks of activity in the north

ern troposphere exhibit the same general behavior (Figures 6 and 7). 

The f luctuation-in tropopause height is small at both low and high 

latitudes. A simple numerical .integration indicates that the mass 

of the stratosphere varies about 16% between-the equator and 30°N, 
by about 33% between 30°N and 60°N, and by about 8% between 60°N 

and the pole.

A further examination of,Figure 6 indicates that, at latitudes 

from 30°N to at least 72°N9 the troposphere seems to be rather well 
mixedo From 30°N to about 40°S5 there appears to be a marked gradient 

which would favor southward diffusion from that part of the tropo
sphere north, of 30°N to that part lying around 40°S. Young and 

Fairhall (1968) did not include data.south of 18°S in their study
of radiocarbon transport5 and they were led to believe that, the

14principal mechanism for southward transport of C was simple 
diffusion, which they modelled by a number of closely spaced cells.

A Study of the Staley Process

For the years 1963 and 1964, an initially low activity south 
of the equator, into which air from the well-mixed troposphere north 

of 30°N can exchange C^, makes possible a model for evaluating the 

Staley mechanism and to attempt to obtain a first-order approximation
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to the stratosphere-troposphere exchange north of 30°N. The model 
is constructed as follows.

Three basic reservoirs are considered. These are (1) the 
stratosphere north of 30°N» (2) the troposphere north of 30°N, and 
(3) the troposphere-south of 30°N. The two tropospheric reservoirs 
are allowed to exchange carbon with the oceans in a very simple way. 
The stratospheric reservoir is allowed to communicate with the tropo
sphere in two ways. One of these attempts to simulate the Staley 
mechanism by means of a sinusoidal variation of the tropopause 
height, and the other simulates all other forms of mass inter
change, including diffusion and the "folding" process, by a simple 

exchange term.

The Model Equations
Those processes which had the effects of diffusive exchange 

were modelled by an exchange term of the form

L(A1 - A2)

very similar to the form used in Equation 5.2, where L represents the
mass of carbon (both stable and radioactive) exchanged per unit of
time between reservoirs 1 and 2, whose specific activities are A^

-1and Ag respectively, in units of dpm g
The transfer due to variation in tropopause height was 

modelled by assuming that the variation in stratospheric mass was 
essentially sinusoidal. The amplitude of the oscillation was taken 
to be'FMsa, whefe MgQ is the mean amount of carbdn.in the stratosphere,



in,’:grgtnsi iand- F vis^the.xfradtion pf'. Mg^ involved: in ' fngnsfer '
by ttie fluctuating tropopause, When the tropopauseis rising, the 

14amount of C transferred out of the stratosphere into the troposphere 
each month is described by the term

F,Msq Osin (a>t). Ag. '

D/here the barred sine term represents the average value of the sinus
oidal term for the jth month, A 7 represents the specific activity ' ' sj
of the stratosphere just above the tropopause for that month, and (&) 
is the radian frequency, which'is 2'JT per year. The post-bomb data of

14Maehta (1966) and Hagemann, Gray and Machta (1965) show steep C

gradients above the tropopause^ so for any transfer process, the?act!vr

ity near the tropopause must be used. In this calculation, the
values are not normalized to a square centimeter of earth's surface ..
and fhe basic time unit is one month.

The decay in the troposphere by exchange with the oceans is
described by multiplying the specific activity which is carried over

from the previous period by a fraction R, slightly less than unity.
The: form is exactly the same as that employed in the solar-wind mode1,
The activities of the Various reservoirs during the jth period are
indicated by A Au ., of, A ., where the subscripts s, b, and a refer si bj aj
to;the boreal stratosphere, boreal troposphere^ and austral tropos
phere respectively. The masses of carbon in each of the reservoirs 
during each period are indicated by M's with similar subscripts. The 
production is indicated by Q, both in stratosphere and troposphere, 
since Lingenfelter's data indicate that the production is about
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equally divided between the two reservoirs. Q will represent a half 
14of the total C production in the present model.

The equations were written as difference equations for an 
Eulerian integration, and a time interval of one month was chosen. 
The equations for the rising-tropopause case are:

Asj = A S,J-1 + Q/Ms,j-1 + L(Ab,j-l " As,j-1)/Ms,j-1

- (FMso sinMtj As,j-1)/Ms,j-1 6.1

Abj = Ab,j-1R + L(As,j-l " Ab,j-1)/Mb + K(Aa,j-l ' Ab,j-1)/Mb

+ (FM A . sin(o>t.) /M, SO s,j-l J D 6.2

M . = M - FM sin(fl)t. 6.3sj s,j-l so J

For the falling-tropopause case, the equations are:

Asj = As.j-1 + Q/Ms,j-1 + L U b,j-l - As,j-1)/Ms,j-1

+ (FM A, sinWt .)/M . , 6.4SO D,j-1 J S,J-1

Abj ■ Ab>j-lR + L(As.j-l - Ab,j.l)/Mb + K(Aa.j-l- Ab.j-1)/Mb

- (F M A sin ODt.)/ M, 6.5x so b,j-1 j d

M . = M . _ + F M sinGDt. 6.6sj s,j-1 y so J
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For both cases,

Aaj = Aa,j-1R " K(Aa,j-l * Ab,j-1)/Ma 6,7
14The monthly production of C atoms in the stratosphere amounts to 

about 10^ dpm per month. Production in the troposphere is equal to 
that in the stratosphere, but constitutes a small term compared to 
the others in the equations and hence is dropped from the tropos
phere equations. The stratospheric production is symbolized by Q.
The tropospheric masses are taken to be constant because the seasonal 

variation is so small. L is a constant which describes the mass of 
carbon exchanged monthly between the stratosphere and the northern 
troposphere, in grams. K is a constant which describes the mass of 
carbon exchanged monthly between the two tropospheric cells, in 
grams. Numerical integration over the hemisphere indicates that the 
constant F may have a value close to 0.07.

The Calculation

The iteration was performed by an Olivetti-Underwood Programma 
101 computer. The calculation was carried over a half cycle with the 

Equations 6.1, 6.2, 6.3 and 6.7, and over the next half cycle with 
Equations 6.7, 6.4, 6.5 and 6.6. Starting values for the integration 

were taken at the mid-1963 level for all reservoirs involved and inte
grations were carried forward in one-month time steps. The values of 
K, L, F and R were varied between successive runs in order to deter

mine the parameters which best described the experimentally observed 
behavior of the system. Figure 22 compares the observed values for
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ithe tropospheric reservoirs with the values calculated from the model, 

with pue choice of K,..L, F-.and R. The model simulates the-system well.

Results

The values of the constants in Equations 6„1 through 6e7

which produced the results of Figure 22 were K = 4.0 x lO^^g C/mo;
15L ,= 1.60 x 10 g C/mo; F = 0.06; and R = 0.99. The constant F 

describes the amplitude of the stratospheric mass variation which 

determines the mass transport between troposphere and stratosphere 

by virtue of the fluctuating height of the tropopause. The value of 

6% derived from the model is close to the value of 7% estimated by 

direct calculation of the stratospheric mass at maximum and at 

minimum. The peak-to-peak variation thus accounts for a transfer 

of about 12% of the stratospheric carbon each year. The constant L 

describes the monthly mass exchange between stratosphere and tropo

sphere by means of diffusion, the folding process, etc. This has a 

value of a little over 3.8% of the stratospheric carbon each month,

or about 46% each year. The constant K places the interzonal trans-
11port at about 4.8 x 10 tons C/yr.

Discussion of Results

From the model results, it appears that the diffusion and 

other nearly continual processes transfer about four times as much 

radiocarbon per year as the varying-tropopause (Staley) mechanism. 

The very steep gradients of radiocarbon concentration above the
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tropopause, as seen in the data of Hagemann et al„ (1965)9 and 

■Machta (1966),support this result. The Staley mechanism could not, 

by itself, produce such a gradient.

The most important result, the one which the model was 

designed to evaluate, is that the Staley mechanism accounts for 

virtually all the seasonal variation that is observed in tropospheric 

radiocarbon concentration. Any other seasonal processes must be small 

by comparison, because the amplitude obtained from the transport 

calculations agrees very closely with the directly calculated.ampli

tude , The difference between 6% and 7%.is probably not .significant 

in the present derivation, but, if anything, it signifies that any 

other seasonal.mechanisms are out of phase with the Staley mechanism. 

The total exchange of carbon between the ̂ stratosphere and 

troposphere, between 30°N and 9£)0N, amounts to about 2„4 x 10^ 

tons C/yr» With a constant mixing ratio of about 485 ppm (by mass) 

for carbon dioxide, this amounts to an air transfer of about

I, 82 x 10^ metric tons of air per year. The interzonal transport
15amounts to about 3,6 x 10 metric tons- of air per year. This same 

amount is probably exchanged between, hemispheres because there is 

little exchange with the stratosphere between 30°N and 30°S.

Comments on Related Work

Lai and Rama (1966) employed a five-box model of the atmos

pheric system to attempt to describe the radiocarbon observations.

They employed only diffusion processes as exchange mechanisms.

The troposphere was modelled by four zonal boxes, divided at 30°S,
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0% and 30°N. The stratosphere was treated as a single box which 

communicated with the troposphere only in the high-latitude areas.

The exchange constants governing the interactions of the various 

boxes were taken to be unknown, and the measured radiocarbon data 

were used as the input data, just as in the present calculation.

In order to account for the seasonal variations in tropo

spheric activity, the model of Lai and Rama produced an-exchange 

constant for the stratosphere-troposphere exchange which dutifully 

showed a seasonal variation•in -value, having the-approximate form 

25 4- 15 sin kt grams of air per square centimeter per month for the 

zone north of 300N. The mean annual transport was therefore about 

3.8 x 1014 tons of air per year, or about 5.03 x 1010tons of carbon 

per year, which is about 2.5 times that derived in this.papero 

It is difficult to compare Lai and Ramaf s varying two-way exchange 

with the Staley mechanism, which is essentially unilateral, but,

using 15/40 of the total annual transport as that fraction due to
10the varying component, one finds 1.88 x 10 tons of carbon per
10year. This is to be compared with 0.5 x 10 tons C/yr found as /

the varying component in.the present paper.

According to Lai and Rama, the exchange constant governing 

the exchange of air between the northern half of the northern ■ 

troposphere, 30°N to 90°N, with the southern half, 0° to 30°N,
v xS>:varied seasonally between 0.35 and 2.5 per month. This seven-fold 

variation seems rather extravagant. Such a widely varying exchange 

constant would have provided much greater seasonal variability.in
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the low-latitude C"*"̂ concentration than was actually observed, were it

not for the fact that the exchange constant was made to vary almost
14180° out of phase with the C variation in the northern cell of the

troposphere, thus tending to smooth out the low-latitude variability.

The physical evidence for the model is poor, and none is cited in the

articl'e, other than the results of the model. Lai and Rama derive
15an air transport figure of 1.95 x 10 tons per yeat across the

equatojr, which is about half that derived in this paper.

Bolin and Keeling (1963) find a net GO^ transport, from
10tropical areas Into the temperate zones, of about 2 x 10 tons of

carbon per year. This is a net transport rather than an -exchange.

They show a CO^ concentration near the equator of about 315 ppmV

and a value around.45°N of about 314 ppmV. From these values, one
16can deduce an exchange of about 1.3 x 10 tons of air per year, 

compared with 3.6 x 10^ in this paper and 1,95 x 10"*"̂ by Lai and 

Rama. The difference between 314 and 315 ppmV for the concentration 

of CO2 is small and of limited accuracy, however, so the calculated 

exchange cannot be very accurate.

Steady-state Activity Levels

The calculations of the Staley-process model indicate that 

about half the stratospheric carbon is exchanged with the troposphere 

each year. The exchange between troposphere and ocean is approxi-. 

mately known from the solar-wind model. If one uses these values, 

assumes a constant production rate, and assumes a ..steady-state 

condition for the reservoir activities, then it follows that the
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mean specific activity of the stratosphere in pre-bomb times was about 

107% of that of the troposphere» Actually, this value applies, if at 

all, to the lower stratosphere, since there is a tacit assumption of 

well-mixed reservoirs in the calculation. Since the stratosphere is * 

not well mixed, the calculated value applies only to the lower@ por̂ .f.j... 

tion. The less well-mixed upper portion very probably exhibited a 

rather steep profile of concentration.

Summary of Troposphere-stratosphere Exchange

The radiocarbon data indicate that the troposphere is rather 

rapidly mixed poleward of about 30°, and rather poorly mixed within 

about 30° of the equator. Communication between hemispheres is 

slow a%d seems to be adequately modelled by a diffusion process,

Direct communication between hemispheric stratospheres is not 

discernible in the data. Communication between stratosphere and 

troposphere occurs mainly at mid-latitudes. The radiocarbon data 

show seasonal variations in tropospheric concentration which occur 

first at mid-latitudes and.spread to higher and lower latitudes.

On an annual basis, the bulk of the communication between stratos

phere and troposphere appears to be continuous and bilateral, and 

is adequately modelled by simple exchange processes. There is a 

seasonal component to the exchange which is almost entirely accounted 

for by the Staley process. The seasonal process accounts for about 

20 or 25% of the total annual exchange between stratosphere and 

troposphere? with the remainder being quasi-continuous (Grey, 1972).
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Troposphere-vQce an

One possible sink for atmospheric can be seen in Figure

12) which shows Keeling’s data for CÔ , concentration in sea water.

It is plain that the near-equatorial ocean should be a.source for

atmospheric GO^ due to the relative supersaturation of the ocean.

Indeed, the CO^ profiles seem to indicate a general tendency for the

CO^ flux to be from ocean to atmosphere at low latitudes and from

atmosphere to ocean at high latitudesf

Bien and.Suess (1967) published a compilation of Pacific

surface-water data gathered from 1958 to 1966 on an irregular basis.

The northern data are gathered mainly.around 150°W. The very few

southern-hemisphere data were collected.in the Southwest Pacific

near New Zealand in 1957 and 1961. The results (Figure 23) show a
14general increase in C activity in all waters? but the increase is 

much more rapid in some places than others. There are no data north

ward of 55°N or south of 65°S) nor are there data south of 20°S after 

1961. As with the vertical profile of the Atlantic (Figure 10)? the 

C^.uptake pattern reveals something of the pattern of the surface 

currents of the ocean. North of 45°N? the Alaska current shows a 

fairly rapid uptake? and the North Pacific Current? around 43°N? shows 

a high rate of uptake? while the Pacific Equatorial Current shows an 

increase which is greater than the countercurrent but not as great as 

the North Pacific.

A numerical integration over the respective zonal areas of the 

oceans? assuming a depth of 100 meters for the affected surface water?
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-1a constant 28 mg.1 of carbon content in the sea water, and using the

14zonal P data for the Pacific as typical of all the oceans, the amount
14of C increase in the sea water was calculated for the time period 

from 1957-58 to 1961, for which the most complete curves are available.
After 1961, of course, the noirthern-hemisphere bomb tests change the

- . ' ' 
curves drastically. The result is shown in Figure 24. The result is

a little surprising in that it shows the greatest uptake near the
equator where the oceans are supersaturated in CO^ with respect to the
atmosphere. Although tropospheric data are scarce for this period, the

troposphere was probably about 15% above reference activity level
during this time. The total uptake by the ocean during this period.
amounts to about 4.1% of the atmospheric value corresponding to a mean 

14"C residence time" in the atmosphere of about 60 years, which is of 
the same order as that obtained from the solar-wind analysis.

14Though there is a strong sink for atmospheric C in the 
equatorial oceans, the data indicate that the equatorial ocean is 
supersaturated with C0o. If the data are adequate, a biochemical 
process may be involved (Berger and Libby, 1969).

; Climate and Atmosphere-ocean Exchange 
The exchange of carbon dioxide between the atmosphere and 

ocean is probably not a simple physico-chemical process, but may 
employ enzymatic control in many instances (Berger and Libby, c 
1969). More data are needed here. Kanwisher (1960, 1963) has 
investigated experimentally the exchange of COg between atmosphere



14Figure 24. C Uptake in the Oceans
i Calculated zonal uptake during 1957-58 to 1961.for 

the whole ocean, based on the.Pacific data of Bien and Suess 
(1967).' ' 1 "■ ' ' ‘
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and sea. Kanwisher states that an increase of sea temperature of
about 1 G° will produce an increase of atmospheric partial pressure
of GO'2 ;Of about 5.5 to 6%. Eriksson (1963) also points out that a 1%

increase in ocean volume will produce about a 3.4% decrease in the
atmospheric partial pressure of CC^*

14The C. variations from 1500 A.D. to 1950 A.D. discovered
by deVries 1 were attributed by him to varying climate, as reflected in
fluctuations of Alpine glaciers. In his curves, high G levels in
the wood-samples corresponded with glacial retreat. However, the

entire period is one of relatively advanced glaciation in the Alps,
and one of relatively high values in the atmosphere (Damon, 1968).

14Thus, on a short time scale of 100 years or so, high C goes with 

glacier retreat, while on a 500-year time scale, the reverse is true. 
The variations observed by deVries are attributed by the

14
present author to solar^wind mbdulatipn of the C production. If a

14correlation between C variations and climate is demonstrated, it 
would necessitate a correlation between sunspots and climate. One can 
find many papers for and against relationships between the solar-flare 
activity and cli±ate,i but Mitche 11 ;ahd Landsberg (1966:, p, 5482) sumupithe 

situation clearly: nThe notion that solar activity might influence, 
weather and climate at the earthrs surface is over a century old. 
Notwithstanding all that has been learned about solar and atmospheric 
behavior, the statistical evidence available in support of this notion 
.remains today as equivocal as ever.H This may merely mean that 
the relationship is complicated, and that a correct model:of the
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.relationship has not yet been achieved. Much of the difficulty stems 
from the fact that climate itself is a rather nebulous quantity and 
records of climatic variables are poor.

Varying Exchange Rates
Damon and Long (1963) and Damon (1968) pointed out that the 
14high C ; 'values. around 5000 years ago correspond in time to the 

alleged high temperatures of the period variously known as the Alti- 
thermal, Hypsithermal,. or Climatic Optimum. Broecker et al. (1960) 
speculated that an increase of.the ocean temperature would stabilize
the circulation of the ocean, decrease the exchange rate of CCL

. . .  ■ - ! Z! 14between mixed ocean and deep ocean and result in a buildup of C 
in the atmosphere. This reasoning can be related to Equation 5.10, ^

which is repeated below.

A = Aq + Q/k 6.7

A is the specific activity of the atmospheric carbon, Q is the pro
duction rate. A..-, is the specific-activity of the mixed ocean, and k o
is the mass of carbon exchanged each year. For constant Q, it 
appears that the difference between the activity of the atmosphere 
and the exchange reservoir will depend inversely on k. With a high 

rate of exchange, the two activities will be close together. The 
activity of the mixed layer will depend upon that of the deep ocean, 
the mixed-layer to deep-ocean exchange rates, and the rate of pro
duction.
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On the assumption that a negligible amount of decay occurs in the 
atmosphere and mixed layers, then all the production Q is transferred 
to the deep ocean and one can write

constant for the mixed-layer to deep-ocean exchange. By assuming a 

condition of equilibrium, with constant Q, one can write

where the M's are the masses of carbon in the atmosphere, mixed layer

By substituting from Equations 6.7 and 6.8 and solving for , one 
finds the activity of the deep ocean to be

From Equation 6.10 it follows that an increase in either of 

the mass-exchange constants will result in an increase in the deep- 
ocean activity, albeit a relatively small one for reasonable changes. 
An increase in either exchange constant would result in a decrease 

in the atmospheric activity, according to 6.11, and from 6.8 it 
follows that an increase in the rate of exchange between mixed layer

6.8

which is exactly analogous to Equation 6.7. k ^ is the mass exchange

Q/X = AM + A M + A M x ' a o m d d 6.9

and deep ocean respectively, and X  is the C decay constant.

A 6.10M + M + M, a m d
Similarly, it follows that

6.11
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and deep ocean would result in a decrease in the activity of the mixed 

layer, while an increase in atmosphere-to-mixed-layer exchange would 

affect the mixed layer not at all. Generally speaking, the result of 

increased communication, i.e., increased exchange rates, between 

reservoirs is to bring their specific activities closer together, 

with the deep ocean activity increasing slightly and the others 

decreasing so that the total radiocarbon content remains constant if 

Q is constant.

The deep-ocean activity changes so little that ft can be

regarded as essentially constant. Using this assumption, and.putting

numerical values into.6,8 and 6,7 shows that doubling the exchange

rates- Between all three reservoirs will decrease the atmospheric

activity by about 40%0, while halving all the exchange rates will

increase the atmospheric activity by about 70%o, Altering just one

of the exchange rates will.produce about half the effect, since the

two rates are comparable and enter into the equations in similar ways.

Thus we see that very large changes in exchange rates are needed to
14produce effects even approaching those actually observed in the G 

concentration of the atmosphere.

Changing Distribution of Carbon

A change in exchange rates would not, of itself, change the 

distribution of total carbon between reservoirs,. However, if the 

exchange rate is due to, or is accompanied by, a change in temperature 

of the ocean,, or a change in the volume of the ocean, then one must
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consider the effect of a change in distribution of total carbon b e k : : 

tw^en the various reservoirs (Eriksson, 1963) ,: The: study of tempera^

tu%e and wind effects by Kanwisher (1960, 1963) has already .been cited.

From Equation 6.10 it can be seen that an increase of the 

amount of carbon in the atmosphere, at the expense of the deep-peean 

reservoir, assuming production and exchange rates remain constant, 

will result in a decrease in the activity of the deep ocean. On the 

other hand, an increase in the total CO^ in the atmosphere will 

almost cert inly increase the invas ion ■ - rate\of CO^ into the oceans. 

Indeed, if the increase in atmospheric carbon was a result of an 

increase in temperature, this would also increase the rate of exchange 

(Thurbef and Broeckef, 1970) ;and oppose the decrease in specific 

activity of the deep ocean due to the increase in carbon in the 

atmosphere. In any case, if the deep-ocean specific activity de

creased, so would the activities of the mixed ocean and atmosphere, 

as can be seen in Equations 6.8 and 6.11. Equilibrium between 

production and decay is maintained by the fact that, while all the 

reservoir specific activities have decreased slightly, some of the 

carbon has moved from an oceanic reservoir of low specific activity 

to the atmosphere with considerably higher specific activity.

Without quantitative knowledge of the effect of temperature 

on the exchange constants, it is difficult to determine how much 

the atmospheric specific activity might be changed by a given 

change in temperature, but it is worthwhile to not that either 

an increase in the atmospheric carbon content or in exchange rates
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will tend to decrease the.specific activity of the atmosphere. Thus, 
it seems unlikely that a climatic warming, such as some paleoclima- 
tologists assign to the Altithermal period, around 5000 to 7000 
years ago, could result in the observed increase in atmospheric 
specific.activity. Instead, such a warming should tend to decrease 
the atmospheric activity, if it had any effect at all.

There is clearly a need for additional experimental data 
about the rate of exchange of CC^ between sea water and atmosphere 
as a function of temperature similar to that for lakes■(Thurber and 

Brbeckef , 1970), Changes of sea", level may have considerable impor
tance in.connedtiott with the exchange between mixed layer and deep 

water, due to ehatiges in circulation and deep ocean structure, but 
ate probably not too important in regard to the exchange between■the 

atmosphere and ocean. ?
The increased' solubility Of CO^ at,,, low temperatures may be

a factor in determining exchange rates. Figure 24 indicates the 
14uptake >tif C in the Pacific Ocean as a function of latitude,

Keeling et al, (196.5). do not indicate temperature variations
14corresponding to the variations in C uptake rates. Kanwisher 

(1963) found, in laboratory experiments, that CO^ exchange depended 
upon the square of the wind velocity stirring the surface, and 
calculated therefrom that the CO^ uptake in the ocean should be 
greatest in the southern hemisphere because of the large area of 
sea water located near the "roaring forties". While the data on

variation in ocean water are all too scarce, they do not seem to
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support the idea .that the uptake rate in the ocean is any simple : .

function of temperatures or wind speed. The supersaturation data

correlate fairly well with uptake rates, but even these do not seem 

to tell the whole story. One is inclined to suspect that biological, 

rather than physical, factors may be determining factors in the 

process.

The data from the Atlantic.(Figure 10) indicate that at 

least some of the uptake is in subsiding water, so that much of the 

newly absorbed C*^ is being transported into deeper waters immediately

after uptake. In the Atlantic, and perhaps in the Pacific, the ..

southern hemisphere high-latitude surface waters seem to be derived 

fnpm upwelling bottom water which is high in CO^ and hence does not 

take up atmospheric 00^ readily. Many more measurements on sea 

water are needed to resolve the details of this problem of C"^ uptake 

and transport in the oceans.

Atmosphere-biosphere Exchange 

The details of atmosphere biosphere exchange will not be 

labored at length here, Eriksson and Welander (1956) have done an 

excellent job of treating.the theoretical possibilities here. Perhaps 

the most important point to be noted here is that the exchange of CO^ 

between the atmosphere and biosphere is not a first order reaction.

The rate of transfer of CO^ from atmosphere to biosphere depends not

only on the concentration of CO^ in the atmosphere, but also on the
✓

mass of the biosphere. It will also depend on-such factors as



temperature and relative humidity (E. R. L. Staff, 1967). Eriksson

and Welander pointed out that the non-linear nature of the exchange

brought up the possibility of self-sustaining oscillations in atmos- 
14pheric C content if the phase lag between assimilation and return 

to the atmosphere were long enough, The mean length of the phase 

lag is not known, since it varies for different subsystems of the 

biosphere.

Undoubtedly the biomass has changed from time to time in the 

past. Periods of increased terrestrial biomass no doubt occurred 

during the times of glaciation when the high-latitude forest zones 

moved to lower latitudes and occupied larger areas (see table of 

zonal land areas in Appendix A). There is evidence that the forest 

zones are increasing at the present time (Shantz and Turner, 1958; 

Phillips, 1963) in North America.. and Africa, and probably elsewhere. 

The possible causes are many. Grazing practices tend to deplete the 

grasses and give the trees and shrubs ascendancy. Early forestry 

practices had severely damaged some forest: stands, and the increase 

in tree, mass during the last quarter of a century may be simply a 

process of recovery. There is also the possibility that the increase 

in carbon dioxide content of the atmosphere has favored the growth 

of plants in general.

The biosphere is one of the most difficult carbon reser

voirs to treat theoretically because of its ill-defined nature and 

the very poor data about its mass, mean activity, etc.



Injections of Inert Carbon

The injection of inert carbon, that is, carbon which has no
14 14G in it, will have the effect of diluting the G content of the

atmosphere. If the inert carbon remains in the atmosphere, there

will be an initial reduction in specific activity. The increase of

atmospheric CO^ content is known as the Callendar Effect. The resul-5

tant dilution of C^.is known as the Suess Effect. Callendar (1958)

estimated that the atmospheric CO^ content had increased by about

10%,since the late 1800's, based on a careful assessment of extant

analyses covering the period. Keeling's (1960) data and that of

Brown and Keeling (1965) and Pales and Keeling (1965) indicate a

recent rise in atmospheric GO2 level of about 0.23% of the atmospheric

CO^ content per year. This would agree rather well with Callendar's

estimates, although one would expect that increasing population and

industrialization would cause recent rates to be larger than the

earlier ones.
IBecause the troposphere appears to be rather well-mixed for 

the most part3 even if all of the inert CO^ injected into the atmos

phere by fossil"fuel 'combustion or by. volcanism should be removed by 

exchange with the ocean or biosphere, it probably would be rather 

well mixed before removal. Thus the Suess Effect would be present 

even if the Callendar Effect were zero. ,

The magnitude of the Suess Effect is the difference between
14the predicted and measured values of C concentration after 1890 

shown by the two curves of Figure 16. Figure 17 compares the Suess
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Effect with estimates of total fossil-fuel consumption given by

Revelle and Suess (1957). The parallelism is obvious. The Suess

Effect, must be about 2% at the present time, or about one seventh

of the Callendar Effect. There is a suggestion of. levelling-off
14in the Suess Effect curve around 1940, and after 1945, bomt; C 

enters the picture, offsetting the Suess Effect. :: •

The fue 1-consumption data of Revelle and Suess (1957), and 

the atmospheric-CO^ data of Callendar (1958), Keeling (1960),

Pales and Keeling (1965) and Brown and Keeling (1965), all combine 

to give the impression that half or more of the fossil-fuel CO^ 

is retained in the atmosphere. This has amounted to an increase 

of near 15% since 1890, The mean life for the dissipation of a 

change in atmospheric CO^ concentration is not even vaguely known, 

but it is clearly long compared to the life of a CO^ molecule in 

the atmosphere.

The generally presumed ultimate sink for the CO^ introduced 

into the atmosphere is the ocean and its sediments. However, as 

Silleh (1959) has pointed out, the pH of the ocean is regulated by 

the silicate-phosphate chemistry and the pCO^ cannot be readily 

changed. For the oceans to take up additional CO^ would require the 

dissolution of old sediments to bring in added alkalinity. The rate 

at which the ocean systems can adjust to the changing partial 

pressure of CO^ is not known, but is probably very slow. The 

biosphere is accessible on a short-term basis, but is only a 

temporary reservoir.(Attiwill, 1971).
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The meteorologie. implications of increasing.CC^ levels in the 

atmosphere have been treated by many people (e.g., Moller, 1963;

Plass, 1956), but not enough is known to predict accurately. Man 

is embarked, however unwillingly, upon a large scale geochemical 

experiment to determine the.effects of increasing CC^ concentration 

on climate, biochemical and geochemical processes. Should 

catastrophe be the end product, it may well be upon him before he 

achieves the ability to predict it.

Natural Injections of Inert Carbon

Using estimates of CO^ injection from volcanoes, as compiled

by Rittmann (1962), it is calculated that the probability of a Suess
¥Effect due to injection of very old carbon by volcanic activity is 

completely negligible. The eruption of Krakatoa in 1883 was probably 

the largest in historical times in terms of energy expended and 

volume of material injected into the atmosphere. A comparison of the 

curve of experiment ally "-determined delta values with the values 

predicted by the solar-modulation model reveals no discrepancies 

at that time which might be related to the eruption.



SUMMARY AND CONCLUSIONS

The purpose of the research reported, in this work has been 

twofold. First? there was the effort to.increase the body of data 

pertaining to the variations of C*^ concentration in the atmosphere. 

Second, there was the attempt to relate the observed variations to 

the physical, chemical, and biological processes which.caused them.

The Experimental Work 

The experimental work was, essentially, routine. While the 

present author did design and build some electronic apparatus to 

provide automatic interval printout of data, and developed an im

proved procedure for precipitating counted samples for permanent 

storage, most of these and similar .improvements in.equipment and 

methods were in the nature, of normal evolution in a working labora

tory rather than technological innovations. The discovery that the 

generally accepted method of oxidizing the NBS oxalic-acid C*^ stan

dard (by an acid solution of potassium permanganate) can lead to 

significant fractionation of isotopes* if done by the "cookbook" 

procedure, resulted in a short paper for Radiocarbon (Grey et al., 

1969)'1which served as a useful' warning to other workers in the 

field, but added nothing new to the physical chemistry of isotopes,

A statistical-analytical approach to the analysis of early 

C^-dat.e distributions was developed in an attempt to gain insights
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into, the early .history of C Variations for times before precise

cross-checks with dendrochronologically dated wood are possible.
14The method; suffered from lack of sufficient, numbers of C dates to 

make the results precise, but it may be worth a re-visitation at some 

time in the future when greater numbers of dates are available.

The major'contribution from the experimental work was the 

production of about half a hundred measurements on dendrochrono

logically dated wood and oh a few historically dated samples in order 

to extend and detail our knowledge of variations in the atmos

phere. Each of these samples was measured several times to obtain 

good data of the precision necessary for C*^-fluctuation.work.

The Theoretical Work

So varied are the physico-chemical; processes involved in the 

causes of varying concentration in the atmosphere that this 

portion of the research reported in this paper seems almost.to con

sist of a series of disjoint articles9. and this has resulted; in .no 

small number of organizational problems in the presentation of the 

work.

Following is a brief summary, of those points which are re

garded as being the more important results of the present author's 

- research.



Reservoir Studies

Aside from a presentation of the methods by which.some of 

the reservoirs can be calculated (something which.is not included 

. in the great majority of published.works), the main.contributions of 

the present work are in an examination of the ocean sediments9 the 

soil carbonates, and the subarctic humus. The ocean-sediment 

reservoir was estimated by two independent methods which provide 

good agreement. Suess (1965) is the only other author who has in
cluded an. estimate of the sediment reservoir, and he did not state 

how he reached his result. The study of-caliche alnd soil carbonate 

is new to this Work, but much work remains to be done before, this 

study is complete. Similarly, the work on high-latitude humus is 

new. in.this work, but again much needs to be done to assess the im

portance of this reservoir.

The total inventory of radioactive carbon in the earth's 

geochemical-reservoir system was not greatly altered by the studies 

done during the present research, but some new insights are provided, 

and.these may yet contribute significantly, to the total budget when 

more data are available.

Data of Variations

-The -theoretical:.port4dti>rof the 'Contribution'■■to the- data of

variations consisted of an attempt to use a statistical method
14to derive variation data from the clustering of C dates due to
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14the compression of the C time:scale during periods of decreasing 

atmospheric radiocarbon content.

A statistical analysis of C -date distribution yielded only 

results of rather dubious usefulness of this study, but the method 

will take an, increasing validity as the mass of dates increases9 

and the method may be worth re-testing at a later time.

Production Variations

Probably, the most significant contributions of the research 

reported herein.are the modelling of the geomagnetic effect and the 

modelling of the solar modulation, and certain corollary results.

The achievement of a successful description of the way in 

which.the varying solar wind affects the inventory of the earth's 

atmosphere, while interesting in.. itself, has produced corollary re- . 

suits of some importance, Both Stuiver and Suess tried,. on various 

occasions before, during, and after the work reported herein, to 

model the solar modulation. The persistent.: search for the proper re

lationship was motivated by the belief that a number, of.important 

results might follow. First, there was the possibility that.the 

deVries Effect might be explained. Second, the:. ..naturala level of'.

in the atmosphere could be calculated. Third, any successful 

model; of reservoir behavior might shed additional light on.the 

"residence" times that had been so variously estimated.in.the past.
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Ihe model reported herein has achieved, most, of the hoped-for 

results» The deVries Effect has been explained as being due entirely 

to the solar modulation within the limits of experimental precision. 

The Suess Effect has been rather accurately determined. Finally, the 

mean residence time of a CO molecule in the atmosphere has been 

determined. . In. addition, the mean time for the decay of a step 

change in.atmospheric concentration has been determined. Ob

viously, the two times are not independent, but neither are they 

interchangeable, as so many authors have tried to make them. Indeed,

. one important point, which has been stressed repeatedly in this work,

.is that it is essential to be aware of the conceptual differences 

between such characteristic times as (a) the mean time spent by a 

CO^ molecule in the atmosphere before - exchange with another reser

voir, (b) the characteristic time for a step change in.atmospheric 

concentration to decay.away9 and (c) the time constant for a 

step change in atmospheric. 00 ,̂ concentration to decay.

Modelling the geomagnetic modulation.required, a rea^lution
14of the conflict between.the total C inventory and Lingenfelter1s

14calculation of the mean C -production rate. An analysis- of the 

reservoirs had made it seem impossible to increase, the. inventory 

enough to account for the difference, while an analysis of the system 

model made it clear that the. difference could not be due to the deep 

ocean being out of equilibrium with the production. It was necessary 

. to conclude Lingenfelter had. overestimated. the production.
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The analysis of the geomagnetic modulation made it clear that 

the long-term,.large-amplitude variations between 7000 years ago and 

the present time are largely accounted for by the geomagnetic vari

ation. -Kigoshi and Hasegawa, working concurrently with the present 

author, arrived independently at the same conclusion.

Ancillary, to the modelling of the solar-wind effect was a

study of the process by which newly-produced became oxidized to

G0o. MacKay had observed laboratory situations which seemed that

.the oxidation.from CO to GO^ was a very slow process. The present

author collocated and evaluated a large amount of material pertaining

to the oxidation of GO, but was unable to find a reaction that would
14account for the process. The C data indicate that the residence 

time for CO is short, but the mechanisms for its removal are not 

yet known.

Exchange Processes

Seasonal variations in tropospheric C"*"̂ level during-the 

post-bomb times of high activity are almost entirely accounted for 

by the Staley mechanism.of varying tropopause height. Any other sea

sonal processes appear to be small by comparison. The Staley pro

cess appears to acjcmmt for about 25% of the total annual transfer 

of COg between stratosphere and troposphere. Meridional transport 

at low latitudes is adequately jnodellei by a diffusion process with 

constant diffusivity. Lai and Rama had evoked.a varying exchange
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rate between stratosphere and troposphere to account for the sea

sonal variations in the troposphere, and then had to generate a 

varying diffusion rate, out of phase with the exchange rate, to 

smooth out the meridional transport. The present model seems to be 
both simpler and in better physical accord,with the system.

From the model derived ■ from .bomb-C^ data,- it is possible 
to estimate, albeit somewhat imprecisely, that the pre-bomb stratos
phere must have had a specific activity about 7% higher than the 

tropospheric value. .

The question of climatic effects on atmospheric C*^ levels 
(Suess, 1965; Damon, 1968, 1970; Damon and Wallick, 1970) was 

examined with the geomagnetic reservoir-model equations. It appears 

that an increase in temperature should cause a decrease in the speci

fic activity of the atmosphere, because of possibly increased ex

change .rates and because of an-increase of COg in the atmosphere,

The carbon-14 system of the, earth - is a very complicated one. 
The‘data-are often-inadequate to provide a sound basis for under
standing some parts of the system, unless one has the serendipity 

of Haris Suess, whom the elder Houtermans (1966) described as being 
noted for the fact that he comes to right conclusions on very 

scanty evidence or no evidence at all. Not even the redoubtable 

Suess has been able to bring order out of the earth's radiocarbon 
system, however.



There:are many explanations for the variations ih concen

tration of atmospheric•radiocarbon. Different time scales are" in

volved,, and different kinds of variations. There are variations in 

space at a fixed time, and there.are variations with, time at fixed 

points in space. Variations in space are of rather short-term aspect 

in the troposphere, but in the oceans these may persist for very long 

times. Neither the atmosphere nor the ocean is a well-mixed body 

from the:short-term point of view, and the oc6an no doubt maintains 

geographical differences, over very long periods of time. Indeed, 

different parts of thp ocean are in.effect, separate reservoirs and

maintain -different steady-state' activities. There is, however, no
!

way to know whether the relative sizes and- positions of these sub

systems have changed, over periods of thousands of years involving 

changes in,sea level and climate. _ .
\;rThe reservoir system is very complicated, and the inter- \

i ■ ' •

actions are of varied nature, so that a detailed modelling of the 

system for purposes of analyzing the • exchanges and transport of 

radiocarbon is analytically too intractable for calculation, even 

assuming that all the processes were understood.well enough to de

scribe mathematically. Even if the system could be modelled, the 

input data are too poor for most parts of the system, and there 

would be no measurements against which the resultant calculations 

could be compared. In short,, modelling of. inter-reservoir exchanges
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must9. in practice9 be limited to very special conditions under which 

• simple models might apply.

Even-with an intensified, program of oceanic samplings, and a 

continuing program of atmospheric.sampling, it will be some time be

fore details of the atmospheric and oceanic exchanges and transport 

of radiocarbon become known. The most serious deficiency in the . 

present body of data is the lack of pre-nuclear-weapon values for 

atmospheric and oceanic data.

..Work to be Done

Some. of the principal problems in research .which need to 

be attacked are outlined below.

1. The problem of the rate of production of ± n the at

mosphere needs to be continued, with better neutron measurements 

being a fundamental requisite for this work.

2. The problem of the oxidation of C^O, and also the

monoxide of the stable isotopes, has yet to be solved.
143. Network.studies of G concentration in ocean.water are 

needed in order to establish the necessary data for assessing the 

exchange between atmosphere,, mixed-ocean, and deep-ocean■waters.

4. Atmospheric sampling should continue-along the lines of 

the program conducted by the Health and Safety Laboratory.

.5. Testing of additional reservoirs must continue, as well 

as attempts to establish better estimates of known reservoirs.
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Except £®r the atmosphere- and .ocean.systems, the•remaining•reservoirs 

are • enly very :poorly ^nown.

6. The ge.nesi,s ©f caliches- is an interesting problem in
X Ageochemistry which may, ©r may. not be of .some Importance to the C 

inventory probleti-

7. ■ The■question of the effects ©f varying atmospheric GOg 

content on.climate is still to be:settled- Plass, Kaplan, and others 

have attempted theoretical estimates of the greenhouse effect to be

derived from atmospheric COv>» but. these are fraught with diffieul-
' ' ' 2 ' ' '■ | 

ties. The current - increase in GOg (Callender Effect): should provide

a test of this factor. Naturally, a continuation of precise mea

surement son.atmospheric GOg is mandatory.



APPENDIX A

A LISTING: OP USEFUL DATA

Mean radius of the earth: (6.378169 ± 0.000008) x 10*
18 2Area of the earth's surface: 5,100 x 10 cm

18 2Zonal' areas of the earth's surface (units of 10 cm ]

Zone 0 - 10° 10° - 20° 20° 30° 30° - 40°
Area 0.442 0.430 0.402 0.364

Zone 50° - 60° 60° - 70° 70° - 80° 80° - 90°
Area 0.225 0.189 0.112 . 0.041

16 2Land, and water areas (units of 10 cm ):
North. Hemisphere South. Hemisphere

Land 100,281 48.611
Water 154.695 206,364

Oceanic area data (Sverdrup, 1954):
Ocean Area (1016 cm2) Vol. (1021 cm3)
Atlantic 82.44 323.6
Pacific 165.25 707.6
Indian 73.44 291.0
Marginal seas 8.08 7.1
Large inland seas 29.52 40.7
Small inland seas 2.33 0.4
Totals 361.06 1370.3

189

cm

40° - 50° 
0.313

Total
148.892
361.059

Mean depth 
3926 .m 
4282 
3963 
874 
3178 
172 

3800
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Zonal land and water distribution (Sverdrup, 1954) (units of 10 

Zone

16 2, cm )

North 
75 - 90° 
60 - 75° 
45 - 60° 
30 - 45° 
15 - 30° 
0 - 15° 
0 - 15° 
15 - 30° 
30 -  45° 
45 - 60° 
60 - 75° 
75 - 90°

Total
Area

8,762 
25.645 
40.677

Land
Area

15.652
23.137

52.832 23.586
61.343 21,261
65.717 15.149
65.717 14.816
61.343 14,308
52.832 4.734
40,677 0.590
25.645 5.924
8.761 8.239

Water
Area

Zonal % 
Land

Zonal 7= 
Water

% of ' 
Earth 
land

Total
Area
water

7.266 17.1 82.9 0.293 1.43
9.993 61.1 38.9 3.07 1.96
17.540 57.0 43.0, 4.54 3.44
29,246 44.6 55.4 4.63 5.74
40.082 34.6 65.4 4.17 8.01
50.568 23.0 77.0 2.97 9.91
50.901 22.6 77.4 2.90 9.98
47.035 23.2 76.8 2.80 9.25
48.098 9.0 91.0 0.93 9.45
40.087 1.7 98.3 0.12 7.87
19.721 23.1 76.9 1: 06 § 3.86
0,522 94.0 6.0 1.61 0.10

Fresh-water volumes:

Polar ice caps and glaciers
Fresh-water lakes
Saline lakes, inland seas
Stream channels
Ground water, upper .0,8 km

21 329.3 x 10 cm
19 312.0 x 10' cm
19 310.0 x 10 cm

1.12 x 1018 cm3 
4=02 x 10^8 cm3

Mass of atmosphere (Verniani, 1966): (5.136 ± 0.007) x 10
1.005 x 103 g cm 3

21

Mass of CO2 in atmosphere: 2.45 x 1018 g 
_20.481 g cm

Concentration of CO^ in atmosphere: 316 ppm by volume (Brown and
Keelings 1965). By extrapolation: 321 ppmV in 1972.

Mass of carbon ; in -atmosphere ■ (1972) : 6 . 7-9- .x 9 ^0.131 g cme
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Rate of change of COg concentration In atmosphere (Pales and Keeling, 

1965; Brown and Keeling, 1965):

.14 in pre-industrial atmosphere:

0.72 ppmV yr 
0.23% yr™1

9.45 x 10 g 
1.83 dpm cm

-1

14Annual production of C : 
Lingenfelter, 1963; 2.50 ± 0.50 atoms C14

0.0181 ± 0.0036 dpm cm
cme
-2

sec-1

Lingenfelter and Ramaty, 1970;

Decay of C

Korff, et al,, 1968; 

Korff, et al.> 1969; 

14

-2 -12.32 ± 0.50 atoms cm sece
-2 -12,10 +0.40 atoms cm sece

2.00 ± 0.40 atoms cm sece

Decay constant? 

Mean life, **":

Half life:
9 144.35 x 10 atoms of G produce 1 dpm.

1.21 x 10 yr 

8270 yr 

5730 yr



APPENDIX B 

THE OXIDATION OF

Before a successful model of short-term processes could be

achieved9 it was necessary to examine the question of the amount of
14time a newly produced C atom spends as carbon monoxide before its 

oxidation.is completed. It was an a-priori possibility that the 

oxidation is slow enough to introduce an appreciable time lag between 

production and exchange processes.

A survey of data pertaining to potential oxidation mechanism 

was undertaken. The findings mainly served to underscore the experi

mental difficulties encountered.in determining rate constants for 

gas phase reactions.

14
Residence Time of C 0

About 0.(jl5% of the. total carbon in the atmosphere exists as

carbon monoxide (Junge, 1963), The specific activity of the gas
14would depend upon the length of time spent by C in this state be

fore exidation to the dioxide» Hagemann, et a l - (1965) report that

about.10 samples were collected at ground level at the Argonne
1National Laboratory around 1951 and analyzed for C in both the CO^ 

and GO fractions. The activity of the CO fraction was less than 1% 

of that of the CO^ fraction. Hagemann.et al. also report on two

192
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.stratospheric CO;samples collected in 1959 above San Angelo, Texas,

at altitudes of 80,000 and. 92,000 feet» The specific activity of

the CO was indistinguishable from zero, while CO^ samples collected

from the same air samples showed expectable activity. Apparently

the activity of CO in both pre-bomb and spost-bomb times has been

essentially zero, while the activity of CO^ has been finite and has

increased greatly.

All of the above might be taken to mean, simply that C ^  does

■not spend any appreciable time in the CO state before being oxidized

to the COg form. However, MacKay et al. (1959, 1963) have performed
14a number of laboratory experiments on the oxidation of C produced

directly in a volume of air by neutron bombardment,. and have con-
14eluded that essentially all of the newly produced C is oxidized to

the CO form very/rapidly but that the reaction to COg is very slow
14indeed. They could find no increase in the amount of C 09 in theA

reaction vessels after standing large, amounts of time.
14 14The immediate, oxidation of C to C 0 is predictable. The 

C ^  atom, fresh from the nuclear production reaction, would react as 

a "hot" atom, in the chemical sense. It would possess more than

enough energy to activate a-reaction with an 0^ molecule. The

reaction with 0  ̂is exothermic, however, and if a stable product is

to be formed, the excess energy must be carried off somehow. An., in

frequent three-body reaction might allow the formation of as a

SJtable ehd product, but in most cases one of the oxygen, atoms will
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have to carry off the excess, leaving C^O as the immediate stable

14•product. It might seem at first that the C 0 would retain suffi

cient energy as a ."hot” molecule to = activate a second reaction, but

the results of MacKay et al. do,not indicate that this happens.
14If indeed C 0 is the stable end product following . immediately

14upon the formation of the C atom, then the problem of its further 

oxidation is essentially the.same as that of any other GO molecule.
14It then becomes difficult to understand the lack of C in measure

ments on atmospheric CO samples.

Bates and Witherspoon (1952) estimated the annual production

of CO to be about 8 x 10*^ molecules cm  ̂yr \  MacKay, Pandow ande
Wolfgang (1963) used this and Lingenfelter?s production figure to

- Iestimate the specific activity of CO to be near 1000 dpm g , com-
_1pared to about 14 dpm g for the CO^ carbon. More recently,

L^nnenbom, Swinnerton, and Lamontagne (1972) reported that CO from

the sea rivals or exceeds that from fuel consumption. This would

presumably have the activity of oceanic carbon. It is puzzling
14that measurements of C in CO show much less than standard activity, 

and even zero-activity.

The mean residence time of GO must be short; judging from 

current estimates of production and concentration, it must be a few 

weeks. Migeotte and Neven (1952), who discovered CO in the atmos

phere by its infrared spectrum, also observed the high variability 

pf (3Q concentration in the atmosphere and pointed out that this
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seemed to argue:fof a ;short residence time. The estimated.mean value 

of CO in the atmosphere from Junge (1963) is about 45 x 10^ mole

cules per square centimeter while the production seems to be several
18 -2 -1 times the 10 molecules cmr yr (Maugh,,1972).produced, bŷ  fuel

consumption,' Clearly, the residence time is not more, than -g few

months. Also, one might cite the lack of apparent time lag between

fluctuations in.atmospheric C*^ production and the appearance of, the

effects in GOg further evidence that no great amount of time is

spent in the CO form.

Atmospheric Reactions of CO'

Among the atmospheric reactions which might be listed, a 

priori, are:

CO + °2-- ^ c o 2 + 0 (a)

CO + Q3^-->-C02 + °2 (b)

CO + 0 — > G 0 2 (c)
CO + 0* -- ^ C 0 2 (d)

CO* + CO — ^ C 0 2 + 0 (e)

CO + NQ2 ^ c o 2 + NO (g)
CO + OH •«— ^ C 0 2 + H (h)

CO *+■H°2 — fe=G02 + OH (i)
GO + H2° H2. (j)
CO + 0 + M-^COg + M (k)
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Amost equally a priori, a number of these reactions can be 

eliminated from further consideration.. Reaction (j) is the water- 

gas reaction of commercial history and is very well known. As might 

be expected, it only occurs at very high temperatures and with the 

aid of catalysts, usually metals such as platinum or nickel. The 

effective activation energy is enormous.

Reaction (a) can be ruled out very quickly. Bates and 

Witherspoon (195?) report the results of an.experiment in which CO 

and 0  ̂were exposed to sunlight for seven years without the forma

tion of C02. Bates, earlier, had exposed a CO - 0^ mixture to the 

ultraviolet of a,, quartz-mercury arc without appreciable reaction.

Water vapor has no detectable effect on the reaction. Fenimore and 

Jones (1957) assign an activation energy of 24,000 cal per mole to 

the reaction at high temperatures.

Reaction (b) might appear to have possible importance at 

first appearance. Indeed, Junge (1963) states that "oxone oxidizes 

CO easilybut others•feel that this is not the case at all. Bates 

and Witherspoon noted that the activation energy for the-reaction 

was greater than 20 kcal/mole, and Dondes (1953) and Harteck and 

Dondes (1955, 1957a) have confirmed that the heat of activation is

in excess of 28 kcal/mole. Data.from the latter paper give an. over-
-24 3 -1all rate constant of about 4 x 10 cm sec for the reaction,

11which, in turn gives a mean resident time for CO of about 10 sec 

near the ozone peak.
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Oxidation, ©f GO by atomic oxygen (c) is a process about 

which there, is an appreciable amount of confusion in the literature. 

Bates said the reaction was 150 times less efficient than the 

reaction

°2 + ° - * 03 ‘

Bondes (1953) noted, in passing that the photochemical dissociation

of N0o to give 0 in the presence of GO did not yield COL at room* I  ;; I

temperatures* Knipe and Gordon (1957) observed a reaction which was 

initially fairly fast but•soon died out„ Suppression by the GO^ re

action product w^s discussed but ruled out by experimental testing* 

It was noted that the reaction.seemed to speed up whenever there 

was relative motion of the reactants with respect to the container 

walls* Sobolev (1958) assigns an activation energy of 27 kcal/mole 

to the reaction q.t high temperatures 9 while Avramenko and Kolesni

kova (1959) assign a low activation energy at about 500°G but also
' ' : :l
assign a. small steric factor* Tsukhanova (1959) assigns an acti

vation energy of 25 kcal/mole*

A :recent study of this reaction by Mahan .and Solo (1962) 

seems to be the most complete and definitive. They consider both 

the non^radiative-final state

CO + 0 — *-C02X ,
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and the radiative final state

CO + o— ^co2"

The ' assign. a,n. activat ieh. energy of 3000, te 4500 kGal/mrele to. the 

"first with, a preTexponetitial factor of 1.6 x 10 ^  cm^ sec  ̂ g. and 

an activation energy of about 9<, 5 keal/mole to the - second with a 

pr.e^exponential factor, of about 2..34 & 10 ^  Gm sec . The second of 

these is not important in.the atmosphere compared to the first. At

the oxygen..peak near 100 km the first reaction has a rate constant
-18 3 *-1 , /of about 5,0 x 10 . cm sec •: s and gives a calculated, mean life for

GO1 at this level, of about 3,5 x 10^ sec, assuming a constant mixing

ratio of GO with altitude. At 50 km^ the rate constant, is
-17 3 -1 61164 x 10 cm sec ., giving;a mean residence time of 4,1 x 10

sec. Peak GO oxidation occurs at about 40 km9. and a numerical inte

gration by 10 km levels gives a total GO consumption between 25 and.
17105 km as about 1,7 x 10 molecules per square -.centimeter per year9 

which is from. l0,1 to 0,2 times the annual production. The calculation 

was performed wifh.an.activation.energy of 3700 keal/mole. If the 

acttcal value were nearer the lower figure given by Mahan and. Solo,

, i.e., 300 kcal7mole9 the reaction would be•5 times faster9 and the 

• reaction-would unquestionably provide a numerically adequate:sink 

for GO.

Reaction (d) is mentioned by Gadle (1964) as being of
* 1 possible significance, where 0 - is mainly considered, as 0( D)9 the
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principal form of atomic., oxygen. from the photodissociation of GO^ at 

high altitudes. The excitation energy of this form of oxygen, is 

adequate to activate the reaction (d), but the low abundance of the 

activated oxygen makes the reaction Unimportant,

The reaction of excited CO'(e) has not been very well 

studied. The reaction dr unexcited GO seems to have an.activation 

energy of about 34.kcal/mole (Chufarov and Antonova9.1947), Harteck 

and Dondes (1957a) -point out. that three possible reactions may occur,

CO* M- CO-— > C 02 + C
GO* + GO ^ C o0 + 0I

CO* + M — ^  GO + M

Without additional informations, one can. only assume that the coili-

sional deactivation process would, dominate in the atmosphere where
- 7the mixing ratio of GO is about 2.2 x 10

Fenimere (1947) assigns an activation energy of 49,6 kcal/ 

mole to the reaction with NO (f)s which makes it completely 

unimportant.

Reaction (g) is assigned an activation energy of about 28

kcal/mole by Bates and Witherspoon (1952) and Herschbach et al,

(1956) assign.a value of 31,6 kcal/mole, Assuming the lower value9

and a typical first-order pre-exponential factor, and Young9 s (1966)

values for the concentration of WOL* the.reaction is seen to be com-I

pletely unimportant,
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The hydroxyl reaction (h) was put forth by Bates and Wither

spoon (1952) „ and by •Weinstoek and Niki (1972). 5 'but the concemfcra1- 

6ion data argue against it. Avramenko, and Lorentso (1950) gave the

activation energy as. 7 kcal/mole and the pre-exponential factor as
—12 3 1 l/210 cm sec T , This reaction gives a mean life at the hy**

drossy! peak near 60 km.as 5.6 x 10^^ sec, using the concentration 

figures of Young (1966) which agree with those of Bates and Nicolet 

(1950) quite well.

Activation energy and rate-constant figures for the perhy~ 

droxyl reaction (i) seem to be rather scarce9 but the abundance 

figures of Bates and Nicolet (1950) make the reaction unimportant for 

any reasonable values of these constants.

The three-body reaction (k) is discussed by Bates and Wither

spoon who assign to it a rate constant of 5 x 10 ^  T^^ cm^ sec \  

based on work by Groth and Jackson, whom they cite„ Harteck and

Dondes (1955) assign an activation energy, of 2 kcal/mole and a pre-
-36 6 - 1exponential factor of 5 x 10 cm sec . . If- one assumes the 

efficiency of all atmospheric constituents as third bodies in the re

action to be equal5, the mean residence time at the atomic oxygen
12peak near 100 km seems to be about 1.4 x 10 sec.

Of the atmospheric reactions of CO considered hereg,. only the 

atomic oxygen reaction seems to be important5 and this one seems to 

be almost sufficient to remove the annual production of CO.
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The * oceans ..seem to .be - a major source - of atmospheric CO

(Linnenbom, Swinnerton and Lamontagne, 1972). Whether they may also

be sinks in some areas is not yet known. Gilluly (1972) reports on-a

study by Inman and Ingersoll at the Stanford Research Institute in

which the uptake of GO by various soils was studied. Some - soils
-2 -1showed an ability to remove 6 mg of CO m hr . Sterilized soils

had no such ability. ' Fourteen -strains of fungi had ability to•remove

CO)■the most effective of which was•Penicillium digitatum. If only

15% of the land surface had such capacity for CO removal, it would

be adequate to account for the annual production.

A bacterium, B..oligocarbophilus, seems to be able to

assimilate GO much as plants might assimilate COg. ZoBell (1963)
-4 =2gives the bacterial biomass of the oceans as about 2 x 10 g .crn̂ ,

which is essentially that of CO. The bacterial biomass of the land
> , - ' / is probably no more than a fraction of that of the ocean, so it seems

that B. oligocarbophilus would have to claim a very undemocratic 

fraction of the total bacterial biomass in order to have an appreciable 

effect on the mass of CO in the atmosphere even if the bacterium., 

consumes many times its own weight each year.

In this, as in so many areas, man is becoming.increasingly 

aware of his dependence upon the total environmental system. His 

dependence upon the microorganisms is just beginning to be-under

stood in areas outside of the study of infectious diseases. The 

benefits -derived by man from the action of soil life • are not yet 

fully appreciated, while yet man ravages the soil for his table.
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Whatever the principal sink reaction, for CO$, it appears to
*

have a residence time of the order of several months, or a few years

in the atmosphere. The principal sink must almost certainly be at
14the surface. The lack of C in 00$, however9 indicates that a fast

14. reaction is available to the C 0 which is probably not available
!

to ordinary CO. This could only be a hot-atom or hot-molecule re

action at the tiine of production, the data of MacKay et. al. notwith

standing . It is not,impossible that MacKay et al. experienced un

knowingly the saipe experimental difficulties that beset Knipe and 

Gordon (1957) when they observed a fast initial reaction which died 

out. Subsequently it was strongly suggested (Harteck and Dondes,

1957b) that they, had encountered inhibiting wall effects in their

reaction vessel. Perhaps MacKay et al. had similar problems of which
14they, were unaware. The general lack of agreement of the C data 

for GO^ apd for CO suggest, that their results9 which seems to pre

clude an immediate oxidation to must be in error.
, 14Dorn et al. (1964) postulated that fhe oxidation of C 0 

takes place through the exchange reaction

C02 + c14o ^ ^ c 14o + CO

They experimented with mixtures of GO and C0o in which one molecule
2.

14or the other was labelled with C . The mixture was exposed to 

ultraviolet light from a deuterium source. There was a measurable 

exchange. The results are of doubtful significance for atmospheric



problems, however, because at the levels where such short-wave ultra

violet is available, there, is very little carbon as CO^ (Bates and 

Witherspoon, 1952)„ Above 100 km, where short wave ultraviolet is 

available in increasing quantity, virtually all,the atmospheric 

carbon is in the form of carbon monoxide <, In any case, most of the 

C14 production is far below this level and vertical transport times 

are rather long, so that one would find appreciable specific activity 

in CO samples from the upper troposphere,
14It seems reasonable to conclude from the evidence that C 

is oxidized by a very fast reaction which is not available to 

ordinary CO, :



APPENDIX C 

A DERIVATION

Equation 5.2 is a simple and intuitive description of the ex
change of radiocarbon between the atmosphere and the exchange reservoir. 
Its relationship to the equations of Craig (1957) is worth exploring. 

More important is the adequacy of approximating the difference between 
the specific activities of the exchanged carbon by that between the 
specific activities of the reservoirs.

Equations of the form used by Craig can be written for each of 
the three carbon isotopes in the atmospheric reservoir.

Capital N's refer to the masses, in grams, of the atmospheric isotopes 

and small n's to those in the exchange reservoir. Right superscripts 
refer to the isotopic mass. Right subscripts indicate the direction 
of exchange, e.g. 12 indicates transfer from reservoir 1 (the atmos
phere) to reservoir 2 (the exchange body). The k's used here desig
nate the fractional portion of an isotope in a reservoir which is 
exchanged annually, and have the dimensions of reciprocal years. Q 
is the production rate for C^, in grams per year.

= Q - y\N14 - ki2 N14 + k\i n14 C. 1

C. 2

C.3

204
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For simplicity, the radioactive-decay term, which is two
orders of magnitude smaller than the exchange terms, is neglected.

The rate constants are not independent. They are related
by the kinetics of isotope chemistry. If there is a difference

13 12between the exchange rates for C and C , the difference in the
14 12exchange rates for C and C will be very nearly twice as great, 

because the mass difference which governs the fractionation is twice 
as great. Thus

ki ? ' kij2 " 2(kij " ki ?  •

or

k!4 = 2k13 - k12 . C.41J ij ij
12The bulk of the carbon in a reservoir consists of C , of

13course, with about 1% of C , and of the order of a part per trillion 
14of C . It is convenient to define a term for the total mass of 

carbon in a reservoir:

12 13N = N + N ,

12 13n = n + n

The amount of radiocarbon in a reservoir is generally deter
mined by measuring the specific activity of carbon from the reservoir 

and proportioning to the total bulk of the reservoir. Thus it is the 
specific activity of the reservoir which is directly measured and is
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14the best known parameter relating to the C inventory. Similarly,

13 12the stable-isotope ratios, C / C , are better known than the 
absolute amounts. It is useful therefore, to use the specific 
activities in the exchange equations. The specific activity is 
expressed in units of disintegrations per minute per gram of carbon. 
Thus two new quantities can be defined:

Tv N14A =

A na = ---

N
14

n

Using these definitions of specific activity, Equation C.l
becomes

dN14 0 N k ^ A , n k n a . C.5
""dt~ X  + —

The transfer from one reservoir to another involves material 
which is isotopically different from that of the source reservoir 
because of the different exchange rates of the different isotopes.
Each year, the amounts of the various isotopes transferred out of the

v • • , 14 ..14 , 13 ..13 , . 12 ..12atmospheric reservoir are k ^  N , k ^  N , and k ^  N • The
specific activity of this material would be

..
»13 ■

Similarly, material exchanged out of the exchange reservoir will have
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a specific activity given by

, »14
3 . 12 12 , 13 13 * 0,7

k21 n + k2i n

Under equilibrium conditions, the amounts of the stable 
isotopes exchanged between the two reservoirs are equal, as is seen 

from Equations C.2 and C.3, i.e.,

ku  n12 + k12 1,13 ■ k2l " 12+ k21 n13 •

For convenience, the two members of the above equation will be 
defined, in a manner analagous to that following Equation C.4, 
as the values N 1 and n 1, so that N' = n'.

Substituting from C.8 into C.6 and C.7 yields the equations

A' = A | t . C.9

a' = a n' * C.10

Substituting Equations C.9 and C.10 into C.5 gives

If C. 11 is now multiplied on both sides by A ,  the essence of Equation 

5.2 is obtained

.•p 14
SS—  = - N'(A' - a'),

where is A n ^, the total activity (not specific activity) of the
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atmosphere, use is made of the fact that N' = n1 at equilibrium, and 
X  Q will be defined as a new parameter Q', which expresses the pro
duction in disintegration units instead of atoms or grams. Thus one 

has

dR14 = Q' - N'(A' - a') , C. 12

which is Equation 5.2 with slight differences in letter notation.
The more important question is that of the validity of using 

(A - a) for (A1 - a') as was done in chapter 5.
Now,

A ' " a ' = k12 I' A " k21 n' 3 1 C.13

using the defining Equations C.9 and C.10. Using the isotope kinetic 
relation C.4, and the defining relationships for N, n, N 1 and n',
C.13 can be put into the form

(2 - k ^ H N 12 + N13)
A ' " ^  = k ^ N 12 + N13 A

(2k21 " k21)( n12 + nl3) 
12 ,13 n13

21 n + k21 n
C. 14

The k's in the above relation are not known with very great 
precision. The isotopic compositions of the reservoirs are fairly
well known, and the relative isotopic composition is very well known

13 12 13 12from mass spectrometry. The ratio of (N /N ) to (n /n ) is known
to be 0.993, with considerable precision (Craig, 1957). The values of



13 12 13 12N /N and n /n are both near 0.01, but differ by 7 permil, as
indicated above. The k's are not well known, but the ratios of
13 12 13 12^12 t0 ^12 an<* ^21 t0 ^21 are within a few percent of unity, because

the isotope effects are small.
If now the first term on the right side of C.14 is divided 

12 12top and bottom by k ^  N and the second term similarly divided top 
12 12and bottom by k^^ n , the result is a form which is approaching 

evaluability:

k \2 N13 k 3 3  N13
A' - a' = (2— - 1) (1 + — ) A/(l + — — Yo )

k 1 2  N  k l2 N

kji 13 k?l nl3
" ~ 1 2  " 1^ 1 + ~ 1 2  ) a/ ^  + ~~i2 12 ^

21 n 21 n

Since the ratios of the k's are very nearly unity, it is use
ful to define two new terms:

S12 - 1 " k12 
12

21

Thus defined, the 5's will be small positive quantities.
From Equations C.2 and C.3, and assuming a steady-state con

dition, it follows that
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and hence that
1 - 6., 13, 12

= 1 W "  = 1-007’

using the known relative isotopic compositions of the two reservoirs. 
With this definition,

(2(1 - 612) - 1 X 1 +
A 1 - a' = J3 2̂ ^

1 + (1 - 612) N1 /N

(2 (1 - 6 ) - 1)(1 + n13/n12)
-  — ----------------  a. C. 16

13 121 + (1 - 621) n /n

The first denominator is of the form

1 + N13/N12 - 612 N13/N12

and since both 5^^ and the isotope ratio are of the order of a few 
hundredths or less, the product term can be dropped with negligible 
error. A similar argument applies to the rightmost term of C.16. 
Cancelling the simplified denominators with the second factors in each 

of the numerators leads to the form

A' - a' = (1 - 2612) A - (1 - 2b2i) a , C.17

in which each of the coefficients on the right is underestimated by 
perhaps as much as one part per thousand, due to the approximation 
employed.
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From C.15, to a close approximation,

621 =  612 +  0-°07 ’ 

where is perhaps overestimated by 5 parts in ten thousand. Sub
stituting this approximation into C.17 yields:

A' - a' = (1 - 2B ) A - (1 - 2(812 + 0.007)) a ,

or

A' - a' = (1 - 28 )(A - a) + 0.014 a . C.18

Then

A 1 ~ a' 1 - 2 6  + 0*014 a
A - a 12 A - a

Finally, use is made of the fact that the specific activity of the

exchange reservoir is about 95% of that of the atmosphere, so that

A t — p t
~r  —  = 1 - 25-0 + 0.27.A - a 12

The value of 6^2 is not well known, as stated previously.
13 12On the basis of the mass difference between the C and C isotopes, 

and the square-root dependence of thermal velocity on mass, one might 

expect about a 4% difference in reaction kinetics, i.e., a value of 

6^  which is of the order of 0.04. However, this simplistic approach 

is not very trustworthy, and establishes only ,the approximate value. 

Rankama (1963) summarizes data from several sources, indicating 

experimental values which range from 2.5 to something over 4%. It 

seems reasonable, therefore, to assume an approximate value of about



0.04 as suggested by the mass calculation. Thus, it follows that

A I _ a I— r—— —  = 1.19, approximately,A - a

or somewhat less, due to the approximations made. The error is thus 

.20% or less, and this is just about the error with which the 

•difference A - a is known.

It should be pointed out that in the solar-wind model 

the coefficient of A - a was left unknown and its value determined 

from the calculations. Thus the above error would apply to the 

derived exchange rate. Should accurate values for the fractionation 

factor, as reflected in the value here, become known, it would 

be a simple matter to adjust the derived exchange constant 

accordingly.
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