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Abstract: The International Organization for Standardization (ISO) has published a Guide
to the expression of Uncertainty in Measurement (GUM). The IUPAC Commission on
Isotopic Abundance and Atomic Weight (CIAAW) began attaching uncertainty limits to
their recommended values about forty years ago. CIAAW’s method for determining and
assigning uncertainties has evolved over time. We trace this evolution to their present
method and their effort to incorporate the basic ISO/GUM procedures into evaluations of
these uncertainties. We discuss some dilemma the CIAAW faces in their present method
and whether it is consistent with the application of the ISO/GUM rules. We discuss the
attempt to incorporate variations in measured isotope ratios, due to natural fractionation,
into the ISO/GUM system. We make some observations about the inconsistent treatment
in the incorporation of natural variations into recommended data and uncertainties. A
recommendation for expressing atomic weight values using a tabulated range of values
for various chemical elements is discussed.

l. Introduction

Over the past decades in metrology (measurement science), experimenters sought to
obtain a “true” value of a particular quantity via measurements of that quantity using
various techniques. Any measured result obtained was considered to be an approximation
to the “true” value and the deviation of this experimental result from the true value was
considered to be due to the estimated error associated with that approximate value. Error
analysis broke this estimated error into two separate categories of random or accidental
error and systematic or constant error. Three times the standard deviation of total random
error would be added to the total systematic error to produce the total error. Finally, the
error associated with the measurement would be computed as one-third of this total error.
The true value of the quantity would then have a 68% probability of falling in the range
determined by the positive and negative error around the estimated value of the quantity.

About fifteen years ago, the International Organization for Standardization (ISO) had
published a guideline for the calculating and the expressing of uncertainty in values
obtained through measurement called the “Guide to the Expression of Uncertainty in
Measurement”, which is referred to as GUM. In GUM, the concept of error has given
way to the concept of uncertainty, which is made up of two types, the type A uncertainty,
which may be evaluated by the application of standard statistical methods to a series of



measurement observations and the type B uncertainty, which is evaluated by methods
other than statistical analysis of a series of observations to determine a “standard
uncertainty”. The standard deviation of the mean would be a standard uncertainty
obtained by a type A evaluation. Whatever the source of information, a type B evaluation
would also require that a standard uncertainty be extracted from that information. The
type A and type B evaluations of uncertainty are brought together in the calculation of a
combined standard uncertainty, where the interval expressed by the recommended value
of the quantity and the positive and negative combined standard uncertainty would have a
probability of about 0.68 of containing the true value, that is, a value that is traceable to
the Systeme International d’Unites (SI), of the quantity.

I1. Evolution of Uncertainty in Atomic Weights

During the first half century of the existence of the International Commission on Atomic
Weights (ICAW), the atomic weight values were considered to be “constants of nature”
similar to the speed of light. The variation in the atomic weight values for the element
“lead” (atomic number 82) found in various lead samples produced by radioactive decay
of thorium and uranium isotopes was noted in the second decade of the twentieth century
and was considered to be an anomaly, which was caused by the various radioactive decay
chains found in nature.

During the fourth and fifth decades of the twentieth century, both Malcolm Dole and
Alfred Nier determined natural variations in the atomic weight of some of the light
elements. In 1949, when he became ICAW Chairman, Ed Wichers preferred that most
recommended atomic weight values carry neither experimental uncertainties nor any
indication of variability between terrestrial sources. He feared that users might lose
confidence in the remarkable reliability of these values. Wichers explained the ICAW
atomic weight values as follows. The ICAW reviews the published literature and arrives
at a best current value and rounds to an abbreviated value much more likely to be closer
to the true atomic weight than a value whose terminal digit differs from the abbreviated
value by only one unit, i.e., one unit in the final digit. Later, ICAW chairman Norman
Greenwood would argue that the atomic weights were consensus values enunciated by
uniquely qualified experts and could not be subject to statistical concepts.

However, in the 1951 Commission Report, the natural variation in Sulfur was noted with
the atomic weight value given as 32.066 (3). The listed uncertainty, (3), was considered
to be caused by natural variations in terrestrial samples of sulfur.

In the 1961 ICAW Report, natural variation limits were noted in the case of six of the
light elements and experimental uncertainties were listed for five additional elements. In
the 1965 ICAW Report, an experimental uncertainty was added for a sixth element. In the
1967 ICAW Report, an experimental uncertainty was added for a seventh element.

Finally in the 1969 Report of the ICAW, the Commission noted that the discovery that
elements were isotopic mixtures made it necessary to modify the historical concept of



atomic weights as constants of nature. The Commission now considered uncertainties in
atomic weight values to result from both errors in the measured values, as well as from
natural variations in the isotopic compositions of the elements.

In this same Report for 1969, the Commission referred to a “Normal Material” as a
material, which had no radiogenic source, no extra-terrestrial origin, no artificial
alteration, no mutation and no rare geological occurrence in small quantities. The
uncertainty scheme, which was introduced, had an estimated uncertainty that was three
times the standard deviation of the experimental (random) measurements plus the
maximum difference between the stated value and that of any reliably observed normal
material. The Commission noted that systematic uncertainty should be negligible in
comparison with the random errors. The listed scheme had a full size trailing digit to an
atomic weight value to indicate an uncertainty value of one in the final digit of the atomic
weight, while a subscript trailing digit to an atomic weight value would indicate an
uncertainty value of three in the final digit of the atomic weight. This uncertainty scheme
was understood to be symmetric in the positive and negative directions and limited in
magnitude to either a plus or minus one or a plus or minus three in the last digit of the
atomic weight values. The scheme was presented in all subsequent biennial reports of the
Commission, until the 1983 Report. However, for mononuclidic elements, only the value
of plus or minus one was allowed. The procedure used has been to multiply the
uncertainties given in the Table of Nuclidic Masses by a factor of six and then round each
nuclidic mass value to give an uncertainty of plus or minus one in the last decimal place.
Aaldert Wapstra (the author of the Nuclidic Masses) had argued that there was a question
about whether any systematic uncertainties were properly addressed in the least squares
method of determining atomic masses.

In 1973, a Working Group (the IUPAC Mass Spectrometric Evaluation Group, IMSEG)
was created within the Commission to investigate the Isotopic Composition of the
Elements. In 1975, this Working Group became a sub-committee of the Commission, the
Sub-committee for the Assessment of Isotopic Composition (SAIC). In 1979, as a result
of the growing importance and extensive work of SAIC, the ICAW was renamed the
Commission on Atomic Weights and Isotopic Abundances (CAWIA).

In 1975, a document listing the Technical Policies of the ICAW was first prepared. Since
the ICAW isotopic abundance data practices were too new and a Table of relative atomic
masses and half-lives of selected radioactive nuclides was too changeable, neither of
these topics were mentioned in the technical policies. The policy stated that the quoted
uncertainties are based on a conservative estimate of variability plus experimental errors.
The Commission aims at a probability of about 0.9 that ultimate refinement would not
cause a change in a given value outside the stated range. The argument that “the number
is more precise than chemists or anyone could need” was rejected. Specimens of elements
suspected of having suffered significant radioactive change in the recent past were not
subject to consideration. An atomic weight value of a radioactive element was tabulated
if and only if either it had a naturally occurring radioisotope with a half-life longer than
10® years or it had only one radioisotope likely to be found as a major constituent of a



material in macroscopic quantity. All other radioactive elements were tabulated by the
mass number in parenthesis of the radioisotope with the longest known half-life.

At the 1983 CAWIA meeting, the Commission decided that in the future they would
allow the uncertainty value to assume all possible single digit values (1 through 9), with
the atomic weight values based on the published information. A CAWIA Working Party
was convened in 1984 to review the technical guidelines and make recommendations on
these expanded uncertainties of all atomic weight values in the 1985 Commission Report.
One of the recommendations was to change the policy on mononuclidic elements. The
factor of six would be applied to the published uncertainty in the nuclidic mass but the
resulting value would be rounded to give a single digit uncertainty from one to nine. The
issue of asymmetric uncertainties being allowed was considered. The precision and the
accuracy currently available did not justify their use at that time but it might be desirable
at a future date.

The Working Party attempted to investigate systematic uncertainty in the measurement of
isotopic abundance ratios. For a measurement, which was calibrated with mixtures of
separated isotopes, the standard deviation was multiplied by a factor of three and the
isotopic composition determined with single digit uncertainties. The uncertainties would
be increased to include variations reported in the literature, except when the data came
from rare minerals or sources extremely unlikely to affect the isotopic composition of
normal laboratory chemicals. Where necessary, two digit uncertainties were allowed if
this provided additional useful information. When the measurement was not calibrated
with separated isotopes, the standard deviation was multiplied by a factor of four in the
case where the double spike method was utilized and by a factor of six in all other cases.

At the 1985 meeting, the CAWIA revised their Technical Guidelines, which now stated
that atomic weight values must be based on published information with the single digit
uncertainties applicable to the last decimal of the atomic weight value. The element’s
value and uncertainty defines the upper and lower bounds of the range of normal sources
of that element. In revising the Atomic Weight Table, the Commission would recommend
a change in the value and uncertainty only if a significant improvement in reliability or
precision can be achieved. The aim of the Commission should be to minimize the number
of changes at each revision. At this meeting, the Commission created a Working Party on
Natural Isotopic Fractionation to investigate the impact of variation in isotopic abundance
of compounds of an element on the determination of atomic weight of the element and
the uncertainty. In time, this Working Party eventually became the Sub-committee on
Natural Isotopic Fractionation (SNIF).

In the 1987 Report, it was emphasized that the collective judgment and experience of the
Commission members is its most valuable asset, which must be applied in each case.

Over the past two decades, more extensive work has been done to estimate the systematic
uncertainties in the isotopic abundance ratios and the atomic weight. A number of these
efforts are recorded in the various editions of the Commission’s Technical Guidelines.
However, in the case of a number of the light elements, the resulting recommended



uncertainty bares no relationship to the measurement uncertainty of the isotopic ratio but
the uncertainty is determined strictly by the variations in nature of sample specimens of
the isotopes of that element. The extreme limits determined from the variation in the
measured isotope ratios greatly exceed the actual measurement uncertainty in the isotope
ratios.

1. Present Considerations

With the advent of the SNIF publication, there was a significant change in the way that
atomic weight values were recommended. Because of the adherence of the Commission
to the use of only symmetric uncertainties in the presentation of the value and uncertainty
of atomic weights, when asymmetric variations of isotopic fractionation in nature were
found and subsequently recommended by SNIF, the value of the atomic weight was
arbitrarily shifted from the best measured value to the mid-point of the extreme ranges of
the atomic weight values as calculated from the extreme ranges of the isotopic abundance
values.

In the case of some two-isotope systems, this has resulted in some recommended atomic
weight values, which did not correspond to any known sample of that chemical element
that has ever been found in nature. The result is that the determination of the atomic
weight does not conform to the ISO/GUM rules. There is no longer a recommended
measured value with the statistical and the non-statistical uncertainties applied about that
recommended value in quadrature.

V. Solutions to the Dilemma

There are several possible solutions to this dilemma. One solution would be to remove
the requirement for symmetric uncertainties in the presentation of recommended atomic
weight values. This would allow the use of a measured value, which would be evaluated
as the best available, but with an asymmetric uncertainty range, which would correspond
to the asymmetric range of the measured natural variations.

Perhaps an even better solution would be to de-list recommended atomic weight values
and follow modern metrological science in recommending, instead of a single value with
a range of uncertainty, an interval in which the actual value of the atomic weight would
be considered to reside. This would emphasize to users the difficulty of providing one
single value of atomic weight, when the natural variations in the values are a predominant
factor in the measurement of the atomic weight values.

V. Variations in ISO/GUM

Any possible solution to the problem of the Commission’s failure to be in conformity
with the ISO/GUM regulations introduces another issue that needs to be discussed. How



should natural variations in isotopic abundances be treated within the ISO/GUM rules for
uncertainties? The Guide does not state definitely that uncertainties should only apply to
experimental uncertainties and not to variability within a group of supposedly very
similar measured quantities (such as different normal sources of an element). Should the
variations be included as part of the type B evaluation of uncertainty or should it become
a separate type C category of uncertainty evaluation. The Commission needs to decide
how it should be handled and treat it in a consistent manner and determine whether this
will affect the resulting atomic weight value and uncertainty. It has been normal practice
to express combined standard uncertainty as a single digit. However, the Commission has
often used two digit uncertainties in expressing the isotopic composition and it needs to
discuss whether this is a proper method of expression within the GUM methodology.

There is also the inconsistent manner in which the Commission invokes the technical
policies and guidelines. When a new value of atomic weight is under consideration or
when a report such as SNIF is produced, the data on isotopic measurements and natural
variation are reviewed. All reported measurements of natural variation in the published
literature are considered and the full uncertainty range is determined. However, if a new
measurement on an isotope ratio of a sample of an element leads to a natural variation
that might cause the atomic weight value to fall outside of the present uncertainty range,
this sample is ruled by the Commission to be an extraordinary material and it is not
included in any analysis but merely noted with an annotation or footnote that lumps a
slight variation in a range limit with really extraordinary specimens such as the “Oklo”
samples. Thus, the Commission would appear not to apply their policies in any type of
consistent manner.

VI. Conclusions

From the above considerations, there are a number of issues that the Atomic Weights
Commission needs to discuss and to resolve. The Commission must not lose sight of the
fact that “atomic weight” is a significant quantity in science. Although it is agreed that
the isotopic composition of an element is a more fundamental quantity than the atomic
weight value and that a careful evaluation of the measured isotope ratios must be a top
priority, it is also true that the atomic weight value of an element is the fundamental link
between the mass and the amount of substance of a chemical element. The Commission
must be as careful about the value they recommend and the uncertainty limits of the
atomic weight value as they are about the isotopic abundance values for each of the
chemical elements.

There is a need for the Commission to discuss the issue of applying asymmetric
uncertainties to atomic weight values because of the asymmetric ranges of the variations
in nature. If students, teachers, and “casual” scientists might have some difficulty in the
handling of asymmetric uncertainties assigned to atomic weight values, perhaps these
uncertainties can be limited to the “expert users” and they could be given in a table that is
reserved for metrological scientists. All uncertainty values could be eliminated entirely
from the general tables by the introduction of the use of recommended tabulated ranges



of atomic weight values for the elements. Each recommended atomic weight value would
be specified to fall within this tabulated range, which includes measured natural
variations.

Finally, the Commission needs to discuss how to fit natural variations of isotopic ratios
into the ISO/GUM treatment of uncertainties. They should also determine whether or not
two digit uncertainties are acceptable within this ISO/GUM system.

VIl.  Acknowledgement

This manuscript has been authored by Brookhaven Science Associates, LLC, under
Contract Number DE-AC02-98CH1-886, with the Department of Energy. The United
States Government retains, and the publisher, by accepting the article for publication,
acknowledges a worldwide license to publish or reproduce the published form of this
manuscript, or allows others to do so, for the United States Government purposes.



	Text2: BNL-79267-2007-CP


