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A B S T R A C T   

Given the complexity of the radiocarbon dating process, the diversity of materials being dated, the continued 
technical developments, GIRI (the Glasgow international radiocarbon intercomparison) is the next development 
of the series of intercomparisons to support continuing quality assurance. GIRI has been designed to continue this 
programme and to meet a number of objectives, including the most fundamental one, to provide an independent 
assessment of the analytical quality of the laboratory/measurement and an opportunity for a laboratory to 
participate and improve (if needed). The principles that we followed in the creation of GIRI are to provide. A) A 
series of unrelated individual samples, spanning the dating age range B) Some samples linked to earlier in-
tercomparisons to allow traceability C) Some known age samples, to allow independent accuracy checks D) A 
small number of duplicates, to allow independent estimation of laboratory uncertainty E) Two categories of 
samples, bulk and individual to support laboratory investigation of variability. All of the GIRI samples are natural 
(wood, peat and grain), some are known age, and overall their age spans approx. >40,000 BP to modern. Ul-
timately, we wish to define consensus values for all the samples and a quantified uncertainty supporting a more 
in-depth evaluation of laboratory performance and variability.   

1. Introduction 

Radiocarbon dating is one of the most widely used dating techniques 
in archaeology and geochronology being used to provide estimates of 
the ages of artefacts, when and for how long archaeological sites were 
occupied and the timing and nature of environmental change. It is a 
remarkable tool, in that, since its discovery in the 1940s it has become 
the cornerstone of much archaeological and environmental research, 
with a corresponding growth in the numbers of laboratories set up to 
provide measurements. Like every complex measurement process, each 
measurement has an uncertainty, sometimes described as its error, 
which fundamentally is a quantification of the variability that would be 
observed were we able to make true repeated measurements. Contri-
butions to this uncertainty come from measurement of standards (of 
known activity), backgrounds (no 14C activity), known activity refer-
ence materials (which allows the evaluation of bias which is sometimes 
included in the definition of uncertainty (described as being systematic) 
and other sources, which potentially include technician effects, pre- 
treatment effects as well as other contributions not easily uniquely 
identified. Given the complexity of the processes, the diversity of 

materials being dated, and ongoing technical developments, there has 
been a sustained effort based in part on a series of intercomparisons to 
fully quantify the uncertainties on the reported age, accounting for all 
laboratory processes. Such intercomparisons form an important part of a 
quality assurance framework common in many other areas of science. 

2. Metrological concepts 

Given the challenges of the dating process, starting from the 
archaeological context and field sampling, and then the complexities of 
the measurement process, quality assurance and quality control pro-
cesses are critical and intertwined with the concept of measurement 
accuracy and precision and uncertainty quantification. Some of the key 
metrological concepts include bias, accuracy and precision, repeat-
ability and reproducibility. These concepts are critical in ensuring a well 
calibrated measurement system and part of that also comes from 
benchmarking of measurements since it is highly likely that scientific 
studies will require comparability of results from different laboratories. 
As a result of the needs to deliver accurate and precise measurements but 
also as part of general, good laboratory practice, including laboratory 
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benchmarking and quality assurance, the 14C community has under-
taken a wide-scale, far reaching and evolving programme of global in-
tercomparisons, to the benefit of laboratories and users alike [1]. Each 
intercomparison has been designed to meet a number of objectives, 
including the most fundamental one, to provide an independent 
assessment of the analytical quality of the laboratory/measurement and 
an opportunity for a laboratory to participate and improve (if needed). 
Comparability of measurements made by different laboratories or in the 
same laboratory but at different times has been critical in the IntCal 
programmes, culminating in the most recent IntCal20 revision [2]. Here 
measurements have been made in different trees, speleothems and other 
carbon repositories, in different laboratories using different equipment 
and have then been brought together to revise the global calibration 
curves. Indeed in the development of the new curve fitting methodology 
[3], results from several previous intercomparisons were used to inform 
specification of key modelling parameters but the authors also noted 
“Even when the same sample is measured in different laboratories, we have 
evidence of a greater level of observation spread (i.e. over-dispersion) in the 
14C measurements within objects from the same calendar year than the 
laboratory reported uncertainties would support (see e.g. Scott et al. 2017). 
Recognizing this potential overdispersion, whatever its cause, is important 
both for curve estimation and resultant calibration for IntCal20”. 

At the core of any intercomparison lies the samples, and a further 
important objective of radiocarbon intercomparisons is the creation of a 
set of recognised reference materials which are well characterised. 
Reference materials can be used regularly and allow a laboratory to fully 
explore its own processes and procedures. 

2.1. Reference materials and primary standards 

For many years, the importance of reference materials has been 
recognised, as in this quote from 1977. “Our primary concern is with the 
use of reference materials and reference methods in transferring accu-
racy and precision throughout large multi-laboratory measurement 
networks. Although reference materials and reference methods can be 
effectively used to assure accuracy and precision within an individual 
laboratory, the great demand for compatible national measurement 
systems has led to their increased utilization in a total systems approach 
to accurate measurements in a variety of areas of chemical analysis”.[4]. 

Within the metrology literature, a distinction is drawn between 
primary and secondary reference materials, the critical point being that 
secondary reference materials may be used on a daily basis, and 
considered as working standards. A primary reference material is one 
“that is designated or widely acknowledged as having the highest 
metrological qualities and whose value is accepted without reference to 
other standards of the same quantity, within a specified context”. A 
secondary reference material or standard is one “whose value is assigned 
by comparison with a primary standard of the same quantity” [5]. 

Within the radiocarbon community, laboratories have often created 
their own working standards e.g. humics, cellulose or barley mash e.g. 
[6]. One advantage of a secondary reference material created as part of 
an intercomparison is that its activity has been verified in many 
laboratories. 

2.2. Uncertainty, precision and error- a hierarchical quantification of 
variation 

The basic measurement model assumes that a 14C age determination 
Xi is subject to variability due to some known and potentially unknown 
laboratory and environmental sources, and that this is quantified in the 
so-called counting error, which is an uncertainty quantification unique 
to the individual age determination. It is perhaps simplest to consider 
the counting error as the culmination or propagation of a series of 
contributing uncertainties or sources of variation- forming a hierarchy. 
Focussing on the AMS context, measurements made in the same batch 
(AMS wheel) may share common error components (e.g. same standard 

or backgrounds being used within an AMS target wheel, same operator, 
same operating mode). An important practical and philosophical point 
is, if the determination Xi were repeated many times (say n), with all 
conditions apparently being kept absolutely constant, then there would 
be a distribution of results Xi ~ N (μ, σ2), typically assumed a Normal 
distribution. It would then be possible to estimate the dispersion, σ2 in 
the distribution of the set of measurements by the sample variance, 
providing an empirical quantification of the measurement precision. 
The interesting and relevant question is how the sample variance in such 
a set relates to the typical quoted error values. As well of course, we are 
not able to make absolute replicate measurements since we cannot 
control all sources of variability within the sample or the laboratory or 
the machine. Ref. [7] provide a detailed investigation of uncertainty 
within their laboratory using a combination of different experiments. 

2.3. Replication and repeatability 

If a laboratory were able to make multiple measurements on the 
same sample, we would observe a distribution of ages, and if we quan-
tified the standard deviation of the distribution then we would obtain a 
measure of the repeatability of a measurement. This is where the value 
of the secondary reference material becomes clear- a comparison of the 
routinely quoted individual error with the repeatability error assessed as 
described above using the reference material allows an experimental 
assessment of whether there is any over dispersion (and whether the 
quoted individual error should be adjusted). A commonly used statistical 
measurement model, allows any age determination to have an addi-
tional and independent source of potential variability beyond that being 
reported, either in an additive model, or in a multiplicative model 
(hence the widely used error multipliers [8] and sometimes described as 
the external uncertainty. 

A widely used statistic in this setting is the reduced χ2 statistic [9] or 
mean square weighted deviation (MSWD) which allows a formal eval-
uation of the existence of over-dispersion. 

2.4. Accuracy and offsets 

When the age of a material is known, then the measured age can be 
compared to the known age (of course the known age is likely to be in 
calendar years, while the measured age will be in radiocarbon years 
(years BP) so needs to be calibrated). Accuracy is a statistical concept, 
which pragmatically means that on average the measured values give 
the correct age, within uncertainty. The difference between the correct 
age and the mean measured value is the offset. Typically, every labo-
ratory will include known age material to be routinely measured, and 
again the potential value of the reference material which has been well 
characterised is clear, any laboratory offset can be experimentally 
determined. 

3. Laboratory intercomparisons- the principles and practice 

Laboratory intercomparisons (sometimes called proficiency trials or 
round-robins) are internationally recognised and often officially 
organised as linked to laboratory accreditation schemes. The decision to 
undertake a focussed intercomparison is based often on a number of 
reasons, including when setting up a new laboratory, or when investi-
gating the effects of different pre-treatment protocols. Global in-
tercomparisons that aim to recruit widely from the laboratory 
community often have different objectives, such as establishing stan-
dards and reference materials (with known activities/concentrations). 
The principles of the design and stages in a proficiency trial are detailed 
and discussed briefly below. We use the current (GIRI) intercomparison 
as the exemplar. 
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3.1. Sample materials 

For the design of an intercomparison, either natural or synthetic 
samples can be used [10]. There are challenges in both types of material. 
For synthetic materials, they may not represent the materials which are 
typically dated and may be difficult to distribute, however they can be 
formed in sufficient quantity to meet all needs, and their 14C activity can 
be pre-defined. For natural materials, they are selected as representative 
of routinely dated materials, but they can be challenging to acquire in 
sufficient quantity and their 14C activity is not always known in advance. 
In the vast majority of cases, the Glasgow organised intercomparisons 
have used samples which are routinely dated materials, including wood 
(often known age decadal tree rings and more recently single tree rings), 
bone, peat, and shell. The main criteria for selecting samples are that 
they should, (1) span the spectrum of age (modern to background) and 
material, (2) satisfy rigorous homogeneity testing, and (3) be known age 
where possible. 

With the increasing interest in single tree-ring radiocarbon mea-
surement, and the resolution this offers into rapid events within the 
global (or local) carbon cycle, tree-rings continue to play an important 
part in our intercomparisons. 

A significant practical challenge comes from the need to provide 
sufficient material for 80+ laboratories and ideally to have sufficient 
material remaining for future use. These considerations mean that ma-
terial must be sourced in bulk, which raises concerns about sample ho-
mogeneity especially when routine measurements are now made on a 
few milligrams of material. 

3.2. Which stage of the dating process? 

Since the radiocarbon dating process can be considered in a hierar-
chical, additive manner, we can also consider which stage of the dating 
process the intercomparison sample relates to, since that indicates what 
component of uncertainty/variability the sample addresses. Most sam-
ples require the laboratory to pre-treat the sample using their own 
procedures, before conversion to CO2 and graphite target- this would be 
the full accounting of uncertainty (excluding the environmental sam-
pling). Some samples however may already have been pretreated, and as 
such they address the conversion/graphite phase of the dating process. 
Samples have in common either that they must be converted to graphite 
(by the individual laboratory method) or gas (for the gas ion source) and 
then measured. The advantages of such a hierarchical design lie in the 
potential to evaluate the different components of variation and to 
quantify them [11]. 

3.3. Past global intercomparison samples 

In Scott et al (2018) [1] an overview of more than 30 years of global 
intercomparisons was provided. Wood has been one of the most 
frequently used materials, including known age (dendro-dated) samples, 
and even if not dendro-dated, then it is still possible to provide identical 
tree-ring series thus avoiding issues about homogeneity and compara-
bility of material provided to each laboratory. Examples have included 
dendro dated tree rings from the master chronologies of Belfast and 
Germany, and archaeological samples. Such samples have all required 
pre-treatment, but in addition, cellulose has also been provided avoiding 
issues of pre-treatment effects. Peat has been a commonly used material 
since it is possible to sample in bulk, but it can be challenging to 
demonstrate homogeneity unless there are known age horizons which 
limit the sampling frame. Pretreatment to the humic acid fraction is an 
important process overcoming homogeneity issues, and humic acid has 
been a commonly distributed material. Bone is a less commonly used 
material, partly due to the complexities of pre-treatment methods. 
Anchoring the modern end of the radiocarbon timescale, we have made 
use of barley mash, with a known year of growth. Background and near 
background samples are also important. While many laboratories have 

process blanks (eg graphite), past intercomparison have sourced and 
included natural background and near background samples, such as 
Kauri wood samples and background bone. 

3.4. Selected examples of some specific intercomparisons 

We have chosen 6 examples of intercomparisons to illustrate their 
function and diversity. In the first case, an intercomparison was used as 
part of the commissioning of a new laboratory to allow an evaluation of 
performance [12]. The second and third examples focus on a specific 
material, namely bone [13,14], while a fourth study looks at re- 
measuring of original materials in an evaluation of historical dates 
made in the late 1940s [14]. The fifth and sixth studies [16] and [9] 
relate to the IntCal exercises (with a focus on tree rings). 

Turney et al. [12] presented results from a small intercomparison to 
investigate the accuracy of the new Chronos C-14 facility. A set of 
contiguous tree-ring cellulose samples across selected time periods were 
measured in Chronos and 3 other facilities. This intercomparison is an 
example built round the evaluation of a new facility and its compara-
bility to other laboratories. 

Jull et al. [15], performed a new series of measurements on samples 
that were part of early measurements made in 1948–1949, and included 
the measurement of several samples in 4 different laboratories. Their 
results showed good agreement to the early results despite the different 
technologies. This study is particularly interesting since in the 60 years 
since those early measurements were made there have been very sig-
nificant technological changes in the dating process. 

Naysmith et al. [13], designed and planned an intercomparison that 
studied charred bones, investigating the differences due to the different 
laboratory protocols and pretreatment procedures. 

Huels et al. [14], undertook an intercomparison study of a bone 
close to background, focussing on the comparison of individually pre-
pared and measured bone collagen radiocarbon activities. 

These two intercomparisons focussed on a very specific material, one 
which is less commonly dated and for which there are a number of pre- 
treatment challenges. 

Wacker et al. [9], reported a single tree-ring intercomparison “to 
systematically test the reproducibility of AMS measurements on wood 
samples following discussions at the IntCal meeting in Belfast in 2016”. 
Three sets of consecutive single tree-ring samples from different time 
intervals were used and 16 laboratories participated. 

Manning et al. [16] investigated the comparability of low-level gas 
proportional counting to AMS measurements, in the context of the 
Northern Hemisphere IntCal curve, where there were repeat measure-
ments. They concluded that interlaboratory variation is relevant and 
potentially a dominant issue. 

In conclusion, these 6 examples illustrate some of the different fea-
tures of intercomparisons, the resulting discoveries and the fuller 
appreciation and quantification of the uncertainties associated with 
radiocarbon dating. 

4. GIRI samples and design 

The most recent intercomparison GIRI was delayed from 2019, 
samples were dispatched on 2021 with results expected in 2022. More 
than 70 laboratories received samples, the vast majority being AMS fa-
cilities. Building on our previous work and experiences, all of the GIRI 
samples are natural (wood, peat and grain), some are known age, and 
overall their age spans approx. >40,000 BP to modern. In the case of 
peat, the sample has been pre-treated to humic acid, and we also include 
a cellulose sample, but other samples require pre-treatment. The com-
plete list of sample materials includes: humic acid, whalebone, grain, a 
number of single ring dendro samples, a number of dendro-dated wood 
samples spanning a number of rings (e.g. 10 rings), background and near 
background samples of bone and wood. 

The principles that we followed in the creation of the study design 
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are  

A) A series of unrelated individual samples, spanning the dating age 
range  

B) Some linked samples to earlier intercomparisons to allow 
traceability  

C) Some known age samples, to allow independent accuracy checks  
D) A small number of duplicates, to allow independent estimation of 

laboratory uncertainty 
E) Two categories of samples, bulk and individual to support labo-

ratory investigation of variability 

5. GIRI design principles 

Referring to the two groups of samples (bulk and individual), indi-
vidual group samples are typical of the samples provided in previous 
intercomparisons, where the volume of material is sufficient to make at 
most a very small number of repeat measure. The second group, the bulk 
samples provide a quantity of material, sufficient to allow AMS labs to 
run (and report) multiple measurements from different wheels/batches 
over the space of a six months experimental phase. It is intended that 
sufficient material will remain to allow labs to use these as internal 
quality assurance samples. There are two such bulk samples provided. 
The first (wood) will typically require pretreatment, while the second 
(humic) will require little or no pretreatment. 

5.1. Why this design? 

The purpose of including the individual samples is to allow each 
laboratory to quality check (once consensus values and uncertainties 
have been defined), their laboratory operation at the time of analyses (so 
a classical proficiency trial). The group of bulk samples provides labo-
ratories with well characterised materials which can function as refer-
ence materials, in sufficient quantity to be run routinely and thus allow 
assessment of both laboratory precision and accuracy. 

5.2. GIRI analysis plan 

Analysis of the GIRI results will have several strands: reporting on 
individual laboratory performance, and sample characterisation. 

5.2.1. Sample consensus values 
In the first instance, we will define consensus values for all the 

samples with a quantified uncertainty. We will follow the procedures 
described in [1] to provide the sample consensus value and its associated 
uncertainty. 

In addition, based on the GIRI design, we will also be able to 
quantify: 

5.2.2. Laboratory disparity 
On basis of the duplicate samples. This quantity is simply the un-

signed difference of the duplicates divided by the square root of the sum 
of squares of the quoted errors. Values for the disparity measure of >1 
indicate that the discrepancy between duplicate samples was greater 
than expected given the quoted errors. The disparity data may be used 
by the laboratory to assess their analytical reproducibility. 

5.2.3. Laboratory offset 
Is an estimate of the difference between the lab result and “true 

value” for a specific sample. More typically, the true is a robust measure 
(median) of the consensus on all the study results. Laboratory offset data 
allows us to assess the extent of interlaboratory variation and the exis-
tence of systematic biases. Offsets can be calculated relative to the 
consensus value, or where we have an independent age estimate, rela-
tive to that quantity. This latter calculation will typically be based on 
dendro-dated wood samples [17]. 

5.2.4. Excess variation 
Traditionally, evaluation of z-scores, is a standard approach to 

evaluate the performance relative to the consensus value [1], but of 
particular interest in this context is the variability in the results and 
checking of the measurement uncertainties. Here we use a zeta score and 
evaluate the chi-squared statistic χ2 (which is the sum of the squared 
zeta-scores). The zeta score is interpreted similar to the z-score but in-
cludes the uncertainty on the consensus value. 

It is also common to evaluate a reduced χ2 (sometimes also called the 
Mean Weighted Squared Deviations). The reduced χ2 is the χ2 divided by 
n–1 (where n is the number of observations used in the calculation of the 
consensus value). We compare the reduced χ2 value to 1, values greater 
than 1 would indicate over dispersion in the results around the 
consensus value. 

5.2.5. Traceability 
Where we have used samples that have previously been evaluated, 

then we will incorporate the new measurements and update/revise as 
required any consensus values. 

6. Conclusions and discussion 

This short paper has presented an overview of the current GIRI 
intercomparison and placed it in the context of the 30 year history of 
intercomparisons and also highlighted its differences to more recent 
studies. It has also reflected on the benefits of creating new reference 
materials from the intercomparison programme and very briefly 
considered some of their challenges. Such archived reference materials 
offer rich resources for new laboratories and for commissioning new 
instruments. An archive of material has been formed and is available to 
the community on request from the authors. Benefits to participating 
laboratories have been identified including benchmarking, identifica-
tion of systematic offsets and additional sources of variation. 
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