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PREFACE

In 1958, while at Sheridan-C;llege:in<Wyoming, the;author be=
came involved with several programs of archaeclogical research-in the
‘High Plains area, 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 ddring the Qua-
ternary. Period. fhe problems of land bridges,.icenfree corridors, ex-
tinction of megafauna, the hiatus in human occupation of the High
'Plains during the ”Altithermal", 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 concentraFidn in the atmosphere, which
were respongible-for the dating inaccuracies, were important data re-
garding- the past Eistory of the earth and its environment, The geo-:
magnetic field, solar.flares, and the complex system .of physical and
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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 coneentration
in theatmo.s;')here° 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 naturé, Could one comprehend
the nature of the cosmic~ray.flux and its wvariations without being an
astrophysicist, or the reactions leading to~C14-pr0duction in the
' .atmosphere without being .a nuclear physicist, or the chemistry of the
oxidation of the newly-~fofmed»C14 without being an aeronomer, or any
.of a dozen other aspects of the problem without being a spécialist 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 014.is produced and distributed over the world,
Jand it is from here that the 014 enters into the oceans, bioesphere,
.and soil .systems.

The ‘author hoped to attack the problem of C14 variations in
the atmpsphere 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 fortunatg

‘in finding receptive ears in the Institute -of Atmospheric Physics and
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‘the Geochronelogy Laboratory. where thie 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 almest 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-
Lpehsable. The ‘late Prof. James E. McDonald, once major -professor and
chairman-of-the author's graduate~committee, :was very helpful in.pro-
viding detailed criticism .of the first manuscript, and in-sharing
‘his ‘wealth of physical insight. .Professor Paul E. Damon directed the
researchedone.for this.study, and his guidance and instruc;ion‘deserve
-special mention. .Professor Laurence Gould assisted materially in
gathering data for the study of arctic and subarctic soils. _Professor
Donald Bryant,provided identificationAof some Brazilian marine shells
and some environmental interpretations. . Professors Gerald Wright and
Terah Smiley gave generously of thelr time and knowledge in connection
- with cereain parts of the study.

. A heartfelt word of thanks must go collectively to all the
:staff,‘éraduate»students and faculty who have provided, in addition
to specific ideas. and suggestions, an aﬁmesphere of intellectﬁal
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

' . - 14
Many workers have demcnstrated that the concentration of C

in the atmosphere varies. The record of variations has been extended
to -about 7500 years, utilizing deundrochronologically dated wood. This
record is an invaluable history of the geophysical and geochemical
' . . 14 . s . :
mechanisms which cause the C variations in the atmosphere.
14 s ~ . , ’
C 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
C  is produced in the - atmosphere, and (II) variatioms in the physi-
. . N T
cal and chemical processes by which C is transported and exchanged
within and between the several reservoilirs of the earth system; e.g.,
the -stratosphere, tropésphere, mized-ocean layer, deep ocean, oceanic
sediments,; biosphere, lithosphere, and terrestrial hydrosphere.
. 14 .
Extant estimates of C7 production exceed the total decay
in the earth's reservoirs. The present work included a search for
A 14 ‘ . , .
additional C in overlooked or underestimated reservoirs, with
negative results.
. A theoretical model of the way in which the solar-flare
S . R P
(sunspot) activity affects the amount of ¢ in the atmosphere was
developed, and shows that much of the short-term (i.e., decade to
. . . g s 14 P
century periods) variation ig due to modulation of .C production
by the solar wind. The model also provides rather precise data on

xii



xiii

the mean life of a CO, molecule in the atmosphere (4 - 7 years) and

2
the mean time for dissipation of a disturbance in atmospheric 014
concentration (about 100 years) and on-the Suess‘Effect (maximum
of about 2% in 1968), |
‘Long-term Cl4 variations are shown to be explained by a
modei which describes the effects of the varying geomagnetic field.
The model éhows that 014 production‘aﬁd decay are not in equilibrium,
buf 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
ﬁypothesized to be due to an earlier period of high production,
such as from.a magnetic reversal or supernova injection.

Seasonal variations in tropospheric 014 concentration after
the 1962 nﬁclear-weapon tests aré-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 pf air trans-
port between stratosphere and troposphere, and between hemispheres.

Uptake of 014

by the oceans is calculated and is shown to
be relatively large at low latitudes, despite the apparent super-
-gsaturation of the oceans with respect to C02. .A biological control

is hypothesized.



INTRODUCT ION

A Brief Historical Review

Libby (1967) presented, at the Sympoéium on Radioactive
- Dating and Low Level Counting in Menaco, a brief historical review of
the basic discoveries which led to radiocarbon dating. A 1list 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.
14

The reaction which produces C 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-

14

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

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

\

17

rare 0O isotope.and-fractions of a millibarn for 016 and 0¥8, it was

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

be . almost quantltatlvely assimilated in the N14 (n,p) C L4 reaction,

In 1940, Ruben and Kamen, using synthetic cl4

, showed that'C14 was, as
expected, radioaétive, and they estimated the half—life to be of thé
order of 25,000 years. Tn 1939, Korff and Dansforth developed neutron
counters, and by 194Q‘K6rff repq?ted the existence of neutrons in the

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

1



Actually, Lingehfelter (1563) 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 |
Hammermesh could estimate the Cl4 production to be about one or two
atems per sqﬁare centimeter of the earth's 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 inside the counter to eliminate wall

absorption. It wés necessary to use the thermal diffusion columns of
: . -, 14

Grosse to isotopically concentrate the G 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 radiocarben in methane from the Baltimore sewage system.,

14

,LibBy and 9fhers had redetermined the half-life of C to be about

5570 years, én§ byA1948 the technique of anticoincidence-counter

shielding had been developed so that the last technical obstacle to

radiocarbon dating had been overcome.

Ihe 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

3

to see how the radiocarbon was diStributed through the biogphere. The

results, theugh showing some variations, did net 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 distri?ution of radiocarbon . was
centered on bielogical materials for a very good reasqn; .Biological
sampleé offered the possibility of providing an essenfial.ingredient
for the dating process,'namely isolation‘of the sample at a fairly
'we11~defined_point in time., While living; organisms continued to take
o in radiocarBon from their environment. When they died, the intake
stopped and radioactive decay systematically‘depleted the C14-content,
. Lf the sample remainedvisolated from physical and‘chemical exchange
‘with its envifon@enf,,the radiecarbon concentration Qould”decrease

-according to the simple law. of radioactive decay,
A=A, exp (-£/Ty), A (1.1)

where Aé is-the initial_specific aétiyity, t is the»time elapsed since:
'isdlation,_Tm.is«the.mean.1ife.of radiocarbon. The quantity t, mea-
sured from the time.of. iselation, is called the”pgdiécgybgp age of
the sample. )

Isolation of the sample is essential to the concept of radio-
carbon .dating becau;e-itAlimits the process of change in.radiocarbon
activity to a reguiar mathematical law. Dating - is conceivéble.undeg
cond;tions\where changes ingradidcgrbén‘concentrgtions“ih a sample

take place by other regular. processes than radioactive decay, but such

processes are highly‘improbéble:in nature. Generally speaking, the



radiecarbon age of a sample is defined as the tf%e.elapsed since

isolation.

N

t =T in (A.O/A) . _ (1.2)

Three qqantities mist be known in order to calculate the age. The

mean- life can be found from laboratory experiments which are indepen-
s P

dent of the-dating experiment. The activity, A, can be found within
limits of experimental precisien by direct measurement on the sample.
The initial activity, AO, at the time of isolation of the sample can-

3

not be directly determined.

. The Initial Activity Problem
Libby (1952)rapproachéd the probiem of initial activity by
first measuring the radiocarbon concehtration in samples of wood of

. recent data frem all over the‘wOrld_to show that the radiocarbon in

15

the atmospﬁeré waé Qeilimiﬁéa aﬂ& vér§ nearly uhiform over the surface
of the earth, Sécond, he o?tained samples of as greaf age as possible
for which the .age was apérbximateiy)known, He used archaeological
samples from Egipt whé?é éﬁiohoiogies:weré available, and he used

" interior wood frpm sequoié treés which could be apprdxiﬁately dated by
counting the numBer of fingg lying bétweeq.the sample and the outer
surface of the‘living'tree, ‘For both types of sample thevmeasured
radiocarbon concent%ation was, within the limit Ofvgxperimental error,

that which would be expected for a sample of the given age if the
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'1initia1 activity had been approximately the same as the average age for

all the‘receht 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.

N

The Fundamental Assumption of C14 Dating
Libby's experiments removed the last formal obstacle to radio-
carbon.diting. He had, in essence, determined a sort of universal con-

_stant to-useifor the quéntity,_Ao, in equation (1.2). Thus was bord

" the fundamental assumption of radiecarbon dating: "The initial radio-

carbon concentration of woed samples is a constant'. This value of
'radioéarbonugoncentration was subsequently expressed in terms of an

_artificial‘stahdard of oxalic-acid supplied by the National Bureau of
A R
_Staﬁdards in Washington, D. C., This oxalic-acid standard was adopted

3

,internationallylto provide a uniform basis of comparison between
A 1abofatories. .Unlessﬂotherwise specified; all radiocarbon dates are
‘calculated from equatien (1.2) witP Ao taken to be 0.95 times the
activity of.thevNBS oxalic-acid standard.

From the time of its inceptioen, radiocarbon dafing enjoyed a
: Vérysrapid,growth,’-The ubiquitous nature of éérbon—bearing minefalé
%iﬁ Hisféfiééi énd archaeological sites promised great ﬁtility,iﬁ A
k?dgterﬁihing chronologies fof pre-historical or non;hiétofiéal éifes-
with inadequate fecords. A number of laboratories sprang up around

\

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



vonly;included-wood,,bﬁt.also bone, shell, soil organics, animal re-
mains, calcareéus ooze . and almost any imaginable type of carbon-
bearingwmaterial; Almost .all of these were "dated" by using the
universal wood -standard as a reference. In thehaste to put this
'ne& tooi~to\work, the fundémental conditions for datebility were
often'ignéred»of'gléssed over, Inevitébly a great. many inaccurate

or even meaningless '"dates" were produced.

-The deVries Effecf

In.1958, deVries (q.v.) provided the first clear evidence
that the fundamental assumpéion-of radiocarbon dating was not
valid. deVries utilized wood from the last five centuries which
had been dendrochronolegically dated (net merely ring counted) to
obtain-accurate ages. He also measured,grains, but grain is oenly
d%table by-infgfence_andvis subject to,influencé Ey soil gas, so the
grain>data must be less reliable. The iﬁitial activities varied
by almost:3%. ‘Other researchers found discrepancies of sevefal
pércent between‘initial activities of wood from 5000-year old
' Egyptiéﬁ.aichaeological sftes én& wood from around 1890.

Several laboratories have worked on the preblem.of varia-
‘tions of initial radiocarbon.concentrafion~in wood samples and
today there exists a sizable body of data regarding the problem,
though the - data are.not_uniformiy distributed.in time, notr -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.

Cl4 Production

The processes of Cl4 production in the atmosphere have been

discussed in some detail by Lingenfelter (1963). These reactions in-

4 4

clude (a) N (n,p) ¢, ®) 0'%m,t) ¢t

4

L, @ o ,q !,

(d) le(n,d) C1 , (e) 013(n,‘j) 014 , and the spallation of neon.

The cross-sections, in barns, for the first five reactions are about

5

(a) 1,7, () 107>, (c) 0.48, (d) 10™>, and (e) 0.1. The abundances of

. 14
the target isotopes in the atmosphere, relative to N ', are about

4, (d) 4 x 10-3, (e) 2 x 10-6, and for neon,

(a) 1, (b) 0.27, (c) 10
about lO-é. 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,

These products are, approximately, (a) 1.7, (b) 3 x 10-6, (¢) 5 x 10-5,

(d) 4 x 10-8, and (e) 2 x 10-7. The neon spallation reaction is
thought by Lingenfelter to have an importance of about 10-7, relative
to the first reaction. Obviously, only the N14(n,p)cl4 reaction is

important.



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

_clear that most of the~£eutrons in the atmosphere must be derived
from reactions in the atmosphere, and-the variation of neutron flux
'with,cosmic-réy~f1uxvclearly 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
whicﬁ it decreases due to leakage from the "top" of the atﬁosphere,
The production of Cl4<shows #hé same maximum, of course;

FANTI v : 14

" Lingenfelter's.calculatiens show that about half of the C°
_producg?on»occurs above the tropopause, and abeut half below. Near
~the maggétic polés, the peak production occurs at slightly lower
altitudes, but so does the tropopause, so that the fractional pro-
. duction in. the stratospheré is nearly constant.

Neutrons are preoduced with energies of 1 Mev or more, gener-
ally., The neutrons‘may thénumeét several fates. Some will 1eék out
of. the atmospherejfﬁggme Will uhdergo reactions at high energies.
Some, . in - the upper atmosphere where the mean free path is 1oné9 if
they are sufficiently slowed doanfi#st‘to prevent escape, may under-

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

itie8 by collision with air particles. It is at energies below



1 Mev that the 614 production reaction becomes dominant. The problem
of calculating C14 production by neutrons becomes that ef determining
‘the energy spectrum of the neutrons as they are produced and calcﬁ—
lating the relative numbers that survive to be thermalized and enter

into the production reaction.

. The Geomagnetic Effect

Because cosmic rays consist of charged particles, they are
deflected by magnetic fields., . It is believed that cosmic rays ap-

b~proachvthe-eérth,néarly uniformly distributed overvall directions, but
5 ,
the influence of the magnetic field of the earth causes thke 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 éarth ra@ially near the equator experiencg the greatest lateral
acceleratioh. Only particles of energies aroﬁndrlOlo ev or higher
" can reach the atmosphere3‘ Near the magnetic poles, the particles ap-
proach very nearly along the magnetic.field lines and are therefore
deflected very*littie, Thus the cosmic-ray flux is greatest at the

A
' geomagnetic'poles9 where it is approximately twice that at the geo-
magnetic - equater. This latitude dependence must be taken. inte account
-in the Cl4 productioh calculations of course.

Lingénfelfer (1963) has -produced .the best and most detailed

treatment of the Cl4 production problem to date, and his results will
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be uséd in this work. His work indicates that 95% or more of the at-
mospheric neutfons enter into the C14 produétion reaction.

It is apparent that if the geomagnetic field should vary, the
rate of production of C14.in the atmosphere would vary. Elsasser,
Ney and Winckler (1956) calpulated the expected variation in atmos-
-pheric C14 concentration from the archaeomagnetic data then avail-
able. The attempt had two weaknesses. First, neither the magnetic
nor the 014 data were very good, and second, more seriously, there
was nolattempt.to model the way in which the earth system integrates
the 014 production. The result showed no agreement with the observed
Cl4 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
geomagnetic effects on 014 production and the integration by the
reservoir system. Their WOrk.differs in detail from that presented
‘~here, but the results strongly supported the conclusien that the
geomagnetic modulation-is~important, Other work involving the geo-
«mégnetic effect can be found in Bucha and Neustupny (1967), Bucha
(1970), Lingenfelter and Ramaty (1970), Suess (1970), Damon (1970),
Kipazawa (1970) , Grey (1971), Damon and Wallick (1970), and Grey
and Bennett (1§72).

The Solar Wind

The temperature at the vigible surface of the sun is near
4600°K. The temperature rises steadily with distance from the surface

until at about a fourth of g solar radius above the visible surface,
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the temperature is of the:order of 106 degrees, -While the thermal
velocity at this temperature is slightly less than the escape veloc-
ity, . the - pressure, dggcribgd by nkT, is greater than that due to
. the weight of the overlying atmosphere, so there is a steady outward

. expansion ef.the solér atmosphere. This outwérd_streaming of ion-
izea particles has .been termed.-the solar wind. Dessler (1966)
‘provides a&.excellent summary of solafdwind phenemena.

Thé‘ﬁeatiﬁg,of’the-Sun‘s cororia is thought to be due to the
ﬁissipation of magneticracoustical wavé-enefgy there (Dessler, 1966),
In the photoépheré, near thg stn's visible surface, the relative
pressure-wave amplitﬁde-is less than unity, so no dissipation occurs. -
As the'waves moﬁe-outward, the amplitude>remains nearly constant, but

. the pressufe dfops until the relative amplitude is greater thap.l,O
and shock>ﬁaves form, d;ssipating energ&'into the medium.

The flow of solér wind is initially supersonic, but as it ex-
panés into. space, the pressure of interplanetary gases and magneto-
hydrodynamic drag combined will balance ;he>decreasing.interna1
pressure of the wind, at which time a shock transitibn from supersonic
te turbulent £low takes place. A familiarstthough slightly crude,
analog is the perpendicular impact of a smooth stream of water 6n a
flat sﬁrface, The flow away from the'point of'impact is smoeth, fast;

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

point ‘to'some ¢ritical distance which is determined by velocity and
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friction conditions., At that disfance, the flow undergoes a
"hydraulic  jump" and becomes deeper, slower, and turbulent. Tﬁe
transition.iénsudden and resu%ts in a wall of turbulent Water, The
correspénding boundary in.the solar-system coﬁgtErpart'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,_itiwill limit the flew of the wind. .The solar wihdygarries
the weak solar magnetic fiéld out te the region where the transition
to subsonic flow 6ccurs, where the fiela 1iné; will be concentrated
and the particlg Qensity will rise to a much higher value than is the
case somewhat neafer>the'suh, The distance frem'the.sun to this
tr;nsition»zone is thought to be of the orde¥ of 100 éstronomical
unité; |

Ihe hydraulic analogy can be used.a bit further. ' If an ob-
stacle ié placed against the supporting surface within.the roughly
circular boundary of the hydraﬁlic jump,. it will interrupt the stream-
line flew, and thefe will result an elongate pattern with a buildup
on.the upstream side and a long "tail" on the downstream side. This
elonéate zone is'analogous to that which obcurs inlthe»vicinity of the
earth. Theléarth 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,

1]
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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
fieid:somewhat.in the upstream region and dragging that field out inte
a leong "tail" on the downwind side, The boundary thus defined is
called the magnetosphere, although the sﬁape is hardly spherical.

. The intensity of the solar wind varies with sunspot (solar-
flare) activity, and,hgnce the radius of the region of streamline
flow (heliosphere) must also vary, as must the size and shape of the
éarth's magnetospheré, The weak solar %ield is extended OVer a very
;iarge volume of space By the -solar wind. Even though. this field is
weak, it causes the.ch?rged césmic—?ay particles to curve in their
flight, and the-interio; pbrtions of the solar system are -partially

[

‘shielded thereby.

Mg@ulatipn of 014.Produption
It was Forbushzt1§54) who first showed that the cosmic-ray

-intensity varied dqrin% the solar cycle. When the solar wind in-
creases, the shielded Qolume of space increases, and hencevthe cosmic-
ray flux. in the‘éarth's-at@osphere 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 C14 production at times of solér

14

-extema and produced -an equation relating C 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
atmosphere and that these weuld contribute to the‘CV14 production in
gﬁe atmesphere in a way which.would tend to be épposite in phase to
fhe solar-wind effect. Lingenfelter and Flamm (1964) analyzed the
data and concluded that the productioen by solar-flare protens was.too
small to be significant cempared to the production by neutrons. derived
from~césmio-ray activity.

-Itlwasksﬁuiver (1961) whe first. tried to relate the variations
-in atmospheric~014,leVel, observed by deVries, to variations in.sun-
spot number. Stuiver used some sort of inverse relationship between
.sunspot numbers (Wolf numbers) and 014 production rate, the exact
form.of which he did not specify, to generate from .the known sunspot
numbers an iwput signal for a passive~network electrical analog of

. the 614 reservoir -system based on Craig's equation (1957), The mea-
sured.variations)of 614,in the atmospheric-feservoir of the analog
system were then.pompafed with the actual values as determined by
deVries. The results were quite unconvincing.

At the time the researph'work reported in this paper-was be-
gﬁn (September, 1963), Stuiver;s work was the only one attempting te
relate solar-flafe activitf and C14 variations in.the atmosphere.
Stuiver subsequently (1965) made a second attempt to demoenstrate such

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

physical model was employed, and the work accemplished little more
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than to suggest that the effect. that was expected, on the basis of
.thé work of Forbuéh, was probably present, Suess (1965) mentiened in
..passing that the predicted qualitative relationship was present, that
ig, when solar~flare activity was high, the atmospﬁeric 014:1eve1
seemed to decrease, and when the sunspot numbers were low, the at-
mospheric C;4 level seemed to increase..

It was in 1965 that the present writer achieved a successful
medel of the manner in Which the earth's reserveir system integrated
the Cl4 prodﬁcfion and. produced a formulation which was capable of
predicting very closely the atmospheric C14.1eve1 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?éﬁd cl4 data,
dsing power-épectrum-techniques, was .unsuccessful, mainly because of
an oversight in the choice of computational procedures rather than

any inapplicability of the power-spectrum‘approacha4

14

The C Reservoir System

Ohce produced in the atmosphere, the C14 becomes.. oxidized to

. by means- of reactions which are not yet understood. Once

2
oxidized, the 0140

co

takes part in.all the usual reactions. oef the di-

oxides of the stable carbon isotopes 012 and C13. While a certain

2

ameunt of isetopic fractionation occurs during these reactions, it
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can-be said that. where one finds the stable isotopes in the active
geo;hemical ieservoirs,,one alse finds the:radieactive isotope.in
varying amounts,

The geochemist\sPeéks ofvcarbqng"reservoirsh. These aré
simply'physicaliyfdistihéuishable~bodies of matter on a_global.écale
thch contain carben. vThé~reservoirs partake‘in.qertain chemical ex-
changeS(xEcarbon.on_varying time scales. There is,_fbr exémple, a
- loeng carbon cycle of aboeut. 80 million years»aurationAduring whicﬁlold
carbonate sediments are uplifted, re-worked gnd re-deposited. -Since
the half-life of é14»is only 5730 years,.oenly those resérvoirs and
geochemical exchanges which take part in shotrt-term.reactions will be
cénsidered here. |

Some of‘the»more*importan;lréservoirs and exchange processeé
are mentioned here t6 set. the stggé>for more-detailed discussion to
ﬁollow, .The atm§§phere;,where'él4,is produced,. is sﬁbdivided inte
trﬁpoépherg.éﬁé stratpspﬁere and further inte.zenal bodies; These
éubdivisionsbare pﬁysically distinct and commungiate-withuonefanother
- in restricted,wéys, so.the subdivision.is quite justifiable- for 614
.exchange1treatment, Carbonvdioxide is assimilated directlyjfrqmethe
atmosphere into the térréstrial-biosphere, which consists almest -en-
tirely of plants andvmainiy;of trees. These plants‘in.turn die after
‘varying 1eng£hs-of'time and their carbon .content is added totthe

. . . 1
aggregate - of soil organic:materials known te the C 4rresearcher

~as humus. .This humus. is partly -oxidized. ever a period of



17 .

time which depends on.local .conditions, and the resultant carbon di-
-oxide -is fetufnedmin»part to the atmosphere. Some of the CO2 from
oxidized plant.remains igs dissolved in ground water and takes part
-in sub-suffade reactions.with soil carbonates, etc. Some CO2 finds
‘its Way-into surface waters and streams from which-it may be réturned
to the atmpsphéreror be precipitated as as marls or in other forms
of carben-bearing sediments. . Some 002 becomes incorporated into the
uBiquitous soil carbonates by processes which are not well under-
stood. In~somé places very extensive deposits of soil carbonates
called "calichef~are—formed,Iand these constitute an important Clé
reservoir.

The -exchange of 002 between the atmosphere and the surface
‘layer, or "mixed">1ayer, of the ocean is especially,impdrfant,in the
‘long-range balance:df atmospheric COZ’ 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 étructure within the ocean,. and temperature
are all. important.

Thg-surface-layer of the ocean .communicates only slowly with
‘the deep*wéter of the ocean except at high.latitudes, where the dis-
tinction between thé 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.

-The Data of C14 Variations

It was.in- 1958 that deVries ﬁeasured-the 614 content. of wood
whose -age was accurétely.known-from tree-ring dating and found that
. the calculated,initialtl4 content was a variable., It was in the
sgme'yéar that Ralph and her co-workefs at the ﬁhiversity of Penn-=
sylvania laboratory neted a systematic. discrepancy between
histoerical-archaeological dates and Cl4 dates for early Egyptian
matérial.

As it thusrbecéme apparent that the validity ef the  funda-
‘mental assumption of radiocarbon datinéAwas questienable, several
laboratories began a series of measurements on dendrochronolegically
vdated,ﬁood to help determine the nature of the C14 variations. The
University of Arizona Lébdratory-for Tree-Ring Research had recently
“discovered that -the bristlecone pines were the oldest living things
known and were able te develop tree-ring chronologies extending back
.several thousand years befére the present. It was this material,
and related wéod samples. of acéurate dating, that formed the back-
bone of the search for Cla-variations,

The work of making.precise determinations of the 014 concen;
tration in-wood éamples 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 te achieve suffiéient repro-
ducibility and precision to make the results usable. Ultimately, two
léberatories,(University of‘Arizona and University of Pennsylvania)
produced the bulk.of the data.on early 014 variationé, while La Jolls
.and Yale added apéreciably to ﬁarts of the record.

It was the auther's privilege, during the years.i963 to 1968,
te asist in the extension of the data;Gf C14 variatiens by means of
the proéessing,and counting of some dendrochronoldgically dafed

" samples écquired from the Labo;atory for Tree~Ring Research. The
.author also spent several montﬁs"of.part—time study. in the Laberatory
of Tree-Ring Research acquiring an appreciation of the techniques and
rationale of dendrochronology in order to fully understand this

science .which is of such fundamental. importance te radiocarbon

. .research.

About 40 samples were.carefully measurgd,in the course of the)
author's work in the radiocarbon:laboratory at The University of
Arizoena, including about 30 bristlecone pine sampleé, all dendro~
chronologically dated, and several samples of Egyptian‘ﬁatérials with
reasohably accurate .historical dates. All of theée samples were coun~
ted repeatedly te establish reproducibility and to obtain.the pre-" ..
‘cision required. The Arizona.laboratory has played a major role in
supplying déndrochrenologically calibrated C14 data, and.in the
checking of Egyptian materials for‘additionél confirmation. of the

-observed variations.



A Priori Causes of Cl4 Variations

On the basis of the foregoing brief discussion of radiocarbon
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.production, 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 Cl% reservoir system from thé long-term
reservoirs that are not normally involved in cl4 exchanges, such as

by volcanoes or combustion of fossil fuels.

Variations in Production

There are several reasons why the rate of production of cla
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 comnstant., One can easily enyision 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-
. Lo A 14 .
responding variation of the -C productien rate.
‘Ih addition, since the geomagnetic field serves as a partial
shield against cosmic-rays, any variation in the field would result
, s . 14 ‘ .
in a wariatien in C production.
Nuclear reactions in-the atmosphere, natural or'man-madé;'
can affect the productioﬁ of Cl4 as has been abundantly demonstrated
by nuclear-weapons testing. Gowan,  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 thevimpact.bf such a bedy on the earth would certainly re-
. o . 14 14
sult in increased. local productien of C .. The records of G
.variations in the atmosphere de not support such a>mechanism in the

case -of the Tunguska meteorite.

" Variation fn Exchange

| Variations in the rate. of exchange. of radiocarbon between
seme of the reservoirs would result in a change in the equilibrium
‘.1gve1 of’C14rcohcehtratiqn in-the participating reéervoirs, The
tgrm "exchapge” here is usedrtb include unilateral transfers as
-well as the more commenly considered bilateral transfeis, For
_ggamgle, the pfepipitation of carbonates frpm.sea water will here
Bq called an exchange, even though. the transfer is essentiallyvonly

.in one direction.



22
' The exchange between the»atmbsphere-and:the oéeén.is-strongly
temperature dependent. A slight change in mean temperature could
have -an appreciable effect on the exchange ratgg'_A 1 C° warming of

”thgﬁocean mass would increase the amount of CO, in the .atmosphere

2

by 4 to.6%, according to Kanwisher (1960, 1963). .The effect on the
residence time of radiocarbon is not easy to caiculate, One -expects

:that the residence time of a molecule of CO, in the atmosphere would

2
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-Erikséon (1963), between glacial maximum.and the present time.
This affects not only the.vélume of a reactant in the e;;hange pro-
cess, but also the circulation -and temperature structure of the
reactant.

Reservoirs othér than the oceans may vary in-size with cli-
mate. .During the glacial maxima, it .is-known that COn&itions com~-
parable to those in the present forest zones of North:America -
éxisted.at'lower-latitudes. Conifer forests might thus have been:
established over much-larger areas fhan.at the present time. The
appendix to this work contains a table of zomal land areas, Which
shows the increase that might occur, Similarly, muskeg and . sub~-
'Earctic~zonés might have been expanded by moving to lower latitude
zones: .Muskeg is either frozen solid or saturated with moisture

the year around, and it is possible that Vvery 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, imcluding COo concentration in the atmosphere,

mass of the biosphere, relative humidity and temperature.

Injections of StaBle Carbon
The combustion of fossil fuels in the anthropesphere has
caused.significant changes in the concentration of radiocarbon.in
the atmosphere. 1Injections by volcanoes and hydrothermal activity
do not appear to be significant or a world-wide scale, although
.samﬁles from localities where such activity occurs may show local
'effects,l
There are many possible causes of variatioms in the concentra-
tion of rédiocarbon-in any one of the geochemical reservoirs. The
interac#ions are,. in many cases, so complicated as to defy analyti-

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

mest 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 radiccarbon dating was
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‘invalid. Not all workers were ready, to admit that the Clé-concentra—
tion.in the atmosphereiwas variable, however. Libby, in .numerous
speeches and papers (e.g;;=an address to the Conterenee on Scientific
Aids to Medieval Archaeologyy U. cC. L. A., October, 1967) contlnued to
express the bellef that the dlscrepanCLes must lie in the histoerical
or dendrochronologlcal dates? rather than. in radlocarbon variations.
By 1970, even Libby was convinced, howeVer. Y
‘_: It was apparent that an item of major importance was the ex-
tensien and ﬁerification-of:the reCOrd of Cl4 variations.‘ The Uni~-
'verslt& of Arlzona was already in the forefront of this work, and
from 1963 to 1968 :it became part of the author 8 dutles to help
extehd ‘the record by\means.of continued measurements on tree-r;ng
hated wood samples. About 40 samples pertlnent to the problem were
'4processed durlng this time period. Also durlng this tlme, the Labora—
~tory for Tree- Rlng Research extended the brlstlecone =pine - chronology
to ahout 7300 years B. P. (before the cl4 datum of 1950 A.D.),- maklng
possfble an .extension of the lefvariatidnfreeord another 2000 years_
or so.
| , As aspart-of>this.experimental'worh?pthefauthorvdeslgned and
.boild new electrohio systems with automatic printout of ddta, dewvised
'.procedores forﬁmaking accurate determinations of sample purity‘and
:sﬁitabilityfor oounting,;and develOpedtiﬁproVed.methods<of.precipita;
ting samples for permanent storage 'AAstudy of the hazards ih the
common . method of oxidizing oxalic~acid standard was. made (Grey et al

1969) .
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Even in 19@3 the record of 014 variations was sufficient to’
call for an explanatien, or perhaps for several explanations, of the
causes of the variaﬁions. Sevefal workers were activé‘in these
studiesvduring the:fimé covered by this report,including Stuiver at
Yale, Suess at La JollgéwKigoshi in Tokyo;_and Professor Damon gnd
this auther at Arigona.b Yale, La Jolla and the Arizona laboratory
,1Wefe_adding to the ekperimental data during this perioed, and all were
aciively-pursuing stﬁdies‘of the causes.

Several specific questions were askgd at the beginning of
this reseagch.in-19§3, These are outlined below. Because there are
many quéstiens and maﬁyagossible causes of variations in atmespheric
7014 gohcentrations at ngious times and places, the pursuit Qf‘;hese
‘questiong was necessarily of the nature of several rather disjoint
‘efforts, and‘this»féct has caused some:difficulties in the organiza-
tion  of the material presented.in this paper, |

One of'the‘quesﬁions to be answered, if pessible, was that
_of equiligripm in the earth's 014 system. Lingenfelter's (1963)
caiculationvindica?ga a totél production rate ofn2,50 + O.SO atéms
of Cl4>pef sduaré céntimeter of the.earth's surfaée per -second,
averaged over the last 250 years. The best available estimates,of
the ameunt eof Cl4 dééaying‘in.the earth’Suvérious carbon.reServoirs
indicated that£he.deéay wés somewhat 1éss than this prodﬁction (éee
the next'chépter for a rather detailedAdiscuésioq)._'Either

Lingenfelter had overestimated the production;or somé decaying C14
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had net been ihventoried,.or the system was not in equilibritm. One
part of the research reported herein was a search for radiecarbon in
.previousiy ignoredbreserVoirs, notably arctic and suBarctic~humus;
. soil carbonates and caliches, ocean sediments, and the fresh-water
syééem of the earth.

| 'A second imgortqnt question to be-examiﬁed waé that of the
geomagnetic field. Archaeomagnetic data was accumulating, and the
data indicafed that the earth's field had been vérying,.although
there was considergble disagreement between tﬁe data from various
laboratories. Paleomagnetic data also indicated ;hat the field had
uhdergone occasionalvrevérsals. Elsasser et .al. (1956) had made a
passing attempt to assess the effect of a changing magnetic field
on the a.tmospheric.c14 concentration, but they failed te take intoe
account the complex way.in which the earth's reservoir system inte-

_ T -
gratés and exchangéé the radiocarben produced in the atmesphere.

With more magnetié data and more 014 data a&ailable, it
seemed time to re~exémine'the geomagnetic effect. :KigoshiAand
Hasegawa (1966), working concurrently with the resear;h 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.moedulation

of C14 production by the solar wind. From the findingAef Forbush

(1954),. it was apparent that a modulation should exist, but it was



by no, means clear what the amplitude should be, nor was it clear how
vthg.atmGSPheric-reservoiruwould reflect the modulation. Stuiver had
tried (1961) te model the effect, but without success. -With
Lingenfelter's treatment of the productien variatien,. it was time to
attqck-this problem again. St@iver made a second attempt to demon-
étrate a correlation Betwéen solar-flare activity and thé concen-
‘tration of Clé in the atmﬁsphére (Stuiver, 1965). His results sug-
gesfed,that the expected éorrelation was present, but his treatment
»added,anunderstanding of the behavior of the system. The model
presentea in this report achieves a significant advance in the under-
standihg,of atmospperic exchange processes, and permits a direct
_evaluation of the Sﬁ?ss Effect.

- A fourth agﬁ rather minor problem which received some at-
tention in the coﬁ?se of the work reportedlherein, was that of the

. oxidation of C14 14

to'é 02. Ne baéic research'waé performed on this
problem, but enly a:collégation of déta pertaining te possible re-
»éctionsbfhat might eccur. No result was obtaiped other than to bring
out some inconsistgngies‘in the extant data. .The problem.remains to
bé‘gelved.  It aoeéﬂseemg however, from the results of the -solar-
:Wind moﬁulation;study, that the time required for the completé
g#idation.ofAcl4 cannét be leng.

Data accumﬁlatéd by various[agencies pertaining to the levels

of bemb-preduced C14 in fﬁe atmosphere (e.g., the HASP reports of

.the High Altitude ngbling Program, and the reports of the Health
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and Safety Laboratoy, HA$L7159 and HASL5166) cleafly showed seasenal
variatiens in the'céncentration 6f7C14.in both stratesphere and
. troposphere, Othegpragidisotqpes and ozoneAéhow similar seasonal
variatioens. A.fifth'are% of study. incorpoerated in. this paper is
that of seésonal_egchangé between the various portions of the atmos-
éhere. A model WaéAachigved which proyides an. adequate descriptien
.qf the observed data and Which provides some physical-insigﬁf'into
 the relafiva impo;?ance*bf some of the processes involved,

- In. sum, then, thé research reported in this paper consisted
~in (1) adding as much asipossible-to the data of Cla»variations;

and (2) theoretical investigation of seme of the causes of varia-

tiens, including specifically the geomagnetic effect, the solar-wind

effect, exchange processes, and questions of the distributien of
.radiecarben- in the-eafth'§ystem and the presence or absence of an
equilibrium cendition.

- The order of presentaﬁiqn of tﬁe~research incerporated in
this report is somgwhét-é;bitrary, but the:  follewing scheme was
adoepted: " First, t?e resérvoir system is dealt with, because the
results of this st?dy‘p%dvided an additional boundary condition en
later analyses., S;gond, the extant data pertéining to C14 véria-
tioens are coellocated and summarized éo as to provide én over-view
.ef that which is teo be.egplained,, The data of these two.sections.

were being continually adgmented throughoeut the perioed. of study re-

"ported here, and will no doubt centinue. to bemimproﬁedfupon.for
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:some time to come. Ih&s'the analyses. produced in this péper are not
the fing% descripti6n~0fvpﬁe data, but the models. will no-.doubt be im-
proved ié the futtre.

. The third following chapter deals with the vérying productioen
of é14 resulting fromlmodﬁiatién by theasolér wind and by geemégnetic
field variatiens. -The:féurth.following chapter is deveted to a dis-
cussion of exchange betWeén carﬁon;reservoirs and the deductiens
thqt.canAbe made from .the e#tant déta. The most.importan;'section
. of this. chapter degls with exchange processes within the atmesphere,

Finally, tpg agpendices contain.tabulation of some useful
déta.used in,the body éf.the’text, a brief summary of the problem
.of oxidation of Clé, and a;éection:dealinngith the relationship

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



. THE 01,15 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 radiecarben are: the
atmesphere, which itself may be subdivided; the mixed layer of the
oceans, above the thermocline; the deep ocean waters; the terrestrial
biesphere; the ground-water and fresh-water systems; the system of
soll erganic chemicals, ﬁsually called humus; and seil carbonates.

When discussing interactions of the reservoirs, it is useful

4 .o .
to know the mean C"  activity of the reservoirs, the mass of carbon
14, . .
(and hence C™ ') in the reservoirs, and the mean rate of exchange of
carbon with other reserveirs, or, what is essentially equivalent,
the average amount of time that a carbon atom spends in the reservoir
1

before being transferred to another reserveoir. 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

. . R ¥ )

of the reservoirs involved. in C studies will be discussed individ-

ually below.
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Appendix A contains some useful data about reservoirs and

3
)

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 102! g,
For the mass of carbon dioxide in the atmosphere, he gave 2.45
2.45 * 0.08) x 1018 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 1018 cn?,

so the mass of the atmosphere may be expressed as
1.006 x 103 g cme-2 , 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
the atmosphere may be expressed as 0.481 g cme-2 . This equivalent
to an amount of carbon equal to 0.131 g cme'2

In discussing the Cl4 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

. -2
content of a reservoir may be expressed as dps cm, .
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- Since about:l?oga,thefé14 activityfof;tﬁe~étmospheré'has
‘varied"appreciably-dugsté,foésil-fuel,consﬁmption and te bemb -
testing, . The meanaépecificjgctivityVdﬁriﬁg-the'1800;s, as inferred
:fromzmeasprements Qéswooéléamples;was about 14~dpm/g;C = 0.23
vaés/é,d-(Suess,,l96s)."én this basis the‘Cl4.inventory of the atmos-
'ﬁhere-was about 0,0306»@?5 cméiz. fhe 0,95 NBS-exalié-acid standard
s is 1ntended te reflect- the mean activity ef wood samples durlng the
-1800'5 and the act1v1ty of the- atmoesphere during thlS time- is €aken
.to be a standard" atmospberlc activity.,

Abeut. ene carbon atom among every,trilliéh:in the standard
étmospherEzis'é.Clé»atom. The'Cla'is not unifermly distributed
within.the-atmosphére,’ﬂbWever. Accoraing to the daté.@f
Lingenfelter~(19635;aon§ céﬁ;célculaté that roughly half of thejC14
pfoduced;in.the atmesphere 1is produced abeve the tropopause,, that
":.is,.in éboﬁt a:fif;h;éflire atmosphgré, Since there-is a.finite

exchange rate betwgén the stratesphere-and trepsphere,. the activity

. S L §
. of the~stratespherg*isrs@pewhat.hlgher than that ef the.trepsphere. .
-There are no measuféﬁéﬁgé,on-the pre-nuclear-era atmesphere to in-
v‘Udicatevwhat.the:di§tfibﬁFion~was,
BN S VA
i An.examination of the data.en C  .variatiens (see next
chapter)  indicated. that tpere'is a.wide spectrum.of frequencies in-
yolved. in- the anélysis. Time scales ranging. frem heurs te.thousands
. of years are: observed. for different aspects of the variations. The

cheice of reservni;%bréakdewnnWill,depend;largely,uponnthe time
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scales being‘coﬁsidered.“.Fer example, two reserveirs-like the
.stratesphere'and'troposphere, Which‘cemmunicate-rather'rapiﬁiy,

hardly need be distingui§ ed if one is concerned mainly with phe-

}

4

nomena'having a cha;actergétic-time scale -of theusands of years. For
shert-term: phenemena with time sgaleslaf the order of hoeurs or days,T‘
. it might be desirable: te subdivide-the.atmosphefe stilL*farthér,

-The same considerations apply te ether reserveirs as well,._as will

be- seen.

- The Oceans

The combined oeceans censtitute. the 1argé5t reserveir in-

wvolved in the:proeblem of Cl4 exchanges. .Goldberg (1963) estimates

'

-th¢ abundance'of carbéqﬂingthe oceans, aSuHZCQS ,,0037 and.@rganic
materials, at abou£A28 mg per liter. Afhis:is equivalent. te 7.53 g
Acmé-z of carben. ?ré-nuélgar-era measureﬁents indicate:that the sur-
face layer of thevsea'had.s#ecific.activiﬁies which were-3 to 47 °
lower than that ef the Wéed standard:(0.95 NBS oxalic-acid :
activity). Mbasurements;on déépfoceén“waters:ipdicate*éctivities

as 1§W as 73% of ‘the standard reference value in Pacific-waters- -
(Biéng'RékéstraW%énd Suess; I963}ianﬂ'?as low “as 80%-in :deep
Atlantic ‘waters (Bolin, ' 1966) .. The lack of widespreadvmeasure-
ments at various- depths iq:all.the oceans  makes it very difficult

to assign. an average actiVity to oceanic water. Belin (1966)

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



>'viEW of the large:wolume of deep water in-the Pacific Ocean, a
.slightly- lewer val#é Qoﬁld_seem preferéble,.say areund 85%'éf stan-
~dard,.er 11.9 dpm.éfi. ,With;thisAValue, the toetal-inventery in-the
Vocgans,amounts‘to.%boqt 1,52 dps‘cméiz,_of which abeut.0,035. dps’
.cmefz is in.the &p?§§ lO%im,rer>”mixed,1ayer",,ef the ~ecean.
The-oceans‘ére néf well-mixed bedies.',A vertidal.profile in
.. the Atiantic'®cean Betwéén 40° N and. 40° S in.Belin'S-(l966j paper
makes. very clear the fact that the Atlantic.is subdivided into-a
number of distinct 1ayers”which"preserve,their'C;4vvalues While
traveiling great horizéﬁ;al distances. »Theumixing between :such
>1ayérs~is~evident1y a sléw.prépess,':The asymmetry of landmass .dis-
tributionviq.thevt%o heﬁigpheres_gives rise te asymmetric distiibu-
'tionsquC14Ain”thé~oceéﬁswatersidue te ?hé’currenté set up.
Broecker (1963b) dgﬁonstrates that water with very low activity
“ecgurs around mﬁch;éﬁ ﬁhg_peripherymof %he Aﬁtaf;fidzcontinent,
Activitiég in this;regiéﬁrare as low. as 68% of standard. The
Arctic-@cean‘periphéry;dées noet shew such proneuncedudifferences°
'-Without?la%oriﬁg the,details of the oceanic.circulatioens
here,;if can be séid.théttﬁeéeceans are noet well-mixed bedieé and
-thét a rather larég.nuﬁbé?'eﬁ subdivisiens would have to be made in
:uordéfgtouobtaiﬁiqvqn:a fixst;érder approximation t@,fhe-medium-térm
:-patterns~of‘theneéééﬁic'cléidistributipn, The- extant data en.the
-Pacific. Ocean (see?Bien,ggt.alq,.19§3§¢fgr exaﬁple) are entirely»in_

adequate te provide gVen;first-order structural approximations;

34
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The Ocean Sediments

The author has estimated the amount of 014 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) €O, +H,0 + CaCO3—>-CaH + 2HCO,” (3.1)
(2) ca't 4+ 2HCO, ™= H,0 + CO, + CaCO, (3.2)

Briefly, the equations stipulate that one molecule of 002 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 CO2 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 foré?d as coral or foraminiferal tests, in-
volving biogenic activity, but the equations symbolize the net
results.

Hutchinson (1954) gives 1015 g as the amount of CaCO3
annually transported to the sea in this fashion, while Goldberg
(1963) gives 1.38 x 1015 g for this amount. These results are both

corrected for "eyclic" 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 C14 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 g'l. Suess (1965)
and Damon and Wallick (1970) give 0.20 dps g'l, 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'l for aragonite mud forming at Yellow
Bank in the Bahamas.

Let Ag be the total cl4 activity in the sediments, in dps

cme'z, R, be the initial activity of the sediment carbon in dps g’l,
S be the sedimentation rate in gC yr'1 cme'z. Then
dAg
35 = - AAs + SR, (3.3)
where A is the cl% decay constant, in yr‘l. The long-term steady-
state solution is
a, = 2% (3.4)
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From the figure for carbonate transport given by Goldberg,

cited above, it follows that

S = 3.25x10° g C yr’1 cme'2

AS is then calculated to be 0,059 dps cme-2

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-calcareous 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
CaCO3 dissolves below 3700 m. The increased solubility of CO2 at
high pressure, in the light of equation (3.1) may be responsible.
This accounts for the absence of CaCO3 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 ﬁéters deep, would have carbonaceous

sediments.
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Estimates of the rate of accumulation .of sediments varywidely.
In regions of upwelling, phosphate-rich deep waters promote rapid
growth of plankton»and coﬁsequent high rates of carbonate fixation,
Warm tropical waters vary widéiy in fixation rates. Ceological esti-
.mates of sedimentation rates (Table 1) are obtained by dividing the
total depth of the sedimentary column (Holmes, 1960) by the time span
required for its deposition, as determined by isotopic dating methods
(Rulp, 1961).

The high rates during. the Cretaceous and Cenozoic are quite
likely due to the advent of the pelagic foraminifera. In any case,
such.Iong—term rates cannot be logically appilied to the short period
of time covered by radiocérbon:measurements.v 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 metheds and find average -
rates of about 2 mm per thousand yeafs for carbonate-free sediment.
Cores from water depths less than-about 4000 m show qarbonate contents
around- 80%, brihging;the»total rate to around 1 cm per kiioyear. For
water .depths greatér than 4000 m, carbonate content . is typically
around 2%. Ku, Broecker and Opdyke find good agreement between the.
sedimentation ‘rates determined.by paleomagnetic,. ionium~thorium, and
-radiecarbon dating methods.

The potential wealﬁh-of data:in the JOIDES sediment corres,

when, dated, will no doubt .enable much . more precise estimates.



39

Tagble 1. Sedimentation Rates. During Geologic Time

feriod Rate | | ?eriod - Rate
Teftiary ‘ . 3.3 em/kyr Carboniferous 1.8 em/kyr
Cretaceous 2.7 : © . Devenian - v1.8.
Jﬁrassic- -1.5 "~ Silurian 2.7
Triassic 1.5 Ordevician 1.5
‘Permian 1.1 Cambrian 1,2

I1f one uses a mean-.value of 80% carbonate and a . sedimentation
rate of 1 .cm/kyr (Ku:.et alii, 1968)  and. Svierdrup's figure of 26%

-of the earth's surface for carbonate sediments, the rate is calculated

to.be 0.06 g C,kyf-l‘cmé-z, about twice that derived from the calcium

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

_pelagic éediments, increases the sedimentation rate 147 or so, and

-the.inventory. in the sediments becomés about 0.13 dps cmé_z. Suess

‘(1965).afrives at avfiéure some 50% lower by an:unstated method.
Damon - and Wallick (1970) modelled the reservoir system .and

. concluded that a sedimeﬁtation rate about four times that found here -

rwéuld“previde4a-better fit to. the data. This éeems higher than the

" data used hefe:would.suggest, butlif,they are correct, the increase

ﬁould do.much to close the.present:apparént gép between the rate of -

14.in the atmosphere and the decay in the reservoirs.

.produetion-of. C
. 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.terrestriallbiosphere 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 féirly-straightforWard, it is fraught
.with conceptual difficulties in‘application, It.ié far fto@rbéing
d 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 frem a matter of heurs
for micro-organismS»to'hupdreds or even thousands of years rfor
certain trees. . It ié thus very difficult.te determine a represen-
£ative'meén radiocafb@n,activity for this reservoir, or to‘assign.a
,;ypical'meanAresidence:time for é cérbon.atom.in this reservoir,

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

'Micrcbiologists tend to assign.rather larger -values to the
microebial biomaSs-than.do macrpbiologists. - Part. of the difficulty
~lies in the determination of just how much.ef the organic material
.-in:the soil hoerizons. is microbial.and how much is defunct. erganic

-.maferiai. ISome’Wofkers»estimate_that the—masé of micro-orgaﬁisms'
'-.is equal to, or greater than,»the mass of macro-orggnismSa Such a
high.eétimate;is highly-improbable in 1igh£ of tetal. erganic-carbon

estimates in soils, which are rather small compared to the mass of
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plant material above. ;ﬁowever, thewidg»range of‘the estimated values
bespeaks the-léqk of'specific kﬁowledge of the ameunts iﬁ\iolved°
Véry‘feﬁ authors explain .the origins.ef their estimates, but
it appears that mest. of the extant values can be traced to the es-
timates of Hutchinsen (1954). | '
" Probably-most previous wri;ers,have been. assuming tacitly

or otherwise, a.relationship.such. as

o _
de -

M ' '
- + R, {(3.5)
where M:is the carbon biomass, t.is time, R is a rate of fixation

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

biosphere. At equilibrium, am/dt. is. zere, and
M = TR. V (3.6)

The mass of the'bibsphére can then be estimated if the mean
age:of its residents can: be determined and if a fate ef photosyn-
:thetic fixation can be measured. If is difficult te assign a. rea-
ﬁsgnable"meanglife to. the aggregate of all trees, because of the
.:widely varying ages éne énéounters,' Shrubs, and-evén very small
plants;,present~simi1ar'problems,

Photosynthetic ratesihave been determined for many .plants
under’greénhouse qonditiéps,.although the determinations for trees
:aresreiétively-few, -Corrections must be applied'for respiration,

. to ebtain net:rates, of course.
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This: type of anaiyéisnis.subject to several ciriticisms, al-
though' these do not-necessarily-leéd 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 CO2 concentration and plant mass, and.-is not a simple first-order
reacfion; and second, there-is some reason to believe that the.present
bigsphefe is not . in-equilibrium. | |

Table 2. presents Hutcﬁinson's (1954) corrected eétimates.of ‘

fixation rates for various types-of botanical community.

Table -2. Photosynthetic Fixation Rates

Type . Area | “Fixation Rates
Forest ) '44'x11016.cm2 ' 1:76-mg C cme-'2 Yr-l
Cultivated land 27 o 0.86
Grassland 31 _ 0.38

Desert 2% 0.21

'If one now uses experimental determinations of the mean-age of
the;materiais in these botanical communities, it.is possible to -esti=-
"’»méte ;he biomass of each community, using the simplistic approach
discuséed above.‘ Table 3 presents the results. It is quite clear
that the values of the fixation rates and mean lives can:only be,bréad

approximatioens, and hence the biomasses are subject to large errors.

. t
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Table 3. Cafbon Biomass of Botanical Tybes

Type . . Fixation_Rate - Terrestrial
- mg C/cme -yr Time Constant  Biomass of Carbon
Foreét - 1.76 50. years “ 88lmg/cme2
Cultivated Land 0.86 | 1 - 0.9
Grassland 10.38 2 0.76
Desert | 0.02 10 | 0.2

The tetal biomass.thqs calculated. is about 9d.mg/cmé2, The
value is critically depéndent ppon.the cheice of time constant for
_ the forest community.
| Thé-p;;sgﬁf éuther gheckedeutchinson's estimates of |

phyesynthetic fixation rates against some of the more recent isotopic

concen-

data. Keeling (1960) reported a series of measurements of 002

- tratien and concomitant'stable:isotope ratios. fer carbon in the at-
mosphere. He showed that theré was.an annual variation”in.the two

-concentration. varied from .a high of 318.5 ppm
F

quantities, .The'COZ
‘uinAfhe.spring to a low of 309 ?pm.inAthe fall. At the same time,
,_t_:he‘C]'S»/G]'2 ratios varied: from -7.3 per mille (relative te the
Chicago PDB standard) in.the spring to -6.85 per mille in the fall,
The~éﬁépges can.be agcoﬁdted for 5y a loss of 9.5 ppm of co, du??ng

the summer, . if the lost COz'has,an isotopic-va1ué of -22 per mille,
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approximately. This. last value is.quite close te the mean .carbon-
~isetope ‘ratios.for terrestrial plant material. Thus; Keeling
psuggested,.it-is reasonable to assume that the annual variation is
a.result of the~summer éssimilation of 002 by plants and of their
preference for light isétopes°

Keeling's~data,icited gbove, were: for north.tempefate zoﬁesv
He alse shows thé annual'varia;ion in southern-hemisphere vélues, but
ne-isetopic data.  The gariatién in . concentration.in.the southern
:hemisphere.is-muchzless; >This is ho doubt. due,. in part te the fact
. that the data were taken in Aﬁ;afdtica,‘but may. largely reflect the
smalier land area.and s@ailer éiomass of the southern hemisphere.

The variatioﬁjis about,1,6 ppm, with a mean around 311 ppm.

If. one assiﬁﬁs all the .variation to photesynthetic fixétion,
it.1is easy,fo'calcﬁiate the aéqual rate to be aboutv2,3-mg C/cmez/yr,
which~is somewﬁaéﬁless than Hu%chinsonfs value-of 3.02 mg G/cmez/yr,
This. 1§ het surprising, howevgg, for two reasons. The Antarctic
variatioh.islaimost certainly*fess thén.typical for the:southern
‘hemisphere. More important,.perhaps, is the fact that the biological
activity is continuous, and when. some plants are still assimilating

co others may bé-respiring,~so that the minimum recorded does not

2°

in reality measure thé-total amount removed from the -atmosphere
by the plants. for the season in question.,
. Another peint.of pessible importance'is that when the fall

minimum. eccurs, the oceans will in part attempt te make up: the
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partial-pressure deficit by giving: some CO, to the atmosphere. Most

2
geochemist3~éeemAfovfee1 thaﬁ the exchgnge~equilibrium>between atmes-
phere: and ocgan,is established. rapidly  eneugh (as'will be-discussed
.inva later séctién).to allow for an appreciable amount of compen-
satien even in one season. |

In~suﬁmary, ;he:vélues:of phgtééynthetic,fixation~givgn by
Hutchinson.are. probably:as. dccurateé as . any available, and are fairly
-well supported by modefnganalyses.and,isotopic data, evenathough,the
precision. of sﬁch checks.cannot"be great. If anything, Hutchinson's
estimate may be-a little low, buf_probaﬁly'is.not‘seriQQSIy so.

Dauv?llier (1965) gives 4 g/cr_ne2 aé the biom&ﬁs, including
_'oeeanic.formsﬂ He :also gives the:photosynthetic fikation rate as
-about 2%.ef the biqmass éer &ear, ﬁhich giVéé a time conséant of
. 50. years. This-segms,ve;yylong indéed when one considers the large
.Part;played.in;thiS.biomgés~f{%ﬁ§é"§y the short-lived plankton of
~the- sea. iHis-figure~fbr-fhe total.biomass-éeems ext;aordinarily
out - of line with othér'eétimatesi(see T§b1e~4, this Chapter).

If tpejlanq biomasg is. assigned a meangactivity equal to - the
-oxalic-acid étandafd, by.@efinition, it - follows that the terrestrial
. biesphere, using the Hutchingon.data, represents a C14 inventory of
.about 0.021 dps/qmézg The'figure-coulé_easily be in error by a |
- factor of twe. . Other estimatés in.the~Iite;ature range from 0.00Q7

- to 0,037 dps per cmez,
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The aggregate. of hon-liviﬁg organic material-inithe soil is
-called'“humug"'by'geochemists, Some - workers. d1so include the carbon-
bearing mate?ials in fresh-water sediments in this category. Humus
. is- derived. from the remains of once-living organisms. The des-
tructien of;humus oeccurs 1arg@ly'through bacterial processeS«ahd
oxidatipn, béth:of‘whichxcdﬁQE;t‘tﬁe humus to. carbon diexide. Some
of theLmateriéls undet fﬁe~genéra1 heading5of humus.ére quite -stable
-and will peréist.iﬁ:soil profiiés for’;Eousands of years.
Therg iS 4lmoest. no humic¢ material in desert regions because
- the soil:i8~%érm.and permeated by air,. se that oexidation removes
- the humuguféifly rapidly. On the other hand, in sub-arctic regioens,
the soil is permanently saturaﬁéd with moisture and freozen much of
the time»soiéhgg éoil humus,i3~probablyﬁnot destroyed as - rapidly but
fixation.is not as fast. Douglas. and Tedrow (1959) shew, surprising-

1y, appreciable oxidation rates. for saturated Arctic tundra soils.

Arctic Humates h

- An attempt was made byAthé“present4author to obtain inform-
~ation on.the possible extent of arctic:and subarctic humus by iﬁ-
-quiringramon%'a number of arctic specialists. Dr. Lawrence Gould,
 Chairman .of the Committee on Peolar Research: of the National Academy
@f.Sciences,~kindly'assisted.inacontacting'a.number of Arctic.re-

-searchers. for data.and expressions of epinien:.regarding the: ameunt
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of carbon thatﬂmight,be;involved‘in“arctic?and sub=-arctic humus.
The opiniens received varied. semewhat and the amount of factual
-datareceived was né;'gxeat, but some estimates based on that which
.was receiﬁei will.be.:attempted, |

'.lDouglas and Tedrow (1960) report-on . the structure of typieal
tundra.soils4of Argtic:Alaska, There is usually:a thin layer of an
..inch eor twg of>high1y ofgénicxmaterial,at‘the:surface whichvhas 10
to lS%lo:ganiCamattéf, Below this is. 2 dominantly mineral zone con-
taining;4ato‘8% orggnicmateri‘alo At the frost. table, which may
be -from .12 tp;30niﬁche§ or so below the surface, there is a thin
_.zone of highly'orgqnic.material. This. zone may be from 2 to 10
inchesfthick{and éftgn contains 30%‘0f'6rganic:materia1” Carbonate
is pfesent.in”the~qﬁ9unt.of several percent. in some of the soils,
~but it is not made q}egi whether this is derived from bedrock or
rformed;inusiiu,>’
| Radiocarbqq.@ates-on organic material from Arctic soil pro-

files- indicate rapidly decreasing C14

.content with.depth. A plot of
21 dates. reportedby J. Brown (1965) indicates a. rather uniform.trend
of about 4600 yéars per meter of depth: for a variety of soil pro-
files. Usiﬁg this. age-trend figure, and a mean soil density of

.1.5 g-cm—3, an average organic content of 12% for the first 5 cm.and

6% -for the-remaining,dgpth,.and the laboratery-experience figure. of
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about 50% carbon in soii-organic material, it is possible to esti-
mate the amount of C14 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/Tm), where T_ is the mean life of C14 (8270 years).
The element of soil mass, dm, is A S dh, where A is the
column cross section, 1 cm2, and S is the soil, i.e., 6% to 5 cm,

and 3% below 5 cm, then the total 014 activity in the soil column

is
5
B = (0.06)(1.5) (0.23) exp(-46h/Tm) dh
0 oo
+ (0.03)(1.5)(0.23 exp(-46h/Tm) dh

5
2
= 1.95 dps/cm™.

Since about 3% of the earth's surface is covered by such soils, the
normalized figure becomes 0.058 dps/cme2

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 Cl4 content. It would be most useful to have accurate
information on the depth, carbon content, areal extent, and the
concentration of C14 in the subarctic muskeg areas of the world.
Nothing was found, during a search of the literature, which wculd

. 14 . .
make possible a calculation of the C in this reservoir, however.
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Températe*zone ﬁumates

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.l%-organic,cérbon-in :
them. Their methods, however, u;ilized only the base-soluble potr-
tions of the soil, and no preceding acid treatment was employed to
remove .calcium, which will inhibit the solubility of humates. Camp-'
bell, et.al: (1967) haverpointed out tpe”necéssity'foﬁ%anfacidwpre-
treatment to eliminate calcium fixation, and give 5.67% for a black
chernozem and 1.96% organic carbon for a gray podzol, Both soils
are in Saékatchewan.

The carbon content of soils shows a general latitudinal varia-
tion. Arctic éoils have-high concentrations of carbon -and tropic
soiis have low concgntration. 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.medigm to high
, latitudeé, there may be bréserved buried soil zones in areas of
aggradation. Meésurements 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 humateslin warm
temperate zones are from 300 to 700 years older than co-deposited

.plant remains.
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If.bne.assumes a carbon content of 1% for an average of desert,
_graésland,,and forest soils, mean thickness of 50 cm, dengity:l,7 g
em , cévering 60% of the land mass, and a mean'apparent age of 400
.years, then the temperate-zone humus carbon is about 153-mg'cme”2,
and .the ra&iocarbon content is'0.034 dps cméwz, Other researchers
V(see Table .4) estimate 140 to 760'mg,cme§2, At high tempergteelati,

tudes, organic content is higher, but so :is the residence time, so

the calculation. may still approximate fairly well.

. Tropic-zone Humates

Theftropic-zonevsoils, between 15°N and‘lS°S, are difficult
 to assess because~data are .scarcer than for the more agricultural
zones. Some‘ZO% 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
vlaﬁosdls‘wiﬁh~estreme1y low content of organic materials. Only in
the_mduptaihous areas of the equatorial zone are there soils with
:-appreciablé organic matter, and these areas are small compared to the
total. ;Thé-complete omission of humates froﬁ‘this.zone~will hardly
.affecf_the’total of soil humus.
{gummérylngﬁﬁméfes
- The subarctic soils;appéat'to be the major:questionrin the
humus inventory. 'Soil organic content correlates with latitude, so
‘thaththeré-is almost zero organic content in the equatorial -zones

and increasing organic content with ‘latitude up to the region of
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.pgfmanent ice and snow cever. About 12% of the land lies between
.55%.and-709 of latitude. |
Most workers (e.g., Graig, 1957) have assumed that the. prin-
gcipai route for re?urn of fixed.carboﬁfto»the-atm@sphere is threugh
.the humﬁs~1ayer, that is, that nearly:all the plant material in the
'tefrestrial biosphere becomes humus before dxidafion and return to
'_the'égﬁosphere. This seems unlikely.
If one assumes a terrestrial biesphere in equilibrium, then
Vthe ameunt of material transferred to the humusAIayer each §ear under
this model,would equal the amount assimilated by the biosphere.
Using this rate, and the mean-life figure of 400 yeéés,used above,
'lthe‘caléulation of humic-carbon mass from the product of. rate and
meéaglife;gives a value ef-eightttimesfthe mass of the terrestrial
biosphere. |
This value is probably far out of line, by comparisen 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 théqatmosphere,.or,that the mean-life values
derived from .extant measurements.are:far out of line. Probably both
:1 fact9ré'c0ntributé'to the discrepancy. -The figure derived earlier
for soil organic material will be-used in this work, altheugh it may
be somewhaﬁuﬁipimal, Here, again, the uncertainties serve to

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

varied considerably during the glacial-interglacial oscillations.

- 801l Carbonates

In many areas. of the world thgre aré-extensive deposits. of
cafbonate‘in.thé seil. In desert regions these often become dense
énd-hard,and are called-"desert concrete'. . The genesis of these
.~iayers,lcalled."caliche” in the American:.southwest, is not known.
Radiecanﬁon,méasurgmentsrindicate that these have.been formed fairly
recently in many c%ses, and indeed are probably currently being
formed. in-many places.

| At'one time,_it was assumed that-caliches were basically a

-result of a.negati?e-water budget. in thé‘soil, that is, that water

losslfrom‘thg soi1“by‘evaporation-exceeded the water input te the
seil, The'rggult Was'Visualized”as,a4continuihg trdhsport of ground
water to the surfa@e-where it evaporatéd and left beﬁind the dis-
-S@IQed carbonétes.
Recent reséarch.by the au;hor has- indicated. that qaliches in
,tthé Arizona regibnwinvariably.have~€ppreciab1e amounts of erganic
- materials:#ésociaﬁed with them. These have been tentatively iden-
Mtifiéd as‘oxalateé'for thé most.  part., There is a:strong_suggestion
~of a biegenic origia.for caliches under cefﬁainicircumstances, This
.is net a new‘hfpothesis. 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
»gited-a strong7concentration of phosphate in dense caliches as sup-

" porting . evidence.for a biogenic nature.

Whatever tﬁe mgchanfsms of:formation, caliche contains some

'radiocarboﬁ-and'forms an-appreciable feservoir. Brown (1956) inves-

.figated the caliches of the glanq-Estacédo,in Texas; He found beds -
lSO-feeﬁ'or~moréﬁin thickness,:with:44%”ca1cium'carbonéte;'in.flat»or

 >de§tesséd regions,‘ahd beds}A’feet thick atop hills. He called them
early Pleistocene .in -age. Bretz and. -Hornberg (1949). iféound. éaliche in
soﬁtheastern New Mexicowﬁﬂﬂrthéy felt ranged from recent to Pleisto-
cene- in-age. Soil carbénates in less spectgcular-form are glso sig-

.nificgnfﬂin steppe regions. Sigélove (1969) has compiled Cl4rdata_for
-a'1axge nﬁmber_of ArizonaAca1iches.

ExcaVéEion on The University of Arizona campus in 1966 un-
"éarfhed'two:caliche,layers separated by a .small sand layer at 3 feet
&epth.: Thé‘author'piotted'the-eXposed strata (Figgre 1).  The C;4
:édncéntratifﬁxin tﬁe.upper-éart-of'the<lower-la§er was greater than
;that.in the lowef-part of the .upper layer, indicéting the periods of
- gférmétioﬁ of theyfwé-iéYerSﬂoverlapped, that is, that portioens of the
“ﬁ.;wo‘lagefS'wéré fbrming:simultanepusly. The values given cannot be

 ?¢oﬁvérted't§ actual dates begéuée tﬁeioriginal 014 activity of the
caqun-at the~time\of.depoéitionris:not known. -

Rightmire (1967) haé'postulated that stable-isotope -data will

allow the.calculation -of the contributions from '"dead" limestone and
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pepen WA I
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2! 2" of ash, glass, nails, etc.
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- ::’“: bedded, reddish brown stain.
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Figure 1. Caliche Strata at The University of Arizona

Three 014 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.
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from thefatmospherévandAthus:pérmit dating.of caliches. His model ig--
-mores contributions from:pre-existing.célichesAand huﬁus, and po;sibie
-fractionation. during precipitation. ‘He-fails'teﬁdemonstraﬁg<the

‘ . : A
applicability of his model by testing against .independently dated
.materials, Eandted.by"Williams anvaolacb (1969)} Rightmire feels
the genesis of caliche is "pedalogic' rather ;han biological. |

Williams and Polach ¢1969)7 from data for paired samples of
_vcaliche:and organic -material, coqclude thatAcaiiches-tend to have éﬁ
.initial "age" offset of abont 3600 Yeérs. The youngest arid-land
-cal;che "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
.caliché horizon is:still actively‘formiﬁg,»so-initial offset is hard to
'\determine-directly, s0 the~appréach of Williams and Polach seems the
mﬁstrabjective.

About 3%.of the world's area is.desert. If one-assumes that
.half the-désert afea_is-underlain.by deposits of caliche accumulating
ate the rate of 5 cm per. klloyear (thls study and Slgalove, 1969),
:.formlng 3011s with -density 2.0 thch is 30% CaCOS, with an "age" of
iA3600 years at the upper surface, the activity of the caliche at depth

bowill be |
| A= A exp (-(3600 + 200 h)/8270),

where Ao=is the standard reference activity and 8270 is the mean life

of radiocarbon,. in years. Under the above assumed conditions, there
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-Will’be 0,07 gm'C/cﬁg-in thé column. At a deptﬂ'of 150 cm below
;the“top.ef thé'céliche,'the‘activity-will beiquitecsmall,,so an. in-
tegrétiqnufréﬁ h.=vOQtoAh = 150 will give the accumulated radiocarbon

.activity in.the column

= 150

A de dh
0

~150

R =

0,07 AéfExp(—(3600 + 200h)/8270) dh
o

- 25 dpﬁ/cmz = 0.42 dps cm=2

ASince.tbe caliche is assumgd.tq underlie 1.5% of the world area, the
carbonfinveq;ory'i% caliche amounts;to-abou£50,006 d:ps/cme2
Like: most éarbon-reservoir:estimateé; thisybne is fraught

‘with uncertaigtié;. .The‘result could easily be~in,errof by an erder
of magnitude, The figure: is ne doubf:small, . It ignores completely
~ the widely disseminated, But’notrsoucencentfated, soil carﬁonates of
4the‘ste§pes énd:fgrtile'afeaS»Qf_the world. The figure is semewhat
=1ess-thén that obt%ined'for the Tucson Basin area. vThere-are deeper
caliché:1ayex3jin:£%e‘iﬁcson Basin;wﬁich'have not yet been . measured
_for‘Cl4.activity; but-which maygwell.add.;o the- local radiecarben
inventery. Again, further research.onvthe amounts gnd,distribution
of soil carbonates and thgirlclaann;éntrations is vgfyjmuch in

order.
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The Fresh-Water System

The'frésh-ﬁater system.will be défined here to include
grbund—water, water in streams and lakes, and the ice~andAsnonof
cold;regi@ns, The ice and. snow containqﬁegligible carbon_dioxide.
Langway-etval, (19@5) report;30—45 cc of air per kilogram of ice in
.Greenland.stuéies, This air contained.about:lOO,milligrams~of Cco,
perAton,ofﬁicé. Whiie.ﬁhis represents.a concentration-of carbon
dioxide in.tbenair’which-ié two. orders. of magditude gréater than
-that in-the presenﬁ,atmosphere, the total amount of carbon—143ip.the
~ice- sheet' is compigtely inéignificant.

By far the;largest part of the nonfglacialffresh-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 s%reéﬁs account for only 55,000 cubic miles,

: Measﬁremeﬁts onwall,water'from a- depth of 500 féet.in the
Tucson:Basin'(Bennett,ﬂnpr@g) yie1ded about 40 micrograms- of carbon
per grém of water. 'Somewhat larger amounts may have been present
when . the water was iﬁ;place af highgripressures. The radiocarboen
cactivity of the cafbon.diqgide in. the water ;aried frpm about - 50%
. of the reference-standard.atbthe water table to about 12%. of stan-
ddrd some 2000 feet below the water table when- the figures are
corrected to pre-nuclear-tes;ing anaiprepumping conditions,

" The peresity 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; Prqf; of Hydrology, Univ. of Arizona) over 57.5 % 10% mi?
of land implies a mean porosity of, about 4%.

Assuming a mean porosity.of 4% .and a variation of 014
activity'amounting'to:an.apparent age change of. 0.172 yr/cm‘as ob-
served in.the Tucson Basin, a calculatdion similar ‘to that-used for
the caliche and humus problems leads to an-estimated inventory of

u0.027 dps/cméz, "This figurg perhaps tends to be low becsuse of a
lack of preQSureacorrection on.the'CO2 soiubility, Finally, the
-figure,.O{lfé 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 than.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 ciear_ﬁnderstanding of the problems. involved in ebtaining
. estimates of the carbon.content‘of various reservoirsﬁ Tt. is not
 sugge$tedAthat,the results obtained here are more -accurate than thoese
~used by other radiocarbon researchers, except where other researchers
have not included specific estimates of certain reservoirs.

Theiroie of the arctic and sub-arctic humus sinks presented

here in.rather crude form, has been overlooked by previous
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radiocarboen .workers who apparently have -assumed that their temperate-
zone -estimates would suffice for thé:arctié withdut‘serious error be-
.cause-of fhg~sma11'area involved. While many more data. are needed
.ﬁq-properly'assess this‘problem,Ait would seem.chemically reasonable
to expect~higher carbon:concentrations in these regions than.iﬁ
'.,températé-zohes, qéd.the scaﬁty;extant'data seem to support this
-hypbthesis° Additional data from the-sub;arctic "muskeg" aveas would
béumost.desirablei

AV_'Table 4’1iSt§ some of the d14 reservoir estimates used by
'Jvariousfreseafcheré, Not all of ;Hese are independen}.t9 by -any means.
Léter‘workefs tend to use the values of previous workers with per;
haés-a;modificatioﬁ infopé.or two specific reserveir values.

AThe'mést obvious fact toAbe detived from an.examination of

.Tablelé'is-that-gstimates of some of the reservoirs Véry greatly,
;THe figures for;the terrestrial biosphere differ by an brder of mag-
-nifude or more, The huﬁus reservoir is also variably estimated,
‘as- is the organic content, living and dgad, of the oceans. It seems
'unlikeiy;-howevef, that foreseeable'reviéions of these more:variable
;estimateslwiillbe of such magnitudevas‘to alﬁer the total radie-
 j§arbon.iﬁVentor§ by'ﬁqre than a.few percent. For example,Aif one
:increages tﬁe soil;carbonate-figu;e‘by a factor of 10, 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



.Reservoir Estimates, Total C and C14

. Table 4. Activity
{Eriksson, { Arnold, S iRevelie,-m _
Welander AndersoniH. Brown Craig ' Suess Suess Present
Reservoir (1956) (1957%  (1957) (1?57) (1957) (1965) Work
L 25 2. 2 2 2 2! 2| 2 2
g/cm g/cm glem_ | g/em_ | g/em g/cmevfdPxS/cme g/cm_ dps/em
Atmesphere 0,125 0.12 0,126 0.126 0.125 0.131 0.03 | 0.131f 0.03
| B
Ocean : o !
Inorganic 7.25 6.94 6.8 7.56; 1.55 !
Living matter 0.16 | 4 {
Dead organic 0,60 0,535 0,535 0,64& 0.125 ,
Combined 6.8 - 8.01 7.65 7.475 7.335 8°201 1.675} 7.53 ; 1.50Q
. ' ! i
‘Ocean Sediments 0.30f 0.07 -===- 4 0.13
, A _ b s
Terrestrial Biosphere] 0.109 0.05 0.003* | 0.06 0.016 { 0.09 ; 0.021
‘ ) . 0.16' 0,037 i
Humus ‘ ; )
Temperate 0.136 0.20 0.76 0.215 G.138 . 0.153, 0.034
w/ocean
Arctic 1 i 0.051
‘ |
Soil Carbonate | : 0.006
s l 1
Fresh Water d v 0.027
1 .
| |
Totals 7.17 8.38 8.54 7.87 7.62 8.79 1.81 7.90  1.80

* A1l living matter.

09
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. 14 . . .. . o 2
-total C inventory would be increased by a little eover 6%, Cer-
tainly 10-15% must be near the very-upper limit of any increase to be
expected from reservoir revision,
The reservoir eétimate compiled. in this werk isvintendéd to
represent minimal values in mest cases, and the resultant tetal
* . would tend to indicate that the true value is very probably in the

-range 1.76 to 1,95 dps/cmez.



THE DATA OF Clé VARIATIONS

14

Before proceeding to a discussion of the causes of é 4

'v.ariatiéns, it is perhaps advisable to present a collocation of infor-
.matiéh perfaiﬁiﬁg to tﬁe ngfure ;nd amouﬁts.ofrtﬁétobservédv614?§§f£g-}
~tions,  and df‘data perta;niﬁg'ﬁo'related'phenomena, such as variations
-4?13 étmoSpheric-GQzlcontenﬁ,> TheAfollowing chapter summariges the ex-
taﬁtfdata, gathered from ﬁany sources; and including the work done by >
the author at the University of‘AriZOna labqratdry. It is important
. to note that variations occur on several differént time scales, and
_that-iﬂ is likeiy that.sevéral differentrmechaﬁisms'are responsible.,

"DeVries (1958) measufed the radiocarbon content of wood
samples which had beénJdendrochrénologically dated»(not merely ring
céuntéd), and calculated the concentration of radiocarbbn in the wood
at the time it grew,.'This value preéumably reflected, when allowance
was made for the cheﬁical fractionation that occurs during assimilation,
the'concentration.of radiocarbon in the atmosﬁhefe.at the time of
graowth. - The data of,deVriés clearly indicated. that variations of as
'-ﬁuéh»as-B% hadvoccur;ed aﬁﬁigg the last few hundréd‘years.
Since 1958, a.number-éé 1abqrat§ries_havé’studied dendfo~
A éhrdnolééically dat.e'd‘. wood‘sampl'es-', “and a sizable body of data has
aceumulated which deiineates the variations in radiocarbon content of
wéod,éamples 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
over 8000 years, and have wood samples at hand which have C14 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.,

L3 (013/C12)x _ (C13/C12)s ,

85C = x 10
. 1 12 ’
X,8 © 3/C )

where the subscripts x and s refer to sample and standard values. As
given, the delta value is expressed in per mille, symbolized %., or
abbreviated permil, but by changing the 103 factor to 102, the delta
value is often expressed in percent.

From the definition, it is easy to show that

5 =8 + 8 + 10 Ba,bab,c s

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,

the fractionation of 014, relative to Clz, will be twice as great as

4 _ 2 8C13

for C13. That is, in going from state a to state b, 602 b a.b"
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The Cla activity of a sample varies with age, of course. When
dendrochronologically-dated wood was starting to be used to check on
C14 variations in the atmosphere, it became conventional to reserve
the 6014 notation to express the initial activity of the samples, af--
ter co;rection 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
has remained constant throughout the range of C14 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
pre-industrial wood had 8C13 values very near to ~25%, with respect
to the Chicago PDB standard.

An ideal wood sample, in an initial state '"a", has 5013 = -25,
and zero-age delta C14 value of A, by definition. After fractiona-
tion to.state '"b", the values are simply 6C13 and SC&?S, again at
zero-age. The isotopic values in initial and final states are related:

14 14 4 14

-3..1
N,,e=8C,p +8C,  +10778C, " 80"
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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,
14 14
and are omitted. B8Cp g 1is the usual age-corrected value, and 8C;7y
is the difference arising from fractiomation, and is related to the

stable~isotope data by

14 13
Sca,b = 2(-25 - 8C 7).

Thus

14

b,s) :

A= 50&48 - (2 scl? + 50)( 1 + 8C

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 C14 Variations

The radiocarbon age of a sample is defined by the equation
t =T 1n (A,/4),

where t is the radiocarbon age, Tm is the mean life of radiocarbon
(8270 yr), A is the present C14 activity of the sample, and Ao is the
initial activity of the sample at the time of isolation. The varia-
tions in A, are determined by measuring the present activity of sam-
ples 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

14

usually too imprecise to produce usable C™'-variation data.



66
One method of dating that deserves at least passing mention.is
that of varve dating. It is the only extant method of dating that . -
provides hope of extending’ the knowledge of Cll'L variations to times
earlier than thosg reached by dendrochronology.

'.Much work has been done. in northern Europe on varve dating '
(Fromm, 1970; Tauber, 1970f. 1In Sweden, a chronolegy of over 12,000
years has been developed which many people feel is accurate to within
300 years.

Iverson (1953) reported on radiocarbon dating of wood and
caybonaceous ma£erial from lithologically dated sediments. The
“varve date is 11,050 years (Ta@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 Qxalic—acid standard; the 014 age is about 10,800 yeafs.
Tauber, 1970) puts the age difference at 100 years for this litho-
1ogi¢'Boundary.

Other comparisons between varve and Cl4 dates (Damon, 1968;
Tauber, I'970%."axt e"rb'aséd- on the intermediary correlation tool of

.pollen. profiles due to the 1ack:of 014-datab1e materials in most

L varved sediments, The .diffuse nature of pollen boundaries introduces

.considerable imprecision. The data from Iverson are based on-material - -

obtained directly from_iitholegically dated sediments, and are there-
fore the most useful comparisﬁns available. Tauber {:1:9 209 and
Fromm (1970) have discussed varve~Cl4»compariséns at length, and one
sees variations comparable to'C14 deviations of +37 to -60%., which

produces very poor controls for the period prior to about 10,000 B.P.
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The Iverson.point shows agreement within 250 years-with'the C;4reurve,

indicating that the Cl4 excess may be around 3% or less at this time.

"The ﬁong-term Variations_

Flgure 2 dlsplays a curve fltted‘te about 350 extant measure-
.‘rmenfs ef initiao radlocarbon values The 12th' Nobel Sympos1um volame
contains lists of several hundred 014 measurements on dendrochronO@
logically dated wood, and the valume contains two foldout comparison -
Qharts With-mueh~mere detail than is possible in Figure 2 of this work.
Thelvarvemdated point discussed above is placed on a dotted extension
- Qf tﬁe'cdrver The.daEa include those processed at the University of
Arizona (Damen, Long;and Grey, 1970) and published values by others
(Seess, 1965; Stuiver, 1965; Ralph, Michael and Gruninger,-1965; Suess,
'»‘1965;~porfédﬁedtto‘6Xa1icwaeid;standafdtbywebmpanison wixﬂriAiijiorra‘
dates for material of ahe same age; Ralph and Michael, 1970).

»The'curﬁe-of‘Figufeiziis smoothed by a‘loowyear<nofmally-

weighted,smbothing function. 'A ﬁormally weighted smoothing function,

er-runﬁing.mean, smooths out the .shorter-term Variations, so that

"7jon1y 1ong term varlatlons are ;shown, and takes some -account of the

‘xlstatlstlcal s1gn1f1cance of the measurements being . averaged Values

: ”.on~e1ther s1de of the averaglngJPOInt'are weighted into the mean .-

- according to' the .ordinate value of a normal diistribution function.
The -spread of the curve is selected by assigning an-appropriate stan-
dard deviation to the normal curve. Thus, a lOO-year-normally—weigh?

n-'ted smoothing function's two-sigma value is 100 years, and a number



cl4 Excess, %o

+100

75

(9,
o

25

Dendrochronological Age, kyr

Figure 2.

’ \
\
\
\
\
\
\
\
\
N\

/ ~

/
/\ J i - L i i 1 A i | i

N1 A 3 4 5 6 7 8 9 10 11

Varve Age, kyr

- -

Long-term cl4 variations

89



69
which israssociated 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-which'is 50 years from the central date will be weighted
at 0,607 times the central value. )

4 Aésuming-thétvthé'%arvefééntfoiledﬁpoiﬁﬁ”is“Véiid;:fﬁéfé1“”:ﬂ
appears to.be a Variatioﬁ'with a.period of about 8000 years shown  in
the Cl4 véfiétions. It is apparent that there are variations of a
much shorter-peri§d as well.‘ Stuiver (1970) has studied a varved-
~gediment core from Lake of the Clouds, Minnesota, and found a C14 min-
imum at 8300°B.P. and a maximum at 9700 Bi?i, The curve needs veri-
fficatién—because the'top= ofbthe core was damaged énd the laminae are
not proven to be annual, but the work holds great promise.

. figure B‘displa&s the aata of Figure“2 in a different form.
" The abscissa is the-same; that is, dendrochronolegical age, but the
ordinate is the radioéarbqn gge.bf fhe.sample. It can be seen that
én attempt to calibrate radiocarbon dates by use. of the curve.of
Figure 3 will be of»varying usefulness in different time periods; -
Vthére may?beASeVéral déndrochroﬁological ages corresponding to-a

" given radiocarbon age.

5 fohe Shorﬁermterm-yariétiqns,

Figurebé-displa&s the-samé type of data és Figuré 3 but on a
differentrsca1e9-sm0qthed with a ZZ_Yeafvnormally»weighted function,
Variations with characteristic times around 200 years can be seen.
.Einally,'Figure 5 displafs an-even:smaller portion of the record, also

-smoothed with:a 22-year function.
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The figure shows, in moderate detail, the variations in the concentration
of Cl% in dendrochronologically dated wood samples during most of the latest

millennium.

L



1800

1900

K| 1

1800 1700
Dendrochronological Date, A. D.

~

1
Figure 5. C 4 Variations Since 1700 A. D.

A4



73

The more recent portions of the 014—variationm CUrves are

-derived from studies of wood materials from many different geographic
locations. California‘sequoié and bristlecone pine, Colorado fir,
European oak, and Arizona pines have all contributed to the record.
The agreement between.species and areas is sufficient te indicéte that
,for phenomena of peried longer than a year or so, the troposphere |
appears.to be well mixed and free ffom pronounced geographic differ%
ences. The older portioms of the record are based solely on bristle-

cone pine, but there is little doubt that they reflect faithfully

world-wide conditions.

Bomb gl4
The  above~described records display variations with time
of the world-wide atmoéphere, smoothed to.eliminate variafions with
periods 1e§s than a decade or so. Variations with shorter periods
are well known. Figure 6 shows the variatiomns in radiocarbon-in the
troposphere and.surface ocean layer at various latitudes as a result
of nucleér Weapon tésting, The figure is based on data published by
Bien and Suess (1967), Hagemann, Gray and Machta (1965), Munnich and
Roether (1967) amd Nydal (1967, 1968). |
Seme qualitative observations based oﬁ the data of Figure
6 are in order at this time. It will be noted that at middle and
high latitudes there aré regular seasonal variations in..radiocarbon
concentration- in the troposphére; At 47°N; for example; there is a

peak around July and August with a minimum near January. For higher
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or ‘lower -latitudes, the éxtrema océur-at.slightly later times,
at least for ihe,northern heﬁispherea faung.gnd:Fairhéll.(1968)
plotted tropospheric curves from the sources cited ébove.for
close latitude intervals, .Figuré 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.sPreadslboth-north"and.south from this zone. In
‘the northern hemisphere, .sharp peaks occur in boﬁh middle .and
high latitudes, but the low latitudes :show progressively broader
-and morefdiffuse peéaks as one  approaches the equator. Due to the
lack of éontrast iﬁ 014 concentration between the -stratosphere
-and tropésphere\in the .southern hemisphére, there-is;no:C14
~structure visible-in'the~scantﬁsouthern—hemispﬁere~data, but it
‘seems likely that :such vafiations-will appear there .later, when
théCl4 becomes better :distributed in the  atmosphere, Inaeed,
careful measurements might have revealed .such variations even
in the .absence of bomb material. The more .diffuse nature of the
:seasonal variations:at low 1atitudes:suggests that direct transfer
from:stratosphere to troposphere occurs at middle‘an& h:i.ghAlati‘-=
tudes and thén the materials .spread: equatorward by diffusion.

Figure 8 presents meridional profiles for the C14-activity

of tropospheric air for several times during the years 1963 through
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The concentration of C14 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=: |
tions of late 1962 from ﬁhe Russian test .series. Data for the region
‘south of 40°S are almost entirely lacking, but there seemé to be an
indicaﬁipn that the troposphere is well mixed south of 40°S. The
pronounced minimum for the 1963 and early 1964 curves which lies
.jﬁst north of 40°S is based upon t'e curves for Melbourne at 37°50's
and Makara, New:Zealand, from Nydal (1967) and the data for 42°S for
-airplane~collected samples presumably collected over or mear -Scuth
America (Machta, 1966; Hagemann et al;,-l965)n

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 014 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 concemtration in the
.stratosphere~shou1d be, . Direct measurements pfior to Bomb»testing
do not exist, andninfé;enéés based on mathematical models are of
limited . accuracy. |

It is ih&éed unfortunate Fhat.aémospherinand 6ceanic-radio=
carbon measurements did not antedate ouclear-weapon testing. The
injections of r;diocarbon would then have .served as excellent.

tracers for the purposes of studying atmoespheric and oceaunic motions.
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The two oceanic curves in Figure 6 indicéte that the uptake
of radiocarbon in the ocean at 35°N occurs earlier than that at 20°N,
These curves only apply to the surface 1ayers,.above the thermocline.
The data of Bien ahd Suess (1967), from which these curves were taken,
also show that the sea water below 150 meters has shown little or no
efféct from bomb-Cl4‘gt middle or low latitudes. The d;ta-of Munnich
and Roether (1967) for the Atlantic Ocean indicate a maxiﬁum of
radiocarbon acti&ity in surface waters near 30°N with values falling
rapidly to the north and somewhat less rapidly toward the equator.

A vertical profile of 014-va1ues in the Atlantic in Bélin (1966)
indicates strong subsidence north of 30°N,thich is also iﬁdicated

in the tritium data of Munnich and Roether.

The -Ocean Structure

Figure 10 givés‘a very good idea of the complexity of oceanic
structure -and signals some of the difficultieé that would be met in
trying to devise:simple-mathematical models to describe exchaﬁge-and
radiocarbon transport processes. Some of the water masses have long
been known from oceanographic déta and‘havé been‘nameda‘ Indicated on
the -.diagram are the Soutﬁ Atlantié Surface Water (SASW) , Antarctic |
Intermédigte Water (AAIW), North-Atléntig Central Water (NACW), North
Atlantic Déep Water (NADW), and the Antarctic Bottom Water (AABW).
The C14.data clearly indicate the independent behavicr of these masses
and also provide good information about the movements:of these masses.

WhenAprofiles have been made for a number of years, velocities and
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overall mass-flow rates can be determined with good accuracy.
Cl4 methods .should be far-supefior to oxygen=dep1etibn 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.undefgoing 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

2

Figure -11 shows the . seasonal variatiouns in atﬁospheric
carbon~dioxide concentration -at several latitudes, based on thé
.data of Keeling,(1960),>Brown‘and'Keeling (1965), and -Pales and
Keeling (1965). It may be noted that the‘CO2 concentration tends
to be higher in northern latitudes than in-soutﬁern“latitudes,
that is, there .is a latitudinal gradient of 002 concentration in
the troposphere -which favors a“soﬁthward transport of carbon
dioxide., The gradient ig reversed for -about three months of the
‘year, but is not so .strong then.

Figure 11 also .shows £he variation in isotopic concentra-
tion of northern mid-latitude CO,. In the fall, when the coneen-

2

tration of COZ,decreases, the isotopic composition becomes

heavier. As noted previously, Keeling (1960) speculates that: this

may be .due to the activity of plants, which teund to prefer the
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-lighter -isotopes, During the summer, photosynthesis is at a
maximum and the plants utilize the lighter isotopes preferentially,

.while consuming large quantities of CO thus leaviﬁg the atmosphere

2 3
2

-slightly impoverished in CO2

and slightly heavier in isotopic com-
position. The lack df large variations in the southern hemisphere
is aftributed to the~sma11e¥ biomass there. Bolin and Keeling
(1963) have -done an admirable job of analy;ing the implications of
_the .seasonal and meridional variations of 002 concentration in terms of
distribution of souces and sinks and the effective diffusion constants
involved in tfénsport 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 cﬁrves;
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 CO2
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 detaile& profiles of cla
values' for the atmosphere andéocean<in this region in order to
determine accurately the rates of uptake in these waters and the
rates of miération within the oceans.

The .data pertaining to 014 variations which have been outlined
above are either obtained directly upon current samples, or are
obtained by utilizing calculated initial values in old.sampies whose
ages are known by means other than radiocarbon déting. The most
accuréte an reliable method of independent age determination is
dendrochronologidal dating. This provides information about the
behaviér'of 014Jin wood:samples, and, by inference, in the atmosphere
from which the samples derive theirlcarbon, Thus far, no dating
.method of sufficient accuracy and precision has been developed to

ols

-enable the determination-of inmitial values for samples from, say,

the oceanic environmemt.

The Relatiemship of Atmospheric
and Mixed-ocean Cl&

The author attempted to gain some information about the behavier
of the miked layer of the oceanrauring the times several thousand years
ago when the clé4 deviation-in qud was near its maximum, by using coun-
temporaneous shell and charcoal samples from South American archaeolegi-
cal middens. Hurt (1964, 1966) reported that a number of shell middens
onthegasterncoastofSouthzmmricaexhibitedradiocaibondateswhichexten~

ded into the time of interest; 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 tﬁousand
years ago. |
The»éhell mounds contained both shells and charcoal samples.
The rapid rate of accumuiation 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 charcoeal, in conjunction with
Figure 2, and with other dates from the4same mound ;, would provide
.a fairly accurate date for the midden. - The contempofaneoué shell
\sample-wduld then provide -a comparison of the C14»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
of Cl4 in the atmosphere :and the relative -activity levels of the |
"-atmosphere -and the oceans, that the.surface layer of the ocean-shoul&
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 Brazil. Several of these
-~ were processed at the.Universiﬁy of Arizoha radiocarbon laboratory
by the author and staff.
| Dx. Donald Bryaﬁt, invértebrate péleontologist in the Uni-
versity of Arizona geology department, graciously identified several

of the:shellsvso that it could be ascertained whether the samples
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were derived from estuaries or rocky coasts, etc., Nearly all the
.shells proved to.be.shallow-water species typical of slowly circulating
water or estuarine environments. - 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_iﬁvalidate the
results,

The results of the -attempt were disappointing, Iﬁ most
cases, the charcoal samples were too small to obtain good‘coﬁnting'
.statistics. Only one charcoal-shell pair provided good statistics.
They also provided identical dates; A-918 (a charcoal sample) gav¢
-a 014-age of 3370 + 150 years, while A-919 (the corresponding sﬁell
.sample) ga;e~a—Cl4~age of 3370 = 105 years., No . strong conélusion'
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 C14 Variations

An examination of Figures- 2 and 3 points out that where the
“initdial él4~cbntent of a wood sample is high, its Clq-age will be
younger than its trué~age° When the initial C14-activi£ylof a
Lsémple'is low, its 014»age, calculated on the basis of the usual
reference~standérd, will be too greét5 It follows that if one
‘were to consider-a.séries of sampleé, uniformly disFributed in time
-according to-a dendrochronological time scale, the resulfant radio-
carhon~dates on the series-Wou1d not be ﬁniformly'di8t£ibuted in

"radiocarbon time' but would be clustered. Where the initial
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‘radiocarbon content of'tHe:samples;is a decreasing function, according
to Figﬁre 2, thé radiocarbon dates will tend to be gréuped together,
while in those -portions of the time .scale where the delta curve is
increésing with time, the-density of radiocarbon dafes will be less.
The-presenp author'atfempted-to use thisrconcépt to findweﬁidence
pertaining to C14 variations in the time period prior to 7000 yeafs
ago for which dendrochronologically dated material is not yét'availw
able,

The clustering of dates caﬁ regdil& be visuaiized by refer-
ence to ‘Figure 3., Imagine tﬁat'on the dendrochronological=timé
-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 theréurve is nearly parallél to
the -dendrochronological-time -axis, a large number of samples will
have very. similar radiocarbon ages. On the other hand,vwhere 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~p16tted the distribution of some 6000 unselected
radiocarbon .dates as shown by the.solid-line histogram in Figure 13.

.Since the variation in'Cl4-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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time periods where the deﬁsityvof C14 dates should be high'and such
that the histogram was below the-curve where 014-dates should ‘be less
dense, The curve thus selected to provide qualitative agreement with
Ehe known Cl4 variations wds quite smooth, so it was possible to
-extrapoiate the<cu;ve to greater'Cl4 ages, uSing visual methods.

More sophisticaﬁed methods of éxtrapolation-might have been.uéed.

For example, the data, when-plotted on'logwlog.coérdinates, fall

very mearly én-a straight line, which'is easily extrapolated. Howevgr,
the limitations of the problem render extravagant any attempts to<ﬁse
‘more elegant methods.

The ‘extrapolation of this curve backward into Cla-times as
great as 13,000 years-suggests that (1) the Cl4~de1ta 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
10,000 to 8500 C14.yéars ago, (3) that the delta curve was a descen&ing

~function froem. 12,000 to 10,000\C14 years ago, and finaliy, (4) that the
delta curvé wa; brobably a rising function prier to 12,000 Cl4 years
ago., Beyond 13,000 C14 years ago, the number of .dates per time |
,intervai.is too,sm€ll to provide statistically valid information.

The delta curve can be reéonstructed crudeiy from the data
.on-date-clustgring by means of the folléwing approach. Consider
that the number of dates per unit of dendvochronological time is'N,

which may be a function of Ad’ the dendrochronelogical age of the
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sample. In a time interval dAd there will be N dAd dates. There will
be the same number of corresponding C14 dates, which will fall in an

interval of time dAc. The two time intervals are related by

dAc = dAd tan 6 , 4.1

where tan 6 is the tangent of the inclination of the curve relating
14

c ages to dendrochronological age, such as displayed in Figure 3.

The 014 and dendrochronological ages are related through the defini-

tion of the delta function

R - RS 3
A - ——-35  y10, 4.2
RS

where Rs is the standard reference activity used in calculating Cl4

ages, and R0 is the initial activity of the measured activity

according to the relation

RO = R exp (Ad7\) > 4.3

14
where R is the measured activity, 7\ is the C decay constant

(8260 yr-l), and A, is the dendrochronological age. The Cl4 age of

d

the sample is related to the standard activity and the measured sample

activity by the relation
R = R exp(- 7\AC). AA

Substituting for R from 4.4 into 4.3 and then for R0 in 4.2 gives
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the desired basic relationship between delta, the radiocarbon age,
and the dendrochronological age

Rs exp(-?\Ac) exp(?\Ad) - RS 3
= x 10 )

R
s

which simplifies to

A= (exp(--?\(Ac -A)) -1 x 10° . 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

Ad ) Ac
A= —8.26 ° 4,6

The slope of the curve of Figure 3 is then expressible as
dA 1

tan @ = € - . 4.7
dA dA
d 1+ 8.26 EX:

If the number of C14 dates per interval of C14 age is n, then

dA
d N d &
= = = . 6 . .
n N dA tan @ N(1 + 8.2 dAc ) 4.8
From 4.8 it follows that
AN 1 n
ah, = 8,26 ( N 1) . 4.9

The values of n are indicated in Figure 13. The values of N, of



course, are not known exgept for those time periods for whiéh
.dendrochronological calibration ié available; The dashedﬂcﬁrﬁe
in Figure 13 is merely. a qﬁalitative\sketch which conveys the
general relationship‘between the measured date distribution (in
C14 time) and the .distribution in dendrochronoibgical time which
wouldrhave 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 thén~extrapolated back to .about 13,000 years (014)
by purely subjective means.

The numerical integration of Equation 4;9 will lead to-a
.qualitative delta curve.whose‘amplitude is -underestimated (because
of the -expression of N in C14 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 ié; The values are not adjusted -for the
estimated ampli£ude error. The initial’valﬁe for the integration
was taken as éﬁb-at 13,000 years ago (Cl4 age) .

The results.in Figure .14 .agree in qualitative form with :the
curve of 014 variations in Figure 2, bat.do not agree in amplitude.
The two most recentvzeroslof the curve of course -agree with the
experimental data, and there is alsovagreement with the varve data

which -suggest zeros of the curve around 8600 to 10,500 years ago.
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The ‘agreement with expgrimental data is only'qualitative, and
there .eseems to be no Véry good reason to assume that the earlier por- .
tions of the curve, Whiéh are based on even smaller densities of dates
than the more recent poftions, can:be very acecurate. In short, the
.simple calculation -and results put forth here must be regarded asr
mainly of academic interest. It is doubtful whether a more -sophis-
ticated approach, using closer intervals in the curve of distribution
of détes; and{éttempting to calculate values of N for the last 7000
years to obtain -a basis for'extrapolation, would be any more
trustworthy. At someltime in the future, when the accumulated C1
.dates ére.sufficiently-numerous, a revisitation of the method might
be more informative,
The -above treatment is extremely qualitative, and should ﬁot
‘yet be construed as firm evidencevregarding‘pést 014 fluctuations.
. Many thinés otherothaqrvariations in C14 in the‘atmbsphere,or in the
wood samples from which delta curves are built, could contribute to
!such clustering of Cl4zdates; For exaﬁple, thé cluster of Cl4~dates
around 11,000 years ago may be partialiy a result of an intemsive
~searchvfor"dates to establish the time of the Two Creeks glacial
readvance, and to test the -synchrony pf that event with certain

‘European events,

Summgry

The foregoing summary of data of various kinds is intended

to indicate the nature of the observed variations in radiocarbon
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concentration in Ehe‘atmosphere (as :seen in wodd"samples~for times
earlier than 1950 A.D.) and the recent ocean, and to indicate .some
-of the geochemical data pertaining to the exchange of radiocarbon |
between atmosphere and oceaﬁ° The -problem of causes of variations
in radiocarbon concentfétion in -any one reservoir cannot be .divorced
from the problems of exchange because of the:strong coupling between

various reservoirs.



 THE PRODUCTION OF ¢l4

Tﬁe-first.of the-classesjof a. priori causes . of 014LVariations
-to be discussed is that of varying production rates., - Variations due
‘to bomb testing will not be duscussed here since, as a causative factor,
nuc lear-weapon testing.is self evident. Only natural variétions‘in

Cl4~production rates will be discussed.

14-production reaction coenstitutes the major

Because the C
-gink for atmospheric neutrons, and the  atmeospheric neutrens are
derived from the-action of .cosmic rays, it follows that any varia-
tion in the rate -of influx of cosmic rays will reéﬁlt.in.a:corre-

sponding;variation»in the -rate of ‘production ef 614.

One,may.list,
a‘gyiéyi; a number of ways in which the cosmic-ray flux may change:

(L The-gaiactic cosmic~ray flux through the solar system
- may inherently:ge a variaﬁle; due £o=stellar and interstellar prow'
- cesses. One‘can.easily.surmise that:supernovae‘wquld be sources of
great bursts.of cosmic rays, or thatxintgrstellar fields weould groﬁp,
dispersé.or deflect streaming cosmic-fays to'produée appreciable
variability:in-the-flux through any given voLume‘of épaée.

(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;proceéses are known -to affect the flux of
.cosmic-rays-entering'the-atmosphere.

"
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These three -aspects of changing production will now be

examined in more detail.

AChangéé in Galactic Cosmicfray Flux
The first of these three factérs is virtually impossible to
.assess on the basis of the facts at hand. Xi and Po (1967) have
tabuléted avqilable recordé of observations of novae - and .supernovae
throughogt'history. Some of these obseryations can be correlated 
with present-day obsérﬁations‘of bodies beiieved to have been
derived from:sﬁperhovae, so that approximate distances are known.
In such céses,:it is~posSib1e to esfimate»arrival times of particles
ejected by such events, using's_impiea‘ssilm.pt'ionso Such energetic
particles travei at speeds close to that of light,.so the particle
flux will lag the obSerVed light fluﬁ by smgll amounts of time, |
provided that the effects of interstellér fields can be ignéred.
The-authpr was unable to fihd‘a‘notable increase inv014 production
correlated with any sgch events; This is not éurpriSing,  The dis-
ordering effects of interstellar fields and the operation of the
invefse-square;iaﬁ in.determining flu# density make it'improbablei;‘
that spch effects should occur -at é levgl which would betdetectabie

in the presence of other effects and experimental 'moise".

. The Solar Modulation

"Figure 15 shows :a comparison of the measured C14 variations
in .dendrochronologically. dated wood samples compared to the curve

of ‘solar-activity indices or "sunspot numbers" (properly called

29
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Wolf indices) as reported by Waldmeier (1961). It is apparent that
when Wolf ;ndides are high, the 014 concentration .in. the samples
is a decreasing function. When Wolf indices ére low, 014 concentra=:.
tion increases., This is exactly what is-to be expected on the basis
of the inverse correlation between suuspot activiﬁy and cosmic=-ray
flux as repbrted 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 C;4-Productidn Relation

Lingenfelter (1963) utilized direct measurements of atmos-
pheric neutron flux during é solar cycle to obtain a simple rela-
tionship between the:solar activity and Clé production. At solar
"minimum, when the mean annual Wolf number was 9.1, ﬁhe production
was calculated to be -gbout 2.61 £ 0.50 atoms of Clq/cmez-sec, 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 014/cme2-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 relatiomship

Q = 2,637 - 0.00297 S, 5.1
where Q is the rate of productiOn of radiocarbon in atoms of C]'4
cm'—zAsecnl, 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 Clq-cmeuz-sec”l.
A numerical integration of the curves presented by Lingenfelter
indicates that about half of the production takes place-above the
tropopause -and about half below. |

In 1970, Lingenfeltér and Ramaty (g.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
-atoms cmé—' secnl. Rorff et al. (1968) found a recent average pro-
duction around 2.1, wﬁile in a paper ‘presented at the 1969 A, G. U.
meeting in San Francisco, they revise& the -figure downward to 2,0
+ 0.4, Even this latter figure is above the total estimated aecay
(Table 4), a fact that prompted the present author's search for
.missing C14 in fresh water, humus and caliche, reported in the .second
.chapter. Damon and Wallick (1970) believe the»diécrepancy is due to
-underestimation of the ocean-sediment inventefy.

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.

Whilelestimates of thé total carbon and the radiocarbon.in the
geochemical reservoirs are not precise, the best known reservoirs
are the atmdsphere and oceans which 'surely comprise the largest part

14 : s . .
of the C 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-disqrepancy

between the estimates of decay and production.

Modelling the Solar-wind Modulation

Stuiver (1961) was pe;haps the first person to ‘attempt to
find a relationship between sumnspot numbers and the amount of |
radiocarbénbin thelatmosphereo. He used some sort of inverse
relationship, not'specified, between sunspot nuﬁber and production
fate»and converted this.rélationship to an electrical signal which
was fed into apassivemetwork:anéiog of thé-C14 syétem thatjhad‘been
proposed by deVries in 1958, The result Was;suggeStiVeUbut a good
~match Withvobserved values could not be‘obtéined.

In 1965, Stuiver (q}v}) éttemptgd a:second time to find a
:simple‘relationship° He:sumﬁed,sunspdt numbers over €ach solar
cycle indépendentlf and compared the résultant histogram with the
observed 014 curve, The . qualitative features of the two curves
were very similar. No physical model of either the prbdﬁétion or
the earth's geoqﬁemicai System was emplo&ed,

The presentvauthor's work on the 'solar-wind modulation
began, on an intermittent ”spére time" basis, in 1964, but it was
not uﬁtil 1éte 1965 that a sufficient understanding of feservoir :
coupling'prbcesses and_sufficient experimental data had been
accumulated to Wafrant a serious effort to attempt a model which

would be capable of predicting C14 vaxiations from Wolf indices.
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‘Iﬁ addition to the necessity for the -acquisition of more
.Cl4fvariaticn data for the timé_period after 1700 A.D., for which
=suns§ot‘data Werelévailable, there was the important'questioﬁ of
the mean residence time of 014.in the ‘atmosphere. Craig (1957)
had estimated thié value -at afound 7 years, while Sdess, in an
early effort, arrived at a figure of 25 to 50 years, and at the
‘Monaco conferénce:in the :spring of 1967, Bien and Suess (1967)
were -still insisting the vélue could not be less than»ten>years.
However, Eien and Suess faiied to make the distinction between the
mean life of molecules-aﬁd the mean life for equilibfation of a
‘~disturbanCe iﬁ Cl4rponcentrati6n. Kigoshi (1964) studied the
uptake. of bomb'C14 in the ocean and concluded that the mean resi-

‘dence time for a CO, molecule in the atmosphere before exchange

2
with the ocean was from 7 to 15 years. Clearly, there was con-
.giderable disagreement. There was also considerable confusion

concerning the distinction between the mean life of a disturbance

:in"C%% concentration, the mean life of a CO

9 molecule, and even the

.ﬁean 1ife of a disturbance in atmospheric 002 concentration. The
Hfates'of7eXCEénge between other resefvoirs were equally pootly known.
AZV.AEIfirst, it,séemed that it would be necessary to .know the
EXéﬁange ercéssés ihVolved Before é relationship between sunspétévr
-and C14nvariations‘could be -sought, or conversely, that the
relationship between .sunspots and Cl4 variations mug;zbéiknown

before these .data could be used to clarify exchange rates. However,

' because the time series .of annual sunspot numbers, and the
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corresponding 50 §r~so»radiocarbon measurements constituted a large
number:of,i#dependent pairs, and effectively provided a large
pumber of simultaneous equations which could be solved for more
than just one variable, it appeared that it:shouldvbe permissible
to evaluate exchange rates as well as the parameters of the
-relationship betweén-solar=f1are;activity and atmospheric 014°

During the winter of 1965-66, the present author éxperim
mented with a mumber.@f mathematical models of the earth's Cl&
~system; using.as an input fuﬁction the radiocarbon productiom-rate
values derived from Waldmeier's (1961) sunspot data via Lingen-
-felter's (1963) relation, The .starting poiﬁt for the models was
usually the equatiomn -set first writtem by Craig (1937), but
because there were -a great many unknowas in these equations
(more than could possibly be evaluated from the .data at hand);,
various simplifications were necessary. The problem was to mini-

mize the number of unknowns and still retain some reasonable

description of the physicalvsysteﬁ being modelled.

Preliminary Considerations

By early spring of 1966, sufficient insight had beemn gained
so that approximations could be made which afforded comsiderable
;simplification over the .detailed équati@ns of Craig, and which still
proﬁide~an adequete -description of the atmosphere’s behavior under

the conditions of the problem,
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It was_eérly realized that a ﬁodel attempﬁing to-describe
the -exchanges between:all the various 014 reservoirs, such as the
mixed 1ayer of the ocean; the .deep ocean, and the biosphere, was
'bothvphysically extravagant and mathematically worthless. The deep
ocean réspon&s on too Iong a time scale to vary greatly during the
-250 years over.whichrsunspot'data were available. Furthermore,
even on a long time .scale, the ratio of the amplitude of varia-
tions in thé‘deep reservoir te that in the -atmosphere is very small,
and the back~exéhanges'wéuld'have a.small effect on the‘étmosphere,
Oﬁly the .short-term reservoirs communicating directly with the
.atmosphere need be considered, ﬁamely the bicsphere and the
mixed ocean.
There -was initially a question -as to whether it was neces-
.sary to consider the .stratosphere .and tropesphere.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 well-mixed without serious error.

Oxidation of Carbon Monoxide,

Another question, early in the analysis, was that of the
time that the newly formed C14.spent in the form of Cl40 before be-
iﬁg oxidized to C1402.L MacKay, Pandow aud Wolfgang (1963) found in
laboratory experiments that newly produced Cl4 is almost all oxidized

to CO, with wery little going to CO, in the early reactions. If most

2

of the mnewly produced 014 remained in the ‘form of Cl40 for very long, .
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the carbon monoxide of the -atmosphere would be very radioactive.
.According to Lingenfelter, the.annual production of Cl4 is about

8.0 x 1077atoms cmé yr . According to Bates and Witherspoon

(1952), the -annual production of CO from fuel consumption was
| 14

about 8 x 107 molecules cme-2 yr . The concentration of C
o : -10 ' «
in total CO would.be -about 10 1 , which is about 100 times greater

‘than the ratio of C14 to total carbon in C0,. Thus the specific

2°

-activity of CO .should be about 100 times that of CO Hagemann

9
et :al. (1965), report ‘several measurements of 014 in CO from the
atmosphere in which ﬁo C14 is:detectable, indicating that most of
the CO must have come from fuel combustion. MacKay et al. (1963)
measured three CO‘sampleé and found the  activities averaged about
75% of the normal value for 002, Clearly, the various data do not
agree. The CO reported by Hagemann was from high altitudes, while
that reported by MacKay was from mear 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'matﬁemétically’modelling the effect of the
.biosphere causedfsome conceptual‘difficulty.because of the . peculiar
way in which the biosphere interacts ﬁith the -atmosphere,

The biosphere . assimilates at a rate which is proportional
to the atmospheric 002 concentration as well as to its own mass,

giving rise to.a higher order interaction term. Much of the carbon
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!iséreturned f;pm-ﬁhe:bioSpheré-to the»atmqsphérefvia the humus layer.
,Heme~audiffi¢u1t-mbdeilingfproblem:arises-bécaﬁse, while -the bio-
‘spﬁerezassimilateé’qafﬁénsserially,.the~dé¢ayfproce$s=generéily
'affects hany»years' grthhusimultaneoﬁsly,;so that thé_carﬁéﬁ-is
-not returned to ‘the 'jatmosphe*ré .serially.
.in_ﬁhe~chapter'on resefﬁoirs, it wasrbrogght,out that the -rate
v\ofréarbgn assimilatibn~by~the;biospherevis-belieﬁed to.be-abéut 3
to:4.mgi¢-cmé-2.yr-1, whilefthe‘atmospheric carbqn:content'is.
uaboutj131‘Qg:C'¢qé;2, Thug; on-é:éhortfterm'basis,'the~re1étiVe 2
.amount .of éarﬁbn;exchanged with the biosphefe;annﬂally:may be .small
;enough té-iﬁtrodaée‘only;smail errars through}simﬁlifiéation of its
~verj*hafd-to-modelhbehavior.

ﬂAs:coﬁcépﬁé'of fese:voir:size\and~eXChange processes’evolvéd,
so-did .a wdrkaﬁle-predictiye model of thersolar—modulafion effect.
The~difectioﬁ ofthesevolutioniwés frgm'very complex mbdels\Similar '

S

-to those of Craig (1957) to thegvéry simple one reported here.

TheAM§dei

Thelﬁodel which fihally’prqved both fractabie and predictive:
can be;deséfibed¢in-terms of the foilowing;asSumptions: (1)_The préé
Aduction»QfIClé»is.related‘to‘sunspot ngmbers by the Lingenfelter
'equation;A (2) For the time-sca%é.under consideration, the earth's
reservoir-sysﬁemAcan be -adequately modelled by a‘"two=box”-sy5tem,
The tWo;reservoirs-afe:a we11~mixed atméspheré:and‘é,wellnmixed
4reservoir-with ﬁhich the .atmogphere -exchanges. The\}atter'is~made

~up mainly of the mixed layer of the ocean, but;élso-inbludes the
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_biospﬁereg' (3) The‘reserveir-with which the atmosphere exchanges,
referred to here as‘theAexehange reservoir, will Vaéy in ite C¥4
_'congentration:almost:simultanequsly Wiﬁh:the\atmosphere, but with
‘a lower amplitude of variationm. This last assumption depends
critically upon the rate ofAexchange between the-atmosphere and
oceat, and'iS‘stated.herefsomewhatlgﬁ;ngg'ﬁgggga It was only
after trials of more complicated models had indiéated“that-the
_~exchange reservoir*followedrthe‘atmosphere_that this assumption
could be made, and the fina1 model obtained.

Asrstated'above, the exchange reservoir is mainly the
‘mixed 1ayer'of-tﬁe oCeen, VIn thie»light, tﬂe third aesumption
above can be,réiated»to the phyeical_model in the following way:
‘jAssume that theﬂdeeﬁAreservoir varies almost not at all in response
"~ to the'solar-cycle modulation., The mixed 1ayer will'have an
-activity -which is about midway between the constant value of the
.deep ocean -and the varying atmosphere, since the carbon mass of
the mixed layer is comparable to that of the atmoesphere.

On the basis of the above assumptions, it is possible to
Wfitela.very;simple equation describing the behavior of the atmos-
' phere in response to the1solar=windfmodulation of the C14 production°
Letlthe-amount'of radiecarbon in the{atmosphere be given by»R
:disiﬁtegrations per minute per -square centimeter of the earth's
'surface..'The~decay constant for ClA-is ?& per year. The rate of
production of radiocarbon (described essentially by Lingenfelter's

- . ' - -1 ’ : . ‘
equation) is Q dpm em, z,yr , and is of course-a function of the
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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 1s 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
reservoir is assumed to have a specific activity of A dpm g-l. while
that transmitted from the exchange reservoir to the atmosphere has a

specific activity of Ao dpm g-l. Then

dR

e Q- AR - k(A-A) . 5.2

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 Lingenfelter's

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.

The activity of the exchange reservoir is about 0,95 times

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,

neglecting the decay term, Equation 5.2 becomes

or .

dR = -

S =Q-0.05kaA,
dR 0.05 k
ac - Q M R

where M is the number of grams of carbon per square centimeter

earth's atmosphere,

With this substitution, and

5.3

in the

The term involving the mass-exchénée 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

—=Q-KR. 5.5

The Parameters

Because Q is thought to be about 0.0l 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
the mean life of a disturbance in the 014 content of the atmosphere
would have a value of about 100 years, while the mean life of a 002
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
between estimates of residence times of C14 in the atmosphere by
:geveral 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
life for a change in Cll+ concentration could be determined. It was
felt that the sunspot time series and the C14 time series contained
sufficienF 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:

w
il

3 (Qj - K Rj_l) Dt + Ry

or

w
I

QjAt + (1 - KAL) Rj-l .

The value of /\t was taken to be one year, and the values of Qj
were calculated from the Lingenfelter equation (5.1) with Waldmeier's

(1961) values of the mean annual Wolf number substituted for S.

The coefficients shown in Equation 5.1 were multiplied by 32,56 x 106
-1 14 -2 -1
sec yr to convert the production to atoms of C cm,  Yr and the
-2 -1

annual production was then further changed to units of dpm cm, oyt
(Appendix A lists the appropriate conversion factor). With At =1,

and the other numerical factors inserted, the working equation became

Ry= (1-K) R, + 1072 (1920 - 2.165,) . 5.6

j-1

Since the sunspot data of Waldmeler listed values for the mean
annual values of Sj back to 1700 A.D., the indgx j was taken to be 1
for the year 1700 A,D, The value of (l-- K) was taken to be a vari-
able, near to 0.99 in value, The starting value of R1 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 20%,

above the reference standard activity, but this was not too certain,
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because of the lack: of adequate C14<data asear 1700 A.D., Still
another problem, that of the possible overestimate of average pro-
duction by the Lingenfelter reiation, was circumvented by éélculating
the permil deviationsvfirst With respect to values generated from the
Lingenfelter relation during the analysis, and then normalizing these
to.one of the empirical wvalues.. In éﬁis way, the deviations during
the 1700 A.D,-to-1900 A.D. period should be relatively correct, even
thbugh the absolute productioéon values might be awry.

LA pfogram was written which instructed the university's com-
puter to generafe a time series of R values for a range of-values of

1
1700 A.D. to 1900 A.D. were compared to the same portion of the

R, and (1= K). The portions of each of these series for the years

time .series of experimentally determined Cl4 values. Tﬁé 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 timé-seriesrcalculated, a simple product-moment
éoryelation cpefficient was computed énd printed oﬁtq When both

R, -and (1 - K) had been varied through the programmed range, the

1
ébmputer compared each generated series with the experimentally
obsgrved,series, inserting a number of different-phase lags and calcu~
lating sevéralzéorrelations for each series. For each value of-Rls
a-matrix of correlation coefficients was printed for varying values
of (1 - R) aﬁd phase lag. The variable phase.-lag was introduced
mainly because 6f the question of the residence time of Cl4-in the”

]

form of CO.
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The Results

"After-a séries of computer rums, it was pessible to select the
parameters which provided tﬁe best correlation with the empirieal
data. The best correlation occurred for a zero phase lag, a value
of R1 of about 16%,., and a K value between 0.007 and 0.12, The
caleculation was nét as ‘sensitive to K as had been hoped, but the
‘range Was sﬁfficiently narrow to limit the residence time of s GOZ
‘molecule in‘the-atmosphere-to the range 4.2 t@ 7.2 years, if ome
takes the»acti§ity of the sink to be 0.95 times that of the atmos=
:phere, If the sink adctivity is different from this, the residence
time will be changed in inverse proportion, as can be seen from
:EQuation 5,4, The meén,life of'aldisturbance in 014 concentration
is in the range 80 to 140 years,.and probably mear 100 years.

Figure 16 compares the resulté? calculated with optimum
parameters,‘with the experimental values. As before the experimental
 values ‘are -smoothed somewhat;'but the calculated values are not. This
'uhequal treatmént_degrades_the correlation somewhat, but has a certain
justification. The smoothing of the experimental data seemed ﬁo be
/required by'the unequal density of experimental data in various time
intervals? and by minor, but not always insignificant, discrepancigs
beEWéen the values from different labo:atories, The values calculated
'erm the-suﬁspot data, on the other hand,lare precise enough to
warrant retaining the details for future compariscns when the experi-
mental data ére»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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, 14 .
seen in the present €  .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.

Epilogie
Before proceeding to other results to be derived from the
above-described calculation, it is perhaps worthwhile to recapituiate
what was, and was not, accomplished in the attempt to model the influ-
ence of the solar=~cycle modulation of radiocarbon prodﬁction°
| The conviction that the solar-modulation effect should be
vigible in the.Cl4»data is certainly not unique to this author.
There had been-a prior:attempt to find such a correlation (Stuiver,
"1961). The attemﬁt was a logical one in the light of the finding
of  Forbush (1954) that cosmic-~ray intensity varied during the solar
cycle. The only que#tion was whether the integration and exchange
processes in the earth's reservoir systanwereéuchas-toﬂ permit the
effect to be detected. .Certainly the work of deVries (1958) indica-
ted that variations in -atmospheric 014 conéentration wererbseryable,
. but it remaiﬁed to be .shown that modulation by the .solar wind was
responsible,
| Stuiver'é 1961 attempt to relate sunspots and C14 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 Cl4 production, except that it was an inverse

relationship. Second, Stuiver used an electrical analog of the entire
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.014;reservoir-system to perform the integration and exchange opera-

tions., While conceptually soun&, the approach requifed detailed
knowledge of the exchange processes in order to-adjust the_elec;ri-
cal parameters of the system. These processes were not then, and in
general'gre not now, ﬁell 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
possibiliﬁies of such a system, but finally decided that lack of
adequate input data made the approach impractical. Howevgr, when
better data are available, such an analog would be most useful.

With the publication of Lingenfelter's 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, reéresents a completely indepéndent attaek on the
question of the-sunspot—C14 relationship. It does not utilize the
.measurements of Cl4lvariations in any way, but goes direétly to the
atmospheric-neutron data. Thus, within its limits of error, it
provides a much-needed estimate of the desired relatiomship.

.It is curious that in a second attempt at determining the
relationship between .sunspots and»Clé, Stuiver (1965) did not use
the Lingenfelter relationship. Stuiver's second work, which was
largely contemporaneous with that of the present author, did nét
utilize any stipulated model of the reservoir :system. _Surprising;y,
the second attempt showed much more clearly than the first that a

relationship did exist,andiﬁdicatedStronglrphatthecl4y€%iatipns
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observed: by.~deVries were almost  certainly due. to the solar-wind -
modulation of the 014 production, and not, as deVries had intimated,
‘due to climatic effecté.

Whether consciously or mot, Stuiver's second work did contain
- important elements of a model of the earth's reservoir system.
,Stﬁiver hadusumme& the .sunspots over a solar cycle, plotted a histo-
gram of these for several cycles, and compared the histogram, inver-
,fed, with the record of 014 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 éarth's
reserveir system, . Ingeniously, or perhaps ingenuously, Stuiver -did
not carry over the .summation from one solar -cycle to tﬁe next. Each
cycle was summed independently. This had the effect of simulating
the "decay" effects producéd by exchange between the atmosphere and
its "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 weork, one can only wonder
to what éxtent those -aspects were conscious attempts at simulation
of thé:actual processes.

The contribution of the work presented here is the development
'lof é model which is physically adequate to représent the behavior of
of the reservoir system for the time scale under consideration, and
which is mathematically tractéble, The very simple, almost trivial,

differential equation which represents the model probably represents



: S | 120

about the greatest Simplification which can bé 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 cqmplicatedvand éompletely intractable descrip=: .

. tions used by Craig (1957) and'otherss-xTheiprcce§siqf;evqiution-wggfjf,uf,

‘a prime example df not being able to see the'foﬁest for the trees.,
Once‘out of the woods, it was possiblerto:éee’that the routé followed -
was iﬁordiﬁately tortuous. Only aJSimple ex—poét-fact approach is
présentedvhereu | o

Despite its simplicity, the differencerequation (5.6) which
.represents the‘wdrking model'sééms to produceran excellent predic~
‘tion of the observed Clé-variatiqn data, . Itvalso mékes quite clear
.the~ﬂistinction betweeq the mean 1i£e;of alcl4udisturbance and thei '

mean life of a €O, molecule in the atmosphere. These two .quantities.

were -often confused and interchanged in other writings. The two are
different because of the way the exchange reservoif follows tﬁg

atmospheric-reservoir5vg fact which could not be appreciated in terms
- of more complicated models. Fufther, the present model .allows these
'AcharacteriStic'times'tq be eval@atediwiﬁh’peﬁﬁéripiecisioh thao ever

“fbgfbfea"”'

'i‘The_SueSSfEffect

_ Because the foregoing model is highly predicfive .of C7 wvyaria-
tions (about. 70% of the variance is explained by the model), it is
pessible to evaluate the effect of fossil-fuel consumption_(SuessnA
R TN ) P 3 N

'Eifegt) with much better precision than ever before., The magnitude
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of the Suess Effect .is taken to be the difference betweenﬂfhe»curve
calculated from‘the~sunspot data and that which'is actually observed
(Lerman, Mook -and Vogel,'l970) (Figure 16), prior: of courée, to the
.introduction of large amounts of 014 by bomb testing.

Figure 17 shows the value of the Suess Effeét derived from
the -discrepancy between the curves of Figure-l6. Compared with.it is
| a curve showing the cumulative production of C02 byrfossil—fuel |
consumption as estimated by Revelle and Suess (1957). There is a
suggesfion that the Suess Effect may be levelling‘off around 1940
A.D. fhis-may'be'due to the omission of 014.productidn by solar-
flare protons (Lingenfelter and Ramaty, 1970) during the latest
three very strong .solar maxima. After 1945, the Suess Effect is
offgset by the advent of nuclea?-weapons. It appéars, however, that
‘the Suess Effect has not.exceéded 15 to 20 %,, whereas many people
vhave tended to evaluate - it higher, because they attributed the -entire
downward trend of the observed Clé«curve-after-1900 A.D. to the Suésg
Effect, whereas,Figuré 16 points out that the~abnormally’high:sunspot
numbers after about 1930 would have caused a depression of.5.or 6 %os

in the absence of the Suess Effect.

Calculation by Houtermans, Munk:and Suess

vihe results of the calculation given above were presented at
the Sixth Annual WesternANational Meeting of the American Geophysical
Union - in Los Angeles in September 1966. The following year, Houter-
mans, MunkAand%Sdess,(1967)»présented a paper at the Monaco conferf

ence in which they attempted to use sunspot data to obtain.a value -

1
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for the Suess Effect. Their agproach waséto.differentiate the
ﬁbserved Cléwvariation curve -and compare the results with the.sun-
.spotvdata-curve,.using:é power-spectrﬁm«approach.to-relatédtheﬁ two
.series of data. The result was unsuccessful, largely because of
two factors: First,ithe measured.C14 variations are.small Quanti—
ties, near the limits of precision of measurement, and differencing
these dataito obtain numerical,dérivatives leads to inaccurate ..
results; and second, as shown by the writer's present model, the

" .sunspots :are related not to the.derivative of the C14~data but.to

a linear combination of the_dérivative-and.the:series itself
(Equation-saS)m» In other words, the full differential equation
must be used, It.is not clear why Houtermans et al. chose this
iipe dﬁ approach,; unless it was an attempt to avoid a commitment
to»the.Lingenfelter'relation,'or to try to check the relétionship
by working from the Cla;variation‘data,

The -Lingenfelter:Equation

Thetduestidn of the adequacy of the Lingenfelter equation
must be given-soﬁe-attention. Agide from the problem of possible
ydigequilibriuﬁ, which will be .discussed after the geomagnetic analys:
-sis, theréiis the question of how well tﬁe Lingenfelter equation
relates :sunspot numbers to Cl4'production over a:solar cycle.
.Lingenfelter used experimentally determined:data for two times,
solar maximum -.and .solar minimum, and asshmed.a;linear §ariation

between those two extremes, Since one is seeking essentially an

- . . . : 14 .
-empirical relationship between .sunspots and C” .production, one can
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\1ea99ﬂa51de thefquestienlof nhether;sunspot (Wolf) numbers are
reallyfvery,good neaSufes of the solar wind, or those attributes
;ot'thedeeiar'Wind'Whichtrelateftohcosmic-ray variations. More to
the point,lif one-examines the .data from the Mt. Washington neutron
moniter (Balasubrahmanyan, Boldt-: and Palméira 11-‘967) At .appears there |
-13 a: quite non-llnear relatlonshlp between the neutron flux at the
-'top of Mt Washlngton and the sunspot activity.

L Flgure-lS'shows_how the neutron monitor rate at Mr. Washing-
vtqn;va:ied.HUring the last complete solar cycle as a function of
.Wolfiindex;";The "hysteresis loop" arises because, for high Wolf in-

: dexysthe1neutronﬁcountﬁfallsimbre:tapidlyswith.increasing'suhspotbgk
.“number:thanfiturieesbwith}decreasing sunspot number. Qualitatively,
‘._theephengmeneneis'notnunlike the-short-term "Forbush decreaee”
"aSSeeiated nith-individual,solar flares. The .different time .scales
.invelnedfmay refieet'thé fact that one is dealing with the deforma-
tion ot the heliosphere\in the - solar-cycle -case, Whereas one may be
}dealing mainly‘with the earth's magnetosphere in the case of the
1nd1v1dua1 solar flares, Since the ‘time .spent at low rates during
eﬁidecrea51ng Wolf 1ndex 1s 1onger than that . spent at ‘high count rates,

;,;flt would appear that Llngenfelter s linear estimate may be overly

'-~large.*jHowever, a; tlme averaged value of the neutron flux at Mt. .
. Washlngtcn over a solar cycle, based on the actual measurements,
“does-not>dlffer appreclably from that obtained by using a linear

'intetpolation-between:the,values at selar maximum and solar minimum .

.:as:employed-by Lingenfelter.  Apparently the Lingenfelter relation

gy
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‘suffices where.instantaneous values between solar extrema need not be
-precisef The total variation: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 ZOOByear average
iéroductién, caleulated by Lingenfelter, over the observed total decay

" rate, remains teo be -explained, however.

Variations Prior te-1700 A.D.

Schove (1955), based.on-auroral~records; tabulated-estimafed
times and valﬁes of.solar'maxiﬁa as far back as 500 B.C. His pest-
1200 A,ﬁ; data were used to:.calculate the' dashed curve of Figure 19 to
.compare.with Fhegobserved C14 values (solid curve). The-agreement.isv
generally good, although there is a pﬁzzling lag of the .calculated
curve. The solar:indices for times other thgn maximum were -estimated
by'iineaf_interpolatien-between maximum and minimum, é precedure which
_results\inxsome~§1ight 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 preduction -equation are nearlf correct, then
Schove,has.succéeded very well in reconstructing the times and

approximate values of sunspot maxima,

)

The Geomagnetic Effect
»Aé pointed out iﬁ the -introduction, any variation of the
-earth's- geomagnetic~field intensity will result.in a variationlof
cosmic~ray flux in the atmosphere, and of Cl4 production. Elsasser

et al. (1956) utilized the paleomagnetic measurements. of the Thelliers
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Figure 19. Schove's Data Compared.

A comparison of the cl4 variaticns calculated from the sunspot
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.
times in an attempt to calculate the effect on C14 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.

To describe the dependence of the C14-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
of the relation between C14 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
geveral 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 qed for-lack»of a better one, but the existence of magnetic rever-
sals was well known, 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 unew relation.

Much 1éter, beginning .in 1968, the:present agthor began
-modelling the-effeét5~of a geomagnetic reversal on the'Cl4-content of
'the-atmosphere (Grey, 1971). That work will noet be reproduéed here,
exceét'for a comment on the:results at the end of this section. It
. is still not known.if'a geomagnetic reversal hasroccurfed within the
range of the,-C14 method, but there are suggestions tﬁat one, ér,even'
two, ﬁay-have-occurred Within the last 30,000 to 40,000 years. ILf

o, - 14
g0, considerable -excesses of C

in the atmosphere would have been

' generated, causing‘large-dating.errors for certain Eime~periods.
Initially,‘the magnetic -data. of Bucha (1965) were used in
.'the-calculations, but the ?evised 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 Longﬁterm‘Modél

The -archaeomagnetic data -indicate rather long-term variations,
‘with characteristic times of a few thousand years. The long-term
' . .14 e )
variations.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 whiech are proebably related to the .solar-wind modulation.
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The 1ong—termvrate—ofichange of at-moépheric-CllL 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~degay term -and the
.derivative term can be neglected as being two orders 6f magnitude
.smaller than the production .and exchange terms. Thus, while the
.short-term model for the .solar-wind effect necessitated the use of
'the-aerivative term, the long-term model does not.

For the long-term model, then, Equation 5.2 reduces to the

form

A —-Ao = Q/k , ’ 5.8

. s _— . . -1.
- where Ao‘ls 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.yeaf, 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,.in essence, that the exchange time here is so
.éhcrt'that.austeadywstatezsituation exists between these two
reservoirs,

Nothing has been=sa£& about the biosphgre.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; thé b1osphere-carbon is returned to the -atmos=
phere -or fo-the‘mixed”layer of the ocean (via the .surface and ground
_waters) For the 1ong—termimodel this.appéndicular-cycle:is
unimportant.

The‘final reéervoir'which must ‘be considered. is the deep
ocean. _Here:is-the'bulk of the earth's radiocarbon. The radio-
active‘decay he;e_must be of. the .same order of_magnitudé-as the
production term :if the earth -system-is anywhereznear a balance
bei:_wégn:prodﬁctionvand.decay° The-eﬁchange-processes are -relatively
small,. and hence -all thé terms, including fhe»derivative.term, must .

be retained. Thus

“dA ) L -
d = -
Fraliy Q/M ?\Ad ) 5.9

Here,1Ad.is the -specific-activity of the deep ocean, 7\is‘ﬁhe;radio-
activerdecay~cpnstant for 014, and M .is the mass of carbon:.in the
deep reservoir, in g.cme-z. The~§ecay.in both the-atmoséherevaﬁd
.mixedilayer havefbeen neg1ected in Equation:5.9 so that the total
~C14.pfoductionmis transfgrred to'fhe;deep ocean. This probably
_involves an error of 2% .in the production term.

In the-dhapter on reserVoirs, it was estimated that the ocean
represented avtotal activity of about 1.5 dpg cme-z, The.sedimentaﬁ

-6 <1 :
tion rate was estimated to be about 6 x 10 = dps cm, yr . This

swﬁmallérgghan%Démonlénd Wallick's (1970) value, as discussed

values
in-Chapter 25 and amounts to-about 5% 0f the decay raté. It was felt.

worthwhile -to-increase the .decay constant to-include the sedimentation

o



and to decrease the production term by 27% to account for decay in

the other two reservoirs.

The Geomagnetic-model Equations

The three equations written for the long-term model are
A=A0+Q/k 3
Ao = Ad + Q/kmd ’
and

dA

d
— = . - ’0
P 0.98 Q/M - 1.04°A A,

The first two of these can be combined to express the atmospheric
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.10

5.11

5.12

activity in terms of the activity of the deep ocean and the production

rate:

-1 -1
A-Ad+Q(k +kmd )

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.
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In pre-bomb, pre-industrial times, the activity of the mixed
layer of the ocean is believed to have been about 0.95 t 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
gspecific activity of the reference standard is about 14 dpm g-l,
so the activity of the mixed ocean becomes 13.3 + 0,14 dpm g-l, and
that of the deep ocean becomes 11.9 + 0.7 dpm g-l. The specific
activity of the atmosphere is about 3.8% greater than the reference
standard, and so amounts to about 14.5 dpm g—l.

Before attempting to evaluate constants and test the equa-
tions for consi;;gncy, it is essential to look at the analytical
gsolution 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

Since the data of C14-production variations calculated from
the paleomagnetic data and the Wada-Yamaguchi relationship produces
values of the ratio of Q to the present reference value, Qo’ it is

best to rewrite the equations 5.10 through 5.12 in the form
a=a +Q i o 5.13
At md ) Y% o '

A, = Ay +(Q [k )(Q/Q) 5.14
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and, for the deep-ocean reservoir,

dA
d . .
= 1.04 7\Ad ={.98 QO/M)(Q/QO) . 5.15

The production relationship has the general form
W% =a + bsinwt

To a rough approximation, the long-term values of Q/Qo, as displayed
in Figure 20, can be approximated with a = 1 and b = 0.2, with W
equal to about 27T /8000 (Bucha, 1970).

The analytical solution to equation 5.12 becomes

0.98 a Q 0.98 b Q_
A, = B exp(-1.04 t/T ) + ———77—7 + -
d m 1.04°A M MGG 2T 241,080y 1 2
sin(21Tt/T - 9) . 5.16

B is a constant determined by the initial conditions at t = to’
T is the period of the oscillation of the magnetic field, Tm is

the mean life of C14 (1 /\), and ¢ is a phase shift such that
Tan ® = 27T/1.04 T A= 27T /1.04 T . 5.17

Tm is 8270 years, so for values of T around 8000 years,
equation 5.17 shows that there will be a phase shift of very nearly

90°. The steady-state value of A, is given by

d

A, =0.98 a Qo/1.04>\ M, 5.18
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Figure 20. Q/QO from Geomagnetic Data

The 014-pruquction curve, Q/Qy, obtained by the Wada and Yamaguchi relation
frocm the palecmagretic data of Bucha (1970).

Gel
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and the amplitude of the oscillatory term is

0.98 b Q

M(47T2/T2 + 1.087\2)1/2

The ratio of the amplitude of the oscillatory term to the

steady-state value is

1.04 b A }

a € 4T2m? + 1,083 /2

4
For 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

b . _T
21T a T

. 5.20

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-

14
lation of the C production.
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. From Equation.5.17, with T siven.its vélue of-8270 years, and
T given the value of 8000 years, based on the data of Bucha (1970), it:
" can.be seen that the phase shiff between the production-rate oscilla-
tion and the deep-ocean reservoir activity‘is nearly 90°, or about
1800 years. Since thevpresent time -is abéut 2000 yeafs ffoﬁ 5 pr6-
duction-minimum,'using the production curve'of‘Figure 20, it follows
that the deep ocean must be near a minimum of specific activity. As
apéinted ouf above, Eqﬁation=5.2041ndicates that:the deepéocean activ-
SLEye Varies with-an amplitude of about 3%. Thus the pteséntrdeep—
oééan activity is about 3% low, and the long-term mean should be near
'12;3<dmeg-1, based on a present actiVity of 11.9 dpm g;l.
Inserting the above value of the deep-~ocean activity into
| Equation 5.18 and using a = 1l and M= 7.53 g cme-z, gives a long-~
Pérm meanAvalue of Q0 of about 0.0119 dpm cme‘2 yr-l, which-is about
‘ 65%wf the Linéenfelter value and 817% of 'thé'ﬁ'Korfff}\et al.,. (1968) value,
and is outside the range of error stated by Lingenfelter. Certainly
the Lingeﬁfelter~vaiue is incompatible with the present model, based
-on-experimentally determined activities, and is.also incompatiblg with
Athe,tqtal.éstimated decay in the'earth's reservolr system (see,’
.howéver,:DaMOnrand Wallidk, 1970). While fhe value of the déep-ocean
qarbongmass uéed-in Equation 5.18 (7.53 g cmeqz) might be in -error to
the -extent. of a few percent, and the deepwdéean‘activity underestimated
by perhaps 5%, these errors are not enough to.balance~the budget. . -
It was decided that the model eéuations‘would bg treated ana-

lytically;.so the:production curve of Fig. 20 was fittéd by équationé'



of the form Q/Qo
approximated by the - following

From t = ~-8500 to t
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a + b:sin@t, and was found to be very closely

values. -

=5500

2

Q/Q0 = 0.90.+ b.35”-sin (297 (t - 8500)/10,600). 5q2;a
From 't = -5000 to t = - 2200,

Q/Qb = 1,00 + 0.22" .sin (2@?(# - 7100)/7200 ') . 5.21b"
Frqm t = =2200 :tot =0,

Q/Qo.‘= 1.00 + 0.22sin (247t/8800), 5.21c

Tﬁe fit Eo the sﬁodthed Q curve is more than adequate to the precision
of the data involved.

V_Ffom the empirical Equations 5.21, it can be seen that the
1unsymﬁetrical'natﬁre,of the pfoduction curve introduces values of the
-constant "a" which .are not equal to unity but are generally within
16% of,uhity, The effect:of such a variation on the relative amount
.of disequilibrium that might exist, ags calculated from Equation 5.18,

is entirely insufficient to account for the discrepancy between the

.  f§roduction calculated by Lingenfelter and the observed decay.

Suﬁfice~it to .say that it might be possible to reconcile the
CKotff etidls’ (1969). production. (thé very lower limit of .Lingenfelter's
”VAlue)ﬁith,the data.. iThatis’the'number:MMidhl.was used in the
rpresent study, to.avoid extraneous transients being introduced into .
The

the model equations through the .use of incompatible values.

-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-

’ C 14
tion of the observed long-term C 4 variations are still possible.

The Input Data

The Equations 5.21 were used to represent the production
relatién for'insertign‘into the-model.equatibns, The value of QO
was taken to be 0.0145 dpm cméaz.yrm » which is the lowest value
permitted by Lingenfelter's stated limit of error. The amount of
adjustment needed in the reservoir mass, or otﬁer'parameters, to
‘bring the production and the decay data into agreement was then
caleulated by iterating the-soiutions to the model equations until
a repeated .sequence of values was cbtained for each cycle. That is,
it was assumed thaf the'production cycle .shown in Figure 20 was one
»cyélerf 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
.deep-ocean reservolir was 13.33 dpm gml, indicating that an adjust-
“.ment of about ﬁen~percent in the comnstants of tﬁe equations was in
order. This seems to be within the 1imits of error of the-variousv
‘quantities .involved, so it was deemed. possible to reconcile Lingen-
felter's production with the reservoir system by using the very lowest
value of the production allowed by Lingenfelter's estimate of error and
$y=pushing,theimass of the .deep-ocean -and the:sedimentation rates

toward their limits of estimated error.
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~With the necessary parameters evaluated, it became poagible to

. . 14
assess the-effects of a geomagnetic modulation of the C™ " .production.

The Results

The initial conditions réquired at the beginning of the model
caleulation, 8000 years ago, to bring the present values into agreement
with observations were determined by trial. The solutions for the deep
ocean, mixedwlayerg:and“atmosphereAare«shown.graphically in Figure 21.

It will be notedbfhat the general form and magnitude of the
,014 variations predicted for the  atmosphere are -approximately fight to
‘account for the observed variations. There is a discrepancy of about
2% near the 014.maximum, however, which is difficult to explain. It
may -be that this descrepancy. is due to a climatié,effect, as will be
.discussed later, or it may be due to a transient.introduced by an
earlier,magnetic~reversa1 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 1ayef shows a phase lag of about a thousand years, and the
-atmosphere -a lag of the oraer of a hundred years less than the mixed
iayer. vThese 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 reservbir 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 haok to the mean level. During
'the-nextdhalf of the production cycle, when the.production is below the
'along-term:mean; the reservoir value will decrease continually and reach
its minimnm'value.near the time the<production ceases to be low and
fireaches5the¥eqﬁilibrium;va1ue in}an increaSingddirectioni” |
The~mixed iayer of the ocean-is sandwiched between'the source
- ;and the deep reservorr; and is thus drlven by two forces which are

jnearly 90° out of‘phase9 as-is clearly-shown;ln Equatlon:5.14.; The
result is a’phaseushift.somemhat 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 iayer '

:and the productlon source, - It is strongly coupled to the mixed 1ayere\
-and follows it with a phase lag which is only of the order of two
- hundred years less than that of the~mlxed 1ayer.‘»Thls is quite-in
:keeping‘with'the fact that the mean iife of a ClAHdisturbance in the
:atmosphereuis 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'geomagneticﬂeffect;(Grey,:l969,31971)g
piwas ev1dent1y concurrent Wlth the work of Klgoshl and Hasegawa. (1966).
‘tj‘Itils Worthwhlle to compare the two treatments vwglgoshl_andVﬂasegawa'hﬂ
“,ﬂu;éd a set of three~differentia1 equations, very similar to those of
. Craig (1957), to-describe the behavior of the atmosphere, mixed layer
and»deep ocean reservoirs, They made.noxsteady-state-assumptions,

While .no.specific mention of the production rate was made in their
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artiéleg a Baqk caleulation from the steady-state solutions indicates

that they used a mgan:production rate of about 0.0114 .dpm c:m(:2 yrul,

Thisris-ébouf.61% bf Liﬁgenfeltér's value and is even less than the = -

value used inkthéfprgsent author's calculations. |

Kigoshi and /Hasegawa found their solutions in the form of a-

;rather comp1icated.differential operator, and gave only the .solution

fér the atmospheric:resérvoir.L This author extended the .solution to

..the other twé-reservoirs-for the purpose of comparison. Without

laboring theﬁdefails,;it can Be»said that Kigoshi and Hasegawa féﬁnd
>a solution which waé-in qualitative agreement with that found here

v-iﬁsefar as the amplitude was concerned. The principa1>point of disa-

. .gteeméht was:in terms of the»rélationships between reservoirs, i.e.,

. the-pha3e~re1atiohships in the system°

| Kigoshi and Hasegawa.show a:.small phase lag between the Clé-

”.préduction maximum -and the.méximum of thé atmospheriC’response; a lag

‘of the order of a hundrea years. This seems to require that the

:atmosphere.be;decoupléd from the'oceans to a considerable degree.

This decoupling -allows the atmospheric activity to differ from that
A.of»tﬁeLmixed 1ayer by amounts that vary rather Widely at différent
-¢iﬁes§7gThe;prééeﬂtfmpdei,‘supéorted by the reéults ofﬂthe-solar-wind

ifiéffécts;zrequirés the atmoépheré-to follow the mixed layer more |

" elosely, holding a nearly constant relationship to.it.

1'Chapter Summa;y.i

Three factors that might affect the production rate of ¢t




| 144
. thésg had to:do'with"vaﬁiationSain the -cosmic~ray flux-passing through
thé-solgr~§ystemﬁ EvidenceAisbscarce-relating te this-gffect,.bgf,it
has}probabl&*beeﬁ-smallforjnbnwexistent duriné'the last 7000 years or
80, since-m&ét of tﬁe<observed variations relate to~other‘mechanisms.

Therexseéﬁs:to.bé ﬁo-doubt'tﬁét thé-modulation'of'thechsmién
‘ray flux by the.solar wind.is the .major factor in the short-term vari-
atioens ,in~atmospheriC'C14 concentration. B

The-géomagnetic-modulation has been analyzed and hasibeep
found te beAa.satisféctory;explanation-of the-large-scalg lqng-terﬁ
Cié variations. There is a 2% residuumat gbout 6006 years ago,'which'
l may~be‘due~a.fie1d:reversal'or other production -effect, or to'changes
‘-iﬁAexchange;rate. Onlybfurther-data will decide -the issue.

In:.1969, Bonﬁommet a%d’Zéhringer (q.§;) reporfed potassiuﬁ»
argonrdétes placing a,magnetic-reversai at not mere'than‘30,000 years
ago, within CI4 times. 'Tﬁe-present author (érey, 1971) mode11e§<a

1

,magneﬁic reversal using .Cox's (1969) geomagnetic-oscillation modgl.
Such a revérsal, With:no-residual'multipole-fieldr resuits in a Cl-4
pegk-of“ZOd Zo, while -a 20 % non-dipole-residual results in-é peak of
.-180‘%;. After 8000 years, thgtexcess drops to-120 %o, 20 %, more than

afdr‘the-steadyrétate~oscillation»éase. It was therefore .speculated

that the 20 %, excess at 5000 years ago was due to-a reversal~or~ﬁ%gr--*'~n.

~zero field at the preceding geomagnetic«miﬂimum, 14,000 years ago. .In
11971, Morner, Lanser and Hospers (¢.V.) reported a ‘magnetic reversal
‘in-south Swedish sediments varve dated at 12,400 years B.P. It will

be interesting to.see 1f this reversal can be verified.
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‘..Apaft‘frémvthe-achievement of successful descriptiéns.of the
‘way-in .which the solar wind and'geomagnetié field affect thercl4 conrs
-centratidns»iﬁﬁthe-atmésphere, there are:several.points developed in =
-this chapter Which perhaps. deserve -some emphasis at ﬁhis point.

| -The .study of the:solar-wind:modulation place&rclosér limits

on' the mean 1ife-of'avCO -molecule in the atmosphere and on the mean

2
-1ife of a?disturbance_iQJC14sconceﬁtration than had ever been avail-
~ableﬁpreviously. Thé-detailed’data on the solar activity and the
1éss?comblete'buttsti11'fairly detailed data on 014-variations
-éincéil700.A,D;amade:possible»such a narrow limitation. .Certainly

rﬁhezmgan-lifé.of aVCO molecule in the. atmogphere . as derived here

2

&8 no:startling innovation, It is simply a more precise -evaluation
of aypérametér whese.approkimate value has been known for some time.
It is trué,:however,'tha; some of the longer:estimates have been
pﬁetty'wellnruled ouf-by the present result,

fThe:presgnt.calculation-of the mean life of a‘Cl4;disturbance,

betwéenASO'and,l40 years, Wili no .doubt surprise<a.nﬁmber of people.
.The§e are-ﬁhenpeop1e (e.g., Bien and Suess, 1967; Kigoshi, 1964) .

»thrfai&é&'tbﬁdistinguish;eléarly'between the mean life of a

} amolégulemgnd;fhe-mean life of a:changeAin Cl4 level. It was these

‘molecules

4saﬁeﬂpe9pleewho‘hadmargued for:long residence times for 002

14

con the basis of €™ .studies.
"With a descriptive scheme which predicted "natural" levels of

,atmosphericfClazfrom'the»sungpot data, it was, of course, simple to
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'eﬁaluaﬁe the .Suess Effect, which -is thedilution of the .atmospheric G14
by fossil fuel, which:is élé~ffee, This was the first direct measure
-of this quantity. Previous attempts to estimate the . quantity were not
accu?ate because there -was no way'té know what the atmespheric Cl4
level Would have been without the Suess‘Effecff. ‘

The~solar‘modulation~stddy did not previde-a test of the
Lingenfelter;mean-producfion 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
measured 014 values.- Howéver, ghe<geomagneticwmodulatipn-study
'dis-proﬁide-a'test.of the Lingenfelter mean-production valué.

The-geomagnetic-ﬁodel depended ypon two‘studies'exterior to
the .present work. These ﬁére the -archaeomagnetic data of Bucha:and
Neustﬁpn& <1967) and Bucha (1970), and the relationship of Cl4 pro-
duétion to the magnetic field by Wada 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 tﬁéir data are representative of the field
behaﬁi@r-within the‘limits_of-error:involved.. Their data strongly
 '_sﬁgg¢st an=osgiliatofy variation in the geomagnetic field. - The
fappareﬁt.period.is:abput,8000 years or a;triflé;more.-

'Cox (1968) suggeste& that the -earth's dipolevgeomagnétic
field .may qndergo-absteady oscillation, with a perioed of the order of

e . . . P . .
10" yr, for -indefinite periods of time until some .sort of stochastic
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event, mot yet understood, occurs at a minimum of the oscillation to-
produce & tramnsition 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 déta of Buchsa.and

Neustupny indicate the possibility of such a.éteady éscillation, and
the-paleomagnetic-studiés of Baksi, ‘York.and Watkiﬁé(196n suggest

behavior -during a reversél Whichris‘in keepingiwith the model of Cox.

Thus the:datafof 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 tﬁe integration.of thelreservoir
equations, to obtain initial values at the starting time of the
integration around 8000 years ago. It remains to be seen if the
unexplained excess of C14 around 6000 years ago is a result of a
féulty assumption or of the data employed, or of tﬁe Wada "and Yama-
guchi (1962) relation used to convert the paleomagnetic data. into
Clé—production,valueso-or is indeed the result of a reversal.

The -relation of Wada aﬁd Yamaguchi (1962) was used for .the
present work because it was clearly to be preferred at the very low
field vélues° It avoided the iﬁfinity catastrophe of the formulatiom

of Elsasser et al. (19'5'6)>." Wada and Yamaguchi (1962) noted the -finit.e
flux of 1oﬁ-rigidity COsmic;ray particles. Theit zero~-field value
of 014 production is about twice the value at the present field
.strength, which seems reasomable in light of the;values of cosmic-

‘ray flux near the present geomagnetic poles. For higher values of
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-fieldeétrength, thenrelation=ef'Wada and’Yemaguchi approximates that -
.of Elsasser, et al., since .both-.are based on empirieal measurements of
the:rigiditf-spectrum. ‘Ituis worth-noting-tﬁat:the inverse half-
power law of Elsasser, Ney and WInkler ‘was used by Llngenfelter and
_Ramaty (1970) in modelllng geomagnetlc effects, although Do - great
error'was:involved:since.no\reversal was considered. At geomagnetic-
.field values of 0.5 relative to the present valqe; the .difference be-
tween the«twe fotmulationsiielabout 10%. This is‘appreXimately the
value of magnetictfield»indicated at the=ﬁiniﬁumraround 7000 yearé
‘ago (Bucha, 1970). | |
One of the significant results of the -calculations in this
chaptet'is the\demonstretion that Lingenfelter's ealculate& mean 014-
-production rate is too high. His calculated.valuerf the - production -
rate-ekceeds the-decay rate . in all the -combined reserVoirs by -about
40%.l'1t was this diecrepancy that prompted the -search fot-additioﬁal'
014-in previeusly overlobked‘reSGrvoirs, With'the~result that there 1
~appeared teo be»little:chance-of closing the-discrepency. During the
fdeVelepmeﬁt'of theveQQatiohs goVerning.the=eerthisereservoir systém}@~

. it was pointed.out that theré was~no»way3to recbneileFLingenfelter'se

Jgalculated mean productlon Wlth the extant data en ‘Teservoir - act1v1—';
ties’ and thelr»hlstory;‘ ‘There seemed to be 11tt1e doubt- that the
»actual;meen-pfoductionarate~must be .at least ZQ% less than Lingen-
.felter celculated. It would thﬁs-seem that Korff's value of ebeut'

2.0 £ 0.4 -atoms cm, — sec is to.be preferred.



EXCHANGE PROCESSES

For the purpcse of this paper, any process by which carbon is
"transferred from one geochemicalﬂfeservoir to another ‘is called an ex-
change process. There are many kinds of exchange processes involvéd
in thé-vari®us transfers between communicating reservoirs. A few gf

these will be discussed here.

Stratoesphere-troposphere

By a numerical integratior of the productiom curves which
‘Lingenfelter (1963) displays, it can be . shewn thaﬁ about half of
the 014 produced in the atmosphere - is produced ébéve the tropopause
-and half below. ‘Because the stratosphere has about a fourth of the
mass of the troposphere, and because a 014 atom préduced in the
.stratosphere -is not immediately mixed. into thé troposphere, it is
tolbe-éxpectéd that thé‘specific activity of the carbon in the’
»stratospherelwould be gréataf than that in the troposphere. Uafor-
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".conditiomsa

Figures 6 and 8 show the variations in C14 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 beak-valuev Clearly, there is a fairly rapid
exChange betweenuspratospheré-énd troposphere.

. An -important featﬁre of the-ekchange is tﬁe<seasonal varia-
tion of the 014-adtivity at high northern: latitudes. The‘activity'
rises to. a peak .past midsummer and falls to a minimum during the
winter. This seasonal variaﬁiOn,has been known for sévefalAyears,
and has been oﬁserved in ozone and sodium concentrations;in the-
troposphere. ' There is a seasonal variation in total atmospheric ozone
:whichlis.anqther-mattér, but the concentration in the troposphere-rela—‘
tive to the stratosphere shows a variation similar to that of C14.
Funk andeérnham (1962) noted that the ozone-peak; were éf différ—
'Aeht heights on alternate years in_theAsouthern.heﬁisphere. By 1966,
Dyer (q.v.) had noted that the peaks were nearly the .same .size on
‘sgccessive years. This pattern'stronglyfsugges£s tha£_a:phenomenon
with .a period of about 25 or-26 months is;affectipg the c6ncentra-_
tion. There are, as yet, insufficient data to.indicate Whether‘the

¥ will exhibit such behavior.

The;Foiding Mechanism
7 The-mechanisms.of exchange of carboﬁ between the~stratospheré
*énd.tropqsphere~were not clear, Certainlyvdiffusion processes.con-
éributg to the exchange, but these appear to be inadequate to account
for the observed rates of exchange, and they do not appeéf to .explain
.the-seasdnal 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



151

fpequént1ytransferrediintothe”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
(1960),:studied the "folding'" process: wherein the tropopause developad a
fold, ailowing,stratospheric air to pemetrate into the troposphere,
where the-pocket'becomes cut off and the former'stfatospheric air

" becomes mixed into the troposphere. Upward folding_and replacement

of displaced '"tongues' of stratosphefic air causes upward displace-

ment of tropospheric.air into the stratosphere.

’ Fréntogenesis and Cyclogenesis
- Reea aﬁd Sanders (1953) may have been the first to.point
AQUt thét the .development of mié—latitude frontal zones carried values
.of potential vorticity that signalled stratospheric origiﬁ for the
&Aaif,"It was Staley (1960, 1962) who first pointed out the associa-
- tion of injections of stratospheric air with high-level cyclogenesis,
Mahlman (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.Maﬁlman {1965) calculated the mass trans-
-fer during one~such-intfusion to be about 2.5 x 1017 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) .
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The Varying Tropopause Height

"Even.a cursory glance at the -seasonal variatioms .in tropopause
height indicate the potential magniﬁude of air "franspgrt” between
.stratosphere and troposphere by this means (Sfaley, 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 bedily transferred in the pr0cess, but only the boundary is
changed, thus changing the classification of air maéses,

The process is conceptually skin 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'thevchange in the course of the
rivér usually changes by flow disc&ntinuing_in one channel and
beginning in another, while the tropopause remains essentially
intact‘thrqughout the move from ome altitude to another.

Many previous writers had discussed the fluctuations in the
height of the tropopause as somehow related to.seasonal transfet of
radioactivity from stratospherg to troposphere, but they somehow
_always felt comstrained to postulate a break in the tropopause through
which the actual Eransfer could take place. Staley made it clear that

‘the tropopause was not an impenetrable barrier.
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The height of the tropqpause-varies,by the greatest amount at
mid-latitudes.' Thé curves of tropopause height published by Staléy
(1962) indicate that the maximum of tropopause height occurs around)
July af 33°N and perhaps a month later at 41°N, aﬁarstill later at
-arognd'49°N, The occurrence of peaks of ClA-activity in the north-
ern troposphere exhibit the same gemeral behavior (Figures 6 and 7).
The fluctuation'in:tropépause 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 thézpole. |

. A further examination of Figure 6 indicates that. at latitudes
from 30°N to at least 72°N, the tropesphere.seems to be rather well
.mixed. From 30°N to about 40°S, there appears to be a marked gradient
which Wpuld favor -southward diffusion from that part of the tropo-
.sphere mnorth of 30°N to that part lying around 40°S. Yourg and
Fairhall (1968) did.not include data south of 18°S in their study
of radiocarbon transport, and they were led to believe that the
-principal mechanism for southward transport of 014 was simple

-diffusion, which they modelled by a number of élosely 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 0;4, 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 constrﬁcted és follows,

Three basic*reservoirs»are considered. These are (1) the
.stratosphere north of 30°N, (2) the troposphere northvof 30°N, and
(3) the troposphere\éouth of BO;N. The two tropospherid 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. Omne of these -attempts to\simulate the Staley
mechanism by meansrof ahsiqusoidal va;iation of the tropopause
height, and the other simulates all other forms of.maés.inter~
-change, including diffusion and the "folding" procéss, by a simple

exchange term,

The Model Equations
Those processes which had the-effects df diffusive exchange

-were;modelled by an exchange term of the .form

L(A; - A))

very similar to the form used in Equationm 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 Al

and A, respectively, in units of dpm g'l,

2
The transfef»due to variation in tropopause height was . -
modelled by assuming that the variation in .stratospheric mass was

essentially sinusoidal. The amplitude 6f the oscillation was taken

tobe FMg,, where Mg, is the mean amount of carbon:in the stratosphere, -
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ipkgrams;mndxﬁ“,iSntheﬁfraotion'Of.MsdfiﬂY91Vedfinftransfer,
- by the fluttuatiné,tropopause;v.Whenvtheftropopause;is rising, the
.:amount of>014 transferred-oﬁt of the\stratosphere,into'the.troposphere
hmeach month is, descrlbed by the term |
(s1n oat) fésjl ;1f'
4.Where7theiharreogsihe term'represents the~ayerage Value«of the~sihus-
hpi.;oidéi term,fofothe-jthgmonth; ASE represents‘the;speeific'actiVitf |
_ of.the\stratosphere»justvabove-the‘tropopause for_that month, and ()
“is the- radlan frequency, which:is 27"per year The-post-bomb?data,of
V:Machta (1966) and Hagemann, Gray and Machta (1965) show steep Cl4
'gradlents.above the tropopause;-30~for any transfer~process,theeactive
-itybhear'ttheptropopause~mustxhe”ﬁsed. Inrthis'caleuiatiOn, the m~“
;valuespare5not'hormalized to-a square centimeter of earth's surfece t;
:Land the hasic time‘hnit'is one\mohth;fl |
‘TheAdecey'in theAtropospherexby exchange with the«oceans'is
' descrlbed by multlplylng the - spec1flc act1v1ty whlch is carrled over 7
‘from the- prev1ous perlod by a fractlon R, sllghtly 1ess than unlty
?fE;The form ig exactly the: same as: that employed in. the solar—w1nd model,

g -{;;The act1v1t1es of the varlous reserv01rs durlng the Jth perlod are

Télndlcated by A J, AbJ’ or‘A j’ Where the subscrlpts s, b, ‘and- a. refer
1ft0 the boreal stratosphere, boreal troposphere, and austral trepos—

m'phere~respectively. The masses of carbon in each of the;reservoirs'
'ﬁduring each:period are;indicetedpbyiM'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
of the total C14 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-traopopause case are:

Ay = Bg g1 ¥ Mg 5o H 1By 5yt A DM
- (Mg, sty ALy DM ) 6.1
Apy = Ay R T LA gy - Ay L DM H KRG - A D/
+ (M AL sin@t ) /M 6.2
My = Mg’j_1 - M ’sm 6.3

For the falling-tropopause case, the equations are:

= - M
Asy = Ag,gen T UM g Y LA o A DM g
in () .
+ (FMso Ab,j-l sin tj)/Ms,j-l 6.4
Abj = Ab’j_lR + L(As,j-l - Ab,j-l)/Mb + K(Aa,j-l' Ab,j-l)/Mb
- (F Mso Ab,j-l sin Gotj)/ Mb 6.5
= F i .
Msj Ms,j-l +/ Mso 31neptj 6.6
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For both cases,

K(A - A y/M 6.7

Agy = a,3-1 = %p,5-1""Ma

aj Aa,j-lR B

The monthly production of C14 atoms in the stratosphere amounts to
about 1015 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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‘the tiropospheric ‘reservoirs with the values calculated from the model,

with:one choicé of K, L, F-.and R, "The'model simulates the.system well.

Results

'Tﬁe valugs of the constants in Equations 6.1 through 6.7
which produced the -results of Figure 22 were K = 4.0 x-1016g C/mo;
L=1,60x 1015 g GC/mo; F = 0.06; and R = 0,99. The constant F
describes the amplitude of the stratospheric mass variation which
determiﬁes the mass transport between troposphere and stratosphere
by virtue of the fluctuating héight of the-tropopauseu The value of
6% .derived from the model is close to the valu? 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 interzomal trans-

port at about 4.8 x 1011 tons C/yr.

Discussion of Results

From the model results, it appears that the diffusion and
other nearly continual processes trénsfer about four times as much
radiocarbon per yvear as the varying-tropopause (Staley) mechanism.

The .very steep gradients of radiocarbon concentration above the
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tropopause, as seép in the  data of Hagemann et al. (1965), and
-Maéhta.(l966),.support this result. The Staley mechanism could not,
by itseif, prodﬁce~such-a gradieﬁt°

The most important . .result, the one which the model was
-designed to-evaluate, is that the Staley mechanism accounts for
virtually all thé‘seasonal variation that is observed in tropespheric
‘radiocarbon concentration. Any other seasonal processes must be small
by comparisdn; because the aﬁplitudé obtained from the traﬁsport
.calculétions agrees very cl@sely with the directly calculated. ampli-
tude. The difference between 6% and 7%.1is probably not:significant
.in the present derivation,vbut,'if anything, it signifies ﬁhat any
other-séasonal.meghanisms are out of phase with the.Staley mechanism,

The total .exchange of carbon between the :stratosphere and
troposphere, between 30°N and 90°N, amounts to about 2.4 x 1010
tons C/yr. With a constant mixiﬁg_ratio of about 485 ppm (by mass)
for carbén dioxide, this amounts to an air tramsfer of about
1.82x 1014 metric tons of air'per year. The interzomnal transpoft
amounts to about 3.6 x 1015 metric toms 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.

Commqnts on Related Work

‘Lal and Rama (1966) employed a five-box model of the atmos-
.pheric system to attempt to .describe the radiocarbon observations.
They émployed 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~éxchénge constants governing the interactions of the various
boxes were taken to be unknowm, and.the measured radiocarbon -data
were_uéed'as the input datg, just as in the .present calculation.

In order to account for the seasonal variations in tropo-
spﬁeric activity, the .model of Lal and Rama produced an-exchange
-constant for the .stratosphere~troposphere exchange which dutifully
fshowedga"seasonal variation-invvalue, having the-approximate form
25 + 15 sin kt_gramé of air per square centimeter per month for the
zone north of 30°N, The-meanlannual transport was thérefore 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“tﬁis.paper°
It is difficult to compare Lal and Rama's varying twe-way exchange
witﬁ theAStaleynmeéhanism, which is essentially unilateral, but,
using 15/46 of the total annual tramsport as that fraction due to
the var&ing component, one finds 1.88 x 1010 tons of carbon pér
-yeaf, This is to be compared with 0.5 x lO10 tons C/yr found as

/

the varying cdhponent in. the present paper,

According to Lal and Rama, the exchange constant governing
the exchangé of air between the northern half of the northern -

tropesphere, 30°N to 90°N, with the southern half, 0° to 30°N,

varied seasonally between 0.35 and 2.5 per month?iﬁThis seven-fold

@

°
variation seems rather extravagant. Such a widely varying exchange

‘constant would have prOVided)mUCh greater ‘seasonal variability. in
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fhe»low—latitude 014 concentration than was actually observed, were it
not for the -fact that the exchange constant wés made to vary almost
180° ouf of phase with the 014'variation in the northern cell of the
troposphere,'thus tending to .smooth out the 19W-latitude.variability.
The physicalAevidence for the model is poor, and none is cited.in the
article, othetr than the results of the model. Lal and Rama derive
an air tranmsport figure of 1.95 x 1015 tons per year apross~the
equatoF, which is about half that derived in this ﬁaper.

| .Bolin and‘Keeling (1963) find a net 002 transport, from
tropical areas into the temperaté zones, of about 2 x 1010 toﬁs of
cérbbn per year, This is a net transport rather than an .exchange.

They show a CO, concentration near the equator of about 315 ppmV

2
‘énd a value arouﬁdf45°N of about 314 ppmV. From these values, one
can-deduce an'exchange of about 1.3 x 1016 tons of air per - -year,
combared»with 3.6-x 1015-in this. paper and 1,95 x 1015 by Lal and
Ranma. . The‘difference between 314 and 315 ppmV for the-concentrafiqn
of CO2 is.small and of'limited accuracy, however, so the calculated

exchange cannot be.very accurate,

‘Steady;stéte‘Actiyity’Lévels

| | .The calculations-of the-Staley—process model indicate that
about half the~stfa£ospheric carbon-is exchanged with the tfoposphere
.each year. The exchange between troposphere anhd ocean is approxi-- ::.
mately known from fhexsolar-wind model. If one uses these values,
assumes a constant . productioh 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 thatlof the'troposphere. Actually, this value applies, if at
;all, to the lower stratosphere, since there is a tacit aséﬁmption of
well-mixed reservoirs in the calculation. Sipce the -stratosphere is
.not well mixed, the calculated value-applies:only to the 1owep;po;%i;;
-tion. The less well-mixed upper portion very.probably exhibited ;x)

14

rather ‘steep profile of C concentration.

Summary of Troppsphére-Stratosphere Exchange

| The radiocarbon data indicate that the troposphere is rather
rap&dly-mixed poléWard of about 30°, and réther poorly mixed within'.
Vabout 30° of thevequator. Communication between hemispheres is
'sléw and seems to be adequately modelled by aidiffusion process.
.Dipect.communication between hemispheric-stratospheres is not
diséernible in the data. Communication betweeﬁ-stratosphere and
tropbsphere occurs mainly at mid-latitudes. The radiocarbon data
.shéw seasonal variations in tropospheric concentration which occur
first at mid-latitudes and.spread to higher and lower 1atitudes,
 On an>annua1 basis, the bulk of the communication between .stratos-
>phere-and troposphere appears to be continuous and bilateral,. and
is adequafely modelled by simple eXchangé.processes. There is a
seasonal component to the-exchange which is almost entirel& éccouﬁted
for by the Staley process. The seasonal process accounts for aBout
20 or 25% of the total annwal exchange between stratosphere and

troposphere, with-the remainder being quasi-continuous (Grey, 1972).
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Troposphere=-wocean

One possible sink for -atmospheric C14 can be seen in Figure
12,- which shows Keeling's dafa for COz-concentration in sea water.
It is plain that fhe near-equatorial ocean :.should be a source for
atmospheric 002 due to the relative supersaturation of the ocean.
Indeed, the CO, profiles seem to indicate a genefal tendency for the

2

002 flux to be from ocean to .atmesphere . at low latitudes and from
atmosphere to ocean .at higﬁ latitudes.

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—hemigphgre\aata were collected.in the Southwest Pacific
near New Zealand .in 1957 and 1961. The results (Figure 23) show a
general .increase in 014-activity in all waters, but the increase is
much more rapid in some places than others. There are no dafa 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
Clh.uptake pattern reveals something of the pattern of the surface
currents of the ocean. North of 45°N, the Alaska current shows a
faifly 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-éountercurrent but not as great as
the North Pacific.

A numerical integration over the respective zonai areas of the

oceans, assuming-a .depth of 100 meters for the affected surface water,
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Figure 23, 014 in Pacific Surface Waters.
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a copstaﬁt Zé'mg,l-l of céernAcontent in the sea Qéter; and qsing the
zonal ClA-data for the Pécific:as'typical of all the oceans, the amoﬁnt
of‘Cl4»incréase.in tﬁe;sea‘water was caléulated for the fimélperiod
fromf1957-58 to‘1961, for Which‘the most{cbmplete curveslaré availabla
lAftér 1§61, of course, the(northern?hemispﬁere bomE.tesfs cﬁéﬁgevthe
_curvés.drastiéally; The result. is Shownjin Figure .24, The result is
_ a little surprising in that it shows the greatest uptékéfneargfhe
'?ééﬁééor Whe:e thevoéeéns afevéupe;saturated iﬁ 002 with respect to the
atmoéphere.l Aithough'trqpospheric &ata are scarcé fér this period, Fhe
troposphere was probably about iS%Iabove reference~a¢tivity level
vduring'fhisitime.' Thé total uptake by the ocean during this period__
- amounts to-about 4.1% of_fhe'atmosphericrvalue4coryésponding¥to‘a mean
V"Cla resideﬁce ;imeﬁ in ﬁhe étmosphere of gboutl60_yéérs, ﬁhich:is of
the:éaﬁe order”as that obtained from the sola:—wihd aﬁalfsis.
Though there is a stréng sink for atmospheric Clé in the
equatorial oceans, the-data indicate;that'tﬁe~équétorial ocgéﬁ;is

supersaturated with CO If the data are adequate, a biochemical

2"
. process may be.involﬁed (Bérgér and Libby, 1969).

; Climate-énd Atmosphere-ocean Exchange

The*exéhange of cafbon”diéxide between the.étmosphereﬂand
océanlis~probab1y'not a simple.physico-dhemicél proceés,‘but ma&
. employ enzfmatic control in many instances (Berger and Libby, «
1969). More data are needed here. Kanwisher (1960, 1963) has

investigated experimentally the exchange of CO2 between atmosphere
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‘and sea. Kanwisher ‘states that an increase of .sea temperature . of
about 1 C° will produce an-increase of atmospheric partial pressure

-of COé;of about 5.5 to 6%. Eriksson (1963) also points;out that ail% :

-inqrggse'inAogean volume will p;odﬁce<about a 3.4% decféase~in~the
‘arétﬁosphé;ic-partiél?pressdré:oé.C02.‘ ) o _ IR
The c,lz*-va'ria"tibns' from 1500 A.D. to 1950 A.D. discovered
by deVries, wefeiattributed.by him to varfing.climate; aS»feflected in
fiuef@éfioﬁé of Alpiﬁé giéciéré{ .In hisfcurvéé, high Clé'leVéls\iﬁ
rthe-qud:samples_corréspondeg»with glacial-retreatl’ Howevef, the
ventife:period isAoﬁé'of relativeiy advanced glaciation in the Alps,
and one -of feiatively high 014 values in the atmosphere (Damon,,1968);
:Thus,von<a.shortAtimé‘scéle of 100 yeérs of so, high Cl4 goeé with
' glacier retreat, while-on a 500-year'timefscé1e,-thefrevgfseris true.
The~variati§ns observed by deVries are'attributed by fhe
vpréSent-author toﬁsolarbwind_mbdﬁlétiqn.of ﬁhe'c;éiproguction;f 1f a
correlatidn'between ClAanriations andjciimate-is démoﬁstrated, it
would necessitate a corre;ation between sunspots and-climate. One'caﬁ
Vfind manj pa§ers for énd-against’relationships between~fhe‘soiar—flare o
-aétivity ana---cnmafte; bzit»zMilt_e‘,he-il:’;ind Landéberg (~119§\615,’T p. 5482) sumup:the

\situation-clearly;’"The-notibhuthat-391ar activity5might influence

B weafhéf’and;clima#é'at thé;éafth‘s'sufface is overfa»CéntufykéId.i“'”;
NotWithstanding all that‘hés been.leafﬁed about solar and atmospheridriz
rbghaviorg the<sﬁatistical evidence available-inasupﬁdrt of tﬁis-notion‘
.remains today as equivécal as ever.," This may merely mean .that -

theurelationship:iSfcompIicated, 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.

v Varying_Exchange Rates

| Damon -and Long (1963) and Damon (1968) pointedhouﬁ'thattthef
ﬁigh Q-lé“values. around 5000 years ago correspond in tiﬁe to the
-alleged high temperatﬁres of the period variously known a§ the Alti-
thérmél, Hypsithermal, or Climatic Optimum. Broecker et al. (1960)
speculated that an -increase offthe ocean temperature would stabilize

.the circulation of. the ocean, decrease the  exchange rate of qu

between mixed ocean and deep ocean and result in a buildup Qfgcl4

in the atmosphere. This reasoning can be related to Equation 5.10,. .

which is repeéted below,

A=A + Q/k ' 6.7

-+ A is the .specific activity of the atmospheric carbon, Q is the pro-

-duétion Eate, Agﬁis the .specific/ activity of the mixed ocean, and k
C.is the mass of carbon -exchanged each yeaf;"For constant Q, it

jappéars'that the diffErencerbetwéen the-activity.of the atmosphere
”,~andrthe exChaﬁge-reseryoir will .depend inversely on k., With a high
‘rate qf éxchange, the two activities Will be -close together.. The
activity of the mixed layer will depénd 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
A=Ayt Uk L 6.8

which is exactly analogous to Equation 6.7. kmd is the mass exchange
constant for the mixed-layer to deep-ocean exchange. By assuming a
condition of equilibrium, with constant Q, one can write

QN =AM +AM +AM 6.9

where the M's are the masses of carbon in the atmosphere, mixed layer
y

and deep ocean respectively, and A is the C14 decay constant.

By substituting from Equations 6.7 and 6.8 and solving for Ad’ one
finds the activity of the deep ocean to be
UN -M &tk 7Y oMk
A = a md m’ md 6.10
d M +M +M ’ ’
a m d
Similarly, it follows that
A=Ad+Q/(k+kmd). 6.11

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
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and deep ocean would result in a decregse 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
-regervoirs is to bring their specific activities closer‘together,
-with the-deep ocean activity increasing slightly and the others
decreasing -so that fhe total radiocarbon content remains . counstant if
.Q is constant. |

The -deep-ocean activity changes so little that it can be
-regarded és essentially constant. Using this assumption; and putting
numerical values into . 6.8 and 6.7 shows that doublingAthevexchange
rates- between all three reservoirs will decrease the:atmosphéric
activity by about 40%., while halving all the exchange rates will
.increase the atmospheric activity by about 70%,. 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
14

produce -effects even approaching those actually observed in the C

.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 bex =
tween the various-reservoirs"(Eriksson;_l963)u-ATheﬁstudyrof!temﬁeraé
'tu%é-éﬁdfwind-effeCts by“Kanwisheri(l960,,1963) has already been cited.
From-Eéuation 6.10 it can be seen that an increase of the
amount of carbon-in the atmosphere, -at the expense of the deep-6cean
reservoir-, assuming production énd 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 002 in the atmosphere will -
almost cert-inly increase ﬁhe invasion ‘rate-of CO2 into the oceans.

Indeed, if the -increase in atmospheric carbon was a result of an

" .increase in temperature, this would also increase. thé. rate 'of -exchange

(Thurbetr and Broecker, '1970) :and oppos€ the“decrease ' in specific
activity of the .deep ocean .due to the increase in carbon in the
atmosphere. In any case, if the»deep-oqean specific activity de-
creased, so Qould 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 activitiés have decreased slightly, some of the
carbon has moved from an oceanic reservoir of low specific aétivity
to the atmosphere with considerably higher -specific activity.
Without quantitative knowledge of the effect of tempefature
on the exchange constants, it is - difficult to deﬁermine how much
the atmospherié-specific activity might be changed by a given
change in temperature, but it is worthwhile to not that eitherl

an increase in the atmospheric carbon content or in exchange rates
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will tgnd to.decrease the.specific activity of tﬁe atmosphere, Thus,
it -seems unlikely that a climatic warming, such as some paleoclima-
tologists assign to the Altithermal period, around 5000 to 7000
years agé, could result in the observed increase in atmospheric
specific:activity. TInstead, 'such a warming should tend to.decreaée~
the atmospheric activity, if it had. any effect at . all,

There is clearly a nee& for additional experimental data
.about the»raté of-exchange of CO2 between sea water and atmosphere
-as a function of temperature similar to that for lakes:> (Thurber and
Broeckety 1970), .. Changes of seal! level may héve-cqnsiderable:impor?
téﬁcé;in,cdnneétionfwithsthe~EXChange'bétﬁeenvmixed~1éyer and "déep
water, dﬁe%tocchaﬁgeS»in<cihculatidn‘énd"deep'ocgan structure, but
aEe'probabl?Tnotftee important. in -regard: to the exchénge.betwgen:the
Aatmosphéfe*éndHOCean;

Theﬂincréaéed”solubility of CO, at.low temperatures may be

2
a.factér in determining exchange rates. Figure 24 indicates the
. 14 R . .

uptake-.0f C in the Pacific Ocean as a function of latitude.
Keeling et al..'(1965). do not indicate temperature variations

- s . L4 ' ' . '
corresponding to the variations in C uptake rates., Kanwisher

(1963) found, in laboratory experiments, that CO .exchange depended

2

upon the .square of the wind velocity stirring the .surface, and

-calculated therefrom that the CO, uptake in the ocean should be

2
greatest in the southern hemisphere because of the large area of

sea water located near the '"roaring forties". While the data on

4 . . .
C” " ‘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 temperature: or wind speed. The -supersaturation data
correlate fairly well Withluptake rates, but even these do not seem
‘to tell the whole .story. FOne is inclined to suspect that biological,
rather than physical, factors may be determining factors.in the
process.,

The data from theiAtlantic.(Figure 10) indicate that at
least some qf the uptake is in subsiding water, so that much of the
newly'absofbed Cl4 is being transported into -deeper Wategs.immediately
after uptake, In the Atlantic, agd'perhaps in the Pacific, the. .-
éouthern hemisphere high-létitude.surface waters seem Eo.be.derived
from upwelling bottom water which is high . in COz.and hence does not
take up atmospheric'COZ»readily. Many more: measurements on sea

.water are needed to resolve the details of this problem of 014 uptake

and transport in the oceans.

Atmospﬁere-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 possibiiities here. Perhaps

the most important point to be noted here is that the exchange of CO2

between the:atmosphere and biosphere is not a first order reactiom.

The -rate of transfer of CO, from atmosphere to biosphere .depends not

2

only on the concentration of CO, in the atmosphere, but also on the

2

s

mass of the biosphere. It will also depend on-.such factors as
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temperature and relative humidity (E. R. L. Staff, .1967). Erikséon
and Welaﬁder pointed out that the non—linear nature of the -exchange
brought up the possibility of se1f~sustaining oscillations in atmos-
-pheric 014 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 (seé table of
zonal land areas in Appendix A). There is evidenge 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.massAduring the last quarter of a century may be simply a
.process of recovery. There is also the possibility that the increasé:.
in carbon dioxide content of the atmosphere haé favered the growth
Aof plants in general.

The biosphere is one of the most difficult carbon reser-
voirs to treat theoretically because of its ill-defined. nature aﬁd

the very poor -data about its mass, mean activity, etc.
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Injections of Inert Carbon

The ‘injection of inert carbon, that is, carbon which has no
N R . ' s 14
¢ .in-it, will have the effect of diluting the C 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 002 content is known as the Callendar Effect. The resuls=

tant dilution of C14;is known-as the Suess Effect. Callendar (1958)

estimated that the atmospheric .CO, content had increased by about

2
10% .since the late 1800'$, 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 CO, level of about 0.23% of the atmospheric

2
COz-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 largef than the
éarlier ones.

Because the troposphere appears to be rather well-mixed for

-injected into the- atmos-

the most part, even if all of the inmert CO2

.phere by fossil-fuel 'combustion or by. velcanism should be removed by
exchange with the ocean or biosphere, it probably would bé 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 bet@een
the-predicted and measured values of Clé concentration after 1890

shown by the two curves of Figure 16. Figure 17 compares the Suess
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- Effect Wiﬁh.estimates of total fossil-fuel consumption given by
" Revelle and-Suess (1957). The parallelism .is obvious. The Suess
Effect must be about 2% ét the éresent time, or about one.seventh
.of the'Callendar Effect. There is a suggestion ofilevélling-off
-in the Suess Effect curve around 1946, and  after 1945, bomb Cl4
.enters the picture, offsetting the Suéss Effect. -

The fuel~consumption data of Revelle and Suess (1957), and
the atmcspheric-COz.data of Callendar (1958), Keeling (1960),
Pales and Keeling (1965) and Brown. and Keeling (1965), all combine-
to give the impression that half of‘ more of the fossil-fuel 002
is retained_in.the-atmospheren 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,

2
but ‘it is clearly long compared to the life of a 002 molecule . in
the atmosphere.

The generally presumed ultimate .sink for the CO,  introduced

2
into the  atmosphere is the ocean and.its sediments. However, as
8illén (1959) has pointed out, the pH of the ocean-is regulated by
the .silicate-phosphate chemistry and the pCO2 cannot be readily
‘changed. Fpr the oceans to take up-additional CO2 would require the
dissolution of old sediﬁents to bring in adde& alkalinity. The rate
-at which the'ocean.sysféms can adjust to the changing partial

.pressure of CO, is mot known, but is probably very slow. The

2

biosphere is accessible on a short-term basis, but .is only a

tempbrary reservoir. (Attiwill, 1971).
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The:meteorologicximplications of.increasing.CO2 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 CO, -concentration

2
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 volcanoces, as compiled

>
by Rittmann (1962), it isvcalculafed that the:probability of a Suess
Effect due to injecéion-of very old carbon by volcanic activity.is

. completely negligible. The .eruption of Krakatoa .in 1883 was probably
thé largest in historical times in terms of energy expended and
»volume of material injected into the atmesphere. A comparison of tﬁe
~curve of experimentallywdetermined 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 datarr

pertaining to the variations of C14

.cencentratioen in the - atmesphere.
Second, there was the attempt. to relate. the observed variatiens to

the physical, chemical, and biological processes which.caused them.

The Experimental Work

The experimental work was, essentially, routine. While the
present‘éﬁthor did design and build some electronic apparatus to
provide automatic interVai printout of data, and developed an im-
préved procedu;e for precipitating ceunted samples for permanent
storage, mostAbf these and similar improvements in:equipment'amd
methods were. in.the nature. of normal evolution in a working'iabora-
tory rather tﬂan technolqgical.innovations. The discovery that the

geﬁerally accepted method of oxidizing-the>NBS'oxaliCPééid-Clq

. stan-

dard (by an'acidﬁéolution of potassium permanganate) can lead to

significant‘fractionation.of isotepes,. 1f done by the "cookbodk”

procedure, -resulted in .a short paper for Radiocafboh (Grey et al.,

.' 1969y =whiéh'. sérved as a .useful warning to other workers in. the

field,bbut added nothing new to the physical chemistry of isotopes.
A statistical-analyticél approach to the analysis of early

Cl4wdate distributions was developed in an attempt. to gain insights

179
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-intoAthe'early.hiS§ory of C14uvariations for times before precise

cross-checks Wifh;dendrochronologically dated wood are possible.

The method. suffered from lack of sufficientﬁnumberé-éf Cl4rdates to

. make the results precise, bgt it may be worth a re-visitation at some

time in:the future when greater numbers.of C14.dates are available.
The majorféontribution»from the experimental work was the

productien of about half a hu'ndred.C14 measurements on dendrochroné-

-legically dated weed and o a few historically dated. samples in order

to extend and éétail our'khowiedgeuof 014 variations in the atmos-

‘phere., Each. of these samples was measured several times to obtain

good data of the precision necessary for Cle—fluctuation.worko

The Theoretical Work

So varied.are the physice-chemical: processes involved in the
causes . of varying dl4 concentration in the atmesphere that this
-portien of the research reported. in this paper seems. almest. to.coen-
- sist of a:series of disjoeint articles,. and this has resulted: in no
smaliAnumber of organizatiénal problems. - in .the presentation of the
work. |

Follewing is a brief summary. of those‘pointé:which-are re-
‘garded as being the more impertant results of the presenf author's

.research.
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Reservolir Studies

ASide-from.a.presentation of the methods by which some of

the Cl4Areserveirs can be-calculated (something which.is not included
.in.theggreat majority'of published works), the main.coentributiens of
the present work afe~in.an examination of the ocean sediments, the
-soil carbenates,. and the subarctic humus., The ocean~sediment
reservoir was estimated by twe independent methods which previde
good agreement. Suess (1965) is the only other author who has in-
cluded:an estimate of the sediment reservoir, and he did,hot-state
how he reached his result. The study of’caliche gnd soil carbonate
-is new to this Wwerk, but much work remains to be done before. this
study is complete. 'Similarly, the work on high-latitude humus is
»newAinEthis woerk, but again . much.needs to be done te assess the im-
:portanéeu@f-this reservoir,

The total inventory of radioactive carbon in fhefearth's
geochemical-reservoir system.was not greatly altered by the studies
done during-the present research, but seme new. insights are provided,
.and. these may yet contribute‘significantly_té the toetal budget when

. more data. are available.

L1 s
Data of C 4 Variations
‘The -theoretical portfon-of the contribution:to the data of
14 — . . : . . s . .
¢ " variations consisted of an attempt to:use a statistical method

) X . 14
to .derive variation .data from-the clustering of C~ .dates due to-
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the~compression‘of'thé:Cl4atimé;scaléiduring,peridds of: decreasing -
étmospheric fadiocarbon-content.

A statistical analysis of Clé-date distribution yielded. only
'resﬁlts-ef ratﬁer dubious usefulness of this. study, but the method
~will take an .increasing validityfas the mass of C14ldates-increases,

and the method may be worth re-testing at a later time.

Clé-Production Variationé

Probably the most significant contributiens eof 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 successfﬁl description eof the way in
~which the varying solar wind affects the C14»inventoryﬂof.theAearth's
atmoesphere, whilexinteresting in.itself, has produced corollary re-
sults of some  importance. Both Stuiver and Suess;tried,,on4various
occasions before,”during,,and after the-work:reported‘herein, to
model the solar modulation. The persistent. search for the-pféper re-
lationship was moetivated 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 .natural: lévelof:

014 in the atmosphere could be calculated. Third, any successful

o

-model. of reservoir behavior-migﬁt:shedyadditienal.light on the

"residence'" times that had been so varieusly estimated.in.the past.
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The -model reportgd herein has achieved most. of the hoped-for
results. The deVries Effect has been explained as being due entirély
:to the solar modulation within the -limits of experimental précision,
The Suess Effect has bgen~rather aécurately>determined, Finally, the

‘mean residence time  of a-CO molecule in the atmosphere has been

2
determined. .In:.gddition, the mean time for the decay of a.step

' ‘ 14 ) . .
change in.atmospheric - C .concentration has béen determined.. Ob-
viously, the two times are not independent, but neither are they

’interchangeéble, as. so many authors have tried to make them. Indeed,

. one- impertant peint, which has been stressed repeatedly in this work,

1
l .

.is that it is essential to be awére'of the conceptual differeﬁcés
between such characteristic times as (a) the mean time spent by a
CO2 molgcule in the atmosphere before exchange with another reser-
voir, (b) the characteristic time for a step.change in atmospheric

14 . .
C concentration te decay away, and (c) the time constant for -a

step change in atmespheric. CO

2Aconcentration to decay.

Modelling the -geomagnetic modulation. required a resglution
e 14 L
-of the -conflict between. the total C inventory and Lingenfelter's
calculation.of the meanh C - -production rate. An analysis of the
-reservoirs-had made it seem. impossible to- increase the. inventory
enough teo account for the difference, while an analysis of the system
- model made- it clear that the difference could net be due to the deep
- ocean being out eof equilibrium with the ‘productien. It was necessary

PElcH

. to.conclude:that 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-
atioen., ‘Kigoshi and Hasegawa, working cencurrently with the present
auther, arrived independently-at the.same conclusion.

Ancillary to the modelling of the solar-wind effect was a
study 'of the process by which new1§~produced 014 became oxidized to
GO, . MacKay had ebserved laboratery situations which. seemed that

2

.the oxidatien. frem CO to GO2 was a very slow process. .The present

authoer collocated . and evaluated a large amount of material pertaining

. to the exidation of CO, but was unable to find a reaction that would
14 s . .

. account fer the process. The C .data indicate that the residence

time for CO is shert, but the mechanisms for its removal are not

yet known.

Exchange Proecesses
; R U o
Seasonal variations in tropospheric C level during" the

pest-bomb times éf 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 acceuwnt for about 257 of the total annual transfer
of CO2 between stratespﬁere~and tropoesphere. - Meridional transport

at- low latitudes. is adequately modelled by a diffusion proéeSS'with _

constant diffusivity. . Lal and Rama had .evoked.a varying exchange
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rate between .stratosphere and treoposphere to account for the sea-
sonal variatioms in the tropoesphere, and then had to generate a
varying diffusion rate, out of phase with the exchange rate, to
smooﬁh out the meridiomal transport. The present model seems to be
both:simpler and.in better physical accerd with the system,

From the model derived from bomb=-C14 data, it is. possible
tokestimate; albeit somewhat imprecisely, that the. pre-bomb  -stratos-
phere must have had a specific acfivity about 7% higher than the
tropospheric value. .

The question of climatic effects on étmospheric cl% levels
(Sﬁess, 1965; Damon, 1968, 1970; Damon and Wallick, 1970) was
examined with the éeomagnetic feservoir~mode1 equations. It éppears
that«an-increase in temperature should cause a decrease in tﬁe\speciw
fic activity of the atmosphere, because of possibly increased ek~

change .rates and because of an increase of COgp in-the-atmoéphere.

EEilogue

The -carbon-14 system of the earth is a very complicéted one,
Tﬁe‘data-are‘often-inadequate to provide a sound basis for -under-
standing some parts of the.system, uniess one has the serendipity
of Hans Suess, whom the-elder Houtermans (1966) Aescribed 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,
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There:a;e many explanations for the variations in 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-with4time-at fixed
points in space., Variations in. space are of rather short-term aspect
in the trgposphere, but ‘in the oceans these may persist for very long
times., - Neither the atmosphere nor ;he ocean: is-a well-mixed body
-from the:short-term point of view, and the oceéan no doubt maintains
geographicai differences. over very long periods of time., Indeed,
different parts of th?iocean are in effect, separate reservoirs and
maintain”diffe¥ent>st%ady-sta;e:activities, There is, however, ne
way tO‘know'whéther tge;relative-sizes andlpositions of these sub-

-systems have'chahged.over periods. of thousands of years. involving

.changes in sea level and climate.

The re§grvoir system is very complicated, and the inter= \&(
actioens are of!varied nature, so that a detailed modelling of the
system.for purposes of analyzing the exchanges and transport ofNK::,
radiecarbon is analytically toe intractable fer calculation, even
.assuming that all.the precesses wére understood well enough to de-
geribe mathematically. Even if‘the system could be medelled, the
-input data:are‘too poor for most parts of the system, and there

‘would be ne measurements-against which the resultant calculations

could be coempared. In shert, modelling-of inter-reserveir exchanges
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must,. in practic%, be limited to very special cenditiens under which
-simple models might'applyn

Even -with an iﬁtensified.prégzam~of oceanic sampling, and a-
continuing program.of atmespheric. sampling, it will be some time be-
fore detaiis 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 tc be Done

. .. . 14 L oas

Some: of the principal problems in C  .research which need to
be attacked are outlined below,

\ . . 14

1. The problem of the rate of production eof C in the at-
-mosphere needs te be continued, with better neutron measurements
being a. fundamental requisite for this work.

' s a s 14

2. The proeblem of the oxidatien of C 0, and also the

monexide of the stable isotopes, has yet to be solved.
‘ . 14 , .

3. Network studies of C  .concentration in ocean water are
needed in order to establish the necessary data forjassessing-the
-exchange ‘between atmosphere, mixed-ocean, and deep-ocean -waters.

4. Atmespheric sampling should continue-along the lines of
the program conducted by the Health and Safety Laboratery.

.5, Testing of additienal reserveirs must continue, as well

as attempts to establish better estimates of known reservoirs.
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Except for the atmosppere-andaeeean,systems, the-remainiﬁg‘reservoirs
are~an1y»véryqpeorly Enownu

6. The génesis of caliches is an interesting pr@blem in
-geechemistry"wh;ch may er méy;not be of seme importance te the C14
inventeryjprob%ém,' |

7. -Thg'guestion of the effects of varying atmespheric €O,
content on.cliﬁaﬁé is:still te beisettled. Plass, Kaplan, and others
have>attempt¢dathe@ret}cal.estimates of the greenhouse-%ffect to be
derived from atmesphetic COéi'but:these are fraught‘wit%;difficula
ties. The current increase in CO, (Callendar Effect)‘sé;uld provide
a test of this factor. Naturally, a centinuation of precise mea-

~surements  on atmespheric Gozzismandatorye



APPENDIX A
A LISTING OF USEFUL DATA

Mean radius of the earth: (6.378169 = 0,000008) x 108 cm

Area of the earth's surface: 5,100 x 10" cn?

.Zonal. areas of the -earth's surface (units of 1018 cmZ);,
Zone 0 - 10° 10° - 20° 20° = 30° 30° - .40° 40° - 50°
Area 0.442 0.430 0.402 0.364 0.313

Zome  50° - 60° 60° - 70° 70° - 80° 80° - 90°
Area  0.225 0.189  0.112 0.041

. 16
Land and water areas (units of 10 'cmg):

- 'North. Hemisphere South. Hemisphere Total
Land 100,281 : 48.611 '148.892

Water  154.695 206.364 ~ -361.059

Oceanic area data (SVerdrup, 1954):

Ocean Area (1016 cmz) ' Vol. (1021 cm3) Mean depth
‘Atlantic . 82,44 B 1323.6 . 3926.m
‘Pacific 165.25 707.6 , 4282
Indian 73.44 291.0 3963
Marginal seas ~ 8.08 7.1 874
Large -inland .seag 29.52 : 40.7 , 3178
Small inland seas 2.33 0.4 172
Totals 361.06 1370.3 .3800

189
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Zonal land and water distribution (Sverdrup, 1934) (units:of71016 cmz)

Zone  Total  Land Water Zonal % Zonal % % of Total

Area Area Area Land Water Earth Area
North land water
75 -.90° 8.762  1.469 .. 7.266 17.1 82.9 0.293 1.43
60 - 75? 25,643 ‘150652 9.993 61.1 38.9 - 3.07 1.96
45 - 60° 40,677 23.137 17.540 57.0 43.0 4,54 3,44
30.- 45° 52.832 23.586 29,246 44.6 55.4 4,63 5.74
15 - 30° 61.343 21.261 40,082 .34.6 65.4 4.17 8,01
0 - 15° - 65.717 15.149 50.568 23.0 77.0 2,97  9.91
0 - 15° 65,717 14.816 50.901 22.6 77.4 2.90 9.98
15 - 30° 61,343 14,308 47.035 23.2 76.8 2,80 9.25
30 - 45° 52.832 4,734 48.098 9.0 91.0 0.93  9.45
45 - 60° 46?677 0.590 40,087 1.7 98.3 0.12 - 7.87
60 - 75° 25.645 5.924 19.721 23.1 76.9 1;06;]'3.86
75 - 90° 8.761 8.239 0.522 94.0 6.0 1.61 0,10
Fresh-water volumes:

Polar ice caps and glaciers 29.3 x 1021 cm3
Fresh-water lakes 12,0-x% 1019 cm3

Saline lakes, inland seas 10.0 x 1019 cms

. Stream channels 1.12 % 1018 cm

Ground water, upper 9.8 km 4.02 x 1018 cm3

Mass of atmésphere (Verniani, 1966): (5.136 * 0.007) ps lO21 g
‘ ' 1.005 x 103 g cmem2

Mass of CO, -in atmosphere: r 2.45 x 1018 g

2 =D
0.481 g e

Coﬁcentration of 002 in atmosphere: 316 ppm by volume (Brbwn and

Keeling, 1965). By extrapolation: 321 ppmV in 1972.
g

0.131 g cm -2
, g em,

¥

Mass of carbdn=iﬁ-atmosphere‘(1972)3 76,79 x 16
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1965; Brown -and Keeling, 1965):

' Rate -of -change -0£:CO

14 R
i :Qvé~;n;prefiqdustrialwatmosphere:

Annual preduction of C14:

.Lingenfeltef,_1963;.
- Lingenfelter and Ramaty,

Korff, et al., 1968;
Korff, et .al., 1969;

' Decay. of CM: _

4.35 % 109 atoms of 014

2.50.
0.0181

1970;
2,32

2,10

2,00

Decay constant,

Mean

Half
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concentration in atmosphere (Pales and Keeling,

0.72 ppmV yr-l
0;23%_yrf1

9.45 x 104'g
'1.83 dpm-cme-2

,50:a;6ms 014 cmédz

0.0036-dpm«cme-2

i_. -1

+

+

0.50 atoms cmé

I+

0.40 atoms cme

0

I+

.40 atoms cmé

1.21 x 10" yr
-]_.

life, 8270 yr

life: 5730 yr

produce 1 .dpm.



APPENDIX B

THE OKIPATION OF cH4

Before a successful model of short-term proecesses could be
achieved, it was necessary to examine the question of the amount of
time-a newlygpro@uced 014 atom spends as carbon monoxide before its
- oxidation. is completed. It was an a-priori possibility that the
k~oxidatiqn is. slow epough to introduce an appreciable time lag between
production’ and exchange processes.

A 'survey of data pertaining to potential oxidation mechanism
~wWas undertaken. The findings mainly Servea to underscore the experi-

mental difficulties encountered in determining rate constants for

gas phase:reactions,

Residence Time)of 6140

About.0,915% of the total carbon.in the atmosphere exists as
carben menoxide (Junge,,1963), The specific-activity of the gas
~Weuid depgﬁd ﬁéoq the  length of time spent by C14 in this state be-
wfére-éxidation.to the dioxide. Hagemann, et al.,. (1965) report that
abeut .10 samples were collected at ground level at the Argonne
National Laboratory around 1951 and analyzed.for 614 in both the.CO2

and CO fractions. The-activity of the CO fraction was less than 1%

. of that of the 002 fractien. Hagemann et al.. also report on twe

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'indistinguishablevfrOm,zero, while CO, samples collected

2
. from the .same air samples showed expectable activity. Apparently
gthe>activify of CO in both pre-bomb and .post-bomb times has been

.essentially -zere, while the activity of CO, has been finite and has

’ 2

\increaséd greatly.

All of the.above might be taken teo mean simply that 014 does
not spend. any appreciable time in the CO:state before being oxidized
. to the 002 form. However, MacKay et al. (1959, 1963) have performed
a number of laberatory experiments on the oxidatien of 014 produced
directly'in.a‘volume of air by neutron bombardment,.and have con-
cluded that eésentiallyjall éf the newly produced 014»13 oxidized te
the CO form very.rapidly but that the reaction.to 002 is very slow
.indeed. They could find ne fncrease in the.amount of 01402\in the
reactien Vesselsvafter standing large: amounts of time.

The immgdiate~oxidationAof Cl4-to.cl40 is predictable. The
Clavatom, fresh from the nuclear production reaction, would react as
-a "hot" atom, in the chemical sense. It:woqldApossessnnere than
.enough{eéergy.fb activate-a.réactionAwith-an O2 molecule. The

.regction.with 0, is exothermic, however, and if a stable product 'is

2 ‘ B
. to be formed, the excess energy must be carried off somehow. An.in-

- frequent three-bedy reaction might allow the formation:of 01402 as a

stable. ehd product, but in -mest cases-one: of the exygen:atoms will
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have to.carry off the excess, leaving 6140 as the immediate stable
product. It might seem:at first that‘fhe-Cl4O-wquld retain suffi-
ecient energy as a:"hot' molecule to=acﬁivate-a.seéond<reaption, but
- the results of MacKay et al. do met indicaté‘that thie happens.

If.indeed 0140 is the stable -end proddctAfollowing_iﬁmediately:'
Juponitheiformationvof fhe-Cl4 atom, then thévproblem of its further
oxidation is essentially the same as that of any other CO molecule.
AIt'then becomes”difficult to:understénd'the-lack-of ClA-in:measure*
:ments on-atmospheriC’CQ.samples, i
| - Bates and Witherspoon (1952) estimated the annual production
quf CO to be -about 8 x 1017 molecules cﬁéfz yr“ . MacKay, Pandow and
Wolféang (1963) used- this and Lingenfelter's production figure to
‘feStimaﬁe‘the~s§ecific.activity of CO to be near 1000 -dpm gml, com-

‘:péred'ﬁoAabout 14 dpm gpl for -the CO, carbon. More recently,

2

ﬁ Liﬁnenbbm,'Swinnerton,‘and Lamontagne (1972) reported that CO from

the~$ea fivals-or gxceeds that from fuel consumption. This would -

~Qprésqmably have the activity of oceanic carbon. It is puzzling

‘that measurements of C14-in CO :show much 'less than .standard actiViéy,

"uvégd éVén zéro activity.

. The-mean residence -time of CO must be -short; judging from-

‘~¢urrént¢éstimétes of production and comcentration, 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

of CQ:concentration :in the atmosphere and pointed out that this
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seemed to argue: for a short residence time. The estimated. mean value
.;zof CO in the atmosphere from Junge (1963) is about 45iX'1017.m01e-
cules~éerjsquare centimeter while the productien seems to be several
timeé.éﬂe 1018 moleguleS“cméfz-yrﬁl (Méugh,;1972),produc§djbyy fuel
consumption. G}egrly,Athevresidence time is ndt.moreféhén-é few -
months.lAléo, oﬁe.might:cite theviacklof apparent time lag between
.fluctuations-inratmospherié 014,pr0duction:and the appearance of. the

effects in CO, as further evidence that no great amount of time. is

2

- spent . in the CO form.,

fAtmbspheric Reactions of CO’

Amoeng the  atmospheric reactions which might be listed, a

. prieri,. are:

CO + 0, —==CO, + O : - (a)
CO + 0, —3=CO, +_ oé (b)
€0 + 0 — 0, _. A (c)
CO + 0% —== €O, | | (d)
CO* + CO—>-60, + 0 . | (e)
CO + NO, —>-C0, + NO : (g)
CO + OH ——3-CO0, + H ‘ | _ (h)
CO + HO, —3=CO, + OH ' (i)
€O + H,0 m_ascoz‘ur Hy | | ($
CO + 0 + M=»=CO, + M (k)

2
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Amost - equally a pribri, a number of these reactions can be
eliminated. from further consideration. Reacfien (j) is the water-
‘gas reaction of commercial history and. is very well known. As might
be-expected? it. enly occurs.at very high temperatures and with the
.aid of catalysts, usually metals such as platinum or‘nickell The

effective activation energy is.enermous.
Reaction (a) can be ruled out very quickly., Bates and
Witherspoon (1952) report the results of an.ekperiment in which CO

and 0, were exposed to sunlight for seven years without the forma-

2

tion of 002. Béteé,-éarliéf, had exposed a CO - Oz-mixture to the
ultraviolet of a’quartz-mercury arc without appreciable reaction,
Water vapor hasuqo detectable-effect‘on.the~reactiop. Fenimore - and

“Jones (1957) assignnan activation energy of 24,000 cal per mole to
the reaction at high temperatures.

Reacﬁion (b) might appear to have-possible*impqrtance at
-first'appeérance} . Indeed, Junge (1963) states that "oxone oxidizes
CO-easily", but others feel that this is net the case at all. Bates
’and_Witherépoon goted that the-activation energy for the reaction
‘waé greater than .20 kcal/mole, and‘Dondesr(1953) and Harteck and
Dendes (1%55,t19575)]naye'confirmed that the heat of activation is

-in excess of 28 kcal/mole. Data. from the' latter paper give an over-
24

3 s
cm  sec for the reactien,

which. in turn gives a mean resident time for CO of about 1011 sec

~all rate constant of about 4-x 10

near the ozone peak.
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- Oxidatioen-ef CO by atemic 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
QZ + 0-—&%»03 .

Déndes.(l953) noted. in passing that the phetochemical dissociation

of NO,

-temperatures. Knipe-and Gordon (1957) observed a reaction which was

te give O in the presence-of CO did net yield COz-at TOOm

-initially‘fairly'fast but -soon.died out. Suppression by the 002 re~
action product wgs discussed but ruled out by experimental testing.
It wés.noted thqé the reéction_seemed to speed .up whenever there
‘wWas relati§e~me£ion of.the-reactants with. respect-'to the container
wélls. ‘SObolev (1958) assigns an.activation ehergy'of'27 kecal/mele
to»thezregction.qt high temperatures, while Avramenke and Kolesni-~
'kové (1952)7assi%n.a low activation;énergy"at abeut.SDOOC'but’also
.‘assignna,émallaséericvfacter, Tsukhaneva (1959) assigns an acti~

.fvation energy of 25»kcal/mole;

. A‘recent study ‘of this reaction by Mahan.and Solo (1962)

- seems to be the .most cemplete:and definitive. They consider both

the non-radiative final state

€O + 0-—4—COZX ,
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_and the radiative final state
%
CO + 0—-—$>CO2

‘The\assiggaqn:activatioh:enérgymof13000.to 4500 keéal/mele to.the
s . (s : -4 3 =1
.flrstAW1th.a;prevexponen£1alvfactorof 1,6-x 10 cm” sec ., and
an‘activation'éﬁergy of abeut 9w5'kcaf/mole to the secend with a

- 3 -1
-pre-exponential factoer of abeut 2,34 ¥ 10 13 cm sec . The second of
these: is not impertant in.the atmesphere cempared te the first. At
the eoxygen:peak near 100 km the first reaction has.a rdteé:constant

T -1 L .
ls.cmB sec ., and gives a calculated mean life for

of about:SWOHX'lb-
GO0 at this level of abeut: 3.5 x 105 sec, . assuming-a constant mixing
‘ratio of CO:with altitude. At 50 km, the rate:constant.is
1164 -x 10-1'7 cﬁB'sec-l, giving:a mean .residence time of 4.1 x 106
-sec, Peak CO oxidatien eccurs:at aboeut 40 km, and a numerical inte-
gratien by 10 km levels gives.a tetal CO- consumptien between 25 and
flOS'kmzasuabout 1.7 x-lGl7 molecules per squarercentimeter per year,
which.is. from:0.1 te 0.2 times the~annua1:pr@ducti9na The calculatien
was'perfermea wiFh.angactivation:energy'@f-3700 kcal/mele. If the
wactﬁéirvalue-werg nearer the-lowgr figure given by Mzghan and,Solo,l
.i.e,, 300 kcal/méleg'the reaction -would be 5 times'faster9 and the
»reacti@n;wouldvunquestienably'pr@vide-a’numerically adequate: sink
.fer CO.

Reaction- (d): is mentioened by Cadle (1964) as being of

s,

% 1
‘possible significance, where O -is mainly coensidered as O( D), the
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principal ferm of atemic. oxygen.frem the photqdissociation of CO2 at
high altitudes. .The excitatien energy of this form of oxygen:is
adequate to activate the reactioen (d), but the low abundance of the
activated oxygen makes the reaction tunimportant.
,Tﬁe reaction. of excited CO (e) has not been very well
,studied; The reactien GE uhexcited CO seems to have an.activatioen
energy of about'34,kc31/ﬁole-(Chufarov and Antonovag.19&7)o Harteck

~

and Dondes (1957a) point out. that three pessible reactiens may eccur.
CO* + CO-——-}BCO2 + C
CO* + CO——%>C20 + 0

CO* + M —CO0 + M

Witheut additienal information, one can only assume that the colli-
sienal deactivation process would:dominate'in the atmosphere where
-the mixing ratie of CO is about 2,2 X‘10—7o |

Fenimere (1947) assigns an activation energy of 49.6 kcal/
mole to thé reaction with 'NOk(f)9 which makes it. completely
unimpertant.

Reaction (g) is assigned an activation energy of abeout 28
kcal/mole by Bates and Witherspoon (1952) and Herschbach et al.
(1956) assign.a value of 31.6 kcal/mole. Assuming the:loewer value,
and a.typical;first-order pre-exfonential.factor, and Young's (1966)
-values for fhe concentratien.ef NOé9 the.reacﬁiennis seen to be com-

-pletely unimpertant.
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The hydroxyl reaction (h) was put forth by Bates and Wither~-
spoon (1952), and by Weinstock and Niki (1972), but the concentra~
tion data argie against it. Avramenko and Lorentso (1950) gave the
activation energy as 7 kcal/mole and the pre-exponential factor as

10-12 cm3 svec-1 T1/2

. This reaction. gives a mean life at the hy-
droxyl peak near 6Q km.as 5.6-x 1016.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 scarce, but the abundance
figureé of Bates and Nicolet (1950) make the reaction unimportant for
any reasonable values of these constants.

The three~body reaction (k) is discuséed'by Bates and Wither~

-38 _1/2 6 -1
T cm’ - sec |,

spoeoen who assign to it a rate constant of 5 x 10
based on work by'Groth and Jackson, whom they cite., Harteck and
Dondes (1955) aésign an activaﬁion.energy,of 2 kcal/mole and a pre-
exponential factor eof 5 x 10—36lcm6 secalo If one aséumes the
efficiency of ail atmoépheric constituents as third bodies in the re-
raction to be equal, the mean residence time at the atomic oxygen

: peak»near 100 km seems to be about 1.4.x% 1012 sec.

Of the atmospheric reactions of CO considered here, only the

~atomic oxygen reaction seems to be important, and this one seems to

be almost sufficient to remove the annual production of CO,
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The»oceans"seeﬁvto»be-a major source of atmospheric CO
(Linnenbom, Swinnerton and Lamontagne, 1972). Whether ‘they may also
be -sinks inusomé»areés is nof;yet known. Gilluly (1972) réports on -a
study-by Inman~aﬁd Ingersoll at the Stanford Research Institute in
Wﬁich the ‘uptake of CO'By various soils was studied. Sdme . solls
2

showed an ability to remove .6 mg. of CoOm hrél. Sterilized -soils

had ne :such ability.“Fourteen<strains of fungi had ability to remeve

CO, . the most -effective of which was Penicillium digitatum. If only
'15% of the land surface had -such cgpacity for CO removal, it would
be -adequate -to -account .for -the annual production.

A bacterium, B. oligocarbophilus, seems to be -able  to

-assimilate-CO:muchvasAplants~might.assimilate_COZ. ZoBell (1963)

gives the bacterial biomass of the oceans as about 2 x 10,4 g.cmé s

which is essentially that .of CO. The bacterial biomass of the land

is probably mno more than a fraction of that of the ocean, so it seems

‘that B. oligocafbophilus~wbu1d haVe~tdvclaim a very undemocratic.:
'fraction-of the total bacterial biomaés;in ordertxzhaveeurappreciable'
-efféét.onvtheﬂmasélof Cb'in'the étmqsphere~even~if the baéterium\_
v-coqsumes‘many‘times.its dwn wéight each yeaf.r

‘In this, as-in.so many areas, man is becoming_increasingly
aware of his dependeﬁce.upbn'the-total‘environmental.system. His
depen&ence-upon thewmiéroorganiéms is just beginning to be.under-
stoedfiﬁwareas outside -of the .study of infectioeus diséases._ The
vbenefits~derived By"man from the action of soil life are not yet

fﬁlly appreciated, while yet man ravages the soil for his table.
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‘Whatever the principal,sink reaction foer CO, it appears to
have a residence time of the order of several months or a. few ;ears
-in.the~atr§osghé;e° The principal sink must almeost certainly be at
the sufface, .The lack of 614 in CO, however, indicates that a fast
.reactionvis avai}able to the C14O—which is probably,ndt available
: to.ofdinafy CO. This ceuld enly be aAhot-atom,or.hdt-molecule re-
action-at the time of production, the data of MacKay et. al. notwith-
standing. It.is not,imPossib1e that MacKay et al.. experienced un- |
knewingly the,sa@e-experiméntal difficulties that beset Knipe and
Gordon (1%57) when they.observed"a fast initial reactien which died
.out, .Subéequent}y it was strongly suggested (Harteck and Dondes,

. 1957b) that they had enceuntered inhibiting wall effects in their
reaction vessel.  Perhaps MacKay‘et.al° had similar problems of which
they were unaware. .The general.lack of agreement of the 014 data
for’CO2 agd,for 604suggest.that their results, whiéh,seems te pre-
clude an. immediate oxidafion t0.00294must be in errer.

14

Dorn et al. (1964) postulated that the oxidation of c o

takes place through the exchange reaction

v co, + 0140@0140 + CO

They experimented with mixtures of CO and CO, in which one molecule

2
~or. the other was labelled with 0140 The mixture was exposed to

~ultraviolet. light from a deuterium.source. There was a measurable

exchange. The results are of deubtful significance for atmospheric
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problems, however, because at the levels where such short-wave ultra~
violet is available, there.-is very little carbon as CO2 (Bates and
Witherspoon, 1952). Above 100 km, where short wave ultravielet is
.available in inc;easing-quantity, virtually -all. the atmospheric
carbon is iﬁ the form of carbon monoxide. In any case, most of the
C14 production is far beloQ this level and vertical transport times
are rather long, se that one would find appreciable-specific activity
- in CO:samples from.the upper troposphere.

- It seems réasonablé to conclude from the evidence that C14

.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) 1is 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.

14

dN 1

S - Q- ANLS o 1g 14y dd e c.1

antd 13 13 13 13 c.2
T ¥ t Kkl m .
12 '

S = k3 w12+ i }f ol c.3

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 C14, in grams per year.
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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
between the exchange rates for C13 and 012’ the difference in the
exchange rates for C14 and C12 will be very nearly twice as great,
because the mass difference which governs the fractionation is twice

as great. Thus

S O
ij ij ij ij
or
I R C.4
ij ij ij

The bulk of the carbon in a reservoir consists of Clz, of

course, with about 1% of C13, and of the order of a part per trillion
14

of C . It is convenient to define a term for the total mass of

carbon in a reservoir:

12 13

12 13

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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the best known parameter relating to the 014 inventory. Similarly,
. 13 12 ..

the 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:

Al
A=‘—N"—" s
14
a=7\n .
n

becomes
14 14
ant 2 Nkpt Rk ? c.5
dt A A

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

. . 14 14 13 13 12 12
atmospheric reservoir are k12 N", k12 N™7, and k12 N"", The
specific activity of this material would be
A
A' = . C06

12 12 13 13
klZN + k12 N

Similarly, material exchanged out of the exchange reservoir will have
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a specific activity given by

14 14
k
4 o 21 ° ..
T12 12 13 13 - .
k21 n + k21 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.,

12 12 13 13 12 12 13 13
k12 N + k12 N = k21 n k21 n . c.8
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' and n', so that N' = n'.
Substituting from C.8 into C.6 and C.7 yields the equations
14 , N
(- A= .
A k12 N' s c.9
14 n
| R —_—
a' = k21 az, - C.10
Substituting Equations C.9 and C.10 into C.5 gives
LIPS U U L c.11
dt x % . .

If C.11 is now multiplied on both sides by 7\, the essence of Equation

5.2 is obtained

14
dR__ _ CONVCAT - At
dt %Q N'(A a'),

where R14 is ?\Nla, the total activity (not specific activity) of the
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' at equilibrium, and

atmosphere, use is made of the fact that N' = n
7\ 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

dt

= 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 (A' - a') as was done in chapter 5.
Now,
14 N 14 n
P B = - L
A a k12 N' A k21 L 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' and n',

C.13 can be put into the form

2 k13 -2y o2 gl
A' - a' = 12 12 A
k12N12 + k13 N13
12 12
213 - k12 o124 13
- 21 21 a C.1l4
k12 n12 + k13 n13 : °
21 21

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

from mass spectrometry. The ratio of (N /N ) to (n13/n12) is known

to be 0.993, with considerable precision (Craig, 1957). Thé values of
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N13/N12 and n13/n12 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 s or s .
kl2 to k12 and k21 to k21 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
2 N12

top and bottom by kiz and the second term similarly divided top

and bottom by k;i nlz, the result is a form which is approaching
evaluability:
13 13 (13 13
A' - a'= (2455 - 1DA+ —35)AA+—=5—35)
k12 N12 k12 N12
12 12
o 13 k;i '3
-2 - DA+ ) el (L 95g)
k21 n k21 n

Since the ratios of the k's are very nearly unity, it is use-

ful to define two new terms:

oz
]
p—
]
J—
N
-

12

(o4
|
—
1
\

21 12

Thus defined, the 8's will be small positive quantities.
From Equations C.2 and C.3, and assuming a steady-state con-

dition, it follows that

13 13 13 13
k12 N B k21 n
= b
k12 N12 k12 n12

12 21
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and hence that

1l - 812 n13/n12

1 - 621 N13/N12

= 1.007, C.15

using the known relative isotopic compositions of the two reservoirs.

With this definition,

13

N
(2(1 - 512) - (1 + ;I—l—z'-

13,12
1+ (1 - 612) N"7/N

2 (1-8,) - DA+ n3/nl?)
- a, C.16

13, 12
1 + (1 - 621) n " /n

The first denominator is of the form

N13

12
12 N

1+ N13/N12 -5 /

and since both 612 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'=(1-25,,)A -~ (1-28 c.17

12 21’ 8 >
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,

521 = 812 + 0,007 ,

where 82 is perhaps overestimated by 5 parts in ten thousand. Sub-~ ..

1
stituting this approximation into C.1l7 yields:

A' - a' (1 - 2%

) A - (1 - 2(812 + 0.007)) a ,

12
or
A' - a' = (1 - 2612)(A - a) + 0.014 a . C.18
Then
A' - a' 0.014 a
A _-a - 1.2 D.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 - e 1-2 0.27
A - a - 612 + 0.27.

The value of & 5 is not well known, as stated previously.

1
On the basis of the mass difference between the C13 and C12 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
612 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
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0;04-38 suggested by the mass calculation. Thus, it follows that

A' - a'
MA'- a

= 1,19, approximately,
or -somewhat less, due tolthe~approximations made. The error is,thus
.20% .0or less, and this is just about the error with which the
difference A - a is known.

It shogld be pointed out that in the solar-wind model
the doeffigient of,An- 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 fractiomation

factor, as reflected in the &, . value here, become known, it would

12

be ‘a simple matter to.adjust the derived exchange constant

‘accprdingly.
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