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SUMMARY

The equilibrium distribution of natural lAC has been disturbed

over the past two decades by the release to the atmosphere of lAC

produced in nuclear weapon tests. Observation of the rate at which the
hpman body responds to the resultant pulse of lLC activity in the
atmosphere enables an assessment of the kinetics of tissue carbon transfer.
In this way, the bulk of evidence, from comparison of experimentally
measured th'activities of human tissues with theoretically predicted
corresponding th levels, indicates a mean residence time for soft tissue
carbon of 6 %4 yeéfs. In many organs analysed, a turnover time > 10
years is apparent and the significance of such a slow turnover rate is
discussed. No correlation between age of individual and mean residence
time of tissue carbon is observed. Abplication of bomb-produced th as

a biochemical tracer is demonstrated via th activity measurement of
arterial lipid extracts; the résults of such a study imply a turnover of
lipid > 10 years. Concern over the potential radiation burden of man-
made th has been expressed; thus present and future dose levels to body
tissues attributable to this radionuclide have been determined. On the
basis of extensive data recently compiled on the somatic and genetic

risks from ionising radiation, corresponding risk estimates for artificially
produced th have been prepared. The resultant estimates suggest thaﬁ,
owing to its dilution with inactive carbon derived from fossil fuel
consumption, this source of.radioactivity neither does nor wiil-represent
a severe threat to mankind. Overall, the net extent of severe damage bver
that from natural th is assessed at 1100 offspring with genetic disorders,
of which 20-40 occur in first generation offspring, while 20-40 persons

will suffer from 1AC—induced leukaemia. In a world population of 2,5x102

and over a period of 3 generations, such an incidence of damage is so low

as to occur undetected.



CHAPTER 1. INTRODUCTION.

l.l1 General Considerations

Since the advent of the nuclear era almost three decades ago,
nuclear weapon tests have released a wide variety of radionuclides
tb'the‘environment and thereby increased levels of background radiation.
. Many of the more hazardous radionuclides e.g. 95Nb, lAEBa, 95Zr, have
short half-lives and have therefore decayed to negligiblé levels; a few

longer-lived radiocisotopes, however, have not been affected significantly

by decay since their artificial production. In particular, an estimated

9 x 21.028 th atoms have been added to the total atmospheric inventory of
L x 1028 th atoms. Owing to the easy access of this nuclide to man,

and to the fact thaﬁ carbon is a basic constituent of organic material,
the resﬁltanf increase in th concentration in humans has caused wide
speculation on the potential radiation health hazard presented by th to
Both present and future generations. In contrast, the feature of inter-
est to the geochemist/geophysicist from bomb-produced L4 is its unfore-
seen application as tracer for studies of the world-wide distribution
of th in the carbon cycle (see 1.2). As the éxcess lhc in the atmos-
phere tends towards an equilibrium distribution throughout the other
exchangeable carbon reservoirs, the rate at which the 1he concentration
in each part of the carbon cycle responds should in theory allow some
understandiné'of the transfer processes of carbon in nature. - Extrapol-
ation of present 14 1evels in humané, from a knowledge of the relation-
ship between the lhc contént of the biosphere and other carbon reservoirs
will, in turn, enable an assessment of future human burdens of this

radioisotope and aid in the accurate determination of the potential

radiation hazard. Thus, the tracer role of th can be used to gain a



valuable insight into bbth its more hazardous aéﬁects and also into
the geophysical processes which control carbon distribution. Further-
more, the tracer téchnique can be applied not only to carbon transfer
between the major reservoirs (atmosphere gnd ocean) in this way, but
algo, on a much smaller scale, to the turnover of cafbon in specific
human tissues. As long as the non-equilibrium state of th exists in
nature, the opportunity is available for measuring residence times of
.Carbdn in the human body. The information obtained from such a study
might be expected to reflect biochemical processes in the tissue
without conducting experiments which could alter these prbcesses. In
this way, a closer coqperation between the geochemist and medical

research worker is possible.

1.2 Develbgment of Basic Concepts

The present state of knowledge of the envirommental distribution
| of 140 would perhaps be more 1imited but for development of the radio-
carbon dating technique by Libby and the resulting period of intense
research and improvement in instrumentation. The establishment of
dating laboratories and the subsequent appearance of discrepancies in
the dating concept paved the way for further research into the factors
which influence the th distribution in the exchangeable reservoirs.

' By 1952, when nuclear weapon testing produced its first global effects

on environmental 11‘”0 levels, laboratories were well equipped to measure

the perturbation.
14
Natural ©C
1 . . .
The, existence of natural hc was predicted by Libby in 1946 after

being influenced by 2 items of research from the previous decade, viz.

14

1
1) the discovery of the neutron-induced transmutation of hN to C.



1
The 4N (n,p) 140 reaction using fast neutrons was first

suggested by Kurie in 1934. Two years later, the slow neutron
disintegration of nitrogen was attributed to the (n,p) process -
the absorption of a neutron with the emission of a proton — by
Bonner and Brubaker (1936) and Burcham and Goldhaber (1936). The
latter workers also estimated the cross-section value of the trans-

mutation to be 1 barn (= 10724 cm?). This value, a measure of

the probability of occurrence of the 14y (n,p) 14C reaction, is
relatively larger than for most materials.

2) the detection in the upper atmosphere of cosmic-ray produced
neutrons by kbrff and Danforth (1939). These neutrons were
thought to originate from a series of iﬁteractions between cosmic-
ray‘primaries, essentially‘high-enérgy protons, and naturally

occurring atoms in the upper atmosphere.
14c

 With these observations in mind, Libby (1946) reasoned that
would be produced virtually quantitatively with respect to the neutron
production via Ly (n,p) 146 in the stratospheré. From data of Korff
and Hammermesh (1946) he estimated a production rate of ~2 144 atoms/
cmz/éec. an&'that this 140, on rapid o;idation to 14002 and incorporation
into the carbon cycle (Fig. 1.1), would be diluted by the stable 12002
and 13002 present in the natural atmosphere at levels around é90 PeDemmo
(Callender 1940). |

The reservoirs within the carbon cycle may be subdivided intos

(2) a dynamic system in which carbon is exchanged between réservoirs
within the tire scale represented by the decay of 140, and (b) a
sedimeptary system which includes rock weathering and precipitation/

diSSOIution‘of carbonaceous sediments in the oceans. The latter cycle
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- is estimated to turn over carbon once every lO5 years (BTOWH 1957)
during which time ;hC initially present decays to negligible levels.
The oceans themselves do not represent a uniformly mixed reservoir
and are more realistically described by a.two-component systems
" . (a) a mixed surface layer extending to a depth of approximately
100 m. This water volume is well mixed bj the action of wind
and waves and contains the majority of marine life, whereas
(b) the deep ocean mixes very slowly via thermocline transport on
a time scale in the order of several hundred years.
The terrestrial biosphere consists of the living materials of plants
and animals and the dead component of humus deposits. The inventory
of carbon stored ih each reservoir is included in Fig.l.l; it is
apparent that the deep ocean contains ~ 95% of the exchangeable carbon.

1L

Distribution of ~°C

As th is produced in the stratosphere, the isotopic distribution
depends on several factors:
(i) rate of production of b
(ii) rate of exchange of carbon between reservoirs
(iii) size of each carbon reservoir and its inventory of exchange-
able carbon
(iv) isotopic fractionation (discussed in 2.8). For example,
carbonate shells are enriched in 130/120 ratio by *{2-5%
relative to terrestrial plants; the corresponding lhc/12c
ratio ought to be enriched by 2 x 2.5% (Craig 1954)
(v) radioactive decay, an additional mechanism over the stable

13

1
isotopes 120 and ~“C, for removal of .LC from any

reservoir.
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The total 140 inventory, given in Table 1.1 based on data by Craig
(l957a) is only accurate to + 5%, but errors of a factor. of 2 are poésible
in defining the relative sizes of the biosphere and surface ocean carbon
contents. On the assumption that the half-life (t%) of 140 is suffic-
iently large to allow several cycles of thé isotope through the exchange-
ahlé reservoir system, Libby postulated thet an equilibrium situatién
would arise in which

rate of disintegration of 14¢ = rate of production oé 14g,
Thus 140 would be incorporated into all reservoirs of the dynamic cycle
in a fixed isotopic ratio, dependent on the paréicular reservoir and its
controlling factors. All living systems should therefore maintain an
equilibrium specific activity (d.p.m./g.carbon). After death, however,
the carbon within any organism can no longer be replenished and the

140 content decays exponentially according to the equation:

I\«
At = Aoe - - (1.1)
where A.t = activity of 140 in the sample t years after death,
A = equilibrium activity of ¢ guring 1ife,

and ,x

radiocactive decay constant = lne2

t%-
Knowiné; Ao and /( , one can calculate the age, t, of a sample — the time
during which decay of 140 has taken place —from the measurement of its
residual activity At' This simple relationship is the basis of the
radiocarbon dating method. Libby (1955) in his initial exposition,
predicted an approximate value of Ao (17.3 d.p.m./g.carbon) from an

estimate of the total amount of diluting carbon in exchange equilibrium

with atmospheric C02. His original estimates of the carbon content in




| 14
TABLE 1.1 NATURAL b InvenToRy *
RESERVOIR | romr Y4c/rESERVOIR
(x 10°7 ATOMS)
Atmosphere 39
Terrestrial
biosphere 18
Humus " 645
Surface ocean | L7
Deep ocean 1928
TOTAL 2100

# Figures based on data of .Craig (1957a) and on the natural Lo

concentration of 1890 wood: - 5.9 x 1010 Lho atoms/g. carbon.



the exchangeable reservoir agree favourably with the more recent values

shown in Fig. l.l.

Radiocarbon dating

Anderson et al. (1947) verified that,naturél th did, in fact,
exist at picoCurie levels as predictéd, by counting CHA’ isotopically
enriched with respect to th, in a screen-wall Geiger counter. With
the development of this counting technique, activity measurements soon
became possible without the need for isotopic enrichment. Measurement
of the activities of environmental samples of different biological
and geographical origin (Libby 1955) showed that, within the limits
of the counting technique, there was a uniform specific activity (Ao)
throughout the world, and that atmospheric mixing must therefore be
rapid, as had been assumed for the radiocarbon dating concept. At this
time, a more accurate estimate ofAthe half-life of th produced a value

of 5568 + 30 years (Libby 1955), which is slightly lower than the
presently accepted mean figure of 5730 + 4O years (Godwin‘l962). It
only remained to test the validity of the dating method by age-dating
archaeological samples of well documented history (e.g. Egyptian Dynasty
artifacts, Libby et al. 1949). Good agreement between early data not

only established th dating as a useful archaeological tool but also
| substantiated, to,a first approximation at least, Libby's original
assuﬁptions of constant IAC production and exchange. Refinement in
experimental technique enabied the activity measurement of sméller
amounts of carbon (10g. —»5g.) and the reduction in the statistical
uncertainty of sample count rates.  The theoretical limitation of the
dating method is fixed by the half-life of th at ~50,000 years; any

sample of this agé has a residual activity (At)'of 0.03 d.p.m./g.carbon
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which is indistinguishable from background count rates in most counters.
Sample integrity was considered to minimise the possibility of sample
contamination by non-contemporaneous carben (Olson and Broecker 1958).
In this way, radiocarbon dating of ancient mortar, plaster and bone
samples is particularly susceptible to erfors (Baxter and Walton 1970a,
Krﬁeger 1965). The improvement?in accuracy gaired by the initisal
advanceé of the dating method and the more precise estimates of dates
made a significant contribution to archaeological and geélogical
sciences (Johnson 1965). As the method was further perfected and the
accuracy of age assessments correspondingly impfoved to levels of <1%
uncertainty, discrepancies between 14C and archaeological dates became 4
increésingly apparent, up to 600 years in some cases (BEgyptian 3rd
Dynasty, Libby 1952, Kusumgar 1963). Owing to the degree of uncertzinty
associated with some archaeological estimates, an alternativeVSOurce
of material suitable for radiocarbon dating and with an independent
tirme-scale was sought and found in the annual growth rings of trees.
Each ring participates in the carbon-oxygen cycle for one year only
and thereafter remains essentially a closed system. Thus, after correction
for slight changes of isotope ratio which take place during the biocherical
reactions in a plant, the 140 activity méaSured for any tree ring is
representative of the 140 activity in the atmosphere at time of growth.
Non-statistical variations in 140 activity, corrected for decay using
equation(ldb,were first found by Suess (1953) in tree rings of 20th
centufy wood and by de Vries (1958) in pre-ZOth century wood. The
former variations were caused 5y known‘artificial disturbances of the
dynamic carbon cjcle (see 1.4) but the latter could be attributed only

to natural effects. The implicetion of the latter findings was the
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breakdown of Libby'S»fungamental postulate for radiocarbon dating
that the atmospheric 14C activity had rerained constant with time.

1.3 Natural fluctuations of 40

Varietions of about 2% over the course of several centuries
were found by de Vries (1958) in the 14C activity of tree rings and
hence in atmospheric activity. A 2% change of initial activity yields
an error in a radiocarbon age of 160 years. De Vries suggested that '
the observed fluctuations were caused by the effect of climatic change
on the rate of mixing between the deep and mixed layers of the oceans.
An increase in»atmospheric/surface-water temperature causes a decrease
in the rate of upwelling of deep water which, via exchange, dilutes
atmospheric 146 sctivities with its less active carbon. The resultant
effect is aﬁ increase in atmospheric 14002 concentration which was
indeed feund and attained a maximum at A.D. 1690. The hypothesis was
supported by the available information on glacier advance and retreat
duriné this period known as the Little Ice Age(A.D. 1500 - A.D. 179073
the glacial minimum corresponded in time to the raximum atmespheric
Mo activity.

Since the initial measurements and observations by de Vries, a
lérge nursber of 140 activity measurements on wood specimens of known
age have been accumulated (Minnich 1957, Broecker et al. 1959, Willis
et al. 1960, Ralphvand Stuckenrath 1960, Suess 1961, Damon and Long
1962). In most cases, ages were assigned by dendrochronological
examination of the tree rings. By fhis method, master chronologies are
constructed from sequences of overlapping ring sections of different
trees. By correlation of plotted tree-ring widths of an unknown sample

with the master chronologies, it is possible to obtain an absolute age
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of each ring to an accuracy of + 1 year (Ferguson 1968). This
technique is superior to simple counting of rings which can lead to
errors caused by "missing" rings (lack of growth for one year) or
"double" rings (two rings formed during one year's growth). In
some cases, well documented historical samples have been used to
chéCk dendrochronological sequences,with good agreement (Damon et al.
1965). Subsequent systematic investigations by several workers have
confirmed the‘maximum in atmospheric 140 concentration at'A.D. 1690
(Damon et al. 1965, Suess 1965) - the "de Vries effect" - and extended
the chronology beyond the past 8,000 years (Damon et al. 1970, Ralph
and Michael 1970, Suess 1970a). The main sources of dated wood ére the

bristlecone pine QpinuS'aristatd) and 'sequoia gigantea', both

exceptidnally long-lived trees and reliable indicators of the atmospheric
140 concentrations prevalent during the growth of each ring. The édvant-
age of this research for radiocarbon dating lies in the resultént .
calibration tables or curves constructed to‘allow conversion of 146-
calculated dates to their appropriate calendar dates (Damon et al.
1972, Michael and Ralph 1972, Suess 1970a); of these, the Suess calibr-
ation curve is probably the most widely used. The geophysical value to
be gleaned frpm the 140 vs. tree-ring chronology lies iﬁ the analysis
of possible reasons for the observed variations in 140 with time. Two
trends are apparent:

1) a long-term increase in 4C concentration of v-lQ% from 2500 B.F.

(vefore 1950) to 6000 B.P. with, superimposed apon this, '

2) short-term fluctuatlons of 1-2% over a period of centuries.

Two of the most likely causes cf these temporal variations ares

—

(a) change in the 40 production rate caused by variation in the
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cosmic-ray flux, and
(v) change in the size and/or exchange rate of one or more of
the reservéirs of the dynamic carbon cycle.
It is now widely accepted that the long-terﬁ 140 tfend is due %o

modulation of the cosmic-ray flux by a variable terrestrial magnetic

- field, while. the short-term fluctuations reflect a similar modification

of the cosmic-ray flux by variable solar activity. A third factor
of some relevance is the effect of climatic change on the parameters
given in (b).

Geomagnetic modulation ofvthe cosmic-ray flux

: The effect of geomagnetism on the cosmic-ray flui is such that
the total production rate of 140 in the atmosphere is approximately
inversely proportional to the square root of the geomagnetic dipole
moment (Elsasser et al. 1956). Archaeomagnetic measurements imply

that the earth's dipole field has fluctuated in an approximately

sinusoidal manner with a period of about 800C years (Smith 1967, Bucha

and Neustupnf 1967). The intensities at maximum and minirum are 1.5 x &and
0.5 x the present geomagnetic field respectively. Model treatrents of

Varying'complexify have been performed to obtain estimates of the

resultant atmospheric 146 variations expected frem these findings

(Kigoshi and Hasegawa 1966, Daron 197C, Lal and Venkatavaradan 1970,
Yang and Fairhall 1972). The resultant data suggest that a correlation
between variations in atmospheric 140 concentration and fluctuations in

the terrestrial magnetic dipole moment is indeed‘possible, at least over

the past 6000 years. However, the limited number and quality of the

magnetic data recorded to daie make it difficult to assess the signif-

jcance of results (Bucha 1970).
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Heliomagnetic modulation of the cosmic-rays

Forbush (195&) showed that an approximately inverse relation-
ship existé between the mean level of solar flare (sunspot) activity
and the level of the cosmic-ray flux which enters the earth's atmos-
phere. The increased flux of charged partiéles, mainly high-energy
prbtbns emanating from the sun during periods of high solar activity,
deflects some of the incident cosmic rays so that variations in the
production rate of ¢ are to be expected. Stuiver (1961)‘firsf
attempted a prediction of an empiricél relaticnship between sunspot
activity and 140 concentrations in the atmospheré. His early comparison
" of the tree-ring 14C activity fluctustions found by Willis et al. (1960)
with the sunspot curve of Schove (1955) suggested some,Abut slight,
interaependence. Subsequently, in more detailed stuﬁies, a gord inverse
correlation was found between experimentally observed 140 concentrations
in pre-19th century A.D. tree rings and values calculated from solar
cycle data (Stuiver 1965, Suess 1965, Grey and Damon 1976, Grey 1969).
Suess (1970b) recognised repééted rinima a£ about 4CC year intervals,
in atmospheric 140 cbncentration after allowance for the effects of
'geomagnetic field modulation; this observation together with postuiates
of 400 year cycles of solar activity (Dewey 1960, Schove 1961, Link 1964)
has given weight to the hypothesis that solar modification of the 140
produétion rate is the prime cause of the small secular fluctuations in
a$mospheric 14& activity.

Climatic changes

Several correlations of atmospheric 140 levels with genersl
patterns of cllmatlc change have been noted (Lamb 1941), the wost

remarkable of these being the correlation of the de Vries effect with
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the retreat of the glacier front. Despite these observations,
‘Damon (1970) and Suess (1970b) conclude independently that climatic
changes in the lasf 8 millenia are of minor importance with respect
to the previous two causes, and in fact po;nt out that certain
glimatic factors would compensate each other. Thus the former two
»effects remain the most favoured causes of secular variations in
atmospheric lAC concentration. ' The effects of the solar modulation
of the cosmic-ray flux are superimposed on the larger effect of
geomagnetic modulation.

Fluctuations over a much shorter time scale.have been found,.
although the causes of such variations are still in question (Baxter
and Walton 1971, Farmer and Baxter 1972, Damon et al. 1973). Annual
instability of atmospheric e levels was first detected by Dyck (1965)
in a systematic study of annual growth rings of a fir tree.v The data,
although uncorrected for isot&pic fractionation, suggested cyclic

variations of up to 3% amplitude during A.D.822-831 and A.D.1616-1627.
14

Subsequent research by Baxter and Walton (1971) into the = C levels in

seeds, wines, whiskies, and sheeps' wool, samples which are represent-
ative of one year's growth, confirmed the existence of annual fluctu-
#tions and determined that cyclic variations of up to 3% in 10 years

" are possible; a dependence on iatitude is also suggested. The possi-~
bilit& of dating errors of up to + 120 years on samples with a life-
fime in the order of 1 year was emphasised as a consequence 6f such
fluctuations (Farmer and Baxter 1972), together with the geophysical
implication of an uncertainty in the values of exchange rates of carbon
for different reservoirs and, indeed, in the concept of a constant

transfer rate.

The assumptions inherent in the radiocarbon dating technigue
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have been scrutinised thoroughly, with the 2id of independent
chronologies, and showvn to be valid only to é first approximation.
Examination of the causes of fhe fluctuations has led to a better,
though still incomplete, understanding of the geophysical processes
responsible. Two further influences during the last century, due to
the sctivities of man, have upset the equilibrium balance of 140
activity not only in the atmosphere but in all exchangeable carbon
reservoirs, and have offered a further opportunity to study carben
transport parameters. |

1.4 _Artificial Fluctustions of 1€

The two artificial disturbances of the natu?al 140 distribution
are *
(a) the 'Suess efféct', a dilution of the natural 14002/12002
rétio by the addition of inactive 002 from the combustion
of fossil fuels, and
(b) the 'bomb effect', an increase in ambient 14C levels by the
addition of 140 produced during the explosion of nuclear
devices.
The latter effect is by fér the major perturbation and has been
manifested in the northern hemisphere as a rise in atmospheric 140

activities to double 'natural! levels.

Suess effect

Cellender (1940) first stated that,between A.D. 1890 and 1940,
the averégé 002,concentration in the atmosphere increased by approx-
imately 10%; his esti?ate was based on a survey of the direct CO2
measurerents reported during this period. The increase was believed
4+c be the result of the accelerating input to the aﬁmosphere of 002

produced in the industrial combustion of fossil fuels such as coal,
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oil, and natural gas. Suess (1953) first pointed out that the
effect of this 002, since it derives from sedimentary systeﬁs and
1is therefore inactive, would be to decrease the natwral 40,/ %0,
ratio. ‘Furthermore, he suggested that measurement of the activity
of atmespheric CO, would give some indication of the rate of exchange
Qf.COZ_between atmosphere, biosphere, and surface ocean (see 1.5).
Following an assessment of the industrial production of fossil fuel
CO, during each decade from A.D. 1860-1950 (Revelle and Suess 1957),
a more detailed estimate of the fossil fuel combusticn effect was
perfdrmed by Baxter and Walton (1970b). The latter workers then were
able to evaluate thecretically the expected decrease in atmospheric
146 concentration from A.D. 1860-1950. This theoretical approach
yielded data which showed gred agreement with experimental observation
and yielded # 1950 value of B.Q + 0.45% for the decrease in the 140
level in the atmosphere relative to 1890 wood. The reasonable agree-
ment obtained here justifies a further theoretical assessment of the
Suess effeét since 1950,when direct measurement of_the.resultant
decrease in atmospheric 140 concentration‘is not possible due to the
predominant effect of nuciear weapon testing. The significance of
the Suess effect to the geochemist is the realisation of the necessary
Acorrection‘of present day activities before any subsequent treatment
of results is possible. The Suess effect also reflects the general
increase in-atmospheric 002 concentration, estimated to reach 50%
of the normal atmospheric 002 content (290 p.p.m. -~ Callender 1940)
by A.D. 2025 (Baxter and Walton 1978). According to calculations by
Plass (1956), such an increase cculd raise globel temperatures by
about‘ZOC, although this value is considered to be too high since the

calculation was based on a dry atmosphere. Manabe and Strickler (1964)
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.'indicate that the temperature increment may be compensated by a
change in humidity and cloud cover.
Bomb effect

Since 1952, large yields of artificial 140 have been injected
into the atmosphere during testing of nuclear weapons. Neutrons,
generated in the fireball at the centre of the nuclear blast, react
with surrounding nitrogen to form 'man-made! 140 via the'mechanism
identical to that for natural production,viz. 9N (n,p) ‘%C. The
first nuclear bombs operated by the fission of uranium or plutonium,
but were succéeded by hydrogen bombs in which the main energy is
released by fusion reactions (e.g. 2H + 2H —3 3He + n). The total
energy yield for a nuclear process is related to the neutron yield,
and several estimates of the resultant 140 produced per megaton (Mton)
equivalent have been made (Libby 1956, ibid. 1958, Pauling 1958). This
quantity depends on the type of device and on whether the explosion
takes place near the earth's surface or in the atmosphere. The most
recent average figures quoted for total weapon yield (fission +
fusion) are 2 x 1026 neutrons/Mton for an air burst end 1 x 1026
neutrons/Mton for a surface burst, when 50% of the neutrons sre
absorbed bj the elements of the earth's crust (Junge 1963). On this
basis, a summary of the 140 inventory frcm nuclear explosions since
1945 isAgive; in Table 1.2. As most of the bomb cloud of nuclear
explosions > 1 Mton rises into the stratosphere (Libby 1957), the
majority of the 140 produced is released there, similar to the natural
140 location source, althoush the geographical sites of the explosicns

are in no way related to the distribution of natural ;40 production.



TABLE 1.2 ARTIFICIAL ~’C_INVENTORY. *
TIME PERIOD » 107AL ¢ PRODUCTION
. (x 1027 th atoms)
1945 - 1951 0.1
1952 - 1954 ' 6.0
- 1955 - 1956 | 3.8
1957 - 1958 | 4.2
11959 - 1960 -
1961 24,0
1962 ‘ 3.4
1963 . -
1964 - 1970 40
1971 - 1973 2.3
TOTAL 98.0

# Data obtained from published energy yields;

1971 - 1973: information from Chatters

(personal communication).
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increases in th concentration in £he atmosphere were first

detected by direct measurement of the 14002/ 12002 ratio in samples
‘of atmospheric COZ.(Rafter 1955). The potential of 146 as a tracer
in the elucidation of the mechanism and rates of the numerous mixing
processes of carbon in the dynamic reservoir was realised by Broecker
and Walton (1959), who were among the first of many to utilise bomb

14

th and to calculate rates of transfer of = C. After the moratorium
in 1958‘and the resumed testing on a larger scale in 1961, a more
systematic collection programme was initiated in many laboratories

to follow the movement of th through the carbon cycle.

The th concentration variations in the northern hemisphefe
tfoposphere produced by both artificial effects is shown in Fig. 1.2.
The decrease in th concentration caused by the Suess effect is
apparent up to 1954 but thereafter is masked by the bomb effect.
Tropospheric lI“C activiﬁies in.the northern troposphere rose to 100%
above the prebomb level in late 1963, one year after the end of large-
scale testing. Since then, this th activity has followed a general
decrease as carbon transfer takes place between reservoirs, interrup-
ted only by seasonal injections of 002 of higher activity from the
1L

stratosphere, and by sporadic production of " °C from French and
"Chinese nuclear tests. The majority of nuclear explosions were
carried out at high northern latitudes; as a result, the appearance

of bomb th in the southern hemisphere Was-delayed due to the finite
mixing times of 002 between both stratosphere and troposphere’and
north and south hemisphere tropospheres. The maximum th concentration

reached in the southern hemisphere corresponded to only ~ 65% of

the northern maximum 3 years earlier, as shown also in Fig. 1l.2.
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FIG. 12 “C CONCENTRATIONS IN THE
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Before the realisation of the Suess effect, several labor-
atories used samples of 20th century organic material as reference

standards to represent the steady-state atmospheric 140/12

C ratio
maintained by 211 living materials, Ao (see, for example, de jries
1958). This practice introduced errors of up to 120 yearé in
resultant radiocarbon dates (Baxter and Walton 1971 ). The larger
perturbation caused by the bomb effect further emphasised the need
fo? a reference standard based on 2 time period outwith the artif-
icial perturbations, and resulted in the distributioh, to ra&iocarbon
dating'laboratories, of a new substance as standard - the Naticnal

Bureau of Standards (NBS) Oxalic Acid Standard (see 2.6.2).

1.5 Calculation of Exchange Rates and Residenée Times of

Carbon in the Dynamic Reserveoir

One of the most common treatments employed to calculate the

rates at which transfer processes take place in the carbon cycle is
the box-model approach. In this method, each reservoir of the type
shown in Fig. 1.1, dynamic system, may be subdivided, corbined with
one or more otheré, or left unchanged to form a number of compartments,
‘or 'boxes'. Within such boies, a rapid and homogeneous mixing of

140 is assumed.. Thus, the atmospheric reservoir may be subdivided into
the stratbsphere, that part of the atmosphere above 30,000 - 5C,0C0 ft.
depending on latitude, and the troposphere, the turbulent air-mass
below the stratosphere. Further subdivision into the northern and
southern hemispheres may be necessary if a latitudinal dependance of
the 140 distribution is suspected. In the resultant box model, calcul—
ations are performed via thé following assﬁmptions:
' 140/12

1) each box is internally well-mixed so that the C ratio
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at any location within the box is representative of the total,
2) rate of leW‘Of material between boxes is uniform with time
and location,
3) internal mixing times are negligible relative to the exchange
times between adjacent reservoirs,
L) flow of material between boxes and reservoirs conforms to
first order kinetics i.e. flow rate e¢ concentration.
Fig. 1.3 illustrates two such box-models of diverse complexity, which
may bé compared with the dynamic carbon cycle shown in Fig.l.l. All
flows of material into and out of a reservoir are computed. Thus in
Fig. 1.3(a), the exchange of normal carbon (120, 130) between reservoirs
is given by the following equation:
aN/at = -k N +k N
where, in the general case,
N, = the amount of carbon in reservoir fif,
= the first order rate constant for transfer of
carbon from reservoir 'i! to reservoir 'j?,
dNi/dt = the‘net flow of material, arbitrarily negative
for outflows and positive for inflows, while
subscripts 'i', 'j' correspond to the letters
ascribed to reservoirsvin Fige 1.3
Evaluation of rate constants is achieved with the applicatiog of
steady-state conditions i.e. the cérbon content of each reservoir

remains constants

dN, /at = 0
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FIG. 1.3 TWO EXAMPLES OF BOX-MODEL SYSTEMS
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With respect to Fig. 1.3 (a),

0

L]
]

dNa/dt

aN m/dt‘

One of these equations is redundant, since either expression defines

-k N +k N
am a ma m

| - - - - @
0

'—k N +k XN
ma m am a

the ratio k_ "/kma in terms of N_ and Nr'n. Similar equations can be
written for the steady-state’140 balance, with additional terms
necessary to describe 140 production in reservoir 'a' and 140 decays

Na dxa/dt = 0‘= Nl"'na;g% '”kamNaxa'+ kmamem - - - 03)

where in the general case,
x; o= 14C activity/unit weight of carbon in reservoir 'i',
i.e. Nixi= amount of ;40 in reservoir 'i',

). = radioactive decay constant of 140, and

N = total amount of 140 present =<ﬁixi, where,

‘for steady-state conditions,

140 production = total 140 decay
The rate constants for 140 exchange are assumed to be the same as
for ordinary carbon transfer; the assumption is valid provided
activities, x;, are corrected for isotopic frgctionation. Sirultaneous

solution of equations (2) and (3) yield an expression for either rate

constant from which the other may be calculated, e.g.

k, = (%al - x) | , Ko = kan}/Nm(Nl- Naxa)
. (xa } xm) glves | (xa - xm)

Evaluation of kam’ kma is possible provided values of A, N, Na’ Nm,

X, and x, are known and X, # X The reciprocal of kij in a two-

box model is called the residence time ( T(ij)’ which is defined as
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the average lifetime of an atom or molecule in reservoir 'i!

before it transfers to 'j'. When a particular reservoir 'i' exchanges
with n éther reéervoirs, the total residence timé in that reservoir
with respect to removal by all possible routes 'j' is given by the

expression?

1 j=n 1
_— = i _
8 j=i Yij

where 'iij ave the individual residence times of

reservoir 'i' with each exchangeable reservoir 'j'.
Solution of models containing more than two boxes may be obtained in
a similar manner; however, in any treatment,.it is usually necessafy
to compromise between the complexity of calculation and accuracy
obtained in its solution, both of which no?mally increase with the
size of the box model. Three different aporoaches have been used to
determine reservoir residence times of carbon and are based oni

1) Natural *4C budget

The steady-state 140 balance relative to cosmic-ray
production, physical removal, and decay in the atmosphere
is treated by Craig (1957a) to obtain ’Zam, the residence
tiﬁe of a 002 moleéu}e in the atmosphere before transfer

to the écean-mixed layer. From Fig. 1.3 (b); the 140

steédy—state condition in the atmosphere is given bys

C} + kmamem + khathh + kbaNbxb

: : A - e -
=k NoX, ¥ K pa¥a * N.x, (4)
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‘ where 6 is the mean production rate of 145 from cosmic-ray

2
flux (atoms/cm”.sec), and similarly in the biosphere and
humus bys _
KaphaXa = KpalpX, + Ky Nox, + (Nx + Nb"b))" - - (5)
Using equation (5), equation (4) mey be rewrittens
ka.mNa.xa - kmamem - Q + (thh + Nbx.b + Naxa) l =0
From steady-state conditions, Naka =Nk

m  mma
and substituting for k  yields the expression:
K - - Q =
Nx -k Nx Q + (thh +Nx + Naxa)l 0

am a a amam

from which Ya.m may be obtaineds

F03)
el

le—§ Nbxb + thh +]%

aa N x N x
8

am

a a a

In Craig's treatment, insertion of estimates of Q » N

a? Iqb’ N

h!
and A with calculations of X,s X;» X, and xDbased on
130/120 fractionation measurements yielded a value of

"(am = T+3 yeai's; the errorvwas largely based on the uncertainty

of the true value of ﬁ .

2) Suess effect approach

The.transient distribution of fossil 002 in the atmosphere
and marine environment was computed and the exchange time of
002 between atmosphere and sea, «(am’ calculated by Revelle

and Suess (1957) from the observed effect of industrial fuel
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consumption on the specific 14¢ activity of wood. In their
treatment - a clésed system of two reservoirs, atmosphere and
oceans - any effect of industrial COé on the rate constants
kam’ kma was neglected. From consideration of the transfer

of CO2 between atmosphere and surface ocean,

dnm/d't;-= kam(ft-nm)-kamanm i ()
where f = annual amount of industrial CO2 added to the
atmosphere, ‘
t = time in years, and
n, o= amount of industrial 002 in the oceans,

" N.B. subscript 'm' applies to the total ocean reservoir.

Integration of equation (6) yields the expressions

k
n = ft, amn - £ am 1 -'e—(kam * krna)t (7)
m  —— —_— -
(kam + kma) / (kam + kma)
Since kam/kma = Nm/Na (steady-state co§d1tlons)
and Nm)) N, (here, N = total carbon in oceans)

kma is negligible compared to kam and equation (7)
‘becomes?

-Kanmt
no= ft - f/k (1 - ¢ am?)

am
or, if n, is the amount of 002 derived from industrial fuel

combustion in the atmosphere at time t, i.e. na = ft - nm

na = f/ ,
k (1 - kamt.)

. 12 .
n is also equal to the observed decrease in 14002/ 002 ratio,
a .

ji.e. the Suess effect, which was measured for tree rings of
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different time periods. From an estimate of f and an average
value of N, Revelle and Suess obtained a value of 7 years for
ﬁfam. Since rapid mixing of the oceans was assumed for the
calculation, the resultant value was considered only as an
estimate.
3) Bomb 4o
In this case, the transfer of excess 140 is considered for
each reservoir, The rate constants for 140 exchangé are assumed
to be equal to those for ordinary ¢arbon transport, as excess
140 activities are normally corrected for isotcpe fractionation.
Under these non-equilibrium conditions, solution to the problem
becomes more complex, and assumptions have to be made to sclvé
the rate équations. Thus, for exchgnge'between two reservoirs
A and B, the equation for the rate of change of bomﬁu% in
reservoir A is
N; dxd/dt =7 kabNaxa * kbal.qub
vwhere X9 X are the excess concentrations of bomb 140 in
A and B respectively (in units of excess 14Chactivity per unit
weight of carbon) and dxa/dt; Na’ NB, k. p kba are defined as
before.
Assﬁming steady-state conditions for ordinary carbon, (i.e.
Nakab = kaba)’ and substituting for kba’ the following.rélationship
is obtained: |
dx, / dt = Koy (xb - xa) .- - - - ‘(8)

Solution of this equation may be sought by two methodss
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(i) if the rate of change of x, is known, s&bstitution of
specific values of Xy and x, at particular time t will
enable caiculaticn of kab’ or |

(ii) if an empirical expression of X, in terms of t is knowm,
integration of equation (8) is then possible. Thus, in a -
case where X, = Be '

integration of equation (8) gives the following equations

-bt ~k_.t
x, = Ae + Ce ab - - - - - (9)
where A = Bkab . and C = constant of integration

b - kab

A figure for k. is found by seeking those values of B, b, and ko

ab
.which produce the best fit between mathematical expression

and direct observations. Both methods require data from the
measurement of excess 140 activity in the reservoirs concerned;
as a result, estimatesvof such residence times will tend to
improve with the accumulation of more data. A selection of
vélues of residence times evaluated by these methods of approach

is given in Table 1.3.

1.6 Bomb 140 in_the Biosphere

In some of the foregoing treatments adopted to obtain the
residence times shown in Tabie 1.3, the biosphere and humus reservoirs
wefe combinéd{vin other methods, to distinguish the different turnover
rates of carbon in each reservoir, éne box was assigned per component,
i.e. (a) the living biosphere which contains carbon estimated to have
a residence time similar to that of CO2 in the troposphere, and (b)

fhe humus fraction in which the turnover of carbon is estimated to be
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TABLE 1.3 MODEL PREDICTIONS OF RESIDENCE TIMES OF CARBON

IN THE RESERVOIRS OF THE DYNAMIC CARBON CYCLE

REFERENCE/METHOD OF RESIDENCE TIME (YEARS) ~
CALCULATION | A YS_ " A(t—-m 24 ned .A(‘t—b
Arnold and Anderson (1957) N : 10-20
. S 20
Craig (1957a) N 3
Revelle and Suess (1957) S 10 |
Bolin and Eriksson (1959) S 5
Plesse’t and latter (1960) N _ 5.5 13 " 5.6
Bien and Suess (1967) B 25
Murmich and Roether (1967) B  5eb
Nydal (1967) B 2 5-10
Nydal (1968) | B 2 5-10
Young and Fairhall (1968) B | 1.5 2.5
Rafter and O'Brien (1970) B 12 Le5
Walton et al. (1970) B 4 9| 1nn | e
Gulliksen and Nydal (1972) B 8 3.8
Rafter and O'Brien (1972) B , 0.6-2.1

N § terms are defined as in text; s = stratosphere, t = troposphere;
i-j A
m = mixed/surface ocean layer; d = deep ocean; b = biosphere.

1 h . _
Method of calculation: N = natural AC; B = bomb =~ C; S = Suess effect.
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on a time scale 2 10 years ( ~ 15 years : Goldschmidt 1954).
According to the particular conditions under which é model is construct-
ed, either assignmént may be a valid approximation. In other simplified
treatments, the living biosphere and humus reservoirs may be included
wifh the atmosphere, as in Fig. 1.3 (a), or the troposphere and living
biosphere alone may be considered as a single reservoir (Nydal et al. 1971).
The 1atter approximation is wvalid since the carbon content of the living
biosphere is relatively small ~ < 20% of the size of the atmospheric
reservoir; in this situation, a minor difference betweeh the residence
time of carbon in the biosphere and atmosphere has a negligible effect
on box-model calculations. More detailed examination of the biosphere,
however, indicates that this reservoir is not truly homogeneous. This
fact is bofhe out by the difference in concentration of bomb ~4C between
its two main components viz. (2) plant life and (b) enimal life. In
general, the 140 activity of piant material is a good indicator of the
ambient atmospheric level (Baxter and Walton 1971) although under
certain conditions this relationship is not valid as the first measure-
ments 6f bomb 140 in biospheric material indicated. An increase in the
140 activity of’plant material smaller than the corresponding increase
in the atmospheric 140 level was observed (Minnich and Vogel 1958).

This finding was attributed to an enhanced humus-atmosphere-biosphere
interaction in the presence of dense vegetation. In such cases, a
relatively high broportion of thg 002 in the surrounding atmdsphere

is thought to originate directly from the soils pﬁing to the longer

' residence time of carbon in this fraction of the humus reservoir, the
soil-produced CO2 will be less radioactivg than the atmosphere.

Subsequent data (Broecker and Walton 1959, Broecker and Olson 1960) were
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- in agreement with such an effect.

The calculation of residence times of carbon in various tissues
of the human body, via measurements of bomb 140 levels in man, was
first suggeéted by Broecker et al. (1959) vwvho measured the 140 activity
of a specimen of lung tissue in addition éo'that of blood and breath
COé samples from several individuals. From the rgsultant data and on
the assumption that the carbon in tissue is derived from that in blood,
Broecker et al. concluded that the mean residence time of carbon in
blood ‘is no greater than 6 months, while that of carbon in lung tissue
is longer, although a fixed value could not be specified from such
limited data. Libby et al. (1964) investigated bomb 14C levels in
tissue aﬁd brain samples from humans of a single age group (73-74 &éars
old) and in blood samples from residents of both nbrth and south hemi-
spheres. In addition to a 'lag! time of 1.5 years between similar
blood and atmospheric 140 leveis, results indicated that cartilage samples
- had incorporated negligible amounts of bomb 140 in the 10 years since
the first effects of bomB 140 were observed in tropospheric 140 activity.
Cartilage carbon theréfore apparently possesses a very slow turncver
rate, a conclusion in agreement with the results of tritium‘tracer
experiments performed on rats (Thompson and Ballon 1956). Incorporation
of bomb 14C was also found in brain protein and lipid fractions by Libby
et al. who guggested that, in this case, the predcminant methed by which
bomb 140 reachedvthe brain was not from exchange of 140 with blood
plasma, as is the probable procedure for other tissues. Instead, rapid
fixation of atmospheric 002 with the resultant formation of aspartic
and glutamic acids‘in the brain was thought to have occurred. Previous

anihal tracer experiments performed by Nicholas and Thomas (1959) and
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‘Bloch et al. (1943) predicted the latter mechanism. Nydal and LSvseth
(1965) reasured the 140 activity of different biospheric samples and
compared the results with recent atmospheric 140 levels. The 140
concentration of cereal samples was observed to reflect closely the
atwospheric 140 content while the 140 ectivity in milk reflected the
éorresponding level in the cow's diet which consisted essentially of
grass. The decrease in 140 activity detected in ﬁilk collected during
winter months was attributed to the cow's diet of stored grass which,

for ﬁhe particular period studied, was low in 140 activity. Early
measurements of the 140 concentration in blood suggested a 'lag' time
behind the tropospheric *4C level of 1.3 years (Nydal 1963). Sub-
sequent more detailed analyses indicated a 'lag' time <1 year.
However, the concept of a true 'lag'! time is misleadihg, since, by

such a relationship, the maximum 140 concentration in blood ought to
attain the same value as the corresponding atmospheric maximum. More
recent series of blood 140 levels in humans have been measured and show
tﬁat the 'lag' time concept is not strictly valid, the maximum in

blood 140 level being ~'39% bélow the corresponding tropospheric
maximum (see Fig. 1.4) (Harkness and Walton 1969, Nydal étal.1971). Thus
although human carbon is essentially derived from photosynthetic fixation
of tropospheric 002, there is no direct relationship between both 140
levels. Furthermore, resulté to date of 14C concentrations in humans
indicate that man himself is inhomogeneous with respect to 140 levels
in blood} tissues and skeleton. |

1.7 Bomb ““C_— Health Hazard

The presence of artificially produced 14002 in the atmosphere has

caused concern over its potential radiation hazard to0 man. Most of the
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.estimated total excess of 9 x 1028 140 atoms produced during
nuclear exnlosions throughout the last three decades was injected
initially into,the stratosphere hut, through exchange with the lower
atmosphgre, was sufficient to double the natural concentration of
14002 in the troposphere in late 1963. The present atmospheric 140
ievel is -50%‘higher than the pre-bomb 14C>concentration and is
slowly decreacing at the rate‘ of‘ ~ D % per year via exchange of
14002 with the biosphere and ocean reservoirs. Rapid incorporation

of 149 into human tissues ;s facilitated by assimilation of 14002 in
plant material during photosynthesis and subsequent passage through

.the food chain to animals and man himself. Considerable attention

has been focussed on the radiation hazard represented to man by the
ﬁajor fission nuclides, rather‘than 140; in particular, the incorpor-
ation of 9OSr in bone, the build-up of 1311 in the thyroid and the
ingesfion of 15705 in humans have been investigated. Although 140

is a wesk radioactive emitter compared to these fission nuclides,

there are certain significaﬁt features of the distribution, availability,
and biological properties of this radioisotope which suggest that ;40
as a poténtial»radiation hazard sﬁould not be neglected. For exaﬁple,
the fission nuclides are rapidly rained out or deposited from their
atmospheric source while 140 remains in the atmosphere for a relatively
long period during which it is aveilable for human uptake. The
characteris%ic fallout pattern aﬁd incorporation in man of 140 and
other fission nuclides are summarised in Table 1.4. Owing to its

long half;life,_140 produced by nuclear explosions will pérsist for
thousands of years. ‘The radiation hazard of Bomb 140 should therefore

be evaluated not only for the present generatiocn but also for future

generations.
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TABLE 1.4 COMPARISON OF FALLOUT PATTERN OF

14

-C WITH OTHER FISSION NUCLIDES

lhc

OTHER FISSION NUCLIDES

relatively slow transfer from

stratosphere results in global

distribution

mean life-time » 8000 years:
available to man for many

generations o

easy access to humans via the

vfood chain

approximately even distribution
throughout the body

constituent atom of genetic

material

most nuclides are 'rained-out!

from atmosphere —rapid removal

many short-lived: exceptions

90 137
notably 7 Sr and 3 Cs.

soil/ﬁlant a;;;sition; ingestion/
inhalation

Very often u;;;en distribution
€.8. 1311 in thyroid;

in some cases discrimination

90
factor e.g. 9r/Ca
9

plants > 1

0 :
Sr/Ca
milk
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14

Biological damage from ~ 'C

The biological damage associated with any radioisotope ié
dependent on the iénisation produced by the radiation and is thought
to arise from the chemical reactions which ionised atoms subsequently
ugdergo. In turn, the amount of ionisation produced depends on the
’type and energy of the emitted radiation; in the case of th decay,
ionisation is confined to a relatively small radius - the maximum
range of such a -particle is <0.3mm. in soft tissue. Most of the
energy of the /9—particle is transferred to water which comprises, -
on average, 70%-80% of the contents of a cell. Changes in the cell
molecules (protein, lipid, nucleic acids and inorganic substances)
caused by the S-particle alone would, under these circumstances, be
created by interaction of these molecules with ionised water and
subseqﬁent energy transfer. Hoyever, besides the l9~particle itself,
the additional energy characteristics related to the decay processrare
1) the recoil energy of the ﬁitrogen nucleus, and 2) the residual electi-
ronic energy within the nitrogen atom, both occurring after /g—emission.
Both these processes are further, more direct methods which may effect
breakdown of one or more of the cell constituents, the most important
of these being the nucleic acids. While the protein, lipid, and
enzyme constituents of cells are often present in excess, in which case
biological damage to one of these components is less likely to be
detrimental, deoxyribonucleic acid (DNA), one of the nucleic acids,is
one of the rare species of molecule in the cell and plays the widest,
most critical role in metabolism. DNA consists of sugar-nitrogenous
base complexes linked by phosphate bonds in a double-helix structure.

The bases are of 4 types and are linked in a specific arrangement which
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determines the identity of any partibular gene — the structure which
controls inheritance and metabolism. Besides the radiochemical change
in DNA which can be caused By the th decay prdcesses previously
mentioned, an additional mechanism exists whereby the basic structure
of the macromolecule may be altered, viz. the transmutation of th to
th. Fracture of a DNA molecule is possible by this method although,
under certain circumstances, the molecule can in a relatively short
time restitute itself (Pizzarello and Witcofski 1967), but equally
possiBle is a change in the specific sequence of bases which results
in a mutated cell -—‘one with different characteristics. Thué in

such a case, if a th atom that has been part of a DNA molecule
decays, its replacement by the chemically different th atom might be
expected to have a profound effect (Purdom 1962). Although relatively
little research has been devoted to this aspect of radiation biology as
yet, Totter et al; (1958) suggest that, 'subject to large uncertainty?,

14

the £ransmutétion effect of a = 'C atom contained in the genetic material
of the human body could lead to about the same number of genetic
mutations as those caused by the radiation effect of 1AC itself. In an
experiment to determine the radiation effects resulting from the pre-
natal administration of high levels of a th-labelled precursor of DNA,
Simpson and Bennett (1963) failed to detect any gross effects of the
radiation on the somatic cells — cells of which the body isAcomposed.
However, in consideration of the ultimate damage that might be caused
by the presence of ll”C in nucleic acids of an animal population, the
authoré pointed out that their experiments were limited to the study of

only one generation of mice and were not designed to study more subtle

genetic.effects that might not be apparent for generations. It is these
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léng—range genétic effects, however, that havé been the chief
cause for concern over the release of 140 into the atmosphere
(Totter et al. 195€, Pauling 1958, Sakharov 1958, Leipunsky 1957).
Furthermore, Uphoff and Stern (1949) conclude that there is no
threshold below which radiation fails to .induce mutation. Since
mutations are, in most cases, detrimental to the individual in which
they occur, and ionising radiation is known to increase the natural
rate of mutation without the production of new types of mutation,
the potential hazard of 140 to man cannot be ignored. In order to
appreciate the biological hazard to man from the 146 produced from
nuclear weapon tests, if is necessary to know the amount of 140
available and the manner';n which it becomes available for incorpor-
ation into hurans, besides the degrée to which it affects living
tissue. At present, direct measurerent of the 14¢ activity in human
tissues and skeleton remains the only accurate ﬁethod of assaj of
human 140 levels.

1.8 Airs of Research

Numerous data on the distribution of bomb 14C.in the atmosphere
end oceans have enabled theoretical estimates of_biospherié levels
in the past, present,and future. The nurmber of results on the measured
140 activity in human tissues available for comparison with these
theoretical estimetes is, on the other hand, limited. Harkness and
Walton (1969) compared theoretically calculated biospheric 140 cbncentr—
ations predicted from a two-box model, Fig. 1.3 (é), and 2 more complex
six-box model, similar to Fig. l.3 (b), with the atmosphere subdivided
into stratosphere and troposphere. The resulté of the estimafes of

residence times indicated that there is a considerable error involved
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during the decade after the major disturbance of equilibrium conditions.
The principal discrebancy over this period arises from the uncertainty
of the role of the biospheric reservoir in relation to the dynamic
carbon cycle and the.limitations inherent in each box-model treatment.
Tbe.concept of uniform mass transfer between reservoir boundaries in
location and time is not strictly correct for the atmosphere in which
exghange and mixing patterns of CO2 show strong seasonal dependence.
Haximum'stratosphere ~ troposphere exchange occurs at mid latitudes
during‘the spring months, the time which coincides with the growth
period of plants and results in an enhanced transfer of carbon to the
biosphere. In addition, uncertainty in the mass of biospheric carbon
and the diverse physical content of this reservoif greatly reduce the
degree of confidence with which the ll’C/:LZC ratio of any sample can bé
regarded as representative of the whole reservoir. The 1AC concentr-
ation in man is necessarily affected by his dietary intake which includes
not only young terrestriél biospheric carbon but also a certain amount
of carbon of marine origin. Aécording to Nydal et al. (1971), the trans-
fer of th into the human body depends on 3 factors:

(a2) the time beﬂween photosynthesis of vegefational food and its'

'consumption,

(b) the human diet, and

(c) the residence time of carbon in human tissues.
Of the th analyses performed on human tissue (e.g. Berger and Libby
1966) and blood samples (Nydal et al. l97l,»Harkness and Walton 1969),
no detailed measurement of th levels in different tissues of the same
individual as a function of age has been performed. ‘The»fgsults of

such a study mightvbe expected to yield a mcre quantitative measure of
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the metabolic activity of tissues. It is sometimes difficult to draﬁ
definite conclusions based on work in which ordinary tracer 1AC,
labelled at only ohe or two positions, is incorporated in complicated
molecules after a complex chain of chemical reactions. In this respect,
@e?restrial tissues - plant and animal - appear to have responded in a
natural way to bomb th; compounds involved in the usual processes of
photosynthesis and feeding have a fraction of their carbon positions
labelled. Turnover times of carbon in tissues of the human body are
important in the field of medicine, particularly of benefit to drug
metabolism studies.

Therbjectives of this research project are threefold, based on
the following experimental approach:

1) a series of measurements pf the th concentration in a
spectium of human tissues as a funétion of age of the
individual |

2) a supplementary seri;s of activity measurements of atmospheric

CO.. as an accurate assessment of the lI‘LC concentration_in this

2
1 . :
reservoir, and as a check on any LC fluctuations caused by

continued nuclear weapon testing

3) 140 measurements of a limited number of foodstuffs. A
systematic investigation of the lAC levels of all ‘the constit-
uents of the diet is impracticable. Samples of uncertain
relationship to atmdspheric lAC concentration - animais'and
marine life - require lI‘FC assay.

The intended objectives are:
(2) a model treatment of the data from 1), 2), and 3) above, to

calculate residence times of carbon in different tissues,

(b) an examination of the results of such a treatment to search
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5
for significant differences in residence time of tissue
Qarbon between individuals of different age, and
(c) calculation of the expected dose rate to humans from

the bomb th burden, both now and in the future.
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, CHAPTER 2, EXPERIVMENIAL METHCDS IN RADIOCARBCN ASSAY.

2.1 Introduction v -

The rigorous.chemical and physical procedures adopted for the
analysis of environmental 140 are necessary for 2 reasonst
'1) 146 55 a weak beta emitter (maximum energy 156 Kea,
_ average energy 45 KeV;i Jenks and Sweeton 1952).
2) 144 activities are low - < 27.0 d.p.m./g.carbon
(i.e. = 12 picoCuries/g. carbon)
The decay characteristics of 140 therefore require the analytical
systeﬁ to have a high efficiency of detection (E) while minimising
the background count rate (B). For optimum sensitivity of activity
measurement the parameter E2/B should be as large as possible within
these conditions. In addition, it is even more impertant that the
counting equipment be stable eiectronically over long pericds of time,
since |
(a) counting tires arérlong ( = 20 hours) to reduce the
statistical error associated with the activity mreasurement,
and
(b) background and reference samples can be counted only inter-
mittently; thus the resultant data may be applied tq gross
sample activities onlyvif counting conditions remain constant.
The 3 criteria for éatisfactofy measurement of low-levél 140
activities are therefores
1) high 140 detection efficiency
2) low background count rate

3) long-term electronic stability of the counting system.
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Natural 140 was first detected uéing a scre;n-wall Geiger counter
(Anderson et al. 1947). The sample, in the form of elemental carbon,
was coated on the internal walls of the detector. Background reduction
was achievgd initially with 1ead/iron shielding alone but later via
addition of anticoincidence circuitry; using this latter technique, the
sample counter is surrounded by a 'guard' ring of Geiger counters such
that external (non-sample) pulses which register simultaneously in both
guard and sample detectors are eliminated. The detecticn efficiency
of the "so0lid carbon" method,.however, was low ( <5%) and experimental
procedures laborious; in addition, due to atmospheric exvosure of the
necéssarily large surface area of carbon required, sampies were suS-
ceptible to contamination by airborne radionuclides, a feature soon
highlighted by the incréased ffallout! levels produced during the nuclear
ersa.

The advent of gas counting overcame the contamination problem,
since operations were now to be perforred in a high vacuum system.
Counter operation was chosen in the proportional, rather than the Geiger,
region dﬁe to the lower voltages and sﬁperior plateau characteristics
(length o 500 v., slope 4(1% pef 100 v.) of the former at high working
pressures (Anderson and Libby 1957). Furthermore, the pulse height
measured in the proportional region is directly related to the incident
particle energy; thus, with the development of pulse-height discrimin-
ation (Freedman and Anderson 1952), the background count raté could be
reduced by selection of only the particular energy range of interest.

No such correlation»(pulse height with barticle energy) applies to the
Geiger region where all pulses are of equal height and background count

rates can be reduced only via massive shielding and anticoincidence
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arrangements. Of the gases developed for proportional counting of 140,
three are in widespread use; 002, CH4 and 0232. Improvements in
preparativeimethodé (de Vries and Barendsen 1953, Suess 1954, Fergusson
1955, Burke and Meinschein 1955, Fairhall et al 1961) and édvances in
electrpnic circuitry and component design have produced counting
efficiencies aporoaching 100% and backgrounds =~ 5 c.p.m. (i.e. EZ/B

a¢ 2000).

Liquid scintillation counting, the alternative major method of
low-level counting, was first applied to 140 measurement by Arnold
(1954). ‘Tﬁe inherent advantage of this technigue lies in the reduction
of sample vclume with a corresponding increase therefore in the carbon
contentsvolume ratio relative to gas counting (x 2000). " Anticoincidence
shielding of the type used in proportional counting is unnecessary, as
the gurface area of sample which is subtended to cosmic radiation is

’ correspondingly reduced. Progiess in this field has been achieved in
3 main areass | ‘
1) the eliminaﬁion of the photomultiplier 'noise' component
pf background, achieved by coincidence technique using 2
coexial photomultiplier tubes
2) the removel of the discolouration frequently observed
in scintillating liquids, causing a reductién in.detection
efficiency (quenching) |

3) high-yield preparations, under routine 1abora£ory conditions,

of an organic solvent suitable for scintillation (e.g. benzene) .

Through these advances (Rapkin 1964, Noakes et al. 1965) the

E2/B value has improved from =~ 15C in 1960 to =~ 800 in 1970; this

tbgether with the inclusion of automatic sample-changing facilities,
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" enabling sample, backgrornd, and reference activities to be measured
almost 'sirultaneously', has enhanced the value of the technigue. The
improved E2/B value, however, remains lower than that of proporticnal
gas counters due to the lower detection efficiency of liquid scintill-
ation detectors. If the discriminator thfeshold, which is set above
the thermal noise'area of photorultiplier tubes, is lowered, it is
possible to increase the detection efficiency of liquid scintillation
counting but in this situation, the background increases'and, more
important, sample activities are subject to spurious noise pulses,
a condition of electronic instability. A compromise between high
detection efficiency and stability of perfcrmance is required, therefore,
and the final discriminator setting ultimately determines the magnitude
of EZ/B. Thus, for the activitj measurerent of small samples (< 2g.
carbon) when maximum sensitivity of detection is essential, the use of
l1iquid scintillation counting is severely restricted. Since the majority
of samples available for this project were expected to contain | ~ 1.5 g.
carbon, propertional gas counting was considered to be superior and was
chosen in preferehce to liquid scintillation counting. CO2 is employed
as the counter-filling gas for several reasons:
1) for accurate comparison of different sample activities,

it is imperative that all gases are counted at the same

gas gain (see 2.4.3). It is possible to achieve this

cond;tion for all gases by adjustment of the detector

voltage to correct for the effects of any minor impurities.

Since the characteristics of 002 sre highly sensitive to

these electronegative spécies (21 pepeme 02, 2 0.1 pepema

Cl, ¢ Fergusson 1955) the gas gain for each sample can be

2
controlled precisely and reproducibly by normalisation of
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the energy spectrum

2) {t is more direct to use 002 itself as counting gas than to
convert it further to CH4 or 02H2 for activity measurement

'3) handling/storage of CO2 is carried out in relative safefy
in contrast to the potentially haéardous conditions under
which 02H2 (explosive‘at.pressures )’1.54atmosphere) is
used

4) the vapour pressure of CO, is negligible at liquid N,

2
temperature (- 19600.); thus possible fractirnation effects
(sée 2.5) and sample handling losses are avoided cf. CH4,
vapour pressure &1 cm. Hg under similar conditions to 002 i
5) direct mass spectrometric analysis of the counting gas tq
determine fractionatipn effects is possiblé with 002 rovort-
ional counting but not with CH4/02H2 counting; in the latter
cases, fracticnation effects are determined from a sample of
002 which is extracted during each CH4/C2H2 prevaration, and
may not be representative of the final counting gas.
Sophisticated vacuum technique and chemical procedures are required
for'CQ2 preparation. The laboratory processes ﬁerformed are shown
diagrammatically in Fig. 2.1. In this programme, samples measured for
140 activity are divided into 5 categoriess
' 1) Biospheric (human tissue, bone, aortae, food)
| 2) Atmo;pheric 002 |
3) Archaeological (wood, charcoal, peaf)
4) Backgrounds (samples containing only inactive carbon)

5) Reference standards

In every case, care must be taken to ensure that the carben which is
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.ultimately counted as 002 originates totally from the sample. The
effects of different sources of contamination on the sample types listed
above are shown in Table 2.1 while special precautions for individual
types are discussed in their corresponding sections. Background and
referenée samples are also treated elsewhere (2.6).

2.2 Sample Cnllecticn and Pretreatment

2.2,1‘Biogpheric samples

(2) Human tissues

Samples of different organs and of bone (10 - 20 g. wet weight)
were collected at post-mortem examinations carried out in the
Western Infirmary, Glasgow, and Law Hospital, Carluke, no later v
than 5 days after time of death. For each specimen, the age |
at death, sex, and cause of death were recorded. ?referenpe for
'non-fixed' i.e. formaldeh&de-free-material was taken to avoid
risk of contamination of tissue carbon with inactive carbon
(formaldehyde s CH20). On the one occasion when samples were
obtaiined "fixed' (5 tissues), they were first boiled in distilled
water for 15 - 30 mins. to remove water-soluble formaldehyde.
Otherwise tissues were washed with distilled water to remove
external traces of blood and thereafter wereAdissected free from
extraneous fat, homogenised with 10 - 15 mls. distilled water to
a pu.rée texture, and freeze-dried overnight; 2 - 5 g. dried material
- were thu; obtained ready for combustion.

(b) Tissue fractions

Although variations exist between tissues, the contents of dried
tissue are composed essentially of protein (652 -85%) and of lipids

(lQ%—SO%Q,'a group of compounds comprising several classes including,
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for example, phospholipids and triglycerides, each having a

general formula shovn in I and ITI respectivelys

CH—0 R

, I = PHOSPHOLIPID

R 1 R, R: H, alkyl
R H, CH

VV 7 3
—O0—CH—CH—NR;

CH—O0

hn

=0 O=00=0

CHZ---O—f—

-0

CH___O__C____R IT = TRIGLYCERIDE
, I | i | R, R, B = alkyl

7 | /
Other constituents which comprise the remaining percentage are
carbohydrates, enzymes, hormones, vitamins, and inorganic
salts (N.B. these percentage compositions do not apply to
brain tissue or bone.) In this particular section, a series
of freeze-dried tissues, = 10 - 12 g., was treated to separate
the lipid fraction from protein. One of the most widely used
solvent mixtures for this purpose is Bloor's solvent - an
ethanolzdiethyl ether mixture in the ratio 3:1 v/v (Entenman 1961).
Each dried tissue was first finely subdivided in a portion of hot
ethanol/ether, using a pestle and mortar. The resulting slurry
was added to 200 mls. solvent mixture and the solution refluxed
for 1 hour. On filtration, the residue was further extracted

for 1 hour with 200 mls. diethyl ether which replaced the
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ethanol/ether mixture. The resulting proteinaceous material
was filtered and oven-driéd for a minimum of 48 hours while
the 2 liguiad éxtracts were combined and the solvent evaporated
6ff under vacuum. A stream of N2 was passed through the lipid
to remove any last traceé of solvent.
Solvent contamination of both protein and lipid fractions was
investigated using the same extraction procedure for 3 tissues
but with both 140—1abelled ethanol and diethyl ether. The
initial activities were such that a T% solvent contamination
level in the final extracts would increase their activities by
" 10 c.p.m. per counter fill of these samples. In fact the result-
aﬁt 140 activities measured for each protein sample and a pooled
lipid extract failed to indicate the vresence of solvent carbon
'[see Table 3'.1(17)].
(c) Aortae |
Aortae originally collected from victims of athérosclerosis in
1965 were forwarded +ith relevant details o% their history by
Prof. J.P. Strong, Dept. of Pathology, Lousiana State University,
New Orleans, U.S.A. An additional more recent sample (June 1973)
was supplied by Dr. W.A, Hérland, Dept. of Pathology, Western
Infirmary, Glasgow. The particular fraction of these arteries
" required for analysis -~ the 1ipids.— is deposited on the intima
(inner wall of the artery) and was visible in 2 formst

1) fatty streaks and/or spots

2) fibrous plaéues, an intimal thickening, firm an& grey/pearly—

vhite in colour. The composition of the lipid fraction

varies with the extent of damage to the arterial wall
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(BSttcher and Woodford 1962); thus in the arteries analysed

in this work, the proportion of lipid constituents was

approximatelys

16 % phospholipids
25 % cholesterol (III)
42 % cholesterol esters of unsaturated
fatty acids, predominantly lineolic acid,

: 017H31 C02H
10% free fatty acids

JII Cholesterol C _ H
ero. 27 AGP

¥

The solvent ﬁsed for the extraction of total lipids from

the intima was in this case a chloroform/methanol mixture.

The arteries were opened longitudinally and washed with water

to remove adhering blood. The 3 arterial layers, intima, media
and adventitia were clearly visible, and the latter two were
stripped from the intima. -In the severely diseased aortae, each
_intima displayed considerable thickening and the separaticn of
intimaﬁfrom media presented no difficulty. vSeparatioﬁ of the

two leyers in samples affected only by fatty streaks, iﬁ contrast,
was more difficult; the intima obtained in such cases frequently
contained small quantities of medial tissue. After collection,
the tissue was finely subdivided using scissors and extracted with

a chloroformsmethanol mixture (2:1 v/v) in a stoprered flask for
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18 hours at room temperature. Almost total extraction of
1ipids is obtained by this method (Entenman 1961). The extract
was filtered by gravity, the pieces of tissue were washed with
small quantities of chloroform/methanol and the filtrate and
washings combined. The extract was feduced to dryness under
vacuum using a rotary evaporator; heat for the process was
supplied by a hot water bath, the temperature of which did not
exceed 40°C. Benzenesethanol (1:1 v/v) was added iﬁ 50 ml.
aliquots to reduce frothing and aid removal of water (Foote
and Coles 1968). The residue was dissolved in a 200 ml. mixture
of diethyl ether:heiane (1:1 v/v) and the solution washed with
an equal volume of saline solution to remove non-lipid constit-
uents (Entenman 1961). Prior to addition, the saline solution
jwas heated to ensure a fine partition between the two phases.
The organic layer was dried with‘NaZSO4, solvent was removed
under vacuun and the pure extract weighed. Yields of lipid
in the range 0.5 - 2.0 g. were obtéined. Two sources of contam-
ination were present in the arteries received from the U.S., yiz,z
1) formaldehyde which prevents decay of the organic material
during storage
2) Sudan III, a synthetic red dye used to stain lipid areas.
A g% solution(w/w) Sudan III (024H20N40) in alcohol is
prepared for this purpose.
Removal of the formaldehyde was achieved, if not during the '
initial washing, by the organic/aqueous phase separation; however,

| efforts to separate the dye from the 1lipid by solvent partitioning
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proved fruitless. The extent of contamination, however,
was estimated to be < 1% inactive carbon, by cclorimetric
comparison of the extracted stained lipids with several
standards, each of vwhich was prepared by addition of a known
_weight of dye in solution to a known weight of unstained lipids
extracted from heart tissue. Solvent contamination of lipids,
~ if present, was considered to be negligible, én assumption
implied by the results of the g tracer experiments of section
(v).
(a) Bone
There are 2 basic components of bone; (a) the matrix which is
rich in protein, mainly collagen, and (b) the mineral or
inorganic fraction which is comprised essentially of phosphate
and carbonate salts of célcium. The percentage cémposition of
these cbnstituents relative to dry bone is approximately:

50% CaB(P04)2.Ca(OH)2
20% CaCo,
30% proteins (collagen)

In addition, normal bone contains both yellow bone marrow compos-
ed of connective tissue and large amounts of fat, and red marrow
which is responsible for thé productirn of red cells. Each
carbon containing fraction; therefore, was isolated for 140
activity measurement. A 20 g. bone sample (tibia) wasvcollected
together with soft tissues at one vost-mortem examination. This
bone was split into fragments -~ lcm3 and boiled in 2M NH4OH which

released the marrow fat into the agueous phase. Subsequently,

the fat was obtained from solution by benzene extraction followed
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' by distillation of the organic solvent. The reéidual solid
material was>washed end trénsferred to 2 closed system where it
was digested in 2M HC1. 002 evolved from the carbonate fraction
was collected in a series of traps containing KZOH/BaCI2 solution.
Hydrolysis of the protein (collagen) fraction to its constituent
o -amino acids also occurred during this stage but these acids
remained dissolved in thé bulk solution. Once hydrolysis was
complete, the bulk solution was evaporated ta dryneés; the organ-
ic fraction remained absérbed on the calcium phosphate. There-
after the total residue was conmbusted to obtain the collagen-
derived 002,

(e) Food samples

The 2 types of foodstuffs analysed for 14¢ activity were meat
and fish samples. Meat éamples (minced steak, lamb's heart,
cow's liver) were freeze-dried and treated as in (b). Pish
‘samples were freeze-dried after the majority of bones had been

removed.

2.2.2 Atmospheric 002

Tropospheric 002 over the U.X. was collected monthly. A limited
number of sites (3) was selected after considérafion of the available
counter time and of the general homogeneity of the ‘bomb 140 distrib-
ution at these latitudes. The locations of the sampling stationss

1) Chilton (519%1'N, 1°20'W) |

$1) Snowdon (53°03'N, 4°00 )

111) Lerwick (60°08'N, 1°11'W)

were chosen such thats |

(a) the sites were isolated from areas of industrial activity
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;ﬁere the burning of fossil fuel releases ‘inactive 002

and might cause local 140 dilution effects as shown from

atmospheric 146 measurements in Glasgow (Ergin et al,1970),

(b) any locai increase in‘IAC concentfation which might

exist in the atmosphere close %o a ﬁuclear reactor would be

revealed by the 002 activity at Chilton, in close proximity

to the Atomic Energy Research Establishment, Harwell, and

(¢) a value of atmospheric 140 activity would be oﬁtained,

~.representative of atmospheric 140 levels in both the nprthern

and southern hemispheres. Previous work indicates that

these reservoirs are now equilibrated with respect to bomb

146 (Rafter and O'Brien 1970).
A bulkbsolution of 4 £. 4M XCH containingys g.Ba2+/£. was prepared
for despatch to each sampling station. A concentration of 4M was
selected from considerations of ionic strength, the amount of carbon
necessary for an analysis, ahd difficuities in the handling of a
caustic solution. Any CO2 absorbed prior to exposure was precipitat-
ed as BaCO3 which was filtered or decanted before use. At each site,
using a static fechnique, tropospheric COz-was absorbed in 250 mle.
aliquots of kOH solution contained in durable plastic basins of large
surface area ( o~ 100 cm2). Exposure of KOH took place under well-
ventilated conditions for periods'of 1 month; protectipn from rain
duriﬁglthisutimeAwas afforded by a wooden canovy and the level of
solution was maintained by addition of distilled water. After ex-

posure, the solutions, wax-sealed in plastic bottles, were returned

to the 1éboratory where, for convenient storage, the total BaCO3 was
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precipitgtéd (see 2.3.2), dried in an oven, and- stored in sealed jars
before analysis.

2.2.3 Archaeologigal samples

Special pretreatment methods are necessary for the removal from dating
materials (wood, charcoal) of non-contermporaneous carbon which origin-
‘ates from the environment in which archaeological specimens are found
- normally in earth. Most of the soil, pebbles, and rootlets were
first removed manually from the sample fragments which were then washed
in boiling distilled water; the superficial contaminants, carbcnates
and humic acids, were removéd in boiling solutions of 5% HC1 and 5%
NaOH respectively. Distilled water was used td wash samples after
each acid or base treatment; thus the total sequence of'pretreatméﬁt
solutions iss

distilled water

5% HC1

distilled water

boiling 5% NaOH
’ ‘distilled water

5% HC1

distilled water
Normally each boiliﬁg was allowved to continue for 2 hours but this
period was reduced for,wood/charcqal samples in poor physical condition.

Pretreated samples were oven-dried overnight before combustion.

2.3 Laboratory Preparation and Purification Procedures for 002

The following sections - combustion, precipitation of BaCOB, and
hydrolysis of BaCO5 - describe the laboratory procésses performed to
obtain the preliminary yield of COZ’ The subséquent purification stage

‘removes any residual electronegative species and regenerates 002 of the
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high purity required for gas propoftional counting.

2.3.1 Combustion

The combustion apparatus, shown in Fig. 2.2, is a modification
of the system used by Rafter (1965) Quartz wool together with the
side-arm flow at A replace CuO as a means of ensuring complete oxid-
ation of the sample. TUse of the latter oxidant resulted in the form-
ation of Cu.Cl2 during some tissue combustions and eventually caused
rupture of the combustion tube. Furthermore, chemical traps of
AAgN03 and KMnO4 proved inefficient in removel of the relatively large
yields of oxides of nitrogen and occasionally of sulphur. This»pre-
liminary purification stage wés therefore replaced by absorption of
002 in KCH traps folloved by precipitation of BaCOB, filtration and
regeneration of CO, by acid hydrolysis of BaCO3 (Harkness 1970).

Prior to a sample combustion, the tube with porqelaiﬁ boats is roasted
in a stream of oxygen for 20 miﬁs. On cooling, the boats ére packed
with a known weight of sample, replaced in the combustion tube and thg
tube closed. Three Dreschel bottles are filled with 4k KCOH solution
while the first bottle is so positioned in case of accidental suck-
back. The KOH solution is preﬁared frem a bulk 8V KCH solution contain-
ing ~5 g. Bazf/c. 3 a portion of thié solution is filtered through
solid BaCl2 before use and diluted with distilled water to 4M concen-
tration. When the system is connected, the pump is switched on and
the apparatus flushed with 02 maintained at a negative pressure of
~ 10 cms. Hg by stopcrck Sy partially opened (S2 open). After 10 mins.,
...a.bunsen is applied under side-arm flow outlet, A, until the tube is
‘élowing brightly; thereafter the second bunsen is applied under the

porcelain boats at the end nearest the main~arm oxygen supply and the
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FIG. 2.2 COMBUSTION
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combustion initiated. The combustion rate is controlled by the 02
flow rates in both the main and side ;rms; these, in turn, are adjusted
by the needle valve (to 100 mls./min.) and ratemeter (to 250 mlé./min.)
respectively, during the initial stage of each ccrmbustion. Towvards the
fipal stage, the main-arm flow is increaséd to 200 mls./min. The
combustion technigue varies for each type of sample as can be seen
from Table 2.2 which lists the characteristics of the most common
sample types and the methods employed to obtain the highest combustion
yields. Complete oxidation is ensured in most cases by the side-arm

02 flow and the quartz wool maintained at e:éOOOC by an electrical
furnace. Pilot runs, in which oxalic acid was combusted, indicated
combustion yields » 90%. The evolved 002 is absorbed in KM"H sclution
in traps-2 and 3 resulting in 2 cloudy appéarance caused by precipit-
ation of some of the 002 as BaCOB; fhe KOH is of such a2 concentration
(4M) that for a normal combust'ion rate, trap 4 remains clear, an
indication that the flow rate is satisfactory. Once the sample i;
apparently combusted, the combustion tube is roésted in & main-arm

02 flow rafe increased to 200 mls./min. After 20 - 30 mins., the 02
flow is stopped,S1 is closed and traps 2, 3 and 4 are removed from

the system for total precipitation of BaCO5.

2.3.2 Precipitation of BaCOB

As shown in Fig. 2.3, the precipitation of BaCO3 from combustion/
atmospheric KOH solution is performed in a closed system in which
absorption of atmospheric 002 is prevented. Steam from boiling distilled

water passes through the KCH solution to coagulate the solid by a

combination of heat and agitation and hence improves the filtration time.
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TABLE 2.2 COMBUSTION TECHNIQUES

SAMPLE TYPE LENGTH OF COMMENTS
COMBUSTION
charcoal Sample glows on applying second
(a) wood 1l - 2 hrs.| flame; thereafter sample glows
anthracite without applied heat
Bofh extracts burn with control-
led flame; after initial heating
second burner is not required;
(b) petroleum extract |2 - 2% hrs.| prolonged roasting is necessary
artery lipid | - lhr. after sample flame dies down to
aid oxidation of remaining %oot~
like! material
Second burner is applied inter-
mittently; initial burning
(c) tissues 13 - 2 hrs.

changes to a bright glow as in

case (a)
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BaCO3 is precipitated by addition, from the dropping funhel, of

an excess of saturated BaCl2 solution, and filtered when warm. Each
sample is dried overnight in an oven at 110°C and weighed; any sample
which is not required immediately isbstored in sealed jars.

The remaining practical operations (hydrolysis, purification
and counter filling) are performed in a high-vacuum ranifold which
prevents external contamination of sample gases. Furthermore, 002
can be transferred easily within this system from one section to
another by distillation at liquid N2 temperature vwhen 002 exists in
the solid state, its vapour pressure being < lofitOrr. Evacuation of
the system is effected by 2 mercury diffusicen pumps, each backed by
its own rotary pump (one—stage_and two-stage respectively). The
manifold shown schematically in Fig. 2.4 is constructed sc that time-
consuming operations such as counter and 5. buldb evacuations can be

performed simultaneously.

2.3.3 ‘Hydrolysis of BaC0s

002 is regenerated from the carbonate at reduced pressure by
addition of 95% HzP0,. The hydrolysis section, shown in Fig. 2.5,
contains a water-cooled condenser as precaution against exiensive
frothingvof samples in the reaqtion flask. 'Weighed sample BaCO3 is
powdered to increase the surface area exrosed to acid and thereby
ensure a fast, efficient process; the powder is added to the reaction
flask plus stirrer, and covered with ~ 20 rls. distilled water. Two
traps (Tl’ Tz), each surrovnded by e Dewar filled with a dry-ice/
acetone mixture (—8000),freeze out moisture from the evolved COZ'
Onee the system is connected and sufficient time hes elapsed for

equilibration of the moisture traps with their cooling mixture, the
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section is pumped through stopcock Hl by rotary pump &lone (Hzopen).
When the first signs of evaporation of the distilled water become
is placed under trap T

apparent, H is closed and liquid N The

2 3°
non-volatile-H3P04 is added from the dropping funnel slowly to avoid
excess frothing of the reaction mixture._’When excess acid is present
in the reactirn flask, normally after 3C - 45 mins., the solﬁtion is
stirred at maximum speed for a further 20 mins. to ensure complete
hydrolysis. Thereafter H2 is closeq and traps T2 and T5 are evacuated

to 10"2 torr. through H The 002 is allowed to sublime through the

1°
drying agent (Mg0104 pellets) contained in a U-tube and into the 5&.
standard buld cold finger where it is condgnsed under liquid'NZ. Both
the U-~tube and standard buldb aré previously evacuated to < 10"3 torr.
during the hydrolysis. Once transferréd, the CO2 is pumped to 10_3 torr.
and expanded into the standard bulb. The pressure of'002 is heasured
ﬁsing a mercury manometer, rooﬁ temperature is noted %nd the hydrolysis
yield of 002 calculated. thev resultant value is typically o 100%.
After each hydrolysis, trap T1 is removed, dried =nd replaced; distilled
water is washed through the dropping funnel/condenser unit to remove

traces of acid on the walls of the glass.

2¢3.4 Purification of C02

The effect of electronegativé impurities on the'counting perfoermance
of 002 has been demonstrated by Fergusson (1955) who also developed the
purification technique initially used by de Vries and Barendéen (1953)
to remove such irpurities. Thus the initial difficulties experienced
in the measurerent of 140 activities by proportional counting of C02
were overcbmé and led to a straightfortard purification procedure for

routine use. The treatment relies on the convenient temperature
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* dependence (400°C - 900°C) of the COZ/CaO/Cacog equilibrium system,
represented ass

. 8 0
CaO + €O, L280C o

T < 4,000C ’

Fig. 2.6 shows the dissociation pressure of CaCO, as a function of

3
‘témperature, based on data from Hill and Winter (1956). €O, is
passed from the standard bulb into the evacuated tube containing

Ca0 heated to 700°C by a Gallenkamp énergy regulated tﬁbe furnacé

(FS - 210). On cooling to»400°C, the tube is pumped to < 1073 torr.;
the impurities not absorbed on the Cal are thus removed while the 002
is Tetained in CacO, form (p00, = 107 torr.). 4t 900%, 00, is

regenerated from CaCO_, but impurities remain absorbed even at lOOOOC.

3
After each purification, the Ca0 is heated to = 1050°C; those impur-
ities which are labile at this temperature plus any residual traces of
002 are removed in preparation for the next sample 002 by pumping to

< 0.3 x 1072 torr. The 3 - 4 hours required for the total (purific-~
ation/cleaning) operation includes ~ 1.5 hours taken by the furnace
to cool from 700°C to 40000. Excess moisture present in the 002
produced by hydrolysis decreases the rate of re-evolution of CO2
resulting in the necessary renewal of Ca0. Normally, however, renewal
is only necessary after 40 - 50 gaé purifications. C02Afresh from the
Ca0 contains radon'(cﬂ- emitter, 5.49 Mev, t% = 3,82 days), & daughter
product of'radium which exists as an impurity in the Ca0. Since the
amount of radon present in a 002 sample was found to increase with

the dufation of 002 absorption cn the Ca0, this time is kept to a

minimum. Although Long (1965) reports almeost total removal of radon

: o
from 002 by passage through an activated charcoal trap at - 4Q C, a
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procedure lasting 2 Hours, it is possible, with a similar trap at

OOC, to remove a high percentsge of this contaminant witﬁ no time

loss. The latter conditions are adopted here, since zny residual

radon can be allowed to decay to a negligible‘level withiﬁ 2 - % weeks.
Bach 002 sample, on regeneration from the éaO furnace, passes through
avcharcoal trap immersed in a Dewar of crushed ice and is collected
under liquid N, in the filling finger of a 5&. bulb. The CC, is
‘stored;in the bulb for a minimum of 2 weeks before its activity measure-
ment. Yith a storage section of 10x54£. bulbs, it is possible to maintain
a continqous supply of sample>gases. After each 002 purification, the
activated éharcoal is degassed by pumping to 1074 torr. at 150°¢C.

2.4 Routine Procedure for 002 Activity Measurement

2.4.1 Counter filling

The sample'detector ié connected to the vacuum manifold by 5 ft.
of %";bore oxygen=free, high~conductivity copper tubing ending in a
glass-to—ﬁetal seal. The filling sysfem is shown in Fig. 2.7. Prior
to being filléd, the counter and manometers are pumped to <€ 3 x 10-4
torr., a process rhich may be performed without interruption fror
other evacuation procedures, as described previously. Each sample gas
is condensed from its storage bulb info the filling finger, with stop-
cock Sl closed; before expansion into the counter, the 002 is pumped to
1072 torr. under liquid N, (82, S3 closed: SIS4 open). The final
counter filling pressure in each case corresponds to 760 mm. Hg at
1500 to ensure that the sare mass of carbon is counted each time. Thus
when the counter pressufe is slightly in excess of this value, S is

. 1

closed and S. opened; the remaining '‘dry-ice' is expanded and condensed

. 3
back into its storage bulb filling finger under liquid-Nz. The temperature
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inside the sample detector is oBtained using a gas thermometer
equilibrated within the lead castle for at least 30 mins. prior to

final pressure adjustment. €O, is leaked through S (S3 closed) until

the required pressure readings in the two mercury manometers are obtain-

ed.

~ After an overnight count and before the gas is returned to its

storage bulb, a small aliquot is extracted at S_ for subsequent mass

5

spectrometric analysis (see 2.5).

2.&52 Counting system

. Sample activities are measured using a Johnston Laboratories
Inc. Beta~Logic Gas Proporticnal Counting System, models GC-12 and
GC-13. The 2.6&. sample détector (GC-12) is surrounded by a meson
guard counter (GC-13) and the whole assembly is encased in & 4"-
thickness of lead in which the gamma component of background radiation
is absorbed. High-energy mesons which penetrate the lead shielding are
largely eliminated from a sample activity measurement by employing
sample/guard anticoincidence circuitry i.e. mesons counted simultaneously
in both guard and sample détectors are sutomatically cancelled from a
sample count.

(a) Guard counter

» The guard counter is of the gas-flow Geiger type. It contains
12 independent anode wires, each anode separated from ité
neighéours by an earthed metal fin. The gas flow is supplied
by a cylinder of Q-gas (98.7% helium, 1.3% isobutane), the
flow being ad justed to an outlet pressure of 20 pes.i. by a
pressure regulator, and to a rate of 150 mls./min. controlled

by & needle #alve and ratemeter. Typical plateaus obtained
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using thié counter are » 3C0 V. in length with slopes
< 2.5%/100 V. while the working voltage is in the renge
1.3 - 1.4 KV.

(v) Sample Detector

A diagram of both guard and sample counters is shown in
Fig. 2.8. The sample detector, machined from brass and with
a stainless steel anode wire, diameter 0.001 in., is designed
to rest totally within the guard counter. A close-fitting
door, also of lead, allows easy access to the counter assembly
e.g. for the temperature mweasurement to enable the final
pressure adjustment of sample CO2. At counter pressures of
1 atmosphere, the wdrking voltage is in the range 3.4 - 3.5 KV.
Although this choice of filling pressure isressentially deter-
mined.by counter volume and sample size, different operating
conditions are possible; e.g. 100cms. filling pressure. Both
coincidence and anticoincidence spectra exhibit excellent
plateau characteristics:
coincidence plateau s length ~ 800V., slope < 1.5%/100 V,
anticoincidence plateau : length ~600 V., slope < 1.0%/1C0 V.

(c¢) Electronic console

Pulses from the sample detecter are fed to a preamplifier and
then to a series of 3 amplifier discriminator boards; the dis-
crimiﬁators control the base line of 3 energy channels which
receive the output pulses. The discriminator settings are
adjusted for optimum 140 detection and correspond to the follow-
ing ranges of pulses leaving the preamplifier, assuming a gas

gain of 2 x 103:
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channel 1 2mV, - 2CmV,
channel 2 20mV, = 400mV,
channel 3 > 400mV,

- Channels 1 and 2 register 140 rulses while 222Rn is detected
in the highest energy channel 3. The output pulses from the
amplifier/discriminators are then fed to a diode matrix logic
unit for time—coincideﬁce analysis with the guard counter
pulses. The diode matrix logic unit utilises information from
the guard counter and the 3 discriminato;s to provide coincidence
and anticoincidence of the 3 energy channels with the guard.
The voltage to both counters is supplied by a fully transistor-
ised dual vgltage supply; 50C - 6100 V, and 500 - 4100 V, for fhe
sample and guard detectors respectively. Pulises are shown on

4 decade scalers, each witﬁ a 5-digit register; in addition,

2 Sodeco print-out ynits with scalars coupled to an automatic
timer and preset time interval enable long counting times to

' be split into several smaller psriods, typically 2C mins. Print-
out'analysis therefore represénts a valuable check on counter
stability over the time of the total count. After a print-out,
the registers are automatically reset. bA block diagram of the

essential features of the counting system is shown in Fig. 2. 9.

2.4.3 QOperating conditions and sampling procedure

The woriing voltage for a particular counter fill is obtained by
analysis of defector voltage vs. coincidence meson count rate rather
than the lower anticoincidence count rates. The resultant meson
spectrum is a function of gas gain which in turn is sensitive to even
low irpurity levels in €0,. Fig. 2.10 (a) and (b) contrast the meson

spectra of pure/impure gases; the sharp peaks obtained in channels 1
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" FIG. 2.10 CHARACTERISTIC COINCIDENCE
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and 2 in (a) are characteristic of a pure gas with respect to counting

while the broader peaks and lower peak-heights in (b) are caused by
the presence of impurities. Provided that a CO2 sample is pure, its
working voltage is chosen within the area of steepest gradient of
.¢hannel 1 and 2 count rates, C1 and C2 respectively, at the point
where the ratio 01802 is 2:3. It is impossible to prevent small
differences in gas purity of sémples but a corresponding adjustment
in voltage applied'to each gas enables the 233 ratio and hence constant
gas gain condition to be reproduced. A range in working voltage of
3.45 + 0.03 KV.is regarded as acceptable; in a case where a voltage
outside this range is necessary to obtain the same gas gain, the gas in
question is repurified in fhe Ca0 furnace.

| After the coincidence meson plateau has been plotted and the
working voltage bbtained, a 10 ﬁin. measuremrent is made of coincidence
and guard count rates before the system is altered for thé overnight
anticoincidence count - normally of at least 18 hours' duration, At
the end of this period, the coincidence end guard count rates are
measured as before to ensure that the working voltage has not changed
appreciably. In fact, the'coincidence spectrum from most gases does
move to higher voltage after sn overnight count, but only by about 2% V.
This effect is assumed to be caused by outgassing of the counter walls;
however, the initial purity of the gas is restored at the next counter
fill when the gas is pumpéd to 10-5 torr. A further distillaﬁion is
not normally necessary. The guard count rate is monitored during the dey.

A typical extract from the daily céunting log is shown in Fig. 2.11.

At least 2 overnight counts are performed for every sample gas to

accumulate a miﬁimum’of 45,000 counts and thereby reduce overall counting
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TABLE 2.11 TYPICAL EXTRACT FROM COUNTER LOG BOOK

SAMPLE: NBS Oxalic acid 5/S . DATE: 7/1/72

FILLING PRESSURE: 77.55 cms. at 69.5CF.

VOLTAGE (KV.) COUNTS PER 2 MINUTES
o,y 002“ CO; €Oy A/C,, G
2.60 6 - - 6 - 1381
2.80 82 1 - & L 1367
3,00 , LLO 22 - 1462 14 1373
3.20 363 138 - 500 32 1391
3,40 262 250 - 512 12 1365
3,50 106 428 - 534 39 1380
3.60 45 478 1 524 L6 1377
WORKING VOLTAGE: 3.42KV. guard (day count rate) = 686 c.p.me
10-MINUTE COUNT AT WORKING VOLTAGE |
o | Cco co co. G g0)
1 2 3 T C0,
1002 1565 - 2567 678,  0.64
ON : 16.00 8/2 |
' COUNTING TIME: 1110 mins.
OFF: 10.30 9/2 , ,
N - . A .
AC, | ac, | c, AC,
TOTAL COUNT 57,8 . 15956 63 21767
C.P.M. 5.18 + 0.07  14.38 + 0,11  0.06 + 0.01 19.61 # 0.13
10-MINUTE COINCIDENCE COUNT
0 co G 0
CO:L 002 ¢ 3 T O2
1066 1524 1 2591 68L6  0.70

ATMOSPHERIC PRESSURE (during counting period): 1038mbars.
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uncertainty below 0.5%; if necessary, where 2 count rates differ by

> 2(0'1 +0'2) where O, 07, are the statistical counting errors (one
standard deviation), further counts are performed until there is agree-
ment within the specified error limits. The stability of an overnight
count is checked by inspection of the print-out tape; a print-out totzl
differing from the mean by » + 2 Crmean is neglected. Barometric

pressure is averaged over the counting period and recorded.

2.5 Isotopic Fractionation of co,

In any chemical or physiéal process which occurs with < 100%

yield and which involves at least 2 isotopes of an element, there exists
the possibility of isotopic fracticnation i.e. the preferential selection
of either the light or heavy isotope as a consequence of its nucleaf
mass difference. The different themodynamic properties associated with
this inequality result in different reaction rates and diffusion coeffic-
ients of isotopically substituted rolecules. Thus for a non-quantitative
laboratory vreparation of 002, containing 12C, 136 and 140 isotopes,
there is likely to be a change in the original 130/120 ratic. Similarly
the Y4/*°C ratio will be altered, but in this case by twice the former
13C

. 12
value, since the mass differences of 14C and with respect to ~ C

differ by a factor of 2 (Craig 1954).

2.5.1 Measuring technique

The fractionation effects in a sample of 002 are obtained via

abundance ra%io meaéurements of carbon and oxygen‘pérformed by mass

13,12 18,716 .
spectrometric analysis of sample 002. The 3C/ c and‘ O/ C ratios

are not measured directly but are deduced from the beam intensity ratios

45/44 and 46/(44 + 45) respectively, where
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mass - 44 fons = 1216516 (98.429)
mass - 45 ions = 26 %170 (0.c87) + 2 00 (1.19)
mass - 46 ions = 120160180 (0.4%) + 126170170

+ BeltbolTo } .
The values in parentheses represent the percentage relative abundances
of the isotopic species (McCrea 1950). All isotopic analysés are
performed using a double colleéting, 900 deflection, 6 cm. radius
Micromass 602B mass spectrometer (V.G. Micromass Ltd., Winsford,
Cheshire). This spectrometer is fitted with twin ion collectors which
permit direct measurement of the deviation in sample beem intensity
ratio 45/44 and 46/(44 + 45) from the standard ratios. The enrichment

of 30 in e sample as a result of fractlonatlon is expressed by the

'symbol 61130 defined by the relationship:

§3% - | Rsq

- 1 x 1000 °/

Bstq

are the 130/120 ratios of the unknowm and standard
130/12

where RSa and RStd

respectively. 6 130 represents, therefore, the per mil C ratio
enrichment in the sample relative to the standard - 002 produced from

PDB "Belemnitella arericena". As with 4¢ activity measurements,

absolute values are not necessary; only the deviaticn of isotopic ratio
with respect to the standard is required. In practice, a secondary
standard, pr;viously intercalibrated with the belemnite standard, is
employed. A double gas all-metal inlet system allows a rapid comparison
between sample and standard. The dimensions‘of capillary leak and the
inlet pressure ( & 7 cms. Hg) are such that the inlet gas flow is

' ”
i i i i i i i b sel (Brunnee
viscous, preventing isotopic fractionation in the sample vessel (
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and Voshage 1964). Ratios ere obtained on a digital output connect-

ed to a pen recorder.
About 6-8 successive differences between sample and standard
13, /12 . '
3C/ C ratio are obtained on the 45/44 ion beam. Only 4 differences

are recorded for the 46/(44 + 45) ion beaﬁ; analysis of these enables
a correction to be applied for 170 contribution by 120160170 to the

mass- 45 peak.

2.5.2 Caleulation of ©75C

The values for sample 45/44 ratio, standard 45/44 ratio and
their difference are averaged and expressed as R;, R&, and A’
respectively. An adjustment is made to these values to correct for
the slight amount of mixing of sample and standard gases in the inlet
system. Thus the corrected ratios Rl and Ro,respgctiveky are ogtained.
JAN s the corrected difference in the mass 45/44 ratio between sample

and standard is calculated from the expressions

The'measured deviation 6130m of sample from standard iss

813cm - A/ x 1000 °/°0

R

o}
16 12,161
but since R (*et0 % + % 70)/ 12,16,16,

17 .
a correction factor must be apvlied for the abundance of ~'O. Since
enrichments for 17y apa % differ by a factor of 2 (Creig 1957b)

measurements of the 46/(44 + 45) ion beam ratio enables & correction to

‘ . 18
be applied to Sljcm via 8 0, wheres
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6 1 80 A"

—— o
" x 1000 °/

- _
A - the meen of the difference in 46/(44 + 45)
ratios of sample and standard émd
R" = the mean of the 46/(44 + 45) of standard

Thus the corrected value of 813Cn

§13¢ =1.065.8%¢ -o0.0 18
copp, = 1:065. 8 - .0325. 6 ~%

This value has been calculated relative to the working s'tandard which
was derived from the combustion of a sample of human brain. Before
1 . .
Bcsample - deflned with respect to the PDB standard - can be
calculated, the & 15C value of the working standard relative to PDB
must be known. In fact, the calibration of brain 002 was performed

by cormparison with Solenhofen limestone, NBS reference sampnle No. 20.

Using a value for NBS 20 relative to FDB of - 1.03 °/°° (Craig 1957b),

6 130 .. relative to PDB was calculated and found to be - 20.67 0/ .
brain : 00

Finally 5 BCsami)le rela‘ti'v;e to PDB is calculated from the expression:
13 13 o _ 13 13
6% - é Csample ( /oo) - & Coorr. & Corain +
13 13 -
§ Ccorr. § brein .10 3

Appendix 1 gives deteils of the computer programme used to obtain

8 13C end 6 180' with associated statistical errors. Typical

precision of measurement is 0.05 o/oo (£ 107 ).

2.6 Treatment of Sample M6 pctivity Measurements

The anticoincidence count rates obtained for each sample represent

the gross activity of that particular sample and include a significant

contribution from background radiation. To reduce the statistical

uncertainty in the net activity of a sample, therefore, it is necessary
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»to measure the background count rate and its variation.

2.6.1 Background count rate measurement

The major sources of background radiation detecfed in the sample.
counter aret ‘
(&) cosmic-ray mu-mesons which are not'eliminated bj

anticoincidence shielding,
(b) secondary gamma rays produced essentially by interaction
of mu-mesons with lead, and
(c) radioactive impurities in the counter materials.

The discriminator threshold of 2mV, eliminates counter electronic noise
while teflon insulation reduces spurious pulses to a negligible level.
Occasionally non-statistical background counts appear, caused by break-
down in the insulation of high-tension cables. In'such a situation,
the source of trouble is located and the cable/plugs resoldered or, if
necessary, renewed. For backgrcund measurement, suitable materials
found to be sources of inactive carbon are (a) marble chips, (b)
anthracite, (¢) petroleun, (d) industrial Dri-Kold, and (e) tark CO,.
The pretreatment/preparation of these samples is summarised in Table
2.3. At least 2 separate background 002 samples are available at.any
one time, should a check for contamination of either gas with active
002 samples be necessary. Furthermore, the diverse methods of prepar-
ation.of these gases ensures that different stages in the normal sample
002 preparation procedure can be checked for the possibility of contam-
inafion with laboratory 002 e.g. the precipitation/filtration of BaCOB‘
Background gases are counted at least once every 14 days but normally
once every 10 days; bj accumulation of results over a period of months,

a series of background data vs. atmospheric pressure is obtained. The
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‘latter values range from 980 - 1035 mbars. pressure. The resultant
information is subjected to linear regression analysis by the method
of,leas? squares; details of the procedure,‘performed by computer,
are given in Appendix 2. An inverse relationship is obtéined by such
a treatment whereby the background ccunt‘rate decreases by 0.010 c.p.m.
per mbar. increase in atmospheric pressure; the line applicable to the
six month period comrencing August, 1972 is shovn in Fig. 2.12, together
with the statistical err§r associated with the lineear plot (see Appendix
2). Such a relationship confirms that the main compoﬁent of background
radiation can be attributed to cosmic rays; a greater physical barrier
is presented to the passage of cosmic rays/cosmic-ray derived particles
by the earth's atmosphere during periods of high rather than low pressure.

'2.6.2 Reference standard

Radiocarbon assay is nbt an absolute determination but rather a
measurerent of the per mil difference between a sample activity and
that of a standard. It is therefore desirable that the reference
maferial be universally applied to maintain consistency and reproduc-
ibility between different laboratories. Such a standard is the NBS
oxalic acid standard, which is related in activity to 1890 wood (as
descriﬁed in the following subsection); the latter material is selected
since it existed prior to the artificial perturbations of atmospheric
140 concéntration discussed in 1l.4. 002 is prepared from the oxalic acid
dihydrate by wet oxidation, performed in the hydrolysis section of the
vacuum manifold; the reaction is allowed adequate time for completicn
to prevent isotopic fractionation of the CO, (Grey et al. 1969). A
saturated solution of KMnO4 in 0.5¥H,50, - the oxidising reagent -

is slowiy édded to 16g. NBS oxalic acid covered with distilled water

and the following reaction occurs:

P =S T D KOs
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+

w0 cat
5(CO0H),. 20,0 + 20, + 168" —y 1000, + 8H,0 + vt + 100

2 4

After addition of excess permanganate (2-3 hours), the srlution is
stirred for a further 4 hour period; thereafter, purification of C02
is performed in the normal way (i.e. via the Ca0 tube/furnace). As
in the case of backgrcund samples, the‘rédern standard is counted
'régularly, on average once every 14 days, to reduce the statistical
uncertainty in its activity and ultimately in the relative activity of
a sample, while also representing a-continual check on %he stability
of performance of the counter. Before the standard can be used in
calculations of 614C/A values (discussed in the next section), 2
corrections must be applied to its 140 activity: '

1) for isotopic fractionation, if any, via the equation:

ox A 1 - 2019 + & e, )

A

1000

-

where on = corrected 140 activity of the NBS oxalic acid standard

' " " " " 1" 1] " "

A = measured
ox
§1%c imentall a 8% value of the standard, and
ox experimentally measure valu ’
-19°%/ - accepted value of the § ¢ noonoow " (Craig,
oo B 1961)

2) for radioactive decay since 1958, the year of origin of the NBS

oxalic acid standard, via the equationt

= A 1 + 0.2 (¢ -t)
Acoztr ox "’ ( 0
N ‘ 1000
‘ 14, . 2%
where 0.12 = decay rate of ~'C i.e. 0.12/wper year
(t -t ) = number of yeers between the measurement of its
o

activity and 1958 (to)
on is defined as above, and

A r is the corrected standard activity.
cor
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'Thq resultant activities are combined for periods of statistical
agreement and their mean value used in the treatment of sample results.
The values of the standard activities measured during the same time
interval as in Fig. 2.12 are shown in Fig. 2.13. One excepfion to
this averaging process occurred during an'S—week interval in early 1972
when, under conditions of apparent counter instability, a running mean
of background and standard activity values was preferred. The period-
icity of these reasurements was correspondingly increased ts improve
the accuracy of the latter procedure.

2.6.3 Calculation of results

Net activities of both sample (As) and NBS oxalic acid standard
(Am) are related via the following formula established by Broecker
and Olson (1959);

f x As

14, |
5 Csample -1 x 1000 /o0

0c95 X Am
The multiplication factor 0.95 adjusts the standard activity to correspond
to the 140/12 concentration of 1890 wood (see 1.4), while f, the dilution

C .
factor, is applied to those samples diluted with inactive 002:

f = pco, (sample + background):

pC0, (sample)

The parameter 8140 is uncorrected for isotopic fractionation of

sample

the sample :‘!.tself; after the necessary co_rrection via 5130 y the

sample

final equation becomes:

| .
D) = 8% - @ 6%+ 000+ s

from Broecker and Olson (1961). IQS represents the per mil difference
in 14C activity between sample and standard, after fractionation effects

have been considered. The errors on SIAC and ZQS, values expressed
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below at the +16° confidence level i.e. one standard deviation, are
based on the statistical uncertainty of sample, background, and standard

count rates, and on the precision of each &3¢ measurement, vizs
& (§Mg) = 4 Apf-1000 ( ovs)2+ (o-m)2 ( G"f) 2
| XTI ag 1T\, ) T\

4+ 267¢c + 50) | © ¢ gk §4 1 2,15
and O (D)= /1 - 1000 ‘9 +‘*E+1ooo 0'(’5 C)

from Callow et al. (1965).

2.6.l Age determination

th ages are still calculated relative to the Libby half-life of
5,568 years, a resolution adopted at the 1962 Cambridge Conference on
Radiocarbon Dating to avoid confusion withvinitial radiocarbon dates
(Godwin 1962). However, these values can be converted to dates based
on the 5,730 year half-life thr;ugh mulﬁiplication by the factor 1.03.

A sample age, T years, is calculated from the equation:
1
T = 8033 log ——————
| © [1 + (Dx1077)

where 8033 = t%/0-693

Limits of‘age are fixed by the error on ZB, as followsse
' 1

1 +[Ai O'(A)] x 107

Furthermore, th ages are normally quoted in years B.P. (before present)

(T+1t, T - tL) = 8033 log,

as stipulated in the journal Radiocarbon, the present being taken as

1950.

2.6.5 Cofrection of a sample's activity measurement for the presence

of 222Rn plus daughter producfs

Occasionally a contribution to the gross activity of a sample

from radon and associated daughter products was observed, even after
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2 weeks. To avoid wastage of counting runs by rejection of such
count rates, the relationship between 222Rn alpha pulses occurring

in anticoincidence chennel 3 (A/CB) and the resultant increase in

counts observed in A/C1 + A/02 was determined using samples of pre-

222R

determined activity which were subsequently seeded with n. 4

residual alpha count rate in A/C3 (0.04 c.p.m.) was apparent from

numerous counting sequences. These pulses, which were subtracted from

the gross A/C3 count rate, were assumed to result from traces of

daughter products of the U and Th series present in the counter materials.

A similar effect, but to a greater extent, was noted by Fergusson (1955).

Treatment

of the A/C count rate in excess of this value is performed

3

as followss

' 22
the true sample activity (c.p.m.) i.e. in the absence of Bn

Let A =

corr.

e e . . 222Rn

A/qI = the total anticoincidence count rate with present (c.p.m.)

i.e. A/CT = A/c1 + A/02 + A/c3 where A/Cl, A/Cz, and A/c3 are the
individual channel count rates (c.p.m.)
) . . . 222
R, the contribution in channels A/Cl + A/02 from “““Rn plus

daughter products in A/C3 i.e. the net %ra‘tio

R - A/'c1 + A/C,
A/GB' - 0.04
R was determined experimentally under normal 002 counting conditions

(filling pressure, working voltage), to be 1.557 + 0.036. The total

correction to be subtracted from A/CT is, therefore:

(r

+ 1)(A/C3 - 0.04) c.p.m.

i.ee A rr. = A/Gr - (r+ 1)(A/c3 - 0.04) - 0.04 ¢.pom.

A
The error on co

rrd? at the 1 & confidence level, is given by
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To = +/6 2 + 02 (the error on 0.04 is negligible)
corr. A/CT c ,
where C = (R + :L)(A/c3 - 0.04) ,
and 1 07, —‘K..B_l.)z + ( A/CB j R+ 1)(A/c3 - 0.04)

Since the error on (R + 1) is negligible compared to (A/C3 - 0.04), 5'0

reduces to:

2.6.6 Intercalibration of the counting system

Several interlaboratory calibration samples were measured to check
the validity of the 002 preparation and counting technique; good agree-
ment within statistical error was obtained with both modern and archae-
ological specimens (Table 2.4). As a check on the continuing reliability

of the counting system, some of the latter samples were repeated

throughout the research period.
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TABLE 2.4 INTERCALIBRATION SAMPLES.

(a) Archaeological

SAMPLE/TIME OF ANALYSIS

AGE (YEARS B.P. + 1¢”)

THIS TABORATORY | OTHER LABORATORIES

| Kilphedir Hut Circles 1971

1972
Wood Calder 1973
Oxbow Wood 1971
1972
1973

Chesil Beach Peat 1973

Cyprus Charcoal (a) 1972

(b) 1972

2215 + 61 2100 + &0 (L)
2045 + 67

2578 + 58 2569 + 80 (SRRC)
' 2585 + 100 (S)

4120 + 107
1154 + 69 4280 + 100 (S)
K149 + 107
3876 + 90 | 4023 + 4O (SRRC)

5223 + 90 Archaeological

5267 +112 | estimate ca. 5000

(L): Lamont Radiocarbon Laboratory; (S): Stockholm Radiocarbon

Laboratory; (SRRC): Scottish Research Reactor Centre, East Kilbride.

(b) Contemporary

SAMPLE/TIME OF ANALYSIS DA+20
THIS LABORATCRY WeSeUe
(assu§%ng
| & 7c = -252)
WOS.U. 1189 - COW heart 5105 i 2'3 14»8-2 i 3.3
‘ (1971)
W.S.U. 1187 - Cow cartilage 31.5 + 1.8 31.8 + 3.8
(1971)
W.S.U. 1168 = Cow muscle 58.3 + 1.9 60.7 + 5.6

(1971)

W.S.U.: Washington State University Radiocarbon Laboratory.
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CHAPTER 3.  Yc pesuirs «  §1%., &%%./\.

The following tables contain data .accumulated over the research
period; apart from explanatory notes on individual seétions,_ discussion
of results is withheld untii the subsequent chapter. In circumstances
where 8 6130 measurezﬁent was nét available, due either to escape of
the sample CO2 during storage or to collection of a diluted sample
rather than the pure sample gas, a mean 813¢ value is recorded in
parentheses. For these tissues, the mean of the 6130 values of the
corresponding tissue in other specimens is used in the calculation of
- the Avalues; where. such a mean 6130 value does not exist, the average
| of all tissue 6130 values is used. The former choice was made since
there appeared to be less variation between 6130 measxmeﬁlents of the
same tissue of different individuals than the corresponding values of
different tissues of the same individuwal. A £ 10" error is quoted
for 6140 and Aresults, while the 10" error for a 61‘30 measurement

is 0.05% except for mean 6130 values when a + 1 o/oo (t 10" ) error

is assumed. 6140 and Avalues are quoted in per -cent rather than
per mil units as defined bj Broecker (see 2.6.3) since samples derived
from the bomb 140 era are represented more appropriately by the former '

order of magnitude.

3.1 Huran tissue 140 measurements
In each of the tabulated series, the sex, age, date and cause of

death of the individual accompanies the results.

(a) Whole tissue series

(i) Male, 50 years old; died January 1971# cerebral haemorrhage



(i) Male, 50 years old
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A (#)

Tissue §14c (%) §1%¢(°%/o0).

Liver 44429 + 0.80 -2i.72 43.34 + 0.€0
Muscle 50.98 + 1.24 (-22.46) 50.21 + 1.27
Heart 53.31 + 1.84 (-21.60) 52.27 + 1.85
Testes 38.é5 + 1.01 -23.18 37.75 + 1.C1
" Kidney 45.14 + 0.84 -22.96 44.55 + 0.84

(ii) Male, 72 years old; died March, 1971 : bronchial pneumonia

Tiseue §4c(%) 8-7¢(°/00) N (%)
Brain 51.51 + 1.04 -21.36 5041 ¢ 1.04
Muscle 52.21 + 1.10 -24.07 51.93 + 1.10
Pancreas 54.39 + 0.93 -25.92 54.67 + 0.93
Lung 51.86 + 0.98 -22.76 51.18 + 0.98
Spleen 52.42 + 1.04 | -21.99 51,50 + 1.04
Liver 53.96 + 0.99 22.53 53.20 + 0.99
- Heart 51.65 + 0.98 -21.72 50.66 + 0.98
Kidney 55.51 + 0.94 -24.09 55.23 + 0.94
Testes 49.9% + 0.98 -24.45 49.77 £0.98
Do i cat| 48:28 £0.84 27,04 48.88 1+ 0.84
Collagen 10.94 + 2.74 (-22.46) 10.38 + 2.74.
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(iii) Female, 6/ years old; died April, 1971 : pulmonary embolism

Tissue & e (%) §"%c(°/o0) AN
Muscle 48.43 + 0.99 -24.11 48.17 + 0.99
Brain 49.15 + 0.94 -24.86 49.11 + 0.94
. Fat 46.89 + 1.23 -24.90 46.86 + 1.23
Heart 42.47 + 1.44 (-21.70) 41.53 + 1.48
Kidney 50.30 + 0.99 ~22.42 49.52 + 0.99
Spleen 46.44 + 1.22 | -22.11 45.59 + 1.21
Ovaries 48.22 + 1.43% (-22.46) ATAT + 1.45

(iv) Male,. 39 years old; died August, 1971 : coronarjr arter'y disease

Tissue §4c(%) - &3¢(%/00) A %)

- Liver .42.97'1 1.18 (-22.53) 42.26 £ 1.21
Brain 49.31 &+ 0,88 -21.09 48.14 & 0.88
vSpleen 39.50 + 6.97 (-21.70) 38.58 1'1.00
Thyroid 38458 + 1.50 (-22.46) 37.68 + 1.52
Pancreas 46.10 + 1.16 (-24.65) 46.00 + 1.20
Heart 40.83 +1.21 -21.24 39.77 + 1.21

(v) Male, 42 years old; died September, 1971 : rheumatic heart disease

Tissue §He) §%6(°/o0) A )
Heart 52.30 + 1.50 (-21.60) 51.26 + 1.52
Kidney 34.54 + 0.88 (-22.58) 33.89 + 0.92
Liver 48447 + 0.91 (-22.53) . 47.74 + 0.95
Brain 52.73 + 1.00 (-22.42) 51.94 + 1.04
Lung 38.48 + 0.99 (=22.47) 37.78 + 1.02 |
Thyroid 44445 + 0.92 -21.10 43.32 + 0.92
Spleen 44,40 + 2.51 (-21.70) 4345 + 2.51
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(vi) Male, 21 years old; died September, 1971: road traffic accident

Tissue 8 () &'°c(°/o0) D ()

Heart 43.32 + 1.36 (-21.60) 42.35 + 1.38
Spleen 46.85 + 0,80 -22.13 46.01 + 0,80
. Liver 55.06 + 0.89 -23,34 54.55 + 0.89
Thyroid 44.18 + 1.53 (-22.10) 43.34 + 1.55
Kidney 51.98 + 1.62 (-22.58) 51.24 + 1.64
Testes 56.38 + 1.28 (-23.71) 55498 + 1.32
Lung 54.66 + 1.60 (-22.47) 53.88 + 1.62
Muscle 56.83 + 1.27 -21.99 55.89 + 1.27
Pancreas 52.30 + 1.12 -24.74 52.22 + 1.12

(vii) Female, 21 years old; died September, 1971: sudden (acute diabetes)

Tissue §t4c(s §2¢(%/00) A\ %)
Kidney 53.02 + 1.18 -25.26 53,10 £ 1.18
Muscle 52,43 + 1.28 (~22.46) 51.66 + 1.31
Spleen 55.24 + 1.58 -23.50 54.77 + 1.58
Heart 55.58 + 1.31 -21.38 54.45 + 1.31
Liver 55.50 + 1.04 -24.02 55.20 + 1.04
Lﬁng 51.85 + 1.10 -22.45 51.08 + 1.10
Pancreas 55.17 + 1.07 -23.28 54.64 + 1.07
Thyroid a 51.57 + 1.11 ~22.10 50.69 + 1.11
Brain 53.07 + 1.10 -22.37 52,26 + 1.1
~ Ovaries 51. 3 + 1.96 (=22.46) 50.56 + 1.9§
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(viii) Male, 5 years old; died October, 1971: road traffic accident

Tissue &1ho(2) §13: (%) AN

Muscle 53.49 + 1.0 -21.71 52.48 + 1.04
Kidney 51.16 + 1.43 ('—22.58) 50443 + 145
Spleen L5.8L + 0.77 (-21.70) 44 .88 4+ 0,82
Brain 51.70 + 0.91 -21.09 . 50.51 + 0.91
Pancreas 53.57 + 1.11 -24..65 53f46 + 1.15
Liver 53.42 + 0.85 -22.83 52.75 + 0.85

(ix) Male, 37 years old; died April, 1972: cardiac failure

Ti ssue 814 (z) §-c(% ) A (%)

Testis 50420 + 1.76 - -23.51 49.75 + 1.76
Liver 49.13 + 0.90 -22.51 | 48.39 + 0.90
Heart 1L,8.65 + 1.04 -20.36 L47.27 + 1.04

(b) Whole tissue; protein, lipid fraction

In most éases; there was insufficient material from a lipid

14

extraction for its =~ C analysis and only the protein fraction
was carried through to its activity measurement. Included
in this section are the 3 samples which were pretreated (i.e.

14

protein extraction) in ~ C-solvent.

(i) Male, 67 years old; died January, 1973: cardiac failure

Tissue 61AC(% 6130(% ) D (2)

Kidney (W) | 47.53 + 0.84 -21.78 146.58 + 0.8L
* | Kidney (P) 49.77 + 0.91 -20.54 48.46 + 0.91

Heart (W) L7.71 + 0.84 -21.89 46.79 + 0.84
% Heari (L) 51.21 + 0.84 -24.58 51.08 + 0.8
# | Heart (P) 146,38 + 0.83 -21.80 L5.4 + 0.83
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Tissue &4 (%) &c(°%/00) D\ (%)
Liver (W) 50.21 + 0.84 -22.,40 49.43% + 0.84
Liver (P) 50.17 + 0,91 (-22.53) 49.43 + 0.95
Liver (L) 49.43 + 1.21 (-22.53) 48.69 + 1.24
(* = Y4 solvent used) W = whole tissue; P = protein; L = lipid

(ii) Female, 87 years old; died January, 1973 : cardiac failure

Tissue §*4c(#) §%¢(%/00) A (#)

Liver (W) 48.76 + 0.86 -22.36 47.97 + 0.86
Liver (P) 50.42 + 0.98 -20.66 49.11 + 0.98
Kidney (W) 47431 + 0.86 -21.34 46.23 + 0.87
Kidney (P) 49.19 + 0.80 -20.55 A47.86 + 0,80
Spleen (P) 52.41 + 0.91- -20.83 51.14 + 0.91

(iii)Male, 64 years old; died

November, 1972 : cardiac failure

Tissue §H4a(%) §%¢(%0) | A

Kidney (W) | 47.58 + 0.90 ~20.84 46,28 + 0.90
Kidney (P) | 49.44 + 1.00 ~21.48 48.39 + 1.00
Liver (W) 48.58 + 0.84 -21.26 47.47 + 0.84
Liver (P) 49.93 + 0.93 -20.91 48.70 + 0.93
Liver (L) 47.24 + 1.14 -24.99 47.24 + 1.14
Spleen (%) 44.10 + 0,90 (-21.70) 43.15 + 0.95
Spleen (P) 44.0% + 0,92 -20,.51 42475 + 0,92
Lung (W) ' 44.83 + 1.20 -22.19 44.01 + 1.20
Lung (P) 47.29 + 2.21 (~22.47) 46.54 + 2.21
Heart (P) 42.17 + 0,90 -20.36 40.85 + 0.9




- 101 -

(iVJMale, 61 years old; died October, 1972 s carcencma of the lung

Tissue 6140(%) 8130(0/00) ZQS<%)
Heart (W) 51.05 + 0.77 -22.78 50.38 + 0.77
Heart (P) 46.04 + 0.97 -21.13 44.91 + 0.97
- Kidney (W) 46.54 + 0.84 -20.84 45.32 + 0.84
Kidney (P) 44.39 + 0.97 (-22.58) 43.69 + 1.02
Spleen (W) 44.28 + 0,90 -22.02 43.42 + 0.90
Spleen (P) AT4T + 0.97 -20.84 46.24 + 0,97
Liver (W) 49.22 +0.91 (-22.53) 48.48 + 0.95
- Liver (P) 45.81 + 1.06 -22.32 45.03 + 1.06

(c) Tumour tissue

All individuals concerned in this section died from cancer

of one of the particular tissues analysed. For the 66 year-old

male, an undiseased portion of liver was compared with the

diseased part, while the spleen from the 63 year-old male was

‘healthy'.
Patient | Date of Tissue & e (o) §1%¢(°/00) AN
death
Male/66 | March Liver 51.28 + 0,92 | =20.76 50.00 + 0,92
1973 (normal
Liver 55.99 + 1.32 | (=22.53) 55.22 + 1435
(diseased)
Male/63 | February | Spleen 52,03 + 0.85 [ (~21.70) 51.03 + 0.90
1973 (normal )
Liver: 53.78 + 1.21 | (-22.53) 53.02 + 1.24
(diseased)
Male/59 | February | Kidney 49.37 + 0.78 | (~20.70) 48.09 + 0.79
1973 (diseased) :




, (d) Aortee ssmples

Ten aortae were received from the Department of Pathology,
Louisiana State University, New Orleans; of these, 7 intimae
were found to be contaminated by tracer levels of 140 activity
i.e. the measured 14C activity levels were higher than the
maximum atmospheric 140 bomb-level and were assumed to be the

result of an administered dose of 140, although it was not

=102 -

-~

possible to substantiate this assumption. The modern

of aorta, from which both the iﬁtima and adventitia were

analysed for 140 content, was obtained from the Western

Infirmary, Glasgow.

s,

sample

Details of Patient &% (2) §1%¢(°/o0) N\ (@)
Male/68, died 196%: 5.84 + 0,61 -20.24 4.83 + 0.61
Multiple atherosclerosis _
Male/67, died 1964: 10,70 + 0.88 (-20.26) 9.65 + 0.91
Thyroid carcenoma
Male/€9, died 1964: 18.92 + 0.82 -20.61 17.88 + 0.82
Coronary occlusion
Female/86, died June
1973s Myocardial
_infarction
intima 47.45 + 0,90 ~23.95 47.14 + 0.9C
adventitia 32.65 + 0.83 -21.08 31.61 + 0.83

3.2 Dietary samples

(i) Marine origin ¢ obtained fresh - March, 1973 except salmon

which was tinned
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Sample 8140(%) 6130(0/00) A (%)
Herring 14.10 + 0,83 -19.73 12.90 + 0.83
Whiting 17.59 + 0.83 -17.30 15.78 + 0.83
Smoked Herring | 14.30 + 0.90 -19.38 13.02 + 0,90
Cod 14.57 + 0.97 -17.75 12.91 + 0.97
" Plaice 28.96 + 0.84 -15.29 26.46 + 0.84
Haddock 18,20 + 0.83 -18.34 16.63 + 0.83
Salmon 14.88 + 0.69 -22.11 i4.22 + 0.69

v (ii) Meat: obtained fresh - Janusry, 1972. Protein and lipid

fractions were also analysed for 14C content.,

Sample &Et4a(%) &1%¢(°/o0) A (%)
Lamb's heart 44.38 + 0.97 -28.29 45.33 + 0.98

- whole -

‘lipids 49.35 + 1.10 -31.13 51.18 + 1.11
protein 46.44 + 1.07 -25.50 46.59 + 1.07
Larmb's kidney : '

- whole 54.49 + 2.43 -29.94 56.02 + 2.47
lipids 50.72 + 1.2 -25.85 50.98 + 1.23
protein 59.54 + 1.28 -24.99 59.54 + 1.28

Cow's liver |

- whole 43.80 + 1.04 =26.50 44.23 + 1.04

lipids 60.02 + 0.99 : ‘—28.74 61.22 + 1.00

protein 47.90 + 1.09 . -24.81 47.62 + 1.09
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3.3 Atmosvheric 140 activity

(i) Lerwick

Date of exposure | & 4c(%) §-2¢(%/00) ()
April, 1970 53.02 + 1.27 -15.26 50,04 + 1.27
May, 1970 51.65 + 0.85 -15.32 48.11 + 0.85
June, 1970 45.85 + 1.26 -14.99 42.93 + 1.26
July, 1970 62.81 + 1.12 -15.11 5959 + 1.12
November, 1970 55456 + 1.12 -17.55 53.24 + 1.12
March, 1971 54.25 + 1.00 -16.81 51.72 + 1.00
June, 1971 58.08 + 1.01 -18.78 56.11 + 1.01
July, 1971 53.26 + 1.22 -18.30 51.21 + 1.22
September, 1971 | 54.40 + 1.15 -19.38 52.66 + 1.15
April/Vey, 1972 | 49.30 + 0.84 (-16.21) 46.68 + 0.84
July, 1972 | s1.84 £ 077 -14.78 48.74 + 0.77
October/November | 46.74 + 0.83 -16.01 44.10 + 0.83
1972 .
February, 1973 44.81 +0.83 -16.09 42.23 + 0.83
May, 1973 45.67 + 0.97 (-16.21) 43.11 + 0.97
(ii) Cvm Dyli

Date of exposure & () §'%c(°/o0) A (%)
May, 1970 49441 + 1.04 -16.24 46.79 +1.04
November, 1970 62.46 + 1.06 -16.44 59.68 + 1.06
March, 1971 51.48 + 1.00 ~17.23 49.13 + 1.00
April, 1971 52.01 + 0.92 -17.38 49.69 + 0.92
June, 1971 55.30 + 1.00 -15.43 5037 +1.00
July, 1971 55.80 + 1.15 ~14.18 52.43 + 1.15
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(ii) Cwm Dyli (continued)

Date of exposure Yo () 13c(°/oo) (%)
September,1971 51.58 + 0.87 (-16.02) 48.86 + 0,91
December, 1972 44.92 + 0.83 -15.81 42.26 + 0.83
March, 1973 45.45 + 0.90 (-16.02) 42.84 + 0.93
June, 1973 47.10 + 0.90 (-16.02) 44.46 + 0.93
- (ii1) Harwell
Date of exposure 140(%) 130(0/00) (%)
March, 1971 47.16 + 0,99 -20.76 45.91 + 0.99
June, 1971 63.34 + 1.02 -18.73 61.29 + 1.02
September, 1971 - 58.41 + 0,78 -19.85 56.77 + 0.78
August/September, | 57.75 + 0.91 -20.42 56.31 + 0.91
1972 '

January, 1973 46,88 + 0.83 ~21.76 45.95 + 0.83
May, 1973 46.10 + 0,83 (-20.69) 44.84 + 0.87
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CHAPTER . DISGUSSION OF *C DATA.

L.l Preliminary observations

(a) Tissue ZXresults The large number of tissue lhc activity
measurements permits the assessment of a reﬁresentative range of [&values
for each tissue and consequently facilitates the recognition of.atypical
results. A prominent feature of the tissue th data is the variation,
outwith the statistical error of measurement, of Z&values for the tissues
of any individual. These "internal" differences vary from approximately

‘2 Lo5% minimm, Table 3.1 (a) (vii), to an 18% maiimum, Table 3.1 (a) (v).
Excluded from this comparison for separate consideration is the [Svalue of
the bone collagen sample, Table 3.1 (2) (ii), since simple interpretation.
of this result suggests a significant difference between the turnover rates
of carbon in bone collagen and in other tissues.

Tropospheric lhc is transferred to animal and human tissues via assim-

ilation of atmospheric CO2 by plants and subsequently through the food
14

chain; thus comparison of the ~ C content of tropospheric CO, and human

tissue carbon gives an approximate estimate of the relative rates of turn-
over of carbon in different tissues. In the case of the collagen sample
therefore, the l&value is significantly lower than any atmospheric Lig
concentration since 1958, and is indicative of a rate of carbon turnover
slower than in any other tissué sampled. This conclusion is in agreement
with the résult; of th activity measurement of collagen performed at other
laboratories (Labby et al. 1964, Berger and Libby 1966, ibid. 1967). By
similar consideration, 2 tissues with particularly low ZSvalues, viz.s
37.75 + 1.01%

testis, Table 3.1 (a) (ii), Z&
kKidney, Table 3.1 (a) (v), ZX = 33.89 + 0.92%

appear to refiect a comparatively slow carbon turnover rate.
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Preliminary consideration of the internal variations in lhc con-

centrations leads to 3 possible reasons for scatters

(1) different rates of turnover of carbon in different tissués.

Variations in lz‘C content of tissues wiﬁhin any one individual may

‘.indeed reflect different residence times of body carbon, a possi-
bility which is discussed subsequently in detail. The lﬂ&results
~indicate that these variations are not consistent throughout the
whole series of human tissue th activity measurement. Table 4.1
allows comparison of the Zcivalues of the 6 tissues most frequently
analysed in all individuals; thus the ll"C content of heart and spleen
are highest in the 21 year-old female, but lowest in the 39 year-old
male. While such a direct comparison between individuals of diff-
erent age is not necessarily valid, it is hoped that any future
treatment of this data may account for such deviations.
(2) different composition of‘tissues with respect to protein/lipid
content. The relative amount of lipid carbon in tissues, with the
exception of brain white matter (30% protein, 60 lipid), is much
smaller than that of protein carbon. Thus.variable lipid concen-
tration in different tissues could produce variations in composite
values (i.e. whole tissue), but only if the turnover of lipid carbon
differs appreciably from that of protein carbon. However, comparison
of the lhc content of protein and lipid fractions with those of the
corresponding whole tissﬁe, Tables 3.1(b), does not supporf this

possibility. Moreover, the th content of a collective sample of

adipose tissue, Table 3.1(a) (iii) — expected to be less mobile

than internal lipid —is of the same order of magnitude as those of

other tissues. Thus it seems unlikely that inhomogeneity of lipid
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TABLE 4.1 COMPARISON OF ARESULTS OF THE MAJOR TISSUES ANALYSED

TISSUE A '
M/50 M/72 F/6L M/39 M/i2 M/21 F/21 M/5

Heart = | 5243 [ 5047} 41.5139.8 [51.3 | 42.4 |54.5 | (=)

Kidney | Ahe6 |55:2| 49.5| () [33.9|51.2 |53.1 |50.4
Liver | 43.3 |53.2] (=) |42.3 [47.7 | 54.6 |55.2 |52.8
suscle | 5042 |51.948.2] (9 | ) |55.9 |51.7 |52.5
Brain | (=) |50.4] 491|481 |51.9 | (=) [52.3 [50.5
Spleen | (<) [51.5] 45.6]38.6 [43.5 4640 |54.8 |44a9

Range of 9% | ~52 821 95%|~18% | 13.58 | ~3% | ~8%
values

Mean L7.6 |5242 | 4648|422 [486 | 50.0 [53.6 |5046

(-): ¢ activity measurement not performed

Values quoted to lst decimal place without statistical error.
: f
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distribution is the major factor responsible for the variati’m; of
values of the tissues of any one individual.

(3) different rates of turnover of carbon within a single tissue i.e.
the rate of turnover of carbon in different parts of the same tissue

- may vary. Thus for example, the organic carbon of surface layers of
a tissue may turn over at a relatively fast rate compared to carbon
present in the inner sections of that tissue. While this possibility;
may exist, its influence on MC activity measurement would, in effect,
represent a sampling problem. The method of sample selection (cross-
sectional dissection) was, however, consistently maintained; since, in
addition, samples were efficiently homogenised during pretreatment,

the resultant MC data should be negligibly influenced by variations

of this nature.
Thus of the 3 possibilities, (1) is most likely to produce the observed
differences in Avalues. Consequently, in the future treatment of these

data, it will be assumed that the rate of carbon turnover in different

organs of the body can vary.

Initial inspection of the th data of cancered tissues reveals no sig-

nificant variation of Avalues from those of normal, healthy material.

In contrast, the relatively low ¢ concentrations obtained in analyses of

. . 1k .
the arterial lipid extracts compared with the high tropospheric C activ-

jties of the corresponding time period (1963-1964) indicate a tumover
rate of this material of the same magnitude as that of bone collagen. A

more detailed treatment of past and present 14 gata of arteries is necess-

rather than a direct comparison of Avalues which is
14

ary here, however,

complicated by the fact that present day tropospheric ~C activities are

considerably different from those of the earlier decade.

14 14 .
C content of the dietary
(b) Environmental "C data In general, the
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samples analysed reflectsthe environment in which these foodstuffs origin-
atede Thus u‘C concentrations of fish may be compared to the surface ocean
u’c activity (northern hemisphere, Fig. 4.1) while the 11¢C activities of
meat products are compared with the tmpospheri§ MC concentrations of the
sane time period.

With respect to atmospheric activities, variations, both with time and
location, are apparent in the 1l’C measurements performed in this study. The
general trend, however, evaluated from all 3 sampling stations, indicates
an average decrease in th concentration of 2% per year. This decrease is
still subject to short-term fluctuations which may be attributed to the
continued release of e a5 a result of nuclear weapon tests; while the |
majority of these explosiohs since 1970 have been in the low-yield categoryg.
(~20 Ktons), there have been 5 high-yield explosions (Table 1.2), one of
which occurred in the northern hemisphere. The time at which each explos- |
ion took place is included in Fige 4.l; thus the enhanced exchange, in late
spring, of 002 between stratosphere and troposphere (Fairhall and Young
1970) is still in evidence, responsible for the MC concentration maxima
observed in the troposphere during the summer months of the last 3' years.
While the reason for the variation in atmospheric 1&0 activity with location
is less apparent, theb results stress the need for a representative sampling
programme which involves more than one station; however, there is no evidence
of any major leakage of 11*0 at the nuclear reactor ‘site at Harwell.

The variations observed in bo£h tissue and atmospheric C content
justify the r_elat.ivelj large number of measurements performed in these areas
of saﬁpling. While comparison of tissue and atmospheric 146 concentrations
. .suitable cor simple-‘ qualitative treatment of the da.ta, a more complex
approach is necessary to quantify Ava.lues in terms of residence times of
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FIG. 4.1  ENVIRONMENTAL ].J"C LEVELS.

The curves shown on the opposite page are constructed from

data qucted in the reference sources belows

-~

Tropospheric CO, — N. Hemisphere Tropospheric CO,= Se Hemi sphere
Minnich and Vogel (1958) Rafter (1965)

Hydal (1966) Rafter and O'Brien (1970)
Thommeret and Thommeret (1966) Rafter and O?Brien (1972)

Berger and Libby (1967)

Munmich and Roether (1967)
Nydal (1967)

Stenberg and Olsson (1967)
Nydal (1968)

Young and Fairhall (1968)
Ergin et al. (1970)

Ergin et al. (1972)
Gulliksen and Nydal (1972)

Surface Ocean 002‘

Broecker and Olson (1961)

Nydal (1967)

Bien and Suess (1967)

Young and Fairhall (1968)

Rafter and O'Brien (1970)
. Rafter and O'Brien (1972)

This work: H = Harwell '
, - L = Lerwick Tropospheric 002
C = Cwm Dyli - ‘
x = fish samples
B = High yield nuclear weapon tests (> l.Mt,on);
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carbon in tissues.

L2 Basis for Theoretical Model of Carbon Turnover in Human Tissues

The distribution and transport of bomb-produced 1AC throughout the
dynamic carbon cycle has been evaluated by several workers (Chapter 1) with
the aid of box-model calculations similar to those described in 1.5. Many
of these models contain at leastAé boxes (Plesset and Latter 1960, Nydal
1967) and are necessarily complex because of the marked disequilibrium in
world-wide th concentrations soon after the major testing of nuclear
weapons in 1961-1962. In many cases, the biosphere is not considered as
~ an independent reservoir but instead is combined with the larger reservoirs
of either the surface ocean (Nydal 1967) or the troposphere/atmosphere
(Nydal et al. 1971); this assumption is possible since the relatively small
volume of the biospheric reservoir has a negligible effect on the othér
reservoirs of the box-model. From similar considerations, in any model
designed to investigate the kinetics of carbon exchange within a section
of the biosphere, inclusion of the considerably larger reservoirs will have
a masking effect on the specific objective - determination of the rate of
carbon turnover in human tissues. This latter situation is therefore more
constructively described via simpler theoretical models, especially since
the marked disequilibrium of world-wide th concentrations no longer existse.
For such a model to be relevant, consideration must be given to those parts
of the dynamic carbon cycle which are closely associated with the transfer
of carbon in humans. Provided that adequate data are then available to
support the box-model calculations, the desired solution is possible.

For these reasons, a single compartment model is considered appropriate
for the treatment of tissue carbon turnover. This system incorporates as
the reservoir tissue carbon with an input of dietany carbon, since essen-

tially 100% of carbon in the human body is ultimately derived from food
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consumption. It is apparent that such a model, in which transfer of carbon
from the diet to each tissue is considered to be a process independent of
other tissues, certainly simplifies the true state of metabolism in the
body. Thus it is well established that a state of ""dynamic equilibrium"
éxists whereby protein, carbohydrate, and lipid components of the body may
be synthesised from any one or more of the correspohding fractions present
in the diet or even in a tissue itself via numerous metabolic pathways. In
this situation, first postulated by Schoenheimer (1942), cellular protein
is in constant exchange with the immediate environment i.e. plasma protein,
}  irrespective of whether or not the cells of a given tissue divide. This
rapid interchange of dietary ahd‘cellular amino acids was revealed using
15N—labelled amino acids. The results obtained from such a single compart-
ment model treatment therefore must be inﬁerpreted carefully within the

theoretical confineé of the model.

4.3 Single Compartment Model for Carbon Turnover in Tissues

L.3.1 Basic model The following diagram illustrates a single compartment

system similar to that defined by Shipley and Clark (1972):

Dietary carbon-4 TISSUE (T) LkT-)

(ND: XD’AD) | (NT: XT:AT) |

Definition of terms:

Let N- = the no. of dietary carbon atoms transferred to any tissue

()

“in time 'it

xi = the 140/12 ratio of the diet, averaged over period 'i!
C

o)

f.N%.x% = the no. of th atoms transferred to that tissue in time 'i'

where 'i! is a suitable small increment of time.

| Similarly,

N% = the no. of tissue carbon atoms at time 'i?
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the ll"c/lzc activity of a tissue at time 'i?

!

‘the first order rate constant for turnover of tissue

R P
!

carbon, defined by the equation -dNp = N;kl
at T

o
where N‘l‘ = the original no. of tissue carbon atoms.

‘Coxhxsider the carbon content of a tissue after the small increment of time

'i? j.e. at time 't+i', where 't! is the initial time:

t4i i tH i ~knd
NT.—NT-*- ND - NT(l-e )
t+i .
vhere NT = the no. of tissue carbon atoms at. time "tHi?
t
NT = the no. of tissue carbon atoms at time 'tt!.
In this form,
t+- .
ND t = the no. of dietary carbon atoms transferred to a tissue

in time 'if, while
: N;(l - e-le)= the no. of tissue carbon atoms at time 't! which have
been removed via turnover in time 'i?

i.e. N;ﬂ and N;',(l - e-le) are the input to and output from a tissue

respectively. With regard to the u"C balance, the equation is:
tH tH _ tt | bt t t ked
p Xy T Npp ot NpTxpT - Npo(l-e ) )

In this case xp is the mean MC/ZLZC activity of the diet over time
period 'i'., The rate constant kT applies strictly to the kinetics of

1 .
120 exchange but may also be used for AC atom transfer provided that

isotope effects in the carbon exchange processes of this model are
" included in the evaluation of !'x! values i.e. the tx! values must be

corrected for isotopic fractionation. Subsequently, 'x' values will

be shown to be directly related to D\ values and therefore this cond-
ition is fulfilled.

. i _ b
For a fully grown tissue at time 'ty Np = = Np
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.. the stationary state applies and

t+H t k.3
ND = NT(l - e TI)

. t+i , ' ‘
~Substitution for ND in equation (A) gives the following equations

t+i t+i t t t ~kmd | tHi ki
Ny = N N - e g™ - NEqQ -e “r')
Dividing through by N;ﬂ, = N.;:
tH kedy, tH
Xy Xp *+ (1-e Tl)(xD - xT)

" For the general case,

tini _ _t _ ok iz tini  _tH(n-1l)i
Xy xT'+%§l eTl){anl_xTn)§

or, xl,;i =. x; + n-.—-.(l... e-kTi){xgi _ xé‘n-l)i}

where, initially x; = xf; = xén-l) when n=1
If the initial time is taken at a period prior to the effect of nuclear
1,

weapon tests, xfl‘,l shows the build-up of bomb ~ 'C in human tissues.

Finally, since
Xsample ~ c/. 12

Asample 7| Xsample _ 3 |. 100%

sample | Ssample ., 1 [|* *standard

| 100 _j
1 e ' .
= tivity of the modern oxalic acid standard
xstandard C/ll.2c activity o e
= constant (see 2.6.2)

Thus /) values may be substituted directly for 'x! values, and the final

equation becomes:
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mo_ Ao n kpiyani  A(n-L)
AF =47+ Zo-cmpE o arDl
n=1
For a given residence time of tissue 1& (= 1/kT) and with 'if a
fixed, small increment of time, (1 - e"kTi) is constant and the lhc

concentration in a tissue is found to be dependent on the cumulative

14

o 14 .
difference between the C activity of the tissue and the mean =~ C

- . o
activity of dietary carbon over the subsequent time period. ZBT, the

1 .
original AC content of a fully grown tissue, is taken as the 140 con-

ni
centration of that tissue in 1953. Provided that ZSD values are known

for each increment of time 'i'! since 1953, each Z}?l

' n-1)i
calculated and substituted as Zﬁé ) in equation 4.l to obtain the

value may be

subsequent ZST term.

Comments on the validity of the model Several comments are justifieds

(a) the final equation 4.1 is representative of a system in which
th activities change by increments rather than in a continuous
mammer. This approach is somewhat necessitated by the periodic
nature of atmospheric and biospheric sampling. However, provided
th#t the time period 'it! is relatively small compared to the
residence time of tissue carbon, 'ZT’ the model tends towards a
continuous system. Thus for this work, a value of 'i' of 6 months
is considered appropriate.

(b) the model and the derivation of equation 4.1 make no allowance
for a change in carbon residence time during the mature lifetime of
any tissue. However, this fact may be used to advantage, when 'ZT
values of the same tissue but in individuals of different age are
compared. .

(¢) similar models may be constructed in which the input to the tissue

reservoir - i.e. dietary carbon - is substituted by either (i) the
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atmospheric CO,, or (ii) blood plasma carbon. The former case is
oversimplified, however, in its assumption of a direct relationship
between the th concentrations in atmospheric and tissue carbon.
Thus a model similar to (i) was proposed by Jansen (1972) but he
poinﬁs out that corrections are necessary before this model can
be realistically applied to the evaluation of residence times of
human tissue carbon. Harkness and Walton (1969) stress the need
to acknowledge the contribution to the diet made by food of marine
origin, a source in which the lAC activity is considerably below
that of the atmosphere. In case (ii) - blood plasma input - a
detailed knowledge of th activities of blood plasma is requirede.
Comment on this latter model is reserved for discussion in L.A4.l.

1L

(a) l&g is defined as the ~—'C content of a tissue prior to the
effect of nuclear weapon tests, and is taken as the th conc-
entration of a tissue in 1953. In this cése ZX% < 0 due to the
Suess effect; thus a more appropriate value of ~2.5% is employed

| to account for the latter effecte.

Le3.2 Special treatments of the single compartment model

(A) Growth of tissue In the derivation of equation (1), the assumption

of steady-state conditions was applied i.e. that input of carbon equals
output of carbon, since the tissues considered in such a treatment are
fully grown. In the situation where tissues are in a state of growth,
however, this equality is not valid and a modified approach to that
used in 4.3.1 is therefore necessary. Use is made here of the general
shape of growth curve obtained for the majority of body tissues; this

curve, to a first approximation, may be considered as a combination of

‘2 linear portions of growth. The first linear increase in tissue size
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occurs until the age of 11 years when the majority of tissues attain
about 50 ¥ of their mature weight; the latter increase occurs until
20 years of age. Thus each of the two periods of growth is described by
the following equation: .

Ngi = N; + n(NiT - N;) where n is an integerf

o
NT in this case represents the number of tissue carbon atoms prior to

each period of linear growth i.e. at birth and at 11 years of age. The

equations for carbon transfer are similar to those of the basic model

1
apart from the condition of stationary state; thus for the hc budget.,

ind

NTAT

: i i o (¢ -k i

Here, ND = (NT - NT) + NT(l -e T)
and, for the general case,

e [Nni ) N(n-J.)i] N N;n-l)i @ - okt

iy I
N;Af;- N;A:(l-e T) 4 Nl[f; ---- (@

D

D T T

Ev;i - N(;_l)ﬂ represents the net increase in carbon atoms of a tissue

in time 'i' and is constant for each increment of linear growth. Sub-

stitution for N; in the above equation (B) gives:

. o] o - =kqd Nea - “kply
A N o Ml - ) A (N, = N2) T(1 Nie )Al
T NpOT N T N3 D T D
The above equation may be adjusted to give the following:
(8, - ) Ng(L = e ' T)
i . a0 (o] T - NT i T - e , i o
= - + + —(Qp - A

which reduces to? ‘
. i o o -k i
o (N -N)+NT(1-e T)

b= by + 2T (A - A
T

Fér the general case, the final equation becomes:
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- o & (gl (n-1)i « i .. )
A =N + g T T + Ny (1-e7 )Pnl‘a(n—lh]
T T o\ N;i } b T

The N; value employed in the derivation of this equation is not based

on the true number of carbon atoms at birth but on the quantity predic- |
te& by the assumed linear relationship. The latter number is obtained
as a fraction of the mature tissue; under these conaitions, therefore,

the 6fmonthly increment in tissue size is O.OlSNéozL for the first 11

years of growth, and O.OQSN.IEOi for the next 9 years.

- The previous treatment of tissue growth pertains to the majority

- of organs in the body, with the exceptions of neural and reproductive
tissues. In the former case, the growth curve indicates a rapid period
of growth during the initial 5 years of childhood after which time the
brain is approximately 90% of its mature size. Thus the stationary
state model is applied to brain. On the other hand, reproductive tissue
remains at about 10% of its mature size until the age of 15; thereafter
the remaining 5 years' growth follows a linear pattern. In this
situation, model equation 4.1 is used to determine ZBT values at £he
end of the‘lS—year period according to different TZ'values; this data, in
turn; is used as '[5%' in model equation 4.2, applied to a 5-year linear
growth increase. Similarly for cancered tissues, a short-term increase
in size (over 5 years) is considered to be more applicable than the
mature tissueﬂmodel. 'ZS;' values in thisvcase are obtained from the
appropriate /Ay data of normal tissue.

(B) Accumulation of arterial lipid deposit Atherosclerosis, or tharden-

ing of the arteries', is a common illness in man, while its pathogenesis

has consistently eluded medical researchers. In this disease, there is
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an abnormal deposition of cholesterol and other lipids with progressive
hardening of arteries due to calcification. The extreme effects of this;
disease result in arterial lesions, irregular blood clotting which leads
to blockages of arteries, and ultimately in many cases, death. The exact
machanism by which lipid is deposited in the vessel wall is'still‘unknown,
although many theoriés have been postulated. Thus Bowyer and Gresham
(1970) discuss the mechanism of accumilation of lipids in terms of
(a) deposition of.blood components, either soluble lipoprotein or
formed cells
(b) "in situ" synthesis
(c) ihadequate breakdown and clearance of lipid derived from either
(a) or (b), and |
(d) abnormal redistribution‘of lipid within the arterial wall during
metabolism.

The studies of Newman and Zilversmit (1962) on the metabolism of arterial
lipids indicate that in aortic iesions of rabbits fed on a high cholesterol
diet, cholesterol and cholesteryl ester appear to accumulate at rapidly
increasing rates and are derived primafily from the circulating blood; on
the other hand, phospholipids which accumulate in the arterial wall appear
to be derived from local synthesis. This latter finding is in contrast to
that of Harper et al. (1953) who concluded from their extensive tracer
studies, using 32P, of phospholipid turnover rates in blood anq tissue of
animals, that the latter 1lipid component enters the blood almost exclus-
ively from the liver. A rapid turnover of fatty acid between liver and
tissue via blood plasma was also found. Table 4.2 shows the proportion of
the various lipid fractions in the atherosclerotic 1§sion in comparison with
those of blood serum (Weinhouse and Hirsch 1940). These figures suggest

that the lipids deposited in the intima are the result of non-selective
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TABLE 4.2 PROPORTION OF DIFFERENT LIPID FRACTIONS IN

BLOOD PLASMA,

INTIMA, AND AN ATHEROSCLEROTIC PLAQUE

LIPID BLOOD PLASMA (%) INTIMA (%) EARLY PLAQUE (%)
Free -cholesterol 14.1 14.2 16.2
Cholesteryl esters 38.3 - 38.6 38.5
Phospholipids 22.8 20.1 19.0
Neutral fat, etc. 23.3 - 27 26.3

from Weinhouse and Hirsch (1940)
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infiltration and precipitation of the various lipids directly from the
plasma. Other mechanisms to account for lipid accunulation have also
been postulated (Hueper 1944, ibid. 1945, Hirsch and Weinhouse 1943).
Thus an intense research effort has already been concentrated on athero-
sélerosis with experimental investigation normally confined to animals.
Two major generalisations from the bulk of this wofk may be mades
(i) although atherosclerosis is not caused by any single effect, as
~a result of a combination of exogenous and endogenous factors, a diet
of high-cholesterol, high-fat content is a major causal influence in
the development of excess cholesterol levels and of atherosclerosis
(ii) the *hardening' process is, within limits, a reversible lesion
since substitution of a low-fat, low-cholesterpl diet apparently
results in feduction of the causal effects.
These findings are based on the results of experimental work involving
animals but may be applicable to man himself. Similérities and differ-
ences between the disease in humans and in experimental animals have
been recorded (buff and McMillan 1951) although criticism may be levelled
at the common use of the rabbit in the study of the disease (Katz and
Stamler 1953) owing to the predominantly vegetarian diet of this animal.
Experimental investigation of atherosclerosis in humans is, however,
restricted; diagnosis of the presence, let alone quantification of the
extent, of tﬁe disease is virtually impossible except by post—mdrtem
examination or from obvious clinical manifestations of major blockages
in veins or arteries. Thus most research in this field is confined to
(a) population groups known by experience to have either high or
low mortality rates attributable to atherosclerosis as shown by

post-mortem evidence (Kimura 1956), and

(b) carefully controlled clinical investigation (Jolliffe et al. 1959).
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On the basis of the previous considerations — in particular the
extensive evidence accumulated which links diet to serum lipid levels
and, as a secondary effect, to the prevalence and incidence of coronary

. atherosclerosis — the following single compartment model is proposed:

N, A ARTERTAL .
DEPOSIT |— K4

LIPID SOURCE N, A

—_— 8 By

At present, the lipid source is unspecified and, as in special case (A),
this system is non-stationary, the build-up of arterial lipids increasing
with time. However, in this situation, a2t zero time there is no deposit;

thus the initial amount of material after time 'i?

i 4 i
N, = Ng

N is defined as before while A and S represent arterial deposit and 1ipid
L .
source respectively. Similarly the corresponding C budget is:

aftertme it, NA =NA

and, after '2it, A21 NiAA - NA(l - ¥ )A 21A§i ----- (c)

Numerous pathological findings (e.g. Eggen and Solberg 1968) indicate a
linear incidence in the number Qf atherosclerotic lesions with time from
the age of about 20-25 years; therefore the following relationship holds:

NKi = nNi' '
Hence equation (C) yields

i 2i

i i

‘21 i g A1
= - + N
B b T Tl
but N, =NA-NA(l-eA)+klfs
> R ¥ Y
SoNg = N - NA + NA(l e %)

i i -k, i
= - A
. = Ni + Ni(l e )
Substitutibn for Ngl in equation (D) leads to the following relationship

between the lipid deposii and source:
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N21 N2

Aii = NiA - N:LAA(l-e A) + AA 1+(l-e-kAi)}
A Y

vhich may be modified to a form similar to that of equations 4.l and

L2, Vize:
2i i N k,i 21 i
A =40 + 12\11+(1-eA KA - A))
Ny -
?rﬂ_'..._'l'l__ al - L‘I‘lz_:‘d;\ _ 1“.,

. JN
. . n ki . .
N iz{l t oo X }{Am - A‘“’l)l} e (4.3)
i n=

In equation 4.3, k, (=i/“ZA) refers to the rate constant.for turnover
’”1 of the annual deposit. ZBS hés:until now been undefined, since the
lipids found in the deposit are known to be of exogenoué and endogenous
origins. The proportion of each source is estimated at

36% dietary

70% endogenous (after Kaplan et al. 1963)
and although most tissues are capable of the preparation of cholesterol,
the major sites of biosynthesis are liver and the gastrointestinal tract

(Ho et al. 1970). Thus each term is split into 2 components, viz.:

ngl = 0. 3Z5D + 0. 7[5 where

= the mean lhc activity of dietary lipids over the nth 'i! period

the mean th activity of the biosynthesised lipid component

I

P B

over the corresponding time interval.

L., Evaluation of Each Model Equatio@

(2) Tissue models Both models and their associated equations 4.l and 4.2

are based on transfer of carbon from diet to tissue. Although a compre-

 hensive survey of th activities in the diet is not available, relation-
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ships exist between most foodstuffs and envirormental 140 concentrations

which preclude the necessity for their comprehensive th activity
measurements e.g. fish - marine environment, vegetational samples -
atmospheric environment. The remainder of the diet is essentially com-
posed of food of animal origin i.e. meat and dairy products. Nydal and

Lovseth (1965) measured the 14

C activity of milk and noted its close
resemblance to the cow's diet, which consisted mainly of grass. Thus
milk and dairy products (cheese, butter) may also be linked in 1LC
content to vegetation and ultimately to tropospheric th conéentrations
" vhereas the ~C activity of animal tissues might be expected to depend
on the turnover of carbon in animals.AIt is reasonable to assume that
these turnover rates will be of the same order of magnitude as those of
human tissues; however, since the mean life of an animal is less than 2
years (determined from statistics on agricultural stock and meat pro-
duction in Britain) an averageélvalue for each animal was taken to be
equivalent to the 1hC‘concentratiOn in the troposphere of the previous
year. The 1“0 concentrations of dietary materials, with the exception
of fish (directly related to oceanic th levels), are therefore related
by a finite lag time to tropospheric 14002 activities, as shown in
Table L.3. Since Dvalues of tropospheric 002 are readily available from
past measurements and from this present study, it is possible to assign
D values to each foodstuff in terms of the troposphefic th concentration.
The major task remaining is the quantitative determination of tﬁe con-
stituents of the human diet in order that the final composite 14c
activity of diet may be calculated for each increment of time. Avcompre—
hensive survey of the dietary habits of United Kingdom inhabitants was

performed, based on detailed information and statistics on the food

supplies moving into consumption in this country; this data is available
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TABLIE 4.3  RELATIONSHIP IN °~ "C ACTIVITY BETWEEN

_ DIETARY SAMPLES AND ENVIRONMENTAL LEVELS.

FOODSTUFF (Ap)

RELATION TO ENVIRONMENTAL {VALUE

Milk

Milk (processed/cream)
Cheese

Butter.

Eggs
Margarine/other fats

Beef and veal
Mutton and lamb

Pork
Bacon and ham

Poultry

lorrals

Other meats
Fresh/frozen fish
Canned fish

Fresh green vegetables
Other vegetables
Flour/bread

Cereals .
Sugar/preserves
Fresh fruit

Citrus fruit
Canned/bottled fruit

Dried fruit
Cakes/biscuits

ni ni
AD - _ZXT

2/3 animal oils ngi - ZS&P_Z)i

ni (n-2)i
a™ - Al
ni (n-1)i
3T
ni _ Aln-1)i
&y - o
ni (n-2)i
ZSD = ZBT
ni _ ni
Zlgi ZB? ’
A = A n-1)i
P
gi %n—l)i
o, = ZsT
ésgi = previous July: ZST
NN
D T
zs;l = previous Julys: ZBT 3

maximum time of photosynthesis.

T = troposphere; S = surface ocean; i = 6 months.











































































































































































































































































































































































































































