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We assess current approaches to measurement uncertainty (MU) with respect to the complete ensemble
of sources affecting the measurement process, in particular the extent to which sampling errors as set out
in the Theory of Sampling (TOS) are appropriately considered in the GUM and EURACHEM/CITAC guides.
All pre-analysis sampling steps play an important, often dominant role in the total uncertainty budget,
thereby critically affecting the validity of MU estimates, but most of these contributions are not included
in the current MU framework. The TOS constitutes the only complete theoretical platform for dealing
appropriately with the entire pathway from field sample to test portion. We here propose a way to
reconcile the often strongly felt differences between MU and TOS. There is no need to debate terminology,
as both TOS and MU can be left with their current usages.

� 2014 Elsevier Ltd. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2. TOS pathway. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.1. Lot dimensionality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
2.2. Heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
2.3. The sampling process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.4. Sampling errors – and their effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
2.5. Sampling in practice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
2.6. TOS summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
3. MU pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4. TOS – the missing link: a call for integration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6. Postscript: terminology issues. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7. Explanation 1. Heterogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
8. Explanation 2. Intrinsic uncertainty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
9. Explanation 3. Gross errors versus incorrect sampling errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
10. Explanation 4. Systematic measurement error versus sampling bias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
11. Explanation 5. Certified reference materials (CRMs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
12. Explanation 6. RST (reference sampling target), SPT (sampling proficiency test), and CTS (collaborative trial in sampling) . . . . . . . . . . . . . . . . 105
13. Explanation 7. Variographics (TOS). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
1. Introduction

The purpose of sampling is to extract an amount of material
from a ‘lot’ (also termed the ‘sampling target’), which can be
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documented to be representative of the lot. It is evident that sam-
pling should be optimized before analysis, as it is always preced-
ing, and no longer has any interaction with the test portion when
this is analyzed. However, a non-representative sampling process
will always deliver an invalid aliquot for MU characterization. A
specific sampling process can either be representative (full defini-
tion below), or not; only the first results in representative samples,
the latter results in mass-reduced undefined lumps of material
without provenance (‘specimens’ in Theory of Sampling (TOS) par-
lance). Only analytical results pertaining to representative aliquots
reduce the measurement uncertainty of the full sampling-and-
analysis process to its minimum (based on an analytical process
in full control). Sampling process correctness (full definition be-
low) and representativity are therefore core elements of concern
to both the sampling process and for minimum measurement
uncertainty objectives in analysis.

The TOS has been established in the past 60 years as the only
theoretical framework that deals in full with sampling, the repre-
sentativity concept and all practical aspects involved in achieving
the required representative test portion. The full pathway ‘from-
lot-to-analytical-aliquot’ is complex, and, in some aspects, coun-
ter-intuitive due to the phenomenon of heterogeneity, and it is
subject to many types of uncertainty contributions not only con-
cerning analysis. GUM [1] and the EURACHEM/CITAC [2] guide fo-
cus on estimating the total measurement uncertainty (GUM and
the EURACHEM/CITAC guide are termed ‘MU’ in the following).
There is a subtle, but far from trivial, distinction in perspectives:
the TOS focuses on the conceptual and practical active steps
needed for minimizing all sampling contributions to MU, while
MU focuses on passive estimation of the total MU of the sam-
pling-plus-analysis process irrespective of its magnitude, as based
on the test portion. However, if the test portion is not representa-
tive [i.e. if all sampling error effects have not been reduced as
appropriate (full description below)], all MU estimates are compro-
mised in that they will always be structurally too low (and always
to an unknown degree). Both frameworks are in their nature
significantly complex but do not overlap if and when treated with
the conceptual clarity illustrated in Fig. 1.

This study points out the main discrepancies between TOS and
MU and presents reasons why there is a strong need for reconcili-
ation and how this can easily be achieved.

For readers not well versed in the TOS, a comprehensive intro-
duction can be found [3–11]. For further insight into MU, regarding
aspects not treated in this article, the reader is referred to GUM [1]
and the EURACHEM/CITAC guide [2].

Fig. 2 gives a structural overview of the line of argumentation
elaborated in the sections below. The starting point of every
measurement process is the primary lot, or the sampling target,
which is defined in the appropriate sections below. All lots are
characterized by significant material heterogeneity, a concept only
fully defined by the TOS, and here crucially sub-divided into consti-
tutional heterogeneity (CH) and distributional heterogeneity (DH).
Fig. 1. Non-overlapping, interconnected disciplines: Theory of Sampling (TOS)
versus Measurement Uncertainty (MU). The responsibility of the TOS is to deliver a
representative analytical aliquot (arrow) for analysis with documentable minimum
total sampling errors (TSEs) because of competent command of the entire lot-to-
aliquot sampling process, while all errors characterizing the analytical processes
(TAE) are validated by a comprehensive MUanalysis estimation. Both disciplines are
needed; indeed, they complement one another completely.
The heterogeneity concept and its many manifestations are further
introduced in detail below.

The pathway, from sampling target to MU, and its implicit
estimate of the sampling-process-error effects (MUsampling) is
presented in the upper part of Fig. 2, and explained and argued
in Section 3. The TOS pathway is depicted in the lower part of
Fig. 2 and described in the following section. The concept of MU
related to analytical measurement (MUanalysis) is referred to in both
MU and TOS pathways, although termed ‘Total Analytical Error’
(TAE) in the TOS.

There is no need for worry about possible confusion stemming
from the different terminologies in these two approaches; this
state of affairs is unavoidable, since it evolved in two distinct
scientific communities with very little interaction (so far). By
analyzing the existing, crucial differences, we reach the conclusion
that a call for structured reconciliation is timely and mutually
beneficial, and that there is not much danger of a terminology
debacle, as both TOS and MU can be left with their current usages.

2. TOS pathway

2.1. Lot dimensionality

Following the pathway in Fig. 2 (from left to right) both termi-
nologies ‘lot’ (TOS) and ‘sampling target’ (MU) recognize that the
extracted material portion (the ‘primary sample’), which will
eventually be mass reduced to the analytical aliquot, must be rep-
resentative of the lot. The lot refers to the physical and geometrical
aspect of the sampling target (e.g., material on the conveyer belt, or
in stockpiles, shiploads, or natural systems).

In the TOS, lot dimensionality is characterized by specifying the
operative number of dimensions to be ‘covered’ during the sam-
pling process, defining one-, two- and three-dimensional (1-D, 2-
D and 3-D) lots and the special case of a zero-dimensional (0-D)
lot, reflecting the effective number of dimensions involved in the
sampling process. (A 0-D lot refers to a lot that can be effectively,
mixed, moved and sampled throughout with complete correctness
(see below). Usually, these are comparatively small lots, which can
easily be manipulated). The concept of lot dimensionality becomes
clear, e.g., when considering an elongated material stream, as is the
case for material on conveyer belts.

According to the MU definition, this sampling target should be
termed 1-D, since one dimension of the physical geometrical
aspect dominates, while, according to the TOS, it is essential to
consider the applied sampling method as interacting with an effec-
tive number of dimensions during the sampling process. Employ-
ing grab sampling (full definition below) on such an elongated
material stream, a widely-applied, but fundamentally-flawed,
extraction method, would make this lot effectively 3-D (and not
1-D), since singular grab samples are most likely only taken from
the top surface part of the moving material flux, so far from
covering both the transverse lot dimensions fully (i.e. width and
thickness). By contrast, a cross-stream cutter (a sampling device
especially designed for elongated material fluxes) would cover
the entire depth and width of the stream, thereby fully reducing
the sampling lot to one dimension (i.e. the longitudinal dimension
of the material stream).

According to the TOS, 1-D lots present the optimal sampling
situation, preferring that 2-D and 3-D lots (e.g., industrial, geolog-
ical or environmental strata, stacks, stockpiles, silos) should, where
possible, be transformed to comply with a 1-D sampling situation
[3,10]. In practice, this is often possible by locating another situa-
tion where the lot already is in transport.

Lot-dimensionality transformation constitutes one of the
governing principles (GPs) of the TOS, described further below
(Table 1). The reason for being this specific about lot dimensional-



Fig. 2. Structural overview of similarities and differences between the TOS and MU pathways from lot to MUtotal (MUsampling and MUanalysis). Fig. 2 also depicts the structure of
the discourse in this article. If the effects caused by the inconstant sampling bias have not been properly dealt with, the ultimate MUtotal cannot be termed representative, nor
will it necessarily be fit-for-purpose (FFP). (FFP is defined in [12]: ‘‘The property of data produced by a measurement process that enables a user of the data to make
technically correct decisions for a stated purpose’’. It is evident that all sampling MU contributions logically must be included in the concept ’measurement process’, so that
the FFP criterion also critically depends on valid sampling-error treatment).
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ity is the inherent (complex) heterogeneity of all naturally-occur-
ring materials, which makes sampling far from a trivial materials
handling issue. Proper understanding of the heterogeneity phe-
nomenon, its influence on the sampling correctness and, most
importantly, how heterogeneity can be counteracted in the sam-
pling process require a certain level of knowledge. There is a need
to be competent with respect to the TOS.
2.2. Heterogeneity

Below we present a sufficient minimum of the TOS tenets to
allow full understanding and appreciation of deficiencies inherent
in the current MU approaches. Before defining these concepts the-
oretically, Figs. 3 and 4 illustrate typical manifestations of the phe-
nomenon of heterogeneity, which in practice has infinitely many
manifestations.

For well-mixed materials {e.g., Fig. 4 [B], which are of identical
composition to [A], or materials which apparently are ‘homoge-
nous’ to the naked eye [D]}, notions of simple sampling of homog-
enous materials have often been thought of as lending support to
the statistical assumption of systematic, random variability com-
ponents. (Powders will nearly always appear visually homogenous
because of light-scattering effects, but the chemical composition of
the individual particles may still span the complete range from
identical to extremely different composition). But, homogenous
materials comprise a minor proportion of materials with special
Table 1
Axiomatic TOS synopsis – Six Governing Principles (GP1–6) and four Sampling Unit
Operations (SUO 7–10)

1. GP Fundamental Sampling Principle (FSP)
2. GP Sampling Scale Invariance (SSI)
3. GP Principle of Sampling Correctness (bias-free sampling) (PSC)
4. GP Principle of Sampling Simplicity (primary sampling + mass

reduction) (PSS)
5. GP Lot Dimensionality Transformation (LDT)
6. GP Lot Heterogeneity Characterization (0-D, 1-D) (LHC)

7. SUO Composite Sampling
8. SUO Mixing/blending
9. SUO Comminution (crushing)
10. SUO Representative Mass Reduction (representative sub-sampling)
characteristics only, which can never justify generalization to all
types of significantly heterogeneous materials. This is a critical
issue underlying much of the following.

The theoretical analysis of the TOS of the phenomenon of
heterogeneity leads to the recognition that the total material
heterogeneity in a lot must be distinguished as two components
[i.e. the constitutional heterogeneity (CH) and the distributional
heterogeneity (DH), respectively], which are conceptually and
mathematically defined in full only in the TOS.

CH describes the heterogeneity depending on the chemical and/
or physical differences between individual ‘‘constituent units’’ in
the lot (e.g., particles, grains, or kernels), which are generically
termed ‘‘fragments’’ in a subtle, ingenious coverage also of the sit-
uation in which the sampling procedure accidentally or unavoid-
ably fragments original particles. Note that each fragment
(particle) can exhibit any analyte concentration in the range
0–100%. When a lot (L) is sampled, CHL manifests itself in the form
of a Fundamental Sampling Error (FSE) effect. CHL increases when
the compositional difference between fragments increases; CHL

can only be reduced by comminution (typically crushing). There
will always be an influence from FSE in any sampling process; it
can never be eliminated completely.

DHL, the distributional heterogeneity complement, reflects the
irregular spatial distribution of the analyte at scales between the
entire lot and the sampling-tool volume (size of the increment,
the correctly delineated and materialized unit of the lot. Incremen-
tal sampling implies that several increments are destined to
become part of an aggregated composite sample. Sub-sampling is
the opposite, divisive process, in which a sample is mass-reduced.
It is crucial that this takes place in a representative fashion (SUO 10
in Table 1). DHL is caused by the inherent tendency of particles to
cluster and segregate locally (grouping) and more pervasively
throughout the lot (segregation), or any combination thereof in a
bewildering array of practical manifestations (e.g., Figs. 3 and 4).
When sampling lots have a significant DHL, there is a totally as-
sured chance of non-representativity, when sampling is based on
single-increment procedures (grab sampling). In the framework
of the TOS, this is viewed as reflecting a specific Grouping and Seg-
regation Error (GSE) in addition to FSE. DHL can be counteracted by
the process of mixing and/or by suitably-deployed, problem-
dependent composite sampling with a sampling tool allowing a
high number of increments [3,7,10,11,13]. Mixing is a very effective



Fig. 3. Heterogeneity has infinitely many manifestations (selected examples shown here only). Material/lot heterogeneity can be structured (e.g., as in a pegmatite intrusion
(dike) [A] or in glacial till (soil) [E], invisible to the naked eye (i.e. ‘uniform materials’) at many scales (e.g., wine grapes [B] or lightweight expanded clay pellets (‘LECA’) [D]),
or the state of heterogeneity can be hidden from observation (see also Fig. 4), as in the proverbial ‘big bag’ case [F] and [C], which shows a process analytical technology (PAT)
probe insertion in a pipeline (process sampling).

Fig. 4. Highly segregated heterogeneity (e.g., layering [A]) cannot be expected to follow any known statistical distribution, nor can the physical grain-size distribution shown
in [C] (in which all grains with diameters above the average have been dyed blue, while all spherules with diameters below average remain white). [C] shows a strongly
heterogeneous spatial distribution, which is purely physical, since all spherules are of identical composition. Even with this simplification, it is obvious that the statistical
notion of modeling every heterogeneity manifestation within the concepts of systematic and random variability is too simple to cover the almost infinite variations of lot/
material heterogeneity. In addition, overwhelmingly many lots most certainly do not consist of units (grains, particles, or other) of identical composition.
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agent for reducing the spatial heterogeneity, but it is usually only
applicable after the primary sampling stage (i.e. in the laboratory);
it is very rarely possible to carry out forceful mixing of an entire
primary lot. Lots come in all forms, shapes and sizes spanning the
gamut of at least 8–10 orders of magnitude (m/m) (i.e. from
lg-aliquot precursors to MT industrial or natural-systems lots).
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It is essential to understand, to acknowledge, and to act appro-
priately upon DHL not being a permanent, fixed property of the lot.
GSE effects cannot be reliably estimated, as the spatial heterogene-
ity is erratic in both space and time. In practice, DHL is a transitory
characteristic, because lots are, e.g., manipulated, transported, on-
loaded and off-loaded. DHL can be changed intentionally (reduced)
by forceful mixing, but it can also be altered unintentionally (e.g.,
by materials handling or other agitations). It is one of the essential
insights of the TOS that it is futile (even) to try to estimate a
particular DHL under an assumption of constancy. Instead, the
TOS focuses on the necessary practical counteracting measures
that will reduce GSE as much as possible (the goal is full elimina-
tion wherever possible) as an integral part of the sampling and
sub-sampling process (but only in favorable instances will it be
possible to eliminate GSE effects completely). It is thus more an
act of faith that the notion of systematic versus random variability
within populations (consisting of ‘units’ that are identical except
with respect to the value of the measurand) can model all aspects
of heterogeneous materials. Most of the materials in Figs. 3 and 4
demonstrably do not make up populations of identical units – in-
stead the DHL irregularity is overwhelming. Physical heterogeneity,
especially spatial heterogeneity, is simply too irregular and erratic
to be straightjacketed in this traditional statistical fashion. This is-
sue was recently also debated in a more theoretical, scholarly ex-
posé by Pitard and Francois-Bongarcon [14].

2.3. The sampling process

Perhaps paradoxically at first encounter, the TOS focus is not
with ‘the sample’ but exclusively with the sampling process that
produces the sample. Without specific qualification of the sampling
process, it is not possible to determine whether or not a particular
sample is representative. Loosely speaking of ‘representative sam-
ples’ without fully describing, fully understanding and fully docu-
menting the lot provenance and the sampling process is but an
exercise in futility (this includes massive confusions, such as ‘more
representative’, or ‘less representative’). Only a sampling process
designed according to the rules of sampling correctness can
produce representative samples. There is thus no declination of this
attribute, a sampling process is representative or it is not
representative.

The primary requirement in this context is sampling correct-
ness, which means elimination of all bias-generating errors
[termed ‘incorrect sampling errors’ (ISEs), see Fig. 2]. After this
requirement has been achieved (by a correct sampling process),
the main thrust in the TOS is to ensure an equal likelihood for all
increments of the lot to be selected, without which all prospects
for representativity are lost. This demand is known as the ‘Funda-
mental Sampling Principle’ (FSP).

According to the TOS, a sampling process is representative only
when it is both accurate and precise [3]. A sampling process can be
rated as accurate only if the average sampling error (me) [i.e. the
difference between the analytical sample grade (aS) and the aver-
age lot grade (aL)] equals zero or results in a pre-determined,
acceptably low value. (the TOS term ‘analytical grade’ is synony-
mous with ‘measurand’ in MU). Strictly within the TOS, the concept
of ‘‘true (average) lot concentration’’ can still be used, although MU
proponents will object since in MU both this term and ‘‘error’’ have
been abolished. It is not the task of this article to resolve all theo-
retical, conceptual and terminological disagreements between the
TOS and MU. (Below, we demonstrate how both TOS and MU can
keep their respective terminologies amicably without adverse ef-
fects). Random effects (imprecision), caused by the FSE and the
GSE [collectively termed the ‘Correct Sampling Error’ (CSE)], should
subsequently be reduced as far as possible. A sampling process is
only precise if the variance of the sampling error (e) is below a
predetermined, low threshold value. (The relative sampling error
is defined as e = (aS–aL)/aL, where aL is the analytical grade of the
lot and aS the analytical grade of the sample. Sampling errors,
and the notion of the ‘true lot grade’, aL, play an essential role in
theoretical developments of the TOS, from which all practical
sampling procedures, among others, are derived, but they are not
intended to be measured or estimated).

The relation between bias-generating errors, ISEs and CSEs, is
depicted in Fig. 5, which sums up all elements recognized as poten-
tial contributors to the ‘Total Sampling Error’ (TSE). The term CSE
signifies that these errors remain even when the sampling process
is structurally correct, while the ISEs, if not eliminated, always
cause a significant sampling bias. The effect from lingering ISEs
can never be reliably estimated, as they will vary in magnitude
for each re-estimation (such is the nature of material heterogene-
ity), causing the sampling bias to be inconstant. The sampling bias
can consequently not be subjected to a conventional statistical
correction for systematic effects (bias correction).

The TOS has analyzed the concept of heterogeneity in full, espe-
cially its manifestation in the sampling bias – and, by fully
acknowledging these objective characteristics of all lots in science,
technology and industry, the TOS reaches the conclusion that the
ISEs must be eliminated and, for that, it describes all necessary
countermeasures (see Fig. 2). There is therefore a logical demand
in the TOS that all sampling processes must contain an active ele-
ment of TSE reduction, preferably complete elimination, regarding
ISE. This issue constitutes the primary conceptual discrepancy be-
tween TOS and MU.

2.4. Sampling errors – and their effects

The term ‘error’ in the TOS denotes a specific source that gener-
ates, or contributes to, the total MU. An important duality: while it
is qualitatively essential to understand the origin and the circum-
stances influencing the source of specific sampling errors, it is only
their manifestations (i.e. variances, or standard deviations) that
can be estimated quantitatively.

The ISEs are three-fold: ‘Increment Delimitation Error’ (IDE),
‘Increment Extraction Error’ (IEE) and ‘Increment Preparation Error’
(IPE).

IDE relates to variations of the geometrical outline of the
physically to-be-extracted increments, which can be avoided by
stringently identical delineation of each increment.

IEE manifests itself, e.g., when particles that belong to the delin-
eated increment do not end up here. This principle is also referred
to as the ‘‘center-of-gravity rule’’, which states that particles with
their center of gravity inside the delineated increment when
intersected by the sample cutter edge(s) must end up in the final
sample [3,10]. This requires that: no particles can bounce off
adversely from the sampling-tool edges; no fine particles can be
blown away or left behind before extraction; and, that particles
outside the delineated increment should not be able to end up in
the final sample (in order to avoid contamination).

IPE occurs when increments/samples are altered after extrac-
tion (which they should never be able to). In order to avoid effects,
such as contamination, moisture absorption, evaporation, misi-
dentification, loss of material or even fraud and sabotage, all sam-
ples require the utmost care in handling, correct sealing and
storage. IPE is one sampling error, which can be completely con-
trolled, but it critically depends upon strict, professional quality
assurance/control of all processes, instrumentation and personal
competence.

The TOS deliberately introduces the ISEs in order to signify that
these errors, if not eliminated, always cause a significant sampling
bias and are therefore the source of unpredictable, high sampling
uncertainty.



. 5. Relationships of the five basic TOS sampling errors in stationary lot sampling. The incorrect sampling error effects originate because of faulty, ill-informed or w ly-performed sampling processes. The correct sampling
ror effects originate because of interaction between the sampling processes with significantly heterogeneous materials – irrespective of whether or not the incorre rror effects have been properly eliminated. (Illustration
urce: [15], modified from [8]).
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We do not deal in this article with the ‘Increment Weighting
Error’ (IWE) and ‘Point Selection Error’ (PSE, which only affects pro-
cess sampling) – two further bias-generating errors, which are not
included in Fig. 5 – since established methods exist to eliminate
the effects arising from these errors. This omission has no effect
on the stated general objective of the present assessment. For com-
pletion, the PSE is important in any sampling target that cannot be
treated as a 0-D lot, and not only in 1-D targets. The subject of 1-D
sampling, process sampling, is dealt with fully in the dedicated TOS
literature and there are introductions [3,5,10,16].

The TAE is identical to the total MUanalysis (see Section 3). TAE
and TSE sum up to the ‘Global Estimation Error’ (GEE).
2.5. Sampling in practice

A recent unified approach for valid estimation of the GEE in the
form of a new international standard, termed ‘DS 3077 Representa-
tive Sampling – HORIZONTAL standard’ [17], introduces the coeffi-
cient of variation (CV) as a measure of the effective total sampling
variance, here called Relative Sampling Variability (RSV). For 1-D
lots [i.e. sampling situations for which one dimension in time or
space dominates compared to the other two dimensions of moving
streams (width and thickness)], the variogram is a very useful tool
to detect and to characterize process variations as a function of
scale (i.e. distance between sampling units with different spacing,
lags). For both process lots and equivalent stationary 1-D lots, the
variogram expresses the 1-D heterogeneity along the effective
singular dimension (see TOS literature and DS-3077 for details).
2.6. TOS summary

The systematic framework in the TOS of principles and opera-
tions for representative sampling enables us to evaluate the repre-
sentativity of all types of sampling methods and equipment.
Table 1 presents for the first time a complete axiomatic overview
of the TOS in the form of six GPs and four sampling-unit operations
(SUOs) (where no confusion can arise, these are sometimes also
collectively referred to as the 10 SUOs of the TOS). The first six
constitute GPs for designing and performing sampling processes,
or modifying existing ones, while the last four constitute the only
four practical procedures available for sampling purposes.

The TOS is comprehensive and complete, in the way that these
10 SUOs summarize all principles and practical procedures needed
to ensure a correct (bias-free) and variance-reduced sampling
along the complete lot-to-aliquot pathway, including all sample
handling, mass reduction and sample-preparation steps in the ana-
lytical laboratory. More theoretical background to each SUO can be
found in the TOS literature. First, it can only be rated representative
when a given sampling procedure is correct (unbiased), and GSE
and FSE have subsequently been minimized in order for the sam-
pling procedure also to be sufficiently precise, as depicted in the
TOS pathway in Fig. 2. Only on this basis can an uncompromised
MUsampling + analysis estimate finally be assigned (Section 4).
3. MU pathway

The MU approach is discussed below following the pathway
indicated in Fig. 2 (upper part). Deficiencies in GUM and the EURA-
CHEM guide are pointed out. The main conceptual differences be-
tween MU and TOS are highlighted in explanations 1–7 at the end
of this article. The EURACHEM guide receives special focus since
users need methods for estimating the MU of the entire process
from sampling, mass reduction and sample preparation (TOS) to
the analytical measurement process (MUanalysis).
All sampling targets are very nearly always characterized by
significant heterogeneity (i.e. deviating from the ideal homogene-
ity, which is defined in the EURACHEM guide [2] as ‘‘the degree
to which a property or constituent is uniformly distributed
throughout a quantity of material’’). This definition is not compre-
hensive enough to deal with the many varieties and manifestations
of heterogeneity, and far from concise enough to function as a
guide for the user who wants not just to estimate the total MU
(MUsampling + analysis), but who also wants to reduce MUtotal as much
as possible (i.e. who wants the most realistic MUtotal estimate).

The process of experimentally obtaining quantity values for a
measurand is defined as ‘measurement’, requiring specified proce-
dures and conditions. The MU ‘‘includes components arising from
systematic effects, such as components associated with corrections
[. . .], as well as the definitional uncertainty’’ [23,24]. [Sampling
effects are not included in these systematic effects in MU (and
there is no equivalent in sampling to the constant, systematic ana-
lytical bias), see also Explanation 4 below]. The concept of defini-
tional uncertainty, signifying the ‘‘component of measurement
uncertainty resulting from the finite amount of detail in the defini-
tion of a measurand’’, is termed ‘intrinsic uncertainty’ in the ISO/
IEC Guide 98-3:2008 [25]; this is the minimum uncertainty practi-
cally achievable in any measurement of a given measurand. GUM
does not explicitly state procedures for estimating the definitional
uncertainty. There is no analogue to such a concept in the TOS
realm, which instead painstakingly analyses all error types and
their effects in full, as laid out in detail below.

EURACHEM points out eight main sources that effect MU, of
which the first two refer to sampling and sample preparation
[26,27], stating that sampling uncertainty can be affected by heter-
ogeneity, sampling strategy (e.g., systematic, random, or stratified
random), physical state of material, effects of movement of bulk
medium, temperature and pressure effects, effects of the sampling
process on material composition, and transportation and preserva-
tion of samples. The uncertainty at the sample-preparation stage
can be affected by physical factors, such as drying, milling,
dissolution, extraction, loss of analyte, loss of fine particles or con-
tamination [2,26,27]. In listing all such factors that can affect MU
estimates, there is very little difference between TOS and MU,
but a marked difference emerges regarding what to do about the
first two factors.

Notable ‘gross errors’, such as involuntary mistakes (e.g., lack of
knowledge, spillage, contamination, mixing of sample numbers), or
deliberate faults are specifically excluded from these uncertainty
estimates [2]. Many of this type of ‘‘mistake’’ should rather be
understood as, and termed, ‘errors’ in analytical practice, as indeed
they are in the TOS, where some are included in the IPEs and others
make up parts of the ISEs (see discussion in Explanation 3).

For estimating the MU caused by sampling, the EURACHEM
guide introduces two approaches – i) empirical and ii) modelling.
These approaches can also be used in combination, if desired.
The empirical method, also termed the ‘top-down’ approach, quan-
tifies uncertainty by determining the effects caused by ‘‘factors
such as the heterogeneity of the analyte in the sampling target
and variations in the application of one or more sampling
protocols’’ using ‘‘repeated sampling and analysis, under various
conditions’’ [2]. The key MU focus remains to achieve a reliable
estimate of the overall uncertainty focusing on reproducible
estimates as acceptance criterion. This does not necessarily require
knowledge about all individual uncertainty sources, since the MU
approach focuses on the principal subdivision into random and
systematic effects by the sampling or the analytical process, which,
in MU, is manifested as sampling and analytical precision (random
effects) as well as sampling and analytical bias (systematic effects).

The latter postulate of the analytical bias and an alleged
analogous sampling bias constitutes the singular theoretically
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(and practically) most important difference between TOS and MU,
as outlined fully below, which cannot be overemphasized.

Random analytical effects are normally estimated by ‘duplicate
measurements’, using conventional, effective statistical
approaches; here, MU and TOS are in full agreement. Within MU,
the analytical bias is to be estimated based on comparisons based
on certified reference materials (CRMs, see Explanation 5). How-
ever, the situation may, or may not, be different when it is realized
that the only relevant definition and configuration of ‘duplicate
measurements’ must be realized by full ‘duplicate sampling’ from
the primary sampling stage (always including the first sampling
stage). This understanding forms the basis for the elaborate
‘replication experiment’ imperatives laid out in the new standard,
DS 3077 Representative Sampling – HORIZONTAL standard [17].
Logically, any deviation from this demand [i.e. starting duplication
(or replication) at any later stage than the primary sampling stage]
is a breach of due diligence [17].

For estimating the sampling bias, the EURACHEM guide
suggests the use of a reference sampling target (RST) as ‘‘an
equivalent to reference material(s)’’ to estimate the bias, or alter-
natively to compile measurement results from ‘‘inter-organiza-
tional sampling comparison trials’’ (see Explanations 4 and 6).

Depending on which type of method is used (duplicates versus
protocols: CTS versus SPT – EURACHEM [2], section 9.4), such an
empirical approach allows four different experimental set-ups
with which to estimate the total MU:

(1) sampling plus analytical precision (duplicates);
(2) sampling precision plus bias in-between different protocols,

as well as analytical precision (protocols);
(3) sampling precision plus bias in-between different samplers,

as well as analytical precision and bias (CTS); and,
(4) sampling precision plus bias in-between samplers and

protocols, as well as analytical precision and bias (SPT).

These experimental plans are all analyzed by ANOVA. Below fol-
lows our critique of the notion of RST, which clashes with a full
understanding of heterogeneity following the TOS. If the RST
concept cannot stand up in its alleged role as a direct analogue
(regarding sampling) to CRM (regarding analysis), EURACHEM
options iii) and iv) are compromised.

The above assessment points out that the more complex
EURACHEM experimental scenarios are not based on a fully com-
prehensive heterogeneity concept in relation to the many mani-
festations met with in science, technology and industry. They
are specifically unable to cover the full range of challenges in
sampling all types of heterogeneous materials and lots under
the limited specifications offered. The key issue in the present
critique concerns the lack of inclusion of the effect of ISEs, with-
out which there can only result unnecessarily inflated MU esti-
mates. Such MU estimates can therefore never be considered
valid (or even fit-for-purpose if ISE effects remain in the defini-
tion of FFP).

We here advocate a much simpler, direct approach: the replica-
tion experiment (stationary lots) or variographic characterization
(1-D lots), each of which works directly on the lot to be sampled
and each of which captures the combined effect from the specific
sampling procedure/material heterogeneity interaction without
any of the excessive RST complications demonstrated above, see
DS 3077 [17]. It is imperative to understand that each individual
sampling procedure interacts with the same heterogeneous lot as
all other alternative procedures and that each specific combination
will produce different sampling-variability estimates and thus a
different MUsampling – and hence a different MUtotal.

The EURACHEM guide refers, correctly, to variography for
estimation of the combined MU from analysis and sampling in
the case of process sampling and process monitoring, in full
agreement with the TOS (see Explanation 7).

Composite sampling is a fundamental issue on which TOS and
MU agree substantially. In order to ‘cover’ lot heterogeneity appro-
priately, the logical approach is clearly by the use of composite
sampling [i.e. by deploying an optimized number, Q, of correctly
sampled increments covering the entire spatial geometry (volume)
of the lot as well as possible within a set of given conditions]; it is
manifestly not enough to specify only the number of increments to
be used without this spatial coverage imperative. Note, however,
that only the TOS enables the sampling operator to establish cor-
rectness (un-biasedness), which is absolutely not an automatic
attribute of any sampling equipment or procedure by itself (design,
operation and maintenance of procedures and equipment must be
so that ISE effects are eliminated – not a trivial task, but a
necessary task nevertheless). These conditions are often not fully
understood. The TOS is the only framework that furnishes ways
and means with which to optimize Q in relation to the empirical
heterogeneity met with, either via replicate experiments or by
variographics {see, e.g., DS-3077 [17] and references therein}.
4. TOS – the missing link: a call for integration

The above evaluation of GUM and the EURACHEM guide shows
that MU is not fully comprehensive, and is not a universal, guaran-
teed approach to estimate an uncompromised total MU from sam-
pling. Sixty years of theoretical development and application of
TOS practice has shown that sampling, sample handling and sam-
ple-preparation processes are associated with significantly larger
uncertainty components than analysis (measurement) itself, multi-
plying MUanalysis typically many times over: in the range 10–
50 � TAE, obviously very much dependent upon the specific lot
heterogeneity in question.

While GUM focuses on MUanalytical only, the EURACHEM guide
does point out some of the potential sampling-uncertainty sources,
but then leaves samplers incomplete and without the necessary
means to take appropriate actions regarding sampling errors (some
recognized, others neglected in MU, see below). The present cri-
tique has indicated that only the TOS specifies which types of er-
rors can, and should, be eliminated (ISE) and which cannot be
eliminated, but should instead be minimized (CSE), and, crucially,
how. It is manifestly impossible to acquire sufficient conceptual
understanding (CH/DH) and practical sampling competence with
respect to these critical success factors for representative sampling
from the MU literature in its present form. In the conceptual
framework of MU, ISEs of the TOS are non-existent, and the GSE
is only considered to an incomplete extent, leaving the TAE and
the FSE as de facto the only main sources of MU.

Furthermore, in EURACHEM’s four empirical approaches to MU,
the scope of the MU estimate depends on the method applied. Only
the sampling proficiency test (SPT) approach considers analytical
precision and bias, and sampling precision and bias, albeit in
abridged form only. Otherwise, the sampling bias is considered to
only a severely limited extent. It is tacitly assumed, but incorrectly
so, that a sampling bias can be likened to a systematic effect in the
standard statistical understanding. However, the physical nature of
the sampling bias is most emphatically not of this simplistic nature
– the main feature of the sampling bias is its very violation of con-
stancy. For these reasons, the only scientifically acceptable way to
deal with any and all sampling bias is to eliminate it.

This, then, is where the major distinction between TOS and MU
becomes clear: the TOS notion that a sampling bias is a reflection
of the ISE effects interacting with a specific heterogeneity versus
MU’s notion of a statistical bias resulting from systematic effects
attributable only to in-between protocols (SPT) and/or in-between



Fig. 6. Exemplar MU fishbone flow-path diagram with standard MU measurement uncertainty sources. Source [36], redrawn and simplified by the present authors.
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samplers (CTS). Since the empirical MU approach is a top-down ap-
proach, dependent upon the assumed framework of random and
constant systematic effects, the individual uncertainty sources, such
as GSE and ISE, are not subject to separate identification, concern, or
estimation, or to the appropriate action (elimination or reduction).

The different realms of MU versus TOS are in serious need of
clarification and reconciliation. The issue is not helped by the dif-
ferent scopes of GUM and the EURACHEM guide. However, these
issues, while complex, can be distinguished naturally, and fully
comprehended, following the TOS domain and terminology in the
following simple framework:

(1) GUM: MU considers (only) TAE
(2) EURACHEM – empirical approach (SPT): MU considers (only)

TAE + FSE + GSE
(3) EURACHEM – modelling approach: MU considers (only)

TAE + FSE

GUM focuses overtly on uncertainties related to analytical mea-
surement (i.e. weighing, preparation, dilution, filtration, handling
and similar issues for reference materials), disregarding key ele-
ments governing all prior sampling and laboratory sub-sampling,
among other issues, and their uncertainty contributions. The scope
in the EURACHEM guide varies depending on the applied approach.
The empirical approach, based on repeated sampling and analysis,
includes FSE and GSE, since both of these will always be reflected
in repeated sampling and analysis. {A subtle point here is that,
whenever ‘‘re-sampling’’ is involved, it must always be replicated
from the primary stage (see e.g., [17] and also further below). This
is a critical criterion, in order for the final augmented MU estimate
to be comprehensive and valid}. However, even the most compre-
hensive MU approaches focus only on the bias originating between
sampling protocols (SPT) or the bias caused by different personnel
performing the sampling (collaborative trial in sampling).

On this basis, it is clear that none of the stated MU approaches is
able to estimate the full total GEE (GEE = MUtotal), and can do so
only partly under given, restricted conditions. A complete, and
therefore optimal, MU approach must be defined in the following
way:

(4) Representative TOS approach: GEE = TAE+TSE, where
TSE = CSE+ISE

(5) Complete MU approach: MUtotal = TSEsampling + MUanalytical
Regarding (5), it falls to the TOS to take responsibility for the
estimate of MUsampling at all stages along the lot-to-aliquot path-
way. The necessary understanding and competence required is
outlined by the minimum TOS framework presented here {and in
[17]}. It is specifically not enough to rely on claims of original
equipment manufacturers (OEMs) regarding equipment and prod-
ucts. Many studies, audits and extensive practical consulting expe-
riences have shown unambiguously that many OEMs producing
and describing ‘‘representative sampling devices’’ and ditto ‘‘mass
reduction equipment’’ are in fact marketing incorrectly designed
products, often causing severe sampling bias (general TOS litera-
ture) and/or unnecessarily inflated total sampling variances. Suffi-
cient TOS competence cannot automatically be taken for granted.

We here draw the logical conclusion to the above analysis and
assessment. We call for integration of the TOS with the MU
approach, easily illustrated based on the widely-used fishbone
flow-path diagram. Fig. 6 shows a standard fishbone diagram
depicting the standard complement of MU sources of an exemplary
analytical measurement process (this may be even more compre-
hensive, without influencing the present conclusions). The uncer-
tainty sources connected to sampling (i.e. both sample extraction
and those preparation stages also involving sampling are com-
pletely disregarded). It is simply assumed that the analytical sam-
ple, which ends up as the test portion, has been extracted and mass
reduced in a representative fashion. If this assumption does not
hold, it is a sure guarantee that the appropriate TOS approaches
have not been involved, and that the uncertainty estimate of the
analyte concentration is invalid and of little value; it will
inherently and unavoidably be too small by an unknown, but sig-
nificant, factor, so it will also be invalid as a proper fit-for-purpose
MU estimate.

In order to prevent structural underestimation of the full com-
plement of active uncertainty sources, it is necessary to integrate
the effects related to all sampling stages involved with this
standard MUanalysis scheme. This can be done in a perfectly
seamless fashion (i.e. there need not be any changes regarding
MUanalysis, while the framework surrounding MUsampling will be
supplied by the TOS). Thus, Fig. 7 outlines all uncertainty sources
related to sampling as a new main branch added to this diagram.
The sampling branch of the TOS should be implemented in every
MU fishbone diagram, left justified, signifying that all sampling
uncertainty contributions must be dealt with before any of the
traditional MU issues. Note (compare Fig. 1) that the sampling



Fig. 7. Induction of all principal sampling uncertainty sources of the TOS in an augmented MU framework. The standard MUanalysis fishbone diagram is shown on the right, to which TOS is charged with delivering a representative
analytical aliquot (arrow). This diagram illustrates the proposed TOS/MU integration in full, focusing on the imperative to eliminate incorrect sampling errors (ISEs).
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responsibility of the TOS is imperative: the TOS is the agent
responsible for delivering the valid, representative analytical ali-
quot for the subsequent MUanalysis estimation.

The TOS stipulates that all ISEs must be eliminated (sampling
correctness), followed by reduction of the remaining CSEs (and
PSEs, if relevant) (sampling precision), until compliance with
representativity and/or until a fit-for-purpose criterion. Note that
the Point Integration Error PIE1 is identical to (FSE + GSE), while
PIE2 (process trend error) and PIE3 (process cyclicity error) are
conveniently and easily dealt with within the context of the TOS
paradigm for process sampling (see relevant process TOS
literature). For the present purpose, there is no need to detail
process sampling further, other than to note that it is already lo-
cated in its logical place in the TOS fishbone branch.
5. Conclusion

A critical assessment of GUM and the EURACHEM guide shows
that not all influential uncertainty sources are considered as to
their full MU impacts. In particular, effects caused by ISEs are
insufficiently defined and integrated. While GUM exclusively
focuses on estimating the analytical MU, the EURACHEM guide
indicates and incorporates some error sources related to sampling,
but detailed analysis of the scope also here revealed several defi-
ciencies compared to the full sampling-error framework of the
TOS. While the EURACHEM guide acknowledges the existence of
the CSEs, it stays with the assumption that all other sampling-
uncertainty-error sources have been eliminated by other parties
– which gives no help to the sampler/analyst. By excluding both
the concept of, and the risk incurred by, the inconstant sampling
bias, the sampler/analyst may well not even beware of the risk that
the effective MU estimate will be principally different each time
that it is re-estimated. The user is left without the crucial under-
standing that ISE effects will unavoidably result in uncontrolled
and unquantifiable, inflated MUtotal estimates.

Only the TOS offers complete theoretical and practical
understanding of all key features related to heterogeneity and full
practical insight into the intricacies of the sampling process when
confronting the gamut of heterogeneity manifestations. Closing
this gap between TOS and MU necessitates a certain minimum
TOS competence, and confidence, that all sampling processes can
indeed become correct (sampling free of bias), opening up for them
also to become representative, or fit-for-purpose, where appropri-
ately defined. This minimum competency has recently been out-
lined in a new international standard, DS 3077 [17], the history
of which has been outlined [37]. In order to derive a valid estimate
of the complete uncertainty for any measurement procedure (sam-
pling and analysis), all ISEs and CSEs, as well as the TAE (MUanalysis)
must have their proper place in the suggested augmented
MUsampling + analysis context (Fig. 7). This opens the way to a unified
sampling-and-analysis responsibility.

A detailed analysis of MU and formulation of the requirements
for a universally optimal MU concept outlined the critical deficien-
cies in MU and pointed out that the TOS can simply be inducted as
an essential first part in the complete measurement-process
framework, taking charge and responsibility of all sampling issues
at all scales (i.e. along the entire lot-to-aliquot process).

We here call for a constructive integration between TOS and
MU, allowing reconciliation of these two frameworks that all too
long have been considered only antagonistically.
6. Postscript: terminology issues

One could perhaps conceive of a potential terminology debacle
in the wake of the present proposal. For one thing, MU denounces
with extreme prejudice the notion of ‘‘error’’ and ‘‘true value’’ (as in
‘‘sampling error’’ and ‘‘true average lot concentration, aL‘‘), among
others, and has replaced this tradition with a well worked out,
highly systematic MU conceptual alternative terminology, as
codified in VIM3 [23,24]. While this is a relevant development
within analysis, when addressing sampling in the full understand-
ing of heterogeneity, this becomes a severely impractical straight-
jacket and a battleground of immense futility. As it turns out, it is
quite unnecessary. Both TOS and MU can simply be left with their
separate terminologies and can fulfil their complementary roles
unaffected. From the comprehensive theoretical analysis of the
TOS of the phenomena of heterogeneity, sampling procedures,
and sampling equipment is derived the superior practical com-
mand of practical representative sampling, allowing all types of
lots to be sampled, not just those associated with various restricted
understandings of heterogeneity with a concomitant desire to view
all heterogeneity issues in the statistical notion of systematic
effects and stochastic variability only.

A scientific concept and terminology skirmish is also uninter-
esting in view of the separate histories and the complementary
practical roles of TOS and MU. Neither framework can win such a
battle in view of their hitherto individual histories, achievements
and their present status. The only constructive way forward lies
with the proposed integration and reconciliation.
7. Explanation 1. Heterogeneity

Heterogeneity, introduced above, is the prime characterization
of all naturally-occurring materials, including industrial lots, inter-
mediate materials and products, processed and manufactured
materials, and all materials in the natural world. Rocks could serve
as an example of significantly heterogeneous materials in the nat-
ural world (also mineralizations, polluted sediments, toxic wastes,
mineral-processing streams, commodity raw materials) – the
range of examples from all of science, technology and industry is
legion. Moreover, heterogeneity manifests itself at all scales related
to sampling from residing inside grains, contributing to CHL

between grains, occurring at meso-to-lot scales as ‘grouped’ frag-
ment clusters and as segregation, from incipient to pervasive. Thus,
heterogeneity manifests itself everywhere in the scale hierarchy
from grain to lot, and the issue rather concerns to what degree
all substances are heterogeneous (see below for a very few,
marginal exceptions).

It is much more than a quibble, to point out that heterogeneity
should be defined as the degree to which a property or a constitu-
ent deviates from an assumed uniform distribution throughout a
quantity of material, instead of the degree to which it conforms
to an unrealistic ideal concept of random distribution. It is counter-
productive to keep to the ideal notion of a uniform distribution, be-
cause such is never the case for the very many, very different types
of materials and lots that are to be sampled.

Uncritically taking on the notion of a random distribution,
which can then be considered fully with traditional statistical
tools, is a very dangerous endeavor. An example of quantitative
analysis of genetically-modified organisms (GMOs) provides a poi-
gnant case. Esbensen et al. [18,19] and Minkkinen et al. [20] out-
lined in detail the consequences of carrying over the notion of
random distribution of the ‘‘property of interest’’, in this case quan-
titation of GMO in soy-kernel lots, and exposed many negative
ramifications of such an attitude, which turned out to clash rather
spectacularly with reality; above all, it was proved that conven-
tional statistical estimates could be seriously compromised and
frequently off by factors of 2–5. Thy et al. [21] demonstrated sim-
ilar destructive effects regarding biomass-energy assessments, also
originating with unsubstantiated random-distribution assump-
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tions; consequences included published ash compositions, that
could be proved to differ from true compositions by as much as
factors of 2–3 for many major oxides (even the sign could be wrong
in certain mass-balance calculations). Minkkinen and Esbensen
[22] detailed the reasons behind such faulty assumptions and, in
particular, showed the very serious consequences of using grab
sampling instead of composite sampling.

The MU definition of heterogeneity is incomplete in that it
specifically only addresses one of the two aspects of heterogeneity,
spatial heterogeneity (DH). This is unspecific (e.g., regarding
analytes that may reside wholly or partly inside certain types of
particles but not in others), and particles may obviously have
widely different concentrations of a dispersed particular property.
Particles may also be broken up during sampling (or they may not),
partly or fully ‘liberating’ the ‘‘property of interest’’, as a function of
the sampling process. The compositional heterogeneity concept is
not defined in MU.

The situation is somewhat more relaxed concerning the defini-
tion of ‘‘practically homogeneous materials’’, termed ‘‘uniform
materials’’, which are defined as materials with a ‘‘repeated sam-
pling reproducibility lower than 1%’’. Claims have also been made
that ‘‘small items’’ (presumably meaning ‘‘small lots’’) are also
not in obvious need of elaborate sampling instructions. However,
such materials and cases only occur naturally in but the rarest of
instances (e.g., exceptions are gases, well-mixed solutions, and
manufactured pure or ultra-pure materials). However, the most
important characteristic from such cases is that generalizations
based on them with respect to sampling can never be valid for
the gamut of all other types of materials and lots. It is by far the
simplest always to treat all types of lots, including such marginal
cases, all materials and sampling targets as examples of materials
displaying significant heterogeneity, thus opening up for a univer-
sal sampling practice for all materials irrespective of their inherent
degree of heterogeneity: All lots should be treated in identical
fashion (i.e. as significantly heterogeneous lots). By way of comple-
tion, depending on the analytical viewpoint, a lot can simulta-
neously be both extremely homogenous – and extremely
heterogeneous: while a lot consisting of an ‘ultrapure’ material
can be regarded as homogeneous for almost all most practical
purposes (e.g., if the concentration of the analyte is, say,
99.9999% (or higher), the lot can also be viewed as extremely het-
erogeneous – if the analytical focus is on impurities at ultra-low
levels, say of the order of pg/g, ng/g (or below), which, by necessity,
must be extremely irregularly distributed.
8. Explanation 2. Intrinsic uncertainty

The TOS defines the Global Estimation Error (GEE) as the sum of
the Total Analytical Error (TAE) plus the Total Sampling Error (TSE).
TAE is identical to the total analytical MU, MUanalysis. TOS defines a
‘‘minimum uncertainty’’, called the Minimum Possible Error (MPE),
which is concerned with the minimum sampling_plus_analysis
uncertainty in practice, and which is related, at the very least, to
the Fundamental Sampling Error (FSE), treated in more depth be-
low, to which is added MUanalysis proper. The MU term ‘‘definitional
uncertainty’’ relates to the analytical measurement process, but
there is no equivalent needed for the sampling process because
of the theoretical completeness of the TOS.
9. Explanation 3. Gross errors versus incorrect sampling errors

The TOS considers the first type of ‘gross error’ as part of the
‘Incorrect Preparation Error (IPE)’. This definition also allows inclu-
sion of the effects of ‘gross errors’ in the overall Global Estimation
Error (GEE), if they can be quantified, (see Fig. 3), as they most
certainly will contribute towards an inflated GEE. However, the
effects from the IPE do not have to follow a tractable statistical dis-
tribution – the TOS specifically describes why this can never be. A
key deficiency in the MU is that sampling errors, especially those
that the TOS declares as of ‘major influence’, are excluded from
attention simply by declaring these as ‘gross errors, which are as-
sumed to have been taken care of before the MU. It has even been
suggested to include the ISE in the definitional uncertainty while
accepting the effects of FSE + GSE in the MU.

One of the major issues of dissent between the TOS and the MU
concerns this twilight status and deliberate neglect of the incorrect
sampling error (ISE) (the second type of ‘gross error’ in the MU). In
the TOS, this would be unthinkable, if for no other reason than
these dominate the total uncertainty budgets if not heeded prop-
erly, but also because they are indeed, and manifestly, subject to
directed action: the TOS actively reduces, and seeks to completely
eliminate, the effects from these critically important errors as part
of a reconciled TOS/MU.
10. Explanation 4. Systematic measurement error versus
sampling bias

Systematic error effects caused by sampling heterogeneous lots,
termed ‘sampling bias’ in the TOS, are not constant, and therefore
not ‘‘predictable’’. A specified sampling procedure interacting with
a given heterogeneous material will, if replicated, never result in an
identical bias estimate precisely because of the nature of the mate-
rial heterogeneity. Lot heterogeneity is a complex spatial and com-
positional feature characterizing the lot volume at all scales above
the sampling-tool size, and it is transient (i.e. varying if/when the
lot is manipulated in connection with sampling, or resulting from
transportation). Sampling procedures that compromise the ‘correct
sampling imperative’ (GP 3 in Table 1, fully defined in the TOS) will
by necessity lead to effects, which, in the TOS, are attributed to the
incorrect sampling errors (ISEs). Even when replicating a sampling
procedure in a ‘‘100% identical fashion’’, the resulting alternative
analytical results will per force come out as different measurand
values (concentrations) because of the pervasive irregular nature
of heterogeneous materials. In other words, when replicating a
sampling procedure, it is another primary increment of the heter-
ogeneous target lot, which is extracted and subjected to the
sampling_analysis pathway – and for which, consequently, the
analytical results, as, must be different.

While this difference at times may be negligible or small (small
lots and/or uniform materials), and therefore perhaps ultimately
only constitute an acceptable MU contribution, it may equally well
deviate to a significant degree, depending on both the nature/mag-
nitude of the lot heterogeneity in question and the sampling proce-
dure used, either way leading to an unacceptable, unnecessarily
inflated MUsampling. The crucial issue is that it is never known a
priori which of these alternative situations will be encountered,
where or when. The only rational scientific attitude in view of such
fundamentally incomplete knowledge is to act as if the adverse
effect is always present and significant.

Above all, this principal uncertainty can never be used as justi-
fication for deviating from the strict rules of the TOS formulated to
guarantee representativeness. Unfortunately, a varying, ‘inconstant
sampling bias’ cannot be compensated for by any known means
(e.g., data, analytical, statistical, equipment, or procedure), which
all presumes a ‘predictable’ (i.e. constant) bias. The TOS allows
all samplers the easy and full understanding that unrecognized,
or uncontrolled, the ISEs create the inconstant sampling bias, so
there is only one conclusion: ISEs must be eliminated from the spe-
cific sampling process involved. This solution is both logical and
practically achievable. Occasionally, a fit-for-purpose (FFP) version
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of this imperative may suffice, provided that the TSE + TAE effects
are always subjected to proper estimation before acceptance or
rejection of a FFP criterion.
11. Explanation 5. Certified reference materials (CRMs)

The approach to estimating the analytical bias is designed to
work in the analytical laboratory, where every systematic effect
can, in principle, be brought under control. However, it is only fair
to point out that this is critically dependent upon ‘TOS-correct’
sub-sampling from batches of certified reference materials (CRMs),
as received from relevant suppliers. But laboratory sub-sampling
representativity is very often assumed without proper validation,
despite sub-sampling always critically depending upon the ‘‘effec-
tive heterogeneity’’ of the CRM sachets supplied (e.g., containers, or
vials). Such sachets are lots in their own right, albeit small, the only
difference is in scale. As such, the critical issue here is, as always,
how sampling is performed, in this case how the relevant sub-sam-
pling is performed [8]. It is fully possible to conceive of unneces-
sary Total Sampling Errors (TSEs) even at this ultimate sub-
sampling stage, as these has been demonstrated on numerous
occasions. This issue serves well to underline that all TSEs are a
result of a sampling procedure interacting with a heterogeneous
lot at absolutely all scales.

This issue is far from trivial, as witnessed by numerous discus-
sions and focused CRM heterogeneity studies (e.g., in journals, such
as Geostandards and Geoanalysis Research (GRR), Analytical Chemis-
try, Analytica Chimica Acta, and The Analyst). This issue sometimes
also includes certain aspects of the efficiency of dissolution of
whole-sample materials [28,29]. The issue was well summarized,
but acknowledged to be far from solved [30]. This issue also has
a critical bearing on the MU issue regarding ‘‘sampling targets’’
(see further below).

To the degree that a CRM sachet is heterogeneous at the scale of
a few test portion masses, say 5–15 or so, there is a very real dan-
ger of sampling errors also affecting even this ultimate sampling
step producing the analytical CRM aliquot. This is why many calls
have been made to supply CRMs with an effective ‘‘sampling con-
stant’’ specifying a minimum sampling mass (sometimes aug-
mented by a demand for a representative grain-size distribution
documentation) {[31,32] and further references herein}. Many
spectroscopic and image-analysis methods only get information
from a relatively shallow surface layer of the final test portion,
depending on the operative wavelength(s). In such cases, the
reduced volume from which the information is obtained is the
effective test portion and the possibility for significant sampling
errors has to be considered even at this final measurement step
also for these types of analysis. A basic introduction to these issues
was given by Ramsey [33] {see also [31,34]}
12. Explanation 6. RST (reference sampling target), SPT
(sampling proficiency test), and CTS (collaborative trial in
sampling)

Analysis of Variance (ANOVA) is a statistical approach for vari-
ance decomposition proportioned along a set of experimental fac-
tors in the experimental design employed. The defining issue is
that each factor is controllable by the fashion that the experi-
menter is able to set the specific levels desired in a design of exper-
iment (DOE), or by a random factor. Different sampling procedures
or sampling plans can, with a stretch, be codified as ‘levels’ on a
sampling-mode factor, or different between-sample-distances
may also be viewed as ‘levels’. However, there would appear to
be little or no possibility of ‘different degrees of heterogeneity’
(and its interactions with alternative sampling procedures) to be
similarly codified on an experimental factor, at least not without
a truly staggering amount of work. More importantly for signifi-
cantly heterogeneous lots in the real world, it is unrealistic to con-
template that an RST can ever be constructed precisely because of
the compositionally complex and varying spatial heterogeneity
involved (amongst others, even laying up the RST would, e.g., be
subject to inconstant segregation effects). Above all, the RST
approach is extraordinarily difficult and prohibitively laborious
because one would first have to try to estimate the effective heter-
ogeneity of the target lot reliably (indeed this itself must involve
extensive sampling, not yet documented representatively) and
then to try to construct a reference-sampling-target lot with
identical heterogeneity characteristics, from which to try to obtain
insight as to how to best to sample the original target. There ap-
pears to be no way such an endeavor can ever come close to sim-
ulating the entire target lot, without taking this apart in toto. This
circular reasoning impasse has severe implications for the applica-
tion potential of SPT and CTS. This approach is impossibly far away
from general representative sampling, which, by way of contrast,
can be easily accomplished based on the TOS, Table 1. The RST sug-
gestion appears more to be offered because this makes it possible
still to apply ANOVA to decompose the variance proportions com-
mensurate with the DOE. Indeed, Ramsey [33] states that: ‘‘RST is
still at the ‘proof-of-concept’ stage and yet not widely available’’.
Against this, there exists extensive experience, substantiated in a
formidable amount of TOS literature, attesting that real-world het-
erogeneity is far more complex than can ever be described with
standard statistical techniques, notwithstanding their well-proven
applicability in many other areas.
13. Explanation 7. Variographics (TOS)

The variogram is a powerful tool with which to characterize 1-D
variations and which benefits from the inherent auto-correlation
between units (increments, or single samples) sampled with differ-
ent ‘between pairs-of-samples’ distances, termed ‘lags’. Variogra-
phy is particularly relevant for process sampling (or, equivalently,
stationary 1-D lot sampling), both instances referring to lot config-
urations for which one elongated dimension in time or space dom-
inates completely, because the other two dimensions are
eliminated by the TOS stipulation that all increments (samples)
must cover both these dimensions completely – hence the rigid de-
mand in the TOS only to use correct increment delineation and
extraction. The extensive approach of the TOS to both stationary
and dynamic 1-D sampling addresses, e.g., moving streams of mat-
ter on conveyer belts or in pipelines, units transported as truck-
loads, railroad cars or tank vehicles, and manufactured or
produced units, such as containers, vessels, or bags. Depending on
their intrinsic heterogeneity characteristics, such streams are char-
acterized by various degrees of 1-D auto-correlation, as manifested
by the variogram. There exist numerous, in-depth descriptions,
illustrations and very many case histories involving variograms in
the TOS literature [3–5,10,35].

A comprehensive description of sampling streams of extremely
irregularly distributed trace concentrations, including a thorough
exposé of the versatility of variographic characterization as a gen-
eral approach for designing ‘‘fit-for-purpose’’ sampling plans, com-
mensurate with the empirical lot heterogeneity, can be found [18–
20] dealing with batches of genetically-manufactured organisms
(GMOs) originating as cargo shipments into Europe from interna-
tional ports of origin. While specifically addressing feed, this meth-
odological treatment is rather a complete exemplar, which can be
applied to all similar 1-D lot heterogeneities; sampling of ultra-
low-abundance precious-metal phases in minerals processing
and polluting solids in natural stream water are but two examples.
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