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Here starts a second round of Sampling Columns, which have been a fixture in almost every Spectroscopy Europe issue 
since its inauguration in 2014. The first series, which concluded in the last issue, provides a stand-alone collection for easy, 
free access to a first curriculum of the Theory and Practice of Sampling. The second series of Sampling Columns will focus on 
sampling in practice, special issues and features (left out of the first series), educational gems and other bits-and-bobs. The 
last two items comprise a mixture of topics and issues that also will illustrate and educate readers, but specifically only after 
a first minimum of TOS competence has been acquired.

Introduction
The Repl icat ion Experiment (RE) 
was introduced and applied to differ-
ent sampling contexts in an earlier 
column.1 Here we want to show 
its features and usefulness in the 
context of evaluating a possible new 
sampling + analytical approach for raw 
material characterisation in a demand-
ing industrial context: “Representative 
sampling and use of handheld X-ray 
fluorescence (HHXRF) to characterise 
lot and sample quality of quartzite in a 
pyro-metallurgical ferrosilicon plant”.2 
The issue has a very sharp focus: Is 
the HHXRF approach applied to field 

samples able to quantify very trouble-
some, minute amounts of pollutant 
trace compounds in quartzite for the 
ferrosilicon process with the neces-
sary accuracy and precision? We here 
focus on the application of the RE only 
in the context of the full evaluation, a 
much broader study.3

Industrial setting (Elkem 
Metal Canada ferrosilicon 
plant)
Elkem Metal Canada Inc. is a producer 
of ferrosilicon alloy. Production relies 
on two main pathways characterised, 
respectively, by a base of 50 % or 75 % 

silicon, with several customer-specified 
options, e.g. foundry and steel plants. 
For this type of production, the plant 
reduces quartz (SiO2) by a combina-
tion of melting in a blast furnace and 
Söderberg electrolysis. For this process 
to be successful, the composition of 
quartz (in the form of the raw material 
quartzite) must be carefully monitored 
and controlled. Contaminants, such as 
aluminium, can dilute the silica phase. 
Although quartz would appear to be a 
simple matrix, the low concentrations 
of impurities, for example, in the form 
of discrete minute grains of ilmenite 
(FeTiO3) or magnetite (Fe3O4) increase 

A big job awaiting MSc student Danny Desroches; photo taken just 
before it all began in earnest in front of a newly arrived raw material lot.

Close-up of the typical dimensional manifestation of quartzite blocks 
(safety glove for scale). Block surface flatness, which influences the 
quality of HHXRF analysis, is commented upon further in the text.
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the difficulty of accurate analysis. These 
impurities exhibit an extreme degree of 
spatial heterogeneity in the raw quartz-
ite lot and thus make proper sampling 
before, or associated with, analysis highly 
challenging. As the matrix is essentially 
SiO2 (> 98 % m/m), Elkem Metal does 
not analyse individual whole shipments 
of quartz but instead relies on traditional 
grab samples over contractually speci-
fied volume/time periods. This protocol 
is a major weakness for proper QC/QA, 
which was one of the main reasons for 
the present industry-academe collabor-
ative studies.2,4 Can HHXRF be deployed 
in the field directly at the incoming ship-
ments (truckloads) of run-of-the-mine 
quartzite (Figure 1)?

Bearing in mind the fundamental 
relationship: Global Estimation Error 
(GEE) = TSE + TAE. There are two aspects 
of evaluating such a possible alternative 
approach, Total Sampling Error (TSE) and 
Total Analytical Error (TAE).

Previous TAE evaluation of 
HHXRF4

Chemical analysis in environmen-
tal and mineral exploration is increas-
ingly carried out with the aid of portable 
instruments such as HHXRF. However, 
use of HHXRF in an industrial context 
such as quality control for mineral 
transformation or processing has been 
rarely documented. Desroches et al. 
tested such an instrument on quartz 
(quartzite) as it is a chemically simple 
mineral (SiO2) where critical analyti-
cal performance indicators (detection 
limits, precision and accuracy, instru-
mental drift etc.) are easily delineated. 
The TAE has been evaluated on trace 
elements (contaminants) in quartz. The 
limit of detection of the quartzite matrix 
was lower than 70 μg g–1 for TiO2, Fe2O3 
and CaO on matrix-matched reference 
materials pressed pellets.4 TiO2, Fe2O3 
and CaO gave results similar to certi-
fied values, while low concentration 
light elements such as Al2O3 and MgO 
gave less accurate results. In situ deter-
minations using HHXRF, although faster, 
are restricted by the quality of the anal-
ysed surface, and even small mineral 
inclusions can cause seriously erratic 
results. This is typically counteracted 

by increasing the number of measure-
ments, for example to five (on a 
single 10-cm-sided quartzite block). 
Considering the diminished workload of 
using a HHXRF in this industrial context, 
the analytical evaluation was interpreted 
as “fit-for-purpose”.2 Here we want to 
continue this evaluation by including all 
the preceding sampling, sub-sampling 
and other sample preparation steps 
before analysis.

Experimental design
The study employed an elaborate exper-
imental design complying with the fact 
that sampling errors and analytical errors, 
“lot-to-analysis”, are related in a logical 
chain-wise fashion: Primary Sampling 
Errors (PSE)  Sample Preparation 
Errors (SPE)  Total Analytical Errors 
(TAE). In the studies, particular care was 
taken to include the many labour-inten-
sive sample preparation steps involved 
in the current “primary-sample-transpor-
tation-to-laboratory-for-extensive-prepa-
ration-and-analysis” pathway in order that 
comprehensive, valid comparisons could 
be made wi th the new HHXRF 

alternative. What can be gained if the 
current laborious approach can be 
scrapped?

It is especially interesting to know 
where in the pathway to find the 
most dominating sampling/prepara-
tion errors in a no-nonsense indus-
trial context: “Improvements in final 
analytical accuracy and precision—at 
what practical and economical costs?” 
There is always a stern cost/benefit 
filter for comprehensive academic stud-
ies in industry. No gain from a relative 
minor total Measurement Uncertainty 
(MU) benefit if the new (or extra) 
workload goes in the opposite direc-
tion! Striking an optimal balance here 
is critical, for which reason the proj-
ect team was comprised by i) the 
analytical chemistry student (the most 
important workforce for the study), 
university professors galore (of both 
analytical geochemistry and sampling 
expert types) and the backstop indus-
trial representative (the ferrosilicon 
process expert, no less). With this top-
heavy supervisory group, the student 
was eventually let loose on the rather 

Figure 1. Overview of the experimental design (note plastic bags each containing 10 kg, see 
text). Student and supervisors hard at work on a typical industrial lot of raw material, quartzite. 
Note that all inspection and sampling takes place on the lot surface, following years of experi-
ence with the overall heterogeneity of truckload lots transported from the mine. Photo courtesy 
of Dany Desroches.
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complex study, in which several objec-
tives were to be integrated (estimation 
of TSE, optimisation of “practical field 
same mass”, variographic characterisa-
tion of lot surface transects, compari-
son of grab vs composition sampling 
approaches).2–4

We here outline only RE-based decou-
pling of all pathway error contributions 
(a first for the plant, as concerns the full 
sampling-preparation stages). Several 
new insights followed …

The most important critical success 
factor was quickly identified in the full 
lot-to-analysis pathway, by performing 

a hierarchical RE. Figure 2 is a re-drawn, 
simplified version of the resulting sche-
matics.

Replication experiment
The variation (the spread) between 
samples that have been sampled by 
the exact same procedures (includ-
ing all sub-sampling and preparation 
procedures in the laboratory) can be 
quantified by fitting a standard normal 
distribution. This will be a reflection 
of the inherent heterogeneity of the 
lot material, information that was of 
particular interest to the present indus-
trial plant. The precise number of repli-
cates needs to be defined after careful 
consideration.5

Hierarchical Replication 
Experiment
REs can quantify the effects of variation 
in total sampling, processing and analyti-
cal error. RE can also determine whether 
the alternative HHXRF procedure can be 
declared fit-for-purpose when also here 
applied “from the top”, i.e. when repli-
cation starts with the primary sampling. 
When applied hierarchically RE can 
precisely identify those pathway stages 
that contribute most to the overall uncer-
tainty. RE can be applied to any new, 
or to any existing sampling procedure, 
where RE must always begin at the 
primary sampling stage to ensure that all 
sampling and/or preparation errors are 
included in the estimate of the total MU. 
The evaluation of each step also requires 
a minimum of ten replicate sampling 
operations.

With five identified stages in the pres-
ent ferrosilicon production process, this 
translated into fifty analytical samples. 
Beginning with ten primary samples 
(PSE), the RE experiment then prepared, 
in an identical manner, ten secondary 
sub-samples samples from one of the 
primary samples, selected at random. 
Further repetitive application of this 
protocol, ten next stage sub-samples 
from a randomly selected sample were 
prepared, cascading hierarchically down 
through all sample preparation steps, 
ending with the strict analytical variance 
TAE. It is imperative that all sets of ten 
replicates samples, from whatever stage 

are subsequently subjected to identical 
downstream processing in the labora-
tory, thus producing comparable analyt-
ical results pertaining to each stage 
where the hierarchical RE was initiated, 
Figure 3.a

To identify the stage(s) that most 
contr ibute to the GEE, i t  is only 
necessary to compare the empirically 
estimated variances from all stages 
(as summarised to 100 %) based on 
the identified sampling stages: PSE 
(field sampling) , primary crushing 
error (jaw crusher), secondary crush-
ing error (roll crusher), pulverisation/
homogenisation error …, whereas the 
TAE is known in minute detail from 
the previous TAE characterisation.4 
Side -stepping the many detai led 
particulars in the way the full study 
was carried out, Figure 4 shows the 
final quantitative results of the hier-
archical RE.

Decoupling of the 
empirical error hierarchy
Figure 4 then shows the key informa-
tion to be gained by the hierarchical RE. 
For the current laboratory approach, the 
primary sampling contributes 35 %, jaw 
crushing 25 %, roll crushing 25 % of the 
overall variance, while pulverisation and 
analysis strictly account for only 5 % and 
2.5 %.

Based on other experiences, the latter 
two, especially, have been somewhat 
overestimated before the present study, 
while the sampling and the two sample 
preparation/mass-reduction steps func-
tioned as alarm bells from which to 
build important new experience; much 
was learned for future process optimisa-
tion.2–4

Figures 3 and 4 shows a perfunctory 
decoupling of the individual error sources 
in the traditional sampling + analysis 

aN.B. This approach is different from 
a conventional Design of Experiment 
approach with the intention of variance 
decomposition by ANOVA. One is in no 
way able to control all factors involved 
in the present kind of practical design, 
which instead follows the lot-to-aliquot 
pathway in a straight, realistic fashion.

1. Field sampling
 ■ Collection of 15 grab increments 
of 10 kg

 ■ Labelling of increments 1–15

2. Mass reduction
 ■ Crushing (jaw crusher)
 ■ Mass reduction: split 3 × (10 kg to 
1.25 kg)

 ■ (10 kg to 1.25 kg)

3. Blending
 ■ Add all increments (15 × 1.25 kg 
in barrel)

 ■ Homogenisation I: 20 complete 
rotations

 ■ Barrel inversion
 ■ Homogenisation II: 20 complete 
rotations

4. Mass reduction
 ■ Pulverisation (roll crusher)
 ■ Mass reduction: split 7 × (19 kg to 
0.15 kg)

 ■ (19 kg to 0.15 kg)

5. Final pulverisation
 ■ Pulverisation (Herzog)
 ■ Pulverised material pressed in a 
pellet

Figure 2. Simplified illustration of the 
compound experimental design used; see 
Reference 2 for the full design.
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approach, typical of very many process 
industrial cases.

Which can now be compared with 
the much less laborious, direct HHXRF 
approach as applied directly to individual 
truckloads carrying run-of-the-mill quartz-
ite (or to stocks piled up from serial truck 
off-loads). For the interested reader, the 

specific conclusions as to the fate of 
HHXRF in the specific plant contexts were:

Although typical grab sampling 
followed by laboratory XRF instrumen-
tation provide useful results (today’s 
status quo) , composite sampling 
coupled with in situ analysis provide 
more accurate results. The portability 

and speed of analysis of HHXRF give the 
opportunity to carry out many individ-
ual determinations over a specified lot 
surface within, say, an hour compared 
to the much longer current procedure. 
Considering the larger volume that can 
sampled better, more controlled results 
are obtained from the field. The new 
HHXRF protocol has some limitations, 
however, such as lower intrinsic sensitiv-
ity compared to laboratory equipment,3,4 
and analytical results are influenced 
even by very small mineral inclu-
sions that appear randomly under the 
X-ray beam of the portable instrument. 
Lighter elements are strongly influenced 
by deviations from a suitable flatness of 
the analysed surface relative to the X-ray 
beam. These issues are to some degree 
compensated for by a higher number of 
HHXRF measurements which are done 
in a considerably shorter time span. Here 
the evergreen time vs money vs analyti-
cal efficiency balance is exposed in full. 
Based on these first empirical results, an 
HHXRF-based approach would appear 
possible and can likely become well 
substantiated. However, quantification 
of the specific lot heterogeneities on a 
regular basis must be considered as an 
necessary quality assurance—which is a 
task that very much can be best facili-
tated using HHXRF.
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Figure 3. Hierarchical RE for the ferrosilicon plant assessment of traditional laboratory method vs the new HHXRF. At all stages, a sample is randomly 
selected from which is split off ten sub-samples withy the current protocols.
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Figure 4. Numerical results of the hierarchical RE, with which can be identified error contribu-
tions from each step (primary sampling to analysis). Vertical scale is RSV; %, standard deviation/
average of replicated results ×100 for Fe2O3.
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Conclusions
The usefulness of hierarchical RE charac-
terisation has been shown in a demand-
ing industrial context, helping to identify 
the weak(est) links in the current “lot-to-
analysis” pathway. Quantitative results 
indicate that the HHXRF approach may 
be able to obtain a status as “fit-for-
purpose”. The hierarchical RE reigns 
supreme.
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