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Tatural fluctuations of atmospheric C-14 concen-
trations over time periode from several hundred to
several thousend years are known to have occurred
during the last 6 millenia., The fluctuations
represent deviations Ifrom the basic assumption of the
radiocarbon dating method 2nd, although their origin
is not fully understood, probably sten from the
variation of one or ricre of the geophysical parameters
which control carbon circulation., The scope of past
studies was limited by the availability of complete
sefies of samples of vrecisely known origin. Consequently
it has not beer possidle to establish whether natureal
atmospheric C-14 concentrations are constant over shorter
time periocde of several years.,

in this resea"nh annuel variations of atmospheric
C-14 concentrations over the past century have been
studied through analyses of plant sezds, wines and
spirits. Using exchange rate data obiteined from recent
investigations of the transport of artificial "bomb" .

C-14, the magnitude of the "Suess cffect" during the .

w

past century nas been assessed theoretically and

KR}

compared with the experimental result Predictions of

the "3uess eoffect" to 2,025 A0, suggest a marked



increasge in atmocpheric 002 concentrations to levels
about 505 avove natural., It is corcluded that the
enhanced inirared absorption in *the atwmesphere implied
by such an increase way be sufficient to raise world
tenperatures by several‘degrees.

Correcticn of observed atmospheric C-14 activities
for "Suess effect" dilution revealed that betiwreen 1890
and 185C natural fluctuations'appear to have occurrcd
over the ll-year sunspot cycle in inverse correlation
with solar activity., It is suggested that the ovigin '
of this co”"elatlon lies in the variable mixing rates
of stretospheric and tropospheric air masses caused by
modulation of the incident U.V. and corpuscular
radiaticn over each solar cycle., A general decrease in
atmospheric C-14 concentrations was also observed and
is attributed to a reduction in the mean C-14 production
rate through increased solar activity. U"he resulis
therefore support theories of golar-sensitive atmospheric
circulation. In eddition they imply the probability of
increased errors in radiocarbon age determinations and
endorse the universal use of the I'.B.S. modern standard

in C-14 assay. .
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Historical

a1

llore than twenty years have pagsed since the
feasioility of the radiocarbon dating method was demon-
strated by Libby. During this period there have been
considerable refinementé in experimental methods and
understanding of 0;14 geochemistry (Table 1). The-
improved sensitivity of modern counting technigues has
allowed the measurement of C-14 activities and ages to
an accuracy that was unattainable with the criginal
gscreen wall counting method. Hofe significantly,
however, the sensitivity of C-14 analysis now permits
an assesgsment of the basic assuumptions of tue radiocarbon
dating method.

The dating method is based on the principle that
C-14 is produced in the upper atmosphere by cosuic ray
interaction with nitrogen atoms (¥-14 B2P5 (-14), The
C-14 is oxidised to carbon-1l4 dioxide which, waen mixed
with the iractive carbon dioxide in the atmospuzre, énters.
the natural carbon cycle (Figure 1). It is ascumed tha't
the distribution of C-14 in the carbon rescrvoirs has
remained constant throughout the time period covered by
the dating method, i.e. the past 50,0C0 years. %his

assunption of equilibrium implies constancy of the C-14/C¢-12

1
-+
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ratio of all reservoirs of thzs cycle, of the C-14
production rate, and of *he carbon exchange rates
between the reservoirs, During the lifetime of living
materials an equilibriuvm is established whereby assim-
ilation of C-14 is balanced by radioactive decay. At
death, however, C-14 uptake ceases while decay of the
C-14 continues., On the assumption that the material
remains a closed cystem, the C-14 ccncentration de-
creases with time according to the hslf-life of radio-
carbon, 5,730 £ 40 years. Accurate measurement of the
residual C-14 activity allows the age of the sample to
be calculeted
As a check on the validity of a dating method,
the first radiocarbvor age measurements were nade on
samples whose ages were kunovn from archaeological
studies. The statistical errors on each radiocarbon age
lay in the region of ¥ 200 years. That agreement between
radiocarbon =2nd known ages was achieved implied that to a
first approximation the ascumptions of C-14 equilibrium
were valid. As the analytical accuracy of the method was
improved, significaent deviations between radiocarbon dates
and true ages have been found, :
Deviations bvetween 0—14 and known ages reflect dis-
equilibrium in tihe C-1l4 distribution in the carbon cycle

whica way stem from the variation of one or more of the



5
controlling geopnysical varameters, The important para-
meters invoived are (1) the C-14 production rate, and
(2) the exchange rates of C-14 betvieen reservoirs, i.c.
atmosphere/ocean, ocean/atmosrhere, atumosphere/viosphere,
bicsphere/atmosphere, surface ocean/deep oceau, deep ocean/
surface ocean.

The C-14 procduction rate is a function of cosnic-ray
flux intensity and the C-14 eichange rates are dependent
on reservoir teumverstures and sizes. ‘hatever the cause
of disequilibrium the quantity most siznificantly altered
is the atmospheric C-14 activity. Any perturbation of the
gereral C-14 distritution is temporarily awplified in the
atmosphere becauce (1) the atmosvheric carbon content is
only 1.5% cf the earth's exchangeable carbon and (2) the
ocean responce time is several hundred years, The
amplified ztmospheric deviation is transmitted as a
corresponéing error in the radiocarbon age of any living
material grown at that time,

The fluctuations of atmospheric C-14 concentration
are significant for at least two reasons;

(1) a deviation of atmospheric C-14 concentration
ot only 15> alters the radiocarbon age by about
2C years,

and (2) +the size ané duration of the variations permit
an understanding of the geochenical and geo-

physical processes which control C-14 distribution.



either naturally or ocrtificially inducea., The forwer
are caused by variation of tue C-14 production rate or
of the C-14 exchange proceasces. Artiticial ceviations

stem from the activities of mankind,

Yatural Tluctuations ot Atrmos 6Fe”10 Carbon-14 Concentrations.
(a) 1etnod of Tetection.

Past variations of atmosvheric C-l4_content are most
commonly cetected by measurement cof the C-14 activity in
tree rings whose true ages have been determined by dendro-
chronological wmethods, The dendrocurconclogy of the long-—

lived species Sequoia gigantea and Pinus aristata as

develoned in Arizona is believed to be reliable and has
recently been extended vack to 5,000 years B.C. (32, 39).
The assunption is made that rno carbon nas been added to or
removed from the tree rings since their formation. Although
this assumption remains unproved in detail, Stuiver (30)

tas estimated from the agrcement between archaeoldgical and

tree ring sample activities that the average carbon exquhanse

[67]

between rings must oe less than 0.0l per yeex )
“he Getection oFf pact fluctrvations of atmosvheric C-14
can also be acricvel ©y raciocarvton analysis of lake

sediments, “hese seciments can citen ce dated indepencently



by the "“varved clay" chronology. The basis of this
dating method lies in the yeerly formation of sediment
layers deposited by melting waters from glaciers. Iake
sediment aralyses have extended our knowledge of atwmos-
pheric C-14 concentrations back to the 12th millenium
before present (B.P.). The method is less sensitive
than dendrochronological techniques because of the

increased opportunities for the exchange of carbon between

(b) Magnitude of Tluctuations.

The variaticwn of past atmospheric C-14 activities
is shown in Figure 2. <The limited number of results
allows the detection of long-term fluctuations occurring
over at least a few centuriec., The detecction of
variations on a shorter time scale would reguire an
increased frequency of sempling.

FPluctuations of atmospheric C-14 content appeer to
be of two types; (1) short-term changes of a few percent
over a few centuries, and (2) a long-term increase of
about 14% from ca. 2,500 B,P. to 6,000 B.P.. At *he
present time it is not certain whether the increase .
continues towards 10,CCC B.F.. Stuiver (42) and Suess {41)
favour the continuation of the deviation to a value about
%0% above the ncrmel level at 10,CC0 B.P.. DTamon (28),

however, suggests maxinum deviation of about 15% atvove



| FIGURE 2.
SECULAR VARIATIONS OF ATMOSPHERIC CARBCN -4 ACTIVITY
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9
normal at 6,C0C 3,P, falling to the natural level about
9,000 B.P..

A well-defined exzmple of the short-term fluctuations
is the "De Vrieg effcet" at ca, 1600 - 180C A.D. when
atmqspheric C-14 concentrations rose to 2% above normal
about 1620 A.D.. TIn general the short-term changes are
most noticeable during the past two millenia. That many
rmore samples from this period'have been analysed could
explain this observation.

Unless they are accurately determined, fluctuations
in past C-14/C-12 rotios can introduce considerable errors
into radiocarbon age-assecsment. Concentrated research
into precise measurement of these variations is therefore
a marked feature of many radiocarbon projects. Walton
and Baxter (43%), however, have recently pointed out that,
where intercomparison is possible, the results obtained
by different laboratories are not always in agreenent.
For example, Suess attributes a C-14 concentration of
7.2% above normal to the time 5,700 B.F., while Damon
finds a deviation of 14.8% for the seme period. Again,
bearing in miné that 1% deviation in C-14 activity yields
an 80 year change in radiocarbon age, such discrepancies
are highly significant.

When past fluctuations are precisely knovin the

conversion of radiocarbon ages To true ages will be
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possible. If, for example, the deviation in atwmospheric
C-14 concentration is 7.5 above norzel at 5,C0C 3.P.,
then a radiocarbon age of 4,400 yecurs B.P. would be
~expected., Sone workers have already publicshed conversion
curves for this purpose (29, 44)., Because of inter-
laboratory discrepancies, however, these calibration
curves seem unreliable,

(¢) Causes ot Fluctuations.

Natural variations of atmospheric C-14 content can
be attributed to (1) change ir the natural C-14 production
rate, and/or (2) modulation of the inter—reservoir caronon
transfer processes.

The production of C-14 by cosmic ray neutrons implies
dependence ot the formation rate on cosmic ray intensity.
The latter can be siznificantly influenced by (1) change
in solar activity, and (2) change in the earth's magnetic
field., A common index of solar activity is the sunsvot
number., Sunspots are swall areas of intensely localised
magnetic field on the solar surface. Increased solar
activity, as shown by high sunspot nuwnbers, causes a
deflection in the galactic cosmic fay flux which, in tﬁrn,
reduces the cosnic ray intensity and trus the C-14 pro;
duction rate in the carth's upner atmospvhere, Stuiver
(30) tas shown that an inverse correlation between atwmo-
spheric C-14 conceniraticns and relative sunspot numbers

through production rate mocdulation anpears to explain the
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"De Vries effect".

. Variations in the eartin's ﬁdgnetic ¢ipole moment
alter the coesmic ray Flux in the atmosphere as the
deflection of the cosmic raye varics with the field
intensity. The total C-14 production rate is approXi-
mately inversely proporticual to tihe square root of
the field intensity. Althoush raleo-magnetic measure-
ments are inprecise, evidence from determinations of
remanent magnetism in pottery samplcs does inaicate a
variable magnetic field¢ intensity during the past
6,C00 years (45, 46).

Changes in inter-reservoir carbon excuang
processes way occur by variation of occan mixing rates.
Since the oceans contain about 95% of the earth's
exchangeable carbon inventory, any changes in ite
mixing rate would cause marked deviation in the C-14 con-
tent ot the athoephere. The ocean mixing rate is d(ependent
on pH, reservoir size, and climate, A 1% increase in ocean
temperature would produce an increase of about 65 in at-
mospheric 002 and a correspoucing cecrease in C-14 act-
ivity. The nelting of glaciers during geologiczl time’
would also lower atmosnneric C-14 concentrations through
an increase in ccean volume, Since the atwospheric 002
content is dependent ou equilibrium with the marine

-+

carbonate/ticarbonate sysgtem, it muest also te a fuunction
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of ocean pH. It seems likely, however, that the buifer-
ing action of ocean sélfs teg vwrevented any appreciable
change in pH during geoloziczl time (47).

Because our knowledge oF the past environwent is
uncertain, it is not possible to defire precisely the
cauée of the long-term fluctustions in atwospheric C-14
content. It arpears, however, that these variations show
marked correlation with climatic changes, High C-14-
concentrations are associated with a cold terrestrial
climate., The increase in atmospheric C-14 activities
from 100 B.C. to 4,000 B.C. would therefore-represent
a relic of the last ice age. The short-term fluctuaticns
also seem climate-devendent through variation of solar
activity. “hus the high C-14 concentrations associated
with the “De Vries effect" corresrond to the colé »neriod
known as the "little ice age". Oince changes in woerld
climate are accurately cocumented only within the last
few centufies, C-14 analyses may extend our knowledge of
past world climates'incirectly. The mechanism of the
dependence of the long-term variation in atmosphefic C-14
activifics on climate is uncertain., Froduction rate .
modulation may account for both the long-term and tae .
short-term deviations. Alternatively the long-term

variations wmay stem from pverturbations of the oceanic

n1ixing nrocesses,
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Artificial Fluctuations
of Atmospheric Carbon-14 Concentrations.

(a) ‘'Suess effect!,

"he "Suess effect" is the decrease in atmospheric
C-14 concentrations caused by the combustion of large
quantities of C-14 -~ free fossil fuels. It originated
with the industrial reﬁolution but did not becone
pronounced until the late 19th century (19). Since then
the decrease in C-14 activity of the atmosphere ise
aporoximately linear, reaching a value of about 3% by
1050, and, by extrapolation, about 4.2% by 1970.

The total awount of inactive 602 released has been
estimated by Revelle and Suess (24) as 2%, 12%, and 20%
of the normal atmospheric CO2 content by 1900, 1950, and
1970 respectively. Only one fiftn of the total quantity
released to date has tnerefore remained in the atmosphere,
so that tbe majority must have been absérbed by the ocean-
ic reservoir, -The decrease in the C-14 concentration of
the oceans, however, is difficult to assess because of the
influence of C-14 produced in nuclear weapon tests. The
upwelling of 0ld water masses in certain regiones can also
present difficulties in the interpretation of oceanic éata.
Some pre-test samples analysed by Broecker (48) and
DPrannon et a8l (49) suggest a decrease in the C-14 concen-

tration of the surface ocean of about 1% to 2% due to the

"Suyess effect”., Here the surface ocean represents the
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mixed ocean layer to about 200 metresg cepth,

Besides the universal decrease in atmospheric C-14
concentrations attributavle to the "Suess effecth", local
variations can occur. Tor example, areag near industrial
centres experience nore intense feosgil fuel 002 contan-
ination than rural areas. In a recent study, Walker (50)
found that contamination by fossil fuel CC2 varied by
18% from central Glasgow to rural areas 20 wiles aviay.

A siviliar dilution gracient arnezrs to exist between the
hemispheres. Thus Tergusson (51) reporteéd a southern

5 the same time as Suess found

hemisphere dilution of 2%

t

a
¢ for thne incdustrialised northern hemisphere.

The "Suess effect" is varticulsrly important in
radiocarbon aze stucéies. DPrior to its detection 204Ch
century wood samples were frequently used as the modern
standards to which all samples were conpared. With the
discovery of the "Suess effect", however, it was shown
that radiocarbon ages based on these‘standards could be
too young by 2C0 years. Therefore tne vrimary standard
activity is now the decay-corrected C-14 activity of
1220 wocod.,

The "Suess effect" may be considered as a'tracer'
experiment on a global scale and can de used to evaluate
some of the parameters controlling carboun circulation.

Por example, Revelle and Suess (24) cstimated a value of
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about 10 years for the mean residence time of CO, in the

2
atmosphere prior to oceanic or biospheric absorption.

The "Suess effect!" also reflects the general increase
in atmospheric 002 which has occurred during the past
century., “he present atmosphere contains about 518 p.p.m.
002 compared with 29C p.p.m. in 1890, According to
Bischof and Bolin (52) the increase in atmoépheric C02
concentration is now 0.7 p.p.ﬁ./year. Since 002 absorbs
in the infrared, increased concentrations will produce
increased downward flux of radiation in the atmosphere
and a rise in surface temperatures. An increase of 3Cy/
century in atmospheric 002 concentrations will produce a
temperature increase of 1.1°C./century (53). Such a rise
is very close to the average increase go far in the 20th
century. It seems possible that the additional 002 from
the continued burning of fossil fuels could appreciably

change the climate over the next few hundred years.



(v) "Atomic bomb effect",
The "atomic bomb effect" ig the result of the

addition to the atmosphere of considerable quantitieg of

C-14 procduced through the activation of atmosphneric

nitrogen (M-14 LUTRYUN C-14) by bomb neutrons. The neutfon
yield of a nuclear device is related to tune total cnergy
yield. Thus Table 2, which presents fhe total energy
yields of weapons tested during the period 1945 to 1%68
(20), gives a c¢irect measure of the bomb C-14 productiion,
It is significant that a "surface" test will yield con-

5

siderably less C-14 than a corresponding "air" burst.

Based on an available neutron yield for activation of
26 o > s s - . .

2x10" "n./llton. of fission and fusion in the case of an

26 , . o .
n./Mton. for a “surface" purst,

"air" pburst and 1x10
the total production of artificial C-14 to datc is
estimated at 1029 atoms. This would be éufficient to
raise the C-14 concentration by a factor ox four were it
to be contained in the troposphere,

Increacses in the C-14 activity level of the atmos-
phere were,bin fact, tirst observeé in 1654 folloﬁing
the onset of the thermonuclear era in 1¢52, OSince then,
C-14 has been injected sporadically into the atmosvnhere,
and the C-14 level has followed a gensral but irregular
increase (21, 22, 54, 55). Tigure 3 presents a prorile

of this irregular increase of atmosvheric C-14
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PISSION AT FUSICH T“FREGY YIDIDS OF NUCLEAR DoVICES.
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PCRIOD

1945-51
1952-54
1955-56
1957-58
1959-60
1961
1962
1963-68

TCTAL

- PISSION AUT PUSION YIESID (Iton.)

IR T=8TS SURFACLE TESTS
0.19 0.57
1.0 59.0

11.0 17.0
5700 2800

TEST MORATORIUM

120.0 -
217.0 -
16.3 C.2

422.5 105.0
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FIGURE 3
CARBON-14 CONCENTRATIONS IN THE NORTHIRN
HEMISPHERE TROPOSPHERE (1954-65)

100 T 1 T ) 1 T T J T T 100
90+ 90
8o}l {e0
70} 70

C-14 CONCENTRATION
60} 160
(°/o DEVIATION FROM s
sol ~ NORMAL LEVEL) lso
440
{30
420
410
H0

li9541195511956119571195819591196C (1961 (19621963196 4[1955(19€6




19
concentrations for the period 1054-1966 for the northern
hemisphere troposphere, Since the majority of the
artificial C-14 was first injected intc the stratosphere
of the northern hemisphere, the peék in northern tropos-—
pheric C-14 concentrations occurred in 1963, about two
years after the period of maximum C-14 production. This
lag time is attributable to tne finite stratospheric
residence time of carbon. Following the maximum in the
northern troposphere, C-14 concentrations have shown &
gradual decrease with time ag tne C-14 distrihbuticn tends
towards equilibrium through mixing with the soutnern
troposphere and absorption by the dceans and biosnhere,

Although a considerable quantity of artificial C-14
has been produced it represents ounly a very small
fraction of the total atmospheric carbon content, and thus
it can safely be assumed that the carbon exchange equilib-
riun is undisturbed. Therefore the rate of movement of
this excess C-14 within the various carbon reservoirs
presents an ideal opportunity for the "tracer" study of the
paraneters controlling carbon circulation., Iigure 4 shows
a typical "ox model"of the dynamic carbon cycle and the
various parameters which can be studied. In particular,
exchangs rate constants, kjs, can te examined in detail.

The exchange rate constant is defired by the equation

W= Noe'kijt, which dcserites the decrease with time oI



. FIGURE 4
A TYPICAL BOX MODEL OF CARBON=-14 CYCLE,
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the number of C-14 atous, Ht, in one reservoir, i, through
transfer to an adjacent recerveir, j.

I,

A compariscn of the exchange rate constants determined

by several workers (52-%T, 54) shows that agreement is not
elviays echieved. Tor example, the rate constanf ktm’

wiaicnh describes the absorption rate of tropospheric C-14

by the surface oceansg, has been attributed values ranging
from C.C4 to 0.30. The corresponding exchange time,T:tm,
hes tnerefore been found to be between 25 years and 3.3
years Cttm = 1/ktm)' However, as the excess C-14 distri-
btution tends further to equilibrium additional observations
should permit increased accuracy in the exchange rate

constant determinations.,

+3

’o the radiccarben dating method the bomb-produced
C-14 constitutes a significant source of contamination.
ihereas a 1% contamination of a 17,000 year old sample
by natural modern carbon introduces an age error of 570
vears, the same degree of contamination by nuclear era
carvon could introduce an error of 1100 years. The danger
of contamination by modern carbon is most signifiéant for
inorganic samples which may allow ion exchaﬁge with .
carbonate of atmospheric origin. .

A second effect of vomb C-14 on radiocarbon datiang

lies i

3

the long-term disruption of atwmospheric C-14

concentrations. Zven if further weapons testing is
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curtailed, nany hundreds of years will be required trefore
the distribution of tue excess C--14 throughout the carbon
cyele will reach couplete equilibriuvn. It is therefore
of some importance that atmospheric concentrations of
C-14 are followed during future years. In the very long
term, the high C-14 activities of the mid ZOth century
will introduce tThe need for accurate ccnversion of
radiocarbon ages into true ages. The nuclear era can in
this resgpect be likened to & periocd c¢f natural fluctuation
of atwospheric C-14 concentrations. Uhe problem of age
ambiguity will also arise for the nuclear era as for times
of natural variaticns. A plant sanple grown in 1963% will
be indistinguishable by activity measurement from a

specimen grown T70C years hence.



Purnose of Research FProject.

Several natural fluctuations of atmosgpheric C-14
concentrations are known to have occurred during the
past 10 millenia, 3Because of the scarcity of samples
of accurately known age, the studies until now have
been concerned with fluctuations occurring over long
time periods. ILittle is known about the short-term
behaviour of atmospheric C-14 activity levels., Since
the availability of samples of known age is highest for
recent times a detailed study of annual C-14 concentraticus
should be feasible,

The artificisl fluctuations of'atmospheric C-14
concentrations have provided an opportunity to study the
pareneters which control short-term activity levels., A
project combining a study of artificial and natural C-14
distributions during the past century would therefore
benefit from an accumulation of knowledge from both fields.

Furthermore, little is known of the yearly fluctua-
tions in atmospheric C-14 duve to the "Suess effect"., The
valueg of atmospheric C-14 dilution attributed to'specific
years are interpolated from only a few ovservations. It
is therefore of interest to obtain a more detailed profile
of the "Suesgs effect" during the past century since such
information could further our knowledge of carbon exchange

ratege hetween reservoirs.
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he object of the research was tnerefore twofolé;
(1) to study quantitatively the fluctuations in
atmospheric C-14 concentrations during the
past century,
and. (2) to evaluate.the impcrtance of these fluctua-
tions with respect both to tne radiccarbon
dating wethod and to the geochemical and
geophysical processes which centrol carbon
distritution.
ﬁatural and artificial fluctuaticns of ztmospneric
C-14 are of definite significance bothr to the geochemist
ané to the radiocarbon geocnronologist. ©o the fornmer
they appear as periods of disequilibrium within the
dynewnic cycle. As such they offer an opportunity to
eveluate retes and mechanisms of carbon excunange and
dietribution. To the latter they represent deviations
from the conditions assumed by the dating method. They
require accurate measurement and necessitate modification
of some aspects of the method., Iventually they may
assist an understanding of some features of the environ-

ment of pact times,



EXIERTILHTAL IETHI0ES I RATIOCCARBON ASSAY

Introduction

C-14 is a low energy beta emitter (waximun energy
0.158 MeV.) and is present in natural carbon in very low

concentrations (ca. 10"12

g. C-14/g.C). fhe specific
activity of pre-bomb carbon ié estimated at 13.56 * 0.07
G.p.i./g.C (56). “he low specific activity and beta
energies of natural C-14 require (1) that the C-14
detector has a high efficiency, and (2) that sample
activities are statistically high relative to background
count rates.

The determination of C-14 ccncentrations relative to
the natural level involves the precise intercomparison of
modern standgrd and sauple activities., It is therefore
important that the counting system be stable in perform-
ance over long periods. In addition relatively long
counting tvimes (overnight) are unecessary to reduce
statistical errors below *1%. During these counting
periods the background count rate must also be stable,

A C-14 counting system should therefore tave the
following basic characteristics,

(1) high beta detection efficiency,

(2) 1low background count rate,

25



(3) long-term stability of background and beta
detection efficiency.

Pwo distinct counting techniques are currently

employeé for radiocarbon assay;
(1) internal gas counting,

(2) 1liquid scintillation counting.
0f 52 radiocarbon laboratories surveyed in 1967, 45
used gas proportionalvcounting methods., In 1965 gas
proportional systems apneared to exhibit superior
counting characteristics (57) witan C-14 detection
efficiencies better than 90% compared with 607% for
liquid scintillation. Background count rates of less
than 10 c,p.m. for proportional counters were common
and less than those obtainable with scintillation
techniques., In addition, the characteristics of proport-
ioral counters were more stable with respect to high
voltage, gain, discriminator, and temperature drifts,
Even at present some problems of the double pulsing,
memory effects, and instability of scintillation photo-
multipliers remain, If was also expected that thé size
of samples to be analysed in this research umight be
small (ca. lg. C), and thus the superior facility of
ligquid scintillation systems for counting large samples

Was unnecessary.

"e choice of counting gas was based on Burke and
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lfeinschein's observation (58) that the counting
characteristics of methane are consideravly less
sensitive to electronegative impurities than the more
widely used 002. Recent improvements in the methods of
conversion of 002 to CH4 (59) confirmed the choice of
CH4 as counting gas. A survey in 1967 of laboratories
which used proportional counting methods showed that

605 still employed CO,, 20% used CH,, and 20% eitler

4’
02H6 or 02H2. The latter alternative counting gases
were rejected for this research because of the tedious
chemical procedures involved in their synlheses.
Figure 5 presents a block diagram‘of the proced-

ures involved in routine analysis with approximate times

required for each operation included as a guide.



FIGURE 5

[A%]

BLOCK DIAGRAM OF LABORATORY PRACTICE
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Chenicel Trenwaretion Svstem.

-

(a)y ©Sample Pretreatwent.

2

It is e¢ssential in radiocarbon studies that the
sanple contain the original carbon atoms present when it
ceaced to be involved in the environmental exchange pro-
cesses. During the time interval between removal from
the exctenge reservoir and analysis, the sample may become
contaminated with fcreign carbonaceous materials, This
contamination way be "chemical" or "superficial", The
forwer involves replacement, norwally by ion-exchange,
of sample carbon. The opportunities for "chewmical"
contamination are therefore most significant in the case
of inorganic samples. Bone or shell carbonates, for
example, are frequently found to have undergone exchange
witk-ihe carbonate/bicarbonate of ground waters. For
organic camples the only possibility of chemical alter--
ation stems from structural breakdown by putrefaction,
Masg-spectrometric corrections can be made for this type
of isotopic modification.

"Superficial" contamination can involve impregnation
of 2 sample by non-contemporaneous materials. Contaminat-
ing agents commonly found are rootlets, and soil components
such as humic acids, carbcnates, sand, and the aoil itself,
These species generally enter the sapmple matrix through

ground water infiltration. No ion replacement or chemical
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bonding to the sample occurs.

If sanple contamination is not eliminated the non-
contemgoraneous carvon atoms can introduce errors in
sample activities which in cating become umore significant
with increasirg sample age. Table 3 indicates the size
of the errors which can result from contamination of old
and nuclear era samples vy varying awounts of modern and
inactive carbon. |

The basic pretreatment of solid organic samples
consisgts firstly of visuegl examination for intrusive
rootlets, The sample is then boiled succeesively in
distilled water, 5% HCl, ¢istilled water, 5¢% NWaOH,
distilled water, 5% HC1l, anc distilled water. These
washnings ensure the elimination of carbonate and hunmic
acid contaminants and are followed by oven drying over-
nignt at 100°¢.. Shells and warble camples are leached
in 5% HC1l to remove about 205 by weight. The removal of
outer surfaces of inorganic materials is generally
successful in freeing the samples from carbonate contam-~
inant., Wines and spirits require pretreatment thfough'

distillation to remove colouring matter, .

(b) Sample Combustion.
A1l organic samples are combusted in an Oz—rich
atmosphere to yield CO, (Figure €). Tive litre-atm, of

CO, are generally prepared,
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CAUSED BY SAIPIE CONTAITINATION

(a) COMMAYINATION OF OID SAITIZS BY MODERN CARBON

True Agre
of Sample
(years)
5,570
11,140
22,280

44,560

Radiocarbon Age of Sample (years)
Degree of Contamination with Yodern Carbon

15 0.1% 0.01%
5,490 5,560 5,570
10, 9C0 11,120 11,140
21,080 22,160 22,270
32, 260 42,760 44,350

(b) CONTAMTL

TATION OF NUCLEAR ERA SAMPLES BY TEAD CARBON

True C-14 Concen- Observed C-14 Concentration
tration of Sample ¢ deviation from normal level)
% deviation from DTegree of Contamination with Dead Carbon
normal level) 105 5 1%
+ 40,0 + 26,0 + 33,0 + 38,6
+ 60.0 + 4400 + 5200 + 58-4‘
+ 80.0 + 62,0 + 71.0 + 78.2°

+ 100,0

+ 80.0 + 20.0 + 98,0
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The samples are contained in porcelain woats
positioned as shown wifhin the quartz glass tube, bui
in cases where samples are bulky the boats are not
used. A stream of O2 and Hz is passed over the sauple
which is heated from below by a lleker burner. fThe
amodnt of O2 initially made available to the sample is
dependent on the nature of tne material. TFor volatile

samples the flow rate is 100 éco/min. with a N, flow of

2

400 cc./mir.., Yor more stable samples such as charcoal

the initial O, rate is 300 cc./min.. In the main

combustion area an O2 flow rate of 6QO cc./min. is

maintained from the sidearm. The rate of combusticn is

carefully controlled by varying the sample heating rate,

and throughout the reaction the system is kept at slightly

reduced pressure, by controlled pumping, to prevent pressure

build-up. As the combustion proceeds, the O2 flow rate

over the sample is increased to 600 cc,./min., the N2 flow

rate reduced to 100 cc./min., and the sample heating rate

increased. |
Por alcohol samples the modified combustion system

shown in Figure 7 is used. An inner tube packed with

cotton wool is fitted inside the outer combustion tube..

A lmm., aperture at the tip of the inner tube pernits thel

passage of gases through the system. A stream of I,

(500 cc,./min,) is passed through the inner tube. The
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FIGURE 7.
ALCOHOL COMBUSTION SYSTEM.
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alcohol/water mixture from the distillation is injected
by a eyringe in lcc. quantities through a self-sealing
septum and is absorbed by the wool. This area is heated
gently using a hairdryer and the alcohol vapour is swept
through the inner tube and burned at the quartz wool
plug. In this way the vaporisation and combustion rates
are carefully monitored,

When the initial combustion is complete, the product
vapours are purified by the following stages; |
(1) passage turough a GuO furnace at 500°C. to ensure

complete oxidation,

(2) an AgNO3 bubbler to extract halogens and their
acids,

(3) a KMnO4 bubbler to remove oxides of sulphur and

| nitrogen,

(4) an H,50,/K,0T,0, bubbler to exiract sulphur and
nitrogenonides and act as a drying agent,

(5) a dry ice trap (-76°C.) to remove water vapour.

The CO, is then condensed in the first liquid N2
trap (-196°C.) and pumped to less than 1P to remove all
gases (including 02) which have an appreciable vapour
pressure at -196°C.. Finally the CO, is distilled into
the second liquid N2 trap and punped below 1M to remove
any occluded gases. This purification scheme is adequate

for 90% of tne samples encountered.
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In the combustion of materials of high nitrogen
content (certain species of trece seeds) a deep blue
contaminant is observed in the condenced COQ. This
contaminant is believed to be N203 as encountered by
Te Vries (60). At room temperature the NQO3 is
unstable and partially decomposes into NO and NO2,
and although MO and Ndz can, theoretically, be
purped off from frozen 002, this method of purification
is not effective, f[race contamrination of the 002,
however, does not appear to effect the purity of the
CH4 prepared from it. '‘Where gross contamination is
evident, the 002 is adsorbed in KOH solution and
released by acid hydrolysis.

The time required for combustions varies markedly
for different sample types. Charcoal requires 1 hour
while alcohol and peat samples may take up to 2% hours,
It is noteworthy, however, that the combustion of
alcohol samples, although time-consuming, is trouble-
free.

Before routine analysés began a number cf
determinations of combdstion yields were performed with
various materials. TFor oxalic and benzoic acids yields
of 95 - 100% were obtained. Although uncertainty in the
carbon content of wood and plant materials precluded

precise yield determination the combustion of these



37
meterials was found to proceed satislacterily. Blank
runs nroved that no COé was being vprocduced from impur-
ities in the systen,

After each combustion the quartz tube is roasted
in a stream of O2 to remove any carbon residues and
replenish the CuO furnace.

A small aliquot of 002 is expanded into a glass

sawpler for mass-spectrometric analysis.

(¢c) Sample Hydrolysis.

Inorganic materials such as marble, shells, nortars,
and K2CO3 are hydrolysed in the apparatus shown in
Figure 8. Solid samples are fragmented to increase the
surface area and are placed in the reaction flask with
50 cc, distilled water., Phosphoric acid (50% v/v) is
used as the hydrolysing agent.

The rate of reaction can be controlled by varying
(1) the rate of acid addition, (2) the temperature of the
reactants, (3) the rates of stirring, and (4) the
pressure in the reaction vessel., In most cases no heating
is necessary and the pressure is several cm.lig, Water‘
vapour is removed from the product 002 by rasscage through
a condenser and a dry ice trap. The 002 requires no
further chemical purification. ZPumping to less than 1 ,
dietillation and repumning is sufficient to reuove

sccluded impurities.
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In the hydrolysis of mortar samples, large-scale
"frothing" of reactants can becoue a problem. “hisg is
partially overceme by the addition of a non-carbonate
“defrothing tablet" to the reaction mixture. Ilortar
hydrolyses are also hindered by difficulty in stirring
the reactants and thus the overall reaction time is
somevhat longer (ca. 2% hours).

The hydrolysis system is also used for the wet
oxidation of standard oxalic acid sauples. The
oxidising agent used is saturated KMnO4 in 0,5 1I. acid
solution, “he reaction is rapid and requires only
gentle stirring,

A CO, sample is collected for isotcpe ratio

2
analysis and the bulk C02 transfexrred to a % litre bulh
for yield measurement and storage. Although precise
yield calculation is not possible for hydrolyses of
samples of vafiable carbon content such as wmortars and
marbles, the conversion of pure Cal and oxalic acid

3
samples to CO2 gave yields of 98 - 100%.

(d) Xethane Synthesis:

A catalytic process ie used tc convert €O, to 01»14'
‘(59), Gas pressures up to 10 ato, and catalyst temperatures
of about 500°C. are employed with a catalyst of 0,5¢%
ruthenicm on & in. alumina pellets (Engelkard Industries It«

(Pizure 9).



wnNoDA
Mo
an_

|

Wwa3sAs P
oc.::w
123Uno03

WwnnNdJODA
ybiHy

€q|ng
2bbicyg

s

AN PRPRAGHE § NI S

TN
%
5
R X% -

A Ay

A i

sdbpdy doJy

dpJy

Y9 JDOHOYD J21DM

WwnNO DA

BOM:IU

Ja|dups

doJay
1230 M

|

3sAjo30D)

a|dnoscwaayy ,hﬂ..

| [y

F—3235DS

=

NP EIET I [y ‘Wﬁd

Japuijd> uoi3opay __I

e

o un

[

26npb § ¢
IUDJId WNNDDA
ybiH

nng.HN”AINI .

\

2bnob
24nss244d

‘W3LSAS SISIHLNAS 3INVHL3IW
6 3dnoid

J2}D2H



41

The stainless steecl reaction vessel ig 4.5 litres
in volume with a 150 mi. gidearn attached., About 3C0 g.
of the catalyst pelletvs ave pusked wituin the central
steel mesh cage which containe the 1000 watt cartridge
heater and associated thermocouple., A composition gasket,
claﬁped by eight steel bolts through the top flange,
ensures efficient vacuum and pressure Lolding performance
of the system.

002 is first condensed from a storage bulb into the
reactor sidearnm and then allowed to expand until a
constant gas pressure is recorded. A slight excess (5%)
of the H2 requirement for complete conversion of the 002
to CH, is added (CO2 + 4H, ;ﬁ‘CH4 + 2H20). A dry ice
bath is then placed around the recactor sidearm to freeze
out product H200 The heater unit is switched on and the
catalyst temperature rises to 500°C. in about 12 minutes.
A pressure increase of 5 p.s.l. occurs during the first
10 minutes as the gases expand and subcequently a pressure
drop associated with a 5 to 1 volume reduction occurs. »
After about I hour a constant pressure reading is recorded
and a further 3C minutes is allowed to elapse to ensure
cotiplete reaction. A typical reaction pressure profile
is shown in Figure 10. The half-reaction time for these
conditions appears to be constent at 14 minutes so that
first order kinetics are suggcsted. Although the reaction

mechanism is not Xnovwn, it seems likely that formaldehyde
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is @n intermediate,

Rotaticn of the réaction vessel to ensure conplete
evaporation of CO2 was recomrended by Fairhall et al (59)
but wes found unrecessary in our system since the pressure
drop recorded in all reactions was within 1 p.s.i. of
thelpredicted stoichiometric value.

The CH4 extraction and purification method differs
from the Fairhall technique in that the CH4 is not
liguefied in the reactor sidearm prior to pumping away
the excess H2. Instead the CH4 and exce;s H2 gases are
directly transferred to the evacuated purification line,
Vater vapour is extracted by the dry ice trap. CH4 and

H, are adscrbed on the activated charcoal trap at -19600.

2
and the subsequent liquid H2 traps condense any excess

CH 'lhen adsorption of gases by the charcoal ceases,

4°
slow pumping of fhe remaining gases over the charcoal
removes the majority of the excess H2' The reaction
vessel is closed from the purification line and the
charcoal trap warmed. The effluent CH4 is condensed in
the two liquid I, traps. When transfer is complete a
small pressure of excess H, rexainsg in the trap system,
This ig removed by punping for one second on the liquid,
(or s01id) CH4 to reduce the vapour pressure below

12 mm.Yg., Such a direct punping technique, as opposed
to high vacuur pumping of the CH4 on charcoal, is also

recomnended by Olson and Hickoloff (61). “he charcoal
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trap is then isolated from the two ccld trapes containing
the CH4. To ensure tne complete removal of water vapour,
the liguid Hg around the second cold trap is replaced by

dry ice and the CH, transferred by distillaticn into a

4
sample storage bdbulb,
Prom the pressure changes recorded during the
reaction the 002 to CH# conversion yields arc telieved
to be close to»lGO’;‘"a° The finite vapour pressure of
CH4 at -196°C, precludes 100% CH, recovery but a nean
yield of 94%, as determined from the results of 120
syntheseg, compares well with the data obtained by other
laboratories (59, 61, 62). A histogram of the overall
yields is shown in Figure 1l. The purity of the product
CH# was confirmed by mass-spectrometry. The gas contains

no CO, and only p.p.m. quantities of hydrocartons up to

2
molecular weight 140,

Although the reaction time itself is consistently
90 minutes, the overall time for CO, introduction,
reaction, and purification is almost double this figure.
Direct supervision is required for 1 hour, |

The catalyst life appears to be long. Iore than
120 syntheses have been performed with the last filling
and no deterioration in efficiency uas been observed,
Care-is taken, however, in the degassing of tne reaction

vessel and catalyst unit, After each reaction tue
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OVERALL YIELDS OF METHANE SYNTHESES.
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product water is pumped off znd the vessel evacuated to
Ly at 600°C,, This procedure recuires abtout 6 hours
of pumping but appeers sufficient to maintain the

catalyst condition and elirminate wewory effects. If

~~

thesis is

w
He

the catalyst is not thoroughly degassed syn
sloﬁ with reaction times ot 2bout % hours, and in these
cases the overall yields can be less than 90%. It is
necessary also to degas thne charcoal between syntheses
to eliminate the possitility of memcry =ffects and to
reactivate the adsorbent. ©he charcoal is therefore
heated by a furnace to 200°C, and punmped to 1j for 30

nirutes,

(e) Sample Storage and Counter 7illing Systems.

Storage of fresghly-preparecd CE% semples is necesgsary
to allow any radon contamination to decay. Since radon
(Rn - 222) is an alpha-enitter with beta-emitter
daughters its presénce in the counting gas can introduce
significant errors. The radon commonly originates from |
the radium content of calcium compounds, ZFor this
reason the CH4 samples prepared from inorganic materials
contain most radon. The mean radon content of CH4
sanples freshly prepared from inorganic and organic

meterials amounts to 0.5 ¢.p.m./litre CH, and 0.1 c.p.m./

litre CH, respectively. The meximum level observed wvas

4
8 c.p.m./litre CH4 for gas prepared from a wortar sample.
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Although some organic samples such as high-clay peats
can preduce significant amounts of racdon, the acid
washings during pretreatment elininate 95% of the
isotope (€0). Since radon has a half-life of 3.83% days,
a storage period of 14 days will generally reduce the
rzdon contamination to immeasurable values., After each
sample has been counted it is stored for another weelk
and recounted. Conmparison of the two sample activities
determines whether significant radon contemination has
occurred. Storage and counting is repeated until
consistent results are obtained, |

Fourteen 5~litre bulbs are available Jor sample
storage. This number permits permanent storage of 5
background and modern standard samples plus 3-vicek
sample storage facilities on the basis of a turnover of
4 samples per week. Each bulb has a cold thimble
attached so that sample transfer losses due to the vapour
preséure of CH4 at -19600. are minimised. A manometer in
the storage frame allows measurement of bulb filling
pressures. FEach storage bulb is evacusted to less than
1 prior to filling.

An alternative method of sample storage using 50 ml.
metal sparklets was studied. fThese were found 1o be
unsatisfactory, however, because (1) when filled to
10 atm, pressure leakage occurred in 965 of these tested,

and (2) metallic dust from the sparklets constituted a
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hazard to the counter performence.

The counter is filled to the routine filling
pressure of 5 atm. through the all-metal systen shown
in Figure 12, The detector is first pumped below 1L
over a period of about one hour. Both the counter
filling system and sample storage frame are then isolated
from vacuum and the sample gas distilled into the stain--
less-steel trap cooled by liqﬁid Hg. After the filling
system is isolated from the storage frame via a needle
valve the CH4 can be expanded into the counter., After
15 minutes no further pressure change occurs and the
excess CH@ is carefully returned to tne storage bulb
as the counter-filling pressure is adjusted to 5 atm..
The counter valve is closed and the CH4 remaining in
the filling system is condensed in the storage bulb.
The filling pressure can be read to an accuracy of 0,2
Pes.i. (¥0.25%).

The filling temperature is monitored by a thermo--
meter probe within the counter shield. Since overall
temperature variations between 15°c, and 21°. ha#e
been observed during a two year peried, all sample

activities are normalised to a constant filling temper-

ature of 18°C. (Figure 13) (Appendix 4).
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Courter Lssembly.

" (a) Ceneral.

Internal gas proportional couuters (0.5 litre)
supplied by Beckman Instruments Iunc., California, are
used as sample detectors. %wo detectors are in general
use although only one is invelved in this research
project, A concentric-wall multiple anode anticoincid--
ence counter surrounds the detectors and the entire
assembly is encased within a lead shield (J. Girdler % Co.,
London), Counter electronice, anticoincidence system and
power supply are of Beckman design (57). A block diagram
of the .internal gas counting system is presented in

Figure 14.

(b) sample Detector.

The detector was machined from a solid ingot of
0.F.H.C, copper thus providing a 1.8 cm. copper lining
to the shield (Figure 15). A layer of pure nickel
electroplated on to the interior surface of the detector
‘absorbs any alpha particles from the copper and eliminates
memory effects occasionally observed with pure coprer
cathodes. Stainless steel wire (diameter 0,0C1 in.)
stretched to 905 of its elastic limit constitutes the
anode., Teflon is used as insulator material and the end
plates of the detector are O-ring sealed. This arrange-

ment facilitates satisfactory vacuum and pressure holoing
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FIGURE IS5,
CROSS SECTION DIAGRAM OF SAMPLE DETECTOR,
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performance, A Cisaivantace of the detector is that it

cannot be Cismentl

@
[

or cleaning without the anode wire
being brolen, The detector can be operated at gas filling

pressures of 1 to 10 atu. (2.5 g. C as CHA).

(c). Anticoircicdence Guzrd Counter.

The inner and outer walls of the concentric-wall
guard counter are heavy wall 0.F.H,C. corper pipe with
a combined thickness of 2.% cm.. Together with the
detector wall this »rcvides an C.F.H.C. copper shield
liner over 4 cm, thick. The guard counter fits closely
inside the shield to increase the efficieucy of inter-
ception of the mu-mescns pnroducing gamma showers in the
shield. Anode wire, teflon insuvlators, and C-ring seals
are similar to those in the detector, Unlike the sample
detector, however, the outer sleeve of the guard is
easily removable to 2llow inspection and cleaning,

The guard counter is normally filled to €0 cm,lg
with inactive CH,, each fill having a lifetime of 4 to 6
months. Both noise and cosmic radiation can be detected
as efficiently as by the sample detector so that effective
cancellation of simultaneous pulses in both counters is
achieved,

In this counting systew, the "wall effect", due to
recoil elactrons produced by garma interactions in the

counter walls, is believed to contribute 20-40% of the



background count rate (57). Counters of the "Ceschger"

design with guard and detector combined in a siangle

Beckman system, however, conmvensates For the increased

background by a reduction in dead volume.

(d) Shield Assembly.

The shield is constructed of 4in. thick lead sand
has overall dimensions of 16in. x 16in. x 36in.. Its
weight is 2,960 1b.. It is manufacture¢ from "aged"
lead} known to be relatively free from nétural radic-
activity and fission products,

At each end the shield is fitted with & close-{itting
lead plate door which opens freely on a thrust-bearing.

This provides ready access to tlhe counter unit inside.

(e) Electronics.

Seven data outputs are provided from the main
electronics; net alpha counts, gross unguarded counts,
and net beta counts for each detector, and the guard
counts (Tigure 16). TFive scalers are availabvle <o
switch to any of the seven outputs. The alpha data
channels are triggered by an adjustable unper level
discriminator which is usually set at 200 LeV,.

To eliminate envircnmehfal electrical noise the

power line and a radio-Frequency pickup antenna are
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coupled into the anticoincidence circuit. Yhis ensures
that the anticoincidence circuit is wore sensitive to
noise than the detectors.

A further feature of the electronics design is the
incorporation of a circuitry test programme. Three
intérnal test pulses are provided, simulating detector
pulses at the detector input, mu-mecon pulses coincident
at the detector and guard inphts, and alpha pulses at the
detector inputs. Using the seven data ourputs and five
scalers a 105 step test programme can check every circuit
board in a few minutes.

The high voltage power supply incorporates three
separately adjustable channsls, each with an output range
of 1,000 to 10,000 volts., Iwo extractor fans are
required to cool the unit and maintain dust levels at a
minimum.

Since C-14 activity measurement requires long
counting times, four of the five scaler units are linked

to an automatic data printer. A print-out each 30
minutes allows examination of data for statistical

reproducibility. . .
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Counter Characteristics.

(a) Plateaux.

All initial counter calibration experiments were
performed using "“pure tank" CH4, obtained from Beckman
Instruments Ltd., Glenrothes, and believed to be free
from radioactive contamination. ZExperience has shown
these results to be reproducible and in excellent
agreement with data obtained from CH@ synthesised from
inactive materials in the laboratory.

Petector plateaux are routinely monitored using
an external Cs-137 source to increase the count rate
and improve statistics. The detector plateaux are of
length 1,000 to 2,000 volts with slopes less than 0,5%
per 100 volts (Figure 17). Guard plateaux are 500 to
1,000 volts long with a slope less than 1% per 100 volvs.
At the routine filling pressures of 5 atm. and 1.05 aim.,
the detector and guard working voltages are 6.7 KV. and
3.7 KV. respectively.

The variation of detector working voltage with
filling pressure is presented in I'igure 18. Pive atm.
was choéen as the normal filling pressure for two reasaons;
(1) the high voltage power uﬁit indicated some instability
at continuous operating voltages above 8 KV., and
(2) tne amount of CH# required for a 5 atm. counter
filling is compatible with efficient handling of the

chemical procedures. A mininmum of about 3.5 litre-atm,



FIGURE 17
DETECTOR AND GUARD PLATEAUX.
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FIGURE 18
VARIATION INDETECTOR PLATEAU WITH FILLING PRESSURE.
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of CH4 ig required for 2 or % activity measurements.
Filled to 5 atn. the céunter centains 1.25g. carbon.
Altheugh counting times would be reduced by counting
at higher f£illing pressures, a routine turnover of more
than 3 eanmples/wicek could not be maintained by the
sample preparation systen. Here the rigorous degassing
required by the CH4—synthesis reactor is the time-
consuming stage.

Because the pulses of the alpha particles of radon
are larger tnan the pulses of cosmic reys and beta
particles, it should e possible to detect radon contam-
ination by counting at a lower voltage. Here the gas
amplification is too small to bring the smaller pulses
over the threshold. This hypothesis was tested by
allowing a 10g. sanmple of pitchblende tc emanate radon
overnight into a CH4 atmosphere, The contaminated CH4
was then cvwept into the detector. An alpha plateau was
determined and the variation of alpha working voltage
with filling pressure was evaluated (Figure 19).

Although the alphez plateaux are short, preliminary alpha
counting of samples prcvides a valvable indication of |
the presence or absence of rédon contamination. Mo )
atteupt was made to use alpha counting to provide a
quantitative correction factor for the radon contribution
to_the sample‘activity. “his, in effect, would be an

alternative to sample storage. Tne increased statistical
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error, the relatively ill-delined =lpha plateaus, and
the much increased counting time male radon correction

undesirable in this system, since sto

H

age for decay
does not interfere with tne overall rate of sample

analyses,

(b) Background leasurements.
The background count rate at 5 atm. filling pressure
and 1 atm., barometric pressure is 3.65 * 0.08 (* 20).
Thie is the value found both with "tank" CH4 aﬁd‘with
samples prepared rFrom anthracite and marble. The back-
ground count rate can be atiributed to radiationvundetected
by the anticoincidence systew and to natural radioactivity
in the counter environment. The former is caused
primarily by external gamma andé cosmic ray meson radiatlions,
Apart from guard efticiency considerations, the particles
can penetrate the sample cdunter undetected by the guard
by entry through the ends of the guard ring ("end effect").
The variation of background count rate with filling
pressure is shown in Figure 20, This plot is non-linear
presunmably tecause at‘higher Tilling pressures the gamma
détection efficiency tands to 100%. The curve indicates
also that any activity in the background gas is small,
Background count rates vary with atmospheric pressure
by -0.11 c¢,p.n./cm.dg or -0.08 c.p.m./10mb. at 5 atm.

£illing pressure (Pigure 21). To obtain this correction
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FIGURE 2L
BACKGROUND COQUNT RATE AS A FUNCTION
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factor a continuous record of atmospheric pressure,
corrécted to sea level, is monitored by a laboratory
barograph. Regular intercalibration with the records
of the Glasgow "eather Centre ensures the accuracy of
the barograph readings. During the period of routine
sample cqunting, barometric pressures ranged tetween
limits of 970 and 1035 mb, with occasional overnight
variations up to 30 mb.. Because of this pressure
variability, the mean barometric préssure is calcul-
ated for each counting period.

Computer regreésion analysis ellowed calculation of
the precise mathematical dependence of background count
rate on afmospheric pressure., This relaticnsaip vas
calculated for several periods and found not to vary.
The standard deviation on the predicted background count
rates is estimated by calculation of the standard
deviation on the regression coefficient. A range in
background érror from 0.06 c.p.m. at 1035 mb., and ¢80 mb,
to 0.04 c.p.nt. at 1010 mb, is found., Background count
rates are umonitored on a weekly basis to ensure the

stability of the counting systen,

Significant positive deviaticns of the baciground
count rates from the “tank" values were observed in

-

samples prepared from anthracite and marble using an
alternative supply of hydrogen (Air Products, Ttd.).

Samples synthesised from the same materials using
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]

- Messrs, Griesheine' tritivw~frece hydrogen recorded hack-
ground levels in agraement with the "tank" CH4 values,
Table 4 presents a ccomparicon of background data for the
three sample types., The contaminant activity in Air
Products' samples is not radon since no significant
decay occurred over a 6-month period. Nor can thé
activity be due to C-14 since the same samples were

used for synthesis with Grieéheim hydrogen. The
contamination is probably due to tritium. Unfortunately
the opportunities fpr tritium-countamination during the
manufacturing proceszes could not be assessed as neither
manufacturer would provide details of their methods.
Nost commercial hydrogen, howvever, is a product of the
‘electrolysis of sea water, In addition, ground waters
have been contaminated by artificial tritium produced

by nﬁclear weapons., Based on this assumption, the

meagn "tritium" contribution to the background count rate
at 5 atm, filling pressure is 0.,27 *.0.04 c.p.m. (* 20),
This corresponds to a tritium content of the hydrogen
supply amounting to 0,1 c.p.m./litre H2, or 15.5 tritium
-18).

units ( 1 T.U, corresponds to a T/H ratio of 10 .
This tritium concentration is typical of those in the

surface ocean during recent times (34).

(¢) Mass-Spectrometry.

$-13/C-12 ratios were determined by mass-spectrometry
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for every sample assayed for C-14 activity. The
deviation in isotope ratio from & standard sample ratio
was used to correct the sample activity for isotopic
fractionation,

Fractionation of the carbon isotopes may occur in
thé laboratory during processes wiere semple loss is
incurred. Since CH, is not suitable for mass-spectro-
metric measurement of samp1e10-13/0-12 ratios the
determinations are carried out on 002 sanples.
Correction is therefore made for deviations in isotope
ratio caused both by natural and 002 production processes.,
However, for any fractionation occurring in CH4—synthesis,
purification, or storage, no correction is made. Because
of the finite vapour pressure of CH4 at liquid N2 tempera--.
tures these processes do involve sample losses., Despite
the mean overall CH4—synthesis loss of &% and the transfer
losses during counter filling and storage, there is
significant evidence to suggest that fractionation is
negligible;

(1) C0,—> CH, conversion efficiencies are high

4
(98-100%), - K
(2) the majority of samples show activity agreement

<4

after 2‘Counting periods, involving at least
3 CH, distillations,

(3) 3 modern standard samples have been counted up
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to 12 times each without observable variation
in C-14 activity (Table 5),

(4) 2 CO, samples previously counted in a CO,
proportional counter were converted to CH4 and
their activity found to agree with the C02
data (samples (g) and (h) in Table 6).

That fractionation seems negligible in this systenm
confirms the results of Long.(62) who found that only
with CH,-synthesis yields of 80% and less did fraction-
ation cause measurable errors in activity determination.

Sample 0-13/0;12 ratios are measured at the
Waticnal Physical Laboratory, lMiddlesex, using an LiS3
mass-~spectrometer. This spectrometer is fitted with
twin ion collectors which permit direct measurement of
the deviation in sample C-13/C-12 ratio from the standard
ratio. The primary standard for carvon isotope studies
is the P.,D.B. belemnite limestone standard. At the
National Physical Laboratory, a secondary standard has been
intercalibrated with the belemnite standard. The mean of
ten measurements of the deviation (C-13/C-12 samble -
¢-13/C-12 standard) is'used in the activity correction.
The measurement of each sample deviation is accurate to
t 1% (X 20), Details of the correction procedure are

included in Apvendix A .
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(@) 1llodern Standard ictivity.

After correcticn for background, filling
temperature, and isotopic fractionation, C-14 activities
are converted to A units, which represent the %
difference in C-14 coucentration from the "natural"
level (Appendix A). The "natural" level is assumed
equal to 95% of the C-14 concentration of an oxalic
acid standard (Yational Bureau of Standards). The
factor of 0.95 is based on the results of Broecker and
Olscn (25) which indicated that 95% of the WeB.S,
standard C-14 activity equals the decay-corrected C-14
activity of 1890 wood samples. These wood samples are
asgured free from the "Suess effect"., TFor all radio-
carbon work, therefore, 95% of the standard activity
represents the constant atmospheric activity assumed
by Tibby. |

Since Bréeoker and Olson's derivation of the 0.95
factor was made in 1958, present day activities of the
N.B.S. standard require a minor correction for C-14
decay since that time. The correction factor is 0,12%/
year., A further corrcction of the standard activity ‘
must be made for the isotopic fractionation effect which
can occur to varying degrees in different laboratories,
In 1960, CGraig (63) carefully measured the C-13/C-12

ratios of 24 CO, sanples prepared from the standard in
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13 different laboratories throughout the world. His work
established that the "best® value for the €-13/C-12 ratio
of the standard is -19% relztive to P.D.B. belemnite.
A1l wodern standard activities are therefore corrected
for fractionation relatiﬁe to =16

Regular monitoring of the modern standard activity
is necessary since (1) a large number of measurements
reduce the statistical error associated with the stand-
ard, and hence all sample activities, and (2) reproducible
standard count rates indicate stable detection e¢fficiencies,
The modern sfandard'activity is therefore measured at
least twice each month. Table © indicates the standard
activities observed during the psst 18 months and the
‘calculation of 95% of the corrected mean activities for
different samples, Good internal egreement 1s evident.

A useful guide *to the gas purity of every sample
is found to be derived from the difference bhetween gross
count rate (i.e. before coincidence) and net count rate
(i.e. after coincidence). At 5 atuw. filling pressure
this function should be 90 + 2 c.p.m.. An impure gas has
a value smaller than QQ + 2 c.p.u. Gue presumably to
reduced cdetection efficiency through electron capture by
~the contaminant. Since the counting charscteristics of
CH, can tolerate up to C.%5% of air contanination (64),

significantly impure samples were eucountered very rarely

and amounted to less than 2: of 21l gases. o cleaning



-

7(

LO®D + 06°ST (.V) ueex
G62°0 & LVv°G 69=§ =GT
02°0 + 0¥%°GT 69-¥ -Ge _
050 + LE°3T Go=% -¥ 60°0 + LG*8T (.V) uesy
QL*0 + CV*8T 69-¢ =02 —
GC*0 + 99°3T 6a-¢ =¢ TE®0 + 76°3T 89—=6-2C -
0€*0 & TL°uT §9-2 =02 0¢°0 + LG°ST 89-30-GT 0T*0 + €9°3T (V) uwvejl
L0 = 5500 to-¢ -L 62°0 + 24°8T 39-3-1 —
0L°0 & CVoUT 09=1T =02 82°0 + L9°3T 29-L~-9T 92°0 + 09°ST 39-¢ =§
020 &+ Gyt 60-T -6 62°0 + 8¥°8T 89-L-2 62°0 + 49°8T 89—~c =28
L0 & TS 0T 39-2T-6T 0%°0 + 8£°8T 89-9= 1 82°0 + ¥9°81 8y~ =9
820 4 GCeCT So-2T-V 62°0 * 83°8T 89-9-¥ €et0 & 99°G1L g9-1T =03
Q200 &+ 9Pto 8U-TT-ST €C°0 + LG 8L 39-6-L2 820 + ©V°UT g9=1 =&
060 + 05°8T 89~1T-¥ T¢°0 + €9°ST 89-6-2 0€°0 + $&°CT 89-1 —-0T
Lz*0 + Ly*3T 89-0T-T2 62°0 + v¥°8T 39=¥=91 62°'0 + LG°8T L9-2T-41
062°0 + 64°0 89-0T~L 82°0 + TL°QT 89——2 GL*0 k 99°8T Lo=TT-vT
92°0 + ¢v°8T 89-06 -91 L2*0 + G¥°8T 89~-¢~82 62°0 + 09°8T Lo=TT-1
(o2 F *urdeo) (02 F cudeo) (@2 + *wd*o)

LyTATOV a3eq Ly1AT3OVW 23eQq LaTATROV ?238(Q

P9300XI0) Sutjunop Po30aII0) gutjunop Po303II0) utaunod
¢ TCIVTIVIS 2 @@VaIvisS T QIVAIVIS

SULLIATLOV QEVAIVLS

¢ HIEVL

NEHAOH




(A
L~

T oTdwes J0F ¢T-DQ oOuU 9duUls ¢ puwr g sordwes JO Uwval

<

(:0z F) *wed*o g0°0

+1

.OEOQHQO N_OQO .||Tl
QSQ,\MoO mo.o e
oaogoo OHGO -+

oEoQoO \LOoO ...ﬂ
cwed o 60°0 +

STQBTTIBAR JUSWLINSEBOW

_...000T__ - U S
CFEFitmy U 7=V
9L°LT =  »K3TATAOV pIepuTis $6°0
o -~
OL*ST = ¥ £ QIVEIVIS
(0]
89°9T = ¥ ¢ (QIVLIVE
@]
G9°8T = vV T CIVANVIS

mho<v L£1TATIOV pojoaxxodo—-Ledoad

89°8T = °V ¢ QIVANVIS .

99°81 ¢ @ValvLs

il
<

2d0308T oU T @IVAVaES

m+A%4v £1TATIOV DPO10SIIOO-UOTIBUCTOBII

STIIIAILDY JUIVANVLS NIJaoN -

(*3quo00)

S TIGVD



76
procedure was found satisfactory for purification of
these samples. The sdbstantial vapour pressure of CH4
at ~196OC.prevents the quaﬁtitative removal of contam-

inants.

(e)‘ Reliability of System.

As a check on the reliability of fhe laboratory and
counting tecunigques a number of samples were requested
from various established laboratorics for intercalibration
purposes. The radiocarbon ages found for these samples
are compared with tﬁe results of others in Table 6. The
ma jority of these results have been reported elsewhere
(65).

Agreement between these results is satisfactbryo
Where disagreement oﬁtwith statistical error occurs, as
for the wood and peat samples, there is good evidence that
the discrepancy may be due to sampling difficulties. Thus
denaturing of the wood sample prevented identification
of the tree iings.

The intercalibration exveriments and the long-term
stability of backgrouﬁd an¢ standard count rates con-

firmed the reliability of the’system.
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RESULDS OF IIMTZSRCALIBRATION SALPIES

(1) DARING SAMPIES

Sample Radiocarbon Age Others' Results
(years + 1o (years + 10°)
(a) Charcoal 2,064 + 55 2,100 + 80
1,908 + 60
(b) Charcoal 2,370 + 40 ca. 2,300%
(¢) Peat 12,158 + 218 11,205 + 177
11,€28 + 132
(a) vood 3,702 + 64 3,847 + 60
(e) Wood © 4,623 + 69 ca. 5,000%
¥ archaeological estimates.
(2) RECEXT SAIPIES
Sample A G+ 1o Others' Results
' (% + 107)
(£) hisky © +86.08 + 1,08+ £6.80 + 2,10
(g) Proposvheric G0y,  + 58,71 % O.C + 58,90 + 0,92

+ 59.73 -l 0079 + 60.21 :t 0.90

(h) Tropospheric 002 =




IIT
PLATC  LATERIALS AS  IILICATCIg  OF

ATTCEFERIC CARBOI-14  CCICIIMN/DICITE.

Introduction

Information regarding etmosvheric C-14 concentrations
during the past century may only be obitained if the C-14
content of samples accurately reflects the prevailing at-
mospheric activity at their place of "growth". Tor the
detection of any annual variations it is essential that
these samples should indicate the wean atmosnheric C-14
concentration during a time period less than one year.
Furtrermore, the samples must have remained closed systens
with respect to carbon exchnange since their removal fronm
the carbvon exchange cycle, Plant materials seened to
provide the most suitable source for this tyvne of study
since a ccrrelation between C-14 activities in atmospheric
CO2 and biospheric (tree leaves and grain) samples had
previously been indicated by the results of Droecker and
Valton (21) and ilydal (66). Such a correlation is of
course lasic to the radiocarbon dating method. (The
validity of the rediocarbon method does not necessarilf
confirm, howvever, that plant nateriale will accurately .

eflect chort-term fluctuations of atmospheric C-14

activities. Ilor does the use of plant materials to detect
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atmospheric C-14 fluctvations occurring over nundreds or
thousands cf years confirm that any annual variations
will be precicsely indicated.)

The basis of a correlation between plant and atno-
spheric C-14 concentrations lies in the direct fixation
by blants of atmospharic 002 for cell synthesis. If,
hovever, plants also incorporate carbon from the soil
environment via the roots then a direct correlation way
be disturbed. Soil 002 is produced at a rate of zbout
2 tons/acre/month (67) and, in addition to the contrib-
ution from plant reépiration, significant amounts of CO2
way be derived from (1) decaying vegetation, and (2) car-
bonate materials in the soil environment. The C-14 act-
ivity of the former is a fﬁnction of past years' atmos-
_pheric activities, and soill carbonates may be completely
C-14 free, as in limestone, Thus the possible uptake of
non-contemporaneous carbon by plants may cause atmospheric
and plant C-14 activities to differ. Kursanov et al (68)
used tracer méthods and found that as much as 205 of the
carbon synthesiced by bean seedlings could be introduced
through the roots. Bfoecker and Olson (22) suggested
that 3095 of the carbon content of a sample of tree leaves
was derived from the soil. Although Stolwijk and
Thimann (67) confirmed that soil 002 untake values greater

than a few percent are uncommon, the correlation between
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plant and atmospheric C-14 concentrations seemed to
require further investigation. The marked variations in
atmogpheric C-14 content caused by nuclear weapons test-
ing offered ideal conditions for such a study in the

environment,

The Selection of Suitable Plant llaterials.

The choice of plant materials to be stuvdied as in-
dicators of atmospheric C-14 concenfrations was based on
(1) sample availability during the past century,
(2) sample purity, i.e. freedom from contamination
or carbon exchange since "death",
(3) sample definition, i.e. knowledge of the exact
time and location of plant growth.
Although, by analogy with conventional radiocarbon studies,
annual tree rings appeared to offer a source of suitable
samples, these were not uszed, The "death" of a tree ring
is followed by a gradval transformation of sapwood, conta-
ining solubleAcarbonaceous material, into hardwood. This
change has been observed to take up to 100 years for
completion (69). During transformation the soluble com-
ponents of the sapwood may'well be in equilibrivm with
the sapwood of adjacent rings., Thus Broecker and Olson
(70) found the C-14 concentration of the 1952 growth ring
of an oak tree felled in 1959 to be -0.,1% (A) compared
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to the 1952 atwospheric level of zbout 3. This dis-

crepancy iwmplies incorzcration into the 1852 tree ring

~
-

\

of about 20/ post-1952 carion containing tomb-produced

o

C-14, Tree ring aralvsis moy be a reliable technique
for‘time periods during which significant year to year
variations in atmospueric C--14 concentrations do not
occur. TFor a study of short-term’variations, nowvever,
uncertainties in the assumptibhs basic to tree ring
studies make the method uncesirable. 1In addition tree
rings were unsuitable for this study since in many cases
irregularities in ring formation caun introduce error in
identification of the zrowth year and since the size of
samples required for C-14 aralysis can necessitate the
use of sections containing several annual growth rings.
The materials of plaat origin which seeued to sat-
isfy the requireuments were (é) spirits and wines and
(b) tree and plant seecds. It is assumed in the use of
gpirits and wines that the C-14 concentration of the
alcohol fraction is closely relsted to the C-14 concen-
tration of tke plant materials from which it was manu-
factured., The correlation between tue C-14 concentrations
in cereal and atmcspheric samples apvear to be particularly
reliable (22, 71). TFurtuermore, vintage wines and spirits
are available on an anrual basis during the past century,

and the location and year of manufacture is accurately
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knovn,

In the pre imin:rj investigation of the correlation
between alcoholic material and atmogpheric C-14 activities,
malt whiskies were analysed. ©Since malt whiskies are
manufactured exclusively from barley grown in Scotland,
ﬁhe‘origin of the grain was known. This is in contrast
to "blended" whiskies where the grain may be a2 mixture
from various regions. Decause it was important to deter-
mine whether there existed any additional sources of car-
bon other than the grain, the processes involved in wnisky
production were examined (Figure 22). Tﬁree possible
sources do in fact exist; water, yeast, and colouring
matter. In our experirents the colouring matter was re-
moved in the laboratory distillation. Of the remaining
constituents yeast acts primarily as a catalyst in the
sugar -~ to - alcohol conversion and the water was not
expected to contridute any carbon to the alcohol fractiocn.
The chemical processes involved in wine manufacture are
analogous to those in whisky production so that for both
materials no substantial source of carbon contamination
seemed probable, l i

Recent plant seeds are collected and preserved by
various agricultural laboratories and by the Forestry
Comnission. The history of tuese seeds is accurately re-

corded and samples growm at various latitudes are available.



FIGURE 22,
MANUFACTURE OF MALT WHISKIES.
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Tree seeds were used for the evsluation of zeed naterials

I~

as atmosvheric C-14 indicators, These seeds had been
cleaned and stored in vacuo since collection so that no
contamination should have occurred. During growth, how-
ever, it is possible that the seeds incorporated carbon
via‘root uptake from the soil enviromment. As a precaution
against tnis type of contawrination by inactive carbon,
seeds from trees grown on limestone soils were not selected
for the intercalibration experiments.

Since cercals and plant sceds grow predonminantly
during the summer mogths it is most probéble that carbon
uptake will only occur during this period. Heinicke and
Childers (72) have shown that the photosynthetic activity
of a tree can vary from 200g. COZ/month in May to a max-
mum of 5,00Cg. COz/month in July, falling to less than
500g. CO,/month in November. Therefore plant materials,
if they indicate accurately the atmospheric C-14 concen-
trations during a 6-month period, way be used to cetect
any year to year variations which may have occurred during

the pre-nuclear era,
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The results of C-14 measureuments of walt whiskies

are shown in Table 7. Since whisky is usually manufect-
ured dvring the year following the grain harvest, the year
of Barley growth is recorded for compariscn purvoses.
Figure 23 oresents the comparison of atmospheric and whisky

C-14 activities where the former have been averaged over
the grain growth season (April - September) and the corres-
ponding winter months for each year, The atmosoheric C-14
concentrations were Eerived from analyses of 002 samples
collected in the wmiddle and upper latitudes of the northern
hemisphere (21, 22, 34). These data were chosen in view
of the rapid mixing of C-14 believed to occur in the
troposphere within the 42°N. to 78%. latitude band (7%).

In

4

igure 23, the braclkets indicate the total C-14 activity
range within each growth season. ZIEach spirit C-14 concen-
tration is accompanied by a shaded area whose ordinate
represents the standard deviation associated with the act-
ivity deternination,

In all cases the whisky C-14 activities fall within
the atmosnheric C-14 activity ranges Tor the growth veriods,
In a preliminary study (74), the true ages of the first 7
samples analysed were known only to the distillers. Tased

on its C-14 activity each sample was then allocated a
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TABLE 7

C-14 CCICDUTRATIONS OF IALY VAISKIES (1955-66)

Year of Barley S C-14 S§C-13 %5) A
Grovith + 1o (5) + 1% (20°) + 1o()
1955% + 0.60 + 1,10 ~25,0 + 0,60 + 1,12
1055(19%9,1051)*  + 1,40 # 1,31 ~17.5 - 0.10 + 1,31
1956+ + 5.20 + 1.22 -26.7 + 5,60 + 1.24
1957 + 64,56 + 0,67 -25.1 + 6,58 + 0,70
1958 + 12425 + 0.68 -28,2 + 13,02 +:0.73
1955% + 27.5C £ 1.46 -21,0 +26,50 + 1.47
1960 + 20.20 + 0,70 -27.5 + 20,91 # 0,75
1961% + 22,70 + 1.48 -25,7 + 22,90 + 1.50
1962 + 39,19 + C.78 -24.9 + 39,16 + 0.8
1963 4+ 86.08 + 1,08 -25,0 + 86,08 + 1,12
1863%* 86,80 & 2,07 =-25,.1 + 86,.8C + 2,11
1964 + 87,88 + 0,07 -30.0 + 89,75 * 1.C3
1965 + 76,04 + 1,20 -29.0 £ 77045 + 1,25
1966 + 68435 + 1,19 -29,5 + 69.57 + 1.25

% Analysed at the National Fhysical Iaboratory (74)




FIGURE 23

CORRELATION BETWEEN C-14 COMCEIMTRATIONS IN
ATMOSPHERIC COzAND VWHISKY.
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probable year of pcrain growth and in all cases the "C-14
age" agreed with the tfue age. Sanple X (I'igure 23%) was
exceptional in that it was a blend of predominantly 3
individual whiskies - some 1937, some 1651, but mainly 1955.
Tha? this sample was assigned to 1955 implied that the
method was sufficiently sensitive to detect the major com-
vonent of a blepded whisky of that period. This might not
be the case, however, for bleﬁds of different ccmposition.
Thus the correlation between the C-14 activities of whisky
and atmospheric samples is sufficiently good to jJjustify
this technique as a dating method for certain spirits. An
anplication of such a method could be in the detection of
illicit blenders and distillers,

Figure 24 presents a comparison of C-14 concentratiouns
in whiskies and in Tanish cereals as determined by Tauber
(71). The direct correlation confirms that whisky manu-
facturing processes do not contaminate the cereal carbon.
Small deviations may be attributable to slightly different
growth periods of the Copenhagen and Glasgow samples.
Certainly the results indicate that barley is a good
measure of atmospheriC‘C-14 activity via the spirits pro-
duced from it. That wines are also reliable indicators, is
evident from Figure 25 which is based on the analysis in
1668 of a series of German wines by L'Orange and Zimen

(75). C€-14 analysis of alcoholic materials is therefore



COMPARISON OF C-14

FIGURE 24

CONCENTRATIONS IN

SCOTTISH MALT WHISKIES AND DANISH CEREALS.
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FICURE 25
CORRELATION BETWEEN C—!;4 CONCENTR ATIONS
IN ATMOSPHERIC CO , AND VINTAGE WINE.
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a reliable technique for determinstion of yearly atmosphoric
C-14 concentrations for time periods when Ciresct measure-

ments were not possibvle.

(b) Tree Seed Analysis.

Two series of tree seeds, frowm XNorthern Scotland
and Oregon, U.S.A., were analysed to ccmpare the C-14
activities of seeds grown in different lccations in the
northern hemisvhere (Table £). These results are plotted
in Pigure 26 together with the atmosvhe-ic C-14 activities
prevailing during the seed growth periocs. Drackets re-
present the overall variation in atmosoheric C-14 concen-
tration during June to November, and the ordinate of each
seed activity "box" represents the statistical standard
deviation of the analysis,

For each year atmospheric .and seed C-14 activities
seem directly correlated within exverirental errors.
Discrepancies between the two seed series, although »nred-
ominantly stafistical, may also be due to slightly different
growth veriods and to minor disequilibrium in the atmos-
prheric C-14 distribution through varizable injection of
artificial C-14 from the stratosvhere at preferred latitudes.
‘The contribution to seed growth of any inactive or non-
contemporaneous carbon from the soil 002 appears to be

negligible, sc trat plant seeds wmay be uced with confidence
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FIGURE 26
CORRELATION BETWEEN C-~14 CONCENTRATIONS

IN ATMOSPHERIC CO2 AND TREE SEEZDS.
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as indicators of atmospheric C-14 concentrations.

Further Studics

(a) Iatitudinal Variations of Atwmospheric C-14 Concentrations.
It is known that lstitudinal variations in troposypheric
0—14.concentrations occur through downflux of stratospheric
C-14 at prefefred latitudes. To investigate thc magnitude
of these variations a series of 1965 tree seeds growvn at
different latitudes in the northern hemisphere wac analysed,
Table 9 and Pigure 27 present the results of this study.
The results are by no means conclusive. Certainly the C-14
activities which are scattered outside the statistical errors
indicate disequilibrium in northern latitudes., IFeak con-
centrations, which occurred at 51°-54°. and 45°1. may well
reflect injection of stratospheric C-14 into the troposphere
in the vicinity of these latitudes, However, the influence
of local “Suess effect" and of short time-lags in plant
growth seasons way also coatribute to the observed

variability.

(b) The Incorporatién of Soil Carbon During Seed Grow?

In consultation with the Forestry Commissicn, the cecds
used as atmospherid C-14 indicators were selected from trees
of various species which are not grown on limestone soils,

This precaution minimised the owportunity for introduction
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FIGURE 27
LATITUDINAL VARIATION OF C- i4

CONCENTRATIONS IN TREE SEEDS —1965.
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of inactive carbon into the growing sec

e
[&]
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To investigate the size of the error which cculd have
arisen without this precaution, a ganple of beechnuts,
grown in 1967 on a limestone-rich soil at Cirencester,

T

England (51°40‘h3, was analyced with the following resultsy

§C-14 = 55.74 + 0,72% (+ 1o)
8§C-13 = -33.00 + 1%  (+ 2&)
A = 58.23 + 0.75% (+ lo”).

The atmospheric C-14 concentrations prevailing at that
time had a mean value of A\ = 65 and concentrations in this
region were observed in the 1967 seeds grown on non-calcarecus
soils. The beechnut sample therefore auvpears to have
obtained a minimum of 5.5% of its carbon via root uptake
from the so0il. This figure, however, acssumcg that thé soil
carbon is completely C-14 free, If it is assumed tiat the
soil carbon is derived from root respiration (6(»), decay-
ing vegetation grown during the previous 3 years (2Cy), and
limestone (20;!), the perccntage incorporation of soil
carbon into the seed materials amounts to 307, It is eviden+
therefore that unless samples are carefully selected the
uptake of soil carbon by plant seeds can introduce signifi-
cant errors into the assessment of atmosvheric C-14 activities.
It is also important to note that vlant waterials groﬁn on
limestone soils may yield erroneous C-14 ages., <Thus a sauple

1,00C years o0ld would be dated as about 1,450 years old
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assuoming 5.5 uptake of insctive carbon.

(¢) Rate of Tquilibration of Atmospheric C-14 Concentrations.
Tt wag shown earlier (Tigure 3) that since 1963 the
concentrations of C-14 in the nortunern troposvhere have
beeﬁ decreasing exponentially ac the distribution of bomb
C-14 tends towards equilibrium. Tne rate of this decrease
'is a significant factor in the assessnent of inter-reservoir
exchange rates.
Superimposed on the steady decrease in troposvheric
C-14 zctivities aré ammual fluctuations of up to + 5%

caused by dovnflow of stratcspheric C-14 during the svring

o

of each year. These variations tend to chscure the downvard
trend in C-14 activities malzing a precise asscesnent of tle
overall gracdient more complex, OSince plant analyses can
indicate atmosvheric C-14 conceuntrations during the sane
months of consecutive years this technique offers a means
of evaluating the regular cecrease in C-14 activities with
a ninimun of interference by these annval perturbations.
The exnornential decrease in nortnern lropospuneric
C-14 activities indicated by the wrisky and- two series of
tree gseed analyses was calculated by computer for each of
these three sets of vlent samples (Figure 28). ¥For tue
individual series and for tue comhination of all three,

the half-liie of the decrease is T years. Thne relationship
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C-14 CONCENTRATIONS OF RECENT
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governing annuvel northern troposvheric C-14 concentrations

is found to be [xt = 976-0.10

where Z&t is the tropo-

spheric C-14 concentration (5) at time t years after 1063,
An implication of this study may be that by 2,000 A.D.

troposnheric C-14 concentrations will have fallen to about

5. above the "natural" level. ‘This value represents a

uniform distribution of artificial C-14 throughout the

3
]

dynamic reservoirs, so that after 2,000 A.D. the atmospheric

¢

C-14 excess will decrease with a half-life of 5,7%0 years.
This estimate, nowever, neglects the expected iqcrease in

the "Suess effect" 'which by 2,0C0C A, D. may reaéh values
sufficient to reduce the '"net" atmocspheric C-14 concentration
below the "natural" level.

Furthermore, the prediction based on the trend during

recent years nust be regarded only as an approximation

since northern trovospheric C-=14 actiﬁities have been strong-
1y influvenced by C-14 input from the stratoschere and by a
"net" transfer of excesgs C-14 to the southern hemisphere,

As the total a{mosphere (trovosprere + stratosphere) attains
~complete equilibrium, the excess C-14 activity in the at-
mosphere will decrease only throrgh oceanic uptake, S;nce
stratospheric input of C-14 to the troposphere has been
larger than the 'met" interhemispheric tranefer wituin the
tronosvhere, the approximation represents an underestimate

of the rate of oceanic uptake. In addition the return of
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excess C-14 fror the suriace ocean to the atmosphere has
been assurmed negligible., Tuerefore the rate coustant of
0.10 in the earlicr relationshiy revresents a minimunm

value of the exchenge rate constant for uptake of tropo-

spheric C-14 by the oceans and Liosphere, This corresponds

to a maximum mean excnange time of 10 years, an uvper

limit which is in agreement with the wmajority of estimates

of this parameter (22, 3%2-34),
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A TIHOETICAT ATIRCACH TO DHS "5UZSS DEFL.CTM

Introcduction.

During recent years the predominant influence of
bomb-produced C-14 on atmospheric C-14 concentrations‘
appears to have reduced scientific interest in the
"Suess effect", Between its detection in 1955 and the

e gcale weapons testing in 1961 many

&

perioé of larg
studies vers published (19, 24, 48, 49, 51, T76-78).
Since 19€1, however, little has been added to our
knowvledge of the megnitude or implications of thre

"Suess effect" despite marked advances in our under-
standing of the geophysical processes controlling carbon
circulation. In particular the nuclear era has

allowed more eccurate evaluations of inter-reservoir
exchange rates, parameters which ars fundamental to
studigs of the excess 002 distribution., A reassessﬁent
of the "“Suess effect" could therefore be achieved with
increesed precision.. Furthermore a detailed reappraisal
of the effect seemed necessary in view of the following
inadequacies wrich appear in earlier approaches; ’
(1) A1l previous investigations were based on the

assumption that deviations in atmospheric C-14

concentrations from the "natural' level during the

10%



(2)

(3)

period 18S0 to 1850 were cdue golely

a9}

effect", This assunption seems unrealistic in
view of the frequent natural fluctuations of
atmospheric C-14 activities during the lzst few
millenia (Pigure 2). Indeed, atmospheric C-14
concentrations appear to have been within 1% of
the "natural® level for only about 455% of the

past 6,000 years,

A number of investigators (24, 51, 76-78) have
calculated inter-reservoir carbon exchange rates
based on apprapriate "box-models" and measureuments
of early QOth century atmospheric C-14 activities.
The exchange rate assessments may be in errcr if
the initial estimates of the "Suess eifect" were

incorrect. Thus the mean exchange time of CO, for

nN

troposphere/surface ocean transfer based on “"Suess
effect" studies generally appearslongzr (5-20 years
(24, 51, 76-78)) than values calculated from the
distribution of artificial C-14 (1.5-7 years (32-34,
73, 79)).

Of the few previous workers who assumed exchange -
rates and used these to calculate the size of the .
"Suess effect" in 1950, DBroecker and Clson (22),
Broecker (48), and Bolin and Eriksson (78) found

4% (), -3 to -4%, and -3 to -5% respectively,



(4)
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compared to the obsérved values of =2 to -3% (21,
22, 24, 51, 80). In a recent study, “outermans et
al (80) calculated an atmospheric "Suess effect®
amounting to -2 to -£% by 1940. 1in adéition,
Broecker (48) estimated that the ¢ilution of
oceanic C-14 concentrations should be up to 2%
greater than thoée actually cbserved in 1950
(ca. -1%)., Deviations of this naturc were commonly

attributed to inadequacies in the "hox-models" used

in theoretical treatments. Certainly the assumptions

nade regardiné exchange rates involved greater
uncertainty than at present. The theorefical models
nevertheless appearcd satisfactory for quantitative
interpretation of the more marked “bomb effecth,

It seems possible therefore that the deviaticns may
reflect inaccuracy in the assuumption that the "Suess
effect" was the only cause of the variations in
atmospheric C-14 concentrations during the early

20th

century. Certainly it seems reasonable that
this possibility should be considered, |
Atmospheric C-14 concentrations during the period-
1890 to 1950 have not yet been studied on a yearly
basis. The majority of experimental measurements

were based on the use of tree rings as atwospheric

C-14 indicators. Since trce rings may be subject
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to carbon exchange these analyses could be in

error. In addition, any annual fluctuztions of
atmospheric C-14 activities may not bs detected in
analyses of tree ring sections wnicn yield cnly mean
C-14 concentrations for the growth periods contained
in the sections.

(5) 1In all previous theoretical studies the release of
fossil fuel 002 into thé atmosphere wvias assumed to
have occurred at discrete times up to 20 years
apart. Although this assumption permits simpli-
fication of fhe mathematical calculatiohs, such
widely spaced injection periods must introduce
significant errors into the assessmentes, particularly
at years close to the injection tine.

(6) Studies of the "Suess effect" have invariably been
based on a summary of industrial fossil fuel 002

production published in 1957 by Revelle and Suess

(24). This summary provided estimates of the excess

CO, production for each decade since 1860, As a

2
check on the reliability of these data and since a
more detailed estimate is essential to a theoretical
treatment involving more frequent 002 injection,

the industrial fossil fuel 002 production figures
should be recalculated.

For these reasons it seemed necessary to reinvestig-

ate the "Suess effect" from basic principles using a
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treatment which ould

(1) permit the poesibility that factors other than
the "Suess elicct! may have contributed to
pre-1¢50 atzcspheric <14 concentrations,

(2) achieve increased accuracy through the use of
inter-reservoir exchange rates determined
from recent studies of bhomb-produced C-14,

(3) involve reczlculation of industrial fossil
fuel CO2 proauction,

(4).incorporate a suitable methematiczl model
assuning annual fossil fuel 002 injec{ion,

(5) include experimental measurement of atnospheric
C-14 concentrations prevailing at specific

years using wvlant sceds, wines, and spirits as

indicators {(Chapte



The Froduction of Posgil Tuel ””2.

The release of inective 002 to the atrosphesre is

a result of the combustion of coal, ligrnite, peifroleun,

natural gasoline, natural gas and of the deconposition
of limestone in cement manufacture. Details of <he
production of these materials since 1860 vere obtained
from several sources (Statistical Yearbooks of the League
of Nations and of the United Nations, the United liations'
review of world energy requirements (81) and personal
comnunication with the Iinistry of Power). for the purpose

of calculating the amount of CO, released from these

2
sources., Since fuel consumption figures are not avail-
able it was assumed that these are clcecly related to

production estimates. The annual fuel and cement

6]

production figures are tabulated in Appendix B. Sone
of the data on natural gas and gasoline have been estim-
ated from production in the U.S.A. and its share in
world production. According to the United Iations (81)
the posesible error of these estimates is small.

Tt is further assumed that tre injection of fossil

CO, into the atmosphzre prior to 1860 wvas negligible.

2
This seems reasonable since industrial use of coal did

th century. Indeed,

not become common until the late 18
until 1280, wood was the major source of energy through-

out the world (82).
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Tor the conversion of Fuel production figures to
estimates of the annuel ciicess CO? output, assumptions
nust be made regardinz the carbeu content and combustion
efficiencies of the various materials. The carbon
contents of coal, lignite, petroleun, natural gasoline,
and natural gas were assumed to be 80, T3%, 85%, B873%
and 76% respectively (8%-56). For petroleum combustion
it was further assumed that losses amounting to 1(% were

incurred through liguid =2nd vapour e e and through

6]

Ca

”t3

conversion into fixed carbon products (85). For other

fuels 100% conversion to CO, was assumed. The mean Cal

2
content of cements wag taken *to be 6050 (27) and the
carbon content of limestone assumed to he 12% with 1C0%

stion of 1 metric ton

cf
3
®
Q
@]
s

kilning efficiency. “hus

of coal, crude petroleun, gacsoline, and lignite produces
s s B s &

6

2,95 x 10°g. €O, 2.81 x 10 3,00 x 10%. CO

and 2,67 x 1O6g. co

g+ COs, 09

5 respectively from each source., The
combustion of 1 cubic metre of natural gas releases

2.43 x lOBg. 602 and the manufecture of 1 metric ton of
cement yields 4.71 x 105g. C0,. Using these conversion
factors the production figures for excess inactive COZ'
were calculated, Annual data are tabulated in Appendix
B, Tigure 29 presents the annuel variations in 002
procuction from each source during the period 18€0-19€9,

The effects on CO2 production of major world crises



FIGURE 29,
ANNUAL FOSSIL FUEL CO, RELEASE FROM -EACH SOURCE.
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(2 world wars and the depressicun of ca, 1930) are

evident. The total 002 production fr¢in all sources, &s

0, show naried increase in

A
0
[

16
ot
@

AN

presented in Tigure

(._
~
©w
o
S
=
ja¥]
oF
o

output during recent years. “hus nrocucti

of inactive 002 has doubleda since 1¢54 vinen the first
neasuremente of the "Suess effect® were nade,
"hese estimates of tne output ol fossil fuel 002

are within 5% of the less detailed fisures calculated

il &
by Levelle and Suess (24). Thus the ¢0, released

between 1860 and 1950 was estimated by Revelie and Suess
J

at 2,76 x 1017g. Co, compared to the value of 2,65 x 1017go

002 found in this study. The total excege C(, produced

between 1860 and the present amounts to 4.06 x 101 g. CO,

17 o

-

compared to 4.95 x 10" 'g. C02 predicted by Zevelle and
Suess., Hence the cumulative total of excess 002 has
doubled since 1945 when the majority of wood samples
analysed for "Suesgs effect" studies were growing. The

: +
natural CO, content of the atmosphere Tor the mid 19“h

2
century was assumed to be 290p.p.m. or lZCmg./cm.2
(Callendar (88), Libby (10)) corresponding to a natural

CO, content of 2.26 x 10M%.. Thus the total production®

2
of foseil fuel 002 between 1860 and 1669 amounts to
ca. 22% of the normal atmospheric CO, content. The
annual excess CO, production, X(t), expressed as a

percentage of the natural atmospheric 602 content
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approximately followe the exponential exprescion

X(t) = 0.05¢9:93%

s Where t represents time in years
since 1880. The rapid increases in 602 production
during the past cdecade, hovever, suggest that future

002.output figures may considerably exceed the

precdictions of this equation.

A Vathematical lodel for "Suess effect!" Calculstion.

The distribution and transport of bomb-produced
C-14 throughout the dynamic carton cycle has been
acsessed by séverai workers (22, 32-3%4, 73, 89—92) using
“box—models" of the form shown in Figure 4, These nmodels,
most of which incorporate at lease & "boxes", have been
rather complex because of the marked disequilibdrium in
world-wide C-14 concentrations caused by weapons testing.
As the excess C-14 distribution tendes towards equilibrium,
however, its rate of movement may be theoretically
described using simpler models. Thus Ergin (89) has
interpreted the excess C-14 distribution during 1967 and
1968 with a simple model containing only 4 boxes
(stratosphere, troposphere, surface ocean + biosphere, "
and deep ocean)., The complexity of the model is therefore
dependent on the extent of disequilibrium within the
carbon cycle, Since,in comparison to the "bomb effect",

the "Suess effect" represents a more moderate disturbance
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over a longer time poiriod, a relatiyely ginple model
ghould he adequate for ite interpretation.

Lxchange rate data derived fronm studies of

artificial C-14 have shown that

(1) the C0, exchange time for interhemispheric
mixing within the troposphere is about 1 year
(32, 13, 89-91),

(2) the CO, exchange time for interhemispheric
mixing within the stratosphere is about 5
years (32, 73, 89, 91),

(3) the 002 exchange time from stratosphere to
troposphere is between 0.8 and 4.5 years (32,
33, 73, 89, 91, 92).

Because these atmospheric exchange times are short in
comparison to the time period covered by the "Suess
effect" it seems reasonable to treat the atmospheric
reservoirg as a single unit.

Tor a satisfactory treatment of the oceans, however,

2 reservoirs were incorporated in the model, viz.,

(1) the surface ocean; situated above the thermo-
cline in direct contact with the atmosphere
and constituting about 2% of the total ocean
(93),

(2) the deep ocean; situated beneath the thermo-

clire,
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The surface occan, well-mived through wind action and
convection, has a CC, resiaence time of 5 to 8 years
(25, 93, 94). 'The deecp ocean, however, mixes slowly and

has a CO, residence time of 50C to 1,000 years (78, 89,

9%, 94)., The residence time of €O, in the surface
ocean therefore controls the rate of transbort of fossil
fuel 002 from the atmosphere to the deep ocean. Thus
the assumption by Revelle and'Suess that the ocean may
be regarded as one well-mixed reservoir does not seen
adequate.

The model designed for evaluation of the “Suess
effect" is shown in Figure 31, where kl, k2, k3, and k4
are the inter-reservoir 002 exchange rate coactants,

In accordance with Mydal's procedure (32, 91) the
biosphere was included with the surface ocean since both
are involved in direct 002 exchange with the atmosphere.
‘The rate constant, k4, may be neglected since the 500

to 1,000 year CO, residence time in the deep ocean is

2
long in comparison to the time period covered by the
"Suess effect"., This assumption was confirmed by Bolin
and Eriksson (78) whb found that the atmospheric "“Suess
effect" was virtually independent of deep sea residence
times of greater than 500 years.

The mathematical treatment of the “box model® to

enable calculation of the "Suess effect" was as follows,
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FIGURE 3lI
THEORETICAL MODEL FOR “SUESS EFFE'CT” ESTIMATION.

ANNUAL
TOTAL ATMOSPHERE 2 FOSSIL
(natural carbon content Np) FUEL CO,
: INPUT
| | 1k2 (Xt)

l |

SURFACE OCEAN BIOSPHERE
(nctural carbon content 17 NA)

|

DEEP OCEAN
(natural carbon content 60N, )
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where all quantities of excecs 102 are e¥prcgsed &s

percentages of the normul CO, content of the atmosphere;

2
let x, = the annual output of focsil C02 Tor the

t
th

t°" year after 1859,

a, = the resultant cunulative 002 excegs in
the atmosphere after t years,
~and bt = the resultant cunulative 002 exces: in
the surface oceén + biosphere after
t years.

At t =1 (1860) x was injected into the atmos-
phere., By the definition of exchange rate, during the
first year (X1 kl) of the excess was absorbed by the
surface ocean (+ biosphere).

(xl kl) k2 was returned to the atmosphere, and_

, (Xl kl) k3 entered the deep ocean. Therefore after 1

year the oceanic excess, bl, is expressed by

bl = (Xi kl) - (x1 kl k2) (xl 1 k,)

= X kl (1—k2—k3)

Similarly thre étmospherkrcoz excess arfter 1 year, aqs
is described by

a; = x - (% ky) + (% k) Kk
= X (l—k +i k2)

X, vas then injected into the atmosphere, procducing an

2
-initial atmospheric CO, excess of (a1+X2 . (al+x2) kl

entered the surface ocean producing an excess 002 coutent
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of [ka1+X2) kl - Dl]‘ CtZ this Ral+x2) kl + le i
entered the dzep ccean and [}a +x.) k. + D ] I

returned to the atmogsphere co that

b, = [(ag+x)) 1y + b1] - {Eal x,) Ky * blt]kz
Ba % ) k + b1] k3
= [Kal+xz) ky + b]] (l—kE—kB)

I

(a +X ) - (alrxz) g + Eglfxz) k + bl] k2

= -] -— r A
(a1+32)_( kytel,) + by Xy

and a2

For the general case therefore:-

a, = (ag_q+x,) (1—k]+klk2) + by 1%,

and b, = [(at 43,) Ky b by 1] (1-k, -k

If Xy kl, k2, and k3 are lmcwn the solution of
these equations by computer can be readily achieve
(Appendix C). The percentage decrease in atmosphefic
C-14 concentraticns (i.e. "Suess effect") for each year
is directly related to the calculated increase in

atmospheric fossil 002 concentrations.
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Inter-llegervoir .iiichange ates,

Valﬁes of the 002 excuange rate constants, kl, kz,
and k3 may be estimated from studies of the transfer of
bomb-produced C-14 i7 isotopic fractionation is neglected.
Craig (93) has shown that fractionation in the atmosphere/
ocean 002 exchange procegs causes a deviation in exchange
rate constants expressed by k2*/kl* = 0,988 kz/k1 vhere
k. ¥ and k2* are the C-14 exchange rates corresponding to

1

kl and k2

assumption that C-14 and CO2 rate constants are identical

in Pigure 31. The error (1.2%) in the

lies within the limits of accuracy of the ¢-14 rate
constant assessment so that it seemed valid to neglcet
isotopic fractionation in thesé processes, In addition
-fraétionation during carbon transfer Letween the surface
kand deep ocean reservoirs was believed to be regligible
since exchange occurs primarily through transport of the
ocean water itself.

In the assessment of appropriate exchange rate
values, assumptioné nust be made regarding the natural
carbon inventories of the reservoirs in the theorétical
nodel. TFor this study the following natural caxrbon
distribution was assumed; . : .

(1) the stratospheric carbon content is 16j of the

total atmospheric inventory, I, (95),

(2) the biospheric exchangeable carbon content is
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equivalent to 505 of the atnespheric

.

inventory {72)

N

(3) the surfzce ocean containe 1.2 times the
atwospheric earbon content (93),
(4) the deep eea carbon inventory is 60 times
the atmospheric content (23).

-8ince tnecoretical models used for calculations
of the exchange rates of excess C-14 have been nore
complex than the "Guess effeet" model, the rate
constants required nodification to suit the simpler
situation. ¥Furthermore the ascumption of valuss for
the rate constants, kl, k2, and k3vshou1d be based on

-

the parametcrs wiich have been nrost reliably determined
W

'

in recent studies. “he value of kl, the rate constant
for exchange between the, total atmosphere and the
surface ocean + bilogphere, was therefcre assessed from
determinations of the rate constant for the troposphere/
surface ocean + biosphere exchange. This approach
avdided the present dise Jreemnnt over the relative
contributions of the individual uptake rates by the
surface ocean and biosphere to the overall troposphere/
surface ocean + biosphere transfer rate (91, 32), This
controversy hes causéd wide variation in results for the
tropospuere/surface ocean rate constant (0.04 (36) to
0.30 (79))5 The rate constant, k. , describing troposphere/

surface ocean + biosphere exchange was assumed to be 0,23



* based on results of 0.25, (.22 and (.22 fron detailed

studies by Zydal (32, Q1) and I‘unnich andé Roether (34)

respectively. ron the definiticn of exchanze rates
)

ktu = i kl, where 3A and Fm represent the carbon

~inventories of the total atmospnere and troposphere
regpectvively. Thus kl = 0.24 x 0,23 = 0.19, correspond-
ing to an exchange time for atmosphere/surface ocean +

bilosphere carbon transfer of about 5.3 years, Trom the

distribution of ki, results the estimata is believed to
be accurate to within 10%.

Since kl/k = IuU/'T.A where I is the carbon content
of the surface ocean + biosphere, k2 is immediately
defined. Thus k, = 0,19/1.7 = 0.11 (£10%).

XLccurate assessmen? of k3, the rate consgstant for
sufface ocean + biosphere/deep ocean transfer, has not
béen possible until the present due to the delay in
oceanic uptake of the excess C-14. In a recent study,
however, Ergin (89) found a value of 0.058 for kmd’
the surface ocean/deep ocean rate constant, corresponding

to an exchange time of about 17 years. <Sincs terrestrial

biospheric/deep ocean exchange is an unreal coacept, k3

nust be derived from kmd according to kB

My, is the carbon content of the ocean surface layer
, S

alone. Thus kg = 0.71 x 0.058 = 0,041 (F10%),

corresponding to an exchange time of about 24.4 years.



These values of k . and kB cefine k4, the exchange tine
for deep sea/surface ocean transfer, at about 860 years
which is in general agrcement with previous estimates
(78, 9%, 94) based on the distribution of natural C-14.

"The interpretation of data from recent studies of
the exchange of bomb-produced C-14 therefore produced
the following values of kl, k2, and k3 for estimation
of the "Suess effect",

k.- = 0.19 ¥ 0,02

d
il

0.11 = 0.01
0.041 0,004,

~
"



123

Results of Theoretical Ctudy.

The resultc of the "Suess effect" assessnent are
presented in "able 10 and Figure 32, Dotted lines
represent the maxinmum and nmininum values within the
limits of error of the rate constant estimations. Thus

the maxinum "Suegs effect!" levels were obtained with

kl = 0.17, k2 = 0.10, k3 = 0.937, and mininum levels
with k, = 0.21, k&, = 0.12, = (0,045, The value

ks

of the effect at 1950 is -3.20 % 0,22% which seems
larger than the observed atmospheric dilution at that
time (average -2 to -3%%). Nevertheless the estimate is
in better agreement with the obgerved decrease than
previous studies (22,48, 78, 80) which indicated a mean
“value of -4% at 1950. JFresent day levels are assessed
at about -5.94% increasing by 0.2% (A)/annum.

The "Suess effect" increase between 1880 and 1969
can be subdivided into 3 distinct periods of exponential
growth (Pigure 33);

(1) 1880 - 1915, during which the effect doubled

each 15 yearé according to.S_t = -O.30e0;046t(%)
where SJU is the magnitude of the "Suess effegt!

t years oftexr 1880, .
(2) 1915 - 1950, during.which the effect doubled

in 33 years according to S, = -1.5580'021’C (%)

where t is in years since 1915,
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and (%) 1950 -~ 1969, cdurin. which the "Suess effect"

veargs described by

had a doubling tine cf 21

St = —3.1Oe0'034t(¢) where t is in years

since 1950,
Figure 34 shows the increase in the surface ocean
"Suess effect", reaching -2.0 £ 0.1% (&) in 1950 as
compared to the observed values of -0.5 to -2.0% (48,

49), Present levels are sbout -3%.5% with an annval

-

increase of 0,13% (A)., Three distinct growth periods

.
are noticeable; (1) 1885-1920 when 8} = —0.20e0'04°t,

(2) 1920-1955 when S = ~1.04e%+021t ang (3) 1955-

1869, when S} = -2,20e0:0%41,

between periods of steady atmospheric and oceanic

“he S~year phase chift

increase arises from the atmospheric CO2 regidence tine,

Discussion and Implications of Results.

(a) Atmospheric C-14 Concentrations (1860-12869),
Theoretical values of the "Suegs effect" apwear

slightly larger than many observations of pre-1850

[}

C-14 concentrations. - This finding may suggest errors

in either the experimental or theoretical methods or

in the assumption that fossil C0O, dilution was the only

N

canse of the observed deviaticrs. Since the theoretical
treatment was bascd on models wihich heve assessed the

more complex "bomb effect" its results should be reliable.
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It seemed essential therefore that a series o experi-
mental measurements of pre-165C atmospheric C-14
concentrations be made to pernit accurate conparison
with théofetical "Suese effect" valueg (Chapter V).
It is interesting to note that despite the
increased values of the "Suess effect" during this
decade recent studies of bomb-produced C-14 transport
have neglected its influence., The resultant error in
assessment of the gradient of decrease in atmospheric
C~14 concentrations amounts to a maximum of 5{% and
introduces an error‘of about 3.5% in calculations of
the atmosphere/ocean exchange rate constant. Since
this error lies within the limits of accuracy of most
determinations the practice of neglecting the "Suess

effect" seems justified.

(b) Implications for the Radiocarvon Dating llethod,
The results of the theoretical study of the "Suess
effect" are relevant to the assumption in modern radio-
carbon dating practicg that 1890 wood, the primary
modern standard material, was frze from fossil 002 .
dilution. Trom the theoretical treatment, the "Suess
effect" in 1890'amounted to -0.48 * 0.0, It seems
certain therefore that the étmospherio C~14 activity

at thet time was already significantly Giluted by



inactive 0(2, T2 41 18 seauned *tihat no other effects

contrivuted to variationsg in aimcanheric C-~14 concen-

hovever, would be small, erounting to -0.25% in A\ {ca.
by

20 vears) for o sawmple 5,570 years old and halving with

gach C=14 half-life, The exrror involved in the

vounlé e more

[}

analycseg of samples from tie unuclear exr

sirnificant with a maxinuum of 1% (A\) for a sample 10C%

P

(¢) ZPrediction of Futlure "Euess effect" (156¢-2,025).
Frediction of tte "Suegs effect" is dependent on
imate of future trends in fossil fuel
consumprtion. These trends are uncertain, howvever, since
the Tuture contributions to the world's energy needs of
nuclear eand solar energy sources are not precisely
knovn. The recoverable reserves of conventional fessil
fuels are estinated at ahout 3xlCl3
lignite and 4.5}{1014 eguivalent tons of 0il products
ard natural gas (S1). These reserves are suificient te

permiv the

9]
=

ontinued concumption o primary fuel at
present lavels for avout 5CQ years. Zuture a
thecugh 2,025 AT, ere, therefore, largely dependéent on

the econcrics of sunergy alternatives,

ne Gating methol is in error., Jae size of such an error,
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In 1855 the United latiorns predicted an average
compound rate of increase in foseil fuel utilisation of
3.5%/annum. At this rate the cuwvuliative total excess
002 euission by 2,025 woulld smount to about 180% of the
natural atmospheric CO, content, requiring 505 of the

5

present fuel reserves., DBased on thig estimate the

annual injectionsof foésil CO2 were calculated and the
resultant "Suess effect" prcdicted using the theoretical
model, The results indicated that the "Suess effect" would
amount to -8.6%, -16.0% and -31.1% in 1980, 2,000 and

2,025 respectively;

Since tune United Nations prediction of 1955, however,
annual fuel consumption has increcased on average by 4.5%/
annum. If present trends continue the total excess of GO,
would amount to more than 205% of +he natural atmospuneric
CO, inventory by 2,025 and would exhaust 56% of the
present fuel reserves. If the rate of increase of 4,59/
annum is maintained the "Suess effect" would amount to
-8.9%, -18.7% and -40,7% in 1980, 2,000, and 2,025 respect-
ively,

Extrapolation of the increase in the "Suess effect®
between 1950 and 1969 (s, =-3.1e”*%4) preqicts valves
of -8.6%, -17.0% and-39.7% in 1980, 2,000, and 2,025
respectively.

These predictions therefore imply very marked
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Al

increases in atmospheric councentraticns of fosegil 602

during the next 55 years amounting to about 9.5, 23%

and 50% of the normal atmospheric 002

2,000, 2,025 respectively. Admittedly the vages of

content by 1980,

these estimates are somewhat uncertain, but it scems
unlikely that they could be in error by an order of.
magnitude since the contribution of nuclear ehergy to
the world's energy requiremen%s is not expected to
exceed 20% of the total needs during this period (82).
Indeed it seems possible that the predictions may be
underestimates because of the following factors;

(1) According to the theoretical treatment by Bolin
and Eriksson (78) large-scale addition of CO, to the
oceans could lower the pH and thereby decrease the
dissociation of H,C0, to HCO%/COQE° The partial
pressure of 002 in equilibrium with the ocean reservoir
is proportional to the number of CO2 and H2003 molecules
in the water. Therefore an increase in the C02 partial
pressure would'occur which would be much larger than

the increase in total carbon content of the oceans. The
result would be a reduction in the atmosphere/ocean mixing
rate with an atmospheric "Suess effect" larger than
predicted.,

(2) "The increased atumospheric CC, content implied by the

N

rise in the "Suess effect" could significantly increase
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equilibrium surface temperatures tarough enhanced
abéorption anc emission of infrared radiation to the
eartn's surface, A temperature rise initiated by
this mechanism would be reinforced by increased
atmospheric HQO concentrations leading to additional
downward infrared flux. At the same time a decfeased
cloud cover due to lower rates of radiational cooling
at cloud tops would allow more direct solar radiation
to reach the earth's surface. An increase of 50% in
atmospheric 002 congentrations by 2,025 could increase
earth temperatures by about 2°G (53). The secondary
effects would reinforce this rise. A minor increase in
ocean temperatures could result from these effects with
a subsequent rise in the 002 content of the atwosphere
(69). Since this excess CO, would be of a lower specific
C-14 content the "Suess effect" would be increased.

(3) The return of inactive carbon from the deep ocean
reservoir was uneglected in the theoretical treatment.
In the future, nowever, tﬁe increased release of fossil

C0, over the longer time period could result in return

2
from the deep ocean of quantities of inactive CO, sufficient
to raise the atmospheric "Suess effect" by 1 to 5%.

For these reascns it seems pogssible that the "Suess

effect" could increase by a factor of 10 during the next

50 to 100 years. Indeed, based on the prediction cf the
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bomb-produced C-14 distribution (Chepter III), it seeus
possible thet the "net" atmospheric C-14 concentration.
could decrease belcw the "“natural" level by about 1990.
Thereafter concentrations may fell wmerkedly.

It is also significant that atuospheric 002 concen-
trations are likely to increase through (1) the presenf
exponential increase in world population, and (2) the
decrease in size of the plant biosphere through sub-
stitution of woods for cropland, and cities and industrial
areas for rural land. According to Putnam (82) the
reduction in the total volume of plant 1life has prevented
remcval from the atmosphere of quaﬁtities of 002 several
times as large as these injected by foesil fuel consumptions
Certainly a decrease in carbon fixation by ﬁlants (amount--
ing to about 1.63 x 106 tons of carvon/annum (96)) could
significantly increase atmospheric 002 concentrations.

In addition the 002 released through the breathing of

animal life could increase from 0.9 X 1011

11

tons of CO2

during 1800-1850 (82) to 208 x 10 tons of 002 during

1950-2,000, and to about 4.1 x 10%*

tons of CO2 during

2,000-2,050 as the world population increases from 8,9'x
108 in 1880 to about 4 x 107 by 2,000 and 7.2 x 10° by
2,050 (82)., Thus the calculated increase in atmospheric

CO0, concentrations through emission of fossil fuel 002

2
alone mounts &t present to 6.%% compared to the observed



increase, from 290p.p.n. to 318p.p.u. (52), of 9.7,

It secenms certain therefore that the increase in atrosvheric
002 content during the next century will be larger than
that due tc fossil fuel consumption 2lone. Since a 10CH

1

]

increase in atwmospheric CO, content would raise ‘worl

2
temperatures by at least 4°C.(53) it seems probable thet
significant climatic changes will occur. One result of
such a change could be a rise in sea level due to melting

of polar ice sheetes.. This process is slow, however,

6
Q

)]
@
0

since doubling the 002 content of the atmosphere incre
the downward enerzy flux by approximately 0.0l cal./cm”.
min.(53). Assuming 10% of this energy is absorbed by the
ice, it would take 15,000 yéars to melt an ice gheetl 1 km.
in thickness. Ilevertheless it seems possible that the
sensitive equilibrium processes of the carbonrn cycle could
be significantly altered during the next cenfury. it is
essential therefore that fdture vorld energy requirements
be met by new economical energy sources other than fossil

fuels,
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ATIICSPERIC CARBON-14 CORCLIITRAMICHS (1200-1950C).

Sémple Analysis.

A detailed series of plant materials of known ages
and locations of growth was required for the measurement
of annual atmospheric C-14 copcentrations during the
past century. Although the ideal number of samples
(1 per year) was not obtainable, a satisfactory series
was collected and analysed. The materials consisted of
either (a) malt whiskies and vintage wines or (b) flax
seeds and cereals. The latter were assumed to be accurate
indicators of atmospheric C-14 activities by enalogy with
trece seeds and with the results of Tauber (71). 1In
addition, 4 wool samples were analysed. These vere
assumed to be valid indicators of atwmosp
centrations bvased on thé results of a 1962 sample
(grown 1961-62) which had a $-14 content of 21.73 % 0.61%
(A\), typical of 1961 atmospheric C-14 activity levels.

The results of all C-14 analyses are shown iﬁ Tables
11-13. One markedly anomalous result was cbdbtained; the
1018 wine sample (Table 12) had a C-14 activity typical
of 1963 atmospheric C-14 activities. XNc¢ satisfactory
explanation of this observation was found alihnough the
high C-14 activity must have been duc either to &n error

137



TABLE 11

C-14 COICEITRATIONS OF FRS-1954 LALT THISKIES

;1}17211‘\*3(:)‘3 1th & Czl/i O(’s) | _-_l-_w]j,]f( 2(0')) Aj_—_
151¢ - 1.58 + 0.58 - 27.09 - 1.17 + 0.59
1920 - 1,97 + 0.58 - 25.67 - 1.84
1025 - 3.38 + C.57 - 27.72 - 2.85
19%3 £ 0.06 + 0.64 - 19,94 - 0.95 +
1935 = 1.74 + 0,52 - 27.60 - 1.23
1037 ~1.14 + 0.54 - 19.94 - 2,14
1939 - 3.49 + 0.57 - 28.0¢ - 2.90 *
1941 - 2.68 + 0.66 - 26,61 - 2.37
1945 - 4.32 + 0,68 - 23.81 - 4.55 +
1047 - 5.69 + 0.47 - 27.86 - 5.15 +
1647 - 5.88 + 0.73 - 20,11 - 5,09 *
19409 - 3,13 £ 0,68 - 24,01 - 3,16 *
1951 - 2.81 + 0.62 - 29,52 - 1.93 +
1953 - 3,60 + 1,47 - 26.40 - 3.30 +

(69}




139

C=14 COVCEIMRADICIS O Pou-los( JIIES

. Year of Sc-14 (53) 8013 (4) ANGS

Plant Growth + 1o~ + 1% (20) -+ 1o
1897 S 1.69 + 0.52 - 30.16 - 0.68 + 0.54
1906 - 2,81 + 0.57 - 29.17 - 2,00 + 0.59
1907 - 4.73 + 0.50 - 32,34 - 2,10 + 0,54
1907 - 2.70 + 0.52 - 27.80 - 2.15 + 0.54
190€ - 3.34 + 0,53 - 20.86 - 2.40 + 0.54
1914 - 2.36 + 0,52 - 30.52 - 1,28 + 0.5
1914 - 0.96 + 1.08 - 29.35 = 0,10 + 1.09
1017 - 4.01 + 0.56 - 31.58 - 2,75 + 0.58
1918 97.6% + 1.74 - 29.61 199,45 + 1.77
1920 ~1.6% & 0,52 = 30.51 - 0.54 + 0.54
1926 - 3,26 + 0.57 - 28,67 ~ 2.55 + 0.59
1927 - 4,56 + 0,47 = 31.59 ~ 3.30 + 0.49
1923 - 3.15 + 0,58 - 32,02 - 1.7S + 0.50
1928 2,19 + 0.52 - 28.%7 - 1.53 + 0.54
1029 - 2.25 + 0,55 - 31.67 - 0.95 + 0,55
1529 - 2.81 % 0.52 - 31.36 ~ 1.57 + 0.54

1929 - 2014 i 0057 - 29078 . 1020 -+ 0059




C-14 COCICENATTOS

. Oyt
‘Plax and cereals growm near Belfast (54 35'N.

CLRtA

IS

AT

aali it

)

et

o

(a) PIAY SENTS  (Ligum usitatissinum)
Year of S06-14 (%) 8C-13 (%) JANC)
Plant Growth + 1o + 1% (20) + 1
1934 - 3.49 + 0.57 - %3.21 - 1,91 + .50
1936 - 4.33 + 0.52 - 20,94 - 3.38 + 0.54
1938 - 4,73 + 0,69 - 32,60 - 3.28 + 0,71
1938 - 4.50 + 0.47 - 30,6 - 3.42 + 0.49
1540 - 3.77 + 0.52 - 30,11 - 2.79 + 0,54
1942 - 3.83 + 0.57 - 32,10 - 2,46 + 0.59
1943 - 4,45 + 0.53 - %0.6¢ - 3.36 + 0.55
1944 - 5.29 £ 0.55 - 32,64 ~ 3.84 + 0.58
1245 - 5,80 + 0.51 - 30.5¢ - 475 + 0353§
1946 - 6,02 + 0,52 - 31.99 - 4.77 £ 0.55
1947 - 5.92 + 0.3¢ - 30.72 - 4.92 + 0;42,
1048 - 6.08 + 0.56 - 31.C4 - 4.95 + C.59
1950 - 5.07 + C.57 - 29,8 ~ 4.29 + 0.59
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©ABTS 1% (cont.)
C-14 COICRIITIATICIS P PRE-1650 ILAX  EBuIDS,

CLRDALS  A¥D  JOOL
(b) DIZALIS  ATD TO0L
Sample Vear of 8C-14 (%) 8C-13 (5) YANGD)|

Gro-ith + 1o + 150 (209 + 10

Oatst 1935 - 2,35 + 0.50 - 30.26 - 1.32 + 0.52
Barley* 1936 - 4,00 + 0,57 - 30.01 - 3.04 + 0,59
Moo1® 1851 - 3,04 + 0,75 = 31.79 - 1.72 + 0,77
Wool 1044 - 4,11 + 0,53 - 30.52 - 3.05 &+ 0.55
Yool 1962 +20,36 + 0.59 - 30,68 +21.73 + 0.61 |
+ species Avena sverilis
* gpecies Hordeum distichun
¢ wool samples grown in Yorkshire, Lngland (ca. 54OH.).
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in identification or to szuple ccntsmination. Since
the sample activity was higher then aay other measured
in the l2boratory, contaminzaticn during n4— preparation
seens unlikely, Indeed contanination by natural carbon
could not procduce sucn a high C-14 concentration, so
that it seems likely that the result was due to mistaken
identity of the sample |

Several samples belon;iné to 1945-47 wiere analysed

as a check on the validity of the low A\ values found for

this period.

ison of Atmosphzric C-14 Activities and "Suess

Comper
ct" Tata,

m
eff

D
e

Figure 35 presents a comparison of the sample C-14
concentrations and the thecretical "Suess effect'" values
calculated in Chapter IV, The plot snows that

(1) the"Suess effect" curve passes through the

observed C-14 activities within 0.5% of the
best fit straight line through the data
defined byAt = 0,14-0.,01t (%) vhere t is tiwe
in years since 1865, Ture “"Suess effect' values,
however, are ccnsistently smaller than the ‘
deviations predicted by tnis equation,

and (2) the cbserved points are scattered well outwith
statistical errors. Thus, for example, the

mean 1935 and 1945 C-14 activities differ by
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-3.3%6 + 1.14% (20) whereas a deviaticon of 0,57%

[ X

is implied by consideration of the "Suess effect
alone,

The non-statistical scatter of results would therefore

&y
r( <

e » to indicate annual deviations in atmospheric C-14
aotivities due.to influences other than the "Suess effecth,
That the theoretical foesil CO2 dilution curve pésses
through the observed points with a slightly less steep
gradient implies that the other effect on its own would
have (1) fluctuated about the "natural" level, and
(2) caused an average decrease of ca. C.5% in atmosvheric
G-14 concentrations during the period 1890-1950;

The obeserved C-14 concentrations appear to be
slightly lower than the average resulis of some workers,
Agreement was found, however, with the results of Droecker
and Olson (-3.2% at 1938, -3.0% at 1954 (70)) and Cowan
et al (ca. -2.5% at 1923 (97)). Because of the possibility
that an additional perturbation factor exists the results
of Suess and of early investigators who used a pre-18S0
wood as their modern standard may not be directly‘compar—
able with data based on the F¥.B.S. oxalic acid standard.
Walton and Baxter (4%) have pointed out that analyses
based on pre-1890 wood as standard may differ significantly
from conventional analyses basecd on the N.B.S&. standard.

Thus the results of the 1851 wool samples (Table 13)
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suggest a C-14 ccncentravion in 1€50 of ca. -1.75%
relative to the 1890 level, Analyses based on tuese
samples as nmodern standard would therefore suggest C-14
activity deviations during the early 20th century
ca..1.75% smaller than thcose found using the convention-

al standard.

Natural Tluctuations of Atmogpheric C-~-14 Concentraticns

A measure of thne secular variations of atmospheric
C-14 concentrations: in the absence of the "Suess effect"
during the period 1890 to 1950 was achieved by correction
of the observed experimental data with the results cf the
theoretical study for fossil 002 dilution. Thus
[SN =£&dﬁs, whereZSN represents the effect of the additional
perturbation andzﬁS represents the theoretical "Suess
effect" value, ZSN values are presented in Table 14,
Since the errors onllN do not differ significantly fron
the errors on/\ the scatter Oflﬁn values is again wmarkedly
outwith the 20 statistical errors indicating that the
deviations are significant. A plot of these corrected_
results (Tigure 36) reveals a cyclic fiuctuatior which
appears to be closely in phase and negatively correlated
with the ll-year sunspot cycle. Thus in the diagramn,
annual wmean sunspot numbers, obtained from the Rdyal

Greenwich Observatory, are plotted on =2n inverse scale,
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In addition a few resulis of other workers (25, 97, ©8
are included where gaps in C-14 date coincided with times
of sunspot maxima end minima (Table 15). Care was taken
to ensure that these additional results were based on
the 7.B.53. standard activity and that analyses of tree
ring sections were excluded. TFor the 46 pairs of C-14
and sunspot data a corfelation coefficient of -0.482
wag obtained., Tor all 55 pairs of data the correletion
coefficient was -0,550 increasing to a maximum of
~-0.,673 for a 1 year positive phase shift such thatl}N
maxima precede sunspot minima by 1 year. The variation
of the correlation coefficient with phase shift is
pletted in Pigure 37. The magnitude of these correlations
is surprising although the high degree of serial correl-
ation which exists in both the sunspot and C-14 data
must reduce the degrees of freedom of the estimate.,
Assuming a reduction of 50%, the maximum ceorrelation
remains hignly significant corresponding to a probability
of only 1 in 1,000 th&té;ﬂ and sunspot number are -
unrelated.,

By regression analysis the mean relationship between
[SH and sunspot number, B, at time t was found to be :

Ay (t) = -0.017 R(t+1) +C.78.

This expression, hovever, provides only an epproximate

fit to the observed fluctuations. The less detailed



ATDIRIOIAL C-=14 TATA

Growth Reference IN\(%) DNg (%) Dy (%)

Year® 1o + 107 + 10

1890 25 . 0.00 # 0,00 = 0.48 + 0,02 + 0,48 + C.,02
1824 a7 - 1.26 £+ C.0C0 - 0.58 + C.02 - 0,62 = (.C2
1898 . 98 - 0.23 + 0,16 - 0.69 + 0.02 + 0.46 + 0,16
1901 98 - 0.42 + 0,18 = 0,79 + 0,02 + 0.37 + 0.18
1903 97 - 0.29 + 0.00 = 0.87 + 0.02 + 0,58 + 0,02
1904 98 - - 015 + 0,16 - 0.91 + 6,02 + C.76 + 0,16
1911 g8 - 0.69 £ 0.16 =~ 1.25 + 0.03 + 0,56 + 0,16
1913 97 - 0.84 £ 0,00 = 1.37 + 0.04 + 0.55 + 0.04
1923 97 - 0,66 £ 0,00 -~ 1.82 + 0.05 + 1,16 + 0.05

% A1l samples zingle -tree rings.



CFiGURE

37

VARIATION OF CORRELATION COEZFFICIENRT WITH PHASE SHIFT,
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elationshipa,
(&),
and )

define more precisely the amplitude of each cyclic

]

-¢,023% R, . +0,6
025 R i pipum 7093

=) ] T -
I minimum 0.C10 imaximum 0.14

(asimum

deviation (Pigure %8). Also shown in Tigure 38 is the

best straight line fit +to the observations., This indic-
ates that the gencral frend dgring the 60 year period

vas a decrease in atmospheric C-14 concentrations

amounting to.O. 59 (ﬁﬁQ Such a trend appears similar

to fluctualions of atmospheric C-14 concentrations observed
in the more distant‘past.

Variations of atmospheric C-14 concentrations on a
yearly basis have also been observed by Dyck (99) in the
annual growth rings of a fir tree. Thus between €22 and
831 A.D. and 1616 and 1627 A,I'. C-14 activities showed
an overall variation of about 3% (&), Since detailed
sunspot records for these periods are not available,
however, it was not possible to evaluate a correlation

with solar activity.
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Causes of the TTatural Tluctuations (1290-1950).

Recently Stuiver (30, 42, 44) has shown that long-
term deviations of atmospheric C-14 concentrations ffom
the "natural" level (e.g. the "De Vries effect') appear
negatively correlated with solar activity. The cauce
of this observation is believed to be the modulation of
the cosmic-ray flux, aﬁd hence of the C-14 production
rate, by the increased magnetic fields associated with
high sunspot activity. In a detailed study Lingenfelter
(100) has shown that the C-14 production rate varies
according to the exﬁressioh Q = 2.,61-0,53(R-9.1)/178.4
where Q is the C-14 production rate in atoms/cm.z/second,
and R is the mean sunspot number, Based on this relation-
ship the mean C-14 production rate during 1890 to 1950
was 2.50 atoms/cm.2/second or about 4 x 10°° atoms/year,

26

with overall variations from 3.3 to 4.4 x 10°° atoms/year.

Averaged over the 6 solar cycles between 1890 and 1954
the production rate varies from about 3.6 to 4.4 x 1026
atoms/year between solar maximum and minimum (ca. 5 years).
Thus the annual variations in C-14 input to the sfratos-
phere can amount to a maximum of 2 X 1025 atoms/year.
Fluctuations of tropospheric C-14 concentrations
fron +1.5% to -1.5% () during a sunspot cycle require
overall variations in the C-14 budget of the troposphere

26

by about 1 x 10°7 atoms or 2 x 10°° atoms/year. Therefore



the éhanges in C-14 procducticn rate are 2bout one oxdexr
of magnitude too small to acccunt For th~ okserved devia-
tions. In addition, the concepls of a sicady state
equilibrium within the atmospheric carbon reservoirs and
of a finite stratospheric residence tiwme imply that any
excess C-14 procduced in the atmosphere is injected to |
the troposphere relatiﬁely slovly and in small quan%ities.
Thus the probability that modulatioﬁ of the C-14 product-
ion rate is the mechanism of the observed tropospheric
fluctuations is reduced even further. Furthermore, it

is known (1C0) that cosmic-ray flux variations are in
direct phase agreement with changes in solar activity,

50 that if production rate modulation was the causal
mechanism tropospheric C-14 maxima would follow sunspot
minima by a few years as determined by the stratospheric
residence time, That the optimum correlation of tropo-
sphéric C-14 concentrations with solar activity is
obtained with a.l year phase shift in the opposite sense
appears to confirm that variations in production rate are

not primarily responsible for the fluctuation

6]

1.

It is of interest to consider the phase shift )
expected 1f the long-term fluctuations of atmospheric
C-14 activity (i.e. fluctuations occurring over several
hundred years) are correlated with solar activify via

roduction rate variation. Since the stratcspheric
p p



—_

)

residence time i¢ nesligible in thess cases, mawinum
C-14 production wonld seem to be reaquired not in
direct phase agreement with the maximum of (-14 concen-~
trations (as implied by wost workers) but at the time
of maximum increase of C-14 concentrations. Thus in
these cases C-14 activity maxima should follow minima
in solar activity by a significant period (e.g. in the
case of the "De Vries effeot"'by up to 50 years),

The observed C-14 fluctuations over 1 solar cycle
certainly apvear to reflect a varigble input of C-14
into the tropospheré. The input mechanism nust be
sensitive to variations in solar activity through the
mocduletion of the flux of incident radiation., If
production rate changes are not responsible it would
appear that the variable input must result from fluct-
vation of the carbon exchange rate between the tropo-
sphere and one (at least) of the adjacent reservoirs
(atmosphere, biosphere, surface ocean). DBiospheric
activity éould be sensitive to solar activity through ver-
iations in climate (99) but since increased uptaké of C-14
would involve uptake df C-13 and C-12 and since biospheric
turnover is relatively rapid the resultant C-14 concen-
tration would not te changed significantly over short time
periods. Annual variations of tropospheric/surface ocean

mixing rates seem unlikely since the ocean reservoir is
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large and slow-nixing in comparison witn the troposphere,

g
7

Furthernore the efiescts of variazticns in solar activity

jay)

are much reduced al lower altitudes so that biospheric
and oceanic response should ne negligible., It seems
possible, however, that stratosphere/troposphere exchange
-could be cofrelated with solar activity since

(1) the inter-reservoir boundary, the tropopause,
"1s flexible and subject to marked variation
in height and stability (e.g. tropopause gaps,
tropopause folding),

(2) the stratoéphere and upper troposphere are
exposed to variations in incident solar
radiation,

7(3) the internal motions of the atmosphere are
controlled by heat and related pressure
gradients (101),

(4) variable input of air from the stratosphere
is known to occur over a 1 year cycle as
shown by the annual "spring peak" in fiséion
product concentrations in the tTOPOSpheré.

Under equilibrium conditions tue mean C-14 pro- -

duction rate must equal the "net" transfer rates of C-14
from the stratospherc to the troposphere and from the
troposphere to the surface ocean + biosphere (neglecting

radicective decay). For the period 1890 to 1950 the
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mean production rate ond hence mzan inter-reservoir

26
< 107 atoms/year. To

o~

exchange rateg were a2tcut
estimate the variation in stratospheric C-14 input to
the tropospbere'required to explain the observed
fluctuations, the vuvptake of tropospheric C-14 by the
surface oceans + biosphere was assumed to be constant

at 4 x 1026

atoms/year. f‘able 16 presents the mean
annual variations of[kN, sunspot number, tropospheric
C-14 content and hence of C-14 input from the strato-
sphere‘averaged over the 6 solar cycles during 1890 to

1953, These estimates are based on the "natural" C-14

28 atoms calculated

content of the troposphere of 3.0 % 10
from a natural tropospheric CO, content of 290 p.p.m. (88)
and a mean C-14 activity of 13.56 d.p.n. (56). The
results indicate that maximum input of C-14 to the tropo-
sphere occurs on average within the 2 year period follow-
ing sunspot maximum when troposrpheric C-14 concentrations
are rising most rapidly. IMinimum C-14 input from the
stratosphere appears to occur on average 3 years before
sunspot maximum. Due to the variable intensity of solar
cycles and to the statistical errors on the C-14 analyses,
these phase estimates are believed to be accurate only ‘to
within X2 years. %he stratoépberic C-14 input to the
troposphere appears to vary during a solar cvcle by about

+50% c¢f the mean value. Based on the results of
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Tingenfelter (100) and & mean "natural" $-14 content of
5.7 X 1027 atoms the variationes in the stratospheric
C-14 budget can also be estimated {(Table 17). The
results show that a cyclic fluctuation of stratospheric
C-14 activities should occur in direct correlation with
solar éct‘vity with a phase shift of 1 year (i.e. C-14
maximum preceding a sunsgpot maximum by 1 year). Thus
the cyclic fluctuations in the troposphere would be
inversely correlated with the stratospheric variations,
with maximum C-14 concentration gradients across the
“tropopause of f7 to'iB% (A) around solar maxima and
minima, |

The long-term trend of decreasing tropospheric C-14
concentrations between 1890 and 1050 (amounting to ca.
~0.5% in 1950) may be a direct result of prcduction rate
modulation, since sunspot activity during this period
was significantly higher than mean values during the
past 2,000 years. Thus the mean maximum sunspot number
between 1890 and 1950 was about 100 compared to the
overall mean of about 85 (102). (Bray (31) has pfedicted
a tropospheric C-14 activity of about -0.7% (&) for a *
period of this level of solar activity.) Furthermore, by
analogy with the "Suess efrfect" calculation, the cumul-
ative deficit of C-14 required to produce a generai

~n

decreace of C.5% in tropospheric C-14 cconcentrations is
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about 1.2% of the natursl atmospheric C-14 inventory or
3.6 X% lO26 C-14 atoms (Chapter IV). Trom Lingenfelter's
relationship between the CT-14 production rate and sunspot
number (1C0) the procucticn rate for the mean sunspot

atoms/year less than the
thie "normal" level of 85, On the

assumption, therefore, tnat the level of solar activity

between 1890 and 195C exceeded the mean '"natural' level

e

in the ratio of these maxinum sunspot numbers, the

cunwlative deficit of C-14 resulting from production rate

3 . v - ¢ 26 o] . .
modulation'would bve 3,5 x 10" atoms, sufficient to have

caused the observed deviaticn.

4

“he I‘echanisnm of Short-term Tluctuaticns of Atmospheric

C=14 Concentrations.,

The enhancement in solar emission of extreme U.V.
radiation by increased sunspolt activity is thought to
occur through local increases in coronal temperatures,
The temperature increases are caused by hydromagnetic
movement along the magnetic field lines associated with
the’sunspots (103)., In addition, solar meximum is
correlated with an increase in "solar wind", the streaﬁ
of charged particles, mainly protons, emitted by the sdn.
Thus, according to 7illett (1Cl), the intensified bursts

of U.,V. and corpuscular energy are absorbed in the upper
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atmosphere and the recsulting temverature variations at

an

high levels expressed as preccsure differences in the

)

"normal" pattern of tropospheric circulation. Thus

IN

Jacchia (104) has estimated from observations of

O

saielll ce drag that the upper atmosphere is extremely
responsive to solar control, deviating in density from
the mean by a factor of 100 and varying in temperature
by hundreds of degrees at tlmes of high solar activity.
In the troposphere, however, increased solar activity
appears to produce lower temperaturc “he explanation
of this paradox is believed %o lie in the effeéts of
variable insolation of the general atmospheric circul-
ation (105). (It is of interest in this respect that
the theories of Suess (41, 80) and Stuiver (30, 42)
assunme that periods of high solar activity correspond
to periods of increaced earth temperatures whereas
meteorological evidence implies the opnosite effect.)
In fact, the increased corpuscular raciation at solar
maxinum appears to be diverted by the earth's magnetic
field towards the poles and thus preferential heafing of
the upper air of the pblar regions occurs (101, 105),
As a result zonal circulation is disrupted and there is
a greater latitudinal -transfer of air with accompanying
storminess and temperature extrenmes.

A contrloutlng rmechanisn to stratospheric/tropospheric



mixing lies in the altitucde variction of the
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2 hizgh tropcpause correspond
exchange (106)., Hulkerni (107) hoe provided evidence
that the wean tropopauvse height in the ccuth
hemisphere could be related to sunspot numters. Lawreuce
(106, 108) has closely studied tropopause height variations
in recent years and a2lthough data are not available from
a long period of observation,'a direct correlation of
mean tropopause height and sunspot numbers is indicated,
Thus mean tropopause heights over south-cast zngland
reached a mhximun in'1959 (2 years after sunspot maximunm)
with lowest values in 1954 (a sunepot ninimunr) and 1863
(1 yezr before sunspot minimum). Ilean tropopause heizht
variations over an ll-year solar cycle would therefore
be analogous to the variations known to occur over the
annual cycle (10C) which are responsitle, in part, for
the monthly fluctuations of fission product concen-
trations observed in recent years.

Since the annual "spring peaks" &re believed to be
the result of increased energy input to the st“atdsphere
during thre late winter (110) it secms reasonable that .
the high energy fluxes associated with solar maximum .

3 0y

roduce similar intensification of atmospheric
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By analogy witn the annvael variations the

mechanism of the increased vertical transfer of C-14 could
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therefore involve ephanced tropcrause Foldins and input
througn the "jet- streams'" bhesices the 2ltitude variation
of the tropopause. Thus input of C--24 freom the strato-
sphere to the troposphere viould reach moxwinum levels
during the periods of high tropopause and enhanced

atmospheric circulation which apnear correlated Nlth

the years during and immediately following solar maximum.

Additional Evidence of Variable Stratospheric £-14 Input
to ""ropospnere. :

(a) Carbon-14 Data.-

Since 1963 Nydal (32, 54, 65, 91) has continucusly
monitored atmospheric C-14 concentrations and has inter-
preted these Ob“erdtlonS in terms of carbon exchange
rate constants. In a review of his findings (190CE)
it was observed that, based on the same theorctical
model, the stratosphere/troposphere exchange time appeared
to have increased during 1963 (1.4 years), 1964 (2.2 years)
and 1965 (3.3.years) by over 100, As 1968-1069 is a
period of high solar activity, a ninirum in stratospheric
input to the troposphere would be expected about 1065-1966
with an increased rate of downflux since then. The
variation in exchange time may, hovever, ve attributed
to & non-uniform distribution of the excess C.-14 in the
stratosphere resulting from its initial injection at

specific latitudes and altitudes. Iarkness (S5), however,
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S H

has shown that in tre northern remigphere stratosphere
the latitudes and altitudes of maximum injection closely
corresponded to the regions of mexinum production of
natural C-14 (ca. 50-70°H., 60,000 feet), so that the
movement of bomb-produced C-14 could be expected to
reflect the transport of natursl C-14., In addition, if
the stratospheric distributiop of excess C-14 is regarded
as non-uniform the variation in apparent exchange time
from 1963 through 1965 might be expected to follow a
decrease rather than the observed increase due to slow
downward mo%ement of the excess from 60,000 feet to the
tropopause region about 30,000 to 50,600 feet (109).

It is also of interest that stratospheric residence
times estimated between 1957 and 196C were significantly
shorter (ca. 1 year) than subsequent deteruminations
During 1957-1958 solar activity reached its nighest
recorded level (mean sunspot number ca, 190) (102),
and thus an increased rate cf stratocpheric input at
that time would be expected. In addition, stratospheric

L

studies performed by Feely (111) in 1963 1964

(@]

n

©

predicted an exponential decrease in the stratospneric:
excess C-14 burden which, according to ZBrgin (89L can

be descrived by the relationship X(t) = 39.1%e -0.12¢
where X(t) x 1027 atoms is the stratospheric excess

C-14 content at time t months after January 1963.
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Extrapolation of this curve to January 1968 predicts
a stratospheric (=14 concentiration of ca. 1008 ().
Harkness (95), however, haz found that the C-14 concen-
tration in January 1968 was closer to 74% (). fhis
‘evidence therefore suggests furtner “that the rate of
injecticn of stratospheric C-14 into the troposphsre
increased towards the period of solar maXimum in 1968-
1969, It is also interesting to note that a natural
C-14 gradient across the *tropopause of about 8% (A\)
would be predicted for 1962 (i.e. stratoespheric levels

g5 above tropospﬁeric values). This result agrees
with the observed difference and suggests that the
bomb-produced C-14 excegs may have already attained
equilibrium in the atmospheric reservoirs., If this is
“the case a reversal of gradient should have occurred

by 1975.

(b) Ozone and Tritiuvm Tata.

In 1967 iegerter et al (112) observed that H-3
concentrations in six profiles o% Greenland ice were
inversely correlated with sunspot activity. %he overall
variation in H-3 concentraticn vetween 1925 and 1955 was
from 100 7.U, at solar minimum to 30 7.U. at solar
maximum, Since H-3 is produced in the stratospvhere by

a mechkianism analogous to C~14 Formation and must enter
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the troposephere rrior to "rzin-out" it seesms probvable
that variable stratospheric injection mey be responsible

L -

for the fluctuations, As the devietions in E-3 content

L

at solar nininmum are of the same magnitude as nuclear’
era H-3 concentrations (1861, 1962, 1965) in rainfall

(113), it seems unlikely that the sunspot correlation

o

is due to production rate variation. In addition a
mechanism involving production rate modulation alone
would be exwected *to cause z gignifiecant lag (which is

not obgerved) betwveen solar wminimum and H-3 maximum.

Further evidence'of solar-sensitive atmocphneric
circulation stems from the observation by /illett (114)
that for the period 1933 to 195 a highly significant
‘negative correlation was found between sunspot numbers
and the worldwide average of total atmospheric 03.
Haximum correlation cccurred for a ﬁhase stift where G3
naxima preceded solar minima by 1 to 2 years. Thus O3
and C-14 concentrations are in direct phase agreement.
Since 03 is in pnotochemical equilibrium above 35 Im.

& study of variations ip total 03 refers essentiaily to
altitudes bvelow 35 km. (1C7). Annual variations in .
atmospheric O3 content can therefore be attributed to .
variations in large-scale vertical wmotion as required
to explain the C-14 fluctuvations. It is also possible

that variations in atnospheric 03 content reinforce
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tropopause height fluctuations singe the reduced inlrared
cooling in the upper troposphere, reccsulting from high

O3 concentrations, @ppears to cause a lower eguilibrium
tropopause height (106, 1C7, 115).

Implicationg of Regultls.

mn

(a) Ceophysical Implications.

T“he observed C-14 fluctuations appear to confirm
the belief that atmospheric circulation is extremely
sensitive to variations in solar activity. The correl-
ation is thbught to stem from the influence of changes
in incident energy fluxes (U.V. and corpuscular)
experienced in the upper atmosphere., Resultant temper-
ature gradients are expressed as pressure differences
wvhich intensify atmospheric circulation leading to
increased mixing of stratospheric ard tropospheric air
masses chortly after solar maximum. An increase in the
average height of the tropopause reinforces the intensi-
fied mixing processes. .

It appears, therefore, from these findings that the
~concept of a constanf stratospheric residence time may’
not be adequate for detailed theoretical studies of ’
ttracer" distributions. In certain respects the
variations in transfer of stratospheric C-14 to the

troposphere over a2 solar cycle resemble the fluctuationc
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knovin *to occur during the ennual cycle. The variations
also provide an explanation for the range of values

1

(C.S to 5 years) found for “he stratosphere/troposphere
exchange time during the past decade.

““he results provide some support for neteorological
‘theories that climatic variation is related to solar

activity although at lover levels of tnhe troposphere

such effects may be negligiblé.

(b) Implications for the Radiocarbon Dating Ilethod.
The obgervations indicate that between 1890 and
1650 tropospheric C-14 concentrations (corrected for
"Suess effect" dilution) Tluctuated by up to 1.5% of
the "natural" level in approximafe phace agreement with
solar activity. A study of the results indicate that
stratospheric C-14 corncentrations should also fluctuate
(by ca. 6% of the Ynatural' level) in phase with, but
in opprosite sense to, the tropospheric variations., As
a result the totél atnospheric C-14 content rewains
constant unless the C-14 production rate deviates
significantly from the mean value. Thus fluctuations
of tropospheric C-14 concentrations in the more distant
past may be cauged by C-14 produciion rate modulation
or by variation of other geophysical parameters (ocean

£3

nixing rates, geomagnetic field strength). Variable



170

.

stratospheric mixing is therefore a cause of short-term
fluctuations alone,.

If these fluctuations c¢f tropospheric C-14 concen-
trations have occurred continuously during the past,
however, they represent a significant deviation from
the basic assumption of radiocardon dating. As such
they require modification of the treatment of errors
asgociated with radiocarbon dates since all samples
which teke part in carbon exchange for shert-time
periods (less than 1C years) may be subject to signif-
icant deviations in initial C-14 concentration.
Materials such as grain and leaves may have C-14
activities differing by 1.5% (&) from the "natural"
level with a resultant error in C-~14 age amounting to
120 years. Analyses of individual tree rings for
calibration of past atmospheric C-14 activities may also
be subject to such errors so that unless several samples
are measured during each decade the accuracy of the
determinations may be limited. Dating of wood sections
and materials which "1ive" over longer time perieés may
not be gignificantly affected due to cancellation of the
annual deviations. Thus it would seem necessary to
increase the XJ error on radiocarpon ages of short lived
naterials .by 80 years.

The results are also relevant to the current
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assunption that the C-14 activity of 1820 wood reflects
the mean "natural" level., It has already been observed
that 18SQC atmospheric C-14 activities seem likely to
have been significantly diluted by fossil fuel 002
(by‘ca. 0.5%). Although the short-term fluctuations
of atmosphsric C-14 concentrations were measured
relative to 1890 activities their overall amplitude
would be identical relative to any standard activity.
That the deviations in C-14 concentrations were virtually
symmetrical about the 1820 level, however, implies the
validity of ‘the standard as & representative measure of
the mean "natural" level. Thus at 1890 the "Suess
effect" dilution was compensated by a positive natural
deviation associated with a year following °unspot
minimum. Yon-conventional pre-189C modern standards may,
however, be in significant error unless the mean activity
over an ll-year cycle is used. Thus 1850 atmospheric
C-14 activities as indicated by the 1851 wool samples
(Table 13), were about -1.75% (A), in agreement with
solar data since 1850 immediately followed a strohg
sunspot maximum during a period of generally high solaxr
activity. The short-term fluctuations of atmospueric
C-14 concentrations and the annual increases in the
"Syeses effect™ therefore aprear to support, perhaps fort-
uitous}y, the universal use of the 7.3.5. oxalic ecid

standard.



ATZIDIX A

TETHECD OR CAICULATION (X RESULTS

(1) Determirztion of Net Sampnle Count Rate,

The grogs sample count rate, M. (c.p.m.), is

S

converted to a net activity, AS;

by (1) correction for the mean background count rate,

o

B.y Via established relaticnship between

1
backzround and barometric pressure (Figure 21);

and (2) norrmalisation of the counter gas £ill to

%¢ ) through the

constant temnerature (18°C
correction Ffactor, 1 (FPigure 13).
Thues A% = 1,-B. and A_ = 14% the standard deviation
b ,
D VN S S
on AS,<3<AS), being calculated by combination of the

indivicéual errors on g and B, (i.e. CT(AS)
~

1J&72{38)+ C@(%Q Y. Tor known-zrce sarmples which are
analyeed to reflect a spuneric C-14 concentrations
during their groﬁth veriods, net activities are correcte
for decay since "death" using a half-life of 5,730 years

(27) (42 = k.o,
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(2) Determination of87-14, 8§C-1% end A,

The method of calculation of 8U-14, 5§C-13 and A
is based on the Tawmont formulation (25, 70) as inter-
preted by Callow et al (116). “hus 8C-14 = (AS/O.95AH—1).
1000 (¢%), where 0. 954;; i the net C-14 activity of the
W.2.8. standard (Table 5) normalised to the activity
of age-correccted 1890 wood. The variance on£30-14 is

expressed by(j2G30—14) =[%98%K.J {CT(A )+ ( )8
R ¥y

A=Ay, \
7 o (Bg)) (.

P (ay) + (
The fractlonation of C-13 and C-12 isotopes is
expressed by '8C-13 where §C-13 = (QS/R - 1).1000 (%)
and Ry and Ry, represent the ¢-13%/C-12 ratios of sanmple
and P.D.B. belemnite standard respectively. The standard
deviation of the 8C-13 neasurement is consistently 0.5
Sample C-14 concentrations are then normalised to
the same C-13/C-12 ratio by conversion toA\ expressed
by A =8C-14 - (28C-13 + 50) (1 +8C-14/1000) (%)
where the factor -50 brings the A value of 1890 wood
close to zero. ‘
o'Q(A\ _ [1 _ (28%6%(3) +,5o}]2. (72(6044) . 4[1 +8Ci:1_%] g

o (BC-13)
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(3) Age Tetermination.

To avolé revision of all published radiocarbon
dates it is current practice {¢ calculate C-14 ages
uelng the Iibby half-life value of 5,568 years.

e Gates are converted to values based on the

+3

h

(4]
- w

5,730 year half-life through multiplication by the
factor 1.03.
“"he sample age TS’ in years, is defined by

e 1 5
Tg= 8055 log, T9A T3 (where 8033 = t1/0.693),

' 1
Iinites of age (T.+ ty, T. - t,) = 8033 log , .
b l,. S 2 be 1_*_@_&‘0(&))10—3

All radiocarhon ages are expressed in years 3.P., where

B,?. designates years before 1950.



(1) TOSSIT PULL CONSUIFRION AYD  CRIEIT  ANUFACTURE

(1860-1559) ¢

Annual fuel consunvtion firsures are given in millions of
metric tons, except for natural zas combustion waich is
in thousand nmillions of cubic metres. Cenent manufacture
data are also precsented in wmillions of wetric tous.

Year Coal  TLignite Petroleun :iatural Natural Cement

Gagoline Gas

1860  132,1 6.1 0.1 0.6
1861  130.5, 6.6 0.3 0.7
1862  138,7 7.3 C.4 0.8
1863  149.4 77 C.4 0.2
1S64 162.3 806 003 009
1866  181.4 0.4 0.5 1.1
1867 194.4 10,1 0.5 1.1
1868  102.4 10,7 0.5 1.2
1869  199,3 11.6 0.6 1.2

870  203.5 12.2 0.8 1.5
1871 227.1 14.2 0.8 1.3
1872  246.6 15.5 0.9 1.4
1873  263.3 17.4 1.5 1.5
1874  255.8 19.2 1.6 1.6
1875  263.8 19.C 1.4 1.7
1876  26G.8 16.0 1.5 1.8
1877  272.5 19,7 2.2 1.9
1878  272.6 20,5 2.5 2.1
1820  313.9 23.1 4,1 0.1 2.5
188l 337.7 24,5 4.4 0.3 2.9
1822  3¢2,6 25,7 4.9 0.6 3.2
1883  3g7.9 27 4 4,1 0,8 3.3
1884 320,5 22.1 4.9 1.1 3.8
1885  380,6 29.0 5.0 1.5 4,1
1886  381.6 2%.8 €.5 1.9 4.4
1887  408.1 311 €.5 2.4 4.6
1880  448.0 %5 .4 £o4 53 4.9
1890 474.6 3849 10.5 5.8 5.1
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ral Cement

Tetroleur atural atur
fagoline Gas
1861 423,2 41.6 12.5 369 5.6
1802 4G22 .5 42,2 12.2 4,1 6.3
120¢3% 487,1 43,9 12.6 4.2 o0
1894 5C9.3 45,2 12,2 4.7 7.4
1895 53643 40,2 14,2 4,5 7.2
1806 551.8 52.2 15.7 561 2.4
1887 ° 577.2 56 .6 16.7 567 8.8
1898 608,2 0,2 17.2 €,2 Q.4
18S9 667.C 63.9 g.0 6.7 0.9
1900 T700,.7 T1.5 2C.5 T.1 1C.5
1001 T17.5 T€.8 23,0 7.9 11.%
19C2 T3%.8 753 . 24,9 €4 12.6
19C% 807.4 8.4 26.7 £.0 13,6
1904 812.4 81l.5 29.9 9.3 14,7
12C5 £57.5 e7.0 20.5 10,6 15.8
1906  925.9 93.3 20,2 11.7 1€.8
1907 1022.7, 102,0 3662 12.2 N
1908 gee, 1C5 .6 30,1 12.1 10,6
1909 101(\04 107 05 40-9 ' llft‘d 20;0
1910 1056.6 1C8 .4 44,0 15.3 21.0
1211 10C76.8 112.6 47.2 15.4 23-?
1913 1216.3 122.8 537 0.1 17.5 273
1914 10926.1 12¢.9 5549 0.2 177 2C.4
1915 1069.5 123.7 59.1 C.2 1E.0 31.5
1916 1152.1 131.9 62.5 Go3 22,6 3567
1017 1215.3% 1%4 .6 69.2 G.7 23549 T e&
1918 1194.,9 141 .4 62.5 0.2 21.C £4,1
1919 1¢40,0 133.1 775 1.0 224 28,0
1920 1102.5 157.5 ¢, 2 1.2 24,0 79,9
1921 ¢293,2 162 .4 107 .4 1.3 16,9 44,1
1922 1061.8 182,79 116,69 1.5 22.9 44,1
1923 120505 16304 14105 294 3002 4602
1924 1189,0 17%.1 141.5 241 54 .2 hl.4
1925 11g5,1 186,90 142,28 563 3.1 58,1
1926 1177.1 187.7 152.8 4.,C 3G .7 §2.4
1927 1275.1 202.9 175.2 4.7 43,6 6TeC
1928 1244.,1 219.4 124,2 5¢2 47,5 T2.2
1929 1325,1 232.4 2G5 ,¢6 £o.5 57,0 7565
1930 1216.9 19702 196.6 605 54'2 71:3
1931 107405 18106 18905 504 52.6 6006
1632 0985,2 170.2 120,17 4.5 40,1 42.C
1933  1C00.0 174 ,4 127.2 Che2 4C 4 477
1924 1c¢e2,0 121.% 208.,2 4,5 5642 57.4
1935 1111.5 205 .8 226.2 4.2 575 £4,0



Year

1636
1937
1038
193¢
1240
1041

1042

1943
1944
1945
1046
1947
1c48
1949
1650
1051
1952
1953
1954
1855
1956
1957
1958
1958
1960
1961
1862
1963
1964
1965

1966

10€7
1068

1969

Coal

125¢C,0
1%02.0
1214,0
1228.0
1365.0
1422.,0
1422,0
147%C,0
137¢.,0
1122,0
121¢,0
1574 .0
142¢,0
1342.0
1454 ,0
1524 .0
14¢9,0
1500,0'
1475,.1
1597.1
168€6,1
173%.5
1215.5
1890.0C
1¢82.0
18073
1252.3
1023%.6
1€02.4
2042 .4
2076.8
2125.7
220¢.0
2270,.,0

Tignite

MY AN N
NoN )1 Ne)
L] L]

(SN

=

RIS EESIVRSY
L]

NODON

N

)1.2

NSRRI}

Petroleunm

245,0
280 uC’
273.C

et
285 .6

2¢2,0
279.0
263,0
282 .0
324 ,C
342.0
376 .0
414,0
4¢2,C
466 ,C
52%.,C
59200
623.0
£58.,0
620.7
T73.8
841.7
886,73
Q06,7
972,.6
1053,9
1122.5
1217.4
1305.8
141¢,0
1511.8
1641.4
181¢C.0
2000,0
2200.0
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(1) Irogronme for Determiration of Zest Stveicut Line
1t Throuzp Ccssrveo —oints. )

begin comment This programme works out m and c¢ for the
equation y = mx + ¢ by least sguares Irom n
pairs of x and y and gives the rms error
(sart([vt2]/(n = 2) ) plus the individual
deviations in y 3

integer n, 1, p;
real sX, Sy, SXy, Sx2, syZ, m, c, d;
open(20); open(T70);
start: (= read(zos
begin array X,y, e [
SX :=8y :=8Xy :=8XZ:=8y2:
for 1i:=1 step 1 until
begin x[1]:= readé 20
y(i]:= read(20

end;
for 1:=1 step 1 until n do
begin sx:= sx + x11];
sy:= sy + y[i]; .

sxy:=sxy + x[1]xy[i];

sy2 := sy2 + ylilre;

sx2:=sx2 + x[1]te
end;
d:= nXsx2 -sxT2; m:= (n X sxy -sx X sy)/ds
c:= (8x2 X sy - sx X sxy)/d;
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d:= sqrt((sy2 - sy X ¢ - sxy x m)/(n - 2));

for 1:= 1 step 1 until n do

begin

e[i] = Y[i]g

yli] = y[1] - m x x[1] - ¢
end;

write text (70, [[4c] m*=*]);
write (70, format ([-d.dddddp-nd]), m);
write text (70, [[3s]c*=*]);
write (70, format{[-d. dddadm-nd]), c);
write text (70, [[3s] rms*error==*]);
write (70, format ([-d.dddddpn-nd]l), d);
write text (70, [[3c ][6sly*003[85ly ‘cale [7s]deviation[zc]]);
for 1 :=1 step T until n do -
begin ‘

write (70, format ([2s -d. ddddm—nd1g, e[1]);
vrite (70, format ([3s -d.ddddp-nd]), m xfi] + c)
write (70, format ([3s -d.ddddyp-ndc] 5, y[i])

f—\

end;
comment if another set of data is to
follow punch 1 otherwise Oj

p := read (20);

if p = 1 then goto start;

close $705

close (20);

comment The data tape consists of n followed by n pairs of
values of x and y. A 1 is punched after each set of n
pairs if another set follows, and a zero after the
final set;

end end >
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(2) Programme for Istication oi fhe "Suess effect™

begin comment This programme works out the
yearly fossil CO. content of atmosphere
and oceans(BETA and GAMMA resp) resulting
from the annual release of ALPHA 1nactlve
CO, to'the atmosphere for all comblnatlons
of exchange rates kKi,kzy and k33
integer 1,fa,fb,fc,fd;
real kone,ktwo, kthree salpha,beta,gammas
real array ALPHA,BETA, GAMMA[1600 1€ 69],
openidog
open(70);
fa:=format([snd. dad]g;
fb:=format([sssdddd]
fc:=format (] ssndddd.: ddd])
fd:=format (] sssndddd. dddci),
for 1:=1860 step 1 until 1969do
ATPHA[1] :=read(20);
for k one:=0.33,0.20,0,143,0.10,0.05,0do
for k two:=0.,50,0,20,0.,10,0do
for k three:=0, 05,0 10 0.20 do
begin write text(?O,L_p]K+0NnA—¥]),
write (70,fa,k one);
write text (70, [**”**K*TVO*=*]);
write (70,fa,k two); -
write text (70 [*****K*THREE*—*])
write (70,fa,k three);
new 1line (70,2 ),beta =gamma ;=03
write text (70,[***YEAR******AIPHA*******BnTA******GAMMA[c 1133
for 1:=1860 step 1 until 1969 do
begin alpha =ALPHA[I];
CAMMA[1]:=(gamma +(alpha + beta Xk one) X

1.0 - k two -~ k three
BETA[1) :=beta:=(alpha+beta)x(1.0- k one x(1.0-k two))+

gammaXk two;

gamma :=GAMMA[1];
write (70,fb,1);
write (70,fc,alpha);
write (70,fc,beta);
write (70,fd gammas
end close(¢05 sclose(70)
comment The data tape consists of the annual CC. input
data (expressed as percent of natursl atmospheric CO,
content); the output gives ALPHA,BETA and GAMMA values
for each year
end end-
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(3) Programme for LetermlnetLon of Begtl

Through Observed roints

-

hxponential Tit

begin comment This programme estimates by regression
analysis the best values for A and k in the expression
y=Aexp(-kt) within a given range of k values to fit
n observed polints;
integer k,J,1,n,01,r4;
real suml,sumZ,a a1 b1 dlycl,ss

open(20); open(?OS -read(E‘);

for J:=1 step 1 until k do

begin n:=read(20);

begin real array x,ysel,e2[1:n];

bl:=read 40;

dt:=read(z0
c1.—read 40

for 1: ste 1 until n do
Tegin x[il =read (20 —
:=read (20

ends;

for al:=pb1 step 41 until ¢l do

begin sum1:=sumz:=03

for i:=1 step 1 until n do

begin sumi:=suml+exp(-2xaixx[1]);
sumd.~sum4+y[1]xexp(-a1XX[i])

end;
a:=sun2/suml}
s:=0,0;
for 1:=1 step 1 untll n do
begin el[I]:=axexp(-alxx1]);
ez{1):=e1[1])-y[1];
s:=e2[1]xe2[1]

end;

f1: =format§[7s-d .dddyp+nd]l);

£l :=format (T10s-d. dddm+ndci)

write (70, f1,a1),

write(70,f1,s);

write 70,fu,a

end;

end;

-close(20); close(70)

comment The data tape consists of the number of
separate sets of data,then the number of pairs of
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pointsy,n,followed by the lower limit of k ,then

the increment in k deslired, then the upper limit

of k, and finally the coordinates of the n points
(y,ti;the output lists values of s , which 1is

related to the deviation between observed and calculated
points, so that the best values of A and k correspond

- to the minimum value of sj

end end> |
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natural fluctuations of atmospheric 0-14 concen-
trations over time periods from several hundred to
several thousand years are known to have occurred
during the last 6 millenia. the fluctuations
represent deviations from the basic assumption of the
radiocarbon dating method and, although their origin
is not fully understood, probably stem from the
variation of one or more of the geophysical parameters
v/hich control carbon circulation, the scope of past
studies was limited by the availability of complete
series of samples of precisely known origin. Consequently
it has not been possible to establish whether natural
atmospheric 0-14 concentrations' are constant over shorter
time periods of several years.

In this research annual variations of atmospheric
C~14 concentrations over the past century have been
studied through analyses of plant seeds, wines and
spirits. Using exchange rate data obtained from recent
investigations of the transport of artificial "bombl
0-14, the magnitude of the "Suess effect" during the
past century has been assessed theoretically and
compared with the experimental results. Predictions of

the "Suess effect" to 2,025 A.D. suggest a narked



increase in atmospheric CCU concentrations to levels
about 50p above natural. It is concluded that the
enhanced infrared absorption in the atmosphere implied
by such an increase may be sufficient to raise world
temperatures by several degrees.

Correction of observed atmospheric C--14 activities
for "Suess effect" dilution revealed that between 1890
and 1950 natural fluctuations appear to have occurred
over the 1l-year sunspot cycle in inverse correlation
with solar activity. It 1s suggested that the origin
of this correlation lies in the variable mixing rates
of stratospheric and tropospheric air masses caused by
modulation of the incident U.V. and corpuscular
radiation over each solar cycle. A general decrease in
atmospheric C-14 concentrations was also observed and
is attributed to a reduction in the mean 0-14 production
rate through increased solar activityO The results
therefore support theories of solar-sensitive atmospheric
circulation. In addition they imply the probability of
increased errors in radiocarbon age determinations and
endorse the universal use of the I'.B.S. modern standard

in 0-14 assay.



