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Preface

Not many terms covering concepts in measurement have cir-
culated over the last ten years in the chemical measurement
community around the world so intensely as the term trace-
ability . It appears in the title of CITAC (Cooperation on In-
ternational Traceability in Analytical Chemistry) since 1993.
It is addressed almost yearly in Workshops of EURACHEM
(A Focus for Analytical Chemistry in Europe). Documents of
ILAC (International Laboratory Accreditation Cooperation)
require it to be used in the process of accreditation. Stan-
dards and Guides of ISO (the International Organisation for
Standardization) mention them frequently and insistingly.

In short, everybody talks and writes about traceability
(because everybody talks and writes about traceability ?).

The 2" edition of the International Vocabulary of General
and Basic Terms in Metrology, VIM2, (1993) de nes it as the
property of the result of a measurement or the value of a
standard whereby it can be related to stated references, usu-
ally national or international standards, through an unbroken
chain of comparisons all having stated uncertainties .

Over the years the problem had arisen that the term trace-
ability became more and more ambiguous because it was
used for many different traceability concepts such as trace-
ability of a sample (sample traceability), traceability of a doc-
ument (document traceability), traceability of an instrument
(instrument traceability) or -most important- traceability of a
measurement result (measurement traceability). The VIM2
de nition clearly meant it to be related to a measurement
result.

The revised edition of the VIM (VIM3), will probably
ne-tune the term for traceability of a measurement result to
be named metrological traceability . It is also likely that
this de nition is improved to read something like property
of a measurement result relating the result to a stated metro-
logical reference through an unbroken chain of calibrations
or comparisons each contributing to the stated measurement
uncertainty .

Metrological traceability of chemical measurement re-
sults means the establishment of a relation to a stated metro-
logical reference (a trace ). This can be the de nition of
a measurement unit which, of necessity, must go through
a practical realization or (better: an embodiment) of that

de nition. But in case of operationally de ned measurands
(no units), metrological traceability can be to the result of
an (internationally) agreed measurement procedure, or to
the quantity value' carried by a measurement standard such
as a certi ed reference material. All of these metrological
traceabilities must be realized through an unbroken chain
of calibrations or comparisons . The chain ensures that the
metrological traceability of a measurement result has been
established to a metrological reference which must be stated.
Only when measurement results are traceable to a common
metrological reference, is their direct metrological compara-
bility possible, i.e. is their ability assured to be comparable.

This anthology contains 56 outstanding papers on the
topic Traceability , published in the Journal Accreditation
and Quality Assurance since its inception, but mostly in the
period 2000 2003. They re ect the latest understanding of
the concept measurement traceability -or lack thereof- and
possibly some rationale(s) for the answer to the question why
it is important to integrate the concept of measurement trace-
ability into the standard measurement procedures of every
analytical laboratory.

For one thing, the wide variety of opinions re ected in the
papers demonstrates that we have not yet achieved a common
understanding of the concept traceability and therefore not
yet international understanding based on a concept which is
unambiguously understood in the same way by everybody.
Thus the international discussions will (have to) go on for
some time because agreement must be reached. Measure-
ment traceability (metrological traceability) is a cornerstone
property of any measurement result. Only measurement re-
sults which are traceable to a stated common metrological
reference (such as a measurement unit), are directly compa-
rable . Comparability of results is essential in any border-
crossing context, whether that is the estimate of the monetary
value of goods, based on measurement results, or the rejection
of goods based on measurement results for toxic substances
contained in the goods, or when comparing results of clinical

! quantity (German: Messgrasse , French: grandeur de mesure , Dutch:
meetgrootheid ) is not used here in the meaning amount , but as the generic
term for the quantities we measure: concentration, volume, mass, tempera-
ture, time, etc., as de ned in the VIM.
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measurements in case of international business and leisure
travel. At least as important is the fact that proper evaluation
of measurement uncertainty is only possible after metrolog-
ical traceability has been established, i.e. after the trace

or track has been decided by the analyst along which (s)he
will organize the plan of the measurement in order to make
sure that metrological traceability to a common metrologi-
cal reference would be in place. That is needed because the
measurement uncertainty in a measurement result can only
be evaluated by combining the uncertainty contributions gen-
erated by every step along the metrological traceability chain.

This anthology hopefully is of benet to both the pro-
ducers and the users of results of chemical measurements:
the basic concepts and the basic thinking in measurement are
the same for both. Only their measurement uncertainty will
differ.

Prof. Dr. P. De Bitvre
Editor-in-Chief

Accreditation and Quality Assurance
Kasterlee 2004-04-02
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Measurement principles for traceability

in chemical analysis

Abstract By the definition of the
mole as a base unit for amount-of-
substance measures within the In-
ternational System of Units (SI),
chemists can make chemical meas-
urements in full compliance with
established metrological principles.
Since the mole requires exact
knowledge of the chemical entity,
which is often neither available nor
of practical relevance to the pur-
pose of the measurement, the SI
units of mass or length (for vol-
ume) are unavoidable in the ex-
pression of results of many chemi-
cal measurements. Science, tech-
nology, and trade depend upon a
huge and ever increasing number
and variety of chemical determina-
tions to quantify material composi-
tion and quality. Thus, internation-
al harmonization in the assess-
ments of processes, procedures,
and results is highly desirable and
clearly cost effective. The authors,
with relevant experience and re-

sponsibilities in Europe and Amer-
ica, have found some consensus in
the interpretation of the metrologi-
cal principles for chemical measur-
ements, but believe open discus-
sion should precede wide imple-
mentation by chemical communi-
ties. In fostering this dialogue, this
paper shows, for instance, that
more precise interpretation of the
definitions for “traceability,” “cali-
bration,” and “validation” is
needed for present-day chemical
measurements. Problems that face
scientists in making measurements
do not all vanish just by adherence
to the SI. However, such com-
pliance can improve communica-
tion among chemists and metrolog-
ists.

Key words Traceability - Mole -
Definition - Measurements -
Chemical metrology - Calibration -
Validation - Reference materials

Introduction

Science, technology, and commerce require rapidly ris-
ing numbers and types of measurements that for good
reasons can be trusted [1-4]. Worldwide acceptance of
measurement results requires reliable, traceable, and
comparable measurements for reduction of costs, effi-
cient production processes, subsequent use of measure-
ment data, realization of fair-trade conditions, and for
internationally recognized and accepted laboratory ac-
creditations. Physical measurements made in accor-

dance with the International System of Units (SI),
which was introduced under the Convention of the Me-
ter (with status of an International Treaty), have satis-
fied many of these needs [5, 6]. Such measurements
typically rely on a comparison of the measured quantity
in the item concerned with the same quantity in a
“standard.” Chemical measurements are usually not
made by comparison with an equivalent chemical
“standard.” Chemical measurements are not yet widely
made in terms of the SI unit of amount of substance,
the mole [7]. This paper will explore the possibilities
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for bringing a stronger metrological foundation to
chemical measurements and will specifically describe a
role for reference materials in the traceability of chem-
ical measurements to the ST [8].

Amount-of-substance measurements

Most chemists will agree that the majority of chemical
measurements are, or could be, expressed as amount-
of-substance measurements. When appropriate, they
will in this paper be so described. However, whereas
mass or length (volume) measurements at the smallest
attainable uncertainty do not generally require a de-
tailed understanding of the material whose property is
quantified, amount-of-substance measurements require
reference to the exact composition of the measured en-
tity, to interfering impurities, and to the material — by
composition, mass, or volume — within which that entity
is measured.

In many chemical measurements one neither knows
nor, at the time of measurement, wishes to know the
exact composition of the matrix. To give an example, a
metallurgical firm will receive ore shipments measured
by mass in kilograms. Representative samples in the
seller’s and receiver’s laboratories are measured for
quality by the amount of substance of a specified metal
element or compound per given mass of ore. It is unne-
cessary and far too complex to attempt amount-of-sub-
stance measurements on all components of the bulk. In
exactly the same way, a food laboratory might measure
the amount of substance (say lead) in orange juice in
milligrams per liter (per cubic decimeter). The charm of
the SI system lies in a coherence, which makes it possi-
ble to express all measured quantities in a combination
of base and derived units [9].

Thus, whereas chemists have historically expressed
analyses mostly by mass per mass, or as convenient per-
centages, or by mass per volume, they could express
their measurements in amount of a specific substance
per mass (mole per kilogram) or per volume. In cases
such as pure materials and gases, mole per mole can be
used. A percentage statement, or one in parts per thou-
sand, million, or billion, is possible, though not recom-
mended. In the SI system, as originally visualized, such
dimensionless numbers as results of measurements are
not favored. The quantitative result of any measure-
ment should be expressed by a number “multiplied” by
the appropriate unit associated with the measured
quantity. As is further discussed below, this original
preference proposed for the International System does
not fit well with much of current practice in chemical
measurements.

Towards harmony in amount measurements

There is no doubt that chemical measurements are and
must be widely used in science and research, technolo-
gy, engineering, and agriculture, as well as in regulatory
issues, including boundary crossings, health control, en-
vironmental assessment, and commerce. A vast number
of chemical measurements is made every year. Ever
more will be needed for reasons of increasing complex-
ities in human interactions with the environment [4, 10,
11]. For many measurements worldwide — such as
ozone levels in cities and the upper atmosphere — it is
necessary to maintain anchor points with long-term sta-
bility. More generally, all equivalent measurements
should be made in harmony with each other [2], even
when the practically needed and achievable reproduci-
bility [9] has to be superior to the best attainable uncer-
tainty in measurement relative to “true value.” The re-
lation to true value, however, remains the ultimate test
for quality of a measurement [12]. At present it is a
rather widely accepted opinion that, even when the re-
lation to the true value is elusive, chemists in different
laboratories equipped to make repeatable measure-
ments can still make them comparable to one another
by the use of a reference material (RM) [13-15]. The
correctness of this concept will be discussed later.

The use of the mole

We seek to understand the reasons why chemists tend
not to express their measurements by the mole, the SI
unit of amount of substance, which is said to have been
introduced at their request and which is appropriate for
many chemical measurements. Some of the background
has been discussed previously [7, 16, 17]. Here we hope
to discuss:

1. Why and to what extent we advocate a coherent im-
plementation of a wider use of “amount of sub-
stance” by chemists

2. Why the use of the mole itself does not solve press-
ing common problems in chemical measurements

3. Why certified reference materials can meet many,
but not all, needs of chemists

4. How we hope a consensus either exists or can be
achieved regarding the traceability of measurements
to SI

5. Why RMs are necessary to promote harmony among
chemical measurements worldwide.

The nature of chemical measurements
Measures of a mass, a length, or a time are not depend-

ent on the composition and constitution of the material.
By the definition of the mole, need exists for amount-



of-substance measurements to specify the entity among
possibly many types of entities in the material under
consideration. Amount-of-substance measurements are
highly dependent on the composition and constitution
of the material. Chemical measurements fall into four
groups:

1. Measurements that can be expressed as a mole/mole
ratio, the most basic measurements in chemistry, are
typified by processes which react, interact, blend, or re-
place a described amount of substance A with a de-
scribed amount of substance B. Included are solution
concentration measurements when all solutes are
known in a known solvent. Note especially that these
measurements are independent of the magnitude of the
unit mole. Note also that if these measurements are
made by mass or volume determinations, the uncertain-
ties in the corresponding atomic or molecular mass val-
ues must be taken into account.

2. Measurements that can be expressed as a mole/kilo-
gram or mole/liter ratio are the most commonly made
and are typified by a described amount of substance of
compound A in an unspecifiable amount of substance
B. Note that for these measurements the uncertainty of
and relation to the unit mole, just as those applicable to
the kilogram or meter, are involved.

3. Measurements that can only be expressed as kilo-
gram/kilogram or kilogram/liter are unusual because
they involve amounts of substances of unknown com-
position. Instances of this type are not really rare. Ex-
amples are particulates in air and condensed-ring com-
pounds in tar. Chemists can be reassured that no men-
tion of the mole is made or needed for expressing the
results of such measurements.

4. Measurements that are described directly in terms of
multiples and submultiples of the kilogram, the liter, or
the mole are the measurements that provide the under-
pinning of chemical measurements in science, technolo-
gy, and trade. They are typified by calibrations or vali-
dations of values of weight sets, reference materials, or
instruments, as well as by determinations of the magni-
tude of the unit mole of a specifie compound (from the
quotient of that compound’s mass divided by that of a
single '*C atom), or of the Avogadro Constant.

Measurements for which reproducibility is more easily
obtained than accuracy

Practical chemical measurements are commonly more
precise than accurate. By that statement, we mean that
the uncertainty of a measurement relative to the true
value expressed, in either the mole or the kilogram, is
greater than the range for repeated measurements in
the same or even different laboratories at different
times or by different operators under different environ-
ments.
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By contrast, satisfactory practical mechanical, elec-
trical, optical, and thermal measurements are often
made adequately for the purpose at hand, even if less
accurate than corresponds to the optimum achievable
uncertainty relative to “true value” expressed under SI.
Routine measurements in these fields can thus be ex-
pressed conveniently in terms of the relevant SI unit to
an uncertainty determined principally by the uncertain-
ty of the practical measurement in the “field.” ' Harmo-
ny among most physical and engineering measurements
can be achieved to the uncertainty of the measurement
in the field by traceability of all measures to the SI unit
without invoking an intermediate “standard”* or RM.

In physical science there are occasionally instances
where measurements need to be more reproducible
than the lowest achievable uncertainty relative to the
true value in SI units. Chemists, not just occasionally
but as a rule, must achieve traceability of measure-
ments by use of some standard, a reference material, a
reference instrument, or a reference method [18]. The
spread of these measurements made in different labo-
ratories is often required to be smaller than the uncer-
tainty with respect to true value. Nevertheless, one
should state any such measurement in moles along with
an assessment of the quality of its reproducibility. Such
a statement will be different depending on its applica-
bility within a laboratory, between laboratories, for a
given method and environment, or in relation to an
RM. When an RM is used, one must also include its
often larger uncertainty of traceability to the SI unit.
This uncertainty of the value of the RM must be in-
cluded in the total uncertainty of the unknown.

Some important issues in all metrologyy

When discussing traceability of both physical and
chemical measurements, one must be clear from the
outset on the following conditions applicable to any
measurement or measurement capability.

The type of measurement

First, we must specify the type of quantity: a base quan-
tity such as temperature (a property that is coupled to a
base unit within the SI), a derived quantity such as
pressure (a property coupled to a derived unit, being

''The use of “in the field” is intended without detriment to meas-
urements made in laboratories other than those whose main con-
cern is the traceability link to the true value and the SI.

2 Although for physical measurements one often speaks of var-
ious kinds of “standards,” there is a functional difference, but no
sharp distinction, in current usage between, say, a transfer stand-
ard and an RM.
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the quotient of two or more base units within the SI),
or even a quantity such as a hydrogen-ion concentra-
tion (a property that by convention is not commonly
coupled to the SI, although perhaps it should be).

The relevant range of measurement

Measurements are needed over a total of many more
orders of magnitude of a quantity than any one meas-
urement methodology or instrument can achieve. For
electric current, the measurement in a nerve fiber near
1 nA will differ from one applicable to a gigantic TA
current in a magnet laboratory. At the two ends of the
measurement range there is a non-trivial need to relate
any “standard” in the smallest or highest range to the
applicable SI unit itself. Needed amount-of-substance
measurements, too, may range over more than 12 or-
ders of magnitude.

The uncertainty statement

The uncertainty applicable to a measurement contains
components for repeatability and reproducibility [9, 19,
20], caused in part by variability of measurement-rele-
vant parameters. The uncertainty also depends on the
individual making the measurement, the laboratory fa-
cilities used, and the environment during the measure-
ment. Without some quality control over measure-
ments, statements on relevant traceability can have lit-
tle meaning. Such controls provide a laboratory with
confidence in its operators and credibility to the out-
side.

Often of general interest is the reproducibility of
measurements when operator, equipment or environ-
ment is not the same. One must commonly distinguish
clearly between uncertainties applicable to measure-
ments at different times (called repeatability [9]) and
those made in different places (called reproducibility).
A statistical analysis of homogeneity may be needed
whenever a measurement is made on a representative
sample from the object to be evaluated.

The similarity principle of metrology

In metrology in general, the closer the similarity be-
tween two specimens, the smaller the relative uncer-
tainty of the measured difference between them and
the easier it is to make a reliable measurement. Thus,
by the use of suitable “standards,” measurements in the
“field” can become highly reliable and far less demand-
ing and costly.

By this similarity principle it is possible to measure
precisely and relatively easily small differences from an

amount, or ratio of amounts, given by a “standard.”
RMs thus become very attractive vehicles for measure-
ment traceability and quality. However, there is an as-
sociated problem: good reproducibility of comparisons
between pairs of similar specimens is liable to mislead
and, in practice, often causes underestimations of total
uncertainties through failure to consider additional,
large error sources.

Fitness for purpose

The achievement of smaller uncertainties than needed
is usually uneconomical. In a practical way, realistic un-
certainty assessments in relation to true requirements
lead to economically sound planning for measurements
to be fit for their intended purpose.

The classical measurement pyramid

A simple view of measurement services pictures the In-
ternational Bureau of Weights and Measures (BIPM)
with its international prototype kilogram and the seem-
ingly perfect constants of physics at the peaks of huge
pyramidal systems for all types of measurements, each
with many levels. The first level below the apex lists the
realizations of units at a number of national metrology
institutes, passing on slightly more uncertain measure-
ments to a much larger number of laboratories, which
in turn service lower-tier measurement laboratories,
until at the very bottom of the broad-based pyramids
the workbenches receive calibrations that have become
a little more uncertain at every intervening level. That
system is simple to understand and works well for most
industrial and legal services and for the control of
small-scale markets, for which the step-by-step losses
from impressive accuracies near the appropriate apex
level are tolerable. An inverted pyramid may also be-
come useful for illustrating traceability [7].

For chemical measurements, a possibly preferable
system is illustrated in Fig. 1. Various possible forms of
realization of traceability are given. They range from
virtual lack of traceability to a fully “SI-bonded” meas-
urement. The authors tentatively use the term “SI-
bonded” to indicate a direct realization of the SI unit,
as opposed to being traceably linked by way of mea-
sured values. Any user laboratory must seek a refer-
ence laboratory that is capable of providing measure-
ment links of the adequate uncertainty and that pro-
vides the direct bond to the SI, if that is needed. The
reference laboratory can in turn choose the traceability
quality that it wishes to maintain, with the responsibili-
ty of fulfilling the corresponding competence require-
ments.
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In modern high-technology situations, however, very
high reproducibilities are frequently required. A good
metrological system must provide means whereby any
measurement station can have access to the highest
needed level of the system.

Some important issues for the wider introduction of
metrological concepts into chemistry

The above features are common to all measurements.
However, some chemical considerations do not have a
clear equivalent in physical measurements.

The diversity of chemical measurements

Whereas the types of measurements in physics and en-
gineering do not exceed the numbers of base and de-
rived units of the SI, chemical measurements are vir-
tually infinite, equal to the number of chemical ele-

to be determined .X#’:n(x):unknown t of under i
A
Reference Metrological
Chemical Chemical
Laboratories Laboratories
=RCL =MCL

ments and compounds. Whereas the magnitude of, say,
mass is defined independently of the entity for which it
is measured, the amount-of-substance determination is
made specifically relative to one entity. This situation
should not lead to confusion, but some chemists fear
that it might. For instance the “mole of nitrogen” is not
defined until it is said whether reference is made to N,
or N.

The word “mole”

Other potential difficulties for chemists arise from dif-
ferences among molecular, molar, and the historic
meaning of “mole” in chemistry [16, 17]. Some find the
mole unsuited as a base unit in SI because, they argue,
it is just a number of entities. Others find the use of
“amount of substance” awkward, especially when the
entity — for instance an ion — is not generally regarded
as a substance. However, true and relevant some of
these objections to current nomenclature and defini-
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tions are, a consensus is most unlikely to be reached on
any related change in the foreseeable future. Discus-
sion on such a change here is therefore not relevant to
more immediate opportunities for a useful consensus in
amount-of-substance measurements.

The matrix effect

Whereas the measurement of, say, mass depends little
on the character (e.g., density) of the object for which it
is made, the measurement of amount of substance is
strongly dependent on the matrix in which the entity
resides. Chemists have always been concerned with in-
terferences, but the general problem has become more
important with the introduction of many powerful ana-
lytical-chemical instruments, the performance of which
depends not only on specific physical properties of the
entity to be measured, but also on the matrix within
which the entity is contained. Chemists may wish for
RMs for all entities to be measured in all kinds of ma-
trices of interest to technology or trade. However, the
production of every RM is a time-consuming expensive
process. Chemists are thus faced with the unending
problem of available resources imposing severe practi-
cal limits to the number of RMs that can be produced
in conflict with the wide range of matrices of interest.
Consequently, a most important contribution that basic
chemical science must make is in the development of
matrix-independent methods of measurement [21]. The
challenge is to separate the one entity to be measured
from the influence of all other entities in a mixture. By
widespread abilities to do so, metrology in chemistry
will reach its most desirable aim to make accurate
amount measurements related to the mole unit. In the
future, chemical metrology should be directed at the
basic science on RMs whose link to SI is strong and at
field methods whereby specimens can be compared re-
liably with the RMs, independent of matrix [7, 22].

SI recognizes derived units (products or quotients of
base units)

Whereas the measurement of, say, mass can be stated
as a fraction of a total mass (e.g., mass of a sample in a
bottle), the amount of substance of a given entity can
usually not be stated as a fraction of all amounts of sub-
stance in a material. One typically does not even know
or care about all the other entities, and one certainly
does not generally wish or need to analyze the material
in terms of all its constituents. The SI system permits
and widely encourages coherently associated units. The
substance of interest should, where possible, be ex-
pressed in the SI unit, the mole. The other substances,
the amounts of which are of no immediate interest to

the determination, are quantified in terms of SI units
such as the kilogram that do not distinguish entities.

Do physicists use the mole?

Geophysicists generally describe the composition of the
universe or of the earth by mass percentages. They
could use the mole, the amount of terrestrial substance
of, say, aluminum. In the very processes leading to the
birth of the elements, amount ratios are of prime inter-
est. The end amount of Al would be expressed in mole
per average terrestrial kilogram.

Measurement by ratio

Proponents of the SI for chemistry must consider that
proportionality is deeply embedded in chemical think-
ing.” Many of the potentially most reliable analytical
techniques — for instance isotope-dilution mass spec-
trometry — yield ratios in the first place. In complex se-
ries of ratio measurements the uncertainty propagation
is more straightforward than when sums and differ-
ences from standards — such as for mass determinations
— are involved. Consistent with the use of SI, the value
of a ratio is called a “measurement” when numerator
and denominator are multiplied by a unit and the re-
lated uncertainties have been evaluated.

Uncertainty about the nature of the entity to be
measured

Chemists may not exactly know what is the entity they
wish to measure in a material. A common example is
moisture, say in grain. There are known to be contin-
uous levels of strengths of chemical bonding of the wa-
ter molecule in products. Mass loss on heating is rou-
tinely used to determine moisture in grain, but may
cause error by including in the measured loss volatile
compounds other than water and will also depend on
the method used, principally on the temperature and
time of drying. In giving the result in mole of H,O per
kilogram, one cannot assure that it was free water in
the grain, where some of it was present as a different
chemical entity. The same may apply to a metal ele-
ment, say aluminum in an alloy. The user may well be
interested in whether a mole of Al per kilogram refers
to total aluminum or just the metallically bound — as
opposed to oxide — aluminum. The result obtained in a
measurement will then depend on the measurement

3 By contrast, many measurements are initially additive, as is true
for mass, time interval, and length.



method that is used. The use of amount-of-substance
measurements can neither help nor hinder the chem-
ist’s need to carefully distinguish significant entity dif-
ferences such as those due to chemical bonding and
molecular association in a material.

Some vague usages of terms in measurement
processes [23]

It is quite common for the chemical community nowad-
ays to use the terms “calibrate” and “calibration” for
any process that converts an observed value into a
more reliable result, which is then called “corrected,”
“true,” or “calibrated.” We must also concede that
RMs are sometimes used that do not have a matrix
closely similar to that of the sample. To make matters
worse, uncertainties associated with that situation are
generally ignored. Insofar as the chemical community is
aware of these problems, the call goes out for more and
more RMs in appropriate matrices beyond available ca-
pabilities to produce reliable RMs. In order to arrive at
rational conclusions on these issues, it is necessary to
examine closely and to understand the proper role of
“calibration” and “validation” procedures. In the fol-
lowing paragraphs we describe our views and hope that
others will endorse them.

What constitutes a measurement?

A measurement of a specified property in an “un-
known” material is a quantitative comparison by ratio
or difference made of that property between a refer-
ence standard or reference material and the unknown
or between relevant settings in an instrument, prefera-
bly in the appropriate unit for the quantity under inves-
tigation, provided:

a. Measurements of the relevant type and range, at the
site where the measurement is made, are subjected to
reliable uncertainty assessment.

b. The result (difference or ratio) is proven to be a
known function of the true difference or ratio, or ap-
propriately corrected for non-linearity, usually by
means of a set of RMs.

c. The comparison applies only to a constituent part of
either or both the RM and the “unknown,” and the
comparison is:

i. proven to be independent of the matrices,

ii. based on knowledge that the matrices are precisely
similar, or

iii. quantitatively evaluated for variability with matrix
d. The result is given with its uncertainty including
those caused by possible lack of linearity and by the
above criteria applied to RMs involved.
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Under these conditions, the comparison constitutes a
measurement, and the value given of the property in
the “unknown” has been determined.

Chemists will have an important reservation con-
cerning this understanding of what constitutes the un-
certainty of a measurement. Physicists and engineers
may not, but chemists often are subjected to major
sampling, stability, blank, and contamination errors.
Chemists should include them in their total uncertainty
estimates. The distinction between the measurement
uncertainty and the degree to which the measured sam-
ple fails to represent the relevant larger bulk needs to
be debated and discussed for consensus and under-
standing.

What is a calibration?

Let us begin with the ISO definition [9]: A calibration
is a “set of operations that establish, under specified
conditions, the relationship between values of quanti-
ties indicated by a measuring instrument or measuring
system, or values represented by a material measure or
reference material, and the corresponding values real-
ized by standards.” Applied to amount measurements,
the “standards” would then be the values assigned to
the RMs (of defined composition) at the stated uncer-
tainty relative to the true value of the property, ex-
pressed in SI units, or relative to an internationally re-
cognized, certified standard RM for the relevant prop-
erty, range, and matrix composition.

An instrument or system is said to be calibrated for
amount measurements only if, within a specified range,
a value versus signal (response) curve has been evalu-
ated against RMs including two near the ends of the
range. At the present time, it is unfortunately quite
common to use the term “calibration” to describe any
process which converts a single observed measurement
into a more reliable result.

What is a “validation”?

An RM can validate a measurement procedure (includ-

ing the measurement instrument) [13] if, prior to its use

for an unknown sample, it has been shown to give:

1. A quantitative response for the quantity (in the rele-
vant range) to be measured

2. A response with a defined and acceptable repeata-
bility

3. A response with a defined and acceptable reproduci-
bility over changing times and measurement condi-
tions

4. A defined and acceptable estimate of their overall
intrinsic uncertainty
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Traceability for chemical measurements

ISO in its vocabulary for metrological terms [9] defines
traceability as follows: “property of the result of a
measurement or value of a standard whereby it can be
related to stated references, usually national or interna-
tional standards, through an unbroken chain of com-
parisons all having stated uncertainties”. Thus, the term
does not apply directly to laboratories, but should be
applied to the results of chemical amount-of-substance
measurements. Every link in the traceability chain
should consist of comparisons that are measurements in
accordance with the above proposed meanings, which
include the validation of measurement procedure by
RMs. A measurement therefore often has strong links
to internationally accepted RMs, but may be only
weakly connected to the SI unit. For comparability
among measurement laboratories, the strength of the
link must be adequate to assure equity in trade. Weak-
ness of the relation to SI may thus be acceptable, but
the metrologically minded chemist will be disposed to
aim for strongly linked reference measurements, meth-
ods, and instruments. They are based on simpler con-
cepts with greater permanence and would be more eas-
ily understood by the wider public. Other definitions of
traceability have been described [24-26].

Not all chemical measurements are, or should be,
traceable to the mole. We have seen instances where
the unit of mass was the proper SI unit for a quantita-
tive measurement of a material of unspecified entities.
There are chemical measurements that are not, but
probably should be, referred, and preferably be tracea-
ble, to the SI unit. Color is used either simply as a qual-
itative attribute not subject to a measurement, or it is
measured quantitatively by some spectrometry, where
it may inevitably be subject to high uncertainties from
both the measurement itself as well as from theory,
such as the Lambert-Beer Law, but well understood in
relation to SI.

The description of the relation of a measurement to
an SI unit encounters a basic difficulty when the de-
sired meaningful measurement result is a ratio, as in
many chemical determinations. The magnitude of the
unit then becomes irrelevant. Chemists err when they
claim that the inaccuracy of their weight set relative to
the international prototype is a component in their un-
certainty budget. The self-consistency of their weight
set is of course of paramount importance. Since that
would include tareweights, internal balance weights,
and sensitivity weights, the advice to use weights cali-
brated against the international kilogram is still gener-
ally good.

The quality of ratio measurements seems not to be
concerned directly with the SI unit. The only essential
condition is that the unit for the numerator be the same
as that for the denominator. Traceability requirements

for many amount-of-substance measurements, there-
fore, appear to concern not the unit mole, but a stand-
ard measured ratio, preferably between pure defined
substances in one RM. Nevertheless, the authors pro-
pose that by consensus it shall be a rule for all measur-
ements, where a choice could be made, that it shall fall
on the SI unit.

Unusual are measurements for which a direct link to
the mole is useful. We should probably not talk about
traceability in that connection, because that term is de-
fined as a relation between measured values. An ac-
ceptable chain of measurements for compound X of es-
tablished purity, containing element E that has isotope
'E and that would establish a link to the mole, then
would take one of the following general routes: the
amount of substance n(X)—n(E)—n(‘E)—>n('*C); or
n(X)—n(E)—n(C)—n('*C). The ratio of atomic masses
m('E)/m('*C) is also involved in the definition, but that
ratio is known with a negligible uncertainty compared
with the other links in the chain. Clearly, only in a few
instances will laboratories attempt to execute such a
chain of measurements for a link to the SI unit. Is it
fear that such a difficult process is involved in every
chemical analysis that has kept so many chemists from
using the mole as the way to express chemical measure-
ment values? Or is it just habit and the convenience of
a balance that subconsciously links amount of sub-
stance to amount of mass?

Laboratory accreditation

For laboratory accreditation, based on ISO guide 25
[27] and the EN 45001 standard, as well as for certifica-
tion, based on the ISO 9000 series of standards [1], it is
required that measurement and test results be traceable
to international, defined, and accepted physical and
physicochemical standards [28]. This requirement in-
cludes the use of conventionally expressed quantities
and units in conformity with the SI [29]. It also includes
the proper use of the concept of measurement uncer-
tainty. All these are necessary conditions for reliance
on the measurement results of another laboratory. Ac-
creditation is granted when a laboratory has demon-
strated that it is competent and capable of working in
the above-mentioned sense. Technical trade barriers
then fall away, and the needs and requests from indus-
trialists, traders, and the general public can be met in
the interest of open and fair trade, health, safety, and
the environment.

For amount-of-substance measurements we include
kilogram mass units, which are linked to the amount-
of-substance unit in SI by the atomic-weight values.
The latter differ greatly in uncertainty for different
chemical entities, but are always available, with the best
estimates by current knowledge of their uncertainties,



through the International Union of Pure and Applied
Chemistry [30, 31].

Reference materials

In the above sections we have already illustrated some
of the characteristics and uses of RMs. A more formal
definition of RM by ISO is [9]: “material or substance
one or more of whose property values are sufficiently
homogeneous and well established to be used for the
calibration of an apparatus, the assessment of a meas-
urement method, or of assigning values to materials.”
Extraordinary care in the production of RMs [15] is es-
sential for effective, harmonized chemical measure-
ments. Special features of certified RMs are carefully
explained by that ISO document [9, 15] and their desig-
nation as measurement standard specifically author-
ized.

One may be inclined to suppose that for each type of
chemical measurement there is a need to build a meas-
urement system based on the pyramid concept [7, 32].
For the practicing chemist, however, this would be seen
only as an unhelpful imposition. Previously discussed
limitations of such a pyramid system would apply
equally to the use of RMs. In addition, there is a major
difficulty due to the previously discussed differences
between RM matrix and sample matrices. Whereas for
extrinsic measurements the composition of an RM or
other traveling standard is of little or no concern, in-
trinsic amount-of-substance measurements are general-
ly affected by the internal composition, structure, and
texture of the RM.

The limited number of reliable RMs that can be pre-
pared and made available leads to the use of possibly
inappropriate RMs. When the matrix in a sample dif-
fers from that of the RM, reliable comparison may be
very difficult. A provision for the support of critically
important and accurate bench level measurements is
needed. In such situations there is a better alternative:
from the bench level a specimen with typical matrix
properties is sent to a laboratory having competence
appropriate for providing a “reference measurement.”
That value is communicated back to the “bench” where
it provides a certified value — a kind of in-house RM —
for comparison with routine sample measurements.
Thus, the concept of reference measurement emerges
as being equally as important as that of the RM. Chem-
ical science has no other choice, since the combined
output of RM-producing institutions could not possibly
accommodate all the rapidly diversifying demands for
all measurands in all matrices of interest.

In order to establish traceabilities of measurements,
we advocate the structure shown in Fig. 1 where many
types of linkage can be found, including but not limited
to those terminating in SI.
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A system for describing types of candidate chemical
materials for RMs

We would also advocate the optional use of a descrip-
tive materials system for candidate RMs. Firstly, we
should have categories depending on the chemical na-
ture of the materials (Table 1). Secondly, we should
agree on RM classes dependent upon their degree of
traceability (Table 2).

The isotopic composition of an element in a speci-
men can be established and expressed in abundances —
that is amount-of-substance fractions or moles of iso-

Table 1 Categories of reference materials, determined by their
chemical nature

Category  Kind of Description and criteria in terms of
material mateiral composition
A High Pure specified entity (isotope, ele-
purity ment, or compound) stoichiometri-
cally and isotopically certified as
amount of substance, with total im-
purities
<10 pmol/mol
B Primary As above, but with limits of
chemicals <100 pmol/mol
C Pure One constituent
>950 mmol/mol
D Matrix Matrix with one or more major con-
stituents
>100 mmol/mol
E With minor  Minor constituents in matrix
constituents <100 mmol/kg
F With trace Trace constituents
constituents <100 wmol/kg
G With ultra Ultra trace constituents
trace <100 nmol/kg
constituents
H Undefined Entities unspecified or undefinable

Table 2 Classes of reference materials determined by their tra-
ceability

Class  Description and criteria in terms of traceability to SI

0 Pure specified entity certified to SI at the smallest
achievable uncertainty

1 Certified by measurement against class 0 RM or SI
with defined uncertainty by methods without measura-
ble matrix dependence

I Verified by measurement against class I or 0 RM with
defined uncertainty

111 Described linkage to class 11, I, or 0 RM

v Described linkage other than to SI

A% No described linkage
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tope per mole of element — by comparison to synthetic
mixtures of enriched isotope class 0 RMs of that ele-
ment.

Certification of an elemental class 0 RM can be per-
formed by metrology laboratories having the best
scientific procedures for the establishment of traceabili-
ty routes to the SI system. For every such RM the cost
in facilities and experts’ time is very high and in prac-
tice cannot easily be balanced against sales. Only a long
history of the laboratories’ reliability and their free and
open discussions of problems, coupled with energetic
self-criticism, will reassure the scientific and technologi-
cal communities. Metrological quality, not cost and
economy, should be the prime concern of operators
within such laboratories.

All other classes of RMs are needed in much greater
number and diversity. They are therefore of much
greater potential interest commercially. Intercompari-
son between similar RMs is always helpful. Only one
class IV or class V RM should be made available by
consensus for a certain purpose, so that all laboratories
are encouraged to make their measurements compara-
ble to others through just one RM.

Validation of a measurement procedure including an
instrument can be performed with an RM of class 0, I,
or II, but only if differences in matrix or impurities are
specified, small, and of proven limited influence on the
uncertainty. The uncertainty of the RM relative to true
value or the mole may be larger than the link between
the measurements on the material and the RM. Tracea-
bility between measurements can be achieved with the

help of all classes of RMs, but requires a clear state-
ment on uncertainty. Traceability to the mole, if not by
direct realization of the mole, can be established only
by class 0 RMs. Their relation to the unit mole must be
established by way of atomic-weight determinations or
by direct atomic mass comparisons with carbon 12
atoms.

An example of a class I RM is an RM for which the
amount of substance of an element has been measured
by isotope dilution against a class 0 RM, provided the
measurement has been shown to be in accordance with
basic laws [7, 22, 33] of chemistry and physics.

Conclusions

Reliable chemical measurements in future will depend
on more RMs with direct links to the SI as well as on
RMs of greater diversity than are available now. Chem-
ical science will be assisted by clear consensus defini-
tions of traceability, certification, and validation, as
well as by a widely accepted system for describing RMs
by material composition, degree of traceability, uncer-
tainty, quality, and purpose. Ultimately, chemists, phy-
sicists, and engineers benefit from adherence to the
well-grounded and well-established discipline of metro-
logy under a coherent system of units.
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Protocols for traceability in chemical

analysis

Part I: Definitions and terminology

Abstract The authors propose def-
initions and terminology for proto-
cols on traceability links, generally
to the international system of units,
for specific chemical-analytical
measurements in accordance with
recognized principles of science.
These definitions and terms could
be useful in science, technology,
commerce or law. A chain of such
links leads from a measurand in a
sample up to a unit in the Interna-
tional System of Units or, if un-
available, to a value on an interna-
tionally recognized measurement
scale. The quality of such a chain is
quantified by combining all recog-
nized uncertainties estimated for
all its links. These uncertainties of

the measured values arise from
many potential error sources. The
protocols should give details of
specific uses of reference materials,
measuring instruments and stand-
ard measurement methods.

Introduction

This publication is the second of three contributions on
traceability in chemical analysis. The first was pub-
lished in this Journal [1] and deals with the general
principles, whereas the third is planned chiefly to pres-
ent examples, but also to suggest implementation pro-
cedures, to assess comments from chemical groups and
to introduce possible modifications of concepts and
definitions [2, 3].

The second contribution we present in two parts. In
this first part we discuss definitions and terminology,
mostly from recognized sources [2-9]. Some ideas in
this article go beyond established international under-
standings; they are introduced for debate and possible
refinement. The terms used here are responsive to the
fundamental concepts under which chemical analysts
can formally substantiate and record a traceability link.
A chain of such links should lead from the value of a
quantity in a sample up to a unit in the International

System of Units (SI) [5] or, where that is not possible,
up to a unit on an agreed and conventional measure-
ment scale.

We address chiefly individuals or groups of analysts
who aim to originate a protocol, that is a document re-
cording the procedures for a specific link. That protocol
establishes scientifically reliable measurements for the
benefit of equity in trade and industry, as well as for
legal interpretations of scientific realities.

A protocol must deal with the quality of the link
based upon carefully estimated uncertainties [6, 7] from
all foreseen error sources that remain after due precau-
tions have been taken and after significant corrections
have been applied where possible. The combined un-
certainties of all links in the chain of links will then de-
fine the quality of a link to SI' or to some other rele-

! As has become customary [4], we use “the traceability (or the
link) to SI” meaning “the traceability (link) to an appropriate
unit or units in the SI”
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vant scale unit. This quantitative assessment of quality
of traceability to SI from combined uncertainties is not
inconsistent with the metrological term of “accuracy”
[2, 6]. Tt differs from popular meanings of “accurate”
such as “free from error” and “highly exact”. A tracea-
ble measurement may be adequate for its intended pur-
pose, yet be inferior compared with the optimum
achievable.

Fundamental understandings

By “protocol for traceability” [2]* we here mean a doc-
umented record of a relationship, consisting of a “link”,
or chain of links, emanating from the value of a quanti-
ty?. The value is obtained by a measurement applicable
to the measurand, the property of an entity in a sample
which may consist of a pure material or incorporate the
entity in a matrix. Each such traceability link is estab-
lished for a stated chemical purpose and asserted by
virtue of that measurement, which relates the foremen-
tioned value to another value in a reference material
(see Fig. 1 for an outline of the use of RMs in typical
chemical analyses) or to the response of a calibrated
instrument (see Fig. 2). This measurement is carried
out in a responsible laboratory using planned and de-
scribed procedures, in a validity interval (time period)
for a specific type of quantity (such as a concentration
or other material property), within a limited range of
magnitude of the quantity measured. The measurement
is characterized, in part, by an observed repeatability
and invariably by a substantiated estimated uncertainty
[6] (including especially any arising from matrix ef-
fects), which is the sole indication of guality of the tra-
ceability relationship for each link or, when duly com-
bined, for a chain of links. Thus, the uncertainty be-
comes the quantified indication of quality for the mea-
sured value itself. Wherever possible, the value of that
measurement is ultimately made traceable to an SI unit
(or units) [2, 5, 8], through realizations of those units. If
not possible, the final link is made to a unit in an inter-
nationally recognized scale.

2 Traceability is defined as follows [2]: “property of the result of a
measurement or the value of a standard whereby it can be related
to stated references, usually national or international standards,
through an unbroken chain of comparisons all having stated un-
certainties”

3 When using “quantity” [3] we will refer to a property, such as
mass, length, amount of substance, or speed of light. We will not
use “quantity” for describing a portion or bulk of a material, a
chemical, or a sample, but rather consistently use “amount” of a
sample or of rubber etc. Furthermore, we will try to distinguish
such a general use of “amount” from “amount of substance”
which is an SI base quantity requiring specificity of entity in terms
of its chemical formula
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Fig. 1 Schematic of typical chemical analysis

Underlying concepts and definitions
The record

The record of a traceability protocol is a written docu-
ment that may serve: in science and technology as ref-
erence; in product control as procedural “written stand-
ard”; in environmental comparisons as precept [10]; in
trade and industry as basis for agreement, especially
where border crossings are involved; and in courts of
law as a means to judge whether specified limits are
met®.

The sample

For a chemical measurement the history and homo-
geneity of the sample must be established. Subsamples
from the original sample are drawn for measurement.
Although the selection of a sample in the “field” is im-
portant and often of concern to analysts, this paper
deals only with the sample as delivered to the laborato-
ry°. Two kinds of questions there can profoundly affect
the uncertainty associated with the measurement [12]:

4 An elaboration on how a duly recorded traceability protocol
might be used outside the professional chemical arena is not the
subject of this paper

5Questions of chain of custody of samples or “trackability”, a
term recently proposed [11], and due representation of the popu-
lation are not addressed in this article
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Fig. 2 Instrument calibration
for analytical measurements

the process by which a quantitative
relation over a range of observed responses

is established correlating each of several known concentrations to

its corresponding signal, thus yielding a response curve

———

observed
response

ilh

—
concentration

—— establishing the calibration curve
= sing the calibration curve to measure the value of an inknown

1. Is the sub-sample on which the measurement is
made representative of the undivided sample?

2. Does the measurement of the intended quantity
meet the measurement objective?

An important issue, for example, may be whether
the measurement value is to apply to a specific sample
or to the bulk of its source material. When surface con-
tamination is the purpose of the measurement, total
trace-element measurements could be misleading.
Thus, surface sampling may have to be part of the pro-
tocol. Conversely, measurement methods that give re-
sults preferentially for surface layers may not be repre-
sentative of the bulk of the subsample.

The measurand

The measurand is the selected property to be quanti-
fied by measurement of a constituent in a sample. For
most analytical measurements, one prefers to select a
quantity that is invariant on division of the material.
Mass, amount of substance, volume etc. do not remain
invariant on division and so are unsuitable for the char-
acterization of a material.

Temperature remains invariant on division, but is
unsuitable for characterizing a material because of the
dependence of that base SI quantity on the external en-
vironment. To a lesser extent, external temperature
and pressure conditions affect volume, too. In chemis-
try, the commonly used ratio of amount of substance
(of a stable® entity) to mass of the material, in which it
is uniformly contained, is not only invariant to contam-
ination-free division, but is also independent of exter-
nal environmental conditions, as long as they ensure
the stability of the entity. In this respect amount-of-
substance concentration per mass of material is suitable

“The meaning of “stable” as here intended does not always indi-
cate constancy of value. For radioactive materials, for example, a
quantified change with time is here understood to be “stable”

for characterizing a material, but not unique. Mass per
heat capacity has similar invariance on division of the
material and independence upon the environment.
Concentration by mass per amount of substance has the
additional unique property for a pure substance that
these two base quantities are related by the molar mass
of the entity. Thus, the analyst has the option of meas-
uring either of the base quantities and from it deriving
the other base-quantity value and hence the concentra-
tion with an appropriate increase in uncertainty.

Issues involved in the choice of measurand may be
related to the purpose of measurement, which should
be precisely and unequivocally identified and stated in
the protocol.

The measurement

The measurement — a quantified comparison by differ-
ence or ratio between two values of the same quantity —
shall conform to well-accepted principles of the chemi-
cal profession and good measurement practice [12-
14].

The value

The value is the numerically expressed magnitude of a
quantity either in a material or indicated by a cali-
brated instrument (see Fig. 2). An uncertainty must be
associated with every value. Its important estimation is
discussed in detail in the section “The uncertainty” be-
low (see also [6, 8]).

Wherever possible, every value and every uncertain-
ty that is cited in a protocol or quoted in the implemen-
tation of a protocol shall be expressed in a unit of the
SI (with or without prefix) associated with a number
commonly called the numerical value [5]. Thus, the val-
ue and its uncertainty are multiples or fractions of that
SI unit. If an SI unit for the relevant quantity is not in
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common use, the value could be associated with an in-
ternationally accepted measurement scale or on the
scale of a written procedure, perhaps involving an in-
laboratory prepared reference material that is properly
identified. In some cases, even a commercially available
stock solution may serve this purpose. The long-term
constancy of such values is an important issue, to be
considered in the use of any reference (see section
“The validity interval” below). Possible non-negligible
instabilities of a reference value used in a protocol must
be mentioned and appropriately taken into account.

The unit

In the physical and engineering sciences, the metric In-
ternational System of Units for measurements [5] has
become widely accepted throughout the world. An in-
tended characteristic of all SI units is their unsurpassed
stability and their independence of location and time.
That characteristic of the SI contributes decisively its
unique appeal to measurement science and technology.
In technology, the use of SI is gradually gaining accept-
ance over many customary, especially non-metric, units.
Chemists have no problem in using SI for mass compar-
isons, because of the convenience and sensitivity of
analytical balances and the universal acceptance of the
kilogram as the unit for mass’. Chemists also use SI
units for measurements of volume, temperature, and
some other quantities, but tend to avoid the use of the
mole for amount-of-substance measurements, even
when the chemical entity is well defined and although
that quantity is the most meaningful for the considera-
tion of chemical formulae, reactions, kinetics, and ener-
gy. In such situations the use of the mole in protocols
should be expected. Traceability to SI, however, can be
claimed relative to any SI unit that is appropriate for
the measured quantity. That SI unit can be a base or a
derived unit, or even a unit temporarily accepted for
use within SI. When traceability is planned to derived
units or composed of products or quotients of other SI
units, it is often operationally necessary to achieve tra-
ceability to these SI units separately. This is the situa-
tion for the quantity of greatest interest for characteri-
zation of any material by chemical measurement: con-
centration measured in mole per kilogram or mole per
cubic meter. Most laboratories may routinely maintain
traceability to the SI units of mass and length at lower
uncertainties than is needed for many protocols for
chemical analytical measurements.

Whereas mass can be quantified irrespective of the
intrinsic nature of a sample, amount-of-substance quan-

7 In fact, the kilogram is the SI unit most likely to be redefined in
the near future. If so, it will be in terms of an atomic-scale mass
rather than by an artifact

tification requires the explicit chemical description of
the entity pertaining to the measurand [15]. A descrip-
tion in mole units may be inappropriate for specific
purposes when the composition of the chemical entity
lacks specificity and would impose an objectionable
molar mass or volume uncertainty. This limitation ap-
plies frequently in quantifications for purposes of trade,
such as when describing amounts of polymers (with
large uncertainty of molar mass and additional difficul-
ty in defining its mean), a lithium compound (of varia-
ble isotopic composition), sodium carbonate (of unde-
fined hydration), iron oxide (of undefined Fe valency),
chlordane (composed of several molecules), nutritional
fibers (vague definition), and numerous other sub-
stances.

The mole is associated with a specific chemical enti-
ty as defined by its chemical formula [15]. Its structural
formula, isotopic composition, isomeric form, crystal
structure, or chirality may have to be given in order to
completely specify the entity of interest. The achievable
uncertainty of amount-of-substance measurement is
limited by that of its apparent molar mass. This consid-
eration affects not only measurements on entities with
variable molar mass, but those on pure substances. It is
related to the traditional and important concern about
purity.

Ratio measurements in analytical chemistry will oft-
en relate values in different units for the numerator and
denominator. The most commonly used ratios between
SI units are summarized in matrix form in Table 1 (ad-
apted from [5]). Confusion may result when values are
stated in different SI quantities. The pharmaceutical in-
dustry, for example, is careful to distinguish values in
mg/g from values in mmol/g. It is important to retain
the two units used in expressing a ratio such as mol/g.
Differential measurements are often made, obtaining a
ratio of ratios for which the numerator and denomina-
tor are generally expressed in multiples of identical
pairs of units, e.g. (g/L)/(g/L). For such a ratio of ratios
no great harm is done by stating, for instance: “the con-

Table 1 Frequently used ratios of SI units

Quantity Amount of Volume Mass
substance

Symbol of quantity n |4 m

Name of SI unit mole (derived) kilogram

cubic meter

Symbol of SI unit mol (derived) m® kg
mol/unit of  m?unit of  kg/unit of
quantity quantity quantity

Unit of quantity/mol  mol/mol m>/mol kg/mol

Unit of quantity/m? mol/m? m?>/m? kg/m?

Unit of quantity/kg mol/kg m¥/kg kg/kg
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centration in the numerator equals a (dimensionless)
number of times the concentration in the denomina-
tor.” An unlike pair of units for a ratio of ratios should
be avoided, otherwise it becomes imperative to identify
explicitly all four units for a meaningful description of
the measurement.

On some occasions, protocols may involve SI units
of time, electric current, thermodynamic temperature,
or luminous intensity. These units are also base units of
the SI. Traceability to SI can even refer to realizations
of derived SI units, such as those for energy, pressure,
and amount of electricity. Solubility per unit pressure
may be quoted in (mol/m?)/(m-s?*/kg) or in (mol/m?)/
Pa, but should not be written as mol-s?/(m?-kg) [5, 20],
that is: not in reduced form relating to units of quanti-
ties not actually measured.

There are chemical measurements for which the de-
cision to use the kilogram or the mole as SI unit de-
pends on the type of deduction that is intended to be
made from the measurement. Such examples could ar-
ise in polymer studies, in alloying, in isotropic displace-
ments, in assessing electronically active impurities, in
effects from variations in isotope abundances, or in
those arising from chemical binding states. When docu-
menting a formulation for an industrial reaction pro-
cess, the use of mass proportions is appropriate even
when an entity is known, because weighing devices
alone are likely to be available for preparing the
needed mixture. In ionic crystals and the alumino-sili-
cates of the earth’s crust, especially when dealing with
their solid solutions, the concept of a molecular entity
has little relevance. Although quantification under
those circumstances is best achieved in terms of mass,
certain amount-of-substance ratios represent important
features of such materials. For instance the ratio of
quadrivalent to trivalent ions in feldspars gives mean-
ingful descriptions of attributes of rocks. For abun-
dance of the elements on earth or in space, the com-
mon use of kilogram per tonne should with advantage
be replaced by the amount of substance per kilogram
or by the less common ‘Cosmic Abundance Units’
(atoms per 10° Si atoms).

The dalton is not accepted within SI [9]. It is per-
ceived as a molecular mass of a specific species. In pro-
tocols, molar mass, relative molecular mass or unified
atomic mass units should be substituted. The last of
these, in conjunction with the SI mass unit, is currently
acceptable with an added relative standard uncertainty
of 10 %

Realization of an SI unit
A value — whether based on a specific material or on

the output of a detector — when traced by a single link
to a multiple or submultiple of an SI unit, at a stated

low uncertainty, without requiring intermediate stand-
ards, reference materials, or significant empirical cor-
rection factors, is a realization of that SI unit. The con-
ditions that are involved in a realization of an SI unit
include all those involved in the recently proposed def-
inition of a primary method of measurement [4]. Meas-
urements made by a primary method are in principle
realizations of an SI unit. For other realizations of an
amount of substance, the entity must be defined and
the purity of the material containing the entity must be
determined. Conceptually, every entity might be
deemed to require its specific realization of its mole.

Reference materials (RMs)

In all but a very few chemical measurements, use is
made of reference materials (RMs) with appropriate
pedigrees [17-19] (Fig. 1). Analytical-chemical RMs are
generally certified by properties (such as concentra-
tions) of entities and by values with their uncertainties,
and are sometimes provided with limit values [17-19].
These values within their uncertainty ranges remain in-

Table 2 Categories of reference materials, determined by their
chemical nature?

Cate- Kind of Description and criteria in terms of
gory  material constituent(s) certified
Single major constituent
A High purity Pure specified entity (isotope, element, or
compound) stoichiometrically and isoto-
pically certified in amount-of-substance
ratios with total impurities <10 pmol/
mol
B Primary As above, but with limits of
chemicals <100 pmol/mol
C Defined As above, but with limits of
purity <50 mmol/mol
Maxtrix types
D With major Major constituents (in matrix)
constituents >100 mmol/kg or >100 mol/L
E With minor Minor constituents (in matrix)
constituents <100 mmol/kg or <100 nmol/L.
F With trace  Trace constituents
constituents <100 pmol/kg or <100 wmol/L
G With ultra  Ultra trace constituents
trace <100 nmol/kg or <100 nmol/L
constituents
Undefined
H Undefined  Entities unspecified or indefinable

? A similar table was originally published [1] as basis for discus-
sion. The version here presented incorporates significant changes.
Further suggestions for improvements are welcome. — The pro-
posed limits of the concentrations are arbitrary, and, for instance,
preclude RM’s for most organic entities in category A. Chemists
may well use and state their own RM category designations
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variant on division into subsamples. RMs are widely re-
garded and used in chemical analysis, just as are travell-
ing and transfer standards in engineering and physics
practice.

Tentative attempts have been made to categorize
chemical RMs in terms of their material composition
(Table 2) and to classify them by the length and
strength of their traceability chain (Table 3). This clas-
sification might in future be generalized and expanded
in terms of ranges of relative uncertainties.

Whereas an individual value, the result of a meas-
urement, can be said to be “verified” by another meas-
urement, a chemical method or procedure should be
“validated”, generally by success in application of that
method to a certified RM. Validation remains unde-
fined in the ISO vocabulary of terms in metrology [2].
A definition along the following lines is under discus-
sion within EURACHEM/EUROMET: “A validation
is a set of operations that establishes, under specified
conditions and for a specific range, the suitability of a
given measurement instrument, measurement proce-
dure, or measurement method for a measurement of a
specified quantity at a stated level of uncertainty.” Val-
idation usually is accomplished with the help of RMs
and gives an opportunity to forge a link (see next sec-
tion), but does not verify a given value or its uncertain-

ty.

Fig. 3 Issues arising when
considering the meaning of a
certified value and its uncer-

tainty in a certified reference -—

material

Table 3 Classes of reference mateirals, determined by the length
and strength of their traceability®

Class Description and criteria in terms of traceability to
SI

0 Pure specified entity certified to SI at the smallest

Primary achievable uncertainty

1 Certified by measurement against class 0 RM or SI
with defined uncertainty (no measurable matrix de-
pendence)

11 Verified by measurement against class I or 0 RM
with defined uncertainty

III Described linkage to class II, I, or 0 RM

v Described linkage other than to SI

\'% No described linkage

" This, like the preceding Table, was originally offered for discus-
sion [1]. Currently it is not widely adopted. The authors welcome
proposals for changes

By one convention, illustrated in Fig. 3, the valida-
tion of a measurement method, as replicated in the
field, succeeds if the certified value of an appropriate
RM falls within the estimated measurement uncertainty
when the RM is measured using the method. That defi-
nition of validation does not require a mutual confor-
mance condition in which the two values (that deter-

upper possible limit
of centified
vaiue

certified
value

lower possible limit
of certified
value

A B C D E F G

laboratories

A: is the RM's certified value and its uncertainty. The latter could be used to define the range of permitted values

@

is a measurement of the RM that fails validation as normally understood. An individual protocol, however, may rule

that, for a stated purpose, agreement between even wider limits (than indicated by A and B) shall be considered
good enough for a purpose at hand

C: is a measurement which - despite overlap of its uncertainty with that of the certified value - would by most definitions
fail validation of the method under investigation, unless the uncertainty could be shown to have been
underestimated. With this uncertainty corrected (see dotted line) the RM's certified value falls within the measurement’s
uncertainty range, thus meeting a possible minimum criterion for validation of the method

mo

is a measurement by the method to be validated which meets the validation criterion, defined under C
: is a measurement by the method to be validated that meets the validation criterion under C and the additional

possible requirement that its value shall be in the uncertainty range of the RM

F: is a measurement by a new more advanced method also traceabie to Sl. It does not justify discontinuation
of the use of the older RM with its original uncertainty

G: is also a measurement by a new more advanced method traceable to S!I. Now the continued use of the older
RM might be questioned
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mined at the “field” laboratory and that given by the

laboratory establishing the protocol) must both lie in

each others uncertainties®.

The values in a sample can be linked to the values in
RMs in several ways (see Fig. 1) [14, 16-19]. This rela-
tionship can, for example, be established:

1. Directly by a controlled comparison of values from
measurements on a sample with certified values for
identical entities in closely similar RMs?, or

2. Indirectly through an instrument calibration estab-
lished for values for identical entities in closely simi-
lar RMs®

3. In conjunction with a specified method (or proce-
dure) of measurement [8]

4. To confirm the sensitivity of an instrument or meth-
od to detect a trace impurity or contamination.

The link

A trace (“traceability” by definition [2]) is established
by a link or an unbroken, single-path (compare foot-
note 18) chain of links that connects by measurement
two or more values of the same indicated quantity in a
unidirectional order of authority. One of these values
usually refers to a sample that is representative of a ma-
terial embodying the measurand. The other value may
be of that quantity in a reference material, or indicated
by an instrument reading, or that of an SI unit (see sec-
tions “The value” and “The unit” above (to be contin-
ued in the next issue)). Links in a chain, as here dis-
cussed, can be thought of as having direction, emanat-
ing from a sample and leading progressively through
higher levels of authority and perceived expertise to the
SI. Each link could then be likened to a vector with the
magnitude of its uncertainty. Links without directional-
ity, between laboratories at equal level (see Fig. 1 in
[1]), are of great importance to a successful measure-
ment network but are not further discussed in this arti-
cle. The chain link with the largest uncertainty is the
weakest in that chain. It is not exceptional in measure-
ment practice for the link connecting the value in a
measurand to the reference chain to be stronger than
the rest of the chain is to SI.

8 An initially failed validation calls for repeat measurements or a
reassessment in order to ascertain whether the uncertainties in
the “field” were underestimated. Larger uncertainties may be ac-
ceptable for the purpose of the measurement. If so, the original
measurement itself may be acceptable

° Even minor differences in matrices, however, will require deter-
mination of the significance of such differences and their effect on
the uncertainties involved

The values associated with an established traceabili-
ty link are given as a difference or ratio and must have
an associated uncertainty. This, combined with the un-
certainty of the higher link, determines the uncertainty
of the value at the lower end of the link.

The responsible laboratory

For every link there is a qualified analyst or team of
chemical specialists operating within a laboratory ac-
cepting personal and institutional responsibilities for
the end result and its uncertainty, in full knowledge of
the technical aspects further outlined below [12, 13].

The chemical analyst

In various sections of this paper, the authors appro-
priately emphasize the needed professional knowledge,
experience, integrity and responsibility of the analyst.
The handling of samples, the estimation of uncertain-
ties, and the vigilance for unexpected errors also re-
quire some familiarity with statistics and possibly the
help of a statistician as a consultant. However, the final
assignment of uncertainties is the responsibility of the
analyst who has actually performed the analyses.

The all-important manipulative skill of the analyst
has yet to be underscored. No automated instrumenta-
tion or computer software can substitute for the ana-
lyst’s dexterity and alert observation. Nevertheless, it
must be understood that a disparity in this regard exists
even between competent analytical analysts. No shame
is attached to acknowledging a greater uncertainty in a
given analysis than is achieved by the most experienced
and the most skilled. During implementation of a pro-
tocol, an analyst, estimating a higher uncertainty for his
own measurements than indicated in that document,
may be demonstrating trustworthiness rather than
doubt in his measurements.

Under the enormous ever-growing volume of
needed analyses for production controls, environmen-
tal needs, and medical test programs, protocols have to
be designed to be executed reliably by trained techni-
cians. That protocol development, however, is and must
be understood to be exclusively the proper role of the
analytical chemist.

The validity interval

The validity interval is the time period during which
relevant measurement operations are maintained in
control with acceptable repeatabilities by each labora-
tory involved. This important limitation of validity of a
traceability link is provided by design or could be im-
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posed from neglect. In order to assign a value to an
RM, for example, a laboratory has to work within the
validity interval for maintaining all relevant compe-
tences and procedures, such as to determine homo-
geneity and constancy of that RM. Thereafter, howev-
er, the measured, preferably certified, value of the RM
remains valid, subject only to a validity period based on
the RM’s stability and requirements for its storage.
These should be part of the RM’s certificate with the
aim of protection against contamination, temperature
extremes etc. [18, 19].

The range

The range of values of the measured quantity is defined
by the upper and the lower value for which the record
is valid. At and between these extremes repeat measur-
ements may not differ by more than an indicated uncer-
tainty (see below). A zero should not be used to specify
the lower end of a range. For small values of a meas-
urand, a protocol may indicate the needed repeatabili-
ty'® of measurement or specify the smallest required
detectable value.

Traceability to the SI

Wherever possible, a traceability chain of measured
values terminates in an SI unit. When the base unit for
mass is appropriate, this relationship is readily achieved
through a mass standard, calibrated in terms of the
kilogram prototype. The concept of traceability to SI
has to be more carefully considered when conformity to
SI depends on the SI concepts in the definition of the
SI unit itself.

Basic to chemistry is the numerically simple (stoi-
chiometric) proportion of entities in reaction and in
formulae of compounds. The chemical analysts’ pur-
poses are therefore well served by comparing numbers
of defined entities. The numerical value (see sect. entit-
led “The measurement” above) for the SI measure-
ment of the amount-of-substance quantity fits those
purposes. Historically, however, few were the analyti-
cal-chemical methods by which entities could be
counted or counts of different entities could even be
compared. With the nearly correct assumption that mo-

10 «“Repeatability” [2] is defined as the: “closeness of the agree-
ment between the results of successive measurements of the same
measurand carried out under the same conditions of measure-
ment.” Repeatability should be distinguished from “reproducibil-
ity” for which the closeness of the agreement concerns the results
of measurements (of the same measurand) that are not necessar-
ily made successively and not under the same conditions, by the
same method, or in the same laboratory

lar masses of the elements from terrestrial sources are
constants of nature, chemistry made spectacular pro-
gress by measuring mass and converting to amount of
substance by the factor of Avogadro’s constant. Their
measurements were thereby burdened by the uncer-
tainty in that constant — which for many purposes can-
cels — as well as by the uncertainties in the molar
masses — which do not cancel and which become signif-
icant as the total uncertainty of a measured value is re-
duced. For good measurement practice, protocols
should therefore prefer traceability to the mole, as is
stated in sects. entitled “The value” and “The unit”
above.

The SI traceability statement for a chemical compo-
sition of a material cannot be completed by the tracea-
bility to the mole of one entity. The statement must in-
clude reference to another quantity, which could be a
mass, a length, some other quantity, or even an amount
of substance of another entity. Examples of such tra-
ceability statements for chemical composition could
refer to a mole and the kilogram for the concentration,
say, of a known element in an ore. The source of the
element in that ore is then described in terms of the
ratio of SI units mol/kg. Similarly by the SI units of
mole and meter one could designate the solution of a
defined organic compound, that is in mol/L. For some
important chemical measurements we need to find tra-
ceability to SI for the mole of one entity as well as the
mole of another entity. These moles are not identical
and need separate traceability chains (see next para-
graph). Measurements by mol/mol ratios are appro-
priate, for instance, for a trace impurity of known com-
position in a pure compound, or for an amount of iso-
tope-to-element substance ratio (abundance).

The ratio measurement between the numbers of two
entities establishes an amount-of-substance ratio that
might satisfy the principal purpose of a chemical meas-
urement. In measurement science, however, under the
SI system, relative quantities do not fully satisfy the
concepts. There remains an underlying requirement for
all values to be individually traceable to the appro-
priate SI unit. For amounts of substance that unit is it-
self a number, the number of carbon-12 atoms of mass
0.012 kg. The magnitude of a given amount of sub-
stance, that is the numerical value of the SI quantity, is
the number of defined entities divided by the SI unit
number. It follows that equality of amount of substance
is equality of the numbers of the two relevant entities.

If, in a ratio of amounts of substance, both of the
two numbers of entities are traceable to numbers of
carbon-12 atoms, and if the ratio between the entities is
obtained by an appropriate measurement, the measure-
ment is perfectly true to the concept of that SI unit.
Calling that relationship traceable to SI is thereby rea-
soned and should be considered correct. Just as for
mass measurements, the realization of amounts of sub-
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stance to SI could be left as a prime responsibility to
national measurement laboratories.

That realization will often have larger uncertainty
than relative measurements of entities by analysts. This
should not surprise; similar conditions commonly apply
throughout metrology. One can link the value of a
good-quality gram standard to another similar standard
with smaller uncertainty than that with which either can
be linked to the international prototype kilogram. The
designer of the protocol must carefully consider to what
extent uncertainties in the realization of the SI unit
cancel for the purpose of a given measurement. Not the
calibration, but only the self-consistency of a mass-
piece set, built-into — or external to — a balance, may
enter into the uncertainty of a mass ratio. Similarly, the
amount-of-substance ratio may have an uncertainty
partially independent of that of the realization of the SI
unit.

Summing up conclusions in this section: traceability
of chemical measurements to SI involves concepts oth-
er than a direct comparison with a physical standard.
Uncertainties may relate principally to values produced
in the laboratory. The uncertainties of the links of two
values of the same quantity to the SI unit may be larger
than the uncertainty of the link between these values
made in accord with the concepts of the SI.

The repeatability of a measurement

All uncertainty estimates start with that associated with
the repeatability of a measured value obtained on the
unknown. It is neither required for the sake of quality
control, nor could it always be economically justified, to
make redundant determinations of each measured val-
ue, such as would be needed for complete statistical
control. Repeat measurements of a similar kind under
the laboratory’s typical working conditions may have
given satisfactory experience regarding the range of
values obtained under normal operational variations of
measurement conditions such as: time intervals, stabili-
ty of measurement equipment, laboratory temperature
and humidity, small disparities associated with different
operators, etc. Repeatability of routine measurements
of the same or similar types is established by the use of
RMs on which repeat measurements are made periodi-
cally and monitored by use of control charts, in order to
establish the laboratory’s ability to repeat measure-
ments (see sect. entitled “The responsible” laboratory
above). For this purpose, it is particularly important
not to reject any outlier, unless cause for its deviation
has been unequivocally established as an abnormal
blunder. Rejection of other outliers leads a laboratory
to assess its capabilities too optimistically. The repeata-
bility in the “field” of a certified RM value represents
the low limit of uncertainty for any similar value meas-
ured there.

When fewer than about 100 measurements of the
same type are needed, the use of control charts be-
comes impractical. A few repeat measurements made
within the routinely encountered range of relevant val-
ues is sufficient to estimate the repeatability of a single
measurement. Difficulty arises only when a measure-
ment type or procedure is inordinately time-consuming
or costly to replicate. Relevant examples are: the meas-
urement of an unusual trace constituent in a sample of
minimal size, and a lengthy isotope dilution mass-spec-
trometric determination. The analyst is then required
to depend on general experience of reliability of a
method and would be wise to estimate the uncertainty
with special care.

Just as the value obtained by measurement of a sam-
ple carries an uncertainty, so does the laboratory ‘in-
field’ realization of the certified value of an RM. If the
purpose of the measurement is to validate (Fig. 3) a
procedure or instrument calibration, the measurement
uncertainty estimated by the laboratory should include
the certified value of the RM. If the measurement in
the laboratory consists of determining the difference of
the value in an unknown with that in an RM, the latter
is taken as the reference value. Only when evaluating
the uncertainty of the unknown to SI, the RM’s certif-
ied uncertainty must be combined with that of the in-
laboratory measurement of the unknown.

The uncertainty

Central to the protocol is the uncertainty"', symbol u,
or, if expanded, U, and u. or U, when combined [6]. It
is expressed in the same SI units as the value V to
which it refers. For propagation of uncertainties by
mathematical formulae, relative uncertainties, such as
U/V, are often needed.

All uncertainties are estimated and necessarily
themselves uncertain. They should not be given to
more than two significant figures; that is, to at most 1%
of the total uncertainty. Individual smaller uncertain-
ties thus become neglected. Uncertainties are generally
given to be symmetric for positive and negative devia-
tions from the evaluated best value'?.

' The importance of reliable uncertainties in protocols cannot be
overstressed; they distinguish between insignificant differences
and dangerous discrepancies

'20n occasions, chemists designing a protocol recognize good
reasons for expecting an asymmetry of likely deviations, such as
for analyses of trace constituents that cannot be less than zero, of
pure chemicals that cannot be more than 100%, or the molar
mass of hydrogen gas (obtained by electrolysis) that cannot have
less than zero content of deuterium. Under such circumstances,
well-reasoned asymmetries of uncertainties may be introduced
into a protocol



