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SUMMARY

Past variations in the natural radiocarbon content
of the atmosphere over recent millenia have previously
been documented through analyses of precisely dated
organic materials, principally tree rings of bristlecone
pine wood, Evidence for the causal factors of the
secular variations has been obtained by correlation of
the 14C profile with geophysical parameters such as the
Earth's magnetic field, solar activity and climatic data.
While the long-term trend in atmospheric 14C concentration
and its origins are now firmly established, the existence
of short-term fluctuations and the factors which could
produce them are still in dispute, Bristlecone pine
calibration of the radiocarbon timescale has produced a
means of correcting archaeological data for past fluctuations,
but this data record has subsequently been criticised, the

14C concentration of that

main objections being that the
wood may be atypical of world-wide 140 concentrations, as

a result of its extreme growth conditions, Alternative
dendrochronologies are at present being developed and
subséquent 4¢ analyses will prove or disprove the validity
of the existing data,

This thesis presents the preliminary results of a long-
term projeét aimed at producing an absolute dendrochronology/
radiocarbon calibration system for the United Kingdom,
Samples for this study come from the vast areas of submerged
forests around the coast of the U K , and from archaeological
sites, The principal featufes of the study - one of the

first of this kind to make exclusive use of the liquid

scintillation method - are, a) a very high sampling frequency



(10 samples/century), b) abundant sample materials in
perfect preservation and c¢) an emphasié on inter-
calibration and error assessment,

The results of radiocarbon analyses of 5 "floating"
chronologies, three oak and two pine, are presented,
These clearly show that short-term fluctuations in
atmospheric radiocarbon do exist, the variations being
of the order of 2 - 3% in 40 - 50 years, The laboratory
standardisation, by replicate analysis of an aged wood
sample, indicates that the total error associated with
a single analysis is largely a result of counting statistics,
and thus these observed fluctuations are considered %o
reflect real changes in atmospheric 14C levels, rather
than random experimental noise, Variations of this
'magnitude and time period have not previously been observed
and it is believed that their detection in this study is a
result of the enhanced sampling frequency employed,
Statistical comparison of U K, and American data has not
shown reported systematic discrepancies between "normal"
organic material and bristlecone pine wood but does suggest

14C levels

that, while longer-term trends in atmospheric
are equivalent, the detailed strucfure of the 140 profile
may be different,

In addition to the major research programme described
above, two short studies involving direct application of
radiocarbon dating to arcﬂaeological problems were performed,

The results of these have direct relevance to the limitations

inherent in practical radiocarbon dating,



CHAPTER 1

INTRODUCTION

1«1 Historical

The radiocarbon dating method involves determination
of the time during which the radiocarbon concentration in
a sample has decreased from its initial to its present
value and therefore depends on a knowledge of these
concentrations and on the rate of decay, The initial
concentration of radiocarbon in a sample is the 14C
concentration of that sample when it ceases to assimilate
carbon from and to Be in equilibrium with its environment,
Except for a small fractionation effect, due to the mass

difference between 14C and 12

C, the assimilation of carbon
by a sample results in an equality of the environmental
and initial concentrations of the sample,

After the discovery by Libby of the existence of
naturally occurring radiocarbon (Anderson et al,, 1947),
the basic asSumption that the radiocarbon concentrations
of the various reservoirs in the dynamic carbon cycle
(Fig, 1-1) have remained constant and equal to their
present concentrations was proposed and confirmed, to the
extent then possible, by Libby and his co-workers
(Anderson énd Libby, 1951),

Radiocarbon is produced in the atmosphere by the
interaction of cosmic-ray neutrons with nitrogen

14N +n - 14C + p

and the radiocarbon undergoes B decay to T4y



FIGURE 1-1: The Carbon Cycle
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The half-life, t%, for this(decay process is 5730 + 40
years (Godwin, 1962), After its production the radio-
carbon is rapidly oxidised to 002 and is distributed
among the various carbon-containing reservoirs, i,e, the
carbon dioxide of the atmosphere, the terrestrial biosphere
and the bicarbonates dissolved in the oceans, Most of
the radiocarbon decay takes place in the oceans which
constitute by far the largest of these reservoirs,

Thus the basic assumption of constant radiocarbon in
the environment, primarily in the atmosphere, entails
the following subsidiary assumptions:

1, the cosmic-ray flux incident on the atmosphere

and hence the production rate of radiocarbon
in the atmosphere have remained constant for
several half-lives,

2, the stable carbon content of the various

reservoirs containing cosmic-ray-produced
14C have remained constant over such a period
of time \

and 3, the rates of 144 transfer between the reservoirs,
in particular from the atmosphere into the

oceans, have also remained constant over this

length of time,

The intensive investigation of radiocarbon concentrations
in many materials over the last twenty five years has
confirmed the general validity of these assumptions but
has simultaneously shown the existence of small variations

140/12

with time in the atmospheric C ratio, indicating the

slight failure of one or more of these criteria, The



discovery of these variations has led both to a
refinement in the accuracy of radiocarbon dating and
to an increased knéwledge of such diverse areas of
geophysics as isotope production by cosmic rays in
the atmosphere and mechanisms and rates of exchange

of carbon dioxide between the atmosphere and oceans,

14

12 Variations in natural C concentrations in

the atmosphere

In 1958, de Vries proved the existence of an
increase in atmospheric 14C concentrations for the years
around A,D, 1700, of about 2%, relative to the 19th
Century "natural" level, an anomaly subsequently
called "the de Vries effect", The effect was detected
in known age samples from different geographical
locations, namely the United States, Germany and
Holland, Subsequently‘a number of other investigators
found deviations of a similar nature, A study of the
variations of 14C activity in a section of a California

giant sequoia tree (sequoia gigantea) was made in three

European laboratories (Willis et .al,, 1960), More or
less irregular variations in 14¢ activity of the order
of 2 or 3% were recognised, Furthermore, measurements
on historically dated objects from the second and third
millenia B,C,, mainly Egyptian, indicated a discrepancy
of several hundred years between radiocarbon dates and
true ages (Ralph, 1959),

The discovery of these variations in natural 140

concentrations had obvidus implications for the radio-

carbon dating method, It was necessary to seek a method



by which the radiocarbon timescale could be compared

to an independently derived absolute chronology, If
this could be achieved then subsequent radiocarbon
analyses on precisely dated material from the absolute
chronology would allow the construction of a record of
past variations of natural radiocarbon and so would
enable the conversion of conventional 140 ages into

true calendar ages,

Such an absolute chronology was found in the dendro-

chronology of bristlecone pine wood (pinus aristata) and,

to a lesser extent, of giant sequoia (sequoia gigantea),

The major portion of the bristlecone pine chronology was
constructed during the 1960's by Ferguson (1968, 1969,
1970) and by 1972 had been extended to almost 8,000 years
B,P, (Ferguson, 1972), As the chronology was being
compiled, samples of precisely dated tree rings, usually
spanning 10 growth increments each, were analysed for

their 14

C content principally by the La Jolla laboratory
(Suess, 1970a), A much smaller number of samples have
been analysed at the Arizona, Pennsylvania and Yale
laboratories (Stuiver, 1969; Ralph and Michael, 1970;
Damon et al,, 1970; Michael and Rélph, 1972; Damon et al,,
1972),

A potentially suitable alternative for the study of
140 variations prior to 10,000 years B ,P, is found in
varve series, Varves are the annual layers found in clays
which deposit in the beds of glacial lakes, Annual layers

may be identified by seasonal variations in texture of

the sediment in a manner analogous to tree-ring counting,

i



The Swedish varve chronology of De Geer (1940) has been
used to monitor 140 levels back to 12,500 years B,P,
Although insufficient organic carbon was present in

these varves, pollen-zone boundary conditions enabled
their relation to nearby peat bozs from which satisfactory

samples were obtained for 146 assay (Wenner, 1968; Fromm,

1970) . The other major varve series is from Lake of the
Clouds, Minnesota, Direct measurements on the organic
14

matter present provided data on C levels during the
past 10,000 years (Stuiver, 1970),
| The variations in atmospheric 14C concentration during
the past twelve millenia are illustrated in Fig, 1-2 and
are based on both tree-ring and varve data, Certain
major features can be seen from the curve:
1, atmosphere concentrations over the past
2,500 years have been within a few percent
of the 19th Century level
and 2, between 5,500 and 2,500 years B,P, the
atmospheric 140 content decreased from
10% above the natural level,
There is, in general, excellent agreement between the
tree-ring and varve data up to 6,000 years B P,
Prior to 6,000 B,P,, the Swedish 14¢ varve data show
a decrease to the natural level by 12,000 B P, In contrast,
the data for Lake of the Clouds indicate a decrease to + 8%
natural at 8,000 B P, and then an increase to 12% by 10,060
B,P, The discrepancy, which is unlikely to be the result
of a real difference in 14¢ levels betwéen the two locations,

may be due to errors in either or both chronologies,
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In addition to the long-term features, there are
short-term fluctuations of 2 - 3% over 50 to 200 years
and also similar variations of 400 years (Suess, 1970b),
The occurrence of these short-term variations in
natural T4¢ pose particular problems for the
archaeologisf, since one 140 age may correspond to
more than one calendar age, (The problems of radio-
carbon-true age calibration are discussed in Section
1.5),

The queétion of the correct causes of the variations
in natural 14C is a major topic of discussion, as yet
unsettled, partly because correlations are usually, at
least to some extent, subjective and also because they
indicate a relationship which may only be coincidental,
The following relationships are, however, generally
accepted, Firstly, the large-scale variations over the
last 7,000 years are probably due to varying modulation
by the earth's magnetic field of the total cosmic-ray
flux incident on the earth's atmosphere, The reasons
for changes in the magnetic field intensity are related
to hydro-magnetic processes in the boundary layer of the
earth's core, an increase in intensity leading to a
decrease in 14C production and vice versa (Elsasser et al,,
1956). Kigoshi and Hasegawa (1966) calculated variations
in the atmospheric concentration of 14¢ arising from
variations in the geomagnetic dipole, A smoothed trend
of observed varying geomagnetic intensity was correlated
with variations in production rate using an expression
derived by Wada and Yamaguchi (1962), The estimated

trends of varying 140 concentration agreed well with 14¢



concentrations obtained by assay of sauples of known

age, From palaeomagnetic measuremnents, Bucha (1970)

has constructed a sinusoidal curve for the geomagnetic
field intensity for the past 9,000 years, with approx-
imate periodicity of 8,900 years, There is evidence

of good inverse correlation between geomagnetic field
intensity and atmospheric 14C concentrations, Further-
more, Houtermans (1966) has shown that a 50U/ increase in
the 14C production rate will account for the observed
change in 14¢ activity over the past 8,000 years, This
compares favourably with the observed variation in the
geomagnetic field by a factor of about 2, This detailed
archaeomagnetic investigation shewed that, in addition to
the long-term changes, fluctuations of shorter periods
occur, the source of which is probably the westward drift
of the non-dipole field, In consequence these fluctuations
do not appear simultaneously on the whole of the earth's
surface, and the temporal occurrence of their maxima and
minima depends on geographical longitude, Lal and
Venkatavaradan (1970) estimated a periodicity of 150 -
1,000 yecars for the westward drift but also cautioned that
limited data may not reflect changes on a world wide basis,
but only regional disturbances,

Secondly, evidence for the causal factor of the
shorter-term fluctuations superimposed on the long-term
trend has been derived from correlation with solar activity,
Forbush (1954) was the first to observe the inverse
correlation between sunspot number and cosmic-ray intensity
over the 11 year solar cycle in particular, This

correlation has been shown by Simpson (1963) and others



to be due to a largeescale modulation of galactic
cosmic-ray intensity by interplanetary fields controlled
by solar plasma, Records of solar activity over the
past 2,000 years have been compiled by Schove (1955),
The first report of an inverse correlation between

14C

the index of solar activity and atmospheric
concentrations was made by Stuiver (1961), Thus at
times of high solar activity the associated intens-
ification of the weak magnetic field of the solar wind
causes a reduction in the cosmic-ray flux near the earth
and consequently a decrease in the production rate of
140, Direct measurement of cosmic radiation over three
recent solar cycles (Lingenfelter, 1963; Linge;feltér and
Ramaty, 1970) has verified this empirical relationship,

The relationship between solar activity and 14

C levels
is now fairly well established, Grey (1969) observing
excellent agreement over the past 750 years between
observed 140 concentrations and those calculated from
a solar cycle model,

Variations in solar activity appear to have certain

14¢ levels,

perioﬁicities and these are reflected in
Again the inverse correlation was noted for periodicities
of 50 and 200 years (Houtermans et al,, 1967; Houtermans,
1971), Suess (1970b), as stated earlier, has noted a
minimum in A14C occurring at intervals of approximately
400 years which may be reiated to reported 400 year
periodicities in sunspot numbers, He has, however, also

observed that the minima occurring after 400 B ,C, are not

in phase with those occurring earlier, The shortest

observed periodicity in solar activity is the well known

11 vear cycle,

10
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A negative correlation between sunspot number and
146 concentration was reported by Baxter and Walton (1571)
based on 14C assay of wines, spirits and plant seeds,

The maximum correlation was observed with 14

C concentration
minima preceding sunspot maxima by one year, the overall
magnitude of the fluctuations being 3%, Variations of 29
were reported by Baxter and Farmer (1973), from measure-
ments on annual growth increments of 19th and 20th

Century oak wood, In contrast to the previous work,

these authors found that the phase shift for maximum
correlation was such that maximum 14C levels were

attained 5 years after sunspot minimum, Lavrukhina et

al, (1973) and Alexeev et al, (1975) have also reported

a correlation of 14C concentration and solar activity,

the amplitude of the cyclic oscillations being a maximum

of 2+2%, Other workers (e,g, Damon et al,, 1973) have
not recorded these large variations in 14C levels and

have suggested that variations of natural radiocarbon
during the 11 year solar cycle must be less than 59/00,
Measurement of radiocarbon concentrations in‘tannual growth
rings of 18th and 19th Century wood (Kocharov et al,, 1974;
Stuiver pers, comm,) have, however, not shown any

variation which can be correlated to the 11 year solar

cycle,

14C

Solar activity may further influence the
production rate through a positive contribution to the
cosmic-ray flux by solar flares, There are no records
of solar flare activity in the past, but Lingenfelter and

Ramaty (1970) have estimated that sudden increases of 155

in atmospheric activity may be due to these effects,
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It is possible that solar activity may not only
have a direct influence on 14¢ levels via production
rate changes, but may also induce climatic variations
(Suess, 1968; Damon, 1968), which may, in turn, affect
the transfer and exchange of carbon dioxide in the
carbon cycle, Changes in temperature can alter the
distribution of carbon dioxide between the atmosphere
and the bicarbonate/carbonate system of the oceans,
The effects of varying climate tend, however, to be
counteractive, For example, a decrease in global
temperature could result in a decrease in the partial
pressure of CO2 ih the atmosphere resulting in an
increase in 140 specific activity, On the other
hand, the oceanic thermocline would be weakened result-
ing in much faster oceanic mixing, The resultant
effect would be more rapid transport of 140 into the
oceans, that is a decrease in atmospheric 140, A
change in atmospheric 146 of 2% over a period of 100
years would require a change in the atmospheric 002
concentration of 20%, According to Suess (1965), a
change of such an order of magnitude in the carbon
dioxide content of air would occur if the average
surface temperature of the oceans changed by more than
10°C, thaf is by more than the change that occurred at
the end of the last glaciation (Emiliani, 1955),

There are, however, notable correlations between
climate and 140 levels, such as the de Vries effect,
The relatively high 140 concentrations of the 15th to
17th Centuries A,D, correspond to a period of severe

climate in Burope, It should, of course, also be noted
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that solar activity was unusually low during this
time, a period known as the Maunder minimum (Eddy,

14C level is therefore most

1976) and that the high
probably a result of production rate modulation (Suess,
1968; 1970b),

Lal and Venkatavaradan (1970) have suggested
that the high '#C activity of 10,000 B.P. can be
attributed to the last ice-age, The model presented
assumes direct 14¢ input to the deep ocean via the
Antarctic outcrop, During glacial periods exchange
of CO2 between the atmosphere and ocean would be
reduced as a result of increased ice cover, Hlence
atmospheric 14C concentrations would rise, It has
been suggested further (Schell et al,, 1965) that world-
wide melting of ite after the last glacial period may
have caused a long-term decrease of ~10% in 146 1evels
since 8,000 B,P, The decrease in 14C is a result of
the release of o0ld carbon locked in the ice and an
increase in the size of the ocean with a resultant
increase in the partial pressure of CO2 in the atinosphere,
The calculated increase in the ocean reservoir size, by
~2+5%, however, seems too small to account for this
effect, It is now generally accepted (Damon, 1970)
that climafe—induced long-term fluctuations in atmospheric
14¢ concentrations during the last 8 millenia appear to
be of minor importance compared to those produced by
variations in the intensity of the geomagnetic field,

The seéular variation of atmospheric 14C concentration

may therefore be summarised as follows:
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1, +the high specific activity of '%C at

10,000 B,P, was probably a result of the

Ice Age,

2, the long-term decrease since then may be
related to a cyclic variation of the geo-
magnetic field intensity of approximate
periodicity 8,000 - 10,000 years

and 3, superimposed on the general trend, fluctuations
of 2 - 3% do occur over time periods of ~100
years, These are probably the effect of
varying solar activity leading primarily to
variation in the production rate of 14¢ and
to a lesser extent to variations in climatic
conditions which affect the exchange parameters

of the carbon cycle,

The correlation of short-term fluctuations in natural
radiocarbon concentration with climate~induced effects
is, however, not certain, There are a large number of
interrelated factors which require consideration, Such
interrelated parameters as carbonate-bicarbonate exchange
coefficients, the pH of the sea,'atmospheric moisture
concentrations, cloud cover, the relationship between the

CO, concentration and temperature, oceanic volume,

2
biospheric activity, albedo, atmospheric particulate
levels and ozone concentrations have to be considered
and quantified before definite cause and effect mechanisms
can be produced to interpret the shert-term fluctuations
in terms of climatic factors,

Information on the constancy of the cosmic-ray
radiation incident on the earth may be derived from

measurement of concentrations of other terrestrial cosmic-—
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ray-produced radionuclides such as

3

Tar (t% = 35 days),

Ar (270 years), 3661 (3.0 x 10° years) and 81

Kr

(2.1 x 105 years) , The »nresent concentration of these
isotopes in the atmosphere (when compared with calculated
concentration ratios from production cross-section data)
will reflect cosmic-ray intensity averaged over the time
periods of the order of these half-lives, Accordingly
the ratio of 39Ar/81Kr will reflect changes in the cosmic-
ray flux over several hundred years, leasurements on
ice-core samples from the polar regions have enabled
study of variations in the concentration of cosmic-ray-
produced radionuclides over 105-106 years, The precision
of these determinations is, however, restricted by the
slow devélopment of appropriate counting techniques
(Oeschger et al,, 1970), Studies on extra-terrestrial
materials, for example meteorites and lunar samples,

will yield information concerning variations in the
cosmic-ray flux caused by solar activity, since these
materials are not subject to the geomagnetic modulation

36 39

effect, From Cl and Ar measurements on fallen

meteorites, Schaeffer (1963) has deduced that the
intensity of galactic cosmic rays has been constant (+10%)

over the past 10°-10° years,

1¢3 Artificial variations of atmospheric 140 concentrations

Twentieth century atmospheric 140 levels have been
significantly influenced by two of man's activities:
1. the burning of fossil fuels and

2 the testing of nuclear weapons,

.

1 The Suess uffect

The Suess effect is the decrease in atmospheric
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carbon-14 concentrations caused by the combustion of
large quantities of inactive fossil fuels, It
originated with the industrial revolution and was
estimated by Suess (1955) to have caused a depression
of about 3% in northern hemisphere atmospheric 14C
concentrations by 1950 (Fig, 1-3), Fergusson (1958)
obtained a corresponding value of 2% for the southern
hemisphere, Both figures were derived from comparison
of 14C concentrations in mid—19tﬁ and 20th Century

wood, Before detection of the Suess effect, twentieth
century wood samples were frequently used as reference
standards in radiocarbon age studies, With the
discovery of the effect, however, it was shown that
carbon-14 ages based on these standards could be too
young by about 200 years, A new standard, the National
Bureau of Standards Oxalic Acid Standard, based on 19th
Century levels, was then issued,

The annual input to the atmosphere of CO2 from
fossil fuel can be estimated from records of the
production of coal, lignite, o0il, natural gas and lime-
stone used in cement manufacture, The rate of input
has risen rapidly since 1860 except for a notigeable
slowing during the depression between the two world wars,
Such estiﬁdtes have been employed in theoretical
calculations of the "Suess effect" at particular times
in the past (Revelle and Suess, 1957; Fergusson, 1958;
Baxter and Walton, 1970), The values obtained may be
used to correct measured 20th Century 14C levels so that

any natural 14C fluctuations are apparent (Baxter and

Walton, 1971),
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The addition of this fossil 002 to the atmosphere
has disturbed the dynamic equilibrium of the carbon
cycle reservoirs, The observed magnitude of the
"Suess effect" will depend on the distribution of this
excess 002 throughout the carbon cycle, This has
enabled calculations of exchanzre parameters between the
various reservoirs (Craig, 1957, Revelle and Suess, 1957;
Bolin and Xeeling, 1963),

In 1970 the concentration of carbon dioxide in the
atmosphere was 320 p,p,m, (Bolin and Bischof, 1970)
compared to 290 p,p,m, in 1860 (Callendar, 1958), and
the rate of increase of atmospheric 002 has been calculated
to be 07 p.p.m, yr-1 (Bischof and Bolin, 1966) which
implies that the concentration of 002 in the atmosphere
at the end of this century will be 375 p,p.m, (Bolin
and Bischof, 1970; Baxter and Walton, 1970), Since
002 is a strong absorber and back-radiator of infra-red
radiation an increase in global surface temperature could
occur as a result of increasing 002 concentrations in the
atmosphere - the '"greenhouse effect", The evaluation of
this effect is rather difficult because of additional
factors such as associa£ed cloud cover and atmospheric
dust levels, Nevertheless, it is quite possible that the
predicted increases of atmospheric 002 will appreciably

change the climate over the next few centuries,

2 The "Bomb" Effect

The "bomb" effect is the result of the addition

14C

to the atmosphere of considerable quantities of
produced through the activation of atirospheric nitrosen

by "bomb'" neutrons released during nuclear weapon tests
Y P .
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14

The total production of C from nuclear weapon tests

is estimated at 956 x 1027 atoms, based on a yield of

2 x 1026 14¢ atoms/Mton fission or fusion for an air

26 14

burst and 1 x 10 C atoms/Mton fission or fusion for

a ground burst (Machta, 1959), Fig, 1-3 includes a
profile of the irregular increase of atmospheric 14C
concentrétions for the period 1950 - 1974 for the north-
ern hemisphere troposphere (Broecker and Walton, 1959;
Broecker and Oison, 1960; Nydal, 1963; 1968; Lal and

Rama, 1966; Young and Fairhall, 1968; Walton et al,, 1970;
Nydal and Losveth, 1970; Stenhouse, pers,  comm,), Since
the majority of the artificial '*C was injected into the
northern hemisphere stratosphere, the highest levels of
northern hemisphere tropospheric concentrations occurred

in 1963 and 1964, roughly two years after the period of
maximum production, This lag is accounted for by a finite
stratospheric residence time, Since the maximum levels
vere attained, 14C concentrations have gradually decreased
through mixing with the southern hemisphere troposphere

and absorption by the biosphere and oceans, Using this
"tracer" 14 it has been possible to determine exchange
parameters in the carbon cycle by model calculations,

The "box-model" approach has been used by many authors
(e.g. Lal and Rama, 1966; Walton et al_, 1970), The carbon
cycle may be divided into compartments, for example,
stratosphere, biosphere, surface ocean dnd deep ocean, The
complexity of the model will depend on the number of

compartments, The calculation of exchange rates and



residence times requires a knowledge of both the total

carbon content and the excess 140 for each reservoir,
Despite intense research along these lines and

despite the considerable data accumulated, the values

of the exchange parameters obtained by different modéls

are not consistent, This disagreement may, of course,

reflect significant variations of atmospheric 002 exchange

rates both temporally and latitudinally, Such variations

are observed annually in the northern hemisphere where

the seasonally variable injection of excess 14¢ from the

stratosphere has produced the "spring leaks'" shown in

Fig, 1-3,
The study of natural 14C fluctuations is critically
dependent on samples of known age, "Bomb" 140 in

biospheric materials such as plants and animals participat-
ing in the carbon cycle after 1962 should also show the
large increase in 14¢ concentration observed in tropo-
spheric air and thus the suitability of that material as

an indicator of atmospheric levels can be tested (Tauber,
1967; Baxter, 1969)

As the excess 14C distribution tends further to
equilibrium, continued studies along this line should allow
~more accurate assessment of exchange rate processes,

Of course, the increasing "Suess effect" must also be taken
into account, It has been estimated, considering both
artificial effects, that atmospheric levels will return to

normal (i_e, pre-1390) by A, D, 2,000 (Harkness, 1970),
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1+4 Quantitative assessment of processes in the carbon cyele

Variqtions in atmospheric 14C concentrations are caused
by the failure of one or more of the basic assumptions of
the dating method (Section 1¢1) and the phenomena giving
rise to these variations have been outlined in Section 1-2,
The response of the carbon cycle to such factors as variable
production rate, varying rates of exchange of 002 between
reservoirs and changes in the relative sizes of these
reservoirs can be quantitatively assessed, The usual
method of assessment is some form of "box-model",

It has been shown, in genéral, that a two reservoir
model of the form shown in Fig, 1-4 is perfectly adequate
for the particular purpose of relating long-term fluctuations

14C

in production rate to fluctuations in the atmospheric
concentration (Houtermans, 1966; Houtermans et al,, 1973),
The model contains the following essential points:
1, +the average delay between the production of a
140 atom and the time it leaves the reservoir
is non zero,
2 the atmospheric reservoir is much smaller than

. . . . 1
. the large oceanic reservoir into which the 4C

atoms are transferred and in which most 14C
atoms decay.
and 3, the rates of exchange of 14C between reservoirs
are governed by first order rate constants,
The total 14C produced per year 1is 1/8,,270 of the total
14¢ inventory, Hence fluctuations in this production rate
on a timescale small in comparison with ~3,000 years will

14

have a very small effect on the world average C
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concentration of the total exchangeable carbon, The
effect will, however, be much greater on a small part
of the total exchangeable carbon provided that a 14¢

atom produced in this part (i,e, the atmosphere) does not
leave this reservoir in a time short in comparison with the
beriod of fluctuation, The transfer rate constant or its
reciprocal (the residence time) for 140 and CO2 in the
atmosphere is perhaps the most interesting quantity that
can be derived from 14C observations, The residence time
is usually defined as the mean time required for a 002
molecule in the atmosphere to cross the atmosphere-sea

(or biosphere) interface and become absorbed by the oceans
(or biosphere), As long as the addition of CO, to the
ocean is small enough that it does not change the chemical
properties of sea wgter, this residence time of 002 in the
atmosphere is the same as that of 14¢ (Craig, 1957),

14

A set of differential equations describing the C

equilibrium in the two rescrvoir model are set up based
on the following assumptions and notation, Reservoir i
(i = a,s) contains Yi atoms of 120 per square centimetre

140.

of earth's surface and Xi atoms of Both isotopes

are internally mixed within reservoir i in a time short
compared with the residence time in the reservoir, Carbon-
14 is produced in the atmosphere at the variable rate of Q

1, may leave the deep sea at the constant

1

atoms cm-zyr-

sedimentation rate S atoms cm—2yr- and decays with mean

life 1 = 1/K = 8,267 years (T% = 530 years), The rates

2 12

C flow from reservoir i

(atom em™ yr_1) at which '4C and

jYi respectively, where

Pirst order rate constants are assumed to be the same for

to reservoir j are kijxi and ki



14 12

C and "“C, The inverse rate coefficient is Tij = 1/,
and is the residence time reservoir i with respect to
removal to reservoir j,

The differential equations are:

dxa

Ty = 8 - v+ k)X () + kX (%)
Cax,

Ty - St kaSXa(t) - (N + ksa)xs(t)

These equations can be solved and the data of interest
extracted, Houtermans et al, (1973) derived similar
equations for a three reservoir model (Fig, 1-4) and
compared the effects of varying production rate, exchange
rates and reservoir sizes between the two models, of
parficular interest was the effect of harmonic input of
140 such as might arise due to periodic solar activity,

The results obtained for both two and three reservoir models
indicated that short-term fluctuations in production rate,
of the order of 10 years, show a high attentuation, i,e,

the model can be said to act as a low-pass filter, whereas
longer periodicities in production rate are attenuated to a
much lesser extent, Periods of longer than 100 years can
be explained by a change in production rate of less than a
factor of two, ‘

The calculations were based on assumed residence times
for the atmosphere of 6 and 24 years, These values
represent the approximate limits of residence times

. . . 14
calculated for the distribution of natural C and the

distribution of fossil and bomb '*C, (Table 1-1),



TABLE 1-1 RESIDENCE TINZS (Yzans) Fox '%c IN

THE ATIOSPHTERE

25

Method of Residence Tirs
Source calculation (vears)
Craig (1957) Natural 73
Revelle and Suess (1957) Fossil ~10
Fergusson (1958) Fossil 2 -7
Rafter and Fergusson (1958) Bomb 3.3
Lal and Rama (1966) Bomb 4
Minnich and Roether (1967) Bomb 5.4
Bien and Suess (1967) Bomb 25
Young and Fairhall (1968) Bomb 4
Nydal (1968) Bomb 5 - 10
Nydal and Losveth (1970) Bomb 4 +1
Walton et al,, (1970) Bomb 9.3




Studies of the short-term variations have therefore
made it evident that the exchange coeffiCients derived
from the response of the different reservoiré to the bomb
1%4¢ ana fossil CO2}ihputs, Oeschger et al, (1975) have

proposed a new model which describes the real situation

more completely, The model consists of 4 reservoirs:
1, a well mixed atmosphere,
2, biosphere,
3, a well mixed surface ocean

and 4, a diffusive deep ocean,

The dynamic parameters kam’ the atmosphere~mixed layer
rate constant and K, the coefficient of vertical eddy
‘diffusion are calculated based on pre-industrial (and pre-
bomb ) 14 values, kam‘= 1/7-3 years is in good agreemenf
ﬁith the determination of Craig (1957) also based on the
natural system (Table 1-1), This model can be used to
produce a consistent description of phenomena with completely
different characteristic time constants since in the box
diffusion nodel the flux.from mixed layers to deep sea
increases for decreasing time constants of the perturbations,
The disturbances of the natural carbon cycle represented
by the "Suess" effect and the "bomb" effect‘have permitted a
more detailed study of the distribution of carbon in nature,
The vast majority of thermonuclear weapon.tests wvere carried
out in the northern hemisphere stratosphere, Complex box
box model calculations, suéh as the‘12 compartment model
used by Nydal (19683) based on measurements of the dispersal
of the resultant 140 excess have facilitated evaluation of
+

1 ?‘1 iod ™
parameters such as stratosphere-troposphere exciange rates

nisp! at here o southemhenisphere
and northern hemisphere stratosphere %o s T

D
o
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stratosphere exchange rates, which were not readily
obtained from box models describing the undisturbed
system, 14C measurements and model calculations have,

in addition, increased the understanding of the exchange

14002 between

the stratosphere and the troposphere is thought to be

processes themselves, The transfer of

primarily due to the displacement and distortion of the
tropopause and from horizontal diffusion through the
tropopause gap, The exchange of 14002 is largely
confined to periods of maximum tropopause instability
viz, February - April in the northern hemisphere when
the tropopause altitude increases, The injection of 14C
from the stratosphere to the troposphere has, however,
been shown to be latitudinally and meridionally variable
(Young and Fairhall, 1968), This particular factor has
relevance to the global applicability of the bristlecone
pine calibration (Section 1¢5), since latitudinal
variation in 14C input during the past millenia may have

given rise to localised short-term variations in atmos-

pheric 14C levels,

1«5 Calibration of the radiocarbon timescale

Radiocarbon measurements on precisely dated tree-ring
samples, principally of bristlecone pine wood have provided
a set of data by which radiocarbon dates may corrected for
past 14¢ fluctuations to yield true or absolute dates,

Since the introduction of this calibration (Suess, 1970a),
the form of the calibration curve or tables has been a major

topic of discussion,
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The original calibration curve, and the most widely
used one, introduced in 1970, is a hand drawn curve through
some 300 data points, The curve contains a large number
of "kinks" or "wrizgles" which were intuitively drawn by
the author, the undulations being governed by the premise
that the atmospheric radiocarbon concentration does not
change by more than one or two .percent/century, McKerrell
(1971) has produced a tabulated version of Suess' data by
direct extrapolation from the graph, This curve, howvever,
has one major drawback with respect to calibration, a given
radiocarbon date may correspond to more than one "true"
calendar age, This problem has been investigated by Clark
and Renfrew (1974), The archaeological requirement is that
some continuous function or calibration curve be constructed
from the data to permit conversion of radiocarbon to
calendar dates, If the radiocarbon age y and corresponding
calendar age x were plotted on a graph for a large number
of samples, the points (x,y) would lie exactly on a straight
line y=x, if all the measurements were without error and if
all the assumptions of the method were correct, If, however,
the assumption of the secular constancy of atmospheric
radiocarbon is incorrect, these ideal errorless measurenments
would lie on some smooth curve, expressible mathematically as

y = F(x)

The function F. is the calibration'function, its departure
from linearity beinn directly related té the past secular
variations in natural radiocarbon concentration, The

physical assumptions imply that there is only one radiocarbon



age, y, ccrresponding to any given calendar age Xx,
although several x's may give the same value of y,

On the other hand, given a sample whose radio-
carbon age has been determined as y + s, the archaeologist
wishes to estimate a corresponding calendar age x imply-
ing an "inverse calibration function" allowinz the
determination of x and y of the form

x = G(y)

If, however, there were several possible x's
corresponding to the same.y, G would not be a function
in the usual mathematical sense (since a function can
only have one value at any particular point),

At the present time the form of the calibration
curve F is unknown and several authors have made an
arbitrary choice for the approximating function f since
the hand drawn curve‘was published in 1970, Wendland
and Donley (1971) have produced from 500 pairs of observations
a single third degrce polynomial defining the calibration

relationship for the last 7,000 years,

=342

Calendar age = 112 + 0.690C + 04152 x 107°C% — 0138 x 107/¢>
This curve, however, is obtained by estimating the inverse
calibration function, so that the results of this study are

of limited value, Va}ious other forms of calibration

curve have been used, Houtermans (1971) used a combination

of periodic functions to obtain a relationship between A14C
and calendar age, Clark and Renfrew (1973) fitted a
piecewise linear curve over a restricted time range, that
is, a series of straight line segments constrained to be

continuous at their join points, An extension of this

technique comprising segments of different polynomial functions
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constrained to be continuous at their joint points has
subsequently been proposed by Clark and Sowray (1974).

Damon et al, (1972) have produced a table for the

correction of radiocarbon dates using polynomial fitting

and simple moving averages, These results are based on

600 radiocarbon dates but are statistically inadequate

since the rejection of outlying data points was determined
by Chauvenet's Criterion, which is known to be unsatisfactory
(Anscombe, 1960), Michael and Ralph (1972), Ralph et al.
(1973) and Switsur (1973) have used similar moving average
methods to obtain a smooth trend curve, although the former
authors' curve maintains some of the larger "wriggles" of
the Suess curve, Jatkins (1975) has tabulated several

of the calibration methods applied to the bristlecone pine
data, The procedures include the analyses referenced
previously plus a "50-year averaging'" calibration and a
limited time-span-calibration against the Egyptian historical
chronology (Edvards, 1970; Berger, 1970),

The main objection to these calibration curves and
tables is that they have been derived by subjective methods,
Another version of the calibration curve was nroduced by
Clark (1975), This calibration was aimed at correcting the
deficiencies in the existing curvés, using all fhe available
data relating 14C and true ages and reducing to a minimum
the number of arbitrary decisions in deriving the curve,

Clark's calibration is presented in graphical and
tabular form, Close detail is paid to the use of the
calibration curve and the evaluation of errors associated

with the calibration procedure is illustrated by examples,
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At present this represents the best calibration curve
available to archaeologists although its appeal to the
geo-scientist is limited as a result of its omission of
short-term fluctuations apparently not justified by the
accuracy of the data, One important outcome is,
however, the assessment of the error associated with
calibratioh, A one sigma error of * 200 years on a
calibrated radiocarbon date, resulting from the use of
Clark's curve, may well be a realistic uncertainty of a
calibration against the true calibration function F which
may contain short-term fluctuations not appearing in a
statistically derived curve,

The global applicability of the bristlecone pine
calibration has been a further major source of discussion
since its introduction in 1970, the main criticisms beinz
concerned with the dating material itself and its growth
environment, Bristlecone pine wood grows at extreme
altitudes, namely 3,000m, at which the ambient cosmic-ray-
neutron flux is approximately one order of magnitude
higher than at sea level, Since these neutrons are the

source of 14C,

it is feasible that bristlecone pine wood
could be unrepresentative of normal organic material,
Whether through in situ 4¢ production or variable atmos-
pheric mixing, bristlecone pine 140 levels could experience
localised effects, Neutron irradiation of bristlecone
pine wood in a nuclear reactor was found not to result in
14¢ enrichment (Harkness and Burleigh, 1974), It was
suggested, however, that the absence of a measurable

amount of 14¢ produced in situ by neutron irradiation may

well point to the importance of the chemical pretreatment
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prior to 140 assay, Even if the bulk of the original
nitrogen is present in the stable structure of the wood,
i,e, chemically bound to cellulose or lignin molecules,

14N to 14

the erergy release in the transiwutation of C

(0622 HeV; Ashby and Catron, 1959) would be sufficient

to rupture the chemical bonding in these molecules, Hence,
any 14¢ produced via the natural in situ mechanism is
liable to have existed in a form readily removable by
standard pretreatment procedures, Similar work by Grootes
(1977) has suggested that the effects of in situ production
would be significant only in samples of age >80,000 years,
Libby and Lukens (1973) have suggested the possibility that
thunderstorms may produce 14C in bristlecone pines, the
proposed mechanism involving production of neutrons either
as a result of lightning strikes on rocks or on the tree
itself, '

Evidence of latitudinal variations in atmospheric 14C
concentrations was presented by Lerman et al, (1970) and
Jansen (1970), the size of these variations being of the
order of 0+5% to 2%, southern hemisphere levels being lower
than contemporary northern hemisphere concentrations,
Comparison of two'floating'tree—ring chronologies from
Auvernier, Switzerland by Suess and Strahm (1970) with the
bristlecone pine calibration (Suess, 1970a version) led to
the conclusion that the radiocarbon age of Auvernier wood
would have to be 50 years older on average than bristlecone
pine wood of the same age in order to give a good match

of the Auvernier sequences agzainst the kinks in the master

calibration curve, implying that the carbon-14 content of



Auvernier wood must be lower than that of bristlecone
pine wood of the same age, A similar statistical
analysis estimated the difference as 92 years (Clark
and Sowray, 1974),

The world wide validity of the bristlecone pine -
radiocarbqn chronology is now being tested as a resﬁlt
of the establishment of independent dendrochronologies,
At present the two major Huropean chronologies are the
Irish Bog Oak chronology (Smith et al,,1972) and the oak
tree-ring chronology for central Europe, the latter now
extending to 350 B,C, As yet, however, radiocarbon
analyses on precisely dated ZEuropean trce-ring samples

are not an advanced stage,

1+6 The subﬁg;ged forests of the U K,

Around the coast of the United Kingdom are many
sites where #submerged forests" are exposed at low tide,
These submerged forests are the result of drowning, by
fhe post-glacial sea-level rise, of coastal woodland,
The trees grow at about mean high water mark, usually
behind a coastal barrier of some kind, and were usually
killed by the rising water table or by the ingress of
salt water, rather than by catastrophic overwhelming
on a large scale,

'it was thought at one time, that the submerged forests
_ were all formed during the same period - the "Submerged
Forest Period" - however, it has since been shown by
pollen analysis and radiocarbon dating that they were
formed throughout most of the post-glacial period, The
earliest were probably formed as soon as trees reappeared

with climate

33



34

amelioration, There are not many previous dates

from submerged forest sites, although there is a large
volume of data on 14C measurements of peats asgociated
with the forests and from coastal boreholes, Some

dates from actual submerged forest exposures are

presented in Fig, 1-5 (Q 134 - Godwin and Willis, 1959;

BM 29 - Barker and Mackay, 1959; BM 80 - Barker and
Mackay, 1961; Q 81, Q 380, Q 398 - Godwin and Willis,
1961; Q 637 - Godwin and Willis, 1962; Q 715 - Godwin
et al_, 1965; NPL 113, NPL 147, NPL 148 - Callow and
Hassal, 1968; I 1543 - Buckley et al,, 1968; I1GS-C14/32
(St 3279) - Welin et al,, 1972; IGS-C14/42 (St 3402) -
Welin et al,, 1972; HAR 78 - Otlet and Slade, 1974;

UB 744 - Smith et al,, 1974), Based on these radiocarbon
data the extent of‘eustatic sea-level rise has been charted
over the last 8,500 (radiocarbon) years; the profile of
sea~-level rise is given in Fig, 1-6 (Shepard, 1963; Jelgersma,
19663 M8rner, 1969; Kidson and Heyworth, 1973), As can
.be seen from Fig, 1-6, the different workers have chosen
to represent the sea-level rise by a smooth curve, whilst
others hold that oscillatins do occur (also Fairbridge,
1961), The supporters of the oscillating rise claim that
transgressions and regressions can be recognised in widely
separated localities and can be correlated with changes

in eustatic sea-level and various climatic records,
Supporters of the smooth'exponential curve agree that the
rapid rise and fall of sea-level suggested is, because of
the inertia of the glacio-eustatic system, inherently

improbable and that other explanations are more iikely,
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Submerged forests occur at all heights in the
vertical range indicated (Fig, 1-6), the practical
limit for dendrochronological studies being set by the
lowest tides, In the Bristol Channel for instance,
Low Water Spring Tide is at about -6m 0,D, (zero datum),
In most places this is considerably higher, about -25m
0,D, Since the f&rests grow at about mean high water
mark, the earliest accessible trees are, therefore, those
which grew when mean high water mark was from -6m 0,D, to
=2¢5m 0,D,, dependingron tidal range, This would put the
age 1imit at about 7,000 years B,P, (radiocarbon years) in

the Bristol Channel, and later, c¢, 6,000 B,P, elsewhere,

In this respect, however, there is another important
aspect, As well as the eustatic world-wide rise in sea-
level, there has, during the post-glacial, been an isostatic
uplift of the land, as a recovery from the depression due
to ice-loading, The extent of this recovery varies,
depending on the thickness of the original ice-cover, 1In
blaces where ice was not present, or present only
sporadically, no isostatic uplift may be manifested, The
degree of isostatic uplift must be subtracted from the
eustatic sea-level rise to give the relative sea-level
rise in any one area, To further complicate the situation,
there may be other longer-term tectonic vertical movements
of the land,

In Britain, the net result of the isostatic uplift and
long-term subsidence of the land is that areas north and
west of a line from the Bristol Channel to the Humber have

-

risen during the post-glacial, while areas south and east
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of this line have sunk, The further north the site,
the greater the degree of uplift, Thus in the Solway
Firth, uplift during the past 8,000 years has been
approkimately equal to eustatic sea-level rise, so
that the submerged forests formed at about mean
high water mark 8,000 years ago are at mean high water
mark now, even though there has been a rise in sea-level
of 25m or more during this period,

The most common age of submerged forests is between
4,000 and 5,500 years B,P,, since this was a period of
a moderate rate of sea-level rise, which allowed the
growth of extensive coastal forests which were progressively
inundated, Before this period, sea-level rise was more
rapid, so that there is only a narrow belt of submerged
forest trees of any particular age, whilst after this
period, sea-level rise has been so slow that there has
not been a very marked marine transgression, These
submerged-forest beds consist of stumps, still in the
position of growth, and fallen trunks, often with associated
peats, The trees may be very large and are usually
extremely well preserved (Plates1, 2 and 3),
Most of the trees are oak, though‘at some sites pine is
dominant; birch, yew and alder are also found, In
general, growth was more rapid than.at present, and oaks,
apparently, were able to grow where they would not survive
now, that is, nearer to the sea, This was presumably
because they were more vigorous and thus could withstand
greater exposure to salt spray, At present, oak trees

can tolerate a surprising degree of fresh-waterlogging
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but do not favour saline environments,

As a source of wood for dendrochfonological-
radiocarbon studies, the submerged forests arevunique,
Preliﬁinary radiocarbon measurements, Fig, 1-5, have
. shown that there is a wide age range of wood available
and, as the rates of isostasy and eustasy are fairly
well understood, it is possible, by reference to
established sea-level curves, to collect samples for
analysis systematically, thus accelerating compilation
of a tree-ring chronology, At any one site,particularly
if the site dates from the optimum growth period, there
are large numbers of trees allowing a master chronology
to be constructed, this record then being overlapped with
chronologies at adjacent locations, The trees are ideal
for dendrochronological studies; individual growth rings
are wide and the growth pattern is extremely sensitive
and therefore well characterised, Calibration with
other tree-ring chronologies, such as the Irish Bog Oak
chronology (Smith et al,, 1972) may assist in the
establishment of an absolute chronology either through
reinforcement and extension of developed "floating"
chronologies, or by completing gabs in the individual
records which could not be completed with locally
collected samples,

The submerged forests, furthermore, provide excellent
material for radiocarbon calibration studies, The trees

of different ages all grew at the same altitude, that is,
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contemporary sea level, and therefore should not

experience such local effects as higher ambient
concentration and in situ production, which may limit

_ the previously derived bristlecone pine calibration,
Plentiful supplies of wood permit collection of large
samples and a higher sampling frequency than in any

other study of this kind, that is 10 samples per

éentury, with the additional benefit of duplication of
samples and collaborative analyses maintaining the high
level of objectivity necessary for such a project,

The dendrochronology of the submerged forests is
being performed by A, Heyworth at University College Wales
at Aberystwyth, Establishment of a long tree-ring record
for the United Kingdom, based on the submerged-forest
sites will not only be advantageous in radiocarbon

calibration studies but will yield detailed information

on isostatic and eustatic changes during the recent past,

17 Aims of research

Current theories concerning the past variations in
natural radiocarbon concentration in the atmosphere are
largely based on the 14C measurements on precisely dated
tree rings of bristlecone pine wood, and, to a lesser
extent, on Varve series, The interpretation of observed
variations in 14C and the geophysical parameters producing
them has been discussed in the preceding sections,
Calibration of the radiocarbon timescale against an
indepeﬁdently produced absolufe chronology, as represented

by the tree-ring record of bristlecone pine, has enabled
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correction of radiocarbon ages for these secular
fluctuations, The form of the relationship between
the two independently derived chronologies and the
errors associated with calibration procedures have
provoked much discussion in the literature, In
particular, the global applicability of the bristlecone
pPine calibration has been questioned, the extreme
growth conditions of the tree and the possibility of
local effects being proposed as reasons for the specific
14¢ activity of that wood being atypical of world-wide
140 concentrations, Recently, alternative sources of
wood suitable for dendrochronological studies have been
discovered and these present the opportunity to test
the applicability of the bristlecone pine calibration
through construction of a similar data record, Such
a source of wood is found in the numerous submerged-
forest sites on the United Kingdom shoreline, The
origin and advantages of this source of material are
outlined in Section 16,

This research project is a preliminary investigation
in a long-term programme to produce an independent tree-
ring/radiocarbon chronology for the United Kingdom,
Samples for the investigation are collected from these
submerged forest sites and from archaeological sites, The
work is one of the first applicationé of the liquid
scintillation counting method, based on synthesis of high
purity benzene, to the particular field of radiocarbon
calibration and is characterised by the very high sampling
frequency, teh samples‘per century, and the emphasis on
error assessment through intra and interlaboratory

calibration, s
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While long-term trends in natural radiocarbon
concentrations are reasonably well documented, short-
term fluctuations, commonly known as "wriggles" or
"kinks" favoured particularly in Suess' original
interpretation of the bristlecone pine radiocarbon
data, are still in dispute, It is hoped that, as
a result of the higher sampling frequency employed in
this study, the existence of such short-term fluctuations
will or will not be apparent and that, if so, other
variations not exhibited in the American data, through
the relative sparseness of samples, will be observed,

The tree-ring sequences analysed here will be
"floating" chronologies, and application of statistical
techniques should permit direct comparison of U K, data

with the bristlecone pine calibration,
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CHAPTER 2

EXPERIMENTAL METHODS

2¢1 Introduction

The measurement of natural radiocarbon requires
sophisticated physical and chemical techniques, There
are two reasons for this; firstly, 14¢ is a weak beta
emitter, of maximum energy 0+156 MeV, and secondly, it is
present in very low natural concentrations, The specific
activity of 1356 + 0.07 d.p.m, gC~' (Karlen et al,, 1964)
corresponds to approximately 1 atom 14C per 1012 atoms C,
It is therefore imperative that the monitoring system has a
high detection efficiency for 14C and that sample count
rates are high compared to background values, Further,
since a radiocarbon age determination involves precise
comparison of sample and standard activities, and since
long counting times of the order of 1-2 days are employed
to reduce the statistical uncertainty of the measurements,
the detection system must have long-term stability with
respect to detection efficiency and background count rate,
A 14C counting system, therefore, must display the following
features:

1. high beta detection efficiency,

.2.' low background count raté

and 3. ldng-term stability of beta detection and
background characteristics,

Early 14C counting systems (Libby, 1955) involved coating
the inner wall of a screen-wall Geiger counter with elemental
carbon prepared from the sample, The overall detection

efficiency was only 5% and the "carbon black" was often



contaminated by '"fall-out" isotopes, The method was soon
- rendered obsolete by the development of gas proportional
and, more recently, of liquid scintillation techniques,

The proportional, rather than the Geiger, region is
favoured for the common counting gases (002, CH4, CZHZ)
since only in the former is the amplitude of each output
pulse a measure of the energy absorbed by the counting gas,
Thus, with a proportional counter, it is possible to monitor
only the energy range of interest by discrimination against
lower and higher energy pulses,

A survey of counting techniques employed by radiocarbon
laboratories shows that approximately 50% of the laboratories
utilising the gas pr0portiona1.technique have 002 as the
counting gas, éhe use of acetylene and methane is favoured
by the remainder in almost equal numbers, The advantage of
002 as a counting gas lies in the fact that the sample
preparation requires only one reaction step, namely sample
combustion, The counting characteristics of 002’ however,
are very sensitive to the effect of electronegative impurities
and thus rigorous purification procedures are required, On
the other hand acetylene and methane are not so sensitive to
impurities and the improvement of chemical procedures in
methane and acetylene chemistry (Fairhall et al,, 1961; Barker,
1953; Suess, 1954) have increased the appeal of these gases for
proportional counting, ‘

Considerable variation in design is possible for

proportional counters, however the essential features are
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as follows, The sample detector is made either from
quartz or oxygen free high conductivity (O,F,H,C,) copper,
The wall of the detector is the cathode and the anode is
a taut wire sited along the axis of the detector, The
background is caused by cosmiceray particles and the count
rate registered is far greater than the normal sample
activity, Reduction of the background ccunt rate is
achieved by shielding the sample detector with lead and
paraffin wax containing boric acid, the latter absorbing:
neutrons, The major reduction in the background is,
however, not achieved by shielding alone, A guard counter,
or series of guard counters, is mounted concentrically on the
sample detector and is linked to the latter by anti-coincidence
circuitry, This arrangement will register only events
detected in the sample detector and events detected
simultaneously in sa&ple and guard counters are rejected,
Generally the detection efficiency for an anti-coincidence
counter is $90% making the proportional counter particularly
suitable for small samples,

The liquid scintillation technique also enables energy
» discrimination and was first applied to radiocarbon age
determinations by Arnold in 1954 via conversion of sample
carbon to a mixture of hexane and octane, In the succeeding
years several authors reported T4¢ age determinations using
as coﬁnting material ethanol (Arnold, 1954), dissolved
acetylene (Audric and Long, 1954), methanol and partially

synthesised toluene (Pringle et al,, 1955), methyl borate



(Pringle et al, 1957), paraldehyde (Léger and Pichat, 1957)
and dissolved carbon dioxide (Barendsen, 1957), Starting
in 1959, attention turned to synthesised benzene as the
scintillation solvent (Tamers, 1960; Starik et al,, 1961)
and steady progress has since been made on this system,
The advantages of benzene are that it contains 92% carbon,
has excellent liquid scintillation properties, is stable
and can be produced entirely from sample carbon, Many
new laboratories therefore utilise liquid scintillation
counting techniques because of
1. the general improvement made in component

performance (e,g, increase in figure of merit,

E%/B)
and 2. the convenience of automatic sample counting

with its time-saving advantage,

While in generai the gas counting technique is more
suited to analysis of small samples, say «2gC, for this research
it was considered that liquid scintillation counting would be
the appropriate system with respect to the larger sample sizes
envisaged, Further details of the counting method and its

principles are presented in subsequent sections,

22 Chemical Preparation of Benzene

20241 Sample Pretreatment

It is of the utmost importance in performing a radiocarbon
analysis that the sample contains only those carbon atoms
which constituted the material at the time of its isolation
from the carbon cycle, The nature of contamination to which
a sample may be subjected depends on the chemical nature of the
sample itself and on its immediate environment, Inorganic

samples such as bone and shell may be contaminated by percolating
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ground water containing carbonates and bicarbonates which

can be incorporated via ion exchange, In general, organic
materials do not undergo this form of "chemical" contamination.
Typical contaminants in organic samples such as rootlets,

humic acids, soil and sand are introduced by water filtration
but do not enter into ion exchange processes or chemical
bonding with the sample, The effect of contamination on

old samples by dead and modern carbon is given in Table 2-1,

The method of pretreatment utilised depends largely on
the nature of the sample, In this research, by far the
majority of the samples were of wood and the rigorous pre-
treatment method applied to these samples will be discussed
later, The remaining few samples were of charcoal, carbonised
grain and soil,

Charcoal and grajn samples are first of all examined
visually for rootlets and other possible sources of non-
contemporaneous carbon which might lead to an erroneous assay,
This being done, the samples are washed with distilled water and
then treated with 1M potassium hydroxide solution for 3 hours
to remove humic acids, After rinsing with distilled water,
the dehumified material is treated with hot dilute hydrochloric
acid (~1M) for a further 3 hours, Pretreatment is completed
by thoroughly washing the sample with distilled water and
placing the sample in a drying oven at 80°C overnight, Soil
samples are handled more gently since the chemical composition
is considerably less inert than that of charcoal and grain,
After the initial visual examination the samples are washed
with distilled water, warm dilute hydrochloric acid and rinsed
again with distilled water before drying overnight in an oven

at 80°C,



TABLE 2-1: ERRORS CAUSED BY SAMPLE CONTAMINATION

(a) Contamination of o0ld samples by "dead" carbon

51

True age Radiocarbon age of sample (years)
of sample Degree of contamination by "dead" carbon
(yearsg 1% 0-1% 0+01%
5570 5648 5576 5571
11140 11380 11160 11144
22280 23578 22394 22296

(b) Contamination of o0ld samples by "modern'" carbon

True age Radiocarbon age of sample (years)
of sample - Degree of contamination by "modern" carbon
(yearsg 1% 0+1% 0-01%
5570 5490 5560 5570
11140 10900 11120 11140

22230 21080 22160 22270
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The tree-ring samples analysed in this research are
separated from the bulk wood section by hand chisel, This
is considered more reproducible than using a mechanical saw,
since the wood often contains irregularities which can easily
be picked out when the operation is performed manually, The
accuracy of separating successive 10 year growth increments
depends to a large extent on the ring width in each individual
séction, Marker pins, inserted at the time of dendro-
chronological measurement, usually at a frequency of 1 pin
per 20 rings, maintain an accuracy of + 1 ring per section,

The separated 10 year increments are then cut to match stick
size in preparation for cellulose extraction,

There is a wide range of 6pinion as to the optimum pre-
treatment procedure for wood samples submitted for 14C analysis,
Some laboratories employ both organic and inorganic solvents
while others consider £hat either an organic or inorganic
solvent is sufficient, In assessing the validity of tree rings
as indicators of atmospheric 14C concentrations (Fairhall and
Young,1970) have demonstrated that there are significant differences
in the 140 level in the different components of wood, namely
cellulose, lignin and resin, Thus, depending on the pretreatment
procedure adopted, the 14C value obtained may or may not be
a reflection of the atmospheric 140 concentration at the
particular time of growth, Of course, the effect of transport
of resin across ring boundaries will depend on the species of
tree and an effect would be more marked in a more resinous wood,
It was, therefore, decided that 14C assay on wood samples should
be performed on the cellulose fraction only since the cellulose

in each ring is not in dynamic equilibrium with the metabolism



of the tree but that, once synthesised, it remains fixed,
thus fulfilling the "closed system" assumption of the radio-
carbon dating method,

A further problem concerning the pretreatment of wood
recovered from the marine environment is infestation of the
samples by boring organisms , While it is, in general,
possible to discard sample material which has been infested,
when this is not possible the remaining carbonate of the
organism plus any evaporite carbonate is removed mechanically,
Subsequent pretreatment stages in acid media will then remove
final traces of non-contemporaneous '"carbonate" carbon,

The first step in the ceilulose extraction is treatment
of the wood with boiling 2M potassium hydroxide to remove any
humic acids and: to solubilise the lignin, The sample is then
filtered and washed with distilled water, Prior to bleaching,
the dehumified wood is soaked in 2M hydrochloric acid, thus
neutralising any residual alkali not removed in the previous
washing, The wood is now added to a bleaching solution

comprising 80g NaClO0, and 110ml of 1M HC1l in 3 litres of

2
distilled water and the temperature of the bleaching medium
is maintained at 70-80°C for 48 hours, Finally the solution
is filtered and the white cellulose washed with distilled
wvater and dried at 80°C, Typically a wood sample of 40-50g

will yield 12-16g of wood cellulose,

20202 Sample Combustion

Organic samples are burned in a pressure combustion
vessel to yield carbon dioxide, Up to 25 litre atmospheres

of COZ can be prepared in the Glasgow system,
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The combustion vessel (Fig, 2-1) is constructed of
stainless steel and has a volume of approximately 6-41,
The base flange of the "bomb" is secured by 12 high tensile
bolts and the seal is completed by a neoprene 'G'-ring,
The top flange, secured and sealed in the same way as the
basal flange, houses the filling and emptying valve, fitted
with a safety bursting disc (maximum pressure 1400 p.s.i,),
a pressure gauge, the ignition contacts and a thermocouple,
The sample crucible, also made of stainless steel, is mounted
on the oxygen filling pipe, It is important that the lower
end of the 02 supply pipe is below the lip of the crucible
to prevent dispersal of finely divided samples with the
subsequent possibility of a dust explosion, A coil of wire
(Kanthal AB resistance wire) is connected across the contacts
in the base of the crucible and the firing mechanism connected
via the contact points on the top flange, The firing circuit
delivers a 3+5 Ampére D ,C. current through the "spark" plug and
the earth contact on the filling valve, Before loading the
sample, the ignition wire is tested, This also ensures that
any grease on the wire as a result of handling is burnt off,
The sample is then placed in the crucible and, prior to sealing,
an amount of distilled water, usually 25-30ml, is added to the
bomb, The combustion of wood cellulose produces small quantities
of oxides of sulphur and nitrogen and the addition of the water
to the combustion bomb prevents escape of these gases to the
002 collection System, Before charging with oxygen the sealed
bomb is evacuated through the collection system (Figs, 2-24,
2-2B), At this stage, needle valves N1 and N2 are open,
stopcocks S1 and S4 are open, 52, S3 and S5 are shut and the
three way stopcock, 3W1, is directing flow through the low

vacuum manifold, When the Bourdon gauge B1 registers ~10 torr
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the main valve on the bomb, valves N1 and N2 and stopcocks
S1 and S4 are shut and the vacuum connection removed since
this pressure is due mainly to water vapour, The bomb is
then filled with O2 to a pressure of 5 atmospheres, the
tube connection from the cylinder having been flushed with
gas before securing the umbilical and opening the bomb,
When the bomb is pressurised, the main valve is shut, the
umbilical disconnected, the electrical connections made and
the sample ignited, A successful combustion is indicated
by a sharp rise in pressure and tenperature inside the bomb,
The use of the internal thermocouple was discontinued since
the lifetime of a thermocouple is very short, in the order of
10 combustions, due to the corrosive nature of the gases
produced,

After allowing the heat generated to dissipate, the

product CO, is collected, Traps T1 and T2 are cooled to -78°C

2

with acetone/solid CO, slush baths to prevent water reaching

2
the CO, collection traps T3, T4 and T5 which are cooled to

2
-196°C by liquid nitrogen, The system is pumped out on low
vacuum until the Bourdon gauge 31 gives zero reading and then,
with N1 and N2 slightly open, 31, S2, and S4 open, 3W1 to
low vacuum and S3 and S5 shut, the main valve on the bomb is
carefully opened, The gas flow is throttled by varying the
needle valve settings to maintain a pressure of 10-22 torr on
the Bourdon gauge, B1, this pressure representing the excess
oxygen being pumped away, The manometer M1 which is open

during the collection of the 002 acts as a blockage detector

for the CO2/traps, In practice, using the described flow rate,
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most of the CO,, that is, greater than 905, is collected
in trap T3, Emptying the combustion bomb takes about
45 minutes, When all the gas has been collected the
main valve, N1, N2, S1 and S2 are shut and 3W1 is
turned to high vacuum, The 002 is pumped to betfer
than 107> torr, Purification of the CO, is effected
by distillation and further pumping, The collection
traps T3, T4 and T5 are isolated from the pumping
system, 3W1 closed and stopcock S5a in the open position,
The liquid nitrogen traps are removed from T3 and T4
while the trap cooling T5 is replaced by an acetone/
solid CO, slush bath (-78°C), to ensure that any water
vapour which may have passed through T1 and T2 during
the collection procedure does not enter the storage
area, The gas is sublimed into the cold finger T6
which is cooled to -196°C, When all the gas has been
transferred, S4 is closed and the 002 is pumped on high
vacuum via 3W1 to less than 107> torr, The CO, storage
area consists of four bulbs of known volume , two bulbs
approximately 64 in volume and two of approximately

124 and 254 respectively, This arrangement facilitates
the long-term storage of a wide range of 002 quantities
under conditions which reduce the problems of leakage
or blow-out arising from gas pressures which are either
too low or too high for.a particular size of bulb, The
yield of CO2 which will be produced by combustion of a
wood sample may be predicted using the following empirical

calculation, Assuming a carbon content in cellulose of



~44%, then 1g of cellulose should produce 083 litre
atmospheres of COZ' Prior to collection of a 002 sample,
the designated storage bulb, x, is pumped to better than
10-3 torr to eliminate possible 002 memory effects, The
002 is then transferred from T6 to the cold finger on the
storage bulb with 3W1, S5a, S6 and S8 closed and S7, S9
and S10-x opened, Once this has been completed, S7 is
closed and the gas allowed to expand into the bulb and
manometer system, M2, when the yield of CO2 produced is

measured, An aliquot of 002 is then removed for subsequent

mass spectrometric analysis,

2023 Acetylene Synthesis

Two methods of conversion of carbon dioxide to acetylene
are currently being utilised by radiocarbon laboratories,
Firstly, and less commonly, the 002 produced from sample
combustion (or sample hydrolysis) is bubbled through
ammonium hydroxide producing ammonium carbonate, Addition
of strontium chloride precipitates strontium carbonate,

The carbonate is then reduced with magnesium to give the
carbide which is hydrolysed to produce acetylene, The

complete reaction scheme is given below (Suess, 1954):

002 + 2NH4OH - (NH4)2003 + H,0 (i)
(NH4)2co3 + SrCl, - Sr003 + 2NH,C1 (ii)
28rC0, + 5Mg - SrC, + Sr0 + 5Mg0 (iii)
SrC, + 2H,0 > C,H, + Sr(OH)2 (iv)

The second method, that used in this research, was
developed by Barker (1953) and involves the direct reaction

of carbon dioxide and molten lithium followed by hydrolysis

60
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of the carbide, This method was developed from
earlier work by Arrol and Glascock (1947) who used:
barium metal instead of lithium metal, The reaction

scheme for Barker's process is as follows:

2C0, + 10Li =~ Li,C, + 4H,0 (v)

Li202 + 2H20 - C2H2 + 2LiOH (vi)

The carbide synthesis and hydrolysis are performed
in a stainless steel vessel with an approximate volume
of 6+72 (Fig, 2-3), The top half of the main body of
the reaction chamber is water cooled to prevent
evaporation of molten lithium from the base of the
vessel to the upper part of the walls thus rendering it
unreactive toward 002, The main flange, housing the
gas inlet-outlet valve, the water inlet, a 0-760 torr
Bourdon gauge and the view part flange, is secured to the
main body of the vessel by six high tensile bolts and
the seal completed by a Viton 'O'«ring, This flange
is in position prior to addition of the lithium charge
to minimise the time required to seal and evacuate the
vessel, and thus to reduce the amount of oxidation of the
lithium, A diagram of the acetylene system is given in
Figs, 2-4A and 2-4B and the léboratory procedures are as
follows, .

A quantity of lithium metal, (lithium metal ingots
supplied by Associated Lead, Newcastle) 50% in excess of
the stoichiometric quantity is scrubbed under petroleum
ether to remove the oxide layer, The cleaned metal is

then added to the reaction vessel through the view port
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hole and the chamber is sealed and evacuated (valve

V1 open, V2 shut, stopcock S11 open, 3W2 in the low
vacuum position, all other stopcocks closed), The
three "Amal" burners are 1lit and the water for the
cooling jacket is turned on, Pumping is continued

for 15-20 minutes, by which time the pressure in the
reaction vessel is approaching 10_2 torr, and then the
chamber is isolated (3W2 to the off position, V1 shut)
with continued heating, After 40-45 minutes the molten

lithium is hot enough for admission of the CO With

2
stopcocks S11, S12, S8, S7, S9 (to manometer M2) all in

the open position, S10-x is opened, 'x' being the number

of the appropriate storage vessel, and the sample gas
expanded to valve V1, At this point S10-x is closed

again to prevent contamination of the bulk of the sample

in the event of problems in the reaction vessel, Valve

V1 is opened, The silvery surface of the hot metal
discolours to black as the 002 reacts and then, as heat

of reaction is evolved, the temperature of the reaction
mixture increases to reddish-orange heat ( 800°C), V1

is closed and S10-x quickly reopened and, using V1 as
control, the rest of the 002 is admitted to the reaction
chamber, The consumption of CO2 is noted by the equalising
of the mercury levels in manometer M2, Normally 102 of

002 will react in 15-20 minutes, At no time during the
reaction is the pressure inside the reaction vessel allowed

to exceed 300 torr, since above that temperature the

reaction proceeds at too fast a rate resulting in a lower-
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ing of the final acetylene yield, When virtually all
(>95%) of the carbon dioxide has been added to the
lithium, valve V1 is closed and the remaining gas is
condensed into the cold finger T6, | The storage bulb
is then closed off (S10-x to the shut position) and the
CO2 allowved to expand into the reduced volume and then
into the reaction vessel, The 002 storage system is
now closed off, SS9, S7, S8 and S12 all being turned to
the closed position, Heating is continued for 10
minutes after admission of the 002 and then the bomb is
pumped for a further 30 minutes with heating, to remove
any radon (V1 open, S11 open, 3W2 in the low vacuum
position), The temperature of the vessel during this
period is 750-800°C, The vessel is allowed to cool
before hydrolysis of the carbide,

Freshly distilled water is slowly alded to the cooled
lithium carbide, and the pressuré inside the reaction vessel
rises with evolution of acetylene (reaction (vi)) and
hydrogen, a product of the reaction of the excess lithium
metal with water, The collection system is set up as
follows, Trap T7 is cooled to -78°C by an acetone/solid 002
slush bath, traps T8 and T9 are cooled to -196°C with liquid
nitrogen, stopcock 3W3 is in the low vacuum position and
stopcocks S11, S12, S13, S14 and S15 are all in the
open position, When the gas pressure inside the reaction
vessel approaches 760 torr, valve V1 is carefully opened
and the gases are admitted to the line, wter vapour

being condensed in T7, acetylene in T8 and T9 and the
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hydrogen being pumped away, The maximum reading on
the Bourdon gauge B2 is 20-25 torr, thus ensuring a
flow rate such that virtually all the acetylene
condenses in T8, Gas collection is continued until
the pressure inside the reaction vessel has fallen fo
200 torr, at which point V1 is shut and a further
aliquot of water is added through V2, The process
is repeated until no further gas is evolved, normally
after addition of 3-4 litres of water, To collect
- the final traces of acetylene the pressure in the
chamber is reduced to around 80 torr causing the
reaction mixture to boil, and care is necessary to
prevent quantities of water distilling into the main
part of the collection system, When all the product
gases have been collected the reaction vessel is closed
off, stopcocks S11, S12, S13, S14 and S15 are turned to
the off position and stopcock 3W3 is turned from low
v#cuum to high vacuum, The acetylene in traps T8 and
T9 is pumped to better than 10_4 torr, The high vacuum
pumping system on the acetylene and benzene sections of
the vacuum line consists of an air-cooled oil diffusion
pump backed by a high speed rotary pump, in contrast to
the mercury diffusion pump assembly on the CO2 section,
This is a safeguard against the possible formation of
explosive mercury acetylides,

Further purification of the acetylene is achieved
by passing the gas through two scrubbing columns contain-

ing glass beads coated with orthophosphoric acid, The
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sequence of operations is as follows, Stopcock 3VW3
is in the closed position and traps T10, a water mist
trap, and T11 are cooled to -78°C and -196°C respectively,
With stopcocks St15, S16, S17, S13, S20, S21 and S22 open
and S14, S19, 823 and S26 closed, the liquid nitrogén
traps surrounding the acetylene collection traps T8 and
T9 are removed and the gas slowly distils through the
columns, The primary function of the orthophosphoric
acid is to remove ammonia from the acetylene as ammonium
phosphate, The ammonia is the hydrolysis product of
lithium nitride formed from impurity nitrogen oxides in
the carbon dioxide and from possible outgassing of
atmospheric nitrogen adsorbed on the stainless steel,
It is necessary to replace the scrubbing column with a
fresh unit every two to three weeks, usually after treat-
ment of 40 litres of acetylene, since the build-up of
phosphate on the beads and discolouration of the
orthophosphoric acid reduce the efficiency of the clean-
ing procedure,

When all the acetylene has been condensed in trap
T11, stopcocks S15, S16, S17, S18, S20 and S21 are closed,
S26 opened and 3W4 turned to the high vacuum position,
The acetylene is again pumped to 1074 torr, Once the
required vacuum has been achieved, 3W4, S26 and S22 are
closed, the gas is distilled into the storage system and
the yield is measured, The storage system comprises three
tanks with respective volumes 164, 64 and 54 again allowing
flexibility in the storage conditions, The recorded
yields for the conversion of carbon dioxide to acetylene

are shown as a histogram in Fig, 2-5,
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FIGURE 2-5: CO, to C,H,, conversion yields
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Tamers (1975) has given a comprehensive analysis
of the side reactions which may affect the eventual
yield of acetylene, The main losses of carbon occur

by the following pathways:

4Li + 2C0, = Li.CO, + C + Li.O (vii)

2 2773 2

L1207+ Co, = Li,CO, (viii)

These losses of carbon may be reduced by heating
the reaction mixture, The lithium carbonate decomposes
to a significant extent at temperatures in excess of
600°C, which reverses reaction (viii), At the final
temperature of 900°C the regenerated CO2 is eventually
converted to lithium carbide by reaction (v) and the
carbon of (vii) by the reaction

2C + 2Li = Li202 (ix)

Hydrolysis of the lithium carbide, cooled to room
température, proceeds with a quantitative yield as shown
in reaction (vi), The remaining solution should be
clear after high yield reactions, A black suspension
indicates the predominance of the secondary reaction (vii)
and a grey suspension, reaction (viii), Lithium carbonate
has low solubility in lithium hydroxide solution, Tamers'
optimized acetylene yield is in excess of 95%, éompared
to 83 + 7% for this research, It seems most likely that
the deficiency in yield is due to the slightly lower
reaction temperatures employed, resulting in competition
of reaction (vii) with the desired pathway, namely reaction
(v), Perhaps careful thermometric measurement of the

reaction temperature and the use of an electrical furnace
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to achieve a higher temperature might raise the average
yield to a value consistent with the optimised yield
quoted by Tamers,

224 Cyclotrimerisation of acetylene to benzene

The initial work on a practical synthesis of benzene
for radiocarbon dating was again reported by Tamers (1960),
The cyclotrimerisation reaction was performed by pyrolysis
of acetylene at 650°C, Further developments were
pubiished a year later (Tamers et al,, 1961; Starik et al,,
1961), the latter workers using a Ziegler catalyst, In
1962 a diborane activated catalyst was introduced for
acetylene cyclisafion (Noakes et al,, 1962), By 1965,
most laboratories engaged in the liquid scintillation
technique had switched to transition metal activated silica-
alumina catalysts For acetylene cyclisation (Noakes et al,,
1965; Tamers, 1965; Pietig and Scharpenseel, 1966),

The catalyst used for this study, KC Perlkatalysator

neu, supplied by Kali Chemie, Hannover, Germany, is silica-
VI

alumina activated by Cr The catalyst is supplied in
pellet form, the average pellet size being 2-3mm, The
essential features of the acetylene to benzene system are
shown>in Fig, 2-6, Greaseless stopcocks and joints are
used in the immediate vicinity of the catalyst vessel and
collection finger since the high vacuum grease readily
dissolves in benzene,

10g of catalyst per litre atmosphere of sample acetylene
are placed in the catalyst vessel and the system is

evacuated with G1, G2 open, G3, G4 and S26 shut and 3W4

in the low vacuum position, The catalyst is heated to
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450°C to remove all traces of moisture and adsorbed

gas

When this temperature has been reached, 3W4 is
turned to the higﬁ vacuum position and heating is
continued until a pressure of 10-'2 torr has been
attained, The heating jacket is then removed and
pumping continued while the catalyst cools, until
better than 107> torr is registered,  Stopcock G2 is
now shut off and the acetylene expanded from its
storage bulb 'y' into the manifold (with stopcocks
525-y, S23, S24, S22, 826, G1, G4 and G5 all open,

3W4 in the off position and 521 and G3 shut), The
pressure of gas can be read on manometer M3 or on the
0-760 torr Bourdon gauge B3, This done, the main
storage area is now closed off, S25-y shut, and the
catalyst vessel is opened via G2, There is a steady
drop in pressure as the acetylene is adsorbed on to the
catalyst, The rise in temperature of the catalyst is
monitored and further addition of acetylene is stopped
when the temperature reaches 100°C, This "greaseless"
section of the line is now shut off, G1 shut, and the
small amount of acetylene remaining in this part of the
system is quickly adsorbed on to the catalyst, When
the pressure on the Bourdon gauge B3 is close to zero
G3 is opened and the product benzene distilled from the
catalyst into the demountable cold finger T12 cooled to
-196°C, The catalyst is allowed to cool down and then
the procedure is repeated, When all the acetylene in
the storage bulb has been reacted and, after the benzene

collection finger has been warmed up to release any
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acetylene frozen out with the benzene and that small
amount also reacted, the "greaseless'" section is
isolated with G1 shut, The catalyst is heated up to
200°C and all the product benzene is collected in cold
finger T12, The collection vessel can then be warmed
up and detached from the vacuum line, The sample is
then accurately weighed and the conversion yield
calculated, An amount of benzene, approximately Oe5-
OeTml, is removed for combustion to carbon dioxide and
mass spectrometric assay,

The record of benzene yields is shown as a histogram
in Fig, 2-7, The overall yield of 81 * 7% is not truly
representative of the performance of the catalyst, The
catalyst was supplied in a large metal container, After
the seal had been broken the drum could not be resealed
and gradually the colour of the pretreated catalyst
altered from yellow to greyish, This was identified as
a poisoning effect and the catalyst was immediately
repacked in glass storage bottles sealed with paraffin
tape, After this precaution only traces of discoloured
catalyst héve been observed, presumably remnants of the
surface layer which became mixed when the contents of the
drum were-redistributed, A more realistic value of the
mean conversion yield based on 114 observations taken after
the repacking is 83 + 6%, This value is, however, lower
than that reported by many laboratories using similar
benzene synthesis techniques, The paper by Tamers cited
in Section 2¢2¢3 also gives details of side reactions in

the cyclotrimerisation reaction and how these affect the
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overall yield of benzene, Tamers reports that under
ideal conditions 99% conversion can be achieved,

The catalyst is deactivated to some degree during
the reaction, as a result of the following acetylene

oxidation reactions:

302H2 + 10K20ro4 - 6K2003 + 5Cr203 + 3H20 + 4K,0 (x)

C,H, * 5K,Cr0, - 2K,C0, + 5Cr0, + H,0 + 3K,0 (xi)

These two reactions can proceed directly especially at
higher temperatures, i,e, at temperatures greater than
200°C, However mechanisms involving intermediates such

as acetaldehyde and acetic acid would be more likely since

it was observed that small amounts of moisture in acetylene

caused rapid catalyst deactivation in addition to lower
benzene yields, This would begin with a reaction of

acetylene with water present in minimal amounts either in

the gas or on the catalyst, reaction (xii), The reactions

could stop with the formation of an acetate salt or proceed

to potassium carbonate,

02H2 + H20 - CHBCHO (xii)
3CH3CH0 + 2K20r04 - BCHBCOOK + cr203 + KOH + H20 (xiii)
BCHBCOOK + 8K20ro4 - 6K2003 + 4Cr203 + KOH + 3K20 + 4H20

Tamers verified the presence of carbonates by acid attack
and subsequent collection of evolved 002 in ammonium

hydroxide solution and detected traces of carbonyl groups
via infra-red spectrometry, Since acetaldehyde is very
reactive,(xiii) would proceed rapidly at all temperatures

~and reaction (xiv) would be more significant at higher

temperatures, The acetate could also of course react with

76

(xiv)
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acetylene, forming vinyl acetate which readily undergoes
polymerisation, The laboratory procedure as stated
earlier aims to keep the catalyst temperature below

100°C, however the generation of "hot-spots" on the
catalyst, perhaps due to the design of the catalyst vessel,
may cause localised overheating, If the catalyst is
heated to 400°C after collection of the benzene, a yellow
0ily substance distils to the top of the catalyst vessel,
This is presumably a poly-acetylene compound formed by

the mechanism proposed previously,

The colours of the deactivated catalyst provide an
indication of the predominating reactions, The production
of hydrogen, by high temperature (200°C) decomposition of
acetylene, can occur causing reduction of the chromate and
uncontrolled addition of acetylene, resulting in a rapid
temperature increase, may result in deposition of elemental
carbon on the catalyst, The brown colour, normally
observed in this system, is due to CrO2 and is generally
produced when the reaction temperature is about 100°C,

Of course CrZIIIO3 can be converted to CrIVO2 by reaction
with chromate, further deactivating the catalyst, It is
possible to regenerate the catalyst by heating it in air to
450°C, oiﬁdising the CrIV and CrIII to CrVI, however
because of the possibility of memory effects this is not
done and used catalyst is discarded,

If the low average yield value obtained in this research
is largely due to a humidity rather than a temperature

effect then, according to Tamers, the samples of acetylene

would contain up to 5% water vapour This value seems to
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be_very high since overnight storage of the acetylene
with the storage bulb cold finger cooled to -=78°C had
no effect on the yield of benzene obtained on the
following day, The answer to the problem of low yields
may well lie in the scrubbing prodedure, outlined
earlier, not being as effective as has been assumed,
rather than in the retention of large quantities of
water vapour in the sample,

The overall conversion yield from CO, to benzene

2
is 66%, This value is very low compared to the figures
quoted by laboratories utilising similar chemical
procedures (e.g. Tamers, 1975; Harkness and Wilson, 1972)
and may result in alteration of the isotopic composition
- of the sample by chemical fractionation, An assessment
of fractionation effects will be given in Chapter 4,

The purity of the final benzene has been assessed
by chromatographic analysis, For a series of samples
benzene purity was 99+%, the impurities consisting of
organic compounds resulting from the combination of four

acetylene units, namely ethylbenzene and para-xylene,

Some toluene was also present,

2¢2¢5 Combustion of benzene to carbon dioxide

The complex chemical procedures involved in the
preparation of the appropriate countihg substance,
particularly in the synthesis of benzene for liquid
scintillation counting may affect the isotopic integrity
of the_sample resulting in erroneous assay, Thus, to

monitor any fractionation effect, a sample of product
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benzene is oxidised to CO2 and its stable carbon
isotope ratio determined mass spectroscopically, This
{gtio can then be compared with the stable carbon ratio-
of 002 produced by the sample combustion, This latter
ratio is assumed to reflect the fractionation produced
in nature following photosynthesis,

Samples are combusted in a modified stainless steel
calorimeter with an approximate volume of 300ml (Fig, 2-8),
Modifications to the bomb were necessary since the original
Schr;der valve was unsuitable for bleeding the product
gases into the collection system, A gasiinlet-outlet
tube with a metering valve has been added to the top plate
of the bomb and connections to the collection system are
completed by "swagelock" couplings, The ignition circuitry
is analogous to that used in the large combustion vessel
(Section 2+2¢2), Samples of benzene, O«1ml, are added
from a syringe to the "vitreosil" crucible and the bomb
is sealed and pressurised with oxygen, The firing
connections are completed and the comwbustion effected,

A number of test combustions were carried out to
determine optimum firing conditions and these indicated
that the most reproducible conditidns, in some ways
unsatisfactory since high conversion yield could not be
guaranteed, were obtained by an initial oxygen pressure
of 15-17 atmospheres, a 3 times excesé, and an ambient
temperature of 50-60°C, The increase in temperature
obtained by standing the combustion vessel in a hot water

bath for 10 minutes prior to firing, increases the vapour



KEY: a:Main reaction chamber; b: Top plate with
‘ electrodes c&d; e:Toroidal sealing ring;

f: Gas inlet-outlet valve; g: Sample crucible;
h: Ignition wire

FIGURE 2-8 : Microcombustion bomb

80
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pressure of benzene which is depressed at room temper-
ature as a result of the increased pressure of oxygen,
The é;s collection system (Fig, 2-9) and the sequence

of operations for collecting and purifying the sample
are almost identical to those described in Section 2422,
The only differences are that only one throttling valve
is used, instead of two as on the main system, an
additional 0-100 torr Bourdon gauge has been introduced
to measure the generally higher input pressure and there
is no storage area since the time required for a
combustion is only 45 minutes from setting up the bomb

to removing the sample bottle of 002,

2¢2¢6 Summary of laboratory procedure.

The laboratory routine, including approximate times
for the individual processes, is presented as a flow
chart in Fig, 2-10, The construction of the vacuum
system for benzene synthesis and establishment of the
procedures occupied the first ten months of the research

project,

2¢3 Measurement of isotopic fractionation

Isotopic fractionation, as a result of kinetic and
thermodynamic factors, occurs in the transfer of carbon
between different phases of the environment, For example,
it was shown by Craig (1953) that terrestrial organic
plants are depleted in 13C by approximately 2% compared
to the atmosphere from which they assimilate CO2, It is
assumed that the fractionation effect for 14C is twice as

14

large as for 3¢ (Craig, 1954), Before measured ' C
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concentrations can be compared to a standard activity ,
therefore, this fractionation correction must be applied,

Measurement of the 130/12

C ratio is generally
performed on a sample of CO2 removed after the sample
combustion stage, The effects of further isotopic
fractionation in the subsequent synthesis of benzene are
not normally considered, (A discussion of possible
variations in the carbon isotope composition of samples
during benzene synthesis is given in Chapter 4), Sample
13C/120 ratios are measured using a V,G, Micromass 602B
mass spectrometer, The observed ratio is represented by

an enrichment relative to a primary standard based on the

general formula (Craig, 1961):

13
s13¢ = C/q2

SAMPLE CREFERENCE
13
/42

C

x 1000 0/oo

CREFERENCE

The primary standard is CO2 produced from P ,D, 6B,
calcium carbonate by reaction with 100% orthophoéphoric

acid at 25.2°C, P,D,B, is a Cretaceous belemnite,

Belemnitella Americana, from the Peedee formation of South
Carolina, In practice a secondary standard (or standards),
previously calibrated against the primary standard, is used,
For this work the secondary standards used were:
1. carbon dioxide produced from Scots Pine wood

cellulose
and 2. carbon dioxide producéd by combustion of a

sample of human brain tissue

The per mille enrichments of these standards with respect

to the P,D,B, standard are -23+90 % 0-10 ®/00 and -26+10 +
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TABLE 2-2 ANALYSES OF BRAIN STANDARD AGAINST

TREE RING STANDARD

6130 613C
Date of analysis w,r,t, P, D B, Date of analysis w,r,%,P,D,B,

20.02.76 -26+13 1241176 ~26+10
01:03+76 2623 121176 26417
08+03+76 ~26+07 04+02-77 -26+09
08-03-76 -26-14 1620377 -26-22
13:03.76 -26+13 0240477 26413
15+0376 ~26+11 05+04-77 -26+05
22+03+76 | =26418 19404477 ~26+01
1940576 ~26+08 20+04-77 -26-03
04+09.76 ~25+71 23+04-77 -26-04
11+09-76 . =26+14 2440477 -26+06
16410476 ~26+15 2940477 -26.03
16410476 ~26+01 02:05+77 -26+03
1141176 ~26+04 03+05+77 -26-00

Mean value of 6130 + 10 = =26-08 % 0:09°/00
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010 0/oo respectively, the calibration being performed
in the radiocarbon laboratory at the Scottish Universities
Research and Reactor Centre, East Kilbride (Harkness, pers,
comm, ), The secondary standards are regularly compared

and the results of these measurements are given in Table

2-2,

24 The Liquid Scintillation Technique

2¢4.1 Introduction

In contrast to Geiger and proportional counting
techniques, liquid scintillation counting utilises a system
in which the sample is introduced into solution or into
intimate contact with a scintillator . medium which is itself
usually a solution, A beta particle emitted by the sample
raises the solvent molecules along its path of travel to an
excited state, This energy is transferred from one solvent
molecule to another, diffusing the original energy of the
electron, Finally, the solvent molecule or molecules
transfer their energy in thé form of photons of light at
their characteristic wavelength, When the light photons
strike a secondary scintillator molecule, they are absorbed
and re-emitted at a longer waveleﬁgth, Some energy is
lost in each step of the process, Energy diffusion and
loss plus quantum statistics reduce the overall resolution
of the system both during the scintillation process and in
the conversion of light eﬁergy to electrical energy in the
photomultiplier itself, A schematic diagram of the
scintillation process is given in Figure 2-11,

The detector is a scintillator used in conjunction with

a photomultiplier tube to convert scintillation events,
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photons of light, into an electrical pulse proportional

to the magnitude of the event, The photon yield in a
standard scintillation solution is approximately 5 photons/
keV of beta energy, Thus as 140 has a mean beta energy of
50 keV and a maximum of 156 keV, the photon yield per

event would be respectively 250 and 780 photons,

242 The scintillation medium

Most liquid scintillation systems contain at least one
type of scintillator, The prerequisites of a good
scintillator are that it must give off photons at a
wavelength compatible with the response of the photomultiplier
tubes; that the photon yield be reasonably good and that it
is soluble in solvents used for liquid scintillation count-
ing, A list of common primary scintillants is given in
Table 2-3, Of these primary scintillants PPO is the
most widely used, However the wavelength of photon
emission of this compound is too short for the best photo-
multiplier tube response,

It is, therefore, necessary to add a secondary
scintillator to the "cocktail" to correct this condition,
This secondary scintillator has the property of absorbing
photons emitted by the primary scintillator and re-emitting
photons of a longer wavelength where the photocathode
response of the photomultiplier tubes is higher,

The most commonly used secondary scintillant is POPOP,
1,4bis[2-(5-phenyloxazolyl) ]benzene, producing a shift in
wavelength from 370nm to 425nm, One drawback of POPOP is
its poor solubility in‘toluene, The derivative, dimethyl-

POPOP emits at about the same wavelength but is about twice

as soluble, (The structural formulae of the scintillation
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TABLE 2-3 COMMON PRIMARY SCINTILLATORS
Wavelength at

Relative photon peak emission Solubiiiz:

Primary scintillator yield nm in tolue:z:
p-terphenyl 1.0 340 poor
PDB’ 102 400 fair
PP0? 0+95 370 good
Butyl-PDB> 105 366 good

' > Phenyl-5-biphenyl-oxadiazole
2 .

2,5-diphenyloxazole
3

2-(4'-t-butylphenyl)-5-(4"-biphenyl)-oxadiazole
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compounds is shown in Fig, 2-12),
A good solvent for liquid scintillation mixtures _
should possess the following properties: it must
1. dissolve the scintillants in sufficient
concentration,
2. be a good energy transfer agent,
3, have a low freezing point (< + 4°C)
and 4. be safe to use (i,e, relatively non-toxic,
high flash point),
Good solvents are found in the aromatic hydrocarbon group
of which toluene is most popular,

The sample container plays an important part in the
liquid scintillation system, It must

1. be resistant to attack by solvents and additives,
2. be transparent at the wavelength of common
scintillators,

‘3. have reproducible geometry
and 4, contain little or no residual activity,

Glass vials of 22 ml capacity are the most commonly
used sample containers, Glass meets all the requirements
listed above except that all glass contains some 40K, an
energetic beta-gamma emitter, Special glass with a very

40

low K content is commercially available and is used in

this research,

2¢4+3 Counter electronics

The second part of the detection system is the photo~
multiplier tube, Its basic function is to convert light
into electrical energy proportional to the light output

of the scintillator system, A photomultiplier tube
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(Fig. 2-13) consists of a glass envelope with a glass

or quartz face, A thin deposit of a low work function
material such as Cs3Sb is evaporated on the inside surface
of the face (photocathode), When this surface is struck
by light of a particular wavelength photoelectrons are
emitted, A chain of "dynodes" is placed after the photo-
cathode, The cathode is at ground potential while the
dyﬁqdes and the anode have a positive voltage of from

800 - 2000 volts impressed over the dynode-anode series,
Each dynode is electrically connected to_the next through
a resistance network such that the potential between
dynodes is roughly equal, A potential is usually
impressed between the last dynode and the anode, In
this way, electrons emitted by the photocathode are
accelerated from one dynode to the next and finally to
the anode,

As the electrons strike each dynode, which is also
coated with a low work function material, a process of
secondary emission causes 1 to several new electrons to
be emitied as a function of the high voltage for each
electron striking the dynode, These electrons are in
turn accelerated to the next dynode and so on dpwn to the
anode, the number of electrons increasing exponentially
at each stagé, There are usually 12 - 14 dynodes in
modern phototubes, Thus, if one electron is emitted by
the photocathode, typically 312 electrons strike the anode
causing sufficient amplification that a pulse may be
detected by the electronics of the instrument, The

current gain obtainable can be as high as 108,
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The output at the anode is proportional to the
light input at the photocathode produéing a pulse
spectrum roughly equivalent to the energy spectrum of
the isotope, This enables pulse height analysis on the
pulse output with the aid of discriminatory circuitry,

However, the one drawback of photomultipliers arises
as a consequence of the low work function of the photo-
cathode, Spontaneous emission of electrons from the
photocathode due to heat, produces "thermal noise" or
"dark noise", This phenomenon is strongly temperature
dependent and the pulses at thé anode are indistinguishable
from those due to radioactive disintegrations in the sample,
It is therefore essential that the phototubes be operated
in a refrigerated environment, Although cooling can
reduce thermal noise by a factor of about 40, it still
remains sufficiently high that further measures must be
taken,

The most practical measure yet developed to reduce
thermal noise contribution to the background is coincidence
circuitry, With this system two photomultipliers are used
;nstead of one, Thermal electrons are emitted one at a
time and randomly in each phototuBe, Thus, it is unlikely
that pulses due to two such electrons would be detected
simultaneously at both outputs, A circuit is therefore
installed such that if it receives'a pulse simultaneously
from each tube, the event is counted; 1if a pulse is received
from only one tube, the event is not counted, However,
when photons are given off from a radioactive decay event
in the sample, a sufficient number is usually produced to
cause photoelectrons to be emitted by the photocathode of

each tube simultaneously, The resulting coincident pulses
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will be accepted by the electronics,

The reduction in background arising from the coincidence
circuitry greatly improves the figure of merit, E2/B, of the
detection system, (This quantity is defined in Section
2+¢5+2), The figure of merit is also enhanced by the
technique of pulse summation, This configuration adds
the pulse amplitudes of both photomultipliers before pulse
heiéht analysis improving the counting efficiency, increasing

the energy resolution and improving the signal/noise ratio,

2¢4+4 Quenching

Any process which interferes with the conversion of
beta particle energy to scintillations or with light
transmission reduces the amount of light which reaches the
photomultiplier, A; a result, fewer scintillations are
detected and the pulses generated are of lower voltage,
Consequently, efficiency is reduced and the whole pulse
voltage spectrum is shifted to a lower voltage range, This
interference (and the consequent reduction in efficiency)
is called quenching, Unless quenching is known to be
cqnstant or the efficiency can be estimated (Section 2¢5-5),
the comparison of count rates derived from different samples
is meaningless, Various causes of quenching are given
below,

1.. Interference with the transmission of energy

from beta—particlé to scintillator,

Some of the energy may be absorbed by an interfering
substance and dissipated as heat, This is chemical
quenching and is caused by aliphatic compounds such as

ketones, amines and halogenated compounds, Alternatively
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some of the energy may be prevented from reaching excitable
molecules by the dilution effect - dilution quenching -
of compounds such as ethers, alcohols and esters, The over-
all effect is the same in both cases, that is a reduction
in the energy reaching the scintillator, but the resuit of
chemical quenching is more marked, It is worth noting that
oxygen, water, acids and alkalis are strong quenching agents,
(The other two mechanisms of quenching are added for
compléteness although they are inapplicable to liquid
scintillation counting of benzene;)

2. Interference with the transmission of light

from scintillator to photomultiplier.

This happens most commonly when coloured materials in
the solution to be counted absorb part.of the light emitted
by the scintillator = colour quenching, Red solutions are the
most potent colour quenching agents since they absorb most
strongly the wavelengths'emitted by the scintillator, In
contrast blue solutions cause little or no colour quenching,

3, Self quenching.

A radioactive material may itself cause quenching if it
has the properties of a quencher, An obvious example is
radioactive chloroform,

In liquid scintillation counting of benzene, therefore,
chemical quenching, arising from impurities in the counting
medium, is the sole causal factor producing distortion of
the pulse voltage spectrum with resulting drop in counting
efficiency,

14

2¢5  The C detection system

2+5¢1 Description

The counting apparatus used in this research is a odel
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3330 Automatic Tri-Carb Liquid Scintillation Spectrometer
constructed by the Packard Instrument Company, The basic
specifications are as follows, The complete shield
assembly is mounted in an 11 cubic foot, temperature
controlled chest type freezer, temperature being mainfain—
ed within . 1+ 0+5°C over a range of approximately =5 to
+15°C, The optical chamber containing the two matched
Bialkali photomultiplier tubes is screened from environmental
radiétion by a minimum of 2 inches of lead shielding in all
directions, The 0-2400 V high voltage supply provided

has a guaranteed stability of 0:01% per day, Output pulse
from the photomultipliers are fed through high speed
coincidence and pulse summation circuits, Three separate
pulse height analysis channels are incorporated, each with
a linear amplifier and a precision gain control,  Three
scalers reéord the contents of the channels, A simplified
diagram of the electronics is given in Fig, 2-14, Samples
are accommodated in a 300 position belt type chamber and
automatic programming enables group counting, rejection and
‘'repeat counting modes, Complete light-tightness of the
optical chamber is ensured by a "light-lock" consisting of
an expanding rubber seal on the elevator and a five leaf
shutter at the chamber entrance, At the end of a count
the accumulated data are printed out via a teletype with a
paper tape punch, The read-out lists position in sample
belt, count time, counts in each channel and external
standard counts, A radium-226 source with an activity of
20pCi (+ 10%) is used in the system as an external standard,

In the out position, the capsule is shielded by approximately
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12 inches of lead, and is driven into position by an

electropneumatic pump,

2¢5¢2 Optimisation of the counting system for low

level 14C assay

In determining the optimum conditions of the counting
system one has to consider the balance of three parameters,
namely the high voltage supply to the photomultiplier tubes,
the discriminator positions of the three independent
counting channels and the gain (or attenuation) setting for
each channel, At the balance point, the figure of merit
E2/B, E being the absolute detection efficiency and B the
background count rate, should be at maximum, If the
sensitivity for a 95% accurate determination of 14C by
liquid scintillation counting is defined as that amount of
14C required to raise the background count rate by twice
its root mean square deviation (i,e, 24N/T, where N is the
number of counts accumulated in time T), then decreasing
the background count rate will decrease the detection
efficiency and increase the time necessary to achieve the
desired accuracy, For low level samples, the figure of
merit is directly proportional to the number of samples
counted per week to this given statistical accuracy, The
first step in the optimisation process can, of course, be
completed without modifying the electronics, that is by
adjustment of the freezer temperature to reduce the "thermal
noise" in the fhotomultipliers, The working temperature
of the instrument is set at 0 * 0.5°C,

The photomultiplier tube optimum working voltage is
determined before the instrument is despatched to the user

and the value, in this case 1725v, will, with the appropriate

99



gain setting, produce the best pulse height spectrum for

dual °H and "4

C counting, The recommended gain setting
of ~6% means that the pulse height spectrum of 146 has
been altered to a large extent in order to accommodate

the pulse height spectrum of 3

H, The maximum energy of
the 3H beta particle is 13 keV so that thc degree of
"energy overlap" of the beta spectra of 140 and 3H is 12%,

Since the mean beta energy for 14

C, 50 keV, is higher

than E___ for °H it should be possible to define a window
for a slightly attenuated 14C pulse height spectrum which,
with appropriate discriminator settings, should have a
very small tritium, and also bacﬁground contribution, The
gain setting for all three channels was set to 98%, At
this value the detection efficiency is very much reduced
since the H V, potential on the photomultiplier tubes is
now too high, placing the larger part of the pulse height

spectrum above the upper discriminator level, It is

therefore necessary to adjust the high voltage to compensate

for the high gain (Fig, 2-15), The operating voltage

adopted here is 1340 volts, The selected operating voltage

lies to one side of an apparent "plateau" region since the

background count rate at this setting is slightly lower than

in the centre of this region, In addition the specified

stability of the high voltage supply ensures that the overall

detection efficiency does not vary significantly at this
voltage, The graph shows an apparent discontinuity at
1500 volts, This voltage corresponds to a change in the

"coarse" adjustment switch and probably reflects an

irregularity in the H,V, wind up control, The pulse hcight

. 4, 3
spectra obtained at this gain and H,V, setting for L Cc, “H

100
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and background shown in Figs, 2-16, 2-1T7 and 2-18, The
discriminators are now deployed to screen off the

tritium and background contributions (Fig, 2-16),

Channel 3 (CH3), 150-1000mV, monitors the whole '4C
spectrum, while channels 1 and 2 (CH1 and CH2) are set

at 150-487mV and 487-1000mV respectively to monitor

changes in the spectrum shape as a result of quench
effects, The figure of merit for detection of 14C

for a 10 ml solution and with this set of conditions is
~600 (E = 67% and B = 7«5 c,p.m,) with the efficiency

for 3H'<0-O1%, The corresponding data for a 5 ml

solution is; efficiency = 62%, background = 4+5 c,p,m,

and figure of merit = 860, The virtual exclusion of
tritium from the 14C window 1incidentally enables distilled
tap water, rather than specially collected "aged" or "dead"
water, to be used in the carbide hydrolysis reaction,
Small, but significant (~0+5 c,p,m,), changes in the
background count rate can be effected by adjustment of the
platform height which alters the position of the vial

between the photomultipliersin the optical chamber,

2¢5+3 Preparation of the standard ceometry vial

The intercomparison of modern standard and sample
activities required to produce a radiocarbon date is
simplified if one is working with identical quantities of
carbon, After consideration of sample size and the
quantities of benzene which could readily be synthesised,
it was decided that a 10 ml geometry counting vial be

adopted as the norm,

102
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8 ml of sample benzene (7g) is placed in the vial,
the empty volume of the vial having previously been
blackened as a precaution against photomultiplier cross-
talk (Appendix 1), Samples which do not yield sufficient
benzene are diluted to the requisite volume with
scintillation grade benzene, The quantity of benzene
necessary is read off the nomogram shown in Fig, 2-19,

2 ml of the scintillation solution is then added
to the benzene and the screw cap securely fitted, (For
standards and backgrounds which are to be monitored over
extended periods it is necessary to seal the cap with
epoxy resin glue to eliminate evaporative losses), The

concentrations of PPO, the primary scintillant and POPOP,

the secondary scintillant are ZOgL_1 and 1-25g,!,_1
respectively in toluéne solvent, Some of the samples
prepared were counted in 5 ml geometry vials, The

scintillation cocktail contains 4 ml of sample benzene

and 1 ml of scintillation solution, As for 10 ml
geometry vials, certain samples require addition of "dead"
benzene to make up the standard volume for counting, the

quantity required being read off a graph similar to Fig, 2-19,

2+5¢4 Backoround count rate (See Appendix 1)

The automatic cycling mode of the scintillation spectro-
meter enables assessment of the background and modern count
rates concurrently with saﬁple counting . The benzene for
a background sample can be prepared from materials containing
no radiocarbon, such as coal or marble chips, or is

available directly as scintillation grade benzene, The



Volume of inactive benzene to be added (ml)
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FIGURE 2-19: Nomogram for preparation
of standard 10ml. counting vial
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average counting time for an individual batch of six
samples, plus background and standard vials, is 2500-
3000 minutes per sample, Typical sets of results for
marble and scintillation grade benzene background vials
are given in Tables 2-4 and 2-5, Based on these dafa,
the background count rates used in the calculation of
the radiocarbon ages are therefore

CHANNEL 1 : 3463 + 0401 c.p.m,

CHANNEL 2 : 393 + 0+01 c,p,m,

CHANNEL 3 : 744 + 0401 ¢, ,p,m,

The background count rates in the three counting
channels for 5 ml 'geometry samples hseve also been monitored,
The results are as follows

CHANNEL 1 : 231 * 001 ¢, p.m,
CHANNEL 2 : 2+36 £ 001 c,p,m,

CHANNEL 3 : 4449 + 001 c,p,m,

2¢5¢5 Quench-efficiency calibration

The distortion of the 14C pulse height spectrum by

impurities in the scintillation cocktail can, if uncorrected,

lead to. inaccurate radiocarbon dates, This distortion 1is,
as will be described shortly, a fairly small effect but
nevertheless requires correction so that only count rates
from a "normalised" pulse height spectrum are compared,
There are two principal methods of quench-efficiency
calibration, the external standard method and the sample
channels ratio method, In the former a high activity

226Ra,, is brought up close to the vial

source, in this case
in the counting chamber, Compton electrons are produced

in the scintillation medium and these produce light pulses
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TABLE 2-4 BACKGROUND DATA 1 - MARBLE
Channel 1 Channel 2 Channel 3
count rate count rate count rate

Date of count c,p.m, £ 1o c.p.m, + 1c c,p,m, © 1¢
09.07-75 3458 + 003 380 £ 003 725 + 004
160975 3:66 + 004 393 + 0-04 748 + 006
30409.75 3:63 + 0.04 3494 + 0-04 7-50 = G-06
141075 3-60 + 0.04 393 £ 004 T+42 + 0-06
281075 3459 + 0-03 387 + 0-03 7-36 + 0-05
181175 3.68 + 0404 3490 + 004 Te44 + 0406
03412475 3.61 + 0-04 393 + 0.03 738 + 0-04
231275 371 + 0.03 3.93 £ 0-03 7-49 * 004
050176 3+61 + 004 4.02 + 004 747 + 0«06
09.01.76 365 £ 6-03 396 + 003 7-50 + 004
230176 3-63 + 0403 399 + 003 7+49 = 004
050276 3463 + 0404 3.88 + 004 7+40 + 0406
190276 363 + 004 3-88 + 004 7-38 + 0-06
050376 3.67 + 0.04 3-95 £ 0.04 7-50 £ 0-06
19403476 372 + 004 3499 + 0-04 7+59 & 0405
29+03+76 3+65 + 0.04 387 + 0-04 T-41 £ 005
12-04-76 3:68 + 005 392 + 005 T+44 + 007
150476 356 + 0.04 399 + 0.04 752 + 006
Mean value 363 + 001 393 * 0.01 T7-44 + 0-01



TABLE 2-5

BACKGROUND DATA 2 = SCINTILLATION GRADE
BENZLEVE |
Channel 1

count rate
c.p.m, * 10

Channel 2
count rate
c,p.m, £ 10

Channel 3
count rate

Date of Count c,p,m, * 10

180277 361 + 0.04 395 + 0-04 T+4T7 + 0405
05.03-77 361 £ 0404 3488 £ 004 T+41 + 0-05
240377 365 + 0404 3.92 £ 0:.04 749 * 0-05
0840477 368 + 0404 395 + 0-04 754 + 0405
260477 365 + 0404 3494 £ 0-04 7-48 + 0-05
110577 358 + 004 3.87 + 0.04 736 + 0405
Mean value 3463 + 0.02 3.92 + 002 746 + 0-02
TABLE 2-6 GUENCH-EFFICIENCY CALIBRATION
.Channel 1 Channel 2 Channel 3 Ratio Relative
count rate count rate count rate 1/2 efficiency
Sample c,p.,m, 1o c.p,m,tlo c,p.m,tlo o Ge
Standard 25+24+0.08 33.44+0-08 58.291+0+12 0-756+0-003 100
1 29.07+0.09 29.42+0-09 58+61+0-13 0-988+0.004  99.3
2 29¢64+0.09 284294009 57-94+0+13 1+048t0.005 98+6 .
3 294961009 25+87+0.09 56-82+0+13 1+158+0-005 964
4 31+39+0410 22.95+0:09 55-.90+0.13 139040007  94.8
5 33¢10+0+10 19¢83+0.08 52¢99+0¢13 1+669:0-008 899
6 34¢19+0+10 18433+0+07 52661012 1-865+0-008 894
7 35¢25+0-09 1440+0.07 49°78i0-12' 2:448+0.013  84+4
8 353240409  8¢07+0-05 43.28+0+12 4.377x0-029 T3-4
9 3143240409  4¢18+0+05 363910410 7T+492+04092 619
10 31495+0.09  4+00%£0+05 35:61+0+10 7-988+0.102  60+4
11 307510409 ~3:49+0.04 34.63+0-10 881110104 590
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vhich are detected and registered, The pulse height
spectrum of the high activity Compton electron source
will also be affected by the quench material and thus,
depending on the amount of quencher present in the sample,
the ratio of the number of counts registered in two
channels will vary and since the source producing the
Compton electrons is of high activity the statistical
uncertainty on the ratio is very small, It was, however,
found that the effects of quenching agents, present in
virtually all the samples analysed,were too small to have
any influence on the external standard ratio,

The sample channels ratio method used in this work
vas based on the ratio of the count rates for the two
narrow channels, that is channel 1 to channel 2, and was
therefore a direct measure of the influence of quenching
agents on the 140 pulse height spectrum,

A solution of known activity, 9+82 d_ p,m,/ml, was
prepared from a 14C—toluene spike of initial activity
5¢61 x 105 d,p.m,/g and freshly opened scintillation grade
benzene, Acetone was selected as the quenching agent,
A series of samples of 10 ml counting geometry, containing
increasing amounts of quencher was made up and along with
an unquenched sample, the batch was counted for >4000 minutes,
It was assumed that the channel 1 to channel 2 ratio and the
channel 3 total sample count rate corresponded to ideal
counting conditions (E = 100%), The results are given in
Table 2-6, '

The calibration line adopted for quench correction is
a polynomial function derived using a NAGLIB subroutine

programme available on the NUMAC computing network, This



programme will select the best fitting polynomial
function for n pairs of observations, of maximum order
n-1, The resultant polynomial is of the general form

m-1

£(x) = a, + a.Xx + a,X°+ seeeee +g x
1 2 m

3
It is found that the best fitting function is

E = 109.78 = 12.80R + 1+20R°

where E is the efficiency relative to the ﬁnquenched standard
and R is the channels ratio, A graph of this function is
given in Fig, 2-20, In practice,however, very few samples
give a channels ratio of >1-0 and since over the range
0+84R€2-0 the quench calibration can be expressed more
precisely as a straight line, of correlation coefficient
r ==0¢987, the function employed for the normalisation of
sample count rates is:

E = 108¢30 -~ 10-04R

This function is shown in Fig, 2-21,

2¢5¢6 Modern standard count rates

The standard used for radiocarbon dating is oxalic
acid distributed by the National Bureau of Standards
(N,B,S,) in Washington, The primary dating standard, 1890
wood, is assumed to have a '"natural level" of 14C activity,
It has been observed that 955 of the N B S, standard

14C activity

activity in 1958 equals the decays corrected
of the primary standard (Broecker and Olson, 1959),

The oxalic acid may be prepared for counting in one of
two ways; firstly by direct combustion, or secondly by
wet oxidation with acidified saturated potassium permanganate

solution, The latter method is the one used in this

- research,
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Saturated acidified potassium permanganate (5ml conc,
HNO3 per litre of solution) is slowly added to the reaction
flask containing a weighed quantity of standard.oxalic
acid (0204H2-5H20), The oxidation apparatus is shown
in Fig, 2-22, Prior to addition of the oxidising solution
the reaction flask and 002 collection system is pumped on
low vacuum to better than 107 torr, The reaction mixture

is stirred continuously and product CO, collected in the

2
traps on the main 002 collection system, One difference

in the collection of CO2 from the oxidation 1is that there

is not continuous pumping as this would increase the quantity
of water which distils into the collection system, resulting
in blockage of the water traps, Addition of permanganate
solution is continued until the reaction mixture becomes
brown due to the precipitation of manganese dioxide,

The modern standard counting vial is included in each
batch of samples prepared for counting, After the observed
count rate has been corrected for background, quench effects
and dilution the following additional corrections are made
for isotopic fractionation and radioactive decay,

(1) the isotopic fractionation correction is

based on the mean value obtained for standard
oxalic acid derived CO,, namely -19%/00 with
respect to P,D, 6B, All modern standard activities

are therefore corrected for fractionation relative

to —190/00, Thus

1060

. |
A = A L1_M_9_l]
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where A is the observed modern standard
activity corrected for quench effects and
dilution, and 6'°C is the '°¢/'2C ratio in
the 002 relative to P ,D B,

(2) The international standard activity is taken
as 95% of the activity at 1st January, 1958,
Thus present day activities must be corrected

for decay since that time, The decay rate

is 0-120/00 per year, So

e = o [ L 0s12(t-t,) ]

1000
where t_tb is the number of years between the

date of measurement, t, and 1958, to

A typical set of count rates for a particular modern
standard obtained over a period of 12 months is presented
in Table 2-7, From these data, it is obvious that the
detection system has a high degree of long-term stability,
The gradual increase in the channels ratio is most probably
due to increased quenching by oxygen in the counting vial,
Williams (1977) has suggested that this effect may be
minimised by sealing the sample with an internal argon
atmosphere, It may also be noted that evaporative loss
of sample is not evident from these data, A number of
modern standard sanples were prepared -during this research
and the appropriate results are given in Table 2-8, (The
count rate for sample 426/B was determined under slightly
different conditions and is thus not representative of the

established modern standard count rate),



TABLE 2-7 MODERN STANDARD - M6

Net count rate

Date of count c,p.m, * 1o Channels Ratio
28:10-75 63-70 + 0-14 0806
18:11+75 6342 + 0417 0-815
03+12-75 6328 + 0+11 0-828
23+12:75 63+30 + 0413 04820
05-01-76 63412 + 0419 0.816
09+01:76 63+05 + 012 0+811
23-01-76 63+41 + 0412 0+832
05-02+76 63423 + 017 0+823
19-02-76 63+35 + 016 0+834
05-03-76 63+10 + 0416 0.833
1940376 6334 + 0418 0+833
25-03.76 63419 + 0+21 0+840
29403+ 76 6319 + 0417 0+835
15+04+76 63+30 + 0416  0-856
03+05.76 63+14 + 0+15 0+851
20.09.76 63.28 + 017 0844

Mean value 63.28 004 0830

|+



TABLE 2-8 N B.S,OXALIC ACID STANDARDS
5130 Count rate

Sample °/oo w.r.t, P DB, c.p.m, ¥ 10
426/B -23.0 63+96 + 0.08
M6 -19.8 63+34 + 0404
G99 ~28+3 63-48 + 0415
G194 ~26+4 63454 + 004
2504475 —17e7 33.22 + 0.08

*
5 ml geometry standard
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26 Calculation of results

140 enrichments are calculated relative to 95% of

the activity of the secondary dating standard, N,B,S,

14 14

oxalic acid, and are expressed in terms of 5 'C and A "C,
The former term refers to the concentration of 14C,with

respect to the standard, prior to correction for isotopic

fractionation, The calculation is as follows:
o
s1%c = | %As= 093471+ 1000 %/00
0¢95A°

where a is the dilution factor (usually >1)

As is the mean sample count rate in counts per minute
and A° is the mean modern standard count rate in counts
per minute,

The adjustment for isotopic fractionation is performed

using the formula of Broecker and Olson (1961):

14
st = e - (28"%c + 50) (1 + &8 ©/00
13 13,
/12, _ Chzg
13, _ SAMPLE P DB,
where § “C = 13
/12,
P.D.B

6140 and A14C are usually quoted to * 10 related solely

to the random uncertainties associated with the sample,
modern and background rates, and with mass spectrometric
measurements, The error on 6140 is calculated using the

formula of Callow et al,, (1965),

2 4 2 2
o
+ 10 (8'%c) = £ 1990.0.4s. As ]+ ("A°
, 0+954° A \x°

The error on A14C, from the same source is calculated

from the relationship
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14,12 ,

) 1

4 [1 + %ﬁg} ] a-(513c)52

The 1962 conference on radiocarbon dating at

134, 2
10 (aM%c) = igE ) M] Cs2(sM40)

Cambridge resolved to maintain the practice of using

the 5568 year half life, despite improved measurements
giving a mean value of 5730 years (Godwin, 1962), The
reason for this decision, which is still being followed,
was to avoid the confusion which would arise if the
volumes of data published required revision, The
conversion of ages based on the short half life to those
based on the 5730 year half life is achieved by multi-
plication by 103, It is also customary to report radio-
carbon age determinations in years B,P, (before present),
where "pfesent" is taken as 195C,

Therefore the age T yrs B,P, of a sample is given by

- 1 1
T = hln[1+(A”FC,1O:5)‘J
where N is the decay constant given by A = %%g
' Zz
1/h is often calied the mean life time of radiocarbon and
has a value of 8033 years, The limits of the age at * 1o
level are given by .
(T ++t, T-t,) = +ln 1
1.7 7 "2 A (AT"fCTG(AT"fC)
1 + -
1000

A Fortran IV computer programme has been written to
perform the above calculations, The programme is presented

in Appendix 2,



CHAPTER 3
RESULTS

The samples analysed in this research can be
classified in three ways: firstly, intercalibration
and replicate samples aimed at assessing the accuracy
and reproducibility of the laboratory procedures,
secondly archaeological samples and finally geochemical
samples, In the tables and graphs which follow, the
error (+ 16) quoted on individual radiocarbon determin-
ations is that uncertainty arising solely from counting

statistics,

3.1 Intercalibration samples and replicate analyses

A series of intercalibration samples has been analysed
during the course of this research work, Samples for
analysis have been suppliéd by the Scottish Universities
Research and Reactor Centre radiocarbon laboratory (s2R)
and by the La Jolla radiocarbon laboratory (LJ), In
addition, SRR has performed '"check" analyses on some of
the geochemical samples, Several sampleg have also been
analysed in the gas counting radiocarbon laboratory at
Glasgow (GU1), The results of the intercalibration
samples are given in Table 3-1-1, In general, there is
good agreement between laboratories, There is, however,
one notable exception, namely West Runton 6, Four analyses
on this sample by SSR and a further three by the Groningen®
laboratory all indicate a "minimum age'" for this sanmple,
The fact that both Glasgow laboratories have independently

produced a considerably younger age suggests that some
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contaminant has been incorporated into the sample,
The difference in age between SRR and Glasgow corresponds
to a ~4% contamination with modern carbon,

The assessment of laboratory reproducibility was
performed by replicate analysis, A section of wood,
Ynyslas 1; which had previously undergone sequential
growth increment analysis was selected as the replicate
"standard", The pine wood section was chopped up
manually and then ground in a mill producing a roughly
homogeneous sample, Replicate analyses, including
chemical pretreatment, were then performed on this
material, The results are presented in Table 3-1-2,

A second set of replicate analyses was performed using
rice as the replicate standard, The results of these
measurements are given in Table 3-1-3, In addition to
the normal mass spectrometric measurement of the carbon
isotope enrichment, samples of 002 and benzene were
submitted for 130/12C ratio measurement usinz an AEI 9023
mass spectrometer, The abundance ratios are listed in
columns 5 and 6 of Table 3-1-3,

A more accurate determination of the stable carbon
isotope ratio for benzene may be obtained if the benzene
can be- quantitatively converted to CO2, The bénzene

derived CO, can then be analysed using a double collector

2
instrument and the result, 61BCBE’ wvhen compared with the

enrichment obtained from sample-derived CO,, 513CCE’

should indicate whether there is any fractionation durinj
benzene synthesis, The micro-combustion system

constructed for conversion of benzene to 002 was calibrated
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by replicate analyses of scintillation grade benzecne
and wood cellulose, Table 3-1-4 gives the results
of 30 complete analyses on scintillation grade benzene,
The data for wood cellulose are given in Table 3-1-5,
The extent of possible fractionation effects in
the benzene synthesis procedure was investigated during
routine aﬁalysis of tree-ring sections Stolford 4 and
Stolford 5, The stable isotope data for these sections
are presented in Tables 3-1-6 and Tables 3-1-T7, For
Stolford 4 samples; both single and double collector
mass spectrometric measurements were recorded, (These
results are presented in isolation from the corresponding
14C data since the implications of the findings are
particularly relevant to the interpretation of the

replicate analysis data),

3.2 Archaeological samples

’Archaeological samples have been submitted to the
laboratory during the period of research, The results
of the age determinations are given in Table 3-2-1,
The samples from excavations at South Cadbury (GU 645 =
GU 651) were submitted by L, Alcock and formed the basis
of an intercalibration exercise with SRR, Accordingly
these data are discussed in detaii in Chapter 6; Samples
GU 652, GU 653, GU 654 and GU 793 were collected personally
during the 1976 British-Ecuadorean expedition to the Los

Tayos Caves and the background information to these sanmples

is also discussed in Chapter 6,
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33 Geochemical samples
14

C assay of seven "floating" chronologies was
performed during this research, six of which were from
submerged forest sites along the west coast of the
United Kingdom, the other section being recovered
from an archaeological site in North East Scotland,
Before seéuential_growth—incremcnt analysis was carried
out, however, wood samples, collected from a number of
submerged forest sites, were dated to yield an indication
of the range of agés which could be expected from this
source, The results of these analyses are given in
Table 3-3-1, Also included in this table are dates for
two oak wood samples Newtown 1 and Rheidol 1, These
tree stumps were collected from river bed gravel and
their estimated age was pre-glacial!

The results of the sequential growth-ring analyses
for tree-ring sections Borth 1 (BH 1), Borth 4 (3H 4),
Borth 6 (BH 6), Ynyslas 1 (YS 1), Stolford 4 (SD 4),
Stolford 5 (SD 5) and Cullykhan 1 (CX 1) are presented
in Tables 3-3-2 - 3-3-8, The analysis of Cullykhan 1
and Borth 1 was shared between the Glasgow laboratory
and the East Kilbride laboratory (S2R), In the former,
pretreatment, benzene synthesis and mass spectrometric
assay were performed at SER whilst samples were counted
at the Glasgow laboratory, In the latter, pretreatment
and countinc were carried out at Glasgow, the benzene
synthesis and mass spectrometric assay being performed at
SRR, The data are also presented graphically in Figs,
3-3-1 - 3-3-7, In each graph the conventional radio-

carbon age is plotted against growth-ring number, the
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growth-rings being counted from a marker pin, at or
near the centre of the tree section, inserted at the
time of dendrochronological measurement, Thus, on

the axis of abscissae, time increases to the right,

The horizontal error bars depict the number of annual
growth increments in the sample, the vertical error
bars expfessing the one sigma counting error associated

with each measurement,
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TABLE 3-1-1 INTERCALIBRATION SAMPLES

) 14 14, _
Sample Conventional ''C age * 10 (or A "C = 10)
description This laboratory Other laboratory

Hitchcock wood

Charcoal

¥Wood

West Runton 6
wood

Penzance Wood

Ynyslas 1 wood
replicate
standard

Clarach 1 wood

Borth 4 wood
rings 51 - 60

Borth 6 wood
rings 141-150

Borth 6 wood
rings 151-160

GU 656 :

GU 657

"GU 658

c: A'C =

166 + 42

14 5¢01

+ 5¢62°/00

: 3505 + 58

GU 660 :

GU 661

GU 659

26,450 + 420
26,000 + 480

: 4093 * 50

Mean of 24 analyses

GU 660

.

GU 746 :

GU 730 :

GU 731

.

4875 + 86

5592 % 143

3798 + 30

3960 + 46

3738 + 43

LJ 3451 : 142 + 68
LJ 3471 : 221 + 89
LJ 3448 : a'%c = 3.8
+ 6+1°/00
LJ 3453 : 3793 * 61
GU1 : 3551 + 64
SRR 225-228 : »47,500
GrN 6819 : >54,200
GrN 6892  : >47,400
GU1 : 21723 + 532
SRR 714 : 4278 + 50
GU 1 : 4025 + 67
SRR : 4926 + 52
GU1 ‘mean) 4890 + 260
GU1 {mean) 5472 + 260
SRR : 3796 * 51
SRR : 4016 + 53
SRR 3958 + 52
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TABLE 3-1-5

CALIBRATION O MICRO-CCHBUST

IO

N\

SIS

-3

4.

)
)

2
34

REPLICATE ANALYSES ON WOOD CELLULOSE

Analysis Number

51°C + 1q
°/oo w.r,t, P,D,B,

S~ W

00 ~N o W

~24.57
~24+57
-24+62
~24+80
—24.77
—24+51
~24+59
-24-65

N o O O S E

1+

0.05
0.05
0-05
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TABLE 3-3-1 : RADIOCARBON DATES PPOR SUBNERGED

FOREST SITES

Sample Age + 10

Number Location years B P,
GU 662 Clarach-1 5592 + 143
GU 663 | Stolford-1 4443 + 199
GU 664 Morecambe-1 7544 + 306
GU 665 Llanaber—-1 734 £ 52
GU 666 Alt Mouth-1 4351 + 46
GU 667 Newtown-1 - 885 + 83

GU 668 Rheidol-1 647
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CHAPTER 4
ASSESSMENT OF LABORATORY PROCEDURES

Interpretation of the results of any measurement
process requires an understanding of the random errors
inherent in the particular method of assay, Radiocarbon
age determinations are conventionally reported in the form
Age + ¢ in units of years before present (B,P,), present
. being taken as 1950, In general, the error ¢, quoted
at the one sigma level, is based solely on the‘variability
due to "counting statistics" and many laboratories suggest
that non-counting errors are negligible, Interlaboratory
calibration exercises, however, allow the calculation of
an independent estimate of the standard error for an intér- ’
calibration sample series and this quantity can be compared
with the standard error quoted by the participating
laboratories, Intercalibration samples are usually not
used for this purpose but rather the results of the analysis
are taken as an indication that a new laboratory is "getting
the same answer" as an established dating system,

Clark and Renfrew (1973) analysed the differences in
radiocarbon ages (Berger, 1970; Edwards, 1970) of 25 samples
divided and assayed by two laboratories (BM and UCLA),

The outcome of the analysis throws considerable‘doubt upon

the assumption that non-counting errors are negligible,

It was shown that, although there was no systematic difference
between these laboratories with this series of samples, the
true standard errors of the radiocarbon dates were possibly

40% greater than the quoted values,



In the preparation of his version of the bristle-
cone pine calibration curve, Clark (1975) has performed
a similar analysis on the bristlecone pine data produced
by La Jolla, Pennsylvania‘and Arizona radiocarbon
laboratories, The results imply that there are no
systematic differences between these three laboratories
but that there is very significant between laboratories
variability, In other words, the measurements from
these three laboratories agree on average, but sometimes
one laboratory produces a date say 200 years below tge
other and then sometimes 200 years or so above, Further,
Clark has demonstrated that on average the variability
between replicate observations is far in excess of the
variabiliti expected in terms of the quoted standard
errors and that each of the laboratories contributing
data to the study underestimate this variability by the
same amount,

In the early stages of this research programme, the
results obtained from sequential growth-increment analysis -
of "floating" chronologies produced differences between
adjacent samples far in excess of previously reported or
considered fluctuations, It was, therefore, decided to
instigate a study by which the total error associated with
each age aetermination could be assessed, thus testing
the veracity of the previously and subsequently produced
results,

The total error associated with a single radiocarbon
measurement will consist of contributions arising from
couhting statistics and any non-counting error, thus

= [e 2 + ¢ 2]%
€TOTAL C uc
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vhere €TOTAL is the total error associated with a
single assay (+ 1o0),

€c is the counting ;tatistics error
and cuc is the non-counting error,
For a series of replicate analyses it is possible to
obtain an_estimate of the total variability € POTAL?
arising from € and €uc? the former being directly
calculable,

The counting error, €or is based on the accumulated
14C counts for each sample and is further influenced by
the data from repeated measurements of modern standard
and background samples, prepared at regular intervals,
The "counting statistics" error also includes the uncertainty
associated with the measurement of 5130,

The long-term stability of the Glasgow counting system
is excellent, Figs, 4-1 and 4-2 reproduce graphically
the data presented in Tables 2-7 and 2-4, and show oxalic
acid and background activities as recorded over periods of
11 and 10 months respectively, For oxalic acid, the
standard deviation about the mean is 2-20/00 for a total
of 16 determinations, The standard deviation in the
number of counts of a single determination is 2-40/00.
The scatter of the values around the mean and the variabilify
of a singie measurement evidently are nearly equal, Thus
only statistical variability in thé number of counts plays

a role in the oxalic acid determinations and the error

associated with the modern standard count rate is given by

V=

[Total number of counts accumulated]

Error (+ 10) =
Total count time
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The background count rate data are treated in exactly
the same fashion yielding the standard error quoted in
Table 2-4, Regular assay of the N,B,S, oxalic acid
standard, however, does not give a true indication of
laboratory reproducibility, since it requires non-routine
chemical procedures (i,e, no pretreatment,rwet oxidation)
in converting the oxalic acid to the adopted counting
substance,. Most laboratories, particularly those with
gas counting procedures, will accumulate N B,S, oxalic
acid data on the same gas (or benzene) sample and thus
-the data record does not assess any non-counting errors
errors whatsoever,

The wood sample selected for the replicate analysis
standard, the homogenisation process and the methods used
in 14C assay have been described in the preceding chapters,
The results of the 24 replicate analyses are presented in

Table 3-1-2, From these data, the mean value of al4c for

the replicate standard and the standard error are calculated

al%c + 10 = -455.09 + 5.82°/00 (4875 + 86 years B,P,)
As can be seen from Table 3-1-1, this value is in excellent
agreement with the single analysis'result obtained by SRR
-(4926 + 52 years B,P,) and the mean of a series of analyses
performed by the other Glasgow 14¢ laboratory (4890 * 260
years B P,, Drndarski pers, comm,) . It is interesting to
note that the standard error reported by this latter
laboratory, based on a comparable number of analyses, is much
greater than reported for this research, The average count-
ing efror for the replicate data in this study, however, is

+ 2:45%/00 (+ 36 years) and thus there is a non-counting

161
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error contribﬁtion to the overall variability amounting
to + 5¢28%°/00 (+ 79 years), This corresponds to a
relative error + 1+16%,

In determining the source, or sources, of this non-
counting error, all stages of the assay procedure must
be considered, Additional variability may arise during
sample pretreatment, in the conversion of sample to benzene
through chemical fractionation, as a result of a non-
negligible "blank" or memory effect, through gravimetric
and volumetric errors in preparation of the scintillation
cocktail or from some further, previously unconsidered
counting effect, such as non-reproducible geometry,

The possible influence of variability in the pre-
treatment procedures was investigated by a second series
of replicate analyses using rice grain as the "standard",
Clearly if there is some contribution to the non-counting
error arising from the sample pretreatment, through
contamination, then the results of these analyses performed
on a sample, which, it was deemed, did not require pre-
treatment should yield an overall non-counting error smaller
than that obtained from the wood replicate series, The
results of this secondvreplicate sét are presented in Table
3-1-3,

The mean value of A14C and the error on the mean are

calculated to be

aY4C + 10 = 404.07 + 11-14°%/00
corresponding to a relative error of * 2¢76% which is
considerably greater than the total error of the wood replicate

series, Elimination of the counting error leaves a non-

counting uncertainty of * 2-62%,
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The possible reasons for the large error on the
rice replicate series may be considered in three ways,
Firstly, the standard error calculated for these samples
may represent the true uncertainty for this laboratory,
secondly the sample may have been contaminated and
thirdly the carbon isotope composition of the rice grain
may not ha?e been homogeneous, In the first case, it
has already been shown that for a series of complete
replicate analyses the non-counting error, + 1.16%, is
much smaller than for the rice series, Furthermore, this
excess error may indicate the presence of contaminating
material, such as dust or small quantities of other grains,
accumulated before the batch of rice was purchased from
the retailer, Therefore, it is unlikely that the non-
counting error indicated by these replicate analyses 1is
representative of the true uncertainty,

The citation of chemical inhomogeneity as a cause of
the large uncertainty raises several interesting points,

The rice sample, of unknown origin but purchased locally,

was presumably grown in 1975 since A14C for the replicate
analyses is in agreement with the average A14C of the
atmosphere for that year (Stenhouse, pers, comm, ), In
many of the world's rice producing regions two crops are
harvested each year and since the atmospheric radiocarbon
concentration is at present decreasing at a rate estimated
to be 2% per year, due to the dispersal of "bomb" 14
throughout the carbon cycle, it is reasonable to assume

that the atmospheric 14CO concentration was different whilst

2

the separate rice crops were being cultivated, The possible

source of artificial variability therefore suggests, that,
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in retrospect, the choice of rice as a replicate standard,
or indeed the choice of any "bomb-era" cereal, may lead to
an unrealistic assessment of the laboratory procedures,
unless the sample can be subjected to some homogenisation
procedure, such as milling to yield flour, With the sample
in this form, however, one has to contend with the problems
of sample handling particularly in the sample combustion
stage,

Before discussing any uncertainty which may be introduced
during the chemical reactions involved in the synthesis of
benzene, one must consider +the possibility of a contribution
to the non-counting error as a result of what may be termed
a "memory effect", Such an effect would arise from non-
scrupulous cleaning of the stainless steel reaction vessels
and glassware, poor vacuum conditions resulting in the
retention of sample carbon as adsorbed gas on the walls of
the storage vessels and also from a non-negligible "blank"
value which may arise due to the emanation of gas from the
stainless steel of reaction vessels,

The "blank" value was assessed by simulating a combustion
but with no sample present, When the combustion had been
completed and the exhaust gases paséed through the collection
traps, any condensible products were distilled into the micro-
combustion vacuum line and allowed to expand into the high
vacuum manifold which had previously been pumped to 10-3 torr,
No increase in pressure was observed and it was concluded that
no extraneous CO2 was being introduced to the vacuum system,
either from emanation from the bomb or as a result of impurity

CO, in the tank oxygen supply,

2
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Any memory effects caused by insufficient pumping
of storage bulbs or gas collection traps would most likely
be detected when a background or "minimum age" sample was
being processed in the course of routine, more active,
sample preparation, The inter-laboratory discrepancy for
the West Runton wood intercalibration samples GU 660, GU 661,
may well have been attributed to such an effect, were it not
for the fact that the two analyses were in broad agreement
with the analysis performed in the other Glasgow 14C
laboratory, The agreement of the count rates recorded on
background samples prepared from marble and scintillation
grade benzene (Tables 2-4 and 2-5) indicates that there are
no memory effects incurred during routine benzene synthesis,
The chemical procedures used in the preparation of
benzene may introduce a non-counting error through chemical
fractionation, Mass spectrometric assay of a 002 sample
removed after sample combustion is normally assumed to enable
correction of the observed 14C enrichment for fractionation
of carbon isotopes in nature, although in fact it may also
be correcting for fractionation induced during sample combust-
ion, which is taken to be quantitative, As noted in Chapter
2, however, the chemical yields for the conversion of CO2
to acetylene and conversion of acetylene to benzene are lower
than those reported by other workers, These lower yields
may produce changes in the carbon isotope composition of the
002 and therefore the initial mass spectrometric assay may
" not be the value appropriate to the correction of the radio-
metrically determined 6140 enrichment, The fractionation
effect of low yield reactions was investigated by Tamers and

Pearson (1965) by replicate analyses or, more correctly, inter-
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calibration measurements, Possible fractionation effects
were evaluated in terms of a non-quantified error arising
from discrepancies between 140 assays, Although the
benzene yields at that time were ~50%, the authors reported
that any fractionation effect would contribute a maximum
of + 80 years but probably less than + 40 years to the non-
quantified error,

For the second replicate series, of rice samples,

aliquots of CO, and benzene were submitted for 13C/120

2

ratio measurement, as well as for normal 6130 assay on 002‘
The single collector mass spectrometer results showed, in
general, that the 1°C/12C ratio for benzene was lower than
the ratio for carbon dioxide,(Table 3-1-3), It will,
however, be shown that this result is not significant as
the measurements are not sufficiently sensitive to detect
small changes in igotopic composition of the order of 1°/oo,
A more accurate determination of the stable carbon
isotope enrichment in synthesised benzene can be obtained
if the benzene is quantitatively converted to carbon dioxide
for analysis by a double collector mass spectrometer, The -
micro-combustion system designed for this purpose is described
in Chapter 2, Assessment of the reproducibility of this
system was performed by series of replicate analyses, One
set used wood cellulose as standard and the eight measurements

performed yielded the following mean -value and standard

deviation

813c,; = -24-64 + 0-10°/00 w.r ¢, P.D B,

It is assumed that the cellulose is quantitatively converted

to CO, and therefore this standard deviation is taken as the

minimum error associated with a single analysis (assuming 100%
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samplé combustion yield), As stated earlier, however,
it proved difficult to attain high benzene to carbon
"dioxide conversion yields, A second replicate series,
using scintillation grade benzene as the replicate
standard was performed (Table 3-1-4) . The conversion
yields for these analyses vary considerably about the

average value of 57% but it can readily be verified by

a standard chi squared test that the 5 °C
normally distributed with mean value 51BCBE = -24+59%/00

nE data are

(w.r.t, P,D,B,) and standard deviation + 0.24°/o0,

Further, it can be shown that there is no correlation
between the carbon isotope enrichments and the benzene to
carbon dioxide yields, an essential factor in interpretation
of the subsequent data, The lower limit for the detection
of any fractionation effect is taken as % 0-240/00‘

Routine investigation of differences in isotopic
composition of benzene-derived and sample-derived 002 was
carried out during the 14C assay of the treefring sections
Stolford 4 and Stolford 5 (SD4 and SD5), The data are
presented in Tables 3-1-6 and 3-1-7, For section SD4,
stable carbon isotope analysis was performed on 002 and
benzene, using the single collector spectrometer and on CO2
from sample and synthesised benzene, using the double
collector mass spectrometer, In general, there is no
significant difference between the 613C values of sample-

derived CO In addition, there is no apparent

2'
correlation between the recorded yields of the chemical
procedures, including micro-combustion, and the measured

differences'ih isotope.enrichment, The large

variations in the absolute 13C/120
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ratios of carbon dioxide and benzene, up to 5%, do not

always occur in the same sense as the differences in 513

c,
/<O~3°/oo, indicating the relative insensitivity of the
single collector spectrometer measurements and, thus,
precluding any definitive interpretation of these particular
results,

For wood section SD5, only double collector measure-
ments were performed, In this case, the majority of
613CBE values were smaller (more negative) than the

corresponding 6130

CE values and in many cases the differences
exceeded the replicate error for combustion of benzene,

+ 0-240/00, Since the 613CBE values are smaller than
corresponding 513CCE enrichments, the 3¢ (and 14C) content
of the synthesised benzene is obviously lower compared to

the 3¢ (and 14¢) content of CO, produced by sample

2
combustion, This may be the result of a chemical fraction-
ation effect, As in the case of SD4, however, there is no

correlation between recorded chemical yields and the
differences in 6130 values,

As a result of the non-quantitative conversion of benzene
to CO2 in the micro-combustion system it is only possible
to make tentative conclusions from these data, There is no
apparent correlation between chemical yield and differences
in the stable carbon content of benzene-derived and sample-
derived 002, yet there appears to be a systematic~decrease
in 6130 values throughout the SD5 series, Thus any fraction-
ation effect in the benzene synthesis is most probably a
small one, certainly less than 1°/oo and probably less than
0+5°/00, leading to lower s13¢ values, Consequently, any
fractionation effect contributes only a very small amount

to the non-counting error,
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Further sources of potential error, which in this
treatment are being assessed as non-counting errors may
actually be ascribed as counting errors, Such factors
as radon in the scintillation cocktail and variable
counting geometry will have a direct influence on the
counting procedure and will therefore contribute to the
overall counting error, These errors are basically not
observable in the data producing the counting error since
they are a function of sample preparation and storage
time prior to counting, and also of the possibility of
non-reproducibility in individual counting vials,

In the final stages of synthesis of lithium carbide
after addition of 002, heating of the reaction vessel is
continued This procedure enables decomposition of any
lithium carbonate to lithium oxide and carbon dioxide, with
subsequent CO2/Li rgaction producing the carbide, but it
also facilitates outgassing of radon from the reaction
vessel, any radon subsequently being pumped away, The
generally lower reaction yields for this research have been
attributed to insufficient heating of the reaction vessel
and this may result in incomplete degassing of radon from
the sample,

The amount of radon in any sample which will contribute
to the observed count rate will depend not only on the size
of the contribution from the benzene synthesis but also on
the length of time the samples are stored prior to counting,
A batch of samples for counting is generally prepared over
12 - 16 days, with a subsequent delay of 5 to 7 days before
this batch is counted, Consequently, since the half-life
of radon-222 is 3-82 days, only the most recently synthesised

samples should contain any appreciable quantity of radon,



Figs, 4-3, 4-4 and 4-5 show the number of counts obtained

in successive 100 minute counting increments for samples

GU 760 (SD4, sample 6), GU 676 and GU 689 (Ynyslas replicate
samples 8 and 21), the 100 minute increments being separated
by 700 minutes in the automatic counting cycle, The time
lapse between preparation of sample and counting is O days,

T days and 11 days respectively, It can be seen from

-Fig, 4-3 that there is no evidence of any exponential trend

in the number of counts accumulated in successive 100 minute
increments for sample GU 760, which is more likely to contain
radon than the other two samples, Indeed,it can be seen
from all three figures that the number of counts per increment
~is constant for the total period, and it is concluded that
contamination of samples by radon is not detected and there-
fore does not contribute to the observed non-counting error,
Furthermore, since £he expected number of counts for successive
counting increments is constant, one can eliminate evaporative
loss of benzene during storage and counting as a source of
error, It may be that over longer periods of time this loss
becomes significant if the vial cap is not secured with an
adhesive or some other permanent seal, It has previously
been shown that there is no noticeable evaporative loss over

a period of eleven months for a sealed vial containing a
modern standard sample, (Fig, 4-1),

The term "counting geometry" refers to the presentation
of the samples to the 14C‘detection system and for the liquid
scintillation method will be determined by the position of
the vial between the photomultiplier tgbes, the quantity of

scintillation cocktail in the vial and the counting vials

themselves, Any variability in these parameters will have
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an effect on either or both the efficiency or the back-
ground, The position of the vial between the photo-
multiplier tubes is determined electrically by a micro-
switch on the sample elevator which carries vials from
the sample tray to the counting chamber, this position
being assumed to be constant,

At the outset of this research project, a 10 ml
counting geometry was adopted, The preparation of the
standard geometry vial, described in Chapter 2, requires
accurate weighing and uée of volumetric apparatus such as
burettes and pipettes, Errors associated with the use of
gravimetric and volumetric apparatus have been assessed,
Repeated weighing of a scintillation vial using different
balances, accurate to the 4th or 5th decimal place showed
that these determinations were consistent to the 4th
decimal place and that there were no systematic differences
between the balances used, The volumetric error was then
assessed by adding standard amounts of benzene or
scintillation solution to pre-~weighed vials, These
experiments have shown that the standard 10 ml counting
solution is prepared to within less than 0401 ml and, as is
shown in Appendix 1, this variability will have a negligible
effect on the background count rate and also on the 14C
detection efficiency since the primary and secondary
scintillators, PPO and POPOP, are present in excess,

The conclusion to be drawn from the close scrutiny of
the experimental procedures outlined above is that, apart
from a possible fractionation effect of (10/00, there is no
evidence of any major source of variability giving rise to

the non-counting error calculated from the wood replicate
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series, The fractionation effect may be corrected
for by measuring the stable carbon isotope enrichment
on benzene-derived 002 rather than on sample-derived 002,
the uncertainty on this measurement which will contribute
to the counting error, being based on the series of micro-
combustion-mass spectrometry measurements performed using
scintillation grade benzene,

Since it has been shown that the non-counting error
does not arise from uncertainties in the sample preparation
procedures, the replicate material itself must be reconsidered,
Before this wood was selected as a replicate standard, a
sequential growth-increment analysis was performed,
Comparison of these dates (Table 3-3-5) with those obtained
in the replicate series shows that there is a systematic
difference between the two sets of results, the replicate
analysis generally being younger, This discrepancy may be
the consequence of contamination of the replicate sample
with modern éarbon during the homogenisation process, the
source of the contaminént being the plant tissue normally
processed in the mill, Although cleaned as thoroughly as
possible, the geometry of the mill may have prevented total
removal of residual plant debris, It seems probable that
this contaminating organic carbon would, at least to a
certain extent, survive the pretreatment process (cellulose
extraction) thus giving an errorneous assay, Moreover, it is
unlikely that this contamination would be distributed
uniformly through the sample for the following reasons,
Firstly, the bulk replicate sample is not itself homogeneous,
i e, not totally reduced to sawdust, Secondly, most of the

very finely divided contaminant would be incorporated into
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the first pieces of chopped wood introduced to the mill
and would, most probably, remain in contact with this wood
as a result of the electrostatic charges induced during
grinding,

The results of the sequential growth-—increment analysis
of this wood section, Ynyslas 1, are discussed in detail
in Chapter 5, The data show that during the growth span
of the tree the radiocarbon concentration in the atmosphere
was virtually constant, and hence these eight analyses may
be considered as further replicate samples, The mean
value and standard error for the additional replicate

analyses are calculated to be

AT%Cc + 10 = -463.91 + 3.97%00 (5008 + 59 yéars B.P,)
After subtraction of the average counting error, the non-
counting error is found to be * 2:08°/oo (+ 51 years),
corresponding to a relative error of 0+4% which is considerably
less than that for the 24 replicate analyses on the homogenised
sample (+ 1+16%), It seems likely, therefore, that the
variability induced in the homogenisation process through
contamination largely accounts for the overall replicate error
and that the true total error for a single analysis is close

to the counting error,

Summary and conclusions

The séries of replicate analyses has indicated that there
is a considerable non-counting error associated with a single
radiocarbon analysis, Subsequent counting of the experimental
procedures has, however, led to the conclusion that this extra
variability is mést probably a consequence of contamination.

introduced during preparation of the bulk standard, The



possibility of there being a non-counting error should be
included in the reported error on a single radiocarbon age
determination, Thus for a sample analysis yielding the
fractionation corrected 14C enrichment A14CSAM and counting

statistics error %o the total error “TOTAL is given by

_ 2 k 14 273
epora. = Lf¢” * (305 x &' Cguy) ]

k is the relative error (%) indicated by replicate analyses,
for this research k = 1+16%, It is, however, stressed that
in the light of the above analysis, EOTAL is the maximum
uncertainty of the assay, the true uncertainty more probably
being a value close to the counting error, and consequently,
the analysis of data produced in this research is based on
the counting error alone,

From this work, several recommendations can be put
forward concerning the selection of replicate analysis

working standards,

1, The working standard should, if possible, be aged
and of a material which is typically analysed by
the laboratory, e,g, wood,
2, the bulk sample should be homogenised to a consistent

texture and if possible, a part of the original sample
should be sacrificed as a safeguard against inclusion
of contamination during the early stages of the homo-
genisation procedure,

3, as a precaution against violent combustion of finely
divided material, pretreated samples should be
"pelletized",

after running an initial batch of samples (say 20 - 30),
dliquots of the replicate sample should be routinely
analysed,

5. the error which is obtained from the distribution of

177
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results should be quoted with the counting error

when reporting 14C dates,

The distribution of such working standards to other
140 laboratories, on an intercalibration basis may lead
to the introduction of a set of secondary T4¢ standards
wvhich would provide a more satisfactory means of assessing
laboratory reproducibility than is available with present

standards,



CHAPTER 5

DISCUSSION OF TREE-RING/RADIOCARBON RESULTS

5¢1 Preliminary results

Previously accumulated 14C data on samples recovered
from submerged forest sites around the coast of the U K,
(Fig, 1—6) have proved the availability of a wide age
range of material suitable for dendrochronological and
radiocarbon studies, This research has concentrated on
samples recovered from exposures along the west coast of
England and Wales, Exploratory 14¢ analyses (Table 3-3-1)
have shown that, while many submerged forest sites date

from the period of optimum development, that is 4,000 to
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5,500 years B,P, (e,g, Borth (Tables 3-3-2, 3-3-3 and 3-3-4),

Stolford, Clarach, Alt Mouth), there are areas yielding

older and younger trees, such as Morecambe (GU 664: 7544

+ 306 years B, P,) and Llanaber (GU 665: 732 + 52 years B P,),

It is interesting to note that the submerged forests only a
few miles to the south of Llanaber, namely Clarach, Ynyslas
and Borth, yield wood of a considerably older age, reflect-
ing a wide difference in the history of formation of these
exposures,

Comparison of previous data with those produced in this
research yields information on the time interval during
which forests were established, For example, samples from
the earliest trees from the Ynyslas forest give a 14¢ date
of 6026 * 135 years B,P, (Q 380 - Godwin and Willis, 1961),
Pine wood from the same site, dated at 5,000 years B,P, in

sequential growth-increment analysis and replicate studies,
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shows that this forest was in existence for approximately
one millenium, A similar comparison shows that forests
in Bridgewater Bay, Somerset at Burnham-on-Sea (Q 134 -
Godwin and Willis, 1959; NPL 147, 148 - Callow and Hassal,
1968) and Stolford (this research) were established for
almost 1500 to 2000 years,

Samples from Newtown (GU 667: 885 + 83 years B P,) and
Rheidol (GU 668: 647 + 136 years B P ), supposedly inter-
glacial, were collected from very similar situations, In
both cases, the trees were found under thick gravel,
approximately 5m, near to a ri#er, namely the Severn and
the Rheidol, It was the opinion of hydrologists and
geomorphologists that such a iarge quantity of gravel was
of glacial or late-glacial origin, as the river flow had
not, subsequently, been sufficient to transport such
quantities, The trees, therefore, as there were no large
oaks around in the fuli or late-glacial, must have been

144

reworked from older, that is, interglacial deposits,
analysis of the trees has shown that this is not so and a
reappraisal of the situation has yielded the correct
geomorphological interpretation, Both sites are on the
inside of a bend in the river (or'they vere when the gravels
were deposited), As the river meandered, it cut through
the glacial gravels forming a cliff and removing them from
the outside of the bend, redepositing them on the inside,
The oaks were growing on the outside bank, were undercut,
fell into the river, and were incorporated into the gravel,

Since that time, the channel has subsequently moved and

left the thick gravels apparently undisturbed,
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5¢2 Dendrochronoloay

Tree—ring/radiocarbon studies, based on submerged
forest wood, have been concentrated on two major
exposures in Bridgewater Bay, Somerset at Stolford
(51° 12" 30" N,, 3° 6' 30" W,) and in Cardigan Bay, Wales
at Borth-Ynyslas (52° 29' N,, 4° 4' W,), From the former
site an oak chronology spanning 360 years has been
constructed and samples from sections 3tolford 4 and
Stolford 5 analysed, The tree-ring curve for this
"floating" chronology is presented in Fig, 5-1, At
the latter site, forests of both oak and pine had been
established and a separate chronology for each swnecies
has been examined, It is in some ways unfortunate
that the oak tree-ring record and 14C growth—increment

14C

analysis were developed concurrently, since, after
analysis of the oak.section Borth 4, it was found that
the Borth 6 scecction overlapped it completely, Thus the
maximum range of the dendrochronolosy for this site is
determined solely by Borth 6, The dendro-curve for
this site is also presented in Fig,6 5-1,

The pine forest at Borth-Ynyslas has also been
investigated although it has not yet been possible to
relate the two pine sections analysed Borth 1 and Ynyslas 1,
One of the main problems with pine wood is that growth
rings may occasiohally be absent, Consequently, statistical
construction of long sequences of tree rings, and inter-species
overlap, i, e, oak-pine, is rendered difficult, Furthermore,
pine tree-ring sequences from these exposures have tended

not to follow the type of growth pattern reccorded in the oak

wood related to climate or water-table variations,
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The tree-ring curves in Fig, 5-1 are drawn according
to the convention of time increasing to the left,
Consequently, all subsequent radiocarbon/tree-fing
diagrams have been plotted in accordance with this
convention,

A further sample of oak wood has been recovered
from an Iron Age site at Castle Point, Troup, Banffshire
(57° 41" N,, 2° 17' W), A comprehensive account of the
archaeology of this multioccupational site has been
produced by Greig (1970; 1971), and timber excavated
from the gate structure dated at 2347 * 59 years B,P,

(BM 639 - Barker et al,, 1971), This analysis,

performed on the outermost rings of the timber, is in
excellent agreement with the results obtained here

(Table 3-3-8; SRR 861, 862, 863), The dendrochrono-
logical examination of the two timbers collected for

this study was carried out at the Palaeoecology laboratory,
Queen's University, Belfast, and results show that although
the ring width pattern for both timbers correlated almost
completely, this record could not be matched with
established sections of the Irish bog oak chronology
(Baillie, pers, comm,), The longer-lived stump,

containing 258 growth rings, has been analysed,

5¢3  Analysis of tree-ring/radiocarbhon data

Analysis of tree-ring/radiocarbon data, in terms of
variations in the natural 14¢ content of the atmosphere,
requires a certain unavoidable level of subjectivity in

the selection of a relationship between the two timescales,
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Since a wide range of mathematical functions can be
fitted to this type of data, for instance, by classical
least squares techniques, there is, really, little to
choose between statistical fitting and free-hand drawing,
different workers accentuating the features which they
consider important, The adoption of some form of
statistical model is, however, desirable when data from
different sources, such as in this case, submerged forest
and bristlecone pine wood, are to be compared, Such a
treatment has been applied to"floating"chronologies
from Europe by Clark and Renfrew (1972) and Clark and
Sowray (1974), assuming a common model for "floating"
and absolute chronologies, The results obtained from
these studies were in broad agreeiment with previous work
by Ferguson et al, (1966) and Suess and Strahm (1970),
which essentially fitted "wriggles" in the Suess
calibration (Suess and Stuiver, 1966; Suess 1970a) to
wriggles in the "floating" chronologies, This particular
statistical method of analysis has been applied to the
data obtained in this research and the results are
discussed later, Of course, the exact form of the
relationship between the radiocarbon and sidereal time-
scales is not known, Over the relatively short time spans
studied in this project, therefore, it is considered most
appropriate to evaluate only a simple least squares model
and further to discuss non-random variability about this
"trend" line,

Linear least squares analysis has been performed on
the oak and piné "floatingﬁ chronologies, The results
are presented in Table 5-1, If the linear model is to be

a good approximation to the data, then the mean square

























































































































































































































































































































































