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INTERNATIONAL WORKSHOP OF INTERCOMPARISON OF
RADIOCARBON LABORATORIES
WELCOME
THE AIMS
THE PROGRAMME'
M S BAXTER

Scottish Universities Research and Reactor Centre, East Kilbride, Scotland, UK
On behalf of the organising committee, it is a great pleasure to welcome you all to this 14C
workshop and indeed to Scotland. The organising committee has already indicated its ability by
arranging sunshine for a place and time in which horizontal rain is more common. We plan to
build on this initial success by having an outstanding week of good science and pleasant social
activity. Scientifically, we have the opportunity firstly to look back and review previous research
on the accuracy and precision of 14C dates. Then we will hear and discuss some important new
results from the final stage of the present international intercomparison study. Finally, we will
discuss and plan mechanisms and procedures by which, in future, we can improve our general level
of performance. Paralleling this and of equal if not more importance, we have arranged a social
programme which we hope will give us the opportunity to eat and drink well together, see some
of the country, get to know each other better and discuss our science informally. So our hopes are
high and our welcome sincere.
However, in case everything goes wrong, I want you to know whom to blame. Or, put another
way, I would like to introduce you to the other members of the organising committee so that, if
you need help with anything - travel, accommodation, money, etc - you know to whom to turn.
So let me point out that the meeting, and indeed the international study, which underpins the
meeting, have been organised collaboratively among three laboratories here:
1. The person with whom you have had most contact and who has coordinated everything
is Marian. Scott of the University of Glasgow, Department of Statistics. The first international
intercomparison study almost a decade ago formed part of Marian's doctoral research. Marian now
spends a day or two each week here at East Kilbride, which is about 10 miles from the University
of Glasgow or, if Marian is driving, it is about 20 miles away - this being an "in" joke! Marian's
doctoral research long ago was co-supervised by Tom Aitchison and myself, and, since then, Tom
has retained his interest and involvement in 14C quality control and error assessment.
2. On site here in East Kilbride, we have two quite separate radiocarbon dating laboratories.
The first (but not necessarily the foremost!) of these is the radiocarbon laboratory of the UK's

'The editors concede, this one time, in retaining the `Briticisms' of Prof Baxter's opening and closing remarks
to recapture the atmosphere of the meeting!
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Natural Environment Research Council, this lab serving the UK's entire earth sciences' dating
research demand. This lab is headed by Doug Harkness, ably assisted by Brian Miller.
3. The second radiocarbon laboratory belongs to the Scottish Universities Research and
14C
lab being under the control of Gordon
Reactor Centre (SURRC), of which I am Director, the
14C
scientifically complement each other,
and
labs on site work closely together
Cook. The two
archaeology and environmental
Scottish
towards
Gordon's lab currently having a major remit
research.
Much better looking and more pleasant to talk to if you wish help are our two conference
secretaries, Margaret Kerr and Janet Walker. They will be `manning' the registration desk and
are here to assist wherever they can.
So that is the organising committee. The other crucial (if a little boring) information which
people in my current position have to announce is the list of sponsors of the meeting. It is true
to say, however, that, without the help of many organisations, the workshop could not have taken
place. Foremost of all our sponsors is the UK Science and Engineering Research Council (SERC),
which not only has contributed money towards the costs of this workshop but also, more
importantly, has entirely funded the international intercomparison study itself. Without SERC,
then, we would have little science to discuss here. The UK Natural Environment Research Council
has also contributed important funds to the meeting, as have the two equipment companies,
Pharmacia and Canberra-Packard, and the Scottish Development Agency. The National
Engineering Laboratory has generously donated these modern and lavish conference facilities and
the East Kilbride Development Corporation has provided conference folders, paper, pens,
information, etc. Finally, we thank, with considerable anticipation, Glasgow District Council who,
on Wednesday, will provide a Civic Reception and Banquet for us in Glasgow City Chambers.
I wish at this stage to comment a little bit on the science and, first, the history behind this
meeting. Why do we have three labs in this small part of western Scotland, each with a keen
interest in 14C dating? To find the roots we have to turn the clock back almost 25 years. At that
time, Dr Alan Walton, now Director of the IAEA's International Laboratory of Marine
Radioactivity in Monaco, arrived at the Chemistry Department, University of Glasgow, to take up
a Lectureship in Nuclear Geochemistry. Alan had previously been involved in radiocarbon
measurements at the National Physical Laboratory in England and at both Lamont-Doherty and
14C
studies at Glasgow, built two
Isotopes Incorporated in the States. He immediately began
students. When Doug
research
laboratories and Doug Harkness and myself were his first two
up the new NERC 14C
set
and
completed his doctoral research, he moved out here to East Kilbride
dating laboratory which has been outstandingly delivering the goods ever since. After a postdoc
period in USA, I took over Alan Walton's post at the University of Glasgow, Alan moving on to
Canada. My group in Glasgow generated a whole series of research students and assistants,
including Mike Stenhouse, who later worked with Hans Suess at La Jolla, and John Farmer, who
had a spell at Woods Hole Oceanographic Institution. The series of Glasgow students culminated
in Marian Scott and in our major interest in analytical variability. But, in fact, the interest in errors
began with the research student immediately preceding Marian, a fine chap called John Campbell.
One part of John's research was to analyse 24 replicate samples of homogenised old wood. While
his typical one-sigma statistical error, from counting alone, was around 40 years, his replicate error
was about twice this value. John then spent a lot of time looking unsuccessfully for sources of this
extra variability. Many of us have since attempted the same task. It is not obvious that we have
progressed greatly. Anyway, with replicate errors mysteriously twice those that we could identify
and quantify, we began, with Marian's doctoral research, to assess how typical of the performance
of the international 14C community this local problem might be. If it was indeed a common
problem, could we together try to identify the causes and together try to reduce the errors? - a kind
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of international self-help programme. Well, as you know, the first international intercomparison
study published in Nature many years ago showed that, as a group, John Campbell's original
problems were quite generally shared around the world. On average, we would have to multiply
typical quoted errors on 14C dates by 2 or 3 to produce a real measure of observed uncertainty.
This is a crucial matter both to labs themselves and to the users of 14C dates. It must be resolved
and we must resolve it together. In many ways, that is the sole reason for this workshop.
So, towards these aims, we have recently organised a second, much larger and slightly more
sophisticated intercomparison exercise involving selected natural samples of different ages,
analysed `blind'. Many of the workshop delegates here have participated. This week, then, we
will review the current state of health of the international 14C dating community with regard to the
accuracy and precision of its product.
The aims of the meeting coincide with those of the intercomparison programme. In the
closing session on Friday, I will review these aims again to assess whether we have met any of
them during the course of the workshop. The aims are expressed as questions needing answers,
as follows:
1.
How does '4C variability compare at each stage of the laboratory analysis?
2. Are there lab offsets and biases? If so, what are they?
3. Are there performance differences between lab types, ie, between liquid scintillation, gas
counting, accelerator mass spectrometry labs?
4. Does sample type influence performance?
5. Do quoted errors account for the observed variability?
6. If there is excess variability, can the results help to identify the cause?
7. Is there an indicated need for a future intercalibration programme?
8. If so, what are the requirements and what is the mechanism?
We will work towards these very fundamental questions via a structured scientific programme
interspersed with outings and feasts! Today we will review the past data set and come up to
present on the new results from the current intercomparison programme. These new results will,
I think, prove to be of major importance. Overseas participants will tell us of their
experiences
and conclusions from the study. In the evening, we will dine in the Burrell Gallery, the site of one
of the most important private art collections in UK and a most pleasant venue for an evening
together. Tomorrow, the subject widens to encompass general views of the 14C community on
quality assurance and we begin to look to the future. We must plan together to improve our
performance. Delegates from IAEA will outline suggestions for enhanced availability of
intercalibration and reference materials. Marian Scott will propose the lesson from the two Scottish
studies. In the evening, the city of Glasgow will provide a reception and banquet, with
entertainments, in the grand, Victorian, City Chambers. It should be a night to remember! The
Thursday and Friday sessions are almost entirely devoted to discussions on, and planning for, the
future. There will, however, be a technical session in which new techniques in liquid scintillation
counting will be described. On Thursday, we will lunch in the dungeons of a Scottish castle, visit
the historically important Stirling Castle and move on to the highlight of the week, a visit to a malt
whisky distillery where the water of life is lovingly made. From there, we will have drinks in the
University of Glasgow's Hunterian Art Gallery and move on to the conference dinner in the
University's dining halls. On Friday, we close the meeting with a summary review session.
Thereafter, there will be ample opportunity to visit our laboratories.
That then is a summary of the programme. It deserves to succeed. Because everyone here
is investing, and has invested, effort, time and money on the single objective of trying to improve
the quality of a typical '4C date. This is a motive which simply merits success. I therefore repeat
my warm welcome to you and declare the workshop open.
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AN OVERVIEW OF SOME INTERLABORATORY STUDIES
E M SCOTT1, M S BAXTER2, T C AITCHISONI, D D HARKNESS3 and G T COOK2
ABSTRACT. Many interlaboratory studies have been made in the 14C community at irregular intervals
over the past ten
years. At times, the results from these studies have been contentious, mostly because of the lack
of consistency in their
findings. The importance of regular exercises has become particularly acute due to the large
number of operating
laboratories and the diversity of their methodologies. Hence, we briefly review the studies that have
been made in the
14C
1980s, focusing on those in which our laboratories participated. These include the
Interlaboratory Comparison in the
UK (Otlet et a! 1980), the International Comparison (ISO 1982, 1983) and the first two parts of
the current International
Collaborative Program (Scott et at 1989a, b). The development of each study, its findings and shortcomings,
are highlighted
in order to assess the concordance of the conclusions.
INTRODUCTION

A number of collaborative studies involving subgroups of the 14C community have been made
in the last decade. These studies can be distinguished from the familiar intercalibration of standards
(eg, Currie & Polach 1980) by the type of sample used and, generally, the number of participating

laboratories.
Large collaborative trials serve several very important functions in the scientific community.
First, they provide laboratories with an opportunity to perform a large number of cross checks on
routine samples where the results are not known beforehand; second, they provide a rigorous,
predetermined protocol with clearly defined aims; third, they demonstrate to the user community
the commitment and care taken in providing accurate and precise 14C age determinations.
Currently, one of the largest collaborative studies undertaken by the 14C community is reaching
completion and it seems particularly relevant at this stage to review the previous studies with a
view to extracting key pointers for future collaborative work.
With this in mind, a reconsideration of the British Museum/Harwell study (Otlet et al 1980),
the International Comparison Study (ISG 1982, 1983) and Stages 1 and 2 of the current study
(Scott et al 1989, in press) seems appropriate.
BRITISH MUSEUM/HARWELL STUDY

Study Organization and Design

The study (Otlet et al 1980) was organized jointly by the British Museum and Harwell 14C
laboratories and involved a total of six UK laboratories. It was designed to investigate the
problems of sample preparation, the comparability of results (over a wide range of sample ages)
and their presentation.
The sample material selected was benzene and five levels of 14C activity were chosen,
equivalent to 20,000, 10,000, 5000 and 2000 BP, and 200% modern. The benzene was prepared
in the Harwell laboratory and rigorous tests of purity were made. The laboratories were not
informed of the sample activities, but were given an approximate guide to the highest level. One
further sample was included which had been used to dilute all the prepared samples.

1Department of Statistics, Glasgow University, Glasgow G12 8QQ, Scotland
2Scottish Universities Research and Reactor Centre, East Kilbride, Glasgow 075 OQU, Scotland
3NERC Radiocarbon Laboratory, East Kilbride, Glasgow 075 OQU, Scotland
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Results
Only the per cent modern or equivalent age results were published initially (partly to preserve
the anonymity of participating laboratories). All results were in close agreement. The between
laboratory (or external) variability, as measured by the standard deviation of all results for a single
14C
date of similar age. No data points
sample agreed well with the error commonly quoted on a
were discordant and no results were rejected. This seemed a further indication that the quoted
errors were good estimates of the true errors.
The authors concluded on the basis of the results that interlaboratory alignment could be
maintained over a wide range of ages and that the distribution of results supported the commonly
quoted errors. The authors, however, do clearly state that, "in most cases, these estimates refer to
only part and not the full processing....".
This was one of the first collaborative studies that included samples, the ages of which were
not known beforehand and it was intended as a forerunner to further work. It involved only one
sample material, benzene, but a wide range of sample ages. It was completed over a relatively
short period, and considered only one stage in the dating procedure, the counting process.
In 1981, a larger study followed, involving 20 laboratories from around the world, which used
typical sample material, in this case, wood, requiring full processing, including pretreatment.
INTERNATIONAL TREE-RING STUDY

Stud)' Organization and Design

This second study (ISG 1982, 1983) was designed to quantitatively assess the experimental
14C
laboratories received a set of eight tree-ring
variability in routine 14C dating. A total of 20
200 years provided by Dr A Heyworth,
spanning
chronology
floating
short
a
from
taken
samples
each sample being identified on a tree-ring width plot. Participants were asked to treat the samples
routinely, general (non-specific) instructions concerning pretreatment were issued and questions
concerning the calculation of the commonly quoted errors were included. Results were to be
returned within eight months of the sample dispatch.
Results
The results returned by the participating laboratories all overlapped in the age range 4800 5200 BP. Figure 1 shows the age determinations with the 2a error estimates quoted. Evidence
of considerable variability is apparent in this diagram, eg, for individual samples, results differ by
310 to 730 years.
The analysis of the results addressed three main questions:
1. an assessment of systematic bias for individual laboratories
2. an assessment of the observed variability and its relationship to the claimed variability (ie,
quoted errors)
3. a consideration of the implications of the study findings for users.
The study found that many laboratories showed systematic biases of up to 200 years relative
to the "known age." Figure 2 shows the point estimates for each laboratory and a 95% confidence
interval (ie, range of plausible values) for the bias. As a measure of variability (in this case
interlaboratory), an external error multiplier (EEM) and its confidence interval were calculated for
each laboratory. (Note: the EEM relates the quoted laboratory error to the observed variability,
and if the interval estimate for the multiplier does not contain the value of 1, this indicates that the
quoted errors inadequately describe the observed overall variability). Figure 3 shows the estimated
error multipliers and corresponding interval estimates with the reference value of 1 indicated. There
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is some indication that the quoted errors inadequately describe the true variability of many
laboratories. Fourteen of the laboratories have EEMs exceeding 1, of which seven have interval
estimates which do not include 1.
The effects of the type of pretreatment and method of counting on the results were also
investigated. Differences due to method of pretreatment were found to be small, whereas method
of counting did appear influential. (l3oth gas counting and liquid scintillation laboratories were
found equally likely to be biased, but gas laboratories were, in general, less variable than liquid
scintillation laboratories (fewer gas :laboratories had interval estimates for EEM which did not
include 1).
The study provided clear indications for some laboratories, at least, of the existence of a
systematic laboratory bias and of a level of variability not entirely explained by the quoted errors.
We concluded that further investigation of errors should be undertaken and that more collaborative
research involving different sample types and age ranges should be done.
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Again, this study involved a single sample material, wood which required the full dating
process. The sample age range was extremely restricted (200 years) and it too was completed over
a relatively short time period.
Thus far, the two studies have shown considerable disagreement on the two major points of
the relationship between Interlaboratory variability and the quoted error and the existence of
systematic biases. However, the studies have dealt with different processes in the dating procedure.
Neither study is ideal as they suffer from problems of limited sample materials, large idealized
sample sizes and short study periods. Both do agree, however, on the need for further work.
The challenge of designing and implementing a further study was taken up in late 1985 after
discussion at the 12th 14C conference at Trondheim. The new study finally got underway in 1986
with circulation of a detailed design protocol and clear statement of aims. In recognition of the
size and importance of the undertaking, the Science and Engineering Research Council provided
funding for the project.
The design of this study, the sample materials, their number and ages form the subject of a
further paper (Cook et al, this issue). At this point, it is perhaps relevant to indicate that the new
study involved a variety of sample materials requiring differing degrees of laboratory processing,
and that the study was hierarchical, the processes of counting, synthesis and pretreatment being
introduced in a sequential manner.
INTERNATIONAL COLLABORATIVE
COLLABORATIVE STUDY

The aims of the study (Scott et al 1989; in press) were the quantitative assessment of
variability and its attribution to the processes of counting, synthesis and pretreatment. Duplicate
samples were introduced at each stage to allow assessment of internal reproducibility
reproducibility (ie, analytical
precision). The study involved a wide range of sample materials of varying ages and was conducted over a four-year period.
Stage 1 used calcium carbonate and benzene samples to investigate the variability due to the
counting process. In Stage 2, each laboratory was provided with homogenized, pretreated samples
of shell , peat and cellulose to investigate the variability due to sample synthesis. Both stages have
been completed and reported (Scott et al, 1989; in press).

Results
To briefly summarize, for Stage 1, we concluded that the participating laboratories were
internally consistent (the quoted errors adequately described the observed variability in the
duplicate samples) but there was considerable variation amongst the laboratories. Figure 4A shows
the disparity4 data evaluated for the duplicate samples. The Stage 1 samples of benzene and
carbonate are clearly indicated. The vast majority of values are < 1, but several outlying results
are evident. Results for the first benzene sample show a considerable scatter. Figure 4B gives an
indication of the level of interlaboratory
interlaboratory variability, showing the offset data (the difference between
the observed results and the `true' value, here taken to be the consensus value of all the results).
There is more variation in results for the two benzene samples than for the carbonate samples,
indicating that interlaboratory variation is more pronounced for the liquid scintillation laboratories.
A similar analysis for Stage 2 is also included in Figures 4A and B. Again, the internal
consistency of laboratories is evident from the disparity data but there is considerable
interlaboratory variation in the offset data. A number of outlying results can be found in each

4A disparity is defined as the unsigned difference between duplicate

of the squared quoted errors.

samples divided by the square root of the sum
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stage and there is evidence of systematic biases. Considering the combined results for Stages 1
and 2, there is only a slight increase in the level of interlaboratory variation from Stages 1 and 2.
Thus, it would appear that the major component of variability lies in Stage 1. Consideration of
the disparity data also shows a slight increase from Stages 1 to 2; however, the internal precision
of results is still adequately described by the quoted errors (the majority of disparities are < 1).
We see little improvement in the results of the previous study (ISG).
CONCLUSIONS

All the studies considered here have been concerned with the assessment of variability in
routine 14C dating. The BM/Harwell study primarily considered the counting process, the
International Comparison Study looked at the dating procedure as a whole, whereas the current
study has developed to consider the full process while allowing consideration of the individual
processes.
Both the HarwellBM and ISG studies involved single sample materials without replication
allowing only a limited comment on the nature and source of variability in the results. The current
study (with duplicates at each stage), although expensive in effort, has proved beneficial in the
assessment of internal consistency. The hierarchical nature of the study also enabled us to
investigate the components of variation. The earlier studies were all conducted over limited time
periods, restricting attention to short-term sources of variation, whereas the new study, having
developed over a longer time period, gives us time to assess longer-term sources of variation. An
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important aspect of all the studies has been the fact that the sample activities were not known in
advance.
The general level of variability in the studies indicates that there is a requirement for an ongoing experimental program, testing the full procedure as well as component processes in an
exhaustive manner. This aim argues for a wide variety of sample materials in various states of
preparation and covering as wide a sample age range as possible.
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INTERNATIONAL COLLABORATIVE STUDY:
STRUCTURING AND SAMPLE PREPARATION
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ABSTRACT. The success of any intercomparison exercise depends largely on participation and cooperation of a sufficient
number of laboratories and the selection of a suitable suite of samples. Unless the latter is satisfactorily devised, the former
cannot be guaranteed. The hierarchical nature of this study has necessarily
necessarily resulted in a far more comprehensive set of
sample types than has previously
previously been employed. The exercise was structured to satisfy the following criteria: 1) to enable
the participating laboratories to assess the experimental
experimental precision and accuracy of the component stages of the dating
process; 2) samples should be typical of those :routinely dated by the laboratories. This takes on a particular significance
in Stage 1 where they should resemble as closely as possible the counting medium; 3) an objective statistical analysis of
the results at each component
component stage of the study.

INTRODUCTION

Despite the almost universal use of NBS Oxalic Acid secondary standards (Oxalic I = SRM
4990, Oxalic II = SRM 4990-C) or a tertiary standard based on them, there have been previous
suggestions that systematic biases cart exist between 14C laboratories (ISG 1982, 1983). Results
have also been variable within laboratories.
laboratories. The partial failure of such a standard undoubtedly
reflects the complexity of the dating process rather than any inherent inadequacy of the material
itself. Nevertheless,
Nevertheless, this failure leads to a loss of resolution in dating, which consequently
consequently has led
to reduced user confidence in the 14C' dating method. Inevitably, attention has focused on the
comparability of conventional
comparability
conventional age measurements issued from different laboratories. Such suspicion
then tends to grow to perhaps unrealistic levels when age measurements do not align with user
preconceptions.
The previous practice of ad hoc exchange of samples among laboratories to satisfy internal
and external confidence is now rightly perceived inadequate. In recent years, this has led to the
initiation of a number of intercalibration exercises (Otlet et al 1980; ISG 1982). Although a
previous study (ISG 1982) identified the existence of systematic bias and unexplained variability,
its nature did not enable the identification of the component stage(s) in the overall technique which
was responsible. In light of the discussion and consensus of opinion at the 12th International
Radiocarbon Conference (Trondheim) in favor of a further and more comprehensive study, Scott
et al (1986) devised a three-tier hierarchical study. First, if results again indicated a significant
degree of variability between laboratories beyond what would be expected on the basis of quoted
errors, the structuring might enable some progress towards identifying the sources of such
variations and an assessment of their magnitude. Second, the use of several pairs of duplicate
samples would enable estimation of both internal precision and the validity of the magnitude of
routinely quoted error terms. Third, such a study would afford an opportunity for cross-calibration
and verification of diverse laboratory procedures, particularly in light of the growth in application
of accelerator mass spectrometry (AMS). Fourth, once the quantitative facts became known, the
14C
community might wish to act in concert to improve laboratory techniques and minimize sources
of analytical uncertainty.

'Scottish Universities
Universities Research & Reactor Centre, East Kilbride, Glasgow G75 OQU, Scotland
ZNERC Radiocarbon Laboratory, East Kilbride, Glasgow G75 OQU, Scotland
3Statistics Department, University of Glasgow, Glasgow G12 80W, Scotland
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STRUCTURING THE STUDY

The study was hierarchically structured in three-tiers to assess the existence and magnitude of
any bias and additional variability in the following component stages in the overall dating
procedure.
Stage 1 - Sample counting
Stage 2 - Sample synthesis
Stage 3 - Sample pretreatment
The success of any intercomparison exercise depends largely on two factors: 1) the
participation and cooperation of a sufficient number of laboratories, and 2) the selection of a
suitable sample suite.
Further, it is obvious that unless the latter is satisfactorily devised, the former cannot be
guaranteed. Consequently, much deliberation centered on the choice of samples. We felt that
desirable samples should represent, as far as possible, a reasonable cross-section of the types and
ages of materials routinely analyzed; they should also be appropriate to the processes under
consideration in each stage. The quality and isotopic homogeneity of each batch of material was
naturally of paramount importance.

Stage

1

The specific objective here was to assess as closely as practicable the degree of bias and of
internal and external precision derived from the counting procedure alone. For the liquid
scintillation (LS) laboratories, the obvious choice of material was benzene. Besides being the
ubiquitous counting medium for LS laboratories, benzene has the following advantages (Otlet et
al 1980): 1) it is a basic hydrocarbon produced via petrochemical processing to high purity and
of infinite '4C age, and 2) 14C-labeled solutions of differing activities may be prepared
homogeneously by simple dilution and mixing.
For the gas proportional counting (GPC) and accelerator mass spectrometry (AMS)
laboratories, the selection of material was much less obvious. A variety of counting gases are
employed by the GPC laboratories, i'iz, CO,, C2H1 and CH4, whereas the requirement of extremely
high purity, especially for CO2 laboratories, would probably have necessitated further purification
upon receipt. Also, problems of transport would be prohibitive and target production to the almost
unique specification of each AMS laboratory would have placed an insurmountable constraint on
the sample preparation program. We eventually decided that calcium carbonate represented the
best compromise for both techniques - barium carbonate had to be discounted because of shipping
safety rules governing barium compounds. Although a range of benzene activities could have been
produced to a high degree of precision, a similar suite of CaCO3 samples would not have been
possible. At any rate, we considered it more important that the samples should enable estimates
of: 1) the existence of systematic biases among laboratories; 2) the validity of routinely quoted
errors; 3) internal precision by comparing the difference between duplicates with their quoted
errors. Consequently, Stage 1 was based on a total of four bulk samples. Each LS laboratory
received four samples of benzene, i'iz, duplicates of ca 100% modern and duplicates of ca 50%
modern (Fig 1). We sent a similar suite of CaCO3 samples to the AMS and GPC laboratories.
No indication was given as to the existence of duplicates. Harkness et al (1989) present a full
account of the preparation of these materials.

ICS - Structuring and Sample Preparation
Liquid Scintillation
Scintillation
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Stage 2

We envisaged that samples for Stage 2 should encompass both syntheses to the counting
medium and the counting process itself. Thus, any variability additional to that observed in Stage
1 could be attributed to the synthesis component. Three sample
types were available and again,
each was supplied in duplicate following rigorous pretreatment:
1.
A bulk sample of marine algae (Lithothamnion) collected from a naturally occurring
deposit in Argyll, Scotland. The fine granular structure of this material lent itself to thorough
mixing at various stages in the pretreatment schedule to ensure homogeneity.
2. A bulk humic acid extract was obtained from a depth interval, ca 20cm thick,
of
well-humified peat from central Scotland. We preferred the humic acid fraction because it is in
solution at an intermediate stage in the extraction procedure. At this point it was possible to bulk
and thoroughly mix the solutions prior to precipitation, thereby guaranteeing homogeneity.
Because one of the samples in Stage 3 was the parent peat material, additional assessment is
possible.
3. The University of Belfast generously provided a large sample of dendrochronologically
dendrochronologically
dated bog oak comprising 20 years' growth (241-260 BC). This was finely chopped and rigorously
pretreated to yield a final fibrous cellulose product. Harkness et al (1989) give a full account of
the pretreatment and homogenization of the Stage 2 samples.
One criticism of the Stage 2 materials was voiced at the 13th International Radiocarbon
Conference (Dubrovnik) - that selected pieces of the marine algae showed larger-than-expected
larger-than-expected
discrepancies in age when dated by AMS, suggesting that the bulk sample did not represent a
single event. However, the overall results of the analyses of duplicates do not suggest any poorer
internal precision, nor do they reveal any evidence of greater external bias. We must then begin
to consider whether this criticism reflects a problem of sample definition. The algal material was
identified and collected as a naturally occurring sample typical of that which might be submitted
to a 14C laboratory for routine analysis. The pertinent question then is how AMS practitioners
choose to define and address representative sampling; whether this be pre- or post-receipt of
materials selected for 14C measurement. In this particular instance, our attention is drawn to a
prime example where deliberate small-scale preselection from a typical natural deposit can enhance
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representative age. Of course, the
the possibility of a significant deviation from its most representative
concept for 14C dating. However,
novel
a
no
means
by
is
sampling
representative
importance of
there is clearly a need for particular awareness in AMS laboratories and indeed others which assay
micro-samples.
Stage 3
We selected the final suite of samples to examine the entire dating process. We agreed that
the sample types should reflect the pretreated materials used in Stage 2, while at the same time,
a relatively high proportion should be absolutely dated materials. Thus, Stage 3 comprises 8
samples in total: duplicate samples of peat from the original bulk sample used to prepare the Stage
2 humic acid extract, duplicate samples of bivalve mollusks (Anadara antiquata) and finally 4
wood samples made up of duplicate samples of dendrochronologically dated wood (dendro-age
dendro-dated wood, AD 1521-1550 and AD 1841-1870. Using
221-240 BC) and 2 single samples of dendro-dated
performance of individual laboratories with respect
known-age materials allows comparison of the performance
to an absolute age value rather than to a measure of a central value. Also, we can assess any bias
that the study group shows as a whole.
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REPORT ON STAGE 3 OF THE INTERNATIONAL COLLABORATIVE PROGRAM
T C AITCHISON', E M SCOTT', D D HARKNESS2, M S BAXTER3 and G T COOKS
ABSTRACT. This report on the third and final stage of the International Collaborative
Program concentrates on the analysis
of internal and external variability of 14C dates obtained from samples involved in the full '4C
dating process. Thirty-eight
laboratories took part in this stage with most producing 814C dates from 3 sets of duplicate
material (eg, wood, shell and
peat) and 2 single samples of wood of known ages 190 yr BP apart. From the 3 sets of duplicates
for each laboratory, the
internal precision of most laboratories was adequate; 6 labs grossly underestimated their
internal reproducibility. From the
14C
determinations from the 5 distinct samples for each laboratory, we discovered significant
systematic biases, often greater
than 100 years, in 15 laboratories and even accounting for bias, 12 laboratories had significantly
greater external variability
than explained by their quoted errors. In total, 23 out of the 38 laboratories in this stage
of the study, FAILED to meet
these 3 basic criteria for an adequate performance in the production of 14C dates.
INTRODUCTION

The 14C dating community has acknowledged the importance of interlaboratory checks through
its willingness to participate in a number of collaborative studies (Otlet et al 1980;
ISG 1982,
1983). Recently, a third and considerably more ambitious project (Scott et al 1986)
has been
completed with the support of over 5014C laboratories. We present here a report on the third
and
final stage of this study.
OVERALL AIMS

The major aims of the study have been to:
1. gain insight into the contribution of the various dating processes to the overall
dating error
2. provide experimental comparison and validation of the diverse laboratory techniques
used
in dating
3. quantify uncertainties on routine results obtained by the modem generation
of 14C
laboratories.
THE STUDY

Scott et al (1986) give full details of the completed study organization. Briefly, the study has
three sequential stages, each introducing a further laboratory process. Stage 1 primarily involved
the counting process. Stage 2 introduced sample synthesis and results were reported in September
1988 (Scott et al 1989). Finally, Stage 3 included full pretreatment as well as counting
process
and sample synthesis.
Study Sample Structure

The hierarchical sample structure is an important element of the study design. Table 1
illustrates the various sample materials offered throughout the program. Duplicate samples were
included at each stage as well as four known-age samples in Stages 2 and 3. In total, each
laboratory participating in all three stages will complete a minimum of 1614C dates. Harkness et
al (1989) give a full description of the sample preparations.

'Department of Statistics, University of Glasgow, Glasgow G12 8QW, Scotland
2NERC Radiocarbon Laboratory, East Kilbride, Glasgow G75 OQU, Scotland
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TABLE

1

Sample materials

Stage 1
Stage 2
Stage 3

-

benzene, calcium carbonate
cellulose, algal lithothamnium, humic acid
wood, shell, peat

were
Initially, 80 laboratories were invited to participate, of which 58 full participants
2
Stage
for
results
1,
returned
37
Stage
registered. A total of 52 laboratories returned results for
of
type
each
of
number
the
shows
2
and 38 completed most of the Stage 3 samples. Table
spectrometric (AMS) and liquid scintillation
laboratory, ie, gas counting (GC), accelerator mass spectrometric
counting (LSC), and the composition of the study group at all stages, in terms of counting
and
technique. The fact that 26 of the laboratories in Stage 3 completed all 8 of the samples
group.
participating
the
of
effort
another 12 missed, at most 2, is testimony to the considerable
TABLE 2

Laboratory types
Stage

Type
1

2

GC

23

18

AMS

8
20

5

LSC

3

5

14

We report here a summary of conclusions only from Stage 3 of this study; an overview of the
with the relative
complete study also appears in this issue (Scott et al). The latter paper deals
14C
dating process (ie,
importance of the possible sources of error through the three stages in the
pretreatment, sample synthesis and counting).

Duplicates and Statistical Methods
We sent one wood sample and both shell and peat samples as duplicate sets to each laboratory.
We gain information on the internal consistency of a lab (ie, intralaboratory variability) from the
differences between the duplicates for a particular laboratory. The main interest here was to
ascertain whether the three differences agreed with the quoted errors of the lab itself. To this end,
we defined the disparity of a single pair of duplicates as the unsigned difference divided by the
square root of the sum of squared quoted errors. From these disparities, an internal error
multiplier for the particular lab can be estimated as well as an appropriate 95% confidence interval
for this multiplier (for details, see ISG 1982). If the estimate of this internal error multiplier for
a lab considerably exceeds one (eg, >2) and, more importantly, if the whole of the 95% confidence
interval exceeds one, then the lab is grossly underestimating its internal consistency, not to speak
interlaboratory comparability.
of interlaboratory
We then calculated the weighted averages (Ward & Wilson 1978) with appropriate standard
errors (based on the possibly erroneous assumption that the quoted errors of the lab are correct)
for each of the 3 pairs of duplicates and then combined with the 2 single wood samples to give a
set of (normally) 5 dates and associated errors. These can then be used to assess the external
consistency of the laboratory (ie, interlaboratory variability) as well as any systematic bias for a
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particular lab. From these, we can calculate estimates of a possible systematic bias and
an external
error multiplier for the lab as well as associated 95% confidence intervals for these
separately and
jointly (ISG 1982).
Any laboratory that had a large bias estimate and the resulting 95% confidence
interval
excluded zero has a very definite problem, which may be traced to a specific
cause (eg,
contamination or a misaligned modern standard). This emphasizes the necessity
of laboratory
checking with either, or preferably both, external standards or other laboratories. Further,
if the
external error multiplier grossly exceeds 1 or, more particularly, the whole
of its confidence
interval is larger than 1 that laboratory is grossly underestimating
underestimating its external consistency with
respect to the other laboratories or known age, as appropriate.
Since we made no attempt to correct for the potential inaccuracy of quoted errors with
respect
to the internal consistency of a laboratory, the internal and external error
multiplier estimates are
likely to be positively correlated and should not be combined, except as a conservative
estimate
of the overall variability of the laboratory,

Internal Consistency Results
Figure 1 plots raw unsigned diifferences for each of the three pairs of duplicates
and
summarizes statistics of data partitioned into the three main categories of 14C laboratories,
viz, LSC,
GC and AMS. The overall message is that, typically, 60 to 70-year differences exist,
although
differences of >120 years occurred in 1 sample in 4, and differences of >600 years were
recorded
for 2 samples! There appears to be little difference in the true internal variability of the
three types
of 14C laboratories but, wood samples seem more variable than shell and, particularly,
peat.
SUMMARY STATISTICS of UNSIGNED DIFFERENCES of DUPLICATES
MATERIAL

N

MEDIAN
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UPPER
QUARTILE
QUARTILE

WOOD

36

65

1
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0
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114
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Fig 1, Summary statistics and dot plots
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When we correct these raw differences for their quoted errors, we obtain the disparities defined
above. When these are combined over all available samples from a laboratory, we can estimate
the internal error multiplier for that laboratory. Figure 2 shows these and their resulting 95%
confidence intervals. The interval estimates are often wide simply because each is based on, at
most, three differences.
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laboratory.
multipliers for each laboratory.
confidence intervals for the estimates of the internal error multipliers
Fig 2. 95% confidence

Of the 20 gas counting labs, 12 have point estimates <1 and seem to offer conservative
estimates of internal precision. However, 3 out of the 20 have internal error multipliers
significantly >1 (ie, 3 labs have confidence intervals >1). Thus, these 3 laboratories are greatly
underestimating their internal precision.
All five accelerator labs seem to estimate their internal consistency adequately.
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Of the 13 liquid scintillation labs, 2 grossly overestimate their true internal reproducibility,
whereas 3 have internal error multipliers significantly >1 and, thus, underestimate their internal
reproducibility.
reproducibility.
14C
We can conclude that internal consistency is being adequately expressed in a majority of
laboratories but there are quite a few that grossly underestimate their internal precision.

External Consistency Results
14C
age for each of the (up to) five samples
Figure 3 gives dot plots of the estimates of
(ie, using the weighted average of duplicates for one of the wood samples, shell and peat in
combination with the other two wood samples). Figure 3 also gives some summary statistics
partitioned by laboratory type.
The main question, then, is, just how much more variability are we likely to see in results
from liquid scintillation laboratories compared to the other two laboratory types? Note, however,
that for all three laboratory types, there is no evidence of differing variabilities across the sample
materials (ie, wood, shell and peat).
From Figure 3 it is clear that all three types of laboratories show more variability for more
modern samples than for older samples (ie, 2000 - 3000 yr BP). This is particularly so for liquid
scintillation laboratories. It is also worrisome to see the considerable systematic bias in accelerator
laboratories for the most modern wood sample (ie, a difference of 135 years relative to the gas

counting laboratories).
When the results from all the samples for a particular laboratory are combined, we can
estimate any systematic bias and an external error multiplier for the laboratory. Figure 4 presents
laboratories, mostly gas counting, perform very well
these labeled by laboratory type. Quite a few laboratories,
around one. However, again, a number of
estimated
multiplier
error
an
and
bias
with negligible
both bias and error multiplier.
and/or
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Figures 5 and 6 give, respectively, 95% confidence intervals for the systematic bias and
external error multipliers. If the former excludes zero for a laboratory, then we can infer a
significant systematic bias for that laboratory. If the latter interval is wholly greater than one, the
laboratory is significantly underestimating its external precision.
The situation is extremely worrisome when 15 out of the 38 laboratories have a systematic bias
significantly different from 0 and, of these, 9 appear to have a bias of well over 100 years - clear
evidence that many laboratories are carrying out insufficient external checking.
Even allowing for any (significant or not) bias, the quoted errors for 12 laboratories are still
not adequately explaining their external precision, as their external error multipliers are
underestimating their external
significantly greater than one (ie, these laboratories are grossly underestimating
precision).
CONCLUSIONS

It seems reasonable to consider that a laboratory performs adequately if it has no significant
systematic bias and assesses its internal and external variability adequately (ie, with error

multipliers not significantly different from one). Accordingly, Table 3 presents the number of
laboratories failing to meet each of these three requirements.
TABLE 3

Laboratory performance statistics
The numbers of laboratories FAILING to meet the designated requirement
Requirement

Internal
error multiplier

Systematic
bias

External
error multiplier

LSC
AMS

3

GC

3

7
2
6

6
0
6

0

requirements, whereas 8
In total, only 15 of the 38 laboratories meet all 3 of these adequacy requirements,
14C
have 2 or more problems. Clearly, this is a cause for much concern in that <50% of the
laboratories included in this study are meeting these basic requirements. It seems self-evident that
the 14C community will have to address the problems highlighted by this and other studies and
commit to a continuous program of quality assurance monitored both internally and externally.
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SESSION I

Principal discussants: Henry Polach, Australian National University, Doug Harkness, NERC,
Donald Sutherland, Placer Analysis Limited
A large part of the early discussion of the session concerned the study samples and the risks
of contamination
contamination in the samples. A number of specific points arose.
1.
Peat and humic samples. No contaminant of widely varying age was observed as present
in the samples since the agreement between the peat and humic results is very good. However,
some laboratories identified the problem of chlorine in the samples.
2. Wood samples. Some laboratories split the wood samples and treated one part as whole
wood while extracting cellulose from the other part. Typical difference was 40 years, well within
error. Thus, these data revealed no evidence of significant contamination.
3. Stage 1 carbonate. The yields were low from the acid hydrolysis of these samples, raising
the possibility of the presence of clay minerals. The organizers could not explain this, in light of
their production method. Radon contamination is also possible. Tight counting schedules may
have forced labs to count samples too soon.
The discussants suggested that some observed biases might be due to the nature of the sample,
not simply to the counting or pretreatment processes.
Some discussion followed regarding whether or not the treatment given to these samples was
any different from routine. The stated policy was to treat the samples routinely, but the tendency
might be to give them special treatment. Conversely, in a sense, the sample information provided
was not as detailed as might be expected from a routinely submitted sample. The organizers had,
in fact sent full details of the samples wherever possible. Participants agreed that the samples in
Stage 3 were as representative as possible of the samples which a lab might typically receive.
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SOURCES OF RANDOM ERROR IN THE DEBRECEN RADIOCARBON
RADIOCARBON
LABORATORY
EDE HERTELENDI
Institute of Nuclear Research of the Hungarian Academy of Sciences
PO Box S' 1, H-4001 Debrecen, Hungary
ABSTRACT. A new high-pressure methane-filled counter system for 14C dating was installed in 1986 when the first stage
of the International Collaborative Study (ICS) started. Random errors in the new measuring system and in the process of
chemical pretreatment
pretreatment and preparation
preparation were checked during the three years of intercomparison. Results show that the most
important source of error in our laboratory is gas contamination.
contamination. This causes variation of the count rate to exceed the
statistically expected variability. Other sources of error are also discussed and limits of their contributions
contributions are given.

INTRODUCTION

The procedure of assessing errors in radiocarbon measurements using replicate sample analysis
is laborious and very time consuming. However, this is the only way to estimate random error.
We used our new radiocarbon measuring system to check random errors and various chemical
preparation methods during the three years of the International Collaborative Study (ICS).
PREPARATION METHODS,
METHODS, MEASURING SYSTEM

Chemical Pretreatmneiit
Wood. The samples were treated with AAA (acid-alkali-acid) and then fragmented into small
pieces (<10mm) and ground. The sieved fraction (0.2mm < grain size < 1mm) was treated with
4% HCl (80°C, 24 hr), then with 4% NaOH (80°C, 24 hr) and finally washed with highly diluted
HCl until pH 3 was reached.
Peat. The samples were leached in 4% HCl at 80°C for 24 hr and dried.
Shell. Shell samples were ultrasonically washed several times; then 20-30% of the material
was removed with 2% HCI. The remainder material was divided into one outer and one inner
fraction.
Preparation of the counting gas. The pretreated organic samples were combusted, the
carbonate samples were decomposed by acid evolution or thermal dissociation and the evolved CO,
was purified and synthesized into methane (Csongor, Szabo & Hertelendi 1982).
Activity measurement. The activity of the methane was measured with proportional
proportional counters
(Hertelendi et al 1989). The counter system consists of nine electrolytic copper proportional
counters of identical diameter with sensitive volumes of 350-700cm3 and filled with either methane
at 0.6MPa or CO2 at 0.1MPa. The inner counters are surrounded by an anticoincidence shield
consisting of five multiwire proportional flat counters filled with propane. Table 1 gives the
important parameters of the system.
DISCUSSION OF RESULTS

Errors due to pretreatment
pretreatment were small compared with the errors of the activity measurements.
In the case of shell and wood, the various fractions were measured separately and the difference

between the fractions was not significant.
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TABLE

1

System characteristics
System parameters
Total active volume (cm3)
Standard counting rate (S) (cpm)
Background (B) (cpm)
Figure of merit (S/v'B)
Max measurable age (2 days) (yr)
Precision for modern sample
(7 days) (%o)

Type

1

Counters
Type 2

350

500

14

19

0.7

1

16.7
40,700

19

3

41,700

4

Burning the material and the methane synthesis also did not cause significant errors in the
dating process. The yields were nearly 100%. The only exception was the thermal dissociation
of carbonate samples, which resulted in low yields and fairly large fractionations compared to the
acid evolution method.
Gas purification is a very critical step in the dating process. The simplest and very sensitive
test of gas purity is the measurement of the plateau shift of the proportional counter. The
disadvantage of this method is that it is not selective and cannot identify the type of electronegative
contaminants causing the deterioration of the gas amplification factor. Selective methods such as
mass spectrometry, gas chromatography and ion chromatography are expensive, laborious and often
not sensitive enough for determining NOR, 502, 02, H2O at the required level of a few ppm. The
quantitative detection of electronegative trace gases does not allow correction of the count rates.
Therefore, the only solution is to use pure gas. In the present system, we use BASF R-3-11
catalyst for gas purification. The reduced form of this catalyst binds the 02, 502 contaminants and
reduces the NO to nitrogen gas, which can be pumped off after freezing out the CO2 gas.
However, the exhaustion properties of the BASF R-3-11 are not well known and, in some cases,
we observed 50-100 V plateau shifts during the last three years. This was probably caused by NO
contamination. (Other contaminants such as 502, 02 and Cl2 react with the Ru catalyst during
methane synthesis.)
To make the purification process easier, we began using the bomb combustion method instead
of an oxygen stream combustion method. At an oxygen pressure of 0.8MPa, the reaction products
SO2 and NO are oxidized in the bomb immediately to SO4 and NO3. These products precipitate
on the wall of the reaction vessel. First experiments show that practically all contaminants are
subsequently trapped
removed in the combustion bomb and only traces of SO2 and NO2 must be subsequently
in an activated charcoal column for final purification. To measure the amount of 502 and NO that
were removed from the combustion gas inside the combustion bomb, we analyzed by quadrupole
mass spectrometry the combustion product gases without further purification. We detected no 502
or NO contamination after the combustion of peat samples. The sensitivity of the mass
spectrometer for the SO2 and NO2 is ca lppm. The detection of the electronegative trace gases is
spectrometer if the concentration is <lppm. Therefore, a purity test
not possible with a mass spectrometer
counter will be used for routine gas purity check in the future.
Counting gases can also be contaminated during storage, filling and measurement. Epoxy
sealing of proportional counters, soft-sealed valves and other parts of the measuring system desorb
contamination caused the
gases practically undetectable by mass spectrometers. This type of contamination
decrease of our reference values during the last few years (Fig 1). In this period we used several
times the same standard gas produced from NBS oxalic acid. This was an earlier practice in our

Sources of Error in the Debrecen

14C

Laboratory

285

(cpm]
14

STANDARD

13.5-I

I

13

[cpm]

0
14-I

13.5-;

Icpml

19 -i

18.5

j

I

a
z
w
uC) o u
w
V)
-,
Z O Q

Q

amp

Q

W

E

u_

CC

>

Q

E

a

Q

J

Z

1987

l7
Q

a
w

o>
u
C)
Z

V)

Z
u
w

C)

1988

m

w

Q

u

1989

(cpm]'
1.0

BACKGROUND

II

I
0.5-I
[cpm]

©

1.0

I I !

Icpm]'

0

I fI

1.0

I

I

I

1

+:!

fl

I

I

0.8
I

ID
D

Q

a>
u
C)

1987

Fig

1,

1=1

,

I

)-

w
V)

u
w
o
Z C)

zQ
-,

u
CX

u_

F Q E

w

Q

CX

a

w

Q>>
>-

Z

a>
.1

I

m

CY

ID
)

Q

1988

w
V)

u
o u Z
O Z w Q
0

Cr

m

w
LL.

1989

Variation of standard and background values vs time counters number 8, 6, 5

286

Ede Hertelendi

proportional counters up to O.1MPa with methane.
laboratory when we filled our previous proportional
However, high-pressure CH4-filled counters are much more sensitive to contaminants and they
high-vacuum valves and an all-metal filling system in order to avoid desorbed
require the use of high-vacuum
gases. The continuous decrease of our standard value due to desorbed gases was the reason we
measured significantly higher apparent activity values for samples in the third stage of the ICS.
contamination, the present filling system will use metal seals and NUPRO
To avoid this type of contamination,
SS-4BK bellows seal valves and a high-vacuum pump.
measurement in our laboratory
The most important source of random error during the activity measurement
contamination resulting in variation of the gas amplification factor. We have observed a
is gas contamination
plateau shift of maximum 100 V in recent years. We do not use an empirical purity correction and
we measured the characteristics of the proportional counters with cosmic ray muons. Thus, we did
not detect shifts lower than 30 V. Samples of measurable shift were rejected for direct
measurement and were to be repurified. A 30 V shift of the characteristic means ca 7%o in the
counting rate if the slope of the plateau is 2%/100 V. This uncertainty exceeds the statistical
standard deviation.
Other sources of error are supposed to be smaller than the typical 4%o statistical standard
deviation. These are variation of gas density and background, shift of the working point on the
characteristic due to temperature change, inaccurate pressure measurements, memory effect, radon
contamination of synthesized methane, remaining
contamination, tritium contamination
and other radioactive gas contamination,
excess hydrogen in the methane after the synthesis, spurious counts, shift of the discriminator level
and change of the amplification factors in the signal processing system.
We estimated the error contribution caused by the uncorrected gas density variation using the
long-term temperature variation of the proportional counters. We typically observed a weekly
change of 1°C resulting in a maximum of 3%o error in the count rate.
The dependence of the background on atmospheric pressure is 2%IkPa. A 2kPa uncorrected
atmospheric pressure change results in a 2%c uncorrected error in the standard counting rate. The
long-term decrease of the background shown in Figure 1 is probably caused by gas contamination.
The shift of the working point on the characteristic caused by temperature change is negligible.
Our typical 1 °C temperature variation causes 3.4%o pressure change in the counter resulting in a
4-6 V shift of the characteristic and ca 1%o uncertainty in the count rate.
Regular measurements of 14C stack samples from a nuclear power plant show that the
sample-to-background memory is immeasurably small when we date natural samples. Our
experiences show that the use of clean active gases in our system is safe as long as the activity is
not higher than 100 times the standard activity.
The tritium content of the hydrogen gas used for methane synthesis is <1 TU and the
remaining excess hydrogen in the methane gas after the synthesis is <O.3%o. The hydrogen content
of the synthesized methane was measured regularly with a Pirani gauge after freezing the methane
down to the liquid nitrogen temperature.
The remaining CO2 after the synthesis is <1%o checked regularly with a mass spectrometer.
The filling pressure is controlled with a Wallace & Tiernan precision difference pressure gauge
Type D-62 A 040. The pressure in the case of the difference gauge is measured with an A 61
A-340 absolute pressure gauge. The technical parameters of these gauges are: accuracy 0.66%o,
repeatability 0.3%o, hysteresis 0.5%o, maximum temperature effect 0.1%oI°C of the full scale. Using
these parameters, the error in the standard counting rate is <1%o due to inaccurate pressure
measurement.
To avoid radon contamination, the gases are stored for a month after the methane synthesis
in stainless-steel containers under high pressure.
The temperature dependence of our electronics is ca 10.4/°C. Thus, the shift of the
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discriminator level, the change of the amplification factors and the high voltage cannot cause errors
in the counting rate larger than 1%0.
The anticoincidence energy spectrum is continuously monitored by a multichannel analyzer.
Spurious pulses due to electrical leakage across the insulators are accumulated in the low-energy
region of the spectrum. Observations
Observations show that these pulses do not appear in the spectrum if the
high voltage of our proportional counters is <5 kV.
The contribution of these sources to the total error cannot be estimated for a specific sample.
This is the reason why most of the laboratories calculate only the statistical standard deviation.
However, the ICS and some previous studies show a scatter of data 2-3 times larger than the
statistical confidence intervals (Scott et al 1989; International Study Group 1982, 1983; Otlet et

al 1980).
CONCLUSION

Some of the results obtained in the frame of the ICS differed consistently from the average
values calculated from the data obtained by the participants. The primary reason of the deviation
was the use of a contaminated standard. The experiences of the ICS show us that we need pure
gases checked routinely by a purity test proportional
proportional counter. In order to improve the purity level
of gases, further development
development of the burning, purification and filling system is necessary. The
introduction of density and empirical purity correction (Tans & Mook 1978) will also improve our
accuracy.
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SYSTEMATIC BIASES IN RESULTS OF THE INTERNATIONAL COLLABORATIVE
STUDY AND THEIR PROBABLE SOURCES
MIECZYSLAW F PAZDUR, ROMUALD AWSIUK, TOMASZ GOSLAR and ANNA PAZDUR
Radiocarbon Laboratory, Institute of Physics, Silesian Technical University
Radiocarbon
Krzywoustego 2, PL-44-100 Gliwice, Poland
Krzywoustego
ABSTRACT. Results of the International Collaborative Study show an unexpectedly large scatter of individual dates as well
as systematic biases. Very high values of linear correlation coefficients are observed for all results of Stage 2 and for
benzene samples of Stage 1. We observed moderate correlations for carbonate samples and the lowest for natural samples
of wood and peat of Stage 3. The correlation
correlation is practically negligible among results obtained in different stages. The
probable reasons for such effects are seen in medium-term changes in the calibration of the counting systems.
INTRODUCTION
INTRODUCTION

The current interlaboratory cross-check project of 14C dating, initiated by participants of the
12th International Radiocarbon Conference in Trondheim,1985 (Scott et al 1986) and supported
by more than 50 laboratories,
laboratories, ended in 1988. Preliminary reports, presented by organizers of this
study (Scott et al, in press; 1989) and detailed lists of coded results available to all participating
laboratories lead us to the conclusion that the present status of the 14C dating method is
unsatisfactory. The observed scatter in five sets of duplicate samples significantly exceeds 1000
14C
dates obtained on duplicate
yr, and in the other, 500 yr. Values of correlation coefficients of
samples are greater than 0.9 in four cases, indicating significant systematic biases.
These observations indicate that permanent and well-prepared future projects for improving
the accuracy of 14C dating are necessary and urgently needed. To start with such a project, it
seems necessary to understand the origins of the errors shown by results of the present study. This
report is intended to give some global characteristics of ICS results and to explain observed
correlations in terms of laboratory practice.
METHODS AND RESULTS

Coded results obtained in all stages and distributed by organizers of the ICS were used for
calculations of linear correlation coefficients among results of duplicate samples and among mean
values of duplicates of different samples. With the information provided, we could not distinguish
between gas counting (GC), accelerator mass spectrometry (AMS) and liquid scintillation (LS) labs.
However, we presume that the LS labs are those using benzene samples in Stage 1. Thus, this type
of analysis gives only a general statistical description of the performance of the whole group of
participating laboratories. A high correlation coefficient indicates significant bias, ie, on average,
both compared dates are shifted either towards older or younger values.
Table 1 shows results of calculations of correlations among dates obtained on duplicate
samples of the same age. The table contains results for the total group and two subgroups of LS
and non-LS labs. We made systematic calculations of correlation coefficients for all possible
combinations of mean values obtained on duplicate samples measured in all stages of this study.
Table 2 lists correlations among results of the same stage. The highest correlations are for all
samples of Stage 2 and for benzene of Stage 1, whereas most correlations in Stage 3 are
insignificant. Interstage correlations are slight, and are somewhat more significant for presumed
LS laboratories. Table 3 lists the highest values.

289

M F Pazdur, R Awsiul, T Goslar and A Pazdur

290

TABLE 1

Correlation coefficients of dates obtained on duplicate samples
Labs

Sample
Benzene #1
Benzene #2
Carbonate #1
Carbonate
Carbonate #2
Cellulose
Cellulose
Cellulose

No.

All

20
20
32
32
40

LS

16

GC & AMS
All

24
28

IS

13

GC & AMS
All
LS
GC & AMS
All

15

LS
LS
GC & AMS
GC & AMS

Algallithothamnion
Algallithothamnion
Algal lithothamnion
Humic acid
Humic acid
Humic acid
Wood #1

(yr)

17
6
11

36

Wood #1
Wood #1
Wood #2/3
Wood #2/3
Wood #2/3

LS

GC & AMS

10
25

Shell
Shell
Shell
Peat
Peat

All

34

LS
GC & AMS

23

All

31

LS

Peat

GC & AMS

11
20

10
26
35

GC & AMS

All

IS

11

TABLE 2

Correlations between mean dates of duplicate samples of same stage
Stage
1

1

r2

Samples
Benzene 1/benzene
1/benzene 2
1/carbonate 2
Carbonate 1/carbonate
Cellulose/algallithothamnion

2
2
3
3
3
3
3
3

No.

acid

Wood 1/wood 2/3
Wood 1/shell
Wood 1/peat
Wood 2/3/shell
Wood 2/3/peat
Shell/peat

20
32

4
35

32
29
32
28
29

0.195
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TABLE 3

Highest values of interstage correlation coefficients
Samples
Benzene 1/humic acid
Benzene 2/algal lithothamnion
Benzene 1/wood 1
Benzene 1/wood 2/3
Benzene 1/shell
Carbonate 1/peat
Carbonate 2/peat
Algal lithothamnion/wood
lithothamnion/wood 1

No.

Correlation

6

0.58
0.50
0.43
0.43
0.48
0.40
0.41
0.40

13

10
10
11

22
22
21

DISCUSSION

The correlation coefficients show some regularities, possibly indicating laboratory practice as
a source of some systematic errors. First, the highest correlations occur between duplicates (Table
1) and, slightly lower, between mean values of the same stage, whereas correlations between

different stages are, in most cases, insignificant. The differences between r values listed in Tables
1 and 2 are not so distinct.
Thus, we conclude that systematic biases that cause observed
correlations have two main sources. First, and predominant, are undetected medium-term changes
of the fundamental physical parameters of counting systems (counting rates of background and
modern reference standards) which occur over time intervals of a few months (2 - 4, as deduced
from the schedule for completing measurements of a single stage). Second, a less obvious source
is chemical composition of sample material, shown by systematic differences between values of
correlation coefficients r(duplicates) > r(mean dates). Although it is not statistically justified
procedure, mean values of correlation coefficients between duplicates and between mean dates of
duplicates are compared in Table 4. Physically, duplicate samples were taken from the same batch
and it seems reasonable to assume that different batches of the same material (benzene or
carbonate) contain slightly different admixtures. Higher correlations between duplicates can be
associated with failures in two steps of the dating process - preparation and purification of the
counting medium and correcting for quenching effects.
TABLE 4

Averaged values of correlation coefficients between duplicates and
mean dates of duplicate samples
Stage

Mean correlation
correlation coefficients
coefficients

Duplicates

Mean dates

1(benzene)
1(carbonate)

0.94
0.73

0.77
0.37

2

0.90
0.50

0.81
0.47

3

Relative difference
%

6

Very high correlations observed in results of Stage 2 are associated with larger dispersions of
both individual dates and mean dates of duplicate samples of cellulose and algal lithothamnion
(Tables 1 and 2). The correlations among results obtained on different samples of this stage, noted
also by Scott et al (1989), are much higher than in Stages 1 and 3 (Tables 3 and 4). The results
of Stage 2 suggest that observed systematic biases are associated with difficulties of obtaining a
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sufficiently pure counting medium from partly pretreated samples. This conclusion is supported
by the experience of the Gliwice Radiocarbon Laboratory (ICS code 11). In Stage 2, we produced
much more deviant results than in other stages of the ICS. We repurified CO2 from combustion
of cellulose and humic acid several times before achieving acceptable purity according to empirical
criteria. However, the gas purity parameters were close to the lower limits of acceptability and the
counting efficiency corrections (Pazdur, Walanus & Moscicki 1978) were enormously large. The
results on cellulose are discordant. The disparity, defined by Scott et al (1989), is equal to 2.68
with one date (2388 ± 47 BP) close to the quartile range (2160 - 2370 BP; Scott et al 1989) and
the second (2603 ± 65 BP) by 350 yr older than the mean value of 36 results of all participating
laboratories. Duplicate samples of humic acid yielded consistent results (3678 ± 44 BP, 3662 ± 45
BP, disparity = 0.25) but deviating by ca 280 yr, ie, by > 6v towards older ages. The results of
Stage 2, compared with much better results from Stages 1 and 3, suggest that our purification line
is effective enough for routine natural samples (carbonate, wood, peat). However, the purification
line does not produce sufficiently purified gas from impure samples that are not encountered in
routine laboratory practice (chlorine is suspected as the main impurity in samples of Stage 2).
Moreover, we realized that the criteria for accepting the purity of the counting gas are too weak,
and finally, that the methods used to introduce corrections for decreased counting efficiency do not
work correctly for large deviations from the ideal purity of the counting gas.
The validity of the last conclusion seems to be of general concern for both GC and LS labs.
Particularly, the highly correlated and scattered results of benzene samples from Stage 1 may be,
at least in part, owing to inappropriate quenching corrections and unprecedented shifts of pulse
height spectra of laboratory synthesized benzene.
Polach (1989) discusses the enormously large scatter of the results of the benzene sample from
Stage 1 and suggests several possible reasons for observed aberrations. He concludes that the
results show no reasonable grouping and statistical methods are not sufficient to evaluate such data.
The same conclusion applies to results on the second benzene sample of Stage 1 and the humic
acid of Stage 2. However, we found similar large scatter and high correlation for cellulose and
algal lithothamnion of Stage 2 and natural shell of Stage 3. Figures 1-3 illustrate the dates on
duplicates of these samples, indicating presumed LS and non-LS labs. Three outlying laboratories
(A, B, C) are clear outliers; two (A, B) are responsible for the large ranges listed in Table 1. After
we reject obvious outliers, the remaining dates show reasonable scatter in the interval 400 - 700
yr, ie, similar to that found for other samples. Some grouping of results of Stage 2 is visible; no
satisfactory clustering occurs for shell results. Figure 1 also shows some shift of LS results
towards older ages with respect to non-LS results. The group of results remaining after the
rejection of outliers shows no evidence for discrimination between LS and non-LS laboratories.
SUMMARY AND CONCLUSIONS

Our analysis revealed significant correlations among dating results of the same samples or
different samples of the same stage, ie, among samples processed during relatively short periods
of 3-6 months. The main sources of such behavior of the analyzed sets of dates are undetected
medium-term changes in the performance of counting systems, which occur for both LS and GC
laboratories. The results on natural samples are less correlated and show more satisfactory
grouping than those obtained on partly pretreated or laboratory synthesized samples. The LS labs
seem to be more prone to producing outlying results.
The results of the ICS, if evaluated on the basis of ranges listed in Table 1, may lead to
extreme opinions that after 40 years of improving the radiocarbon dating method, we are still at
the starting point of the Libby's solid carbon counter with an accuracy of 300 - 500 yr (Arnold
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Fig 1. Results obtained on duplicate samples of cellulose, Stage 2.
LS labs, U = GC & AMS labs. Two distinctly
outlying results are marked by A and B; the result of the Gliwice Lab is in parentheses.
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Fig 2. Results obtained on duplicate samples of algal lithothamnion,
lithothamnion, Stage 2. Two distinctly outlying results (A and
B) are produced by the same labs as in Fig 1.
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Fig 3. Results obtained on duplicate samples of natural shell, Stage 3. Explanations as in Figs

1

and 2.

& Libby 1951). In any case, future systematic projects are urgently needed, which in our opinion,

participation of laboratories. Very important for all participating labs
should be supported by wider participation
will be shorter response time (ca 3 months) for 5 - 6 samples dated per stage, combining knownage natural samples (which may be used as secondary laboratory standards) and blind tests for
checking for an effect of dating "standard" samples on the quality of results. Results of such a
study should not be anonymous and should be regularly published in RADIOCARBON.
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INTERCOMPARISON SAMPLES AT THE
RADIOCARBON DATING OF INTERCOMPARISON
ZAGREB RADIOCARBON LABORATORY
NADA HORVATINCIC,
HORVATINCIC, DUSAN SRDOC, BOGOMIL OBELIC
and
INES KRAJCAR BRONIC

Rudjer Boskovic Institute, PO Box 1016, 41001 Zagreb, Yugoslavia
ABSTRACT. The Radiocarbon and Tritium Laboratory of the Rudjer Bokovic Institute, Zagreb, participated in the
International Collaborative Study (ICS) in all three stages. All measurements were made by proportional counting of
methane. We present here a statistical analysis of our results. A comparison with the mean or median values of reported
ICS values showed that our results are generally slightly younger.
INTRODUCTION

Radiocarbon Laboratory has taken part in a Radiocarbon
This is the first time that our Radiocarbon
intercomparisons were made between our laboratory and those of
Intercomparison Study. Some intercomparisons
comparisons of
Uppsala, Hannover, Groningen, Seattle, Lyon and Stockholm, but these were only comparisons
single samples and not systematic studies, such as this one organized by the Department of
Statistics, University of Glasgow.
We started routine sample processing and measurement in the Zagreb Radiocarbon Laboratory
in 1970 and dated ca 2200 samples. All measurements were made by gas proportional counting
pretreatment, combustion and the counter technique were essentially the same
of methane. Sample pretreatment,
computerized data processing (Obelic &
as described in Srdoc et al (1971) supplemented by computerized
oxalic
acid (I) as the modern standard and
We
use
NBS
1980,
1989).
1977;
Obelid
Planinic
anthracite, Carrara marble and old CH4 from a borehole as the background standards. We also
used the same gas for dilution in case of an insufficient amount of sample material. The oxalic
acid count rate is (27.5 ± 0.2) min'', and the background count rate is (5.75 ± 0.12) min''.
We calculated the ages according to the conventions recommended by Stuiver and Polach
(1977). We calculated the error of each result according to the law for the propagation of error and
the weighted mean value of several measurements; the standard deviation was calculated according
to standard formulae:
ti/(Ui2)
tmean

Q2

(1)

(1

= 1/[

(1IQi2)J

(2)

We measured b13C values of the samples at the Jozef Stefan Institute, Ljubljana, Yugoslavia,
and applied a fractionation correction.
RESULTS

The Zagreb Radiocarbon Laboratory participated in all three stages of the International
Collaborative Study. Results from Stage 1 should reflect counting statistics only, and those from
Collaborative
Stage 2 should introduce sample preparation error. However, gas counting techniques do not reveal
any difference between Stages 1 and 2, with respect to chemical preparation of samples. We had
to prepare our gases (C02, CH4, etc) by applying the same method in both cases. In other words,

295

Nada Horvatincic et al

296

Stage 1 did not reflect counting statistics only, as opposed to the users of the LSC technique who
received benzene samples for dating. In the case of the gas counting method, both Stages 1 and
2 did include counting and preparation errors.
We discuss the results of measurements of ICS samples from Stages 1 and 2 separately from
Stage 3, which introduced the sample pretreatment error.
Stages

1

and 2

Table 1 presents our results for Stages 1 and 2. The results are compared with the summary
statistics for the four distinct samples given in the progress reports (Scott et al 1989).
TABLE 1

Results of sample measurements from Stages

1

and 2 (in yr BP)

Zagreb results
Sample
code

Stage

Single
sample

ICS results

Duplicates,
mean value

1

C Garb

1

14 ± 50

L carb

1

7±50

M carb 2

3700 ± 60

S carb 2

3290 ± 60

10.5

-66

-100

3531

3600

3570-3670

2120

2120

2040-2200
2040-2200

2161

2250
(equivalent

0

Stage 2
J algal
G algal

1996 ± 72
2063 ± 63

Tcell

2178±65

U cell

2146 ± 63

2160-2370
age 2180 yr)*

14C

*The absolute date of the wood sample provided by the Belfast dendrochronological
laboratory and from which the cellulose was extracted was 241-260 BC. With the calibration
calibration
data (Pearson et al 1986), these calendar dates would correspond to radiocarbon ages of
2220-2160 years BP, or 2180 years BP on the average.

Figure 1 shows the plot of our data for duplicate pairs together with the ideal line of equality
drawn for comparison.
Three pairs of samples from Stages 1 and 2 are very close to the ideal line of equality (Fig
1). The single values of samples in these pairs lie within 1o error, thus showing good
reproducibility of measurements. The exception is a pair of carbonate samples (M + S) in which
S is 410 years younger than M and 310 years younger than the average of all measurements. Our
laboratory records showed that the amount of methane was not sufficient to fill the gas counter and
inactive methane was added to the sample to bring it to the required filling pressure. The wrong
pressure ratio was entered in the computer input data. The corrected result of sample S yields an
age of 3618 ± 53 BP. Because of this error, all our analyses are based on the first result, 3290 ±
50 BP, which was published in the first ICS report (Scott et al, in press).
A comparison of the mean value for the paired samples in Stages 1 and 2 with averaged
measurements from all the laboratories (Table 1) shows the following: three pairs of samples are
slightly younger than the average, and only one pair of carbonate samples (C + L) is older than
the average. Only one cellulose sample is within a quartile range and the other three pairs lie
outside the quartile range but very close to its lower limits.
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M
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S

results for duplicates, Stages

years (BP)
sample 1
sample

4000

1

and 2

Stage 3

In Stage 3, peat and wood samples were chemically pretreated but the shell samples were not.
Results are in Tables 2 and 3 and in Figures 2 and 3. Figure 2 compares our results with the
median value of all measurements (Scott et al 1989). Again, the good reproducibility of
measurements are apparent (results of the paired samples are within 1v interval). All results are
close to the ideal line of equality, however, slightly younger than the median.
The results of four wood samples agree well with equivalent 14C ages derived from dendroages provided by the Belfast dendrochronological laboratory (Fig 3). Again, all samples are
slightly younger, varying from -40 to -100 years from the median value. The measured age difference between samples P and Z (200 yr) agrees very well with the true age difference (e190 yr).
TABLE 2

Results of sample measurements from Stage 3 (in yr BP)
Duplicate samples

Single samples

Sample
code

Zagreb
results

B shell

449 ± 56

I shell

540 ± 56

Y peat
E peat

3288 ± 66
3385 ± 61

X wood y

2107 ± 62

F woods

2085 # 61

P wood2

248 # 65

Z wood,

48

±50

results

ICS results
Median
5

494.5

670.0

3336.5
3336.5

3395.0

2096.0

2218.5

3388.3
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TABLE 3

Zagreb 14C results (yr BP) and the calibrated age, the absolute age
and the equivalent 14C age (yr BP) of wood samples from Stage 3
Wood
sample

Zagreb
result

X woods
F woods

2107 ± 62
2085 ± 61

P wood2

248 ± 65

Absolute age
calibrated age*
240 BC

71 BC

lo)

1521-1802

(92%,
Z wood3

age

48 ± 50

1805

1521

-1550

icy)

-1937

1841-1870

(74%, 2a)

*According to Stuiver and Reimer (1986)

MEDIAN
(years BP)

STAGE 3
x

SHELL

o PEAT
o

1000

Fig 2. Comparison of the Zagreb

14C

2000

3000

WOOD

ZAGREB RESULTS
(years BP(

results and the median value of all ICS measurements, Stage 3.

CONCLUSION

The results of our measurements in all three stages of the Glasgow International Collaborative
Study show that most of our 14C ages are slightly younger than the average or median values of
all measurements. Figure 4 shows a histogram summarizing our results from all three stages,
standardized to the median values. It is clear that our results lie within the interval (30, -180)
standardized
years from the median, or, on the average, 77 years lower than the ICS median values.
14C
activities of cellulose, wood and peat samples lie within a to error, and for the carbonate
samples, within a 2Q error from the ICS average or median values (Fig 4).
The results of paired samples show great internal consistency, ie, the differences between the
duplicates agree with the claimed precision (except for one carbonate sample, as discussed above).
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(
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1
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2000
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Fig 3. Comparison of wood samples, Stage 3: Zagreb

14C

results vs equivalent

14C

®

®

ages derived from absolute ages.

wood

peat
curb

difference
(years)
Fig 4. Frequency histogram of the difference between Zagreb 14C results and the median values of ICS results for the
corresponding sample. The curve represents fitted normal distribution with the mean value -77.

The ICS was very useful and necessary for each participating
participating radiocarbon laboratory. The
choice of samples and good statistical data interpretation enabled each laboratory to control its own
chemical preparation and counting system. Thus, we started to investigate the possible sources of
error in sample preparation, calibration, counting procedure, etc, which render our dating slightly
younger than the average ICS dating. We suggest the continuation
continuation of this kind of intercomparison.
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RADIOCARBON DATING REPRODUCIBILITY
REPRODUCIBILITY AT THE MUSEO DE LA PLATA
RADIOCARBON LABORATORY
ANIBAL FIGINI, ROBERTO HUARTE AND JORGE CARBONARI
Laboratorio de Tritio y Radiocarbono, LATYR
Facultad de Ciencias Naturales y Museo, Paseo del Bosque, 1900 La Plata, Argentina
ABSTRACT. We discuss here the variability, for our laboratory, in counting for radiocarbon dating of replicate
measurements of background and secondary modern standard, duplicate measurements of samples provided by the
International Collaborative Study, and replicate measurements of the dilution of the 14C-labeled benzene standard. The
variability in the measurements
measurements of the International
International Collaborative
Collaborative Study samples suggest the existence of systematic bias.
INTRODUCTION

The error commonly quoted with a 14C date is based on theoretical estimates of the uncertainty
from the radioactivity measurements
measurements process. Replicate assays of samples, however, provide a
realistic measure of precision since the estimate is derived purely from experiment using normal
procedures (Otlet 1979; Baxter 1983; Scott, Baxter & Aitchison 1983).
The preliminary results of the International Collaborative Study show that the highest
component of variability occurs in the counting process (Scott et al 1989). The aim of this paper
is to discuss the variability in the counting procedure of our laboratory through 1) replicate
measurements of background benzene and secondary modern standard, 2) duplicate measurements
of benzene synthesized from samples provided by the International Collaborative Study, 3) replicate
measurements of the dilution of the 14C-labeled benzene standard.
EXPERIMENTAL PROCEDURE AND SAMPLE DESCRIPTIONS

We used two liquid scintillation counters. Our methodology and age calculation were
described previously (Figini et al 1984; Huarte & Figini 1988). Each sample of 2ml benzene was
weighted (1.758g) in a vial of 2Oml low-potassium glass (Packard Corp) within which were
weighted 0.014g of scintillator (t-butyl PBD) using a Sauter 414 balance (± O.OOIg precision). A
single vial was used for all the measurements, alternating background, secondary modern standard
and samples for one year of the counting period (4/88-4189).
The energy window for 14C in a Beckman LS-100 was adjusted placing the lowest limit at the
upper end of the 3H curve, and for the Packard 1500 was adjusted between 25 and 156 key. The
samples were counted at intervals of 100 min for a minimum of 2000 min. A x2 test was applied
to detect any unexpected deviation.
We made duplicate measurements
measurements with synthesized benzene of samples 9T, 9B, 9U, 9X and
9G of the International Collaborative Study (Stage 3). Each sample was measured in a Packard
counter; then the same vial was taken out and measured in a Beckman counter.
We made replicate measurements on aliquots of benzene samples:
B:
background benzene Merck art 1783, also used for dilutions.
M:
secondary modern standard prepared by dilution of benzene marked 14C supplied by Lab de
Metrologie des Rayonnements Ionisants, Gif-Sur-Yvette, with an activity of 1.042 x 10-6
Ci/g, up to an activity equal to the NBS oxalic acid reference standard.
Si: benzene of an activity of 14C equivalent to 583014C years, prepared by dilution of marked
benzene.
S2:
aliquots (0.4ml) of benzene Si diluted to 2ml with background in the same vial.
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RESULTS AND DISCUSSION

For comparison of the results, we used pooled means calculated without weighting and pooled
means calculated with weighting and test procedures of Ward and Wilson (1978).
Tables 1 and 2 show the results of background B and secondary modern standard M samples
from two counters. We rejected one result in the measurements of M in the Beckman counter
because it was more than three standard deviations (o) from the mean of the series. The individual
count rates of B and M were not significantly different and there is a good reproducibility.
TABLE

1

Background B
Sample

Beckman LS-100
cpm ± 1Q

Packard 1500
cpm ± lv

5.165 ± 0.066
5.053 ± 0.045
5.141 ± 0.068

2.794 ± 0.050
2.732 ± 0.052
2.705 ± 0.050

5.107±0.041

2.714±0.052
2.714±0.052

5.166 ± 0.061

2.792
2.747
2.776
2.804
2.853
2.705
2.754

-

-

Pooled means with
weighting ± 1Q
Pooled means no
weighting ± 1Q

±
±
±
±
±
±
±

0.048
0.055
0.043
0.043
0.031
0.030
0.033

5.112 ± 0.024

2.766 ± 0.012

5.126 ± 0.021

2.761 ± 0.014

The correlation coefficients indicate that these results are independent of the time period in
which the measurements were done. The standard deviations of the unweighted and weighted
means are approximately equal. The overall means values are determined (plus a) from
subsequent insertion in the age calculation equation.
Table 3 shows the results of the duplicate counts of the International Collaborative Study
samples. Sample values in both counters agreed, with the exception of 9B and 9G, which were
significantly different (Ward & Wilson 1978). The 14C ages obtained in our lab are not
significantly different from the numerical average of all the results for each sample with the
significantly
exception of 9G (the results of other laboratories were sent by Marian Scott). We find a positive
correlation between the following two variables regarding each test sample: l) our dates and 2) the
difference between our dates and the numerical averages of all laboratories' results. This is
evidence for systematic bias in our lab. It is possible that the bias is caused by problems in
modern standard count-rate evaluation and it is also probable that it is due to variability among
laboratories in the chemical process during preparation for counting.

'4C Dating

Reproducibility at La Plata

303

TABLE 2

Secondary Modern Standard M
Sample

Beckman LS-100
cpm ± to

Packard 1500
cpm ± to

14.790 ± 0.079

14.522 ± 0.127

14.856±0.143

14.614±0.128
14.614±0.128

14.796
14.702
14.764
14.552

±
±
±
±

0.076
0.080
0.098
0.099

±
±
±
±

0.133
0.133
0.128
0.095

14.859±0.059

14.806±0.110

14.899 ± 0.094
14.870 ± 0.066

14.710
14.676
14.868
14.725
14.808
14.601
14.625

-

Pooled means with
weighting ± to
Pooled means no
weighting ± 1o

14.409
14.509
14.690
14.677

±
±
±
±
±
±
±

0.110
0.121
0.082
0.083
0.078
0.077
0.077

14.800 ± 0.027

14.685 ± 0.026

14.788 ± 0.036

14.660 ± 0.034

TABLE 3

Duplicate counts of International Collaborative Study samples
Sample

Beckman LS-100*

9T Shell

600 ± 80
1

2

9X Peat
9G Peat

2480
420
3630
3530

± 70
± 90
± 100
± 60

Packard 1500*
70

210

50
60
90
70

115
154
87
120

14Cage±lo
**

t

Mean (Ap), numerical average of all results for each sample. Stage 3 International
Collaborative Study (Scott, pers commun).
D = cliff/(o +
(Age, - Ap)2/o2

T=

Table 4 shows the results with portions of the same sample, benzene Si, in both counters.
There was one rejection in the Beckman counter; it was >3o from the mean of the series.
Statistical test T (a x2 distribution on n-1 degrees of freedom) showed that the numerical value was
in all cases close to the appropriate number of degrees of freedom. The overall mean ages
obtained in both counters are not to be judged significantly different and they are completely in
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agreement with the expected value (583014C yr). The standard deviation from unweighted and
weighted means are approximately equal. The results suggest good reproducibility in the counting
process in our lab during the study period.
TABLE 4

Replicate counts of Si sample
Beckman LS-100*

Sample

5780
5910
5720
6120
5930

Packard 1500*
5930
5750
5720
5780
5940
5 910
5800

100
110
130
130
130
6050 ± 110
5800 ± 110

Pooled means with
weighting ± 1o
Pooled means no
weighting ± 1o
*14C

±
±
±
±
±

90
100
90
100
70
70
80

-

5860± 60

-

5860± 70

5890 ± 40

5850

30

5900 ± 55

5840

30

age ± 1o

Table 5 contains a list of 14C ages determined for replicate S2 samples. Two rejections were
made in the Packard counter and one in the Beckman counter; all were beyond 3o from the mean
of the series. The distribution and range of dates were non-ideal. The overall means value
obtained in the Beckman counter of S1 and S2 samples were significantly different. The variability
of data of the S2 sample is probably due to the influence of errors in dilution and weighings.

TABLE 5

Replicate counts of S2 sample (dilution of Si)
Sample

Beckman LS-100
14C

age ±

6320
5690
7045
5880
6780

Pooled means with
weighting ± 10
Pooled means no
weighting ± 1o

to

± 420
± 480
± 590

Packard 1500
14C
age ± 1o
210
220
230

6140
5840
6080

± 490
± 500

-

6290 ± 220

6020

130

6340 ± 260

6020

90

14C
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CONCLUSIONS

Although the results and their treatment are preliminary, we wish to make the following
comments:
1. With the experimental error in the counting process determined in background B, and
secondary modern standard M, using the same vial, geometry and benzene purity were not different
from those calculated from counting statistics alone.
2. Assuming that the Glasgow average is truth, the results of the samples of the International
Collaborative Study (Stage 3) processing in our lab show systematic bias. Our data are generally
older than the numerical average of all the results of each sample, which emphasizes the need for
more extensive studies and experiments to assess and correct the bias.
3. The experimental
experimental error in the counting process determined in replicated measurements of
sample Si was not different from that calculated from counting statistics alone. The differences
between replicated measurements of this sample were not significantly different.
4. The differences between replicated measurements
measurements of aliquots of sample S2 were
significantly different. The variability may be due to errors in the dilution and weighing of each
sample.
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AN OVERVIEW OF ALL THREE STAGES OF THE INTERNATIONAL
INTERNATIONAL
RADIOCARBON INTERCOMPARISON
INTERCOMPARISON
E M SCOTT', T C AITCHISON', D D HARKNESS2, G T COOKS and M S BAXTER3
ABSTRACT. The International Collaborative Study involved a wide range of sample materials and ages and, on completion,
assessed each stage independently (Scott et al 1989; Aitchison et al 1990). We combine here the three stages of the study
and provide an overview of the uncertainties in the dating procedure as a whole and in its component processes. Three
key optimal performance indices, related to internal and external precision and to bias, have been defined to allow
quantitative assessment of Internal Consistency and External Consistency (Aitchison et al 1990). We believe that these
measures provide quantitative descriptions of a laboratory's reproducibility, accuracy and precision.
For the internal consistency, we have defined the Internal Error Multiplier of the quoted error and, for the external
consistency of any laboratory relative to an appropriate baseline, we have defined two indices, the Systematic Bias and
External Error Multiplier of the quoted error. We have evaluated the three indices over the three stages and have assessed
the relative performances of gas counting, accelerator and liquid scintillation laboratories. The quoted errors describe
adequately the variability in duplicate results, but there is evidence of systematic biases and underestimation of
interlaboratory variability. We have considered the contribution of pretreatment, synthesis and counting to the overall
variability for each laboratory type. We found that, for liquid scintillation (LS) and gas counting (GC) laboratories, ca 66%
of the total variation is due to counting and sample synthesis whereas, for accelerator mass spectrometry (AMS) laboratories,
the major sources of variability are the sampling and pretreatment processes.

INTRODUCTION
INTRODUCTION

The International Collaborative Study generated a wealth of data on the analytical variability
of the processes involved in radiocarbon dating. It provided an opportunity to justify the quoted
error experimentally and to assess the contributions by the component processes of counting,
synthesis and pretreatment to the overall variability of dating.
The project, undertaken by a representative subset of the 14C community, was the largest and
most extensive study of laboratory performance in the history of radiocarbon dating. It involved
considerable effort on the part of all participants and resulted in a data base of over 60014C dates.
The study took 4 years to complete, and involved over 50 laboratories worldwide. Table 1 lists
the participant laboratories. The key design features of the study are;
1. Hierarchical structure. An additional experimental
experimental process was introduced at each of the
three stages. Stage 1 concentrated on the counting process, Stage 2 introduced sample synthesis
and Stage 3 involved full assay of real samples.
2. Replication. Unidentified duplicate samples were included in each stage to allow
assessment of internal consistency relative to the quoted errors. The sample materials included
calcium carbonate and benzene for Stage 1, humic acid, algal lithothamnion and cellulose for Stage
2, and wood, shell and peat for Stage 3. The age range of material was N modern to 7000 BP.
Laboratories were issued appropriate sample information and asked to report the results and
corresponding errors in standard format. We present here the first analysis of results from all three
corresponding
stages. We address three key topics in particular;
1. The role of the quoted error as a measure of internal consistency as indicated by the
duplicate analyses
2. The existence, or otherwise, of systematic biases and the role of the quoted error in
adequately explaining any such inter-laboratory
inter-laboratory variation
3. A comparison of the performance of each laboratory type (ie, LS, GC and AMS).

'Department of Statistics, Glasgow University, Glasgow G12 80W, Scotland
ZNERC Radiocarbon Laboratory, East Kilbride, Glasgow G75 OQU, Scotland
3Scottish Universities Research and Reactor Centre, East Kilbride, Glasgow G75 OQU, Scotland
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TABLE

1

Participant laboratories
ANU

-

B

-

Deb
ETH
FZ
Gd
Gif
GrN
GSC
GU
HAM

-

-

Hd

-

Hel
Hv

-

K

-

KI

-

KR
LE
LP
Lu
Lv

-

Ly

NTU
NZ
QL
QLA

-

-

-

-

R

-

RIDDL
RT
SMU
SRR

-

Su
T
Tx
U
Ua
UBAR
UD
UGRA
UtC
VRI
WAT

Wk
Z

-

-

-

-

Radiocarbon Dating Research, ANU, Canberra, Australia
Physikalisches Insitut, Universitat Bern, Bern, Switzerland
Institute of Nuclear Research, Debrecen, Hungary
ETH AMS Facility, Zurich, Switzerland
Departemento de Fisica, Fortaleza, Brazil
Institute of Physics, Silesian Technical University, Gliwice, Poland
Centre des Faibles Radioactivites, Gif-sur-Yvette, France
Isotope Physics Laboratory, Groningen, The Netherlands
Radiocarbon Laboratory, Geological Survey of Canada, Ottawa, Canada
SURRC 14C lab, East Kilbride, Glasgow, Scotland
Isotope Dating Laboratory, University of Hamburg, Hamburg, Federal Republic
of Germany
Radiocarbon Laboratory, University of Heidelberg, Heidelberg, Federal Republic
of Germany
Radiocarbon Laboratory, University of Helsinki, Helsinki, Finland
Niedersachsisches Landesamt fur Bodenforschung, Hannover, Federal Republic
of Germany
Radiocarbon Laboratory, National Museum, Copenhagen, Denmark
Radiocarbon Laboratory, Kiel, Federal Republic of Germany
Institute of Physics, Krakow, Poland
Institute of Archaeology, Leningrad, USSR
Laboratorio de Tritio y Radiocarbono, La Plata, Argentina
Radiocarbon Dating Laboratory, University of Lund, Lund, Sweden
Radiocarbon Laboratory, University of Louvain, Louvain, Belgium
Laboratoire de Radiocarbone, Lyon, France
Radiocarbon Laboratory, National Taiwan University, Taipei, Taiwan, China
Institute of Nuclear Sciences, Lower Hutt, New Zealand
Quaternary Research Center, University of Washington, Seattle, Washington, USA
AMS facility, University of Washington, Seattle, Washington, USA
Department of Physics,, Rome, Italy
RIDDL Group, Simon Fraser University, British Columbia, Canada
Isotope Department, Weizmann Institute of Science, Rehovot, Israel
Radiocarbon Laboratory, Southern Methodist University, Dallas, Texas, USA
NERC 14C lab, East Kilbride, Glasgow, Scotland
Geological Survey of Finland, Espoo, Finland
Radiological Dating Laboratory, Trondheim, Norway
Radiocarbon Laboratory, University of Texas, Austin, Texas, USA
Radiocarbon Laboratory, Uppsala, Sweden
Tandem Accelerator Lab, Uppsala, Sweden
Dept of Quimica Analitica, University of Barcelona, Barcelona, Spain
Centro de Ricerca Applicata, Udine, Italy
Radiocarbon Laboratory, University of Granada, Granada, Spain
Rijksuniversiteit, Utrecht, The Netherlands
Vienna Radium Institut, Vienna, Austria
Earth Sciences Department, University of Waterloo, Waterloo, Canada
Radiocarbon Laboratory, University of Waikato, Hamilton, New Zealand
Rudjer Boskovic Institute, Zagreb, Yugoslavia
Water Resources Research, Adelaide, Australia
ENEA, Bologna, Italy
ORSTOM, Centre de Bondy, Bondy, France
Dept of Physics, Nanjing University, Nanjing, China
Isotope Hydrology Laboratory, Islamabad, Pakistan
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In this report, we have concentrated on the results from labs that completed a minimum of 2
of the 3 stages (but including the third and final stage). A total of 38 laboratories satisfied this
condition.
DATA DESCRIPTION

Typically, a laboratory that completed all three stages generated a total of 16 radiocarbon dates
on 9 distinct samples, 7 assayed in duplicate. As a convenient means of summarizing each
laboratory's results, we have calculated two quantities:
1. Laboratory disparity calculated on the basis of the duplicate samples. This quantity is
simply the unsigned difference between duplicates divided by the square root of the sum of squares
of the quoted errors. Values for the disparity of > 1 indicate that the discrepancy between the
duplicate samples was greater than expected given the quoted errors. The disparity data form the
basis of the assessment of a laboratory's analytical reproducibility
reproducibility (ie, precision).
2. Laboratory offset is an estimate of the difference between the lab result for a specific
sample and its "true value." More typically, here the latter is a robust measure (median) of the
consensus value based on all the study results for that sample. The laboratory offset data allows
us to assess the extent of interlaboratory variation and the existence of systematic biases.
Figure 1 shows the disparities for each sample assayed in duplicate across all three stages.
The majority of disparities are < 1, but they increase in value from stage to stage. At each stage,
there are outlying values for which the difference between duplicates is much larger than expected
on the basis of the quoted errors. Similar features are apparent if this diagram is reproduced for
each of the three different lab types.
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Figures 2A, B, C show the laboratory offsets at each stage of the study and for the three
distinct lab types. Again, single outliers are apparent at each stage, but for the liquid scintillation
laboratories, the variation is larger than that for the gas counting and accelerator labs.
DATA ANALYSIS

To quantify this interpretation, we have defined three measures of laboratory performance; two
are linked to quoted error through the concept of an error multiplier.
The Internal Error Multiplier (IEM) is based on the disparities, and used as a measure of
internal precision; the second, the External Error Multiplier (EEM), relates quoted error to external
variation; the third, Bias, quantifies systematic bias. Both EEM and Bias are based on the

laboratory offsets. For error multipliers, a value considerably exceeding 1 would indicate that the
quoted errors inadequately describe the variation in the laboratory's results.
INTERNAL CONSISTENCY

Figure 3 shows the internal error multiplier at each of the three stages, for each of the three
laboratory types. The values increase slightly across the stages. Table 2 gives the median values
at each stage and confirms this finding. In particular, values of IEM are higher for liquid
scintillation labs than for other lab types and AMS labs show a large increase from Stage 2 to 3.
However, for individual labs, no clear pattern emerges across the three stages.
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TABLE 2

Internal Error Multiplier
median
Lab type

Stage

1

Stage 2

LS
GC

1.08
0.64

1.28

AMS

0.31

0.49

3

0.75

In addition, using the combined results for each laboratory, we have evaluated a plausible
range of values for the IEM (formally a 95% confidence interval). We note that, in the absence
of a clear pattern across the three stages, the combined IEM is likely to overestimate the multiplier
and result in wider confidence intervals. However, if the whole of this interval exceeds 1, then
evidently the laboratory is underestimating its internal precision. Figure 4 shows the interval
estimate for IEM for each laboratory; the different laboratory types are clearly indicated. Five gas
counting and 5 liquid scintillation laboratories have intervals wholly exceeding 1, suggesting that
their quoted errors are too small.
EXTERNAL CONSISTENCY

We have evaluated systematic bias relative to a baseline defined by all the study results.
Figure 5 shows the estimates of systematic bias at each stage. Some laboratories show evidence
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TABLE 3

External Error Multiplier
Lab type

Stage

1

Stage 2

LS
GC

1.82
1.16

1.95
1.17

AMS

0.60

0.95

3

that bias is changing on a relatively short-term basis (from stage to stage). Figure 6 similarly
shows the external error multipliers (accounting for bias) evaluated at each stage, further evidence
of increasing EEM across the three stages. Table 3 shows the median values at each stage,
confirming the general trend.
Figure 7 shows a scatter plot of EEM against systematic bias for all laboratories, with the
laboratory type clearly indicated. This diagram shows that a small group of laboratories have
satisfactorily small biases (ie, plausibly 0) and adequate quoted errors: none of these laboratories
satisfactorily
uses liquid scintillation.
All combined results form a basis for evaluating ranges of plausible values for these two key
laboratory parameters. Figure 8 shows the range of values for systematic bias; the intervals that
do not include 0 indicate a significant systematic bias. In this case, 5 LS, 1 AMS and 6 GC labs
have significant biases of up to several hundred years.
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Figure 9 presents the equivalent intervals for the external error multiplier for each laboratory,
intervals not including 1 indicate that the quoted errors do not compensate for the observed
variation around the baseline, even accounting for bias. We point out, however, that laboratories
experiencing considerable bias change at each stage (either in sign or magnitude), will also
experience amplification of the external error multiple as a result. Nevertheless, no LS laboratory
has an EEM that could be 1, only 2 AMS labs and 6 GC labs have EEM that could plausibly be
1, indicating their quoted errors are adequate.
OVERALL PERFORMANCE

We have defined three criteria of acceptability, namely no significant systematic bias and
adequate assessment of internal and external variability. Table 4 summarizes the assessment of
performance from the combined results of all three stages. The major mode of failure is the
inadequate assessment of external variability, suggesting that the commonly quoted errors
satisfactorily describe the internal variability but not the variation between laboratories.
TABLE 4

Number of labs failing to meet the criteria
Lab type

IEM

Systematic

LS
GC

5

5

5

6

AMS

0

1

3
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Provisionally, we can attempt a breakdown of the components of variation across the three
stages for each laboratory type. Table 5 shows the percentage of the total variation accounted for
in each of the three stages. For both GC, and LS, ca 66% of the variation stems from Stage 1
(primarily counting process for LS labs, counting and synthesis for GC labs). For AMS labs, the
major component of variation is introduced in Stage 3, which may be loosely ascribed to sampling
and pretreatment.
TABLE 5

Percentage of total variation
Lab

Stage

LS
GC

57

8

67
13

12

AMS

1

Stage 2

3

33

CONCLUSIONS

At the completion of the largest study undertaken by the radiocarbon community, the findings
differ little in nature from those previously reported (ISG 1982).
First, with the inclusion of duplicate samples, we have been able to demonstrate that the
quoted errors cover well the internal precision of results. This statement applies to all three stages
of the study and for all laboratory types.
Second, we again find evidence of systematic biases amongst the laboratories. The magnitude
and sign of the biases have, for some laboratories, changed from stage to stage, indicating
relatively short term fluctuations in the source of variation in the results. In some instances, the
individual laboratory has identified and corrected the sources of such fluctuations.
Third, we find widespread evidence that the quoted errors do not adequately describe the
variation amongst laboratories, even accounting for bias.
The degree of variation observed perhaps reflects difficulties in maintaining suitable and
sufficient laboratory standards for calibration against primary standards such as oxalic acid. The
type and level of pretreatment applied by individual laboratories varies considerably
considerably and, for
accelerator laboratories, this, along with the question of representative sampling of the material,
is clearly critical. The additional variation in results apparent for liquid scintillation laboratories
may well reflect the increasing complexity of current technology.
The radiocarbon community is committed to pursuing these findings and introducing quality
assurance proposals to assist each laboratory in maintaining and improving the quality of its results.
Users of radiocarbon dates may be assured of the continuation of a program for improvement
improvement in
what is a complex scientific field.
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RADIOCARBON DATING PROBLEMS USING ACETYLENE AS COUNTING GAS
MEBUS A GEYH
Niedersachsisches Landesamt fur Bodenforschung
D-3000 Hannover, Federal Republic of Germany
International Collaborative
Collaborative Study (ICS) led to the
ABSTRACT. An investigation of inconsistent Hannover results in the International
conclusion that the main reason was contamination
conclusion
contamination of the acetylene used as counting gas with recent and/or fossil carbon
by the lithium used for its preparation. Despite the high level of purity of the lithium guaranteed by the producer and
storage under argon in cans, different charges were partly covered with contemporary lithium carbonate and fossil oil
decreased the
sometimes was used to preserve the metal. Thorough cleaning of the surface of the lithium rods decreased
sometimes
contamination but did not remove it entirely, which is evidenced in the wider scatter of the counting rates of various
contamination
contamination with fossil
radiocarbon-free tank acetylene. As a result of the high risk of contamination
background gases than that of radiocarbon-free
and/or recent carbon from the acetylene counting gas, the high price of lithium, and the time-consuming preparation, the
Hannover 14C Laboratory will use carbon dioxide instead of acetylene as counting gas in the future.

INTRODUCTION

As early as the 1960s, we found decreased reproducibility of 14C determinations for small
samples when acetylene was used as counting gas, resulting from contamination with up to 3mg
C/g lithium used in preparation (Geyh 1969). The German factory, Metallgesellschaft GmbH,
Frankfurt, was unable to produce this metal without using paraffin oil for protection. An English
factory delivered lithium completely embedded in paraffin wax, with the same result.
The contamination problem was solved by cleaning the rods with dilute hydrochloric acid.
However, this procedure was quite dangerous and could be done only under a fume hood. After
a lithium fire ignited, we terminated this cleaning process. Fortunately, we learned of pure lithium
rods and shot produced by LITHOCA, Inc, USA, which are delivered in argon-filled cans and
contamination. The use of both this substance, and the cleaning
guaranteed to be free of carbon contamination.
procedure, yielded the theoretically expected reproducibility for at least ten years.
In the early 1980s, high-precision
high-precision dating of tree rings of German oak logs by the Heidelberg
l4C Laboratory, which we dated several years ago, showed that ca 5% of our results were up to
300 years too old. The results of Hans Suess, who also used acetylene as counting gas for his treering analyses, were comparable with ours. He withdrew a similar percentage of his 14C dates that
were wrong (pers commun). This could only happen if time series of tree rings or archaeological
samples of rather accurately known ages are dated which show unquestionable outliers. All our
experiments to find the source of error were unsuccessful.
RESULTS OF STAGES

1

AND 2 OF THE

14C

ICS

The results of the International Study Group (1982) confirmed the earlier finding of outliers.
Figure 1A shows the results of the Hannover 14C Laboratory. The results of the first five samples
are in satisfactory agreement with the mean values of the Interlaboratory Comparison. The three
other results are outliers. The samples for the last three were prepared by an unskilled technician.
The chemical records describe difficulties in burning these samples. However, attempts to
reproduce these variations were unsuccessful.
It was quite interesting that the external error multipliers for 14C laboratories using CO2 and
benzene differed by 1.23 and 2.3, respectively. This gave us the first hint that the preparation of
hydrocarbons may be a source of irreproducible results.
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Fig 2. Scatter of the 14C background counting rate in 1985/1986, using technical-grade acetylene prepared from fossil
natural carbon sources as counting gas, and in mid-1988/1989 using acetylene produced from pure lithium rods that were
mechanically cleaned.

Figure 1B, C shows conventional
conventional 14C data of the Hannover 14C Laboratory and mean values
of all laboratories of Stages 1 and 2. Our results for Stage 1 were barely satisfactory,
satisfactory, but those
of Stage 2 were very poor. Contamination with up to 3% contemporary carbon could have
explained the deviation. The search for the reason was partially successful. We used an incorrect
internal standard in Stage 2. However, further experimentation strongly reconfirmed arguments
for lithium-derived
lithium-derived contamination.

"C Dating Problems Using Acetylene
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CONTAMINATION EXPERIMENTS WITH LITHIUM

During experiments on this kind of contamination, the chemical technicians reported visual
differences in the quality of the lithium rods in different cans. At times, the lithium smelled of
oil. At other times, the usually dark-gray rods were partly covered with a white layer. Apparently,
LITHOCA, Inc had some difficulties producing pure lithium. The technicians did not record these
observations because they were unaware of the original lithium contamination
observations
contamination experiments (Geyh
1969).
We first prepared lithium carbide from fossil CO2 to exclude memory effects. For the
hydrolysis, we used 1.5L H2O containing no CO2 and with 62mg/L C with a 14C content of 57.2
pMC. The 14C content of the acetylene corresponded to background in both cases. But the 14C
content of inorganic carbon compounds dissolved in the lithium hydroxide solution was 94 pMC
(Table 1, No. 1) and 16.4 pMC (Table 1, No. 2). Evidently, contemporary and fossil carbon may
be introduced during the hydrolysis. There seems to be no transfer of 14C from the carbon
compounds in the lithium hydroxide to the acetylene. Thus, the counting gas is not contaminated
contaminated
during hydrolysis.
Control experiments with apparently pure lithium heated to ca 600°C without using CO2
yielded acetylene corresponding to a maximum of 0.6mg C/g lithium (Table 1, Nos. 3-5). During
routine preparation, we use 25g Li for samples containing ca 3g carbon. Thus, pure lithium may
cause contamination of ca 5%o. The same experiment with unheated pure lithium yielded a carbon
content ten times higher in the lithium hydroxide solution with 14C activity at 72.3 pMC.
TABLE
14C

LiOH

CO2

No.

1

results of lithium contamination
contamination experiments
experiments with fossil carbon dioxide

Quantity
C/CO 2
Li

Quantity

C2H2

Quantity

C

mg/L

g

g

1

2.06

23

2

1.74

22

3

0

25

4

0

25

1

can,
no heat

5

0

25

1

can,
no heat

Obviously, there are two sources of contamination. If the cans are not completely tight, argon
leaks out and air enters the cans, forming contemporaneous lithium carbonate. This Li2CO3
decomposes during heating of the lithium, partly forming lithium carbide, which converts to
acetylene. The other source of contamination is oil, resulting in contamination by fossil carbon.
14C
contamination. We
results of Stages 1 and 2 of the ICS reflect these two sources of contamination.
observe positive deviations from the mean in Stage 1 (contamination by fossil carbon), and
negative in Stage 2 (contamination by contemporary carbon).

324

Mebus A Geyh
STAGE 3 OF THE ICS

After these experiments, we resumed thorough cleaning of the lithium rods from LITHOCA,
Inc. The surface was mechanically cleansed until it became a shining silver color. We needed no
more than a few minutes for each sample with this procedure. Figure 1D shows the 14C results
of Stage 3 of the ICS which now agree well with the mean.
These apparently satisfactory results still indicate contamination
contamination on the order of a few per mil.
Figure 2 shows the scatter of the background counting rate for one of our Oeschger counters. We
measured technical-grade acetylene as background gas, prepared from natural gas, in 198511986.
The scatter of the dates corresponds to the standard deviations using Poisson statistics. We have
produced background acetylene from fossil CO2 and mechanically cleaned lithium since mid-1988.
The scatter increased by a factor of 2. We explain this by residual contamination of the lithium
metal on the order of a few per mil. We have been unsuccessful at further attempts to improve
the results. We will next use lithium rods individually wrapped in argon-filled plastic tubes,
available from LITHOCA, Inc (R Beukens, pers commun).
As the external error multipliers of laboratories using hydrocarbons appear to be still higher
than those of laboratories using CO2 as counting gas, the problems may be partly due to carbon
contamination by lithium.
contamination
CONCLUSION

We conducted experiments
experiments on carbon contamination
contamination by lithium owing to the unsatisfactory
agreement of the 14C results of the Hannover 14C Laboratory during Stages 1 and 2 of the ICS.
The results confirmed our suspicions. We found mechanical cleaning of the rods to be essential
in removing the major sources of contamination. However, complete decontamination was not yet
possible. Perhaps we can overcome this problem by changing the counting gas. If we use
proportional gas counters, CO2 seems to be the best alternative for which very simple purifying
procedures are required (Jelen & Geyh 1986; Dorr, Kromer & Munnich 1989).
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SESSIONS II & III

Principal discussants: Mebus Geyh, Hannover, Austin Long, University of Arizona, Wim Mook,
University of Groningen, Henry Polach, Australian National University, Doug Harkness, NERC,
Barbara Ottaway, University of Bradford, Roberto Gonfiantini, IAEA, Jacques Evin, University of
Lyon, Jon Pilcher, Queen's University of Belfast
In the overview of all three stages, participants expressed particular interest in the breakdown
into the components of variation. Notably, in the case of gas counting and accelerator labs, Stage
1 did not represent only the counting process as the samples required synthesis to produce the
necessary counting medium. The separation into components of variation due to pretreatment,
synthesis and counting could then be more correctly ascribed to the Stages. Thus, the interpretation
interpretation
of the sources of variation might differ depending on the lab type.
Further discussion followed on the errors quoted by laboratories and their meaning.
Discussants suggested that, for the counting error alone, the concept of error multiplier was valid
as an indicator of how well labs operate since counting statistics give a minimum error.
The organizers stated that they had requested labs to quote their errors as "typically provided
to a user." The controversy concerning the use of an error multiplier explicitly shows that,
regardless of how the total error was calculated, it was still inadequate in most cases. However,
the breakdown into individual components of variation might then be invalidated.
Continuing on this theme, the discussion turned to the meaning of error multipliers. The errors
being discussed were `statistical'; the reasons for the variation, however, are more likely to be
`blunders', which are non-random. In this situation, it may be difficult to assign a physical cause
to the `blunders', thus justifying their treatment as random. The representative
representative nature of the
subgroup of all labs that participated also provided further justification.
justification. The use of a blanket error
multiplier was disadvantageous
disadvantageous to some labs, but labs could, of course, produce an individual error
multiplier.
Two additional factors that might influence the observed variation were: 1) 813C, and 2) the
standards used in primary, secondary and tertiary modes. These could account for some of the
outliers. The organizers undertook to investigate these points.
A further question concerned the size of the standard deviations. Discussants suggested that
subsequent analysis might group laboratories depending on the typical error quoted. The organizers
agreed that this should be considered.
Participants noted that the more modern samples in the study seemed to demonstrate the
largest variation. They interpreted this as indicative of problems with the modern standards used
and lent support to the view that the calibration of in-house standards should be checked.
Disagreement arose over laboratory anonymity. The organizers stated that each laboratory was
at liberty to publish its own results and to identify itself. In addition, however, the question of
anonymity of the group arose as a general issue. If all laboratories identified themselves, then
individual labs would benefit from the contact in helping solve mutual difficulties. This issue was
deferred for further discussion.
Discussants felt, in light of the results of the study, improvements
improvements in technique were necessary.
They also made clear that, although no improvement was apparent from Stage 1 to Stage 3,
discrimination against labs because of bad results should be avoided. All agreed to the need for
quality assurance. How best to achieve this for the benefit of all had to be a primary
consideration. The participants endorsed this view wholeheartedly and added that, from a user's
perspective, the means of an improvement is less important than the end result: improvement is
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imperative. Ultimately, users want to be able to compare, without bias, results from different
laboratories; hence, the request for quality control.
The general opinion was that the two Glasgow studies were significant in showing the effects
of problems occurring in a complex technique. Each lab has experienced fluctuations in quality
which, in the past, might have been addressed by exchanging information to identify and solve
collaboration
problems. The Glasgow studies provided a formal framework within which such collaboration
and should
important,
is
equally
could take place. The relationship between user and laboratory
with the
but
also
the
dating
technique,
be honest and collaborative. Problems arise not only with
later
and
both
the
cases,
In
these
samples.
interpretation of results, usually with archaeological
the submitter should work together to resolve mutual problems.
Discussants pointed out that results of the study showed that seven labs met all the
performance requirements and hoped that these labs would continue to do so over the next ten
years. However, for labs that did not meet the approved quality criteria, it is important not only
to improve, but also to maintain that improvement. If all 14C labs could achieve this status, this
would epitomize the true meaning of quality assurance.
The study results showed that the error quoted should be a long-term error. If standards are
measured regularly, then the same variations should be apparent, and any errors quoted should be
based on the long-term variation. However, discussants noted that the same variation was not
apparent in standards, partly because pre-processing removes outliers. Thus, all results should be
included in the calculation of the error.
identification of a group
Again, the question of laboratory identification arose with a plea for identification
of labs that made very accurate and precise measurements, so that these labs could act as
consultants. The organizers agreed that this mode of operation could be arranged and that future
work would stress openness and cooperation amongst labs.
Some commented that the study has been detrimental to the overall reputation of the 14C
community and how users perceive it. Labs that have had problems and have solved them will
intercomparisons on a regular basis, to
still be perceived as being in difficulty, which argues for intercomparisons
allow laboratories to demonstrate their improvements. However, users should view participation
in such intercomparisons as a positive step. Intercomparison
Intercomparison results enable users to gain
information on laboratory performance before submitting samples.
The organizers stressed that the purpose of the study was to effect accountability, improvement
and reduction of errors. These certainly benefit both the individual laboratory and the users. Most
participating labs specifically requested anonymity. Accordingly, the organizers were bound by
the consensus view. We should also remember that any participating lab that did not reveal its
code was in the same position, with respect to the user, as a non-participating lab.
Regarding practical applications of the study results, particularly in cases of comparing
pre-existing dates from different labs, one suggestion is to increase the error term by some
multiplicative factor. The difficulty with this approach is that, if an error is present, we do not
know how it affects the results. An alternative possibility was to retain the statistical error on the
counting statistics and evaluate individual multiplicative error factors, if desired.
To conclude, participants agreed to retain the statistical error, that labs should make available
a clear outline of their procedures, and that archaeologists and other users must educate themselves
in handling and interpreting 14C dating errors.
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A SUGGESTED QUALITY ASSURANCE PROTOCOL
FOR RADIOCARBON DATING LABORATORIES
AUSTIN LONG and ROBERT M KALIN
Environmental Radioisotope Center, Department of Geosciences
The University of Arizona, Tucson, Arizona 85712
ABSTRACT. The current intercomparison of data from 14C laboratories reveals significant variability among liquid
scintillation laboratories, suggesting that identical samples submitted to different laboratories may yield values that differ
by much more than expected on a purely statistical basis. Erroneous
Erroneous dates (recently corrected)
corrected) by a well-established
well-established 14C
laboratory give rise to further concern for quality 14C data. Thus, it is incumbent on each laboratory to develop and
implement a quality assurance and control (QA/QC) program in order to ensure accuracy of results and to alert lab
personnel to problems.
Samples of pure materials (eg, benzene, cellulose) distributed by national or international standardizing
standardizing groups are
valuable, but are not representative of typical samples routinely run in most labs. Inevitably, 14C personnel take special
care with intercomparison samples and data that "outsiders" will be scrutinizing and comparing. Here, we reiterate Stuiver
and Pearson's (1986) concept of laboratory
laboratory error multiplier
multiplier (K-value) and make the case for internally-generated
internally-generated QA/QC
programs. We recommend
recommend that an ongoing, internal, self-test QA/QC protocol, to be designed and approved at the next
14C
conference, is the most practical and effective method of assuring quality of 14C laboratory data. Each laboratory would
then be responsible for determining its error multiplier factor by performing analyses on one or more homogeneous batches
of wood chips, cellulose or calcite. Laboratories would update these data as they see fit and make this information available
- in a standard format - to all who use their data.
INTRODUCTION

A significant number of users of 14C data are losing the unquestioning confidence they once
had in 14C dates. They have heard that in a recent intercomparison study, some of the 14C results
of analyses on the same material were quite divergent. Evidence for this impression among the
users comes from personal conversation, and even from an anonymous review of a National
Science Foundation proposal (fortunately, a successful one). The 14C dating community has an
image problem. Even long-standing, well-established laboratories have not been immune to
inaccuracy problems. This is a fixable problem. Some here have suggested fixes, and at least one
of them is already underway. Here we also suggest a fix, which is not in competition with any
of the other suggestions. In fact, it incorporates some elements of other plans.
QUALITY ASSURANCE IN ANALYTICAL CHEMISTRY

In cases of critically important analyses, both the laboratory and the consumer of the data
make an effort to check the laboratory. The laboratory carries out elaborate steps to determine the
analytical precision and accuracy of the product. In addition, unbeknownst to the laboratory, the
wily consumer submits replicates and samples of known value as "unknowns" for analysis. The
situation is somewhat like the Quantitative Analysis Lab exercises many of us had in college. The
analyst is graded according to the quality of the data produced. At $200 to $500 per 14C analysis,
few radiocarbon data users have the resources and time to run their own independent checks of
laboratory accuracy. And they should not have to.
The suggestion presented here is really nothing new, as it assimilates well-known and proven
principles and procedures from analytical chemistry. These are collectively known as Quality
Assurance (QA). Laboratories in the US that produce data that may become part of a lawsuit, such
as our lab, must demonstrate their adherence to a quality assurance program.
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A QA program is essentially a set of procedures that the lab personnel go through to convince
themselves and others of the accuracy of their results, and establish the true precision of their
analyses. A QA program is a continual rather than a one-shot process. In analytical chemistry,
QA takes the form of repetitive analyses throughout the entire procedure of every chemical
component which the laboratory reports analyses of, and in each different type of source material
requiring distinctly different steps in the analyses. The analyst examines the time series for
agreement with known values (accuracy), for dispersion of data (precision), and for trends with
time and changes in procedure and personnel.
The present proposal differs from others we have heard so far in two respects:
responsibility and integrity, and nearly all the effort and expense lie within each
1. All the responsibility
laboratory.
2. The test samples would be similar to normal samples of geological and archaeological
interest, ie, they would be samples that go through the laboratory system normally, as if they are
unknowns, and with the fewest possible people in the lab knowing otherwise.
Special test samples in unusual chemical forms are not directly relevant to the question of
archaeological or geological sample:
precision and accuracy of the typical archaeological
1. Laboratory personnel know others will be scrutinizing their results and they take special
care with them.
2. These abnormal samples will probably not go through the standard procedure of loggingpretreatment and routine data checking. Thus they are not subject to "errors of the
in, handling, pretreatment
routine."
Special test programs establish an adversarial situation between those running the program and
participating laboratories. Moreover, long time lags between the 14C analysis and feedback of
comparative results to the lab can lead to long delays in recognizing and fixing any problems in
the labs.
The consumer of 14C data needs to know, and should be provided, two types of information
about the data:
14C
analysis?
1. How accurate is the
2. What does the "±" figure really mean?
All of us in the field of radiocarbon know that the ± figure is, by convention, a minimum
estimate of uncertainty based on ideal counting statistics (Stuiver & Polach 1977). Many
consumers of data are not aware of this, and correspondingly misuse the data statistically. It is
useful to divide sample analytical precision into four levels:
Derived from counting statistics alone
Level 1.
Based on statistical analysis of repeat count rates of the same substance (such as
Level 2.
C02 or benzene)
Based on statistical analysis of count rates of samples repeatedly reprocessed
Level 3.
through the entire procedure in the lab
Based on statistical analysis of count rates of several samples re-sampled from
Level 4.
the same stratigraphic level presumed to be an "instant" in time. (Actually, this
is a field sampling, rather than laboratory element of the total precision question.
Thus, the laboratory cannot evaluate Level 4 precision, but the consumer must
consider this as a possible explanation for some inconsistencies.)
The ± figure, or precision, derived from each successive level is expected to be greater than
the previous level.
An acceptable QA program must have the following attributes:
1. Evaluate the laboratory's accuracy for routine type samples.
2. Evaluate the Level 3 precision for a typical sample.
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Allow laboratory directors to recognize problems immediately and begin remedial action.
Give the consumer confidence in the data a particular laboratory produced during a
specific time interval.
3.
4.

THE PROPOSAL
1. Design, by committee, a recommended QA protocol, to include sample types, age ranges,
frequency of repetition and data presentation.
2. Distribute large amounts of sample material to participating laboratories. Sample material
would consist of at least two batches of fossil wood ca 1 and 2 half-lives old. The 14C ages of
both batches would be well established and known to all.
3. Participating laboratories would analyze these samples as unknowns at regular intervals,
say monthly, and record the data graphically. Statistical analysis of these data would reveal bias,
trends, sudden offsets and enable calculation of the Level 3 precision - total analytical precision of 14C analyses in each laboratory.
4. Laboratories would make these graphs available to anyone upon request. These
laboratories would be authorized to include with data reports and publications a statement to the
effect that "this laboratory adheres to the QA protocol recommended
recommended by ... ". An error multiplier
could also be on record so that their data would be statistically treated more properly.

Disadvantages of the Present Proposal
1. It is too easy for lab directors to "prune" the data. The success of this proposal depends
on the scientific integrity of laboratory personnel.
Comment: All scientific endeavors depend on integrity at some point.
2. Some labs will consider this a waste of effort. They all run some standard.
Comment: "Oxalic acid only" has not worked for all labs. We still have an image problem. We
need to make an extra collective effort to demonstrate accuracy.
3. Who will pay for preparation and distribution of QA samples?
Comment: We are attempting to set up an Association of Carbon-14 Labs (ACL). We would ask
the Association only for mailing costs.

Advantages of the Present Proposal
1.
It would allow for "instant" recognition by the laboratory director of analytical problems
and an opportunity to remedy the situation quickly.
2. Realistic samples, which would go through normal laboratory channels, ideally would be
unrecognized as QA samples by lab technicians.
3. It enables calculation of an operationally realistic figure of uncertainty which should be
valid for statistical analysis of data.
4. This should be more acceptable to laboratories not willing to have "outsiders" knowing
about problems before they do; it allows for ample "face-saving."
5. The protocol would provide the user with a quantitative, continuously updated evaluation
of the quality of data emerging from each participating
participating laboratory.
6. The present proposal would augment rather than replace other laboratory intercomparison
studies.
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Some Specific Examples

We offer some QA procedures that our 14C lab undergoes to keep us sleeping well at night,
discrepancies are not due to laboratory
that convince people for whom we generate 14C dates that discrepancies
problems, and that keep our lab on the list of U S Department of Energy approved laboratories for
groundwater 14C analysis. The laboratory technicians are, we suspect, unaware that the wood is
groundwater
a test sample.
1. Two Creeks wood. Figure 1 shows the results of a time sequence of preparations and
analyses. Note from the error bars that we vary the size of the sample. The average of the ages
is 11,902. The standard deviation (a) calculated from the scatter of the analyses shown here is
157 years. These analyses also test our dilution techniques. Some of the analyses were on smaller
portions of wood, and thus were more highly diluted with larger standard deviations. The average
a (based on counting statistics only) of the samples in Figure 1 is 149 years.
2. Oxalic Acid I. Figure 2 shows the results of a time sequence of separate preparations and
analyses of 14C and of S13C (NBS no. SRM 4990B). Here, OX I is run as an "unknown." The
average in this series is 105.15 percent modern carbon (pMC). From the scatter of the individual
runs, the a is 0.53 pMC. The average v (counting statistics only) of the runs listed here receiving
normal counting times is 0.52 pMC.

Material of Known Age Available to All Laboratories
Wood of established age is available in large quantities. We would be able to distribute such
wood to laboratory directors who assert that they will use it according to established protocol.
1. Two Creeks wood has been dated by several laboratories since WF Libby's original
analyses. Several kilograms are presently languishing in our laboratory. An almost unlimited
additional supply is available from this classic site.
2. Tree-ring dated fossil Sequoia from California, 5000 - 6000 years old. Less of this is
available.
3. Professor WG Mook, Groningen, has a large amount of cellulose that could fit into this
QA program.
SUMMARY
1. A dark cloud is gathering over the radiocarbon community, which casts a shadow of doubt
on the accuracy of some 14C data.
2. It is incumbent on individual laboratories to dispel doubt by engaging in a formal QA
program.
3. QA procedures are routine in most analytical chemistry laboratories, and these procedures
are easily adaptable to natural 14C analysis.
4. We propose that a small group of 14C lab directors devise a protocol to be recommended
to all laboratories that participate in the program.
5. Sufficient quantities of wood of well-established age could be made available to
participating laboratories as International QA samples.
6. Participating laboratories could include a graph of analysis of these QA samples and their
lab error multiplier as well as a statement regarding their adherence to "Approved QA Protocol"
in data reports and publications.
7. This program would not only provide the user with needed information in addition to the
14C
date itself, but also improve general confidence in all 14C data.
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HIGH-PRECISION INTERCOMPARISON
INTERCOMPARISON AT ISOTRACE
ROELF P BEUKENS
IsoTrace Laboratory, University of Toronto, Toronto, Ontario M5S 1A7, Canada
ABSTRACT. I conducted a high-precision comparison at the 0.2% to 0.3% level with samples supplied by the radiocarbon
laboratory of the Quaternary Research Center at the University of Washington (QRC). Four samples with ages ranging from
laboratory
modern to > 50,000 BP were dated in a blind test. The absence of cosmic-radiation background in AMS dating is a major
advantage for dating samples > 35,000 BP. The reliability of AMS dates > 35,000 BP depends entirely on understanding
the contamination processes. By comparing results with laboratories capable of sample enrichment, such as QRC, it is
possible to identify and estimate the intrinsic 14C in the background samples as well as the contamination introduced by
sample preparation.
INTRODUCTION

Beukens, Gurfinkel and Lee (1986) tested precision and accuracy at the start of operations of
the IsoTrace Laboratory. I demonstrated precision at the 0.25 0.37% level in reproducibility
measurements, which showed that the precision, calculated from all known random errors,
measurements,
accounted for all the variance in the data. The intercomparison with samples from the Geological
Survey of Canada (GSC) and the Australian National University (ANU) radiocarbon dating
facilities showed good agreement at the 1% level, but several discrepancies did exist. Although
some of these could be attributed to the way the GSC shell ages were reported (normalized to a
base of S13C = O%o), discrepancies for some of the older samples were evident. Subsequently, I
observed occasionally similar discrepancies on other samples. To understand the cause of these
discrepancies and to test our laboratory at high precision, I initiated a four-part research program:

-

1.

Determination of the machine background

2. Determination of the contamination contributed by sample preparation
3. Intercomparison of old and background samples with the GSC
4. High-precision intercomparison at the 0.2% level.

Analysis Procedures. All samples, analyzed as part of this program, contained 200 - 3OO
g
of carbon. Prior to analysis, each sample was cleaned for 10 minutes with the primary cesium
sputter beam. To avoid cratering during the analysis, I measured 16 spots on a sample. For every
spot, the 14C+3 ions were accumulated for 10 seconds while the 12C+3 and 13C+3 currents and their
variances were determined before and after the measurement. This process was repeated for all
samples, including the standards, 12 - 20 times until sufficient precision was obtained. I obtained
conventional radiocarbon dates, corrected for natural and sputter fractionation to base of &3C =
-25%o, by comparison with the averaged results of 2 or 3 NBS I oxalic acid standards, as described
previously (Beukens, Gurfinkel & Lee 1986). The measurements
measurements were conducted over a sufficiently long period to obtain finite results and avoid bias due to Poisson statistics. I reprocessed
and remeasured every sample at least once and the results presented here are the weighted averages
of these measurements. The background samples, in particular, were measured several times over
a period of several months. No time-dependent variations were observed in these measurements,
but remeasurements are being performed on a regular basis as a quality check. All results are
presented without background or contamination corrections unless otherwise specified.
MACHINE BACKGROUND

Machine background in Accelerator Mass Spectrometry
Spectrometry (AMS) is due to electronic noise, ion
source contamination and 12C ions from the 12C' sputter tail, mimicking "C ions (E/q ambiguity).
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At the IsoTrace AMS facility, this last contribution is eliminated by a 45° electrostatic analyzer
after the ion source. Electronic noise can be measured separately and was shown to contribute
contamination appears to be unavoidable because at
<0.001 pMC to the background. Ion source contamination
14C
in the source region. It can be minimized,
somewhere
deposited
is
least 90% of all sputtered
design. I measured the contribution of this
source
ion
proper
and
a
however, by thorough cleaning
on blank aluminum sample holders
sample
old
an
infinitely
of
age
contamination to the apparent
± 4000 BP.
85,000
of
age
an
apparent
or
pMC
that yielded 0.002 ± 0.001
PREPARATION
SAMPLE PREPARATION
CONTAMINATION DUE TO SAMPLE
CONTAMINATION
I measured this contamination by preparing and analyzing samples that are geologically very
14C
contamination because such samples
old. Most old materials, however, are not free of intrinsic
contaminated during their long period of interment or during conservation after
can easily be contaminated
excavation or retrieval. As it is impossible to predict this contamination, many samples had to be
analyzed to determine which were best suited for this purpose. Table 1 shows the current results
of this contamination study.
Sample preparation at AMS facilities can be divided into two stages. The first stage consists
pretreatment and conversion into CO2 either by acid hydrolysis of carbonates or
of sample pretreatment
combustion of organics. The second stage consists of the conversion of CO2 into graphite. The
pretreatment, combustion and hydrolysis techniques used here, are identical to those employed for
14C
any submitted sample and have not changed appreciably over the last five years. The lower
14C
levels in these measurements should therefore be attributed entirely to the lower intrinsic
contamination of these samples and not to changes in sample preparation or analysis techniques.

TABLE

1

Sample-preparation-related background measurements
Sample treatment

Graphitization
Acid hydrolysis
Combustion

Material
CO2 from natural gas

Marble
Wood fragment (Yukon)
Fossilized redwood
(Axel Heiberg Island)

14C

content
(pMC)

0.077
0.076
0.152
0.211

0.005
0.009
0.025
0.018

age

(yr BP)
540
920
1310
680

At IsoTrace, the graphitization process is different from that of other AMS laboratories. I first
convert the CO2 into acetylene using the standard Li-carbide synthesis. The acetylene is then
dissociated in an electrical high voltage AC discharge and produces two machine-ready samples
at one time (Beukens & Lee 1981). Industrial CO2. produced by the combustion of natural gas,
yields an apparent age of 57,630 ± 540 BP or 0.077 ± 0.055 pMC. Thus, this value represents the
upper limit for the contamination contribution of the graphitization process.
Many carbonate samples were analyzed to test the combined contamination contribution of acid
hydrolysis and graphitization. For several years, I obtained results of 0.15 to 0.13 pMC for optical
grade calcite (Iceland Spar) and a carbonate aggregate from the upper Amazon region. Recently,
a marble has yielded a result of 0.076 ± 0.009 pMC, equivalent to an apparent age of 57,690 ± 920
BP. This upper-limit estimate for the combined acid hydrolysis and graphitization processes is
statistically identical to that of the graphitization process alone.
I obtained an upper limit of 52,140 ± 1310 BP or 0.15 ± 0.02 pMC for the combined
contribution of the combustion and graphitization processes, on the cellulose fraction of a wood
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sample submitted to the laboratory. As this was a surface find from an old shoreline of ancient
Lake MacKenzie (Yukon, Canada) it is not exactly the most ideal sample and better suited
material
will surely be found. One sample that I expected to be the ideal blank is a well-preserved redwood
sample from early Tertiary fossil forests on Axel Heiberg Island (North West Territories, Canada).
The result (Table 1) was very disappointing, however, as the 14C content of this sample
is
significantly higher than that of the first wood sample, implying that the Axel Heiberg wood
sample is contaminated.
INTERCOMPARISON WITH THE GEOLOGICAL SURVEY OF CANADA

As part of the search for suitable background material, I re-analyzed calcite and anthracite
background samples from the GSC, using identical pretreatment procedures. The GSC assumes
these samples to be 14C-free and subtracts their count rates from the samples, analyzed in their
facility. This is intended to provide a correction for the cosmic radiation and electronic
background as well as a correction for sample preparation-induced contamination. However, the
IsoTrace re-analysis of these samples (Table 2) clearly shows that these samples are not 14C-free
because they yield higher 14C contents than the limits in Table 1. This means that the GSC dates
are over-corrected, resulting in ages that are too old. This fact is demonstrated by the re-analysis
of the CO2 from a shell and a wood sample for which the GSC quotes ages of > 50,000 BP (Table
3). At the 2a limit, the difference between the uncorrected IsoTrace results and those for the GSC
background materials agrees with the 0.2 pMC limit. Therefore, the IsoTrace results, corrected by
the background results of Table 1, indicate that these samples are actually 41,000 - 46,000
BP
instead of > 50,000 BP, as quoted by the GSC. It is to be expected that many radiocarbon dating
facilities, which have not checked the intrinsic 14C content of their background material, are also
quoting ages older than the actual ages.
TABLE 2

Re-analysis of the background samples from the Geological Survey of Canada
Sample treatment

Material

14C

Acid hydrolysis
Combustion

Calcite
Anthracite

0.54
0.36

content (pMC)

age (yr BP)

0.04
0.03

600
700

TABLE 3

Intercomparison with the Geological Survey of Canada
Wood sample
GSC measurement
IsoTrace measurement
GSC anthracite
Difference

pMC
± 0.03 pMC
0.36 ± 0.03 pMC
0.10 ± 0.04 pMC

Shell sample
GSC measurement
measurement
IsoTrace measurement
GSC calcite
Difference

<0.20 pMC
0.65 ± 0.04 pMC
0.54 ± 0.04 pMC
0.11 ± 0.06 pMC
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HIGH-PRECISION INTERCOMPARISON WITH THE QUATERNARY RESEARCH CENTER
OF THE UNIVERSITY OF WASHINGTON

The radiocarbon facility at QRC regularly dates samples to a precision of better than 0.2% and
has a proven dating capability to > 65,000 BP. Their contamination due to sample preparation has
14C
enrichment process. Thus, QRC is an ideal partner for
been carefully checked using a
intercomparison study into three analytical stages:
intercomparison checks. I divided this intercomparison
1. Comparison

of NBS I oxalic acid standards

2. Comparison of pretreated samples, submitted as CO2
3. Comparison of untreated samples.

The results of the first two stages are presented below.
14C
Comparison of NBS Standards. As all sample ages are obtained by comparing their
content to standards, this is the logical place to start. I do not actually prepare NBS oxalic acid
standards at IsoTrace. They are prepared at the United States Geological Survey (USGS) as
acetylene. This acetylene is then graphitized at the IsoTrace laboratory. I compared these
standards with standards prepared from CO2 supplied by QRC. The ratio of the IsoTrace standard
to the QRC standard was 0.9992 ± 0.0020, giving the IsoTrace standard a clean bill of health.

Comparison of Pretreated Samples. For this stage, Minze Stuiver selected three samples of
widely varying ages, which had been analyzed previously to high precision by QRC. The samples
were supplied as CO2. To ensure a true blind test, the QRC ages were not made available until
after I reported my results. Table 4 shows the uncorrected and background-corrected results of this
intercomparison. It is unusual for a decay-counting laboratory to show uncorrected results because
background subtraction is integral to their procedures. AMS laboratories frequently do show
uncorrected results as the effect of the correction is negligible, in most cases. A backgroundcorrected AMS date is recalculated after subtracting the blank correction from the results for the
sample as well as the results for the standards used. I used the measured upper limit for the
contamination by the IsoTrace graphitization process of 0.077 ± 0.005 pMC as an estimate for the
background correction factor. The agreement at this level of precision is quite satisfactory and the
comparison shows no statistically significant offsets.

TABLE 4

High-precision intercomparison with the Quaternary Research Center (QRC)
IsoTrace results

QRC results

Lab no.

Age
(yr BP)

QL-11288
QL-11312
QL-1787

4132 ± 18
6973 ± 20
> 55,000

of
samples
analyzed
18
16
16

age
(yr BP)
20
340

corrected age
(yr BP)
20
600
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CONCLUSION

Stage 3, the analysis of the untreated samples, is currently underway. Comparison of these
results with the Stage 2 results will allow a better estimate of the upper limit for the contamination
by the combustion process.
Over the years, many "very old" samples, which had never actually been measured, have been
submitted to our laboratory. I think it is prudent to distrust such samples until they have been
measured, as most samples, to a certain extent, appear to be contaminated.
Finally, it is quite surprising that old samples have never been included in international
intercomparisons. I believe that this is a major oversight as many of the participating laboratories
claim to date samples older than 35,000 BP.
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A CONSIDERATION OF SOME BASIC IDEAS FOR
QUALITY ASSURANCE IN RADIOCARBON DATING
ROY SWITSUR
Cambridge University, Godwin Laboratory, Free School Lane, Cambridge CB2 3RS, UK
ABSTRACT. Most radiocarbon ages are readily accepted by researchers in all disciplines.
disciplines. It is recognized, however, that
discrepancies appear in the literature. These problems have been highlighted
highlighted by the International
International Collaborative Study. The
introduction of quality control and assurance techniques used in some laboratories for many years could reduce or eliminate
aberrant results. I present here some of the basic considerations of this approach in the processes of conventional
radiocarbon dating.

Amongst the results of the International Collaborative Program (Scott et al 1988), it was
disturbing to discover that the ages for one of the test samples, reported by investigators from 18
radiocarbon laboratories, ranged from 490 ± 60 BP to 1670 ± 70 BP, ie, a spread of ca 1180 years.
Further, the distribution of these ages appeared quite regular throughout the range and showed no
obvious satisfactory grouping from which to derive the `correct' or consensus age. A simple mean
or even a weighted average would be inappropriate. It is difficult to ascribe to this range and
distribution any obvious statistical justification. The extremes of the age spread represent a
difference in relative radiocarbon content of almost 13%. Now most, if not all, of the workers
should be capable of measuring relative radiocarbon content to better than 1% and, always
assuming that the test sample was homogeneous, it is necessary to attempt to account for the
discrepancies in the findings. Since the assays involved were made for a special test sample, we
may presume that they were carried out with at least as much care as for normal samples requiring
age determinations. The result is obviously disturbing in view of the many diverse studies that rely
on radiocarbon dating.
Although disconcerting, these divergent results are not so surprising inasmuch that a scan
through the radiocarbon literature reveals similar discrepancies of various magnitudes amongst
samples that have been multiply dated. For example, workers in six reputable dating laboratories
performed 18 age determinations on wood from Chelford, Cheshire (Worsley 1980). The finite ages
reported ranged between 26,200 and 60,800 BP, a spread of 34,600 years; also, some were given
as infinite. At the more recent part of the time scale, scientists in two different laboratories found
consistent age differences of over 300 years between samples from the same Roman/late Iron Age
body of `Lindow Man'. Similarly, a group of samples for a Neolithic trackway in the Somerset
Levels, England, gave ages which, although internally consistent, were much earlier than
expectations based on palynologic and stratigraphic evidence and the ages of similar trackways in
the region. It is interesting to ponder on the number of other such anomalies that might be found
if multiple age determinations were made at more sites. Often, an unexplained outlier, which can
be perhaps a millennium earlier, is found in an otherwise close group of determinations.
Disparities of smaller numerical values also appear with some regularity. Probably 10 to 20% of
14C
ages do not agree with archaeologic or geologic expectations, but this rate of agreement is no
worse than the results of other accepted dating methods, eg, thermoluminescence, electron spin
resonance and potassium/argon dating. The reasons for these obvious discrepancies are generally
not explained, and the earliest age is usually accepted on the grounds that later ones may be due
to incomplete removal of more recent carbon contamination. This explanation is probably not
defensible in the case of outliers, where misassociation
misassociation of the sample is a possibility. Despite these
aberrations, most researchers generally accept that the overall quality of 14C age determinations is
comparable with that of other dating methods. Although checks are often difficult to make, this
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judgement is based on independent
independent criteria. Radiocarbon
Radiocarbon scientists at different laboratories
sometimes collaborate on a single site, a reasonable strategy that should serve to detect possible
bias. An example of this is the good agreement on split samples in tests on Neolithic monuments
on Orkney (Switsur & Harkness 1979). It is, of course, important that we make continuous efforts
to maintain high standards in the quality of 14C dates. Both scintillation spectrometry and gas
proportional counting can produce excellent and comparable results. Pearson and Stuiver (1986)
amply demonstrated this by their work on the 14C time-scale calibration.
A closer consideration of the results of the intercomparison study shows that some participants
often were able to reproduce their determinations and readily detect duplicates. That is, both the
precision and the bias for each worker were consistent. These observations hold the clue to the
distribution of results produced. It seems probable that a major part of problem may lie in the
values for the standards and backgrounds used in the age calculations. Other things being equal,
too high a value for the background would produce too great an age, whereas too low an activity
value for the contemporary oxalic acid standard would give an age that was too young. The
activity ratio used in the age calculation can be very sensitive, especially in the case of smaller
sized samples, to relatively small changes in the values of the constants. Any contamination
introduced during processing into a radioactively dead sample would certainly increase the
measured background. Similarly, organic contamination, apart from nuclear bomb carbon,
introduced during the preparation of the contemporary oxalic acid would reduce its activity
(assuming that a correction for b13C is made, otherwise such isotopic fractionation
fractionation could introduce
an age error of up to 4% in younger samples (Nehmi 1980)). Scientists who work with both gas
proportional and liquid scintillation spectrometry tend to use repeatedly a given oxalic acid
preparation. A contaminated contemporary standard automatically introduces bias into the results
of the age determination. This is consistent with the findings of the international study and can
explain both the age spread and the internal reproducibility observed. Frequent preparation of fresh
standards and background samples combined with the use of statistical control graphs (Switsur
1990) to check the operation of the system would give warnings and help avert many of these
problems.
It is a self-evident presumption that all uncontaminated specimens must have some fixed actual
or true age. However, the measurements performed in a radiocarbon age determination are
essentially those of experimental physics. Consequently, because these measurements inevitably
involve some type of error of observation, the exact age of the specimen will be, to that extent,
indeterminate. The practical problem is to reduce these errors to as low a level as is compatible
with equipment stability, resolution and specimen integrity. The experimental or observational
observational
errors arise from different causes and follow no simple laws. We find, quite generally in physics
and other `exact' sciences, that repeated measurements by the same scientist using the same
equipment on a given specimen does not always produce the same result. This may be due to lack
of uniformity in the performance of the equipment or to the variability on the part of the user or
possibly to small changes in other factors that control the measurements. The errors, then, may
be systematic or accidental, and may be divided conveniently into two categories - those that are
mainly statistical and hence may vary randomly in occurrence, magnitude and in sign, and those
that produce bias, which may also possibly occur at random, arising from the equipment, the
standards, the specimen, or they may be observer-dependent. All these are troublesome; much time
and effort is spent in attempting to discover and eliminate the causes. Nevertheless,
Nevertheless, it is not
reasonable to imply a guarantee of the success of these efforts. The closer the results of the
determination to the actual age of the specimen the greater is the accuracy of that determination.
Except in the instance of known-age test samples, the accuracy will be unknown. Repetition of
the measurements will, in general, tend to produce a statistical spread of results around the `most
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probable' age. The magnitude of this spread is a measure of the precision of the result. High
precision and accuracy can ensue from careful evaluation of the component measurements required
for the determination. Important amongst these are instrumental background and contemporary
radiocarbon standard, as well as the radioactivity of the specimen itself. The stable carbon isotopic
ratio measurement
measurement of the specimen is sufficiently precise that it inconsequentially affects the overall
precision of the sample age. Other factors can also affect the precision - the fine tuning and the
stability of the electronic system, the effect of varying barometric pressure on the counting, the
purity of the counting medium, the efficiency of the counting medium, and, in liquid scintillation
counting, the selection of the counting vials, the composition of the scintillation cocktail, matching
the scintillation light output to the photomultiplier photocathode sensitivity, and so on. Careful
monitoring of, or control over, these numerous interdependent procedures and processes is essential
for reliable and reproducible results.
The concept of quality control or assurance is by no means new in physical and chemical
determinations and it has been exercised for many years by some members of the radiocarbon
community. However, quality control has rarely extended beyond statistical processes. Statistical
quality control may be a more appropriate term, leaving quality assurance to the non-statistical
aspects. In this sense, it is possible to check that the observable parameters are within statistically
reasonable limits and to attempt to return them to within these limits should some large deviation
occur. We can also adjust the system to adapt to any new, changed values (eg, an abrupt change
in counter background). Radiocarbon activity is a good example of where these statistical controls
may be properly applied. Earlier researchers were well aware of the shortcomings of their
apparatus when they attempted some of the most sensitive radiometric measurements ever made
in physics. Only by careful statistical controls was it possible to produce results of reasonable
reliability. Environmental shielding was often inadequate, and even a small fluctuation of
laboratory temperature affected electronic stability. It was very difficult to sustain reliable counting
over a sufficiently long period with statistically respectable results. That it was accomplished was
to no small extent due to careful quality control procedures. With the introduction of improved
apparatus, the task of radiocarbon determination has lightened. We now expect that scientists in
laboratories with the latest, very stable electronic equipment and specially shielded counters should
have little difficulty in surpassing results of only a decade ago.
In radiocarbon measurements of the natural environment,
environment, problems are rather different from
those confronting radiochemists dealing with `tracer' levels of radioactive substances, which may
have activities higher than environmental samples by 2 or 3 orders of magnitude. Typical tracer
studies involve tracking a radioactive substance through various stages of a process, to detect or
identify its presence, rather than the more demanding measurement of concentration, as is the case
in age determinations. Precise counting parameters are then, less critical in tracer experiments. At
the extreme range of conventional radiocarbon dating, an activity as low as 0.006 picocuries per
gram of carbon needs to be measured to reach 57,000 years (10 half-lives). It is obviously
desirable to work with as high a signal-to-noise ratio as possible as long as this is compatible with
high stability and high efficiency. Some of the latest techniques suggested for greatly enhancing
the SV ratio of scintillation spectrometers are at the expense of efficiency and have tended to
reduce stability. Thus, this type of development may not be appropriate for dating; low stable
background and stable counting parameters should be the goal.
Of the various types of error indicated earlier, only statistical errors may be evaluated
quantitatively. Researchers often produce graph representations
representations of time series of counter
background measurements or other standards to demonstrate visually the stability of their systems.
These can be deceptive. It is more useful to construct statistical control graphs (Switsur 1990)
which enable us to examine more thoroughly the behavior of the system. However, this procedure
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may require more counting of reference samples, which could involve laboratory scheduling in
terms of both time and budget. The detection of non-random or perhaps seasonally periodic
changes in the standards requires these to be counted on a reasonably regular, though not
necessarily frequent, basis. Statistical quality control graphs are based on the powerful technique
of the analysis of variance. `Rational' data subgroups are taken and two calendric graphs are
plotted, one of the subgroup means and one of the mean range within the subgroup. Checks are
made for any significant difference between the means of the subgroups. A value related to the
standard deviation is also obtained from the subgroups, rather than from the square root of the total
number of counts, as is customary in radiocarbon dating. The latter leads to a vanishingly small
error term after a large number of measurements have been pooled, which is not realistic.
Statistical control graphs are equally valuable for the quantitative display of the variability of the
standard NBS oxalic acid or background. This graph technique provides an excellent monitor for
the variability of the counting system.
From the viewpoint of the physics, as Libby propounded in his theory of radiocarbon dating,
the values representing
representing the extremes of the radioactivity scale, ie, accurate and precise knowledge
of the activity of the contemporary standard and the background, are all that are necessary and
sufficient to define the dating system. In practice, however, the standards may not be sufficiently
well known and we prefer to make additional checks for bias by other means. A variety of
substandards are used. Some workers perform comparative assays on either historically known-age
substandards
or well-dated samples such as wood from Caligula's boat from Lake Nemi or multiply checked
Allerod material. Others prefer known-age samples prepared from dendrochronologically
dendrochronologically dated
wood. Often check samples are chosen for proximity to more sensitive regions, such as the
contemporary standard, eg, ANU sucrose, or background. As an additional check on stable
operation, some chronologists using liquid scintillation monitor a sealed radiocarbon standard some
10 or 20 times the modern activity in relation to a known-age sample. Statistical control graphs
prepared from the measurements of these ratios would provide a sensitive check on instrumental
stability and aid removal of bias. Nevertheless, these ad hoc check samples are not very widely
used and the amounts available and the range covered are relatively small: universally available
samples are needed.
The results of the International Collaborative Study have highlighted the problems, but
international intercomparisons do not provide complete answers to comparability amongst the
researchers, though, without doubt, some of the participants have profited by improving their
procedures. However, more than three years have elapsed since the inception of the latest study
and the publication of the results. This is far too long to be of any real assistance to most research
scientists, who need to be able to correct laboratory errors rapidly after their detection. What is
urgently required is a readily available suite of known-activity samples covering a wide age range,
enabling the chronologist to draw on them at will as reference samples to check, as rapidly as
possible, the full operational procedures of his/her laboratory.
Samples of `known age' in the form of radioactive benzene became available some years ago
from an intercomparison study by British radiocarbon scientists (Otlet et al 1980). They ranged
from twice the contemporary activity to an apparent 20,000 years and good agreement was
obtained among the participating groups. These demonstrated the usefulness of the idea of a range
of available samples of known activity in the diagnosis of possible faults in the counting system.
Despite the utility of these known activity samples, benzene would be difficult to distribute widely.
With the right kind of samples, however, both radioactivity
radioactivity measurements
measurements and sample preparation
techniques could he checked, difficulties identified and eliminated. This sort of procedure is
important if the flow of dating samples is not to be impeded.
The AQCS program, organized by the IAEA in Vienna, already provides authenticated
authenticated
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reference materials of stable isotopes for use in this manner and physicists using them publish their
results when they believe they have eliminated their laboratory problems. Participating
Participating groups
have thus established a consensus of data for each specimen. The IAEA is now planning to
establish a very similar scheme for the radiocarbon community, once the difficulty of producing
appropriate homogenized and authenticated specimens has been overcome. This project is timely,
very welcome and should go a long way to help solve some of our problems. Nevertheless,
Nevertheless, since
equipment, procedures and personnel in laboratories change, problems will regularly occur and
continuous use of quality control graphs and checks with known-age samples should be an essential
agenda for every dating research laboratory. This apparently fruitless effort will inevitably be
reflected in the output of the laboratory since each measuring system (counter or spectrometer)
spectrometer)
must be included and it is essential that proper provision must be made in the budget. The result
should be more accurate and precise radiocarbon ages.
Statistical control graphs and known-age check samples do not cover the complete processes
in radiocarbon dating, for the work of the research scientist involves projects with real samples of
varied nature and sedimentary origin where quality assurance is equally vital, but which aspect is
often overlooked. High-precision radiocarbon analysis requires high-precision samples. The
majority of radiocarbon determinations are carried out as integral parts of university
interdepartmental research projects, primarily in the geosciences. The radiocarbon physicist is
usually a member of an interdisciplinary research team. The type and extent of involvement of
the co-workers are diverse and determined at the outset according to each member's specialty.
Each is unlikely to have expertise in the others' fields and the project is designed around their
individual experience. From the radiocarbon viewpoint, the unique information that the
radiocarbon determinations will provide in helping solve the problem needs to be evaluated.
Quality assurance must extend to the field and specifically to the identification and acquisition of
specimens. Sites should be carefully chosen and samples selected for authenticity and compatibility with the aims of the project. When possible, the radiocarbon scientist should aid in
securing critical samples as is the practice for TL, ESR or K/A determinations,
determinations, for his judgement
of suitable sample materials and identification of possible contamination will be the keenest. In
archaeologic projects, which account for ca 10 to 15% of radiocarbon determinations, the tendency
is to employ commercial dating laboratories for sample assays, possibly because few radiocarbon
laboratories are found in archaeology departments. In this case, the responsibility for checking
sample suitability and recording details for possible contaminants lies with the collector.
Unfortunately, archaeologists are usually not trained in these techniques and frequently submit
samples without adequate documentation of sample material, matrix or provenience.
provenience. Consequent
inappropriate pretreatment and/or incomplete removal of contaminants
contaminants may lead to a false age.
Sample contamination
contamination is potentially a source of large errors. It is important that sample
preparation should be subject to quality assurance and performed in a laboratory clean room,
preferably with a positive pressure and dust-free air circulation to avoid the introduction of modern
contamination. The equipment should be dedicated to radiocarbon research, not general
departmental use. Unfortunately, many radiocarbon laboratories do not have these elementary
provisions. Similarly, many facilities are not well equipped for comprehensive
comprehensive sample testing and
pretreatment. Even moderately complex procedures involving the extraction of pure substances
for dating may be beyond their equipment capability. From the results of the International
Comparison Study, some of the discrepancies indeed seem to stem from inadequate preparation or
purification. For example, some participants reported great difficulty in removing chloride from a
humic-acid sample. It is important that all dating laboratories have access to ancillary purification
equipment and quality reagents. Without quality assurance in this area, all the time-consuming and
expensive statistical controls and bias checks are in vain.
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In a properly designed project, the outcome of the radiocarbon determinations are of critical
importance to the research and not merely expensive extra data. The radiochronologist is
responsible for decisions on materials or fractions that would produce the most reliable ages and,
in the final publication, is closely involved with the interpretation of the results he has obtained.
It is essential that quality assurance should work, both in the field, in proper sample acquisition
and verification, as well as in the laboratory, in good specimen preparation and measurement
technique. The International Collaborative Study has thrown into high relief the fallacies of
attempts at cut-price dating with inadequate apparatus and facilities. We now urgently need to
invest in university radiocarbon laboratories, to provide high-quality equipment and well-trained
personnel, in order to collaborate in worthwhile research programs.
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STATISTICAL QUALITY CONTROL GRAPHS IN RADIOCARBON DATING
ROY SWITSUR
Cambridge University, Godwin Laboratory, Free School Lane, Cambridge, England
ABSTRACT. I describe here the establishment and use of statistical control graphs based on the analysis of variance for
monitoring the stability of operation of radiocarbon
radiocarbon dating counting systems.
INTRODUCTION

Statistical Quality Control Graphs, pioneered and developed in the 1920s and 1930s, have
found increasingly wide application in industry as well as in many research and analytical
laboratories. A small number of radiocarbon dating researchers have used such graphs for many
years as a basis for monitoring their radioactivity measurements. The recent increased interest in
quality control and assurance by the radiocarbon community could bring about their more extensive
use in the future. I describe here, briefly, the technique for the preparation and utilization of
control graphs in conventional radiocarbon dating.
It is important for the radiocarbon research scientist to have confidence that his/her gas or
liquid scintillation spectrometers
spectrometers are operating under stable and reproducible conditions. The
random nature of the disintegration of the 14C isotope inevitably causes some dispersion of the data,
but the extent of this may be predicted. For precise and accurate age determination, it is important
to know that the system is under statistical control or when non-random or periodic changes are
occurring. The term "in control" in the technical context of quality assurance, describes a process
whereby stable system of chance appears to be in operation. The control graph technique has an
appealing apparent simplicity, yet its power lies in its ability to aid in the separation of specific
causes of variation. This enables us to diagnose a possible fault in the apparatus or system and
hence could help in solving some of the problems encountered. Used sensitively, the technique
may anticipate incipient problems, but it would be wrong to regard it as a panacea for all
difficulties.
BACKGROUND

The control graphs method is an application of the analysis of variance. The scientist chooses
subgroups of sample data that are more likely to be similar to one another than to the overall
readings. From these we can measure the variance. Checks are made for any significant
difference between the means of the subgroups. We commonly use two measures of dispersion
of the data; one derives from the variation of the mean range within the subgroups and the other
is the root mean square deviation. The former practice stems largely from the earlier use of the
graphs in industry when comprehensive tables were compiled for converting the range of subgroups
of different sizes to an equivalent `standard deviation'. This pre-computer method arose from the
simple and rapid mental calculation of the range, whereas calculating the standard deviation without
mechanical aids was difficult and liable to error. Now that computer spreadsheets, such as Lotus
1-2-3, are available, the computations have become trivial and we may use either of the measures
of the data spread. The range method is still widely used because of its simplicity, but for
subgroups of samples larger than ca 15, using the standard deviation is preferred.
In the control graphs technique, we assume that the variable plotted on the graph is normally
distributed and may be described by two statistics, the mean value and the dispersion as given by
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the standard deviation. It is usual to plot both the sample means and the range (or sample standard
deviation) as complementary control graphs. This is because either a change in population mean
or altered variability about the mean could indicate that the counting system is no longer in
statistical control. These are known as the Means Control Graph and the Range Control Graph
(or Standard Deviation Control Graph).
On the graph is drawn a central horizontal line representing the Average value of the variable
to be plotted and on either side there are two further parallel Limit lines spaced according to the
appropriate control conditions. We can infer from these whether samples are random from the
same distribution or whether changes of distribution have occurred. Some variation is inevitable
due to chance causes inherent in the system, but if these are the only causes of variability, then the
system is under statistical control. On the Means Control Graph, the limit lines are symmetrical
about the central line, except in the ultra-low count-rate Poisson range, but they are not equally
spaced on the Range Control Graph or the Standard Deviation Control Graph. These additional
lines are known as the Inner and Outer Control Lines, or perhaps more appropriately,
appropriately, the Warning
Limit and the Action Limit. For a sample size, n, the means are approximately normally distributed
with a Grand Mean value of u and variance of &/n. Hence, 95% of the sample means will lie in
the interval between the warning limits, the positions of which may be calculated from Equation 1:

(1)

Similarly, 99.8% of the sample means will lie within the interval between the action limits, the
positions of which are calculated from Equation 2:

± 3.09

a

(2)

In the above, the grand mean is given by the average value of the subgroup sample means and the
standard deviation is estimated by taking the square root of the variance between the samples'
values. We can also estimate the standard deviation from the mean range of the subgroup samples,
W, assuming that the subgroup size is < 12. v may be obtained from an w, where
is given in

Table 1.

TABLE

1

Estimates of standard deviations from the mean range of samples
for the Means Control Graph
n

2

an

0.8862

3

0.5908

4

0.4857

5

0.4299

6

0.3946

7

0.3698

8

0.3512

9

0.3367
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The Standard Deviations Control Graph is similar to the Means Control Graph in that 95% of
the samples will lie within the Inner Limits and 99.8% will lie within the Outer Limits. These
limits, however, are not symmetrically
symmetrically arranged around the mean standard deviation. For sample
size, n, and mean standard deviation, a, the four limits, Upper and Lower Warning Limits and
Upper and Lower Action Limits, may be calculated by multiplying a by the limit factor, Fxa,
(where x is 1,2,3,4...) from Table 2 for the appropriate value of n.
TABLE 2

Factors for the Warning and Action Limits
for the Standard Deviation Control Graph
Limit = Fxa

Subgroup
size

Upper Action
factor F1

Upper Warning
factor F2

2

4.65
5.06
5.31
5.48
5.62
5.73
5.82
5.90
5.97
6.04
6.09

3.17
3.68
3.98
4.20
4.36
4.49
4.61
4.70
4.79
4.86
4.92

3

4
5

6

7
8
9
10
11

12

Warning
F3

Action
F4

A concept central to the control graph technique is that of the rational subgroup. The success
of the technique depends in no small measure on the researcher's discrimination in selecting the
subgroups. Each should be made as homogeneous as possible by taking contiguous readings, but
allowing some time to elapse before collecting the next subgroup data. This procedure allows for
the maximum opportunity for variation between subgroups. The ideal subgroup size for many
industrial processes is probably four, but this may not be the case in radiocarbon dating. It is
important that the distribution of the means should be normal so that a reasonably large value for
the number of readings in the subgroup sample would be an advantage. In this way, the
distribution of the averages around the grand average becomes more compact as the subgroup size
increases and the standard deviation is inversely proportional to the square root of the number of
values in the subgroup. So, it is an advantage to make the subgroups as large as reasonably
possible, for then the graphs become more sensitive to small variations in the average. Similarly,
the larger the subgroup, the relatively narrower are the limits on the Standard Deviation Control
Graph. Here again, smaller variations are easier to detect. Obviously, these statements are
applicable only if the variations occur among the subgroups and not within them.
We can give no general rule for the frequency with which the subgroups need to be measured;
this depends on the particular spectrometer or counter system. If the system is found to be
relatively trouble-free, then the frequency could be as low as 5% of the unknown samples
determined. With problematic systems, the frequency has to be increased to check that the
counting data are reliable.
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ESTABLISHING CONTROL GRAPHS

It may be useful to outline briefly a practical procedure for establishing control graphs. This
would be equally suitable for monitoring a background standard such as carbon dioxide for gas
counting equipment or analytical quality `dead' benzene for a liquid scintillation spectrometer, or
any other standard that may be required. In liquid scintillation spectrometry, for example, it is
convenient to monitor sealed high-activity standards rather frequently since they require only very
short counting times.
It is obvious that at the beginning of the process of establishing the control graphs, values of
both the mean and the standard deviation of the specimen activity are unknown. We need to
estimate at least approximate values for these before we can draw or plot any graph. We will
update and subsequently redraw the control graphs as the values for the mean and standard
deviation become better known. To start the graphs, we make a subgroup of, say five,
determinations of the specimen count rate. From these we calculate the mean count rate and the
mean range. (The range is given by the difference between the highest and lowest value in the
subgroup.) This should be repeated to obtain 20 determinations of the means and 20 ranges. Next,
we calculate the grand mean (GM) of the 20 count-rate means and the mean range (MR) of the
20 ranges. These are the basic data required for setting up the control graphs.
For the Means Control Graph (MCG), a graph of the variation of count rate with time, a line
is drawn representing the GM. Two further horizontal lines are drawn on either side of the GM
at a distance of 0.377MR, corresponding to 1.96o; these are the warning limits. The action limit
lines, corresponding to 3.09o, are drawn at a distance of 0.94MR on either side of the GM. We
plot the 20 points representing the means of the subgroups to complete the graph. Figure 1A gives
an example of a means control graph.
For the Range Control Graph (RCG), a graph of variation of range with time, a horizontal line
is drawn representing
representing MR. The theory indicates that the limit lines on this are not equally spaced
as for the MCG. The upper action and warning limits are drawn at 2.36MR and 1.81MR and the
lower warning and action limits are drawn at 0.37MR and 0.16MR, respectively. We plotted the
20 ranges of the sample subgroups count rates to produce the initial RCG. Figure 1B gives an
example of an RCG.
We add further points to both of these graphs as the determinations become available. After
some time, when the system has settled down and we obtain more data, we often find that the
initial values of the GM and MRs need to be revised and the graphs replotted. We emphasize that
when this procedure is carried out conscientiously
conscientiously for each counting system in a laboratory, much
effort is needed for monitoring the various reference samples. In liquid scintillation counting, it
may be necessary to monitor every dedicated counting vial in its own right. Each scientist must
make provision for all these steps in his/her program, in terms of both time and budget, and
although neither of these may be trivial, they are a requirement of the strict data analysis. For
miniature or micro-gas counters, where the count rates are extremely low, the above procedure is
prohibitive in counting time; an alternative technique for quality control should be adopted, using
graphics and measurement of the time intervals between individual pulses. These intervals are
compared with statistically calculated time intervals. The procedure, however, would still be quite
lengthy.
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INDICATIONS

Facility in using statistical control graphs, as with many techniques, increases with familiarity.
We give here an outline of some of the obvious applications.
It is important to recognize at the outset that control graphs are not for retrospective use; they
rapidly grow obsolete and do not need to be archived. Their real value lies in a current record
which provides a basis for decision-making on immediate problems and their resolution during
activity counting. It is convenient to enter the measurements into a spreadsheet, where the
calculations are made and updated and the control graphs displayed on the monitor screen.
In what follows, we assume that the activity population is normally distributed so that most
of the sample values fall within the warning levels on the graphs. The probability is that 1 value
in 20 would lie outside the upper or lower inner limits and that 1 in 500 would fall outside the
upper or lower outer limits of the means control graph. Figure lA shows a typical set of readings
with the appropriate control limits. Even in the event of points falling within the inner limits, these
might still be masking possible interference within the subgroups and the variation between
individual runs could be large. Thus, we need the range (or standard deviation) control graph to
monitor the validity of this and check that there is no irregular interference. Figure lB shows such
a range control graph. It will be noticed that there is a tendency for some large range values to
occur even though the system is in overall statistical control.
Lack of statistical control by the counting system may be revealed by a consistent change or
variation in the value of the average with time. Alternatively, lack of control could be signaled
by a change in the dispersion between subgroups; the change in the average and dispersion might
occur simultaneously. To make these signs meaningful, we should plot our observations
observations on the
control graphs in the correct chronological sequence. A shift in the population average moves the
mean sample average and the standard deviation graphs one way, but changes in the dispersion
affect them differently. Changes of averages may be sustained over a long period of time or may
be frequent and irregular. They may also be gradual and systematic. If the average value changes
without change of dispersion, this indicates a change in bias.
If a measured value falls outside the inner limits but inside the outer limits, it may be taken
as a warning only because we expect it to occur with 1 sample in 20. The next and subsequent
samples are likely to be within the limits. The chances are only 1 in 500 that a point on the mean
graph should fall outside either of the outer limits. This would be a signal to take action. The
immediate action is to check the result with data from a further subgroup. If this value falls within
the limits, then the outlier may have been within expectations
expectations or spurious and the system remains
in statistical control. However, if the check sample result also falls beyond the outer limits, this
exceeds probability expectations and the equipment should be examined at once for faults.
If values on the range or standard deviation control graph fall consistently outside the limits,
spurious interference from nearby operating electrical equipment, such as a Tesla coil or a
workshop lathe, might be to blame. A quiet supply phase should be sought.
A sustained decrease in the values of the means control graph could be due to a drift in the
counter high voltage, movement of pulse-height discriminator levels or changes in amplification.
It would be useful in this case to compare the control graph with one from an adjacent counting
channel for the same period. If this shows an increase in values corresponding to the decrease
observed on the first control graph, then it indicates that the counts are moving from one channel
to the next and tends to confirm the possible drift of the high voltage or amplifiers. Figures 2A
and 2B give an example of what would be seen on the graphs when a system becomes out of
statistical control due to this effect. In Figure 2A, the values of the means graph fall below the
GM established by the first 20 samples and progressively diminish with time without sign of
recovery. Figure 2B shows that in an adjacent channel, the simultaneous count-rate values tend
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to increase (the count rates are different because of unequal channel width) in a complementary
manner. The values plotted here are fictitious; in a real situation, action would be taken to rectify
the fault long before the state indicated by the later values on the graphs could occur.
In liquid scintillation counting, a steady decrease in the means control graph of a standard
activity such as NBS oxalic acid, especially if this is accompanied by a similar decrease in an
adjacent counting channel, probably does not indicate a problem with the electronics. This could
easily be due to loss of activity from the evaporation of sample liquid from the counting vial. This
effect might be expected if the vial had been used repeatedly for long periods. Thus, it is prudent
to prepare fresh standards frequently as well as to monitor total vial masses. Every gas counter
and vial constitutes an individual counting system that requires monitoring.
The values of the subgroup readings sometimes fall consecutively on the same side of the GM,
as in Figures 2A and 2B. We have investigated statistically such runs, in long and short sequences,
but for our purpose, we need note only a few results. For example, a change in counter
background should be suspected only when seven or more successive readings lie on the same side
of the GM as plotted. Values may tend to fall to one side of the mean although they may not be
consecutive. In these cases the following rules may be of interest. If 10 values out of 11
consecutive points lie to the same side, suspect a change in the GM. This rule may be extended
to include 12 points out of 14 consecutive ones, 14 out of 17, and 16 out of 20. This behavior
suggests that consideration
consideration should be given to revising the value of the GM and the limit levels
on the control graph. However, it should be borne in mind that the incidence of these sorts of runs
is more probable than that of a point falling beyond the action limits.
CONCLUSION

The above are some of the more common indications given by statistical control graphs. Their
consistent use in monitoring the current operation of counting systems will give increased
confidence that the equipment is functioning under statistical control. The graphs will also help
in the overall quality assurance in radiocarbon dating. Although important, statistical control is
only one aspect of quality assurance. Other vital factors include standards, purification and
preparation techniques, and the more subjective aspects such as sample integrity and experiment
design. These are discussed in more detail by Long et al (1990) and Switsur (1990).
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Uppsala University, Department of Physics, Box 530, S-751 21 Uppsala, Sweden
ABSTRACT. I describe here a series of routine self-checks that the Uppsala 14C laboratory performs with all measurements.
We estimate all uncertainties in the physical measurement
measurement of a sample. We study long-term
long-term stability, calculate mean values
for oxalic acid and background
background and compare expected and real statistical distributions
distributions of uncertainties. To reduce the risk
of bias, the samples from each series are almost exclusively run on the same counter. Some samples are, however, run on
two or more counters to check the possible bias to achieve reliable activity comparisons
comparisons with other laboratories. It is always
possible to trace which counter is used, since different number series are used for different counters.

INTRODUCTION

In the Uppsala conventional 14C laboratory we try to reach a realistic estimate of the statistical
uncertainty. Thus, all the uncertainties in the physical measurement are estimated - not only the
statistical uncertainty of the decay. When the laboratory was moved from the tower of the old
building of the Department of Physics to another building with three rooms and an attic above the
laboratory, the barometric-pressure dependence of the background disappeared. An uncertainty for
this zero value is included in the calculations. We study long-term stability and, at times, calculate
mean values for oxalic-acid activity and background for series of measurements spanning one year.
The real statistical distribution is compared with expected distribution estimated from all possible
uncertainties in the measurements. A few background and oxalic-acid measurements should be
evaluated before a result is released. Thus, final calculation of results includes measurements
measurements for
a period of several months.

Because of the risk of bias, we always record the results from one counter under one number
(U-number) and those from another counter under a second number, if a sample is measured in two
counters. Similarly, results are reported separately from different periods when the standard values
are different, even if only one counter is used. This facilitates later corrections if it is necessary
to change oxalic-acid activity, background or any correction factor.
Small differences between series of samples, such as atmospheric carbon-dioxide samples from
two localities can be studied without including the uncertainty of the standard, if measured in one
laboratory using only one counter for a limited period. The sequence between the samples should
then be chosen to alternate with the series.
Pretreatment of samples is also essential. Shell samples should be treated with special care
since they are usually affected when stored for a long time in the atmosphere. This is especially
apparent for shells close to the detection limit. Groundwater contamination of shells also occurs
easily. Wet storage of organic samples without freezing can cause contamination by bacteria.
After mechanical and chemical treatment, a suitable fraction for each sample should be chosen and
the possible influence of contaminants in situ and later added to the sample during storage in nature
should be considered.
STATISTICAL ANALYSES OF RECENT OXALIC-ACID MEASUREMENTS

We always check statistically, over periods of months or even years, long-term stability of
background and oxalic-acid measurements. This test was earlier performed by merely plotting the
results with error bars, calculating mean values for short periods to check any trend in the values
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with time, and simply counting the values within ± lo; between -2o and -10; between +10 and
+2o; and outside ± 2o. Now a simple statistical analysis is performed according to Stuiver
(1982). This yields a ratio between realistic and expected sigma values (oR/oexp) - sometimes
called the "error multiplier." Our computer program allows convenient plotting of a histogram
with the measured values and curves, assuming a Gaussian distribution of expected and actual
values. The sigma ratio for one counter for the greater part of 1986 was 0.96 (Olsson 1988: 203,
Fig 7), for 1987, 1.04 (Olsson 1989), for 1988, 0.79, and for 1989 (until the end of August), 1.08.
If 1988 and 1989 are combined, the sigma value is 0.97 (42 values measured on oxalic acid from
7 combustions). The results, based on measurements early in 1988, will be slightly adjusted
because of the statistical distribution and the mean values for the last two years.
BACKGROUND MEASUREMENTS

Olsson (1989) reports typical values for background measurements. The values for 1988 yield
a sigma ratio of 1.22. The first eight months of 1989 gave 0.97, after a minor data selection. Data
selection is justified when treating results from high or low voltages on the plateau of the
characteristics of a counter. The periods with a stable background are usually shorter than one year
but exceptions are documented.
One of our basic corrections for samples and background is normalization to a chosen standard
working voltage determined as a certain voltage over that for which half of the count rate for
muons on the plateau is received (Olsson 1958, 1966). We always measure and normalize to a
standard barometric pressure the muon count rates in the proportional and Geiger counters. The
background measurements are routinely compared with these values and we normally see no
correlation. Exceptions occurred in the autumns of 1977 and 1978 (Follestad & Olsson 1979;
Olsson 1980) when moon and background count rates rose. Consequently, we specially treated the
results and included in the calculations increased uncertainties for the background, over the
statistical ones derived from the count rate.
Before AD 1985, background had to be corrected for varying barometric pressure, but increased
shielding from building material was sufficient to remove barometric-pressure dependence when
the laboratory was moved from the tower of a building to a house with three laboratory floors and
an attic above. An uncertainty for this missing correlation between background and barometric
pressure is still applied.
FILLING PRESSURE

About a decade ago, I discovered that the oxalic-acid values were difficult to foresee when
normal filling pressure was changed ca 100mbars or more from one period to another (Olsson
1982). An analysis showed that, besides the normal correction because of the number of CO2
molecules in the counter, another minor correction had to be made. Oxalic-acid samples, then,
measured from 1972 to 1980, showed that the statistical distribution of the normalized 14C
activities, also adjusted for this extra pressure dependence, was of the same quality as for the
measurements since 1986.
CALCULATIONS

Olsson (1966) published an early version of our computer program for the calculations and
defined the principles behind the program (Olsson 1958). Olsson et al (1962) discussed the
uncertainties in detail and Olsson (1988) described the efforts to find two correction factors for one
counter after moving the laboratory to a new building.
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MEASUREMENTS TO DETECT SMALL VARIATIONS OF ACTIVITY

We always calculate and report separately results obtained by measurements
measurements in two or more
counters or at different times in one counter. This facilitates later corrections that may be
necessary because of a shift in the background or oxalic-acid values. For slight oscillations in
activities, as for tree-ring measurements for wiggle matching or for differences in atmospheric
activity over the Arctic and Sweden (Olsson 1989), it is advisable to eliminate the standard-activity
uncertainty. This is possible if samples from the two series are measured exclusively in one
counter, and alternately. When the results are compared with results from other laboratories, the
oxalic-acid measurements should be included.
Some samples are measured in two or more counters for internal checks. For example, we
measured water from the Swedish YMER-80 expedition in two counters (Figs 1 & 2), studied the
distribution of the differences between the results for each sample (Fig 3), together with the
distribution of the oxalic-acid samples (Figs 4 & 5), and finally the mean value of the results for
each sample (Fig 6). We also studied the distribution of the differences between the results from
the two counters for air samples (Fig 7), searching for further evidence because there were rather
few values in each statistical analysis. The international study of eight tree-ring samples
(International Study Group 1982) produced another set of results, allowing a comparison between
the two counters in use at that time (Fig 8). In all the cases reported here, the weighted mean
value for the differences was zero within the limit of errors.
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COLLECTION AND PRETREATMENT OF SAMPLES

Care must be taken not only with the measurement, but also with the collection of samples,
choice of suitable samples, description of the context and storage and pretreatment of samples. It
is advisable to remove the outer part of shells and fractionate the rest in, layer after layer, and to
store shell samples in sealed vessels from the time of collection until dating (Olsson et al 1968).
contaminate shells and long storage of old shells is
environment may contaminate
Groundwater and a humid environment
especially dangerous unless special precautions are taken. Similarly, bones are easily contaminated.
conventional measurement techniques because of the
It is difficult to extract amino acids through conventional
techniques are used in our laboratory. The EDTA
pretreatment
Many
samples.
lack of large-sized
al
1974;
El-Daoushy et al 1978). Sediments, especially
et
method has yielded good results (Olsson
by old material introduced with the
easily
contaminated
those with little carbon content, are
NaOH
(Olsson 1973, 1979, 1983, 1985,
in
soluble
inorganic fraction; I have preferred a fraction
ages to be significantly
radiocarbon
causes
effect
usually
1988,1989b). Despite this, the reservoir
too old.
ACKNOWLEDGMENTS

I wish to express my sincere gratitude to my technicians for assisting me in the laboratory and
at their desks with all data processing. Among them I want to mention especially M Soderman,

T Kronberg and A Holst who made major contributions to the analyses presented here. This
investigation was funded by the Swedish Natural Science Research Council.

360

Ingrid U Olsson
REFERENCES

El-Daoushy, MFAF, Olsson, IU and Oro, FH 1978 The EDTA and HCl methods of pre-treating
pre-treating bones. Geol Foren
Stockholm Forh 100: 213-219.
Follestad, B and Olsson, IU 1979 The 14C age of the "Toten" mammoth,
mammoth, Oppland, eastern Norway. Boreas 8: 305-310.
ISG 1982 An inter-laboratory comparison of radiocarbon measurements in tree-rings. Nature 198: 619-623.
Olsson, IU 1958 A 14C dating station using the CO2 proportional counting method. Arkiv Fysik 13: 37-60.
1966 Computer calculations of 14C determinations. Uppsala Univ Inst Physics Rept, UUIP-447:
UUIP-447: 11 p.
1973 A critical analysis of 14C datings of deposits containing little carbon. In Internatl 14C conf, 8th, Proc.: 548-564.
1979 A warning against radiocarbon dating of samples containing little carbon. Boreas 8: 203-207.
1980 Content of 14C in marine mammals from northern Europe. In Stuiver, M and Kra, RS, eds, Internatl 14C conf,
10th, Proc. Radiocarbon 22(3): 662-675.
1982 The long-term stability of a proportional counter filled with CO2. In Povinec, P. ed, Internatl conf Low
Radioactivities 80 8: 145.153.
1983 Dating non-terrestrial materials. In Hackens, T, Mook, WG and Waterbolk, HT, eds,14C and Archaeology, Proc,
PACT 8: 277-293.
1985 Radiometric dating, In Berglund, B, ed, Handbook of Holocene Palaeoecology and Palaeohydrology. New York,
John Wiley & Sons: 273.312.
1988 Low-level counting using gas-filled counters as applied to 14C dating with emphasis on reliability. In GarciaLeon, M and Madurga,
Madurga, G, eds, Low-level measurements and their applications to environmental radioactivity, Proc.
World Scientific: 4-38.
1989a Recent 14C activity in the atmosphere, clean air and the Chernobyl effect. In Long, A and Kra, RS, eds,
Internatl 14C conf, 13th, Proc. Radiocarbon 31(3): 738-744.
1989b The 14C method. Its possibilities and some pitfalls. An introduction. In Hackens, T and Miller, U, eds, First
European intensive course: Conservation and analysis methods in the field, application on the site of Palinuro.
September 1986. PACT 24: 161-177.
September
Olsson, IU, El-Daoushy, MFAF, Abd-El-Mageed, A and Kiasson, M 1974 A comparison of different methods for
pretreatment of bones. I. Geol Foren Stockholm Forh 96: 171-181.
pretreatment
Olsson, IU, Goksu, Y and Stenberg, A 1968 Further investigations of storing and treatment of foraminifera
foraminifera and mollusks
for 14C-dating. Geol Foren Stockholmn Forh 90: 417-426.
Olsson, IU, Karlen, I, Turnbull, AH and Prosser, NJD 1962 A determination of the half-life of 14C with a proportional
counter. Arkiv Fysik 22: 237.255.
Stuiver, M 1982 A high-precision calibration of the AD radiocarbon time scale. Radiocarbon 24(1): 1-26.

f

f

[RADIOCARBON, VOL 32,

No. 3, 1990, P 361-366]

CHECKING BACK ON AN ASSEMBLAGE OF PUBLISHED RADIOCARBON DATES
M G L BAILLIE

Palaeoecology Centre, The Queen's University, Belfast BT71NN, Northern Ireland
ABSTRACT. It is clear that radiocarbon researchers take a forward view towards the improvement
improvement of accuracy and
precision in dating. Unfortunately, archaeologists base much of their research on the published dates produced in the past.
Archaeologists and other users of radiocarbon dates should understand the limitations associated with past dates. This
article addresses these limitations by looking at a large number of routine radiocarbon dates associated with a block of
English tree-ring chronologies, the true ages of which are now known within close limits. My conclusion supports the idea
of global multiplication factors as proposed by the International Study Group (1982).
INTRODUCTION

The period 1985 - 1988 saw an intensive effort to outline a prehistoric oak tree-ring
chronology in England (Baillie & Brown 1988). This work centered on sub-fossil oaks from East
Anglia and Lancashire and built on a previous chronology from Swan Carr, near Durham, which
spanned 381 - 1155 BC (Baillie, Pilcher & Pearson 1983). The approach to chronology building
was to produce well-replicated chronology units which could be located precisely in time against
the existing Irish (Pilcher et al 1984) and North German (Leuschner & Delorme 1984)
chronologies. This dating proved highly successful and it became apparent that a high percentage
of the East Anglian oaks fell in the calendar period 3200 - 1680 BC, whereas Lancashire oaks
spanned a much greater range. Lancashire chronologies ultimately spanned 970 -1584 BC,16813807 BC and 4165 - 4989 BC. The 17th century BC gap was resolved using the Hasholme 1326 1687 BC bog-oak chronology supplied by J Hillam at Sheffield.
Our essentially random sampling of Lancashire bog oaks failed to identify any material across
the period 3807 - 4165 BC. The English Neolithic complex of three chronologies from the River
Trent, from the Sweet Track and from a submerged forest at Stolford (Morgan, Litton & Salisbury
1987) offered a possible solution to this problem. This chronology, which spanned 631 years as
published, proved difficult to tie down against the Irish and German chronologies.
chronologies. As Hillam
(1988) pointed out, this failure makes for "one of the major puzzles in British dendrochronology."
PLACING THE NEOLITHIC CHRONOLOGY

We acquired fresh samples from Stolford and the Nottingham Laboratory supplied the original
River Trent samples for remeasurement. It quickly became apparent that the River Trent 576-year
chronology (Salisbury et al 1984) was, in fact, made up of two chronologies. One, Old Loop 1,
spanned 354 years and cross-dated with Sweet and Stolford as published (Morgan et al 1987). The
other, Colwick Hall 1, spanned 349 years and was placed by a tree-ring match at 2697-3045 BC
against both the East Anglian chronology (t = 6.1) and the Lancashire chronology (t = 5.0). A new
radiocarbon date (UB-3055, 4167 ± 40 BP) confirmed this new placement.
Our interest in this splitting of the River Trent chronology was that the original linking of the
Old Loop and Colwick Hall chronologies
chronologies had been at least partly conditioned by two radiocarbon
determinations, 5110 ± 45 BP and 5335 ± 50 BP, respectively. It was now apparent that the 5335
± 50 BP date was in error by > 100014C years! I do not intend to go into a lengthy discussion of
this "bad" date. It could be a laboratory measurement error; it could be a sample mix-up either
on the part of the dendrochronologists or the laboratory; it could be a computational error or a
simple number transcription. It would not have been possible to isolate the specific cause at the
time, nor is it now. The fact is that an erroneous date went into the literature, unchallenged,
unchallenged, and
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was, at least in part, responsible for an incorrect tree-ring linkage. It is also worth reflecting that
this was a high-integrity wood sample which did not suffer from the sampling vagaries of most
archaeological samples.
As research continued into the dating of the reduced 438-year Neolithic chronology, there was
a further revelation. We discovered that the Stolford timber, which represented the outer 272 years
of the complex, had been used in the first Glasgow interlaboratory comparison exercise
(International Study Group 1982). Eight samples from this timber had each been dated by up to
20 laboratories, some at high precision. The resulting weighted mean dates (oldest to youngest)
were 5168, 5196, 5173, 5094, 5070, 5031, 5025 and 5030 BP. All had standard error of the mean
values of < 10 years and could thus be classed as high-precision dates. We could then "wiggle
match" this component of the Neolithic chronology against the high-precision calibration curve of
Pearson et al (1986). This showed that the end of the 410-year Sweet Track chronology was likely
to fall within ca 10 years of the calendar date 3800 BC (Baillie & Pilcher 1988).
With this new information, we could look at two packages of routine radiocarbon dates
associated with the Sweet Track, itself. First, there were 11 dates on the wood from the track
(Morgan 1988) (Fig 1). A high proportion of the dates are too young. Even allowing for the
original laboratory disclaimer on one replicate sample (which was ca 100014C years too young)
and the general statement about root and insect contamination, these dates remain in the literature.
In fact, Clark and Morgan used these dates in an earlier wiggle-matching exercise. Their suggested
end date for the Sweet track was in the range 3685 - 3415 BC, with 95% confidence (Morgan
1988). It is now clear that this range does not include the correct date and the center point of the
range is more than two centuries too young.
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Fig 1. The high-precision
radiocarbon dates for the Sweet Track
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In addition to the dates on the wood of the track itself, are ten samples on peat and stakes
associated with the track (Morgan 1988). If the track was truly constructed within a few years of
3800 BC, then reference to the calibration curve shows that all samples younger (closer to the
present) than the track should give radiocarbon ages younger than 5000 BP, whereas all samples
older (further back in time) than the track should give radiocarbon ages older than 5000 BP.
Table 1 shows the actual results. The dates for peat older than and substantially older than
the track are particularly revealing as they are much too young and suggest either poor pretreatment
or a significant laboratory bias. Suggestions that peat is a notoriously difficult medium for dating
hardly encourage the archaeologist, as there was no prior warning that the samples might give
erroneous dates. It hardly befits radiocarbon laboratories to discount dates that were regarded as
perfectly adequate in a "blind dating" exercise, ie, where the customer did not know the correct
answer.
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1

Radiocarbon ages for the Sweet Track

1

2
3

4
5
6

7
8
9

10

Samples directly associated
with the Sweet Track

Radiocarbon age

Hazel peg 325
Hazel slat
Hazel peg 303
Hazel and ash pegs
Peat beneath rails
Peat packing
Peat on plank
Peat on plank
Peat below track
Peat well below track

5218
5159
5150
4887
5140
5103
5224
5108
4744
4848
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Finally, we also noted that the Glasgow Laboratory had used samples from the Stolford timber
to test reproducibility on their own radiocarbon system. Again, the results should not be used to
judge the present laboratory, as they were used as a stepping stone towards improving the accuracy
of the system. However, the results form a perfectly good guide to the general performance of a
typical routine laboratory up to the early 1980s and are included here as such.
Some 39 samples can be identified (Scott, Baxter & Aitchison 1983) that relate directly to the
samples used in the International Interlaboratory Study. Figure 2 shows the distribution of the
center points of the date ranges compared with the high-precision results cited above. Clearly, the
results show significant random variation with an apparent bias towards "too old" results.
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Fig 3. Frequency of departure of the center points of routine dates from their true radiocarbon
radiocarbon ages. A - for the 23
dates associated with the River Trent and the Sweet Track; B - for the 39 dates associated with the Stolford timber; C all 62 routine dates associated
associated with the Neolithic complex.

CONCLUSION

Our study uncovered some 62 routine radiocarbon determinations
determinations associated with the English
Neolithic chronology complex. Figure 3 combines these dates, showing the frequency of departure
of the center points of the dates from their true radiocarbon ages. The simplest analysis of these
results appears in Table 2.
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TABLE 2

Percentages of dates with center points greater than
the stated distances from their true radiocarbon ages
58%
34%
19%
13%
5%

lie
lie
lie
lie
lie

outside 100 radiocarbon
outside 200 radiocarbon
outside 300 radiocarbon
outside 400 radiocarbon
outside 500 radiocarbon

years
years
years
years
years

Of these figures, the most damning for routine radiocarbon analysis is the 34% outside 200
radiocarbon years. From this, it would seem that a full one-third of all radiocarbon dates are
effectively useless from the point of view of tight chronological research. We need to give some
thought to the implications of these results. Here are some of my views:
1. The quoted errors are highly unreliable in about one-third of all samples.
2. Dates on dubious samples, particularly those with possible contamination, be it mobile
humic acid or rootlets or both, are allowed to enter the literature with little comment.
3. The blind nature of most dating procedures, when the customer has no idea of the true
age, means that bad dates are neither suspected nor easily detected.
4. These 62 dates are not atypical. They should be a perfectly typical sample of all the
routine dates in the literature.
5. 95% confidence, as applied in the case of Clark and Morgan's wiggle match (Morgan
1988) of the Sweet dates, means nothing if the dates are wrong or systematically biased.
6. On the positive side, no date was significantly more than one millennium in error.
I have no intention to embarrass the labs concerned. Undoubtedly they are trying to improve
and, indeed, things may have improved in the meantime. These results should not be taken as
necessarily representative of the results of these laboratories in general. However, all things
considered, I see no reason to suppose that this whole assemblage of dates is unrepresentative of
the vast bulk of archaeological
archaeological dates in the literature. If this is the case, then the figures in Table
1 represent a basis for assessing the past ability of a wide range
of radiocarbon laboratories and
should be taken into account when archaeologists attempt to infer absolute dates from radiocarbon
dates.
In the final analysis, routine radiocarbon dates do not conform to the same standards of
absolute dating as dendrochronology. We must use great care in attempting to pinpoint any event
in real time with routine radiocarbon dates - even where large numbers of routine radiocarbon dates
are involved. However, some comfort can be drawn from the fact that, according to this study,
only 5% are outside 500 radiocarbon years from the true radiocarbon age.
In summary, radiocarbon dating is a very useful method for putting most samples into the right
chronological ball park. Used as a fairly blunt tool, it is fine most of the time - hence its success.
Unfortunately, radiocarbon researchers have allowed themselves the belief that their results are
within the statistical limits quoted, largely because most of their customers do not complain about
the dates (because the customer does not know the true date). Most laboratories calibrate their
dates using the quoted errors - they do not habitually use multiplication factors to allow for
additional errors.
From this 62-date test sample, a significant proportion of routine dates are not within the
statistical limits quoted. As such, they are not useful for resolving highly detailed chronological
questions. It is also interesting that the global-average-quoted
global-average-quoted error on the 62 dates happens to be
± 79 years. If we used the multiplication factors suggested by Scott, Baxter and Aitchison (1983),
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dates of similar quality might well have their quoted errors multiplied by 2.6. In other words,
these 62 routine dates should have had quoted errors of ca ± 200 years. If this were applied
globally to the 62 dates, it would account for the spread of some Q of the samples (Fig 3). This
suggests strong support for multiplication factors, a concept that so far has found little favor with
archaeologists but would add some realism to routine dating.
This study leads to the conclusion that laboratories should not make extravagant claims about
the accuracy and precision of their dates unless they have demonstrated proof for such claims.
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Note added in proof. Since this article was written, fresh evidence has allowed the definitive dating of the Sweet
construction of the Sweet Track last grew in 3807 BC and were felled either
Track chronology. The oak timbers used in the construction
late in 3807 or early in 3806 BC (Hillam et a! 1990). This date is extremely close to that predicted by high-precision
radiocarbon analysis (see text).
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INTERCALIBRATION OF ENVIRONMENTAL ISOTOPE MEASUREMENTS:
THE PROGRAM OF THE INTERNATIONAL ATOMIC ENERGY AGENCY
ROBERTO GONFIANTINI, KAZIMIERZ ROZANSKI and WILLIBALD STICHLER
International Atomic Energy Agency, PO Box 100, A-1400 Vienna, Austria
ABSTRACT. We briefly present here the environmental isotope intercalibration programs of
the International
International Atomic
Energy Agency (IAEA). In fact, the IAEA has implemented
implemented two parallel programs during the last 20 years: for stable
isotopes of light elements and for a radioactive isotope of hydrogen, tritium. This IAEA activity
resulted in the preparation
of a number of reference and intercomparison materials of various types, now stored in the Agency and
available upon
request.
INTRODUCTION

The Agency's activities in the field of isotope hydrology and geochemistry started ca 30 years
ago with the determination of the isotopic composition of precipitation in a worldwide network of
stations (in cooperation with the World Meteorological Organization
Organization (WMO)). The isotopic
analyses (deuterium, tritium, 180) were (and are) carried out in the IAEA Isotope Hydrology
Laboratory and in a number of associated laboratories. These laboratories thus require accurate
intercalibration. This has been a crucial problem since the inception of isotope geochemical
investigations in the early 1950s. Thus, IAEA started to organize intercomparison
intercomparison exercises,
repeated at regular intervals, with the participation of an increasing number of laboratories. This
activity has also led to the preparation and distribution by IAEA of reference samples.
The Agency's current environmental isotope intercalibration program is much wider in scope
than initially conceived, and is part of the Analytical Quality Control Service (AQCS) instituted
by the IAEA in order to assist laboratories engaged in various fields of scientific research to check
the quality of their work. We shall briefly review here the history and characteristics
characteristics of the
program on stable isotopes of light elements and tritium. Until now, the agency has not distributed
samples for intercalibration of 14C analyses.
STABLE ISOTOPES

In 1966, Halevy and Payne (1967) reported at a meeting in Vienna the results of the first
stable isotope intercalibration
intercalibration program. Only 12 laboratories took part in this project. Five
samples were distributed including NBS-1 and NBS-1A, the first of which Craig (1961) used to
define the Standard Mean Ocean Water (SMOW). The results showed reasonably good agreement
among most of the participating laboratories, but also the occurrence of systematic deviations for
some of them.
Participants at the 1966 meeting recommended, for calibration purposes, the preparation of a
water sample with an isotopic composition
composition of the defined SMOW and another water sample
depleted in heavy isotopes.
In 1976, Gonfiantini (1977, 1978) reported the results of the intercomparison performed on
these new samples - Vienna SMOW (V-SMOW) prepared by Harmon Craig, and Standard Light
Antarctic Precipitation (SLAP), in addition to NBS-1 and NBS-1A. In 1983, Gonfiantini (1984)
reported the results of the intercomparison performed on Greenland Ice Sheet Precipitation
Precipitation (LISP)
samples, with intermediate
intermediate isotopic composition
composition between V-SMOW and SLAP. The agreement
was reasonably good but again with a few systematic deviations. It appeared, however, that the
spread of values was considerably
considerably reduced by normalizing the results, assuming a fixed value for
SLAP. For instance, the standard deviation decreased by more than a factor of 2 for GISP (Fig 1).
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Thus, we agreed to recommend for SLAP the values of -42896 o for deuterium and -55.5%o
for 180 with respect to V-SMOW; in this way, the S scales were fixed and normalization
eliminated most systematic errors. However, this implied the parallel normalization of the scales
and standards used for compounds different from water, as well as that of fractionation factors,
in
order to make fully consistent all the deuterium and 180 results (Gonfiantini 1984; Hut 1987).
After the 1976 meeting, new intercalibration
intercalibration samples of various types were prepared and
distributed, and the results presented at two other meetings held in 1983 and in 1985. Among
the
new samples, NBS-19 is particularly important: it consists of calcium carbonate from a marble of
unknown origin (possibly Carrara marble), the S values of which have been fixed by agreement
to +1.95%o for 13C and -2.20%o for 180 with respect to PDB (the latter value corresponds
to
+28.63%o vs V-SMOW).
V-SMOW, SLAP and NBS-19 are classified as "Reference Samples," ie, samples used as
reference to express measured differences in isotopic ratios. Various specialized laboratories have
undertaken the determination of their absolute isotopic ratios, but the values obtained, although of
excellent quality, are not certified by the IAEA, nor is their knowledge necessary if results are
reported in terms of delta notation.
The Agency now distributes many other samples for intercomparison
intercomparison and intercalibration of
stable isotope measurements
measurements of all the light elements mainly used in isotope hydrology and
geochemistry (Table 1). Unfortunately, the amount available for some of them is very limited.
TABLE

1

Reference and intercomparison samples for stable isotope measurements
distributed by IAEA
Code

Isotope

Natures

VSMOW

'`H, 180

Water

SLAP

2H, 18Q

Water

GISP
NBS-18
NBS-19

2H, 18Q
13C, 180
13C, 180

Water

13C

Oil
Polyethylene foil
Biotite
Quartz sand

NBS-22
PEF-1
NBS-30
NBS-28
IAEA N-1
IAEA N-2
IAEA N-3
NSVEC
NBS-127
NZ-1

13C,

180,

'H
3H

18Q
15N
15N

15N
15N

345, 180
34S

CaCO3
CaCO3

standard for
reporting 2H and 180 results
-428 and b180 =
-55.5%o vs VSMOW
from Norway
&3C = +1.95 and
b18O = -2.20%o vs PDB

(NH4)15O4
(NH4)25O4
KNO3

Nitrogen gas
Ba504
Ag1S

calibrated vs CDT

*NB - The distribution of other samples has been discontinued for one of the following reasons: 1)
there
are doubts about isotopic homogeneity;
homogeneity; 2) there are doubts about the status of conservation; 3) they are
out of stock.
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TRITIUM

measurement intercomparisons during the last 25 years.
The IAEA has organized four tritium measurement
Florkowski, Payne and Sauzay (1970), Taylor (1978)
(1967),
Cameron
in
available
are
The results
intercomparisons are in Table 2.
intercomparisons
these
of
features
basic
The
b).
a,
(1986
and Hut
TABLE 2

Basic features of tritium intercomparison programs
carried out by IAEA
Year

Number of participating
laboratories*

1965

12 (29)

1970

35 (38)

Water samples distributed
for intercomparison
A: < 100 TU**
Sample B: 200 - 800 TU
Sample C: 1000 - 6000 TU
A:

Sample B:
Sample C:

- 10 TU
- 50 TU
250 TU

1975

41 (79)

A: <0.2 TU
Sample B: 8.37 ± 0.04 TU
Sample C: 33.1 ± 0.1 TU
Sample D: 678.5 ± 2.2 TU

1985

57 (85)

A: <0.2 TU
Sample B: 5.94 ± 0.03 TU
Sample C: 25.66 ± 0.13 TU
Sample D: 100.2 ± 0.5 TU

Numbers in parentheses in the second column indicate the number of identified active
laboratories to which the announcement was sent.
*

**1 TU

=1 tritium unit, corresponding to

a 3HPH ratio of 1018

intercomparison exercise, we distributed a set of water samples covering the actual
In each intercomparison
intercomparisons, the tritium
range of environmental tritium concentration. For the first two intercomparisons,
were published with full
The
results
approximately.
only
known
concentration of samples was
laboratories.
identification of the participating
For the two more recent exercises we established the tritium activity by high accuracy
participating laboratories of
gravimetric dilution of the tritium standard NBS 4926. We informed participating
on measurement
information
detailed
requested
and
values
the approximate concentration
anonymously.
reported
were
The
results
techniques together with the results.
intercomparison carried out in 1985. The
Figure 2 summarizes the results of the last intercomparison
within the "tritium community" is still far
the
situation
that
is
exercise
conclusion drawn from this
good results for all four samples
produced
laboratories
of
the
from being satisfactory. Only 38%
samples, and another 16% only
two
correctly
measured
16%
distributed and 18% for three samples;
on
any of the samples distributed.
results
good
produce
not
did
one; finally, 12% of the laboratories
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R Gonfiantini, K Rozanski and W Stichler
THE IAEA APPROACH TO THE INTERCOMPARISON OF MEASUREMENTS

intercomparison exercises is voluntary. However, leading
Participation in the IAEA intercomparison
laboratories of recognized experience and quality are usually requested to participate (and also to
prepare intercomparison samples). The results are discussed in meetings of invited experts (but
recommendations are usually accepted by
open in principle to everybody), and the decisions and recommendations
the scientific community.
Most laboratories applying environmental isotopes in geochemistry, hydrology, agriculture,
environmental studies, etc, have participated in the Agency's
plant physiology, life sciences, environmental
are considered unique opportunities to check the agreement of
These
intercomparison exercises.
those of other laboratories, to discover the occurrence of errors
with
the measurements performed
to try to correct them. Thus, they constitute a continual
eventually
and
and systematic deviations,
the
measurements. In conclusion, we are convinced that
of
quality
the
incentive to improve
not only useful but necessary in order to prove before
considered
is
participation in such exercises
of isotopic analyses.
reliability
and
quality
the
the scientific community
REFERENCES

Cameron, JF 1967 Survey of systems for concentration and low background counting of tritium in water. In Radioactive
dating and methods of low-level counting. IAEA, Vienna: 543-573.
133:1833-1834.
Craig, H 1961 Standard for reporting concentrations of deuterium and oxygen-18 in natural waters. Science 133:1833-1834.
comparison of analysis of tritium in natural waters. Internal!
Interlaboratory comparison
Florkowski, T, Payne, BR and Sauzay, G 1970 Interlaboratory
Jour Applied Rad and Isotopes 21: 453-458.
intercalibration in hydrology and
Gonfiantini, R 1977 Report on a consultants' meeting on stable isotope standards and intercalibration
geochemistry (Vienna, 8-10 Sept 1976). IAEA, Vienna.
measurements in natural compounds. Nature 271: 534-536.
1978 Standards for stable isotope measurements
1984 Report on an advisory group meeting on stable isotope reference samples for geochemical and hydrological
investigations (Vienna, 19-21 Sept 1983). IAEA, Vienna.
Halevy, E and Payne, BR 1967 Deuterium and oxygen-18 in natural waters: Analyses compared. Science 156: 669.
Hut, G 1986a Low-level tritium counting facilities: A survey. Nucl Instruments & Methods B17: 490-492.
measurements in water. IAEA Rept, Vienna.
Intercomparison of low-level tritium measurements
1986b Intercomparison
hydrological
1987 Report on a consultants' group meeting on stable isotope reference samples for geochemical and hydrological
investigations (Vienna, 16-18 Sept 1985). IAEA, Vienna.
measurements in water. Internatl Jour App! Radiation
Taylor, CB 1978 Interlaboratory comparison of low-level tritium measurements
Isotopes 29: 39-48.

[RADIOCARBON, VOL 32,

DISCUSSION

-

No. 3, 1990, P 375-377]

SESSIONS IV & V

Principal discussants: Austin Long, University of Arizona, Mike Baillie, Queen's University of
Belfast, Wim Mook, University of Groningen, Doug Hark,zess, NERC, Henry Polach, Australian
National University; Jon Pilchei; Queen's University of Belfast, Mebus Geyh, Hannover, Roberto
Gonfiantini, IAEA, Mark Pollard, College of Cardiff Marian Scott, University of Glasgow
A point for concern was that none of the participants in the study, nor present at the workshop,
came from commercial labs. Participants viewed it as important that future studies should include
such labs.
We discussed the selection of samples in the IAEA proposals and various reasons for the
choice of materials, which were:
1. Their age should be spread corresponding
corresponding to 14C needs and should range from modern to
background.
2. Samples must be available in bulk.
3. Organizers must be able to guarantee homogeneity of the material. The IAEA reference
materials were then discussed in greater detail:
1. Cellulose. Cellulose can be homogeneously prepared and is easy to transport.
2. Charcoal. The process of production must guarantee homogeneity.
3. Marble. Particle size is critical, because of the possibility of atmospheric contamination.
The IAEA reference samples will require no further pretreatmeizt and homogeneity will be
rigorously tested. Further reference samples would include oxalic acid at background activity. The
reason for such a sample is its use as a modern reference standard and, hence, its familiarity to the
community. An additional background sample, carbonate, would also be available.
The major benefits of the IAEA offer to the 14C community are:
1.
Known-age samples would be well calibrated and homogeneous.
2. New labs could easily obtain the materials at low cost and quickly assess their
performance.
The IAEA representatives, Gonfiantini and Rozanski, assured the participants that the cost of
the samples would be low and could be paid in local currency or charged, where appropriate, to
an IAEA project. Another idea was to have a very old sample say, 20,000 to 30,000 years old,
in addition to a background sample. But the consensus was that there would be no basic difference
for a lab between such a sample and a true background sample.
The continuing discussion centered around the timetable for the IAEA proposals. A deadline
of October 19901 was set for the completion of the first intercalibration. The results will be
published in RADIOCARBON after they are discussed at a meeting to be held in Vienna. Attendance
at the meeting will be completely open. Quality control of a laboratory lies beyond the scope of
the IAEA, the difficulties, in this instance, being the non-uniformity of sample treatment.
Participants further discussed the choice of sample types, eg, some felt benzene is appropriate,
but major shipping and storage problems preclude this choice.
In summary, the consensus view was that the IAEA scheme should be regarded as a form of
self-help: labs should not be anonymous and any lab could request samples when and if required.
As for encouraging participation in such schemes, within the UK, the view is that the proposal for
quality assurance is made by and for the 14C community. Funding agencies should, of course,
consider the proposals; one possibility might be that only labs taking part in such exercises should
be funded. Lab performances should be subject to considerable scrutiny in the future.

'Note added in proof the first deadline of October 1990 has been moved up to early 1991,
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We announced that the proceedings and discussions of this Workshop will be published in
RADIOCARBON in Volume 32, No. 3, which will appear in late 1990.
The 14C community firmly believe that they must convince users of the quality of dating and
its improvement. To this end, we discussed a number of proposals presented earlier in the week:
1. We discussed the provision of reference samples by the IAEA for laboratory control of
internal stability of measurements. Discussants thought that this offer should be accepted and that
all future IAEA meetings should be open to all.
2. Additional and complementary proposals are summarized as follows:
a. Austin Long presented an outline of a Quality Control scheme, which should be worked
out in detail and sent to all labs for comment. Dr Long will present the final version in these
14C
community.
Proceedings, as the recommended procedure to the
of reference samples on a regular basis.
assay
will
include
system
Control
b. The Quality
in-house standards, against which the
still
use
will
labs
but
IAEA,
from
These will be available
will be cellulose, charcoal, wood,
materials
reference
IAEA
calibrated.
be
IAEA samples should
to control internal stability
materials
these
use
will
Laboratories
marble.
and
carbonate travertine
the
first intercalibration will
and
homogeneity
for
checked
be
will
samples
The
of measurements.
to all those who have
1990,
February2
in
starting
distributed,
be
will
be almost blind. Samples
offer. Laboratories
on
the
samples
all
to
take
not
need
do
Labs
requested them from IAEA.
and send them
results
the
compile
then
will
IAEA
by
July21990.
IAEA
to
should submit results
of the results
publication
for
wait
also
They
may
results.
return
not
need
Labs
to all participants.
report.
final
a
present
and
Vienna
in
a
meeting
host
will
IAEA
addition,
In
in RADIOCARBON.
14C
under
hopefully
tests,
blind
intercomparison
further
continue
should
community
The
c.
14C
This
meetings.
with
coincide
might
tests
further
These
group.
Glasgow
the
of
the direction
improvements.
improvements.
of
verification
objective
ensures
procedure
Some participants suggested including peat and marine sediments in the IAEA reference
samples. This will be considered and suitable samples sought.
The IAEA schedule outlined above is very tight and will be difficult to meet. Thus, reference
samples should be submitted as soon as possible. If the first deadline cannot be met, samples
should still be sent for use in future intercalibration exercises. Those submitting the samples to
IAEA should test samples for homogeneity, then package and ship them to Vienna. It is extremely
important that these initiatives be fully and widely advertised to ensure that as many labs as
possible have the opportunity to participate. Announcements have already appeared in RADIOCARBON.

Discussions then centered on the third part of the proposals, namely, the blind intercomparisons.
First, the organizers (Marian Scott, Doug Harkness, Murdoch Baxter, Gordon Cook and Tom
Aitchison) will ensure continuation of the procedures which the Glasgow group have established
14C
labs. The organizers
during the previous two studies. The main objective will be self-help for
would not enforce
they
However,
openness.
encourage
and
anonymity
of
will air the question
anonymity.
participants.3 The preliminary
The UK will fund this further work, thus requiring no costs to participants.3
follow:
proposals

ZNote
3Note

added in proof: now - May 1990 and December 1990, respectively
added in proof: SERC and NERC have agreed to provide a total of £40,000 to fund this part of the

proposals.
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The tests would operate regularly, every 2 to 3 years. However, it is unrealistic to undertake
the next trial before the 14th International Radiocarbon Conference in Arizona, in 1991.
The samples will include dendro-dated wood.
Participants will receive a report on the results within four months of completion.
Labs encountering problems will be able to seek help from peer groups within the 14C
community.
These proposals were generally acceptable and all agreed upon the importance of contact
among laboratories.
A final point concerned the timing of the next trial - sufficient time for calibration of the
international standards should be allowed to ensure that labs are not overloaded.

SESSION VI
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TIME-RESOLVED LIQUID SCINTILLATION COUNTING
MICHAEL KESSLER
Packard Instrument Company, One State Street, Meriden, Connecticut 06450
ABSTRACT. Historically, scientists who perform low-level measurements of 14C for age dating, and 3H20 for environmental
contamination, have purchased or constructed highly specialized instruments to quantitate low-level radionuclides using a
general-purpose liquid-scintillation analyzer (LSA). The LSA uses special time-resolved 3-D spectrum analysis (TR-LSC)
to reduce background without substantially affecting sample counting efficiency. This technique, in combination with a
special slow fluor scintillating plastic, further reduces the minimal detectable limit for the TR-LSC liquid scintillation
counter.

INTRODUCTION

To quantitate low-level samples in an LSA, it is important to distinguish true background
pulses (environmental and instrumentational) from scintillation pulses produced by a decay of a
beta-emitting nuclide. Thus, we investigated the various type backgrounds. There are four types
of background that contribute to the total spectrum: the instrument, cross-talk, radioactivity from
glass vial and photomultiplier tube (PMT), and scintillator background. The instrument background
is the result of electronic noise in the LSC system. The energy spectrum of this background is low
and represents 10% of the total observed background. The second background is cross-talk
between the two photomultiplier tubes. This background is the result of the spontaneous release
of photoelectrons from the cathode of one or both of PMTs. It is low energy (>20 keV) and
represents 20% of the total observed background. The third type of background is from the natural
radioactivity (40K) that occurs in the glass vial and the glass of the PMTs. This background energy
has a flat distribution over the entire range out to 2000 keV and represents 40% of the total
background. The fourth background is from the cosmic and environmental radiation, which can
interact with the scintillation solution. This represents 30% of the total background, and covers
a broad energy range (0-2000 keV).
The question is, can any or all of these four backgrounds be eliminated without substantially
decreasing the counting efficiency of the sample? Are there some characteristics of these
backgrounds that can be used to distinguish the (environmental and instrument) background from
true nuclear decay? To characterize the background and beta pulses, the shape and components
of both the beta decay and background must be carefully analyzed. The first to be characterized
is the scintillation pulse originating from a beta decay.
A typical beta scintillation pulse (Fig 1) consists of a fast/prompt pulse component and may
contain a delayed pulse/slow component. The delayed pulse is found in samples that are flamesealed and purged with argon or nitrogen, which can act as a quenching agent to remove any
oxygen from the sample. The fast pulse is sharp with a pulse width of approximately two nanoseconds. The nuclear decay pulses are the result of quenchable pulses that result from the cosmic
or environmental radiation interaction with the scintillator or a true beta decay. The background
pulses resulting from instrumentation noise, cross-talk, and naturally occurring radionuclides present
in the glass or the PMT or the sample vial, are called non-quenchable because they are not affected
by the components in the sample or scintillation solution and cannot be quenched. Close
examination of non-quenchable background pulses shows substantially different characteristics from
those of the beta scintillation pulses. The non-quenchable background results from the interaction
of background radiation with the material in the environs of the counting chamber. Figure 2 shows
pulses created by non-quenchable backgrounds.
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Typical beta scintillation pulse
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After-pulses (Pulse Index : 4)

Fig 2. Non-quenchable background pulse

component),
These pulses from non-quenchable background consist of a major pulse (fast component),
resembling a beta scintillation five microseconds after the main prompt pulse. The number of lowintensity "afterpulses" can be different from one background pulse to the other; this can be due to
low-intensity Cerenkov radiations in the glass envelope of the PMT and surrounding material or
natural 40K in the glass. The total number of "afterpulses" is called the Pulse Index, and are
counted for five microseconds after the main prompt pulse.
The traditional energy plot for a sample is two-dimensional representing count rate as a
function of energy. Using the new 3-D afterpulse technique with the pulse index in the third
dimension, we obtained a true 3-D plot. Figure 3A shows the 3-D plot for a background spectrum
14C
with afterpulses occurring after almost all pulses, up to 15 afterpulses. On the other hand, a
sample from the benzene synthesizer shows counts in only the zero to three afterpulse spectral
planes (Fig 3B).
If the 3-D plot (Fig 3A) sample background is subtracted from the 3-D plot (Fig 3B), 14C
sample, then only the true beta pulses from the sample can be quantitated. This analysis results
in a reduced background without a substantial loss in counting efficiency of the sample.
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3-D SPECTRUM OF
A BACKGROUND SAMPLE
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Fig 3A. 3-D spectrum of background sample

FOUR SPECTRAL PLANES CONSTITUTE
THE TRITIUM SPECTRUM.

3-D Spectrum of Unquenched3H
Fig 3B. 3-D spectrum of 14C sample (benzene synthesizer)
synthesizer)
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RESULT

Based on these characteristic differences between the real beta-decay distribution and the
discriminate from real beta-decay events. Using the pulse
background radiation spectrum we can discriminate
14C spectrum. We can
index as a discriminator we can exclude background pulses from the 3H or
obtain E2/B optimization by selecting the optimal pulse index discriminator setting. Table lA and
14C,
counting the samples
improvement in the E2IB achieved for both tritium and
B show typical improvement
for 600 minutes, or 0.5% 2s, whichever occurs first.
TABLE

1

Effect of pulse index discrimination on background, efficiency, E2/B
A. Tritium, 0.5-5.0 keV region, 02 quenched (10ml InstaGel and 10m1 H2O
in 20m1 glass vial)

efficiency

Background
(CPM)

None

26.50

18.45

Normal (minimum)
High sensitivity (moderate)
Low level (maximum)

26.24
24.68
22.59

12.75
9.25
3.33

Amount of pulse-index
distribution

3H

A 402.6% increase in E2/B

B. 14C benzene, 10-102 keV, 02 quenched (3.5m1 benzene scintillator in

7ml glass vial)
14C

efficiency

Background
(CPM)

None

83.45

9.67

Normal (minimum)
High sensitivity (moderate)
Low level (maximum)

81.87
78.50
70.70

7.07
4.74

Amount of pulse-index
distribution

1.38

A 495.5% increase in E`/B

much-improved counting sensitivity using this unique
The data in Table 1 clearly show much-improved
patented TR-LSC technique. Counting sensitivities achieved by this technique rival those
previously possible only by the use of very large amounts of passive shielding and/or active
(anticoincidence) shielding.
(anticoincidence)
After further study of the burst-pulse-counting discrimination method as a beta pulse validation
scheme, it was clear that the difference of a few afterpulses immediately following a coincident
event could affect the discrimination performance. To further improve the detection capacity of
the burst-counting electronics, we had to amplify the number of afterpulses. We determined that
a long decay time scintillator would provide the amplified number of afterpulses needed to improve
background, we decided that
the burst pulse discrimination. Since the purpose was to differentiate background,
a slow fluor scintillator physically external to the sample would act as an active guard shield.
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Thus, when a slow fluor external to the sample was excited by a high-energy background (cosmic
or environmental radiation), an LSA circuitry to differentiate this background from a true beta
decay produced within the scintillation vial. Since the guard was a plastic scintillator material, a
slow component was produced with several afterpulses. This plastic or glass scintillator was
formed into a vial holder or a detector guard that filled the area between the scintillation vial and
the photomultiplier tubes. Tables 2 and 3A/3B show the results for 14C and 3H using these special
plastic scintillators (vial holder and/or guard detector).
14C

TABLE 2

benzene in PPO (Sgm/L) and POPOP (0.2gm/L) (optimized regions)

Amount of
pulse index
None (3-D)
Maximum
Maximum
Maximum
Maximum

14C

Sample

efficiency

Sample only
Sample only
+vial holder
+guard elevator
+vial holder &
guard detector

64.99
54.04
60.99
66.20

TABLE 3A
3H analysis in benzene PPO (6gm/L) POPOP (0.2gm/L) (optimized

Amount of
pulse index
None
Maximum
Maximum
Maximum
Maximum

3H

regions)

3H

Sample

efficiency

Sample only
Sample only
+vial holder
+guard holder
+vial holder &
guard detector

54.71
50.94
49.38
38.44

TABLE 3B
analysis in water (large volume), (optimized regions)
12ml Pico-Fluor LLT

Amount of
pulse index

Sample

efficiency

None
Maximum
Maximum
Maximum

Sample only
Sample only
Sample only
+guard detector

22.85
25.39
25.63
23.77

-

8ml sample,

3H

2.29

25791
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CONCLUSION

Our 14C and 3H data clearly show that the plastic vial holder and/or guard detector technique
14C
E2/B increased 2
performance of the low-level liquid scintillation analyzer. For
increases the performance
to 2.5-fold using the plastic scintillator guard and/or holder. For the 3H samples, performance
performance is
increased by 1.5 to 2-fold using these plastic scintillators. Thus extremely good performance
obtained by using a plastic vial holder and/or guard detector in conjunction with afterpulse
discrimination. Thus low-level liquid scintillation analysis can be used for detection of adulterants,
14C
age dating, low-level tritium in water, and monitoring of many other radionuclides in the
environment, without requiring special, dedicated instruments. A general-purpose liquid
scintillation analyzer with a low-level feature can analyze both low-level and routine laboratory
samples for DPM determinations.
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Principal discussants: Gordon Pearson, Queen's University ofBelfast, Michael Kessler, Canberra
Packard, Doug Harkness, NERC, Murdoch Baxter, SURRC
Considerable discussion focused on current liquid scintillation technology, and some
dissatisfaction with information channels between manufacturer and user was expressed. A
proposal followed to form a group of experts in the 14C community and the manufacturers to
provide assistance to labs.
CONCLUDING SESSION

(see Summary by M S Baxter)

Professor Baxter summarized the achievements of the meeting in terms of present findings and
future implications of the current study, particularly regarding the agreements on international
quality control and assurance.

For the Present
Variability in the results increased from stage to stage, but we observed the major variability
in Stages 2 and 3, which involved more realistic samples.
Lab biases still exist, so that the results are similar to the previous Glasgow coordinated study.
Some differences between techniques are apparent; LS results seem more varied generally but
AMS seem more varied for the more modern samples.
Quoted errors do not quantitatively describe the observed variability.
Only 7 labs out of 38 appeared to pass the three performance criteria which had been defined.
For GPC and LSC 2/3 of external variation derives from counting and synthesis processes,
for AMS 2/3 of external variation seems associated with sampling from realistic samples and
their pretreatment.
It was encouraging
encouraging that the study had already proven useful to individual labs.
The group enthusiastically endorsed continuation of the collaborative program and generally
accepted proposals already presented.

For the Future
Quality Assurance is basically putting into operation the principles of good laboratory practice,
but it is still a matter of individual responsibility. With this in mind, the major initiative of the
IAEA should be welcomed. It should also improve international help and cooperation.
The UK National Environment Research Council (NERC) and the Science and Engineering
Research Council (SERC) will fund further blind inter-comparisons
inter-comparisons and invite laboratories to
participate. The Glasgow/East Kilbride group will coordinate the studies. The proposed schedule
follows:
1. Austin Long will draft and collate the recommended QA procedures.
2. IAEA will provide samples of modern cellulose, charcoal, marine sediment and modern
travertine marble - to be distributed in February' 1990. Results should go to Vienna by July' and
be discussed at the meeting in October.'

'Note added in proof May, December
December 1990 and February 1991.
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3. Labs should follow QA procedures involving regular assay of IAEA reference materials
as well as in-house standards.
Glasgow/EK group and will be free of
4. A further intercomparison will be organized by Glasgow/EK
charge; suitable sample material collected in 1990 and a commitment to participate will be sought
after the Vienna meeting. This study will begin in 1991/92.

The meeting closed on optimistic notes for the future.
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REPORT OF THE INTERNATIONAL WORKSHOP
WORKSHOP OF INTERCOMPARISON
INTERCOMPARISON OF
RADIOCARBON LABORATORIES: A SUMMARY
SUMMARY OF THE MEETING
M S BAXTER

Scottish Universities Research and Reactor Centre, East Kilbride, Scotland, UK
In closing this workshop, I must thank all of the delegates for making this meeting so very
enjoyable for ourselves, the organisers. So much so that we will give serious thought to
inviting you back to Scotland very soon. The meeting has, in our view, been eminently
successful in the scientific sense. I believe that we have made uniquely important and
fundamental observations and plans for the future of 14C dating. I would like to summarise
fundamental
quickly my personal view of the main findings of the workshop. I would start this by recalling
the eight questions posed in my opening address. The questions and my impression of the
workshop's answers are as follows:
1.

Question:

Answer:

2.

Question:
Answer:

3.

Question:
Answer:

4.

Question:
Answer:

5.

Question:
Answer:

6.

Question:
Answer:

How does 14C variability compare at each stage of the laboratory
analyses?
14C
variability increases across the sequential steps of the analytical
process. Internal variability is a lesser problem anyway and increases
only slightly but external variability is considerable and shows a
particularly large increase between Stages 2 and 3, ie, associated with
pretreatment.
Are there lab offsets and biases? If so, what are they?
Yes, lab bias, of 50 - 250 years, is common and is similar to that
implied in previous studies.
Are there performance differences between lab types?
Yes. For example, there is a suggestion that accelerator labs have
problems with more modern material, while liquid scintillation labs show
more variability in the counting process.
Does sample type influence performance?
There was no evidence in the data for a significant variability with
sample type. Henry Polach had too much chloride in the peat sample
and mysterious clay in his carbonate sample but the analytical data
showed no detectable quality differences.
Do quoted errors account for the observed variability?
Generally, no. Two laboratories grossly overestimate errors but most
labs seriously underestimate their errors, by a factor of 2 to 3 times.
Only 7 labs from 38 passed all three very basic desirable performance
criteria at each stage of the study.
If there is excess variability, can the results help to identify the cause?
The data from the three stages of the study allow important, if
approximate, general estimates of the source of variability. Thus, for gas
and liquid scintillation counting labs, about two-thirds of the external
variability is introduced by counting and about one-third by pretreatment.
For accelerator labs, these ratios are reversed, ie, one-third error from
target preparation and mass spectrometry,
spectrometry, two-thirds from pretreatment.
These are important findings. I was particularly pleased that many labs
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7.

Questions:

Answer:
8.

Question:
Answer:

(eg, of Hertelendi, Horvatincic, Geyh, Pazdur, etc) have already used this
study to identify their problems, change their procedures and reduce their
errors. This, of course, is one of the main aims of our work.
Is there an indicated need for a future intercalibration programme?
14C
users
Unanimously, yes, there is a clear need from the 14C labs and
Unanimously,
alike.
If so, what are the requirements and what is the mechanism?
It is the major achievement of the meeting that it agreed on exactly what
is needed and how to meet that need.

The recommendations
recommendations of the workshop are based on the principles of:
1. Good laboratory practice, in which the modern terminology of `quality assurance' is
adapted to 14C laboratory procedures. Austin Long very expertly proposed such an adaptation.
2. Individual laboratory responsibility but with much increased international help and
cooperation focused through a major IAEA initiative in the provision of new reference materials
for 14C dating.
communities. All the
3. Increased accountability to the 14C analytical and user communities.
be voluntary and
procedures
will,
however,
resulting
QA
and
the
workshop's recommendations
flexible to each lab's needs.
4. Regular programmes of `blind' intercomparisons on natural samples to monitor and
encourage progress, this programme to continue, in its next phase, to be led and funded from
the UK. The Natural Environment Research Council has already indicated its wish to fund a
significant fraction of the total cost and the Science and Engineering Research Council has
advised that it will give serious consideration to continued support for the programme.' The
three Scottish laboratories involved are sufficiently committed to ensure that the next
international intercomparison study will indeed take place.
The practical details of the workshop's proposals appeared to me to be as follows:
The IAEA Programme
Austin Long will very quickly draft and circulate for comment a document on
recommended quality assurance procedures for 14C labs. He will then send the draft to all
participants of this workshop and to others. He will then circulate and publish the final
recommendations, hopefully by the end of 1989.
b. The IAEA will collect, from a variety of agreed sample submitters, sets of new
reference materials. These are proposed to be 1) modern cellulose, 2) 5000-yr charcoal,
3) 10,000-yr wood, 4) 25,000-yr wood, 5) 25,000-yr marine sediments, b) -40% modern
travertine and 7)
marble. These samples are to be prepared, homogenised and
distributable, at low cost, by February 1990. Prospective participants should write to IAEA in
Vienna to indicate that they wish to take part in this programme.
c. The results of the first round of `blind' analyses on the new materials should be
returned to IAEA by 1 July 1990.
d. Specialists will convene in Vienna in October 1990 to present and discuss the
first-round results. Anyone can attend this meeting, although, obviously, the cost of attendance
must be paid by participants.
e. There will be a recommended quality assurance procedure that labs should adapt
to their own needs. The recommended procedures will include:
1.

a.

'Since the meeting, the two UK Research Councils have agreed to share equally the costs of the next
intercomparison exercise.
intercomparison
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- Regular assay of IAEA reference materials
- Regular assay of in-house lab replicate materials, calibrated with respect to NBS
and/or IAEA standards.
Given the limitations on quantities distributable by IAEA and the importance of including
the pretreatment stage in the overall replicated procedure, it is my view that the practical
emphasis in most laboratories should be placed on regular analysis of in-house secondary or
tertiary standards of the most relevant sample type, interspersed by less frequent but,
nonetheless, crucial assays of the intercalibrated check samples from IAEA.
nonetheless,
2. The Scottish Programme
a. The mechanism and philosophy will be similar to those of the previous studies,
ie, the emphasis will be on blind analysis of a mix of natural materials of different ages,
perhaps including occasional duplicates. As before, the project will be organised by the
University of Glasgow, the Scottish Universities
Universities Research and Reactor Centre and the NERC
Radiocarbon Laboratory at East Kilbride. We anticipate that participation
participation and sample shipment
costs for the next study will be paid for by the UK Natural Environment Research Council and
other UK organisations.
b. There will be increased coordination of interlaboratory
interlaboratory guidance and an
encouragement of advisory contact between laboratories to address and resolve common
problems which may become evident from the study data.
c. There will be a suite of 6 to 10 samples per study per laboratory.
d. There will be no `blanket' enforcement of laboratory identification
identification or of
anonymity, although openness will be encouraged.
e. The timing of the next study will be such as to allow for performance
improvement during the first round of the new IAEA programme.
programme. This phasing process will
also reduce the potential workload for laboratories during 1990. It is therefore proposed that
the organisers will immediately make arrangements
arrangements for selection and collection of the desired
materials but that provision of preliminary details and the call for participation
participation will coincide
roughly with the IAEA's October 1990 Vienna meeting. The invitation to participate will go
to all 14C laboratories.
f.
The study will begin around the start of 1991 and will report within one year.
These two programmes, combining regular in-house QA analyses of new reference
materials with periodic external blind testing, represent a very major advance in the
development of radiocarbon dating and must lead to improvements in the quality and credibility
of the method. As such, this 14C workshop is likely to prove to be a most significant event.
The excellence of this meeting's science has been paralleled by a marvelous social
programme and it is therefore with mixed feelings that I must now bring the meeting to a close.
Thank you all for your contributions. Have a safe journey home. I would also thank our
theatre manager. (Henry Polach thanks Marian Scott.) Finally, to the strains of the bagpipes
and with Roy Switsur carrying and addressing Scotland's national food, I would ask you to
stand, raise your whiskey glasses and toast `the haggis'. The meeting is closed.
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A QUALITY ASSURANCE PROTOCOL
FOR RADIOCARBON DATING LABORATORIES
Compiled by AUSTIN LONG, with advice and consent from many colleagues
Department of Geosciences, The University of Arizona, Tucson, Arizona 85721
(Additional comments are welcome)

The purpose of this Quality Assurance (QA) protocol is to summarize guidelines that have
been accepted by directors of many radiocarbon dating laboratories throughout the world, and by
the International Atomic Energy Agency (IAEA). Some laboratories have followed similar
Laboratories that carefully adhere to this protocol will produce
procedures successfully for years. Laboratories
consistently reliable data that will be comparable in accuracy to all other laboratories following this
or any other equally rigorous quality assurance program. This statement does not, however, pertain
pretreatment, as pretreatment
to samples with 14C activities highly sensitive to method or degree of pretreatment,
laboratories.
techniques vary among laboratories.
Laboratories following this protocol may state in data reports that "These analyses were
performed according to the quality assurance protocol approved by the Glasgow Intercomparison
Workshop, September, 1989." Radiocarbon date end users should understand that a specific
procedure cannot guarantee the accuracy of a date, as a variety of factors, many of which are
beyond the laboratory's control, can affect accuracy. Also, many laboratories and directors have
developed unique procedures that yield highly accurate 14C results. The intent here is not to disturb
successful individuality, rather to correct false complacency. Some laboratories may choose to
laboratories, depending on personnel,
adopt only some of these suggested guidelines. Some laboratories,
volume of data output, and precision required may modify the number of Quality Assurance
samples processed and the time intervals between replications.
BASIC ELEMENTS OF THE QUALITY ASSURANCE (QA) PROTOCOL

Written Procedures
Sample Documentation, Traceability
Analysis of Primary Standards
Replication of Quality Assurance Samples
Regular Intercomparisons Using Natural (Unknown Activity) Samples
VI. Recognition and Correction of Problems
VII. Establishment of Total Analytical Precision
I.

II.
III.
IV.
V.

I.

Written Procedures
A. An up-to-date procedures notebook, containing detailed steps with diagrams of equipment,
must be in the laboratory while the analysis is underway.
B. Records must indicate the nature and dates of all changes in procedures, replacement,
repair, modification and adjustment of equipment.

II.

Sample Documentation, Traceability
A. It should be possible for anyone who is unfamiliar with the laboratory, using the
laboratory's written and computer records, to reconstruct what happened to any sample,
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when it happened, and who did it, from the sample's arrival to the report of the data and
the ultimate disposition of the remains of the sample.
1. Log Book All samples, upon arrival, must be logged-in with a sequential number.
The log book will contain the sample lab number, an identification code the submitter
gave it, a brief description of the physical or chemical nature of the sample, the name
of the submitter, and the date of arrival in the lab. The lab number will follow the
sample through the lab. Some laboratories have found it useful for a sample
information sheet to accompany the sample throughout the lab. This not only adds
redundancy to help prevent confusion of samples, but is a handy reference aid at
different stages of the procedure, and serves as a note pad for technical comments.
2. Procedures. The lab personnel will keep up-to-date records of all operations
performed on each sample (for example, type of pretreatment performed, comments
on pretreatment,
pretreatment, CO2 yields, benzene yields, counter performance, purity corrections,
age calculation details, and copies of relevant correspondence). These records should
be in permanently-kept notebooks, and also on the sample information sheets (above)
kept on file.
3. Sample Archival. Remaining sample material, if any, should either be kept in
laboratory, returned to submitter or discarded after an established length of time.
Each laboratory must have a policy on sample archival, and maintain records of the
final disposition of each sample.
B. A minimum of primary records should be kept in perpetuity. This minimum is the
information required for publication in RADIOCARBON or the International Radiocarbon
Data Base (IRDB), plus laboratory processing data and counting and calculation summary.
The lab notebooks should be archived as well as the sample information sheets. The latter
are useful for quick reference, as they contain an encapsulation of all that happened to the
samples in the 14C dating lab. Some laboratories even retain primary count-rate data.
C. Laboratories should retain primary counting data for samples and the graphs of standards
and backgrounds
backgrounds (or blanks, in the case of AMS) as long as the particular analysis
equipment is in service, and for at least five years after the data appear in publication.
III. Analysis

of Counting Background,
Background, Chemical Blanks and Primary Standards

A. Establish the count rates of background and NBS Oxalic Acid at regular intervals and
immediately after replacement, repair, modification and adjustment of measurement
equipment. For AMS, the chemical blank is more critical than machine background, and
measurement of known activity standard with each loading (wheel) is normal procedure
for adjusting for variations in transmission efficiency.
B. Time intervals between routine measurements of background and NBS primary standard
will vary with general stability of equipment, and frequency of measurement of quality
assurance samples (see below).
C. Plots of these data (± lo) should be on calendric scales, with annotations explaining

adjustments of equipment or procedures, that accompanied aberrations and discontinuities
in the linearity of the plot. Annotations will also explain adjustments in data (for
example, atmospheric pressure corrections, purity compensation). These graphs will be
available to illustrate the system's reliability.
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IV. Replication of Reference Materials
A. Four QA sample materials will soon be available from the IAEA along with the results
of several laboratories' analyses of these materials. It is recommended that laboratories
analyze these materials on a regular basis, at least annually, as a regular check on system
accuracy (Scott, Long & Kra 1990).
B. The amount of these reference materials will be limited and each lab should produce its
own in-house reference samples in bulk, which can be cross-calibrated
cross-calibrated to the IAEA
materials, and to the NBS oxalic acid standards. The type of in-house reference materials
should be appropriate to each lab's major interests, and should be analyzed more
frequently than the IAEA samples. After the first dating of the IAEA samples in 1990,
the consensus ages will be widely reported (thus they will become of known age).
C. The purposes of repeat analysis of these known-age materials at regular intervals are:

Continual monitoring of analytical accuracy without pretreatment (except for Two
Creeks wood)
2. Recognition of analytical problems before they propagate to the release of erroneous
data
3. Establishment of analytical precision of procedures
D. Technicians will regularly run each of these samples through each combustion/hydrolysis/
purification/catalysis/counting system in the laboratory. Frequency and types and ages of
purification/catalysis/counting
these QA monitors will depend on the precision sought and ages of samples the laboratory
normally runs. One of the younger QA materials should be run more often in the case
of new equipment or personnel in order to establish analytical precision and maintain
accuracy. New or modified equipment should be tested more frequently until steady
operation is proven.
E. Under routine operation, about 20% of counting time should be devoted to quality
assurance activity (background,
(background, primary standard, secondary standards). Change in
equipment, procedures or personnel will temporarily require a more intensive quality
assurance effort. Some well-established high-precision
and AMS labs devote
up to 30% counting time on precision and accuracy test samples.
1.

V.

Regular Intercorparisons Using Natural (Unknown Activity) Samples
As part of the proposals for Quality Assurance and designed to provide an objective and
independent check on analytical accuracy and precision, regular intercomparisons will continue
to be organized on an international basis by the SURRC-based team in the UK. A crucial
feature of the comparisons will be the use of natural sample materials, requiring pretreatment,
results of which will not be known in advance.
Laboratories should participate in these programs which will be run every 2 or 3 years,
Laboratories
participating laboratories. These
and a key component of which will be the "help" offered to participating
labs will be encouraged to publicize their performance in the program.
Participation in these international programs is not intended to replace any recognized
need for and/or benefit from ad hoc intercomparisons organized on an individual basis.
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VI. Recognition and Correction of Problems
A. All QA analyses should be plotted on calendric graphs and examined for deviations
beyond statistical expectation of the established 14C age. A practical alternative is the

statistical control graph approach of Switsur (this issue).
The results of the blind intercomparisons (Section V) as reported to the organizers
should be tabulated and made available.
B. Frequent analysis of background and laboratory QA materials should reveal problems
before affected dates are released. The IAEA QA materials should be run occasionally
to ensure proper calibration with "real" samples at all age ranges. Two-thirds of the data
points should lie within one standard deviation of the accepted values, about evenly split
above and below expected values. Significant departure from this expected pattern is an
alert of problems.
C. Trouble-shooting is beyond the scope of these guidelines. However, considerable
expertise is available within the 14C dating community, and several of our most
experienced lab directors have expressed surprise at never having been consulted for
advice. This expertise could become widely available on an informal basis within the
framework of the intercomparison program.
VII. Establishment of Total Analytical Precision
A. Radiocarbon dating convention by (3-counting (Stuiver & Polach 1977: 357) requires dates
to be reported with the ± figure reflecting not only the Poisson (approximated by
Gaussian) 1Q counting statistics of the sample, oxalic acid and background, but also
"additional errors caused by inaccuracies in voltage, pressure, temperature,
temperature, dilution, et
cetera." The authors further assert that the ± figure should include the uncertainty in the
S13C, which does not significantly
contribute to the uncertainty if actually measured. This
± figure (combined counting statistics, or CCS) does not include variability introduced
during all other steps in sample processing. In practice, only some laboratories adhere to
this convention. Some laboratories arbitrarily increase this figure; AMS laboratories
usually report an uncertainty based on replication of data, similar to the TAP defined

below.
B. The error figure most relevant to the end user of 14C dates is the Total Analytical
Precision (TAP) obtained by repeat analysis, through the entire chemical and physical
system in the laboratory, of a homogeneous material similar to many samples of unknown
age normally run through the lab (ie, the samples assayed under the procedures of section
IV). The TAP will be equal to or greater than the CCS. This variability of repeat
analyses may not be Gaussian, but establishing whether it is might require a large number
(>100) of analyses. We recommend that (3-counting laboratories report their TAP as well
as their conventional CCS figure along with dates and pMC's. The TAP will be equal
to or greater than the CCS, and may be different for different laboratory preparation or
counting systems, and change with time.
C. Error Multiplier factor: It is impractical to evaluate the TAP for each range of ± values,
as even within the same laboratory systems, the ± figure depends on the counting time
and dilution factor, among other variables. In order to adjust the CCS to the TAP, some
labs find it convenient to use an error multiplier factor (see Scott et al 1983; Stuiver &
Pearson 1986). As for the TAP, laboratories should re-evaluate and update this figure

regularly.
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For

systems: The Total Analytical Precision (TAP) is based on replicate 14C
analyses of the IAEA and in-house replicate reference materials. Results included in this
calculation should be all those analyzed within the past year with the following exception.
Do not include analyses originally affected by some analytical problem now recognized
and corrected before release of erroneous data. The TAP is a continuously updated figure
based on at least the last 20 replicates with close to the same "conventional combined
counting statistics figure". Examine the grouping of these data graphically or statistically
for symmetry and outliers. Look for trends with time. Compare the standard deviation
of the group (on.l) with the average ± figure (the combined counting statistics, or CCS,
of Stuiver and Polach, 1977) of the individual dates. In properly functioning laboratories,
the statistical groups will be symmetrical, data will show no trends with time, and the
TAP will approach the "ideal" average CCS of the individual dates.
E. For AMS systems: A common procedure among AMS labs is to evaluate errors based on
counting statistics and based on repeated analysis of the same target within a wheel
loading. The ± figure reported would be the larger of the two in terms of 1 standard
deviation. Some AMS labs report an error on the age based on the statistical summation
of all known sources of uncertainty, in a manner analogous to that Stuiver and Polach
(1977) proposed for (3-counting procedures.
We recommend that AMS laboratories report ± values of their 14C measurements
based on reproducibility
reproducibility of test samples within a single loading of a batch of targets, and
on repeat samples run over several months. A sensitive parameter to monitor is the ratio
of 14C/13C's of 2 reference materials with different 14C contents (Linick et al 1986). This
would be comparable to the Total Laboratory Precision in t3-counting laboratories.
Laboratories should specify how the error is calculated (see Donahue et al 1990).
F. Due to the availability of a variety of calibration schemes, we recommend that all
modifications to the conventionally reported 14C data be explicitly stated. All ± values
reported on uncalibrated 14C measurements should be based on la standard deviation.
Report S13C along with 14C date, and indicate whether b13C is measured or estimated.
If calibrated date is reported as well, give probability limit (lo, 2o) and reference to
calibration scheme.
D.
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ANNOUNCEMENT
Travel Grant Program to the XIII INQUA Congress, Beijing, August 1991
The U.S. National Committee for the International Union for Quaternary Research
(USNC/INQUA), sponsored by the American Geophysical Union, is expecting to obtain
funding for its travel grant program for the XIII INQUA Congress in Beijing, China, August
2-9,1991 and related pre- and post-Congress field excursions. The USNC/INQUA, with the
representation by providing 20 to
cooperation of AMQUA, seeks to ensure appropriate U.S. representation
the United States (regardless of
in
residing
scientists
Quaternary
travel
grants
to
enable
30
citizenship) to participate in the activities of the Congress. Travel grants, which will cover
only a portion of a participant's expenses (equivalent to airfare), are to be awarded
competitively, in part on the evaluation of papers submitted for presentation at the Congress,
competitively,
especially as they relate to the Congress theme,

Anthropogenic Activities.
Global Environmental Changes and their Relation with Anthropogenic
The Awards Subcommittee will give special consideration to those judged to benefit most by
participation at this important international event.

Travel grant applications and detailed instructions are available from:
Pembroke J. Hart
USNC/INQUA - HA-460
National Academy of Sciences
2101 Constitution Avenue NW
Washington, DC 20418
(for applications by phone, call (202)334-3368 or 3306)

Deadlines:
1st: Note that abstracts for inclusion in the Congress must be received in Beijing not
later than 1 December 1990. Abstract forms will be included with the travel grant
application materials, as well as information on registration for the Congress.

2nd: The completed application for a travel grant, including an extended abstract of your
paper and a one-page curriculum vitae, must be received in Washington by 15 January 1991.

Stipulated requirements:
Grantees will be required to use U.S. flag carriers in accordance with government
regulations and to file a meaningful trip report (emphasizing the benefits of attendance)
within 60 days of the end of the Congress.

Grant announcements:
The committee aims to announce the travel awards by 15 February 1991. However,
some awards may be made later because of cancellations or delays in availability of funding.
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Announces the Forthcoming Publication of the Following Special Issues:
Proceedings of the 13th International Radiocarbon Conference
Dubrovnik Yugoslavia, 20-25 June 1988
Volume 31, No. 3, 1989 @ $60.00
This special issue contains papers on the latest developments
developments in Sample Preparation and
Measurement Techniques, Intercomparison Study, Carbon Cycle in the Environment, Global
'4C Variations,
Applications and much more. Almost 1000 pages. The Proceedings issue is
part of the 1989 subscription.

Proceedings of the International Workshop
On Intercomparison of Radiocarbon Laboratories
Glasgow, Scotland, 12-15 September 1989
Volume 32, No. 3, 1990 @ $40.00
A workshop in Glasgow on the Intercomparison of Radiocarbon Laboratories was hosted by
the University of Glasgow, Scottish Universities Research and Reactor Centre and the NERC
'4C laboratory at East
Kilbride. The scientific program of the workshop covered previous
and current Intercomparison studies among radiocarbon laboratories, as well as plans for
accuracy improvement in this field. This issue contains papers and discussions and is part of
the 1990 subscription.

Four Decades of Radiocarbon Studies:
An Interdisciplinary Perspective
Lake Arrowhead, California, 4-8 June 1990
Special Hardcover Edition Published by Radiocarbon and The University of Arizona Press
This conference commemorates the dawn of radiocarbon as a dating, biological and
environmental tracer isotope. This volume will document the major contributions
contributions of 14C
dating to archaeology, biochemistry, environmental
environmental studies, geochemistry,
geochemistry, geology,
geophysics, hydrology and oceanography over the last 40 years. This monograph will be
offered outside of our three regular issues, at a discount to subscribers.

For more information on ordering or subscriptions,
subscriptions, please write to:
Radiocarbon
Department of Geosciences
The University of Arizona
4717 East Ft Lowell Road
Tucson, AZ 85712 USA
Tel: 602-881-0857
Fax: 602-881-0554
Bitnet: C14 JARIZRVAX

RADIOCARBON

Department of Geosciences
The University of Arizona
4717 East Ft Lowell Road
Tucson, AZ 85712
Tel: (602)881-0857

An International Journal
of Cosmogenic Isotope

Research

C14@ARIZRVAX
BITNET: C14@ARIZRVAX

Fax: (602)881-0554
PRICE LIST
Proceedings of the International Workshop on Intercomparison
of 14C Laboratories (Vol 32, No. 3, 1990)

$40.00

Proceedings of the 13th International Radiocarbon Conference
Proceedings
(Vol 31, No. 3, 1989)

$60.00

Proceedings of the 12th International Radiocarbon Conference
(Vol 28, Nos. 2A & 2B, 1986 - available separately at $30.00 ea)

$60.00

Proceedings of the 11th International Radiocarobn Conference
Proceedings
(Vol 25, No. 2, 1983)

$50.00

Proceedings of the 10th International Radiocarbon Conference
(Vol 22, Nos. 2 & 3, 1980)

$60.00

Vol 33, Nos. 1-3, 1991

$94.50/vol Inst*
$63.00/vol Ind*

Vol 32, Nos. 1-3, 1990 (includes Glasgow Proceedings)

$94.50/vol Inst*
$63.00/vol Ind*

Vol 31, Nos. 1-3, 1989 (includes Proceedings)

$90.00/vol Inst
$60.00/vol Ind

Vol 30, Nos. 1-3, 1988

$85.00/vol Inst
$55.00/vol Ind

Vol 29, Nos. 1-3, 1987

$75.00/vol Inst
$50.00/vol Ind

Vol 28, Nos. 1, 2A & 2B, 1986 (includes Proceedings)

$80.00/vol Inst
$60.00/vol Ind

Vol 27, Nos.

1,

$75.00/vol Inst
$50.00/vol Ind

2A & 2B, 1985

Vol 26, Nos. 1-3, 1984

$75.00/vol Inst
$50.00/vol Ind

Vol 25, Nos. 1-3, 1983 (includes Proceedings)

$75.00/vol Inst
$50.00/vol Ind

Vol 24, Nos. 1-3, 1982

$60.00/vol Inst
$40.00/vol Ind

Vol 23, Nos. 1-3, 1981

$60.00/vol Inst
$40.00/vol Ind

Vol 22, Nos. 1-4, 1980 (includes Proceedings)

$80.00/vol Inst
$60.00/vol Ind

Vols 11-21, 1969-1979

$60.00/vol Inst
$40.00/vol Ind

Vols 1-9, 1959-1967

$20.00/vol

Comprehensive Index (1950-1965)

$20.00

Single Issue

$25.00

Out of Print:
Vol 10, Nos. 1&2, 1968
Vol 11, No. 2, 1969
Vol 12, No. 2, 1970
Vol 13, No. 1, 1971
Vol 14, No. 1, 1972

Copies available
for $50.00 a set

*Price includes 5% state sales tax
Postage & handling will be added to back orders

Special Package Offer:
$550.00
Full set, Vols 1-32
(1959-1990) + free subscription for 1991!
Postage & handling
USA
$35.00
Foreign
Foreign postage on
current volumes
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ANNOUNCEMENT
SECOND ANNOUNCEMENT

CONFERENCE will take place May 20th through May 24th
INTERNATIONAL RADIOCARBON CONFERENCE
THE 14TH INTERNATIONAL
1991. We have accepted more than 150 abstracts and assigned them to 14 oral and 2 poster sessions. In addition,
the conference features three pre-conference workshops (Liquid Scintillation Counting, Extension of Radiocarbon
Mediterranean), and two post-conference field trips.
Calibration and Paleoenvironments of the Eastern Mediterranean),

Registration information and forms are being mailed in October. The revised registration fee is $180.00 before
December 15th 1990, and $225.00 after this date. The student registration fee is $100.00. The banquet fee will be
$30.00. Payment in US Dollars should accompany the registration form, and should be payable to: The University
Conference, Extended University - Conference Services, The University
of Arizona -14C14, and sent to Radiocarbon Conference,
accepted. All fees listed are in US
Mastercard are accepted.
of Arizona, 1955 East Sixth Street, Tucson AZ 85719. Visa and Mastercard
currency.
The conference and workshops will be at the Westward Look Resort, 245 East ma Road, Tucson, AZ 85704. The
conference rate for the rooms is $60.00, plus tax, per room for 1 to 3 persons in the room. Rooms are equipped with
refrigerators and other amenities. Attendees should make their reservation with the hotel (reservation card included
in mailing), or by calling (602) 297-1151 (Voice), or (602) 297-9023 (FAX). The toll-free number from outside
722-2500.
Arizona is (800) 722-2500.

Evening and social activities will include a traditional Mexican reception on Monday and a trip to the Arizonaconference banquet (southwestern
Wednesday afternoon. The conference
Sonora Desert Museum and Old Tucson on Wednesday
barbecue) on Thursday
Thursday evening will feature regional fare.
We invite conference
conference participants to tour our laboratories on the University campus on Tuesday evening.
following the tours.
Transportation will be provided to local restaurants following

The Westward Look Resort will organize daytime tours for accompanying guests to local attractions such as San
University Museums.
Xavier Mission, Tubac and University

Westward Look Resort is located approximately 10 miles north of central Tucson in the foothills of the Santa
The Westward
Stagecoach
Catalina Mountains. Participants who arrive at Tucson International Airport can travel by Arizona Stagecoach
limousine service at a cost of $15.50 per person. Arizona Stagecoach has a desk in the lower concourse baggagelimousine
representatives will be at the Tucson airport during peak arrival times to assist
Conference representatives
claim area of the airport. Conference
expensive than fares to Tucson. Participants who arrive at
with transportation.
transportation. Many air fares to Phoenix are less expensive
Phoenix Sky Harbor International Airport may travel by Arizona Shuttle Service to the ma Road drop-off point,
where transportation
transportation to Westward Look will be provided. The cost is approximately $18.00. The trip from Sky
Harbor is about two hours. Car rental is available at both airports. Trains run three times a week to Tucson from
Los Angeles and three times from New Orleans.

Arrangements are underway for two POST-CONFERENCE TOURS. The longer trip, to northern Arizona
days/three nights. The cost will be $300.00. The
encompass four days/three
including Sedona and the Grand Canyon, will encompass
Clovis/Mammoth sites with an overnight stay in Bisbee in
second trip will visit Murray Springs and Lehner Clovis/Mammoth
southeastern Arizona. The cost is $150.00.
A trip to Kitt Peak Astronomical Observatory is available from 4:00 - 10:30 P.M. Friday evening at a cost of
$25.00.

DEADLINE FOR REVISED ABSTRACTS IS DECEMBER 15, 1990
(over)

FAX: (602) 621-2672

Telex: 650-3839821

Bitnet: C14@ARIZRVAX

TENTATIVE CONFERENCE SESSIONS*
AFTERNOON

MORNING

Monday

1.

Isotopic Indicators of Global Change

1.

Isotopic Indicators of Global Change

2. Geologic & Atmospheric Studies
3. Groundwater
4. Beta-Counting Techniques
5. Accelerator Mass Spectrometry
6. Cosmogenic Radioisotopes &

4. Beta-Counting Techniques
5. Accelerator Mass Spectrometry

Tuesday

In Situ Production
Wednesday

7. Environmental Sciences
8. Archaeometry & Archaeology

FIELD TRIP

Thursday

9. Calibrations & Comparisons Among

10. Geochemical Methods & Applications
11. Oceans

Dating Techniques
10. Geochemical Methods & Applications
12. Natural Variations: Measurement & Causes
13. 14C Intercomparison Study
14. General Topics, Posters

Friday

BUSINESS MEETING

*There will be no more than two parallel sessions at one time

PRE-CONFERENCE WORKSHOPS

- Liquid

Scintillation Counting, May 18-19

Contact:

- Extension
Contact:

Robert M Kahn
Geosciences Department
The University of Arizona
Phone: (602) 621-6014
621-6014 or (602) 881-5746
881-5746
Fax: (602) 881-0554; Bitnet: BKALIN@ARIZRVAX

of Radiocarbon Calibration, May 19
Malcolm Hughes
Laboratory for Tree-Ring Research
The University of Arizona
Phone: (602) 621-6470; Fax: (602) 621-8229
Bitnet: MHUGHES@ARIZRVAX

- Paleoenvironments
Contact:

of the Eastern Mediterranean,
Mediterranean, May 18-19

Ofer Bar-Yosef
Department of Anthropology
Peabody Museum
Harvard University
Phone: (617) 495-2252
Fax: (617) 495-1396
Bitnet: OFER@HARVARDA.
OFER@HARVARDA. BITNET

or

Renee Kra
Department of Geosciences
Department
The University of Arizona
Phone: (602) 881-0857
Fax: (602) 881-0554
Bitnet: C14@ARIZRVAX

PROFESSOR OF GEOSCIENCES
PURDUE UNIVERSITY
The School of Science at Purdue University has established a dedicated research facility for accelerator mass spectrometry (AMS) with the capability to analyze the following
cosmogenic radionuclides: 10Be, 14C, 26A1, 3601, 41Ca, and 1291.
Funding is in place to support the operation of this facility
and to initiate research programs.

Purdue University's Department of Earth and Atmospheric Sciences seeks a distinguished faculty member at the
associate or full professor level with a particular interest in
research using cosmogenic radioisotopes to study terrestrial
processes and events. In addition, we encourage applications for visiting professorships of 1- to 2-year duration. A
successful applicant will have a Ph.D. in the geosciences and
an established record of excellence in basic scientific investigation of geoscience problems.
Please send vita to:

Professor Steven J. Fritz
Department of Earth and Atmospheric Sciences
Purdue University
West Lafayette, Indiana 47907 USA
Screening will continue until the position is filled.

Purdue University is an affirmative action/equal opportunity employer.

NOTICE TO READERS AND CONTRIBUTORS
Since its inception, the basic purpose of RADIOCARBON has been the publication of compilations oft4C dates
produced by various laboratories. These lists are extremely useful for the dissemination of basic 14C information.

In recent years, RADIOCARBON has also been publishing technical and interpretative articles on all aspects of
We would like to encourage this type of publication on a regular basis. In addition, we will be publishing
compilations of published and unpublished dates along with interpretative text for these dates on a regional basis.
Authors who would like to compose such an article for his/her area of interest should contact the Managing Editor
14C.

for information.

Other sections recently added to our regular issues include NOTES AND COMMENTS, LETTERS TO THE
EDITOR, RADIOCARBON UPDATES and ANNOUNCEMENTS. Authors are invited to extend discussions or
raise pertinent questions to the results of scientific investigations that have appeared on our pages. These sections
include short, technical notes to relay information concerning innovative sample preparation procedures.
Laboratories may also seek assistance in technical aspects of radiocarbon dating. Book reviews are also encouraged
as are advertisements.
Manuscripts. Papers may now be submitted on both floppy diskettes and hard copy. When submitting a
manuscript on a diskette, always include two hard copies, double-spaced, or wait until the final copy is prepared,
after review, before sending the edited diskette. We will accept, in order of preference, WordPerfect, 5.1 or 5.0,
Microsoft Word, WordStar or any major Macintosh or IBM word-processing software program. ASCII files, MS
DOS and CPM formatted diskettes are also acceptable. The diskettes should be either 3'/1" (720K or 1.44
megabytes) or 5'/4" (360K or 1.2 megabytes). Radiocarbon papers should follow the recommendations in
INSTRUCTIONS TO AUTHORS (R, 1990, v 32, no. 1, p 115-118). Offprints are available upon request. Our
deadline schedule for submitting manuscripts is:

For
Vol 33, No. 2, 1991
Vol 33, No. 3, 1991
Vol 34, No. 1, 1992

Date

Jan 1, 1991
May 1, 1991
Sept 1, 1991

Half life of 14C. In accordance with the decision of the Fifth Radiocarbon Dating Conference, Cambridge, 1962, all
dates published in this volume (as in previous volumes) are based on the Libby value, 5568 yr, for the half-life. This
decision was reaffirmed at the 11th International Radiocarbon Conference in Seattle, Washington, 1982. Because
of various uncertainties, when 14C measurements are expressed as dates in years BP the accuracy of the dates is
limited, and refinements that take some but not all uncertainties into account may be misleading. The mean of three
recent determinations of the half life, 5730 ± 40 yr, (Nature, 1962, v 195, no. 4845, p 984), is regarded as the best
value presently available. Published dates in years BP can be converted to this basis by multiplying them by 1.03.
AD/BC Dates. In accordance with the decision of the Ninth International Radiocarbon Conference, Los Angeles
and San Diego, 1976, the designation of AD/BC, obtained by subtracting AD 1950 from conventional BP
determinations is discontinued in RADIOCARBON. Authors or submitters may include calendar estimates as a
comment, and report these estimates as cal AD/BC, citing the specific calibration curve used to obtain the estimate.
Calibrated dates will now be reported as "cal BP" or "cal AD/BC" according to the consensus of the Twelfth
International Radiocarbon Conference, Trondheim, Norway, 1985.
b14C.
In Volume 3, 1961, we endorsed the notation t (Lamont VIII, 1961) for geochemical
measurements of 14C activity, corrected for isotopic fractionation in samples and in the NBS oxalic-acid standard.
The value of b14C that entered the calculation of A was defined by reference to Lamont VI, 1959, and was corrected
for age. This fact has been lost sight of, by editors as well as by authors, and recent papers have used b14C as the
observed deviation from the standard. At the New Zealand Radiocarbon Dating Conference it was recommended
to use VC only for age-corrected samples. Without an age correction, the value should then be reported as percent
of modern relative to 0.95 NBS oxalic acid (Proceedings 8th Conference on Radiocarbon Dating, Wellington, New
Zealand, 1972). The Ninth International Radiocarbon Conference, Los Angeles and San Diego, 1976, recommended that the reference standard, 0.95 times NBS oxalic acid activity, be normalized to VC = -19%/on.

Meaning of

In several fields, however, age corrections are not possible. 614C and A, uncorrected for age, have been used
extensively in oceanography, and are an integral part of models and theories. For the present, therefore, we
continue the editorial policy of using A notations for samples not corrected for age.

