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ABSTRACT. W F Libby’s new dating method from the 1940s, based on experience in physics and chemistry, opened pos-
sibilities to check and revise chronologies built on other principles than radioactive decay. Libby’s method initially implied
collaboration with archaeol ogists to demonstrate that it worked but also with physicists to improve the technique to measure
low B~ activities. Chemists, geophysicists, botanists, physiologists, statisticians, and other researchers have contributed to a
prosperous interdisciplinary development. Some pitfalls were not recognized from the beginning, although issues such as
contamination problems were foreseen by Libby. Pretreatment of samples was discussed very early by de Vries and collabo-
rators, among others. This subject has not yet been abandoned. Closely related to pretreatment is the choice of fraction to be
dated and chemicals to be used, especialy for accelerator mass spectrometry (AMS) measurements. Calibration against tree
rings and comparison with dates obtained using other methods as well as intercomparison projects are partly history but still
very actual. Theimpact by man and climate is also studied since the early days of the method. Also, the carbon cycle has been
of great interest. The tools for measurements and statistical analysis have been improved during these first 3 or 4 decades,
allowing interpretations not possible earlier. §'3C determinations are mostly very important and useful, but sometimes they
have been misleading in discussions of the origin of carbon, especially for human tissues—the metabolism was not yet fully
understood. The history and development of the method can only be illustrated by selected examplesin asurvey like this.

INTRODUCTION

In 1960, Libby was awarded the Nobel Prize in Chemistry for devising the radiocarbon dating
method about 15 yr earlier. He described the method as well as the technique used by him and col-
laboratorsin Chicago and even included alist of aimost 1000 dates (Libby 1955). From the early lit-
erature, it is clear that the present activity of a sample must be measured, theinitial activity and the
half-life must be known, and that the sample had been a closed system since deposition until mea-
surement in the laboratory. Initialy, the method could be regarded as an absolute dating method.
Enormouswork has been done around the world to develop all the techniques involved in producing
reliable dates. This effort includes calibration against an absolute chronology as dendrochronology
and comparisons with tentative floating dendrochronol ogies and other chronologies.

Libby expressed his thanks to the archaeol ogists who, athough first hesitated to supply specimens
of otherwise dated material, collaborated with Libby by allowing him to test the new method on
such material and prove that his method worked as well as could be expected at that time. Develop-
ments could then start.

Today, the statistical uncertainty of a date can be given in many laboratories as 30 or 40 yr, or even
aslow asatenth of that, whereasit is seen that thefirst dates (Libby 1955) were ascribed uncertain-
ties about 200-300 yr. Initially, the samples were converted to black carbon deposited on the inner
walls of ascreen-wall Geiger counter. Two serious drawbacks must be mentioned: 1) since the effi-
ciency had to be the same from measurement to measurement, the carbon layer had to be thick
enough to allow the B~ particles from the carbon nearest to the wall to be absorbed; and 2) the prep-
aration proved to be difficult since the black carbon easily absorbed contaminants deriving from
nuclear tests. In spite of the originally appreciable uncertainty, the new dating method was immedi-
ately welcomed, especially by archaeologists, and little attention was paid to the problems with the
method.
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For along time, the laboratories and submitters of samples have, however, been aware of the risks
of contamination in nature, during storing, treatment, and handling of samples (Libby 1955). In
Uppsala, Libby even coined the expression “radiocarbon laundry” (Libby 1970). From recent papers
in Radiocarbon, it isobviousthat scientistsin AMSlaboratories, working with small samples, stress
the importance of avoiding contamination with chemicals.

LITERATURE REFLECTING THE VERY EARLY HISTORY OF RADIOCARBON DATING

Many improvements and dates were presented aready before the journal Radiocarbon was
launched. The first 2 volumes were known as the American Journal of Science Radiocarbon Sup-
plement. Initially, lists of dates, or measurements, with short descriptions of the context and labora-
tory procedures, were dominating.

The editors (RF Flint and ES Deevey Jr) of thefirst volume of Radiocarbon wrotein the preface that
they wanted to improve the standards of presentation from that in Science and other journals. They
wrote that the dates or lists were almost worthless as presented earlier. Still, 1 found even the new
standardized lists of limited interest except from giving an idea about what research was going on
and what procedures and egquipment were used in the various laboratories. A punch-card system was
a so launched but very seldom used—at least by researchersin Uppsala. However, it was of consid-
erable value to have results of datings printed by those responsible to avoid many results being
quoted in error, even if the authors of lists may themselves introduce some.

Several bibliographies regarding 14C measurements have been published, e.g. 2 general entries by
the pioneer Hilde Levi in Copenhagen (1955, 1957); 2 extensive ones (arranged according to themes
and consequently with some articles appearing more than once) by Johnson (1959) and Polach
(1988), the latter covering the period 1947—68. Since then, too many titles are available to tempt
anybody to assemble new extensive bibliographies.

There are no proceedings from the first 14C conferences held in Copenhagen, Cambridge (2nd and
5th), Andover, and Groningen. Short reports are, however, published; see e.g. Polach (1988) and
Radiocarbon 37(2):831. Some informative papers were exchanged. The number of participants was
initially limited, although not strictly starting with that in Groningen in 1959. Proceedings from the
6th conference, held in Pullman in 1965, appeared, on request, in a mimeographed edition in 1966.
The next “ conference” was never announced as a C conference. It was held in 1969 in Uppsala as
Nobel Symposium 12 with a limited number of participants as decided by the Nobel Symposium
Committee. Preliminary versions of the papers for that symposium were submitted and distributed
before the symposium to allow the participants to adjust their own contributions and prepare them-
selves for the discussions. Three years | ater, a conference, announced as the 8th, was held in Lower
Hutt, New Zealand. A preliminary version of the mimeographed proceedings was available already
in 1972. The 9th international conference was held in 1976 in Los Angeles and La Jolla and pub-
lished in 1979 by University of California Press. Since 1979, the conferences have been held every
3 yr and proceedings have been published about 1 yr thereafter by Radiocarbon.

THE HALF-LIFE REVISION

Libby listed all the determinations of the half-life he found, selected the 3 results he regarded as
most reliable (5580 + 45, 5589 + 75, 5513 + 165), and calculated a weighted average using the
inverse square root of the errors quoted as the weight. He got 5568 + 30, now called the Libby half-
life. The value is often rounded to 5570. Three new determinations (Mann et al. 1961; Watt et a.
1961; Olsson et al. 1962) were discussed in 1962 at the conference in Cambridge and a mean was
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given as 5730 * 40. The fact that several points given by Libby in his diagram (1955:10, Figure 1),
many of them on Egyptian samples as checks against samples of known ages, were above the decay
curve indicating alonger half-life than 5568, was a reason for us to start a new half-life determina-
tion. We then did not know about the other 2 ongoing determinations. Some of the problems are
briefly related below.

Mass spectrometer determinations had to be performed. Slightly different values were obtained
from the spectrometers involved. The mean value of 5730 is given after normalization to the value
obtained in Aldermaston. Turnbull, who measured the Uppsalasample at AERE in Harwell together
with Prosser, has a short discussion (private communication; Olsson and Karlén 1963) about the
isotopic analysis. We reported our original value as 5680 + 40 (rounded), using the Harwell mass
spectrometer, where the indicated uncertainty denotes an estimated probable error (Olsson et al.
1962:254). Similarly, the value from the National Bureau of Standards (NBS) was given with a
probable error. All 3 determinations are accompani ed with acomment that the main difficulty in the
measurement seemed to be the adsorption of gas on the walls of the handling system. Precautions
were taken to avoid memory effects due to this fact. It seems asif earlier investigators overlooked
this phenomenon.

The active CO, had to be diluted with inactive gas to get suitable activities in the proportional
counter. Instead of using only CO, as the inactive gas, we also tested an acetylene mixture. As a
byproduct, we saw that an evaporation from a freezing trap caused some fractionation, so the acet-
ylene initially reached the cavities of the counter in a higher proportion than the CO, (Olsson et al.
1962:247). It lasted hours until the mixing was compl ete as determined by a stable counting rate.

It was desirable to use a proportional counter without end effects. This was achieved by a construc-
tion with a movable end. The movement could be measured with a carefully calibrated screw. By
subtraction of short-counter results from long-counter results (the end screwed out), the end effects
were eliminated. It was necessary to extrapolate the measured activity to zero level of the threshold
in the electronics. By relating the half-life results to the reciprocal pressures, we concluded that no
wall effects could be detected. A 4th modern determination of the half-life, 5660 + 30, was sug-
gested by Bella et al. (1968).

ISOTOPIC FRACTIONATION AND EARLY DISAGREEMENTS IN REPORTING RESULTS

I sotopic fractionation is due to translation, rotation, and vibration energies and their proportionality
to the masses of theisotopes. In nature, thisis of importance for light elements like carbon with the
weights 12, 13, and 14. The isotopes thus behave slightly differently in chemical and physical pro-
cesses. The fractionation for 1*C is almost exactly double that for 13C (Craig 1954:133). Carbon of
terrestrial plantsis lighter than that of the air; the plants are depleted in *4C. When CO, is dissolved
in water, the 1C is enriched. Numerous results are given, e.g. by Wickman (1952) and Craig (1953,
1954). The deviations from a mean value are small and expressed as %o deviations:

d1C = (Ratiosamme/RatiOStandard - l) x 1000

The interpretations by Wickman and Craig differed but both scientists found that most of the $3C
valuesfor terrestrial plants hovered in 2 ranges. Some “anomalous’ values also existed according to
them.

Experiments were performed by absorbing carbon dioxide in barium hydroxide to get an explana-
tion of the mechanism. Craig said that an enrichment factor depended on a thermodynamic process
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and a kinetic process. Thisis depicted by Vogel (1960). If gaseous diffusion is the rate-controlling
step in photosynthesis, it would determine the fractionation of the plant, but the rate of chemical
reactions must be considered. Anyhow, some factor in the different types of plantsis affecting the
fractionation. It isinteresting to see that Craig also wanted to consider adirect assimilation of bicar-
bonate as indeed suggested earlier. The “anomalous’ plants were still difficult to understand. Direct
assimilation of ions by roots remained as a mechanism for fractionation. These questions are dis-
cussed together with reservoir effects.

About 40 yr ago, there was a breakthrough in the understanding of the fractionation by plants when
the photosynthetic pathways were studied. Troughton (1973) summarized this at the conference in
Lower Hutt. There are variations of 313C within plants, in leaves and wood (see e.g. Leavitt and
Long 1982), and also between different chemical constituents as cellulose and lipids. The environ-
ment may also play some role. A histogram for 813C in terrestrial plants shows a bimodal distribu-
tion correlated with the pathway of carbon metabolism. Most common are plants with C; metabo-
lism with 8'3C around —27%.—assimilation according to the Calvin cycle. Those with C,
metabolism hover at the value —14%. and assimilate according to the Hatch-Slack cycle. An exam-
pleis Zea mays. Then, we have CAM (Crassul acean acid metabolism) plants, succulents having C;
and C, metabolism. Submerged plants get their carbon from bicarbonate, dissolved CO,, or CO,
released from the sediment.

Libby, Craig, Deevey, and Carbon-13, in the 1950s

Libby (1955:8) knew that carbon isotopes will be fractionated when CO, is incorporated in organic
matter. The figure given was 25%. more 13C in inorganic matter than in the biosphere. Thus, “C
would be depleted with 50%. in the biosphere compared with a carbonate. Still, for years very little
attention was paid by 14C datersto the fractionation and the spread around a standard value as given
by Wickman (1952) and Craig (1953, 1954) and others. Deevey et al. (1954) measured 13C in hard-
water lakes to investigate the problems met when dating |ake sediments. The range for 13C in marine
algae and non-marine carbonates seemed wide. In the first approximation, one would expect that
half of the carbon derived from the atmosphere and half from old carbonate. CO, may, however, be
furnished by decaying organic matter or from old sources, e.g by volcanic action or a series of pro-
cesses. The source must always be considered (Oana and Deevey 1960). A normalization based on
the 613C value was needed.

Rare 13C Normalizations, Confusion, and Error Quoting

Olsson (1959, 1960) had the possibility to get mass spectrometer measurements done for her and she
normalized essentially every result for the deviation from a standard and even insisted on publishing
the deviations and continued doing so until the laboratory was closed. A typical spread is depicted
by Olsson (1960). The original standard was replaced by the internationally accepted standard as
described in the 3rd list (Olsson et al. 1961). Ostlund (1959) and Ostlund and Engstrand (1960) also
normalized their results using 13C results, not given in the lists except for 5 tree-ring samples,
although this has not always been the habit, later on, in the Stockholm laboratory. Nydal (1959) in
Trondheim wrote that he did not correct for fractionation. Stuiver and Deevey (1961, 1962) normal-
ized the activity of a set of geochemical samples using 13C. The values are given; Oana and Deevey
(1960) also published 13C values.

Olson and Broecker (1959:3) mentioned that their 1*C wood standard, after 13C normalization, had
adifferent 1*C/12C ratio than the standard based on oxalic acid. They suggested how to express vari-
ations of natural C activities, discussed some terms, and gave an equation. Unfortunately, this
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equation was in error and a corrected formula was later given by them (Broecker and Olson 1961)
aswell asin an editorial statement in Radiocarbon 3. 13C values were given by them in measure-
ment lists on samples with known age, to mirror the influence on certain samples by the atmosphere.

There have been different opinions whether an error in the 3C determination should beincluded in
the calculation, and whether an error should be estimated when no such determination is performed.
Similarly, it was discussed whether the uncertainty in the half-life should be included. Barker and
Mackey (1959:82), for instance, wrote that they, missing mass spectrometer facilities, included an
error of £80 yr for isotopic fractionation. Another dubious habit wasthat errors smaller than e.g. 100
yr wereincreased by rounding the error to that value asaminimum. Otlet (1979) wrote correctly that
one should doubt the meaning of error terms in published dates, and Callow et al. (1965) set out a
full error term. Unfortunately, thisis of little value, since they mixed their statistical estimate with a
figure of £80 for the de Vries effect (see below). They quoted the statistical uncertainty from a 20-
week period and that from §'3C and dilution, if actual, but included this systematical uncertainty of
80 yr. All of their resultsin their list were given with uncertainties >90. Whenever the original value
was not given, but a manipulated one, the chances to compare similar results to find age differences
and make corrections later on were unfortunately lost. The intention might have been to supply a
trustworthy date to a customer. This fact should have been given in a discussion besides the value
based on measurements.

Sometimes it is possible to use an estimate of the 13C content to obtain arealistic correction. It has
al so been a question whether mass spectrometer analyses could be afforded. Lerman (1973) reported
that an analysis of Radiocarbon volumes 1-13 revealed that only 20% of the laboratories had
included at least 1 *3C normalization (up to 1971!).

Using the literature, Burleigh et al. (1984) summarized 8'3C values from the period 1970-81,
excluding those from peat because of inhomogeneity, molluskan shells because of the diversity of
species and locality, and soft tissues of humans and tree samples because of known problems with
laboratory fractionation. Wide ranges are obvious and, especially for bone collagen, a skewed dis-
tribution is observed.

By combustion of sample remains, Lerman et al. (1970) were ableto apply new §'3C normalizations
to values given by de Vries (1958) instead of the old doubtful ones. The branches of the curve were
then merged together. Years later, Deines (1980) published an elaborate study on the isotopic com-
position of reduced organic carbon.

Polach (1973:693) writes. “Within all dating laboratories ... it is the procedure to take an aliquot
from a fully expanded sample, the CO, gas generally being allowed to fill the mass spectrometer
vial at the same time as the bulk CO, storage and volume measuring vessel.” | would recommend
our procedure: the bulk storage should first befilled by allowing the gas expand from atrap, then the
via should be filled from this well-mixed gas. This is based on the experience of slow mixing,
gained at the half-life determination. Jansen had indeed pointed out that the gas sampling procedure
also could certainly contribute to observed variations (Polach 1973:692).

ACTIVITY VARIATIONS AND THE FIRST COMMON STANDARD
First Attempts

Inajoint articlein Radiocarbon, Williset al. (1960) illustrated the possibility of avarying 14C activ-
ity in the atmosphere by dating tree rings of known ages. Such variations were already documented
by de Vries (1958) and even foreseen by Miinnich (1957) who presented “C ages, remarkably dif-
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ferent from the true ages. de Vries assured that he believed in the results from Heidelberg. Samples,
treerings of Sequoia gigantea, were dated in the 3 involved laboratories—some in one, somein two,
and one in all three—to get a common pre-industrial starting point, AD 1859. Besides confirming
the existence of variations, the exercise was an early example of cross-checking. As seen from ear-
lier cross-checks, we again were reminded to be careful in interpreting single dates even if the
claimed accuracy is very good. Suess (1986:259-60) wrote that Libby originally did not believein
de Vries wiggles and that this was unfortunate for the research. Suess also related the view around
1970 that the cause for the 14C variations was the 14C production through modul ation of the cosmic-
ray flux by solar activity. He presented a diagram with 1C ages determined at Belfast in good agree-
ment with those from La Jolla back to 4000 BC. Suess (1968) discussed the matter.

Consensus Regarding a Standard and Presentation of Dates

In 1959 in Groningen, an oxalic acid standard from National Bureau of Standards (NBS) was
adopted as a new standard to replace al the local wood standards used in early days. The relations
between these were soon determined in several laboratories. A measurement in 1958 (Broecker and
Olson 1959:113) indicated good agreement with 95% of the activity of this oxalic acid. As aconse-
guence of the knowledge of carbon fractionation and the possibility of fractionation in the laborato-
ries, it was necessary to compare the 13C values. The results from 13 |aboratories were related to the
PDB standard (Craig 1953:57) and presented by Craig (1961) in Radiocarbon 3. Apparently, some
fractionation had occurred during handling, so measured activities had to be normalized. A high
yield at preparation normally reduces the fractionation correction. Instead of using 1958 as the ref-
erence year, 1950 was chosen, although some confusion following this was apparent. The standard
determined upon was thus 95% of the activity in 1950 for oxalic acid, 13C-normalized to —19%.. The
decision, again discussed at Nobel Symposium 12, was quoted by Olsson (1970:17) who at the same
time discussed related problems. Since the activity of a sample is reduced, by decaying, with the
same percentage as the standard, the 14C age will be given before 1950 written as BP (before
present).

Problems at Conversion of Oxalic Acid to CO,

Craig (1961) made aremark that a histogram of the §13C valuesin histable revealed anon-Gaussian
distribution, which could be expected from incompl ete combustions. When gas from the same com-
bustion was measured more than once (duplicate samples), the 313C values agreed internally very
well. A laboratory, La Jolla, had recombusted the gas, C,H,, used for counting. The value differed
very much, but Craig wrote in a note that fractionation should not occur in that step. He also wrote
that the spread in most laboratories seemed to correspond to a range of 5.5%o for §13C, thus, in the
order of 1% for C (80 yr in age). It may be worse for samples like wood with arange of 10%o. in
d13C.

The 4C community was worried, however, when it later was disclosed in some |aboratories that the
fractionation could be severe for oxalic acid during combustion. Polach (1973) presented figures on
count-rate spread for al methane and all benzene preparations as histograms as well asthe correla-
tion between §'3C values and standard deviations of the count rate. Normalization to —19%. did not
bring, in several cases, the activities to acceptable values for the standard. Grey et al. (1969) dem-
ongtrated that wet combustion of oxalic acid by means of potassium permanganate in acid solution
yielded heavier CO, the later in the process they collected the aliquots. Although the complete pro-
cess gave —19%o, the final aliquot gave +61.5%0. Kim (1970) applied wet combustion and L owdon
(1970) dry. Lowdon found that an incomplete combustion, intentionally ~60% yield instead of the
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normal value close to 95, gave 83C of about —27%o, but that dry combustion normally was a safe
method. Valastro et a. (1977, 1979) described an improved method for wet oxidation and Calf
(1978) a procedure for preparation of benzene. The 2 latter papers give a summary of what was
learned about fractionation during chemical reactionslike the ones described. Nehmi (1980) applied
wet oxidation. To this can be added that Otlet and Slade (1974) preferred dry combustion because
of less scattering and negligible fractionation. Otlet (1979:259-60) furnished details. Meanwhile, |
burned 18 oxalic acid aliquots by dry combustion. | was concerned about the large surface areafrom
al the grains and recalled the adsorption of CO, measured at the half-life determination. As a con-
sequence, | flushed the samplefor an extralong time in the combustion tube before starting the com-
bustion. Our samples were §13C determined in Stockholm until 1982, thereafter in Gothenburg, and
lastly in Uppsala. Besides that, Mook measured 4 of our oxalic acid samples, yielding —19.3, —19.2,
—19.6, and —19.4%., respectively, besides the first one yielding —19.1%.. Some 69 anthracite sam-
ples, out of 105 burned, yielded as a mean of —23.1%o. (Olsson 19864). As a result, the uncertainty
for the samples measured in Sweden decreased from 1-1.5%o to 0.5%. (Olsson and Osadebe 1974;
Olsson 1986a). A final collocation of all results should therefore await an analysis to determine the
small bias seen between the laboratories.

Polach and Krueger (1973) gave further evidence for fractionation of oxalic acid and suggested
sucrose as amaterial for anew standard.

Some Cross-Check Samples

After Libby’'s et al. tests of the method on archaeological samples of known ages, it was natural to
test the results from alaboratory against those from others. A widespread exercise was started when
the number of laboratories in the Radiocarbon list reached 36. One third of these dated at least 1
sample out of a set of 3, submitted by H Tauber (Ruds Vedby), C Cortesi and F Bella (Lago di
Nemi), and H de Vries (St Walburgkerk). Original resultswere given by Olsson (1959:100) with ref-
erences from 1953-9. Later on, some results were added and others recalculated (Olsson 19914)
after normalization to the new common standard, oxalic acid, and when possible corrected accord-
ing to the Index (see below). Polach (1973:698, Table 6) derived an intermediate list and, from this,
he extracted the age limits for the 3 samples, calculated the ranges with standard errors from results
given by the daters and the ratio between the range and the error. Before doing so, he should have
discussed therisk for errors because of the technique. Half of the extreme values used were obtained
by using the solid-carbon technique for activity measurements. Polach mentioned the pretreatment
and gave an examplein his Table 5. An additional result was given by Dresser (1985:340).

Interlaboratory cross-checks have been an important tool in quality assessment. At the 14C confer-
encein Lower Hutt, the question was raised why it was necessary to perform such checks, when we
had samples for modern activity and suitable background samples. But discrepancies in measure-
ments revealed that they were justified.

Many limited cross-check projects were performed later, and some others with many participants.
The Standards

The PDB standard is a Cretaceous belemnite, Belimnitella americana, from the Peedee formation in
South Carolina. 14C dates are given with the 13C content expressed in the PDB scale, now often
replaced by VPDB (V standing for Vienna). PDB and VPDB are virtually identical, but the use of
VPDB as astandard implies that the measurements have been calibrated through NBS 19 (Consult-
ants Group Meeting on Stable Isotope Reference Samples for Geochemical and Hydrological
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Investigations, Vienna, September 1985). VPDB is nonexistent and NBS19 is obtained from a dlab
of white marble:

33Cpsionvpos = +1.95%0

Before a standard is close to be exhausted, a new substandard has to be selected and related to the
old one. To reduce the work of recalibration, a standard sample should be availablein large amounts.
It must also be homogenous. A drawback with oxalic acid isthat it had been regarded to be difficult
to burn to a pure CO,. The CO, can be used again and again in gas-filled proportional counters.

ANU Sucrose and Other Possible Standards Discussed in 1972

ANU sucrose was manufactured under stringent conditions from sugar cane grown in 1969 to 1971.
It is available in enormous quantities and is granular. Bannister and Damon (1973) proposed the
usage of awood sample. Instead of the wood used by the Lamont laboratory, they chose the Hitch-
cock Tree from Arizona, a Douglas fir (Pseudotsuga menzeii). The wood was from AD 1846-55,
thus pre-industrial. It was given acareful, but rather mild, pretreatment, removing about one fifth of
the sample, and finally yielded 22 samples, each about 40 g. A preliminary report isgiven by Polach
et a. (1973) on Arizona 1850 wood, oxalic acid, and ANU sucrose.

A report on fractionation of oxalic acid and ANU sucrose sampleswas given by Polach and Krueger
(1973). Polach (1979) and Currie and Polach (1980) reported on the correlation of the 14C activities
of the 3 standards.

The Half-Life and Resolution of 1965

Libby early on calculated a mean value of 5568 + 30 yr, but the new value of 5730 £ 40 yr was
adopted in 1962, at the conference in Cambridge, as a better estimate and should be used for age cor-
rections in geophysical measurements. The old value should be used at normal age calculations.
This decision was repeated at the Pullman conference in 1965. One reason was that people other-
wise could be unsure about what half-life was used. It was seen, however, that many users preferred
to recalculate dates to be expressed in the longer half-life. Much confusion can indeed be seenin lit-
erature from the 1960s. Another reason was that we very well could get a new half-life determina-
tion. New recal culations should cause confusion.

The resolution approved in 1965 read thusly:

The Sixth radiocarbon conference meeting at Pullman, Washington, on June 9, 1965, under the general
title ‘ International Carbon-14 and Tritium Dating Conference’ recommended in some detail the question
concerning the hal f-life that would be most useful in expressing radiocarbon dates. The consensus of opin-
ion favored the retention of the previously used half-life of 5568 years (1). The reasons for this decision
were based in the main on the desire to avoid the confusion which would arise should the many thousands
of published dates require revision. It was also recognized that there are discrepancies between the radio-
carbon chronology and other chronol ogies which would not be corrected by a change in half-life.

It was recognized that the value 5730 remains the best available half-life for the decay of radiocarbon.
Those who wish to do so may continueto convert the published dates by multiplying by the factor 1.03 (2).

Paul E. Damon

Johann C. Vogel

Eric H. Willis

Frederick Johnson, Chairman
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A summary of the use of oxalic acid asa standard was given on p 17 in Nobel Symposium 12. There
was a consensus on using the value 5568 for age calculations also at business meetings at some fol-
lowing conferences from 1972. As long as the calibration tables or curves are calculated with the
same val ue, there is no reason whatsoever to include any contribution from the half-life to the uncer-
tainty in the calibrated age. But the value 5730 should be used for age corrections needed to cal cu-
late 8'4C and 1C values.

The 14C ages are now given in 14C yr BP (before AD 1950), calculated with the half-life 5568 and
95% of the activity of NBS oxalic acid in 1950, §13C-normalized to —19%.. The sample activity
should be §*3C-normalized to —25%o.

Even if Radiocarbon in the editorial instructions in 1961 stated that 5568 yr should be used, it is
seen that 5568 yr as well as 5570 yr is used in dating lists.

With time, the supply of the original oxalic acid standard sample was too small, so new oxalic acid
samples, and new substandards, have been taken into use. Other substandards have aso been con-
sidered.

NEW STANDARD RELATED TO THE ORIGINAL ONE

A new standard was prepared from French beet molasses from 1977 and checked in afew laborato-
ries (Cavalo and Mann 1980), discussed at the Heidelberg workshop (Stuiver 1980) and results
given in Mann (1983). The old oxalic acid was now called SRM-4990 and the new one RM-49. In
Seattle, it was decided that the new oxalic acid should be normalized to —25%. and the ratio between
activities of the two should be 0.7459 (Stuiver 1983).

REJECTED SUGGESTION

To alow subtraction of 1950 yr but indicate that the result was not given AD or BC, athough cal-
culated with the half-life 5568, it was suggested by English archaeologists (editorial comment in
Antiquity 1972:265) that we should introduce lower case: bp, be, and ad. This had been discussed for
someyearsand finally, at the conferencein Californiain 1976, disapproved by a mgjority of the par-
ticipants (Proceedings, 1979, p xii; Olsson 1977). The English delegates seemed unconvinced that
such an introduction would be confusing.

Erroneous Conversion to AD or BC Results

On request from some subscribers to Radiocarbon, the editors (ES Deevey and RF Flint) of Radio-
carbon 15, unfortunately endorsed subtraction of 1950 from the BP va ue to get, what they wrote,
the age AD or BC. They thus neglected what was known about variations in the 14C activity of the
atmospheric CO,. For example, | had a“private” discussion with Dr Flint about that in connection
with the conference in Pullman in 1965. Not until 1977 was such a subtraction discontinued in
Radiocarbon.

The Index

As a consequence of adopting the new standard in 1959, many old values had to be corrected and a
specia issue (Radiocarbon Measurements: Comprehensive Index, 1950-1965) was published in
1967. All laboratories were asked to check their lists and give their new values, after correction.
Unfortunately, there was a column with 1950 subtracted (cf. California proceedings, 1979, p Xii).

https://doi.org/10.1017/50033822200033695 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200033695

10 | U Olsson

COLLECTION, PRETREATMENT AND RESERVOIR AGE

Advantages and disadvantages with plant material in 14C dating, from a botanical point of view,
were surveyed by Godwin (1969). Many problems, discussed for decades, were foreseen by
researchers already in the 1950s and 1960s, e.g. pretreatment of charcoal (de Vries and Waterbolk
1958:1555).

General Aspects

Concerns about the value of 14C dates on lake sediments were expressed by Iversen already in 1949
according to Oana and Deevey (1960:253). This was based on the fact that aquatic plants could use
bicarbonate deriving from limestone. Two years later, Bartlett (1951) warned against calcareous
deposits in and on plants of Potamogeton, Carex, and algae, and humified material soluble in
hydroxide, deriving from rotten rootsin peat. The chemical pretreatment should start with an acid to
remove the carbonate. He also listed bioturbation and other disturbances, due to mechanical causes.
Godwin (1969) discussed the materials used for 14C dating and pointed out problems not yet thor-
oughly examined, like the photosynthetic mechanism, contamination from raised bogs, roots, emer-
gent or submerged plants in lakes, erosion, hardwater effect, burrowing animals, and perturbation
dueto floating islands. He also briefly stated that there were difficulties with soil. Misassociation is
also asource of error. Already in 1951 he briefly mentioned some problems. One was the possibility
of bacterial influence (Godwin 1951:306). Geyh et a. (1974) looked into the question of bacterial
activity causing “C results to be unreliable. Thus, the pretreatment of samples has a long history,
partly related by Olsson and Kaup (2001:810). Pretreatment of samples aims at getting samples that
really can date what should be dated. Samples like charcoal, wood, peat, and shells should initially
be inspected to allow discarding foreign and suspect material. This may mean scraping the surface
or, asfor sediment cores, removing outer parts that were in contact with the corer, which might have
been greased. Roots are generally younger than the surrounding deposits and may be removed
chemically from charcoal (Haynes 1966). Even if roots and rootlets are removed, e.g. by sieving or
picking from a sediment, some may aready have decayed contributing some younger humus mate-
rial. Geyh (1979) discussed storing of sediments and possible errors deriving due to long-term stor-
ing and showed that it was advantageous to freeze cores.

The question about displaced material should preferably be discussed before the pretreatment is per-
formed. For wood, we have problems with driftwood. Siberian logs transported by rivers and then
out in the seamay be thrown up on shores, e.g. of Svalbard or | celand. Shoreline displacements have
been determined using logs, shells, and also bones. But due to storms, such samples may be depos-
ited behind storm ridges (Birkenmajer and Olsson 1971:32—3). Some logs may be deposited in bogs
and used much later as fuel or raw material for constructions. For Icelandic finds, it was customary
to avoid species not grown on Iceland. Wood may aso have been brought there on board ships or
derive from ship wrecks. Because of reusing, or generally, that sometime may have elapsed between
the time when the exchange with the atmosphere ceased, collection and usage, one can get some-
what too old ages for wood thought to date an event.

Burrowing animals can mix a top sediment more or less completely. The age may appear to be
almost the same down to afew cm. Thus, the sediment is dated too young at some depth, at the mix-
ing depth and below that, and too old at the top (Olsson 1983 and references therein). An extrapola
tion to the top may yield too-low ages. Shells have been displaced by upfreezing, by washing from
alevel to alower one at negative shoreline shift, by pushing of glaciers.
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Donner and Jungner (1980) dated shellsin a project for sea-level changes, and from this study, itis
apparent how important the question of the origin is. The formation of the marine deposits was con-
sidered and postdepositional changeswere excluded. During aregression, the 14C age sequence may
reflect the real sequence as well as the occurrence of species. Shells from some bottom sediments
were from death assemblages. Shells in gravels could have been redeposited together with the
gravel, but at sites with gravel accumulation at the peak of transgression, the shells may date the
accumulation.

Wood

For wood samples, it might be desirable to know if a sample represents certain tree rings. It should
be checked whether bark is left. This should be removed since it may contain material from several
years. Thiswas seen by Olsson et a. (1969:542) on treesfelled in 1967. Theinsoluble (INS) fraction
of the bark had a mean activity (330 £+ 10%o) indicating material partly grown before 1962, sincein
1967 they had declined to 600%. and in 1962 it had reached a value of about 300%.. The acetone
extract (191 + 11%o) derived from radially moveable material.

Resinous components were sometimes extracted by using organic solvents, but these had to be
removed afterwards, since they contain carbon. Thiswas accomplished by washings with hot water,
a long-time evaporation process, but not to dryness. Another method, used by many labs, is to
extract cellulose, although celluloseis used to designate avariety of products. Even lignin was used.

It was shown by Wilson et al. (1963) that resin in sapwood could have a higher activity than cellu-
lose from the same ring. This was further discussed at Nobel Symposium 12 and especialy at the
conferencein 1976 (Cain 1979; Long et al. 1979; Olsson 1979a) and by Olsson (1980a) and Olsson
and Possnert (1992). Theresin can be radially transported. If thisresin ever isused as anutrient was
an open question. The atomic bomb effect was high enough to easily be detected in the resinous
product in some tree rings from pre-bomb times. This effect is seen afew decades before the bomb,
time-dependent on the species. Nutrients stored in roots are used in spring and, thus, a slight mem-
ory effectisaredlity.

Remarks on Normal Pretreatment and Special Samples

The reservoir effect is a deficiency of 1C in reservoirs, especially in waters. It can vary with time
and the results at C measurements can be counteracted by, for example, erosion due to agriculture.
Erosion results mostly, however, in contribution of older material. Photosynthetic pathways, spe-
cies, the part of the plant, location, and contamination are factors influencing the measured activity.
The choice of sample, mechanical and chemical pretreatment, and reservoir effects are thus closely
related. For along time, an HCI treatment was applied to remove carbonate. A hydroxide treatment
(with e.g. NaOH) was applied to extract humus products after athorough water wash to remove Ca2*
ions, in order to avoid precipitated humus products from the solution. de Vries and Barendsen
(1954) demonstrated the usefulness of such aNaOH extraction. It isrecalled that it isnot only humic
acid that is extracted during NaOH treatment. In the past, the insoluble remains (INS) was the frac-
tion dated, especially for peat, whereas the soluble part (SOL), after being precipitated using Ca2*
ions or an acid, often was the fraction used for dating (dy). Concerns were expressed early on for
humic acid moving downwards. Often, the insoluble fraction of dy contains old inorganic material
as graphite. Varved clay, containing a mix of autogenic and allochthonous materia, is a typical
example of a sample contaminated by transported material (Hornsten and Olsson 1964; Olsson and
Kilichi 1964). Another reason for different ages of deposits may be decaying material. Lake waters
have been affected by humus from nearby bogs, and aged water has been supplied by inlets and
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wells. Thus, the reservoir effects can vary between different parts of alake. Several fractions of the
water mass from alake, anearby bog (its fen and its lagg separately), and araised bog were inves-
tigated and yielded widely spread activities. All these sampleswere from the period 1981-3 (Olsson
1986b). The hardwater effect was shown to be serious in some lakes (see below). Even the outl et of
extremely hardwater into seawater in fjords may cause alocal reservoir age. Olsson (1999a) sum-
marized such complications, experiences, and pretreatment improvements from the 1960s and later
for deposits. Fulvic acid is dissolved at the pretreatment. The humin, as defined in much of the lit-
erature, isinsoluble.

The fact that some sediment samples appeared much too old because of transported material, infi-
nitely old graphite, or only somewhat older sediments, had to be investigated. We found that graph-
ite needs a higher temperature and a stronger oxygen stream than normal samples (Olsson et al.
1972:259) at combustion, but still the yield may be low. Fractionated combustion, a separation into
gas obtained at degassing, at normal combustion and aforced combustion were tested on samples as
summarized by Olsson (1972a,b). Wet oxidation with KMnO, of a sample was also shown to yield
too old an age, much older than the humus product (Olsson et al. 1969:532), indi cating some content
of old carbonaceous material, probably graphite. For awet combustion of graphite, the yield seemed
higher than at normal combustion (Olsson 1991b:32). The pretreatment may also be improved,
when allochthonous materia is suspected, by applying wet combustion. Once in Uppsala at the
frothing stage, small particles were lifted and these were determined in Helsinki to be amorphous
coal (Olsson 1968). Since graphite cannot be dissolved during NaOH treatment, it will be left in the
INS fraction. Erroneous results on sediment samples from areas with graphite can, thus, often be
explained if dated on the INS fraction. The SOL fraction must be very pure. A general warning was
given to be careful when interpreting results of samples with low carbon content. The ash content
after combustion may help, but it was seen that the ash to a great extent may derive from remains of
diatoms (Olsson and Florin 1980:299).

For wood, it was seen by Olsson et al. (1969, 1972) that the chemical treatment iscritical. Thelength
of the NaOH extraction must be long enough to alow a satisfactory removal (Olsson 1980a). We
preferred an initial extraction followed by several washes and after that an “overnight” extraction.
Glad and Nydal (1982) removed very little of the extractivesin a5-min NaOH treatment in their test
of the pretreatment. In earlier studies, they had used 5-15 min. In the literature, this treatment is
often called AAA (acid, alkali, acid) treatment, although time for extraction as well as concentra-
tion, temperature, and size of used chips mostly are omitted.

Hardwater and Softwater

Olsson et al. (1969:541-2) and Olsson (1983) doubted the dates from e.g. Oland because of the
hardwater and also saw that different parts of submerged plants could have different 14C activities
dueto their origin. Hakansson (1979) found that the depletion of 14C relative to the atmosphere was
about the same for submerged plants from 1974 and 1975 in southern Sweden for calcareous and
non-cal careous lakes, except for 1 non-calcareous lake exhibiting a much larger depletion than the
others. He wrote that this could be due to a slow exchange of the CO, between the atmosphere and
water.

Rootstocks of Nuphar and Nymphaea, developed over many years, had stored nutrients, which later
were used for the growth of the plants before the floating leaves assimilated CO, from the atmo-
sphere (Olsson 1983). Plants from the atomic bomb era were used. (This was further discussed by
Olsson and Kaup 2001). Olsson et al. (1983) continued the research on the hardwater lake
Saynégdampi. Donner et a. (1971) had obtained dates that were too old, because of the hardwater
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effect, to judge from resultsfor certain level s dated el sewhere. Later, Olsson and Vasari (1995) dem-
onstrated a slow response to radioactivity changesin the atmosphere. The conclusion that the activ-
ity today does not necessarily yield avalue of the reservoir age was thus confirmed.

Throughout the years, efforts were made to emphasize that al so softwater |akes could have reservoir
ages. It isthe ratio between the isotopes which isimportant, not only the hardness of the water. The
hardwater effect issimply aspecial case (Olsson and Florin 1980; Olsson 1991b). For evaluating the
quality of the results, the ash content and composition are of interest. Low organic content means a
great risk for inorganic material contaminating a sample.

Shells

Shells were regarded as bad dating material in the early days of 14C dating (Anderson and Libby
1951). Already in 1959, a check for possible surface contamination was introduced (Olsson 1959,
1960; Feyling-Hanssen and Olsson 1959-60; Olsson and Blake 1961-2). Mostly, the shells were
leached with HCI to remove the outermost part. Then, the leaching was continued to yield a2nd and
sometimes a 3rd and maybe even a 4th fraction. For the result, such a surface contamination is more
harmful for thin shells and shells with a pitted surface. We hesitated to accept the dating of sample
B43 because of its pitted surface (Olsson and Blake 1961-2). The age difference between the inner-
most fraction (13% of the shell) and that outside this (14%) was determined to be >2 c.

Autogenic foraminifera shells, Pteropoda and Coccolithophores, deposited in cores from the west-
ern Mediterranean Sea, collected for various investigations, were contaminated by aeolian-supplied
material from Africa. It was difficult to separate the componentsin the mixture by size (Olsson and
Eriksson 1965). Thisfact, and the additional risk for contamination during storing and handling, ini-
tiated a study using recent or “infinitely” old shell material; different size fractions and dispersion
media; moist and dry atmosphere; and even 1“C-rich gas as a tracer. Some samples were leached by
acid toyield outer and inner, or even intermediate, fractions. Decontamination was tried by flushing
or evacuation to, if possible, remove adsorbed CO,. The fina conclusion was that storing “infi-
nitely” old shell material (about 44—74 um) in slightly moist atmosphere could cause samples to be
dated at afinite ageinstead of an infinite age. The earlier commonly used dispersion liquid, agueous
ammonia, must be avoided. Recommendations had now to be given to use slightly acidified water
or boiled deionized water, and to store old shell samples in evacuated vessels or in an inert gas until
dated. Warnings were raised against materials from museums and sediment cores stored wet (Olsson
et al. 1968). It was not possible to remove the adsorbed CO, at the tested decontamination experi-
ments. The gas from the outer parts could be dated to get arguments in a discussion of a possible
contamination, but mostly it was of little value for the age determination. A contamination of this
type cannot be detected by X-rays, although such can reveal recrystallization. As discussed by oth-
ers, carbonate may be deposited on the surface and in pores to make the separation into outer and
inner fractions of no use, or even make the situation worse.

I'n connection with contamination problems, especially for shell dating but also for dating in general,
diagramswere published giving errors due to contaminants with different ages. Such diagrams were
published in several papers from 1960 onwards. Vita-Finzi and Roberts (1984) X-rayed shells to
determine whether there had been arecrystallization from aragonite to calcite, which would not nec-
essarily mean contamination. Infillings of aragonite may be a contamination. With X-raysand SEM,
the leaching could be controlled.

An example of a serious contamination, probably due to exchange with groundwater, was given by
Olsson (1973). Samples from an anthropogenic shell mound were collected above and below (1
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sample) the groundwater level, and fractions obtained by stepwise leaching were dated. A signifi-
cantly lower apparent age was determined for the shell sample below the groundwater than for 2
samples of the same species aboveit. The age difference between the 2 fractions of the contaminated
shell was very close to 2 ¢, the outer 35% being younger than the inner 25%, after removal of 40%
of the shells. In the same investigation, charcoal, scraped from the surface of shells, dated afew hun-
dred years younger than the brackish-water shells. Thisis a typical example of the technique for
determining the reservoir age of waters.

Bones

Thefirst bone dates were not reliable (Taylor 1987). Bone sampleswere not even listed among sam-
ples to be used. The early chemical treatments were similar to that for other types of samples and
were not successful. Apatite dating was sometimes successful. The aim soon became to date col-
lagen to eliminate contaminants. The main part of bone material is carbonates, as inorganic
hydroxyapatite crystals. About half of the organic part may consist of collagen, a protein composed
of amino acids, other proteins, etc., and fat. The amount of collagen decreases, however, with time
and may be less than 1%. Collagen does not exchange carbon with the environment according to
what is presently known. The word “collagen” is not proper; instead, words describing the distin-
guishing trait should be used.

Contaminants as mosses and rootlets are often found in the pores of bones besides other humus
remains. The Ca?* ions must be removed to prevent the humic acid precipitating. The final step may
consist of a dissolution in hydroxide, but some “collagen” was lost earlier in the treatment. An
EDTA (sodium salt of ethylene diamine tetra acetic acid) treatment aims at demineralization of the
sample as tested in Groningen and Uppsala with reliable results in the 1960s and 70s (Olsson et al.
1974; El-Daoushy et al. 1978). Fear was expressed that this would lead to contamination by the car-
bon in the EDTA, but this could be overcome by repeated careful washings. The drawback was that
the washing was time-consuming, although not very laborious. Centrifuging was successful (Olsson
2000). Initially, we used pieces of bone but started to grind the samplesto allow effective penetra-
tion of the liquids. Dialysis was tested but abandoned. The treatment with HCl was also tested in
Uppsala, and with certain precautions also successful. (Taylor [1987:60] has a schematic descrip-
tion.) The Longin (1971) method was widely used but often in some modified form. Brown et a.
(1988) were able to increase the yield and consequently improve the purification using ultrafiltra-
tion. Treatments in some laboratories with other methods have been developed, partly to suit AMS
measurements and partly to remove contaminants. Gillespie and Hedges (1983) isolated and used
chromatographic purification of amino acids from bones and tooth collagen. The method was also
used for lipids from sediments and cellulose and glucose from wood, paper, parchments, and tex-
tiles. Gurfinkel (1987) wanted to be able to produce reliable dates by learning about the contami-
nants. He compared 4 methods and used good-quality, weathered, spongy bone. Since his samples
were Arctic, the collagen was well preserved. Measurements had to be interpreted with caution,
especialy since a weathered sample seemed to be affected by contaminants difficult to remove.
Stafford et al. (1987) isolated still more fractions and confirmed that bone material easily yield
wrong ages because of contaminants. They recommend XAD treatment to remove humates and to
isolate individual amino acids from hydrolyzed protein or purified peptides.

Aquatic Plants

Aquatic plants cause problems, as understood already before the 14C method was devised (see Craig
1954:132), since they were shown to be able to utilize CO, and a so bicarbonate in photosynthesis.
Various plants may behave differently. The moss Fontinalis is amost unable to use bicarbonate,
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according to the survey by Steemann Nielsen (1946). He studied Myriophyllum and gave references
back to 1907 and 1910. Wium-Andersen (1971) studied Lobelia dortmanna utilizing CO, diffusing
into the roots up to the leaves and there used for photosynthesis. Sand-Jensen and Prahl (1982) con-
tinued the studies stressing the gas transport via the lacunae—oxygen down to the roots and rhi-
zomes, CO, from roots to leaves. Sendergaard and Sand-Jensen (1979) studied Littorella uniflora.
They used C to determine the time-coursein their experiments. Theindividual plants behaved dif-
ferently depending on the root development in sand and mud. The sand plants had alarger area. Stir-
ring, affecting the CO, concentration around the roots, was positive for the uptake. In the light of the
different pathways and waters, Smith and Walker (1980) concluded that an unstirred layer of thelig-
uid, where the plants grew, is an important factor in the rate limitation of CO, fixation aswell asthe
assimilation of HCO4™. Species like Myriophyllum spicatum, Potamogeton lucens, Ceratophyllum
demersum, Elodea, and Chara corallina wereincluded in the discussion of diffusion of CO, and still
othersin the membrane transport of HCO;™. Also, the question of the possibility of C, photosynthe-
sisin aquatic plants was raised. Calder and Parker (1973) studied the fractionation of 13C in blue-
green algae and reported that increasing availability of CO, resulted in greater fractionation above a
minimum level of 0.2% in air.

14C SAMPLES, DATES, AND THE RESERVOIR EFFECT

Since the relative 1*C content in waters is usually lower than in the contemporaneous atmospheric
CO, (the reservoir effect), the sediments and organic materials in waters will as arule be dated too
old. The apparent age will aso be affected by contamination and effects discussed above and below
and by the sources—as dissolved CO, and bicarbonate. Leaves falling into a lake may cause the
apparent age of the sediment to be lower in parts near the shores than in the midst of the lake. The
supply of dissolved humusfrom anearby bog or fen may cause the sediment near the shore to appear
too old. Similarly, emergent plant existence will affect the 1C content of sediment in the actual part
of the lake.

Overbeck et al. (1959:42—3) warned against downward movement of humic acid in peat. As acon-
sequence, for years laboratories preferred dating the INS fraction of peat. When results from SOL
and INS fractions were compared and analyzed, the results revealed, however, that the SOL fraction
often yielded the most reliable age. The INS fraction was often affected by old material. A question
toberaisedis, for example, whether graphiteis present in the actual area. The ash content after com-
bustion is thus of interest in discussions whether the dates are reliable or not, but the warning that
the ash might contain diatom remains has to be remembered (Olsson and Florin 1980).

Olsson (1999a) summarized what had been written about the reservoir effect and how it had been
determined throughout the years. She al so stated that the hardwater effect isaspecial case of theres-
ervoir effect and that areservoir effect always is expected even in softwater lakes, although mostly
less obvious than in hardwater lakes. It is the ratio between 14C and the stable carbon isotopes that
determines whether there is areservoir effect or not.

The apparent reservoir effect for sediments was early determined using 2 methods. Willkomm and
Erlenkeuser (1973) presented results between 0 and 1600 #C yr for 22 lakes. Olsson and Florin
(1980) used extrapolation to the surface but al so applied a correction for the density due to the lesser
amount of compaction close to the surface than deep in the core. They also compared the dates for
adistinct pollen-analytical level in alake with that in an adjacent peat deposit. To avoid the prob-
lemswith reservoir effect, roots and contamination by graphitein sediments, terrestrial macrofossils
(as leaf remains) were picked and dated in some laboratories. Pine needles are rather resistant and
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can be present at wrong levels as contaminants. Pollen, dated using the modern AM Stechnique, are
a so resistant, and may be helpful but also cause troubles as contaminants. When land uplift is stud-
ied in connection with the transition from salt- to brackish- to fresh-water sediment, another possi-
bility for studies of the reservoir effect opens up. Erosion, bioturbation, and penetrating roots should
be considered. Checks with 219Pb to prove that the top sediment is recent together with dates from
layers somewhat down in the sediment may yield an approximate reservoir age (Olsson et al. 1983).

In hardwater areas, there is an apparent risk for the reservoir effect to decrease with time due to
leaching, which Geyh et a. (1970, 1971) demonstrated for Lake Schleinsee.

Under favorable conditions, yearly lamina allow C dates to be compared with absolute dates. This
is similar to wiggle-matching between tree-ring dates and sediment. It is then recalled that the pat-
tern for sediment is somewhat smoothed.

The classical explanation for the marine reservoir effect was given using a smple box model. The
deep ocean is a big mixed reservoir, aimost 100 times bigger than the surface mixed layer. When
some CO; is exchanged between the boxes (aslow process), the percentage for the deep layer is cor-
respondingly lower. The residence time in the deep layer islong enough to allow some radioactive
decay to occur, so that the deep water will appear older than the surface layer, and this will appear
older than the atmosphere.

For the marine reservoir effect of organic material, an age comparison with well-dated contempora-
neous terrestrial material was commonly used. The same appliesto well-documented samples from
museums. Some whale species can cover large areas; thus, integrated results can be obtained. For
shells, there is a depth dependence in their habitat. A latitude dependence for shells along the Nor-
wegian coast was determined by Mangerud and Gulliksen (1975) based on shells, further discussed
by Olsson (1980b) together with more samples from Nordic countries. A summary of results based
on simple models was given by Birkenmajer and Olsson (1998). For sea animals, the interpretation
must include a consideration of their own age and that deriving from the food as fish and seals. Polar
bears may eat berries and meat (e.g. from musk ox). Eskimoes (Inuits) collecting birds that were not
fed on fish from the sea besides normal seafood will exhibit a lower reservoir age than if they feed
from pure seafood. Tauber (1979) measured the activity and 8*3C of several marine mammals, tested
normalization to the accepted value —25%. and to 0%.. He also tried to correct for the industrial
effect. He discussed samples from AD 1750 + 50; 1886; 1900 + 50 and later.

Complications arise at fjords that have hardwater supplies with low relative “C content (Heier-
Nielsen et al. 1995). Another problem considered is displaced samples (see above), e.g. from higher
levels, deposited samples behind storm ridges, in shell mounds or even mollusks carried dive by
birds collecting food with the intention to eat the flesh at another place (Feyling-Hanssen, private
communication; Olsson 1993a:217).

The early results for the marine reservoir age were thus based on samples from rather recent times,
but box models have been used for discussing the exchange between atmospheric CO, and surface
seawater and to the deep water. A smoothing effect is considered for the transfer between the boxes.
Olsson (19800:664) “aimed to arrive at areservoir effect that is not affected by short-term fluctua-
tions of radiocarbon in the atmosphere.” The age range could then be extended (Stuiver et al.
1986b). Their work started with a box-diffusion model from the 1970s. The mixed layer, ~75m, and
the deep layer exhibit an age difference determined on planktonic and benthic organisms. The res-
ervoir age, R, could then be handled as varying with time, R(t), and the biosphere could be described
as 2 reservoirs. The differences between the regions were plotted on a map.
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ORIGIN OF CARBON AND SPECIAL TYPES OF SAMPLES

313C values mirror the diet. Tauber (1981, 1983a) demonstrated that humans from coastal sites had
a13C content similar to that for eskimos, and he concluded that an important share of the diet was
fish, overlooked by the archaeologists while sieving. Bender (1968) and Lowdon (1969) wrote
about isotopic fractionation in corn. The 813C of collagen from people in North America (van der
Merwe and Vogel 1978) revealed achangein diet to corn (Zea mays). Thiswas dated in the normal

way.

Bumsted (1984) stated in her thesis that we still knew too little about the human carbon cycle. The
collagen isinert as far as we know today. Her schematic illustration was: menu to meal, to dietary
composition, to nutrition, to midden. She presented evidence that §13C could be different for males
and females and that the distribution was not normal. This could be due to some biological factor—
not necessarily the food. In al studies, the sex, age, and health should be given, if possible. In past
literature, scrutinized in her study, it was also confirmed that the chemistry used could differ from
laboratory to laboratory. The components of the diet will vary during the life cycle. The enrichment
goesin severa steps and we know too little about the metabolism. Since 13C reacts slower than 12C,
the tissues get different 813C, not only dependent on the diet. Another factor isthat the relative share
between, for example, lipids and protein varies. The meat could derive from bison eating C, grass.
The percentage of Zea mays cannot be given with any accuracy because it was not known well
enough.

Badaet al. (1987 and references therein) argued that some tissues are considered to be inert. Monkey
eye-lens nuclear proteins is one example and narwhal tusk growth layer organic material is another.
Thetusk derives from Northern Baffin Island, Canada, but we do not know the migratory and feed-
ing behavior. The authors wrote that the activity was depleted and that Tauber (1979) similarly
found a depleted activity in tissues from polar marine mammals and birds. But 3 of Tauber’s sam-
ples were from Greenland (1 was apolar bear) and 1 from Denmark. Tauber also included 2 Eskimo
samples from Greenland and 2 polar bear samples, measured in Lund (1 from Spitsbergen and 1
from eastern Greenland). The A*C valuesfell in the range from —56 to —73%o (apparent age range:
430-590 1C yr). Tauber also tried to make a correction for industrial effect. It was clear that these
figures mean a lower apparent age than for the tusk from Canada. Olsson (1980b) has a still lower
apparent reservoir age for Scandinavia than Tauber for Greenland (the 2 sets of results normalized
in the same manner). It would have been a natural step in the Bada et al. (1987) discussion of the
tusk samplesto check with the values given by Stuiver et a. (1986b:1017). Their 3 values, deriving
from Trondheim, give results from Ellesmere Island that are significantly lower activity than for
those from NE Greenland.

Carbon Isotopes: Growth Area and the Origin of Samples and Products

Bergqui st (1964) made experimentsindicating asmall absorption of CO, also by roots. The question
was then if such an effect could affect normal dating of terrestrial material. Broecker and Olson
[1960:712, 720-1] also reported different activities for contemporaneous samples. They wrote that
the possibility of uptake by roots should be discussed.

Results from Arizona on various samples from Montezuma Well, a sink in freshwater limestone
with hardwater (Damon et al. 1964; Haynes et al. 1966), showed such differencesin activity that the
possibility of uptake by roots had to be considered further. Remains of Potamogeton illinoensis,
modern Chara sp. (from 1963), modern Potamogeton illinoensis (from 1964), and water had activ-
ities, between about 4.7% and 11.6% modern. Tufa carbonate (organic and inorganic) as well as a
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turtle were similarly deficient in 14C in comparison with modern emergent Scirpus and Populus fre-
monti leaves. The latter 2 were significantly lower in activity than 2 grass samples.

Inspired by earlier results, Olsson started experiments by growing tomatoes in buckets outside the
laboratory (Olsson 1972a:19, 1979b; Olsson et al. 1972). There were more results not published. To
2 of the buckets, 1*C and 12C were added, deriving from the half-life measurement and the calcare-
ous island Oland, respectively. Different parts of the plants and fractions of these (SOL and INS)
were analyzed. The INS fraction of the rootsin the 12C bucket indicated adlightly lower activity, but
the SOL a significantly lower activity than normal. The INS fraction of the roots in the C bucket
had a significantly higher activity than normal.

Leaves from Salix and Betula collected on the same day in June 1968 at 2 very different sites—1
close to Uppsala with softwater soil and 1 on Oland with hardwater soil—and measured 6 samples
with AC results within the range 588 + 8 to 623 + 9%. (Olsson et al. 1972). No extreme activity
was thus detected here, considering the limits of uncertainty. Nor could any difference due to the
hardwater ground conditions be detected by the Finnish laboratory measuring modern Betula leaves,
and leaves from the annular emergent plants Carex and Phragmites communis from the shores of a
calcareous pond at Loppi, south Finland, according to a study in Otaniemi (Heikkinen et al. 1974;
Heikkinen and Aik&a 1977). Tauber (1983b) studied the possible uptake using tree rings of Fagus
sylvatica from an extremely calcareous area in Zealand, Denmark, and compared the results with
those from an area with normal conditions as well as with activities given by Stuiver (1982). The
time span was from AD 1850 to 1940. Tauber could not detect any significant difference between
the activities.

Carbonates as Eggshells, Mortar, and Marlekor

When confronted with material such as ostrich eggshells, questions were rai sed as to whether food,
contaminants in the food, or shells given to improve the digestion could contribute to an apparent
age. Long et al. (1983) surveyed the literature and performed feeding experiments, compared the
minor organic fraction, mainly protein, with the carbonate fraction. The experiments were organized
so that the carbonate was“ dead” and the organic part of thefeed “modern.” In one case, the carbonate
fraction of the feed was ~22% and in another ~11%. The organic fraction of the eggs was 13C-
depleted with 10%. relative to the feed, but the carbonate fraction had approximately the same 13C
content as the feed. The shell carbonate was supposed to derive from dissolved inorganic carbon in
the blood plasma, and this derives almost compl etely from the feed. Although there are questions not
yet resolved, the conclusion isthat 1C dates on eggshell carbonates require little or no correction.

Freundlich et al. (1989) dated ostrich eggshells, without 3C normalization, and charcoal. As a
mean, there was an age difference of 400 + 50 yr, the eggshells being younger. But with an expected
813C value close to O for the carbonate, a normalization would bring the results to the same value.
The authors write that the CO,, according to the literature, is metabolic and generated in the shell
gland—the site of the egg formation. The 813C val ues should thus be dependent on the feed, mostly
C; in Germany and C, plantsin the USA. Fish might also be given and the §'3C val ues affected.

Mortar dating was tried with some success in various laboratories, including in Gif-sur-Yvette
(France), presented at the 6th conference in 1965, and in Austin (Texas), presented at the 9thin Los
Angelesand LaJolla. The basic assumption isthat limestone is heated to release CO, and yield lime
(Ca0), which is mixed with e.g. sand, the aggregate. Then, water is added to yield a carbonate
together with CO, absorbed from the air, the hardening. Complications such as an incomplete
release of CO, from the initial carbonate, a Slow or even not complete hardening process and any
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carbonate, e.g. marble, added together or instead of the sand are obvious. Some laboratories failed
totally. An improvement was seen when the mortar was separated from the aggregate (Folk and Val-
astro 1979). A few years later, van Strydonck et al. (1983) and Sonninen et al. (1985), using essen-
tially the same method, had problems and stressed the importance of selecting good samples. Sur-
face mortar can dry in weeks, but mortar inside a thick wall may need years or even >100 yr.

Carbonates may be dissolved and redeposited as marlekor. We got a 60-g sample from Beatelund
(Olsson 1993a:215-6), a Quaternary concretion ~1.4 cm thick, which looked like a dlice of bread
with asurface of about 6 x 3 cm, but did not know whether it had grown from athin central layer or
kernel or whether it represented successive horizontal layers. It was said to contain 74% CaCO;. We
treated the sample as ashell, thusinitially leaching it with HCI to clean the surface and then contin-
ued the leaching to get 4 fractions—30%, 30%, 17% and 23%, respectively, as measured by the
yield of gas—dated at 6730 + 130, 7590 + 120, and 7660 * 140 (remeasured at 7850+280/—270 in
another counter after 3 months), and 8230 + 120, respectively. The 4th fraction was obtained after a
break when the remains (13.5 g) were slightly cleaned by leaching before continuation. The §13C
values were the same within the limits of error at the time for measurements, in 1971. The carbonate
was apparently deposited during a very long time. The “cake” did not date the actual level in the
clay. The fractions should, in this case, not be regarded as strictly outermost to innermost.

Lichen

For lichen (see Olsson et a. 1984), we must consider the symbiosis between fungi and algae and that
the nutrients derive from the latter, but al so that the water involved may have areservoir age. Lichen
deteriorates easily and the material may be reused. At seashores, the droppings from birds, enhanc-
ing the growth, may contribute low-activity carbon. Lichen living on rocks enhance the weathering.
In the case of available carbonates, their activity may be affected. Besides these effects, one should
also consider that the assimilation, and thus the growth, for long-lived fruticose lichens takes place
in the upper parts. The apparent age may therefore vary for different parts of a single specimen.
Some lichen species are long-lived with alifetime of hundreds of years, while others are short-lived
with lifetimes amounting to only tens of yearsor less. When dating our samples, we used the organic
fraction, about 1/4 of asample, mainly thelichen Sereocaulon, after normal pretreatment. Very little
was extracted as SOL fraction. Most of our samples from Kongsgya, Svalbard, hovered around 775
14C yr with a spread of +175 4C yr, athough o calculated from the individual uncertainties indi-
cated an expected spread of +25 14C yr. This indicates a period. One sample measured on the whole
lichen (top, base, and size fractions) indicated a spread of +140 '4C yr, dthough the individual
uncertainties indicated +85 1“C yr. Another sample dated on different partsindicated arange of 345
14C yr—almost 4 ¢. Still another sample did not get any difference in apparent age between top and
base. Two living lichen samples must have started growing well before AD 1950 to judge from a
low, although apparent, atomic bomb activity. The long-lived type seemed confirmed. The top of
one of them seemed younger than the mean for that sample confirming the growth pattern given
above. Two check-samples from Uppland, Sweden, on another species, collected in 1983, indicated
alifetime of about 5 yr. The conclusion, considering the results and the calibrating curve at that time
(Stuiver 1982), isthat it seemed impossible to calibrate the results in a normal way. What age with
what uncertainties should be subtracted before the calibration?

14C in Plants and Alcoholic Beverages: Forensic Research, Local, and Regional Effects

The global increase of 14C activity in the atmosphere due to nuclear tests (the atomic bomb effect)
has been used asatracer in various studies and istherefore of great interest. Besides CO, assimilated
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by plants, stored in tree rings, recently absorbed in a basic solution on a tray, or forced through a
solution and on molecular sieves, one can use C assimilated by plants and stored in well-docu-
mented beverages and in that way go further back to study also the industrial effect (the Suess
effect). Walton et al. (1967) wrote that whiskey could be used for this documentation. Malt whiskey
isproduced using barley with known origin and yeast acting as a catalyst; the contribution of carbon
from water should be negligible. For blended whiskey, however, the origin may be less known. Sim-
ilarly, the origin and age of vintage wine should be well known. Baxter et a. (1969) found a good
correlation between their malt whiskey values and those from Copenhagen on Danish ceredls,
athough the growth period may be slightly different. They also got values back to the 1930s. The
Glasgow group then extended the period back to 1897 and the area to Portugal, France, and even
Australia using vintage wine (Baxter and Walton 1970). Seeds of various species and known ages
have a so been used. Plant values al so reflect the daily variations due to assimilation and respiration.

A risk for falsification is apparent; thus, 6**C and 3*4C measurements have been used in forensic
contexts. de Vries measured C content to distinguish material made from modern plants from
articifally made from coal. He tested, for exampl e, the 2 isotopes on vanilla. Determinations on wine
may revea an admixture of synthetic alcohol without *C. Similarly, Dauchot-Dehon and Heylen
(1979) could detect afalsification of vinegar from 1970. Two samples out of 9 had much too low an
activity to be produced from wine. When the cheaters learned to avoid old carbon, the laboratories
could check whether the 13C content could reveal the origin of the suspect product. Similarly, Evin
et al. (1983:62) could, with §13C and A'*C values, determine that a series of samplesindicated syn-
thetic products mixed with natural components.

Beverages have also been used to check whether any *4C has been released from the various nuclear
installations in amounts harmful for people. Concerns were expressed in the 1970s and 80s about
this possibility. A study from Bratislava began in 1967 (Povinec et a. 1986) that allowed a long-
term comparison with activities determined by the Heidelberg laboratory. In the Bratislava area, the
activity was 3-4% lower than for the so-called clean air. In the atmosphere surrounding the heavy-
water reactor, starting at the end of 1972, the 1“C activity increased, with ~25% as amean but varied
alot, when the atomic bomb effect had declined to around 300%.. Results using wine samples nor-
mally agree with atmospheric samples from the same areawhen the growth period is considered. No
extra'*C released at the test in 1945 of the fission bomb could be detected.

Even if researchers speak about a clean-air **C level, thisis hardly achieved because of the use of
fossil fuels, devoid of “C, and emission of 1“C from reactors, depending on the type of reactor. The
level has been recorded all over the world since the end of the 1950s. The Heidel berg laboratory col-
lected not only CO, but also hydrocarbons at boiling water reactors (BWR) and pressurized water
reactors (PWR) (Levin et al. 1980; Segl et al. 1983). CO, isaweak source at PWRs, emitting mainly
hydrocarbons. There is also little CO, emitted from the soil. Mainly, *CO, is emitted at BWRs. At
the conference in Trondheim, there were contributions about release from the nuclear power plants
in Yugodlavia and Czechoslovakia. Some results are given in Radiocarbon [31(3):747-85] from
Switzerland, Hungary, Yugoslavia, Czechoslovakia, and Austria. The local input is generally low
for samples collected during some years. Release of *°C was studied in Poland for a few years at
Krakow (Kuc 1986) and in Upper Silesian urban areas.

Since fruits seem suitable for samples from a well-defined year, hawthorn berries were chosen by
Otlet et al. (1983) for studies of the dispersion at Sellafield. It was shown that apples were produced
by photosynthesis in the surrounding leaves. Shoots and tree-rings may contain material from the
previous year, especially in early spring, and grass has a short growth period.
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Aerosols, Dispersion, and Possible Impact from Nuclear Installations

The concerns expressed in the 1970s and 80s regarding the release of C from nuclear installations
affecting our health included the accumulated dose. To collect samples from earlier times, one used
plant material astreerings, but also alcoholic beverages of well-known origin.

Closely related to dose estimates are studies of dispersion of aerosols. That was done at National
Bureau of Standards (now NIST) by Currie and coworkers and reported at 1*C conferences from
1976 and onwards. Determinations of nature, origin, dispersion, and occurrence are of importance,
not only C. The 13C content is of value, although limited, because of overlapping ranges for spe-
cies. Since small samples are involved, small counters were developed, but the AM S technique has
facilitated these measurements. The carbonaceous component is of special interest, because of its
anthropogenic and natural origin. It may be gases affecting the greenhouse effect directly or indi-
rectly by chemical reactions. Particles affect the albedo and the cloud formation. The size can tell us
something about the origin.

McCartney et al. (1986) tried to test different box models from a 1-box model to the Oeschger et al.
(1975) diffusion model to predict future individual and collective doses up to AD 2050. Then, 4C
releases and the Suess effect counteract each other. Although the net effect of aforest clearance has
asmall influence on the activity, it is an important factor in the global carbon cycle, and thus for the
climate. The dispersion models had to be improved and therefore be studied together with meteoro-
logical data. Measurements on samples from the Sellafield area were of interest. The Gaussian
plume atmospheric dispersion model was seen to predict valuesin agreement with observed onesfor
Cambrian grass samples, but the hawthorn values (Otlet et al. 1983) deviated (slope and extrapola-
tion to infinite distance) in plots of activity as a function of the distance. This indicates a weakness
in the model, or results or different release rates. The conclusion was that the rel ease of 1C from the
Sellafield plant was significant, but the impact on the local population negligible, although the col-
lective-dose commitment is large compared with that from other nuclides because of the long half-
life.

14C and 3C in Human Tissues and in Food

The bomb effect was tested by Broecker et al. (1959) in lung tissue, blood, and respiratory CO, and
compared with that in the atmosphere. Apparently, the metabolism may play arole but also the food,
since much of our food reflects the activity in a preceding year. Broecker and Olson (1960) in their
discussions on differing activity results for contemporaneous tree leaves raised a question whether
there could be a possibility for introduction of carbon via roots. They used a 10-box model with
exchange between stratosphere and troposphere; troposphere and surface sea waters; Antarctic and
Pacific and Indian deep water; and Arctic and deep Atlantic and Antarctic waters. Therapid increase
of the stratospheric 14C from 1958 to 1959, due to Russian tests during the fall of 1958, was sug-
gested to be dueto testsin the Arctic instead of in the equatorial Pacific. The authors predicted AC
values up to the year 2000 for the troposphere and surface water. They described how the bomb 4C
could be used as tracer in soil science, biochemistry, limnology, and oceanography.

Thetests performed in 1961 and 1962 released about 2/3 of the energy since 1955. This has allowed
transfer studies using various box models. Nydal et a. (1971) used a 5-box model where the bio-
sphere was divided in half—21 with long residence time and 1 together with the troposphere. The
authors also accepted a direct exchange between deep water and the troposphere plus part of the bio-
sphere. Their measurements from 1962 to 1969 were made on hair from a boy, born in 1962, and
total blood from 2 women, both 26 yr old in 1963. In their diagram, they inserted results on human
tissues from the Northern and the Southern hemispheres, given by other researchers.
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The results of the studies, in crude figures, was a delay time of about 1.4 yr after the food wasin
equilibrium with the atmosphere and thereafter a mean lifetime of about 10 yr in humans. This did
not apply to bone and cartilage. Similar studies were done (e.g. Stenhouse and Baxter 1977). Details
regarding the diet and the growth of tissues were considered. The marked difference in activity, at
death in 1969, between tissues on one hand and bone mineral as well as bone collagen on the other,
was documented by Harkness and Walton (1972) for a 37-yr-old woman.

The atomic bomb peak was used for dating the growth layers of gallstones. One must consider the
delay for food from being in equilibrium with the atmosphere until it enters the blood and the lungs.
The growth time for the chemical substances, mainly cholesterols and bile pigment, can then be
determined by 14C dating (Druffel and Mok 1983). When a stone is cut, concentric rings may be
seen, which can be used when sel ecting samples for the dating. If the dates as a function of time can
be correlated to an activity curve for diet plus residence time for blood, etc., as a function of time,
the growth as a function of time can be determined. Druffel and Mok reported a stone growing for
about adecade, until its activity maximum, but it apparently was dormant until the patient was oper-
ated in 1975. The §'3C values went from —19.1 to —17.4. | could detect a peak activity in a stone, the
first one examined in Uppsala. The activity was well-constrained around the bomb peak. 13C values
ranged from —21.4 to —21.8.

313C values for human tissues from males and females of varying ages and varying causes of death
were given by Stenhouse and Baxter (1976:166-71) in connection with their *4C values for the
response to nuclear tests. The death years were 1971-3. Lyon and Baxter (1978) have a histogram
on ~80 tissue samples with arange from about —21 to —26%o. The authors cannot see any trend with
the type, sex, age, or disease. Since replicate analysisindicate a precision of +0.03%o, thereisasig-
nificant natural variability in the values. The other 3*3C values obtained in connection with bomb-
activity measurements have given a similar spread but even some heavier carbon.

Chernobyl: Regional Consequences

Theinjection of radioactive gases and deposition of fission products immediately after the Cherno-
byl accident (26 April 1986) has given us a time marker seen in snow profiles. An increased 14C
activity was detected in various material closeto e.g. Minsk. Fallout was reported early on from the
nuclear plant Forsmark in northern Uppland, where they first feared an accident there but found that
it was due to another source. The activity outdoors was indeed higher than indoors. At Studsvik,
south side of Stockholm, they soon detected fallout. The radioactive cloud went towards the Baltic,
Poland, Czechoslovakia, Austria, the Alps, United Kingdom, and even to the US. Where it rained,
radionuclides were washed out and entered the food. We thought we had better collect samples for
tracking any extra*C. At Smara, east of Uppsala, | collected rhubarb grown until May 4. The plant
was gtill like aball, as small as an egg at the start but grew to ~5 dm? at the end of exposure (Olsson
1989). Each of 3 fractions had adlightly higher activity than the atmospheric CO,. Since the general
trend for the atmospheric activity was a decrease, this may be due to a memory effect for the 8-yr-
old rhubarb plant—using nutrients stored in the roots from foregoing year(s) as seen for trees in
springtime. The weather was nice in Smarabut rainy in Uppsala, where G Possnert collected 2 sam-
ples one after the other on 29 April (foggy and hazy conditions for the first sample and clear sky for
the second) and one on 30 April (windy from the Atlantic) outside his office window, each for 1 hr.
He measured the activity, and there was a marked difference in activity between the samples. Kuc
(1987) collected CO,, routinely in 2-week cycles in Krakéw on a molecular sieve. By inserting 3
additional 2-day samplingsfrom 28 April to 5 May, he could ascertain an increase of ~9% abovethe
normal C level in 1986. It should be recalled, however, that this extra collection was performed at
aheight of 2 minstead of the normal one of 20 m.
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The statistics for background and oxalic acid for the actual period February to August 1986 was
quite good in my laboratory (Olsson 1988, 1989). The background showed a decreasing trend. We
took precautions to prevent contamination of the floor by changing shoes for a rather long time
before entering the laboratory. Pazdur and Zastawny (1987) got their counters severely contami-
nated by dust particles.

A student and | once tried to correlate extreme values with weather conditions according to notes
given by those collecting our samplesin Abisko and on Svalbard but failed at that time. | thought it
might be some scavenging effect.

Volcanic Effects, Tephrochronology, and Ice-Core Chronology

Gases released at volcanic eruptions can directly or indirectly affect 1*C datings. Besides that, ash
may be produced in enormous quantities and spread over large areasin directions determined by the
prevailing wind. For example, ash from Katla, Iceland, was detected in AD 1625 outside Iceland,;
from Askjain 1875, detected by bare eyes in Stockholm; and similarly from Heklain 1947 in Fin-
land, thus easily detected by anybody. The tephra (ash layers) are excellent time markers. Pumice
can float ashore and be used in land uplift studies. Microscopic studies of sediments can reveal many
more layers. A new dating method, tephrochronology, designed by Thorarinsson in the 1930s was
presented as a PhD thesis in Stockholm (Thorarinsson 1944), initialy for Iceland. It was a chronol-
ogy originally based on written sources as Landnamabok in Iceland and other sourcesin other coun-
tries, like that of Vesuvius, AD 79. It is recalled that an eruption occurred, as a mean, every 5 yr in
historic time in Iceland. Naturally, this chronology has been refined throughout time. The identifi-
cation of the layerswasfirst visua in field by color, grain-size analysis, stratigraphy, measurements
of layer thickness, and then chemistry and refractive index and search for trace elements. 14C was
sometimes used for a crude estimate. Since the emitted CO, is devoid of 14C, the gas might have
caused some “C dates to appear older than expected to judge from known evidence. Libby and
Libby (1973) discussed this possibility and concluded that such a dilution would have much less
influence than the industrial effect on aglobal scale.

Trees exposed to CO, diluted with CO, from volcanoes will get rings appearing older than contem-
poraneous rings. A famous example was given by Sulerzhitzky (1970) for a 40-yr-old tree, charred
and killed during an eruption. The outermost 8 rings appeared 1700 yr older than the innermost 16
and the next 8. The 8 rings from number 25 from the center appeared 800 yr ol der than the innermost
25. He detected avolcanic effect in several other samples, like gas, steam, and carbonates, even col-
lected kilometers away from the source. Close to the source, the activity of the gas approached zero,
although with a dlight admixture of atmospheric CO,.

Chatters et al. (1969) published results from fumaroles, even in considerable amounts a mile away
from the source. Figures for grass around some CO, vents and that for gas from the vent indicated
apparent ages of 13,000 yr or older (Silar 1976). In an areawith no eruptions in historical time but
with abundant hot springs and mofettes, 2 gas samples had almost no “C (Saupé et al. 1980) and liv-
ing plants apparent ages of afew hundredsto afew thousand years. Similar results were obtained by
Bruns et al. (1980) from the Eifel areaand from Palea/Thera.

In 1971, | was interested to know whether a volcanic effect might have affected the dates obtained
for samples from Iceland, which seemed too old according to the tradition. A real opportunity was
given at the eruption on Heimaey in winter 1973. Some results are summarized by Olsson (1979b;
1993a:218) and further discussed together with systematic studiesin alecture givenin 1990 (Olsson
1997) on, among other problems, the volcanic effect on Iceland and other possible natural effects
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over alarger region. It was seen that in 1978 materials from Svalbard and I celand had alower activ-
ity than in Sweden; that emitted gas from the lavafield could have less 14C than the “normal” atmo-
sphere; and that gas collected in the basement of a house was almost devoid of 14C.

Small pertuburations of the global 14C activity are difficult to detect for the 1960s and first years of
the 1970s because of the seasonal variations of the atomic bomb effect. Olsson (1993b, 1997) has
diagrams on some activity values in the north from 1975 to spring 1989.

Another chronology, the ice-core chronology, was also developed and used together with 14C and
tephrochronology. The basic principleislayer counting for the youngest part and the use of ice-flow
models for the older part. Trace elements and isotopes show seasonal variations. Water with 160 is
more easily evaporated than that with 180. When precipitated at e.g. Greenland, the heavier H,1%0
is enriched in the snow and thus H,'80 in the vapor. As a consequence the i ce-core technique can be
used for climate studies like Dansgaard et a. (1970) demonstrated (e.g. Hammer et al. 1980, 1986).
In 1987, a colloquium was held in Gothenburg to el ucidate the problematic dating of the Thera/San-
torini event. Acidity measurement had given 1390 + 50 BC and frost rings 1626 BC (LaMarche and
Hirschboeck 1984). 1*C had also given a date earlier than that the archaeol ogists had favored. The
discussion was partly on the question whether results, outliers, should be omitted or kept, but given
with little weight. The date 1390 BC was later ascribed to another eruption. A new ice-core value
was published and available immediately before the colloquium started. It was 1645 + 7 yr BC, but
presented with aquestion mark (Hammer et al. 1987). In 1988, a scientific correspondence appeared
in Nature (p 401-2) with contributions from Manning (1988); Hammer et al. (1988), and Cadogan
(1988). The same year, Hughes (1988) writes that the estimated error limit given in 1987, 20 yr,
should be used at comparisons with the frost-ring result and that this in turn suffered from an arbi-
trarily inserted year “0.” The discussions went on for years in various journals.

MEASUREMENT AND CALIBRATION: SOME CONCEPTIONS

H de Vriestried to explain the variations of the 1*C concentration in the atmospheric CO, (de Vries
1958) as a consequence of climatic changes, seen as advances and retreats of glaciers. These secular
14C variations are commonly called the “de Vries effect.” Are these wiggles or wriggles? We saw in
the manuscripts for Nobel Symposium 12 that there was no consensus among the authors about that.
The solution was to take a vote and the word “wiggles” won. In 1969, the word “wriggles’ was,
however, used by some participants according to the published discussion (p 309-11) after Suess

paper.

Lingenfelter and Ramaty (1970) studied the time-dependent variations of the production rate of C.
They focused on the terrestrial and interplanetary magnetic fields affecting the gal actic cosmic rays
and fluxes of cosmic particles produced by solar flares and by variations of thelocal interstellar cos-
mic-ray flux produced by supernovas. The average production rate was determined to (2.2 + 0.4) 14C
cm2 s for solar cycles from 1937 to 1967.

It was known that the **C production could vary with about 30%, or even more, over an 11-yr cycle.
Box modelsfor 1C and the exchange between the atmosphere, mixed surface seawater, deep seawa-
ter, and biosphere were discussed and evaluated by many researchers. The exchange between the
reservoirs of CO, was a possibility to consider (Stuiver 1961, 1965). It is slow and with some delay
(Revelle and Suess 1957; Bien et al. 1963). Inspired by de Vries, Stuiver (1961) studied the relation-
ship between “C concentration and sunspot activity yielding short-term variations. These were
superimposed on long-term variations, not yet understood (Stuiver and Suess 1966). The exchanges
were explained in asimple way using an electrical scheme. The variations could also exhibit asmall
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latitude effect but were described as a worldwide phenomenon. A table for the latest 2000 yr was
given by Suess and Stuiver with values, from La Jollaand Yale, adjusted to the oxalic acid standard.
In such presentations, one should consider possible offsets between laboratories. A preliminary fig-
ure for that between La Jolla and Yale was expected and used, since La Jolla had wood (1870 to
1880) of afir from Oregon as standard. Schove (1955) participated in the discussions and had esti-
mated the sunspot number. The sunspot phenomenon was observed since over many years.

Another effect, the“ Suess effect” or industrial effect or fossil-fuel effect was suggested (Suess 1953,
1955) and acknowledged since the 1950s. Suess used proportional counting with acetylene (1954).
Theindustrial effect meant alowering of the 14C content in the atmosphere due to the use of fossil
fuels. It could be expected to be locality or region dependent unless the mixing was not very rapid.
It should be apparent from about AD 1850 and increase with time thereafter. The 14C variationswere
superimposed on the de Vries effect. The mixing over the Equator is relatively slow, like that over
the tropopause and that from the atmosphere to the mixed seawater layer. These are causes for the
oceanic reservoir effect. The relative surface of seawater in the Southern Hemisphere is also larger
than that of the Northern, so variations can be expected to be smoothed athough follow similar pat-
terns in the 2 hemispheres. M easurements had given that the activity for the Southern Hemisphere
was ~5%o lower than that for the Northern. Box models were used in several discussions at Nobel
Symposium 12. Bolin (1960) was a pioneer in that field. Fifteen years later, we got the very useful
box-diffusion model (Oeschger et a. 1975; Oeschger and Siegenthaler 1979). Suess writesin 1955
that the exchange for CO, with the ocean and the absorbed amount is greater than previously
assumed. Many results on the Suess effect were published throughout the years before Nobel Sym-
posium was held. Lerman et d. (1970) presented several new results from Alaska in the north to
Argentina in the south. Until the mid-1960s, the known activities were mostly determined on
counted tree rings and on some archaeologically known samples. It is evident, however, from dis-
cussion before, at, and after the Nobel Symposium, that some samples used for this purpose were not
well defined. The dendrochronology and the *C chronology were then devel oped in close collabo-
ration and that allowed calibration of the latter. The precision and age ranges were extended.
Already in mid-1960s, the De Geer varve chronology, originally developed a century ago (see
Fromm 1970), was used for crude estimates of “C activity variations. Stuiver included, in alecture
at Nobel Symposium 12, discussions on that chronology. It has later undergone several revisions
concerning the connection to present time and in parts of the country (Cato 1985; Strémberg 1985
and references therein). A symposium on the matter was held in 1984 in Stockholm (see Boreas
1985 14[2]:97-137).

The 3rd effect to be studied was the atomic bomb effect — the production of “C during tests of
nuclear weapons, which caused the **C content to increase with 100% at northern latitudes in Scan-
dinaviain 1963 and 1964 but dightly lessinthe US at least in 1963. The resistance against the trans-
fer between the different reservoirs, especially over the tropopause, was thought to be areason for a
latitude dependence. The tropopause movesin avertical direction. The mid-latitude gap between the
stratosphere and troposphere allows gases and particles to cross the barrier (M Unnich and Vogel
1963 and references therein). This, together with a following diffusion northwards and southwards,
were regarded to be the reasons for the summer maxima. The resistance against transfer over the
Equator caused the activity to be much lower and show less pronounced peaks in the Southern
Hemisphere than in the Northern. The difference decreased with time and was small aready in
1967. From about AD 1973, the difference is hardly seen (Nydal and L&vseth 1983). The tropo-
spheric activity was measured in several laboratories (e.g. Heidelberg, Trondheim, and Uppsala) in
Europe. We saw a slight delay between Svalbard and Abisko, when the activity went up and that the
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peak at Svalbard seemed to be dlightly lower than at Abisko. The stratospheric results were based on
collection on molecular sieves and indicated a much higher activity than in the troposphere.

Contamination in 1965 Due to a Limnological Experiment in Abisko

The strange peak in the Uppsala values in 1965 was due to contamination (Olsson and Stenberg
1967:73-7) caused by alimnologist breaking the rules, on 25 April, for work in Abisko. Instead of
being filtered in the main laboratory, the liquid in a bottle with an active sample, which had been
exposed in the lake, wasfiltered in asmall building, 150 m from the laboratory. On the roof of that
small building, we had our sampler during exposures; the tray was washed and the liquid stored in
this small building. We traced the possible contamination by scrutinizing the notes on the handling
of our samples for Abisko and Spitsbergen, from preparation of the NaOH until the gas preparation.
Our conclusion was that the reason for the main peak and the extra peaks was contamination viathe
saewage system and the air as a consequence of the filtering in “our” building.

Conventional Measurement of Radiocarbon

It was possiblefor Libby to detect natural 4C, in spite of itslow activity, since enrichment of sewage
methane was applied. He and his coworkers realized that the measurements for dating purposes
must be performed in another manner since otherwise it would be too expensive. They built a heavy
iron shield and installed Geiger countersin anticoincidence with their screen-wall Geiger counter, as
Andersen (1936) did, to be able to measure low activities. The efficiency was low since the black
carbon layer inside the counter wall had to be “infinitely thick.” Besides that, this carbon was easily
contaminated by radioactivity deriving from nuclear tests. The final step in the preparation was
grinding in an agate mortar (Libby 1955:51).

A few laboratories used similar setups, but the method was soon obsolete and gas-filled counters
weretaken in use—in the start with low pressure. Early in the 1950s, it was shown in Groningen (de
Vries and Barendsen 1953), Heidelberg, and Lower Hutt that sample CO, could be used as counter
gasin proportional counters at pressures above 1 atm. It could also be avoided that the sample came
in contact with the atmosphere after combustion. If Geigers were used, a quenching gas like CS,,
together with electronic quenching, was needed. Two other gases were commonly used: acetylene
(C,H,) and methane (CH,). Ethane (CgHg) was also tested in Hannover (Geyh 1967). Is there any
doubt how much carbon there isin ethane counting gas—how pureisthe ethane? The gases are sen-
sitive to electronegative impurities as determined in afew laboratories, e.g. by Brenninkmeijer and
Mook (1979), so the purification was studied and improved. For example, oxygen, water vapor, sul-
phur dioxide, and nitrogen oxides had to be removed. They attach the free electrons to form slow
negative ionsresulting in less well developed pulses or pulsestoo low to pass the threshold. Even if
CO, iswaorst, the other gases need more chemistry and thus there is a greater risk for isotopic frac-
tionation. Two or more carbon atoms in a molecule allows the possibility to use alower pressure.

Tans and Mook (1979) discussed the gas amplification and sensitivity to electronegative impurities.
The excited O, releases the electron after a short time, 5 x 10712 s, unless the O, is stabilized by a
collision with CO, within that time. They stated, for example, that electrons close to the wall suffer
more electron attachment than those close to the wire. They preferred quartz. Other detailsare given,
including safety precautionsin case the pressureistoo low. The shield and el ectronics are described.
The background is dependent on the filling pressure, but a memory effect was apparent even after 4
hr of pumping. It was not serious for oxalic acid because of the sequence chosen between the sam-
ples. Because of a barometric-pressure dependence of the background and the anti coi ncidence count
rates, and because of the sample activity, the dead time varied to necessitate a correction.
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The hydrogen must be free from tritium. Even if high pressures can be used, the decays will create
€l ectronegative impurities. When measuring high activities, like during the half-life measurements,
this was seen from changes of the characteristics for 14C compared to those for background.

An early purification method was to absorb CO, on hot CaO to form carbonate, let this cool down,
remove some of the impurities by pumping, and then decompose the carbonate at high temperature.
The heating in the laboratory was annoying and one of the causes that this method was abandoned
(de Vries and Barendsen 1954). The purification was accordingly improved by de Vries (1956a).
Another cause was radon, although radon also could derive from shells to be dated and the oxygen
used for combustion as checked in Uppsala (Olsson 1979a, 1988). The sample gas was usualy
stored for weeks to overcome that problem. But in some laboratories, an o. channel wasinstalled in
the electronics for checking or even correcting—a procedure that could be difficult. A batch of CaO
caused radon problems, but anew onedid not. de Vries (1957) even devel oped a method for removal
of radon using the different volatility of CO, and radon. This method was not commonly used, but
we used that in Uppsala besides having an eye on an o channel. Radon could also be deriving from
lead in the system. A new step, with active charcoal, was introduced later on in some laboratories.

Combustion bombs were introduced with the intention to give an aternative to the generally used
combustion and purification method designed by de Vries (1956a). The bombs were rather well
developed early in the 1970s (Burleigh 1973; Switsur 1973), although not commonly used.

Thereisabig variety of shapes of gas-filled proportional counters. In Bern, for example, the antico-
incidence was separated from the main counter by a mylar foil. Since such a foil may have low
mechanical stability and also absorb gas, which is difficult to remove, and to avoid amemory effect,
thefoil was replaced by wires. Using the common gas, the efficiency will be smaller than necessary.
Small counters were used, for example, in Brookhaven and Harwell (see Otlet and Evans 1983 and
references therein).

The configuration of the (anticoincidence) shield varied alot. Libby’s had the shape of an umbrella
(Libby 1955:Figure 11) with afew extras below the main counter. Mostly, the Geigers were placed
in aring, as a tube, around the main counter (or counters). Because the anticoincidence counters
often have sturdy walls, the geometry had to be considered. To avoid insensitive parts and as an
extra precaution, some extra counters were often used to cover the walls. Other researchers having
rather short anticoincidence counters were successful in placing extra anticoincidence counters at
the end of the main counter. We checked that we had counters long enough by moving the main
counter stepwise until the background was affected. In Groningen, 1 ring with Geigers seemed suf-
ficient. As early as 1952, a heavy layer between the main counter and the anticoincidence counter
was shown to reduce the background by absorbing gammas. Such a layer, independent whether it
was lead or mercury, was aso added in Groningen (de Vries and Barendsen 1954) and improved the
background. It is interesting to study their background diagram for 6 months (their Figure 3), which
de Vrieswanted analyzed. He was critical of their own statement that there were no significant indi-
cations for variations.

The anticoincidence shield eliminates nearly 100% of the hard component of the cosmic-ray contri-
bution to the background, and the heavy shield the greater part of the gammas, depending on the
mass and thickness of the shield. The concrete around the shield is aso of importance. Some radio-
activity may derive from the laboratory walls. Underground laboratories (Oeschger et al. 1979,
1981; for asurvey of low-level setups, see e.g. Gulliksen and Nydal 1979) were used. Concrete was
even chosen as well as the material for the shield. The lead could often derive from church roofs or
old guns, but the Swedish recent lead, Boliden B quality, was outstanding. Electrolytic copper was
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shown to have low contamination of radioactivity. Quartz was preferred instead of glass, which
often contained potassium. Since scintillation counters are efficient in detection of gammas, the
anticoincidence Geigers were replaced by scintillation countersin afew cases. Thus, the dead-time
increased because of the many counts, but the volume of the setups could be decreased.

de Vries (1956b) studied the background dependence on the barometric pressure. Indeed, he asked
me to help with that using the values from a barograph in a nearby drugstore. | simply tried a least-
squares analysis and thereafter a correction for barometric-pressure variations became a standard.
When testing a gas (propane) containing hydrogen, without any precautions to eliminate the soft
component of the cosmic rays, he got a higher background than he had with CO,. He aso placed
paraffin with boric acid on top of the shield and got a reduction of the background, but no reduction
when this was replaced by lead. Lead on top of the paraffin improved the background. A paraffin
isolator of the counter was removed and the background decreased. His conclusion wasthat paraffin
with boric acid should be built in inside the shield. The most probable source for the barometric
effect in conventional shields was the neutrons. Accordingly, we had alow barometric effect, which
disappeared when we moved from top of abuilding to aposition with 3 laboratory floors and an attic
above the shield.

Liquid scintillation counting was developed more or less in parallel with gas counting but started
later and in the beginning the development of the chemistry was the main interest, see e.g. Tamers
(1966) and Noakes et a. (1966). Benzene (CzHg) is commonly used as the sample solvent. The CO,
is converted viaa carbide to acetylene and this to benzene. The volume will be small. The necessary
shielding, during scintillator counting, resemblesthat for gas-filled counters. Geyh (1973) compared
proportional counters with liquid scintillation spectrometers. In 1967, Libby privately answered,
when asked by a new student what method should be chosen, that a chemist should choose liquid
scintillator counting but a physicist should choose gas counting, when establishing anew laboratory.
The vials with the samples can be cycled to achieve automatic registration of a desired sequence for
background, standard, and samples. Commercial equipment was developed. About 3 decades ago,
the AMS measurement technique was developed, which is outside the scope of these historical
ruminations (see Povinec et a., thisissue, for areview of AMS devel opments, among other topics).

Thermal -diffusion isotope enrichment has also been applied (see e.g. de Vries et a. 1956; Grootes
et al. 1975; Grootes 1977; Grootes and Stuiver 1979). Stuiver et al. (1978) and Erlenkeuser (1979).
Whenever enrichment is used, the uncertainties and problems are usually discussed.

Bern scientists (Oeschger et al. 1979 and references therein) discuss the rise-time discrimination
method; they had attempted to measure 3C/*2C with a tunable laser. Further discussions before the
modern calibrations appeared at the conference in Trondheim in 1985 and are reported below.

Around 1960, data on the activity for surface and deep water of the different oceans were published
(seeeg. Bien et a. 1963). The deep water of the Pacific Ocean, for example, was shown to have an
apparent age about twice that of the Atlantic. For the Pacific, there was a pronounced | atitude effect.

Stuiver and Suess (1966:535) discussed the relationship between 1“C ages and the true sample ages
and wrote that cosmic rays, and thus the *C production, were dependent on the solar activity and the
magnetic dipole moment. Another suggestion for possible variations was that uptake of carbon by
roots of plants could lead to small differences, although probably negligible for trees during normal
dating (see above). Suess (1968) a so discussed the AMC dependence on the production. Increasing
AMC corresponds to a quiet sun, while decreasing AC corresponds to alarge number of sunspots.
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From Suess' papers (1968, 1970b), it is evident that he had great help from J C Houtermansin dis-
cussing the response of the atmospheric CO, to the production rate of 14C.

Cadlibration curves, tables, and discussions were presented at Nobel Symposium 12 (e.g. Damon
1970; Damon et a. 1970; Michael and Ralph 1970; Ralph and Michael 1970; Suess 1970a,b).
Suess' manner to draw his curve was discussed. He said he did that by “ cosmic schwung” with many
kinks and wiggles to demonstrate the “most probable character” of variations of the 4C activity.
Suess (1979a:541-3) stresses that the C level may rise rapidly but go down slowly in the wiggles.
He writes (1980:205) that 1C rises by 1% in ~20 yr and decreases by 1% in slightly more than twice
that length of time. Suess (1979b) presents calibration data from measurements before August 1978.
He also includes references to results from some well-performing laboratories (de Jong et a. 1979).
An overview of the carbon cycle, chronologies, 1C variations, and causes was given by Damon et
al. (1978).

13C together with 4C in tree rings can be used for an estimate of the relationship between carbon
from fossil fuel and that from biomass (Stuiver 1978a). 13C in fossil fuel is about —25%o and that in
the atmosphere about —7%o, thus a difference of 18%.. 13C for biomass s also about —25%., since the
fraction in C, plants is normally small and that for natural gas also small although the '3C is more
negative. The Suess effect was about —2% in 1950, although the documented carbon injection had
been about 60 x 10° tons. The increase of the CO,, from 1850 until 1950, when the bombs till had
anegligible effect on the 14C level, was, however, about 10%. A great deal of the injection was sup-
posed to be stored in the vegetation or have gone to the sea. Thiswas studied by Stuiver (1978a) by
measurements on tree rings. He used a rather mild treatment and estimated the remaining amount of
lignin to less than 1%. Thislignin is about 4%. lighter in 13C than cellulose. The overall reduction of
13C was dlightly more than 1%. From the *C reduction, this was before the bomb, he could expect
a3C reduction of about 2% of 18%. until 1950, or 0.36. Extrapolated to 1970, it will be 0.7%o. After
removal of theindustrial effect in hisdata, he saw that the main reduction in the atmosphere and bio-
mass occurred between 1860 and 1930 and also amounted to 0.7%.. From this and extending the
time range for the Suess effect to 1970, he found that about double the amount of biomass had gone
to the seathan of fossil fuel. The documented injection of fossil fuel then yields an approximate fig-
ure of 120 x 10° tons for the net biomass release. Part has gone to the surface water and oceanic
gyres and part to the bottom water by direct exchange with Arctic and Antarctic water. Every year,
0.5% goesthisway. Using the box-diffusion model from 1975, hefinally concludesthat the biomass
injection has varied and that the same amount excess CO, has gone to the sea, at 1950, as stayed in
the atmosphere.

13C/12C was also studied in Groningen (Tans and Mook 1980). An old question was whether any
recycling could affect the ratio (Wickman 1952). If the CO, iswell mixed by wind, so the tree uses
the free air, this should be a small effect. The authors are, however, concerned about the possible
effect of temperature and precipitation, and that there is a 13C and CO, content variability of the
assimilated CO,. The tree species were oak and beech, whereas Stuiver (1978a) used Douglas fir.
The species used, when translocated resin with bomb activity and pretreated wood were discussed,
varied: Cain and Suess (1976) and Cain (1979) used oaks; Long et al. (1979: Table 1) used bristle-
cone pine and cellulose from AD 1855-1875, prepared from heartwood. They got a A*C value of
+2.29%o0, which seems to indicate an unexpected enrichment (curves by Stuiver 1978b, 1982). Ols-
son (1980a) got a heartwood and a sapwood sample from the same bristlecone pine to study the pre-
treatment and awood chemist investigated the extract in detail. It was a so confirmed that the com-
monly used NaOH treatment to remove extract should be extended to last “overnight.” The other
speciesinvestigated in Uppsalawere Pinus from Sweden and Fitzroya cupressoides from Argentina
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Some extracts and all holocellulose samples were prepared by wood chemists at Mo and Domsj6
AB, Ornskoldsvik. A careful NaOH treatment was as successful as the holocellulose preparation.
The wood chemists were, at the time for these studies and after discussions with other speciaists,
not prepared to draw conclusions about the metabolism. Olsson and Possnert (1992:761-2)
observed that the SOL fraction from early wood was lower in activity than that from the late wood
when the atmospheric activity was increasing because of the bomb, but that the opposite was true
when the activity was decreasing. We also suggested a memory effect due to storage of nutrientsin
the roots. Tans and Mook (1980) found that whole wood and wood after AAA treatment gave the
same 313C values; that the valuesin atree ring varied with the direction but followed the same pat-
tern for the 2 fractions; AAA treatment and cellulose gave aso the same pattern in different direc-
tions of aring but differed by ~1%o.; that the values across the rings were not the same in the 2 oppo-
site directions; that 813C in samples in a fiber hardly differed from each other. The authors put
forward the idea that some dissolved CO, or HCO5~ could be dislocated from the rootsto the leaves.

The “C production was early related to the number of sunspots (see above). These are found near
the solar equator, whereas solar wind is mainly located at the poles. The cosmic rays are deviated
because of magnetic fields, the neutron production affected and thus also the C production. The
magnetic field strength of the solar wind should thus be a factor to consider. The 4C content, as
measured in tree rings, was also related to the exchange between the reservoirs. The re-evaluations
(Stuiver and Quay 1980 and references therein) implied high-precision measurements. The produc-
tion related to the sunspot number, S, was given empirically in alinear equation with a negative
term, —0.00242S. Since the solar wind and the geomagnetic field interact, another linear equation
was used with aterm, Aaindices, reflecting the short-term random occurrence of magnetic activity
superimposed on along-term trend. The authors started from a 100-yr period and used the average
Aavdue to calculate a percentage change in the production in case of no solar wind (22.9%). The
value using the mean sunspot number during the same period and the earlier corresponding equation
for production yields the value 7% for the variance of sunspots. The value of about 30% is morein
accordance with measured variability. They used Douglas-fir tree samples. From the activity
increasein older rings by resin because of bombs, they could estimate that the influence by “ normal”
activity variations was of no importance when using the chosen pretreatment in this investigation.
As a byproduct, they even got good agreement between trees from Washington, Oregon, and Van-
couver Island. They mainly used decadal samples. The record was trandated to production rates. To
do that, the authors chose the Oeschger diffusion model with essentially the same figures for the
variables. They focused on the Maunder, Sporer, and Wolf minima with almost no sunspots. The
auroral observations were also of interest here and, together with sunspots, provided some evidence
for these minima. It is difficult to compare the present results, based on 860 yr as recorded in rings
until AD 1860, with earlier ones. The article by Lingenfelter and Ramaty (1970) covers, e.g. the
time 1937 to 1967 with fossil fuels reducing the *C level. The authors instead chose their own cal-
culations based on other results (see above), but extended in time. The uncertainties of neutron pro-
duction and used valuesin the Oeschger model can, however, explain adiscrepancy. The production
changes when time goes toward the Maunder minimum (about AD 1645-1715). This was inter-
preted as some remaining solar wind from the polar regions, although with little interaction with
Earth’s magnetosphere. They also wrote that the time for change from high to low production during
the Maunder minimum is different than that for the Spdrer minimum (about AD 1416-1534). The
authors consider the production rate to give information on solar wind conditions.

The 1C timescal e was checked by Stuiver (1978b) against other methods for some age ranges. For
the latest 4 centuries, he claimed a precision better than 2%.. He used the normal, although rather
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simple, pretreatment for most of the samples and because of that he regarded the uncertainty to be
less than 0.3%.. For samples older than from 1910, however, he used o cellulose. Many wiggles are
apparent. The curves presented 4 yr later (Stuiver 1982) coversthe AD time period, mostly decadal
samples but also single-year tree-ring samples for 2 periods, athough including afew points based
on 2 or 3 yr. These sets do not indicate an amplitude beyond 12-yr precision for an 11-yr cycle. It is
apparent that samples regarded as contemporaneous from different regions may yield different
activities when determined in different laboratories. At that time, it was believed that it might be a
bias effect except for the case with lower activity in the Southern Hemisphere. The agreement
between Seattle and Belfast is excellent (p 18-9). Still, the differences must be explained. Stuiver
al so suggests possible variance in the respective laboratories. Stuiver (1982:18) gives evidence for
bias for La Jolla against Seattle but also Seattle Sequoia against Seattle German oak. Such differ-
ences were reasons for studies of global variations and possibly corrections of the dendrodates. Still,
4 yr later (Stuiver and Becker 1986; Stuiver and Pearson 1986) presented their high-precision
curves. These curves are not quite compatible since each sample can represent asingle year up to 10
or even 20 yr. Internal replicate analyses reveal an error multiplier for Seattle of ~1.5 or 1.6 and for
Belfast of ~1.23. That was the upper limit for the reproducibility (p 806). The valuesfrom the 2 lab-
oratories can be used in the same diagrams since the offset is negligible.

At the Lower Hutt conference, Ralph and Michael (1973), using resultsin tabular form from Penn-
sylvaniaand Arizona, presented atable with the correction, without uncertainties, for samples older
than 3500 BC based on average deviations for 50-yr periods (or 100-yr periods). That choice of long
periods could cause problems since a change of 1 yr (midpoint of uncorrected date) may cause a
change of tens of yearsin the correction. The user also had to remember that the half-life 5730 was
used. Later, Ralph et al. (1973) presented a new MASCA table with shorter periods. Meanwhile,
Damon et al. (1973) based their diagrams on the same results plus results from Yale and presented
their conversion table based on their own new Arizonaresults using the 2 half-lives 5730 and 5570.
Their conversion table included also an uncertainty figure.

Many more calibration curves or tables were released. An elaborate table with diagrams was pre-
sented by Klein et al. (1982). It was constructed for ¢ values of 20, 50, 100, 150, 200, and 300. It
covers wood as old as 8000 yr. A table gives the systematic differences between the 5 laboratories:
A, GrN, Lj, P, and Yale. La Jolla has the smallest uncertainty, but its value is lower than the mean
and all the other 4 were higher. The next main step was the proceedings from Trondheim (Radiocar -
bon 28[2B]), published in 1986. Two calibration intervals were recommended (Stuiver and Pearson
1986; Pearson and Stuiver 1986). Stuiver et al. (1986a) presented some offsetsresultsand also adis-
cussion on Lake of the Clouds varves in the light of the revised Swedish varved clay chronology.
Stuiver and Reimer (1986) presented a computer calibration program. Others were released in par-
allel with new and revised calibration curves.

When the dendrochronology was extended, the age range for well-known samples for calibration
purposes could cover thousands of years. As an example, we can mention that Ferguson (1970) pre-
sented a Pinus aristata 7484-yr chronology at Nobel Symposium 12.

One calendar date correspondsto 1 *C date, but because of the wiggles, 1 1C date may correspond
to more than 1 calendar date. It was recommended to use a calibration curve built on samples cov-
ering about the same number of years asthe uncertainty of the sample covered (Mook 1983). A sin-
gle sample may give a great ambiguity at the interpretation. If, for example, alog is dated, a series
of samples may be selected and dated, each a few tree rings. The pattern of the varying ages com-
pared with that for corresponding agesin a calibration curve with wiggles can yield avery good and
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reliable age. This was done in a very sophisticated manner by Beer et a. (1979) using statistical
analysis and is called wiggle-matching.

The question of whether 14C is produced in situ in wood affecting normal samples results has been
on the agenda throughout all years. Radnell et a. (1979) wrote, after some experiments and theoret-
ical discussions, that the possible effect isinsignificant. Cain and Suess (1976) drew the same con-
clusion.

Some dates for calibration curves may have been in error apparently because of the 13C normaliza-
tion. Some AC peak values happen to coincide with extreme 13C values in some early curve for
which the used gas had been reburned to yield CO, for the mass spectrometer. Suess (1979a:540)
discarded results because of a memory effect. The pumping time between samples had been too
short. (Note: For references in some papers by Suess, the printing year for papers given at Nobel
Symposium 12 was given as 1971 instead of 1970.)

Regional and Global Variations: Some Considerations Based on After-Bomb Measurements
and Results on Tree Rings

An indication that the injection from the stratosphere to the troposphere may occur at high latitudes
and not only at mid-latitudes as recorded from radioactive fallout was seen by Olsson and Karlén
(1965). The “C increase in the springs of 1962-3 was 1/2 to 1 month later at Kapp Linné, Spitsber-
gen, than that at Abisko (78°04’N and 68°20.5'N, respectively). In 1962, the activity for Abisko was
lower than for Europe although the activity was much higher in 1960 and 1961 with a narrow peak
especially in 1961. Thisis compatible with an injection rather far in the north with arelatively small
areainvolved (Munnich and Vogel 1963 and references therein); results given by Ostlund and Eng-
strand (1963:220) and Godwin and Willis (1964:136). A contamination could, however, not be com-
pletely excluded. These early samples were prepared in Uppsala but measured in Heidelberg. The
activity valuesfor Spitsbergen were asamean almost 1%, but mostly between 0 and 3%, lower than
those from Abisko as long as sampling went on, until 1992, for the conventional laboratory in Upp-
sala. The sametendency was seen later for the samples collected for the AM S laboratory in Uppsala.
Additional atmospheric samples were collected on Iceland, Greenland, the Faroe Isles and Arctic
islands, partly as gas and partly as plants (Olsson 1993b).

In an effort to correl ate the 14C concentration with the geomagnetism, Kigoshi and Hasegawa (1966)
measured 27 samples from a trunk of cedar (Cryptomeria japonica). Three results were replicate
measurements done at different occasionsin the sequence, 24 were 20-yr samples and 3 were 10-yr
samples. The detector was a 6.8-L proportional counter filled to about 1 atm with acetylene. 13C was
measured on SrCO; for 7 samples before the SrO, preparation. If it was only the trend that should
be determined, it was right as they did—to exclude the uncertainty of the standard measurements at
the calculations of 6. They included the contribution from the voltage. Their A values, with ¢ values
in the range 2.8 to 3.6%o, are thus quite realistic, although the whole sequence could suffer from a
bias at comparisons with other sequences. They plotted 14 results from the Arizona laboratory
(Damon et al. 1963, 1964), also related to oxalic acid and **C normalized according to *C values on
some of the samples. From the plot, it seemed obvious that the Japanese values are more negative
than those from Arizona, by 0.5 to 1%. Their explanation was that there was a difference in the air
masses because of “alonger time of contact with the surface of the ocean.” This effect was called
“an idand effect.” The exchange between the troposphere and the mixed surface water varieson a
global scale, so such an effect may be possible. The expression may be inadequate in this case, since
we now can see from calibration tables based on decadal samples in the actual range (Stuiver et al.
1998), that the A values are in the range 11.5 + 1.2 to —25.3 + 1.2%o instead of the Arizona values
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used, each with ¢ values of 4—6%o.. The Japanese val ues were between —4.7 + 3.6 and —27.6 + 2.9%o.
The agerange hereislimited to AD 100 to 1550 to exclude the period with the pronounced wiggles
(Stuiver 1978b). Only 3 samples (A = 20; 9 and 1) out of the 12 from Arizona remained. A revised
comparison is needed before we can judge whether there is an activity deficiency or not for Yaku
Island.

An activity difference between samples from Canada and Washington was explained by Damon et
a. (1992) as releasing CO,, which had been trapped in frozen soil. Dorr and MUnnich (1986) had
written that such an outgassing was arealistic source for disturbing the natural level. The respiration
from roots adds modern carbon, whereas the turnover by decomposition of old organic material con-
tributes fossil carbon from the soil. In summer, the released gas is almost modern, but in winter it
may exhibit some deficiency in 14C, but excess if the material decomposed is affected by bomb car-
bon. In case the decomposed material is found at some depth, it certainly is depleted and the turn-
over may be slow. Activity variations over the year will be aredlity.

Starting in 1964, when performing pretreatment of the Argentine samples, we also intended to check
the activity. We hesitated since we lacked adendrochronol ogy. The ringswere checked, counted, and
their width measured by a specialist, pending a possible dendrochronology for the arealater on. The
whole project was performed in collaboration with scientistsin Bariloche, Groningen, and Uppsala.
The callection in the field was part of an educational program in Uppsala. The project was initiated
by de Waard in Groningen. The Dutch results (Lerman et al. 1970) yiel ded adeficiency of 4.5 + 1%o.
The Uppsalaresults (10 val ues representing 6 ages BP [Olsson 1999b:101], givenin atable, arefrom
600 to 660 BP and indicate significantly a lower activity than those given by Stuiver and Becker
(1993). Their 10 values are on 10-yr samples interlocated between 585 and 675 BP. Vogel et a.
(1986, 1993) compared activity results from South Africa (1840-1890) with those from the Nether-
lands (1835-1900). The differences in these 2 papers were both about 5% with uncertainties
approaching 1%o. calculated on rather scattered values. Some of the values from the Netherlands are
affected by theindustrial effect. Among other examplesgivenintheliterature, it should be noted that
it has been suggested that ENSO events have affected some results of some activity measurements.

INTERLABORATORY COMPARISONS UNTIL EARLY 1980s AND CONSEQUENCES
Tree Rings

The Glasgow |aboratory invited 30 laboratories out of the 100 listed in Radiocarbon at the time, and
20 participated in an international comparison. Of these, 3 were classified as high-precision labs.
The results were to be strictly anonymous (International Study Group 1982). Wood within 200-yr
growth was supplied to be dated as eight 10-yr samples. These should be pretreated by the partici-
pants, to yield cellulose according to arecipe. The chemical treatment proved to differ between the
participants, but special testsin 2 of the laboratories showed that this was not critical for the actual
rings. The spread of the results was greater than the quoted errors would imply. Besides bias,
removed or not removed and mostly positive for gas counters as agroup and negative for liquid scin-
tillation counters, the quoted errors had to be increased to quantify the observed variability. The
multiplication factor, in later comparisons often called K, was <1 for the 3 laboratories quoting
errors >80 yr. From a statistical point of view, it seems quite realistic to find some laboratories with
K values <1 especially since the given values, for ages and errors, were calculated and rounded
according to Stuiver and Polach (1977:357, 362). The final calculated val ues depended on what val-
ues the other laboratories gave. Instead of concluding that thisis due to overestimates of errors, one
should concludethat it is possible to reach values <1. All uncertainties, in the measurements, should
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be estimated before the final uncertainty is given to avoid underestimated systematical spread (bias)
between the |aboratories. Examples are given above.

The international comparisons have revealed that the uncertainties given by most laboratories on
age determinations are underestimated. It is not enough to include only the statistics from the num-
ber of decays. A thorough effort was taken by Olsson et al. (1962) and repeated by Olsson (1988:
189) to declare all possible statistical uncertainties and systematical contributionsto the final result.
Otlet (1979) discussed how the uncertainties for scintillation counters should be treated. Pearson
(1979) listed the errors as those deriving from statistics of counting; those associated with uncer-
tainty after proper corrections, those deriving from uncertainty of the reproducibility and the
assumption that the vial efficiency and background are constant. Pearson’s results rendered his scin-
tillator measurements as outstanding in quality. Similarly, Tans and Mook (1979) analyzed the
uncertaintiesfor the Groningen gas counters. Stuiver’s high-precision laboratory also added much to
the calibration.

Instead of the early practice of using afew resultsin the calculations for background and standard,
measured before and after asample, it is now regarded possible and necessary to use long periodsto
be ableto find proper figures for all possible corrections. For example, long-term drift in efficiency
can be revealed. Memory effects have also been detected. These can be due to too short evacuating
of the detectors between the samples. It was recommended to care about the sequence for measuring
the samples to eliminate that risk.

DATE LISTS, DATABASES, AND FORMS

In 1972 in Lower Hutt, the date lists were discussed. Many of the participants were of the opinion
that the publishing procedure was time consuming. In fact, | myself published my latest conven-
tional Uppsala list, XII, in 1978. The next one was never finished—partly since | felt | hadn’t
enough pertinent information on my forms to be submitted together with the samples, in spite of that
the submitters were asked to fill out my forms. Many laboratories had exchanged forms and
improved their own throughout the years. The forms are also useful when planning the pretreatment
and succession at the measurements to avoid possible memory effects and to discuss whether it was
meaningful to date the actual samples. A process to standardize the forms based on responses on a
survey started. Many of the laboratories were contacted. Naturally, the heads of the laboratories had
too many opinions about what was needed or wanted to get on such forms. It was suggested, for
example, that a full account should be provided by the submitter as well as pertinent information
such as photographs or particular observations. Some space was allocated for the dater. Many of the
submitters of sampleswould probably think that it was too much information to give in advance and
that they wanted to keep it to themsel ves until they were ready to publish and discussit. Other users
of dates may prefer more information. We must also remember that some laboratories are run com-
mercially or more or less on a service basis and others in collaboration with the submitters.

At Nobel Symposium 12, an archaeologist discussed a summary of uncertainties of 14C dating
(Neustupny 1970:24—29) and asked for greater accuracy. The aim for this symposium was partly to
scrutinize Egyptian samples used for *C dating concerning the background and reliability (Save-
Soderbergh and Olsson 1970). The Pharaonic chronology was outlined as well as the astronomical
dating. Results from different laboratories and on different material, taken as given in the literature,
show good statistics in some cases but not in all. S&ve-Soderbergh finds the dates for the Pharaonic
periods rather disappointing (p 50). In too many cases, samples have been used when the archaeo-
logical ageis not well determined (p 47). A general statement was that “one isolated sample or lab-
oratory dating is of little value.”
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