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I. INTRODUCTION

A. Scope and Purpose of the Review

The purpose of this paper is to provide a brief
overview and review of the role of reference
materials and reference methods in chemical
analysis. Our primary concern is with the use of
reference materials and reference methods in
transferring accuracy and precision throughout
large multilaboratory measurement networks.
Although reference materials and reference
methods can be effectively used to assure accuracy
and precision within an individual laboratory, the
great demand for compatible national measure-
ment systems has led to their increased utilization
in a total systems approach to accurate measure-
ments in a variety of areas of chemical analysis.
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This paper first describes the concepts that provide
the basis for the use of reference methods and
reference materials to achieve measurement
compatibility in multilaboratory networks. The
basic concepts necessary to understand the
measurement process itself are described. A
conceptual systems model involving a hierarchy of
reference materials and analytical methods which
are utilized to transfer accuracy from a primary
measurement standards laboratory into the field is
presented. The basic philosophical and technical
concepts underlying the systems approach to
accurate measurement are evaluated and described
without the use of detailed mathematical or
statistical models. The role of federal laboratories,
regulatory agencies, voluntary standards organiza-
tions, professional societies, and individual
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analytical laboratories is described in the context
of a reference materal-analytical method hier-
archy. Criteria and guidelines that should be used
for the selection and evaluation of reference
materials and reference methods are reviewed. A
comprehensive, technical evaluation of all the
applications of reference materials and reference
methods to chemical measurement systems is
beyond the scope of any single review. However,
some examples of recent applications of reference
methods and materials are presented from the
areas of industrial materials analysis (primarily
metals), clinical analysis, and environmental anal-
ysis. Elemental analysis is emphasized. However,
analogous- conclusions can be drawn for other
applications in chemical analysis. Some future
needs for the development and utilization of
reference materials and reference methods are
presented. Also discussed is the growing need to
establish mechanisms for achieving traceability of
field measurements to primary reference materials
and reference methods, and the role of federal
laboratories, regulatory agencies, and commercial
laboratories in helping to assure traceability.

B. Importance of Chemical Analysis

The last 75 years have seen a tremendous
growth in both the variety and numbers of
chemical analyses made in the U.S. At the turn of
the century, the analytical chemist was largely
concerned with elemental analysis of bulk con-
stituents in important industrial materials (e.g.,
metals and ores) as well as agricultural chemicals
such as fertilizers. Subdisciplines of "analytical
chemistry such as environmental and clinical
analysis were yet to be formally established. Trace
elemental analysis at the part per million level was
virtually unknown as was quantitative organic
trace analysis.! In the period 1900 to 1950,
method sensitivity for the detection of most
chemical constituents was improved from a level
of several percent to the 0.01% level while at the
same time, accuracy and precision requirements
were also increasing. :

In the last 25 years, the advent of rapid, highl
sensitive, and precise instrumental techniques -
many operating in a comparative mode — has
contributed to a tremendous increase in the
number of chemical measurements now being
made each year in the U.S. In the area of clinical
chemistry alone, the number of laboratory tests
exceeded 5 billion in 1975 at a cost of nearly $9

billion.2 Nearly 50% of such tests can be cate-
gorized as chemical analyses. In the area of
industrial materials analysis, the number and
variety of chemical tests has also grown dramati-
cally as a myriad of important new materials have
been introduced into the economy and more rigid
trade specifications for such materials have
required improved production quality control
procedures.

To place an economic value on the contribution
of chemical analyses to the U.S. economy would
be exceedingly difficult. What is certain, however,
is that chemical measurements result in consider-
able value added to goods being produced and thus
make a substantial contribution to the gross
national product (GNP) of the U.S. as well as the
economies of other industrialized nations. Almost
all materials in commerce today have been
analyzed at least once in the progression from raw
material to consumer product.

In the 1960s, R. D. Huntoon first enunciated
the concept of the National Measurement
System®s* and pointed out the critical role of
measurement in the U.S. economy. In a more
recent study, Seed and Pawlick® have estimated
that in 1973, the U.S. GNP generated by measure-
ment related activity, exceeded $70 biltion in over
80 agricultural, mining, manufacturing, transporta-
tion, communications, and service-oriented
economic categories. Because many of these
categories are directly concerned with the produc-
tion of raw materials and finished products —
where the composition of a material must be
rigidly controlled — chemical measurements make
up a significant fraction of the value of the
measurements being made each year. For example,
the steel industry alone is estimated to perform
more than one half billion chemical analyses each
year, most of which are carried out by rapid
spectrographic techniques at an average cost of
approximately $2/measurement.® :

Chemical analyses provide much of the basis for
equitable treatment of producer and consumer in
the commerce of raw materials and finished
products and are critical to industrial quality
control, as well as for assessing the performance
and assuring the reliability of materials in service.
They provide quantitative data on the composition
and other important properties of materials.
Reliable data are essential for effective communi-
cation among scientists from different laboratories
and across language barriers. A strong argument
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could be made that chemical analyses directly
provide the fundamental measurement basis for a
large fraction of the world’s economic output.

During the last decade, a number of socio-
political events have resulted in an increased
awareness of the importance of chemical measure-
ments. This is particularly true in such areas as
medical diagnosis’ and environmental analysis,?
where government regulations andfor voluntary
action on the part of industrial organizations or
professional societies have resulted in extensive use
of chemical measurements for regulatory com-
pliance as well as testing, monitoring, and labora-
tory (personnel) certification purposes. Analytical
chemistry is also making vital contributions to
many other areas such as food packaging,® foren-
sic chemistry,!® and art conservation.!! Such uses
of chemical analyses have placed equally rigid
requirements on the quality of the measurements
being made, particularly with respect to the
precision and accuracy of individual ' measure-
ments, as well as the proficiency of multi-
laboratory networks. Never before have so many
critical decisions involving health, safety, and
economics depended on the quality of chemical
analytical data.

The importance of developing reliable analyti-

cal techniques as well as reference materials was
also recognized in the early 1900s. At that time,
the evaluation and standardization of chemical
analytical methods had already started thréugh the
efforts of such organizations as the Association of
Official Agricultural Chemists (the forerunner of
the Association of Official Analytical Chemists,
AOAC) and the American Society for Testing and
Materials (ASTM). The latest reference manu-
als'2>'3 published by these two organizations list
hundreds of evaluated methods of chemical
analysis for a wide variety of materials ranging
from ores to pesticides. We will return to these and
other standards organizations later in this paper.
At approximately the same time as standard
analytical methods were first being developed in
the U.S., the National Bureau of Standards (NBS)
was founded (in 1901). NBS first provided refer-
ence materials, then known as standard samples, in
1906. In 1911, NBS offered only 23 certified
reference materials'® In 1977, nearly 1000
Standard Reference Materials (SRMs) are offered
for sale by NBS, with approximately 700 of these
intended for use in chemical analysis.'® Literally
thousands of additional reference materials are
available from other national laboratories,' 43¢ as
well as commercial sources.! 7

IL. THE USE OF REFERENCE MATERIALS AND REFERENCE METHODS TO
ACHIEVE MEASUREMENT COMPATIBILITY

A. Important Characteristics of the Analytical
Measurement Process

Measurement processes have been studied
extensively from both an experimental and a
statistical point of view. Statistical quality control
of industrial goods originated with the work of
Shewhart'® who introduced the concept of
control charts over 50 years ago. In 1946,
Wernimont'® applied the use of control charts to
chemical analysis. The tremendous post-World War
II expansion of industrial and space-related
technology led to an unprecedented demand for
better measurement technology. In the period
1945 to 1965 many staff members of the NBS
devoted considerable effort to the systematic
evaluation 6f the critical statistical parameters that
describe measurement processes, including pre-
cision, systematic error, and accuracy. Also
developed were a number of important statistical
concepts used in experimental design, inter-
laboratory testing, the description of functional
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relationships, and the evaluation of experimental
data. NBS Special Publication 300%° contains a
collection of over 30 papers covering these topics
along with an excellent set of gencral references on
measurement science and statistics. Particularly
relevant to chemical analysis are the following
papers contained in this reference manual:

1. C. Eisenhart’s two papers on precision
and accuracy of instrument calibration systems,
and the expression of the uncertainties of final
results

2. A series of papers by W. J. Youden on
uncertainties in calibration, instrumental drift,
experimental design, and interlaboratory testing

3. M. A. Natrella’s paper on planning of
experiments

4. The paper by J. Mandel and T. W. Lashof
on interlaboratory evaluation of test methods

5. The paper on accuracy in chemical
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analysis using linear calibration curves by J.
Mandel and F. J. Linnig.

(For further examination of these topics, Refer-
ences 21 to 25 are also recommended.)

Shewhart?*® enunicated the fundamental
concept that all measurement processes consist of
two operational aspects described as qualitative
and quantitative. The quantitative aspect of
measurement requires some type of scale, which is
used to acquire an estimate of the numerical value
of a property of a material such as the com-
position of a specific element. The qualitative
aspect of measurement consists of a method or
procedure for applying the scale to the property
being measured. The end result of -applying a
method plus a scale is to arrive at a numerical
value for the property under consideration by
means of a measurement-property relationship.>?

Our purpose here is not to present a detailed
discussion involving the statistical analysis of
experimental data, but rather to point out the key
measurement concepts necessary to establish the
validity of analytical data and, in particular, to
establish accuracy on a national scale. An im-
portant goal of the work cited above is to develop
measurement systems that will allow meaningful
communication among different measurement
stations over long periods of time and large
geographical distances. This leads us to the con-
cept of measurement compatibility. If measure-
ments are to be useful in fostering meaningful
economic or scientific communication between
two or more parties, the different parties must
agree on the results of the measurement and the
meaning of the numbers associated with the
measurement.®>27:28 This agreement should take
into consideration any imprecision and inac-
curacies in the measurement process under con-
sideration. Huntoon,?® in an extension of his
earlier work®>* defining the National Measurement
System concept, has also cited the importance of
measurement compatibility and described the
general role of reference materials in achieving
compatibility.

If a measurement process is to be meaningful,
then the data obtained should be both precise and
free of systematic error within agreed wpon end-
use requirements of uncertainty. In this paper, we
define an accurate measurement to be both precise
and free of systematic error. Accurate measure-
ment systems are necessarily compatible. Addi-

tional requirements for measurement processes,
such as wide dynamic range, high sensitivity, or
rapid operation, might also be desirable. However,
such requirements are not necessary in achieving
accuracy but rather represent practical considera-
tions. If a measurement system is accurate, the
numerical value obtained for the properties being
measured are “true values” within the uncer-
tainties of the measurement processes being used.

The true value determined by measurement
processes is referred to as the “quaesitum” by
Dorsey and Eisenhart and extensively discussed in
their paper on absolute measurements.>® A prag-
matic operational definition of the “true value” of
a property is the value determined by precise
measurement methods that are free of systematic
error, i.e., an accurate method. Such values should
ultimately be experimentally traceable to the base
units of measurement-such as mass, length, and
time (see Section I[.B.2.b).

B. Transferring Accuracy Throughout Large
Measurement Networks
1. Different Mechanisms for Achieving Compati-
bility ~ ’
There are a number of different ways to achieve
measurement compatibility and transfer accuracy
between two or more laboratories.®»>7"2° The
most prevalent of these include the following.

a. Calibration Services

In this type of measurement system, a central
(primary) standards laboratory such as NBS*!
calibrates instruments or other artifacts (e.g.,
gauge blocks) sent to it by other laboratories in
the measurement network. The calibrated instru-
ments are then returned for use as “secondary”
standards. In this manner, a hierarchy of primary
and secondary standards laboratories is established
to transfer accuracy from the primary standards
laboratory to a remote field installation. The
calibration service mode of achieving measurement
compatibility has proven to be particularly useful
for transferring the accuracy of physical measure-
ment parameters such as length, mass, volume,
voltage, frequency, and magnetic field intensity.

b. Standard Reference Data

This mechanism for accuracy transfer utilizes
critically evaluated data on the properties of
well-characterized materials or systems. If the
reference data are available together with well-
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characterized materials, preparation procedures,
and measurement methods, the user can then
reproduce the data directly or reproduce the
original measurements. For example, temperature
measurements can be made compatible through
the use of reference data defining the melting
point of pure substances. The purity of the
material is very crucial in such an application. The
Standard Reference Data program of the NBS was
authorized by Congress®? to coordinate the
production and dissemination of critically evalu-
ated physical and chemical reference data on a
national scale. In cooperation with the American
Physical Society and the American Chemical
Society, this program publishes a Journal of
Physical and Chemical Reference Data containing
critical data compilations.

¢. Standard Reference Signals

A very efficient mechanism for achieving inter-
laboratory measurement compatibility for such
parameters as time or frequency is to use accurate,
stable radio signals generated by a central source
(e.g., the time signals generated by the NBS Radio
Station WWV in Boulder, Colorado). The number

of measurement parameters to be made com-

patible through this mode is obviously limited.

d. Reference Materials

A fourth way to achieve measurement com-
patibility is through the use of reference materials
as transfer devices. In the context of measurement
compatibility, a reference material is considered to

be any material, device, or physical system for -

which definitive numerical values can be associated
with specific properties and that is used to
calibrate a measurement process. In this sense, the
“reference material” could be a set of weights used
for mass measurements, a chemical system that
emits an accurate and reproducible amount of a
substance (e.g., gas generators®®), or a homo-
geneous, stable metal alloy containing, for
example, a known amount of chromium. It is

through the use of reference materials that

compatibility in the field of chemical analysis can
be most easily achieved, when the reference
materials in tum are components of a fully
integrated compatible measurement system, which
utilizes accurate methods and good measurement
quality control throughout.

e. Reference Methods
Reference methods provide an additional

366 CRC Critical Reviews in Analytical Chemistry

mechanism for achieving measurement compati-
bility. A reference method of analysis is a method
that has had its accuracy rigorously demonstrated
through experimental validation, as will ‘be dis-
cussed later. Reference methods are being
increasingly used in conjunction with reference
materials to assure measurement compatibility, as
will also be discussed later.

2. Definition of Terms and Concepts

Below are a scries of definitions and brief
descriptions of some terms and concepts to be
used extensively in this paper. These terms will be
used to describe an accuracy-based measurement
system which represents a conceptual systems
model for achieving compatibility of chemical
measurements on a national scale. These terms are

, defined from the framework and according to

current practices of the NBS and are definitions
commonly accepted in the field of chemical
analysis. :

a. Reference Materials

Primary reference materials — The term refer-
ence materials is used to describe a generic class of
well-characterized, stable, homogeneous materials,
produced in quantity and having one or more
physical or chemical properties experimentally
determined within stated measurement uncer-
tainties.. Primary reference materials are reference
materials having properties certified by a recog-
nized national standards laboratory or standards
agency such as the NBS in the U.S. or the National
Physical Laboratory in England. Primary reference
materials are certified using the most accurate and
reliable measurement techniques available consis-
tent with end-use requirements. International
standards organizations such as the International
Union of Pure and Applied Chemistry (IUPAC)
and the International Standards Organization
(ISO) have recommended the use of the term
“Certified Reference Material” along with the
abbreviation CRM to describe primary reference
materials. Thus, in the U.S., Standard Reference
Materials (SRMs) are certified primary reference
materials produced by the NBS. In this paper, the
terms primary reference materials and SRM will be
used interchangeably.

Secondary reference materials — The distinc-
tion between primary and secondary reference
materials is somewhat arbitrary and is best made in
terms of end use. Secondary reference materials
are generally considered to be those produced by
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commercial organizations or by individual labora-
tories for direct use as working standards. The
working standards may then be used to assess
small changes®? in analytical procedures on a daily
basis. In many cases, the secondary reference
materials are directly related to SRMs or other
primary reference materials, For example, NBS
issues SRMs for use in clinical analysis, e.g.
cholesterol, uric acid, and glucose. These are
highly pure materials generally issued in crystalline
or solid form. Many commercial medical-materials
suppliers use NBS SRMs as primary calibration
standards to control the production of secondary
reference materials in which the constituent of
interest is present in a serum matrix. The College
of American Pathologists (CAP) also produces
secondary reference materials for use in laboratory
survey programs. A paper by Hanson®$ describes
the relationship of the CAP reference solutions to
NBS SRMs.

A primary reference material is normally pro-
duced by a national standards laboratory or other
organization having legal authority to issue such
materials. Primary reference materials are generally
produced in much smaller quantities and have
much more rigorous certification requirements
than secondary reference materials of a similar
nature. Secondary reference materials are usually
developed for use in high-volume day-to-day field
operations where low operating cost and moderate
accuracy are important considerations. Primary
reference materials are intended for use where
accuracy is the most important requirement,
regardless of cost. At NBS, SRMs are certified
using definitive methods of analysis whenever
possible (see Section c. below) and in many cases,
also provide the accuracy basis for the develop-
ment of reference methods described in Section d.,
below.

b. Basic Measurements Units

Anyone who has had the misfortune to be
simultaneously enrolled in two different courses in
physics and/or chemistry in which two distinct
systems of measurements units were used realizes
the confusion that occurs in attempting to com-
municate simultaneously in two separate scientific
languages. In principle, as long as both systems of
units provide self-consistent measurement scales,
they can be accurately related to each other
through exact physico-chemical equations. In
practice, scientific communication will be

considerably more effective if everyone is utilizing
the same system of measurement units. Most of
the nations of the world have now agreed to use
the system of units referred to as the “Systeme
International d’Unites” or the “International
System of Units” abbreviated as SI and usually
referred to as the “Metric System.” The U.S. will
be gradually converting to the SI units for general
use during the next decade. The SI system of units
has been the overwhelming choice of most ana-
Iytical chemists for decades.

The SI system of units includes the seven base
units: mass, length, time, electric current, thermo-
dynamic temperature, luminous intensity, and the
amount of substance, ic., the mole. Using the
basic equations of physics, onc may describe the
approximately 50 derived units (e.g., volume,
density, frequency, and viscosity) in terms of the
base units.3® The derived units, together with the
base units, form the basis for the other experi-
mental measurement parameters which are
normally determined in physics and chemistry
laboratories (e.g., absorbance, nuclear cross-
section, spectral intensity, pH, etc.). It is not
always possible to relate the experimentally
determined parameters to the basic units without
the use of extensive approximations or inexact
equations. These approximations may lead to large
uncertainties in the determination of the experi-
mental parameters through the introduction of
systematic errors.

¢. Definitive Methods .
Dorsey and Eisenhart in their classic paper on
absolute measurements®? state the following:

By an absolute measurement of a physical quantity, such
as the velocity of light, is meant the determination of the
value of that quantity in terms of the significant
fundamental units of length, mass, time, etc., and of those
constant parameters that characterize the accepted system
of theoretical equations that connect the several pertinent
quantities.

Analogously, in the field of chemical analysis,
an absolute measurement of a chemical propérty
such as composition is generally made by a
method (either instrumental or manual in nature)
in which the property in question is either directly
evaluated in terms of the fundamental units of
measurement or indirectly related to the base units
via exact mathematical equations. Many of the
chemical methods of analysis based on such
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techniques as gravimetry or coulometry fall within
this definition.

Definitive methods of chemical analysis are
those that have a valid and well-described theoreti-
cal foundation, have been experimentally evalu-
ated so that reported results have negligible sys-
tematic errors, and have high levels of precision.
Such methods, with high reliability, give “true
values™ and are thus the chemical analogues of the
absolute physical methods described by Dorsey
and Eisenhart. They are the most accurate
methods available to measure a given chemical
property. The term definitive method was first
used by Young? 7 in the sense described here while
applying some of these measurement compatibility
concepts to the field of clinical analysis.

Definitive methods provide the fundamental
basis for accuracy in chemical analysis. Such
methods usually require highly skilled personnel
and are time-consuming as well as expensive to
perform. Thus, they are generally uneconomical
for field use. Two excellent examples illustrating
the development of definitive methods are re-
viewed by Cali and Reed.>® These two definitive
methods are the determination of calcium in
serum by isotope dilution mass spectrometry
(IDMS) developed by Moore and Machlan®® and
the determination of the combustion energy of
benzoic acid in terms of electrical units developed
by Churney and Armstrong.?® The application of
the IDMS definitive method to the determination
of Pb, U, Th, T, and Ta in NBS Trace Element
Glass SRMs is described by Barnes et al.*!

In the case of the IDMS method for trace
inorganic analysis, one relates the concentration of
unknown samples directly to the actual weights of
spike solutions and the isotopic atomic fraction of
the spike and unknown sample as measured by
mass spectrometry, using the following equa-
tion:3®

W, C[Agp — RB,
Concentration of sample (wt) =i_[_5L_S_p] .M

BR - A W,
where
WSp = Weight of spike solution, grams
C = Concentration of spike, pmol/g of
solution
A, = Atomic fraction of isotope A in spike
By, = Atomic fraction of isotope B in spike
A = Atomic fraction of isotope A in sam-
ple
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B = Atomic fraction of isotope B in sam-

ple

R = Experimentally measured ratio of A/B
in sample 7

M = Atomic weight of analyte

W, = Weight of sample, grams

In terms of accuracy, the power of the IDMS
technique results from the fact that chemical
manipulations are carried out on a direct weight
basis and the mass spectrometric determinations
involve isotopic ratios rather than absolute iso-
topic determinations, obviating the need for in-
strumental corrections. Thus, systematic errors are
essentially eliminated. This technique automatic-
ally and directly results in determination of
experimental parameters in terms of base units of
measurement. ’

The small measurement uncertainty obtainable
by this technique is illustrated by the measure-
ment of trace uranium in the glass SRM cited
above. The relative uncertainty of the IDMS
measurements was less than 0.25% for U concen-
trations in the range of 0.8 to 460 ugfg and only
1.8% at a U concentration of 0.07 ugfg. In this
case, the uncertainties included method impre-
cision, possible unknown systematic error, and
material variability. When available, definitive
methods are preferred by NBS to certify SRMs.

d. Reference Methods

Cali et al.®»*® have defined a reference method
to be *“a method of proven and demonstrated
accuracy.” The accuracy of the reference method
should be demonstrated®® by direct comparison
with a definitive method or with a primary
reference material as is described in Section III.B.
The term reference method of analysis has come
into extensive use since the development of the
first reference method for analysis of Ca in blood
serum.*? Some, but not all, of the analytical
methods commonly referred to by such terms as
standard method, unique method, official method,
or referee method (see for example References 12
and 13) may be properly described as reference
methods in terms of the above definition and
criteria to be discussed in Section III.B.

Reference methods are one of the key com-
ponents of a chemical measurement system and
represent the primary mechanism for transferring
the accuracy of a definitive method or an SRM
into widespread use in the field. Since reference
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methods, like definitive methods, may also be
moderately sophisticated, they may not always be
acceptable for routine field use where time and
cost are important considerations. Like SRMs, and
in many cases in association with SRMs, reference
methods can be used to develop and/or assess field
methods, evaluate secondary reference materials,
and control the accuracy of quality assurance
procedures.

e, Field Methods

The term field method denotes any method of
chemical analysis used in an application requiring
large numbers of individual measurements to be
made on a routine basis. In modern analytical
laboratories, such measurements are usually made
by a technician using automated instrument sys-
tems capable of producing highly precise (but not
necessarily accurate) data. Many of these instru-
ments utilize comparative methods and thus re-
quire the use of reference materials to correct for
systematic biases inherent in the technique. Ex-
amples of field methods are the multielement
X-ray fluorescence spectrometers commonly used
in industrial quality control laboratories and the
multianalysis automated spectroscopic analyzers
used in many clinical [aboratories.

f. Traceability

Traceability is a term that is coming into
increased usage at the present time, especially in
the regulatory area. Basically, traceability implies
the assurance of the transfer of accuracy and/or
precision from one to another of the above-named
components of measurement systems. For ex-
ample, a field method should be demonstrated to
be traceable to a reference method and a reference
method demonstrated to be traceable to a defini-
tive method. The exact requirements and proce-
dures necessary to insure traceability depend on

the specific problem being addressed. A number of '

traceability protocols are currently being devel-
oped, primarily resulting from the needs of regula-
tory agencies. Some of these will be described
later. Each laboratory or organization going from
one level to the next in the measurement hierarchy
is expected to be able to demonstrate the trace-
ability of its measurements back to the next higher
level. The development of well-defined traceability
protocols which will assure proper transfer of
accuracy may be a necessary, if not always simple,
procedure. A recent workshop has discussed the

development of traceability protocols for gas
analyses to meet environmental regulations.*3

3. The Systems Approach to Measurement Com-
patibility
a. The Measurement Method[Reference Material
Hierarchy

A great deal has been written about the need
for a “systems” approach to achieve compatible
measurements, on a national (or international)
scale. Many of the previously cited references
discuss in great depth the various systems concepts
for achieving measurement compatibility.
Cali**»*5 and other members of the NBS staff®>
28538 have applied these concepts, particularly to
the areas of clinical analysis and trace chemical
analysis. As far as chemical analysis is concerned,
the systems approach to compatible measurement
can be best described in terms of six necessary
technical components of an accuracy-based meas-
urement system. These components which were
defined in the previous section are:

. Basic measurement units

. Definitive measurement methods
. Primary reference materials

. Reference measurement methods
. Secondary reference materials

. Field methods

AN AW —

To properly utilize those distinct, readily identi-
fiable components of chemical measurement sys-
tems, there is also an essential need for adequate
intralaboratory (internal), and interlaboratory
(external) quality assurance procedures. The rela-
tionships between each of the components in this
idealized accuracy-based measurement network are
schematically shown in Figure 1.

Figure 1 represents a hierarchial system of
analytical methods and reference materials each
coupled to the other in the manner shown. The
function of each component (I to VI) is to transfer
accuracy to the level immediately below it and to
provide traceability to the level immediately above
it, thus assuring measurement compatibility in the
overall system. This schematic represents an ideal-
ized system which, however, closely approximates
a number of operative systems in the U.S. As we
proceed from top to bottom, accuracy require-
ments diminish at the expense of increased meas-
urement efficiency. In such a system, a typical
field method accuracy requirement of 5 to 10%
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FIGURE 1. Schematic illustrating the relationship a
accuracy-based chemical measurement system.

would require the accuracy of reference method to
be in the range of 1 to 3%. The definitive method
and primary reference material should then have
accuracies in the 0.1 to 1.0% range.

b. Use of Precision Alone

In principle, reference materials and “standard-
ized” methods can be used to achieve measure-
ment compatibility on the basis of precision
alone®? if all laboratories in a network use
identical measurement methods and reference
materials. This is schematically illustrated in Fig-
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mong the different technical components of an “idealized”

ure 2. All laboratories (A through D) within the
network are using the same methods and reference
materials. The laboratories within the network (A
through D) may use homogeneous reference mate-
rials and analytical methods having inherent sys-
tematic errors but good precision and still agree on
the results of these measurements. Buyer-seller
transactions and exchange of scientific data can be
meaningful providing the transactions occur
among laboratories A through D. However, if
one of the laboratories has to compare results with
a laboratory outside the network (e.g., C with E),
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o All Iaboratories (A—D), in universe using same
methods and reference materials

e Hence, compatibility within immediate universe
of users

o What happens when “’C" attempts to communicate
with “’E" who is using different methods and
reference materials?

FIGURE 2. Schematic illustrating how measurement compatibility may be achieved by use of precision alone in closed

laboratory networks.

and the outside laboratory is using a different
measurement method and/or reference material,
then measurement compatibility may be difficult
or impossible to achieve. The problem of measure-
ment incompatibility can usually be overcome by
the use of accuracy-based measurement systems in
which all measurement methods and reference
materials in use throughout the network are
rigorously characterized in terms of accuracy.
Systematic errors are either eliminated or adjust-
ments are made to correct for such errors.

c. The Need for Measurement Quality Assurance

Although not explicitly shown as a unique
component of the measurement system illustrated
in Figure 1, experience has shown that formal
quality assurance procedures are necessary if ac-
curacy is to be maintained in measurement sys-
tems over long periods of time. There are two
fundamentally distinct but equally important
types of formal measurement quality assurance
procedures used to establish or maintain precision
and accuracy in chemical measurement networks.
The first is commonly referred to as intralabora-
tory (internal) quality assurance (IQA), whereby
each individual laboratory maintains a formal set
of experimental and statistical protocols designed
to establish and maintain the precision and/or
accuracy of its own measurement processes. Such
quality assurance programs usually involve the use
of control charts and reference samples used as

controls together with statistical models for inter-
pretation of data as is described by Shewhart!?®
and Wemimont.!® A recent special symposium on
the validation of the measurement process at the
April (1976) meeting of the American Chemical
Society (ACS) in New York City presented a series
of papers by G. Wemimont, R. C. Rhodes, J. J.
Filliben, and S. Denning, which will be published
as a Special ACS Monograph.2® The papers treat
such topics as statistical control, ruggedness tests,
sampling errors, interlaboratory testing, and their
application to chemical analysis. The point to be
stressed here is that, unless carefully and continu-
ously monitored, measurement processes tend to
get out of statistical control, i.e., they lose their
predictability. Without statistical control of
measurement processes in individual laboratories,
reference methods and reference materials may be
of little value in establishing and maintaining
accuracy in multilaboratory networks.

Although each individual laboratory must
ultimately be responsible for its own measurement
assurance, there are a number of formal external
mechanisms designed to aid laboratories with
respect to long-term quality assurance. These have
been established by various government agencies,
professional societies and standards organizations.
These are usually referred to as interlaboratory
(external) quality assurance programs (EQA). In
EQA programs, the sponsoring organization
usually provides a set of uniform well-charac-
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terized test specimens or reference materials to a
large number of participating laboratories to be
measured as unknowns. The participating labora-
tories analyze the test specimens and submit the
data to the sponsor for detailed analysis. The
sponsor then supplies each laboratory with quan-
titative statistical data such as:

1. The precision andfor accuracy of the
method used by the participating laboratory

2. The precision and/or accuracy of the data
obtained by the other participating laboratories
using the same method

3. The precision andfor accuracy of the
alternative types of methods used to measure the
same properties .

4. Usually some statement concerning the
acceptability of the individual laboratory results,
when compared to group averages

Examples of large interlaboratory quality
assurance programs are those sponsored by such
organizations as the College of American Patholo-
gists*® and the U.S. Environmental Protection
Agency.*” The existence of definitive methods,
reference methods, and SRMs provides a con-
venient and reliable mechanism for establishing the
accuracy of test specimens used in such quality
assurance programs.®? 48

The measurement method/reference-materials
hierarchy illustrated in Figure 1 is designed to
provide what Cali*®+*® has called “a systems
approach to accurate measurement,” whereby the
accuracy of measurements in the field can be
rigorously established and ultimately traced to
definitive methods of analysis, which in turn are
experimentally evaluated in terms of the. uncer-
tainties inherent in determining the base units of
measurement. Several points should be stressed.

" Standard Reference Materials and reference

methods play an important role in transferring
accuracy from a central standards laboratory into
the field. However, these two components by
themselves are not sufficient to assure accuracy
throughout the total system. The measurement
chain illustrated in Figure 1 is only as strong asits
weakest link. High quality secondary reference
materials, reliable field methods, as well as good
internal and external quality assurance programs
are also necessary to assure accuracy of the overall
system. It is the ultimate responsibility of indi-
vidual chemists and laboratory managers to assure
that the measurements being made in his or her

1
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laboratory are effectively coupled into the various
technical components of the total measurement
system. This raises the issue of the role of the
various private-sector and government organiza-
tions which make up the organizational com-
ponents of a measurement system and what they
can do to assist individual field laboratories in
achieving accuracy.

d. The Role of Public and Private-Sector Organi-
zations

If the operation of most private and govern-
ment organizations in the area of measurement
standards in the U.S. were to be described by one
word, it would be voluntary. With few exceptions
(such as the regulation of basic weights and
measures by state government agencies), the
development of material and product specifica-
tions, standardized analytical methods, and
reference materials is carried out in the U.S. under
a so-called “Voluntary Standards System.”*° In
general, material specifications and measurement
methods achieve legal status or are made manda-
tory only when incorporated into contracts
between producer and consumer. This mode of
operation of measurement systems in the U.S. is
quite different from that of other nations where
the use of specifications, analytical methods, or
even reference materials may be mandated by law.
Only in recent years have measurement-system
requirements been made mandatory in the U.S. as
a result of legislation such as that aimed at
controlling environmental pollution, improving the
operation of clinical laboratories, or assuring the
safety of consumer products. Thus, federal
agencies such as the Environmental Protection
Agency, the Food and Drug Administration, the
Center for Disease Control, the Consumer Product
Safety Commission, and the Department of Trans-
portation have currently legislated responsibilities
for assuring the reliability of measurements in
areas central to their regulatory missions. Numer-
ous examples could be cited of the establishment
of rules and regulations that involve chemical
analysis and require use of specified analytical
methods.’%2 Regulatory agencies have recently
started to require the use of SRMs (or secondary
reference materials traceable to SRMs) together
with standardized analytical methods.®® Pending
legislation before Congress’* could add further to
regulatory requirements for chemical measurement
systems.

In spite of the recent trend toward increased
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FIGURE 3. Schematic illustrating the relationships between the various organizational and technical components of an

idealized accuracy-based measurement system.

regulation, the measurement standards process in
the U.S. is still basically voluntary in nature and
dependent on the cooperation of numerous
government agencies, standards organizations,
trade associations, and professional societies. A
recent NBS publication®® lists nearly 600 private
and government organizations involved in some
area of measurement standards development or
promulgation. Many of these organizations are
involved in some phase of standardization related
to chemical analysis or in the development of
materials and product specifications or codes
requiring the measurement of chemical properties.
The many interactions between the various organi-
zations participating in one or more phases of a
measurement system are too numerous and
complex to describe in any comprehensive way.

Here, we attempt to draw some general conclu-
sions with respect to the role of various public and
private organizations vis-d-vis with the accuracy
based measurement network described in Figure 1.

Figure 3 is a schematic illustration describing
the different types of organizations making up a
typical chemical measurement system in the U.S.
Depending on the specific analytical application,
the technical and organizational components of
the measurement system will vary. Not all com-
ponents of the system may be necessary to
promulgate accuracy for all measurement applica-
tions. However, Figure 3 is believed to be a
reasonable representation of a typical chemical
measurement system. The major coupling points
of each organizational component to the various
functional components of the measurement
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system described in Figure 1 are also shown. The
role of each organization can be described in terms
of a four-tiered organizational hierarchy.

Tier I — primary standards laboratory — Tier I
consists of the primary standards laboratory,
which is the NBS for most of the chemical
measurements made in the U.S. In some countries,
the primary standards laboratory is represented by
a network of government-owned or government-
sanctioned laboratories reporting to a central
office such as the National Board for Quality
Control and Measures of Poland or the State
Committee on Standards of the Soviet Union. In
the U.S., a major function of NBS as the primary
standards laboratory is to develop the three most
fundamental components of the chemical measure-
ment systems: basic units of measurement,
definitive methods of analysis, and primary refer-
ence materials. NBS also cooperates with Tier II
organizations in the development of reference
methods. The Tier II organizations have the major
responsibility for reference-method development
and evaluation. Thus, reference methods represent
a major mechanism for transferring the accuracy
of the definitive chemical measurements per-
formed at the NBS to the measurements made by
the thousands of individual laboratories within the
uUs.

Tier II — regulatory and voluntary standards
bodies — Depending on the specific application,
the second tier consists of a consortium of
organizations such as government regulatory
agencies, professional or trade associations, and
voluntary standards groups. For example, in the
area of chemical analysis of steels, organizations
such as the American Society for Testing Materials
(ASTM), the American Iron and Steel Institute,
the Steel Founders Society of America, and the
Office of Pipeline Safety (Department of Trans-
portation) are all involved in the development of
specifications for metallurgical products. The
specifications might require the use of “standard-
ized” test methods and reference materials. In the
field of clinical analysis, Tier Il organizations
consist of such groups as the Center for Disease
Control, the Food and Drug Administration, the
College of American Pathologists, the American
Association of Clinical Chemists, and the National
Committee for Clinical Laboratory Standards
(NCCLS). The trade associations, professional
societies, and government agencies in Tier II are
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either directly responsible for developing reference
methods of chemical analysis or work within
voluntary standards organizations such as ASTM
or NCCLS to develop and promulgate such
methods. Tier II organizations represent the prime
organizational interface between NBS and indi-
vidual field laboratories or companies. In a few
cases, Tier II organizations also produce secondary
reference materials which may be used for com-
pliance monitoring, interlaboratory quality
assurance, or be provided directly to field labora-
tories for use in internal quality assurance. Indi-
vidual companies and chemical testing laboratories
are extensively represented on the committees of
the voluntary standards organizations. Thus, Tier
Il organizations also obtain information from the
field and thus provide considerable feedback to
NBS concerning field measurement problems.

Tier III — individual companies or research
laboratories — Tier 1II consists of three separate
subgroups. First are the instrument manufacturers,
chemical supply houses, and related commercial
organizations acting as individual entities. This
subgroup is responsible for the development of the
vast majority of analytical instrumentation as well
as the production of most of the secondary
reference materials used as working standards. This
subgroup represents, in part, the major ‘“‘hard-
ware” suppliers in the field of chemical analysis.

The second subgroup in Tier III consists of the
producers and manufacturers of the tens of
thousands of different materials and products that
are produced in our industrialized economy. These
companies represent the major users of the analyt-
ical hardware produced by other organizations in
Tier III. This group also depends on Tier II
organizations to help develop standardized analyt-
ical methods as well as material and product
specifications.

The third subgroup in Tier III consists of
individual research laboratories such as those at
nonprofit institutions or universities and also
commercial testing laboratories. These organiza-
tions are also involved in the development of
analytical hardware and software as well as
development of materials and products. In many
cases, these organizations serve as subcontractors
of the other organizations in Tier III. They also
serve as referees to resolve measurement disputes
which sometimes arise between other Tier III
organizations.

Tier IV — individual field measurement
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stations — This tier consists of the tens of
thousands of individual measurement stations
making literally billions of chemical measurements
per year. For example, depending on the measure-
ments being made, Tier IV might consist of
individual clinical laboratories, individual air pollu-
tion monitoring stations, or possibly the dozens of
individual quality control measurement stations
within a single steel company. These field labora-
tories depend on Tier Il organizations for the
majority of their analytical hardware needs (and
on occasion to referee measurement disputes) and

depend on Tier II organizations for some software
needs (e.g., reference methods and external quality
assurance). Many of these laboratories directly
utilize the SRMs and information on methods
provided by NBS as part of their internal quality
assurance programs. Thus, one sees that Figure 3
represents an integrated, self-consistent system. In
principle, such a system could serve to assure both
compatibility of measurements within the U.S.
and traceability of measurements back to the
definitive methods and SRMs developed by the
NBS.

HI. CRITERIA FOR THE DEVELOPMENT AND EVALUATION
OF REFERENCE MATERIALS AND REFERENCE METHODS

A. Reference Materials

In this section, we discuss the most important
factors that must be considered in the selection
and evaluation of reference materials used in
chemical analysis. Generalizations are difficult to
make because each reference material presents a
unique set of requirements with respect to such
factors as accuracy, form, or stability. A detailed
discussion on the preparation and evaluation of
SRMs appears elsewhere®»3¢:57 Here, we identify
some of the most important requirements and
criteria which are taken into consideration at NBS
during the development of SRMs. These should be
considered minimum requirements necessary for
the establishment of guidelines for development
and evaluation of primary reference materials.
Similar considerations should also be taken into
account in the development of secondary refer-
ence materials. . However, depending on the
application, technical requirements for secondary
reference materials may be much less rigid.

1. End-use Requirements

The first consideration is to assess the technical
requirements that will dictate the end use of the
reference material. End use will largely govern the
establishment of important certification require-
ments such as accuracy, stability or homogeneity,
as well as determine the final form of the SRM
(e.g., chip, solid, or solution). The most accurately
certified, stable, homogeneous reference material
that technology can produce would be of limited
value if the material is not delivered in a form
consistent with end-use requirements.

2. General Certification Requirements
At NBS, there is a legal aspect of the SRM

certification process. NBS SRMs carry the full
weight and authority of NBS and the U.S. Depart-
ment of Commerce as they are specifically author-
ized by federal legislation. However, more impor-
tant are the technical aspects of the certification
process which necessarily involves the concepts of
“accuracy” and ““uncertainty” of the values deter-
mined for the properties being certified.

If at all possible, NBS attempts to certify all
SRMs used for chemical analysis on the basis of
accuracy. Thus, a certified value is the present,
best estimate of the “true” value. The certified
value is not expected to deviate from the “true”
value by more than the stated measurement
uncertainty. The stated uncertainty of the value of
a property must take into account any systematic
errors and imprecision inherent in the measure-
ment process as well as any material variability.
Three principal measurement modes are used for
certification at NBS. In order of preference, they
are

1. Measurement at NBS by a definitive
method, as defined previously, usually performed
by two or more analysts working independently;
frequently, an accurately characterized backup
method is employed to provide additional
assurance that the data are correct

2. Measurement at NBS by two or more
independent reference methods having small
estimated inaccuracies relative to the end-usec
certification requirement

3. Measurement by a qualified network of
laboratories using both methods of proven
accuracy and existing SRMs as controls. This mode
is frequently used for renewal of compositional
SRMs. When high accuracy is the goal, the
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consensus approach to certifying reference mate-
rials should be implemented with extreme caution.
The mean value of the results of alarge number of
laboratories may not necessarily represent an
accurate value even when between laboratory and
within laboratory imprecisions are small.

The rigid measurement certification criteria
utilized by NBS have been found to result in high
accuracy and reliability of certified data. The
adherence to such criteria necessarily results in
high costs and a lengthy certification process that
may take months (or years) to complete. For
example, a typical multielement trace composi-
tional SRM might involve certification using a
dozen different reference methods andfor
definitive methods as well as several dozen
analysts. Many trade-offs must be made between
achieving high accuracy as opposed to minimizing
certification time and costs. Since NBS SRMs serve
as primary reference materials, an accuracy three
to ten times greater than the end-use requirements
must generally be attained even though the re-
sulting SRMs may be costly. (U.S. Government
policy requires all NBS SRM production costs to
be recovered through sales.) In many cases,
secondary reference materials may not have such
stringent accuracy requirements. Thus, costs of
producing secondary reference materials may be
reduced through using less rigorous measurement
certification criteria. Every case must be con-
sidered on its own merits.

Figures 4, 5a, and 5b are copies of two typical
certificates for trace element compositional SRMs
(for analysis of coal and unalloyed copper) re-
cently issued by NBS. These certificates illustrate
the different measurement modes used for certifi-
cation at NBS. For all certified values, the stated
measurement uncertainty includes method
imprecision, method biases, and material vari-
ability. The stated uncertainties take into account
the subjective judgment of the analysts as well as
the results of statistical analysis. The judgment of
the analyst is particularly important in evaluating
systematic errors. In cases where the values
obtained by networks of cooperating laboratories
or by analysts using different methods cannot be
reconciled, the values cannot be certified. Such
values might be given for informational purposes
but are clearly segregated and identified as such on
the certificate. For example, the data contained in
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the Copper SRM certificate (page 2) are recom-
mended values.

3. Material Variability .
Considerable time and money would be wasted
if analytical certification measurements were made
on candidate reference materials which were later
found to be inhomogeneous with respect to the
properties of interest. The homogeneity of a
material is a measure of the spatial variation of the
value of the property in question, e.g., the
variation of the composition of an element as a
function of distance along a solid rod or between
containers of a gas or liquid. A material is
homogeneous with respect to a specific property if
the measured value of that property in a specimen
of minimum size (or weight) is identical, within
end-use measurement uncertainty requirements, to
the measured value of that property in another
portion of the material of the same minimum size.
The end use uncertainty requirements should in-
clude the measurement method imprecision and
systematic error as well as material variability. It is
absolutely essential that carefully designed experi-
mental and statistical procedures be used to assess
homogeneity of a material before certification
experiments begin. The establishment of homo-
geneity is particularly important for metallic and
other solid materials. Beeghley et al.>” point out
that homogeneity requirements may differ dra-
matically depending on end use. For chemical
methods of analysis, homogeneity at about the 0.1
to 0.5-g level is normally required. For techniques
such as electron microprobe and mass spec-
trometry, homogeneity at the [-um level is desired
but may be difficult to achieve in practice.
Fortunately, the homogeneity of materials is
usually relatively easy to establish once an ade-
quate statistical sampling plan has been designed.
Only relative measurements using precise rather
than accurate techniques are normally required.
Thus, highly precise rapid instrumental methods
such as X-ray fluorescence or neutron activation
analysis can be employed to evaluate material
variability without having to be concerned with
the evaluation of systematic errors. A series of
NBS publications®®73 describe the considerable
effort expended on the evaluation of SRM homo-
geneity for a series of metal-alloy reference mate-
rials. The information contained on the two
certificates in Figures 4 and 5 indicates that these
particular SRMs are homogeneous to within the
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stated limits for 250-mg samples. Thus, these
SRMs should be useful for chemical methods of
analysis as well as some spectrochemical tech-
niques.

4. Material Stability

The ideal primary reference material is phys-
ically and chemically stable for an indefinite
period of time. The certifying agency should
establish the stability of the material and include
any critical information concerning long-term
stability or special storage requirements on the
certificate. If a reference material is not stable over
time, its use for applications involving long-term
internal or external quality control of measure-
ment systems could be considerably limited. For
example, the certificate for the Trace Element in
Coal SRM (Figure 4) indicates that the stability of
this material beyond 1 year has not been estab-
lished, but is being monitored by NBS. The user of
the unalloyed copper SRM is warned of possible
surface oxidation if the container is not kept
tightly capped. Reference-material users must pay
strict attention to such requirements to assure
proper utilization if long-term accuracy is to be
maintained. Secondary reference materials may
have much less rigid stability requirements,
especially when used in short-term quality
assurance applications.

5. Physical Form

The physical form of the material is also
dictated mainly by end-use requirements.®” For
example, metal SRMs intended to be used with
optical emission or X-ray spectrochemical tech-
niques are usually supplied in solid disk form.

Since many of the rapid instrumental methods

such as X-ray fluorescence are subject to inter-
ferences (i.e., “matrix effects”), the SRM matrix
should be similar to that of normal test specimens
being analyzed by such techniques. Mathematical
models have been developed®® to correct for
matrix effects, but care must be taken in selecting
the form and composition of any reference mate-
rials used in such applications. The degree to
which a reference material may be used to
establish accuracy or compatibility depends on
how closely it corresponds to the specimens being
analyzed.

Taylor®® has proposed a classification system
for reference materials based on the similarity of

380  CRC Critical Reviews in Analytical Chemistry

the reference material to specimens being ana
lyzed. We recommend classifying SRMs ang
secondary reference materials according to fou
different categories similar to those proposed by
Taylor as follows.

Matrix reference materials — Matrix reference
materials are essentially identical to the actual
samples being measured. The coal and unalloyed
copper SRMs in Figures 4 and S represent
examples of matrix SRMs, provided they are used
in applications involving the analysis of coal and
refined copper products. For many industrial
materials such as steels or refractories, an ex.
tremely close correspondence between reference
material and test specimen can usually be
achieved. This may not be the case in other areas
such as environmental or clinical analysis where
the “real world” specimens may be exceedingly
complex and variable. Thus, the actual properties
of test specimens may be difficult to reproduce or
duplicate in a reference material.

Simulated reference materials — Simulated
reference materials are those having properties
close to the test specimens and  are used to
simulate analytical problems in the field. An
example of a simulated SRM is the trace element
in water standard now under preparation at NBS.
This SRM will contain over 15 different trace
elements in a fresh-water matrix. It is being
prepared by spiking distilled water with trace
elements and, thus, will only simulate rather than
duplicate fresh-water samples collected in the
field.

Synthetic reference materials — Synthetic
reference materials are those that require the user
to perform some type of operation to transform
the material to a more appropriate form before
use. This introduces the possibility of added
uncertainties beyond those inherent in the refer-
ence material certification or the measurement
method being used. The SO, and NO,
permeation-tube SRMs provided by NBS (SRMs
1625 through 1627, 1629) for use in air pollution
analysis fall within this category. In the case of
permeation-tube SRMs, the user is required to
maintain stringent temperature controls and an
accurate gas flow system to synthesize a reliable
gas mixture that is in turn used to establish
reference values. The paper by Hughes®® describes
the precautions that must be taken in preparing
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and using permeation tubes and other gas mixture
SRMs.

Surrogate reference materials — Surrogate
reference materials are those having little or no
correspondence with actual test specimens, except
that they may contain some constituent of mutual
interest. An example of a surrogate SRM would be
a metal matrix SRM used to standardize or
evaluate methods for determining trace elements
in blood serum or human tissue. In principle, this
can be accomplished®”+®® as long as one takes
into account the limitations imposed by use of the
surrogate material. One must be able to transform
the surrogate SRM to a form whereby the matrix
effects are eliminated or minimized and the
accuracy of the standard is maintained. The
additional chemical manipulations inherently
result in additional uncertainties being brought
into the measurement process.

6. Publication of Reference Material Utilization
Sofnware

Huntoon?? stresses the importance of sup-
plying adequate “how to” software along with any
reference material to help assure proper utiliza-
tion. Any information that is critical to the proper
utilization of the reference material should
obviously be contained on the certificate of
analysis. For example, the Trace Element in Coal
SRM certificate (Figure 4) contains recommended
procedures to assure proper sample drying before
use. In many cases, detailed information con-
cerning material preparation, homogeneity testing,
or measurement certification procedures may also
prove to be extremely helpful to users involved in
a particularly critical experiment such as the
evaluation of the accuracy or precision of “state-
of-the-art” methods. To aid in such critical
applications, NBS has devoted a special series of
monographs (denoted as the NBS 260 ‘Series)
which are intended to provide the users of
particular classes of SRMs with detailed informa-
tion on development and certification procedures,
as well as comprehensive information on such
subjects as homogeneity and stability testing.
References 69 through 96 list the NBS 260
Special Publications which are particularly relevant
to chemical analysis, in addition to those cited
previously. These particular monographs only
cover a limited number of areas of chemical
analysis in which SRMs are currently being used.
We are aware of very few analogous publications

describing reference materials produced by other
organizations, although the need for such docu-
mentation has been recognized by producers of
primary reference materials in a number of
countries. Producers of reference materials should
aim to increase the number and scope of such
reference documents in the future. In critical
applications of primary reference materials in
particular, the documentation describing the
preparation and evaluation of the material may
prove to be as important as the reference material
itself.

Table 1 summarizes the major differences
between primary and secondary reference
materials in terms of selection and evaluation
criteria. The major end uses of primary and
secondary reference materials are also given. Some
examples illustrating these uses are given in
Section IV.

B. Reference Methods
1. Accuracy Requirements

In this section, we discuss the most important
factors to be considered in the selection and
evaluation of reference methods for chemical
analysis.. We should point out that the term
reference method is currently used in various
contexts by a number of different standards
organizations or government agencies. As will be
shown in Section 1V, many of the so-called
reference methods may not meet the criteria to be
discussed here, and thus, should probably be
denoted by other terms, such as standardized
methods or compliance methods, in order to
eliminate unnecessary confusion.

In Section II, a reference method was defined
as a method that provides accurate numerical
values of the property being measured, with the
accuracy being rigorously demonstrated by direct
experimental comparison with a definitive method
or a primary reference material. If the accuracy of
a method has not been rigorously demonstrated, it
should not be considered as a reference method.
The requirement of demonstrated accuracy is of
major importance if a reference method is to
perform its major function — that of transferring
accuracy from definitive methods and primary
reference materials to secondary reference mate-
rials and field methods as illustrated in Figures 1
and 3. Only recently has it been formally recog-
nized that reference methods may be effectively
used to transfer accuracy. They are rapidly
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increasingin both their number and their applicabil-
ity. The criteria given below have been developed
over the past several years and have been found to
be sufficient for a range of application areas.

In many cases, such as within a closed measure-
ment network illustrated in Figure 2, the distinc-
tion between a reference method and a standard-
ized method wil! be found to be of no particular
consequence. As long as all members of the closed
measurement network are using identical measure-
ment methods (and reference materials) and are
never required to communicate outside of their
network, measurement compatibility can be
achieved even though the measurement methods
may have an inherent bias or systematic error. As
long as all measurement stations achieve the same
bias, all stations will agree on the results of their
measurements and can carry out business in a
rational manner. If they are working in a buyer-
seller framework, a price structure for a com-
modity can still be established in an “equitable
manner” even if the transaction involves a dif-
ferent quantity of material than measured by the
buyer and seller. The price is agreed upon and the
quantity is mutually measured to be the same
value by the two parties. However, such a closed
measurement system is rare. Even if one were to
exist for a limited period of time, the introduction
of new measurement technology or such factors as
regulatory requirements would inevitably lead to
disputes that could not be resolved without
introducing accuracy into the system.

In principle, the accuracy of a reference
method can be established on the basis of first
principles, such as is done with definitive methods
(Section II.B.2.c). However, a more practical
approach to verifying the accuracy of a reference
method is by direct comparison with primary
reference materials or definitive methods through
interlaboratory testing by highly qualified labora-
tories.

The demonstration of accuracy by a single
laboratory could be sufficient. However, in
practice, evaluation of the method by a series of
laboratories provides a better characterization of
the overall uncertainty of the method because
information on between laboratory precision
(reproducibility) as well as within laboratory
precision (repeatability) is obtained. This also
permits the evaluation of the reference method in
a variety of experimental situations within dif-
ferent laboratories and with different operators. In

this manner, documentation is improved and
procedural errors are identified and eliminated.
Experience has shown that a careful review of the
method procedure documentation is required
before an analyst who is unfamiliar with the
method can obtain accurate results. Examples of
reference methods being evaluated in this manner
within the field of clinical chemistry will be
discussed in Section IV of this paper. Many of the .
ASTM measurement methods can also be con-
sidered reference methods according to these
criteria and are also discussed later. In these cases,
the validation of the reference method has been
accomplished by both of the modes described
above. A direct comparison is being made with
definitive methods in the case of a series of clinical
reference methods under development. In the case
of many of the ASTM methods, evaluations have
been based on comparison with primary reference
materials.

2. Demonstration of Accuracy

A recent paper by Cali and Reed®® describes
five major steps involved in the establishment of
the accuracy of a reference method. With minor
variations, the following basic procedure is the one
used for most reference methods developed to this
time:

1. Establish the accuracy goal of the
method, or alternatively, the limit of the inaccu-
racy to be allowed from the “true value.” Rather
than aiming for the highest achievable accuracy,
the goal should be established on the basis of
end-use requirements such as cost, ease of
performance, and application. Typically, the
accuracy goal of the reference method is set at
least a factor of three higher than dictated by
end-use requirements. An interlaboratory test
protocol is then designed so that the accuracy of
the candidate reference method can be verified
through appropriate statistical analysis. The
protocol must consider such factors as the number
of collaborating laboratories, the number and type
of materials to be sent to each collaborator, and
the number and sequence of measurements to be
made by each collaborator.®” Ultimately, the
accuracy (and precision) of the method will be
verified through statistical analysis and, thus, the
statistical design of the test protocol is critical.’®

2. Choose the candidate method which
when demonstrated to produce accurate results,
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FIGURE 6. Demonstrating the accuracy of a reference method. (See text for meaning of circled
numbers.) (From Cali, J. P. and Reed, W. P., The Role of National Bureau of Standards SRM’s in
Accurate Trace Analysis, National Bureau of Standards, Special Publication, No. 422, U.S. Government

Printing Office, Washington, D.C.)

becomes the reference method. If possible,
the candidate method should be one that has been
previously evaluated in terms of both precision
and systematic error and should inherently be one
of high precision. The detailed measurement
protocol should clearly describe the experimental
procedures as well as the statistical design con-
siderations.

3. Determine the “true value” of the
property under consideration in a homogeneous,
stable lot of material similar to the matrix,
which would normally be analyzed by the
reference method. This may be accomplished
through comparison with values obtained by a
definitive method or, alternatively, a series of
primary matrix reference materials may be used
for this purpose. If available, the use of existing
primary reference materials is preferred because of
time and cost savings. However, for this particutar
application, the primary reference material must
be a matrix reference material as defined pre-
viously.

4. Determine the numerical value of the
property under study by using the candidate
method protocol (i.e., the step-by-step experi-
mental and statistical procedure) together
with the samples in Step 3. The statistical pro-

384 CRC Critical Reviews in Analytical Chemistry

cedures incorporated into the protocol are used to
calculate a mean value, X, from the data obtained
by the participating laboratories. If the precision
of the method is known or demonstrated to be
small relative to any systematic error, the devia-
tion of X from the true value is a measure of the
bias of the candidate method. If this bias is less
than the reference method accuracy goal, then the
candidate method becomes the reference method.

5. If the systematic error is greater than
required by the reference method goal, further
study of the candidate method is required
to identify and eliminate (or correct) sources of
systematic error until the condition stated in Step
4 is reached.

These five steps are graphically illustrated in
Figure 6. The circled numbers 1 through S
correspond to the five steps described above. The
following should be noted:

1. Accuracy goals are usually set symmet-
rically around the “true value.” Figure 6 shows
only the negative bias side. A mirror image of the
figure to the right of the true value line exists but
is not shown.



16: 32 17 January 2011

Downl oaded At:

2. In this figure, the accuracy goal refers to
the accuracy goal of the reference method (RM).
Here, the numerical value of the mean (for the
property under analysis) shall be within plus or
minus 2% of the *“true value.”

3. At 2 on the figure, a typical normal
distribution is shown for the values of a large
number of replicate determinations using the
candidate method (CM). The precision of the CM
should be considerably less than the width of the
limit of inaccuracy as shown.

4. The “true value” point (100 in this
figure) is determined independently using a

definitive method or taken to be the certified
value of a primary reference material.

The discussion above is meant to illustrate a
systematic procedure for demonstrating the
accuracy of a reference method. Experience with
reference method development has shown that the
validation of the method may involve three or four
iterations of the above process before the de-
scribed accuracy goals can be reached. What is
important is that reference methods be accurate
and that the accuracy be verified through actual
experiments and evaluated with proper statistical
procedures.

IV. THE APPLICATION OF REFERENCE MATERIALS AND REFERENCE METHODS
TO LARGE MEASUREMENT NETWORKS

A. Reference Materials
1. Major Uses of Reference Materials
a. Production or Evaluation of Secondary Refer-
ence Materials

One common use of SRMs and other primary
reference materials is to provide an accurate
reference basis for the production or evaluation of
secondary reference materials. Analogously,
secondary reference materials may also be used to
develop “in-house” or “tertiary” reference mate-
rials. For example, NBS produces over 40 SRMs
consisting of gas mixtures certified for trace and
bulk chemical constituents, such as oxides of
nitrogen or carbon. Many commercial specialty gas
manufacturers use NBS SRMs as primary reference
standards during the production of secondary
reference materials. The less expensive secondary
standards are then directly used in the field. In this
manner, the accuracy of the field measurements
can in principle be related back to NBS measure-
ments without NBS having to directly supply
hundreds or thousands of field installations with
SRMs. In such an application, the existence of a
reliable measurement protocol for relating the
accuracy of the secondary reference material to
the SRM is essential. In the case of gas analysis,
the EPA is working with NBS and commercial gas
manufacturers to develop protocols for estab-
lishing the traceability of secondary gas reference
materials to NBS SRMs. For example, a draft
protocol for establishing traceability of calibration
gases used with continuous source emission moni-
tors has been developed for EPA and is currently
undergoing technical evaluation and review.* 3

A recent example of the application of an SRM
to the evaluation of secondary reference materials
is in standardization of temperature measurements
in the clinical laboratory. The accurate measure-
ment and control of temperature is essential for
assuring the reliability of many clinical measure-
ments (e.g., enzyme analysis). At the request of
the College of American Pathologists, Mangum and
Wise of NBS?3»?? developed a series of precision
thermometer SRMs (NBS SRMs 933 and 934) to
be used as primary temperature reference stan-
dards for clinical 1aboratories. Because these SRMs
are considerably more costly than ordinary
thermometers, they should not be used for routine
field applications. The National Committee for
Clinical Laboratory Standards (NCCLS) has
developed a tentative standard practice’®® for
temperature calibration of temperature sensors
which incorporates the NBS SRMs into the
measurement protocol. Ween'®! has also pub-
lished a procedure for using NBS SRMs (or other
high accuracy commercial temperature standards)
to evaluate thermometers used in routine clinical
laboratory applications. This example is an excel-
lent illustration of three different tiers of the
measurement hierarchy described in Figure 3 —
the primary standards laboratory (NBS), the
voluntary standards organization (NCCLS), and a
manufacturer of commercial reference materials —
all working together to transfer accuracy from the
primary standards laboratory into the field and to
assure the traceability of temperature measure-
ments throughout the different components of the
clinical measurement system.
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b. Direct Primary Standardization in the Field

Many comparative field methods of chemical
analysis such as the spectrochemical or X-ray
fluorescence techniques commonly used to
analyze metals and alloys are capable of achieving
high accuracy when SRMs are used directly as
calibration standards. For example, many of the
standard methods developed by ASTM Committee
E-2 on Emission Spectroscopy are in widespread
field use. Since some of these rapid methods are
essentially nondestructive, SRMs or other primary
reference materials can be directly used in the field
for calibration purposes without great additional
costs. For example, ASTM Standard Method
E322.67 is used for analyzing low-alloy steels by
X-ray fluorescence.!®2 The NBS D-800 and 1200
series of low-alloy steel SRMs are recommended
for use as primary standards with this method. In
cases where the direct use of an SRM may be
costly, the quality control laboratory may use the
SRM to control the production of less costly
secondary standards produced internally.

Accurately characterized primary or secondary
reference materials are essential to establishing the
accuracy of many rapid comparative field meth-
ods. Such methods may give results that are highly
matrix dependent. Normally, a large series of
reference materials for instrument calibration is
required to cover each material class or type under
investigation over a wide range of compositions.
Many thousands of different materials and com-
positional levels would be needed to satisfy all
needs in industrial materials processing, research
applications, environmental monitoring, and the
like. The need for trace element reference mate-
rials is particularly critical.'®® Recognizing this
dilemma, the NBS Office of Standard Reference
Materials has initiated a program to produce a
limited number of so-called benchmark SRMs to
serve as the anchor points for the calibration of
many instrumental measurement systems. Com-
mercial suppliers should use the benchmark SRMs
to control the production of secondary reference
materials. ;

Table 2 summarizes the trace analytical SRMs
currently available from NBS. These are intended
to serve as benchmarks for the analysis of metal,
inorganic, botanical, and biological as well as
environmentally significant matrices. In principle,
the interchangeability of the various trace element
SRM. matrix systems is limited only to the
chemical talents available. With present-day sophis-

386 CRC Critical Reviews in Analytical Chemistry

tication in chemical manipulations and under-
standing of the basic chemical principles under-
lying various measurement techniques, the matrix,
per se, may often be eliminated, or matrix
interferences may be minimized by such means as
separations, extractions, preconcentrations, or
instrumental background corrections. The final
critical requirement is that the chemical procedure
used to measure both the test specimens and the
SRMs be identical with respect to all variables that
could influence the measurement.

Irons et al.!®% -recently used a series of NBS
biological trace element SRMs as benchmarks for
the production of working reference materials
which had compositional levels intermediate to
that of the available SRMs. This was accomplished
through appropriate mixing of the SRMs. The
intermediate-composition reference materials in
turmn were used to evaluate the sensitivity, pre-
cision, and accuracy of energy-dispersive X-ray
spectroscopy and inductively coupled plasma
emission spectrometry for routine analysis of
biological materials. Since matrix independence is
never fully achievable in practice, a sizable number
of trace elemental SRMs for major matrix classes
will probably always be required. An objective of a
primary standards laboratory should be to make
the primary reference materials as broadly appli-
cable as possible. Producers of secondary reference
materials should extend the range of concentra-
tions covered by the primary reference materials
whenever feasible.

¢. Method/Instrument Development and Evalua-
fion

SRMs and other reference materials are being
increasingly used in the development or evaluation
of analytical methods and instrumentation. Such
applications of SRMs are widely reported in the
literature. For example, a review of the journal
Analytical Chemistry during the 18-month period
ending December 1976 identified over 40 research
articles' 547 citing the use of SRMs in the
development or evaluation of a wide varety of
different methods for chemical analysis and in
particular for trace elemental analysis. Table 3
summarizes and illustrates the variety of applica-
tions of SRMs in these recent papers. Particular
note should be taken of those papers using SRMs
to establish or verify the accuracy, precision,
and/or sensitivity of the methods being developed.
This use of SRMs not only results in a better
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SRM No.
1570
1571
1573
1575
1565
1569
1601-1603
16041609
1610-1613
1625-1627
1629
1630
1632
1633
1634
1636-1638
1641-1642
1658-1660
1661-1664
1665-1669

1677a-1681a
1683a—1687a
2611-2614
2671

2672
2675-2676

608-619
607
685
680-681
682-683
726
394-396
991

993

1261-1265
661-665
461-468

1089--1099

Name

NBS Trace Element SRMs

Certified values®

Botanical/biological standards

Spinach
Orchard leaves
Tomato leaves
Pine needles
Oyster meat
Brewers yeast

12 trace elements, 3 major constituents
14 trace elements, 5 major constituents
9 trace elements, 4 major constituents
12 trace elements, 5 major constituents
9 trace elements, 3 major constituents
Cr is certified at 2.12 pg/g

Environmental standards

CO, in nitrogen
Oxygen in nitrogen
Hydrocarbons in air
SO, permeation tubes
NO, permeation
Trace mercury in coal
Trace metals in coal
Trace metals in fly ash
Trace metals in fuel oil
Lead in reference fuel
Mercury in water
Methane in air

SO, in nitrogen
Propane in air
CO in nitrogen
NO in nitrogen
CO in air

Fluorine in freeze-dried urine
Mercury in freeze-dried urine

Toxic metals on filters

~300-400 ppm
~1.5 ppm-21 mol%
~1-1000 ppm

Permeation rate ~0.6—2.8 ug/min over 20-30°C

Permeation rate ~1.5 ug/min at 25°C
0.13 ppm

13 trace elements

13 trace elements

Ni, Pb, V, Zn, Fe,as wellas §

Pbat 12, 20, 28, and 773 ug/g

1.49 pg/ml and 1.18 ng/ml

1-10 ppm (SRM 1660 contains 4 ppm methane and 1

ppm propane)
~500-2500 ppm
~3-500 ppm
~10-1000 ppm
~50-1000 ppm
~1-45 ppm
0.8 mgF-/land 7.1 mgF /1
0.05 mg Hg/l and 0.29 mg Hg/1
Be, Cd, Pb, Zn, and Mn at trace levels

Industrial standards — metals, ores, glasses

Trace element glasses
Potassium feldspar
High purity gold
High purity platinum
High purity zinc

Intermediate purity selenium

Unalloyed copper

Lead-206 spike, assay and

isotopic solution

Uranium-235 spike, assay and

isotopic solution

Low alloy steels; electrolytic iron

Various steel alloys

Graded series of 36 trace elements
Rb, Sr content, Sr isotopic ratio
Cu, Fe, In

12 trace elements

6 trace elements

24 trace elements

12 trace elements

0.32 umol Pb 206/g

28.270 umol U225 ¢

Qver 30 trace and bulk constituents

Certified for trace levels of oxygen and nitrogen

AThe units used in the table correspond to those used on the certificates of analysis.

October 1977
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TABLE 3

Examples of Use of SRMs for Method Development and Evaluation

Method application

Determination of Hg in petroleum products by acid
decomposition and cold-vapor atomic absorption at
5-10 ng/g

Determination of trace Cd in petroleum by atomic
absorption at 10 ng/g level

Analysis of chemical oxygen demand in waste waters
in the range of 3—900 mg/l

Determine As and Sb in environmental samples using
gas chromatography with microwave emission spec-
trometry at ppm levels

Multielement analysis using tf cavity ion source
and mass spectrometry

Trace element analysis of fluids by proton-induced
X-ray fluorescence

Simultaneous determination of tellurium and uranium
using neutron activation analysis

Determination of iodine-129 at natural levels using
neutron activation and isotopic separation

Determined trace mercury in environmental samples
using a new Zeeman method for atomic absorption
spectrophotometry

Titrimetric determination of fluorine following
volatilization

Determination of silicon in glasses and minerals in
the range of 14—94% using atomic absorption spec-
trometry

Evaluation of sample pretreatments for mercury
determination using neutron activation analysis

Determination of trace carbon and boron using quasi-
prompt charged particle activation analysis

Determination of arsenic, selenium, antimony, and
tellurium in foods using rapid hydride evolution
and atomic absorption spectrometry

Determination of mercury by cold-vapor atomic absorp-
tion

Used internal standardization in a vidicon flame
spectrometer to analyze magnesium in serum

Multielement analysis using charged particle activa-
tion analysis with X-ray counting

Trace element analysis using multielement isotope
dilution with a coaxial cathode ion source

Calcium analysis using a wavelength-modulated filter
flame photometer

Evaluated gas phase exponential dilution as a cali-
bration technique for gas detector

Analysis of low alloy steels by secondary ion
mass spectrometry

388 CRC Critical Reviews in Analytical Chemistry

SRMs used

SRM 1630 (coal) used as spike

SRM 1053a (cadmium cyclohexane butyrate)

SRM 84h (acid potassium phthalate) in solution as
working standard

SRM 1571 (orchard leaves), SRM 1577 (bovine liver),
SRM 1632 (coal), SRM 1633 (fly ash) used to estab-
lish accuracy of method

SRM 804a (basic electric steel) used to establish
reproducibility

SRM 1571 (orchard leaves) to establish accuracy

SRM’s U0002 and UQ10 (uranium oxides) used in stan-
dard solutions, SRM 1571 (orchard leaves), SRM
1632 (coal), and SRM 1633 (fly ash) used to
establish accuracy

SRM 4949 (iodine-129) used as internal standard

SRM 1571 (orchard leaves) and SRM 1633 (coal) used
to establish accuracy

SRM 120b (phosphate rock) used to establish accuracy

SRM 1a (limestone), SRM 70a (fieldspar, potash), SRM
77 (bunt refractory), SRM 78 (burnt refractory),
SRM 89 (lead barium glass), SRM 91 (opal glass),
SRM 93 (high boron glass), SRM 97 (flint clay), SRM
98 (plastic clay), SRM 99 (feldspar, soda), SRM 102
(silica brick) used to establish accuracy over wide
concentration range

SRM 1577 (bovine liver), SRM 1571 (orchard leaves),
and SRM 1630 (coal) used to establish accuracy of
method

SRM 610 (glass), SRM 612 (glass), SRM 1571 (orchard
leaves), and SRM 1143 (blast furnace iron) to
establish accuracy of method

SRM 1571 (orchard leaves) and SRM 1577 (bovine liver)
used to establish accuracy of method

SRM 1571 (orchard leaves) and SRM 1577 (bovine liver)
used to establish accuracy of method
SRM 1577 (bovine liver) used to establish accuracy

SRM 610 (glass), SRM 612 (glass), and SRM 614 (glass)
used to establish accuracy

SRM 461 (low alloy steel) used to establish sensi-
tivity and precision for certain isotopes

SRM 19 (limestone) used to establish accuracy of
method

SRM’s 1666—1668 (propane in air) used to calibrate
flame ionization detectors and to evaluate accuracy
of direct calibration with exponential dilution
flasks

SRMs 461,465, and 466 (low alloy steels) used to
evaluate sensitivity and applicability for quan-
titative analysis

Ref.

105

106
107

108

109
110

111

112

113

114

115

116

117

118

119

120
121
122
123

124

125
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TABLE 3 (continued)

Examples of Use of SRMs for Method Development and Evaluation

Method application

Spectrophotometric determination of vanadium (V)
by extraction with N-[p-N,N-Dimethylanilino)-
3-methoxy-2-naphtho] hydroxamic acid

Analysis of low alloy steels with the ion micro-
probe mass analyzer

Analysis of refractory oceanic-suspended materials
using a decomposition technique

Determination of uranium in natural waters by neu-
tron activation analysis

Determination of lead using Zeeman atomic absorp-
tion with a dual chamber furnace

Determination of selenium (IV) by anodic stripping
voltammetry in flow system with ion exchange
separations

Development of a continuum source atomic absorption
spectrometer with high resolution and wavelength
modulation

Determination of lead, cadmium, and zinc using
Zeeman effect in atomic absorption spectrometry

Evaluation of the local thermal equilibrium model
for quantitative analysis of secondary ion mass
spectrometry

Assay of Boron-10 enriched elemental boron by iso-
tope dilution mass spectrometry

Development of a low flux multielement instrumental
neutron activation analysis method for archaeometry

Determination of nanogram levels of chromium using
coupled gas chromatography atomic absorption

Trace element analysis of solid materials by laser
probe mass spectrometry

Direct analysis of metals and alloys using atomic
absorption

Quantitative detection of NO, in nitrogen using
laser magnetic resonance at 1616 cm ™!

Detection of lead via lead-207m using a cyclic
activation and a modified sum-coincidence system

Development of a neutron activation analysis pro-
gram for multielement trace analysis with ab-
solute counting

Trace elemental analysis by heavy ion-induced X-ray
emission

Determination of toxic elements in environmental
samples using radiochemical separation prior to
gamma-ray spectrometry

Detection and characterization of aerosols con-
taining transuranic elements with the nuclear track
technique

Determination of boron and cadmium in environment-
al materials by nondestructive thermal neutron-
prompt gamma-ray spectrometry

Determination of tin in the concentration range
0.002—-1.0% with 4,5 Dihydroxyfluorecein by dif-
ferential absorptrometry

SRMs used

SRM 67 (manganese metal) and SRM 117 ferrotitanium)
used to establish accuracy of method

SRM 466 (low alloy steel) used to evaluate method
and to correct for carbide formation in the matrix

SRM 98a (plastic clay) used to evaluate elemental
recovery

SRM 950a (uranium oxide) used in standard solutions

SRM 1577 (bovine liver) used to establish accuracy
of method

SRM 1261 (low alloy steel), SRM 1571 (orchard leaves),
SRM 1577 (bovine liver), SRM 1632 (coal), and SRM
1633 (fly ash) used to establish accuracy of method

Used prototype NBS tomato leaves and pine needle SRMs
to compare 3 different methods of analysis for
copper

SRM 1577 (bovine liver) used to establish accuracy
of lead determinations

Used data obtained on SRM 661 (low alloy steel), SRM
121d (stainless steel), and SRM 162a (monel) to
evaluate models

Used SRMs 951-952 (boric acid) as isotopic spikes

SRM 1632 (coal) and SRM 1633 (fly ash) used to
establish accuracy of method

SRM 1571 (orchard leaves) used to evaluate extrac-
tion procedure

SRM 611 (glass) and SRM 464 (low alloy steel) used
to evaluate accuracy

Used NBS Brass and zinc SRMs (unidentified) to
establish detection limits and reproducibility

Used SRM 1629 (NO, permeation tube) as a cali-
bration standard

SRM 1571 (orchard leaves) used in evaluation of
sensitivity

SRM 4216 (mixed radionuclide) used to calibrate
detector efficiency

SRM 1577 (bovine liver) and SRM 1571 (orchard
leaves) used to evaluate accuracy

SRM 1632 (coal), 1633 (fly ash), SRM 1577 (bovine
liver), and SRM 1571 (orchard leaves) used as
calibration standards

Used NBS trace element glass SRMs to measure neu-
tron dose

SRM 1632 (coal), SRM 1633 (fly ash), SRM 1571
(orchard leaves), SRM 610 (glass), SRM 614 (glass),
SRM 1093 (valve steel), SRM 1262 (low alloy steel),
and SRM 1264 (low alloy steel) used to establish
accuracy of method

SRMs 443 and 444 (stainless steel) used to establish
accuracy of method

QOctober 1977
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130

131
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133
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137
138
139
140
141

142

143

144
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understanding of the limitations of the method,
but also makes it easier to compare the accuracy,
precision, or sensitivities of different methods used
to measure the same properties.

An excellent recent example of the use of
SRMs for method evaluation is the study of Ondov
et al."*® in which four laboratories used instru-
mental neutron activation analysis, instrumental
photon activation analysis, and natural radio-
activity counting to measure 37 different elements
in NBS SRM 1632 (coal) and 41 elements in SRM
1633 (fly ash). Their results were compared to
values for the 12 elements certified by NBS and
considerable data are presented for over 20 ele-
ments not certified by NBS. This study showed
that the accuracy and interlaboratory dispersion of
data obtained by nuclear methods of analysis was
superior to several other methods used by the
participating laboratories.

In spite of the rather large use of SRMs and
other primary reference materials in method evalu-
ation as indicated in Table 3, there are an equally
large number of papers published in the literature
that do not utilize primary reference materials to
evaluate such factors as accuracy or sensitivity
when such reference materials are readily available.
The value of newly developed methods would be
considerably enhanced if researchers would more
often establish and/or verify the accuracy of their
results relative to values produced by other
methods via comparison with SRMs. Such use
would also help to assure the traceability of the
results of individual researchers to other com-
ponents of the measurement hierarchy.

d. Quality Assurance

Another major application of reference mate-
rials is to provide a common reference basis in
measurement quality assurance. A detailed discus-
sion of intralaboratory and interlaboratory quality
assurance is beyond the scope of this paper. The
reader is referred to the publications of
Wernimont,'?2% Shewhart,' #:2¢ Youden,?' and
Mandel?? for a discussion of some statistical and
experimental methods used in internal and exter-
nal quality-control programs. In many . internal
quality assurance applications, the use of accu-
rately characterized primary reference materials
may be unnecessary. The major concern may be to
monitor the repeatability of measurements from a
single measurement station or the reproducibility
of measurements between different stations within

390 CRC Critical Reviews in Analytical Chemistry

a single laboratory or company. The daily use of
SRMs may be too costly for such purposes. In
such applications, a sufficient quantity of a reason.
ably stable material similar in nature to the matrix
of the specimens being analyzed can be used as a
reference material. Eckert and Mongan'?® have
described such an intemnal quality control pro-
gram. They use materials prepared in-house as
reference materials to monitor the long-term
precision of stations that are monitoring lead
contamination in air and water. Winter*” has also
described the use of reference materials in the
quality assurance program of the EPA Environ-
mental Monitoring and Support Laboratories in
Cincinnati. Previous reference was made to the
extensive use of secondary reference materials in
the laboratory survey programs of the College of
American Pathologists.

An excellent example of the use of SRMs to
establish the precision and/or accuracy of measure-
ments made through interlaboratory testing is
represented by ASTM Standard Methods E-350,
E351a, E352, E353, and E354 which are intended

~ for use in the chemical analysis of a variety of iron

and steel products for several dozen elements over
broad concentration ranges.!*® In this case, a
variety of NBS SRMs and primary reference
materials produced in England were used to
evaluate the accuracy, reproducibility, and repeat-
ability of these standard methods. For example,
Table 4 shows data obtained for the analysis of
manganese over the range of 0.01 to 2.5% by the
method specified in ASTM E350 (a photometric
determination after treatment with periodate).
The certified values of the NBS and British
primary reference materials are shown in paren-
theses. The within laboratory precision (R;) and
the between laboratory precision (R, ) are shown
in absolute percent of manganese. These values
are determined by the procedure specified in
ASTM Standard E173, Recommended Practice for
Conducting Interlaboratory Studies of Methods
for the Chemical Analysis of Metals.'? Good
accuracy and precision is obtained for all but the
lowest concentration by this method. In this case,
the use of accurately characterized, homogeneous
primary reference materials was critical to estab-
lishing the precision and accuracy of the method.
Once accuracy and precision are established, such
methods may then be used to evaluate secondary
reference materials or standards prepared in-house
to be routinely used in quality assurance applica-
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TABLE 4

Determination of Manganese in Low Alloy Steels Using ASTM Standard Method E350°

Manganese
found Repeatabilityb Reproducibilityb

Test specimen (%) R)) R,;)
Alloy steel (BCS 252, 0.016 Mn) 0.022 0.004 0.006
Alloy steel (BCS 255/1 0.16 Mn) 0.161 0.004 0.010
Low-alloy steel (NBS 72f, 0.545 Mn) 0.551 0.010 0.020
Low-alloy steel (NBS 139a, 0.780 Mn) 0.780 0.009 0.030
Alloy steel (NBS 159, 0.807 Mn) 0.819 0.010 0.034
Low-alloy steel (NBS 13f, 0.889 Mn) 0.892 0.015 0.027
Low-alloy steel (NBS 1006, 1.89 Mn) 1.91 0.02 0.04

Note: BCS = British Chemical Standard, NBS = NBS Standard Reference Materials.

3From Part 12 of 1976 Annual Book of ASTM Standards, 582. Reprinted by permission of the
American Socicty for Testing and Materials, Copyrighted.

bcheatability and reproducibility defined in ASTM Standard Recommended Practice E-173,
Conducting Interlaboratory Studies for Chemical Analysis of Metals, 1976 Annual Book of

ASTM Standards, 464, Part 12.

tions. The E350 Standard Methods of ASTM meet
the criteria specified for the development of
reference methods (Section IIL.B.) and these
methods, in fact, serve as good examples of
reference methods.

Waasdorp'®! has described a comprehensive
internal quality-control program for chemical
analysis in steel plants. This particular internal
quality control program utilizes systematic
measurement protocols for maintaining both
short-term and long-term control of the accuracy
of measurement processes used in steel produc-
tion. In the long-term control system, the refer-
ence materials used consist of a random selection
of specimens obtained from recent production
runs which are submitted for analysis by accurate
chemical methods. Periodically (i.e., twice each
year), the results of the routinely used produc-
tion-line method (spectrochemical analysis) are
compared with results obtained from the more
accurate chemical analytical methods. Figure 7
compares data obtained for the analysis of phos-
phorous at the 0.015% level by both methods for a
6-month period ending in March 1975. Data are
shown for samples from two different Basic
Oxygen Furnaces (BOF). In this manner,
Waasdorp is able to monitor the long-term accu-
racy of the routine spectrochemical techniques
relative to the more accurate chemical methods.

In the short-term quality control system,
Waasdorp utilizes samples, as reference materials,

which have previously been analyzed by the
accurate chemical method. Once during each 8-hr
work shift, the reference materials are analyzed on
each spectrometer on duty. This permits imme-
diate identification of measurement problems,
such as instrument drift, so that rapid corrective
action can be taken, if necessary. Figure 8 illus-
trates the type of control chart used by Waasdorp
to monitor the short-term variability of the
spectrochemical measurements as a function of
shift changes within the plant. The heavy vertical
line on the charts represents the value obtained for
the reference material using the accurate chemical
method. E(o) is the standard deviation (precision)
of the chemical procedure. X and S denote the
mean value and standard deviation respcctively, of
the data taken as a function of time using the
spectrochemical technique. Thus, both the pre-
cision and accuracy of the spectrochemical field
method can be monitored on a daily (hourly)
basis. If the chemical methods of analysis are
similar to the methods described in the ASTM
E3350 series, Waasdorp could, in principle, establish
the traceability of his measurements to NBS
SRMs.

The rigorous internal quality-control pro-
cedures described by Waasdorp are illustrative of
the rigorous quality-control procedures used
throughout the steel industry. Woodruff and
Bendure' 32 have recently described an extensive
quality assurance program used by another steel
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FIGURE 7. Comparison of data from the measurement of phosphorus in steel using an accurate
chemical method as a reference method to control the long-term accuracy of a spectrochemical field
method. (From Waasdorp, A., Rapid Quality Control Analysis in the Steel Plant, paper presented at
the 1976 Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, Cleveland, 1976.)

company. These authors describe a quality
assurance system in which the various plant
laboratories are evaluated periodically and rated
according to their performance over a long period
of time.

e. A Case Study — The Determination of SO,
Using the Pararosaniline Method

Chapter 13 of The Statistical Analysis of
Experimental Data by Mandel?? is concerned with
the statistical evaluation of measuring processes,
including a comprehensive treatment of the
analysis of variances of data obtained from inter-
laboratory testing. Mandel emphasizes the
potential advantage of using reference materials to
reduce the between-laboratory variability of data
obtained by different laboratories using the same
measurement method.

An example of the use of reference materials to

392 CRC Critical Reviews in Analytical Chemistry

reduce betweenlaboratory variability in a large
network of participating laboratories is also
described elsewhere by Mandel.!®3 This applica-
tion of reference materials involved an Environ-
mental Protection Agency survey'®* of 96
laboratories to evaluate the pararosanaline
method!®% for determination of sulfur dioxide in
air. This method measures the concentration of
sulfur dioxide in a sample of air by the spectro-
photometric determination of the color intensity
of the dye resulting from the chemical reaction
between sulfur dioxide and pararosanaline. A
series of five concentration levels of powder
samples consisting of sodium sulfate dispersed in
mannitol were prepared and analyzed by NBS!5¢
to serve as test specimens (unknowns) for the
interlaboratory survey. .
Mandel recommends a procedure for analyzing
data from interlaboratory surveys. A linear rela-
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FIGURE 8. Control charts used to monitor the short-term accuracy and precision of spectrochemical
methods for carbon analysis of steel. (From Waasdorp, A., Rapid Quality Control Analysis in the Steel Plant,
paper presented at the 1976 Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy,

Cleveland, 1976.)

tionship is assumed between the value of the
parameter being measured (in this case absorb-
ance) and the property being determined (concen-
tration of SO,). The test results obtained by each
laboratory are plotted against the corresponding
average values of the property obtained by all
laboratories! 37 or against other reference values
(e.g., the “true” values, if such values are known).
In this manner, one obtains a set of straight lines
(referred to as calibration lines). Each line repre-
sents the data from a single laboratory. Mandel
cites two important cases that typically occur.
These correspond respectively to a collection of
parallel lines (Figure 9a) or a bundle of lines
concurrent at the origin (Figure 9b). In either case,
considerable improvement in the between-
laboratory precision of the method can be accom-
plished if some mechanism could be found to
bring the lines representing each laboratory closer
together. This may be accomplished through the

use of reference materials to adjust the data of
each laboratory.

In the case of parallel calibration lines (Figure
9a), a simple vertical displacement of each line to
make it connect with the bisector of the axes
would eliminate the additional variability between
laboratories. Each laboratory could correct for its
own bias by using a reference material to deter-
mine the difference between its measured value
and the certified value. The laboratory can then
displace its calibration line to compensate for its
bias. If this adjustment is made by all laboratories,
the between-laboratory precision of the method
should be considerably improved. For the case of
parallel calibration lines, the choice of the concen-
tration leve! of the reference material is immate-
rial, i.e., any point on the x-axis would be
appropriate. ~

Such is not the case when all the lines are
concurrent, as in Figure 9b. In this case, all lines
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FIGURE 9. Schematic illustrating typical calibration lines obtained when plotting laboratory results against the actual
values of the properties measured. Two typical cases are obtained: (a) parallel lines and (b) concurrent lines through the
origin. These are discussed in text. (From Mandel, J., Statistics and Standard Reference Materials, National Bureau of
Standards, Special Publication, No. 408, U.S. Government Printing Office, Washington, D.C., 1975.) '

have different slopes but go through a common
point (the origin). Thus, the laboratory biases are
multiplicative rather than additive. This means
that all values obtained by an individual laboratory
are too high or too low, by a multiplicative
constant (the slope of the line). In such a case, the
most advantageous choice of concentration level
for the reference material would be at a level far
removed from the point of concurrence of the
lines. In the case of concurrent lines, each labora-
tory must adjust its data by dividing each of its
values by the ratio of the measured value of a
reference material to the assigned value of the
reference material. In the more general case where
the calibration lines cross each other at random,
two reference materials at different concentration
levels are required to make the corrections.

We now describe the application of this statis-
tical model to the EPA SO, survey because it
illustrates the fact that large reductions in
between-laboratory variability can be obtained
through the use of reference materials.

Table 5 gives the values for all five concentra-
tions (A through E) of the test specimens as
measured by each of the 96 laboratories partici-
pating in the survey. Table 6 summarizes the mean

394 CRC Critical Reviews in Analytical Chemistry

value and standard deviation for each of the five
concentration levels of the survey test specimens
as determined by NBS. In addition to making an
accurate determination of the SO, levels in each
of the five test specimen series, NBS also carried
out considerable stability and homogeneity
testing!*® to assure proper characterization of the
materials. Thus, the test specimens were, in
essence, well-characterized reference materials. In
this case, the standard deviation is a measure of
the variability of the levels of SO, between
ampoules in the same series. Comparison of the
results of Table 5 and Table 6 indicate that the
variability of the test results between laboratories
was an order of magnitude larger than could be
accounted for by the variability . between
ampoules.

The values obtained at each of the five concen-
tration levels for each of the 96 laboratories was
then plotted against the accurate values obtained
by NBS. Each laboratory’s results were repre-
sented by a straight line, fitted by the method of
least squares to the five points of each plot. This
resulted in a set of 96 straight lines for which the
abscissa values were the same in all cases (i.e.,
those of the NBS values). This analysis revealed
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TABLE 6

Determination of SO, by Pararosaniline
Method (National Bureau of Standards’

results)
SO, values (ug/m*)
Test
specimen Standard
series Mean value deviation?®
A 44.4 6.0
B 131.3 13.3
C 383.0 23.0
D 595.0 323
E 767.3 31.3

3Between ampoules of the same series;
based on a random sample of 20 am-
poules.

From Mandel, J., Statistics and Standard
Reference Materials, National Bureau of
Standards, Special Publication, No. 408,
U.S. Government Printing Office, Wash-
ington, D.C., 1975.

that values obtained by four laboratories (58, 60,
79, and 93) showed excessive scatter about their
fitted lines, indicating serious problems with
statistical control of their measurement process.
The data from these laboratories were eliminated,
and the subsequent analysis was confined to data
from the remaining 92 laboratories.

Figure 10 represents the linear plot of a typical
laboratory (laboratory 11). The height, H, is the
ordinate of the fitted line at the point X, where X
represents the average of the NBS values plotted
along the abscissa. The slope, B, for laboratory 11
is 0.5442 and the standard deviation of scatter
about the line, S, is 25.3. Further analysis indi-
cated that the bundle of lines corresponding to all
92 laboratories was essentially concurrent at the
origin. Thus, the structure of the data is similar to
that described in Figure 9b. This important con-
clusion allowed the evaluation of the effectiveness
of using one of the samples (i.e., sample E) as a
reference material and adjusting all the data at the
other four concentration levels for each laboratory
by use of the NBS “certified” value.

This adjustment was made for each laboratory
by dividing each of their values obtained for test
specimens A through D by the ratio:

Measured Value for Series E
NBS Assigned Value for Series E

396 CRC Critical Reviews in Analytical Chemistry

Table 7 contains the data for series A through D
that have been adjusted by the reference-material
values. A comparison of values in this table with
the corresponding unadjusted values in Tdble §
shows the considerable improvement of between-
laboratory precision through the use of the speci-
men E as a reference material. Table 8 shows the
standard deviations between laboratories for each
of the series A through D for the original and
adjusted data. In the case of test specimen series
A, the between-laboratory standard deviation was
reduced by 25%, while for series D the between-
laboratory variability was reduced by 80%. This
illustrates the considerable improvement in meas-
urement compatibility which can, in principle, be
achieved through the use of reference materials.
By comparing the grand mean of the values for all
laboratories before and after the data adjustment,
one sees that the overall accuracy of the labora-
tories (as measured by the relative deviations of
the mean of all laboratories from the NBS values)
has also improved by use of the reference material,
particularly at the lowest concentration level.

Mandel?? has stressed that a reference material
may be used to improve the compatibility of
measurements only to the extent that within-
laboratory imprecision is small in comparison to
the between-laboratory imprecision. This implies
that each individual measurement station has
attained statistical control over its own measure-
ment process. Fortunately, good within-laboratory
precision may be obtainable with many instrumen-
tal field methods. In cases where proper internal
quality-control procedures have not sufficiently
reduced within-laboratory imprecision, reference
materials may not be very useful in helping to
reduce the variability of measurements between
laboratories. ,

A case in point is the interlaboratory study
carried out by NBS to evaluate methods used to
determine mercury in water at the 0.2 to 5.0 ppb
range. The results of this study are described by
Uriano and Cali.?”? The data indicated that neither
the between-laboratory precision nor the accuracy
of the laboratories was improved to any great
extent by the use of reference materials. In that
particular study, there was considerable evidence
of lack of internal quality control for many of the
participating laboratories to the extent that within
laboratory imprecisions were large. Reference
methods are useful in such cases to provide an
evaluation of the suspected field methods. An



16: 32 17 January 2011

Downl oaded At:

600 [~
- 500 |-
E
=
=2
= 400 |-
(o]
g .0
[oa
a
& 300
-
=
S SLOPE B= 0.5442
- . $=253
2 200 - X
2 i
i ! x =3843
I {H=ZBA
100 |- !
1
[}
H
0 ] | | ¥l ] ] | 1
0 100 200 300 400 500 600 700 800

NBS REFERENCE VALUES {ug/m3)

FIGURE 10. Calibration line for laboratory 11 in the multilaboratoty survey of the pararosanoline
method for SO, measurements. (From Mandel, J. Statistics and Standard Reference Materials,
National Bureau of Standards, Special Publication, No. 408, U.S. Government Printing Office,

Washington, D.C., 1975.)

example from clinical chemistry is presented later
in this paper.

These two examples again provide evidence that
reference materials alone are not sufficient to
assure compatible measurements between labor-
atories if a state of internal statistical quality
control has not first been obtained within each
laboratory. Thus, in addition to making proper use
of reference materials, good analytical methods
under strict quality control are absolutely essen-
tial.

3. Application to Industrial Chemical Analysis

An important component of any industrial
standardization system is the development of
“specifications” andjor “codes” which aim to
define the essential properties of a material or
product and possibly the requirements for the
performance of the product in service.!>® Stand-
ard codes and specifications might include per-
formance specifications for use of the material in a
given application. The chemical composition as
well as values for other chemical or physical
properties may also be specified. Industrial codes

and specifications are established mainly through
the consensus process in the U.S. Such specifica-
tions are implemented by a variety of voluntary
standards organizations. These specifications essen-
tially govern the commerce of materials and
products in the U.S, Material or product specifica-
tions might also require testing by a standard
analytical or reference method, which in turn
should be calibrated through the use of specified
primary or secondary reference materials.*? For
example, the set of ASTM standard methods of
analysis for low-alloy steels and related materials
(E350 series), which was cited previously, is used
to analyze products covered by over 500 specifica-
tions established by ASTM, the Society for Auto-
motive Engineers, and the American Iron and Steel
Institute.

As materials are developed for use in high-
performance applications, the specifications for
materials become more rigid. This, in turn, leads to
a greater demand for better characterized refer-
ence methods and reference materials. For exam-
ple, the typical NBS compositional SRM for use in
the steel industry in the 1920s was certified for

October 1977 397



Funung WaWUIA0N *§ 1) ‘80 “ON ‘uoneanqng [erads ‘spiepueis jo neoIng [CUONEN ‘S[EIISIRJ 2OUDIOJOY PICpUElS

91°s19

P19
§'SLS
£°Les
L'619
$'88¢
9'€09
$€T9
§'16¢
1°28¢
9°LyS
6'EPS
LE6P
LTy
T'8ss
£6v9
0°0v9
P'9ss
9'619
P'6€9
9'80,
b8LS
L'ELS
L'899
£°88¢
6209
§TIL
1497
1'z8s
£'81¢
8'8€9

a

79°68¢€

L'10v
'S6¢
9'€9T
[ %433
8'86¢
£vLe
1°9%¢
8bee
PoLe
0'00¢
§'TST
0ot
'99¢
0°8¢¢€
¢SSy
$'6LY
0°'86¢€
b'S9¢
1°85¢
0ty
L'SLY
6°€6¢€
L4247
1'85¢
L'E8E
L'1Le
L'SSE
£9T¢
8'79¢
6'Lyy

o}

6£°8p1

N 841
9'0¢1
s'evl
9Lyl
0Evl
1°Cst
A4
6°00T
£CEl
6'S6

1°L6

1981
I'1st
9821
¥p91
6'CLT
S'SEl
T9ET
0'6L1
8'Lrl
(124!
8901
PSLt
6°LTT
0'Lel
0'EpT
8°66C
v 101
1"€Tt
0°LET

q

16°€S

6’88
g6y
I's¢
0’65
8'9%
§'8s
ULy
¢os
6'CS
9've
1°62
£'zs
$'8p
£y
8'tL
'Ly
9'Ss§
8'cs
[ty
L'8S
6'vv
§'8T
6’y
IS
8'vs
S'IL
S'16
0°se
9y
8L

A4

day

96
§6
¥6
6
16
06
68
88
L8
98
S8

‘v

[
€'0£9
$°L09
0019
§059
6929
0°LOL
6°L09
$'009
6°76S
'Les
P'ET9
L'S6S
TseL
'1eL
y'819
Le8e
£°8vL
0°LT9
1'129
T'sT9
9'vT9
9't19

" 1°66S

6'965
9'80L
6'9TL
0°'s99
€19
7099
S'LIS

a

8'0¢ce
P'L6E
9°¢ly
10y
8'v6¢
£pLe
6°C9%
£'88%
L'EEY
$'81Y
§'e8e
0'ce

§'e9¢
§'66¥
P9y
906t
8°5sT
0°289
PLIE
L°56E
€9ty
§'88¢
9'69¢
6'59¢
6°S6¢
L'S8¢E
Y4y
0699
0'66€
L'€8¢
0°68¢

0]

8'1t1
L0v1
6°LTIT
AV
§'8ST
8'CIT
6'¥91
LS8

8'991
PpLl
¥'911
vyl

€eel
761t
9'eel
0'6¢€1
6°LTT
L'SYe
| YA
Pl
S'0LT
€01
1'$C1
0°811
8991
el
6°10C
90T
8zt
L1851
8'LIT

q

0°'vs ¥9
9'9¢ €9
0°Z¢ 9
1°9T 19
9'SS 65
6'vL LS
6'CL 9§
6'6¢ 99
L*99 123
6°vE £S
89T (49
8y 15
Pey 0s
8'vs 6y
e 8y
0Ty Ly
9ty 9
9Cel 194
019 124
S'LS A4
8'9¢ (44
P'Ly 87
L'6¢ oy
44 6¢
8'99 8¢
9Tl LE
8'08 9¢
1S S€
19 e
4% 123
L'SE [43

Vv ‘qeT

(238
1°6S
£°609
Yy
6°56S
8'6€9
6'059
0°609
0'9L9
€0LS
£0€9
1°9%¢
1'91L
6'859
PIL9
§°C9§
8129
1989
9°9¢9
Tv9
0°0L9
L'LS9
L'168
9'sss
L9
§'859
0'965
v'Tes
8'+19
6'519
0°819

a

‘SL6T “O°Q ‘uo1Bulses ‘o010

T'06¢
I"€6¢
§'61S
9°00%
1'1s¢
967
18384
6'8LE
L'E8E
S'bse
L'E8E
9°1¥e
S'EvE
L'89¢
L'E8E
6°85¢
0E9y
£E0Y
i RYAS
P'8LE
[ 4%
9'68¢Y
9°LSE
6°96¢
L06¢
SOoLY
[ 483
1°29¢
9'TLE
O°LLe
¥'L8E

o}

0°¢st
P'811
6°L81
0yl
PLET
€1t
9'81
Poer
S'IEl
LpTe
O°LET
¥'901
SveEl
9°S¢el1
6°LT1
S1er
6°01¢€
LAVA
eEvl
L9¢1
S'LyT
§'s1T
8'8t1
8'851
LAYAN
L°e91
0°eeT
8'6ET
(44!
0'6¢1
0°8€1

q

/37 Uy SanjEA JIV — @ 01 V $3L1ag 10 TIEQ PaIsSnipe-poyiaj swiuesoreied Aq “QS jo o EUIWId (]

110z Alenuer 2T zg:9T

LATAVL

Y papeo junog

L'ES
s08
TP
$'9¢
9'1d
'ed
6°L6
€8¢
9°L9
1°69
P'LT
¥°0§
£zt
SIS
6’9
0Ty
€Il
7'6¢
L'E6
§'Ts
(A4
896
0'6¢
6'ts
I'ee
6'6S
L°6€
8'9%
8'Sp
0'ss
L'9S

pue sousnelS “r ‘leputpy woIg

— NN g VOO,

‘qe]

CRC Critical Reviews in Analytical Chemistry

398



16: 32 17 January 2011

Downl oaded At:

TABLE 8

Determination of SO, by Pararosaniline
Method Standard Deviation Between

Laboratories?
S0, Values (ug/m®)
Test
specimen Original Adjusted
series data data
A 28 21
B 66 44
C 181 76
D 292 59

3For a single determination in each
Iaboratory (ug/m®).

From Mandel, J. Statistics and Standard
Reference Materials National Bureau of
Standards, Special Publication, No. 408,
U.S. Government Printing Office, Wash-
ington, D.C., 1975.

about a half dozen bulk constituents. Now, over 40
elements, many of them at the part per million
level, must be certified to provide sufficient
information to evaluate metallurgical properties
such as ductility or corrosion resistance. In many
cases, the bulk constituents should be certified at
accuracies of 0.1% or less, while the trace constitu-
ents can hopefully be certified to accuracies of
several percent or better.

To illustrate how reference materials and refer-
ence methods are utilized in a typical industrial
measurement system, we cite the current activities
in the U.S. aimed at improving the analysis of
trace elements in unalloyed copper.'®? As part of
the trace element benchmark SRM program, NBS
has been cooperating with industrial laboratories
and ASTM in an effort to produce a series of
unalloyed copper SRMs certified for chemical
composition and eventually containing the useful
concentration ranges for 25 to 30 important trace
elements. Impurity elements and their concentra-
tion levels in refined copper have a profound
effect on such properties as electrical conductivity
and thus on product performance in a number of
energy-related applications. For example, the
presence of as little as 50 ug/g of Fe in copper wire
can reduce the electrical conductivity by as much
as 4%. Chemical composition specifications for
unalloyed copper products have become so severe
that disputes among producers and consumers

have resulted. To promote measurement compati-
bility and standardization in this multibillion
dollar a year industry, NBS was asked to provide
accurately characterized trace element SRMs.
ASTM is also in the process of developing standard
methods for the analysis of unalloyed copper.!$?
The development of the new NBS copper bench-
mark SRMs should greatly aid in the evaluation of
the accuracy of the proposed standard methods
and eventually lead to nationally accepted ref-
erence methods.

Together with existing copper ore SRMs, the
new copper benchmark SRMs will provide cover-
age of nearly all the copper materials cycle from
the mining through fabrication stages. Figure 11
illustrates the different stages in the copper mate-
rials cycle. Analytical measurements are important
for quality and process control at many different
points in the cycle. The four copper ore SRMs
previously issued by NBS (SRMs 330 [copper
millheads], 331 [copper milltails], 332 [copper
concentrate], and 333 [molybdenum concen-
trate] ) are for use at the critical points of cycle
involving ore concentration and beneficiation. In
addition to copper composition, several trace
elements are of major concern at this stage of the
cycle. For example, there are the important
precious metal by-products (rhenium, gold, and
silver). Table 9 shows the NBS certified and
information values for the constituents of interest
in the copper ore SRMs. For example, rhenium is
certified and covers the range from 0.4 ppm in the
copper milltails to 869 ppm in the molybdenum
concentrate. The certified values are at levels
typical of those found in actual ores and concen-
trates.

The unalloyed copper benchmark trace elemen-
tal SRMs arc designed to be used with measure-
ments made during the smelting, refining, casting,
and fabrication stages of the copper materials
cycle. More than 70 participants cooperated with
NBS in the planning stage of this major project,
with 16 companies providing the base materials
and 22 laboratories cooperating in the analytical
program for certification. The program now has
active participation from Canada, South America,
the European Economic Community, and a major
effort from both industrial and government groups
in South Africa (coordinated through the South
African Bureau of Standards).

In the case of the unalloyed copper bench-
marks, a series of different materials eventually
will be developed covering the composition
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FIGURE 11. Illustration of the use of various NBS Copper SRMs at different points in the Copper Materials Cycle.

range of the products of blister through electroly-
tic copper (see Table 10). Some of these materials
will be processed into different forms, e.g., chips
or rods. This set of SRMs will contain between 25
and 30 elements, generally covering the concentra-
tion range of from 0.1 to 500 ppm. For example,
Bi should cover the range from less than 0.1 ppm
up to 35 ppm, and Fe should cover the range 0.1
to 350 ppm. Total copper will cover the range
from approximately 99 to 99.999+%.

The first three SRMs in this series, designated as
SRMs 394 (Cul), 395 (Cull) and 396 (Culll), are

400 CRC Critical Reviews in Analytical Chemistry

now available to the public. The SRMs are in the
form of small chips for chemical and spectrochem-
ical methods of analysis. Certified values together
with estimated uncertainties are given in Figures
5A and 5B. These three SRMs cover the range of
copper concentration from 99.908 to 99.955%.
The corresponding rod forms of these materials
will be issued during 1977 and will be denoted as
SRMs 494,495, and 496.

The analytical program for certification of the
Cu benchmarks has been one of the most difficult
ever attempted at NBS. The main reason was that
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TABLE 9

Certified Values for NBS Copper Ore SRMs

SRM no. 330 331 332 333
designation mill heads mill tails Cu concentrate Mo concentrate

Element Certificate values
Cu (wt %) 0.84 + 0.01 0.091 + 0.001 28.4 £ 0.1 1.04 + 0.01
Mo (wt. %) 0.018 £ 0.001 0.0022 + 0.0002 0.64 + 0.01 55.3+0.1
Re (ppm) 0.30+ 0.06 0.04 + 0.02 10.2+ 0.2 869z 10

Information values
Au (ppm) 0.085 0.015 1.8 10
Ag (ppm) 1.20 0.28 36 21
“TABLE 10 significant developments and observations were

Target Concentration Ranges for NBS
Copper Benchmark SRMs

Probable
Element range (ppm)

Sn 0.1-550
Pb 0.1-325
Bi <0.1-35
Ni 0.1-550
Sb 0.1-150
Fe 0.1-350
Te 0.1-200
Au <0.05-100
Ag 0.1-550
Cr 0.1-150
Mn 0.1-500
Zn 0.1-150
Co - 0.1-300
Se 0.1-400
0 15~-1000
As 0.1-350
Si <0.1-400
Al <0.1-400
Mg <0.05-5
Cd <0.1-50
Ti <0.1-300
Li <0.1-5
B <0.1-40
Zr <0.1-300
P ~1-400
Be <0.01-300
S 9-25
Cu 99.0-99.999+%

some trace analytical methods generally applicable
to other matrices were not directly applicable for
use with a copper matrix. NBS analysts had to
undertake an extensive method-development pro-
gram before these SRMs could be certified. Several

made in the course of the certification program.
For example, the limit of detection of both As and
Sb by spectrochemical methods used in the field
appears to be far lower than previously believed
(see Table 11). In the case of arsenic, the two
completely independent analytical methods used
by NBS (spectrophotometry and spark source
mass spectrometry) resulted in lower values than
the average of the cooperating laboratories. The
cooperating laboratories used spectrochemical
methods. In the case of SRM 396, NBS estimates
the arsenic value to be 0.03 ppm as opposed to the
1.5 ppm average of the cooperating laboratories.

Large discrepancies between NBS results and
those of the cooperating laboratories have also
occurred in the case of Fe. This is shown clearly in
Table 12 which summarizes data taken on SRM
396. The three NBS methods agreed very well,
while the cooperating data showed considerable
variation. The variability of the cooperating labor-
atory data, obtained in most cases by spectro-
chemical techniques, implies a need for improved
field methodology for these particular trace ele-
ments as well as the critical need for the develop-
ment of a reference method. The data in Tables 11
and 12 also illustrate the potential danger in using
a consensus interlaboratory testing approach to
certify reference materials when reference
methods are not available for use by the labora-
tories to control accuracy.

Iron has also proved to be most difficult with
respect to homogeneity, especially at the higher
concentrations. When 1-g samples are employed,
the SRMs have been found to be homogeneous to
about 1% relative. When the sample size is reduced
to 0.25 g, the inhomogeneity increases to about
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TABLE 11
NBS Copper Benchmark SRMs (comparison of data)

Values by weight (ppm)

Average of
cooperating
labs NBS values
SRM As Sb As Sb
SRM 394 (Cul) 30 5.6 26 4.8
SRM 395 (Cull) 22 7.0 1.6 7.5

SRM 396 (Culll) 1.5 2.0 0.03 (est) 0.2 (est.)

5% (relative). This material variability is yet to be
explained. More details on the NBS methods and
certification procedures will be presented in two
special monographs to be part of the 260 Series of
SRM publications cited previously.

The rod form of Cu(l)-Cu(lIl) will be issued
during mid 1977, thus completing Phase I of this
project. Phase II consists of six additional mate-
rials, two of which Cu(0) and Cu(XTI) will be issued
in chip form only. The other four, Cu(IV)-Cu(VII)
will be issued in both rod and chip form. These
SRMs should be available during late 1977. The
issuance of a series of phosphorized copper SRMs,
in disk form only, will complete the project during
1978.

The arrows on Figure 11 indicate the pointsin
the copper materials cycle at which the copper
SRMs are intended to be used. The need for
additional SRMs to be used at two other critical
points in the cycle are being evaluated: an SRM to
be used in the evaluation of copper slimes (refining
by-products that are rich in precious metals) and
an SRM for the analysis of slag from reverberation
furnaces (one of the critical stages in the copper
processing cycle). These points are shown as
dotted arrows in Figure 11.

The unalloyed copper SRM project is illustra-
tive of the many important industrial applications
of reference materials to trace chemical analysis.
The various trace analytical SRMs now available
from NBS for analysis of industrial materials are
shown in Table 2.

B. Reference Methods

Since reference methods as defined herein are a
considerably newer accuracy transfer mechanism
than reference materials, the number of examples
which might be cited to illustrate their use are

402 CRC Critical Reviews in Analytical Chemistry

TABLE 12

Comparison of NBS Data on Fe (ug/g) in
SRM 396 (Culll) '

NBS
Isotopic dilution 143.1(1g)
Mass spectrometry 144.2 (1/4 )
Polarography 142.1
Activation analysis 140
Cooperators
Lab B 142.5
LabC 100.0
LabE 70-100
LabF 85
Lab G 120
LabH 125
LabJ 71
LabK 138
LabL 122
LabM 100
LabN 150

quite limited. The ASTM E-350 series of methods
discussed previously represent reference methods
for use in the industrial area. The determination of
total calcium in serum*? is the only clinical
chemistry reference method which has been pub-
lished to date. A modified version of this method
is under development by NCCLS at this time. A
reference method for glucose in serum'®® is
nearing completion and eight additional methods
including serum albumen, bilirubin, lead, and
cholesterol are currently under development by
the American Association of Clinical Chemists
Committee on Standards.'®! Boutwell'2? and
Brown'®? have both discussed the impact that the
introduction of the calcium in serum reference
method has made with respect to the accuracy of
field methods. The bias of field measurements was
reduced by approximately a factor of three.
Several field methods were identified as requiring
modification, and the discontinued use of several
other methods was also recommended.

In addition to the methods given above, there
are a number of standardized analytical methods
given in the literature that meet some if not all of
the recommended criteria for the development of
reference methods. Many ASTM standard methods
have been evaluated by interlaboratory testing by
members of the ASTM committee or by other
cooperating laboratories. However, not all of these
methods are evaluated by comparison with defini-
tive methods of known accuracy or with primary
reference materials and, thus, should not be
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considered reference methods in the sense used in
this paper. In some cases, data evaluating the
accuracy of these standard methods may have
been collected during their development. However,
since such data are not published with the method,
it is not possible for the data to be independently
verified. A simple procedure of just publishing
such data when available might serve to upgrade
some of the standard methods to accurately
characterize reference methods. This is not meant
to imply that standard methods which have not
been characterized for accuracy are not useful.
However, data characterizing method precision
and accuracy are of paramount importance,
especially when the use of such methods will
provide the basis for critical economic, health, or
environmental decisions.

The value of accurately characterized measure-
ment methods has become increasingly important
in the enforcement of environmental regulations.
Thus, agencies such as the EPA are placing great
emphasis on the development and publication of
measurement methods for use in environmental
monitoring. For example, in the area of air
pollution analysis, the EPA specifies measurement
methods which must be used to demonstrate that
regulatory standards are being met. These measure-
ment methods are also referred to as reference
methods by the Environmental Protection Agency,
but in all cases may not meet the reference
method criteria defined in this paper. The criteria
used in developing EPA air pollution reference
methods are given by Clements.>® Only a single
method for a pollutant is designated as an EPA
reference method. The method, so designated,
must have acceptable accuracy and precision.
Further, it must have been scientifically and
statistically validated by a multiple laboratory
collaborative test under a variety of anticipated
user conditions. In addition, these methods
require that the equipment used be readily avail-
able in most laboratories. .

Clements outlines a two-step process to qualify
a method as a reference method. The first step is a
single laboratory investigation where the method is
examined against reference materials to determine
its efficiency and to verify the absence of inter-
ferences. At the same time, the proposed
calibration system is also studied. During this first
step, operational details and operating manuals are
developed. Reagents are checked for stability, and
the performance of the method over the entire

range of expected pollutant concentration is
evaluated. Those methods that meet the single
laboratory investigation requirements are then
tested by a series of participating laboratories at a
common site while making simultaneous measure-
ments of the existing ambient air. In some
additional cases, spike samples of ambient air with
additional amounts of pollutant are measured by
all the collaborators. This technique is well illus-
trated by the procedure used in the ASTM Project
Threshold.3® It is important to point out that
EPA’s reference methods are used to determine
compliance with regulatory standards. In most
cases, an attempt is made to select the most
accurate method, but that is not always the case
and not a prime criteria for selection. Ease of
analysis and performance with common laboratory
instrumentation are considered more important
criteria, In the context of this paper, the EPA
reference methods might be better referred to as
compliance methods for field use.

In the case of methods for chemical analysis of
water and waste, the Environmental Protection
Agency publishes a series of EPA-recommended
methods which are also used for compliance
purposes.’®* We present here a brief description
of the criteria used by EPA for selection of these
water and waste methods. The method should
measure the desired property or constituent with
precision, accuracy, and specificity sufficient to
meet the analytical needs of EPA in the presence
of interferring materials typically expected to be
present. The method should utilize equipment and
skills available in typical modern water-pollution
control laboratories. The method must currently
be in use in a number of laboratories or have been
sufficiently tested to establish its validity. The
method should be rapid enough to permit routine
use for examination of a large number of samples.
In addition, precision and accuracy statements are
provided where such data are available; these,
however, are not required. Thus, in some cases the
water-analysis methods may not meet the refer-
ence method criteria suggested in this paper.

We now turn to a brief description of additional
standard methods which in some cases are referred
to as reference methods but may not necessarily
meet the criteria outlined in this paper. These are
the numerous federal supply test methods devel-
oped by the General Services Administration
(GSA) and a large number of measurement
methods pertaining to procurement of hardware
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through the use of military specifications. In many
cases, these test methods are adapted from ASTM
measurement methods and in other cases are
developed and carefully described in GSA and
military specification documents. However, in
most cases, accuracy and precision data are not
provided and in many cases have not been deter-
mined. Rather, reproducibility and ease of per-
formance of the analyses are the most important
criteria. The federal hardware procurement system
is an example of one in which all measurements
are being made according to specific, well-defined
methods by a closed network of measurement
laboratories in such a way that systematic errors
may not be of major importance. This is not to
imply that the methods are inaccurate but only
that inaccuracies within a closed-loop buyer-seller
arrangement may not always be of major conse-
quence. Compatibility in such cases may be
assured by precision alone.

There are also a number of standard analytical
methods published by the American Association
of Clinical Chemists.! ®5 In the past, the procedure
used in the certification of these methods was as
follows. Methods which may have been developed
by a single analyst were submitted to a review
board in much the same way as publications are
usually submitted to the editor of journals. The
method was carefully described in the submitted
publication along with data pertinent to its
accuracy and precision, if such was available. The
method was then submitted to a series of partici-
pating laboratories which agreed to test the
method under field conditions. This procedure
assured that methods were at least evaluated for
such factors as clarity of protocol or precision but
did not necessarily assure evaluation with respect
to accuracy. Recently, the policy of the AACC has
changed to require a more thorough evaluation of
methods. Under the new policy, a well-charac-
terized method will be published in the journal
Clinical Chemistry. For the next year, it will be
subject to criticism and suggestions for modifica-
tion and possible independent verification of the
data. If able to withstand this scrutiny, the
method will then be published in Standard
Methods of Clinical Chemistry. The first paper
submitted under the new policy was “Reference
Method for Serum Calcium’ by Cali, Bowers, and
Young.*?

Many other examples could be cited concerning
recent attempts to develop more accurately

404 CRC Critical Reviews in Analytical Chemistry

characterized analytical methods or to strengthen
the procedures used to standardize methods by
various government or private-sector organizations.
In the accuracy-based measurement system
described in Figure 3, the reference method
represents the key component in transferring the
accuracy inherent in definitive methods (or
primary reference materials) into widespread field
use. There is no question that much remains to be
accomplished in reference-method development in
all areas of chemical analysis. Improved mech-
anisms for assessing the traceability of measure-
ments back to primary reference materials or
definitive methods also represent a major
challenge to the analytical community.

V. FUTURE NEEDS

In this section we will briefly present our views
concerning future needs in the areas of reference
materials and reference methods. As has been
previously emphasized throughout this paper,
there is a growing awareness on the part of a wide
range of industrial and technical organizations of
the need for more accurate analytical measure-
ments. The traditional needs for measurement
accuracy to help assure equity in commerce have
been complemented by critical regulatory require-
ments in areas such as health, environmental
control, nuclear safeguards, and occupational
safety. Many chemical measurement systems are
being heavily impacted by regulatory require-
ments. What were previously relatively closed
communities of analysts have now become open-
ended measurement systems whereby individual
measurement stations may now be required to
report test results to federal, state, and local
government agencies, as well as to private-sector,
professional, standards, or trade organizations. The
needs of such organizations are best served if such
data are accurate. This has resulted in unpre-
cedented demands to develop primary and second-
ary reference materials, definitive methods, refer-
ence methods, as well as improved field methods.
The increased demands are taxing the available
resources of many of the organizational com-
ponents of the measurement hierarchy. All organ-
izational components of chemical measurement
systems must work even closer together in the
future to provide the tools to assure measurement
accuracy in an efficient manner.

Many segments of the government and private-
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sector laboratory communities are beginning to
recognize the need to improve the quality of
measurements made in the field. There are literally
thousands of commercial laboratories in the U.S.
that test and evaluate products or perform chem-
ical analyses. To evaluate the capabilities of these
testing laboratories, many government and private
organizations have initiated their own laboratory
inspection and proficiency-testing programs. Such
programs generally operate independently, serve
limited constituencies, and use widely varying
criteria for accrediting laboratories. Most also lack
national or international acceptance so that the
approval of a laboratory by one jurisdiction does
not guarantee approval by another.

To meet the need for a national system of
testing laboratory accreditation, the Department
of Commerce has established the National Vol-
untary Laboratory Accreditation Program
(NVLAP). Final procedures for the utilization and
operation of the program were published by the
Secretary of Commerce in the Federal Register on
February 25, 1976 (15 CFR-Part 7). It is expected
that several of the laboratory accreditation pro-
grams to be established over the next 5 years could
involve chemical analyses. The specific criteria to
be used for accrediting laboratories will depend on
the type of analyses under consideration. The use
of reference materials and reference methods by
the laboratory, as well as use of quality control
procedures to help establish “proof” of reliable
performance, will undoubtedly be among the
factors taken into consideration in any accredita-
tion process.

The concept of traceability, previously defined
and discussed, may also become of paramount
importance in the future and is already being
incorporated into some federal and state regula-
tions. However, there has been relatively little
effort devoted to defining what is meant, by
traceability, although at least one workshop®? and
several papers discuss this concept.'¢6>'%7 Trace-
ability implies that each level in a hicrarchical tier
of measurement systems should be able to relate
and trace its measurements results back to the
next higher level in the tier, such that there is a

logical progression of accuracy from the field

method of analysis all the way back up through
the system to primary national (or possibly inter-
national) standards. One system for achieving
traceability is through the establishment of defini-
tive methods of analysis, primary standard refer-

ence materials, reference methods, secondary
reference materials, and field methods of analysis,
coupled to each other as in Figure 3. An accuracy-
based measurement network aids in assuring trace-
ability between levels. The development of
improved traceability criteria is essential to the
establishment of fair and effective regulations and
is also needed to enhance the use of secondary
reference materials.

At the present time, it appears that require-
ments for traceability, especially those specified
by the EPA, are utilizing written traceability proto-
cols. Thus, specific protocols are being developed
to provide a mechanism of traceability from
secondary standard suppliers back to primary
standard reference materials. In principle, it is not
necessary that a unique protocol procedure be
followed to assure traceability. The ultimate
proof of traceability is the actual performance of
one level in the system relative to another.' ¢ No
protocol can guarantee good performance. Good
performance must be established through experi-
mental validation of the accuracy and statistical
control (stability) of each measurement process.

The last several decades have seen an increasing
emphasis on the development of trace analytical
techniques for the analysis of a wide variety of
materials. The development of well-characterized
trace elemental primary reference materials certi-
fied on the basis of accuracy has been one of the
most important recent contributions to standard-
ization in analytical chemistry. As detection sensi-
tivities continued to increase over the coming
years, there will be a need to extend the scope of
existing reference materials to cover the added
range of sensitivities. However, there are still many
gaps in the coverage of concentration ranges and
matrix types which can be filled in using available
definitive methods to certify additional primary
reference materials.

Several areas of industrial analysis in particular
require immediate attention. For example, a series
of trace element primary reference materials for
the analysis of nickel and cobalt-based metal alloys
used in high temperature applications (e.g., “super-
alloys™ used in jet engines) are critically needed.
Trace element SRMs are also needed for analysis
of a number of other industrially important
materials such as the lead alloys used in batteries
and the stoichiometric compounds used in semi-
conductor applications. In additional, there is
considerable work to be done in extending the
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range of botanical/biological reference materials to
cover other matrices and concentration ranges for
elements of trace toxic and nutritional signifi-
cance, There is also a considerable need to
accurately certify not only the total concentration
of elements but also the levels of various chemical
species. Reference method development should
follow the development of primary reference
materials in each of these areas.

If the last 10 years could be referred to as the
decade of accurate trace elemental analysis, the
next 10 years may well be referred to as the
decade of accurate trace organic analysis. Recent
developments'®® in gas chromatography-mass
spectrometry and other chromatographic tech-
niques point to the eventual use of such methods
for high-accuracy quantitative organic analysis. In
the area of clinical analysis, the expected rapid
growth in the development of sensitive immuno-
assay techniques will also require the development
of accurately characterized organic substances to
serve as reference materials.

High on any priority list of future organic
reference materials would be environmentally im-
portant substances such as polynuclear aromatics,
chlorinated pesticides, organophosphorus pesti-
cides, phenols, triazines, and wracils. Clinically
important substances such as enzymes, individual
proteins, and therapeutic drugs are also important.
The development of definitive methods for anal-
yzing such substances is a prerequisite to primary
reference ‘material and reference-method devel-
opment. The actual development of matrix-type
primary reference materials containing such sub-
stances at trace levels and in a form similar to
normal test specimens is a challenge yet to be met.
NBS has recently completed the research and
development phase of a project aimed at pro-
ducing a series of SRMs for drugs used in the
treatment of epilepsy. The SRMs will consist of
four drugs (dilantin, ethosuximide, phenobarbital,
and primidone) contained in a human serum
matrix at subtherapeutic, therapeutic, and toxic
levels (ranging from approximately 2 to 180
pg/ml). If the production of this SRM is success-
ful, it will represent the first trace organic SRM
produced by NBS and should help to improve the
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compatibility of clinical tests used in the treat.
ment of epilepsy.'®® Hopefully, the completion
of this SRM will be rapidly followed by the
development of a number of additional trace
organic SRMs in the areas cited above and the
subsequent development of reference methods for
trace organic analysis.

VI. CONCLUSION

The establishment of compatible accuracy-
based chemical measurement systems is becoming
increasingly essential. There are a number of
important technical components of a compatible
chemical measurement system. They are 1.) a
self-consistent system of base measurement units;
2.} accurately characterized definitive, reference,
and field methods; and 3.) accurately character-
ized primary and secondary reference materals. In
addition, strict measurement protocols designed to
establish intralaboratory and interlaboratory
measurement quality control as well as traceability
between the various technical components of the
system are also necessary to assure compatibility.
Such a system can only be effective if each
organizational component of the system under-
stands its role with respect to the others as well as
to the various technical components of the system.
The measurement network described in Figure 3 is
only as strong as its weakest link. All technical and
operational components of the system are vital to
the functioning of the total system.
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